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HILESOME 
THE FUTURE, E'RE 

S
ome companies are quite content to pin their hopes and make their plans 
according to notions of what might or might not be. 

At RCA, we simply create ideas that are the future. Ideas that change the way 
we all live. In fact, for over 50 years we've been so busy inventing the future that we've 
been issued close to 20,000 patents in the U.S. 

Vou may recall that RCA Communications was the first international telex 
1 carrier. Since then we've come a long way. It's safe to say, we deliver tomor­

row's communications today. 
It was also RCA Communications that helped launch the cable television 

industry. And today we operate the largest Domestic Communications 
Satellite System. 

RCA is also responsible for voice, video and high speed data for the space 
shuttle. Which changed forever the way we look at ourselves and our universe. 
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7kyTa PREDICT 
BUSY INVENTING IT 

A nd we're continuing to break new ground, with the launching later this year 
J-\ of the two highest powered Domestic Communications Satellites. Followed 

by a third in 1987 
These K-Band satellites are relatively immune to microwave 

interference. So smaller, less expensive earth station antennas can be 
located anywhere, even on top of buildings in crowded cities. 

Den 

ONE 
OFAKIND 

W
e've also developed RCA Mail. A total electronic mail 
system, with both domestic and international telex capability, that can be 

used with virtually any personal computer. 
If you'd like to read more about RCA and what the future is going to look like, 

simply write for "This Is RCA;' P. O. Box 91404, Indianapolis, IN 46291. 
After you read it, you'll know why in-entertainment, electronics and communi� 

cations, RCA is one of a kind. 
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48 THE MOLECULES OF LIFE, by Robert A. Weinberg 

Number 4 

Presenting an issue on the powerful techniques and remarkable findings of the new molecular biology. 

58 DNA, by Gary Felsenfeld 

The double helix can change its shape, enabling it to interact with various regulatory molecules. 

68 RNA, by James E. Darnell, Jr. 

Now it translates DNA into proteins, but it may itself have been the very first genetic material. 

88 PROTEINS, by Russell F. Doolittle 

Genes encode proteins; proteins in turn, by means of selective binding, do almost everything else. 

100 THE MOLECULES OF THE CELL MEMBRANE, by Mark S. Bretscher 

A bilayer of lipids, in which proteins are embedded, controls traffic into and out of the living cell. 

110 THE MOLECULES OF THE CELL MATRIX, by Klaus Weber and Mary Osborn 

The framework of varied proteins that gives form to the cell is being analyzed by new techniques. 

122 THE MOLECULES OF THE IMMUNE SYSTEM, by Susumu Tonegawa 

An almost infinitely diverse battery of proteins recognize foreign invaders and defend against them. 

132 THE MOLECULAR BASIS OF COMMUNICATION BETWEEN CELLS, by Solomon H. 

Snyder Hormones and neurotransmitters seem very different, but some molecules act as both. 

142 THE MOLECULAR BASIS OF COMMUNICATION WITHIN THE CELL, by Michael J. 

Berridge A few "second messengers" relay signals regulating a wide variety of cellular responses. 

152B THE MOLECULAR BASIS OF DEVELOPMENT, by Walter J. Gehring 

A bit of DNA called the homeobox helps to orchestrate development in a startling array of animals. 

164 THE MOLECULAR BASIS OF EVOLUTION, by Allan C. Wilson 

By tracking mutations in DNA, molecular biologists gain new insights into organismal evolution. 
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The cover displays an end-on view of the DNA double helix, the molecule 
that encodes genetic information and has become the emblem of molecular 
biology, the theme of this issue of SCIENTIFIC AMERICAN. The computer­
generated image offers a wide-angle look along the axis of the B form of the 
double helix. The sugar and phosphate groups comprising the backbone of 
one of the two strands of the molecule are diagrammed in red, the elements 
of the other backbone in green. The strands are linked by paired bases: a 
purine (blue) on one strand pairs with a pyrimidine ( pink) on the other strand. 
The swirling cloud of dots is the solvent-accessible surface: the outermost 
surface of the DNA molecule, defined by individual atoms, with which 
other molecules interact. Arthur J. Olson of the Research Institute of Scripps 
Clinic generated the image. He worked with the computer-graphics lan­
guage GRAMPS (which he developed with T. J. O'Donnell), a molecular­
modeling package (developed with Michael L. Connolly) called GRANNY 
and MS, a program for calculating dot surfaces, written by Connolly. 
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... and after Halley's Comet? 
Weather permitting you may get a 

fine photograph of the comet with 

your Questar, although as we all know 

its position close to the horizon will 

present problems for northern 

observers. As we have been saying, 

for simply viewing the comet, a pair 

of binoculars will do as well as a 

poor telescope. 

But after all, a comet is a sometime 

thing and we would like to call your 

attention to the many other interesting 

pursuits you can have with your 

superfine Questar - night in and 

night out, and for that matter, day in 

and day out. We would suggest, for 

example, a regular program of observing 

the moon, if only for its sheer beauty, 

as its waxing and waning reveals in 

sharpest detail a new terminator 

every night. 

And as for the daytime use of Questar, 

we think first of viewing the sun, with 

its marching sunspots in season, 

through Questar's totally safe solar 

filter. But then our thoughts move on 

to the celebration of all natural 

phenomena viewed through this 

versatile instrument - the activity of 

distant birds, the minute detail of 

plants growing in inaccessible places, 

the secret life of an insect on your 

lawn. Only a Questar can provide this 

daytime entertainment with the same 

sharp resolution that will make your 

watch of the night skies meaningful. 

We really hate to see you spend your 

money for an inferior spy glass just 

to look at a comet that cloudy weather 

might even render invisible, when you 

could have a fine instrument to start 

you on a lifetime of great observing. 

Enjoy Halley's with a Questar, if the 

comet cooperates, but continue to 

enjoy a Questar for the rest of your life. 

QUESTAR 

© 1985. Questar Corporation 
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• • • 

A Questar admirer, Allan M. Eddy, 

writes us "Keep up the good work. 

Never have you compromised your 

quality or standards. That is a rare 

accomplishment of which you can be 

justly proud. Thank you for pride of 

workmanship and for products of 

unquestionable high value and 

excellence." 

• • • 

Shown below is the Questar 3J1 and 

Questar 7. Both are complete portable 

observatories, fully mounted for polar 

equatorial observing, velvet-smooth 

slow motions in both declination and 

right ascension, continuous 3600 
rotation for both manual control and 

synchronous drive, setting circles, 

a built-in finder system, changeable 

high powers without changing eye­

pieces, a safe, distortionless solar 

filter, complete flexibility of barrel 

position with tilting eyepiece for neck 

comfort in observing, access fot 

camera attachment and handsome 

carrying case. The barrel of the 

Questar 3J1 supports a revolving 

star chart with monthly divisions; 

beneath it, a map of the moon 

with its salient features for 

easy identification. 

LET US SEND YOU OUR LITERATURE 
DESCRIBING THE WORLD'S FINEST, 
MOST VERSATILE TELESCOPE. PLEASE SEND 
$2 TO COVER MAILING COSTS ON THIS 
CONTINENT. BY AIR TO SOUTH AMERICA. 
$3.50; EUROPE AND NORTH AFRICA, $4; 
ELSEWHERE, $4.50. INQUIRE ABOUT OUR 
EXTENDED PAYMENT PLAN. 

LETTERS 
To the Editors: 

I believe the conclusions of Charles 
H. Bennett and Rolf Landauer ["The 
Fundamental Physical Limits of Com­
putation," SCIENTIFIC AMERICAN, July] 
are incorrect. The question of the ener­
gy requirements of computation was 
raised and solved by John von Neu­
mann more than three decades ago. In 
brief, his analysis ran as follows: All 
matter is in motion, with the average 
energy of each particle being about kT, 
where k is the Boltzmann constant and 
T is the absolute temperature. In order 
for each stage of a calculation to be 
informed of the result of the preced­
ing stage, a signal must be sent. In 
order to distinguish this signal from 
the background noise, it must contain 
an amount of energy greater than 
log(2) • kT Let me refer to this mod­
el-a gate operated by a pulse of ener­
gy-as the pulse-gate model. 

The theory of Bennett and Landauer 
is. certainly mathematically correct, 
but it is still erroneous because it does 
not apply to any physically realizable 
system. Each model described in their 
article has a fatal flaw. 

The Fredkin gate will not work even 
if the ball is driven arbitrarily slowly 
by a driving fora. Any two solids 
form chemical bonds on contact. The 
energy of bonding of solids must be 
greater than kT, because otherwise the 
bonds would rupture instantly. The 
driving force must supply energy 
greater than kT in order to break such 
bonds and operate the gate. This ener­
gy will be converted into heat. . . .  The 
example of DNA replication using ar­
bitrarily little energy is wrong. Each 
step uses up the energy in one py­
rophosphate bond. The Brownian­
motion machine will not work either. 
Frictionless devices do not exist. The 
various components will constantly be 
bonding and unbonding at random. To 
produce net motion, the driving force 
will have to break bonds preferential­
ly, allowing movement in the desired 
direction. This will dissipate energy. If 
the force is small enough to deliver less 
than kT per step, the transfer of atoms 
from one surface to another will de­
stroy the device long before any calcu­
lation is completed . . . .  

Von Neumann used the pulse-gate 
model for his basis and showed that 
any computer constructed according 
to this model must have the kTdissipa­
tion limit. The problem with Bennett 
and Landauer's model is that it is un­
realizable. I challenge them to con­
struct any such device. Their attempts 
will fail because they will encounter 
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the kT limitation at every turn. The 
ghost of von Neumann will haunt their 
efforts forever. 

DA VID F. MAYER 

Columbus, Ohio 

To the Editors: 
The notion that processing informa­

tion requires (theoretically) no energy 
seems counterintuitive to a physicist, 
and a careful reading of Bennett and 
Landauer's article reveals some possi­
ble flaws in their arguments. 

First, one wonders what became of 
the long-established classical thermo­
dynamic calculation of the energy E 
associated with one bit of information: 
E= kTln(2). 

Also, every use of information, in­
cluding its processing, requires trans­
mission of information along a chan­
nel, however subtle, and so Claude E. 
Shannon's limits on channel capacity 
would seem to apply at all stages . . . .  

In the billiard-ball computer the en­
ergy to move mirrors to perfect align­
ment was neglected. Moreover, any 
device requiring accurate alignments 
or calibrations would seem to require 
additional energy-consuming equip­
ment to achieve the stated conditions. 
The authors remark that correction re­
quires energy but do not realize that 
every precise mechanism involves feed­
back and correction. Perhaps Wiener 
should be consulted . . . .  

This reader tended to be misled as 
to the point of the article by the fre­
q uent suppositions of frictionless hard­
ware, convenient but unnamed small 
"forces" and an indefinite length of 
time available for computation. Even 
though the authors made it clear that 
they were not talking in terms of realiz­
able or practical computers, there may 
be other fundamental physical laws vi­
olated by such flights of fancy, and the 
subject hardly seems as conclusive as 
promised at this stage. 

JOHN H. MAULDIN 

Pueblo, Colo. 

To the Editors: 
Both David F. Mayer and John H. 

Mauldin believe we have ignored the 
random thermal energy of magnitude 
kTassociated with each bit of informa­
tion. Although the expression kT did 
not appear explicitly in our article, it 
was not ignored in our discussion. (kT 
is the average amount of random heat 
energy associated with the Brownian 
motion of each independently mov­
able part of a mechanical system at 

WHAT WORD TELLS YOU THIS IS 

A LONDON GIN? 
(HINT: IT ISN'T THE WORD LONDON.) 

BEEFEATER 
A lot of gins have 

the word "London" on 
their labels. But that 
does not necessarily 
mean they are distilled 
in London, England. 

Actually, there is 
only one major gin you 

=8�:;��'"LolldQIIE�;�� can buy in the 
SoIoo('SI��oIIIC_NrNY 

'--___ ----' United States that is 
distilled, bottled and sealed-every 
last bottle of it-at the distillery in 
London. 

The word that identifies that gin is 
Beefeater. ® 

BEE�;'GIN 
The Crown Jewel of England.'· 

Jogging, Swimming, or Cycling ... 

ordlclrack 
Jarless Total Body 

Cardiovascular Exerciser 
Duplicates X-C Skiing for the 

Best way to Fitness 

formly exercises the large leg muscles and also adds 
important upper body exercise. Higher pulse rates, 
necessary for building fitness, seem easier to attain 
because the work is shared by more muscle mass. 

Even BetterThan Swimming 
NordiCfrack more effectively exercises the largest 
muscles in the body, those located in the legs and 
buttocks. When swimming, the body is supported 

Cross-country skiing is often cited by physiologists by the water, thus preventing these muscles from 
as the most perfect form of cardiovascular exercise being effectively exercised. The stand up exercising 
for both men and women. Its smooth, fluid, total position on the NordiCfrack much more effectively 
body motion uniformly exercises more muscles so exercises these muscles. 
higher heart rates seem easier to attain than when A Proven, High Quality Durable Product jogging or cycling. NordiCfrack closely simulates the 
pleasant X-C skiing motion and provides the same NordicTracks haxe been in prodllction since 1976. 
cardiovascular endurance· building benefits-right NordicTrack is quiet, motor less and has separately 
in the convenience of your home, year 'round. adjustable arm and leg resistances. We manu-
Eliminates the usual barriers of time, weather, facture and sell direct. l\vo year warrantee, 
chance of injury, etc. Also highly effective for weight 30 day trial period with return privilege. 
control. 

Folds and stands on end More Complete Than Running to require only 15" x 17" 
NordiCfrack gives you a more complete work out- storage space. 
conditions both upper body and lower body 
muscles althe same time. Fluid, jarless motion does Call or u'rile jor. . l" not cause joint or back problems. FREE BROCHURE 1oIf' 
More EffectiveThan Exercise Bikes Toll Free 1-800-328-5888 
NordiCfrack's stand-up skiing motion more uni- Minnesota 612-448-6987 

© PSt NORDICTRACK 1984 PSI.141F Jonathan Blvd .. Chaska. MN 55318 
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NowNikon 
lenses 

lookeven 
better 

NIKON LENS REBATE 
Lens Rebate 

24mm f2.8 Nikkor $25 

28mm f2.8 Nikkor $20 

55mm f2.8 Micro 
Nikkor $20 

85mm f2 Nikkor $25 

105mm f2.5 Nikkor $25 

35-105mm f3.5-4.5 
Nikkor $15  

35-135mm f3.5-4.5 
Nikkor $20 

70-210mm f4 Series E $40 

80-200mm f4 Nikkor $25 

We're offering rebates on 
nine of our most popular 
lenses, from wide angles to 
telephotos and zooms. So you 
can get the lens you really 
want, instead of settling for a 
brand you don't. 

Just make sure the lens 
you buy comes with an offi­
cial Nikon Inc. Warranty 
Application and get a rebate 
application from your dealer. 
W hen you send in the applica­
tions, we'll send you a check 
-along with your Nikon USA 
Club membership. 

Of course, a rebate offer 
alone may not convince you 
to buy a lens. But it might 
help you to buy the right one. 

NikOll 
\\e take the \\Odds 

greatest pictures� 
Offer applies only to eligible Nikon Inc. USA-products. For 
further information, write Department Nl. Nikon Inc., 
623 Stewart Ave .• Garden City. NY 11530. Offer good from 
September 1 to December 31, 1985. © Nikon Inc. 1985. 

temperature T degrees above absolute 
zero.) We pointed to the fact that the 
random thermal motion would cause a 
reversible computer, if it were driven 
with a weak force, to go backward al­
most as often as forward. 

Mauldin goes on to point out that 
in a communication channel thermal 
fluctuations demand that a minimal 
energy of order kT be associated with 
each transmitted bit. This minimal en­
ergy is not, however, necessarily dis­
sipated when the information is re­
ceived. A simple example shows that 
merely moving information from one 
place to another does not demand dis­
sipation: If a reel of tape containing 
many bits of information is thrown 
from one place to another, the kinetic 
energy of the throw can in principle 
be recovered when the tape is caught; 
thus many bits of information have 
been transmitted with no dissipation. 

As shown in detail in some of the 
literature cited in the bibliography for 
our article, other operations on infor­
mation besides mere transmission can 
similarly be accomplished without dis­
sipating the energy implicit in the in­
formation, as long as the operations 
are logically reversible. On the' other 
hand, logically irreversible data opera­
tions dissipate at least kTlog(2) of en­
ergy per bit of information destroyed. 

Mauldin's point about energy re­
quirements for mirror alignment is 
well taken, but we were concerned 
only with energy required during the 
computation, not with that required in 
the manufacturing process. 

Of the models discussed in the ar­
ticle, only the billiard-ball model re­
quires perfection in its manufacture. 
The Fredkin gate and the clockwork 
Turing machine do not req uire perfec­
tion, but they are still too idealized for 
a reasonable estimate to be made of 
their energy cost of manufacture. On 
the other hand, the biological cost 
of manufacturing an enzyme such as 
RNA polymerase can be estimated, as 
can the lifetime of an enzyme before 
its structure is disrupted by thermal 
fluctuations. This lifetime indeed sets a 
limit on how many operations the en­
zyme can perform-and how fast-be­
fore its decay. 

Both writers object to our appeal 
to frictionless hardware, and in retro­
spect it seems that our use of "friction­
less" to refer to devices without static 
friction has caused unnecessary confu­
sion. Actually both the Fredkin-gate 
computer and the clockwork Turing 
machine would exhibit viscous fric­
tion proportional to their velocity. As 
pointed out in the article, no macro­
scopic body is free of static friction. 
Nevertheless, the idealization of zero 
static friction is commonly made in 

thermodynamic discussions, such as 
that of the Carnot engine, and our dis­
cussion is in the spirit of this idealiza­
tion. Reversible computers that are not 
mechanical, such as the enzymatic Tu­
ring machine and the one based on J 0-
sephson-junction circuits proposed by 
the Soviet physicist K. K. Likharev, 
involve systems where static friction is 
not normally encountered. 

In the case of the genetic apparatus 
Mayer errs in supposing that the free 
energy of hydrolysis of pyrophosphate 
is a constant independent of concen­
tration. In fact, like other chemical 
reactions RNA polymerization has a 
dissipation per step depending on the 
concentrations of reactants and prod­
ucts, and at equilibrium (roughly a 
100: 1 ratio of pyrophosphate to tri­
phosphate) the energy dissipation per 
added nucleotide is zero. 

Mayer invokes von Neumann. Ar­
thur Burks, in a volume published nine 
years after von Neumann's death and 
five years after the subject was dis­
cussed in a paper by one of us (Lan­
dauer), attributed to von Neumann the 
notion that a computer operating at 
temperature T must dissipate at least 
kTlog(2) energy "per elementary act of 
information, that is per elementary de­
cision of a two-way alternative and per 
elementary transmittal of one unit of 
information." This involves the unfor­
tunately vague phrase "per elementary 
decision of a two-way alternative." If 
we employ hindsight to give von Neu­
mann's ambiguous statement its best 
interpretation, we must equate "deci­
sion" with information loss. Then the 
statement is equivalent to our view. 

In summary, reversible computers 
can be considered at several levels of 
idealization. The billiard-ball model 
req uires perfect manufacture and op­
erates at finite speed with zero energy 
cost. The Fredkin-gate and clockwork 
computers do not require perfect man­
ufacture, but they are still made out of 
idealized materials (perfectly hard, no 
static friction) and operate with dissi­
pation tending to zero in the limit of 
zero speed. An enzymatic Brownian 
computer, such as one made of RNA 
polymerase, is made of entirely realis­
tic parts, undergoes structural decay at 
a finite but small rate and operates 
with a dissipation per step that can be 
made small compared with kT(but not 
arbitrarily close to zero, because of 
the need to drive the computation fast 
enough to finish before the machinery 
has decayed). 

CHARLES H. BENNETT 

ROLF LANDAUER 

Yorktown Heights, N.Y. 
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" It could be a new weapon 
in the fight against cancer, 
if we can just make enough:' 

Scientists l ike Dr. Jack Johansen of the peptide structure, first for isolating 
Carlbiotech believe that a nalogs of peptide fragments that are l inked to 
LHRH peptide, an elusive form LHRH, then for isolating 
brain hormone, could play and purifying the final pro-
an important role in cancer duct: H PLC is a lso built into 
therapy, particularly pros- qual ity control procedures. 
tate cancer. LHRH ( Luteiniz- Other crucial steps use 
ing Hormone- Releasing membrane filters to harvest 
Hormone) works with the the enzymes from yeast cells, 
body's own endocrine sys- pu rify water and sterilize 

, tem, cutting off the produc- therapeutic doses. 
tion of testosterone, which Mil l ipore worked closely 
prostate cancer thrives on.  with Carlbiotech in the 

Isolating and 
,
identifying 

Computer Model of LHRH peptIde development of its pro�ess: 
LHRH helped win a Nobel from the lab, through pilot 
Prize in 1 977. But synthesizing it with production, and into fu l l -scale manufac-
high enough purity has been a chal - turing.  Together they overcame the 
lenge all its own.  And though chemical complex problems encountered in 
means have been used to produce scal ing up production from mil l igrams 
a na logs of LHRH, success has been var- to kilograms. 
ied. Now Ca rlbiotech has pioneered Carlbiotech is now using its new 
a biological method of synthesis; an enzymatic process to produce kilogram 
enzyme-based method, which is more quantities of LHRH with high recoveries 
precise and less costly than traditional a nd high pu rities. And it is only by pro-
techniq ues. ducing quantities l ike this, that scientists 

The heart of the enzymatic method is can determine whether or not they have 
the purity of the reaction mixture in a new weapon in the ongoing fight 
combination against cancer. 
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50 AND 100 

YEARS AGO 

SCIENTIFIC 
AMERICAN 

OCTOBER, 1935: "The develop­
ment of experiments to break down 
or build up the nucleus of an atom by 
bombarding it with high-speed parti­
cles is responsible for the tremendous 
advances in our knowledge of what the 
atom is made of and how it is put to­
gether. To date there are some eight 
chief terms that scientists use in con­
nection with the atom: electron, posi­
tron, proton, neutron, alpha particles, 
neutrino, deuteron and photon." 

"Behind the trans-polar flights of the 
Russians lies more than a stunt. What 
the Arctic Institute in Leningrad has 
had in mind in arranging the flights is 
to fly clear across the polar regions 
and prospect out suitable sites for me­
teorological observatories. To Russia 
this is of particular importance be­
cause temperate zone weather comes 
from the Arctic and she is literally 
wrapped around the Arctic regions. At 
present there is a network of weather 
observatories covering, quite densely, 
most of the North Temperate Zone. 
The circumpolar region is a great 
gap in this network. Whatever results 
the Russians ultimately obtain in this 
work will be equally helpful to us, 
since our weather too comes from 
the circumpolar regions. Therefore we 
should co-operate with them." 

"The Act of Congress in 1933 cre­
ating the Tennessee Valley Authority 
has granted broad powers for the ful­
fillment of a project, the first of its kind 
in American history, calling for the 
complete development of an entire wa­
tershed. Wheeler Dam, on the Tennes­
see River in northwestern Alabama, is 
the second major project now being 
carried out by the authority. It is ex­
pected that the dam will be completed 
in the spring of 1936." 

"Most of us know that there is a 
Railway Express Agency that handles 
packages for the railroads, but it is not 
so generally known that this agency 
has an Air Express Division with some 
120 offices for the handling of pack­
ages to be sent by air. This branch of 
express work is growing very rapidly, 
and its scope is almost unlimited. Ev­
erything can be shipped by air except 

inflammables, explosives and live­
stock. Typical speeds and rates are: 
Los Angeles to New York, 21'/4 hours, 
one pound for $1.74 and 10 pounds for 
$10.20; Chicago to New York, five 
hours, at $1.25 a pound or $3.44 for 10 
pounds." 

"Probably the greatest bugbear the 
motorist has to face today is the wide 
diversity of traffic laws that he finds in 
different states and even in different 
communities of the same state. A great 
need exists for some uniform method 
for regulating the flow of traffic." 

OCTOBER, 1885: "Cornell Univer­
sity, notwithstanding its youth, has al­
ready, just twenty years after the date 
of its incorporation, become one of 
the distinctively great collegiate insti­
tutions of the United States. Whether 
considered with reference to the num­
ber and magnitude of its buildings, the 
extent and beauty of its grounds, the 
largeness of its endowments, the mu­
nificence of its founders and benefac­
tors, the number and completeness of 
its courses of instruction, the practical 
usefulness of its outfit of apparatus 
and machinery, the number of its stu­
dents, or, most important of all, the 
number and character and fame of its 
little army of professors and teachers, 
it stands well among the three or four 
admittedly pre-eminent colleges and 
universities of our country. Cornell en­
joys the proud distinction of being the 
first of all universities, whether in this 
country or in Europe, founded explic­
itly as a university." 

"At many of the wells near Pittsburg 
the natural gas issues with an initial 
pressure of 200 pounds to the square 
inch, or even more. Before it can be 
used as fuel or illuminant it must have 
this pressure considerably reduced. 
Where the pipe lines are of any great 
length, the friction of the gas against 
the sides and angles is sufficient to ac­
complish the purpose; but where the 
fuel is used directly from the well, or 
where the transit is but short, mechani­
cal devices become necessary. It is now 
proposed to make use of the force thus 
stored up in the compressed gas. One 
plan suggested utilizes the pressure for 
blowing blast furnaces, thereby dis­
pensing with the enormous engines 
now employed for that purpose. An­
other proposition is to make use of the 
gas in working engines similar to those 
using compressed air. It is also possible 
that Pittsburg might not only be sup­
plied with a natural fuel, but lighted as 

well by electricity generated by the uti­
lization of this stored energy." 

"At the recent meeting of the Ameri­
can Association, Prof. Langley dem­
onstrated that in addition to the wave 
lengths in and beyond the visible spec­
trum, he has detected, by means of the 
bolometer, vibrations of much greater 
wave length than have heretofore been 
known. They are several octaves be­
low the red end of the spectrum. They 
thus extend the range of recognized vi­
brations to between six and a half and 
seven octaves." 

"Professor Frankland has recently 
made a series of tests on the efficiency 
of filtration as a means of removing 
micro-organisms from water. The fil­
tering materials were greensand, silver 
sand, powdered glass, brick dust, coke, 
animal charcoal and spongy iron. It 
was found that only greensand, coke, 
animal charcoal and spongy iron 
wholly removed the micro-organisms 
from the water filtered through them 
and that this power was lost in every 
case after the filters had been in opera­
tion for a month. With the exception 
of animal charcoal, however, all these 
substances, even after being in opera­
tion for a month, continued to remove 
a very considerable proportion of the 
organisms. Prof. Frankland concludes 
that, although the production in large 
quantities of sterilized potable water is 
a difficult matter, involving the con­
tinual renewal of filtering materials, 
numerous and simple methods of treat­
ment secure a large reduction in the 
number of organisms in water." 

"Ten years ago a standard car load 
on all first-class railroads was 20,000 
pounds, the weight of the car being 
20,500 pounds. The car builders of the 
Pennsylvania road have now adopted 
cars that carry 60,000 pounds, while 
the weight of the cars will be little in­
creased. Instead of hauling more than 
one pound of car to one pound of 
freight, nearly three pounds of freight 
can now be hauled for one pound of 
car. The substitution of steel for iron 
rails has made the change possible." 

"Appellate judges are beginning to 
complain of the increasing amount 
of labor imposed upon them in ex­
amining written arguments of counsel 
where the same are prepared through 
the aid of shorthand writing. It is found 
that lawyers do not present their points 
as clearly and concisely as if written 
out by themselves in the usual way. 
This does not argue against the use of 
shorthand; it only shows that lawyers 
should use more care in the prepara­
tion of their arguments." 
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5,520 ultra·fine filaments 
clean teeth with less 
effort while gently 
massaging your gums. 

Someone finally invented a toothbrush 
for people over 30 ... a brush specially de· 
signed to combat gum disease. the silent 
destroyer of adult teeth. 

The soft, wide·bristle surface of our 
Mouthbrush is scientifically designed to 
massage your gums while effectively 
cleaning the gingival crevice between 
teeth and gums. The 5,520 rounded 
filaments in our Mouthbrush are 25% 
finer than filaments in the leading tooth· 
brush ... and as a result do a more effec· 
tive job of disorganizing plaque. .. the pri· 
mary cause of gum disease. 
Easy·grip handle does all the work. 

A specially designed thumb scoop and 
palm grip amplify wrist movement so less 
rotation is necessary (making it easier 
to use for people with arthritis and other 
grip impairments). Our Mouthbrush will 
outlast your ordinary toothbrush, and do 
a better job of maintaining dental health. 
White. red, yellow, black or tortoise. Order 
right or left·handed. $9.95 ppd. 

fl-Nonn"'PSOIL�l 
I Dept. 06·03, P.O. Box 3999, Portland, OR 97208 
I ORDER TOLL FREE 1·800·547·1160 

o Send FREE "ESCAPE 
from the ordinarv"@ catalog. 

Mouthbrush No. 9452F (Right) 

I Dty--- ColoL--

I Mouthbrush No. 9454F (LeftJ 

I Dty ___ ColoL--

I Total $ -----

I DCheckDV(SADM.CardDAm. Ex.DDiners/C.B. 

I Card # 

I Exp. -- Phone ______ _ 

I Name __________ _ 

I Address _________ _ 

I City 

I State Zip 
L ____________ _ 
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THE AUTHORS 
ROBERT A WEINBERG ("The 

Molecules of Life") is professor of bi­
ology at the Center for Cancer Re­
search of the Massachusetts Institute 
of Technology and a member of the 
Whitehead Institute for Biomedical 
Research. His B.A (1964) and Ph.D. 
(1969) are both from M.I.T. He did 
postdoctoral research with Ernest Wi­
nocur at the Weizmann Institute of 
Science in Israel and with Renato Dul­
becco at the Salk Institute for Biologi­
cal Studies. In 1972 he returned to 
M.LT., and the following year he was 
made a member of the faculty at the 
Center for 'Cancer Research. In 1982 
Weinberg became professor and joined 
the Whitehead Institute. 

GARY FELSENFELD ("DNA") is 
chief of the physical chemistry section 
in the Laboratory of Molecular Biolo­
gy at the National Institute of Arthri­
tis, Diabetes, and Digestive and Kid­
ney Diseases. He received his AB. 
in biochemical sciences at Harvard 
College in 1951 and studied physi­
cal chemistry with Linus Pauling at 
the California Institute of Technology, 
where he earned his Ph.D. in 1955. Af­
ter three years of research at the Na­
tional Institute of Mental Health he 
was appointed to the faculty of the 
University of Pittsburgh as assistant 
professor of biophysics. In 1961 he ac­
cepted his present position. 

JAMES E. DARNELL, JR. 
("RNA"), is Vincent Astor Professor 
at Rockefeller University. He got his 
B.A at the University of Mississippi 
in 1951 and his M.D. at the Washing­
ton University School of Medicine in 
1955. After medical school he was 
on the staff of the Laboratory of Cell 
Biology at the National Institutes of 
Health. In 1961 he moved to the Mas­
sachusetts Institute of Technology, 
and in 1964 he joined the faculty of the 
Albert Einstein College of Medicine in 
New York. Beginning in 1968 Darnell 
spent six years at Columbia Universi­
ty, after which he took up his position 
at Rockefeller University. 

RUSSELL F. DOOLITTLE ("Pro­
teins") is professor of biochemistry at 
the University of California at San Di­
ego. He has a B.A from Wesleyan 
University (1952), an M.A from Trin­
ity College (1957) and a Ph.D. from 
Harvard University (1962). In 1964 
he accepted a position as assistant re­
search biologist at San Diego; three 
years later he was appointed assistant 
professor. He was made full professor 

in 1982. Doolittle traces his lifelong 
interest in the structure and evolution 
of proteins to a summer project com­
paring fish and human physiology as 
a graduate stud�'1.t. 

MARK S. BRETSCHER ("The 
Molecules of the Cell Membrane") is 
head of the cell biology division of 
the Medical Research Council's Lab­
oratory of Molecular Biology in Cam­
bridge. He received his undergraduate 
and graduate training at the University 
of Cambridge, where he got a Ph.D. in 
1964. After spending a year as a Ful­
bright scholar at Stanford he joined the 
scientific staff of the MRC Laboratory. 
In 1984 he was made head of its cell 
biology division. In July Bretscher fin­
ished a term as visiting professor of 
biochemistry at the Stanford Universi­
ty School of Medicine. 

KLAUS WEBER and MARY OS­
BORN ("The Molecules of the Cell 
Matrix") are a husband-and-wife team 
investigating the cell matrix at the 
Max Planck Institute for Biophysical 
Chemistry in G6ttingen. Weber, who 
is director of the institute, earned his 
Ph.D. in Germany before joining the 
faculty of Harvard University in 1964. 
After his return to Europe he served as 
secretary general of the European Mo­
lecular Biology Organization. Osborn 
is a member of the scientific staff at the 
institute. She did her undergraduate 
work at the University of Cambridge 
and got a Ph.D. in biophysics from 
Pennsylvania State University in 1967. 
She did postdoctoral research with 
James D. Watson at Harvard and then 
returned to her native England to work 
for three years at the Medical Research 
Council's Laboratory of Molecular Bi­
ology in Cambridge. After marrying 
in 1972 Weber and Osborn spent two 
years at the Cold Spring Harbor Labo­
ratory before moving to G6ttingen. 

SUSUMU TONEGAWA ("The 
Molecules of the Immune System") is 
professor of biology at the Center for 
Cancer Research of the Massachusetts 
Institute of Technology. He was born 
in Japan and received his undergradu­
ate education at Kyoto University. In 
1963 he came to the U.S. for graduate 
study, and he got his Ph.D. from the 
University of California at San Diego 
in 1968. After a few more years in San 
Diego he moved to the Basel Institute 
of Immunology. He went to M.LT. as 
professor in 1981. In 1983 Tonegawa 
was named Person with Cultural Mer­
it by the Japanese government. 
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SOLOMON H. SNYDER ("The 
Molecular Basis of Communication 
between Cells") is director of the de­
partment of neuroscience at the Johns 
Hopkins University School of Medi­
cine; he is also Distinguished Service 
Professor of neuroscience, pharmacol­
ogy and psychiatry. He did his under­
graduate work at Georgetown Univer­
sity and earned his medical degree 
from the Georgetown Medical School 
in 1962. In 1965 he went to the Johns 
Hopkins Hospital as an assistant resi­
dent in the psychiatry department. A 
year later he joined the faculty at 
Johns Hopkins as assistant professor 
of pharmacology and experimental 
therapeutics. He was made professor 
in 1970. 

MICHAEL J. BERRIDGE ("The 
Molecular Basis of Communication 
within the Cell") is senior principal sci­
entific officer in the unit of insect neu­
rophysiology and pharmacology at the 
University of Cambridge. He was born 
in Zimbabwe and received a B.Sc. de­
gree with first-class honors from the 
University College of Rhodesia and 
Nyasaland in 1960. His Ph.D. was 
awarded by the University of Cam­
bridge in 1965. He then came to the 
U.S., where he spent a year at the Uni­
versity of Virginia and three years at 
Case Western Reserve University. Ber­
ridge returned to Cambridge in 1969. 

WALTER J. GEHRING ("The Mo­
lecular Basis of Development") is pro­
fessor and chairman of the department 
of cell biology at the Biocenter of the 
University of Basel. A native of Zu­
rich, he was educated at the University 
of Zurich, earning a degree in zoology 
in 1963 and a doctorate in 1965. While 
working with fruit flies for his disserta­
tion he became interested in molecular 
genetics, which has been the focus of 
his research since then. After spending 
five years on the faculty at Yale Uni­
versity, he moved back to Switzerland. 
Gehring joined the faculty at the Bio­
center soon after its founding in 1971. 

ALLAN C. WILSON ("The Molec­
ular Basis of Evolution") is professor 
of biochemistry at the University of 
California at Berkeley. He got his un­
dergraduate degree in 1955 at the Uni­
versity of Otago in his native New Zea­
land. He then came to the U.S. for 
graduate study and received an M.S. at 
Washington State University (1957) 
and a Ph.D. from Berkeley (1961). In 
1964, after three years of postdoctoral 
research at Brandeis University, he re­
turned to Berkeley and joined the fac­
ulty there. Wilson has also worked at 
the Weizmann Institute, the Universi­
ty of Nairobi and Harvard University. 

At L.L.Bean We Won't Sell 
Anything We Wouldn't 

Use Ourselves 
L. L. Bean's commitment to quality began 73 years ago when avid 

sportsman, Leon Leonwood Bean developed the now famous Maine Hunting 
Shoe. He soon added sim ilar products of proven quality to his growing mail 
order business. 

Back then, L. L. personally field tested every item. 
"No doubt a chiefreason for the success of this business," he wrote, "is 

the fact that I tfied on the trail practically every article I handle." 
The company is larger now but at L. L. Bean we still continue to field test 

products on regular canoeing, backpacking, fishing and hunting trips. Most 
of us at L. L . Bean are active outdoor people and we have firsthand experience 
with what works and what doesn't. Many of our staff are experts or ack­
nowledged leaders in their field. We also use a highly qualified network offield 
testers from all across the country. 

. 

At L. L. Bean we believe in the quality and value of our products and we won't 
sell anything we wouldn't use ourselves. In fact. we're so convinced that we 
back all of our sales with a 100 % unconditional guarantee, unqualified as to the 
time or reason. Send for our FREE 1985 Christmas and Winter catalogs. They 
feature a full range of quality products for men and women who enjoy the 
outdoors. Active and casua l apparel and footwear, winter sports equipment. 
including snowshoes, cross country skis, boots and accessories. Home and 
camp furnishings; practical and functional gift ideas. 

. ,  

Order from L. L. Bean anytime, 24 hours a daybyphoneor by mall. Weshlp 
promptly and efficiently. And there are no charges added to the price of our 
items. We pay all regular postage and handling charges. 

Name' ________________________________ __ 

Address, ______________________________ _ 

City, ________________________ _ 

State Zip ________ _ 

L. L. Bean, Inc., 461 Alder St., Freeport, ME 04033 

�L.LBean®� 
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COMPUTER 

RECREATIONS 

Bill's bafRing burrs, CoUin's 

cornucopia, Engel's enigma 

by A. K. Dewdney 

T
o write a computer program that 
assists in the design of a puzzle 
is no less difficult or interesting 

than writing a program that solves one. 
Bill Cutler of Wausau, Wis., and Stew­
art T. Coffin of Lincoln, Mass., would 
agree. With the aid of a computer Cut­
ler has designed a three-dimensional 
six-piece puzzle called Bill's baffling 
burr. A burr puzzle, because of its 
many protruding pieces and their in­
terlocking relations, resembles the ad­
hesive seedpod: it may cling to the 
would-be solver for days. Bill's burr 
consists of six pieces arranged in pairs 
in each of three orthogonal directions 
[see illustration on page 21]. Two puz­
zles in one, it challenges us both to 
take it apart and to reassemble it. By 
using two computer programs to eval­
uate the puzzle potential of each com­
bination of pieces, Cutler has arrived 
at what may be the most difficult six­
piece burr in existence. 

Coffin and his computer have de­
signed a two-dimensional puzzle of 
hexominoes. These are flat pieces con­
sisting of six squares glued together 
in various shapes. Depending on how 
cleverly the shapes are chosen, the task 
of assembling the hexominoes into a 
large square can be difficult and frus­
trating for the person who attempts 
it. Coffin's program searches through 
possible combinations of hexominoes 
that yield particularly difficult puzzles. 
It has found so many designs that Cof­
fin is ready to send each reader who 
asks for one a unique personal hexomi­
no puzzle. Such bounty leads Coffin to 
label his facility a cornucopia. I re­
ceived the puzzle shown on page 22. 

A third puzzle I shall discuss was 
invented entirely by a human, Douglas 
A. Engel of Englewood, Colo. The 
challenge is hereby thrown out to algo­
rithmic adventurers to solve it. Engel's 
puzzle is an innocent-looking mosaic 
of colored plastic pieces circumscribed 
by two circles [see illustration on page 
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27]. The pieces are called stones and 
bones. By rotating first one circle and 
then the other the stones and bones be­
come dreadfully scrambled. Manipu­
lating them back to their original state 
seems to be every bit as difficult as 
manipulating a Rubik's cube so that 
each of its six faces is invitingly mono­
chromatic again. 

As we shall see, Engel's puzzle is es­
sentially one-dimensional. Coffin's is 
obviously two-dimensional and Cut­
ler's occupies three dimensions in the 
fullest sense. We shall start at three 
dimensions and descend to one. 

Is there a reader of this column who 
has not at one time or another taken a 
burr puzzle in hand? They are some­
times called Chinese puzzles, although 
they almost certainly originated in the 
West. Burrs may consist of numer­
ous pieces and appear in a variety of 
shapes. The commonest kind has six 
pieces, each a notched oblong block. 
When assembled, they are arranged in 
three pairs. A pair consists of two adja­
cent blocks that appear to dive into the 
center of the puzzle and emerge intact 
on the other side. Yet the center of the 
burr cannot be occupied by the three 
pairs simultaneously. The notches re­
solve the paradox. They also define the 
possibilities for both disassembly and 
reassembly. Clearly the art of design­
ing a six-piece burr lies in determining 
how the pieces are notched. 

Cutler designs his burrs in three 
stages. In the first stage he selects the 
six pieces to be used. Then he makes 
sure the notches are mutually compati­
ble. This involves determining whether 
there is an arrangement in which the 
pieces all fit snugly within the central 
volume of the puzzle. Finally he tests 
disassembly: can the puzzle be taken 
apart and, if it can, how easily? Cutler 
relies on computer programs in the last 
two stages of design. 

Each piece in a burr puzzle begins 
life as a block of wood having specific 

proportions. In the puzzle known as 
Bill's baffling burr each piece measures 
(in arbitrary units) 2 X 2 X 6. There 
are 12 potential sites for notches in 
the block [see illustration on page 21]. If 
one imagines the block as consisting 
of 24 unit cubes, there would be four 
cubes at each end of the block and 16 
cubes in the middle. On one side of the 
block eight central cubes are arranged 
in two rows of four each. These are 
numbered 1 through 8. On the oppo­
site side of the block an additional four 
central cubes are numbered 9 through 
12. The block becomes a potential burr 
piece when a certain subset of the 12 
cubes is removed. Of the 4,096 ways of 
removing such subsets, Cutler calcu­
lates that only 369 of them result in 
useful puzzle components. 

Long experience with burr puzzles 
enables Cutler to select six promising 
pieces. But how, without the painstak­
ing manufacture of an actual wood 
model, can it be determined whether 
all six pieces will fit together? It did not 
take Cutler long to think of using a 
computer to take over this stage of the 
design process. In 1973 he wrote his 
first configuration program. The pro­
gram represents the space to be occu­
pied by the puzzle as a three-dimen­
sional array, measuring 8 X 8 X 8. 
Each array entry represents a unit cube 
within this space, each labeled with the 
number of the piece that will occupy it. 
For example, the cubes labeled with a 
3, if they are removed intact from this 
conceptual place, would collectively 
yield the shape of piece number 3. It is 
not hard to see that, depending on how 
heavily notched it is, each piece will 
occupy between 14 and 24 cubes with­
in the array. 

The configuration program reviews 
each of six lists describing the six 
pieces according to the coordinates of 
cubes of which they are made. The co­
ordinates are then subjected to a vari­
ety of arithmetic manipulations that 
amount to translations, rotations and 
reflections of the piece within the ar­
ray. Of course, the procedure is me­
thodical and requires the execution of 
many loops. 

The first piece (number 1) is estab­
lished in a standard position within the 
three-dimensional array by labeling a 
set of its cubes with a 1. These cubes 
reproduce the shape of the piece ex­
actly. The program then tries each 
of the remaining pieces in a position 
intersecting the standard piece. All 
possible orientations of the second 
piece are tried, a task that requires 
two loops. Two more loops enable the 
program to try fitting a piece in a 
third position intersecting the first two. 
Again all orientations are tried. To ac-
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TODAY IF YOU COME IN SECOND, 
YOU'VE LOST THE RACE. 

Amiga can help you design like you, Amiga can do many Amiga's color graphics leave 
anything, from autos to atoms. things at once. the competition far behind. 

A 

It may have been good enough in a 
Soapbox Derby:® but these days there 
is no second place. 

Fortuilately there's a new way to get 
a jump on your competition. Intro­
ducing Amiga.'M The first personal com­
puter that gives you a creative edge. 

'Amiga makes charts and graphs 
with more color and dimension than 
any other personal computer (and 
faster than most of them). But that's just 
a start. You can prepare presentations 
with stereo music and animation, slide 
shows, create package designs, in­
struction manuals, brochures. 

Amiga can not only do many more 
tasks, it can do more of them at once. 
And work on all of them simultaneously 
While you're preparing the spread­
sheet, Amiga will print the memo. 
And there's probably enough power 
left over to receive a phone message 
or a stock quote over a modem at the 
same time. 

You won't find a computer that's eas­
ier to use, either. You point at symbols 
with the mouse or use keyboard com­
mands if you prefer. Only Amiga is built 
to give you a choice. 

Amiga has twice the memory of an 
IBM® Pc. But although it can run rings 
around IBM. it will also run IBM pro­
grams. You have instant access to the 
largest collection of business software 
in the industry: including old standbys 
like Wordstar® and Lotus® 1.2,3. Amiga 
is more powerful than Macintosh, 'M too, 
and more expandable. With an op­
tional expansion module you can 
add memory up to 8 megabytes. And 
while it can do much more than 
Macintosh or IBM. Amiga costs less than 
either of them. 

Now that Amiga is here, the question 
isn't whether you can afford a com­
puter, it's whether you can afford to 
wait. 

Amigo by Commodore 

j4MJGA GIVES YOU A CREATIVE EDGE. 
® Soopbox Derby is a registered trademark of Internotional Soapbox Derby, Inc., Akron, Ohio. ,. Amigo is a trademark of Commodore·Amiga, Inc. ® IBM is a registered trodemark 
of International Business Machines, Inc. ® Wordsror is a registered trademark of Micropro, Inc. ® lotus is a registered trademark of lotus Development Corporation. ,� Macintosh is 
a trademark licensed to Apple Computer. Inc. © 1985, Commodore Electronics limited. 
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... 10 ... 9 ... 8 ... 
Superior technology should simplify things. Not complicate them. 

So years ago, when Honeywell supplied computer systems to support the 
checkout and launch of the space shuttle, we kept things simple. 

Working with NASA, Honeywell developed several systems that perform 
pre-launch, launch and inventory functions. Key tasks that 

help slingshot multi-ton space ships into orbit. For a white paper on the 
technology involved, write Shuttle, c/o Honeywell, 

Honeywell Plaza, MN12-4164, Minneapolis, MN 55408. Or call 
1-800-328-5111, ext. 2762. 

Together. we can find the answers. 

Honeywell 

© 1985 SCIENTIFIC AMERICAN, INC



© 1985 SCIENTIFIC AMERICAN, INC



AS 
CONTEMPORARY 
AS IT IS 
CADILLAC. 
Here is a 1986 luxury car 
bu i It for the 1990s. 

With state-of-the-art 
technology that contributes 
to your driving comfort. 
Aerodynamic styling for 
reduced wind noise. Plus 
an independent four-wheel 
suspension and a trans­
verse-mounted, front­
wheel-drive V8 engine, 
a Cadillac exclusive. 

It doesn't get any more 
contemporary than this. 

It's De Ville for 1986. 
It doesn't get any more 

Cadillac than this, either. 
With a new limousine­

style back window. Plus 
Cadillac comfort touches 
such as Electronic Climate 
Control and the increasingly 
rare luxury of room for six. 
And a 4-year/50,000-mile 
limited warranty. 

In some cases a deduclible applies. 
See your dealer for delails. 

1986 DE VI LLE 
BEST OF ALL. .. IT'S A CADILLAC. 

© 1985 SCIENTIFIC AMERICAN, INC



commodate the remaining three pieces 
the program has six more loops. Most 
programmers would call that heavy 
nesting. Each time a new piece is tried 
in a new position and orientation, the 
program tests each of the 512 cubes in 
the puzzle array to see whether any 
two are doubly numbered. If they are, 
the combination must be rejected be­
cause two of the pieces are trying to 
occupy the same space: the configura­
tion is illegal (in the mathematical 
sense of the term). 

The set of all possible configurations 
of the six pieces can be represented as 
a tree. The root of the tree is piece 
number 1 in standard position. This 
is a legal configuration. The addition 
of a new piece in a new orientation to 
each succeeding legal configuration es­
tablishes either a new branch in the 
tree of possibilities or a dead end. 

At the outermost reaches of the tree 
the program may produce a number 
of legal configurations consisting of 
six pieces nicely assembled in a burr 
puzzle. Some of these, however, are 
hopelessly jammed; no matter how 
one pushes, pulls or wiggles the pieces, 
they will not (indeed, cannot) come 
apart. In fact, such objects could never 
have been manufactured in the first 
place. They exist only in the configura­
tion program's imagination. How does 
Cutler know when a legal, six-piece 
configuration can be taken apart? He 
finds out by invoking a second, disas­
sembly program. 

The disassembly program analyzes 
the same 8 X 8 X 8 array used to iden­
tify legal configurations. But this pro­
gram tries to move each piece one or 
more units in any of three orthogonal 
directions. It will try to slide the piece 
out of the puzzle or shift it sideways. 
Here again a tree represents the possi­
bilities. The root of the tree is the intact 
puzzle. For each state of disassembly 
it arrives at, the program systematical­
ly searches for and discovers the possi­
ble moves of each piece. As people 
have long since found, once one or 
two pieces have been removed the re­
maining ones come out rather quickly. 

Therefore, as far as Cutler is con­
cerned, good design for a six-piece 
burr requires that the first piece be ex­
ceedingly difficult to extract. In Bill's 
baffling burr no fewer than five dis­
tinct moves are needed to withdraw 
the first piece! 

As Cutler designed Bill's baffling 
burr, his masterwork, he tried and dis­
carded nine sets of pieces. The 10th set 
was selected with particularly fiendish 
intuition [see illustration at right]. The 
configuration program found one and 
only one legal arrangement for these 
pieces and the disassembly program 

found that the puzzle could be taken 
apart in just one way; only one piece 
could be taken out and this after four 
seemingly pointless moves. 

The disassembly program is also a 
burr solver. First, of course, it must be 
given an accurate description of the 

ASSEMBLED 

THE PIECES 

DESIGN SCHEME 

9 

pieces in a burr puzzle and they must 
already be embedded in the program's 
8 X 8 X 8 array. The output of the 
program is a sequence of moves that a 
human could duplicate. 

Suppose, however, the program was 
told nothing about the pieces in the 

Bill's baffling burr 
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burr. It would have no alternative to 
manipulating a physical model of the 
puzzle. It is amusing to imagine the 
program adapted to operate a pair of 
robot manipulator arms. Its machina­
tions would then be visible as, over the 
course of many days, it explored the 
immense tree of possible moves. 

Readers who would like to become 
entangled with Bill's baffling burr or 
other derivatives of his inventiveness 
are welcome to write to him: Bill Cut­
ler Puzzles, 1020 Augusta Avenue, 
Wausau, Wis. 54 4 01. 

Like Cutler, Coffin has for a number 
of years been inventing burrs and other 
three-dimensional puzzles. One of his 
most recent triumphs is two-dimen­
sional: the reader is asked to fit 10 hex­
omino pieces into a fiat, square tray so 
that no two overlap [see illustration be­
low]. Each hexomino consists of six 
wood squares glued together along one 
or more edges. One tricky hexomino 
puzzle is remarkable enough. Yet Cof­
fin has a computer key that unlocks the 
door to a roomful of such puzzles. 
Each is different from the others and 
has a known degree of difficulty. Such 
a puzzle can be left lying casually on a 
coffee table at a party. The owner can 
be secure in the knowledge that no 
guest can solve it quickly (and then 
pretend not to have seen the puzzle be-

fore), since the puzzle will be com­
pletely new to everyone. 

Coffin's criteria for the difficulty of 
such puzzles include both the shapes of 
the pieces themselves and the number 
of possible solutions. In the cornuco­
pia project Coffin uses only hexomino 
pieces. To increase difficulty he uses 
only hexominoes that are asymmet­
rical and contain no 2 X 2 squares. 
The final count of usable hexominoes 
stands at just 17 . The correct place­
ment of 10 such hexominoes in an 
8 X 8 tray will leave four spaces un­
covered. Only solutions in which the 
gaps are symmetrically arranged are 
acceptable. In the model Coffin sent to 
me there are at least two solutions: one 
in which the four squares occupy the 
middle of the tray and one in which 
they occupy the corners. 

There are 19,4 4 8 ways of selecting 
subsets of 10 hexominoes from among 
17 .  Not all the subsets give rise to inter­
esting puzzles. In fact, many subsets 
cannot even be fitted into the 8 X 8 
tray. How can the best puzzles among 
these possibilities be identified? 

Recently Coffin enlisted the aid of 
Michael D. Beeler, the indefatigable 
programmer who was last mentioned 
in this column as one of the early ex­
plorers of the game called Life [see 
"Computer Recreations, " May]. Bee-

ler wrote a brute-force program that 
attempts to fit each 10-piece subset 
into a tray. The program automatical­
ly generates all solutions. If there are 
not too many, it produces them along 
with the 10-piece set of hexominoes. 
The program's output is available to 
interested readers. 

Like Cutler's programs that design 
burrs, Beeler's hexomino program ex­
plores a tree. The program begins by 
examining a specific subset of hexomi­
noes generated by its master loop. In 
essence the program scans the puzzle 
tray in raster order, line by line. This 
requires another loop inside the master 
loop. For each vacant square encoun­
tered the program selects an as yet 
unused hexomino (another loop) and 
tries fitting it onto the board in all 
possible orientations (a fourth loop). 
Whenever it finds a fit for a piece, a 
new branch in the tree of potential 
solutions is generated; the program 
moves to the next vacant square and 
tries the next piece. 

Without some rather admirable al­
gorithmic short cuts the solution-gen­
erating program might not be able to 
find all the possible answers in a rea­
sonable amount of time. One such 
stratagem involves subjecting each 
subset to a kind of parity test before 
the program even enters the second 

A hexomino puzzle from Stewart T. Coffin's cornucopia 
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loop. Examining the 17 hexominoes 
one day, Beeler noticed that if they 
were regarded as excisions from a 
checkerboard, 11 hexominoes would 
have three white squares and three 
black ones. The remaining six hexomi­
noes would have four squares of one 
color and two of the other. A solution 
involving any subset of 10 hexomi­
noes, on the other hand, would have 
the same number of white squares and 
black ones, namely 30. Beeler conclud­
ed that a solution could be found only 
for an even number of the six off-pari­
ty hexominoes. Any subset not obey­
ing this simple rule could be rejected 
as unsolvable. This brought the poten­
tial number of major program itera­
tions from 19,4 4 8 down to 9,7 46. 

The number of solutions Beeler's 
program finds for a given subset of 
hexominoes determines the degree of 
difficulty. The degrees specified by 
Coffin range from hard (several solu­
tions) to very hard (just one solution). 
Beeler's program steadily churns out 
solutions. Coffin has tooled up his 
workshop. He describes his puzzle­
making efforts in Puzzle Craft, avail­
able from the author. Re.aders interest­
ed in acquiring a puzzle, the book or 
both may write to Coffin at 7 9  Old 
Sud bury Road, Lincoln, Mass. 017 7 3. 

A remarkable difference between 
the puzzles of Cutler and Coffin should 
be noted: it is difficult to take apart a 
six-piece burr but not at all difficult to 
take apart a puzzle from Coffin's cor­
nucopia-merely lift the pieces from 
the tray. The three-dimensionality of 
a burr puzzle, in part, prevents such 
an easy solution. A four-dimensional 
creature would have no trouble at all 
with one of Cutler's puzzles; the being 
could take advantage of a new and 
different up direction. On the other 
hand, even a four-dimensional creature 
might have the same trouble putting a 
burr back together as we have with 
a two-dimensional assembly puzzle. 
This thought experiment suggests a 
two-dimensional burr puzzle taken 
apart by sliding flat pieces sideways 
out of a covered tray that contains 
them. Is such a thing possible? Assume 
there are eight pieces in our two­
dimensional burr puzzle. Two pieces 
project from each side of the tray; the 
internal pieces may have any rectilin­
ear shape. Readers are invited to sub­
mit designs. 

Engel's enigma puzzle has given me 
some hours of amusement and frustra­
tion. I do not yet have a general solu­
tion but Douglas R. Hofstadter (whose 
column "Metamagical Themas " ap­
peared in this magazine a few years 
ago) has developed a program for ma­
nipulating the circles. Engel writes that 
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several people adept at Rubik's cube 
have not been able to get anywhere 
with the puzzle. 

The enigma consists of two inter­
secting circles embedded in a plastic 
holder. Around each circle six stones 
are interspersed with six bones. The 
stones look like overweight triangles 
and the bones resemble undernour­
ished rectangles. Because the circles 
intersect, they share two stones and 
one bone [see illustration on page 27]. 
The circles of stones and bones can be 
rotated. If one circle, say the upper 
one, is rotated 60 degrees, a stone and 
bone previously shared with the lower 
circle are whisked away to be replaced 
by a new stone and bone. Alternate 
rotation of the two circles by any mul­
tiple of 60 degrees in random direc­
tions effectively scrambles the stones 
and bones. 

In its initial configuration the puz­
zle is divided into 10 hexagonally ar­
ranged zones. There are eight outer 
zones that get four colors: red, orange, 
blue and black. Symmetrically oppo­
site zones have the same color. There 
are two inner zones, one within each 
circle; these are colored yellow and 
green. Each stone inhabits three zones 
and so has three colors. Each bone lies 
in just two zones and consequently has 
just two colors. 

When Engel's circles are scrambled 
as described, a confusing mosaic of 
colors emerges; what had been pleas­
ing and orderly now appears colorful­
ly chaotic. How can a puzzle having 
only a fraction of the moves available 
in Rubik's cube be just as difficult? 

Engel has shown me a full set of in­
structions for solving the enigma but 
we shall keep it in reserve for a few 
months in order to give all interested 
readers a clear shot at finding a solu­
tion to the puzzle. Computists are ex­
pected to produce spectacularly ef­
fective algorithms. 

I have not written such a program, 
but the following analysis might be 
useful. When the enigma is in the un­
scrambled state, number the stones 
clockwise from 0 through 9, starting at 
the left-hand bone inhabiting both cir­
cles. The configuration is then written 

0 1 2 3 4 5 67 8 9. 

Suppose the upper circle is rotated 60 
degrees clockwise. If we regard the 10 
positions in the sequence above as 
standing for the corresponding sites in 
the puzzle, the rotation produces a per­
mutation: 

5 0 1 2 3 46 7 8 9. 

Note that 5 has been plucked, in ef-

fect, from the sixth position and placed 
in the first. Readers can easily gener­
ate the other three permutations. All 
four can be embedded in a program 
that operates on an array of size 10. 
Initially the array contains the num­
bers in ascending order. Invoking the 
permutations in random order will 
scramble the puzzle. The same repre­
sentation scheme may make comput­
erized attempts to obtain a solution 
go faster. 

N ow at last readers will see why I 
think of Engel's enigma as one-dimen­
sional. The enigma and related puzzles 
can be ordered from Engel at 2935 
West Chenango Circle, Englewood, 
Colo. 80110. 

In the July column presenting the Ro­
bot Odyssey game I proposed that 

readers design a custom chip for the 
wall-follower robot. The task is a good 
deal trickier than it looks. The chief 
difficulty lies in negotiating convex 
corners: unless the thruster producing 
motion is cut off when the corner is 
reached, the robot will drift gently 
away from the wall into the interior 
of a room. 

Of the solutions sent in to date, only 
two appear to work. J. P. Schwab, a 
data-processing consultant in Meu­
don, France, and Joseph A. Gregor, a 
first lieutenant in the U. S. Air Force 
currently assigned to flight duty at 
Langley Air Force Base, both designed 
chips that include four flip-flops. A 
solution with only two flip-flops may 
not be enough. 

Two dozen distinct pi mnemonics 
have arrived on my desk in the past 
month. Needless to say, a majority of 
them were suggested by more than one 
reader. My favorites include two ex­
tensions of the pi mnemonics I pro­
posed, as well as a number of old 
chestnuts that are herewith dusted off 
and displayed to a new generation of 
readers. I close on an international 
note with mnemonics in French, Ger­
man and Greek. 

The winner of the extensions catego­
ry is Peter M. Brigham of Brighton, 
Mass.: "How I wish I could enumer­
ate pi easily, since all these (censored) 
mnemonics prevent recalling any of 
pi's sequence more simply. " 

The winner for length is Jay L. Jung 
of Tempe, Ariz. J ung's mnemonic con­
tinues for 110 decimal places. I include 
only the first 14: "How I wish I could 
enumerate pi easily which men known 
skillful calculate forever . . .  " 

A vast number of people, including 
Linus Pauling, sent in one or more of 
the following chestnuts: 

"How I want a drink, alcoholic of 
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course, after the heavy chapters lll­
volving quantum mechanics. " 

See, I have a rhyme assisting 
my feeble brain, its tasks sometime 

resisting. 

Now l-even I-would celebrate in 
rhymes inept 

the great immortal Syracusan 
rivaled nevermore, 

who by his wondrous lore untold us 
before, 

made the way straight how to circles 
mensurate. 

A few odd but rather amusing pi 
mnemonics seem worthy of irtclusion 
in this miniature catalogue. Michael 
Stueben of Annandale, Va., submit­
ted a somewhat demented Archime­
dean verse: 

How I wish I could recollect pi. 
Eureka! cried the great inventor. 
Christmas pudding, Christmas pie 
is the problem's very center. 

Clive J. Grimstone of London, En­
gland, has a mnemonic that extends to 
100 decimal places but does not in­
clude the initial 3. Here is the first of 
several verses: 

I know a maths professor. 
He always weeps and sighs 
whenever polyhedra 
capsize . . .  

Readers with a good musical memo­
ry can remember pi by humming or 
whistling the tune submitted by Rod­
ney A. Brooks of Bethesda, Md. To 
save the trouble of musical typeset­
ting, I shall just mention that Brooks 
assigns each digit of pi to a note on the 
diatonic scale. In the key of C, for ex­
ample, C = 1, D = 2 and so on. Beside 
each note digit a time value appears in 
parentheses. The value is a multiple of 
a 16th note's duration. Hence the no­
tation is 

3(1)1(1)4 (1)1(1)5(5)9(1)2(1)6(1)5(6) 
3(1)5(1)8(5)9(1)7 (1)9(1) 3(6)2(1) 3(1) 
8(1)4 (1)6(4 )2(2)6(6)4 (2) 3(12) . 

The time signature is 4 /4 and the first 
bar line occurs between the fourth and 
fifth notes. 

Three readers, including John Hen­
rick of Seattle, Wash., sent in this: 

Que j'aime a fa ire apprendre un 
nombre utile aux sages! 

Immortel Archimede artiste 
ingenieur 

Qui de ton jugement peut priser la 
valeur! 

Pour moi ton probleme eut de 
pareils avantages. 

Henrick's entry in German: 

Wie? O! Dies 1T 
Macht ernstlich so vie len viele 

Milh! 
Lernt immerhin. Jilnglinge, leichte 

Verselein, I 
Wie so zum Beispiel dies dilrfte zu 

mer ken sein! 

STONE 

The Greeks, in the person of Archi­
medes, had the first word on pi. Linos 
J. Jacovides of Birmingham, Mich., is 
determined that they shall also have 
the last words: 

aEl 0 eEOC; 0 IlEYexC; YEcuIlE'l:PEl '1:0 
KUKAOU Il� KOC; [vex 0plan fHexIlE'l:pCP· 
("The almighty God plays with geom­
etry in order to define the circumfer­
ence of the circle in terms of its di­
ameter. ") 

Engel's enigma (unscrambled) 
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Philosopher of the rails, cosmic showers, 
where pecary roam, mathematical Q & A 

by Philip Morrison 

THE WORLD RAILWAY SYSTEM, by 
Bernard de Fontgalland. Cam­
bridge University Press ($29.95). 

M. de Fontgalland, Honorary Secre­
tary General of the International Un­
ion of Railways, is a philosopher of the 
ringing rail. In this brief, lucid volume 
he sums up railway principles, technol­
ogy, operations, marketing and man­
agement in an account both warmed 
by long-time engagement and cooled 
by a candid and systematic mind. And 
he does not shrink to apply his insights 
to the concrete. 

His best and longest chapter outlines 
the railway macrosystems in place, 
those internationally linked steel nets 
that bear the passengers and freight of 
most of the world. The longest stretch 
now open to a single railway vehi­
cle (with occasional car ferries, four 
changes of gauge and plenty of paper­
work) extends from Algeciras in Mo­
rocco 10,000 miles across Europe, Si­
beria and China to Ho Chi Minh City. 
Container traffic is heavy from Japan 
by way of the U.S.S.R. to Europe and 
the Middle East. Since 1950 the Soviet 
railways have woven a "real spider's 
web, centred on Moscow," a network 
over which sleepers and block trains 
roll to almost all the capitals of Europe 
and to the east as far as Beijing and 
Pyongyang. The Soviet railways have 
built a large fleet of smaller roll­
ing stock, particularly passenger cars, 
to meet the less generous width and 
height clearances standard in Europe. 
The main border stations have equip­
ment for changing the bogies (wheels) 
to accommodate the track gauge; the 
delay is no more than that required 
for customs formalities. "Such a huge 
system cannot be immune to political 
upheavals." In the early 1980's there 
were enforced stops at borders in the 
Middle East and in Korea. 

A railway is a "birail with rail-wheel 
guidance by flanges under the body of 
the vehicle." Monorails, from the be­
ginning to the ambitious magnetically 
suspended cars of our day, have never 
solved the problem of safe switching. 
The track defines a one-dimensional 

geometry; switching is a choice of left 
or right, and any section must either be 
free or occupied. Thus railways are 
logically binary, Boolean and natural­
ly computerizable. The real operation­
al time unit of modern railways, the 
built-in clock rate, is about 10 seconds. 
For a century that unit was a minute, 
since all important operations were 
once largely or entirely manual, for in­
stance coupling, switching, signaling 
and writing and issuing train orders. In 
the past 20 years the pace has quick­
ened; general automation and modern 
telecommunications have become key 
parts of the economic renaissance of 
many national railways. Overall the 
steel-steel contact of wheel on rail 
rules; although still noisy, the low-loss 
and weatherproof properties of this 
technology remain excellent, particu­
larly if the rail is welded. Power can be 
supplied by diesel engines, by central 
generators (now installed on about 
one-eighth of the world's track, half of 
them producing the more modern a.c.) 
or even by coal-fueled steam engines. 

The original railways hauled coal in 
block trains that consisted of a single 
chain of cars, shuttling unmodified 
from mine to mill. Such specialized 
heavy transport from siding to sid­
ing remains important and economi­
cal; some dedicated cargo trains haul 
20,000 tons gross per train, two kilo­
meters of high-capacity ore cars roll­
ing at 50 kilometers per hour. The oth­
er limit is the high-speed passenger 
train, the Paris-South East express or 
the Hikari from Tokyo to Hikata, 
fliers that achieve a schedule speed 
(counting stops and slowdowns) only 
20 percent below their top speed of 
300 kilometers per hour along the 
rails. The basis of this performance is 
the dedication of the system in both 
space and time to these awesome con­
veyances: freight and ordinary passen­
ger trains are either kept off the new 
priority line entirely or limited to late­
night travel. A two-track line with two­
way signals, using each track in either 
direction as needed, can safely handle 
about 300 trains in 24 hours. 

© 1985 SCIENTIFIC AMERICAN, INC



SCIENCE/SCOPE 

An electronics unit that took six years to complete will operate for 12 seconds when it plunges into the 
skies of Jupiter this decade. The device, called a pyro control unit, is a key element of the Galileo probe 
that will be launched in 1986. Armed with seven scientific instruments, the probe will penetrate the 
atmosphere of Jupiter and, in less than an hour, collect data that will feed scientific thought on 
planetary evolution for years to come. Tiny explosive bolts in the pyro control unit will fire at three 
intervals to deploy a small parachute, blow away the probe's aft heat shield (in turn triggering the 
opening of the probe's main chute), and extend the forward heat shield. The unit also will turn on an 
instrument for measuring the size and distribution of cloud particles. The circuitry of the unit has been 
built to withstand forces 10 times the pressure and 350 times the gravitational pull of Earth. Hughes 
Aircraft Company built the Galileo probe under contract to NASA. 

Efficient ways to assemble and test the Amraam missile have arisen from having manufacturing test 
engineers work closely with design engineers ever since the early stages of the missile development. 
The two groups teamed to develop common test specifications, test equipment, and testing techniques. 
Their efforts are expected to drastically reduce test correlation problems and to allow the missile to be 
produced immediately at a high rate. Hughes designed and developed the advanced medium-range 
air-to-air missile for the US. Air Force and Navy. It is in full-scale engineering development. 

A state-of-the-art cable TV system will soon be carrying programs to customers in Milwaukee. The 
system, ordered by Warner Amex Cable Communications, Inc. (WAVE Cable), will help cut operating 
costs and improve the quality of service. It calls for a Hughes AML multichannel local signal 
distribution system, including AML-STX-141 high-power transmitters, plus receive site and upstream 
equipment. The system initially will provide TV programming to three hub sites, where microwave 
signals will be downconverted to VHF. It will incorporate long-life klystrons, automatic receiver 
redundancy, 450-MHz receivers with low-noise amplifiers, solid-state upstream transmitters, and a 
microwave line extender. At least one channel will use Hughes FM microwave equipment. The 
company also has AML systems in Dallas, Cincinnati, Houston, and Medford, Massachusetts. 

A new generation of powerful, ultrafast semiconductor microchips can soon be produced at rates 
required for commercial manufacturing, using the world 's most sophisticated electron beam 
lithography system. The system is capable of writing circuit patterns with features as small as 0.5 
micrometers - about 11200th the diameter of a human hair. It was accepted recently by the US. 
Department of Defense for its VHSIC (very high speed integrated circuit) program. The acceptance 
culminates four years of development by Hughes Research Laboratories and Perkin Elmer Corporation 
leading to the direct-write system. 

Hughes needs engineers, scientists, and programmers to forge new frontiers in aerospace radars, 
weapon control systems and avionics, airborne displays, aerovehicle data links, and airborne 
countermeasures. Current openings are for people experienced in design, development, test and 
manufacture for systems engineering, project/program management, design of circuits and 
mechanisms, and bringing these to reality through the application of advanced manufacturing 
techniques. Send your resume to Hughes Radar Systems Group, Engineering Employment, Dept. S3, 
p.o. Box 92426, Los Angeles, CA 90009. Equal opportunity employer. US. citizenship required. 

For more information write to: P.O. Box 45068, Dept. 73-10, Los Angeles, CA 90045-0068 

HUGHES 
AIRCRAFT COMPANY 
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This is a 
Motorola 
cellular 
portable 
telephone. 

First in the market and first in use. It's the best-selling 
hand-held cellular portable on earth. 
e198S Motorola, Inc. Motorola and ® dr� registered trademarks 01 Motorola,lnc. 
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SOME SERIOUS NOTES 
ON MOVING. 

By Victor Borge 

When you move, make sure your mail arrives 
at your new address right after you do. 

The key is this: Notify everyone who regularly 
sends you mail one full month before you move. 

Your Post Office or Postman can supply you 
with free Change-of-Address Kits to make no­
tifying even easier. 

One last serious note. Use your new ZIP Code. 

Don't make your mail come looking for you. (� J 
Notify everyone a month before you move. = ® 

©USPS 1980 

Rolling stock is a heavy investment, 
and its efficient use is a key goal of 
operations. Fast passenger trains, like 
jet aircraft, can make many trips; 
the multiple-unit electric trains of the 
Shinkansen log half a million kilome­
ters a year. The commercial freight­
car duty cycle rarely amounts to a 
twelfth of that hard use; the conse­
quences are high cost, a need for lots of 
storage track and often charges for de­
'lays in unloading cars at their destina­
tions. The block trains can do much 
better, even though they usually clank 
emptily back to the dock or the mine. 

The world's railways divide into 
four species. Japan and the Nether­
lands, small countries with very high 
popUlation density, give priority to 
passenger traffic. Freight runs only at 
night; intercity passenger service using 
advanced technology approaches the 
usual frequency and performance of 
metropolitan commuter lines. Three 
big young countries of the New World, 
with spotty population distribution 
and long hauls for raw materials, give 
rail priority instead to freight. The 
U.S., Canada and Brazil all have mar­
ket economies, in which substantial 
public investment has been made in 
excellent roadways and air transport. 
Their technology and operations favor 
freight traffic; "some passenger trains 
are tolerated, but their quality of serv­
ice is mediocre if not poor. However 
some densely populated corridors do 
offer good quality passenger service." 

Between the two extremes come the 
"traditional" railways. For them sup­
ply has difficulty in keeping up with 
demand, and there is not much interest 
in specialized high performance at the 
expense of global capacity. Private au­
tomobiles are of limited use, either 
perforce because of low income or by 
decision of a centrally planned econ­
omy. These systems carry both pas­
sengers and freight across the large 
distances of India, China, eastern Eu­
rope and the U.S.S.R. Their networks 
account for most of the world's rail 
traffic. 

Over only an eighth of the world's 
total trackage the railways of the 
U.S.S.R. handle more than half of the 
world's traffic; they do so within a con­
tinental expanse that is marked by gen­
tle relief and bathed in extremes of cli­
mate. There are few small rail lines, 
but the still growing main lines are five 
or 10 times more heavily used than 
those of western Europe or the U.S. 
Overall speeds are not above 70 kilo­
meters per hour; the fastest service 
over the "straight, flat route" between 
Moscow and Leningrad, the chief cit­
ies, "runs at 93 km/h." Yet along the 
vast distances of the Trans-Siberian 
the freight trains proceed at 10- or 15-
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THE SECOND LAW 

"The interested person can do 
no better than to peruse this fas­
cinating new volume by Peter 
Atkins .... Even those who feel 
they already know all about the 
Second Law can hardly fail to 
find new angles and fresh in­
sights into what is going on in 
the world around them. I hope 
that this remarkable book will 
be widely read by scientists as 
well as by the non-scientists for 
whom it is primarily intended." 
NEW SCIENTIST 

'1\ lovely book, beautifully illus­
trated and presented, and 
clearly commensurate with its 
companion volumes in the Sci­
entific American Library. It 
should engender affection as a 
sophisticated latterday Hogben, 
complete with social allusions 
implicit in the call to conserve, 
not energy, but entropy, and to 
use the vir tuous entropy­
conserving heat pump rather 
than crude and profligate 
combustion. ... " 

NATURE 

The Mark 1/ universe model of a para­
magnetic material at some arbitrary 
temperature. In the absence of a mag­
netic field, the opportunity for elec­
trons to be UP (yellow) or DOWN 
(green) is an additional contribution 
to the entropy of the sample. Atoms may 
still be ON (red) and OFF (white), but 
the spins they carry may be UP or 
DOWN at random. The two illustra­
tions show the same distributions of 
ON and OFF, but different distributions 
of UP and DOWN 

YOUR PREMIER VOLUME 
THE SECOND LAW 

P.WAtkins 

I n his famous essay on the two cultures, C. P Snow made the 
Second Law of thermodynamics the litmus test of scientific liter­
acy: Not to know the Second Law is the same as not having read a 

work of Shakespeare. 
This is the law, of course, that explains why hot objects grow cool 

whereas cool objects do not spontaneously become hot; why a 
bouncing ball must come to rest and a resting ball cannot, of its 
own, begin to bounce. To some people, the Second Law conjures up 
visions of clanking steam engines, intricate mathematics and in­
comprehensible physical theory. It is better known to many in its 
restatement as Murphy's second law: "Things, if left alone, will grad­
ually go from bad to worse!" 

That restatement captures, in its way, the universality and power of 
the law that inspired Arthur Eddington to call it "the arrow of time." 

In The Second Law P W Atkins, of Oxford University, breaks 
through the mathematical barriers to understanding of the law. By 
vivid example he shows it at work in heat engines, refrigerators, and 
heat pumps; the cosmos, in the ecosphere and in the living cell; in 
the physical, chemical, and life processes that drive the changing 
world in all its richness and variety. 

A special appendix equips readers who have computers with a kit 
of tools to put the Second Law to work. 

230 pages, 104 illustrations 
P. W ATKINS is a lecturer in physical chemistry at the University of Oxford and 
a fellow of Lincoln College. He is the author of numerous distinguished 
works in his field, including Physical Chemistry, Second Edition, The Crea­
tion, and Molecular Quantum Mechanics, Second Edition. 
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The largest forms of life reproduce slowly, mOl'e ponderousl)', and /iue much 
longer tban smaller organisms. On Size and Life examines why. 

ON SIZE AND LIFE 
Thomas A. McMahon andJohn Tyler Bonner 

ON SIZE AND LIFE 
1: he size of living things reaches 

across 22 orders of magnitude, 

from the 100 ton (100,000,000 
grams) blue whale down to the most 

primitive bacterium at .0000000000001 
gram. Such differences in size compel 

the differences in form, proportion and 

complexity that give us the near-infinite 

diversity of life on this planet. Upon 

close and systematic study, however, it 

turns out that "certain beautiful regular-

ities in nature, describing a pattern in 

the comparison of animals (and plants) of different size;' give order and 

plan to that diversity. 

These regularities and that pattern explain why there are flying squirrels 

but no flying horses, why ants can lift 50 times their weight while humans 

must strain to lift just their own weight, why the smallest multi-celled 

organism is of the same size as the largest single-celled one. 

In this book a biologist and an engineer have joined to give their readers 

command of the concepts that explain how it is that living things are the 

way they are. 

THOMAS A. McMAHON is Gordon McKay Professor of Applied Mechanics at 

Harvard University. JOHN TYLER BONNER is professor of biology at Princeton 

University and a fellow of the American Academy of Arts and Sciences. 
255 pages, 207 illustrations 

'1\ remarkable book-both absorbing and accessible . . . . 1 know of no other 
book that introduces [dimensional analysis} so thoroughly or so well in a 
biological context . ... It should give [readers} a much deeper understanding 
of why living things are the size they are." 
TIMES HIGHER EDUCATION SUPPLEMENT 

OTHER BOOKS IN THE SCIENTIFIC AMERICAN LIBRARY 
THE'DISCOVERY OF SUBATOMIC PARTICLES POWERS OF TEN 

A molecular view of tbe plasma membrane. Et. 
tbrougb an axopod of tbe heliQzoan Echinosp 
The Living Cell. 

A GUIDED TOUR 
Chri� 

A. GUIDED TOUR OF THe LIVING CELL 

with the exterior. In the second 

cells own organs-and observe 1 
turing their own special produ< 

nucleus itself, where we see the c 
prints encoded in the genes to st. 

and to reproduce the cell itself. 

CHRISTIAN DE OUVE is AndrewW. M 
sity in New York. He was award 

jOintly with Albert Claude and G 
the structural and functional org 

2 volumes, 422 pages, 425 illustratlol 

'1t is hard to imagine a better inti 
means to everyone." 
JOHN BARKHAM REVIEWS 

'1\ splendid introduction to cell 
enjoyment." 
NATURE 

HUMAN DIVERSITY 
Steven Weinberg Philip and Phylis Morrison and the Richard Lewontin 

Office of Charles and Ray Eames 

THE SOLAR Sr 
Roman Smolucl 

PERCEPTION MATHEMATICS AND OPTIMAL FORM SUN AND EARTH EINSTEIN'S LEGACY 
Irvin Rock Stefan Hildebrandt and Anthony J. Tromba Herbert Friedman julian Schwinger 

GRAVITY 
john Archibald \l 
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on micrograph of a section 
erium nucleofilum. From 

?F THE LIVING CELL 
an de Duve II n A Guided Tour of the Living Cell, 

I Christian de Duve invites us to ac-

company him on an engrossing ex­

edition through a world far removed 

om everyday experience yet central to 

ur very being. It is the world of the 

illions of cells that make up the human 

lody 

The journey is divided into three itin­

raries. In the first, we examine a cell's 

uter and inner membranes, their intri­

ate foldings and two-way commerce 

e call at all the major organelles-the 

m transforming energy and manufac­
. Our third itinerary takes us into the 

ble helix of DNA reading out the blue­

r the biochemical machinery of the cell 

on Professor at The Rockefeller Univer­

the Nobel Prize in medicine in 1974, 
rge Palade, for discoveries concerning 

ization of the cell. 

�uction to the world of the cell and all it 

ology ... should be read with profit and 

EM 
vski 

ieler 

THE SCIENCE OF MUSICAL SOUND 
John R. Pierce 

ENZYMES 
David Dressler 

EXTINCTION 
Steven M. Stanley 

The ''crowning'' of a forest fire. Laser-beam spectroscopy. ]be copper converter. 
An experimental warehouse fire. From Fire. 

FIR E 

FIRE 
JohnWLyons 

E ire contained in furnaces and 

combustion chambers serves 

each American with the electrical 

and mechanical energy equivalent of 

100 human slaves. To unwanted fires, 

however, Americans lose more life and 

property each year than any other peo­

ple in the world. Fires no longer burn 

down cities, it is true, and fires are con­

fined nowadays to the dwellings in 

which most of them start. But anyone 
who has experienced the horror of a 

house on fire must find it hard to believe that there has been any progress 

in the prevention, control, and fighting of fire . 

In Fire, John Lyons shares the lore and understanding he acquired in a 

career of study of the subject at the National Bureau of Standards. He 

develops both the friendly and unfriendly aspects of fire. Out of his own 

deep fascination with it he makes fire a compelling object of instruction in 

the physics and chemistry within. He shows the flame in its generality from 

the candle to the fireplace, the furnace, the combustion chamber and 

finally in the primal violence of fire out of control. 

. As director of the National Engineering Laboratory, JOHN W LYONS is re­

sponsible for the National Bureau of Standards research in applied mathe­

matics, building technology, electronics and electrical engineering, 

manufacturing engineering, and chemical engineering and fire research. 
170 pages, 127 illustrations 

PHOTO CREDITS-Daphnia:james Bell, Photo Researchers, Inc. I Am: Daniel Adams / Elepham: Peter Johnson, National 
History Photographic Agency I Illustration drawn by Neil 0. Hardy I Electron micrograph courtesy of Dr. l. E. Roth and 
Dr. Y Shigenaka / Fire in trees: L .  Burr, Gama-Liaison I Copper Smelter: John Moss, PhotO Researchers, Inc. I Laser: 
Courtesy of Sandia Labs I Plastics Fire Test: Courtesy of Factory Mutual Research Corporation 

FOSSILS AND THE HISTORY OF LIFE 
George Gaylord Simpson 

DRUGS AND THE BRAIN 
Solomon Snyder 

CONSTRUCTING THE UNIVERSE 
David Layzer 
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SCIENTIFIC AMERICAN LIBRARY 
"The difference (in this and 
other book series) comes in 
the quality qf the authors, who 
combine eminence in their 
fields with proven gifts of 
e:>.position. With the handsome 
volumes in front of us ... 
what response can there be 
but immediate surrender 
to this/i.repower?" 
NIGEL CALDER, NATURE 

TO.: SCIENTIFIC 
AMERICAN 
LIBRARY 
p.o. Box 646 
Holmes, PA 19043 

O ut of the collaboration of scientists and editors that distinguish­
es SCIENTIFIC AMERICAN, with more than a dozen volumes 
now in print, the SCIENTIFIC AMERICAN LIBRARY is established 

as a significant new channel of communication in the sciences. 

These unique features identify the LIBRARY volumes: 
• Each volume covers a topic of major interest with immediate relevance 

to on-going research in its own and related fields. 
• Each volume carries the authority of an author who has made a signifi­

cant personal contribution to the topic it covers. 
• Each volume proves in its turn that there is no topic in any field of science 

that cannot be explained to readers who want to understand. 

Writing from their own distinguished contributions to their fields, these 
authors-Steven Weinberg, Richard Lewontin, Christian de Duve,Julian 
Schwinger, Irvin Rock, John Archibald Wheeler, Solomon Snyder, to name 
a few-offer you the understanding you will need to follow the on-going 
work-the controversies and breakthroughs-across the frontiers of 
science. 

YOUR RISK-FREE INVITATION TO JOIN 
15 Days' Free Examination 

Once you become a member, you will receive a volume approximate-
ly every two months-with the invitation to examine it at your leisure. 
If after 15 days you decide not to keep a particular volume, simply return 
it for a prompt credit to your account. 

No Prepayments Required 

Payment for each volume is due only after you have decided to retain 
it for your library. 

No Minimum Purchase 

From year to year, you may choose to keep as many or as few volumes 
as you like. 

Low Members' Price 

You may purchase any volume at the low members' price of $24.95 
-well below the bookstore price. 

No Strings Attached 

You may cancel your membership without notice, for any reason, with 
no penalty. 

MEMBERSHIP RESERVATION FORM 
Please enroll me as a member of SCIENTIFIC AMERICAN LIBRARY. Send 
me my premier volume-The Second Law-by return mail. Thereafter, 
send me a volume approximately every two months for 15 days' free 
examination. 

! need to send no payment now. For each volume I keep I will be billed 
$24.95 plus postage and handling. This price is guaranteed for at least one 
full year. 

I may cancel my membership at any time, for any reason, without penalty. 
Name __________________________________________________ __ 

Address ______________________________________________ ___ 

City, State, Zip __________________________________________ _ 

To join right away, call us toll-free at 1-800-345-8112 (In Pennsylvania, call 1-800-662-2444). 
SSAlO'5 
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minute intervals, linked by radio, fol­
lowing automated signals; as they tra­
verse the deep boreal forests their per­
formance is not much different from 
that achieved outside peak hours on 
the central suburban lines of other rail­
ways. Twenty passenger trains a day 
run across the Urals as far as Lake 
Baikal. Although Aeroflot is vigorous 
aloft, the train remains an essential of 
intercity travel for Soviet passengers. 
Soviet rail passenger-miles total 10 to 
20 times the U.S. Amtrak output, a 
volume nearly as large as that of all 
western Europe. 

The fourth railway species is the 
"sophisticated" linked system in the 
larger countries of western Europe. 
Those railways are national enterpris­
es, but they must survive in a market 
economy, "adapted to double sector 
operation," by maximizing quality of 
service. They generally have sufficient 
technical capacity to offer passengers 
both high speed and serious attention, 
and yet they haul freight well. 

What of the future? Brazil is a land 
that always promises; if 200 million 
people are there by the century's end, 
with a large long-haul trade in raw ma­
terials,. the high-speed railway should 
flourish. An uncrossed stretch of des­
ert in southern Iran alone isolates the 
busy railways of the subcontinent of 
southern Asia (India's system is 10 
times larger than the railways of Paki­
stan and Bangladesh) from the Eur­
asian macronet. There is an optimistic 
plan to close that final gap by the end 
of the century, to join two-thirds of the 
world's population into "the triconti­
nental megasystem," a through train 
possible from London to Calcutta. 
A tunnel under the English Channel 
would transform land transport in Eu­
rope, particularly if smaller links un­
der the Oresund and by bridge to Sicily 
complement it. In Japan they are about 
to complete a submarine tunnel of 
Channel length, to unite their south­
ern islands by express rail. The North 
American future of rail remains prob­
lematical. The twin transcontinental 
Canadian railways remain healthier 
than the beset system south of the bor­
der, caught between an ideal of public 
service and market competition in the 
Serengeti of the automobile. 

The author names the heroes of 
modern railway management; "great 
railway men" include Louis Armand, 
Boris Pavlovich Beshehev and Hideo 
Shima. Theirs is a kind of general­
ship that achieves victories of-peace: 
we ought to pay homage to France's 
leader for a new automation, to the 
Soviet Union's for a new international­
ism and to Japan's for a new modern 
standard of technology and service. 
But it is geography and the econom-

34 

ic system that in fact "articulate the 
activity of every mode of transport." 
The top decision maker, the "number 
one" who "directs an enterprise often 
classed among the most important in 
his country," cannot decide on expen­
diture, for two-thirds of that goes for 
staff with guaranteed employment, nor 
on revenue, for fares are controlled, 
nor on network structure, nor on the 
volume of investments. Yet the role 
crowns any manager's career, civil 
service or private sector; what remains 
is all the same a real job. 

This is a real book too, a person­
al systems analysis of unusual spirit 
and penetration. It was first written in 
French and then, it appears, put into 
succinct and flexible English by its au­
thor extraordinaire. 

GAMMA RAY ASTRONOMY, by Rod­
ney Hillier. Oxford University 

Press ($29.95). By habit we talk rather 
naively of hard, penetrating radiation. 
Gamma rays-photons with energy of 
a million electron volts and upward­
are the very archetype of hard pho­
tons. In the nuclear laboratory ra­
dioactive gamma sources are always 
shielded behind thick lead plate for the 
protection of the operator; even the 
comic books understand that ominous 
element of design. But the view that 
gamma rays are highly penetrating is 
plainly wrong. After all, visible light 
from the stars, its photons embodying 
only a few electron volts of energy, 
traverses the entire thickness of the 
clear air, a layer of matter equal in 
weight to a full meter of lead, with 
little loss. Most million-volt photons 
coming in at the top of the atmosphere, 
however, far from penetrating with 
ease, are absorbed before they travel 
down even as far as the thin air at the 
altitudes that limit the flight of a 
stratospheric aircraft such as the old 
U-2. Typical "penetrating" gamma 
rays never approach the solid ground 
that sun- and starlight reach freely. 

It is easy to dispel the sense of para­
dox. Visible light penetrates the clear 
atmosphere, but a veil of cloud or a 
foil of aluminum only tissue-paper 
thin stops it entirely. Gamma rays are 
not as fastidious. They pay little at­
tention to the detailed structure of 
any material medium; they heed in­
stead the total number of intervening 
electrons. Thus they pass indifferent­
ly through rock, wood or metal layers 
quite opaque to visible light, provided 
the thickness is limited. There are no 
special materials opaque to gamma 
rays just as there are no transparent 
ones; shielding power for gamma-ray 
photons is a bland matter of atomic 
count alone. Lead merely provides a 
compact heap of electrons. 

Just below the energy range we as­
sign to gamma rays, X rays from deep 
space provide the basis of a rich 
branch of astronomy, now all but ma­
tured since its discovery in the early 
1960's. Both X rays and gamma rays 
require that observing instruments be 
carried above the bulk of the atmos­
phere: neither intensity of radiation 
can penetrate the earth's thick shield­
ing layer of air. Balloons, rockets and 
satellites alone can serve as observ­
ing platforms for gamma-ray astrono­
mers as they had for their triumphant 
X-ray cousins. 

There was another and more subtle 
problem. Since the first decade of the 
century we have recognized even at 
ground level a small, steady flow of 
extremely energetic charged particles 
that enter the atmosphere from all di­
rections in space. They are called cos­
mic rays. We cannot see cosmic-ray 
sources just as we cannot make out the 
disk of the sun on a cloudy day, even 
though plenty of light comes through. 
This omnidirectional flow generates 
gamma rays by interactions of the en­
ergetic particles in the upper atmos­
phere, and with the material of the 
very instruments sent up to find the 
incoming gamma rays. Any gamma­
ray signal from distant stars is subject 
to masking by the local background 
generated by the particle influx. It 
turns out that in the X-ray band the 
locally made background is less copi­
ous, while the real X-ray signal from 
celestial distances is usually stronger 
than the gamma-ray signal. A decade 
passed before this fundamental ques­
tion of signal v. noise could be over­
come and we could begin to read out 
the messages encoded in the wide band 
of gamma radiation. 

Dr. Rodney Hillier of the University 
of Bristol is a pioneer of two decades' 
standing in experimental gamma-ray 
astronomy. He has prepared his com­
pact monograph, the physics of gam­
ma rays clearly sketched, with maps, 
diagrams and graphs as needed, at a 
level open to a serious physics under­
graduate. His emphasis is in the right 
place: he reviews design, type by type 
and energy band by energy band. He 
describes the instruments that worked 
and explains why and how they did 
work. He briefly presents what they 
told us about solar events out past 
the galaxy, about quasars and about 
events at cosmological distances. Cur­
rent uncertain models of gamma-ray 
origin, mostly all we have in these ear­
ly times, murmur offstage. We know 
much more of the physics than we yet 
do of the astronomy. 

The first unmistakable success was 
finding the specific low-energy gamma 
rays that arise from the capture of neu-
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gonna knock your socks off. 

It's the IBM 436l. 
And it's setting new standards for cost-performance. IBM? Supermini? For 

computational processing? You bet. It'll knock the socks off a centipede. 

Speed. The 4361 features a high-speed cache buffer. It has a separate floating-point 
processor to handle multiplication. And it executes the 70 most-used instructions in the 
hardware. No wonder the 4361 will turn in a Whetstone that will knock your .... You get 
the idea. 

Precision and accuracy. The 4361 has advanced 32/64-bit architecture. It can handle 
31-decimal-digit precision. And as for accuracy, IBM's high-accuracy arithmetic 
facility (ACRITH) includes 22 special floating-point instructions that can be used to 
process iterative calculations accurately. The ACRITH program notifies you if the 
accuracy you need can't be maintained. 

Ease of use. The 4361 needs no pampering. Install it almost any where-in a corner of 
your office, for example. And the 4361 can run unattended, with no onsite DP specialist. 

To make life easier yet, there's the IBM Engineering/Scientific Support System 
(E/S3)-a consistent, menu-driven interface for interactive users. E/S3 is rich in function 
and offers an open architecture so you can add applications easily. It handles graphics, 
text and data manipulation. And it supports a wide range of administrative applications. 

Attachability. What would you like to attach to your IBM 4361? Lab instruments? 
Personal computers? ASCII-oriented devices? Are they Multibus* or Unibus**-oriented? 
Or do they use a serial digital interface? The 4361 welcomes them all. It attaches to 
IBM and non-IBM devices of all kinds. 

Growth path. The 4361 protects your investment. It can be upgraded on your premises 
over a processing power range of three to one. At low cost and in small steps. If you out­
grow even the biggest 4361, you can move up to 
the IBM 4381 or one of the large 308X or 
3090 processors. 

There's much, much more. In technology, 
architecture, service and support. The 4361 is 
an engineering/scientific computer from head 
to toe. But hold our feet to the fire. Demand 

I
--------------------

� 
IBM 

10-85 
D� 

-

Dept. LQ/428 
101 Paragon Drive 
Montvale, NJ 07645 

o Please s!'nd me information on the IBM 4361 supermini 
and E/s'. 

o Please have an IBM marketing representative call. 

Name: ____________ _ 

Title: ____________ _ answers to all your questions. 
To receive brochures on the 4361 and 

Company ___________ _ 

Address 
E/S3, or to have an IBM marketing ____ � 

C\.ty 

,

------------w ______ State ___ ZilLP __ 
representative call, return T : :�':'� Phone: ____________ _ 
the coupon. ==-= ':' = L ____________________ J 
*Muttibus is a trademark of Intel Corporation.!**Unibus is a trademark oC Digital Equipment Corporation. 
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trons in hydrogen and from the anni­
hilation of electron-positron pairs. In 
1972 NASA'S Orbiting Solar Observato­
ry carried detectors competent to sort 
by energy the electron pulses from 
gammas absorbed in an electron-dense 
crystal. The rays were strongly seen 
for a few minutes during a solar flare. 
A powerful transient flux of energet­
ic particles is accelerated during the 
flare, surely by magnetic processes. 
Their collisions with the denser solar 
surface at the foot of the flare's mag­
netic arch generate the very nuclear 
reactions one expects in solar hydro­
gen. Someday we shall be equipped to 
pick up nuclear gamma-ray lines from 
a supernova caught in the act, and so 
analyze that extraordinary nuclear ex­
plosion, enfeebled by distance but far 
beyond the solar flare in scale. 

The broadest success so far was that 
of the European satellite, COS-B. It en­
tered orbit in 1975 and faithfully re­
ported until a couple of years ago. Its 
10-day orbit kept it mostly far from 
the sources of background near the 
earth. Its instruments combined sever­
al schemes for picking up high-energy 
gamma rays. 

Chief among them was a spark 
chamber full of neon, fitted with wire 
grids cleverly triggered by auxiliary 
detectors whenever an energetic pho­
ton passed through to be absorbed in 
a thick scintillation crystal below the 
chamber. The electron-positron pair 
produced can be tracked by electrical 
signals from the grid wires that begin 
to spark along the electron path. The 
tight line of the pair gives a good fix on 
the direction from which the initial 
gamma ray came, and the pulse size of 
the scintillator below fixes the photon 
energy. Such an instrument is both 
spectroscope and telescope for pho­
tons within a definite high-energy band. 

COS-B (and its smaller U.S. forerun­
ner) showed that the gamma rays in its 
chosen energy range, 100 times the few 
million volts from solar flares, mark 
out the Milky Way plane. They must 
originate in collisions between cosmic 
rays and the dilute hydrogen of inter­
stellar space. The collisions yield gam­
ma rays among other final decay prod­
ucts of pi-meson formation. Studded 
over the COS-B diffuse gamma-ray sky 
are a couple of dozen point sources as 
well; some of these are known pulsars, 
such as the one in the famous Crab 
Nebula, but the others are unknowns. 
There is a weak background as well. 
The talented COS-B collaborators pub­
lish in teams of a dozen names, Bigna­
mi to Masnou to Stiglitz to Wills .... 

Still something of a puzzle are the 
gamma-ray bursts, a few hundred of 
which have been picked up so far, nev­
er two from the same direction. They 
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last for seconds only. They were first 
seen by the U.S.A.F. Vela system, de­
veloped to search for clandestine nu­
clear tests in space. Their direction 
could be known by timing the near­
simultaneous responses in a number of 
similar but far-flung satellites in orbit. 
In the late 1970's a pair of Soviet satel­
lites on the way to Venus each carried 
a battery of shielded gamma detectors 
pointing in different directions. The 
relative intensities they encountered 
revealed the burst direction. 

One unique burst seemed to come 
from the Large Cloud of Magellan; if 
it in fact did, that one burst in 1979 
was 10,000 times more powerful than 
the run of experience. The numerous 
invisible neutron stars provide a like­
ly provenance for such remarkable 
events; whether each marks a comet 
falling into the huge nucleus, or some 
plasma phenomenon in the strong 
magnetic fields, or something entirely 
different, is far from sure. 

Not all gamma astronomy requires 
that the observer leave the solid earth. 
If the ray's initial energy is high 
enough, really stupendous, the prod­
ucts of its initial collision high in the 
air will themselves collide to make 
more particles and photons, and an 
entire cascade can ensue. After a cou­
ple of dozen steps, up to a billion ioniz­
ing particles shower to the ground all 
at once, within microseconds. Some 
devices sample the shower by means 
of ground detectors; some patrol the 
empty dome of the upper air (the fly's 
eye) for the light flash made there by 
the fast electrons. 

Such particle showers have long 
been known; Hillier has a chapter on 
them. The astonishment is that during 
the past two years some showers have 
been found to recur in phase with the 
known periods of several double-star 
X-ray sources. Moreover, the direc­
tion from which those periodic show­
ers come agrees roughly with the direc­
tion of the given X-ray source. 

. 

That cosmic signal must have come 
in a straight line; it is probably a gam­
ma ray, for a neutron decays during so 
long a flight, a neutrino seems to inter­
act too little to make enough strong 
cascades, and no charged particle 
could come in a straight path. If these 
inferences are right-maybe there is 
some new particle?-the sources ob­
served emit a prodigious power in 
gamma rays of a million billion volts 
of energy or more! Those few stars 
generate enough high-energy cosmic 
rays, whose secondaries would be the 
gammas we seem to see, to supply the 
entire galaxy. 

This small book opens a path to the 
principles of the search for gamma 
rays from space. Only air shower de-

tectors are rather too briefly treated; 
there is no account of Utah's fly's eye. 
That a new and startling result has gal­
vanized the field even since this recent 
book was published speaks rather in 
favor of its interest, not against it; this 
is a guide to a world still in the making. 
One misses a more complete index list­
ing authors as well as subjects; the 
book is not long, but it is diverse. 

DREAMS OF AMAZONIA, by Roger 
D. Stone. Viking Penguin Inc. 

($ 17.95). 'Ze Maria, young and seri­
ous, looks straight at you from the 
open end of the thatch-roofed cabin 
that runs nearly the length of his new 
10-meter boat, Manaus-built of tropi­
cal hardwoods. He wears only shorts, 
but in his pocket there is a fat wad of 
bank notes. Next week, maybe, he will 
head upriver again. The new green­
painted Chinese-made diesel will turn 
over, and for a couple of weeks he and 
his two crewmen will voyage up and 
back down the clear mosquito-free wa­
ters, past the canoes of the Indians fish­
ing for catfish, past missions old and 
new, past little settlements of a dozen 
thatched houses amidst their palms 
and gardens, everywhere the evergreen 
forest through which deer, monkey 
and peccary wander. 

He is a river trader of the old style, 
who will buy and sell anything, Scotch 
whisky, outboard motors, clothes and 
cooking oil, for local produce, cash or 
gold dust. He knows everyone and ev­
ery bend of the infertile banks along 
300 miles of river. His home port, a 
provincial center of some 10,000 peo­
ple, is three hours by turboprop west 
from the city of Manaus, where the 
black-tea waters of 'Ze's Rio Negro 
mingle with the mosquito-ridden So­
limoes, whose turbid current looks 
more like coffee with cream, to form 
the ocher Amazon itself. 

Roger D. Stone folds us into that 
dreamlike visit of 1983 to evoke an 
Amazonia before farm clearings and 
mines and broad plantations and high­
ways, a riverine world only lightly 
touched by the modern. Stone is more 
than a good traveler and an inviting 
writer; once a Time correspondent in 
Rio de Janeiro, canny about the poli­
tics of Brazilia and Washington alike, 
he is now an informed officer of the 
World Wildlife Fund and something 
of a tropical ecologist, who knows Por­
tuguese and consults a wide circle of 
savvy friends. In this book he offers an 
up-to-date and documented account, 
based on history both human and nat­
ural, surveying the past, the present 
and the possible future of efforts to 
find wealth in Amazonia, to draw the 
place into an old dream not at all its 
own, the dream of a grander Mississip-
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CURIOSITY CANT 
BE TAUGHT BUT IT 
CAN BE SPARKED. 

There is, as every teacher and 
parent inevitably discovers, a 
curious truth to curiosity: It 
often defies their best efforts 
to inspire it. At the same time, 
many of these same teachers 
and parents can tell of magic 
moments when, prodded by 
new facts or fresh experiences, 
youngsters suddenly awaken. 
Aroused, they become eager 
to know all we can teach. 
Thats why, since 1976, we'Ve 
funded and distributed films 
about economics, science and 

mathematics. Their purpose is 
to encourage learning. And to 
show where learning can lead. 
Already, millions of students 
have seen "American Enterprise" 
and "The Search for Solutions:' 
Very soon, many will be seeing 
"The Challenge of the Unknol,tJr( 
If you'd like to find out more 
about these films, write to: 
Phillips Petroleum Company 
Educational Films, 16-B4,PB 
Bartlesville, Oklahoma 74004. 
Of course, we can't promise 
to ignite the curiosity of every 

young person who sees these 
films. But we can hope to set 
off sparks. And who knows 
how brightly they might burn. 

Phillips Petroleum Company 
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100% Cotton 
BUSH vest $39 

A walking desk with a drawer for 
everything; pre -washed 100% cotton, 
already broken in for comfort and 
the look of an old hand, well-versed 
in the lore of the road. 

#3322 Khaki tan, 
olive, white 

XS, S, M, L, XL 
Imported 

for cNlope 
Send check., VIsa, Amex, M/C, to 224 Grant Avenue, DeJt, 268, P.O. Box 

7347, San Franclsoo, CA. 94l.2O. Add *2.00 for shipping, QUU'. add 6" sales tu. 
OBDD 'rOLL·PUI 800·81'·8100. 

TH E H E BR EW 
U N IVE RSITY OF 
J E R USALEM 
Jerusalem,  Israel 
• TH E GOLDA MEIR 

FE LLOWSHIP FUND 

• TH E B E RMAN FELLOWS H I P  
& SCHOLARSHIP PROGRAM 

• THE FORSC H E I M E R  
FOUN DATION 

• THE LADY DAVIS 
FELLOWS H I P  TRUST 

The Hebrew U n i versity of Jerusalem 
offers a num ber of Postdoctoral Fel ­
lowsh i ps for the 1986-87 academ ic 
year  i n  the Human it ies , Soc ia l  S c i ­
e n c e s ,  Nat u ra l  Sciences ,  Ag r icu ltu re 
and Med ic ine .  
Cand idates may apply at  an early 
age of the i r  professional  career ( not 
l ater than 3 yea rs after complet ion 
of the i r  doctoral  d i ssertation) . 

Every app l icat ion is cons idered for 
a l l  the above Funds .  
Requests for application forms should 
be add ressed to the Lady Davis 
Fellowship  Trust, P.O. Box 1 255, 
Jerusalem 91 904, Israe l .  

Completed app l icat ion forms must 
be retu rned by December 1 ,  1985 .  
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pi Basin where 50 million and more 
might dwell. 

The unmatched Amazon carries to 
the sea 1 1  times the water flow of the 
Mississippi. Its endless forests once 
seemed in their green exuberance to 
promise abundant harvests. We know 
today that the fertile soils there, the 
Amazonian lowlands built of sedi­
ments brought by the coffeelike rivers, 
cover less than a tenth of the total 
drainage. The rest of the open upland 
forest lies on rocky soils long leached 
by unfailing torrential rains. As in 
some alert Nagoya automobile facto­
ry, the nutrient inventory on hand is 
enough only for immediate use. Noth­
ing much is stored in the thin litter 
under the shadowing trees. Nor are 
tannin-browned streams clear as tea 
a good sign. Such rivers drain sunny 
siltless lands, where the hard-pressed 
vegetation protects itself from insect 
attack by astringent derivatives of 
carbohydrates instead of the energy­
saving but nitrogen-rich alkaloids 
that subtly embitter the leaf, stem and 
fruit that grow on more fertile soils. 

History makes a strong case too. The 
Indians with their subtle adaptation 
to these lands fled from sight or were 
reduced to slavery once the Europe­
ans came. Riverbank settlers remained 
poor and few. Most 19th-century im­
migrants to Brazil sought quite other 
lands, the coasts and the savanna, 
more suited to familiar crops and cat­
tle, or even to sugar cane. 

The first bonanza for Amazonia was 
the rubber 

'
boom. Vulcanized rubber 

found many uses, and in the 1890's the 
trade took off on Dunlop's pneumatic 
tires. The best-known relics of that 
boom are the Beaux Arts opera house 
in remote Manaus and a fine theater 
in downriver Beh�m. Rubber in Bra­
zil was less an industry than a tedi­
ous form of hunt, suited to the forest, 
where individual adventurers extract­
ed latex from scattered wild trees. The 
balloon burst forever once neat South­
east Asian plantations could offer bet­
ter rubber from well-nurtured trees 
that grew in convenient close-set rows. 

Henry Ford then tried to develop 
plantation rubber in Amazonia. After 
nearly 20 years he gave up. His was in 
a way a pioneering effort at planned 
investment, but the rubber plantations 
never grew well. Both the leaf blight, 
an indigenous fungus at home among 
serried ranks of rubber trees, and the 
politics of a new nationalism played 
a part in the little tragedy. A r.ecent 
effort has been directed at grow­
ing Asian trees for wood pulp; the 
pulp is then made into paper on site 
in a floating mill brought from Japan. 
In spite of ample capital and auda­
cious technology, in spite of enviable 

terms for its land, this project at Jari 
is still uneconomic. 

The only successful agriculture has 
been the Japanese-Brazilian agrobusi­
ness carried on not far from the coast, 
using lands clear-cut a century ago and 
soon abandoned to scrub. With the full 
arsenal of modern farming, from pes­
ticides to heavy tractors, these busy 
commercial farmers raise the best pa­
payas in Brazil and truck them near­
ly 2,000 miles to sell in Sao Paulo. 
Black pepper, melons and cocoa are 
also turning out well, but such special­
ized high-value examples hardly offer 
a guide for mass settlement. 

One state-size forest area adjoining 
the long-cultivated plains of the south 
is now wide open to mass immigration. 
Down a highway that has been cut 
boldly 300 or 400 miles into the forest 
the landless pour, 58,000 of them in 
1980. They clear their new land with 
fire, dozer and ax and begin subsist­
ence farming. Cash crops, they hope, 
are soon ahead. There in Rondonia the 
forest is vanishing swiftly; what kind 
of life the hopeful settlers will be able 
to sustain remains uncertain. 

Mining is one limited opening to­
ward wealth out of the region. A 
remarkable project for winning iron 
ore has been set going in the Serra dos 
Carajas. It lies on high, cool ground, 
where the neat red open pits seem to 
make it "the world's most beautiful 
iron mine"; it is also the largest, hold­
ing 18 billion tons of high-grade sur­
face ore. Great care is taken to pre­
serve the environment as much as pos­
sible; any mine, of course, even a huge 
one, is lost on the map of wide Ama­
zonia. Even the giant hydropower 
scheme not far away on the Tucurui, 
with its big lake soon to be filled, is not 
yet on the scale of the forest. Neverthe­
less, the project gives cause for public 
worry: there is the local threat to the 
migratory fish posed by the dammed 
river, the unprecedented chemistry of 
a flooded rain forest, the risk of anoxic 
waters and the prospect of a plague of 
mosquitoes. But it is the social cost, 
not the ecological ones, that will pre­
sent the most urgent bills once the 
mines have yielded up their riches. 

The full-blown scheme for the 
Grande Carajas above called for ma­
jor development not only in iron ore 
but also in aluminum production-the 
world's leading deposit of bauxite is 
there-and in copper, nickel and man­
ganese as well. Metalworking industry 
would be built, and an integrated agri­
culture; farms and ranches would be 
extended over an area consisting of 
Para and its neighbors that would be as 
big as Texas. The scale of deforesta­
tion is so large that widespread flood­
ing and even climate change are possi-
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.::; -( 1-w Can you match wits 
with these intell igent l ife forms? 

Find out when you test you r  knowledge of science 
against defending champion Edwin Newman , 

three chal lengers and an enti re studio audience as 
NOVA opens its th i rteenth stimulating season .  

The National Science Test I I  on NOVA, Tuesday, Oct. 8. 
Check you r  local PBS l istings.  
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ble consequences. After investment of 
70 billion dollars a million and a half 
jobs were to be created here by 1990. 
The onerous load of foreign debt Bra­
zil has acquired, largely for the more 
ambitious elements of these Grandes 
Projetos, has lately meant a sharp, 
nearly universal slowing down as the 
creditors, once sharers of the dream, 
now begin to press. 

It is clear that we do not know 
whether an old region of tropical rain 
forest can ever be brought to resemble 
Iowa or Japan. There is no example of 
such a change; perhaps a suitably del­
icate touch might one day make the 
place habitable in a new style, one 
more like that which once prevailed in 
Mayaland or along the Mekong. Per­
haps the abundant water could be 
piped out to the semiarid savannas not 
far away. No one knows; the scientists 
cited here divide, although most of 
them are wary and state the strongest 
case against clearing: infertility, pests, 
laterization, erosion. A rush to colo­
nize these fragile rainy lands may re­
sult in quick destruction of the most 
varied and extensive of living systems, 
without sustained offsetting gains. 

Sun and fresh water are unfailing re­
sources in Amazonia. Will some vast 
hydroponic scheme one day replace 
the sheer diversity of organic forms 
that so astonished young Alfred Rus­
sel Wallace and Henry Walter Bates? 
Clearly that is what the author fears, 
but he perceives that the promise and 
the challenge of so grand a frontier are 
hard to resist and even to delay. "The 
disappearance of Amazonia's forests 
will be gradual but inexorable, and 
there is precious little that anyone be­
yond Brazil can do about it." 

A slower tempo may be at hand, 
partly from adversity. With time 
knowledge can grow; that much at 
least might be aided from without. 
Any reader not too prudent to admire 
a grand dream will at least remain 
hopeful. The case for dismissal of 
these outsize plans on the basis of a 
page or two of description is strong, 
both from experience and from spe­
cialist comment, but it is hardly com­
pelling. Tills book is one reflective ac­
count of a complex topic worth many 
more books, and much attention from 
young biologists seeking a field of in­
terest. There is a good bibliography. 

M
ATHEMATICAL PEOPLE :  PROFILES 

AND INTERVIEWS, edited by 
Donald J. Albers and G. L. Alexan­
derson. Birkhauser Boston ($24.95). 
This generous volume assembles al­
most two dozen Q and A sessions with 
men and women who hold in common 
that they are professionals in or near 
mathematics in the U.S .  A few are de-
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Yo ay never drop' your 
ica f II an airpl e. 

But isn't it nice to know you could if you wanl 

For 60 years, professionals 
and serious amateurs have 
considered Leica® the 
world 's finest camera. A 
camera in a class by itself. 

One reason is the un­
questioned superiority of 
Leitz® lenses. Another is the 
a lmost fa natica l dedication 
to perfection that governs 
every step of our man ufac­
turing process. 

A lifetime camera. 
Leica cameras a re bui lt  to 
last a l ifetime. Or even longer 

Of all the Leicas sold ' 
the United States since 
1929 ,  a n  a mazingly 
h igh n umber a re sti l l  
in use .  Which is no 
accident. 

Leica bu ilds cam­
era s  of meta l .  not 
plastic l ike oth er man­
ufacturers. Using 
plastic would not be 
Leica's way. Instead, 
we use the highest­
qual ity brass, zinc. 
a luminum,  magnesi­
um and tita n i u m .  
Materia ls used in 
spacecraft. 

u 
E 

Leica bodies a re made of 
rugged die-cast aluminum. 
Bottom plates are O.8mm of 
sol id brass. 
Copper, zinc and nickel. 
Leica top plates, which pro­
tect the prism, electron­
ics and vita l controls, 
a re made of fatigue­
resista nt zinc. Die 
cast in a patented 

Leitz process, not 
sta mped out l ike 
top plates from other 
man ufacturers. Which 
could result  in  serious 
wea knesses. 

Once cast, top plates 
a re smoothed with jewel­
er's tools .  Coated with layer 
upon layer of copper and 
n icke l .  Chrome plated with 
a black or s i lver finish . 

No wonder our ca meras 
are legendary for ruggedness. 

But ruggedness isn't 
the only measure of 
Leica's manufacturing 
superiority. 

Another is  precis ion.  
Take our bayonet lens 

mounting, for example. Made 
of a specia l  brass a l loy with 
three different coatings.  So 
tough it can never wea r  
down, no matter how often 
you change lenses. Maintain­
ing a lens-to-fi lm distance 
accurate to .0 1  mm. Or our 

fi lm channel .  Machined to 
an incredibly precise 

to lerance.  To hold 
the fi lm flat for an 

exceptional ly 
sharp photo­
graph . 

InnIPrinp,,< and precision. 
Only two of the ways in 
which Leica builds better 
cameras. 

We could write about 
h undreds of them. 

But perhaps the greatest 
proof of our superior con­
struction is our superior 
wa rranty. 

Every U.S. warranteed 
Leica comes with The Pass­
port Protection Pla n .  An 
extraordinary warranty, pro­
tecting you aga inst a ny and 
a l l  da mage to your lens or 
camera . Because for two fu l l  
years, Leica will repair your 
damaged camera or replace 
it. No matter how extensive 
the damage or how it occurs. 

Even if your camera gets 
dropped from an a i rplane. 
Which we don't really 
recommend. 

Although we know at least 
one Leica that survived it. 

For further information 
a bout Leica cameras, cal l  
1 -800-2 23-05 1 4  or write 
E. Leitz, Inc. .  24 Link Drive, 
Rockleigh, NJ 0764 7 .  

Leitz means precision. 
Worldwide. 
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Cae Computers and Communications 

Commu­
nications 

Computers 

Electron 
Devices 

Home 
Electronics 

Designed by artist Kenneth No/and, the chart depicts NEG's sales growth lor the past live years. 

NEe. The one 
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company tOI all YOUI Computel & Communication needs. 
Using just computers alone or just 
communications alone can 't solve 
the complex problems of the 
Information Age. You need both. 

We anticipated this need long 
before anyone else and laid the 
sound foundation of NEG's commit­
ment to G&G-the integration of 
computers and communications. 

NEG is, we 're proud to say, the 
one company in the world that's not 
only top-ranked in computers and 
communications, but in electron 
devices as well. And we continue to 
be an active force in the burgeoning 
home electronics industry, too. 

Today, NEG is your best choice 
for over 15,000 products and your 
best choice to provide the ultimate 
in G&G technology to tie them all 
together 

Since 1899, NEG has had strong, 
vital management and an unwaver­
ing commitment to research and 
development. That's part of the 
reason why our sales network, 
covering more than 140 countries 
throughout the world, accounted for 
$9.2 billion in sales for the fiscal 
year ending March 1985. 

NEG. Ready today with what you 
need today 

1tt{EC 
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Save 300/0 to 430/0 
off Manufacturer Suggested Retail prices on 

EPSON • Okidata • Star ' 

mSHIBA • COM REX • OLYMPIA 
i·M:GA" 
BERNOULLI BOX 

(Modular) 
1 .  1 0  meg V2 height Drive for 

I BM-PCIXT/AT & 
compatibles • . . . . . .  _ . . .  1675 

2. 20 meg '/2 height Drive for 
I B M - PCIXT/AT & 
compatibles . . . . . . . . • . .  2335 

3. Non-Boatable Interface Card . . .  104 
4. Boata�e Interfaoe Card . . . . . . .  234 
5. 10 meg cartridges for above 

(3 pak speciaQ • . . . . . . . . .  125 

FX 85 
EPSON ® 

16. LX 80 . . . . . .  $ 215 
17. RX 1 00+ . _ . . .  350 
18. FX 85 . . . 340 
19. FX 1 85 . . . . . . . . . . . . . . . . 475 
20. LQ 1 500 parallel . . . . . .  CALL 
21 . DX10 Daisy Wheel l OC PS . . 230 
22. DX20 Daisy Wheel 20CPS CALL 
23. Comrex II Comriter . . . . . . .  269 

��f 
46. SG 1 0  
47. SO 1 011 5  
48. SR 1011 5 

OI(IIl<\TA 

. . . . . . . . . . .  235 
. . .  CALL 

. CALL 

49. Oki 1 82 . . . . . . . . . . . . . .  CALL 
50. Oki 1 921193 . . . . . . . . . . .  CALL 
51 . Oki 84 . . . . . . . . . . CALL 

OTHER PRINTERS 
52.  Olympia Compact 2 .  . .  $ 350 
53. Toshiba P341 . . . . . . . . . CALL 
54. Tosh i ba P351 . . . .  CALL 
55. Toshiba P1 340 . . . . . . . .  CALL 

PRINTER BUFFERS PRODUCTS FOR IBM-PC PRODUCTS FOR APPLE 
7. DDP-16 

1 6 K  PaUPar. (exp. to 64K) . . 70 
QUADRAM 

8. QRMP8 
8K Parallel/Parallel . . . . . .  125 

9. QRMPS8 
8K ParallellSerial . . . . . . . . . 139 

10. QRMSP8 
8K Serial/Parallel . . .  139 

1 1 .  QRMSS8 
8K SeriallSerial . . .  139 

POWER PROTECTORS 
12.  PowerMlte PG600-S9 

6 outlet Surge Suppressor . . 30 
13. ISOBAR 8 

8 outlet Surge Suppressor . . 50 

J f4' i f  
Standby Power Systems 

Protects your computer hardware 
and data when the power goes out 

14. 400vA (3.3A) . • . . . . . . . . .  475 
• Transfertime-4-6 Mi l .  Sec. 
• Waveform-rectangular 
• Runtime-u p  to 24 m i n .  

15. 1000vA . • • . . . . . . . . . . . .  875 
Switches to battery powered 
back-up in V2 mi l .  sec. 
• Clean sine wave output 
• AC line synchronized 
• Regulated output voltage 
• Surge Suppression 
• EFI/RFI filter 

3Vz " SSOO 25.00 
OSOO 30.00 

5V. "  SSOO 16.00 
OS DO 20.00 

SSOO96TPI 24.00 
OSOO96TPI 29.00 

5V. "  OSOOHO 36.00 (For IBM AT) 
8"  SSOO" 22.00 
8" OSOO" 26.00 "Unformatted 

Call for 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41 . 

42. 

43. 

44. 

45. 

Amdek 310A 
Amber Mon itor . $ 150 
Generic Multi 
M u ltifu nction Board . 64K . 1 49 
Generic Multi 384K 
M u ltifunction Board. 384K 179 
AST Six Pak + 
M u lt ifunction Board. 64K 229 
AST Six Pak + (loaded) 
M u lt ifunction Board, 384K 289 
AST Megaplus I I  
M ult ifunction B o a r d ,  64K . . .  270 
Quadram Quadboard 
M u lt ifunction Board , OK . . . .  195 
Quadram Quadboard 
Mult i .  Board, 64K/384K . .  210/267 
Orchid Tech. 
PC Tu rbo 186 . . . . .  HO 
Paradise 
M odular  G raphics Card . .  275 
Hercules 
Monochrome Card . . . . . . . .  329 
Hercules Color 
Color G raphic Card . . . _ 170 
Novation 490605-1 
2400BPS Inc. M ite Software . . .  620 
Novation 490603 
'/2 Card Modem 2400BPS 
N o  software . . . 425 
Novation 490603-1 
As above inc. MS-DOS Software . 490 
Hayes 1200B 
Internal modem w/software 379 
AT&T 4000 
300/1 200 Ext M odem . . .  335 
Hayes 1200 
External modem . 399 
Hayes 2400 
External modem . . . .  . 599 
US Robotics Courier 2400 
E xt. 2400B Smart M odem 460 
US Robotics Telpac 
Telecom m .  Software . . . . . . . .  75 
TEAC FD55B 
'/2 ht. DSDD Disk Dr ive . 

25.00 25.00 
37.00 37.00 
14.00 14.50 
18.00 18.00 
24.00 24.00 
29.00 29.00 
39.00 40.00 

29.00 25.00 
32.00 29.00 

ElUElK.��K -Inc 6," N L , nco ln  A,. C h ' c a g o  I l  6064, 
. I � 4 • 1 3 1 2 J 6 3 1  7800 1 3 1 2 ] 6 7 7  7660 

56. U-Prlnt I Ic-16K 
Par I nterface external . . . .  $ 85 

57. Grappler PLUS 
G raphics I nterface . . . . .  80 

58. Buffered Grappler 
16K B uffer (Expand to 64K) 150 

59. Kensington System Saver 
Fan and Surge Suppr . . . . . . 69 

60. Super Cooling Fan 
Fan and Surge Suppr . . . . . . 29 

61 . Gamma 
Disk Control ler Card . . . . .  48 

62. Gamma I I  
55 Disk Drive for I I ,  l ie, I I plus . .  125 

63. Gamma I Ic 
SS Disk Drive for I Ic . . . . . .  125 

64. Rana ELITE 2 
DSSD Disk Drive . . . 335 

65. Rana ELITE 3 
DSDD Disk Drive . . . . . . . . 420 

66. ERAM 80 
80 col ; 64K RAM for l i e  . . .  1 1 5  

67. Novation Apple Cat I I  
300 Baud Modem . . . . . . .  200 

68. Novation 212 
300/1 200 Baud Modem . . .  390 

69. Nov 4905911 2  
Mod. & Soft. f o r  Maci ntosh . CALL 

70. Hayes Mlcromodem lie 
300 Baud M odem . .  145 

71 .  Hayes Smartmodem IIc 
300 Baud M odem for I lc . . .  240 

72 .  Wlco 501030 
Analog Joystick . 36 

73. Amdek Mon itors . , , , , , . .  CALL 
74. Zenith Monitors . . . . , , , , , CALL 

25.00 
37.00 
13.00 11 .50 11 .50 
16.00 12.50 14.00 

24.00 

19.00 
20.00 

HEWLETT-PACKARD 
75. HP-71B Computer . . . • •  $ 399 
76. HP-82400A 

Series 70 card reader . . . . .  125 
77. HP-82401A 

H P- I L  interface . . . . .  95 
78. HP-82402A 

4K memory module . . 60 
79. HP-827OOA 

8K memory module . · . .  150 
80. HP-82441A 

Assembly/Forth . . 120 
81 . HP-8248OA 

H P-71 math pac . . . .  75 
82. HP-82482A 

H P-71 f inance pac . . .  60 
83. HP-82483A 

Surveying Pac · . .  120 
84. HP-82484A 

Curve Fitting . .  75 
85. HP-82485A 

Text Editor . . . .  60 
86. HP-82488A 

Data Com . Pac . · . . 120 

SPECIAL PURCHASE 

� HP-41C (,'<,( \:� 

\;>:-\ $105 
While limited Quantities Last 

88. HP-41CV . .  , . . . . . . . . . •  $168 
89. H P-41CX . . . .  245 
90. Optical Wand . . . .  95 
91 . Card Reader . . . . . . . . . .  145 
92.  Printer . . . . . . . . . . . . . . . .  283 
93. Quad R A M .  (for H P41 C) . . .  60 
94. Ext. Memory Module . . 60 
95. Ext Function Module . . . . . .  60 
96. Time Module . . . . . . . . .  60 
97. H P- I L  Loop Module . . . . 95 
98. Dig ital Cassette Drive . . . .  400 
99. Printer/Plotter (HP- I L) . . . . .  335 
1 00. HP-2225B 

ThinkJet Printer . . . . . . . . .  375 
101 . HP-9114A 

Disk Drive . 600 

SLiMLINE Shirtpocket Styled 
Power Packed Programmable 

LCD PROBLEM SOLVERS 
102. HP-11C 

Scientific . . . .  58 
1 03. HP-15C 

Scientific . . . .  90 
1 04. HP-12C 

Financial . 90 
1 05. HP-16C 

Programmer . . . . . . . . . . . .  90 

144. DC100 . . . . . . . . . . . . . .  $ 14.00 
145. DC300A . . . . . . . .  , • , . . .  1 8.00 
146. DC300XL • . . . . . .  , . . . . .  21.00 
1 47. DC300XL/P . . . . . . • . . . .  22 .00 
1 48. DC600A . . . . . . . . . . . . . .  23.50 
149. DC1000 . . . . . . . . . . .  , . .  1 5.00 

Call for Quantity pricing 
for 10 cartridges or more 
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scribed through essays of their own or 
by a friend. Mostly a list of active 
research mathematicians, the muster 
includes some who work mainly as 
historians, textbook authors or under­
standing bosses of mathematical en­
terprises on and off the campus. The 
Q's are asked mainly by the two Cali­
fornia mathematics professors who 
edited the volume. The A's, reminis­
cent, discursive, jocular, reflective or 
combative by turns, take up most of 
the space, quite delightfully. 

The theme is not mathematics but 
human motives and opportunities: 
Why did you do that? Who or what 
helped? It is not surprising that a good 
deal of mathematics tags along, at 
least by brief account and quick ap­
praisal. More than most parts of sci­
ence-if it is science-mathematics ap­
pears to be individual, personal, an act 
as open to free choice as any work of 
art. There are well-known problems, 
trends and powerful teachers, to be 
sure, but this is a look at fine structure, 
more the threads of history than the 
web of history itself. 

The youngest person interviewed 
was at age 38 a professor of statistics 
at Stanford, Persi Diaconis. Diaconis 
started early: he went on the road at 14 
as aid to a famous "magician's magi­
cian," and it was eight or 10 years be­
fore he dropped professional magic 
to go on to college full-time. "I can't 
relate to mathematics abstractly," he 
says, "I've got to have the application." 
Number theory would suffice, but of 
the kind "you can explain to your 
grandmother," not the fancy modern 
forms. The oldest person we meet is 
George P6lya. Interviewed close to his 
90th birthday in 1977, he is full of 
good words for his colleagues and the 
old Euler. 

A wider summary is foolhardy. It 
is difficult, however, to resist recall­
ing the peripatetic Paul Erdos of Bu­
dapest, who ever since the grim year 
of 1934 traveled this troubled world 
around, often without the formality of 
passport but always with a luminous 
and unworldly purity of heart, a wry 
turn of phrase and a dazzling sense of 
simple and surprising problems and 
proofs, from geometry to number the­
ory. "I do what I can do," he said. 
There are 200 papers worldwide of 
which Erdos is coauthor, and some 
700 more he wrote on his own. (Not 
one is in Kurdish, contrary to the 
claims of a certain rhyme about him­
no journal in that tongue.) 

The book is lighthearted, because all 
these people love whatever they do 
and contrive to express it. Once again 
their varied judgments are mostly not 
immortal truth but rather mortal opin­
ion, worth arguing about. 

Only NRI teaches you to 
service and repair all 
computers as you build your 
own 16-bit IBM-compatible 
micro 

As com· 

rn���ff���nd 
homes by the 
millions, the de­
mand for trained 
computer service 
technicians surges for· 
ward. The Department of 
Labor estimates that com· 
puter service jobs will actually 
double in the next ten years-
a faster growth than any other 
occupation. 
Total System Training 

As an NRI student, you'll get 
total hands-<>n training as you 
actually build your own 
Sanyo MBC·550 series � . 
computer from the 
keyboard up. Only a 

� ., jf G if t  t? jf 'i} .w Ii ;p. %! "...1 
_ Ii; ti b # . Oi ;f Iili���"'. ",, � 

person who knows all { t ,. � Ii • JO' M • 

the underlying fun· 
damentals can cope 
with all the significant 
brands of computers. ����.=.:. 
And as an NRI with 128K RAM, monHOf, 
graduate, you'll with do..-sHyldouble-
possess the up-to-the- sided disk drive, and 

minute combination :;::::'Rrlll��, 
of theory and practical !:""�= a-oiiifu,l 
experience that will MuItImeter, Bundled Spread 
lead you to success on =::w'::': � 
the job. al RotaN-and MOJO. 

You learn at your own convenience, 
in your own home, at your own comfort­
able pace. Without classroom pressures, 
without rigid night-school schedules, without 
wasted time. Your own personal NRi instructor 
and NRl's complete technical staff will answer 
your questions, give you guidance and special 
help whenever you may need it. 
The EXCiting Sanyo 1 6·bit IBM com· 
patible Computer-Yours 7b Keep 

NRl ls the only 
homo sludy school that 
trains you •• 
you 8.sembte a 
top-brand 
computer. You'll 
install and check keyboard, 
power supply. 
disk drive and 
monitor, 
following step-

:rr::�n •. 

will give you a total mastery of computer operations 
and servicing techniques. You'll do programming 
in BASIC language. You'll prepare interfaces for 
peripherals such as printers and joysticks. Using 
utility programs, you'll check out 8088 functioning. 
And the entire system, including all the bundled 
software and extensive data manuals, is yours to 
keep as part of your training. 

100·Page Free eatalog Tells More Critics hail the new Sanyo as the "most intrigu­
ing" of all the IBM-PC compatible computers. It uses 
the same 8088 miquprocessor as the IBM·PC and 
the MSJOOS operating system. So, you'll be able to 
choose thousands of off-the-shelf software programs 
to run on your completed Sanyo. 

As you build the Sanyo from the keyboard up, 
you'll perfoml demonstrations and experiments that 

Send the coupon today for NRl's big 1 00-page 
color catalog, which gives you all the facts about NRi 
training in Microcomputers, Robotics, Data Com­
munications, 1V !VideoJ Audio Servicing, and other 
growing high-tech career fields. If the coupon is 
missing write to NRI at 3939 Wisconsin Ave., NW, 
Washington, OC 20016 . 

IBM is a Registered Trademark of tnternational Business Machines Corporation. 

���CHOOLS 
McGraw·Hi l i  Continuing Education Center �'I� 
3939 WisconSin Avenue, Washington, DC 20016 .tnUI 
We'll give you tomorrow. 

[E' CHECK ONE FREE CATALOG ONLY 
D Computer Electronics wnh Microcomputers 
D Data Communications 
D Robotics & tndustriat Controls 
D Video Electronics Servicing 
D Etectronic Design Technology 

D Digital Electronics 

Name (Please Print) 

Street 

D Satellite Communications 
D Communications Electronics 
D Industrial Electronics 
D Basic Electronics 
D Tetephone Servicing 
D Small Engine Servicing 

D Apptiance Servicing 

For Career courses 
approved under GI  bi l l ,  
o check for details. 

D Automotive Servicing 
D Air Condition ing .  Heating,  

Refrigeration .  & Solar Technology 
D Building Construction 
D Locksmithing & Etectronic 

Security 

Age 

�t�� _ __ __  �c�ed�e�n�m�Y�C_il _ __ __ __ __  �o� 
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The Molecules of Life 

Introducing an issue about the new biology, which seeks to explain 
the molecular mechanisms underlying biological complexity. It has 
given rise to an industry, and to new ways of thinking about life 

Biology in 1985 is dramatically dif­
ferent from its antecedents only 
10 years ago. New investigative 

techniques have made commonplace 
many experiments that were previous­
ly far beyond the reach of even the 
cleverest experimental biologist. The 
new molecular biology has done much 
more than expand the repertoire of 
laboratory techniques. It has, with re­
markable rapidity, established a bio­
technology industry. More important, 
it has changed the ways people think 
about living things, from bacteria to 
human beings. 

Biology has traditionally been a de­
scriptive science. The multitude of liv­
ing organisms were catalogued, their 
traits enumerated and their structures 
examined on a gross or a microscopic 
level. In thus describing organismic 
traits, or phenotypes, biologists con­
fronted only the consequences of bio­
logical processes, not the causative 
forces. An experimenter could watch a 
muscle contract or an embryo develop, 
but such observation alone could not 
provide the clues that were needed for 
any real understanding of underlying 
mechanisms. 

The ability to observe was greatly 
extended by the development of mi­
croscopic techniques that made it pos­
sible to visualize cells and subcellu­
lar organelles. Electron microscopy 
pushed the limits of visualization even 
further: the fine structure of cells could 
be resolved with great precision. This 
advance led to the uncovering of still 
more structures and phenomena whose 
causative mechanisms remained unex­
plained. The explanations clearly lay 
with elements even smaller than the 

48 

by Robert A. Weinberg 

cellular components observed by mi­
croscopists. 

It became apparent that the ulti­
mate causal mechanisms behind many 
biological phenomena depend on the 
functioning of specific molecules in­
side and outside the cell. This issue 
of Scientific American describes how 
investigators think about biological 
systems in terms of their molecular 
components. The articles that follow 
are permeated by the assumption that 
to describe biological phenomena is 
far less interesting than to elucidate 
the molecular mechanisms underlying 
them. The molecular biologists who 
present their work here manipUlate 
things they will never see. Yet they 
work with a certainty that the invisible, 
submicroscopic agents they study can 
explain, at one essential level, the com­
plexity of life. 

The newly gained ability to describe 
and manipulate molecules means the 
biologist is no longer confined to 
studying life as the end product of two 
billion and more years of evolution. 
The new technology has made it pos­
sible to change critical elements of 
the biological blueprint at will, and in 
so doing to create versions of life that 
were never anticipated by natural evo-

lution. In the long run this may prove 
to be the most radical change deriving 
from the power to manipUlate biolog­
ical molecules. 

Among the many kinds of biological 
I\.. molecules in the living cell, three 
have attracted the greatest attention: 
protein, RNA and DNA. They are 
macromolecules, large molecules that 
are linear polymers built up from sim­
ple subunits, or monomers. It was the 
proteins that attracted the lion's share 
of attention until 20 years ago. The 
reason, in retrospect, is clear. Certain 
specialized tissues accumulate large 
amounts of only one kind of protein. 
Red blood cells have almost pure he­
moglobin, cartilage consists largely of 
collagen and hair is largely keratip. 
Biochemists studied such proteins first 
because they could be isolated in pure 
form, purity being a prerequisite to 
further study. 

As an array of sophisticated bio­
chemical techniques emerged it be­
came possible also to purify those 
proteins found only in trace amounts 
within the complex chemical soup of 
a living cell. Biochemists could now 
concentrate on proteins that function 
as enzymes, catalyzing the several 

DOUBLE HELIX OF DNA, the molecule that is the repository of genetic information 
and so may be considered the fundamental molecule of life, is seen from the side in the 
computer-generated image on the opposite page. The spheres represent individual atoms: 
oxygen is red, nitrogen is blue, carbon is green and phosphorus is yellow. Diagonal regions 
of the image delineate the sugar-phosphate backbone of the ladderlike helix; the hori­
zontal elements, made up of nitrogen, carbon and oxygen atoms, are the base pairs that 
cross-link the two strands of the helix. The computer program eliminates the backbone on 
the far side of the structure. The image, which depicts the B form of DNA, was generated 
by the Computer Graphics Laboratory of the University of California at San Francisco. 
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thousand biochemical reactions that 
in the aggregate constitute the metab­
olism of living cells. This work went 
well, because many of the reactions 
could be easily reconstructed in a test 
tube containing the proper mixture of 
reactants and catalyzing enzymes. 

Yet in the past quarter of a century 

proteins have been gradually upstaged 
as objects of attention by the other 
macromolecules, first by RNA and 
more recently by DNA. There were 
two important reasons. The first one 
stems ironically from the great suc­
cesses of protein biochemistry, which 
produced an avalanche of data on 

thousands of proteins and biochemi­
cal reactions. It soon became apparent 
that further study of individual trees 
gave little hope of understanding the 
entire forest. What was responsible for 
organizing and orchestrating this com­
plex array of structures and processes? 
The answer lay not with the proteins 
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but with the study of genetics, and of 
the nucleic acids that carry genetic 
information. 

The other reason nucleic acids, par­
ticularly DNA, have taken center stage 
is the advent of recombinant-DNA 
technology. In the course of the past 
decade biologists have learned to ma­
nipulate DNA in ways that (at least 
currently) are impossible for the pro­
tein chemist. DNA can be cut apart, 
modified and reassembled; it can be 
amplified to many copies; perhaps 
most telling, with DNA one can gen­
erate RNA and then protein mole­
cules of wanted size and constitution. 
The central experimental maneuver in 
these manipulations is the cloning of 
genes, and it is cloning, more than any 
other single factor, that has changed 
the face of biology. 

The groundwork for the cloning of 
genes was laid in 1953, when the 

double-helical structure of DNA was 
perceived by James Watson and Fran-

cis Crick. A strand of DNA is a chain 
of nucleotides, each containing one of 
four bases: adenine (A), guanine (G), 
thymine (T) and cytosine (C). An A on 
one strand of the double helix pairs 
with a T on the other strand, and G 
pairs with C, so that the two strands are 
complementary. The sequence of bas­
es specifies the order in which amino 
acids are assembled to form proteins. 
When the information in a gene is 
read out (expressed), its base sequence 
is copied (transcribed) into a strand of 
RNA. This messenger RNA (mRNA) 
serves as a template for the synthesis 
of protein: its base sequence is trans­
lated into the amino acid sequence of 
one protein or another. 

The encoding of proteins is only 
a small part of DNA's function, and 
hence of its information content. To 
learn this and other simple facts it 
was necessary to first learn about the 
overall organization of DNA sequen­
ces and how the functional units of 
DNA-the individual genes-interact 

MOLECULAR ROSE WINDOW is a view along the axis of the B DNA double helix. In 
this image, also made by the Computer Graphics Laboratory, 10 consecutive nucleotide 
pairs along the helix are collapsed into a plane; the tenfold symmetry results from the fact 
that there are 10 component nucleotides per turn of the helix. The surfaces of the sugar 
and phosphate groups of the backbones are delineated by dots representing atoms: carbon 
(green), oxygen (red) and phosphorus (yellow). In the center the dots are absent, and 
so the skeletal structure of the bases, largely nitrogen (blue) and carbon, is left exposed. 
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with one another in the total genetic 
repertoire of the organism, which is 
called its genome. 

The genome of complex organisms 
resisted analysis until recently. Analy­
sis of the gross biochemical properties 
of cellular DNA gave little hope of 
understanding the subtleties of genet­
ic organization. The DNA content of 
even a bacterial cell is very large; the 
much larger genome of a mammalian 
cell carries some 2. 5 billion base pairs 
of information arrayed along its chro­
mosomal DNA. The base sequences 
are arranged in discrete compartments 
of information: the individual genes. 
There are between 50,000 and 100,000 
genes in the genome of a mammal; 
each one is presumably responsible for 
specifying the structure of a particular 
gene product, usually a protein. Inter­
est was therefore focused on studying 
individual genes, but that undertaking 
was doomed until recently by an in­
ability to study single genes in isola­
tion. In the absence of effective tech­
niques of enrichment and isolation, 
individual cellular genes were abstrac­
tions. Their existence was suggested 
by genetic analysis, but their physi­
cal substance remained inaccessible 
to direct biochemical analysis. 

Apartial solution to this quandary 
came from the study of viruses. 

Their genome is very small compared 
with that of a cell and yet their genes 
are similar to those of the cells they 
infect. The DNA genome of one much 
studied animal virus, the SV 40 virus of 
monkeys, has only 5,243 base pairs, in 
which are nested five genes. The analy­
sis of an individual gene was therefore 
not confounded by a large excess of 
unrelated sequences. Moreover, the vi­
ral genome multiplies to several hun­
dred thousand identical copies within 
an infected cell, and it was not hard 
to separate the viral DNA from the 
cellular DNA. 

Once purified, the relatively simple 
viral DNA made it possible to study 
aspects of gene structure, the tran­
scription and processing of messenger 
RNA and the synthesis of proteins that 
had previously been beyond reach. 
Still unresolved were the detailed struc­
ture and the base sequence of even 
the viral genome, whose 5,000-odd 
base pairs represented a daunting chal­
lenge to biochemists trained to take 
polymers apart one unit at a time. 
Then, in the mid-1970's, two revo­
lutionary techniques became widely 
available that radically simplified the 
analysis of DNA structure. 

The first of the techniques stemmed 
from the discovery of DNA-cleaving 
enzymes called restriction endonucle­
ases. These enzymes, extracted from 
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bacteria, cut a DNA molecule only at 
specific sequences that occur here and 
there along the DNA double helix. The 
much used endonuclease EcoRI, for 
example, cuts wherever it encounters 
the sequence GAATTC; Smal cuts at 
CCCGGG, and so on. The sequences 
forming recognition sites occur with a 
certain statistical probability in any 
stretch of DNA. 

Restriction enzymes have become 
powerful tools for experimenters. 
They establish convenient, fixed land­
marks along the otherwise featureless 
terrain of the DNA molecule. They al­
low one to reduce a very long DNA 
molecule into a set of discrete frag­
ments, each of them from several hun­
dred to several thousand bases long. 
The fragments can be separated from 
one another on the basis of their size 
by gel electrophoresis. Each fragment 

can then be subjected individually to 
further analysis. 

The other technical revolution had 
to do with the sequencing of DNA. 
Several procedures were invented by 
which the entire base sequence of a 
segment generated by restriction-en­
zyme cleavage can be determined with 
remarkable rapidity. These methods 
made it possible, for example, to estab­
lish the entire nucleotide sequence of 
the SV40 genome by 1978. Because 
the genetic code for translating a DNA 
sequence into an amino acid sequence 
was already known, the base sequen­
ces in certain regions of the genome 
could be translated into amino acid 
sequences. In this way the structure 
of SV40's proteins could be deduced 
from its DNA structure. Previously 
protein structure had been determined 
by the painstakingly slow biochemi-

cal analysis of individually isolated 
proteins; now the rapid sequencing 
of DNA could determine protein se­
quences in a fraction of the time. DNA 
sequencing also revealed other regions 
of the SV 40 genome that are involved 
not in encoding proteins but in regulat­
ing the expression of genes and the rep­
lication of DNA. 

Further progress depended on proce­
dures for isolating individual cel­

lular genes. Here success came from 
studies of bacterial genetics that were 
initiated in the early 1970's. The proce­
dures for gene isolation that grew out 
of this work are based ultimately on 
the similarity of molecular organiza­
tion in all organisms, from bacteria 
through mammals. As a result bacteri­
al and mammalian DNA's are struc­
turally compatible; DNA segments 

DNA SUPERHELIX, in which the double helix is itself wound into 
a coil, is depicted in a space-filling computer model made by Nel­
son L. Max of the Lawrence Livermore National Laboratory. This 
is thought to be the form in which DNA is actually packed into 

chromosomes in the cell nucleus, with two turns of the superhelix 
being wound around a complex of histone proteins (not shown here). 
The model is based on coordinates determined by Joel L. Sussman 
and Edward N. Trifonov of the Weizmann Institute of Science. 
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ATP (adenosine triphosphate) is the molecule that provides free energy for many biochem­
ical reactions, including those required for the polymerization of DNA, RNA and protein. 
ATP is modeled in this image made by the Computer Graphics Laboratory. It is a nucleo­
tide consisting of the base adenine (left), a ribose sugar and three phosphate groups (right). 
Energy is acquired when a third phosphate is added to adenosine diphosphate by the oxi­
dation of fuel molecules or, in plants, by photosynthesis; energy is liberated when ATP is 
broken down, freeing this third phosphate group. The skeletal structure of the molecule 
is indicated by the lines; the dots delineate the effective surfaces of the constituent atoms. 

INSULIN MOLECULE, a hormone that has multiple functions, is depicted in a computer­
generated model. It was developed by Elizabeth D. Getzoff, J. A. Tainer and Arthur J. Olson 
of the Research Institute of Scripps Clinic with the same software that generated the image 
on the cover of this issue. Insulin is a small protein hormone made up of two short folded 
chains of amino acids. The lines trace the backbone of the two amino acid chains; the dots 
delineate the solvent-accessible surface. Coloring reflects the relative mobility of constitu­
ent atoms: the atoms shown in red and orange are the ones most subject to excursion from 
their mean position in a crystal of insulin and those in green and blue are the least mobile. 
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from one life form can readily be blend­
ed with the DNA of another form. 

This similarity in DNA structure ex­
tends to many of the bacteriophages 
(viruses that infect bacteria) and plas­
mids (small DNA circles that parasi­
tize bacteria). Phages inject their DNA 
into a bacterium, cause it to be repli­
cated many times over, package the 
newly replicated DNA in viral-protein 
coats and kill the bacterium; the proge­
ny phages released from the cell go on 
to infect other susceptible hosts. The 
plasmids are even simpler, and they 
have a more symbiotic relation with 
the bacterial cells in which they grow. 
They may carry genes that confer ad­
vantages on their host cell, such as 
resistance to an antibiotic. The host 
cell in turn allows the plasmid DNA 
to be replicated to a limited extent in 
the cell, thereby ensuring the contin­
ued presence of the plasmid in the 
daughter bacteria arising when a par­
ent bacterium divides. 

Some phage and plasmid DNA's are 
(like SV 40 DN A) small in size, ranging 
in complexity from several thousand 
to 50,000 bases. Because of their small 
size they can be manipulated and re­
structured by a variety of recently de­
veloped tools. The molecules are eas­
ily isolated, unbroken and in large 
amounts. They can be cut at a num­
ber of defined sites with restriction en­
zymes and the resulting fragments can 
be rejoined with one another or joined 
to foreign DNA segments to reconsti­
tute the original molecule or make a 
hybrid molecule. The rejoining is done 
with readily available enzymes of bac­
terial origin known as DNA ligases, 
which recognize the ends of DNA mol­
ecules and fuse them without leaving 
any trace of the joining. 

A hybrid DNA made of a plasmid 
fused with foreign (say mammalian) 
genetic material can replicate when it 
is introduced into a bacterial cell. This 
means the plasmid genome can serve 
as a "vector" for establishing and am­
plifying the foreign DNA in bacte­
ria. A phage vector functions similarly, 
and it can serve as well to convey the 
foreign DNA from one bacterium to 
another. When the vector DNA is cop­
ied in the course of replication, the in­
serted foreign DNA is copied too. 

The process of cloning begins with 
whole cellular DNA of an organ­
ism such as a mammal. The DNA is 
cleaved into fragments of a size (from 
about 1,000 to about 30,000 bases) 
that can be accommodated by the car­
rying capacity of one or another vec­
tor. A complex genome such as the hu­
man one can be broken down into 
a few hundred thousand DNA frag­
ments. Each fragment can be separate­
ly inserted into a vector DNA mol-
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ecule. The process does not require 
painstaking molecule-by-molecule as­
sembly by a patient technician. Instead 
millions of insert and vector DNA 
molecules are mixed together and the 
process is completed in minutes by the 
addition of DNA ligase. If the result­
ing collection of hybrid molecules is 
large enough, any single gene of inter­
est will surely be found embedded in 
one or another of the DNA segments 
linked to the vector molecules. 

Each of these hybrid molecules, part 
vector and part inserted mammalian 
DNA, can now be introduced into a 
bacterial cell, where they are replicat­
ed many times over; each hybrid mol­
ecule spawns a separate progeny pop­
ulation, all of whose members are 
identical with the founder. Such a pop­
ulation is often called a clone to re­
flect its descent from a common ances­
tor and the identity of all its members. 

The term "clone" has acquired an­
other meaning. It is applied specifical­
ly to the bits of inserted foreign DNA 
in the hybrid molecules of the popula­
tion. Each inserted segment original­
ly resided in the DNA of a complex 
genome amid millions of other DNA 
segments of comparable size and com­
plexity. When the manipulations de­
scribed above are completed, the same 
segment is present in pure form within 
the confines of the particular clonal 
population, contaminated only by the 
associated vector DNA. The inserted 
DNA segment has been isolated from 
its previous surroundings and selec­
tively amplified: it has been cloned, 
and so the purified DNA insert itself is 
often called a "clone." 

The process of cloning requires one 
further step, which is usually the 

most challenging of all. The insertion 
and amplification process has given 
rise to hundreds of thousands of differ­
ent clonal populations, each descend­
ed from a single hybrid DNA mole­
cule. If the initial hybrids were prop­
erly diluted before being amplified, 
each descendant clonal population is 
physically separated from other pop­
ulations carrying different inserted 
DNA's. Having established this large 
array (a "library") of distinct clonal 
populations, the experimenter is now 
faced with having to identify the one 
or several populations carrying the in­
serted DNA of interest. 

Identification can be simple if a re­
lated gene or DNA segment has been 
cloned before. The previously cloned 
DNA can be labeled with a radioactive 
isotope; under appropriate conditions 
the radioactive DNA will preferential­
ly stick to the clone of interest (be­
cause complementary DNA strands 
"hybridize" by base pairing) and thus 

identify it. The most interesting clon­
ing is done, however, to isolate genes 
that have never been cloned before, 
even in related form. A variety of clev­
er strategies have been developed to 
address this challenge. The goal is to 
develop a specific probe with which 
to scan a library of clones and identify 
the clones of interest. 

One strategy for probe development 
depends on the fact that some proteins 
are expressed at a high level in special­
ized cells. In the precursors of red 
blood cells, for example, globin (the 
protein component of hemoglobin) is 
synthesized in much larger amounts 
than any other protein. The mRNA 
that directs its synthesis is also present 
in large quantity, and there are ways to 
isolate it readily from other mRNA's 
in the same cell. The isolated mRN A, 
or a DNA copy of it, can serve as a 
probe that will hybridize with the cor­
responding gene sequence in a genomic 
library. Sophisticated versions of this 
strategy allow the mRNA encoding a 
protein of interest to be isolated selec-

tively from a thousandfold excess of 
other mRNA molecules present in the 
same cell. 

Often the protein whose gene is 
sought is rare, so that its mRNA can­
not easily be isolated. In such cases a 
small amount of the protein is purified 
and the amino acid sequence of some 
part of it is determined. Knowing the 
genetic code, one can back-translate 
the amino acid sequence to learn what 
DNA base sequences are likely to be 
present in the gene encoding the pro­
tein. Small pieces of DNA correspond­
ing to these derived base sequences 
can be synthesized by assembling 
off-the-shelf nucleotides. These man­
made gene fragments serve as probes 
for identifying the clone of interest. 

Yet another strategy that begins 
with a protein depends on antibod­
ies directed against the protein whose 
gene one seeks to clone. Bacteria in­
fected by a phage carrying the wanted 
gene synthesize small quantities of the 
protein, and so a phage library can 
be screened by the proper antibody, 

SODIUM CHANNEL, a large protein molecule embedded in the membrane of nerve cells, 
has been modeled by H. Robert Guy of the National Cancer Institute; this image of one 
model was computer-generated by Richard J. Feldmann of the National Institutes of Health. 
The protein admits sodium ions to the neuron, thereby supporting the action potential, the 
voltage pulse that ultimately triggers the release of neurotransmitter. The protein has four 
homologous domains; each domain includes eight distinct protein substructures. Similar­
ly colored groups of spheres represent the four homologous versions of each substructure. 
(Two substructures in each domain are very similar and are both shown in pale green.) 
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which binds to the protein and thereby 
identifies the gene-carrying clone. 

With these and other experimental 
strategies available, the technology is 
now at hand to clone any gene whose 
protein product is known and can be 
isolated in even a small amount. Given 
sufficient interest, any of the genes en­
coding the many hundreds of enzymes 
that have been studied by biochemists 
can be isolated. The genes for the im­
portant structural proteins of the cell, 
including those that determine cellular 
architecture, have been cloned. Other 
genes encoding such intercellular mes­
sengers as insulin, interferon, the inter­
leukins and a number of growth fac­
tors have been isolated. Indeed, genes 
are being cloned and their sequen­
ces deciphered faster than the new 
data can be fully interpreted. Most of 
the sequences are now being stored in 
computer banks; perhaps future gen­
erations of biologists, aided by new 
analytical procedures, will be able to 
interpret them fully. 

The genes specifying known pro­
teins account for only a small part 
of a complex organism's total genet­
ic repertoire. Most of the remaining 
genes probably encode proteins too, 
but so far their existence is implied 
only by the effects they exert on cellu­
lar and organismic structure and func­
tion. Some of them specify biochemi­
cal conversions in the cell, others gov­
ern complex developmental processes 
that create shape and form in a devel­
oping embryo and still others may 
specify behavioral attributes of an or­
ganism. Such genes remain elusive be­
cause the means of identifying them 
in genomic libraries are limited. 

The flow of genes from genome to 
gene library makes more things 

possible than the detailed description 
of DNA and protein structure. Once 
cloned, a gene can be inserted into 

gag 

a foreign cell, which can be forced 
to express it. The cell then synthesizes 
the protein the gene specified in its 
original home. 

The gene to be expressed is excised 
from the vector in which it was cloned 
and subjected to important modifica­
tions. The modifications are necessary 
because a mammalian gene carries 
regulatory sequences that promote its 
transcription into mRNA in its home 
cell, not in a bacterial cell. These need 
to be replaced by bacterial regulatory 
sequences. The modified gene is then 
introduced into an "expression vec­
tor": a plasmid designed to facilitate 
the expression of the gene in a foreign 
cellular environment. The mammalian 
gene (or a similarly engineered plant 
gene) carrying bacterial regulatory se­
quences is then introduced into a se­
lected foreign host, usually a bacterial 
or yeast cell. 

A protein that is synthesized only in 
limited amounts in its normal host can 
be produced in large quantity when its 
gene is redesigned for high-level ex­
pression in bacteria or yeast. This can 
confer great economic advantage and 
represents a cornerstone of the bio­
technology industry. Microorganisms 
bearing cloned genes can be grown 
quite cheaply in large volume in fer­
mentation chambers, leading to an 
enormous scale-up in protein produc­
tion. Among the products currently 
being manufactured or being consid­
ered for manufacture are insulin, inter­
feron (for combating infections and 
perhaps tumor growth), urokinase and 
plasminogen activator (for dissolving 
blood clots), rennin (for making cheese 
from milk), tumor-necrosis factor (for 
possible cancer therapy), the enzyme 
cellulase (to make sugar from plant 
cellulose) and viral peptide antigens 
(for creating novel and safe vaccines). 

In a different version of gene inser­
tion, mammalian genes that have been 

CJD 
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cloned in bacteria are introduced into 
mammalian cells grown in culture 
rather than into microorganisms. Al­
though cultured mammalian cells can­
not be grown economically in the large 
numbers that characterize a bacterial 
or yeast culture, they have the advan­
tage of being able to make minor but 
significant modifications to proteins 
encoded by mammalian genes. For 
example, certain mammalian proteins 
function better when sugar and lip­
id side chains have been attached to 
their amino acid backbone. The addi­
tion takes place routinely in mamma­
lian cells but not in bacteria. 

C loned genes can now be inserted 
not only into microorganisms or 

cultured mammalian cells but also 
into the genome of an intact multicel­
lular plant or animal. Here the motives 
are quite different from those govern­
ing the genetic engineering of unicellu­
lar microorganisms to achieve large­
scale production of desirable gene 
products. Plants and animals can be 
modified genetically in an effort to al­
ter such organismic traits as growth 
rate, disease resistance and ability to 
adapt to novel environments. 

Gene insertion into a multicellu­
lar organism is a quite different proj­
ect from gene transfer into a single 
cultured cell. The introduction of a 
cloned gene into most types of cells in 
a plant or an animal can alter the be­
havior of only those few cells that ac­
quire the gene. Obviously it is of far 
greater interest to imprint the change 
on an entire organism and on the or­
ganism's descendants. That calls for 
gene insertion specifically into germ 
cells (sperm or eggs), which transmit 
genetic information from parent to 
offspring. 

Techniques are indeed now avail­
able for achieving germ-line insertion 
into mammals, flies and certain plants. 
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RESTRICTION-ENZYME MAP of the genome of the virus HTLV­
III, the AIDS agent, was developed in the laboratory of Robert C. 
Gallo of the National Cancer Institute. Such a map is the primary 
means by which molecular biologists depict the organization of a 
stretch of DNA. The DNA is cleaved with a restriction endonucle­
ase, an enzyme that cuts DNA at specific sites. The size of the frag­
ments is known from the distance they travel through an electro­
phoresis gel. Individual fragments can be cloned and sequenced. 

Cleaving a genome with a number of different restriction enzymes 
provides additional mileposts. This relatively simple map of HTLV­
III shows the sites where several restriction enzymes cleave the HTLV­
III DNA (top) and the locations of the various genes (bottom). For 
example, the surface antigen of the virus is encoded by the ellv (for 
envelope) gene, and the enzyme (reverse transcriptase) that copies 
the RNA of the virus into DNA is encoded by pol (polymerase). 
The total length of this DNA is 9.3 kilobases (thousands of bases). 
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It is done either by direct physical in­
jection of a cloned gene into the early 
embryo or by the use of a viral vector 
to carry the gene into the cells of an 
embryo. Again the resulting animal (or 
plant) carries the inserted gene in only 
some of its cells, but now one can hope 
the gene is in some of its germ cells. 
The presence of the gene in germ cells 
may allow some of the organism's 
offspring to inherit the inserted gene 
along with other parental genes, so 
that it will be present in all their cells. 
Thus incorporated into the germ line 
of the progeny organisms, the gene is 
passed on to, and affects, the descen­
dants of those organisms. 

Techniques for germ-line insertion 
are still limited in important ways, and 
they may forever be. They cannot di­
rect the foreign DNA to insert itself (to 
"integrate") into a particular chromo­
somal site; the locus of insertion is ran­
dom. They cannot supplant an existing 
gene in the organism by knocking it 
out; rather, they merely add incremen­
tally to the existing genome. More­
over, inserted genes do not always 
function precisely like resident genes, 
which are turned on and off at appro­
priate times in development. 

Germ-line insertion is nonetheless 
powerful. Mice have been developed 
that carry and transmit to their off­
spring the genes for extra growth hor­
mones. Giant mice (half again as large 
as normal) ensue; cattle with altered 
growth properties will soon follow. 
Flies have been developed that car­
ry a variety of inserted genes, lead­
ing to novel insights into the molecu­
lar biology of fly development. Plants 
are being developed that carry genes 
conferring resistance to herbicides. 
As gene-insertion techniques are im­
proved and as additional genes are 
cloned, the possibilities for altering or­
ganismic traits will expand enormous­
ly. The molecular biologist will no 
longer confront living forms as the fin­
ished products of evolution but will 
be an active participant in initiating or­
ganismic change. 

For experimental biologists, clon­
ing and its associated techniques 

have attained and will retain a preem­
inent role. Cloning makes it possible 
to analyze a biological system at three 
levels. First, the genes relevant to a 
particular biological problem can be 
isolated, the sequence of the DNA 
can be elucidated and the functioning 
and regulation of the DNA can be re­
vealed. Second, once the DNA of a 
gene has been cloned the RNA tran­
scribed from it can be produced in 
large amounts for study. The RNA can 
act in many ways to modulate the ex­
pression of genes; RNA structure and 
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CLONING IS FACILITATED by "sticky ends" generated by some restriction enzymes. 
The enzyme EeoRI, for example, makes a staggered cut in the sequence GAATTC. When 
genomic DNA (1) and a vector DNA (2) are cut with EeoRI, the ends of the resulting frag­
ments have single-strand projections of complementary bases (3). When the fragments are 
mixed, hydrogen bonds (dots) form between those bases, reversibly joining genomic and 
vector DNA's (4). The joint is sealed irreversibly with the enzyme DNA ligase (arrows). 

processing are central to a full under­
standing of gene function. Third, what 
is perhaps the greatest advantage of 
cloning stems from the analysis of the 
proteins encoded by a gene. How do 
various proteins act to elicit myriad re­
sponses in the cell? Proteins that for­
merly were available for study in mi­
nute amounts can now be made in 
great quantities once their gene has 
been isolated. In sum, all the major 
macromolecular components of a bio­
logical system can now be made avail­
able in large amounts, in pure form. 

Equally important is a newly gained 
ability to perturb biological systems. 
Genes and their encoded proteins can 
be redesigned so that new functions 
can be imparted to DNA and proteins. 
The relations among the interacting 
components of a biological system can 
be altered to generate novel and often 
revealing behavior by the system as a 
whole. The redesigning of genes is 
accomplished by changing DNA se­
quences through what is termed site­
directed mutagenesis. This may in­
volve the replacement of one restric­
tion-enzyme fragment with another 
in the midst of a cloned gene. Alterna­
tively, chemically synthesized DNA 
segments may be stitched into a gene, 
replacing or adding to existing se­
quence information. Single nucleo­
tides can be substituted as well to cre­
ate point mutations, the most subtle 
changes a gene can undergo. Genetic 
changes that have accumulated in a 
gene over hundreds of millions of 
years of natural evolution can be 
mimicked and superseded by several 
weeks' manipulation in the laboratory. 

Genes altered by these techniques 
can then be reintroduced into the bio­
logical systems with which they nor­
mally interact. An enzyme having a 
low affinity for the substrate on which 
it acts can be engineered to associate 
avidly with the substrate or even to 
redirect its attention to novel com­
pounds. A protein that normally is 
transported to one cellular compart­
ment can be redirected to other sites in 
the cell. A gene that normally is stimu­
lated to expression by one agent can be 
made to respond to a completely new 
signal. In short, by altering the genes 
that organize a biological system the 
molecular biologist can change the 
usual relations between its elements in 
ways that show how the system nor­
mally works. Many biologists of the 
future will think of a biological system 
in terms of a series of well-defined me­
chanical parts that can be dismantled, 
engineered and reassembled under the 
guidance of the molecular mechanic. 

It is still far from clear that attempts 
to reduce complex systems to small 
and simple components, pushed to an 
extreme, can provide adequate insights 
for coming to grips with the great 
problem biologists confront today: de­
scribing the overall functioning of a 
complex organism. Can the biology of 
a mammal be understood as simply 
the sum of a large number of systems, 
each controlled by a different, well-de­
fined gene? Probably not. A more real­
istic assessment would be that the 
interactions of complex networks of 
genes, gene products and specialized 
cells underlie many aspects of organis­
mic function. Each gene in an organ-
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CLONING OF A GENE is the central operation of recombinant-DNA technology. One 
approach is diagrammed. The DNA of a mammalian genome (1) is cleaved with a restric­
tion enzyme. Some of the resulting fragments (2, 3) may include the gene of interest (color). 
Many copies of a plasmid cloning vector are cleaved with the same enzyme (4). Plasm ids 
and genome fragments are mixed and joined by DNA ligase (5), and recombinant plasm ids 
are introduced into bacteria (6). The bacteria are plated in a culture dish thinly enough 
so that each resulting colony (7) is a pure clone whose members are descended from a single 
cell. The cells of a few clones may contain a recombinant plasmid carrying the gene of inter­
est. There is an easy way to find such a clone if this wanted gene's messenger RNA has 
been identified and can serve as a probe. A sample of the colonies is transferred to a disk of 
filter paper; the cells are broken open to expose their DNA (8). The RNA probe, labeled 
with a radioactive isotope, is added (9). It anneals only to the wanted DNA, and unannealed 
probe is removed (10). When the filter paper is covered with a photographic emulsion, the 
radioactive probe makes a spot on the emulsion (11), identifying the clone of interest (12). 
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ism has evolved not in isolation but in 
the context of other genes with which 
it has interacted continuously over a 
long period of evolutionary devel­
opment. Most molecular biologists 
would concede that they do not yet 
possess the conceptual tools for un­
derstanding entire complex biological 
systems or processes having multiple 
interacting components-such as, for 
example, the process of embryonic 
development. 

Gene cloning has already illuminat­
ed another corner of biology: the 

history of evolutionary development. 
Human beings, who appeared in their 
present form only several hundred 
thousand years ago, are rapidly be­
coming privy to some of the evolution­
ary events that, as long as one and two 
billion years ago, began to shape the 
life forms that now populate the earth. 
The steps that generated the first cellu­
lar life forms may never be known, but 
many of the subsequent changes, 
memorialized in the DNA of present­
day organisms, are being identified by 
means of the cloning and sequencing 
of genes. The relatedness of organisms 
can be established with little ambigui­
ty simply by analysis of their cloned 
DNA segments. Sophisticated com­
puter programs have been mustered 
to help analyze these sequences and 
determine evolutionary relations. 

What makes it possible to recon­
struct the genealogy of life is the re­
markable conservation of certain an­
cestral sequences over very large evo­
lutionary distances. This conservation 
has been of great practical advantage 
to the molecular biologist for another 
reason. Genes and associated biologi­
cal problems that are difficult to attack 
in one organism can be resolved in an­
other organism that is more amenable 
to manipulation. 

There are, for example, certain on­
cogenes (cancer genes) whose func­
tions are analyzed only with difficulty 
in human cancer cells. Closely related 
genes have been identified in the DNA 
of yeast-an important finding in itself 
because it indicated that the genes 
played essential roles in normal cellu­
lar physiology long before the appear­
ance of multicellular organisms. The 
relative simplicity of the yeast cell and 
the elegant manipulations to which it 
can be subjected have made experi­
ments possible that are beyond the 
reach of those working with mammali­
an cells. The experiments first yielded 
information on how the oncogenes 
function; extrapolation of the results 
to mammalian cells will contribute to 
the rapidly evolving understanding of 
the molecular basis of cancer. 

The application of cloning tech-
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niques to the study of evolution affects 
understanding of the human species as 
well. The human species, like others, is 
composed of a genetically heteroge­
neous collection of individual organ­
isms. This diversity provides the seeds 
of future evolution, and the particular 
versions of genes carried by some peo­
ple will confer advantage on human­
kind in future encounters with the 
forces of natural selection. Versions of 
certain other genes present in the hu­
man gene pool are clearly disadvanta­
geous at present: genes that predispose 
toward sickle-cell disease, atheroscle­
rosis, cancer, hemophilia and a host of 
other metabolic disorders. The genes 
implicated in these diseases are rapidly 
being identified and cloned, and with 
this cloning comes the prospect of 
clear diagnosis of genetic predisposi­
tion in adults and even in the embryo. 

The recognition of genetic diversity 
and genetic lesions within the human 
gene pool has stimulated research on 
ways of repairing defective genes, both 
in afflicted individuals and in their de­
scendants. Techniques are now avail­
able for introducing cloned genes into 
certain somatic (non-germ-line) tissues 
such as bone marrow and skin cells. 

The cloned genes can be intact, healthy 
versions of genes present only in defec­
tive form in the cells of affected indi­
viduals. Such gene transfer into somat­
ic cells may reverse, at least partially, 
the effects of certain genetic lesions. 
Insertion of cloned genes into the hu­
man germ line as well can be contem­
plated within this decade; the hope is 
thereby to cure a genetic defect in the 
descendants of an afflicted individual. 

The prospect of such therapeutic in­
tervention has triggered heated de­

bate. There are two broad issues. The 
first one concerns the human germ line 
itself. In tampering with it, do human 
beings cross over an inviolable bound­
ary? Should the human germ line be 
ringed by a wall to protect its sanctity? 
And will initial attempts to ameliorate 
obviously disadvantageous conditions 
soon be replaced by more ambitious 
plans to "improve" the human germ 
line? Genes affecting aspects of intelli­
gence, disposition and body build will 
surely be identified in the next decade 
or so, and they could become tempting 
targets for manipulation. 

The other issue transcends the hu­
man condition. Is germ-line alteration 
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in general a threat? As described 
above, genomic alteration is now prac­
tical in bacteria, flies, plants and mam­
mals. How will existing ecological in­
terrelations be perturbed by the pres­
ence of organisms carrying altered 
genes in their germ line? The results 
to date have been reassuring, in that 
genetically altered organisms have 
proved to be less viable than their wild­
type counterparts and hence unable 
to affect existing ecosystems substan­
tially. A number of arguments can 
be mustered, each of which persuades 
that ecological imbalance is unlikely­
and none of which provides total as­
surance that accidents are impossible. 

A profound disquiet underlies con­
sideration of these issues. As physicists 
did 40 years ago, contemporary biolo­
gists have invaded a domain of human 
innocence. Is life to be redesigned to 
suit human needs and curiosity? Can­
and should-life be described in terms 
of molecules? For many, such descrip­
tion seems to diminish the beauty of 
nature. For others of us, the beauty 
and wonder of nature are nowhere 
more manifest than in the submicro­
scopic plan of life described in part in 
the pages of this issue. 
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LINE OF DESCENT leading to contemporary recombinant-DNA 
technology is traced in this flow diagram. It shows how a wide va­
riety of studies and findings contributed to a succession of new 

techniques, which led in turn to new capabilities that opened up 
new areas of study. The evolution of technology has been facili­
tated by the continual development of novel tools and methods. 
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DNA 
The genetic material 's double helix, the fundamental molecule 

of life, is variable and also flexible. It interacts with regulatory 

proteins and other molecules to transfer its hereditary message 

T
he double helix of DNA is the 
most familiar symbol of the bio­
logical revolution that began in 

the 1 940's. The model of the DNA 
molecule proposed by James Watson 
and Francis Crick in 1 953 had a partic­
ularly strong impact because the struc­
ture contained within itself indications 
of how DNA might perform its func­
tion of storing and transmitting genet­
ic information. Much of the explosive 
advance in molecular biology set in 
motion by that discovery has been 
aimed at understanding how DNA in­
teracts with the other components of 
the living cell to express the informa­
tion it encodes. Some recent findings 
of this line of research have led to the 
realization that, although DNA seems 
in its familiar double-helical form to 
be fairly inert and inflexible, it is in 
fact both chemically and structurally 
one of the most versatile of molecules. 
Indeed, it must be to carry out its 
many functions. 

The exterior of the DNA double he­
lix (often called the duplex) is domi­
nated by the backbones of the two in­
terwound strands. Each strand, a long 
polymer of subunits called nucleo­
tides, has a backbone in which phos­
phate groups alternate with a sugar, 
deoxyribose, to form a covalently 
linked chain: a structure held together 
tightly because atoms share pairs of 
electrons. The chains have polarity, 
or direction: in the duplex they run 
parallel but in opposite directions, 
with a right-handed twist. 

Attached to the sugar ring of each 
nucleotide is one of four bases: ade­
nine (A), guanine (G), thymine ( T )  or 
cytosine (C). (Adenine and guanine are 
called purines; thymine and cytosine 
are pyrimidines.) The order of the nu­
cleotide bases along the chain pro­
vides the information that specifies the 
composition of all the organism's pro­
tein molecules. 

The bases project from the sugar­
phosphate backbone toward the center 
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of the structure. Each base is linked by 
either two or three hydrogen bonds to 
a base on the opposite strand. Given 
the structure and size of the bases, this 
arrangement requires that an A on one 
strand be paired with a T on the other 
and that G be paired with C. The nu­
cleotide sequence on one strand thus 
determines the sequence on the other. 

Tooking at the Watson-Crick model, 
L one may find it difficult to imagine 
the structure as a reactive molecule. Its 
stacking of the planar base pairs on 
one another makes the double helix 
rather stiff. The disposition of the bas­
es-the variable elements-toward the 
interior suggests a structure designed 
to preserve the genetic code but not 
one that might easily take part in bio­
chemical reactions. This appearance is 
illusory: the double helix is actually 
capable of assuming many forms and 
of reacting in many different ways 
with other molecules in the cell. These 
properties are exploited by the cell to 
control the way in whiCh the genetic 
information held in DNA is expressed. 

Even at the time of Watson and 
Crick's discovery it was evident from 
X-ray-diffraction patterns of DNA fi­
bers that DNA could exist in at least 
two forms: B (the form Watson and 
Crick discovered) and A, wherein the 
base pairs have a different tilt and are 
displaced outward with respect to the 
axis of the helix. In recent years it has 
become clear that the A and B forms 

revealed by the analysis of fibers 
are average, approximate structures. 
Detailed X-ray studies of crystalline 
DNA with defined base sequences re­
veal that within the "B family," for 
example, there is a large seq uence-de­
pendent variation in local conforma­
tion. Other studies of DNA fragments 
in solution suggest that some kinds of 
nucleotide sequence are capable of 
imparting a permanent bend to the 
duplex. Every DNA sequence is thus 
recognizable from the outside of the 
duplex not only through the identity 
of its bases but also through variations 
in the details of positioning of both the 
bases and the backbone. 

More unusual DNA sequences have 
also come to light. Certain seq uences 
of alternating purines and pyrimidines 
are able to undergo conversion from a 
normal right-handed B helix into the 
left-handed Z form, which was first 
identified by Alexander Rich of the 
Massachusetts Institute of Technology 
and his colleagues. The backbone of 
Z DNA follows a more irregular path 
than the backbone of the B form, and 
the two grooves (major and minor) 
along the flanks of the B helix are re­
placed by a single deep minor groove; 
the atoms defining the major groove 
of B DNA are moved to the surface 
of the Z duplex. 

Other special DNA sequences are 
also capable of assuming distinctive 
conformations. One is the inverted re­
peat, in which a sequence of bases is 

REGULATORY MOLECULE operating on the DNA of the bacterial virus called lambda 
is the cro repressor. It is the protein structure shown at the right in the image on the oppo­
site page, slightly separated from the schematic representation of the DNA double helix 
at the left. In the repressor each amino acid is represented by one sphere: red for positive 
charge, blue for negative charge, white for hydrophobic and green for hydrophilic. In the 
DNA the orange spheres represent components of the sugar-phosphate backbone of the he­
lix; the yellow spheres follow the bottom of the helix's "major groove." The repressor, which 
by a complex reaction prevents the expression of a gene, is about to enter the major groove, 
where its amino acid side chains will make hydrogen bonds with the appropriate DNA 
bases. This bonding accounts for the specificity of the reaction. Brian W. Matthews and 
Douglas H. Ohlendorf of the University of Oregon made the computer-generated image. 
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STRUCTURE OF DNA has a backbone (a) made up of bonded 
sugar and phosphate groups, to each of which' is attached one of 
four bases: guanine (G), cytosine (C), thymine (T) or adenine (A). 
The phosphate group is represented by the structures with the Pat 
the center, the sugar by the pentagon with an oxygen atom (0) at 
the top. A phosphate group connects the 5' carbon atom of one 
sugar to the 3' carbon atom of the next. The combination of sugar­
phosphate group and base constitutes a nucleotide (b). (The distan-
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ces between atoms are not to scale.) The nature of the hydrogen 
bonding of the bases is such that thymine always pairs with adenine 
and cytosine always pairs with guanine. The structure that results 
is shown in two dimensions (c) and in three: the double helix (d). 
In conveying the genetic message of DNA the sequence of the cod­
ing strand (color) is transcribed into a strand of messenger RNA, 
which serves to make a variety of proteins. The U in the strand of 
messenger RNA stands for uracil, the RNA counterpart of thymine. 
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followed on the same strand by its 
complementary sequence in reverse 
order. If the strands of the double 
helix are separated from each other, 
a locally base-paired structure resem­
bling a hairpin can form within each 
of the separated strands. (Because the 
strands are complementary, an invert­
ed repeat on one strand implies an in­
verted repeat on the other.) The entire 
structure is thus cruciform in appear­
ance. Since the formation of both Z 
DNA and cruciforms involves the 
unwinding of B DNA, any stress on 
DNA that tends to favor unwinding 
will also favor these unusual struc­
tures. It has been suggested that such 
structures may serve as recognition 
signals that are important for the bio­
logical role of DNA. 

DNA functions as the source of ge­
netic information by interacting with 
proteins that copy it into a strand of a 
similar nucleic acid, RNA, and with 
other proteins that modulate the copy­
ing activity. In the process called tran­
scription a class of complex enzymes, 
the RNA polymerases, construct an 
RNA copy of the DNA sequence of 
one strand (the coding strand). Some 
of the RNA plays a structural role of 
its own, but much of it is converted 
into messenger RNA (mRNA), which 
directs the synthesis of all the cell's 
proteins. In every kind of cell decisions 
must be made as to which genes will be 
expressed-transcribed into RNA for 
subsequent translation into protein­
and when. Much of this control is ex­
erted at the level of RNA-polymer­
ase binding. 

The polymerase initiates its binding 
at special nucleotide sequences that 
are just outside the beginning of each 
gene or gene cluster to be copied; 
the region is called the promoter. (The 
polymerase "reads" the gene by start­
ing at the end designated 5' and pro­
ceeding toward the 3' end.) Two ques­
tions arise at once. How might the 
binding strength of the polymerase be 
regulated? How does a protein such 
as polymerase distinguish specific gene 
sequences? 

A few general mechanisms for poly­
merase binding come to mind. It could 
be inhibited if the binding site were 
blocked by another protein or if the 
local structure of the DNA were al­
tered. On the other hand, polymerase 
binding might be enhanced by differ­
ent kinds of changes in the DNA struc­
ture or by the binding of regulatory 
proteins close enough to interact fa­
vorably with the polymerase and stabi­
lize its attachment to its initiation site. 

Organisms resort to all these strate­
gies in controlling the expression of 
their genes. The mechanisms of regu­
lation require many kinds of special 

nucleotide sequences and many pro­
teins to recognize them. 

The most detailed data concerning 
regulatory processes come from 

the study of bacteria and viruses. In 
one recurring pattern that emerges 
from such studies the action of RNA 
polymerase is modified by the binding 
of specialized regulatory proteins to 
DNA near the point of initial attach­
ment of the polymerase. 

The classic example of such a mech­
anism is the lac operon of the bacteri­
um Escherichia coli. The operon is a 
cluster of genes associated with the 
metabolism of the sugar lactose; the 
first of the genes codes for the enzyme 
beta-galactosidase, which splits lac­
tose into two smaller sugars. The rate 
of synthesis of the enzyme is directly 
coupled to the amount of lactose in 
the cell: the greater the amount of lac­
tose, the greater the amount of en­
zyme production. 

The regulatory agent responsible for 
this behavior is a protein molecule, the 
lac repressor, that is able to bind tight­
ly to a sequence of nucleotides (termed 
the operator) situated between the 
binding site of RNA polymerase (the 
promoter) and the region coding for 
beta-galactosidase. In the absence of 
lactose the repressor is bound to the 
operator and blocks the attachment of 
polymerase. The repressor is also able 
to form a complex with a derivative of 
lactose that serves as an "inducer" be­
cause the complex binds to the opera­
tor site much more weakly. In the pres­
ence of excess lactose the complex 
is formed, the repressor is released 
from the DNA, the polymerase binds 
more readily to the promoter and the 
transcription of the gene is by this 
means induced. 

The binding of the repressor protein 
to its specific site on DNA is extremely 
tight. It is also selective: under physio­
logical conditions the equilibrium con­
stant (a measure of binding strength) is 
about a billion times greater for bind­
ing to the operator than it is for attach­
ing to a typical DNA sequence else­
where in the genome. Even so, the 
eq uilibrium constant for random bind­
ing is large enough to guarantee that 
excess molecules of the repressor 
within the cell will be bound some­
where on the DNA. 

This nonspecific binding also plays 
an important part in the regulatory 
process. As Peter H. von Hippel of 
the University of Oregon and his col­
leagues have noted, it serves as a com­
petitor, keeping the repressor's specific 
binding-to the lac operator-within 
bounds, so that it can be reversed when 
the situation calls for the production 
of beta-galactosidase. The formation 

of the complex with nonspecific DNA 
also greatly increases the rate at which 
the specific repressor-operator com­
plex can be assembled, since the re­
pressor, once it is bound anywhere 
on the single DNA molecule of the 
bacterial chromosome, has a much 
increased probability of encountering 
the operator region. Von Hippel has 
demonstrated that the lac repressor 
finds the operator largely by sliding 
along the DNA. 

The repressor protein is held to the 
DNA mainly by electrostatic forces 
and by hydrogen bonding. Electrostat­
ic forces involve the interaction of pos­
itively charged amino acids in the 
protein with the negative charges in 
the backbone of the DNA. Although 
these forces contribute greatly to the 
strength of binding, they are by nature 
largely nonspecific. The specificity that 
allows the repressor to recognize pref­
erentially the particular nucleotide 
seq uence defining the operator arises 
largely from the formation of specific 
hydrogen bonds. They link a defined 
set of amino acid side chains in the 
protein with a corresponding set of hy­
drogen-bond donors and acceptors on 
the operator's nucleotide bases. 

Although work on the structure of 
the lac repressor is not complete, a 
great deal of information has been ob­
tained from X-ray-diffraction studies 
of related repressor proteins. One such 
structure, determined in the laborato­
ry of Brian W. Matthews of the Uni­
versity of Oregon, is the cro repressor 
of the bacterial virus lambda. It takes 
part in a regulatory process somewhat 
like that of the lac repressor but more 
complex. The cro protein has alpha-he­
lical segments arranged in such a way 
that they are able to fit into the major 
groove along the DNA duplex and 
make the appropriate hydrogen-bond 
contacts [see illustration on page 59]. As 
Matthews has pointed out, just such an 
arrangement of alpha helixes is com­
mon to a number of regulatory pro­
teins of bacteria and viruses. The spec­
ificity exhibited by each protein for a 
particular sequence of bases derives 
from the array of particular amino 
acids in the hydrogen-bonding posi­
tions. Although other new sequence­
specific DNA-binding proteins are 
quite different in structure, the gener­
al principles of recognition are likely 
to be the same. 

How does the variability of DNA's 
conformation enter into interac­

tions of this kind? DNA in its various 
forms displays large local excursions 
in structure that depend on the details 
of the nucleotide sequence. Probably 
proteins that recognize a particular 
hydrogen-bonding pattern within a 
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groove of the double helix take ac­
count of these local peculiarities of 
structure to some extent in the place­
ment of their reactive sites. Given the 
structural plasticity of DNA, it is also 
likely that the DNA deforms some­
what to accommodate the protein. The 
final structure is a compromise that de­
pends on the size of the forces neces­
sary to deform the duplex. 

In the case of the lac and cra repres­
sors the answers to these questions 
await X-ray-diffraction studies of the 
complex between the protein and its 
DN A target. Studies involving other 
proteins, however, have already dem­
onstrated that in certain cases the dou­
ble helix can be considerably deformed. 
One such distorted complex is formed 
between the lac operon and a

'
nother 

regulatory protein called CAP (for ca­
tabolite activator protein). 

CAP is a protein that stimulates the 
transcription of a number of genes in 
response to the presence of increased 
concentrations of a small effector mol­
ecule, cyclic adenosine monophos­
phate. When cyclic AMP binds to 
CAP, the complex is able to bind to 
DNA. In the case of the lac operon the 
point of attachment is just upstream 
(toward the 5 I end) from the binding 
site of RNA polymerase. The shape of 
this complex in solution has been stud­
ied by Donald M. Crothers of Yale 

University. He finds that although the 
lac DNA is straight whel1' it is protein­
free, the attachment of CAP induces 
a bending that results in anomalous 
migration in gel electrophoresis, the 
technique of "sieving" whereby mole­
cules migrate through a porous matrix 
under the influence of an electric field 
and are sorted according to size and 
shape. Crothers suggests the bending 
may serve to bring CAP in direct con­
tact with the adjacent polymerase, thus 
conveying the stimulatory signal. 

Another important way in which the 
Il. DNA structure is involved in the 
regulation of transcription is through 
the phenomenon termed supercoil­
ing. Imagine a laboratory procedure in 
which a linear fragment of DNA is 
bent, while lying flat on a surface, until 
opposite ends touch, so that the strands 
can bond covalently to form a closed 
circle. Before sealing them togeth­
er the experimenter untwists the two 
strands of DNA by a few turns so that 
after sealing there is a driving force 
that tries to restore the normal twist. 
Because of the topological constraints, 
however, any attempt to restore the 
normal twist must be accompanied by 
a distortion that will keep the DNA 
backbone from lying in the plane. The 
DNA is now supercoiled, that is, the 
double helix itself follows a superhe-

lical path. Structures formed by un­
twisting the DNA duplex before join­
ing are called negatively supercoiled. 

Supercoiled DNA is not merely a 
laboratory curiosity; it is the natural 
form of most DNA in living cells. As 
Abraham Worcel, now at the Univer­
sity of Rochester, and David E. Petti­
john of the University of Colorado 
Medical Center in Denver showed 
some years ago, the chromosomal 
DNA of bacteria is organized in loops 
held together at their base by some 
combination of protein and RNA, 
which serves to isolate each loop topo­
logically from its neighbors, so that it 
behaves like a closed circle that can 
be supercoiled independently. It is evi­
dent that supercoiling must be impor­
tant to such cells, because they expend 
considerable energy to generate neg­
ative supercoils and to maintain the 
amount of supercoiling at a rather con­
stant level. 

The enzyme that is primarily re­
sponsible for carrying out this function 
in bacteria is DNA gyrase, which was 
discovered by Martin F. Gellert of the 
National Institute of Arthritis, Dia­
betes, and Digestive Diseases and his 
colleagues in 1976. Gyrase is an en­
zyme that is able to convert a relaxed, 
closed, circular molecule (or a topo­
logically isolated loop) into a negative­
ly supercoiled form. It obtains the nec-

STRUCTURAL FORMS OF DNA include B, A and Z. In these 
images, which Richard J. Feldmann of the National Institutes of 
Health generated by computer, the phosphate-sugar backbone ap­
pears in white (phosphate) and blue gray (the sugar deoxyribose). 
Within the structure the pyrimidines thymine and cytosine (yellow) 
on one strand are paired respectively with the purines adenine or 

guanine (red) on the other. B DNA (left) is a right-handed helix 
with about 10 base pairs per turn. A DNA (ce1lter) is also right­
handed, but the bases are shifted away from the axis of the helix 
and are inclined with respect to that axis. The recently discovered 
Z DNA is a left-handed helix with a zigzag backbone that gives 
the structure its name. Z DNA has 12 base pairs per helical turn. 
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essary energy for this reaction by 
hydrolyzing adenosine triphosphate 
(A TP), the major energy source for 
biological reactions. 

Gellert and his collaborators have 
explored the way the level of super­
coiling is modulated in E. coli by gy­
rase and other enzymes. The most re­
markable finding is that the rate of 
transcription of the gyrase gene is it­
self controlled by the supercoiling 
level, in such a way that gyrase pro­
duction is shut off as the average num­
ber of negative superhelical turns in­
creases. Further study reveals that the 
transcription of many bacterial pro­
teins is affected by DNA superhelici­
ty (although some are made at a faster 
rather than a slower rate when super­
coiling increases). 

How could supercoiling be involved 
in the regulation of transcription? 

It is known from many studies of the 
action of RNA polymerase that the 
initiation of transcription takes place in 
two steps. First the polymerase binds 
to the promoter; then the duplex un­
dergoes a local denaturation, or "melt­
ing," that separates the two DNA 
strands and thus makes it possible for 
transcription to proceed. Denatura­
tion untwists DNA and thereby re­
lieves superhelical stress. Energy con­
siderations therefore suggest that in­
creased negative superhelicity should 
favor denaturation and so make it eas­
ier for transcription to begin. Although 
such a simple model does not explain 
the regulation of gyrase synthesis, it 
does appear to account for the effects 
of supercoiling on the expression of 
certain other bacterial genes. 

Supercoiling provides the cell with 
a powerful mechanism for the regu­
lation of transcription because the 
overall super helical stress of a closed 
circular or looped DNA can be al­
tered by a change anywhere in the do­
main of such a structure. Negative 
supercoiling not only favors the un­
winding of the DNA duplex but also 
stabilizes the formation of the Z DNA 
and cruciform structures I have de­
scribed. These deformations and oth­
ers could solve a crucial biological 
problem: How can regulatory ele­
ments, necessarily dispersed over con­
siderable distances on linear DNA, 
communicate with the gene itself? 

Nowhere is this issue more pressing 
than in the DNA of higher organisms. 
A typical plant or animal cell contains 
perhaps 1,000 times more DNA than 
E. coli, and the expression of that 
DNA must be subject to far more 
elaborate controls than are needed in 
a microorganism. One of the chief 
tasks of these controls is to guarantee 
that, in each of the specialized cells 
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cent base; for example, Arg 38 stands for an arginine that is the 38th group from the amino 
terminus of the repressor protein. The upper helical section of the repressor bonds similarly. 

making up the differentiated tissues 
of the higher organism, only those 
genes relevant to the function of that 
kind of cell are turned on. To a first 
approximation the approach to con­
trol taken by eukaryotic (nucleated) 
cells is like that in microorganisms. 

The thymidine kinase (tk) gene of 
the Herpes simplex virus provides a 
particularly well worked out example 
of the organization of regulatory se­
quences in eukaryotes. To identify the 
gene's control elements the gene is first 
isolated and cloned in a plasmid vec­
tor. (Plasmids are small, closed, cir­
cular molecules of DNA. Since they 
can multiply independently in bacte­
ria, one can obtain large quantities 
of homogeneous material for study.) 
The expression of the gene can then 
be studied by introducing the plasmid 
into a suitable cell. 

In experiments carried out by Steven 
McKnight of the Carnegie Institution 

of Washington's Department of Em­
bryology and Richard Axel of Colum­
bia University the plasm ids carrying tk 
are injected into oocytes, or immature 
eggs, of the frog Xenopus laevis. In the 
oocyte the gene is transcribed directly 
from the plasmid, and the amount of tk 
RNA produced can be measured. 

A second kind of assay employs a 
powerful technique developed earlier 
by Axel and his collaborators. A cul­
ture of mutant mouse cells lacking 
their own tk gene is persuaded to ab­
sorb the viral DNA, which becomes 
integrated into the cell's DNA comple­
ment and is expressed. If the cells are 
then transferred to a special medium in 
which thymidine kinase is required for 
growth, the level of expression of the 
enzyme will be shown by the number 
of cell colonies that grow. 

To dissect the tk gene's control re­
gion, which lies in the 5' direction from 
the sequence coding for the gene, it is 
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necessary to couple these assays with 
recombinant-DNA technology. Start­
ing at one end or the other of the re­
gion, bits of the naturally occurring 
sequence are systematically replaced 
with an equivalent length of foreign 
DNA. When the pattern of expression 

a 

of these deliberately constructed mu­
tant genes is examined, several areas 
with distinct functions can be seen. 

The first of them, about 25 nucleo­
tides upstream from the start of tdm­
scription, appears to have an effect on 
the site where the synthesis of RNA 

SUPER COILING IN DNA changes the shape and stability of the double helix. When a he­
lix is formed into a circle by a bond joining the ends (a), it lies flat in a plane because the 
DNA is relaxed. If the double helix is untwisted several turns before the ends are joined (b), 
it tries to resume its normal twist, and so the backbone can no longer lie in a plane. Here it 
has become a left-handed toroidal superhelix. A topologically equivalent form (c) is a right­
handed supercoil that is probably closer to the shape supercoiled DNA assumes in the cell. 
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originates: when a segment containing 
the sequence TATTAA is altered, tran­
scription levels fall and new mRNA 
species appear whose starting sites are 
displaced from the normal one. (David 
S. Hogness and Michael Goldberg of 
Stanford University first pointed out 
the prevalence of the sequence TATA 
and close relatives of it in the promoter 
region of eukaryotic genes. Its effect on 
the site at which transcription starts 
has been observed in many laborato­
ries for many genes.) 

As the defect in the seq uence is 
moved farther in the 5' direction, an­
other kind of control region is en­
countered. It affects the total amount 
of transcription but not the site of 
origination. When this sequence is 
perturbed, the production of mRNA 
drops roughly tenfold. Another fair­
ly homologous sequence with similar 
properties appears still farther up­
stream. Of the two sites, the one near­
est the place where transcription be­
gins seems to be critical for positive 
control of transcription. 

Although the general approach to 
Il. transcriptional regulation adopt­
ed by the herpes tk gene is not greatly 
different from that found in microor­
ganisms, eukaryotes have also devel­
oped a variety of novel control mecha­
nisms. One involves the stimulatory 
elements called enhancers, which were 
first identified in such animal viruses 
as SV40. 

SV40 is a small virus whose circular 
DNA is long enough to code for only a 
few proteins. Transcription starts from 
each of two promoters adjacent to 
each other on the circle and proceeds 
in opposite directions. The "early" 
promoter, which functions at the be­
ginning of the infectious process, in­
corporates some of the same elements 
seen in the herpes tk gene. It also has 
two copies of a 72-nucleotide sequence 
arranged in tandem. 

Employing the kind of deletion anal­
ysis I have described for the tk gene, 
Pierre Chambon of the University of 
Strasbourg and George Khoury of the 
National Cancer Institute and their 
collaborators were able to show that 
the absence of both copies of this ele­
ment reduces early gene transcription 
more than a hundredfold. What distin­
guishes this element, which has come 
to be called an enhancer, from the oth­
er kinds of regulatory elements I have 
described is that its stimulatory effect 
does not depend on any precise posi­
tioning with respect to the site of initia­
tion of transcription. Walter Schaff­
ner of the University of Zurich and his 
colleagues experimented by inserting 
the tandem repeat at varying distan­
ces from a test gene. They found it can 
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CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CCCGGATCCG GCAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT C,GCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC 

CTATGATGAC ACAAACCGGA TCCGGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC 

CTATGATGAC ACAAACCCCG CCCAGOCGG lCC,GGTTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACGCTGCAGC 

CTATGATGAC ACAAACCCCG CCCAGCGTCT ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC 

CTATGATGAC ACAAACCCCG CCCAGCGTCT ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GCCGGATCCG AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC ACt,GGATCCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC -

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATCG AGTCCCGOAT CCGGGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC -

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC -

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTGCAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT GGAICCGGGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGCCGGAT CGGCCTCGA ACACCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GGCCGAGCG ACCCTGCAGC + 

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGCCGG AICCGGCAGC + 

------........ I-----� ..... �-----..... �-----------7) 

SPI CBP SPI TBP 

GENE-MODIFICATION EXPERIMENTS by Steven McKnight 
of the Carnegie Institution of Washington's Department of Embry­
ology involved the thymidine kinase (tk) gene of the Herpes simplex 
virus. The aim was to see what effect alterations in the promoter 
region of the gene had on expression of the gene. The complete 
DNA-base sequence of the region appears in the top line. Each line 
below shows (color) the location of genetically engineered altera­
tions in the nucleotide sequence. A plus sign at the end of a line 
signifies that the alteration has little or no effect on the expression 

of the gene; a minus sign signifies that the alteration reduces the 
level of tk output. Three regions shown by the experiment to be im­
portant to expression are indicated by the gray bars below the dia­
gram. Recent work by McKnight in collaboration with Robert Tjian 
and Katherine Jones of the University of California at Berkeley 
has identified the binding sites of three regulatory proteins: SPl, 
CBP and TBP (bottom line). CBP and TBP respectively recognize 
the common regulatory sequences CAA T  (or CA TT) and TA TA 
(which are family names for a group of similar sequences) of DNA. 

exert its influence at distances of more 
than 3 ,000 nucleotides. (Enhancer se­
quences in the living cell are usually 
much closer than that to the genes they 
control.) As work in the laboratories 
of Cham bon and of Paul Berg of 
Stanford has demonstrated, enhancer 
sequences exert their effect even if 
they are inserted with their orienta­
tion reversed. 

This attribute-action independent 
of distance and orientation-is the 
defining characteristic of enhancers, 
which have been found subsequently 
in many viral genomes. Enhancers also 
appear in eukaryotic chromosomes. In 
1980 Max Birnstiel and Rudolf Gros­
schedl of the University of Zurich 
identified an enhancer sequence near 
the genes specifying proteins called 
histones in the sea urchin; more recent­
ly such sequences have been found in 
association with immunoglobulin (an­
tibody) genes and with a variety of oth­
er eukaryotic genes. 

How enhancer elements work is not 
clear, but it is likely that their opera­
tion involves the binding of a protein. 
Such binding was first demonstrated 
for the immunoglobulin genes and 

quite recently, by Chambon's labora­
tory, for the SV 40 72-nucleotide re­
peat. Since action at a distance is in­
volved, it has been suggested that the 
stimulatory signal may be transmitted 
through some modulation of DNA su­
percoiling. Another suggestion is that 
the enhancer acts as an entry site for 
RNA polymerase, which then travels 
along the DNA until it reaches a pro­
moter. In any case, the most exciting 
aspect of recent work is the demonstra­
tion that enhancers are specific for cell 
type. It therefore seems likely that the 
particular protein molecule necessary 
to activate a given enhancer is to be 
found only in those cells requiring ex­
pression of the genes controlled by 
that enhancer. 

Yet another regulatory strategy 
employed by some eukaryotes in­

volves a chemical modification of the 
DNA by the addition of a methyl 
group (CH3) at the carbon-5 position 
of cytosine. The targets of methylation 
in animals are almost exclusively those 
cytosines that are immediately fol­
lowed by guanine. Not all CG sites are 
methylated, and the pattern of methyl-

ation is more or less stably inherited in 
any given cell type. Work in a number 
of laboratories has elucidated the pat­
tern: many of the genes that are not 
being expressed in a cell tend to have a 
large fraction of their sites methylated, 
whereas in a cell in which the same 
genes are active there is a marked re­
duction in their level of methylation, 
often concentrated in the promoter re­
gion. Although the mechanism for 
altering methylation in this highly 
specific manner is not understood, it 
seems likely that the change is respon­
sible in some way for helping to alter 
transcriptional levels. 

Evidence for such a role comes from 
experiments showing that the promot­
er regions of certain genes can be inac­
tivated by the deliberate methylation 
of particular sites. Aharon Razin and 
Howard Cedar of the Hebrew Univer­
sity of Jerusalem and their colleagues 
have demonstrated this effect by in­
troducing DNA containing a hamster 
gene into mouse cells. The DNA is tak­
en up by the cells, and under normal 
circumstances the gene is expressed. If 
the DNA is methylated beforehand, 
however, the gene is not expressed 
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METHYLATION OF GENES, which entails the addition of a methyl group (CH3) to 
the fifth atom of the cytosine ring, appears to be a mechanism for curtailing the expression 
of genes. In animals the sites of methylation are cytosine bases followed on the same strand 
by guanine. The pattern of methylation is passed on when a cell divides. Here the steps in 
replication are traced. The two strands of DNA at the top have one CG site fully methyl­
ated (Me). When new DNA is synthesized during cell division, the two strands of the DNA 
separate and new complementary strands (color) are synthesized. This process incorporates 
only unmethylated C, so that the new double strands are "hemimethylated" at the original­
ly methylated site. In the final step a methylating enzyme acts on the DNA; it methylates 
C bases if they are opposite already methylated cytosine, thereby perpetuating the original 
pattern. Increased levels of methylation tend to be correlated with reduced gene expression. 

PACKING OF DNA in eukaryotic cells allows large amounts of DNA to fit within the cell 
nucleus in an orderly fashion and also provides a means whereby sequence elements widely 
separated in DNA may come close together for interaction with regulatory components. 
The compact form is called chromatin, and its fundamental unit is the nucleosome. Strings 
of nucleosomes are in turn folded into fibers 30 nanometers thick. A proposed model for 
the packing of nucleosomes in 30-nanometer fibers from red blood cells of the chicken is 
shown here. It focuses on the chromatosome, the central part of the nucleosome. In a chro­
matosome two turns of the DNA double helix (gray), each about 83 base pairs in length, 
are wrapped in a superhelix around an eight-molecule complex of the proteins called his­
tones (not shown). In the fiber the chromatosomes, connected by linker DNA (white), are 
wound in a solenoidal array (whose path is traced by the colored line) with an average of six 
chromatosomes per turn of solenoid. The orientation of the chromatosomes is deduced from 
optical studies of electrically aligned fibers. The path of the linkers in this representa­
tion is speCUlative. For clarity only the front three nucleosomes in each turn are shown. 
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even though it is taken up normally. 
In addition successive generations of 
cells all inherit the inactive methylat­
ed gene. Other experiments by Walter 
Doerfler of the University of Cologne 
and his colleagues have demonstrated 
the same effect by introducing a differ­
ent gene into Xenopus oocytes. Recent 
work by Doerfler's group has shown 
that to abolish gene activity it is only 
necessary to methylate a few specific 
CG sites. 

Little is known about how methyla­
tion works. Probably, like the other 
regulatory signals I have discussed, it 
ultimately exerts its effect by altering 
the interactions of DNA with proteins 
that bind to it. 

I have described the eukaryotic ge­
nome as though it consisted of na­

ked DNA, ready to undergo confor­
mational transitions or to interact with 
regulatory proteins that can find their 
way into the nucleus. The actual situa­
tion is considerably complicated by 
the presence of a DNA packaging 
mechanism that is unique to eukar­
yotes. The large amounts of DNA in 
the nucleus are intimately associated 
nearly everywhere with the proteins 
called histones. They fold the DNA 
into an ordered, compact form called 
chromatin. 

The fundamental subunit of chro­
matin structure is the nucleosome. 
Each nucleosome contains a central 
part, the chromatosome, in which two 
turns of the DNA duplex, each about 
83 base pairs long, are wrapped in 
a superhelix around an octamer (an 
eight-molecule complex) of histones. 
Adjacent chroma to somes are connect­
ed by a segment of relatively uncon­
strained linker DNA. 

Nucleosomes and chroma to somes 
can be isolated from the nucleus of 
cells by partial digestion with nucleas­
es: enzymes that preferentially cut the 
linker DNA and thus break the con­
nections between the subunits. A par­
ticularly stable digestion prod uct is the 
nucleosome core particle, which con­
sists of the octamer and one and three­
quarter turns of DNA. It and the chro­
matosome exploit to the fullest the 
flexibility of DNA. The problem of 
compaction is solved by bending the 
DNA into a supercoil with a curvature 
near the limit that is possible without 
disrupting the duplex severely. At the 
same time the ON A is left in a relative­
ly accessible position on the surface of 
the complex. 

The nucleosome is only the lowest 
level of chromatin structure. At the 
next level strings of nucleosomes ap­
pear to wind up into arrays resembling 
a solenoid to form fibers about 3 0  
nanometers (millionths o f  a millime-
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CHROMATIN STRUCTURE is depicted near the promoter of an 
active gene: the adult beta globin gene in chicken red blood cells. The 
sequence begins at the bottom right, just upstream (toward the 5' 
end) from the start of transcription at position + 1. In cells in which 
the globin gene is inactive the entire region is covered by nucleo­
somes, but in the red blood cells expressing the gene one nucleosome 
is missing. Experiments by Beverly M. Emerson in the author's lab­
oratory show that protein factors in the cell nucleus can exclude the 
nucleosome from that one site by binding tightly to the DNA. An 
experiment to locate the binding site is shown here. When a strand 
of DNA radioactively labeled at one end is digested lightly with a 

nuclease, an enzyme that cuts DNA, the sites that bind the factor 
are protected from the attack. The autoradiogram (top) shows the 
migration of DNA fragments in a gel; they move from right to left, 
with the smaller fragments moving faster. The top lane of the auto­
radiograph gives the migration pattern of naked DNA. Beginning 
with the bottom lane, increasing amounts of factor were added. Two 
regions of protection (color) appear. The left-hand region contains 
a long string of GC base pairs capable of assuming an unusual sec­
ondary structure. The right-hand region contains an almost per­
fect inverted repeat. The gray area indicates the approximate po­
sition of the first nucleosome following the nucleosome-free zone. 

ter) thick, as was originally suggested 
by Aaron Klug and John T. Finch of 
the Medical Research Council's Labo­
ratory of Molecular Biology in Cam­
bridge. Physicochemical studies in my 
laboratory and in others have pro­
duced detailed information on the 
packing of the chromatosomes within 
the fiber [see bottom illustration on op­
posite page]. Each solenoidal turn in­
cludes about 1,200 base pairs of DNA. 
One of the effects of this orderly com­
paction is to enable sequence elements 
separated by considerable distances 
along the DNA to come close to one 
another in chromatin. 

How can these structures in chroma­
tin be reconciled with the mechanisms 
of regulation I have described? Those 
mechanisms seem to require the DNA 
to be free of encumbrances so that it 
can react with the proteins controlling 
transcription. Recent experiments sug­
gest that nucleosomes are disrupted in 
the promoter regions of genes that are 
being transcribed, thus making way 
for the regulatory proteins. 

Such nucleosome-free domains re­
veal themselves by their unusual 

sensitivity to digestion by nucleases. 
This phenomenon was first observed in 
eukaryotes by Sarah C. R. Elgin and 
Carl Wu, who were then at Harvard 
University. It has been studied exten­
sively by Harold Weintraub of the 
Fred Hutchinson Cancer Research In­
stitute in Seattle. Alexander Varshav­
sky of the Massachusetts Institute of 
Technology described a similar phe­
nomenon in the SV40 virus. In 1981 

James D. McGhee, William Wood and 
I mapped a hypersensitive domain 
about 200 nucleotides long in the beta­
globin gene of nuclei isolated from the 
red blood cells of chickens. These cells 
express the gene; in other kinds of 
chicken cells that do not express the 
gene no hypersensitivity to nuclease 
is observed. 

It is obvious from the size of the hy­
persensitive domain in the beta-globin 
gene that it cannot contain a normal 
nucleosome. As Beverly M. Emerson 
in my laboratory has shown, other pro­
teins are· bound to this region, and in 
the test tube they prevent the binding 
of histones. We have purified these 
proteins in part and studied their inter­
action with DNA. There appear to be 
two or more distinct proteins, which 
bind tightly and highly specifically to 
well-defined sequences in the hyper­
sensitive region. 

The binding sites can be determined 
by means of "footprinting" experi­
ments, in which the DNA-protein 
complexes are treated with nucleas­
es. Where the protecting proteins are 
present, they prevent the digestion of 
the sequences to which they are at­
tached. Quite recently P. David Jack­
son, also working in my laboratory, 
has developed a method for determin­
ing the footprint of bound proteins di­
rectly within the nucleus. Examination 
of nuclei from the chicken red blood 
cells reveals a pattern of DNA protec­
tion in the vicinity of the beta-globin 
gene quite similar to the pattern found 
in the binding experiments in vitro, 
showing that our partially purified spe-

cific factors bind to the same sites with­
in the nucleus. There is good reason to 
believe these protecting proteins must 
help to regulate the expression of the 
globin gene. 

The structure in the neighborhood 
of the active globin gene serves to illus­
trate the complexity of the deforma­
tions and interactions that characterize 
functioning DNA. The hypersensitive 
domain contains DNA segments that 
may assume partially single-stranded 
conformations; it also contains an in­
verted repeat and numerous sites of 
methylation. In addition to the se­
quences that bind protein within the 
hypersensitive domain, the CAAT and 
TATA sequences, closer to the site 
where transcription is initiated, proba­
bly interact with their own site-specific 
proteins. Our intranuclear footprint­
ing suggests that nucleosomes lie be­
yond this region in each direction, 
forcing their characteristic distortion 
on the DNA. 

Although I have emphasized mecha­
nisms of gene expression, DNA also 
engages in complicated reactions asso­
ciated with its replication and with 
the rearrangement of DNA segments 
within the genome. In all these reac­
tions the reactivity and conformation­
al motility of DNA play an important 
role. During the next decade the meth­
ods of structural and physical chemis­
try, combined with the powerful tech­
niques now available for isolating 
and manipulating DNA sequences, are 
likely to provide detailed information 
about the mechanisms of these bio­
chemical reactions. 
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RNA 
In all cells genetic information stored in DNA is converted into 
protein by RNA, which usually must be processed, even spliced, 
to serve its function. The first genes may have been spliced RNA 

I
n all living cells genetic information 

stored in DNA directs the manu­
facture of proteins, and in all cells 

the information transfer is carried 
out by ribonucleic acid, or RNA. The 
DNA message is transcribed by mes­
senger RNA and carried to the struc­
tures called ribosomes. There the mes­
senger is translated into specific pro­
teins with the help of transfer RNA, 
which latches onto amino acids and 
attaches them to the growing protein 
chain. The ribosomes themselves con­
tain a third type of RNA that serves 
as a structural component. In each of 
these three roles RNA is every bit as 
crucial to the normal functioning of a 
cell as DNA and proteins are; it is 
the link between them. Were it not for 
RNA, the genetic message would be 
inert, without means of expression. 

The expression of different genes­
and the resulting synthesis of different 
proteins-is what distinguishes, say, a 
brain cell from a muscle cell; generally 
speaking all cells in an individual or­
ganism contain the same DNA, but not 
all genes are active in every cell. In 
the 1960's the question of how gene 
expression is controlled led a few in­
vestigators to focus on how RNA 
is made, particularly messenger RNA 
(mRNA). At the time it was widely 
assumed that an mRNA molecule is 
simply copied from a single region 
of DNA. The expression of genes, ac­
cording to this view, is controlled en­
tirely by switching them on and off, 
that is, by determining which ones are 
transcribed. 

For bacteria, which are simple cells 
without a nucleus, the assumption 
proved largely correct. In all eukaryot­
ic (nucleated) cells, however, the man­
ufacture of mRNA has turned out to 
be more than just a matter of transcrip­
tion. The primary RNA transcript un­
dergoes extensive processing in the nu­
cleus before passing through nuclear 
pores into the cytoplasm. The process­
ing can be quite complex. Perhaps the 
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most startling development in molecu­
lar biology since the discovery of the 
DNA double helix has been the rec­
ognition that many eukaryotic genes 
are split, such that the primary RNA 
molecule must be cut and the pieces 
spliced to form mRNA. The messen­
ger is not a verbatim transcript of 
DNA; instead, like a motion picture or 
a newspaper story, it has been heavily 
edited. In the process much extraneous 
material has been excised. 

The discovery of RNA processing 
raised the possibility that gene expres­
sion might not necessarily be con­
trolled at the level of transcription. For 
example, a single primary transcript 
might be cut or spliced in different 
ways to form different mRNA's cod­
ing for different proteins. A number of 
cellular genes have indeed been found 
to be controlled by such differential 
processing. Yet most are not; for most 
genes that have been investigated ex­
perimentally, the conventional view­
that the expression of a gene is con­
trolled by deciding whether to tran­
scribe it or not-has been shown to be 
true. RNA processing adds a new di­
mension to the picture of how cells op­
erate, but it is not the chief explanation 
of how the cells of an individual organ­
ism get to be different. 

On the other hand, RNA processing 
may yield some clues as to how cells 
evolved in the first place. RNA was 
quite likely the first biopolymer; short 
chains of RNA, but not DNA or pro­
tein chains, form spontaneously in an 
environment like the one that might 

have prevailed on the primitive earth. 
Furthermore, cleavage and splicing of 
RNA at specific sites are now known to 
occur in some cases in the absence of 
the proteins (enzymes) that facilitate 
these reactions in modern cells. This 
suggests RNA splicing is not a recently 
evolved complexity. Even before cells 
arose it may have served its present 
purpose of bringing together separate 
pieces of useful information. I think it 
likely, as do many other workers, that 
RNA splicing contributed to the first 
successful gene-directed synthesis of 
proteins. Only later did RNA give rise, 
probably by reverse transcription, to 
DNA, which then became a secure 
storehouse for genetic information. 

The evolutionary choice of DNA as 
the information-storage molecule 

may be reflected in one of the two im­
portant chemical differences between 
RNA and DNA. Both are made up 
of nucleotides, each of which consists 
of a nitrogen-containing base, a five­
carbon sugar and a phosphate group. 
Whereas in RNA the sugar is ribose, in 
DNA it is deoxyribose. The difference 
lies at the 2' position of the sugar ring: 
ribose has a hydroxyl (OH) group at­
tached to that carbon, but deoxyribose 
has a hydrogen atom. The 2' hydrox­
yl is left free when ribonucleotides 
are linked to form RNA, and it ren­
ders RNA chemically less stable than 
DNA; in an aqueous solution RNA 
undergoes hydrolytic cleavage at a 
much faster rate. As a result DNA is 
better suited to the function of preserv-

RNA MIGRATES THROUGH PORES from the nucleus, where it is transcribed from 
DNA, to the cytoplasm, where the genetic message is translated into proteins. In the elec­
tron micrograph, which was made by Nigel Unwin of the Stanford University School of 
Medicine, a small section of the nuclear envelope of a frog oocyte is enlarged about 90,000 
diameters. At the edges of the pores there are ring-shaped structures, and in the center there 
is a plug from which eight spokes radiate. Each pore complex is about a tenth of a microme­
ter in diameter; the nuclear envelope shown here has some 10 million of them. Before leav­
ing the nucleus, RNA transcripts are processed to form finished molecules. To form mes­
senger RNA, for example, selected pieces must often be cut from the transcript and spliced. 
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ing information over a long period. 
(For the same reason RNA is harder to 
study in the laboratory, which explains 
in part why the study of RNA chemis­
try has until recently lagged behind the 
study of DNA.) 

The other chemical difference be­
tween the two nucleic acids is in one of 
their four bases: thymine (T) in DNA 
is replaced in RNA by the closely re­
lated base uracil (U). Like thymine, 
uracil is complementary only to ade­
nine (A). During RNA synthesis the 
adenine in DNA is transcribed to ura­
cil and thymine is transcribed to ade­
nine. Cytosine (C) is transcribed to 
guanine (G) and vice versa. 

Transcription begins when an en­
zyme called RNA polymerase binds to 
a specific base sequence on DNA (the 
promoter). The enzyme unwinds part 
of the double helix, exposing two sin-

gle strands of DNA, one of which is 
then transcribed. As the polymerase 
moves along the DNA, RNA nucleo­
tides with bases complementary to 
those of the DNA nucleotides are add­
ed to the growing RNA chain one at a 
time. Each incoming nucleotide bears 
a triphosphate group at the 5' position. 
In the synthesis reaction a pyrophos­
phate (a two-phosphate group) is lost, 
and the 5' end of the incoming nucleo­
tide is linked by a phosphodiester (0-
P-O) bond to the 3' hydroxyl of the 
nucleotide at the end of the chain. 
Thus an RNA molecule always grows 
in the 5'-to-3' direction. The polymer­
ase continues along the DNA chain 
until it passes another special base se­
quence called the termination signal. It 
thereupon releases the single strand of 
RNA as well as the DNA, which re­
forms a double helix. 

The regions of DNA containing 
the instructions for protein synthesis 
are transcribed into mRNA. Each se­
quence of three mRNA nucleotides is 
a "codon" encoding one amino acid. 
Since a protein may consist of between 
100 and 1,000 amino acids, an mRNA 
must be at least between 300 and 3,000 
nucleotides long. 

The translation of mRNA into pro­
tein at the ribosomes is a complex 
process. Two types of RN A that do not 
code for proteins themselves take part 
in decoding the information carried by 
mRNA: transfer RNA (tRNA) and 
ribosomal RNA (rRNA). Both are 
synthesized in the same manner as 
mRNA. Molecules of tRNA are small, 
about 70 to 80 nucleotides long, and 
they have a folded, three-dimensional 
structure. Each tRNA recognizes and 
binds, with the help of a special en-
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CHEMICAL STRUCTURE OF RNA differs from that of DNA in two ways (dark color). 
First, the DNA base thymine is replaced in RNA by uracil, which has a hydrogen rather 
than a methyl group attached to one of its carbons. Second, the sugar in RNA, ribose, has a 
hydroxyl (OH) rather than a hydrogen at its 2' carbon. In RNA and DNA synthesis the 5' 
position of an incoming nucleotide (in this case adenosine triphosphate) is joined to the 3' 
hydroxyl of the last nucleotide by a phosphodiester linkage; a pyrophosphate is given off. 

zyme, a single one of the 20 different 
amino acids found in proteins. At the 
opposite end of the tRNA molecule 
from the amino acid binding site there 
is a loop containing the "anticodon," a 
nucleotide triplet that is complementa­
ry to a specific mRNA codon. 

On the surface of a ribosome 
tRNA's carrying amino acids are 
brought in contact with an mRNA 
molecule. A ribosome consists of a 
large and a small ribonucleoprotein 
particle, each of which is a collection 
of protein molecules bound to rRNA. 
In eukaryotes the large particle con­
tains three rRNA molecules, a long 
one (about 4,500 nucleotides) and two 
short ones (about 160 and 120 nucleo­
tides). The small particle contains a 
single long rRNA (about 1,800 nucleo­
tides). The rRNA helps to give the ri­
bosome 'its grooved structure, which 
enables it to accommodate an mRNA 
and a protein at the same time. 

As the ribosome moves along the 
mRNA one codon at a time, tRNA's 
with the appropriate anticodons are se­
lectively bound to the mRNA, and the 
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amino acids they carry are linked to 
the growing protein chain. The se­
quence of codons on the mRNA thus 
dictates the amino acid sequence. The 
ribosome catalyzes the entire process, 
bringing together not only the tRNA's 
and the mRNA but also the specialized 
proteins and other factors that initi­
ate the "reading" of mRNA, forge the 
peptide bonds between amino acids 
and release the finished protein when 
the genetic message has been com­
pletely translated. 

Although this description of protein 
..l'l synthesis applies to all cells, both 
eukaryotes and prokaryotes (bacteria), 
most of the mechanisms were first 
revealed by studying the bacterium 
Escherichia coli. It was clear at an early 
stage that the regulation of mRNA 
synthesis (in other words, of DNA 
transcription) was a means by which 
gene expression and hence cell behav­
ior might be controlled. A bacterium 
such as E. coli does not at all times 
contain every mRNA encoded by its 
DNA; rather, it transcribes certain 

genes and makes the corresponding 
proteins as it needs them, in response 
to environmental stimuli. In the early 
1960's Fran90is Jacob and Jacques 
Monod of the Pasteur Institute in Paris 
proposed that the E. coli gene for the 
lactose-digesting enzyme beta-galacto­
sidase is controlled by a repressor: a 
regulatory protein that blocks the tran­
scription of the gene when the enzyme 
is not needed by forming a bond with 
the DNA near the start of the coding 
sequence. The Jacob-Monod model 
was subsequently found to apply gen­
erally to the control of gene expression 
in bacteria. Many regulatory proteins 
have now been found that either de­
crease or increase the rate of transcrip­
tion of bacterial genes by binding to 
specific DNA sites. 

In multicellular organisms each cell 
is part of an interdependent set and is 
not forced to respond constantly to 
changes in the external environment, 
as bacteria are. Instead the most dra­
matic variations in cellular behavior 
are the differences within the same or­
ganism among cell types, all of which 
contain the same DNA. For example, 
in human beings only red blood cells 
make hemoglobin, which carries oxy­
gen throughout the body. Similarly, a 
liver cell makes at least 50 proteins 
that are either not made at all in other 
cells or made at much lower rates. 

As soon as Jacob and Monod an­
nounced their model it was tempting to 
believe that such cell specialization, 
like the variable behavior of bacteria, 
is controlled at the level of gene tran­
scription. It has taken 20 years, how­
ever, to prove the surmise correct. One 
reason is the discovery that most RNA 
is processed after transcription, which 
raised the possibility that gene expres­
sion might be controlled at the proc­
essing stage as well. For example, a 
particular RNA transcript might be 
synthesized in all cells but processed 
successfully only in some; or the proc­
essing rate might vary, so that differ­
ent cell types would contain different 
amounts of a particular mRNA and 
its corresponding protein. In the late 
1960's the question of how mRNA is 
made became a key part of the larger 
question of how genes are controlled. 

The first evidence for RNA process­
ing had involved rRNA rather than 
mRNA. In 1960, when I was at the 
Massachusetts Institute of Technolo­
gy, my colleagues and I began to ana­
lyze newly formed nuclear RNA in hu­
man cells. (New RNA is identified by 
allowing the cells briefly to synthesize 
RNA from radioactively labeled nu­
cleosides, the precursors of nucleo­
tides.) To our surprise we found no la­
beled nuclear RNA corresponding in 
size to the rRNA in mature ribosomes. 
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Instead we were able to show that both 
long and short rRNA's are produced 
from a single longer precursor mole­
cule-a primary transcript-by cutting 
the precursor at specific sites. In the 
ensuing years the same type of proc­
essing was observed in many other 
types of cell; it was observed in the 
production of both rRNA and tRNA, 
individual molecules of which are also 
made by shortening a primary tran­
script. Soon it became clear that all 
rRNA's and tRNA's, in eukaryotes as 
well as in prokaryotes, must both be 
shortened and receive various chemi­
cal additions before they are ready to 
take part in the translation of mRNA. 

1 

tRNA 

RIBOSOME_ 

mRNA 

2 

3 

,!!!!" " '!!" !!!! 

What about the mRNA itself? In 
bacteria, which have no nucleus, it 
seemed unlikely that mRNA could be 
processed, because it is engaged by 
waiting ribosomes and tRNA's even 
before its synthesis has been complet­
ed. In eukaryotes, on the other hand, 
mRNA is made in the nucleus and 
must then migrate to the cytoplasm 
to be translated into protein. Between 
transcription and translation there is 
thus ample opportunity for processing. 

To determine whether such process­
ing occurs workers had first to con­
front a daunting problem: a typical 
eukaryotic cell contains thousands of 
kinds of mRNA. The solution was to 

/ 1\ AAC 

,,!!!!!!,,!!,,!!, 

TRANSLATION of mRNA into protein at a ribosome follows the same steps in both eu­
karyotes and prokaryotes. Each nucleotide triplet, or codon, on the mRNA chain encodes 
a specific amino acid. Each molecule of tRNA in turn binds only the amino acid correspond­
ing to a particular codon. A tRNA recognizes a codon by means of a complementary nu­
cleotide sequence called an anticodon. Here the addition of one amino acid to a protein 
chain is shown. An incoming tRNA molecule carrying the amino acid tyrosine binds to the 
codon exposed at a binding site on the ribosome (1). The tyrosine forms a peptide bond with 
serine, the last amino acid on the protein chain (2). As the ribosome advances one codon 
(3), exposing the binding site to the next incoming tRNA, the serine tRNA is released. 
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study animal cells infected by virus­
es. Viruses whose genome consists of 
DNA usurp both the protein- and the 
mRNA-making machinery of the host 
cell, but their DNA encodes far few­
er proteins than the host's DNA and 
therefore is transcribed into far fewer 
mRNA's. Consequently the manufac­
ture of viral mRN A can be treated as a 
simple model for the way an animal 
cell makes its own mRNA. By this ap­
proach the basic steps in the manufac­
ture of eukaryotic mRNA were re­
vealed between 1970 and 1977. 

The complexity of the process com­
pared with the one in bacteria is evi­
dent from the first step. Whereas in 
bacteria a single polymerase enzyme 
catalyzes all RNA synthesis, in eu­
karyotes there are three distinct poly­
merases: type I makes the precursor 
of rRNA's, type II makes the mRNA 
precursor and type III makes the pre­
cursor of tRNA's and of other small 
RNA's. The synthesis of an mRNA 
begins when an RNA polymerase II 
somehow recognizes and binds to a 
"promoter" region on a DNA double 
helix. The roles of the various nucleo­
tide sequences in the promoter region 
are not fully understood, but the se­
quence TATA is known to be involved 
in positioning the polymerase correct­
ly. Transcription begins between 20 
and 30 nucleotides past the TATA site. 

Within about a second, before the 
RNA is more than 30 nucleotides long, 
a chemically protective "cap" is added 
to the nucleotide at the beginning of 
the chain (the 5' end). The cap, which 
is retained in all eukaryotic mRNA, 
consists of a methylated guanosine (a 
nucleoside incorporating the base gua­
nine) linked to the first nucleotide by a 
triphosphate bridge. After the cap is 
attached the polymerase continues to 
add nucleotides to the 3' end of the 
chain at the rate of from 30 to 50 per 
second. The resulting primary tran­
script can be as many as 200,000 nu­
cleotides long, but the average in hu­
man cells is about 5,000 nucleotides. 

Processing of the completed tran­
script begins with the addition of a 

"tail" to a nucleotide that will become 
the terminal (3 ') end of the mRNA. In 
1970 and 197 1 workers in several labo­
ratories found that most mammalian 
mRNA's have grafted on their 3' end a 
series of between 150 and 200 adenine 
nucleotides, called poly(A) for short. It 
is now known that the primary tran­
script is cut and poly(A) is added to the 
free end about 20 nucleotides past the 
sequence AAUAAA. These reactions 
occur within a minute after the poly­
merase has crossed the poly(A) site. 

After the cap and the tail had been 
recognized on finished mRNA in the 
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cytoplasm, investigators began to look 
for the same structures on molecules 
in the nucleus in the hope of identi­
fying the precursors of mRNA. By 
1976 such precursors had been found 
among newly formed nuclear RNA, 
but a puzzle remained. The nuclear 
molecules were on the average about 
5,000 nucleotides long, whereas the 
average length of the mRNA's in the 
cytoplasm was only about 1,000 nucle­
otides. Clearly the precursor had to be 
cut to form mRNA, but how were the 
cap and the tail preserved? 

In retrospect the answer seems obvi­
ous: parts of the transcript must be cut 
out of the middle, and the ends must 
then be spliced. RNA splicing was first 
observed in the case of the adenovirus, 
which infects the human upper respi­
ratory tract. My colleagues and I had 
found that the mRNA's for a certain 
group of adenovirus proteins (called 
late proteins because they are synthe­
sized at a late stage of the infection) are 
all derived from a single primary tran­
script. In 1977 a group at M.LT. led by 
Phillip A. Sharp and a group at the 
Cold Spring Harbor Laboratory (in­
cluding Richard J. Roberts, Thomas 
R. Broker, Louise T. Chow, Richard E. 
Gelinas and Daniel Klessig) used the 
technique of molecular hybridization 
to show how the derivation occurs. 

The technique relies on the fact that 
an mRNA will react by complementa­
ry base-pairing with the DNA from 
which it was transcribed, forming 
a double-strand hybrid. (One DNA 
strand is displaced.) The hybrid can be 
visualized in an electron micrograph. 
When this experiment was done with 
the nucleic acids coding for adenovi­
rus late proteins, each mRNA hybrid­
ized with four regions on the DNA; the 
four regions were separated by long 
stretches of DNA that looped out from 
the hybrid, evidently because their nu­
cleotide sequence had no complement 
on the mRNA. The M.LT. and Cold 
Spring Harbor groups concluded that 
the mRNA must be formed by splicing 
four pieces from distant regions of the 
primary transcript. In the process the 
intervening sequences are eliminated, 
and so the finished mRNA is much 
shorter than the primary transcript. 
The 5' cap and 3' poly(A) tail, how­
ever, are preserved. 

Splicing of the adenovirus primary 
transcript takes between 20 and 30 
minutes, but in other cases the oper­
ation takes as little as five minutes. 
Following the lead of the M.LT. and 
Cold Spring Harbor workers other in­
vestigators soon showed that many 
mRNA's, both viral and cellular, are 
spliced from pieces of a long precur­
sor, with other pieces being discarded. 
Later it became possible to find spec if -
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MANUFACTURE OF MESSENGER RNA in a eukaryote begins when transcription of 
a DNA is initiated by an RNA polymerase some 20 to 30 nucleotides "downstream" from 
the sequence TATA (1). Before the transcript is more than 30 nucleotides long its 5' end is 
"capped" with a guanosine that is attached by a triphosphate group and methylated (2). The 
polymerase moves along the DNA (3), transcribing both exons (color) and introns (black). 
Eventually it transcribes the sequence AAUAAA. About 20 nucleotides downstream the 
transcript is cut; the reaction probably involves a small nuclear ribonucleoprotein (snRNP) 
containing a uracil-rich "UI RNA." An enzyme adds a "tail" of 150 to 200 A's to the cut 
3' end (4). The transcript is cut at the introns (5), probably with the help of snRNP's; UI 
RNA binds to a complementary sequence (including GU) at the beginning of introns. The 
introns are folded into lariats (6) and excised, and the exons are spliced to form mRNA (7). 
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ic splicing sites by analyzing the nucle­
otide sequence of a DNA and the cor­
responding mature mRNA. It is now 
generally accepted that many eukary­
otic genes are in pieces and cannot be 
expressed without extensive process­
ing of the RNA transcript. Walter Gil­
bert of Harvard University has coined 
the term exons to refer to the pieces of 
a gene that are actually expressed in 
mRNA and protein; the nucleotide se­
quences intervening between the ex­
ons, the ones subsequently spliced out 
of the RNA, are called introns. 

Given that an error of just one nu­
cleotide might render the protein 

worthless, what mechanisms ensure 
that the exons are joined correctly? 
Current research is revealing the bio­
chemistry of splicing in considerable 
detail. Splicing has now been repro­
duced in the laboratory: two exons sep­
arated by an intron on experimental 

RNA molecules have been joined by 
exposing the molecules to cell extracts. 
Although by no means all of the enzy­
matic steps in this process are under­
stood, some of the crucial elements in 
the extracts have been identified. 

One of these elements is a class of 
ribonucleoprotein particles found in 
the nuclei of all animal cells. Known 
as small nuclear ribonucleoproteins 
(snRNP's), they each consist of a 
group of protein molecules bound to a 
single molecule of RNA. The RNA, 
which is different from the three main 
types described above, is between 100 
and 300 nucleotides long. There are at 
least 10 distinct types of these short 
RNA molecules. Six of them are nota­
bly rich in the base uracil and so are 
called U-RNA's; the one referred to 
as UI RNA is of particular interest. 

The evidence that snRNP's play a 
crucial role in splicing comes from ex­
periments involving antibodies to their 

P O LY(A) 

SPLICING OF MESSENGER RNA was discovered in studies of the adenovirus genome. 
The electron micrograph shows the result of an experiment in which the mRNA (colored 
line on map) for an adenovirus protein was allowed to hybridize with a single strand of the 
DNA for that protein (black). Where their nucleotide sequences are complementary the 
two molecules form a double-strand hybrid. Three regions of DNA for which there are no 
complementary sequences on the RNA form loops (1-3). Evidently the RNA transcripts 
of these regions have been excised from the mRNA, which has then been spliced. The elec­
tron micrograph was made by Louise T. Chow, then at the Cold Spring Harbor Laboratory. 
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proteins. For reasons that are not un­
derstood, such antibodies are made in 
profusion by people suffering from 
certain autoimmune diseases, includ­
ing systemic lupus erythematosus. 
Joan A. Steitz and her colleagues at 
Yale University have isolated the anti­
bodies to snRNP's and, together with 
Sharp's group at M.I.T., have added 
them to cell extracts known to be capa­
ble of splicing RNA. When the anti­
bodies are added to an extract before 
the unspliced RNA transcripts, splic­
ing does not take place. Furthermore, 
neither does polyadenylation. These 
observations indicate that snRNP's 
participate in cutting the primary tran­
script at the poly(A) site as well as in 
locating and splicing out introns. It is 
not known how the snRNP's carry out 
the tasks or whether the same particles 
take part in both polyadenylation and 
splicing. One popular hypothesis holds 
that a single large, ribosomelike struc­
ture made up of snRNP's and other 
particles engages in both processes. In 
any event, splicing almost certainly in­
volves the recognition of an intron by 
an snRNP containing Ul RNA, which 
binds to complementary bases at the 
beginning of the intron. 

The discovery of introns in 1977 
came as a complete surprise; until 

then molecular biologists had always 
assumed that a gene was a single, con­
tinuous stretch of DNA encoding a 
single protein. In addition to the is­
sue of how splicing is accomplished, 
the discovery immediately raised two 
broader questions. First, how impor­
tant is RNA processing, and splicing in 
particular, in the regulation of eukary­
otic gene expression? Second, have 
genes always been split or were introns 
gradually introduced over the course 
of evolution? 

Once it was known that genes are in 
pieces one could envision a central 
role for RNA processing in regulating 
gene expression. Not only might the 
amount of a particular protein in a cell 
be determined by the amount of suc­
cessfully processed mRNA, but also a 
single gene might encode more than 
one protein, and the decision of which 
one to make at a given time or in a 
given cell would be a processing deci­
sion. A primary transcript with two or 
more poly(A) sites could be cut on 
some occasions at one site and on oth­
er occasions at another site, producing 
mRN A's with different 3' ends and 
therefore proteins with different termi­
nals. A transcript containing three or 
more exons could be spliced in such a 
way that all the exons are included 
in the mRNA or as few as two. Only 
two constraints seemed likely to limit 
the splicing choice: the end exons, to 
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DIFFERENTIAL PROCESSING makes different mRNA's from 
the same primary transcript. The transcript of the gene for calcito­
nin, a hormone produced in the thyroid, contains two poly(A) sites 
(colored arrows). In the thyroid the transcript is cut and polyadenyl­
ated at the first site. The four exons on the transcript are spliced 
to form the mRNA coding for a prehormone protein, which is then 

enzymatically cleaved to form calcitonin. In the pituitary gland and 
in some nerve cells the same primary transcript is cut instead at the 
second poly(A) site. At the splicing stage the coding sequence for 
calcitonin (dark gray) is excised along with the intronsj in its place 
a sequence coding for a hormone called calcitonin-gene-related 
protein (color), or CGRP, is incorporated in the finished mRNA. 

which the 5' cap and the 3' tail are 
attached, must be preserved, and the 
exons must remain in the same order. 

So far several dozen cellular and vi­
ral genes have been found to encode 
more than one mRNA. Such genes are 
called complex transcription units. A 
good example is the late-protein tran­
scription unit of the adenovirus, which 
contains five poly(A) sites and nu­
merous exons. Its primary transcript 
can be spliced to yield a dozen differ­
ent mRNA's. Each mRNA consists of 
four exons spliced together. The first 
three exons are common to all the mes­
sengers; the last exon contains the cod­
ing sequence for a particular protein. 

In animal cells too a number of com­
plex transcription units are now known 
to produce different mRNA's under 
different circumstances. Some of these 
units have been found in the muscle 
cells of mammals and insects. The 
cells in muscles with different func­
tions require related but slightly differ­
ent proteins. In a given organism such 
proteins often seem to be encoded by a 
single gene whose primary transcript 
can be spliced or polyadenylated in 
various ways. 

A particularly striking example of 
this phenomenon-the control of gene 
expression by RNA-processing deci­
sions-involves a complex transcrip­
tion unit isolated from rat DNA by 
Ronald Evans and Michael O. Rosen-

feld of the Salk Institute for Biological 
Studies. The DNA segment in question 
encodes calcitonin, a hormone pro­
duced in the thyroid gland. Evans and 
Rosenfeld observed, however, that it 
also hybridizes with an mRNA made 
in the pituitary gland (and later found 
in certain nerve cells). The workers 
showed that the calcitonin primary 
transcript is present in pituitary cells 
as well as in the thyroid. The tran­
script contains two poly(A) sites. In 
the thyroid, cleavage at the first site 
followed by ex on splicing yields cal­
citonin mRNA; in the pituitary the 
transcript is cleaved at the second 
poly(A) site and the exon contain­
ing the calcitonin coding sequence is 
spliced out. The result is an mRNA 
coding for a previously unknown neu­
ropeptide, now called calcitonin-gene­
related protein, or CORP. 

I f the calcitonin gene is a good ex­
ample of gene regulation through 

RNA processing, it also illustrates a 
more fundamental truth, namely that 
the dominant mechanism of gene con­
trol in eukaryotes, as in bacteria, is not 
differential processing but differential 
transcription. Most rat cells manufac­
ture neither calcitonin nor CORP, and 
in such cells the calcitonin gene is not 
transcribed in the first place. To molec­
ular biologists this comes as no sur­
prise; even after RNA processing was 

discovered most investigators still ex­
pected transcriptional control to be 
dominant. The alternative-transcrib­
ing all genes in all cells but processing 
the transcripts differently-was always 
assumed to be unlikely. Yet only re­
cently, with the advent of gene-clon­
ing techniq ues, has the validity of the as­
sumption been fully demonstrated. 

My colleagues and I have done clon­
ing experiments whose results confirm 
that unexpressed genes are generally 
not transcribed. First we extracted all 
the mRNA from mouse liver cells and 
copied it into DNA using reverse tran­
scriptase, an enzyme that catalyzes 
the reverse transcription of RNA into 
DNA. The DNA was inserted into 
plasmids (small circles of bacterial 
DNA) and introduced into E. coli, 
which were grown in culture. The clon­
ing process yielded experimentally 
useful amounts of individual mouse 
genes, because the bacteria in a given 
colony all contained the same mouse­
DNA insert. By exposing the DNA to 
total mRNA from various types of 
cell, we were able to identify genes 
encoding liver-specific proteins (such 
DNA's hybridized only with mRNA 
from liver cells) and genes encoding 
common proteins (which hybridized 
with mRNA from all types of cell). 

Obviously the mRNA's for liver­
specific proteins were not made in cells 
outside the liver, but was it because the 
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transcripts were not processed proper­
ly in such cells or because the genes 
were not transcribed at all? To select 
between these alternatives we collect­
ed nuclei from brain, kidney and liver 
cells and allowed them to synthesize 
RNA from radioactively labeled pre­
cursors for a brief period (about 10 
minutes). When we removed RNA 
transcripts from the nuclei, we knew 
that any labeled transcripts had to be 
newly formed and therefore unproc­
essed. If the liver-specific genes were 
transcribed in brain and kidney nuclei, 
the labeled RNA from those nuclei 
should have contained liver-specific 
transcripts. When the extracts were ex­
posed to the various cloned DNA's, 
however, the RNA from brain and kid­
ney nuclei hybridized only with the 
DNA's encoding common proteins 
and not with the liver-specific ones. 
Clearly the genes for the 12 liver pro­
teins we examined were not being tran­
scribed in the brain and the kidney. 

On the basis of many similar experi­
ments the result can be stated more 
generally: In multicellular organisms 
most tissue-specific decisions to pro-
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d uce certain proteins and not others 
are made at the transcriptional level. 
How exactly such choices are made is 
a question currently being investigated 
in dozens of laboratories. So far no 
conclusive answers have been found. 

Although RNA processing is not a 
.Il. major basis of cell differentiation, 
some form of it takes place in all cells, 
and in most cases it is essential to their 
function. When did it evolve? Splicing 
of mRNA primary transcripts has now 
been observed in bacteria, but much 
less often than in eukaryotes; bacteria 
contain far fewer introns. Until recent­
ly most biologists agreed that bacteria, 
by virtue of their simplicity, must be 
closely related to the earliest cells, and 
that eukaryotes evolved from these 
ancestral prokaryotes. Consequently 
many workers at first thought of in­
trons as complexities introduced rela­
tively late in evolution. 

Two separate lines of evidence un­
dermine this view. First, there is good 
reason to question the belief that bac­
teria are evolutionarily older than 
eukaryotes. Second, experimental evi-
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dence suggests that RNA processing, 
including splicing, can occur without 
the proteins that catalyze the reac­
tions in modern cells; indeed, the re­
actions could have occurred in a pre­
cellular environment. 

The evidence against viewing bac­
teria as the oldest organisms comes 
largely from the work of Carl R. 
Woese and his colleagues at the Uni­
versity of Illinois at Urbana-Cham­
paign. As a way of charting celliineag­
es Woese's group decided to compare 
the nucleotide sequence of ribosomal 
RNA from many organisms. (Ribo­
somal RNA was chosen because ribo­
somes are present in essentially similar 
form in all organisms; they are there­
fore thought to be primordial cell 
structures.) To their surprise the work­
ers found that a small group of bacte­
ria with unusual metabolisms did not 
fit into the lineage chart for normal 
bacteria. This group, called the archae­
bacteria, seemed to be no more closely 
related to normal bacteria (the eubac­
teria) than they were to eukaryotes. On 
the basis of rRNA sequences the eu­
karyotes also formed a distinct group 
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DOMINANCE OF TRANSCRIPTIONAL CONTROL of gene ex­
pression over control at the RNA-processing level was demonstrat­
ed with the help of gene-cloning techniques. Mouse DNA coding 
for liver-specific proteins was cloned in bacterial colonies, as was 
DNA encoding proteins common to most mouse cells. DNA's cod­
ing for 12 different liver proteins (1-12) and three different com­
mon proteins (a-c) were purified, denatured (separated into single 
strands) and transferred to filter paper. To determine whether all 
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these DNA's are transcribed in various cells, hybridization experi­
ments were done with newly formed, unprocessed RNA transcripts 
from liver, kidney and brain cells. New transcripts were isolated by 
collecting chilled cell nuclei and warming them briefly in the pres­
ence of radioactive nucleotides. Since transcription does not occur 
in chilled nuclei, any radioactively labeled RNA purified from the 
nuclei had to have been synthesized during the lO-minute warm­
ing period. When labeled RNA was exposed to the filter paper, 
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spanning a vast range of organisms 
from yeast to human beings. 

Because the three groups share the 
same genetic code, Woese concluded 
they must represent separate lines 
of descent from a common ancestor, 
which he called the progenote. The eu­
bacteria and the archae bacteria may 
have evolved directly from the proge­
note. Modern eukaryotes, on the other 
hand, are almost certainly the product 
of the fusion of an ancestral eukaryote 
with two types of e-ubacteria. The an­
cestral eukaryote gave rise to the mod­
ern nucleus; bacteria gave rise to mi­
tochondria, the energy-converting or­
ganelles found in all eukaryotes, and 
to chloroplasts, the photosynthesizing 
organelles found in plants. (Both mi­
tochondria and chloroplasts contain 
their own DNA and RNA; moreover, 
the rRNA sequences of mitochondria 
are similar to those of purple sulfur 
bacteria, whereas the rRNA of chloro­
plasts is closely related to that of the 
cyanobacteria.) According to Woese, 
the eukaryotic nucleus is as old as 
bacteria. Since the nucleus is where 
RN A processing takes place, there is 
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no reason to assume that processing 
began relatively late. 

It may have begun even before the 
progenote emerged. For years many 
investigators have proposed that RNA 
must have been the first biopolymer: 
like DNA it can store information (al­
though it is not as good at storing it 
securely), and unlike DNA it is essen­
tial in the decoding of stored informa­
tion. Recent studies of RNA chemistry 
strongly support the idea that RNA 
came first. Leslie E. Orgel and his 
colleagues at the Salk Institute have 
shown that the synthesis of RNA oli­
gonucleotides proceeds spontaneously 
in an environment marked by high salt 
and nucleotide concentrations; such an 
environment could have prevailed on 
the primitive earth. RNA copies of 
RNA chains can also form sponta­
neously through the pairing of com­
plementary bases. Both reactions are 
slow, but they both proceed in the ab­
sence of enzymes or any other pro­
teins. It therefore seems a distinct pos­
sibility that the primordial soup con­
tained short chains of RNA as well as 
individual nucleotides and amino ac-
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transcripts from kidney and brain cells hybridized only with the common DNA's and not 
with the liver-specific ones. This proved that the liver-specific genes are not transcribed in 
the kidney and the brain; if the genes were transcribed, with the transcripts then being de­
stroyed at the processing stage, some liver-specific transcripts should have been present in 
the mixtures of unprocessed RNA from kidney and brain cells and should have hybridized 
with the liver-specific DNA. As was expected, transcripts from liver cells did hybridize 
with both types of DNA. Hybrids stay fixed to the filter paper when it is washed; since they 
are radioactive, they form dark spots on a photographic emulsion exposed to the paper. 

ids. Neither DNA nor proteins poly­
merize nearly as readily as RNA. 

The essential RNA-processing reac­
tions-site-specific cleavage and splic­
ing-can also occur in the absence of 
proteins. Sidney Altman and his col­
leagues at Yale have observed an ex­
ample of the former process in E. coli. 
Ordinarily a tRNA precursor in the 
bacterium is cut by an enzyme that it­
self contains a small RNA molecule. 
Altman's group has found, however, 
that the small RNA alone can cleave 
the precursor correctly, without the. 
help of the enzyme protein. 

Perhaps even more surprising is the 
occurrence of protein-free RNA splic­
ing. Thomas R. Cech and his col­
leagues at the University of Colorado 
at Boulder first documented the phe­
nomenon in the protozoan Tetrahyme­
na PYriformis. which is able to dispense 
with proteins in excising an intron 
from its rRNA transcript and in join­
ing the two exons. Protein-free splic­
ing has also been observed in the case 
of mitochondrial rRNA from the fun­
gus Neurospora crassa. The nucleo­
tide sequences of the two self-splicing 
rRNA's are notably similar. 

Assuming that the first information­
storage molecules, or genes, were mol­
ecules of RNA, the splicing and cut­
ting of RNA may have been signifi­
cant processes in precellular evolu­
tion. How RNA ever came to encode 
sequences of amino acids remains a 
mystery. It seems likely, however, 
that the useful coding information in 
spontaneously generated RNA chains 
would not have been in the form of 
long, uninterrupted nucleotide sequen­
ces. Instead short stretches of RN A 
encoding primitive but functional pep­
tide chains would probably have been 
separated by sequences containing no 
coding information, which are now 
recognized as introns. 

The hypothesis is supported by the 
positions of exons and introns in 

modern genes. In many genes, for ex­
ample those encoding hemoglobin, an­
tibodies (immunoglobulins) and cer­
tain enzymes, each exon encodes a do­
main of the protein molecule that is 
recognizable as a functional unit. The 
random introduction of introns over 
the course of evolution does not seem 
a likely source of such a nonrandom 
division of genes. It is much more 
plausible to assume the introns were 
there from the beginning. In that case 
the self-splicing of RNA may have 
been exploited even before cells 
evolved to remove introns and unite 
peptide-coding regions that together 
encoded larger, more useful proteins. 

How did DNA evolve? Reverse 
transcriptase was discovered in virus-
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es in 1 970 by Howard M.  Temin of the 
University of Wisconsin at Madison 
and David Baltimore of M . I.T. More 
recently indirect evidence of the pres­
ence of a similar enzyme has been 
found in all eukaryotic cells, which 
suggests that enzymatically catalyzed 
reverse transcription of RNA into 
DNA is quite old. The process may 
therefore account for the evolution­
ary transfer of the information-storage 
function from RNA to the more stable 
DNA, a change that was a precondi­
tion for the emergence of self-replicat­
ing cells. Through reverse transcrip­
tion the distribution of exons and 
introns in RNA would have been pre­
served in DNA. 

Whether the progenote, the ancestor 
of all cells, was a cell itself or some 
intermediate form remains unclear. 
Certainly it must have contained 
DNA, probably littered with introns. 
The genes of the earliest eubacteria 
and archae bacteria most likely also 
contained a substantial number of in­
trons. Through countless generations 
of evolution bacteria have now virtu­
ally eliminated noncoding sequences 
from their DNA; they have evolved 
into streamlined protein-making ma­
chines. The DNA of eukaryotes, in­
cluding human beings, has evolved 
more slowly. With our cluttered genes 
and our reliance on RNA splicing to 
make sense of them, we may actually 
be closer than the bacteria to the prim­
itive ancestor of all living things. 

PRECELLULAR EVOLUTION may bave 
required tbe splicing of RNA. Tbe primor­
dial soup probably contained botb nucleo­
tides and amino acids (1). Under primordial 
conditions RNA cbains of 30 or more nucle­
otides could bave formed througb spontane­
ous syntbesis and copying of sborter cbains 
(2). Somebow RNA sequences came to en­
code sequences of amino acids constituting 
peptide domains (3), but tbe coding regions, 
or exons (color), may bave been interrupted 
by introns (gray). RNA splicing, wbicb can 
occur even in tbe absence of proteins, may 
bave arisen as a way of uniting exons tbat 
togetber encoded a protein more useful tban 
tbe individual peptide domains (4). An ear­
ly protein similar to tbe modern enzyme re­
verse transcriptase may, by copying RNA 
into DNA, bave effected tbe cbangeover 
from an RNA-based genetic system to one 
based on DNA (5). Tbe common ancestor 
of all cells, tbe progenote, contained intron­
ricb DNA, as well as ribosomes to translate 
genetic information into proteins (6) accord­
ing to tbe now universal code. Modern eu­
karyotes resulted from a fusion of an ances­
tral nucleus witb eubacteria, from wbicb tbe 
eukaryotes obtained tbeir mitocbondria and 
cbloroplasts. According to tbis view, bacte­
rial genomes are relatively intron-free be­
cause bacteria bave evolved tbrougb many 
more generations tban tbe eukaryotes bave. 
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SCIENCE AND THE CITIZEN 
Great Guns 

T
he search by the Strategic De­
fense Initiative Organization for 
missile-killing technologies has 

focused public attention (as well as 
some Government funds) on an in­
triguing family of devices called elec­
tromagnetic guns. In addition to of­
fering a way to destroy a missile in 
flight without resort to nuclear bursts 
or atmospherically sensitive beam 
weapons, electromagnetic guns prom­
ise an array of other applications. 
These include producing nuclear fu­
sion through high impact, launching 
payloads into space at low cost and 
synthesizing new materials. 

The inherent limitations of chemi­
cally powered devices make the elec­
tromagnetic gun an attractive alter­
native. The pressure a gun barrel can 
withstand, for instance, restricts the 
mass of projectiles to roughly 100 kilo-

grams. Furthermore, the speed of ex­
panding gas limits the speed of a pro­
jectile shot from a single-stage chem­
ical gun to about two kilometers per 
second. Such a speed is well below the 
11 kilometers per second required for 
an object to escape the pull of the 
earth's gravitational field. 

Although a rocket keeps gaining mo­
mentum as long as it ejects mass and 
therefore is not limited by the speed 
of expanding gas, its efficiency is se­
verely hampered by the enormous 
deadweight it must carry. Dead­
weight typically consists of the com­
bined mass of a rocket's engine and 
fuel. In some rockets the mass of the 
deadweight can be 130 times as great 
as the mass of the payluad. 

An electromagnetic accelerator, on 
the other hand, projects almost pure 
payload. The cost of launching could 
therefore approach the cost of the en­
ergy (now estimated at 65 cents per 

COMMUTATORS 

pound) plus capital amortization, de­
pending on the rate of use. 

Two versions of electromagnetic 
launchers are currently being devel­
oped: railguns and coilguns. Richard 
A. Marshall of the Australian Nation­
al University pioneered the railgun, 
the simpler of the two launchers. In 
principle a railgun consists of two par­
allel copper rails and a proi.ectile, typi­
cally a sliding block or brush. The 
projectile forms the only electrical 
connection between the two rails. An 
electric current is sent down one rail, 
passes through the projectile and re­
turns back along the other rail. The 
current in the rails produces a magnet­
ic field that is perpendicular to the 
plane of the rails. In accordance with 
a law known as the Lorentz-force 
equation the field interacts with the 
electrons moving through the projec­
tile, accelerating it down the rails. 

Marshall and his colleagues con-
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ducted the first large-scale test of a 
railgun in the early 1970's. They ob­
tained electric current from a huge 
generator, standing more than two sto­
ries high and capable of delivering up 
to 1.6 million amperes of current, that 
had originally been designed for re­
search in high-energy physics. After 
modifying the basic design of the rail­
gun to maximize its performance, the 
workers were able to accelerate cubes 
having a mass of three grams (a paper 
clip has a mass of about one gram) to 
speeds of six kilometers per second 
over a track five meters long. Such an 
acceleration corresponds to about a 
third of a million g (a g is the accelera­
tion due to the force of gravity at the 
surface of the earth). Following the 
Australian trial a number of other re­
search groups around the world have 
also developed and tested railguns. 

As promising as it appears to be, the 
technology is young and the challenges 
facing workers in the field are great. In 
a device large enough to launch a use­
ful payload into orbit or to fire a mis­
sile-destroying projectile the rails must 
be able to resist magnetic bursting 
forces, which are analogous to the 
forces that gas pressure exerts on a 
gun barrel. Furthermore, as the gun is 
lengthened, an increasing amount of 
energy is lost to heat and to the mag­
netic field of the rails. This is a ma­
jor handicap in view of the fact that 
a practical railgun might have to be 
many meters long. Dividing the rail­
gun into several short segments, each 
one connected to its own energy sup­
ply, helps to alleviate the problem. 
There remains a basic shortcoming; 
the railgun requires a very high cur­
rent at relatively low voltage, a pair 
of demands that are not easily met. 

An alternative is the coilgun, whose 
development Henry H. Kolm and Pe­
ter Mongeau pushed forward when 
they were working at the Massachu­
setts Institute of Technology. A coil­
gun consists of a row of stationary 
drive coils. A bucket-shaped projectile 
wrapped with one or more coils slides 
inside the tunnel of drive coils. The 
bucket coils are fed current through 
conducting brushes that make electri­
cal contact with power-supply rails, 
or the current can be induced electro­
magnetically. Either way a constant 
magnetic field envelops the bucket. 

To accelerate the bucket the direc­
tion of the current in the drive coils is 
repeatedly switched so that the buck­
et's coils are attracted to the drive coils 
in front of them and repelled by the 
drive coils behind them. The current in 
the drive coils must be synchronized 
with the motion of the bucket so that 
current flows through each coil only 
as the bucket approaches and moves 
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away from it. Several groups world­
wide are now developing coilguns. The 
added complexity of the coilgun has 
raised significant problems that re­
main unsolved. At projectile speeds 
exceeding 10 kilometers per second, 
for instance, the bucket coils would 
probably melt. 

Kolm and Mongeau, who now head 
a private company, Electromagnetic 
Launch Research, Inc. (recently ac­
quired by the Kaman Corporation), 
note that at present the greatest accel­
eration obtained with an electromag­
netic launcher (a coilgun) has been 200 
million g, which corresponds to bring­
ing a projectile from rest to a speed of 
five kilometers per second over a two­
centimeter distance. (Impact fusion 
would require projectile speeds of 150 
kilometers per second.) The largest 
mass that has been launched to high 
speeds is 330 grams (about two-thirds 
of a pound); a railgun accelerated that 
projectile to a final speed of 4.3 kilo­
meters per second. The range of the 
launchers is not known since all the 
tests have been conducted inside labo­
ratories. To serve as an antimissile de­
vice, however, a railgun or coilgun 
would need to launch a projectile so 
that it would successfully traverse a 
1,000-kilometer engagement distance. 
The development of full-scale railguns 
and coilguns would appear to be a dis­
tant target. 

Super Supercluster 

Astronomers have detected what ap­
I\. pears to be the largest structure in 
the universe. It is a supercluster of gal­
axies. Further observation of the su­
percluster may help to solve the ques­
tions of how the universe was born and 
what its ultimate fate may be. 

Shaped like a long, thin tube or fila­
ment, the super cluster is more than 
one billion light-years in length and 
roughly between 10 and 50 million 
light-years in cross section. (The diam­
eter of the Milky Way, our own gal­
axy, is 100,000 light-years.) The super­
cluster consists of densely packed clus­
ters of galaxies, all receding from the 
earth at similar velocities, an effect 
due to the overall expansion of the 
universe. The supercluster lies in the 
northern sky in the direction of the 
constellations Perseus and Pegasus. 

Jack O. Burns of the University of 
New Mexico and a graduate student, 
David J. Batuski, made the discovery 
as they conducted a systematic search 
for such objects with the 2. I-meter re­
flecting telescope at the Kitt Peak Na­
tional Observatory. 

The velocity of individual galaxies 
and the density of the clusters within 
the supercluster imply that the gravita-

tional forces that formed it are much 
greater than can be accounted for by 
the visible luminous matter it contains. 
The "missing matter" giving the su­
percluster cohesion could be invisible 
dark matter. Such matter might consist 
of neutrinos or perhaps even of mas­
sive exotic particles. 

These considerations literally have 
cosmic significance. If dark matter 
does indeed exist, the discovery of the 
supercluster weighs in favor of one of 
two competing theories regarding the 
evolution of the universe. They are the 
bottom-up model and the top-down 
model. According to the bottom-up 
model, individual galaxies formed out 
of a homogeneous soup of gases. 
Through the long-range effects of 
gravity the galaxies then drew together 
to form clusters and superclusters. 

The top-down theory, first advanced 
by the Russian astronomer Yakov B. 
Zel'dovich, assumes that during its first 
100,000 years the universe consisted of 
a different kind of gaseous soup, one 
that was hot and inhomogeneous. One 
version of the theory suggests that af­
ter 100,000 years dark matter in the 
form of neutrinos, which had been 
traveling at relativistic speeds, began 
to slow to subrelativistic speeds. As 
they did so, gravitational force drew 
them to high-density regions of radia­
tion and elementary particles. These 
regions began to collapse and form 
vast, very thin, pancakelike clouds 
of gas surrounded by large voids. As 
gravitational condensation began, the 
disks attracted luminous matter as 
well; they therefore consisted mostly 
of dark matter, surrounded by rela­
tively small amounts of luminous mat­
ter. As the disks intersected one an­
other, long filaments took shape and 
galaxies began to condense. The su­
percluster resembles the kind of struc­
ture such top-down evolution would 
produce. 

Further study of the gravitational 
forces within the supercluster may 
help to resolve the question of the fate 
of the universe. Again two theories are 
considered. According to one view, the 
universe is open and will continue to 
expand, so that the matter at its edge 
will travel outward forever. The oth­
er theory holds that the universe is 
closed, so that gravity will ultimately 
halt and perhaps reverse the expan­
sion. If this is to happen, the total 
amount of matter in the universe must 
be at least equal to a critical density; 
otherwise gravitational forces would 
not be able to overcome recession ve­
locities. In the universe as a whole, 
however, as in the newly observed su­
percluster, the density of visible matter 
is far below the critical level. 

The discovery of the supercluster 
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therefore raises an interesting possibil­
ity. The universe may contain many 
such structures, formed according to 
the top-down model, that contain far 
more dark matter than visible matter. 
Such vast inhomogeneities, scattered 
through space, could exert enough 
gravitational force to close the uni­
verse by halting the recession of matter 
at its edge. 

Superatom 

Aresearch team headed by Herbert 
Rinneberg of the Free University 

of Berlin has produced what may be 
the largest atom ever observed in the 
laboratory. The atom has an effective 
diameter of about a hundredth of a 
millimeter, which makes it 100,000 
times as large as "normal" atoms are 
in their low-energy state. 

The effective diameter of an atom is 
determined by the radius of the outer­
most electron's orbit around the nucle­
us. Since the orbital radius of an elec­
tron is a function of its energy, an atom 
can be made larger by exciting its elec­
trons: imparting energy to them. 

The measurement of atomic size is 
inherently fuzzy. Quantum theory at­
tributes diffuse, wavelike properties 
to the electron that are incompatible 
with the notion of a fixed orbital radi­
us. An electron's position with respect 
to the nucleus can nevertheless be ex­
pressed as a probability defined by a 
set of quantum numbers. The princi­
pal quantum number, designated n, 

provides a good basis for calculating 
an orbital radius. High values of n cor­
respond to high energy levels. 

Any atom whose outermost electron 
has been excited to a value of n a few 
times greater than normal is generally 
called a Rydberg atom, after the Swed­
ish physicist Johannes Rydberg. A 
Rydberg atom is hard to produce be­
cause an electron sufficiently excited to 
occupy a high n level is close to hav­
ing enough energy to escape from the 
atom. Furthermore, a Rydberg atom 
is fragile. It can easily be distorted 
or even ionized by weak, stray electro­
magnetic fluctuations and collisions 
with other atoms. 

In Physical Review Letters the investi­
gators reported that they were able to 
overcome these difficulties by illumi­
nating a weak beam of atoms directed 
into an evacuated, shielded chamber 
with light from a pair of tunable lasers. 
One laser emitted light at a frequency 
corresponding to the energy necessary 
to shift the electron to a higher, inter­
mediate state; the other laser supplied 
the exact energy necessary to boost the 
electron to its final, record-setting lev­
el: an n of 290. 

By subjecting such highly excited at-

oms to steady electric and magnetic 
fields, the finer energy states of an elec­
tron, which are usually indistinct in 
normal atoms, can be more easily dis­
tinguished. Study of such energy spec­
tra increases the knowledge of the 
quantum states of atoms. 

Although Rinneberg and his col­
leagues may have set a world's record, 
it is not likely that n levels as high as 
732, which have recently been detect­
ed in the depths of interstellar space, 
will ever be equaled in a laboratory. 
The extremely low atomic and electro­
magnetic densities necessary to sustain 
such atoms are virtually irreproduci­
ble on the earth. 

Peeled Onion 

In the nearby galaxy NGC 4618 as­
tronomers have detected a new type 

of supernova with a spectrum unlike 
that of any astronomical object ever 
observed. The spectrum suggests the 
object is an exploding star whose mat­
ter had been separated into onionlike 
layers of progressively heavier ele­
ments just before the explosion. Such 
layering is characteristic of massive 
stars that become so-called Type II su­
pernovas. The new object, however, 
somehow lost the usual outer layers of 
hydrogen and helium before becoming 
a supernova. 

Alexei V. Filippenko of the Univer­
sity of California at Berkeley and Wal­
lace L. W. Sargent of the California 
Institute of Technology discovered the 
new supernova during a spectroscopic 
survey of the nuclei of nearby galaxies 
with the 200-inch telescope on Palo­
mar Mountain. The object's spectrum 
has been broadened by Doppler shift­
ing to an extent indicating that matter 
is rushing outward from the center at 
5,000 kilometers per second. 

What kind of process could lead to 

such apparently violent events? All su­
pernovas studied seem to be a rare out­
come of the competition between the 
compression of gravity and the pres­
sure generated by the heat of nuclear 
burning, a struggle that constitutes the 
evolution of a star. For most of its life 
a star burns hydrogen in its core, con­
verting the element in a series of fusion 
reactions into helium. As the helium 
accumulates, gravity keeps compress­
ing it. The temperature rises in the he­
lium core, and the helium is burned to 
form an inner core of carbon. 

In smaller stars the process can cease 
with the formation of a carbon-and­
oxygen core or at an even earlier,stage. 
A small, dying star with a carbon-and­
oxygen core in a binary-star system 
can then capture matter from its com­
panion, whereupon the core is ignited. 
The core burns outward in a wave 
that destroys the star; this process is 
thought to give rise to the so-called 
Type I supernovas. 

In the largest stars the process of 
stellar contraction and the burning of 
progressively heavier nuclear fuels is 
repeated many times, forming concen­
tric shells of hydrogen, helium, car­
bon, neon, oxygen, sulfur and silicon 
that envelop a central core of iron. 
When the iron core is formed, nuclear 
burning can no longer resist gravita­
tional compression because iron is the 
most strongly bound of all atomic nu­
clei. Further fusion would absorb en­
ergy instead of releasing it. The core 
begins to collapse, and if its mass ex­
ceeds a certain critical value, even the 
electrons in the core cannot resist the 
gravitational squeeze. In a few milli­
seconds the collapse reaches the densi­
ty of nuclear matter; in fact, the mo­
mentum drives the density somewhat 
beyond that limit. The core rebounds 
from the compression, sending out 
shock waves that disrupt the star in the 

The galaxy NGC 4618 before (left) and after (right) the explosion of a new type of supernova 
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cataclysmic explosion observable as a 
Type II supernova. 

According to Filippenko and Sar­
gent, the newly discovered object may 
have exploded as recently as early this 
year, probably through the mechanism 
responsible for Type II supernovas. 
If the explosion was that recent, the 
object never attained the maximum 
brightness of an ordinary supernova. 
Instead it might match the theoretical 
description of a "peeled" supernova 
given a decade ago by Roger A. Che­
valier, who is now at the University of 
Virginia. In Chevalier's theory a star 
that had lost its outer layers would be­
come a somewhat weaker and there­
fore dimmer supernova because of its 
smaller size. 

The proved existence of peeled su­
pernovas would account for several 
oxygen-rich supernova remnants that 
have puzzled astronomers in recent 
years. For example, in 1954 filaments 
of oxygen were found in a radio survey 
of the Milky Way, in the constellation 
Cassiopeia, which suggested they were 
spewed out by a supernova. The dy­
namics of the expanding gases indicate 
the supernova exploded in 1665, but 
there are no historical records of any 
dramatic stellar brightening in that 
year. The relatively dim explosion of 
a peeled supernova with an outer lay­
er of oxygen would explain both the 
filaments and the lacuna in the his­
torical record. 

Now Hear This 
\ 

Measurements of sensitivity in the 
inner ear of animals, made at the 

very threshold of hearing, suggest that 
the stereocilia, the microscopic hair­
like projections through which special­
ized receptor cells sense mechanical 
vibration, can detect displacements as 
infinitesimal as a billionth of a centi­
meter. The energy of a barely percepti­
ble sound signal (after being damp­
ened from acoustic into mechanical 
energy by the eardrum and passed on 
by way of the small bones of the mid­
dle ear to the cochlear fluid in the inner 
ear) is therefore only a billionth of a 
billionth of a watt. 

William Bialek and Allan Schweit­
zer point out in Physical Review Letters 
that this means the minute forces act­
ing on the stereocilia are on the order 
of "quantum noise": the irreducible 
uncertainty in the precision of any 
measurement at the quantum level 
that results from the interaction of the 
measuring system with the quantity 
measured. This ever present noise is 
normally not noticed, even by the most 
sensitive detectors (unless they are cry­
ogenically cooled), since it is drowned 
out by another type of background 
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noise called thermal noise. Thermal 
noise in this particular case is the ran­
dom molecular motion caused by heat; 
the higher the temperature is, the more 
energetically molecules move and vi­
brate and hence the greater the ther­
mal noise is. 

Straightforward calculation of the 
comparative energies associated with 
these different noises at the tempera­
ture found in the inner ear leads to the 
paradoxical conclusion that the ther­
mal noise is roughly 10 billion times 
"louder" than quantum noise. How 
can the cilia possibly operate at sensi­
tivities close to the level of quantum 
noise amid the din of thermal noise? 

Granting that the ear's receptor cells 
do indeed detect forces comparable to 
the quantum-noise limit, Bialek and 
Schweitzer offer a striking hypothesis: 
Since a detector in thermodynamic 
equilibrium with the system it is meas­
uring can discern only signals with 
energies above the background ther­
mal-noise level set by the system's 
temperature, the stereocilia cannot be 
in equilibrium with their body-tem­
perature surroundings. Some kind of 
amplified feedback mechanism must 
keep the cilia from assuming a state 
of equilibrium by inducing them to vi­
brate in a way that counteracts any 
thermally induced motion. Such a sys­
tem could effectively exhibit the same 
characteristics it would exhibit in a 
state of equilibrium at absolute zero 
(the absence of any thermal noise) and 
be able to pick up signals approaching 
the level of quantum noise. 

The investigators show that such a 
system is theoretically possible only if 
the vibrational modes fed back to the 
stereocilia to actively cancel the effect 
of thermal noise are coherently added 
to achieve the required amplification. 
Amplification through the stimulation 
of coherent energy modes is a familiar 
principle: it is essentially the same 
principle by which lasers amplify light. 
It is interesting to note that the idea 
that the inner ear might make use of 
such active mechanical filtering can be 
traced to a 1948 paper by the wide­
ranging theorist Thomas Gold of Cor­
nell University. 

Prim e Choice 

Consider the number made up of 
1,031 consecutive l's. Is it a prime 

number? It is, according to Hugh C. 
Williams of the University of Mani­
toba and Harvey Dubner of Dubner 
Computer Systems, Inc. 

A number is prime if it can be exact­
ly divided only by itself and by 1. The 
number 11, for example, is prime. It is 
also the first member of a special set of 
prime numbers; the rep-unit primes. A 

rep-unit, designated Rn, is an n-digit 
number made up entirely of l's. Thus 
11 can be labeled R2, and the afore­
mentioned 1,031-digit rep-unit can be 
written R1,031' 

R1,031 is the fifth of the known rep­
unit primes. Other than R2 and R1,03b 
the members of the set are R19, R23 and 
R317. The last of these three numbers 
was shown to be a prime by Williams 
about seven years ago; R23 was proved 
to be a prime in 1929. Dubner has 
also shown that if there is another 
rep-unit prime, it must be greater 
than R 10 000· 

Why has it taken so long to identify 
only five of these primes from the infi­
nitely large set of rep units? Determin­
ing the primality of a small number 
such as R2 is a trivial procedure. One 
could simply divide 11 by every natu­
ral number between 1 and 11; if 11 
were to divide evenly, it would not be a 
prime. Of course, effort could be saved 
by noting that no even number can be a 
factor of 11. It would be more elegant 
(and still more efficient) to test only the 
odd integers between 1 and the square 
root of 11. That test is sufficient be­
cause the process of division always 
yields a pair of factors: one that is less 
than or equal to the square root of the 
dividend and one that is greater than 
or equal to it. 

For numbers consisting of many 
more than two digits trial division is 
expedient only with the aid of a com­
puter. If a potential prime number has 
1,000 digits or more, however, even 
large computers can be overtaxed in 
trying to determine the number's pri­
mality by trial division. It would take 
the most powerful computer, guided 
by the most sophisticated algorithms, 
much longer than the generally ac­
cepted life expectancy of the universe 
to prove by factoring that the largest 
prime known, the 40,000-digit number 
2132 ,049 

- 1, is indeed prime. 
Fortunately for Williams and Dub­

ner other methods of proof are avail­
able. Williams first had reason to sus­
pect that R1,031 was prime in 1979, 
when he and a graduate student, Eric 
Seah, employed a pseudoprimality 
test. This approach is based on the 
work of the 17th-century mathemati­
cian Pierre de Fermat. If a candidate 
prime fails this relatively simple test, 
the number is definitely not prime. Un­
fortunately the converse is not true. To 
prove that R1,031 is prime Williams 
had to call on Dubner to implement 
ad hoc primality-testing techniques 
based on finding a certain number 
of factors, not of R1031 itself but of 
numbers derived fro� R1031 such as 
R1031 - 1 or R1031 + 1. Although this 
"i�direct" factoring of a large prime 
number requires much less time than 
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trying to factor the number itself, the 
investigators say that about 20 com­
puter days' work and "a bit of luck" 
were needed. 

Williams and Dubner concede that 
knowing R1,031 is prime is probably not 
of much practical use. Nevertheless, 
they note that the quest for primes 
challenges number theorists to devel­
op new primality tests and computer 
scientists to develop faster computers 
and factoring algorithms. 

Epidemic of Violence 

In 1960 the murder rate in the U.S. 
was five per 100,000 individuals per 

year-five times the rate in 19 other 
developed countries. By 1980 the U. S. 
rate had doubled, whereas in the other 
countries it remained at or near one 
per 100,000. Clearly personal violence 
of all kinds, including suicide, has be­
come a major cause of death and inju­
ry in the U. S. , comparable with deaths 
from motor vehicle accidents and 
pneumonia or influenza. Actually vio­
lent death (including accidents) is the 
leading cause of death in the age group 
from 15 through 24. "Here's a country 
that's having an epidemic," says Louis 
J. West of the University of California 
at Los Angeles School of Medicine. "If 
you had morbidity and mortality rates 
like that from any infectious disease," 
West says, "there would be millions of 
dollars spent on it." 

The Federal Government agrees, at 
least in principle. C. Everett Koop, the 
surgeon general of the U. S. , will on 
October 27 convene a workshop on vi­
olence. The U.S. Public Health Service 
has established a Violence Epidemi­
ology Branch at its Centers for Dis­
ease Control in Atlanta. The branch is 
studying homicide and suicide as well 
as rape and other sexual abuse, domes­
tic violence and child abuse. West be­
lieves the study will be difficult be­
cause of emotional attitudes that he 
thinks may be unique to the U. S. "It's 
as though the coin that says 'violence' 
on one side says 'control' on the other; 
as though people believe that trying to 
prevent or even study violence would 
necessitate controlling society. Per­
haps Americans believe violence is 
part of the price we pay for freedom." 

A frequent finding is that people 
who were abused as children often are 
violent as adults. Such a finding was 
reported last year by an American Psy­
chological Association task force that 
studied victims of violence. Morton 
Bard, the chairman of the task force, 
said the finding suggests "wide-scale 
intervention to try to identify and re­
duce violent acts against children." 
Investigators discussing personal vio­
lence at length in the Journal of the 

American Medical Association envision 
a role for physicians in combating ag­
gressiveness. Physicians often see vic­
tims of violence, and they could seek 
to treat the aggressors, particularly 
within a family. 

Moving Target 

Workers attempting to make a vac­
cine against the HTL V -III virus, 

which causes the acquired immune de­
ficiency syndrome (AIDS), may have 
to take aim at a moving target. A group 
led by Flossie Wong-Staal in Robert 
C. Gallo's laboratory at the National 
Cancer Institute reports in Science that 
the viral DNA differs from patient to 
patient, probably because the virus un­
dergoes steady genetic change. 

The NCI investigators examined the 
genetic material of viruses isolated 
from 18 infected individuals, one of 
them clinically healthy and the others 
suffering from AIDS or the cluster 
of symptoms known as AIDS-related 
complex. They gauged the genetic di­
versity of the viruses by digesting their 
DNA with restriction enzymes. A re­
striction enzyme cleaves a strand of 
DNA within a specific sequence of nu­
cleotide base pairs, the subunits of the 
DNA molecule. The extent of differ­
ence in the sites at which a set of en­
zymes cleave various DNA's there­
fore serves as an index of the amount 
of difference in the DNA sequences 
and hence of genetic disparity. 

Each of the 18 viruses was found 
to have a different restriction-enzyme 
pattern. The extent of variation be­
tween pairs of isolates ranged from 
one restriction site out of 23 sites to 16 
out of 31. Viruses isolated at the same 
time from patients in the same city 
exhibited the smallest degree of di­
vergence; the divergence was greatest 
when the patients' geographic origins 
were different and the viral strains pre­
sumably had been separated for some 
time. Apparently it is progressive ge­
neti� change over time that causes the 
divergence. Wong-Staal's group found 
no correlation between particular re­
striction-enzyme patterns and the var­
ious clinical manifestations of AIDS. 

Reports from several laboratories 
suggest that the genetic variation in 
HTLV-III takes place primarily in the 
env gene: the stretch of DNA coding 
for the virus's protein envelope. That is 
particularly bad news for designers of 
a vaccine, which would presumably be 
aimed at stimulating antibodies direct­
ed against the envelope. On the other 
hand, there are indications that specific 
small regions of the envelope may be 
highly conserved, so that they are es­
sentially the same even in genetically 
different forms of the virus. Such re-

gions may eventually provide suitable 
targets for an effective vaccine. 

Genetic Fingerprints 

Biotechnology has made contribu­
tions to many fields, from animal 

husbandry to pharmacology. Law en­
forcement may be the next beneficiary. 
A group of British researchers has 
found that the characteristics of par­
ticular segments of human DNA are 
so individually specific that records 
made from it can serve as fingerprints. 

A. J. Jeffreys and V. Wilson of the 
University of Leicester and S. L. Thein 
of John Radcliffe Hospital in Oxford 
write in Nature that they worked with 
DNA from a variety of human tissues, 
including placentas, blood cells and 
spermatozoa. They isolated three seg­
ments of what is known as repetitive 
DNA. Such segments do not code for 
a protein, and the ones isolated by 
the British workers were found to be 
unique and unduplicated unless an in­
dividual has a monozygotic sibling 
(identical twin). 

The investigators fragmented the 
specific DNA segments with restric­
tion enzymes and separated the frag­
ments by electrophoresis, a process in 
which particles are placed in a gel and 
subjected to an applied electric field. 
Dissimilarities in DNA sequences lead 
to differences in restriction sites and 
thus to differences in the lengths of 
fragments. Since the migration of the 
fragments depends on their size, an 
electrophoretogram, or record of the 
process, serves as a fingerprint of 
the DNA. 

New Diagnostic Twist 

Anew kind of clinical diagnostic tool 
has been approved by the Food 

and Drug Administration. It is a DNA 
probe designed to recognize the pres­
ence in a patient of any one of the 22 
species of the bacterial genus Legion­
ella, the agents of various pneumonias 
of which the best-known is Legion­
naires' disease. The probe is likely to 
be the forerunner of a series of such 
tools for identifying a wide range of 
bacterial agents. 

Until fairly recently a clinician was 
able to confirm the diagnosis of an in­
fectious disease only by having the 
agent cultured on various selective me­
dia and then stained and tested to re­
veal its identity. Within the past 20 
years more sophisticated immunologi­
cal methods have been developed, in­
cluding fluor

'
escence microscopy, ra­

dioimmunoassay and monoclonal-an­
tibody assays. DNA probes, which are 
an outgrowth of recent recombinant­
DNA technology, should be equally 
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sensitive and significantly faster and 
more convenient. 

A DNA probe relies on molecular 
hybridization. When strands of the ge­
netic material are mixed with other 
DNA's (or with the similar nucleic 
acid RNA), they hybridize with (bind 
to) strands that have a complementary 
sequence of nucleotide bases. To make 
a probe for a particular agent, work­
ers isolate and amplify an appropriate 
segment of the organism's DNA by 
cloning in bacterial cells. The cloned 
DNA is denatured to make a single­
strand probe, which is labeled with a 
radioactive isotope. When the probe is 
applied to a culture of material taken 
from a patient, it hybridizes with com­
plementary strands. The fact of hy­
bridization, which indicates that the 
organism cultured from the patient is 
indeed the organism that supplied the 
probe, can be revealed by autoradiog­
raphy or other techniques. 

The Legionella probe now cleared 
for commercial distribution is made 
by Gen-Probe. It represents a new 
twist on probe technology. Instead of 
seeking out the DNA of the organism's 
genes (or the messenger RNA tran­
scribed from a gene), it is specific for 
a sequence of Legionella ribosomal 
RNA: an RNA that combines with 
proteins to form the organelles called 
ribosomes, on which proteins are syn­
thesized in a cell. The major advantage 
of such a probe is that there are thou­
sands of copies of each ribosomal 
RN A in a cell. The increase in the size 
of the probe's target increases the 
probe's sensitivity. Moreover, certain 
ribosomal-RNA sequences are "highly 
conserved," or essentially the same, in 
many different species of a bacterial 
genus. This makes it possible, for ex­
ample, for one Legionella probe to 
detect 22 species. Gen-Probe expects 
soon to market a version of the probe 
that will not require culturing at all; it 
will detect the bacterial RNA directly 
in a sample of the patient's sputum. 

In Chains? 

For-profit corporations own nearly 
10 percent of the hospital beds in 

the U.S. These chains are now expand­
ing in a direction that intensifies the 
question of their impact on health 
care: several chains have recently 
bought teaching hospitals, traditional 
centers of open academic research and 
charity care. The for-profit corpora­
tions often pay two or three times as 
much per bed for a teaching hospital as 
they pay for other hospitals. 

Teaching hospitals are relatively ex­
pensive to operate. A major share of 
their expenditures is devoted to man­
aging extreme illness, providing free 
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care for the indigent and conducting 
education programs for medical stu­
dents, residents and postdoctoral fel­
lows. Why would a for-profit chain 
pay a premium to acquire such an in­
stitution? Michael D. Bromberg, ex­
ecutive director of the Federation of 
American Hospitals (an organization 
of investor-owned hospitals and hos­
pital companies), replies that teaching 
hospitals are generally among the 
best ones, and "to survive in what is 
turning into a brand-name era of cor­
porate medicine, a company must 
prove it can deliver quality care." 

Apparently teaching hospitals are 
to serve as flagships for vertically in­
tegrated health-care systems: a single 
company might own several commu­
nity hospitals, a large teaching hospi­
tal, a primary-care clinic and an insur­
ance company. Patients covered by the 
insurance company would be direct­
ed to the primary-care clinic, and se­
verely ill patients would be referred 
by the clinic to one of the parent 
company's community hospitals or to 
its teaching hospital. 

To its for-profit owner a teaching 
hospital is more than a tangible sym­
bol of quality. Gerard F. Anderson 
and his colleagues at the Johns Hop­
kins Center for Hospital Finance and 
Management write in the New England 
Journal 0/ Medicine that although the 
teaching hospitals bought so far have 
had higher costs than community hos­
pitals, they have also had higher reve­
nues. A financially sound teaching 
hospital therefore "can add substan­
tial earnings to [a] company's bottom 
line." The Johns Hopkins workers 
point out that the stock of investor­
owned hospital chains did well 
through the late 1970's and early 
1980's largely because earnings grew 
consistently. For-profit management 
is generally no more efficient than not­
for-profit management, they main­
tain; most of the growth in earnings 
was the result of new acquisitions. 

By owning a teaching hospital and 
its research facilities a company can 
encourage the development of profit­
able drugs and technologies, and it 
may be in a better position than other 
companies to benefit from them. And 
the research activities, which may con­
fer public-relations benefits, are most 
often financed by outside sources. 

Access to funds is a major reason the 
trustees of a teaching hospital sell to a 
for-profit chain. Traditional sources of 
money are disappearing: direct Gov­
ernment funding has been cut back, 
philanthropy provides a smaller frac­
tion of hospitals' operating costs, and 
new tax laws may prevent nonprofit 
hospitals from issuing tax-free bonds. 
Teaching hospitals are also being 

forced to compete with less expen­
sive community hospitals for patients 
referred by health-maintenance or­
ganizations and "preferred provider" 
arrangements. 

Some hospital trustees worry that 
teaching hospitals will not be able to 
meet their full societal obligations 
once they have become divisions of a 
corporation; revenues devoted to divi­
dends cannot finance teaching and in­
digent care, and what is best for a hos­
pital's profit margin may not be best 
for the community it serves. 

To ensure that their institutions re­
main centers of teaching, research, 
charity care and care for the severely 
ill, hospital trustees have used the pro­
ceeds of the sale of teaching hospitals 
to endow special foundations. The en­
dowments can be sizable. For exam­
ple, the Wesley Medical Center of 
Wichita, which is affiliated with the 
University of Kansas, was bought by 
the Hospital Corporation of America 
for $265 million (more than $348,000 
per bed), $170 million of which went 
to endow a foundation. 

Anderson and his colleagues note 
that even such large endowments may 
be inadequate. They modeled the fu­
ture income and the expenditures for 
community service, teaching and re­
search of a medium-size teaching 
hospital supported by a $170 million 
foundation. They determined that the 
foundation would become insolvent 
by the year 2002 in the absence of sup­
port for the research and teaching pro­
gram from the for-profit owner. 

Some critics reject out of hand the 
profit setting for medical education 
and research. Bromberg replies that 
"many of these critics are more wor­
ried about turf and power than about. 
the issues. Clearly you have a medical 
elite in this country, and they are based 
in the teaching hospitals." He says 
much of the resistance to investor 
ownership has come from those who 
see it as a threat to their own positions 
of authority. "Where else," Bromberg 
asks, "is the money for hospital refi­
nancing going to come from? " 

Critics respond that ethical issues 
are as important as issues of finance. 
John E. Curley, Jr. , president of the 
Catholic Health Association, recalls 
that the association terminated the 
membership of St. Joseph Hospital of 
Omaha after the hospital was bought 
by American Medical International. 
He says the ethical values of Catholic 
health care "cannot be properly im­
parted within a context focused prima­
rily on profit." And he asks, "Is health 
care a business that makes a profit 
by providing a service, or is health 
care a service that makes a profit to 
stay in business? " 
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SUN, SAFETY AND THE VOLUNTEERS. At a moment's notice, Jackie 
West is ready to trade his Sun safety helmet for that of a fire captain. He's just 
one of the Sun people from our Marcus Hook, Pennsylvania, refinery who 
serve their local communities as volunteer firefighters. 

As Jackie can tell you, the safety training they get while producing millions 
of gallons of Sunoco gasoline each day makes them experts at fire prevention. 

"At the refinery, one of our most important jobs is safety. We train and drill 
regularly. I n fact, Sun sends some of us to special firefighting schools. 

"It's only natural that we use this experience to serve our families, friends 
and neighbors." 

At Sun, we think putting our energy back into the community is just as 
important as getting it out. 

WlNERETHERE'S n 

THERE'S ENERGY. 
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Proteins 
Proteins are the molecules encoded by genes. The proteins in turn 

give rise to structure and, by virtue of their selective binding 

to other molecules, make genes and all the other machinery of life 

If DNA is the blueprint of life, then 
proteins are the bricks and mortar. 
Indeed, they serve also as the jigs 

and tools needed in the assembly of 
a cell or an organism, and they even 
play the role of the builders who car­
ry out the work of assembly. Your 
genes supply the information, but you 
are your proteins. 

Like DNA, a protein is a linear pol­
ymer: a chain of subunits linked in 
a continuous sequence. In other re­
spects, however, the two kinds of 
molecule are quite different. Roughly 
speaking, all DNA molecules are alike 
in overall structure, and they all have 
the same function (that of a genetic 
archive). Proteins, in contrast, fold up 
into a remarkable diversity of three­
dimensional forms, which give them 
a corresponding variety of functions. 
They serve as structural components, 
as messengers and the receptors of 
messengers, as markers of individual 
identity and as weapons that attack 
cells bearing foreign markers. Some 
proteins bind to DNA and thereby reg­
ulate the expression of genes; others 
take part in the replication, transcrip­
tion and translation of genetic infor­
mation. Perhaps the most important 
proteins are the enzymes, the catalysts 
that determine the pace and the course 
of all biochemistry. 

In the study of proteins a major aim 
has been to decipher their structure 
and so learn how they work. A com­
plete structural analysis is a laborious 
undertaking, and up to now biochem­
ists have gained a thorough under­
standing of only a small fraction of the 
known proteins. Nevertheless, some 
general principles have emerged; sub­
structures that are common to diverse 
proteins, and that probably have simi­
lar functions in many of them, can 
now be recognized. Of equal interest is 
the question of how the thousands of 
proteins in a typical organism have 
evolved and diversified. The presence 
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by Russell F. Doolittle 

of shared substructures implies a com­
plex evolution. It is not simply a mat­
ter of one protein's being modified 
and thus giving rise to another; rather, 
fragments of genetic information must 
somehow be exchanged and then ex­
pressed in many proteins. 

Through all the functional diversity 
of proteins there runs a common 

thread: for the most part, proteins 
work by selectively binding to mole­
cules. In the case of a structural pro­
tein the binding often links identical 
molecules, so that many copies of the 
same protein aggregate to form a larg­
er-scale structure such as a fiber, a 
sheet or a tubule. Other proteins have 
an affinity for a molecule different 
from themselves. Antibodies, for ex­
ample, bind to specific antigens; hemo­
globin binds to oxygen in the lungs and 
then releases it in distant tissues; regu­
lators of genetic expression bind to 
specific patterns of nucleotide bases in 
DNA. Receptor proteins embedded in 
the cell membrane recognize messen­
ger molecules (such as hormones and 
neurotransmitters), which may them­
selves be proteins that have a specific 
affinity for the receptors. Virtually all 
the activities of proteins can be under­
stood in terms of such selective chem­
ical binding. 

The binding of a protein to the mole-

cule it recognizes is not fixed or perma­
nent. It is governed by a dynamic equi­
librium, in which molecules are con­
tinually being bound and released. At 
any instant the percentage of bound 
molecules depends on the relative 
amounts of the two substances present 
and on the strength of the association 
between them. The binding strength 
depends in turn on how well the mol­
ecules fit together geometrically and 
on specific local interactions, such as 
electrostatic attraction or repulsion 
between charged regions. 

Enzymes, in this respect, are much 
like other proteins. An enzyme recog­
nizes a specific molecule (called the 
substrate) and binds to it in dynamic 
equilibrium; what distinguishes an en­
zyme is that it can bring about some 
chemical change in the bound sub­
strate. The change generally entails 
the forming or breaking of a covalent 
chemical bond: the substrate may be 
split into two pieces, a chemical group 
may be added or the pattern of the 
bonds in the substrate may simply be 
rearranged. 

The mechanism of enzyme action 
can be viewed as having three stages. 
First the enzyme binds to the substrate, 
then the chemical reaction takes place 
and finally the altered substrate is re­
leased. All three steps are reversible. If 
an enzyme binds to molecule X and 

PROTEIN BINDING SITE is emblematic of the principal mechanism by which proteins 
do the work of biochemistry: by forming a close but generally short-lived association with 
another molecule. The protein is alcohol dehydrogenase, an enzyme in the liver that con­
verts ethyl alcohol into acetaldehyde. Carbon atoms in the protein structure are white, oxy­
gen atoms red and nitrogen atoms blue. The atoms shown in purple make up a molecule of 
nicotinamide adenine dinucleotide (NAD), a coenzyme that takes part in the catalyzed re­
action by receiving a hydrogen ion removed from an alcohol molecule. (The alcohol is bound 
to a site elsewhere on the protein.) The NAD molecule fits precisely into a cleft on the pro­
tein surface and is held there by electrostatic attraction. Many proteins that bind to NAD 
and related coenzymes include a domain of similar structure. It is called the mononucleotide 
fold and may be one of the most ancient structural units in the evolution of proteins. This 
computer-generated image and the ones on pages 94 and 95 were made by Jane M. Bur­
ridge of the U.K. Scientific Centre of the International Business Machines Corporation. 
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converts it into molecule y, the same 
enzyme can also bind to Yand change 
it back into X. Indeed, there are many 
possible reaction paths. A molecule of 
either X or Y could be bound but re­
leased before any change took place, 
or a molecule of X could be converted 
into Y and then changed back into X 
before it was released, and so on. 

It should be emphasized that the en­
zyme itself does not determine the di­
rection of the reaction. The proportion 
of X and Y at equilibrium depends on 
thermodynamic considerations; the fa­
vored proportion is the one that mini­
mizes the quantity called free energy. 
(Roughly speaking, the free energy of 
a system is equal to its energy minus 
its entropy, or disorder.) The enzyme 

merely hastens the attainment of equi­
librium. Nevertheless, an enzyme can 
effectively control the course of a bio­
chemical process. In the absence of an 
enzyme most biochemical reactions 
are extremely sluggish; the appropri­
ate enzyme can speed them up by a 
factor of a million or more. Although 
the enzyme has no influence on wheth­
er more X is converted into Yor vice 
versa, it determines whether or not the 
conversion takes place at all. 

An enzyme speeds a reaction by 
£\. lowering an energy barrier. Even 
when a reaction is thermodynamical­
ly favorable-when the products have 
a lower free energy than the reactants­
there may be an intermediate state 

with a higher free energy. The enzyme 
tends to smooth this hump in the reac­
tion path. The mechanism varies from 
case to case. Some enzymes merely 
provide an environment different from 
that of the aqueous medium, or they 
bring the reactants into close contact. 
Other enzymes take a more active role 
by adding or subtracting a proton, by 
straining bonds in the substrate mole­
cule or even by forming transient co­
valent bonds between the substrate 
and some part of the enzyme itself. 
Certain enzymes are helped by the ac­
cessory molecules called coenzymes. 
The coenzyme binds to a specific site 
on the protein and provides chemical 
functions that are not available in the 
enzyme itself. 
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More than 2,000 enzymes have 
been identified on the basis of the 
chemical reactions they catalyze. All 
these proteins must be structurally 
distinct; in other words, proteins must 
come in at least 2,000 forms capable of 
recognizing specific molecules. How 
are these diverse structures generated? 
The "alphabet" from which proteins 
are made consists of the 20 amino ac­
ids that can be specified in the genet-

C 
Cys �E 

lie 
ISOLEUCINE 

P 

M 
Met 

METHIONINE 

ic code; every protein is a sequence of 
amino acids drawn from this alphabet. 
The physical and chemical properties 
of a protein molecule depend on how 
the chain of amino acids folds up in 
three-dimensional space. 

All the information needed to define 
the three-dimensional structure of a 
protein is inherent in the amino acid 
sequence. As the chain is constructed 
on the ribosome, it folds up in the way 

W 
Trp 

TRYPTOPHAN 

S 
Ser 

SERINE 

His 
HISTIDINE 

that minimizes the free energy; in other 
words, the chain assumes its "most 
comfortable" configuration. In princi­
ple, if one knew all the forces acting on 
the thousands of atoms in the protein 
and on the surrounding solvent mole­
cules, one could predict the three-di­
mensional structure from knowledge 
of the sequence alone. Such a calcula­
tion is not now feasible. 

The 20 amino acids are all built on a 

D 
Asp 

ASPARTATE 

6) 

N 

\ 

E 
Glu 

GLUTAMATE 

K 
o Lys 

LYSINE 

TWENTY AMINO ACIDS specified in the genetic code are the 
basic components of all proteins. Here the amino acids are shown 
joined head to tail to form a ring (which is not the structure of any 
real protein); their three-letter aud one-letter abbreviations are in­
dicated. The arrangement places amiuo acids that have similar 
chemical properties near one another in the ring. Au approximate 
classification in five groups is based ou the size of the amino acid's 

side chain and on the degree to which it is polarized. (A polar mole­
cule has separated regions of positive aud negative electric charge.) 
These factors have a major influeuce ou the folding of a protein. 
In the evolution of a protein a mutant form is more likely to be 
accepted if an amino acid is replaced by one that has similar pro­
perties-by oue found nearby in the ring. The ring is similar to one 
proposed by Rosemarie M. Swansou of Texas A&M University. 
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common foundation. They have an 
amino group (NH2) at one end and a 
carboxylic acid group (COOH) at the 
other end; both groups are attached to 
a central carbon atom called the alpha 
carbon. Also attached to the alpha car­
bon are a hydrogen atom and a fourth 
group called the side chain. It is only in 
the nature of the side chain that the 
amino acids differ from one another. 

The backbone of the protein is built 
by linking amino acids head to tail: the 
amino group of one unit is joined to 
the carboxyl group of the next. The 
fusion is accomplished by removing a 
molecule of water, leaving the struc­
ture -CO-NH-. The carbon-nitrogen 
linkage created in this way is called a 
peptide bond, and the protein chain is 
referred to as a polypeptide. 

The properties of the peptide bond 
impose certain constraints on the fold­
ing of the protein. Electrons are shared 
among the oxygen, carbon and nitro­
gen atoms in a way that gives the bond 
torsional stiffness; it resists rotation 
about its axis. As a result each peptide­
bond unit lies in a plane, and the chain 
must fold almost entirely through ro­
tations of the alpha-carbon bonds. The 
polypeptide backbone is not so much 
a flexible string of beads as it is an 
articulated chain of flat plates. 

The main influence on protein fold­
ing comes from the properties of 

the side chains. Interactions of one side 
chain with another and with molecules 
in the medium can force the polypep­
tide to fold up into a compact globule 
with a specific, stable shape. 

Some of the amino acids are polar 
molecules: although they are electri­
cally neutral overall, they have local­
ized concentrations of positive and 
negative charge. The polarization re­
sults from the presence of oxygen or 
nitrogen atoms, which have a strong 
affinity for electrons. A few of the ami­
no acids not only are polar but also 
carry a net electric charge; in other 
words, they are ionized under physio­
logical conditions. Other side chains 
(generally those made up exclusively 
of carbon and hydrogen) are nonpolar. 
There is a strong tendency for the po­
lar side chains to seek a polar environ­
ment and for the nonpolar ones to be 
segregated in nonpolar areas. Water, 
the medium in which most proteins 
are immersed, is a strongly polar sub­
stance. When a polar or charged side 
chain projects into the aqueous envi­
ronment, the water molecules assume 
an orderly arrangement. A nonpolar 
side chain in water disrupts this align­
ment of charges. 

The chief consequence of these in­
teractions is that a protein chain tends 
to fold so that polar side chains are on 

SIDE CHAIN 

SIDE CHAIN SIDE CHAIN 

STRUCTURE OF AMINO ACIDS constrains protein folding. In an isolated amino acid 
four chemical groups are attached to the central, or alpha, carbon atom: an amino group 
(NH3), a carboxylic acid group (COOH), a hydrogen atom and a side chain (designated 
R). The 20 amino acids differ only in the identity of their side chains. In a protein the amino 
group of one amino acid is linked to the carboxyl group of another (with the loss of a water 
molecule), forming a peptide bond. The sharing of electrons among nitrogen, carbon and 
oxygen atoms makes the bond resistant to twisting, so that each amino acid unit is a rigid 
plane. The protein can fold only by means of rotations about the bonds to the alpha carbon. 

ALPHA HELIX 

ANTI PARALLEL BETA SHEET 

ALPHA HELIX AND BETA SHEET are common structural units of protein molecules. 
The sequence of amino acids in a protein is called its primary structure; as the chain is syn­
thesized, regions of it fold spontaneously into alpha helixes and beta sheets, which constitute 
the secondary structure; the helixes and sheets are assembled in turn to create the tertiary 
structure. Both the alpha helix and the beta sheet are stabilized by hydrogen bonds (broken 
colored lines), in which a hydrogen serves as a bridge between oxygen or nitrogen atoms. 
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OVERALL CONFORMATION of the coenzyme-binding domain of alcohol dehydrogen­
ase is shown in two graphic representations. The space-filling model (upper image) empha­
sizes the surface texture of the molecule; the skeletal diagram (lower image) reveals the in­
ternal structure. In these views the complete polypeptide backbone and all the amino acid 
side chains are shown, but hydrogen atoms are omitted. The folding of the chain appears to 
be a random jumble but is actually quite specific: every molecule of alcohol dehydrogenase 
folds in exactly the same way. The domain, about half of the molecule, is seen from an­
other point of view in the illustration on page 89. Here the NAD-binding site is at bottom. 
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the exposed surface and nonpolar ones 
are inside. An exception to this rule is 
found in proteins embedded in cell 
membranes. The membrane is made 
up of fatty, nonpolar molecules, and 
the segment of the protein that passes 
through it likewise consists mainly of 
nonpolar amino acids. They anchor 
the protein in the membrane. 

The electrostatic attraction between 
a polar side chain and water is a form 
of hydrogen bonding, in which a hy­
drogen atom acts as a bridge between 
charged oxygen or nitrogen atoms. 
Hydrogen bonding between one atom 
and another within the protein itself 
also helps to stabilize the structure. 

Hydrogen bonds are weaker than 
the covalent bonds of the polypeptide 
backbone. Moreover, the atoms in a 
protein that are hydrogen-bonded to 
one another could as easily be hydro­
gen-bonded to water; the energy differ­
ence between the two configurations is 
small. Because many hydrogen bonds 
can form simultaneously as the protein 
folds, however, they contribute greatly 
to the stability of the structure. 

Still another form of bonding can 
cross-link regions of the molecule. The 
amino acid cysteine has a sulfhydryl 
(SH) group at the end of its side chain. 
If the protein includes two cysteine 
units, they can combine to form a co­
valent disulfide bond (-S-S-). Such 
cross-links are much stronger than hy­
drogen bonds. 

The amino acid sequence of a pro­
tein is called its primary struc­

ture. The complete three-dimensional 
conformation of a single polypeptide 
strand is referred to as the tertiary 
structure. As these terms suggest, there 
is an intermediate level of organiza­
tion called the secondary structure. It 
describes the local folding of the chain 
in terms of structural units that appear 
in almost all proteins. 

Some 35 years ago Linus Pauling 
showed that the protein backbone can 
be coiled into a tight helix stabilized by 
numerous hydrogen bonds; he called 
the structure the alpha helix. The helix 
makes one turn for every 3.6 amino 
acids, and hydrogen bonds form be­
tween amino acids four units apart. 
The bonds do not involve the side 
chains but rather extend from the NH 
group of one peptide unit to the CO 
group of another; for this reason the 
stability of the helix is not strongly de­
pendent on the identity of the side 
chains, and many different sequences 
of amino acids can spontaneously as­
sume the form of an alpha helix. 

At about the same time, Pauling 
proposed a second stable configura­
tion he designated the beta sheet. In 
this case lengths of polypeptide chain 
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lie next to one another and run either 
parallel or antiparallel, with hydrogen 
bonds connecting the adjacent strands. 
Again the bonds join the NH and CO 
groups of the backbone. 

Some proteins are composed mostly 
of alpha helix and others are predomi­
nantly beta sheet. In a typical globular 
protein the interior is a bundle of beta 
strands running back and forth dia­
metrically and the surface is covered 
with alpha helixes. The exterior helixes 
generally show a characteristic period­
icity in amino acid sequence. Nonpo­
lar side chains appear at every third 
or fourth position and are directed 
toward the interior of the molecule; 
the rest of the side chains, which are 
exposed to the aqueous environment, 
tend to be polar. 

In recent years still another interme­
diate level of protein structure has 

been perceived. For example, a struc­
tural element present in numerous pro­
teins consists of two beta strands con­
nected by a segment of alpha helix. 
The three pieces nestle together com­
fortably when they are arranged at 
particular angles. A structural feature 
of this kind, which typically encom­
passes from 30 to 150 amino acids, is 
called a domain. It can be considered a 
single unit because its conformation is 
determined almost entirely by its own 
amino acid sequence. The beta-alpha­
beta domain is of particular impor­
tance because when two such domains 
lie next to each other, the crevice they 
form often serves as a binding site. 

A typical globular protein includes 
about 350 amino acids, which could 
fold in innumerable ways. The hierar­
chy of larger-scale structures brings a 
measure of order. Local interactions 
between nearby amino acids give rise 
to alpha helixes, beta sheets or other 
forms of secondary structure. These 
subassemblies, acting as more or less 
coherent units, organize themselves 
into domains. The geometric arrange­
ment of the domains constitutes the 
tertiary structure. The presence of 
the same secondary structures and do­
mains in many dissimilar proteins ar­
gues that they are not mere artificial 
abstractions introduced by the bio­
chemist; on the contrary, they seem to 
be fundamental units in the evolution 
and diversification of proteins. 

Many proteins have a level of orga­
nization beyond the tertiary structure. 
They are composed of multiple poly­
peptide strands held together by a va­
riety of weak bonds and sometimes 
further cemented by disulfide linkages. 
Some proteins also have nonpeptide 
components. Metal ions, for example, 
are essential to the activity of certain 
enzymes, and a structure called the 

SECONDARY STRUCTURE of alcohol dehydrogenase consists of numerous alpha he­
lixes and beta sheets connected by short lengths of "random" structure. The NAD-binding 
domain is In green and yellow; the catalytic domain, which binds to an alcohol molecule, is in 
blue. A bound NAD molecule is shown in purple near the junction of the protein domains. 

porphyrin ring is found in hemoglobin, 
chlorophyll and a number of other 
proteins. Many proteins are also "dec­
orated" on their surface with chains of 
sugar molecules. These additional fea­
tures of protein structure are elabora­
tions of the molecule added after the 
polypeptides are synthesized. 

In a way it is remarkable that any 
protein consistently assumes a single, 
well-defined conformation. The folded 
state does have a lower free energy 
than any alternative configuration, but 
the difference_ is small. In an alpha he­
lix hydrogen bonding between peptide 
units reduces the energy, but if the 
helix were unraveled, the same sites 
would form hydrogen bonds with wa­
ter. Furthermore, because a helix is an 
ordered structure, it has a low entropy, 
which tends to increase the free ener­
gy. It is worth noting that not all poly­
peptides have a stable folded pat­
tern. Artificially constructed random 
sequences of amino acids are general­
ly loose, flexible coils that continually 
shift from one structure to another. 
The proteins found in biological sys­
tems appear to be a subset of poly­
peptides selected for their stability of 
structure. 

How is the structure of proteins dis­
covered? Of all the methods employed 
by the protein chemist, the most re-

vealing has been X-ray crystallogra­
phy. The basic idea is to form a dif­
fraction pattern by passing X rays 
through a crystallized specimen of the 
protein. Because of the periodic struc­
ture of the crystal, the pattern is essen­
tially the same as the one that would be 
generated if a single molecule could 
be examined. From the diffraction pat­
tern one constructs a map showing 
the density of electrons in the protein, 
and from the map the path of the back­
bone and the positions of the side 
chains can be inferred. 

X-ray crystallography provides a 
three-dimensional view and shows 

a protein in atomic detail. It is through 
such studies that the main themes of 
protein structure have been elucidat­
ed: that the interior is filled with non­
polar side chains, that the alpha helix 
and beta sheet are more than hypo­
thetical structures, that most proteins 
are compact globules with dimpled 
surfaces, and much more. Crystallog­
raphers also confirmed the existence 
of domains and discovered common 
patterns among them. 

Ideally the three-dimensional struc­
ture of all proteins would be studied by 
X-ray crystallography, but that is not 
feasible. Crystallizing a protein in the 
first place often calls for a good deal of 
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EVOLUTIONARY DISTANCE (AMINO ACID REPLACEMENTS) 

EVOLUTION OF PROTEINS can be traced by comparing amino acid sequences. The 
number of amino acid positions at which two proteins differ is a measure of their evolu­
tionary distance, but the relation is not a simple one of proportionality. A single site may 
undergo repeated mutations, so that the actual number of amino acid replacements is gen­
erally greater than the number of observed differences. Furthermore, in matching two se­
quences allowance must be made for insertions and deletions as well as substitutions. As 
a result, when proteins are identical at fewer than about 15 percent of their positions, com­
mon ancestry cannot be distinguished from chance coincidence. Many of the most interest­
ing evolutionary relations lie in the "twilight zone" between 15 and 25 percent identity. 

chemical wizardry, and the subsequent 
analysis of diffraction patterns is ardu­
ous. It took 23 years to map the struc­
ture of hemoglobin. Up to now the 
three-dimensional structures of only 
about 100 proteins have been solved. 

There was a time, in the 1950's, 
when merely determining the amino 
acid sequence of a protein was also a 
difficult and laborious procedure, even 
for a very small protein. First the to­
tal composition of the protein was 
found by breaking all the peptide 
bonds In a sample of the material and 
measuring the amount of each amino 
acid present. Other samples were only 
partially digested, leaving small frag­
ments whose amino acid content could 
then be analyzed in turn. A special 
chemical trick revealed which ami­
no acid was at the amino end of each 
fragment. Having gathered informa­
tion on many overlapping fragments, 
the biochemist could attempt to solve 
the elaborate puzzle of how the pieces 
fit together. 

In the 1960's the technology of se­
quence analysis improved dramati­
cally, and by 1970 the procedure had 
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been automated. Amino acids were re­
moved one at a time from the amino 
end of the chain and identified. A limit 
remained, however, on the maximum 
length of chain that could be handled, 
and so large proteins still had to be 
broken down into fragments. 

In the past few years an indirect 
method of sequence analysis has all 
but supplanted the traditional tech­
niques of protein chemistry. The key 
to the new method is that the nucleo­
tide sequence of a DNA molecule is 
much easier to determine than the ami­
no acid sequence of a protein. If one 
has a length of DNA that is known to 
encode the structure of the protein, it is 
a simple matter to sequence the DNA 
and translate each three-base codon 
into the corresponding amino acid. 

The one difficult operation is finding 
the DNA that encodes the protein. 

In one strategy the first step is to ana­
lyze about 25 amino acids at the amino 
end of the protein. An appropriate seg­
ment of from five to st!ven amino acids 
within this range is then "back-trans­
lated" into a nucleotide sequence. This 

process is not without ambiguity: al­
though every codon specifies exactly 
one amino acid, most of the amino 
acids can be specified by more than 
one codon. The key is to choose a se­
quence that has as little ambiguity as 
possible and then to produce a DNA 
molecule for each possible back trans­
lation. If the amino acids include a his­
tidine unit, for example, DNA is made 
with both CAT and CAC co dons at 
the appropriate position; these are the 
two codons that specify histidine. 

The back-translated DNA serves as 
a probe to find complementary DNA 
sequences. It is labeled with a radio­
active isotope of phosphorus and al­
lowed to hybridize with the DNA in a 
library of cloned gene fragments. The 
clones with a matching sequence are 
readily identified by the presence of 
the radioactive phosphorus; they are 
isolated, cultured in quantity and then 
sequenced. The approach may seem 
roundabout, but it is simpler and more 
accurate than direct chemical analy­
sis of protein fragments. Some 4,000 
polypeptide sequences are now known. 

The geneticist Theodosius Dobzhan­
sky once wrote: "Nothing in biology 
makes sense except in the light of evo­
lution." The same is true of protein 
structure: it makes sense only in terms 
of protein evolution. Just as all living 
organisms surely trace their liI1eage to 
a few progenitors, the great majority 
of proteins must be descended from a 
very small number of archetypes. 

Evidence supporting this assertion 
comes from many quarters, and I 

shall defend it only briefly. The most 
straightforward argument is the mani­
fest difficulty of "inventing" a protein 
de novo. As pointed out above, most 
random polypeptides do not even fold, 
much less exhibit a biological func­
tion; a new protein is far more likely to 
arise from modification of an existing 
one. There is abundant evidence of 
this process in specific amino acid se­
quences that are encoded by more than 
one segment of DNA in a given ge­
nome. Moreover; in proteins that fold 
to form localized domains crystallog­
raphers consistently find the same pat­
terns in varied settings; once a sub­
structure has proved useful, it seems to 
be called on repeatedly. 

The primary mechanism of protein 
evolution is gene duplication, in which 
a cell comes to include two copies (or 
more) of a single gene. One copy re­
tains its original function, so that the 
organism's viability is not compro­
mised by the lack of an essential pro­
tein. The redundant copy is therefore 
free to mutate without constraint from 
natural selection. Most mutations gen-
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erate a nonfunctional protein, but an 
occasional advantageous change can 
create either an improved version of 
the original protein or a protein with 
an entirely new function. 

There are two aspects to the study of 
protein evolution, which must be care­
fully distinguished. One can exam­
ine the "same" protein in various spe­
cies, observing how the structure has 
changed over the course of biological 
time. For example, the amino acid se­
quence of cytochrome c, a protein that 
transfers electrons in metabolism, has 
been determined for more than 80 spe­
cies, from bacteria to man. One prod­
uct of such studies is a taxonomy of the 
organisms based on the relations of 
their proteins. The other approach is to 
compare the structures of various pro­
teins within a single species. From this 
endeavor one can construct the family 
tree of the proteins themselves. 

Comparisons from species to spe­
cies offer considerable insight into pro­
tein chemistry. Between closely relat­
ed organisms the commonest changes 
substitute one amino acid for another 
with similar properties, so that the 
overall structure of the molecule is 
not disrupted. As the evolutionary dis­
tance between the species increases, 
the sequences diverge. Ultimately the 
consanguinity of the sequences may be 
undetectable, even though the two pro­
teins are unmistakably alike in tertiary 
structure. What this means is that com­
pletely different amino acid sequences 
can fold into the same shape. 
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In comparing different proteins with­
in a single species it soon becomes ob­
vious there are broad families of re­
lated molecules. The half-dozen poly­
peptides that make up various forms 
of hemoglobin, for example, and the 
single polypeptide of myoglobin all 
share clear similarities. They are not 
only analogous (meaning they are sim­
ilar in function) but also homologous 
(meaning they derive from a common 
ancestor). Among the enzymes it is not 
surprising that those catalyzing simi­
lar reactions often have homologous 
sequences. Glutathione reductase and 
lipoamide reductase provide an illus­
trative example. Both enzymes cata­
lyze the transfer of hydrogen ions to 
sulfur-bearing compounds; they are 
identical at more than 40 percent of 
their amino acid positions. A similar 
degree of homology is evident between 
chymotrypsinogen and trypsinogen 
and between ornithine transcarbamy­
lase and aspartate transcarbamylase. 

As the kinship between proteins 
Il. grows more remote, sequence ho­
mology becomes harder to detect. 
Worse, the arithmetic of sequence 
comparison is such that unrelated se­
quences may appear tantalizingly sim­
ilar. Offhand, one might expect two 
randomly chosen polypeptides to be 
identical at about 5 percent of their 
amino acid positions; after all, there 
are 20 amino acids. If the comparison 
could be made by simply writing down 
the sequences one above the other and 

then ticking off the matches, the 5 per­
cent limit would apply, but in reality a 
more sophisticated method is needed. 

A protein can be altered not only by 
the substitution of one amino acid for 
another but also by the deletion or in­
sertion of amino acids. Suppose two 
proteins are identical except that one 
has lost its first amino acid; if no allow­
ance were made for this deletion, the 
proteins would appear to be unrelated. 
On the other hand, if unlimited gaps 
and insertions were allowed, any two 
proteins could be forced to match arbi­
trarily well. In practice the sequence 
comparison is done with a comput­
er program that rewards matches be­
tween identical or similar amino acids 
and imposes penalties for gaps and in­
sertions. Even so, it is virtually impos­
sible to distinguish between chance 
similarity and common ancestry when 
the number of identical positions falls 
below about 15 percent. 

In tracing the genealogy of proteins 
the relations of greatest interest are 
those between sequences that (after 
adjustment for gaps and insertions) are 
between 15 and 25 percent identical. 
This "twilight zone" is where one must 
look for the roots of the protein family 
tree, to find molecules that diverged 
early in the course of their evolution. 

In the early 1960's it became clear 
that a repository of amino acid se­
q uences would facilitate studies of 
protein evolution, and in 1965 Richard 
Eck and Margaret O. Dayhoff issued 
the first volume of the Atlas/or Protein 

MOLECULAR PALEONTOLOGY reveals a pattern of common 
ancestry for five proteins from diverse species. Each protein is rep­
resented by a sequence of the one-letter abbreviations for amino 
acids given in the illustration on page 90; the colors relate amino 
acids with similar properties. Dashes indicate gaps or insertions. 
Cysteine units, which can form cross-links that stabilize the folded 
structure, are marked by boxes. Ovalbumin is an abundant protein 

in egg white; antithrombin III and alpha-! antitrypsin are found in 
blood plasma; barley protein Z was recently discovered in barley 
seeds, and angiotensinogen is the precursor of a small protein that 
regulates blood pressure. Both antithrombin III and alpha-! anti­
trypsin are known to act as inhibitors of proteases (enzymes that 
cut protein chains). The functions of the other proteins had not 
been known, but now it seems they too may be protease inhibitors. 

97 

© 1985 SCIENTIFIC AMERICAN, INC



COMMON SEQUENCE embedded within six disparate proteins 
suggests they may have shared genetic information at some point 
in their evolution. Only a segment of each protein is shown; it cor­
responds to a single identifiable domain. The similarities within the 

domain are unmistakable, even though some of the proteins differ 
greatly elsewhere in their structures. It appears that DNA encod­
ing the domain has been copied from gene to gene. The proteins are 
all recent products of evolution, found only in vertebrate animals. 

Sequence and Structure. Their goal was 
to publish annually "all the sequences 
that could fit between a single pair 
of covers." It soon became apparent, 
however, that the covers would have to 
be very far apart, and computer tapes 
began to replace bound volumes as the 
working medium of the sequence com­
parer. Today any investigator can gain 
access to large sequence banks from a 
computer terminal. 

About 10 years ago, working with a 
tape of data from the Atlas, I began to 
study the phylogeny of certain pro­
teins. I was soon maintaining my own 
data bank, and whenever a new se­
quence was reported, I would enter it 
in the archive to see if it resembled 
anything already known. The number 
of matches was surprisingly large. 

I should like to give an example of 
how this molecular paleontology 

works. In the late 1970's Staffan Mag­
nusson and his co-workers at the Uni­
versity of Aarhus in Denmark deter­
mined the amino acid sequence of anti­
thrombin III, a protein in the blood 
plasma of vertebrate animals. Anti­
thrombin III neutralizes thrombin, a 
blood-clotting factor whose mode of 
action is that of a protease, or protein­
cutting enzyme. At about the same 
time a second group reported the se­
quence of alpha-l antitrypsin, another 
protease inhibitor in the blood plasma. 
The Danish group compared the two 
sequences and found they were identi­
cal at 120 of 390 sites, a homology of 
about 30 percent. It seemed obvious 
they had descended from a common 
ancestral protein. 

Not long after, workers at the Na­
tional Biomedical Research Founda­
tion at Georgetown University entered 
into their computer the sequence of 
ovalbumin, a protein abundant in egg 
white. They found that it resembles an­
tithrombin III and aipha-l antitrypsin, 
again to the extent of about 30 percent. 
The discovery came as a surprise, be­
cause up to the� no one had any idea 
what the function of ovalbumin might 
be. The possibility that it is a protease 
inhibitor now had to be considered. 

In 1983 a Japanese group published 
the sequence of angiotensinogen, the 
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precursor of a small peptide hormone 
that regulates blood pressure. Al­
though the hormone itself is only 10 
amino acids long, the precursor ex­
tends to about 400 units. When I com­
pared the seq uence of angiotensinogen 
with the sequences in my data bank, 
the search revealed a low-level resem­
blance to alpha-l antitrypsin. The re­
semblance was one of those in the twi­
light zone, amounting to only a 20 
percent identity, but a statistical anal­
ysis convinced me the two proteins are 
members of the same family. Since 
then corroborating observations have 
been made by others, and there is no 
doubt of the kinship. 

Another Danish group has recently 
added a fifth branch to this unexpected 
tree of related proteins: it is a sub­
stance of unknown function found in 
barley seeds and called protein Z. Al­
though protein Z is only half the size 
of the others (about 200 amino acids), 
it is clearly related to them. Indeed, 
the half size fits well with experimen­
tal findings that the other proteins in 
the family have two major domains. 

The discovery of these five related 
proteins in diverse settings suggests 
two lessons. First, whether or not the 
4,000 amino acid sequences known to­
day represent a significant fraction of 
all proteins, a point has been reached 
where any newly determined sequence 
has a good chance of resembling one 
already on record. Second, certain 
large-scale arrangements of amino ac­
ids are so useful in biochemistry that 
they have been employed over and 
over again in different contexts. Often 
these functional units can be identified 
with the domains recognized in struc­
tural studies. 

One of the most widely distributed 
domains was discovered in 1974 

by Michael G. Rossmann and his col­
leagues at Purdue University. They 
noted from X-ray-diffraction maps 
that several enzymes had an important 
feature in common: even though the 
overall structures of the proteins were 
quite different, they all included a do­
main of about 70 amino acids with es­
sentially the same folding pattern. The 
enzymes also differed greatly in func-

tion, but they had in common the abili­
ty to bind certain coenzymes, name­
ly nicotinamide adenine dinucleotide 
(NAD), flavin mononucleotide (FMN) 
or adenosine monophosphate (AMP). 
All these molecules include a mono­
nucleotide within their structure. The 
ubiquitous domain in the enzymes is 
the binding site for the mononucleo­
tides, and Rossmann named it the mon­
onucleotide fold. 

The discovery led Rossmann to a 
bold hypothesis. The domain found in 
all these enzymes, he proposed, is the 
ghost of a primitive protein from pre­
cellular times. Its ability to bind nucle­
otides was so important that it was 
incorporated into the machinery of 
several of the prototype enzymes that 
emerged in the first living systems. It is 
still recognizable today. 

The model is an attractive one. It 
seems likely that the first functioning 
proteins were small and that their im­
portant capability was the binding of 
other molecules. If two small proteins 
able to bind two different small mole­
cules were joined, the rudiments of ca­
talysis could be initiated. Once start­
ed, a succession of gene duplications 
could lead to an extended family of 
stable proteins. In the early stages the 
loosely gathered proteins would be 
clumsy and inefficient. Opportunities 
for improvement would be numer­
ous, however, and the natural selec­
tion of mutant structures would dom­
inate events. Eventually the proteins 
would be so artfully suited to their 
function and the enzymes so efficient 
that "natural rejection" of mutant vari­
ants would prevail. 

Not long after Rossmann suggest­
ed that primitive proteins might 

have been created by the fusion of use­
ful domains, recombinant-DNA stud­
ies led to the startling discovery that 
eukaryotic genes are not continuous. 
They consist of segments that encode 
part of a protein's structure (exons) 
separated by long stretches of noncod­
ing DNA (introns). In some cases the 
introns were observed to fall at or near 
the boundaries of a protein's domains. 

This correspondence led Walter Gil­
bert of Harvard University to propose 
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that exons are the genomic equivalent 
of the interchangeable protein parts 
hypothesized by Rossmann. In Gil­
bert's view, not only were the first pro­
teins created by the assembly of stable 
domains but also evolution had main­
tained the genetic isolation of the do­
mains over the course of several bil­
lion years. It is easy CO see how this 
genomic organization might convey 
an adaptive advantage: the continuing 
reassembly of domains in new combi­
nations would give rise to novel, and 
occasionally useful, proteins. Gilbert's 
ideas have been widely accepted, 
although there are also counterargu­
ments. In many eukaryotic proteins 
introns fall at places other than obvi­
ous domain boundaries. Furthermore, 
prokaryotic genes have no introns at 
all; it is necessary to suppose they were 
eliminated in the interest of genomic 
economy. 

Lately another remarkable instance 
of the dispersal of domains throughout 
a group of proteins has come to light. 
In this case the proteins are all recent 
products of evolution; they are found 
only in vertebrate animals that arose 
well within the past billion years. 
Moreover, the distribution of the do­
mains among these proteins cannot 
readily be explained as a simple result 
of descent from a common ancestor. 
One domain is present in 18 copies 
scattered throughout six proteins. It 
seems clear these subunits have been 
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passed freely from one protein to an­
other and have been inserted wherever 
their functional activity is needed. For 
several of the proteins it has been 
shown that the DNA coding for the 
domains is precisely delimited by in­
trons. In these cases there can be no 
question that the organization of the 
genome into exons and introns has 
been instrumental in the rearrange­
ment of the mosaic gene products. 

Does this confirm Gilbert's hypothe­
sis that exonic shuffling of domains has 
been a major feature of protein evolu­
tion from the earliest times? Although 
such shuffling is certainly going on 
now, I think it is a mistake to assume 
the same mechanism was at work in 
more primitive organisms. Introns can 
be dealt with in eukaryotic genes only 
because sophisticated splicing machin­
ery ensures that the pieces of messen­
ger RNA are properly translated into 
protein. It seems unlikely the same ap­
paratus could have been present in the 
earliest life forms. Exon exchange in 
the mosaic vertebrate proteins is more 
likely a reenactment of ancient events, 
but in a totally modern guise. 

Such variations on a theme are to be 
expected in a system as complex as the 
living cell, where a change in one mol­
ecule can affect thousands of others, 
including the very machinery responsi­
ble for synthesizing the first molecule. 
Just as proteins evolve, so do the 
mechanisms of protein evolution. 
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SHUFFLING OF MULTIPLE DOMAINS is evidence of the continual diffusion of ge­
netic information in higher organisms. Five domains are represented by various geometric 
symbols, and their distribution is shown in six proteins. The domain whose sequence is given 
in the illustration on the opposite page is the one marked here by a cross. The distribution 
of the domains cannot readily be explained by assuming that all the domains in a given pro­
tein were inherited from the same ancestral gene; instead they seem to have spread from 
one protein to another by chromosomal rearrangements. In several cases boundaries be­
tween domains in the protein correspond to boundaries between exons and introns in the ge­
nome, which may have facilitated the shuffling of gene segments in the course of evolution. 
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The Molecules of the Cell Metnbrane 
They spontaneously form a simple, two-dimensional liquid controlling 
what enters and leaves the cell. Some cells internalize and then recycle 
a membrane area equivalent to their entire surface in less than an hour 

T
he organization of chemical ac­
tivity in all higher cells depends 
in large part on the compartmen­

tation afforded by biological mem­
branes. The basic building blocks of 
membranes are a class of molecules 
called lipids, which by virtue of their 
interactions with one another in a wa­
tery medium form a closed and flex­
ible compartment. Embedded in the 
lipid matrix are many different kinds 
of protein molecules, which give each 
kind of membrane its distinctive iden­
tity and carry out its specialized func­
tions. The primary function of all 
membranes, then, is to separate what 
is inside the membrane compartment 
from the environment outside it. With­
in the cell, for example, membranes 
serve to isolate the chemical reactions 
that take place inside each intracellu­
lar organelle. The cell itself is encapsu­
lated by its own cell membrane: the 
plasma membrane. The plasma mem­
brane is the best-understood mem­
brane, and most of this discussion will 
be devoted to it. 

Evidently if nutrients are to enter the 
cell or if waste material is to leave it, 
the materials must somehow cross the 
barrier created by the lipid matrix of 
the plasma membrane. The crossing is 
usually effected by globular protein 
molecules that span the plasma mem­
brane and catalyze the transfer of spe­
cific nutrients and waste molecules. 
Some of the nutrient molecules re­
quired by eukaryotic cells are too large 
to be transported across the membrane 
in this way, however. Instead certain 
protein receptor molecules, anchored 
by their tail in the plasma membrane, 
bind these nutrients from the sur­
rounding medium. In a process called 
endocytosis, pits develop in the mem­
brane and engulf many such receptor 
molecules and their bound nutrients, 
which at this stage are called ligands. 
The pits close up and bud off into the 
cell, forming vesicles in the cytoplasm, 
or internal fluid of the cell. At the same 
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time other vesicles from the interior 
of the cell fuse with the plasma mem­
brane and expel their contents into 
the surrounding medium. Such pitting 
and fusing circulates membrane from 
the surface of the cell to its interior 
and back again. An area of membrane 
equivalent to the area of the entire sur­
face of the cell takes part in the cycle 
every 50 minutes. 

The study of the plasma membrane 
has focused in recent years on the 
mechanisms that underlie this circu­
lation and on its various effects. Al­
though it has been accepted for some 
time that the primary function of the 
endocytic cycle is to bring specific nu­
trients into the cell, it is now increas­
ingly clear that it can serve the cell in 
other ways too. For example, my own 
recent work (which I shall not describe 
here) suggests that the cell can exploit 
the endocytic cycle to move about on 
a substrate. 

Another major issue is to under­
stand how each kind of membrane, in­
cluding the plasma membrane, gains 
its own unique set of proteins, which 
determines both its identity and its 
functions. The problem of membrane 
identity is complicated by the continu­
al exchange of membrane among the 
various cellular organelles that takes 
place, for example, during the endo-

cytic cycle. How, given such mixing of 
membrane, IS the integrity of each set 
of membrane proteins maintained? 

The basic framework of all mem­
branes is a double layer of lipid 

molecules, an arrangement originally 
proposed by E. Gorter and F. Grendel 
of the University of Leiden in 1925. 
Nature has evolved a variety of lipid 
molecules all of which share a critical 
property: one end of the molecule is 
soluble in water and is chemically de­
scribed as hydrophilic; the other end is 
a hydrocarbon, is therefore oily and 
insoluble in water and is chemically 
described as hydrophobic. 

The commonest membrane lipids 
belong to a class called the phospho­
lipids. They have a hydrophilic head 
group made up of a phosphate linked 
to a residue that can be either choline, 
ethanolamine, serine or inositol. The 
head group is attached to two hydro­
phobic tails, each of which is a fatty 
acid chain. The most abundant and 
most widely studied phospholipid is 
the one having a choline residue. It is 
called phosphatidylcholine. Like oth­
er phospholipids it has a remarkable 
property: when they are introduced 
into a watery environment, the individ­
ual molecules spontaneously arrange 
themselves into a bilayer. In the bilay-

BASKETLIKE NETWORK of protein molecules called clathrin coats a closed, spherical 
piece of membrane called a vesicle, which was isolated from a human placenta. The coated 
vesicle is derived from the plasma membrane of the cell through a dynamic process called 
receptor-mediated endocytosis, whereby large molecules are brought into the cell. When 
selected molecules outside the cell become attached to protein receptors in the membrane, 
a coat of clathrin begins to assemble itself on the side of the membrane facing the cell inte­
rior. Each molecule of clathrin is a chain of about 1,600 amino acids, and the coat is a hon­
eycomb structure formed when the molecules become aligned in a regular pattern. As the 
coat grows, the region of membrane to which it is attached bulges into the cell in a way that 
resembles the formation of a drop of water on the lip of a faucet. The bulge pinches off 
from the surface of the cell and becomes a vesicle whose inside surface carries the recep­
tors and their ligands and whose outside surface retains the honeycombed coat of clathrin 
seen in the image. The image was constructed by computer from a series of electron micro­
graphs made at various tilt angles by Guy Vigers of the Medical Research Council's Labo­
ratory of Molecular Biology in Cambridge. Enlargement is more than two million diameters. 
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er the molecules in both layers align 
themselves in such a way that their 
longest axis is roughly perpendicular 
to the plane of the bilayer. The hydro­
philic head groups face water on both 
sides of the bilayer, and the oily, hy­
drophobic tails sequester themselves 
in the middle of the bilayer, thereby 
excluding water from it. The arrange­
ment is\ the state of lowest free energy 
for these molecules in water. 

In 1965 Alec D. Bangham and his 
colleagues at the Agricultural Re­
search Council's Institute of Animal 
Physiology in Cambridge showed that 
phospholipid bilayers in water form 
closed spherical vesicles having two 
separated compartments: the fluid in-

side the vesicle and the fluid outside. 
Such vesicles form because if a free 
edge on a bilayer were exposed, some 
of the hydrophobic regions of the 
phospholipid molecules would be in 
contact with water; that would be ener­
getically unfavorable. It is this proper­
ty of lipids that makes them so effec­
tive in biological systems: they sponta­
neously form a closed envelope with 
considerable mechanical strength. 

Two general features of the bilay­
er are important in the formation of 
a biological membrane. First, because 
they have a hydrocarbon interior, they 
are essentially impermeable to most 
biological molecules, such as amino 
acids, sugars, proteins and nucleic ac-

ids, and to ions. All are highly soluble 
in water and insoluble in hydrocarbon 
solvents. It is this feature that enables 
the bilayer to function as a barrier. 

Second, a bilayer formed from natu­
rally existing phospholipids is a liq uid. 
There is a double sense in which the 
bilayer exhibits the random motions 
characteristic of the liquid phase. The 
hydrocarbon tails of the phospholipid 
molecules wiggle about, and so the bi­
layer is soft and flexible-with the vis­
cosity of, say, olive oil rather than par­
affin wax. Furthermore, the molecules 
can diffuse sideways freely within their 
own monolayer, and so two neighbor­
ing phospholipids in the same mon­
olayer can change places .with each 
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other about once every microsecond. 
The phospholipid molecules in oppo­
site monolayers, however, almost nev­
er change places: such an exchange is 
made, on the average, only about once 
a year. Hence each monolayer is a 
two-dimensional liquid. Physiological­
ly the liquid nature of bilayers is quite 
important. If the bilayer were a rigid 
structure, for example, the nerve cells 
in the neck would crack whenever a 
person nodded. 

In a natural membrane one might 
expect to find the various kinds of 
phospholipid molecules randomly dis-
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tributed on both sides of the bilayer, 
but in 1972 I discovered that the distri­
bution is much more orderly. In the 
plasma membrane of the red blood 
cell I found the outer monolayer in­
cludes only phosphatidylcholine and 
its close relative, sphingomyelin, both 
of which contain choline. In contrast, 
the monolayer facing the cytoplasm 
has phosphatidylethanolamine and 
phosphatidylserine. It is thought that 
phosphatidylinositol also resides on 
the cytoplasmic side of the bilayer. 

In addition to the phospholipids two 
other kinds of lipids are found in the 
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PHOSPHOLIPID MOLECULE is the primary structural element in all cell membranes. 
Four main kinds of phospholipid are found in animal-cell membranes. The one shown at 
the left in the diagram is phosphatidylcholine, but the other three differ from it and from 
one another only in the chemical structure of their head groups, which are diagrammed 
here as colored spheres. The electric charge in each head group makes the group hydrophil­
ic. The head group is connected to a glycerol group, and two hydrocarbon chains are at­
tached in turn to the glycerol. The hydrocarbon chains are oily and therefore hydrophobic. 
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membranes of animal cells: glycolip­
ids and cholesterol. The glycolipid 
molecule has a hydrophobic tail simi­
lar to that of sphingomyelin. As its pre­
fix implies (glyco- is from the Greek 
word for sweet), the glycolipid's hy­
drophilic end is composed of a variety 
of simple sugars joined to form a linear 
or branching structure called an oligo­
saccharide. Glycolipids make up only 
a small fraction of the lipids in the 
membrane, and they are confined to 
the outer monolayer. 

Cholesterol, on the other hand, is 
(together with phospholipid) a major 
membrane lipid. It is a large, disk­
shaped molecule with four carbon 
rings that are fused together, giving the 
molecule a rigid structure. One end of 
cholesterol is hydrophilic, but the rest 
of it is hydrophobic and embeds itself 
in the hydrophobic part of the plasma 
membrane. Roughly equal numbers 
of cholesterol and phospholipid mole­
cules are in the plasma membrane of 
eukaryotic cells. The addition of cho­
lesterol to the phospholipid matrix 
makes the membrane somewhat less 
flexible and even less permeable. 

Several puzzles about the lipids in 
the plasma membrane are still un­
solved. The biological role of the gly­
colipids, for example, is not yet known. 
Nor is there yet any convincing expla­
nation for the distribution of phospho­
lipids in the bilayers. Why are the bi­
layers of a eukaryotic cell made up of a 
variety of phospholipids rather than of 
only, say, phosphatidylcholine? What 
is the function of the phospholipids' 
asymmetric distribution? Finally, the 
geometry of the bilayer itself presents 
a problem. The two mono layers are 
essentially independent of each other, 
but of course they cover the same area. 
What are the lateral forces in each 
monolayer, then? Is one monolayer 
under compression and the other un­
der tension, or is the lateral pressure 
the same in both? 

Whereas the lipids form the matrix 
of a membrane, the proteins car­

ry out all its specific functions. The 
membrane proteins can be classified 
roughly into two general kinds accord­
ing to their shape within the hydrocar­
bon core of the membrane. The shape 
of one kind is a rodlike, tightly coiled 
spiral called an alpha helix. In this 
structure the amino acids that make up 
the polypeptide chain are so arranged 
that the protein backbone is a helix and 
the amino acid side chains project out­
ward from the helix. The second kind 
of membrane protein appears to have 
a substantial globular structure within 
the membrane's hydrophobic region. 

One of the clearest examples of a 
membrane protein with the alpha-he-
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lical structure is glycophorin, the ma­
jor glycoprotein of the red blood cell. 
Although its function remains enig­
matic, its structure is now quite well 
known. Most of the molecule resides 
on the outside of the cell. This extra­
cellular region is a long sequence of 
amino acids to which hydrophilic oli­
gosaccharide chains are attached. 

In 197 1 I showed that glycophorin 
spans the cell membrane. Two years 
later Vincent T. Marchesi, who was 
then at the National Institute of Ar­
thritis, Metabolism, and Digestive Dis­
eases, suggested the geometry of its 
intramembrane domain. He and his 
colleagues determined the amino acid 
sequence of the protein and found that 
its extracellular region is attached to a 
segment of 26 hydrophobic amino ac­
ids. The 26 amino acids are joined in 
turn to a short hydrophilic tail. The 
hydrophobic sequence is just the right 
length to span the bilayer as an alpha 
helix, and the short hydrophilic tail 
rests in the cytoplasm to anchor the 
protein in the bilayer. 

Many other kinds of membrane pro­
tein are now known to be fixed to the 
cell surface by a single hydrophobic 
alpha helix and anchored in the cyto­
plasm by a hydrophilic tail. Typically 
they function as receptors for extracel­
lular molecules or as highly specific 
markings (such as the major transplan­
tation antigens H2 in mice and HLA 
in humans) that enable the immune 
system to distinguish foreign invaders 
from cells belonging to the organism. 
Other proteins in this class include 
the surface immunoglobulin receptors 
on B lymphocytes and the spike pro­
teins of many membrane viruses. Since 
the functioning of such proteins de­
pends primarily on their extracellular 
domain, the intramembrane structure 
need not be extensive. 

Perhaps not surprisingly, the globu­
lar structure of the second kind of 

membrane protein is associated with 
functions requiring a substantial struc­
ture within the plane of the lipid bilay­
er. For example, one of the most abun­
dant proteins in the membrane of the 
red blood cell is a globular transport 
protein called the anion channel. As 
its name implies, the protein catalyzes 
the passive exchange of negatively 
charged ions such as chloride or bicar­
bonate between the blood plasma and 
the cytoplasm of the cell. How does 
such a protein function? One early 
scheme suggested the protein might 
bind the ion or molecule to be trans­
ported on one side of the membrane, 
diffuse across the membrane and re­
lease it on the other side. Another 
scheme proposed that the protein mol­
ecule might rotate within the mem-

MOLECULAR ARCHITECTURE of tbe animal-cell membrane is determined primari­
ly by tbe interactions of pbospholipid molecules in water. Pbospbolipids can minimize tbeir 
energy in water by forming a bilayer about 40 angstrom units tbick. Tbe bydropbobic tails 
of tbe molecules sequester tbemselves on tbe inside of tbe bilayer and tbe bydropbilic beads 
(blue) face tbe water on botb sides of tbe bilayer. If any edge of tbe bilayer were open 
to tbe water, bydropbobic tails along tbe edge would be exposed; bence tbe bilayer closes 
to form a vesicle, effectively segregating fluid inside tbe vesicle from fluid surrounding it. 

brane, thereby bringing the binding 
site and its attached substrate from one 
side of the membrane to the other. 

Neither view turned out to be cor­
rect. In 197 1 I showed that what is now 
known to be the anion channel spans 
the membrane bilayer and has a fixed 
and unique orientation in it. It is now 
thought there is a small passageway 
for anions through the protein, which 
enables them to cross the bilayer. 

One of the best-understood globular 
membrane proteins is bacteriorhodop­
sin, which straddles the membrane of 
the bacterium Halobacteriurn halobi­
urn. The halobacterium, or salt-loving 
bacterium, lives in the salt beds of San 
Francisco Bay. The bacteriorhodopsin 
in the bacterial membrane is a proton 
pump: it captures photons from sun­
light and exploits their energy to pump 
protons across the membrane against 
an energy gradient. The proton gra­
dient generated by the pumping rep­
resents potential energy, which later 
serves to drive the synthesis of adeno­
sine triphosphate (ATP). The break­
down of A TP provides energy for the 
bacterium's biosynthetic pathways. 

The structure of bacteriorhodopsin 
was determined in 1975 by Nigel Un-

win and Richard Henderson, who were 
then at the Medical Research Coun­
cil's Laboratory of Molecular Biology 
in Cambridge. Their model shows that 
the polypeptide chain zigzags seven 
times across the bilayer. Each trans­
membrane segment is an alpha helix 
and the helixes are packed together to 
form a globular structure. The photon 
is captured by a molecule called retinal 
(a relative of vitamin A), which is at­
tached to the protein by a covalent 
bond. The mechanism whereby the en­
ergy of the photon is directed to the 
transport of protons is still not known. 

In eukaryotic cells it is a general 
rule that all membrane proteins carry 
an oligosaccharide chain (or several 
chains) on their extracellular domains, 
just as glycophorin does. The function 
of the oligosaccharide chains is ob­
scure, as it is in the case of the glycolip­
ids. In addition all membrane proteins, 
both globular and alpha-helical, are 
held in place in the bilayer by the same 
kinds of forces that hold the lipid mol­
ecules there: the amino acid side chains 
of the protein in contact with the hy­
drophobic lipid chains are also hydro­
phobic, whereas the other parts of such 
proteins are hydrophilic. The hydro-
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philic parts are exposed to water on 
each side of the bilayer. 

Because all membrane proteins re­
side in a liquid bilayer, they can diffuse 
sideways just as the lipid molecules do. 
How fast they diffuse is determined in 
part by how liquid the phospholipid 
matrix is. In 1974 Mu-ming Poo and 
Richard A. Cone, then at Harvard 
University, showed that rhodopsin 
diffuses about 10 micrometers in one 
minute. It seems likely that most other 
membrane proteins diffuse at about 
the same rate. Unless they are con­
strained from doing so, membrane 
proteins in most eukaryotic cells can 
therefore diffuse, on the average, from 
one end of the cell to the other in a 
few minutes. 

The constraints on the diffusion of 
molecules across the membrane 

are probably best exemplified in cells 
that are joined to one another to form 

an epithelial sheet. They include the 
cells that line the gut, the dividing cells 
of the skin and the cells of internal or­
gans such as the liver, kidney and pan­
creas. Epithelial sheets are only one 
cell thick; often they are folded exten­
sively to form a compact organ. 

Epithelial sheets have two surfaces. 
In the gut, for example, one surface 
(the apical surface) faces the digestive 
tract and the other (the basolateral sur­
face) faces the blood. Because the epi­
thelial gut cells must transport useful 
materials-and only useful materials­
from the intestine to the blood, the 
cells making up the epithelial sheet 
must be held together tightly, with no 
spaces between them. The cells are 
therefore joined by a set of so-called 
tight junctions. 

The tight junction can be pictured as 
a circular belt or gasket that lies in the 
plasma membrane. The belt not only 
prevents leaks (even leaks of ions) but 

also separates the cell's plasma mem­
brane into two domains: the apical 
surface and the basolateral surface. 
Membrane proteins can wander at 
random within their own domain, but 
the tight junction keeps them from 
moving from one domain to the other. 

The separation between the two 
parts of the membrane maintains the 
functional asymmetry needed to trans­
port material in only one direction. 
For example, on the apical surface of 
the epithelial sheet in the gut each cell 
carries proteins that channel sodium 
from the gut into the cell. On the baso­
lateral membrane there is a different 
set of proteins that pump the sodium 
out of the cell into the blood. The net 
result is an extremely selective transfer 
of sodium ions across the epithelial 
sheet, and it is accomplished because 
the specific proteins needed for each 
step in the transfer are concentrated 
on the part of the membrane sur-
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PLASMA MEMBRANE is a phospholipid bilayer in which cholesterol and various kinds 
of protein molecules are embedded. In this schematic diagram of the membrane the phos­
pholipid molecules in the top layer, which faces the external medium, are shown as dark 
blue spheres each having two wiggly tails. The chaotic Brownian motion of the molecules 
within the monolayers is indicated by the diagram at the left; the fluidity of the hydro­
carbon interior is suggested by the random configurations of the tails. The bottom layer, 
which faces the cytoplasm inside the cell, has a different phospholipid composition and is 
shown in light blue. Although a random exchange of phospholipid molecules also takes 
place across the bilayer, the event is extremely rare. Two main kinds of protein in the mem­
brane traverse the bilayer. One kind makes the crossing as a single chain of amino acids 
that is coiled into a so-called alpha helix (orange); the intramembrane portion of the sec­
ond kind of protein is globular in structure (red). For clarity the ratio of phospholipid to pro­
tein is much larger here than it is in a natural membrane. Rigid cholesterol molecules (yel­
low) tend to keep the tails of the phospholipids relatively fixed and orderly in the regions 
closest to the hydrophilic heads; the parts of the tails closer to the core of the membrane 
move about freely. Side chains of sugar molecules attached to proteins and lipids are green. 
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face where they can properly carry out 
their role. 

How are tight junctions formed, and 
how do epithelial cells sort their mem­
brane proteins into two domains? The 
first question is still unanswered, but 
the second is beginning to yield to at­
tacks based on a discovery by Enrique 
Rodriguez Boulan and David D. Sa­
batini of the New York University 
School of Medicine in 1978. They 
found that when an epithelial sheet 
growing in culture is infected with 
influenza virus, the progeny viruses 
emerge only from the apical surface 
of the sheet. On the other hand, a 
virus called vesicular stomatitis virus 
(VSV), which causes a mild disease in 
cattle, emerges only from the basolat­
eral surface. In order to leave its host 
cell a virus must assemble a protective 
coat, and so Rodriguez Boulan and Sa­
batini concluded that the cell directs 
the coat proteins of the influenza virus 
to the apical surface and the coat pro­
teins of VSV to the basolateral surface. 
The two viruses therefore constitute an 
experimental system in which the de­
velopment of asymmetry in epithelial 
cells can readily be studied. 

The cells that make up an epithelial 
sheet can also be joined to one an­
other by a so-called gap junction. The 
gap junction is rather like two studs 
pressed together with a hole through 
their middles [see bottom illustration on 
next page]. The hole allows neighbor­
ing cells to communicate and coordi­
nate their activities. Small molecules 
whose diameter is less than about 20 
angstroms can pass freely from the cy­
toplasm of one cell through the pipe 
formed by the gap junction and into 
the cytoplasm of an adjoining cell. 

The structure of gap junctions has 
been elucidated by Unwin, now 

at Stanford University, and his col­
leagues. Their work shows that each 
junction is made up of 12 protein sub­
units, six from each cell. Each group 
of six is arranged in a hexagon in the 
plasma membrane of each apposed 
cell; the two hexagons lock into each 
other to form a channel between the 
cells. The channel can be held open or 
closed, but precisely how such control 
is achieved is not known. Gap junc­
tions often interact with one another to 
form a raft, or a large group of junc­
tions, on the cell surface. The aggre­
gate size of the rafts and their confine­
ment to the membrane regions be­
tween two cells make it likely that 
gap junctions are relatively motionless 
within the liquid bilayer. 

Until this point I have carefully 
avoided any detailed discussion of the 
many membranes in addition to the 
plasma membrane that are found in 

OUTSIDE CELL 

GLOBULAR MEMBRANE PROTEIN bacteriorhodopsin is made up of seven largely 
hydrophobic sequences of amino acids, joined by short hydrophilic ones. On the basis of 
findings by Nigel Unwin and Richard Henderson, who were at the Laboratory of Molecular 
Biology when the work was done, it is now thought that each of the seven hydrophobic se­
quences is an alpha helix (red) embedded in the hydrocarbon core of the membrane and 
that the hydrophilic sequences link the helixes to one another on each side of the membrane 
(blue). A molecule called retinal (greell) is attached to the middle of one helix. Retinal cap­
tures solar photons, triggering the protein to pump protons across the membrane of certain 
salt-loving bacteria. The process sets in motion an unusual kind of photosynthesis. The 
blue spheres and their tails represent the phospholipid bilayer of the bacterial membrane. 

the eukaryotic cell. Recall, nonethe­
less, that many intracellular organelles 
are defined by a limiting membrane 
and that such membranes play an es­
sential role in the transpurt, commu­
nication and orderly processing of 
chemical substances and information 
within the cell. 

Some of the main intracellular or­
ganelles take part in the manufac­
ture of membrane components. Mem­
branes are assembled in the endoplas­
mic reticulum, and oligo saccharides 
are added to membrane proteins in the 
Golgi apparatus. Hence the relations 
among many of the organelles are far 
from static. For example, there is a 
continual transfer of membrane from 
the endoplasmic reticulum to the Gol­
gi apparatus and from there to the 
plasma membrane. The transfers are 
probably always mediated by phos­
pholipid vesicles. 

Such continual movements of mem­
brane material, as well as the mergers 
and dissociations of vesicular mem­
branes that accompany the movement, 
raise anew the question of membrane 

integrity. How can specific membrane 
proteins, destined for or belonging to 
a specific organelle, avoid mixing and 
homogenizing during a transfer? A 
general and precise answer to the ques­
tion is not yet available, but there is no 
doubt that what is transferred is not 
a random sample of the donor mem­
brane. There is one process of material 
transfer involving two membranes for 
which the way this is accomplished is 
beginning to come into focus. That 
process is endocytosis. 

Animal cells obtain most of the small 
.£\. molecules they need for growth 
either by synthesizing them or by im­
porting them from the blood. The 
imported molecules are usually trans­
ferred across the plasma membrane by 
specific protein channels or pumps. 
There are some essential nutrients, 
however, that for one reason or anoth­
er cannot be so easily absorbed. 

For example, cholesterol (which is 
needed for the synthesis of mem­
branes) and the ferric ion (an iron atom 
carrying three positive charges, which 
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is needed for the synthesis of the large, 
pigmented molecules called cyto­
chromes) both circulate in the blood 
as large complexes. Cholesterol circu­
lates in the form of cholesteryl esters, 
which make up the hydrophobic core 
of a particle called low-density lipo-

MICROVILLI 

protein (LDL) that is some 200 ang­
stroms across. Ferric ions in blood 
are bound inside a large carrier pro­
tein called transferrin. Both LDL and 
transferrin are much too large to pass 
through a small channel or pump, and 
so the cell must adopt a radically dif-
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EPITHELIAL CELL and the adjacent parts of its two nearest neighbors are depicted sche­
matically. Such cells line the gut and form dividing layers in other internal organs; in the 
gut they form a leakproof barrier between the gut and the blood. The seal is effected by the 
tight junction, which also separates the apical surface facing the gut from the basolateral 
surface facing the blood. Below the tight junction is a desmosome, which welds the two 
adjacent cells together, and below the desmosome is a gap junction, which allows small mol­
ecules to pass from the cytoplasm of one cell directly into the cytoplasm of the adjacent cell. 
Nutrient material in the gut can cross the epithelial sheet only if it is first absorbed into an 
epithelial cell. Some macromolecules can be taken up by endocytosis. The endocytic vesicle 
can then discharge its contents into the bloodstream by exocytosis on the cell's basolateral 
surface. The apical membrane and basolateral membrane have different sets of proteins. 
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GAP JUNCTION between two apposed epithelial cells is made up of two hexagonal studs 
(gray), each embedded in the membrane bilayer of one cell (blue spheres with tails at­
tached); the two studs are pressed together in the gap between the cells. Ions, amino acids, 
sugars, nUcleotides and other molecules smaller than about 20 angstroms in diameter can 
pass through the junction, but proteins, nucleic acids and other larger molecules cannot. 
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ferent strategy to obtain the nutrients 
it requires. 

The current picture of how such nu­
trients enter the cell began to emerge in 
1964 with the work of Thomas F. Roth 
and Keith R. Porter, who were then 
at Harvard. They were studying how 
growing oocytes (egg cells) of the mos­
quito build up the oocyte's yolk. Ex­
amining thin sections of oocytes under 
the electron microscope, they found 
that the yolk precursor is bound to the 
plasma membrane of the oocyte at 
sites where the membrane is indented 
and appears to have a thick, dark coat 
of material on the side facing the cyto­
plasm. The sites are called coated pits. 
In the same thin sections of the oocyte 
Roth and Porter also saw vesicles in­
side the cell that were full of yolk pre­
cursor and had thick coats on their 
outer surface. They called these struc­
tures coated vesicles. The coated vesi­
cles arise when coated pits bud into the 
cell; they are intermediates, inside the 
oocyte's cytoplasm, in the transfer of 
yolk precursor from the cell exterior to 
the large yolk granules stored inside 
the oocyte. 

More recent work by Richard G. W. 
Anderson, Michael S. Brown and Jo­
seph L. Goldstein of the University of 
Texas Health Science Center at Dallas 
on the uptake of LDL and by many 
other groups, including my own, on the 
uptake of transferrin and other large 
molecules has by now drawn a fairly 
coherent picture of the early stages of 
endocytosis initiated by coated pits. 
On the outer surface of most growing 
animal cells there are specific protein 
receptors for LDL, for transferrin and 
for other large imported molecules. 
As the receptors diffuse across the sur­
face of the cell they can bind LDL 
or transferrin. 

When an LDL or transferrin recep­
tor encounters a coated pit, it enters 
the pit. Other proteins in the plas­
ma membrane, however, are excluded 
from the pit, which thereby acts as a 
molecular sorting device. In about a 
minute the coated pit has reached its 
full diameter of about .3 micrometer. 
The pit then invaginates and breaks 
away from the plasma membrane 
into the cytoplasm, where it forms a 
coated vesicle. The mechanical force 
driving the process is assumed to be 
provided by the coat on the cytoplas­
mic side of the pit. 

Once the coated vesicle has formed 
in the cytoplasm it sheds its coat 

in a few seconds. Then two things hap­
pen. The vesicle fuses with an intra­
cellular organelle called an endosome 
and the acidity inside the endosome is 
then increased to apH of about 5. The 
acidic environment causes LDL to fall 

© 1985 SCIENTIFIC AMERICAN, INC



SUCCESSIVE STAGES in the formation of a coated vesicle are 
shown in a series of electron micrographs. The shallow indentation 
in the plasma membrane of a developing chicken oocyte (top left) 
is a coated pit; it holds many particles of a lipoprotein gathered 
from the external environment of the cell. A coat of c1athrin mole­
cules can be seen just under the pit, on the cytoplasmic side of the 

membrane. The pit deepens (top right), the outer membrane of the 
cell closes behind the pit (bottom left) and the pit buds off to form a 
coated vesicle that carries the lipoprotein molecules into the cell 
(bottom right). The micrographs were made by M. M. Perry and 
A. B. Gilbert of the Agricultural Research Council's Poultry Re­
search Centre in Edinburgh. The enlargement is 135,000 diameters. 

off its receptor and the ferric ions to 
pop out of transferrin. By unknown 
processes the receptors for LDL and 
for transferrin (the latter with its li­
gand, transferrin, still attached) are re­
cycled to the plasma membrane. At 
the same time the LDL, the ferric ions 
and other contents of the endosome 
are transferred to lysosomes, again by 
vesicular transport. The lysosome is a 
primitive digestive organelle, and it 
degrades the LDL, thereby liberating 
cholesterol to serve the needs of the 
cell. Note that at this stage both the 
cholesterol and the ferric ions must 
still be transported across at least 
one membrane, namely the lysosomal 
membrane, in order to reach their des­
tinations within the cell. 

The endocytic cycle initiated by 
coated pits gives a dynamic picture of 
a cell. At any instant about 2 percent of 
the surface of a cell growing in culture 
is taken up by deepening coated pits. 
Given such a large flux of membrane 
from the plasma membrane through 
the endosomal compartment and back 
again, one might expect that the pro-

tein components of the two mem­
branes would quickly become identi­
cal. Such mixing does not take place, 
however, because the coated pits select 
only certain proteins from the plasma 
membrane for transfer into the cell. It 
is thought the same set of membrane 
proteins, now residing in the endo­
somal membrane, is cycled back to 
the plasma membrane by a similar se­
lective process. This selective transfer 
of membrane by coated pits may ex­
plain how the integrity of numerous 
distinct membrane compartments can 
be maintained in spite of continual 
traffic among them. Note also that dur­
ing the endocytic cycle the topology 
and asymmetry of the membrane are 
always maintained. 

The understanding of how the coat­
ed pit selects proteins from the plasma 
membrane is admittedly incomplete. 
Nevertheless, it has been greatly ad­
vanced by structural studies of the 
closely related coated vesicles. In 1976 
Barbara M. F. Pearse of the Laborato­
ry of Molecular Biology isolated coat­
ed vesicles and showed that the coat is 

a lattice of a large, fibrous protein she 
named clathrin. Such coated vesicles 
also carry receptors, the ligand mole­
cules attached to the receptors and a 
variety of other proteins that could 
mediate the interaction of clathrin 
with the receptors. Coated vesicles are 
generated not only by the plasma 
membrane but also by intracellular 
organelles such as the Golgi appara­
tus. Hence there is hope that the sort­
ing mechanism may soon be clarified. 

The picture of the plasma mem­
brane emerging from this work is 

that of a lipid bilayer spanned by a 
host of different proteins. Some of 
them simply catalyze the transfer of 
small molecules across the bilayer, and 
they have a globular structure. Others 
have only a single hydrophobic helical 
segment that holds them in the mem­
brane; some of the helical proteins are 
receptors that bring large molecules 
into the cell. Whereas all, or almost all, 
of these molecules are free to diffuse 
around in the liquid bilayer, there are 
other structures such as the gap junc-
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tions and the tight junctions that re­
main relatively static. In contrast there 
is also the highly dynamic movement 
of the membrane during the endocyt­
ic cycle. 

Plasma membranes take part in 
many cellular functions I have not dis-

cussed. Since they make up the inter­
face between a cell and the rest of the 
organism, they must be involved in 
the movement of cells and in how the 
movement is directed during growth 
and development. The plasma mem­
brane also plays a role in cancerous 

growth, in which cell multiplication 
and migration can become uncon­
trolled. Although a molecular under­
standing of such processes is yet to be 
achieved, current knowledge of the 
structure of membranes is a major step 
in that direction. 

CHOLESTEROL 

LDL RECEPTOR TRANSFERRIN 
CLATHRIN RECEP TOR 

LYSOSOME 

GENERALIZED CYCLE of endocytosis and exocytosis is shown 
in four stages. Ferric ions in transferrin molecules and cholesterol 
in particles of low-density lipoprotein (LDL) bind to receptors in 
the plasma membrane. The receptors bearing transferrin and LDL 
diffuse into a coated pit, which somehow blocks the entry of other 
kinds of membrane proteins (1). After a pit buds into the cell and 
becomes a coated vesicle the dathrin coat is shed, and increasingly 
acidic conditions begin to release LDL from its receptor and the 
ferric ions from the transferrin (2). The liberated vesicle then fuses 
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with an endosome already bearing receptors from previous cycles 
of endocytosis. The released ferric ions and LDL are transferred to 
a lysosome. A vesicle is also shown budding away from the endosome 
(3). The vesicle, bearing empty LDL receptors and iron-free trans­
ferrin still attached to its receptor, then fuses again with the plasma 
membrane, and the receptors enter another cycle of endocytosis. 
In the lysosome cholesterol is released from the LDL; ferric ions 
and cholesterol are transported to other parts of the cell (4). The 
asymmetry of the membrane is maintained throughout the cycle. 
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Grandmothers Secret 

SHE never let on to any of us 
that anything was wrong. Years of 
caring for us had urged her to 
protect our feelings. There had 
always been tough times before, 
but with faith and luck, we'd 
endured. Grandmother must have 
felt we would weather this too. 

She took the bus to go shop­
ping early on Wednesday the first 
week of April. When she returned, 
everything was destroyed. It was as 
if every last bit of energy, every 
ounce of strength had been 
drained. That weathered, beautiful 
old woman looked like she'd lost a 
fight before it started. 

Mrs. Johnston, from across 
the street, stopped by like she had 
every afternoon for a cup of coffee. 
She and Grandmother had been 
friends for years and had shared 
their stories and memories out on 
the back porch as they watched 
the spring approach. Now she 
stopped just inside the door and 
looked at her close friend's face. 
She took command immediately. 

Grandmother had refused 
our initial inquiries about her 
sudden depression. Mrs. Johnston 
moved her to the back porch and 
commanded coffee as she care­
fully guided her through the back 
kitchen. 

1\vo hours later, the sun was 
lost and they still hadn't returned. 
We were hopeless as a family. 
Something was obviously seri­
ously wrong and none of us could 
bring ourselves to talk about it. 
And the desire to help, to do 
something, made the helplessness 
even more acute. When Mrs. 
Johnston returned, she put Grand-

mother to bed and sat down to talk 
to us. From the look on her face, 
I knew it was bad news, and 
I suddenly hated her for being 
the one to shatter our secure 
feeling of family. 

Grandmother had cancer. 
There would, of course, be treat­
ments, but in the end the cancer 
could claim her more easily than 
not. It was this inevitable message 
that had the effect of making her 
feel dead already. Mrs. Johnston 
spared us nothing. She had always 
seemed strong and fair, and this 
was a new side of her that we were 
seeing. She had never seemed, 
however, more capable than she 
did now. The shock would be 
weeks in coming, she explained. 
For it was not only Grandmother 
who would have to live with this 
new knowledge, but us, her family. 
She would need us like never 
before, and yet we would feel as 
weak as she with the weight of this 
terrible disease. We would, she 
explained, all be affected. 

When she left, she gave my 
father a number to call. 

Grandmother died, as we all 
do, from one cause or another. 
But in those last months of her life, 
she lived, I think, more than she 
had ever before. The number Mrs. 
Johnston had given my father was 
for Cancer Care. 

The people at Cancer Care 
provide a most important tool in 
the battle against cancer. They 
counsel cancer patients and their 
families, helping them regain their 
inner strength to deal with the days 
ahead. They are honest, caring 

CANCER CARE 
people helping people 

professionals helping to regain the 
sense of life before the specter of 
death can win a psychological 
victory. Their message is simple 
and concerned. Life isn't over 
when you discover you have can­
cer. As long as there is life, it 
should be lived. They encourage 
the restrengthening of the attitude, 
the first victim in the battle against 
cancer. Cancer Care also directs 
the patient and family in obtaining 
information about services that 
are available, easing the burden 
when the mind is still reeling from 
the diagnosis. 

And, when my Grandmother 
was gone, they didn't desert us. 
They kept in touch, helping 
through the loss that dragged at us 
so painfully. 

Just before my Grandmother 
left us, she called me in to talk. She 
was weaker and talked slowly as 
she told me the words that would 
guide my life. "Take nothing for 
granted. Both the good and the 
bad are necessary, but nothing can 
replace purpose in life. Not char­
ity, not good intenti.ons, and not 
medicine:' Then she took my hand 
and told me what she had learned 
from the people at Cancer Care 
that had made her life easier. "Uve 
life to the fullest:' 

I waited for more, but that 
was it. And as I remembered the 
things the people at Cancer Care 
had done, and the time they'd 
spent with my Grandmother, I 
realized that that was exactly what 
they'd helped us do. 

Cancer Care, Inc., 1180 Sixth Avenue, New York 10036, (212) 679-5700 
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The Molecules of the Cell Matrix 
Proteins in the cytoplasm form a highly structured yet changeable 

matrix affecting cell shape, division and motion, and the transport 

of vesicles and organelles. It may also have a bearing on metabolism 

T
he cytoplasm of a cell is not a 
formless mass of jelly in which 
the nucleus and the other organ­

elles are scattered. It is highly struc­
tured. A fibrous matrix of proteins 
spans the cytoplasm between the nu­
cleus and the inner surface of the plas­
ma membrane, helping to establish the 
cell's shape and playing a role in cell 
locomotion and division. Known as 
the cytoskeleton, the matrix may also 
influence the movement of organelles 
within the cell and even affect cell me­
tabolism by providing a three-dimen­
sional setting for the molecular events 
that are the cell's vital processes. 

Microscopists first observed fibers in 
the cytoplasm of a few cell types dur­
ing the 19th century; later silver and 
other stains were used to enhance the 
visibility of cytoskeletal fibers under 
the light microscope. In the 1950's and 
1960's electron microscopy revealed 
three distinct systems of filaments in 
the cytoplasm. More recent biochemi­
cal and immunological studies have 
identified the distinctive set of proteins 
characterizing each filament system. 

Both ultrastructural appearance and 
biochemistry distinguish the three sys­
tems. The finest of the fibers are the 
microfilaments; they average six nano­
meters (billionths of a meter) in diam­
eter and are made up of the protein 
actin. The microtubules are 22 nano­
meters in diameter and consist of tu­
bulin. The diameter of intermediate 
filaments, the third of the systems, 
ranges between seven and 1 1  nano­
meters; their constituent protein varies 
according to cell type. 

The proteins that characterize each 
filament system can be purified in the 
laboratory, making it possible to use 
the technique of immunofluorescence 
microscopy to gain an overview of the 
configuration of each filament type 
within the cell. First applied to a com­
ponent of the cytoskeleton (the micro­
filament system) in 1974, the technique 
requires an antibody to a specific pro-
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tein. The antibody is made by injecting 
the purified protein into an experimen­
tal animal. One then allows the anti­
body to bind to the target protein in 
a fixed cell by introducing the anti­
body through holes made in the plasma 
membrane. Next one exposes the cell 
to a second antibody that recognizes 
the first and that has been labeled with 
a fluorescent compound. When the cell 
is viewed under the fluorescence mi­
croscope, the bound fluorescent anti­
body highlights the distribution of the 
first antibody and thereby of the pro­
tein to which it is bound. 

When the first antibody is specific 
for actin, the fluorescent marker re­
veals an array of "stress fibers": long, 
thick bundles of microfilaments run­
ning parallel to and just inside the plas­
ma membrane. Stress fibers are partic­
ularly prominent in cells that are well 
spread: cells that lie flat on the sub­
strate. Many normal cells and cells 
that have been transformed by a tumor 
virus are rounded in shape and lack 
stress fibers. The antibody also reveals 
a fine mesh of micro filaments under 
the membrane; the mesh is most dis­
tinct at the fixed cell's "ruffling edge," 
which marks the leading edge of a liv­
ing cell crawling across a substrate. 

An antibody that is specific for tu­
I\. bulin makes visible a very dif­
ferent organization. The microtubules 
it highlights are not concentrated near 
the plasma membrane; instead they ra-

diate from an organizing center near 
the nucleus known as the centrosome 
or cytocenter. The centrosome consists 
of two compact, cylindrical structures 
known as centrioles and the surround­
ing material. Individual microtubules 
run from the centrioles to just under 
the plasma membrane. In contrast to 
the stress fibers the radial microtu­
buIes do not disappear when a well­
spread cell assumes a more rounded 
shape, although they must change in 
length. Under the fluorescence micro­
scope it is more difficult, however, to 
resolve neighboring microtubules in a 
rounded cell than it is in a well-spread 
one, which may account for the er­
roneous belief that the microtubular 
complex becomes broken and ill-de­
fined in transformed cells. 

A striking rearrangement of the mi­
crotubular complex does occur at the 
onset of mitosis, the process of cell di­
vision. Immunofluorescence micros­
copy shows that as the chromosomes 
in the nucleus condense and begin to 
separate into two sets, the microtu­
buIes are broken down and the tubu­
lin is reassembled to form the mitotic 
spindle: a framework of parallel mi­
crotubules that extends from the poles 
of the dividing cell to the chromo­
somes in the center and also stretches 
between the opposite poles. The spin­
dle guides and probably supplies the 
driving force for the movement of the 
two sets of chromosomes to the poles. 
It is the cytoskeletal element that is re-

WEB OF PROTEINS in the cytoplasm of a fibroblast, a connective-tissue cell, is made 
visible by fluorescence microscopy. Blue indicates the distribution of actin, the structural 
protein of microfilaments, which was stained with the fluorescent drug phalloidin. Red 
marks the distribution of vinculin, a protein that is associated with actin, and green shows 
the arrangement of tubulin, the structural protein of microtubules. The distribution of vin­
culin and tubulin was delineated immunologically: antibody to each protein was used to tag 
it with a fluorescent compound. J. Victor Small and Gottfried Rinnerthaler of the Institute 
of Molecular Biology in Austria constructed the image by making three separate black­
and-white micrographs of the cell, in each of which only one protein was visible. The work­
ers then passed the images through color filters and combined them photographically. The 
white areas are an artifact, and the yellow regions result from the superposition of colors. 
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PROTEIN FILAMENTS lace the cytoplasm of an epithelial cell 
from a rat kangaroo, magnified 38,000 times. (Epithelial cells make 
up the surface layers of such tissues as skin and the lining of the in­
testine.) Diameter and appearance distinguish the three kinds of fil­
aments in the cell matrix. The straight fibers that cross the electron 
micrograph in thick bundles are microfilaments. They are six nano­
meters (billionths of a meter) in diameter and are made of the pro-

tein actin. The bundles are called stress fibers. The isolated, thick­
er fibers, which resemble railroad tracks, are microtubules. They 
have a diameter of 22 nanometers and are composed of tubulin. The 
curved bundles are made up of intermediate filaments, which are 
between seven and 11 nanometers in diameter. Their protein varies 
among cell types; in epithelial cells they consist of keratin. David 
Henderson made the micrograph while working with the authors. 

sponsible for the correct division of the 
parent cell's genetic material between 
the two daughter cells. 

The antibody that is needed to ob­
serve the third filament system in a 
cell, the intermediate filaments, varies 
with their constituent protein, which in 
turn depends on the cell type. In keep­
ing with their variable biochemistry, 
the arrangement of intermediate fila­
ments is different in different tissues 
(and a few cells seem to lack them alto­
gether). Intermediate filaments gener­
ally lace the entire cytoplasm, but in 
some cells they are bllndled together 
and in others they are distributed as 
individual filaments. In many kinds of 
cells their arrangement appears to be 
related to that of the microtubules. 

Immunofluorescence microscopy is 
a powerful tool for studying the 

overall arrangement of cytoskeletal 
filaments, and it has also proved valu­
able in determining which other pro­
teins are associated with the different 
filament systems. With a few tricks 
the technique can even produce an im­
age documenting three proteins in a 
single cell or stereoscopic images giv­
ing a three-dimensional impression. 

Electron microscopy provides high­
er resolution than immunofluores­
cence microscopy. A section prepared 
for conventional electron microscopy 
is only about a two-hundredth the 
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thickness of a cell, however, and there­
fore does not provide an overview of 
cytoskeletal organization. New high­
voltage electron microscopes can be 
used to study thicker sections, in which 
individual cytoskeletal fibers can be 
followed for great distances. Another 
way to observe large-scale cytoskeletal 
organization with the electron micro­
scope is to treat cells with a mild deter­
gent. The detergent makes holes in the 
plasma membrane and extracts many 
soluble proteins. from the cytoplasm, 
but it leaves the microfilaments, mi­
crotubules and intermediate filaments 
intact. Such preparations need not be 
sectioned before electron microscopy. 

The configuration of the cytoskele­
tal elements can also be highlighted 
by quick-freeze deep-etch microscopy: 
quick-freezing and fracturing a cell, 
removing water from it and applying 
a thin layer of platinum. Under the 
electron microscope the treated speci­
men yields dramatic, seemingly three­
dimensional images of the exposed cy­
toskeleton. Electron microscopy has 
also gained the biochemical specifici­
ty of immunofluorescence microscopy 
through the use of antibodies labeled 
with an electron-dense substance such 
as ferritin or colloidal gold; its distri­
bution in a micrograph indicates the 
distribution of the target protein. 

The techniques discussed above give 
only a static view of the cytoskeleton, a 

snapshot of the cell at the moment of 
its fixation. Other techniques have be­
gun to reveal the behavior of the cyto­
skeleton in the living cell. One can 
chemically label a cytoskeletal protein 
in the test tube with a fluorescent com­
pound and then inject it directly into a 
cell using a fine glass needle. The fluo­
rescent tag makes it possible to follow 
the protein's incorporation into the cy­
toplasmic matrix with an image-inten­
sifying video camera. To assess the 
role of a particular protein of the ma­
trix in cell behavior and physiology 
one can inject antibody to the protein; 
often the antibody will inactivate the 
protein. The functioning of the inject­
ed cell will then give an indication of 
protein's role in normal cells. 

To determine the molecular basis 
of the structure and behavior re­

vealed by such microscopic techniques 
the observations must be combined 
with results from biochemical studies. 
In vitro assays in which cytoskeletal 
proteins are purified and their interac­
tions with one another are observed 
have led to a biochemical description 
of much that is observed under the mi­
croscope. The proteins that underlie 
the organization and dynamics of the 
microfilaments, for example, are par­
ticularly well characterized. 

Chief among them is actin, the basic 
protein of the microfilaments. In its 
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purified form actin is a monomer (a 
single molecular unit that can combine 
with like units to form a polymer, or 
chain) known as globular actin, or G­
actin. In the presence of adenosine tri­
phosphate (ATP), a cellular energy­
providing compound, and a physiolog­
ical buffer the G-actin polymerizes 
to form long double helixes called fil­
amentous actin, or F-actin. Simul­
taneously the ATP is converted into 
adenosine diphosphate (ADP), releas­
ing the energy for the process. The F­
actin chain has a polarity: it tends 
to polymerize, or elongate, at one end 
(the plus end) and to depolymerize, or 
shorten, at the other (the minus end). 
F-actin is the major structural element 
of the microfilaments, but in the cyto­
skeleton a number of other proteins, 
known as actin-binding proteins, link 
with it. 

Actin-binding proteins govern the 
configuration and behavior of the 
F-actin. Analyses of skeletal muscle, 
smooth (involuntary) muscle and vari­
ous nonmuscle cells and tissues have 
already documented several dozen 
such proteins, and more are sure to be 
found. Some are peculiar to specific 
cell types, but many are common to a 
range of cells and all are named for 
their in vitro effects on the assembly 
and structure of actin. Gelation fac­
tors markedly increase the viscosity of 
purified F-actin; they form flexible 
but tight links between crisscrossed 
filaments. Bundling factors, a set of 
very compact proteins, rigidly bind fi­
bers in parallel, forming dense bun­
dles that can be seen under the light 
microscope. Rodlike spacing factors 
form bridges between parallel actin 
filaments, linking them across distan­
ces of perhaps 200 nanometers. 

Severing and stabilizing factors bind 
not to multiple actin strands but to sin­
gle filaments, governing their length 
and stability. Severing factors seem to 
insert themselves between subunits in 
a filament, dividing it and forming a 
cap on the new plus end. When sever­
ing factors are added to a gel of F-ac­
tin, its viscosity decreases dramatically 
as filaments are cut. Stabilizing factors 
counter the action of severing factors; 
also known as cofilamentous proteins, 
they lie along the filament and there­
by protect it. Tropomyosin, a short 
filamentous protein, may function as 
a stabilizing factor for F-actin in non­
muscle cells. 

Still other proteins govern the as­
sembly of individual F-actin fibers. Be­
cause actin fibers tend to add G-actin 
subunits at one end and to shed the 
monomer at the other, there is a flow 
of subunits through the chain when 
it is in equilibrium with free G-actin. 
The process is called treadmilling, and 

it is regulated by capping factors. Each 
capping molecule is specific for either 
the plus or the minus end of the fila­
ment. Thus a capping factor halts ei­
ther the addition of subunits to the fila­
ment end or their removal and thereby 
regulates the amount of actin in po­
lymerized form. 

Another set of actin-binding pro­
teins that affect the equilibrium be­
tween G- and F-actin bind to the 
monomer rather than to the polymer. 
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These so-called sequestering factors 
form a complex with G-actin, prevent­
ing it from polymerizing. They pro­
vide a reservoir of monomeric actin, 
which the cell can tap when it needs to 
form new filaments. 

How does a cell control the forma­
tion, linking, capping and severing of 
its microfilaments? At least some ac­
tin-binding proteins, notably the sever­
ing proteins and certain capping and 
spacing proteins, are regulated by flux-
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PROTEINS FROM EPITHELIAL CELLS were sorted first according to charge, here 
expressed as isoelectric point (left to right), and then according to their molecular weight 
(top to bottom) by two-dimensional gel electrophoresis. Living cells were exposed to a mix­
ture of radioactively labeled amino acids, which the cells gradually incorporated into their 
proteins. The proteins were separated by electrophoresis and a photographic emulsion was 
placed on the gel; radioactivity from the proteins produced the image at the top. The cyto­
skeletal proteins are major components of the cell. Actin, tubulin and keratin, identified at 
the bottom, are the basic proteins respectively of microfilaments, microtubules and (in epi­
thelial cells) intermediate filaments. The other identified proteins are linked with the three 
basic proteins. R. Bravo and J. E. Celis of the University of Aarhus supplied the image. 
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es of the calcium ion, which is known 
to be an important cellular messenger. 
The sequestering factors may respond 
to certain lipids; in vitro the lipids 
cause sequestering factors to release 
their complement of bound G-actin. It 
is quite likely that some cells also con-

trol their microfilament architecture 
by altering the relative proportions of 
the various actin-binding proteins. 

Actin-binding proteins influence not 
only the organization of the actin mesh 
but also its activity. The capping and 
severing proteins, for example, may 

CYTOSKELETAL FILAMENT SYSTEMS have distinct configurations that are evident 
in immunofluorescence micrographs. Microfilaments (top left) parallel the cell-surface mem­
brane in bun41es known as stress fibers, which may have a contractile function. Just below 
the membrane microfilaments also form a fine mesh, faintly evident here at the cell's ruf­
fled upper border, which marked its leading edge while it was living and mobile. Micro­
tubules (top right), visible individually in this micrograph, radiate from an area near the 
nucleus known as the cytocenter (most heavily stained region). Microtubules may act as ra­
dial guides for intracellular transport in the nondividing cell, but for cell division they break 
down and the tubulin is reassembled into the microtubules of the mitotic spindle, shown in 
a micrograph for which a different fluorescent compound was used (bottom left). Interme­
diate filaments (bottom right), like microtubules, extend throughout the cytoplasm. In an 
epithelial cell, such as the one shown, intermediate filaments form thick, wavy bundles that 
probably provide structural reinforcement; in other types of cells the intermediate fila­
ments usually are not as tightly aggregated as in epithelium and their function is less clear. 
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play a part in some kinds of cell lo­
comotion and in movement within 
the cell by controlling the local short­
ening and lengthening of actin fila­
ments. The acknowledged motor of 
cell movement and possibly of certain 
aspects of intracellular transport is yet 
another actin-binding protein, myosin. 
Together with actin myosin can con­
vert the chemical energy of A TP into 
contractile movement. Myosin is in 
fact an ATPase, an enzyme that breaks 
down ATP into ADP. Its activity is 
stimulated when it is bound to F-actin. 

The association of myosin with F­
actin is well established in muscle cells, 
where the two proteins form orderly 
contractile units known as sarcomeres. 
The cytoplasm of nonmuscle cells con­
tains a much smaller amount of myo­
sin in a far less ordered state. Instead 
of forming the thick, bipolar (double­
headed) filaments typical of muscle, 
the myosin is morphologically lost in 
the jungle of cytoskeletal organization 
that is visible in ordinary electron mi­
crographs. Immunofluorescence mi­
croscopy, however, confirms its pres­
ence among the microfilaments. 

Myosin's importance in contraction 
can be demonstrated in vitro, and 

the probable biochemistry of the proc­
ess has been unraveled. Once again a 
flux of calcium ions acts as a trigger. 
Myosin kinase, another protein asso­
ciated with micro filaments, together 
with calmodulin, a substance that me­
diates many effects of calcium, alters 
the configuration of the myosin mole­
cules. They stretch and aggregate into 
small bipolar filaments. The calcium 
ions also activate severing factors, 
which cut areas of the actin network. 
The bipolar myosin filaments then 
bind at both ends to properly aligned 
actin filaments and, in the presence of 
ATP, slide the filaments along each 
other. It is also possible that myosin 
molecules, appropriately anchored, 
could tug on single actin filaments. 

Direct proof that F-actin and myo­
sin together convert the chemical en­
ergy stored as ATP into movement 
comes from a recent experiment done 
with the purified proteins. A system of 
actin filaments running in parallel and 
having identical polarity was attached 
to a carbon film. Small polystyrene 
beads to which myosin molecules had 
been linked were then placed on the 
actin. When A TP was added to the sys­
tem, the beads were observed to move 
along the filaments. The rate of move­
ment was consistent with the speed 
of muscle contraction and of certain 
forms of cell motion. Just how a living 
cell translates such movement at the 
molecular level into cell locomotion 
and the intracellular movement of or-
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ganelles is not understood, however. 
The relation of the micro filament 

network to the architecture of the cell 
is better known than the network's 
role in movement. Microfilaments 
dominate the outer part of the cyto­
plasm; they therefore have a strong 
influence on the characteristics of 
the cell surface. A specialized actin-
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based scaffolding underlies the plasma 
membrane of some cells. In certain 
cells it has been possible to purify and 
isolate the entire scaffolding. Immu­
nological and biochemical techniques 
have revealed the biochemical make­
up of the isolated protein structure. 

Just under the plasma membrane of 
red blood cells very short actin fila-
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ments and an actin-binding protein 
form a two-dimensional mesh that 
seems to account for the cells' flexibili­
ty, a feature that.enables them to pass 
through extremely fine capillaries. The 
actin chains, which probably contain 
only about a dozen actin monomers, 
lie at the junctions of the network; they 
are interconnected by long molecules 
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ACTIN-BINDING PROTEINS (color) govern the organization 
and activity of actin (black), the basic protein of the microfila­
ments. Globular actin (G-actin), the protein subunit of the micro­
filaments, is held in storage by profilin, a protein that acts as a se­
questering factor (1). When it is released, the G-actin polymerizes 
to form helical strands known as filamentous actin (F-actin). F­
actin strands have a polarity: they tend to add molecules of G-actin 
at one end and shed them at the other. Capping factors (2), by bind­
ing to one or the other end of the strand, regulate the process. Sever-

ing factors (3) divide completed strands; stabilizing factors (4) coun­
teract severing factors by binding in parallel to actin strands, there­
by protecting them. Bundling (5), gelation (6) and spacing (7) factors 
dictate the spatial organization of actin filaments; the contraction­
producing factor, myosin (8), makes the organization a dynamic 
one. It binds to actin filaments having opposite polarity (arrows) 
and slides them along each other. The process requires the en­
ergy-carrying compound adenosine triphosphate (ATP). StilI other 
proteins (9, 10) anchor the network to the cell-surface membrane. 
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of a spacing factor, spectrin. A third 
protein, ankyrin, binds the spectrin 
cross-links to a major transmembrane 
protein (a protein that spans the plas­
ma membrane) and anchors the net­
work; other proteins further stabilize 
the basic architecture. 

The exposed surface of an intestinal 
epithelial cell has a more complex to­
pography, and a more intricate cyto­
skeletal scaffolding underlies it. A sin­
gle cell carries some 1,000 fingerlike 
projections known as microvilli, which 
add to the area of surface through 
which nutrients are absorbed. The mi­
crovilli are loaded with digestive en­
zymes and biochemical transport sys­
tems that process the nutrients. Each 
microvillus is stabilized by a bundle of 
F -actin, in which the proteins villin 
and fimbrin act as bundling factors. 
A series of helically arranged bridges 
link the bundle to the plasma mem­
brane of the microvillus. The protein 
of the bridges has not been character­
ized completely, but it may be a trans­
membrane protein that extends inward 
to meet the actin bundle. At the base 
of the bundle the filaments are rooted 
in a horizontal net that is thought to 
be dominated by a spectrinlike spacing 
factor. The net holds the many core 
filaments in place and thereby stabi­
lizes the microvilli. 

PLASMA MEMBRANE 

Electron micrographs have shown 
many other kinds of interaction be­
tween microfilaments and cell surface 
membranes. Many such interactions 
are certain to have structural signifi­
cance, as they do in red blood cells and 
the intestinal epithelium; the molecu­
lar details of the interaction are not as 
well understood in other cells. 

It is also likely that the microfila­
ment net under the plasma membrane 
has an important bearing on cell physi­
ology. In the red blood cell the trans­
membrane protein, known as band III 
for its position on electrophoretic gels, 
provides an anchorage for certain gly­
colytic enzymes, which mediate the 
breakdown of glucose. Band III also 
acts as a channel allowing ion ex­
change across the membrane, enabling 
the red cells to discharge carbon diox­
ide as they pass through the lung tis­
sue, where they also acq uire oxygen. In 
other cell types certain protein kinases 
(substances that play a regulatory role 
in cell physiology) are present in the 
subsurface mesh. Moreover, signals 
received on the outer surface of the 
membrane by receptors that bind mes­
senger molecules may directly affect 
the subsurface net. 

Certain tumor viruses may also act 
on the subsurface mesh. In trans­
formed cells proteins encoded by the 

oncogenes (cancer-inducing genes) of 
the viruses may be localized within the 
mesh. Such proteins can cause dra­
matic changes in the cytoskeleton; in 
some instances they have been shown 
to act by phosphorylating (adding a 
phosphate group to) specific cytoskel­
etal proteins. 

The second filament system, the mi­
crotubules, differs from the mi­

crofilaments in overall organization, 
as immunofluorescence micrographs 
show. It also has a different set of func­
tions. It appears to be a major factor in 
intracellular organization and trans­
port as well as in the architecture of the 
cell as a whole. Microtubules resemble 
microfilaments, however, in having a 
single major structural protein. A sub­
stance called tubulin is the stuff of mi­
crotubules and also of related organ­
elles such as cilia and flagella (two 
kinds of appendages with which cer­
tain cells propel themselves or move 
surrounding liquid or particles), the 
basal bodies to which cilia and flagella 
are attached and the centrioles. 

Like the actin of microfilaments, tu­
bulin forms polymers. Tubulin itself is 
a globular protein that consists of two 
distinct but similar polypeptides, al­
pha-tubulin and beta-tubulin. The po­
lymerization of tubulin can be ob-

FRAMEWORK OF ACTIN AND SPECTRIN on the inner sur­
face of the membrane of a human red blood cell gives the cell 
strength and flexibility. Very short actin chains (black ill diagram at 
left) form the "knots" of the net; long, thin molecules of the spacing 
factor spectrin (color) interconnect the actin. The spectrin binds to 
a protein known as ankyrin (tight color), which fastens the frame­
work to a protein known as band III (gray) that is embedded in the 
membrane and protrudes from the outer surface. Other protein com-

ponents (not shown) further stabilize and strengthen the subsurface 
structure. An electron micrograph of a purified spectrinlike protein 
(top right), made by John Glenney while he was working with the 
authors, shows its elongated shape. A micrograph of red-cell mem­
brane (bottom right), which was stretched to about 10 times its orig­
inal size to expose the organization, reveals spectrin links, the anky­
rin-binding sites on the links and the actin chains. Timothy J. Byers 
and Daniel Branton of Harvard University provided the micrograph. 
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served in vitro. In the presence of gua­
nosine triphosphate (GTP), an energy­
carrying compound similar to ATP, 
the tubulin dimers (the two-part mole­
cules made up of alpha- and beta-tubu­
lin) join to form a tube with a hollow 
core. (It is remarkable that some 20 
years after the structure of microtu­
buIes was observed through the elec­
tron microscope it is still not known 
whether the central space, which is 
about 10 nanometers in diameter, has 
any function.) 

Microscopic and biochemical stud­
ies suggest that microtubules, like mi­
crofilaments, are associated with other 
proteins that influence their organiza­
tion and activity. Electron microscopy 
shows that a number of associated pro­
teins project from the wall of microtu­
buIes into the cytoplasm, sometimes 
for tens of nanometers; their function 
may be to link the microtubules with 
other cytoplasmic components or to 
define a protected zone around each 
microtubule. 

The biochemical properties of tubu­
lin point to the existence of other asso­
ciated proteins. Like F-actin, microtu­
buIes display a polarity in vitro: one 
end tends to extend by polymerization 
whereas the other tends to shorten, 
leading a process of treadmilling simi­
lar to the one demonstrated for F­
actin. Thus certain proteins or more 
complex substances may act as cap­
ping factors, exerting pronounced ef­
fects on the formation and breakdown 
of microtubules. In vitro, centro somes 
appear to nucleate the assembly of mi­
crotubules that grow and shrink. Their 
dynamic instability may explain cer­
tain aspects of microtubule behav­
ior in vivo, particularly in the mitotic 
spindle. Interestingly, microtubule 
ends containing GTP (the energy-rich 
form) seemed more resistant to short­
ening by depolymerization than ends 
with a larger proportion of GDP. 

Some tubulin-associated proteins 
may be present only at specific stages 
in a cell's existence or in specific com­
partments of the cell, which suggests 
that they may have unique functions. 
There are now tantalizing indications, 
for example, of associated proteins 
that are unique to the tubulin of the 
mitotic spindle. In neurons different 
proteins seem to be associated with 
microtubules in the dendrites and in 
the axons. In cilia and flagella tubulin 
links with a flexible protein known 
as dynein. Like myosin, dynein is an 
ATPase, and it powers the beating 
motion of cilia and flagella. 

Dynein or some other A TP-depen­
dent analogue of myosin may bind to 
tubulin in the cytoplasm too. If such an 
association did occur, a cytoplasmic 
system of tubulin and dynein might 

provide a further basis for cell move­
ment. Tubulin might also support 
some movement through capping fac­
tors and the shortening or lengthening 
of microtubules. 

A different mechanism based on tu­
bulin and a putative tubulin-associated 
protein may transport vesicles along 
the axons of nerve cells and perhaps 
move other organelles within the cyto­
plasm. A recent in vitro study showed 
that vesicles isolated from the giant ax­
ons of the squid move along purified 
microtubules at speeds of up to one 
micrometer per second when A TP and 
a crude mixture of cellular proteins are 
added. It is thought that a protein in 
the mixture, unidentified as yet, acts 
as a translocator, probably binding 
both to vesicles and to a microtubule. 
The hypothetical trans locator would 
act as an ATPase, breaking down A TP 

MICRO­

VILLUS 

to derive the energy needed for vesi­
cle translocation. 

The details of microtubular dynam­
ics in the cytoplasm remain uncertain; 
evidence for their structural roles is 
stronger. The polarities of all the mi­
crotubules radiating from the centro­
some are probably identical. If a cell is 
treated with the drug colcemid, its 
microtubules depolymerize and essen­
tially disappear. When the drug is 
washed away, the microtubules re­
appear in a strikingly unidirectional 
manner, elongating outward from the 
centrosome at a rate of about one mi­
crometer per minute (at a temperature 
of 37 degrees Celsius), which is about 
the same rate that is observed when 
tubulin polymerizes in vitro. Within 75 
minutes a microtubular display simi­
lar to that of a normal cell has re­
appeared. The directional nature of 

ACTIN-BASED SCAFFOLDING stiffens the microvilli (fingerlike projections) on the 
surface of an intestinal epithelial cell. Within each microvillus the bundling factors villin 
(circles in diagram at left) and fimbrin (dots) bind actin filaments (black) in a longitudinal 
bundle; another protein (color) forms lateral bridges between the bundle and the surface 
membrane of the microvillus. It is not known how the bundle is anchored at its upper end. 
Below the microvilli a variant of the spacing factor spectrin (gray) forms a mesh in which 
the bundles are rooted. Deeper still the actin fibers intermingle with the cell's intermediate 
filaments, which are made up of keratin. The keratin filaments in turn are anchored at 
the cell membrane at specialized regions known as desmosomes, which cement together epi­
thelial cells. A deep-etch micrograph (right) of an intestinal cell that had been treated with 
detergent to remove soluble proteins shows a number of microvilli. In several of them actin 
bundles and their connections with membrane can be seen, as can the spectrin and kera­
tin webs. John E. Heuser of Washington University in St. Louis provided the micrograph. 
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microtubules suggests they could act 
as guides for directed radial transport 
within the cell. 

The microtubules also seem to play 
a part in establishing the distinctive 
shape and orientation of certain cells. 
A fibroblast (a connective-tissue cell), 
for example, is asymmetric, displaying 
a ruffled leading edge and a slender tail 
as it moves across a substrate. When 
such a cell is treated with colcemid, 
causing the microtubules to disappear, 
it becomes more symmetrical and its 
locomotion stops. 

Such a treatment also visibly dis­
turbs the workings of the cell. The 
characteristic motion of intracellular 
organelles and certain vesicles-inter­
mittent, directed movements-stops. 
The membranes of the Golgi appara­
tus become disordered and move away 
from their normal location near the 
centrosome, and the interconnected 
system of channels making up the en­
doplasmic reticulum seems to retract. 
Disturbing the microtubules in nonep­
ithelial cells also seems to affect anoth­
er system of fibers, the intermediate 
filaments: they retract into the interior 
of the cell and coil around the nucleus. 

Experiments with other drugs that 
disturb the normal arrangement of mi­
crotubules have yielded further evi­
dence that microtubules define spatial 
order within the cell. Taxol, a drug that 
promotes rather than inhibits the po­
lymerization of tubulin, causes a cell's 
microtubules to form bundles that no 
longer connect to the centrosome; sim-

. ilar effects result from the injection of 
tubulin-specific antibodies into a cell. 

Microtubules thus appear to estab­
lish the geometry of the cell, acting as 
tracks that orient other cellular phe­
nomena. In cells of limited dimensions 
such guidance might not be needed, at 

ALPHA-TUBULIN 

least for intracellular transport: the va­
garies of Brownian motion might suf­
fice to deliver vesicles and other organ­
elles to their proper sites within the 
cell. In highly asymmetric cells such 
as neurons, however, whose axons ex­
tend for several meters in some ani­
mals, guidance may be essential to 
transport within the cell. 

Tess is known about the function of 
L the intermediate filaments, the 
third element of the cytoskeleton. It is 
also harder to generalize about their 
biochemistry. The basic proteins of in­
termediate filaments are encoded by 
a single family of genes, but different 
genes of the family are expressed in 
different kinds of cells and tissues. By 
the late 1970's immunological and bio­
chemical studies had shown that the 
genes for intermediate-filament pro­
teins are expressed in accordance with 
the path the tissue followed during 
embryogenesis. 

The diversity of paths gives rise to 
five biochemically distinct kinds of in­
termediate filaments: epithelial kera­
tins in epithelial cells, neurofilaments 
in most (but probably not all) neurons, 
desmin filaments in muscle, glial fil­
aments in glial cells (the supporting 
cells in the brain, the spinal cord and 
the peripheral nervous system) and vi­
men tin filaments in cells of mesenchy­
mal origin, such as those in connec­
tive tissue and in blood and lymph 
vessels. Subtypes exist within the epi­
thelial keratins; some 20 different 
molecules have been catalogued in hu­
man tissue, some of them specific to 
morphologically distinct epithelia. 

The molecules of intermediate-fila­
ment proteins all have a rodlike cen­
tral region of unvarying length. Within 
this region the proteins are very simi-
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ASSEMBLY OF TUBULIN takes place as dimers made up of alpha- and beta-tubulin link 
to form 13 protofilaments that are arrayed around a hollow core. The result is a microtubule 
22 nanometers in diameter, shown end on (left), in a side view (middle) and unrolled (right). 
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lar: between 30 and 70 percent of the 
constituent amino acids are identical. 
The rodlike region is the structural ba­
sis of intermediate-filament assembly. 
A cross section through a single to-na­
nometer filament would show about 
30 molecules in an interlocking ar­
rangement. In contrast to the polymer­
ization of microfilaments and micro­
tubules from globular subunits, the as­
sembly of intermediate filaments does 
not require ATP or GTP. 

The terminal regions of the interme­
diate-filament proteins are far more 
variable in size and in amino acid 
makeup than the central rods. In gen­
eral the terminal regions do not take 
part in binding the molecules into a 
filament. They probably extend from 
the filament into the cytoplasm, where 
they may function to link the filament 
with other structural components. One 
end of the largest neurofilament pro­
tein, for example, accounts for the 
wispy cross bridges that are seen join­
ing neighboring axonal neurofilaments 
in electron micrographs. 

Like the other filament systems the 
intermediate filaments have a set of as­
sociated proteins, only some of which 
are now known. Their role, and indeed 
the function of the entire network, re­
mains rather elusive. When antibodies 
to intermediate-filament proteins are 
injected into cultured cells, cell loco­
motion and cell division do not appear 
to be affected. Intermediate filaments 
may play a subtle role in cell dynamics 
that is difficult to identify in isolated 
cells grown in a laboratory culture. 

In some cells and tissues, however, it 
is apparent that the intermediate fila­
ments have a structural purpose. It is 
widely believed intermediate filaments 
are attached at one end to the mem­
brane that envelops the nucleus, and it 
is known that in epithelial cells many 
of the keratin filaments are anchored 
at specialized regions of the cell sur­
face membrane known as desmo­
somes. Desmosomes are a kind of in­
tercellular junction that serves to join 
neighboring cells together. At a des­
mosome specialized proteins on each 
cell extend through the membrane and 
project a glycoprotein end at the out­
er surface; the glycoproteins interact 
with similar ones on the other half of 
the desmosome to unite the cells. To­
gether the keratin fibers and the des­
mosomes integrate the epithelium, giv­
ing it stability and strength. In some 
nonepithelial cells the intermediate fil­
aments may link instead with the actin­
spectrin web under the membrane . 

The three filament systems are not 
completely separate and indepen­

dent units of the cell architecture. The 
similarities in the arrangement of mi-
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crotubules and intermediate filaments 
and the effects on the intermediate fila­
ments of nonepithelial cells when the 
microtubules are disrupted suggest 
that the two systems are linked, prob­
ably by associated proteins. It also 
seems likely that microtubules may act 
as the scaffolding on which the more 
permanent framework of intermediate 
filaments is erected. Electron micro­
graphs hint at connections between 
microfilaments and intermediate fila­
ments as well. Indeed, the notion that 
the three filament systems form an 
integral framework with which or­
ganelles, and perhaps even enzymes 
and soluble proteins, may associate is 
widely discussed. 

Some investigators have proposed 
that a fourth fibrous system integrates 
the other filament systems. This "mi­
crotrabecular lattice," whose existence 
was implied in certain high-voltage 
electron rp.icrographs, is held to be an 
irregular mesh of fine fibers whose di­
ameter ranges from less than two na­
nometers to more than 10; all the other 
fibrous elements in the cell, as well as 
its organelles, would be embedded in 
the microtrabeculae, which would act 
as the cell's ground substance. The 
protein makeup of the microtrabecu­
lae presumably would differ from that 
of the other three systems, but the exis­
tence of an additional major cellular 
protein that has not yet been identified 
in biochemical analyses of the cyto­
plasm is rather unlikely. 

Instead of being a fourth system the 
lattice seen in the micrographs prob­
ably reflects the intricate intercon­
nections and interdigitations of the 
three established systems as well as 
some artificial fraying of the cytoskel­
etal structures. It is also possible that 
during the preparation of specimens 
for high-voltage electron microscopy 
proteins dissolved in the cytoplasm 
become fixed onto the filamentous ar­
rays, increasing their apparent com­
plexity. Indeed, improvements in fix­
ing techniques have recently resulted 
in high-voltage electon micrographs 
in which the microtrabecular system is 
essentially absent. 

J
ust as it is not yet possible to de­
scribe the cell matrix as a single 
structure, so an overall under­

standing of its role in cell dynamics is 
emerging only slowly. Microfilaments 
are crucial to cell locomotion and sur­
face movement and microtubules are 
crucial to mitosis, but the molecular 
intricacies of their roles are largely 
unknown. Indeed, it is often unclear 
whether the matrix is necessary for, 
or only enhances, a particular cellular 
function. It is possible to argue, for ex­
ample, that the process fundamental to 

CELL TYPES can be distinguished in complex tissues by the intermediate-filament protein 
they contain. The micrographs show comparable sections of tongue; the lower four images 
were made using fluorescent-labeled antibodies to different intermediate-filament pro­
teins. The top micrograph, shown for comparison, was stained conventionally, with hema­
toxylin eosin. The numbers identify the same layer of tissue in different micrographs. Anti­
body to keratin binds to and makes visible the epidermal cells of layer 1 (center left); anti­
body to vimentin distinguishes the cells of connective tissue and blood vessels, concentrated 
in layer 2 (center right); antibody to desmin reveals the muscle cells that make up layer 
3 (bottom left), and antibody to the neurofilament protein highlights the axons and neu­
ronal cell bodies that are distributed throughout the section of tongue tissue (bottom right). 
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cell locomotion is the extension of the 
advancing edge of the cell through the 
addition of membrane there; the myo­
sin-mediated contraction of the micro­
filaments would then serve merely as 
the follow-up mechanism needed to 
pull along the rest of the cell behind 
the advancing membrane. 

The techniques of molecular genet­
ics may help to clarify the function 
of cytoskeletal proteins. It has already 
been shown that certain mutations in 
the gene encoding actin in yeast dis­
turb the synthesis, assembly and integ­
rity of the plasma membrane and the 
movement of secretory vesicles to the 
cell surface; the finding implies that 
microfilaments play a role in both 
processes. The creation of mutations 
at specified sites in the genes coding 
for the cytoskeletal elements and the 
introduction into the cell of cloned 
DNA coding for altered cytoskeletal 
proteins should make it possible to 
observe the effects not only of a sin­
gle alteration in the matrix but also 
of multiple changes. Such techniques 
should elucidate structural and dy­
namic interrelations among the cyto­
skeletal proteins. 

Much remains to be learned about 
the cell matrix. What is known has 
already contributed to diagnosis and 
research in human pathology. Be­
cause certain proteins of the matrix, 
and in particular those of the interme­
diate filaments, vary from tissue to 
tissue, the proteins provide a basis for 
distinguishing cell types. The ability 
to classify cells correctly is crucial to 
the diagnosis of cancers, which can 
metastasize to sites far from the tis­
sue in which they originated. Appro­
priate treatment can depend on know­
ing the cellular origin of the tumor. 

Typing of intermediate filaments 
through immunofluorescence mi­

croscopy distinguishes the major tu­
mor groups. Thus keratins are found in 
carcinomas (tumors of epithelial ori­
gin), the glial-filament protein in tu­
mors of glial origin, desmin in muscle­
cell sarcomas, vimentin in lymphomas 
and nonmuscle sarcomas, and the pro­
teins of neurofilaments in tumors orig­
inating in the sympathetic nervous sys­
tem. In the case of carcinomas the 
many variant forms of keratin make 
possible finer diagnostic distinctions: 

between squamous-cell carcinomas 
and adenocarcinomas, for example. 
The technique can enable pathologists 
to characterize rapidly and unambigu­
ously the 5 to 10 percent of tumors 
that are difficult to diagnose using 
conventional pathological stains. Be­
cause the method is extremely sensi­
tive, it can also be used to detect mi­
crometastases of a few tumor cells to 
lymph nodes or to the bone marrow. 

Intermediate-filament typing has 
other medical applications. Combined 
with amniocentesis it can reveal cer­
tain congenital malformations. The 
presence in the amniotic fluid of cells 
containing glial filaments or neurofila­
ments, for example, can indicate a fe­
tus with a malformation of the central 
nervous system. The technique has 
also revealed intermediate-filament 
abnormalities in the muscle of patients 
suffering from certain disorders of 
heart and skeletal muscle, in the liver 
of alcoholics and possibly in the brain 
of people with Alzheimer's disease. 
Such applications illustrate how basic 
research in cell biology can contribute 
to the diagnosis and understanding of 
human disease. 

PROVENANCE OF TUMOR CELLS is revealed by intermediate­
filament typing. At the left cells from two cancer patients are shown 
in conventionally stained slides: a tumor section obtained by biopsy 
(top) and a bone-marrow smear (bottom). Neither slide allows a firm 
diagnosis of tumor type. Similar specimens were treated with anti­
body to the intermediate-filament protein desmin and then with a 
second antibody labeled with horseradish peroxidase, for the tumor 
section, and alkaline phosphatase, for the bone-marrow smear. In 

both slides the immunologic probe strongly stained the cytoplasm 
of tumor cells (brown cells at top right, red cells at bottom right). Des­
min is the intermediate-filament protein that is characteristic of 
muscle; its detection made it possible to identify the tumor in both 
cases as a rhabdomyosarcoma, a variety of malignancy that origi­
nates in skeletal muscle. The micrographs at the top were made in 
the authors' laboratory in Giittingen; David Mason of the Universi­
ty of Oxford provided the micrographs that are shown at the bottom. 

120 © 1985 SCIENTIFIC AMERICAN, INC



"Back-home decisions 
don't affect me as much- or;s quickly 

-as they do out here." 

At Outward Bound®it's not 
1"\. just what you do, but how 
you feel about it afterwards 
that counts. 

Our courses are tough-they're 
meant to be-but not beyond the 
reach of anyone who tries. 
They're fun. And safe as human 
ingenuity and experience can 
make them. 

At Outward Bound we teach 
you outdoor skills. From white­
water rafting to rock-climbing. 
But we're also something of a 
course in self-reliance (a course 
in self-reliance where you also 
have to learn to trust the group). 

Outward Bound will not teach 

you to be a man. Nearly half the 
students, for one, are women. 
Few are really athletes. Lots are 
over thirty. What you need is a bit 
of pluck, and the yen to spend 
some time in some of this coun­
try's most spectacular settings. 

Everyone brings something 
different to Outward Bound and 
takes something different away. 
But whatever your experience­
we guarantee it won't be trivial. 

A ,!ejlll 'Wt Outward Bound! 

~ 
Fm ','"m."" "d b,ocIN,., 

:;, 't. o 
• d 800-243-8520 

. 

Outward Bound National Of lice, Dept. K. 384 Field Point Rd., Greenwich. CT 06830. 
© 1985 SCIENTIFIC AMERICAN, INC



The Molecules of the Itntnune Systetn 
The proteins that recognize foreign invaders are the most diverse 

proteins known. They are encoded by hundreds of scattered gene 

fragments, which can be combined in mlllions or blllions of ways 

The immune system is clearly es­
sential to survival; without it 
death from infection is all but 

inevitable. Even apart from its vital 
function the immune system is a fasci­
nating example of biological ingenui­
ty. The cells and molecules of this 
defensive network maintain constant 
surveillance for infecting organisms. 
They recognize an almost limitless va­
riety of foreign cells and substances, 
distinguishing them from those native 
to the body itself. When a pathogen 
enters the body, they detect it and mo­
bilize to eliminate it. They "remem­
ber" each infection, so that a second 
exposure to the same organism is dealt 
with more efficiently. Furthermore, 
they do all this on a quite small defense 
budget, demanding only a moderate 
share of the genome and of the body's 
resources. 

The critical event in mounting an 
immune response is the recognition of 
chemical markers that distinguish self 
from nonself. The molecules entrusted 
with this task are proteins whose most 
intriguing property is their variability 
of structure. In general all the mol­
ecules of a given protein made by 
an individual are absolutely identical: 
they have the same sequence of amino 
acids. At most there may be two ver­
sions of a protein, specified by mater­
nal and paternal genes. The recogni­
tion proteins of the immune system, in 
contrast, come in millions or perhaps 
billions of slightly different forms. The 
differences enable each molecule to 
recognize a specific target pattern. 

The most familiar of the recognition 
proteins are the antibodies, or immu­
noglobulins. Much has been learned of 
their structure and, equally important, 
of the genetic mechanisms responsible 
for their diversity. It turns out that vast 
numbers of antibodies are made by re­
shuffling a much smaller set of gene 
fragments. Thus antibody genes offer 
dramatic evidence that DNA is not an 
inert archive but can be altered during 
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the life span of an individual. In the 
synthesis of antibodies the cutting and 
joining of gene sequences is not a mere 
incidental feature of the genetic proc­
ess; it is essential to the functioning of 
the immune system. 

Another class of recognition mole­
cules consists of the proteins called T­
cell receptors. Because they are more 
difficult to isolate, their properties are 
not yet as well known as those of the 
antibodies. In structure and evolution­
ary origins they are clearly related to 
the immunoglobulins, and a similar 
genetic mechanism accounts for their 
diversity, but their mode of operation 
is subtly different. A T-cell receptor 
recognizes only those cells that bear 
both self and nonself markers. By this 
curious means T cells are given the 
ability both to act directly against viral 
infections and to regulate other com­
ponents of the immune system. 

The primary cells of the immune 
system are the small white blood 

cells called lymphocytes. Like other 
blood cells, they are derived from stem 
cells in the bone marrow. In mammals 
one class of lymphocytes, the B cells, 
complete their maturation in the bone 
marrow. A second class, the T cells, 

undergo further differentiation in the 
thymus gland. Cells of the two classes 
are similar in size and appearance, but 
they take part in different forms of im­
mune response. 

B lymphocytes are the cells that 
manufacture antibodies. Their basic 
mode of action can be understood in 
terms of the clonal selection theory 
proposed 30 years ago by Sir Macfar­
lane Burnet. As each B cell matures in 
the bone marrow, it becomes commit­
ted to the synthesis of antibodies that 
recognize a specific antigen, or molec­
ular pattern. In the simplest case all the 
descendants of each such cell retain 
the same specificity, and so they form 
a clone of immunologically identical 
cells. (Actually some variation is intro­
duced as the cells proliferate.) 

The antibodies made by a B cell re­
main bound to the cell membrane, 
where they are displayed on the sur­
face as receptor molecules. When an 
antigen binds to an antibody in the 
membrane, the cell is stimulated to 
proliferate; this is tn.e clonal-selection 
process. In general many clones re­
spond to a single infection. The anti­
genic markers recognized by antibod­
ies are comparatively small patterns of 
molecular structure, and a single virus 

BINDING OF AN ANTIGEN to an antibody is a central event in the recognition of for­
eign organisms in the body. In the computer-generated image on the opposite page the 
bound substance is not an actual antigen but a hapten, a small molecule with an affinity for 
a particular antibody. The hapten shown is phosphocholine. It is guided to the antigen-hind­
ing site by electrostatic interactions and fits into a cleft on the antibody surface. Its orienta­
tion on approaching the binding site, as depicted in the top center of the image, is suggested 
by a calculation done by Elizabeth D. Getzoff, John A. Tainer and Arthur J. Olson of the 
Research Institute of Scripps Clinic; the calculation is based on the atomic structure of the 
antibody-hapten complex, which was determined by Eduardo A. Padlan, Gerson H. Cohen 
and David R. Davies of the National Institutes of Health. The skeleton of the protein and 
that of the approaching hapten molecule are shown enveloped in dots that represent the sur­
faces accessihle to water molecules; another hapten, installed in the antigen-binding site 
directly below the first hapten, is shown as a skeleton only. The colors of the dotS indicate 
the calculated electrostatic potential of various regions of the molecular surface; blue is the 
most positive and red the most negative. Arrows show the direction of the electrostatic field, 
and their colors indicate the electrostatic potential at their points of origin. The image 
was made with the programs GRAMPS, developed by Olson and T. J. O'Donnell of Abbott 
Laboratories, and GRANNY, written by Olson and Michael L. Connolly of Scripps Clinic. 
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or bacterium carries many recogniz­
able patterns. 

Some of the progeny of the selected 
clones remain as circulating B lym­
phocytes. They serve as the immune 
system's memory, providing a faster 
response to any subsequent exposure 
to the same antigens. The memory 
cells are responsible for the immunity 
that develops following many infec­
tions or as a result of vaccination. 
Other members of the selected B-cell 

clones undergo "terminal differentia­
tion"; they grow larger, stop reproduc­
ing and dedicate all their resources to 
the production of antibodies. In this 
state they are called plasma cells, and 
although they live for only a few days 
more, they secrete large quantities of 
immunoglobulins. 

Antibody molecules cannot destroy 
a foreign organism directly; they mark 
it for destruction by other defensive 
systems. One of these systems is com-

plement, a set of more than a dozen 
proteins that are activated in succes­
sion on the surface of a cell bearing 
antigen-antibody complexes. The com­
plement proteins have the ultimate ef­
fect of perforating the cell membrane. 
Antigen-antibody complexes also at­
tract macrophages, which engulf and 
digest foreign particles. A number of 
other cells can also take part in the 
immune response. 

How does an antibody molecule 
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I MMUNE RESPONSE TO INFECTION mobilizes several cooperating populations of 
cells. B cells carry immunoglobulins as surface receptors that recognize and bind to circulat­
ing antigens; in general, however, the B cells are not activated by this process alone. First 
the antigen must be taken up by an antigen-presenting cell (1); a macrophage can serve in 
this role. The antigen is processed by the macrophage (2) and then displayed on its surface. 
There it is recognized by a T helper cell, which is thereby activated (3). The T helper cell 
then activates B cells carrying the same processed antigen (4). The activated B cells prolifer­
ate and undergo terminal differentiation (5). Some of the progeny become memory cells, 
which provide a quicker response to future infections, whereas others develop into antibody­
secreting plasma cells. The secreted antibodies bind to the antigen, thereby marking it for de­
struction by various other components of the immune system, including macrophages (6). 
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RESPONSE TO VIRAL INFECTION calls on other elements of the immune system. 
When a virus enters a cell, viral proteins are left behind embedded in the cell membrane. 
Cytotoxic T cells specifically recognize such foreign molecules displayed in combination 
with proteins that identify the host. They are the Class I proteins of the major histocom­
patibility complex (MHC). The cell infected by the virus is killed by the cytotoxic T cell. 
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recognize an antigen? The answer 
was found by analyzing the amino 
acid sequence and the three-dimen­
sional structure of antibodies. 

Abasic antibody molecule consists 
of four polypeptide strands: there 

are two identical light chains of about 
220 amino acids and two identical 
heavy chains of either 330 or 440 ami­
no acids. The four chains are held to­
gether by disulfide bonds and nonco­
valent bonds to form a Y-shaped mol­
ecule. Both the heavy and the light 
chains are built up from a common do­
main, or structural subunit, of about 
1 10 amino acids. It would appear that 
the gene for some prototypical pro­
tein of about this size has been repeat­
edly duplicated and altered to give 
rise to the genes for both immuno­
globulin chains. A light chain has two 
somewhat different copies of the do­
main and a heavy chain has either 
three or four copies. All the copies 
fold up into broadly similar three­
dimensional structures. 

In both heavy and light chains the 
domain at the amino end of the poly­
peptide-the end synthesized first-dif­
fers in an important way from the oth­
er domains. The amino-terminal do­
main is where most of the variation in 
amino acid sequence is found. In the 
folded antibody the variable regions 
make up the terminal half of the arms 
of the Y; each arm incorporates the 
variable region of one heavy chain and 
one light chain. Within the variable 
region of each chain there are three 
small segments where the amino acid 
sequences are found to be particular·· 
ly diverse. These "hypervariable" seg­
ments come together at the end of each 
arm to form a cleft that acts as the 
antigen-binding site. The specificity of 
the molecule depends on the shape of 
the cleft and on the properties of the 
chemical groups that line its walls; 
thus the nature of the antigen recog­
nized by an antibody is determined pri­
marily by the sequence of amino acids 
in the hypervariable regions. 

One further aspect of the structure 
of antibodies must be mentioned. Even 
in the constant regions not all mole­
cules are identical. In mammals the 
light-chain constant regions are of two 
types, designated kappa and lambda. 
There are five classes of heavy-chain 
constant regions: mu, delta, gamma, 
epsilon and alpha. Antibodies with 
the same variable regions but differ­
ent heavy-chain classes recognize the 
same antigens but have different roles 
in the immune response. For example, 
the membrane-bound antibodies that 
serve as B-cell receptors incorporate 
mu or delta chains, and most of the an­
tibodies secreted in response to an an-
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ANTIBODY MOLECULE is a V-shaped protein made
'
up of four 

polypeptide chains. Two heavy chains (blue surfaces) extend from 
the stem of the Y into the arms; two light chains (green surfaces) 
are confined to the arms. Each polypeptide has both constant re­
gions (white and yellow skeleton) and variable regions (red skeleton). 

LIGHT 
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HEAVY 
CHAIN 

CONSTANT 
DOMAINS 

STRUCTURE OF AN ANTIBODY can be analyzed in terms of 
repeated domains, or independent folding units. A light chain con­
sists of two such domains; the heavy chains shown here have four 
domains, although some heavy chains have three. Within a domain 
the polypeptide chain assumes a characteristic pattern of folding 
that includes several strands of the substructure called a beta sheet. 
The variable region of each polypeptide is confined to a single do-

All antibodies of a given type have the same constant regions, but 
the variable regions differ from one clone of B cells to another. At 
the end of each arm the heavy- and light-chain variable regions fold 
to create an antigen-binding site. The image was made by Olson 
with the computer programs used in making the one on page 123. 
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DOMAINS 

HEAVY 
CHAIN 

LIGHT 
CHAIN 

main at the amino end of the chain. Three loops (called hypervari­
able regions) within the variable domain contribute to the antigen­
binding site. The domain structure shown is schematic; the actual 
folding pattern is more complex. Similar domains appear in the T­
cell-receptor protein and in the proteins of the major histocompati­
bility complex, which identify an individual's cells. All three fami­
lies of molecules have probably evolved from a common allcestor. 
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tigen include gamma or alpha chains. 
For many years there were two 

competing theories of the genetic ori­
gin of antibody diversity. One school 
of thought held that the germ line (the 
complement of genes passed from one 
generation to the next) must include 
a separate gene for every polypeptide 
that ultimately appears in an antibody. 
In this germ-line theory immunoglob­
ulin genes are expressed in exactly the 
same way as those for any other pro­
teins, and no special gene-processing 
mechanisms are needed. On the other 
hand, the model requires an enormous 
number of immunoglobulin genes. 

The second theory supposes there 
are only a limited number of anti­
body genes in the germ line, and they 
somehow diversify as B lymphocytes 
emerge from their stem cells. In other 
words, the diversification takes place 
in the somatic, or body, cells rather 
than in the germ cells. 

An interesting variation of the germ­
£\. line theory was introd uced in 1 965 
by William J. Dreyer and J. Claude 
Bennett of the California Institute of 
Technology. They suggested that for 
each type of antibody polypeptide 
chain the germ line includes many V 
genes (one to encode every possible 
variable region) and a single C gene 
for the constant region. As the cell 
matures it randomly selects one of the 
V genes and combines it with the C 
gene to create a single length of DNA 
encoding the full polypeptide. 

Dreyer and Bennett's model has cer­
tain attractive features. It makes effi­
cient use of the genome, and it offers a 

LAMBDA LIGHT CHAIN 

natural explanation of how antibody 
molecules can vary greatly in one part 
of their structure and remain constant 
in other parts. Until the mid- 1 970's, 
however, there was a major impedi­
ment to acceptance of the theory: it 
required some means of rearranging 
genes in somatic cells. No such mecha­
nisms were known, and many work­
ers considered them unlikely to exist. 
The doctrines that one gene always en­
codes one polypeptide and that the 
genome remains constant throughout 
an organism's development were then 
considered universally established 
principles of biology. 

In the past 10 years the application 
of recombinant-DNA technology to 
the study of immunoglobulin genes 
has shown that they do undergo somat­
ic recombination, but in ways much 
more ' complicated than Dreyer and 
Bennett supposed. Through these com­
plex rearrangements great diversity is 
generated in the V regions. 

The first evidence of somatic recom­
bination in immunoglobulin genes was 
found by Nobumichi Hozumi and me 
in 1 976, when we were both working at 
the Institute for Immunology in Basel, 
Switzerland. Our experiments made 
use of restriction enzymes, which cut 
DNA at points marked by a particular 
sequence of nucleotides. The results 
showed that in embryonic mouse cells 
the DNA sequences encoding the V 
and the C regions of the light chains 
are some distance apart. In a mature 
antibody-secreting cell they are much 
closer together. (The latter finding was 
based on work not with normal B cells 
but with cells of a myeloma, or lym-

phocyte cancer. Such malignant cells 
are much easier to grow in culture.) 

The mechanisms responsible for the 
shuffling of immunoglobulin DNA 

sequences became clearer when frag­
ments of the DNA were cloned in bac­
teria and analyzed. This was first done 
by Ora Bernard and me in Basel, in 
collaboration with Allan Maxam and 
Walter Gilbert of Harvard University. 
Working with a DNA clone derived 
from embryonic mouse cells, we deter­
mined the nucleotide sequence of a 
segment of DNA encompassing the 
V gene of a particular lambda light 
chain. To our surprise we found that 
the nucleotides corresponding to the 
last 1 3  amino acids of the variable re­
gion were missing. They were discov­
ered by Christine Brack of my labora­
tory. The missing fragment is thou­
sands of base pairs away from the 
DNA encoding the rest of the V re­
gion and lies about 1 , 3 00 base pairs 
"upstream" from the start of the C re­
gion. This small interposed segment has 
been named J, for joining. Each lamb­
da light chain is assembled by combin­
ing the scattered V, J and C segments. 

A similar analysis was soon carried 
out for the kappa light chain and for 
the heavy-chain variable region. The 
work was done in several laboratories, 
notably my own in Basel, Philip Led­
er's at the National Institutes of Health 
and Leroy E. Hood's at Caltech. The 
kappa chain too is encoded by V, J 
and C segments. Furthermore, multi­
ple copies of the V and J segments 
were discovered: there are a few hun­
dred V segments, differing slightly in 
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GENES FOR ANTIBODIES are broken up into small segments 
scattered widely throughout the genome, Two kinds of light chain 
appear in mammalian antibody molecnles. For the lambda light 
chain of the monse there are two V genes that encode most of the 
variable region and four C genes for the constant region, Upstream 
of each C gene is a short segment of DNA designated J, for joining, 
which specifies the remainder of the variable region. Either V gene 
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can be combined with any pair of J and C genes. For the kappa 
light chain there are a few hundred V segments, four J segments 
and a single C gene. The heavy-chain genes are similar, except that 
the DNA for the variable region is further subdivided: in addition 
to the V and J segments there are about 20 D (for diversity) seg­
ments. Each set of genes is on a different chromosome. The T-cell­
receptor genes are organized much as the heavy-chain genes are. 
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amino acid sequence, and four distinct 
J segments. The number of possible 
kappa-chain variable regions is the 
product of these numbers. 

The potential diversity of the heavy 
chains is even greater. In addition to 
. V and J segments the genes for the 
heavy-chain variable region include a . 
third fragment designated D (for diver­
sity). Mouse germ-line cells have a few 
hundred V segments, about 20 D seg­
ments and four J segments. In princi­
ple they can be brought together in 
well over 1 0,000 combinations. Com­
bining a light chain with a heavy chain 
can probably yield more than 1 0  mil­
lion distinct antigen-binding sites. 

The assembly of a functioning im­
munoglobulin gene takes place in two 
stages. First the V and J segments in a 
light chain or the V, D and J segments 
in a heavy chain are brought togeth­
er within the DNA. An RNA tran­
script is then made of the entire length 
of DNA, including the V-J or V-D-J 
complex, the C gene and the intron, or 
noncoding intervening sequence, that 
separates them. Finally the intron is 
excised and the messenger RNA is ex­
ported from the nucleus to be trans­
lated into protein. 

The second stage in this process re­
lies on mechanisms of RNA splicing 
that are common to many families 
of genes in eukaryotic cells. The first 
stage, in which the DNA itself rather 
than the RNA transcript is altered in a 
highly specific manner, is more unusu­
al and may even be unique to the im­
mune system. It evidently employs a 
set of enzymes that can bring together 
distant V, D and J segments, often 
deleting all the DNA that separates 
them. The enzymes themselves have 
not been isolated, but signal sequences 
that probably guide their action have 
been discovered. For example, j ust 
downstream of each V gene for the 
kappa chain there is a distinctive pat­
tern composed of a heptamer, or sev­
en-nucleotide unit, followed by a spac­
er and a nonamer, or nine-nucleotide 
unit. Just upstream of the J segment 
there is an approximately complemen­
tary nonamer-spacer-heptamer pat­
tern. These units could provide a tem­
plate for the enzymes that cut and re­
join the double helix. Similar signal 
sequences are found in heavy-chain 
genes, arranged so that a D segment 
will be included between the V and 
the J segments. 

The many possible combinations 
that can be formed from several 

hundred gene segments are the key 
to antibody diversity, but there are at 
least two additional sources of variety. 
One of these is a lack of precision in 
the DNA-splicing machinery that fus-
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ASSEMBLY OF AN ANTIBODY GENE from scattered fragments is done in two stages, 
shown for a kappa light chain. First randomly selected V and J segments are fused by en­
zymes that delete all the DNA lying between them. Here the gene segments labeled V3, V4 
and J1 are deleted, bringing together V2 and J2. Next the entire length of DNA from the 
start of V2 to the end of the C gene is transcribed into RNA. Standard RNA-splicing en­
zymes, which take part in the expression of many genes, excise all the RNA from the end of 
h to the start of C. The resulting sequence of messenger RNA is translated into protein. 

es V, D and J segments. The site of the 
junction can vary by several base pairs. 
Furthermore, in some cases additional 
base pairs are inserted in the process 
of combining segments. Both kinds of 
change can obviously alter the amino 
acid sequence of the polypeptide. As a 
result, even if two antibodies are speci­
fied by the same collection of gene seg­
ments, they may still have slightly dif­
ferent antigen-binding sites. 

Another major source of diversity 
is somatic mutation. In 1 970 Martin 
Weigert, working in Melvin Cohn's 
laboratory at the Salk Institute for Bio­
logical Studies, determined the ami­
no acid sequences of the lambda light 
chains derived from 1 8  mouse myelo­
mas. All the mice were of the same 
inbred strain and so should have been 
genetically identical. Weigert found 
that 12 of the lambda chains were in­
deed identical but that the other six 
differed both from the majority se­
quence and from one another. Sponta­
neous genetic changes in the develop­
ing cells were a likely explanation, but 
cogent evidence of somatic mutation 
was not obtained until immunoglobu­
lin genes were cloned and sequenced. 
In 1 977 Brack and Bernard showed 
that the inbred mouse strain carries 
only one germ-line V-region gene for 
the lambda chain and that its nucleo­
tide sequence corresponds to the ami-

no acid sequence found in 12 of the 
myelomas. The logical conclusion is 
that the six variants arose by somatic 
mutation. 

Since then amino acid sequences 
have been compared with germ-line 
nucleotide sequences for a number of 
kappa light chains and heavy chains. In 
every case the diversity observed in the 
proteins has been greater than that 
of the germ-line DNA. Mutations are 
seen in the variable domain and in the 
immediately adjacent regions but not 
in the constant domains. Estimates 
of the rate of mutation suggest there 
should be one change in the V region 
for every three to 30 cell divisions, a 
rate several orders of magnitude great­
er than the average mutation rate for 
eukaryotic genes. It therefore seems 
that B cells or their progenitors carry 
an enzymatic apparatus for inducing 
mutations in the variable region of im­
munoglobulin genes. As yet the nature 
of the enzymes is entirely unknown. 

The presence of both combinatori­
al and mutational mechanisms for the 
diversification of antibody genes is 
intriguing. Why have two systems 
evolved to meet the same need? Recent 
studies suggest a plausible explana­
tion. Both mechanisms seem to be un­
der strict control during the develop­
ment of B lymphocytes. The recombi­
nation of the immunoglobulin gene 
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STRUCTURE OF THE T-CELL RECEPTOR is not yet known in detail, but its polypep­
tide components have been identified. Each receptor molecule includes one alpha chain 
and one beta chain; each chain in turn includes one constant and one variable domain. A re­
gion rich in hydrophobic amino acids anchors the protein in the membrane of the T cell. 

segments is accomplished first, and it is 
complete by the time the cells are first 
exposed to antigens. It creates a popu­
lation of cells that vary widely in their 
specificity, from which a few cells are 
selected by any given antigen. The mu­
tational mechanism is then called into 
action during the proliferation of the 
selected B-cell clones. By altering indi­
vidual nucleotide bases the mutations 
fine-tune the immune response, cre­
ating immunoglobulin genes whose 
products better match the antigen. 

The effects that DNA-joining inac­
curacy, base-pair insertion and somat­
ic mutation have on antibody diversity 
are hard to quantify, but they surely 
increase the number of distinct anti­
gen-binding sites by a factor of 1 00, 
and the factor is probably still larger. 
Thus if the combinatorial mechanisms 
alone give rise to 10 million antibod­
ies, the total number could well be 
greater than a billion. 

Given the intricacy of the B cells 
and their antibody-producing ma­

chinery, it is somewhat daunting to re­
alize they constitute only half of the 
immune system. The T cells are j ust 
as complex and are essential to immu­
nological competence. An animal de­
prived of T cells cannot mount an ef­
fective immune response to most anti­
gens even though its B cells are intact. 

There are three known subpopula­
tions of T cells, all of them identical in 
appearance but distinguished by func­
tion. The cytotoxic T cells kill their 
target cells directly. The method of de­
struction is not known; an activated cy­
totoxic T cell binds to its target but 
does not engulf it (as a macrophage 
would), causing a lesion that kills the 
target cell. The other populations of T 
cells, called T helper cells and T sup-
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pressor cells, have a regulatory role. 
The T helper cells, when they recog­
nize an antigen, stimulate other com­
ponents of the immune system, includ­
ing B cells and other Tcells specific for 
the same antigen. The suppressor cells 
have just the opposite effect, that is, 
they diminish the activity of the same 
groups of cells. 

The name T helper cell suggests an 
auxiliary or subordinate role, as if the 
cells merely abet a response that would 
take place even in their absence. Ac­
tually the T helper cells may be the 
master switch of the immune system. 
B cells, for example, recognize anti­
gens independently of T-cell stimula­
tion, but their proliferation and ter­
minal differentiation usually requires 
activation by T helper cells. The T 
suppressor cells would seem to be 
equally important: by providing nega­
tive feedback they make the immune 
response self-limiting. They may also 
have a part in eliminating B and T 
cells directed against the self. 

Because the T cells are antigen-spe­
cific, they must have receptor mole­
cules analogous to the membrane­
bound immunoglobulins of B cells. 
This fact was recognized more than 20 
years ago, but the T-cell receptors 
proved difficult to analyze or even 
identify because they are not secreted 
in large quantities the way antibodies 
are. The receptors were first glimpsed 
in experiments done by James P. Alli­
son of the University of Texas at Aus­
tin, John W. Kappler of the National 
Jewish Hospital in Denver and Ellis 
L. Reinherz of the Harvard Medical 
School. They prepared antibodies that 
bind to a protein on the T-cell surface; 
the protein identified in this way was 
considered a good candidate for the 
role of a receptor because it varies in 

structure from one clone of cells to an­
other. The mass of the protein is about 
two-thirds that of an immunoglobu­
lin, and it consists of two subunits, 
designated alpha and beta. 

In 1 984 Tak W. Mak and his col­
leagues at the University of To­

ronto and Mark M. Davis and his 
colleagues at the Stanford Universi­
ty School of Medicine cloned and se­
quenced a gene that is expressed and 
rearranged in T cells but not in B cells. 
Mak worked with cells from a human 
T-cell leukemia and Davis with a hy­
bridoma, a cell line created by fusing 
a mouse T helper cell with a malig­
nant T cell. In spite of the disparate 
origins of the two genes they were 
found to encode the same protein. 

The nucleotide sequences analyzed 
by Mak and Davis are homologous to 
those of immunoglobulin genes, and 
there are also larger-scale indications 
of a familial resemblance to immuno­
globulins. The genes are divided into 
scattered segments that can be rear­
ranged in the developing Tcell, and the 
upstream segments (corresponding to 
the amino end of the polypeptide) are 
variable whereas the downstream seg­
ments have a constant sequence. As in 
membrane-bound immunoglobulins, 
a series of hydrophobic amino acids 
near the carboxyl end of the protein 
anchor the molecule in the membrane. 
A direct determination of amino acid 
seq uences by Reinherz and his co­
workers has since confirmed that the 
genes specify the beta subunit of the T­
cell receptor. 

Two more T-cell DN A clones were 
isolated by Haruo Saito, working in 
my laboratory at the Massachusetts 
Institute of Technology, and David M .  
Kranz i n  Herman N.  Eisen's laborato­
ry, also at M .LT. In this case the genes 
came from mouse cytotoxic T cells; 
nevertheless, the downstream part of 
one clone is essentially identical with 
the constant-region gene for the help­
er-cell beta chain. The second DNA 
sequence has a number of properties in 
common with the beta-chain genes. 
It is homologous to immunoglobulin 
genes, is made up of segments that 
are rearranged and expressed only in 
T cells and has a hydrophobic anchor 
segment. The logical hypothesis was 
that the gene encodes the alpha chain 
of the receptor molecule. 

Soon afterward, however, Saito iso­
lated a third gene from the same clone 
of cytotoxic T cells. It too has all the 
properties expected of a T-cell recep­
tor, and it has an additional factor in its 
favor. Chemical analysis of the pro­
tein, done in parallel with the gene­
cloning studies, showed that the re­
ceptor protein has carbohydrate side 
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chains attached to it through the ami­
no acid asparagine. The earlier alpha­
chain candidate has no asparagine units 
in the appropriate positions, whereas 
the new one has several suitable aspar­
agines. A partial determination of the 
amino acid sequence of the alpha sub­
unit by Kappler and his co-workers has 
confirmed that the third of the DNA 
clones is the true alpha-chain gene. 
The same gene was also isolated from 
a helper-cell hybridoma by Y.-H. 
Chien and others in Davis' laboratory 
at Stanford. 

In this account the second gene 
found by Saito and Kranz-the dis­
carded alpha-chain candidate-would 
seem to be left without a function. It is 
so closely related to the other genes, 
however, that it almost certainly has 
some role in the recognition of anti­
gens. The protein it is presumed to en­
code is now designated the gamma 
chain; I shall discuss below what part it 
might play in the T cell's action. 

From the nucleotide sequences spec­
ifying the alpha and beta chains much 
of the structure of the T-cell receptor 
can be inferred. Each chain is com­
posed of two domains, which are simi­
lar in overall structure to the repeated 
domain of the immunoglobulins. The 
degree of sequence homology with 
the immunoglobulins is between 25 
and 35 percent. The two chains are 
linked by a disulfide bond between the 
constant region and the membrane­
anchoring peptide. Molecules derived 
from hel per cells and cytotoxic T cells 
have identical constant regions in both 
the alpha and the beta chains. 

The molecular genetics of the T-cell­
receptor molecules is also strikingly 
similar to that of immunoglobulins. 
The variable regions of both receptor 
chains are encoded by three gene seg­
ments, corresponding to the V, D and 
J segments, which are scattered along 
a chromosome in germ-line cells but 
are fused in mature T lymphocytes. 
The heptamer-nonamer signal sequen­
ces associated with immunoglobulin 
genes are also found near the T-cell­
receptor segments, indicating that the 
same system of enzymes or a very sim­
ilar one is employed to mediate the 
somatic recombination. 

Considering all the similarities be­
tween genes for immunoglobulins 

and those for T-cell receptors, it seems 
reasonable to speculate that the two 
kinds of protein might recognize anti­
gens in the same way. In other words, 
the T-cell receptors might have an anti­
gen-binding site formed by clusters of 
highly variable amino acids in specific 
subregions within the variable regions 
of the alpha and beta chains. It is an 
appealing hypothesis in that it supplies 

a single explanation for the recogni­
tion abilities of both proteins. Even if 
the hypothesis turns out to be correct, 
however, it cannot be the whole story. 
The reason is that the two branches of 
the immune system recognize antigens 
in different circumstances. A B cell can 
respond to an antigen alone, but an in­
dividual's T cells are activated only if 
the antigen is displayed on the surface 
of a cell that also carries markers of 
the individual's own identity. 

To describe this difference in anti­
gen response it is necessary to intro­
duce the molecules that serve as mark­
ers of individual identity. They are 
proteins encoded by a large cluster of 
genes called the major histocompati­
bility complex, or MHC, and they 

make up a third class of proteins with 
a vital role in immune recognition. 

The MHC proteins were discovered 
in tissue-grafting experiments. Unless 
the donor and the recipient of a graft 
are genetically identical (as in the case 
of identical twins or mice of an inbred 
strain) the graft is generally rejected 
because the recipient mounts an im­
mune response to the donor's MHC 
proteins. The prevalence of graft rejec­
tion implies that unrelated individuals 
almost always express different sets of 
MHC genes. Indeed, apart from im­
munoglobulins and T-cell receptors, 
the MHC proteins are the most diverse 
ones known. Whereas antibodies and 
T-cell receptors vary from one cell to 
the next, however, the MHC proteins 
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T-CE LL- RECEPTO R SYSTEM, unlike an antibody molecule, does not respond to an anti­
gen alone; the antigen must be presented on the surface of a cell that also displays one of 
the proteins of the major histocompatibility complex (MHC). Cytotoxic Tcells recognize an 
antigen in combination with a Class I MHC protein, found on almost all body cells. Thelper 
cells bind to an antigen associated with a Class II MHC protein; the two molecules are con­
fined to cells of the immune system, such as macrophages and lymphocytes. It is not yet clear 
whether T cells have a receptor with two binding sites or two separate receptor molecules. 
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differ from one individual to another. 
Two classes of MHC proteins have 

been identified. A Class I molecule 
consists of a large polypeptide chain 
(about the size of an immunoglobulin 
heavy chain) linked to a much smaller 
subunit called beta-2 microglobulin. 
Class I MHC proteins are found on the 
surface of virtually all cells. The Class 
II proteins, in contrast, appear only on 
a few types of cells that have a part in 
the immune response, such as B lym­
phocytes, macrophages and special­
ized epithelial cells. A Class II mole­
cule is also made up of two polypep­
tide chains, both about the size of an 
immunoglobulin light chain. All the 
MHC polypeptides exhibit some de­
gree of homology with immunoglobu­
lins, although the resemblance is not as 
strong as that between T-cell receptors 
and immunoglobulins. 

Since the transfer of tissue between 
individuals is rare in nature, graft re­
jection cannot be the primary function 
of the MHC proteins. Their true pur­
pose lies elsewhere in the immune sys­
tem, namely in directing the responses 

of T cells. A T cell recognizes both an 
antigen and a self MHC protein on 
the surface of a single cell. The re­
quirement of dual stimuli is called 
MHC restriction. Cytotoxic T cells re­
spond to antigen together with a Class 
I MHC protein; T helper cells re­
quire a Class II protein. 

Of what benefit to the organism is 
MHC restriction? Its effect is to direct 
the activities of T cells to the surface of 
the animal's own cells rather than to 
bacteria or free foreign molecules. 
One plausible idea is that the cytotox­
ic T cell arose to provide protection 
against viral infection. When a virus 
enters a cell, coat proteins encoded by 
the viral genome are displayed on the 
cell membrane. Hence the infected cell 
has just the right pattern of surface 
markers for recognition by T cells: a 
foreign molecule in combination with 
native proteins. A cytotoxic T cell, rec­
ognizing the viral antigen and one of 
the Class I proteins, can kill the in­
fected cell before the virus replicates. 

The Class II proteins and the regula­
tory T cells may have evolved to in-

crease the efficiency of the immune re­
sponse. T helper cells can be triggered 
by antigen-presenting cells that take up 
circulating antigens and display them 
on their surface along with Class II 
MHC proteins. The presence of Class 
II molecules on B lymphocytes and 
macrophages may be the key to how 
helper cells communicate with those 
cells and thereby recruit their partici­
pation in an immune response. 

I f a T cell must recognize two sur­
face markers, the question arises 

of whether it has two separate recep­
tors or a single dual-function receptor. 
Some recent experiments seem to fa­
vor the single-receptor model, but the 
results are by no means conclusive. If a 
second receptor is eventually found, it 
may turn out to incorporate the "or­
phaned" gamma chain, which has all 
the properties expected of a receptor 
protein but has no place in the current 
scheme of T-cell operations. 

There is another possible role for the 
gamma chain. T lymphocytes become 
mature and functional only after a pe-
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THYMIC "EDUCATION" is a necessary stage in the development 
of functional T lymphocytes. A model proposed by David Raulet 
and the author offers one possible explanation of the developmen­
tal process. According to the model, immature T cells first make 
receptor proteins with polypeptide chains called gamma (color) and 
beta (light color). In the thymus the lymphocytes are exposed to 
MHC proteins, and only those cells with sufficient affinity for these 
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markers of self-identity are allowed to propagate. If the selected 
cells were released from the thymus, however, they would attack 
the body's own tissues. The affinity of the receptor molecules for 
self-antigens must therefore be reduced. Each receptor retains the 
beta chain of the selected clone, but the gamma chain is replaced 
by one of a variety of alpha chains (solid color). The modified T 
cells respond to a self-MHC protein in combination with an antigen. 
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riod of residence in the thymus, and it 
is during this period of "thymic educa­
tion" that T cells come to recognize 
antigens only in combination with the 
individual's own MHC proteins. No 
definitive explanation of thymic edu­
cation has been given, but many im­
munologists agree that the crucial step 
must be selection of a sUbpopulation 
of immature T cells through their in­
teraction with self MHC proteins dis­
played to them by thymic cells. Ac­
cording to one model, each immature 
T cell responds to just one MHC pro­
tein (or to a small group of them), but 
the total population includes cells re­
sponsive to all possible markers. In the 
thymus only those cells that have suffi­
cient affinity for the native MHC 
proteins are allowed to propagate and 
continue their differentiation. 

For this scheme to work immature T 
cells must be able to recognize and re­
spond to MHC molecules alone, with­
out an accompanying antigen. When 
the mature T cells are released from 
the thymus, they have obviously lost 
that capability; otherwise they would 
be aggressive against the body's own 
tissues. What is the biochemical basis 
of the change in reactivity? Recent 
studies indicate that in immature T 
cells the alpha gene is expressed at low 
levels, whereas the beta and gamma 
genes produce larger quantities of pro­
tein. On the basis of these findings Da­
vid Raulet of M.LT. and I have pro­
posed a model of T-cell development 
that we call the gamma-beta-to-alpha­
beta switch. 

In the model immature cells have 
receptors made up of a gamma chain 
and a beta chain and are responsive 
to MHC proteins alone. In the course 
of differentiation the gamma gene is 
turned off and the alpha gene is turned 
on, so that mature cells have alpha­
beta receptors. The change reduces the 
cell's affinity for self MHC proteins 
but, because the beta chain is still pres­
ent, does not extinguish it entirely. An 
analogous mechanism operates in red 
blood cells when they switch from the 
fetal to the adult form of hemoglobin. 

Our proposal for the gamma chain's 
function has not yet been tested, but 
the tools are now in hand to settle this 
question and many others about the' 
nature of the T-cell receptor. Ideally, 
structural and genetic studies would 
yield an understanding of these mole­
cules at the same level of detail that 
can now be given for the immunoglob­
ulins. At that point one might hope to 
resolve some of the major remaining 
enigmas of immunology: how T lym­
phocytes develop in the thymus, how 
they recognize their target cells and 
how they control the rest of the im­
mune system. 
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The Molecular Basis 
of Communication between Cells 
Chemical messengers mediate long-range hormonal communication 

and short-range communication between nerve cells. The two systems 

differ in directness, but some messenger molecules are common to both 

The unicellular amoeba can per­
form every function necessary to 
sustain life. The cell can assimi­

late nutrients from the environment, 
move itself about and carry out the 
metabolic reactions that provide it 
with energy and synthesize new cellu­
lar molecules. In multicellular organ­
isms the situation is considerably more 
comple�. The various tasks are split up 
among many distinct cell populations, 
tissues and organs, which may be far' 
apart from one another. To coordi­
nate all these various functions there 
must be mechanisms whereby individ­
ual cells or groups of cells can com­
municate with one another. 

In most higher organisms there are 
two primary methods of communica­
tion between cells: systems of hor­
mones and systems of neurons, or 
nerve cells. In both systems cells "talk" 
to one another by means of chemical 
messengers. The main difference be­
tween the two systems is the level of 
directness with which they act. A neu­
ron sends discrete messages to a spe­
cific set of target cells: muscle cells, 
gland cells or other neurons. To send 
a message the neuron releases a chem­
ical called a neurotransmitter toward 
the target cell. The cell-to-cell com­
munication takes place at specific sites 
known as synapses. Molecules of neu­
rotransmitter become attached to re­
ceptors (usually protein molecules) on 
the surface of the target cell and ef­
fect chemical changes at the cell mem­
brane and within the cell itself. 

Hormone action is usually less di­
rect. Although so-called autocrine and 
paracrine mechanisms exist, in which a 
hormone acts respectively on the cell 
that released it or on an adjacent cell, 
the commonest form of hormonal 
communication is in the endocrine sys­
tem, where a gland releases hormones 
that may act on cells or organs any-
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where in the body. Endocrine glands 
secrete hormones into the blood­
stream; each target cell is equipped 
with receptors that recognize only the 
hormone molecules meant to act on 
that cell. The receptors pull the hor­
mone molecules out of the blood­
stream and bring them into the cell. 

There are thus considerable differ­
ences between hormonal and neural 
communication. Neurons tend to act 
over short distances on a particular 
cell or set of cells; neuronal communi­
cation can take place in a few millisec­
onds. In contrast, a hormone released 
by a particular gland may go on to af­
fect cells or organs in virtually any part 
of the body; hormonal communication 
can take several hours. 

Yet on the molecular level these two 
systems are not as dissimilar as they 
at first seem. Both operate by causing 
special messenger molecules to come 
in contact with specific receptors on 
the target cell. In addition certain neu­
rotransmitters seem, like hormones, 
to serve only in specialized systems of 
communication and to perform specif­
ic functions. 

Recently it has become apparent 
that there is an even closer relation be­
tween the two major systems of inter­
cellular communication: many of the 
messenger molecules employed by one 
system are also employed by the other. 
For instance, norepinephrine, as a hor-

mone, is released by the adrenal gland 
to stimulate contractions of the heart, 
dilate the bronchial tract of the lungs 
and increase the contractile strength 
of arm and leg muscles. On the other 
hand, norepinephrine is also a neuro­
transmitter: in the sympathetic ner­
vous system it constricts blood vessels, 
thereby increasing blood pressure. 

The same kind of messenger mole­
cule can carry a very different message 
in the hormonal system than it does in 
the nervous system. It must be that cer­
tain molecules are particularly good 
mediums of communication. 

Molecules that act as hormones 
generally fall into one of two 

chemical classes: peptides and ster­
oids. The peptides are strings of amino 
acids (the subunits of proteins). The 
steroid hormones are large molecules 
derived from cholesterol that share 
the same basic structure: 17 carbon 
atoms bound together in four closely 
linked rings [see illustration on page 
136]. Small differences in the chemi­
cal groups attached to the carbon rings 
give rise to hormones with quite differ­
ent functions. Among the major ster­
oid hormones in human beings are 
the glucocorticoids called cortisol and 
corticosterone, which regulate the me­
tabolism of glucose and control a wide 
range of other metabolic functions; 
the mineral steroids, such as aldoster-

VASOPRESSIN MOLECULE carries messages in both the hormonal and the neuronal 
systems of communication between cells. As a hormone, vasopressin is released by cells in 
the posterior pituitary gland. It raises blood pressure by constricting the blood vessels, and 
it acts as an antidiuretic by increasing the kidneys' ability to reabsorb water. Vasopressin 
is also a neurotransmitter: a substance that carries messages from one nerve cell to another. 
As a neurotransmitter, vasopressin is found in the brain, where it is thought to have a role 
in the mechanisms of memory. In this image, made by Tripos Associates of St. Louis, solid 
lines represent bonds between atoms; dotted surfaces delineate the surface of the molecule. 
The color of the bonds and dots shows which atoms occupy a region: white is for carbon or 
hydrogen, blue for nitrogen, red for oxygen, orange for phosphorus and yellow for sulfur. 

© 1985 SCIENTIFIC AMERICAN, INC



© 1985 SCIENTIFIC AMERICAN, INC



one, which affect the body's salt bal­
ance, and the sex steroids, which in­
clude progesterone, testosterone and 
the estrogen hormones. 

The female sex steroids (the estro­
gens and progesterone) have been 
characterized more completely than 
most hormones in the body. They pro­
vide an excellent example of how hor­
mones are produced, released and reg­
ulated. Estradiol, which is the major 
estrogen hormone, and progesterone 
combine during the normal menstrual 
cycle to prepare the uterus for implan­
tation of a fertilized ovum by build­
ing up the uterine wall and increasing 
blood flow to the uterus. It is an abrupt 
decline in estradiol and progesterone 
levels that triggers the bleeding associ­
ated with menstruation. 

The release of the sex steroids, like 
that of most hormones, is itself con­
trolled by other hormones and so­
called releasing factors from the two 
master organs: the pituitary and the 
hypothalamus. Generally speaking, 
the hypothalamus initiates the release 
of a steroid hormone from a peripher-

al gland by releasing a factor that acts 
on the pituitary. The pituitary then re­
leases other hormones, which act on 
the peripheral glands. The peripher­
al glands respond by releasing hor­
mones that act on the target cells. 

In the case of the female sex steroids, 
the major factor released by the hy­
pothalamus is called gonadotropin-re­
leasing hormone. At the beginning of 
the monthly menstrual cycle the hypo­
thalamus, influenced by regions of the 
brain that act as timers, secretes go­
nadotropin-releasing hormone (which 
is sometimes called luteinizing-hor­
mone releasing hormone) into the 
bloodstream. The releasing hormone 
acts at receptors on the surface of cells 
within the pituitary that release hor­
mones known as luteinizing hormone 
and follicle-stimulating hormone. 

The follicle-stimulating hormone 
and to a lesser extent the luteiniz­
ing hormone stimulate the growth of 
small, round follicles in the ovary. The 
follicles convert cholesterol into estra­
diol, which they release into the blood­
stream. Estradiol goes on to build up 

muscle tissue in the wall of the uterus. 
Several days later the pituitary releas­
es a quantity of luteinizing hormone, 
which changes the structure of the 
ovarian follicles to form a new entity 
called the corpus luteum. The trans­
formed follicles synthesize less estra­
diol and begin to convert cholesterol 
into progesterone. Progesterone in­
creases blood flow to the uterus and 
slows the uterine contractions. The 
combination of estradiol and proges­
terone has thus prepared the uterine 
wall to receive a fertilized egg. Soon 
after ovulation the pituitary begins to 
release less luteinizing hormone, caus­
ing the corpus luteum to stop synthe­
sizing progesterone. Then the cells 
lining the uterus are sloughed off and 
menstrual bleeding starts. 

Throughout the menstrual cycle the 
amounts of hormones secreted by 

various glands must be controlled to 
ensure that the bloodstream contains 
the proper concentration of each hor­
mone. This control is achieved through 
an elaborate set of feedback mecha-
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METHODS OF COMMUNICATION employed by the hormonal 
system are generally less direct than those employed by the nervous 
system. Although autocrine hormones (a) act on the cell that releases 
them and paracrine hormones (b) act on adjacent cells, most hor­
mones are in the endocrine system and act on cells or organs any­
where in the body. Endocrine glands (c) release hormone molecules 
into the bloodstream, where they corne in contact with specific re-
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ceptors on target cells. A cell's receptors recognize the hormones 

meant to act on that cell and pull them out of the bloodstream. N eu­

rons (d) communicate by releasing neurotransmitters close to spe­

cific target cells. Neural communication is characterized by discrete 

messages sent over short distances. Some neurons, however, have a 

role in the hormonal system: in neuroendocrine action (e) a neu­

ron releases substances that act as hormones directly into the blood. 
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nisms [see illustration on page 137]. 
For example, estradiol released in the 
ovaries acts not only on its target cells 
within the uterus but also on the cells 
in the pituitary that release follicle­
stimulating hormone. There it pre­
vents the pituitary from inducing the 
ovaries to produce more estradiol. Es­
tradiol also acts on the hypothalamus, 
where it inhibits the release of go­
nadotropin-releasing hormone. The 
amount of estradiol in the bloodstream 
thus determines the additional amount 
to be released, just as the amount of 
heat inside a house determines, by way 
of the thermostat, how much more 
heat the furnace is to generate. 

In the case of estradiol there is an­
other feedback loop as well. When 
the follicles in the ovaries produce es­
tradiol, they also produce a substance 
called inhibin. Inhibin acts on both the 
pituitary and the hypothalamus: in the 
pituitary it restricts production of fol­
licle-stimulating hormone, and in the 
hypothalamus it restricts prod uction 
of gonadotropin-releasing hormone. 

Other steroid hormones, which have 
widely varying functions, follow simi­
lar principles of feedback and control. 
For instance, the glucocorticoids, such 
as cortisol, are formed and released 
when factors and hormones from the 
hypothalamus and pituitary stimulate 
the adrenal cortex. Whereas estradiol 
acts on only a few specific target or­
gans, cortisol influences nearly every 
tissue in the body, causing metabolic 
changes that increase the organism's 
ability to deal with continuous stress. 
In most tissues cortisol enhances the 
uptake and conversion into protein of 
amino acids, and in the liver it acceler­
ates the conversion of amino acids into 
sugars. The adrenal cortex is ind uced 
to form and secrete cortisol by cortico­
tropin, a hormone synthesized in the 
pituitary. As Wylie Vale of the Salk 
Institute for Biological Studies has re­
cently shown, the secretion of cortico­
tropin is in turn controlled by the hy­
pothalamus, which secretes a so-called 
corticotropin-releasing factor. 

The hypothalamic releasing factors 
that regulate the pituitary and the 

pituitary "master" hormones, which in 
turn regulate the release of steroid 
hormones, are themselves not steroids. 
They are members of the other major 
chemical class of hormones, the pep­
tide hormones. 

Unlike the steroid hormones, which 
are all synthesized from the same mol­
ecule (cholesterol), each peptide hor­
mone derives from a specific "precur­
sor" molecule: a long string of amino 
acids that contains one or more copies 
of the hormone as well as other, unre-
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ENDOCRINE SYSTEM consists of several distinct glands and control centers. Endocrine 
glands are all controlled by the pituitary, in a sense the master gland: it secretes hormones 
that stimulate other glands to synthesize and release their own hormones. The pituitary is 
in turn controlled by the hypothalamus, which is not a gland but a distinct region of the brain; 
releasing factors secreted by the hypothalamus control the release of pituitary hormones. 
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lated peptide sequences. The precursor 
molecule, which is also called a pro­
hormone, is cleaved by enzymes to re­
lease the peptide hormone. Although 
each peptide hormone is derived from 
a different precursor, some of the proc­
essing enzymes are shared by several 
systems of peptide hormones. 

One of the major peptide hormones 
is insulin, which is released by specific 
cells, called the beta cells, in the pan­
creas. Insulin affects nearly every cell 
in the body. Although it is best known 
for lowering the concentration of sug­
ar in the blood by increasing the ability 
of cells to take up glucose, insulin has 
many other functions as well, some of 

which are understood only vaguely. 
For instance, insulin somehow influ­
ences fat metabolism in a way that 
lowers the concentration of fatty sub­
stances circulating in the blood. Hence 
diabetics, who suffer from insulin defi­
ciency, often develop atherosclerosis, 
in which plaques of fatty deposits line 
the blood vessels. 

Many of the peptide hormones act in 
the intestine. Gastrin, for example, is a 
peptide hormone that stimulates the 
secretion of acid in the stomach. Pa­
tients with gastrin-producing tumors 
often develop severe ulcers owing to 
excessive amounts of acid production. 
Somatostatin is a peptide hormone 

j3-ESTRADIOL 

STEROID HORMONES, all derived from cholesterol, share a common structure of 17 car­
bon atoms bound in four closely linked rings. Differences in the chemical groups attached 
to the carbon rings give rise to hormones with very different functions. The molecules shown 
represent the primary steroid hormones. Cortisol and corticosterone promote formation of 
glucose in the liver and therefore are called the glucocorticoids. Aldosterone enables the 
kidney to retain sodium rather than excreting it in the urine. Testosterone is the principal 
male sex hormone, and progesterone and estradiol are the major female sex hormones. 
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that counters the effects of gastrin by 
blocking the secretion of acid at dis­
crete cell groups within the stomach. 
Another gut peptide, cholesystokinin, 
is released into the bloodstream by cer­
tain cells in the intestine; it travels to 
the gall bladder, where it increases the 
flow of bile into the intestine, enhanc­
ing digestion. 

Cholesystokinin has another func­
tion as well: it acts as a neuro­

transmitter in the brain. Many of the 
other peptide hormones exhibit the 
same kind of dual capability, serving 
as messenger molecules in both hor­
monal and neural communication. For 
instance, vasoactive intestinal poly­
peptide is an intestinal hormone that 
regulates the motility of the gut, but it 
is also a brain neurotransmitter. The 
enkephalins, two pep tides that differ 
slightly from each other, act as opiates 
in the brain, but in the intestine they 
are hormones that regulate the move­
ment of food through the digestive 
pathway by altering the rhythmic per­
istaltic contractions. 

Until the mid- 1 970's it was not 
known that pep tides could act as neu­
rotransmitters, although many of the 
peptide hormones were well known. 
The first neurotransmitters to be iden­
tified were acetylcholine, the amines 
(which are slightly modified chains 
of amino acids) and the monoamines 
(modified single amino acids). Exam­
ples of monoamines include the cate­
cholamines dopamine, norepinephrine 
and epinephrine. These three mole­
cules are all derived from the amino 
acid tyrosine. Norepinephrine and epi­
nephrine (which are also known as 
noradrenaline and adrenaline) are hor­
mones as well as neurotransmitters; 
they are released from the adrenal me­
dulla, and they act to increase the heart 
rate and blood pressure and to increase 
the flow of sugar into the bloodstream 
from the liver. 

In the 1 960's many groups of investi­
gators obtained evidence that a num­
ber of unmodified amino acids some­
times serve as neurotransmitters. One 
such amino acid, gamma-aminobutyr­
ic acid, functions almost exclusively as 
a neurotransmitter. Other amino acid 
neurotransmitters, such as glutamic 
acid, aspartic acid and glycine, are 
constituents of proteins as well. 

In all there are no more than 1 0  neu­
rotransmitters that are amines or ami­
no acids. According to the classical 
model of neurotransmitter function, 
any more would be unnecessary. In  
this model a neurotransmitter acts as  a 
chemical switch that either causes its 
target neuron to fire or inhibits it from 
firing. If the model were accurate, the 
brain would be able to function with 
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only two neurotransmitters, one excit­
atory and the other inhibitory. Yet 
since 1 975,  when it was discovered 
that the enkephalins are neurotrans­
mitters that act at opiate receptors in 
the brain, investigators have isolated 
almost 50 additional "neuropeptides." 
What do they do? 

Careful electrophysiological studies 
have shown that different neurotrans­
mitters can produce many different ef­
fects at synapses. There are a number 
of different kinds of pores, or channels, 
in the cell membrane of the target 
neuron. These channels, which can be 
opened or closed by a neurotrans­
mitter molecule, allow such ions as 
chloride, sodium, potassium and cal­
cium to pass through the neuronal 
membrane. There appear to be many 
channel types for each ion, and var­
ious channels convey different types 
of electrical information. Neurotrans­
mitters can affect the channels in dif­
ferent ways. 

Moreover, a single neurotransmitter 
may have differing effects depending 
on the type of synapse at which it is 
acting. For example, at muscarinic 
receptors, which are found on smooth­
muscle cells in the intestine, the neuro­
transmitter acetylcholine closes cer­
tain channels that normally allow po­
tassium ions to leave the cell. The 
effect (which is not completely un­
derstood) is to produce a gradual, 
prolonged excitation of the muscle. On 
the other hand, at nicotinic receptors, 
which are found on skeletal muscles, 
acetylcholine opens sodium channels, 
causing the muscle to contract briskly 
and rapidly. 

In addition to overturning the con­
ception that neurotransmitters deliver 
only a simple "on" or "off" message, 
neuropeptides have caused another as­
pect of traditional thinking to be re­
considered. It had been thought that 
each neuron releases only a single type 
of neurotransmitter. In 1 977 Tomas G. 
M.  Hokfelt of the Karolinska Institute 
in Stockholm found that the terminals 
of many (and perhaps most) neurons 
contain two or three neurotransmit­
ters. (One of the neurotransmitters is 
invariably a peptide.) Apparently the 
"co-transmitters" work together in a 
synergistic fashion to convey subtler 
information than would be possible 
with a single transmitter. It  is not yet 
clear precisely how the mechanisms of 
co-transmission operate. 

Many features of neuropeptides are 
exemplified by the two enkepha­

lins. Both of them are five amino acids 
long. They differ only in their fifth ami­
no acid: one, called met-enkephalin, 
ends with methionine and the other, 
leu-enkephalin, with leucine. Enkeph-
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FEEDBACK AND CONTROL MECHANISMS initiate the release of steroid hormones 
and ensure that appropriate amounts of a hormone are in the blood. When the hypothala­
mus is stimulated by neurons in the brain (1), it secretes a hypothalamic releasing factor (2) 
into the bloodstream. Some molecules of the releasing factor are pulled out of the blood by 
specialized receptors on the surface of certain cells in the pituitary (3) and induce the cells 
to produce and secrete a pituitary tropic hormone (4). The pituitary tropic hormone travels 
through the blood to a peripheral gland (5) and causes the gland to start producing, say, a 
steroid hormone (6). The steroid hormone goes on to affect its target tissue (7). Several feed­
back loops maintain the correct concentrations of steroid hormone in the bloodstream. For 
example, the steroid hormone itself acts on the pituitary (8)to inhibitthe production of pituitary 
tropic hormone; it also acts on the hypothalamus to limit the production of hypothalamic 
releasing factor (9). The pituitary tropic hormone and the hypothalamic releasing factor it­
self also inhibit the hypothalamus from producing the releasing factor (10, 11). In addition 
the steroid hormone (12) induces certain cells in the hypothalamus to produce a hypothalam­
ic inhibiting factor (13), which acts to inhibit the release of the pituitary tropic hormone (14). 
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COMMUNICATION BETWEEN NEURONS takes place across gaps called synapses. 
In the classical axodendritic synapse (a) synaptic vesicles in the axon of one neuron release 
neurotransmitter toward receptors on the dendrite of a target neuron. It is also possible for 
a dendrite to pass a message to another dendrite; such messages are passed by way of den­
drodendritic synapses. In a reciprocal dendrodendritic synapse (b) each dendrite passes mes­
sages to the other by way of a separate synapse. In some other synapses, called axoaxonic 
synapses (c), the axon of one neuron passes a message through the axon of another neuron 
to the dendrite of a third neuron. In a synaptic glomerulus (d) the axon of one neuron passes 
messages to dendrites of two others; the dendrites may pass messages to each other as well. 
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alins are observed in discrete neural 
pathways throughout the brain in ap­
proximately the same areas where opi­
ate receptors are found. The coinci­
dence of the location of enkephalin 
pathways and opiate receptors sup­
ports the hypothesis that the enkepha­
lin neurotransmitters act as opiates. 

The enkephalins are synthesized 
from two large precursor proteins, 
which are called proenkephalin A 
and proenkephalin B. Proenkephalin 
A contains six copies of met-enkepha­
lin and one of leu-enkephalin, whereas 
proenkephalin B contains three copies 
of leu-enkephalin and none of met­
enkephalin. Hence all met-enkephalin 
derives from proenkephalin A; leu­
enkephalin can be synthesized from 
either of the two precursors. 

Within the precursor molecules each 
enkephalin is flanked on both sides by 
two-amino-acid signals: either two ly­
sines or two arginines or one of each. 
Two successive enzymatic steps are 
necessary to free enkephalin from the 
precursor. In the first step an enzyme 
cuts the peptide bond to the right of 
each of the flanking amino acids [see 
illustration on opposite page]. The result­
ing molecule consists of an enkephalin 
with one extra amino acid attached to 
the right-hand side. A second enzyme 
then removes this amino acid to pro­
duce enkephalin. 

The rate at which enkephalin is 
formed varies under different circum­
stances; the rate is thought to acceler­
ate during periods of painful stress. 
The rate of synthesis can be governed 
by changes in the rate at which the 
genes for proenkephalin are tran­
scribed or by the availability of the en­
zymes that cleave the peptide bonds 
holding enkephalin within the precur­
sor molecule. 

Many enzymes can carry out the 
two enzymatic steps necessary to 

convert proenkephalin into enkepha­
lin. One of the most persistent puzzles 
raised by the neuropeptides has been 
whether certain generalized enzymes 
process all hormone and neurotrans­
mitter pep tides or whether there are 
specific enzymes for each peptide. The 
solution to the puzzle will have pro­
found practical consequences. If spe­
cific enzymes are involved, it may be 
possible to design therapeutic drugs 
made up of selective enzyme inhibi­
tors that block the biosynthesis of only 
certain peptide neurotransmitters, al­
lowing precise control over a patient's 
neurochemistry. 

Recent research favors the hypoth­
esis that specialized converting en­
zymes do indeed exist for each neuro­
peptide. Lloyd D. Fricker, Stephen M. 
Strittmatter and David R. Lynch in my 
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laboratory at the Johns Hopkins Uni­
versity School of Medicine have isolat­
ed and characterized an enzyme we 
call enkephalin convertase. It removes 
the single amino acid that is attached 
to partially liberated enkephalin. We 
have found that enkephalin convertase 

is selectively localized in the same sites 
in the brain as en kephalin itself, indi­
cating that it contributes to formation 
of enkephalin in these areas (although 
it may have other functions elsewhere 
in the body). Several drugs we have 
tested are about 1,000 times more po-

tent at inhibiting enkephalin convert­
ase than any other enzyme. 

One of the most exciting conse­
quences of research on neuropep­
tides, then, is the possibility of devel­
oping new drugs that are more effec­
tive, more specific and safer than the 
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ENKEPHALINS, molecules that act both as neurotransmitters and 
as hormones, are formed when enzymes cleave much larger "pre­
cursor" molecules. Each enkephalin is a string of five amino acids; 
the two enkephalins differ only in the fifth amino acid, which is 
methionine in met-enkephalin (top left) and leucine in leu-enkeph­
alin (top right). There are two types of enkephalin precursor mole­
cule (middle). Proenkephalin A contains six copies of met-enkeph­
alin and one of leu-enkephalin; proenkephalin B contains three 
copies of leu-enkephalin and none of met-enkephalin. Within the 

\ 
Phe Met I Lys I Arg I 

t ENZYME CUT 

Phe Met I Lys I 
Phe Met 

precursor molecules each copy of enkephalin is flanked on both 
sides by pairs of amino acids that serve as signals; a signal can be 
composed of two Iysines, two arginines or a lysine and an arginine. 
Two enzymes are needed to separate enkephalin from the precur­
sor molecule. The first (1) makes a cut to the right of each signal­
ing amino acid (lysine or arginine), leaving an en kephalin molecule 
with one extra amino acid attached to its right-hand side. The sec­
ond enzymatic step (2) cuts off the extra amino acid to produce en­
kephalin (3). The images at the top were made by Tripos Associates. 
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CATECHOLAMINE NEUROTRANSMITTERS, dopamine, norepinephrine and epi­
nephrine (which also act as hormones), derive from the amino acid tyrosine. Tyrosine (a) is 
first converted into L-dopa (b) by the addition of a hydroxyl (OH) group. Hydrogen replac­
es a carbon bonded to an OH group and an oxygen to form dopamine (c). Adding anoth­
er OH group yields norepinephrine (d), or noradrenaline. Adding a methyl group (CH3) 
gives epinephrine, or adrenaline (e). The images at the left were made by Tripos Associates. 
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psychotherapeutic drugs now i.n use. 
Virtually every drug used in psychia­
try and neurology acts by blocking or 
enhancing the effects of one or anoth­
er neurotransmitter. Most drugs exert 
their effects by acting on one or anoth­
er of the classical neurotransmitters. 
The newly discovered peptide trans­
mitters may spawn a new generation 
of drugs that influence the synthesis, 
release and receptor effects of specif­
ic neuropeptides. With an armamen­
tarium of drugs to regulate each of 
the many neuropeptides, more precise 
modulation of feeling and thinking 
will be possible. The potential for alle­
viating emotional and neurologic dis­
ease will be great. 

The ways in which current drugs in­
teract with transmitters are best 

described by considering norepineph­
rine, one of the classic amine trans­
mitters. Norepinephrine is a transmit­
ter of the sympathetic nervous system, 
which is the part of the autonomic ner­
vous system that prepares the body 
for a rapid expenditure of energy by, 
for example, dilating certain blood 
vessels, accelerating the heart rate and 
slowing digestion. Norepinephrine is 
also a brain neurotransmitter. 

Neurons that contain norepineph­
rine, like those containing enkephalins, 
are highly localized in discrete areas 
of the brain. One of the most promi­
nent norepinephrine pathways is cen­
tered in a small nucleus in the brain­
stem called the locus coeruleus, from 
which norepinephrine neurons send 
axons to many regions of the brain. In 
this way the relatively few neurons in 
the locus coeruleus are able to influ­
ence literally billions of other neurons. 

There are four major types of nor­
epinephrine receptors, called alphal, 
alpha2, betal and beta2' The different 
norepinephrine receptors are at differ­
ing sites within the body, and so it is 
possible to design drugs that achieve 
their effects by blocking or stimulating 
the effect of norepinephrine at one par­
ticular type of receptor. For example, 
in the peripheral nervous system the 
stimulation of alphal receptors raises 
blood pressure, and so many drugs 
for treating hypertension are designed 
to selectively block alphal receptors. 
Stimulating betal or beta2 receptors, 
on the other hand, speeds th� heart 
rate and dilates the bronchial tree of 
the lungs. A beta stimulant can there­
fore be used to treat asthma and a beta 
blocker to treat angina. 

Unfortunately a beta stimulant ad­
ministered to treat asthma might speed 
the heart excessively; a beta blocker 
intended to treat angina could worsen 
a case of asthma. It is possible to over­
come these side effects, however, be-
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cause the heart has mainly beta ! recep­
tors, whereas the lung has mostly bet<t:l 
receptors. Drug designers have there­
fore been able to use selective beta2 
stimulants to relieve the symptoms of 
asthma without causing cardiac palpi­
tations and beta! blockers to ease angi­

. nal distress without provoking asthma 
attacks. Many other drugs have been 
designed that take advantage of the 
multiplicity of receptor types that ex­
ists for most neurotransmitters. 

A number of other drugs operate 
on a slightly different principle. After 
a neurotransmitter has been released 
and has acted on receptors, its action 
must somehow be terminated so that 
receptors can respond to the next nerve 
impulse. Most neurotransmitters are 
inactivated by a pumplike mechanism 
that transports the neurotransmitter 
back into the nerve ending from which 
it was released. Some drugs exert their 
therapeutic effects by blocking this 
"reuptake" mechanism. For instance, 
the major antidepressant drugs, which 
are called tricyclic antidepressants, 
block the reuptake inactivation of nor­
epinephrine and serotonin. By inhib­
iting the norepinephrine and seroto­
nin reuptake systems, the antidepres­
sant drugs make a greater quantity of 
neurotransmitter available to receptor 
sites. That such drugs are indeed able 
to help cure depression indicates that 
depression may result in part from a 
deficiency of norepinephrine, seroto­
nin and other biogenic amines (amine 
transmitters that are produced within 
the living brain). 

Certain other drugs act by influ­
encing the enzymes that synthesize or 
destroy the norepinephrine molecule. 
For example, by inhibiting mono­
amine oxidase, the enzyme that de­
grades norepinephrine, it is possible to 
cause a buildup in the levels of norepi­
nephrine in the brain. Much of the 
accumulated norepinephrine is then 
forced out of nerve endings by osmotic 
pressure and acts on receptors. Mono­
amine oxidase inhibitors can thus in­
crease the synaptic activity of norepi­
nephrine, and so they can be used as 
antidepressants. 

Communication between cells or 
groups of cells is crucial for the 

survival of every multicellular organ­
ism. In higher organisms the mech­
anisms of communication rely on 
a large number of highly specialized 
messenger molecules. As investigators 
come to know the properties and func­
tions of all these intercellular messen­
gers, it will become possible to develop 
safer and more effective therapeutic 
agents for conditions as diverse as 
hormonal abnormalities, heart disease 
and mental illness. 
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The Molecular Basis 
of Communication within the Cell 

The number of substances serving as signals in cells is remarkably 

small. Each such "second messenger " is a crucial guide for the cell, 

helping to determine how the cell responds to the organi$m 's needs 

T
he division of labor among the 
cells of a multicellular organism 
requires that each cell popula­

tion be able to call on the services of 
some cell populations and respond to 
the requirements of others. Much of 
this coordination is achieved by chem­
ical signals. Yet most of the arriving 
signals never invade the privacy of a 
cell. Dispersed on the outer surface of 
the cell are the molecular antennas 
known as. receptors, which detect an 
incoming messenger and activate a sig­
nal pathway that ultimately regulates a 
cellular process such as secretion, con­
traction, metabolism or growth. The 
major barrier to the flow of informa­
tion is the cell's plasma membrane, 
where transd uction mechanisms trans­
late external signals into internal sig­
nals, which are carried by "second 
messengers. " 

In molecular terms the process de­
pends on a series of proteins within the 
cell membrane, each of which trans­
mits information by inducing a con­
formational change-an alteration in 
shape and therefore in function-in the 
protein next in line. At some point the 
information is assigned to small mole­
cules or even to ions within the cell's 
cytoplasm. They are the second mes­
sengers, whose diffusion enables a sig­
nal to propagate rapidly throughout 
the cell. 

The number of second messengers 
appears to be surprisingly small. To 
put it another way, the internal signal 
pathways in cells are remarkably uni­
versal. Yet the known messengers are 
capable of regulating a vast variety of 
physiological and biochemical proc­
esses. The discovery of the identity 
of particular second-messenger sub­
stances is proving, therefore, to be 
of fundamental importance for un­
derstanding how cellular activity is 
governed. Two major signal pathways 

1 42 

by Michael ].  Berridge 

are now known. One employs the sec­
ond-messenger cyclic adenosine mono­
phosphate (cyclic AMP). The other 
employs a combination of second mes­
sengers that includes calcium ions 
and two substances, inositol triphos­
phate (IP3) and diacylglycerol (DO), 
whose origin is remarkable: they are 
cannibalized from the plasma mem­
brane itself. 

The paths have much in common. In 
both of them the initial component, the 
receptor molecule at the surface of the 
cell, transmits information through the 
plasma membrane and into the cell by 
means of a family of G proteins: mem­
brane proteins that cannot be active 
unless they bind guanosine triphos­
phate (OTP). In both paths the G pro­
teins activate an "amplifier" enzyme 
on the inner face of the membrane. 
The enzyme converts precursor mole­
cules into second messengers. As a rule 
the precursors are highly phosphoryl­
ated, that is, rich in phosphate groups 
(P04).  For example, the amplifier ad­
enylate cyclase converts adenosine 
triphosphate (ATP) into cyclic AMP, 
whereas the amplifier phospholipase C 
cleaves the membrane lipid phosphati­
dylinositol 4,5-biphosphate, or PIP2, 
into DO and IP3. 

In both paths, moreover, the final 
stages are similar: the second messen­
gers induce cellular proteins to change 
their structure. (In one three-dimen­
sional conformation the protein is in­
active; in another it contributes to a 
cellular function such as secretion or 
contraction.) There are two main ways 
in which second messengers function. 
In one of them the second messenger 
acts directly. It binds to the protein 
(specifically, it binds to the "regulatory 
component" of the protein) and thus 
triggers a conformational change. A 
classic example is found in skeletal 
muscle. There the second messenger 
calcium binds to the protein troponin 
C, triggering a conformational change 
that leads to the contraction of the 
muscle. In the alternative, more com­
mon mechanism the second messenger 
acts indirectly: it activates an enzyme 
called a protein kinase, which then 
phosphorylates a protein. The phos­
phorylation (that is, the addition of a 
phosphate group) induces the protein 
to change its shape. 

Of all the steps of the known sec­
ond-messenger pathways the ones 

best understood today are the steps of 
transduction and amplification that ac-

MAKING OF A MESSENGER for the conveyance of signals inside a cell is shown in 
these images, which depict the structure of the precursor of the messenger and of the mes­
senger itself. The precursor (top) is adenosine triphosphate, or ATP, which typically serves 
the cell by donating energy to chemical reactions. ATP has three parts. The nitrogenous 
base called adenine forms the upper right of the overall molecule; its structure is dominated 
by a hexagon and a pentagon of carbon atoms (white) and nitrogen atoms (blue). The ade­
nine is joined to another pentagon, that of the sugar called ribose, seen almost end on at the 
bottom of the ATP molecule. In turn the ribose is linked to a chain of three phosphate 
groups, each consisting of a central phosphorus atom (yello w) and satellite oxygen atoms 
(orallge). The chain wraps behind the ribose and extends toward the left. For conversion 
into an intracellular messenger ATP is altered into cyclic adenosine monophosphate, or 
cAMP (bottom). Two of the three phosphate groups are removed, and the remaining group 
becomes bound to the rest of the molecule at two of its satellite oxygen atoms. The phos­
phate group thus takes on a cyclic structure with respect to the rest of the AMP. The images 
were computer-generated from crystallographic data by Tripos Associates in St. Louis . • � '�t. 
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tivate cyclic AMP. The facts emerged 
in stages, beginning in 1 95 8, when Earl 
W. Sutherland, Jr., and Theodore W. 
Rail, working at Case Western Reserve 
University, discovered cyclic AMP it­
self. Then in 1 97 1  Martin Rodbell and 
his colleagues at the National Insti­
tutes of Health showed that GTP is 
essential for the transduction mecha­
nism to generate cyclic AMP. Before 
information can flow across the mem­
brane two events must occur. At the 
surface of the cell an external signal 
must bind to its receptor. Meanwhile, 
from inside the cell, a GTP molecule 
must act on its G protein. 

The sequence has been elucidated in 
detail by Alfred G. Gilman and his 

colleagues at the University of Texas 
Health Science Center at Dallas. Two 
types of G proteins turn out to be in­
volved, one of them stimulatory and 
the other inhibitory. The stimulatory 
protein, called Gs, links itself to recep­
tors called Rs. The binding of an exter­
nal signal to such a receptor induces a 
conformational change in the recep­
tor. The change is transmitted through 
the cell membrane to Gs, making it sus­
ceptible to GTP, which approaches 
from inside the cell. The binding of 
GTP to Gs then constitutes an on-reac­
tion: it forces Gs into still another con­
formation, one that enables it to acti­
vate adenylate cyclase and thereby in­
stigate the formation of cyclic AMP. 

The information carried by the exter­
nal signal has now been transmitted 
across the membrane and assigned to 
an internal signal: a second messenger. 

The activity of the Gs-GTP complex 
is ended by the hydrolysis of the GTP 
to GDP (guanosine diphosphate); that 
constitutes the off-reaction. The hy­
drolysis is catalyzed by the enzyme 
GTPase. As it happens, the activity of 
GTPase is inhibited by the toxin pro­
duced by the cholera bacillus. The tox­
in thereby prolongs the life of the Gs-
GTP complex, so that the cell produc­
es cyclic AMP continually, even in the 
absence of an external signal calling 
for its manufacture. The severe diar­
rhea characteristic of victims of chol-
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KNOWN SIGNAL PATHWAYS IN CELLS are few in number. 
In functional terms they share a sequence of events (left). External 
messengers arriving at receptor molecules in the plasma membrane 
(gray) activate a closely related family of transducer molecules, 
which carry signals through the membrane, and amplifier enzymes, 
which activate internal signals carried by "second messengers." The 
pathway employing the second messenger cAMP (middle) has stim­
ulatory receptors (Rs) and inhibitory ones (Ri), which both communi­
cate with the amplifier adenylate cyclase (AC) by way of stimulato­
ry and inhibitory transducers called G proteins because they re­
quire guanosine triphosphate (GTP) to function. Adenylate cyclase 
converts ATP into cAMP. The other major pathway (right) is not 
known to recognize inhibitory external signals. It employs a stimu-
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latory G protein to activate its amplifier, a phosphodiesterase (PDE) 
enzyme. The enzyme makes phosphatidylinositol 4,S-biphosphate 
(PIP2) into a pair of second messengers, diacylglycerol (DG) and 
inositol triphosphate (IP 3)' In turn IP 3 induces the cell to mobi­
lize still another messenger: calcium ions (Ca2+). Moreover, the path 
somehow induces the amplifier guanylate cyclase (GC) to convert 
GTP into the second messenger cyclic guanosine mono phosphate 
(cGMP). In general the second messengers bind to the regulatory 
component of a protein kinase, an enzyme that activates a cellular 
response such as contraction or secretion by adding phosphate (PO 4) 
groups to particular proteins. Calcium binds to a family of proteins 
including calmodulin (CaM) and troponin C (TnC). In turn CaM ac­
tivates a protein kinase; TnC stimulates muscle contraction directly. 
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era can be explained in those terms. In 
the cells of the intestine cyclic AMP is 
a potent activator of fluid secretion. 

The other type of G protein in the 
cyclic-AMP pathway mediates an in­
hibitory transduction. The arrival of 
an external signal at the receptors des­
ignated Rj brings on a conformational 
change in the G protein called Gj (a 
change again dependent on the binding 
of OTP); the G protein in turn inhib­
its adenylate cyclase. Here too the flow 
of information can be blocked by 
a bacterial toxin, this one produced 
by Bordetella pertussis, the causative 
agent of whooping cough. Pertussis 
toxin blocks the inhibition of adenyl­
ate cyclase; however, it is not yet 
known whether the blockage accounts 
for any of the symptoms of the dis­
ease. Bacterial toxins have been valu­
able experimental tools for defining 
the roles of G proteins. Another ef­
fective agent is forskolin, an organic 
molecule isolated from roots of the 
Indian herb Coleus forskohlii. Extracts 
from the plant are still employed in 
the folk medicine of India as reme­
dies for ailments including heart dis­
eases, respiratory disorders, insom­
nia and convulsions. Pharmacological 
studies have established that forskolin 
activates adenylate cyclase. 

In the cyclic-AMP pathway the final 
chemical steps are mediated by an A­
kinase: a protein kinase that phospho­
rylates a particular protein when it is 
activated specifically by cyclic AMP. 
Each A-kinase has two parts, a catalyt­
ic subunit and a regulatory subunit. 
Cyclic AMP binds to the regulatory 
subunit, thereby liberating the catalyt­
ic one, which is then free to phospho­
rylate proteins. In fat cells, for exam­
ple, the enzyme lipase initiates the 
tapping of the energy content of lip­
id (fatty) molecules. Hormones such 
as epinephrine (also called adrena­
line) bind to receptors on the cell sur­
face; the receptors, acting through G 
proteins, influence adenylate cyclase, 
which makes cyclic AMP; the cyclic 
AMP stimulates an A-kinase, and the 
A-kinase activates lipase by phospho­
rylating the enzyme. 

Other examples are known in which 
cyclic AMP works through A-ki­

nase to activate cellular enzymes (or 
cellular processes such as ion trans­
port). As the molecular details of the 
final steps in the cyclic-AMP pathway 
are examined.in a number of cell types, 
however, a consistent pattern has be­
gun to emerge: cyclic AMP often 
proves to serve the cell primarily by 
activating another second messenger, 
namely calcium ions. That is, one of 
the two known signal pathways in cells 
proves to act chiefly by modulating the 
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CHEMICAL STRUCTURE of identified second messengers is displayed for three mes­
sengers: cAMP (also ShOWll ill illustratioll 011 page 143), DG and IPa• Cyclic AMP (top) is 
made in a reaction that cleaves two of the three phosphate groups from ATP. DG and IPa 
(bottom) are made from PIP2 by a simple reaction: the negatively charged "head" of 
the precursor molecule, a phospholipid found in the inner leaf of plasma membrane, is 
cleaved from the glycerol backbone that carries the twin fatty acid "tails" of the precursor. 
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other known signal path. The heart 
provides a now classic example. There 
epinephrine acts through the cyclic­
AMP pathway to modulate the in­
tracellular level of calcium. Thus the 
force of each heartbeat is governed 
by a brief calcium pulse. Similar find-

ON-REACTION 
I 

GTP 1 
CHOLERA----0-----�

J TOXIN 

ings (that is, modulation of the calcium 
pathway by the cyclic-AMP pathway) 
have emerged in other muscle cells and 
in a variety of secretory cells, includ­
ing nerve cells. 

The first description of calcium as an 
intracellular messenger was given in 

1883, when the English physician and 
physiologist Sydney Ringer found that 
the muscle tissue he was examining 
failed to contract when the London 
tap water in his tissue-culture medium 
was replaced with distilled water. The 
missing ingredient soon proved to be 
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DETAILS OF SIGNAL PATHWAYS appear in these illustrations. 
In the cAMP pathway (left) signals from stimulatory receptors (Rs) 
and inhibitory receptors (Ri) converge on the amplifier enzyme 
adenylate cyclase (AC), which converts A TP into cAMP. G pro­
teins, which govern the convergence, are activated by GTP (0/1-
reaction) and curtailed when the GTP is hydrolized (off-reaction) 
to GOP. For its part, cAMP binds to the regulatory component (R) 

of its protein kinase, liberating the catalytic component (C), which 
is then free to phosphorylate specific proteins that regulate a cellu­
lar response. Drngs affecting a particular stage in the sequence are 
shown in color. Some known cellular responses are listed in the ac­
companying table. In many cases (asterisks) cAMP proves to modu­
late the activity of another second messenger, calcium, which in turn 
governs the response. In the inositol-lipid path (right) external sig-
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calcium. A series of observations then 
showed that calcium regulates not 
only contraction but also many other 
cellular processes. It is in fact the pre­
dominant second messenger in cells. 

Where does the calcium come from? 
For certain cells, such as neurons, the 

GTP---+-, 

GDP 

source is well known: it is the extracel­
lular fluid. Nerve signals arriving at 
the synaptic terminals of a neuron de­
crease the voltage difference across the 
neuronal cell membrane; the resulting 
"depolarization" opens voltage-sen­
sitive calcium channels through the 
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membrane. Before the depolarization 
the concentration of free calcium 
inside the neuron is approximately 
1 X 10-7 molar (a value correspond­
ing to some 6 X 1014 calcium ions per 
centiliter of cytoplasm). The concen­
tration of calcium outside the neuron 
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nals bind to receptors (R), which transmit information through a 
G protein (G) to activate PIP2 phosphodiesterase (PDE). In turn 
PDE cleaves PIP2 into the second messengers inositol triphosphate 
(IP 3) and diacylglycerol (DG). The IP 3 is water-soluble, and so it 
diffuses into the cytoplasm. There it releases calcium from storage 
in the membranous intracellular caverns called endoplasmic reticu­
lum. In turn the calcium stimulates a protein kinase. The DG re-

mains in the membrane, where it activates the enzyme C-kinase; 
the membrane phospholipid called phosphatidyl serine (PS) is a 
cofactor, or necessary adjunct, for the activation. The two limbs 
of the pathway lead to the phosphorylation of distinct sets of pro­
teins. The limbs can be activated independently by means of the 
drugs indicated in color. Again an accompanying table lists some 
of the cellular responses known to be mediated by the pathway. 
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INOSITOL-LIPID CYCLES replenish the supply of second messengers made from inosi­
tol lipids. External signals act through the enzyme PIP2 phosphodiesterase, which cleaves 
PIP2 into the messengers DG and IP3• The two are then directed through a sequence of 
chemical reactions that prepare them to be rejoined, forming phosphatidylinositol (PI) and 
ultimately remaking the PIP2• The cycles require the continuous presence of ATP and cy­
tosine triphosphate (CTP), which are sources of phosphate groups (Pi). Among the few 
drugs known to affect a part of the path, lithium (color) is notable: it blocks the conversion 
of IP1 into the free inositol required for the synthesis of PI. Accordingly lithium may turn 
out to interfere with signal pathways employing the messengers derived from inositol lipids. 
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is four orders of magnitude greater. 
The depolarization enables calcium 
ions to flood into the neuron and trig­
ger a cellular response. Even a rather 
small change in the intracellular con­
centration of calcium can exert pro­
found changes in cellular activity. In 
the synaptic terminals of neurons, for 
example, calcium induces the release 
of neurotransmitter molecules. 

The extracellular fluid cannot, how­
ever, be the sole source of calcium 
ions. For one thing, the absence of ex­
tracelhilar calcium does not prevent 
the external messenger acetylcholine 
from stimulating the pancreas to re­
lease the digestive enzyme amylase. 
Thus it has slowly become apparent 
that the calcium employed by a cell 
for internal signaling not only enters 
the cell from outside but also is re­
leased from internal reservoirs. There 
turn out to be many examples of hor­
mones or neurotransmitters employ­
ing internal calcium to control physi­
ological processes. The external signal 
gains access to the internal calcium 
by stimulating the hydrolysis of a 
lipid molecule that is part of the plas­
ma membrane. 

In 1953 Mabel N. and Lowell E. 
Hokin, working at the Montreal Gen­
eral Hospital, observed that the ad­
ministration of acetylcholine to secre­
tory cells of the pancreas increased 
the incorporation of radioactive phos­
phate groups (P04 groups containing 
phosphorus 32) into phosphatidylin­
ositol (PI), one of the phospholipid 
constituents of cell membranes. Like 
other membrane lipids it has a hydro­
phobic part (two fatty acid chains at­
tached to glycerol) linked to a hydro­
philic part, in this case the "head 
group" inositol phosphate. Stimuli 
such as acetylcholine cause it to be 
cleaved into these two components. 
The increased incorporation of phos­
phorus 32 observed by the Hokins 
was a secondary event due to the sub­
sequent resynthesis of PI. 

The key point was that an external 
signal had been found to stimulate the 
turnover (the hydrolysis and resynthe­
sis) of a membrane lipid. The Hokins 
proposed that the increased turnover 
had something to do with the mecha­
nism of exocytosis by which the cells 
of the pancreas release digestive en­
zymes. Subsequent studies established 
a broader conclusion: the increased 
turnover occurred in response to many 
stimuli, not necessarily the ones that 
activate secretion. Hence the impres­
sion grew that the turnover of mem­
brane lipids plays a more general role 
in the life of cells. 

In 1975 Robert Michell of the Uni­
versity of Birmingham suggested such 
a role. Noting a strong correlation be-
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tween the ability of an external signal 
to stimulate inositol-lipid turnover and 
the mobilization of calcium inside the 
cell, he suggested that the change in 
lipid turnover triggered by external 
signals is responsible for generating in­
ternal calcium signals. Michell and his 
colleagues made a further suggestion. 
Cell membranes contain three inositol 
lipids, but only one of them, the rela­
tively minor inositol lipid phosphati­
dylinositol-4, 5-biphosphate, or PIP2, 
seemed to change (in particular, it was 
hydrolyzed) as part of the mechanism 
mobilizing calcium. 

How might the hydrolysis of a par­
ticular membrane lipid act to in­

crease the intracellular concentration 
of calcium? It has taken almost a dec­
ade to work out the details. In order 
to understand how second messengers 
can emerge from cell membrane and 
how they might function, a digression 
is required: I must turn to some basic 
aspects of the biochemistry of the mol­
ecules composing cell membranes. 
Placed in an aqueous medium, phos­
pholipids, of which the inositol lipids 
are notable examples, spontaneously 
coalesce into the orderly double-lay­
ered alignment that constitutes the 
basic structure of a biological mem­
brane. The traditional view is that the 
lipid bilayer functions as an inert, per­
meable barrier. Hence phospholipids 
have often been dismissed as playing 
a rather passive role in the life of the 
cell. A role for a membrane phos­
pholipid in an intracellular signal path­
way comes, therefore, as something of 
a surprise. 

Phosphatidylinositol is a typical 
phospholipid, situated primarily in the 
inner leaflet of the bilayer. The re­
markable thing about it is that it gets 
converted into PIP2, an unusual phos­
pholipid that has three phosphate 
groups instead of the one group found 
in all other membrane lipids. The addi­
tional phosphates, derived from ATP, 
are added sequentially and specifically 
to the carbon-4 and -5 positions of the 
six-carbon ring in inositol. 

PIP2 is the inositol lipid that inter­
ested M ichell. In response to external 
signals it is hydrolyzed into diacylglyc­
erol and inositol triphosphate, or IPa. 
Two groups of investigators, Rich­
ard Haslam and Monica Davidson of 
McMaster University in Ontario and 
Shamshad Cockcroft and Bastion D. 
Gomperts of University College Lon­
don have found that GTP is a neces­
sary part of the sequence. Again, there­
fore, it seems that a G protein couples 
surface receptors to an amplifier (in 
this case the enzyme phospholipase 
C). Ultimately the diacylglycerol and 
IPa are recycled, the first by a series 

of reactions composing what is called 
the lipid cycle, the second by a series of 
reactions called the inositol phosphate 
cycle. The two cycles merge, reconsti­
tuting phosphatidylinositol. 

The final step in the inositol phos­
phate cycle is particularly interesting; 
it is the conversion of inositol mono­
phosphate (IP!) into free inositol by 
the enzyme inositol I -monophospha­
tase. Working in St. Louis at the Wash­
ington University School of Medicine, 
James Allison and William R. Sher­
man have shown that the action of the 
enzyme is inhibited by lithium ions. 
The administration of lithium may 
therefore slow the rate of resynthesis 
of phosphatidylinositol, impairing the 
effectiveness of any neuronal mecha­
nisms that depend on the inositol lip­
ids to carry signals. Perhaps that ac­
counts for the efficacy of lithium ions 
in controlling manic-depressive men­
tal illness. 

I t was while measuring the rate at 
which inositol phosphates form in 

the salivary gland of the fly in response 
to the hormone serotonin that my at­
tention was first drawn to IPa.  Analysis 
of the water-soluble metabolites ex­
tracted from the gland revealed the 
presence of at least four distinct sub­
stances. One was free inositol; the oth­
ers turned out to be the inositol phos­
phates I P !, IP2 and IPa. The analysis 
was done in collaboration with Robin 
Irvine and Rex Dawson of the Agricul­
tural Research Council's Institute of 
Animal Physiology in Babraham and 
Peter Downes of the Medical Research 
Council's Neurochemical Pharmacol­
ogy Unit in Cambridge. In 1 964 Daw­
son, who had been studying the en­
zyme that hydrolyzes PIP2, stored 
some of the reaction product, IPa, in a 
deep freeze at Babraham. Almost two 
decades later it served as a standard by 
which to verify our identification of 
the fly-gland metabolite. 

By comparing the rate of IPa forma­
tion with the rate of onset of physio­
logical signs that accompany the secre­
tion of fluid by cells of the insect sali­
vary gland, John P. Heslop and I were 
able to show that the administration of 
serotonin brings on the generation of 
IPa at a rate fast enough so that IPa 
could conceivably function as a sec­
ond messenger: it would mobilize cal­
cium, which in turn would cause the 
secretion of saliva. Seeking direct evi­
dence of such a function, we sent a 
sample of IPa, which Irvine had pre­
pared from red blood cells, to the 
Max Planck Institute in Frankfurt. 
There Hanspeter Streb and Irene 
Schulz found that when the sample 
was applied to cells from the pancreas 
of a rat, it caused a profound release 

of calcium. (The cells had first been 
permeabilized so that the IPa applied 
by the investigators could gain access 
to the interior of the cells.) 

This.first demonstration of a release 
of calcium induced by IPa has now 
been confirmed in a number of differ­
ent types of cells. Gillian Burgess and 
James W. Putney, Jr., of the Medical 
College of Virginia and John R. Wil­
liamson of the University of Pennsyl­
vania School of Medicine have shown, 
for example, that IPa mobilizes stored 
calcium as part of the hormonal mech­
anism for releasing glucose from the 
liver. Moreover, Yoram Oron and 
his colleagues at Tel-Aviv University 
have shown that the current of chlo­
ride ions induced by acetylcholine in 
immature oocytes, or egg cells, of the 
frog Xenopus can be duplicated by in­
jecting the cells with IPa. In addition 
IPa elicits many of the early events of 
fertilization. For example, granules 
stored j ust under the surface of the 
egg are normally secreted within min­
utes of fertilization to form the thick 
protective layer called the fertilization 
membrane. The secretion, which is 
calcium-dependent, can be triggered 
by injecting eggs with IPa. In each 
case the IPa proves to ' act predomi­
nantly by causing the release of calci­
um from imprisonment in the cell's 
endoplasmic reticulum, an internal 
membrane that forms a system of cav­
erns inside the cell. In turn the calci­
um elicits the cellular response. 

The discovery of the second messen­
ger IPa has led to speculation that IPa 
may function as a second messenger in 
skeletal muscle. In muscle the depo­
larization of the infoldings of muscle 
membrane known as transverse tu­
bules somehow triggers the release of 
calcium from the sarcoplasmic reticu­
lum, a structure analogous to the endo­
plasmic reticulum of nonmuscle cells. 
The calcium triggers muscle contrac­
tion. Roger Y. Tsien and J ulio Vergara 
of the University of California at 
Berkeley and Tullio Pozzan and his 
colleagues at the University of Padua 
have found that isolated muscle fibers 
contract in response to the adminis­
tration of IPa. The idea, then, is that 
in muscle IPa functions as the link 
between depolarization and calcium. 
The verification of the speculation 
would be the jewel in the crown of the 
IPa hypothesis; the problem of how 
calcium signals are generated in skele­
tal muscle has puzzled physiologists 
for decades. 

Afurther reason the inositol-lipid 
transduction mechanism is at­

tracting much interest is that the signal 
pathway bifurcates. One product of 
the hydrolysis of the inositol lipid PIP2 
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is IP3, whose role I traced above. The 
other product, diacylglycerol, remains 
in the membrane, yet apparently it 
functions, like IP3, as a second mes­
senger. Yasutomi Nishizuka and his 
colleagues at Kyoto University pro­
pose that it activates a membrane­
bound protein kinase, which they have 
named C-kinase. 

The contribution of each limb of the 
bifurcating inositol-lipid path can be 
assessed with pharmacological agents 
that mimic the action of a particular 
second messenger and therefore stimu­
late only one limb of the path. The 
phorbol esters (substances found in the 
oil expressed from the seed of the 
small Southeast Asian tree Croton tigli­
urn) mimic the action of diacylglycerol 
by acting directly on C-kinase. (The 
phorbol esters cause inflammation of 
the skin and are potent tumor-inducing 
agents when they are applied to experi­
mental animals in combination with a 
carcinogen.) On the other hand, calci­
um ionophores (molecules that shield 
the electric charge of a calcium ion and 
smuggle it across the cell membrane) 
mimic the action of IP3 by introducing 
free calcium into the cell. The studies 
establish that the two limbs are syner­
gistic: in blood platelets, for example, 
Nishizuka has found that the combina-
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tion of a phorbol ester and a calcium 
ionophore induces a maximal secre­
tion of serotonin at doses that have 
no effect when each drug is adminis­
tered alone. 

The importance of the overall two­
branched signal pathway is hard to 
overstate: a great many cellular proc­
esses can be switched on experimental­
ly by the combined administration of 
a phorbol ester and a calcium iono­
phore. Perhaps the most notable find­
ing is that the synthesis of DNA can be 
initiated: the finding is notable because 
it suggests that the signal pathways 
responsible for routine cellular activi­
ties such as secretion and contraction 
may also regulate growth. The action 
of phorbol esters as tumor-promoting 
agents is probably based, for example, 
on their ability to amplify the DG / C­
kinase limb of the inositol-lipid signal 
pathway. Indeed, the prospect arises 
that alterations of intracellular signal 
pathways may be a cause of cancer, in 
which the normal regulation of cell 
growth is disrupted. 

Cells grow by progressing through 
the stages of the cell cycle. In an initial 
phase they increase in size. This is the 
first growth phase, Gj. Next they repli­
cate all their chromosomes (during S, 
the DNA-synthesis phase) and prepare 
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themselves for cell division (during 
G2, the second growth phase). Final­
ly they divide (during M, the mitosis 
phase). Just after cell division comes a 
branch point. Each daughter cell aris­
ing from the division can reenter the 
cell cycle and hence can divide again. 
Alternatively, a daughter cell can enter 
the Go phase, during which it differen­
tiates, becoming capable of perform­
ing some specialized task in one of the 
tissues of the body. For certain types 
of cells, such as neurons, differentia­
tion puts an end to division; for other 
types the cell has the option of return­
ing to the cell cycle to engender further 
progeny. In the latter case the return to 
the cell cycle is determined by the ac­
tion of growth factors: substances re­
leased by one group of cells that stimu­
late the growth of others. 

Just how growth factors act is still 
very much a mystery. Clearly, 
however, they must instigate the 

sending of signals from the cell surface 
(where the factors act by binding to 
receptors) to the nucleus (where DNA 
is replicated). I shall consider two pos­
sible pathways. One of them is not yet 
well understood. Employed by growth 
factors such as insulin and epidermal 
growth factor (EGF), it appears to 
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REGULATION OF CELL GROWTH is presumably a function 
of second-messenger pathways. The central problem, therefore, is 
to explain how the external signals-called growth factors, which act 
on cell-surface receptors (left), can instruct the machinery in the nu­
cleus (right) to begin the complex sequence of events that culmi­
nates in DNA synthesis. Some growth factors, including platelet­
derived growth factor (PDGF), appear to employ the conventional 
inositol-lipid pathway: IP3 mobilizes calcium, whereas DG acti­
vates a membrane-bound pump that exchanges protons for sodium 
ions, thus increasing intracellular pH and the concentration of so-

dium ions. Each change could convey information to the nucleus. 
Other growth factors, including epidermal growth factor (EGF), 
appear to employ a different pathway. The EGF receptor, which 
spans the plasma membrane, includes an inner part that phospho­
rylates proteins (it shows tyrosine kinase activity). A number of on­
cogenes (genes whose inappropriate function is linked to cancer) 
may act (color) by disrupting the growth-control pathways. The erb 
B oncogene specifies a protein identical with part of the EGF re­
ceptor. Several other oncogenes appear to affect the inositol-lipid 
pathway. Question marks indicate the more speculative possibilities. 
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rely on receptors that activate the en­
zyme tyrosine kinase. The pathway 
may be in essence a cascade based on 
the phosphorylation of a succession 
of proteins. 

The other signal pathway, employed 
by such factors as platelet-derived 
growth factor (PDGF), appears to be 
identical with the pathway employed 
by hormones and neurotransmitters. 
The PDGF arriving at the surface of a 
cell stimulates the hydrolysis of PIPz 
into the second messengers IP3 and di­
acylglycerol, which may then contrib­
ute to the events that make up growth 
phase Gl and prepare the cell for 
DNA synthesis. More specifically, IP3 
seems to act by mobilizing intracellu­
lar calcium; diacylglycerol activates 
C-kinase, which in turn activates a 
membrane-bound ion-exchange mech­
anism. The mechanism extrudes pro­
tons (hydrogen ions) from the cell, thus 
raising intracellular pH. Together the 
activation of calcium and the raising 
of pH are thought to contribute to the 
synthesis of RNA and protein that pre­
pares the cell to synthesize DNA. 

Since each signal pathway consists 
of a sequence of reactions controlled 
by specific proteins (receptors and en­
zymes), the genetic material of the cell 
must include the genes responsible 
for the synthesis of the proteins the 
pathways require. Any aberration of 
the function of such genes might lead, 
therefore, to abnormalities of cellular 
growth, and conceivably to the uncon­
trolled growth and structural transfor­
mations typical of cancer. About 25 
remarkable genes have in fact been 
identified: genes whose inappropriate 
function has been linked to the inci­
dence of cancer. They are collectively 
termed oncogenes. Until recently the 
precise normal function of each such 
gene was obscure. It is now apparent 
that some of them encode the structure 
of various components of the signal 
pathways controlling cell growth. 

The first link between an oncogene 
and a component of an intracellu­

lar signal pathway was made simulta­
neously by two groups, one headed by 
Russell F. Doolittle of the University 
of California at San Diego, the other 
by Michael Waterfield of the Imperial 
Cancer Research Fund Laboratories 
in London. The groups discovered that 
the oncogene called sis controls the 
synthesis of platelet-derived growth 
factor. Discoveries of similar import 
followed at other laboratories. The 
erb b gene proved to encode the struc­
ture of a protein almost identical with 
the epidermal-growth-factor receptor. 
The receptor has three main parts. An 
external part, exposed at the surface of 
the cell, includes the EGF-binding 
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domain; a middle part spans the cell 
membrane; an inner part, exposed to 
the cytoplasm, expresses the protein­
phosphorylating activity of a tyrosine 
kinase. The product of the erb b gene is 
a truncated version of the receptor, a 
version that lacks the external part of 
the protein. Conceivably the truncated 
version initiates signals inside the cell 
even in the .absence of EGF. 

The ras oncogene also fits the pat­
tern. It is known to be active in many 
types of cancer cell. Its function is not 
yet known, but its product has charac­
teristics of a G protein: it is a constitu­
ent of the cell membrane and it binds 
and hydrolyzes GTP. One possibil­
ity is that it may intervene between 
growth-factor receptors and such sig­
nal amplifiers as the phosphodiester­
ase enzyme that cleaves PIP2 into the 
second messengers IP3 and diacylglyc­
erol. Two oncogenes, src and ros, seem 
to have a role in the conversion of 
phosphatidylinositol into PIP2. That 
is, they appear to regulate the enzymes 
that replenish the precursor of the 
inositol-lipid second messengers. Two 
other oncogenes, myc and los, appar­
ently function at the other end of 
the intracellular signal cascade. Philip 
Leder and his colleagues at the Har­
vard Medical School have found that 
the abundance of messenger RNA 
transcribed from the myc oncogene in­
creased greatly within an hour of treat­
ing fibroblasts (immature connective­
tissue cells) with PDGF. Transcripts 
of the los oncogene appear even earli­
er. The myc and los genes specify the 
structure of proteins found in the nu­
cleus and so may prove to take part in 
the sequence of events initiating the 
synthesis of DNA. 

One begins to see that an integrated 
network of oncogene products is re­
sponsible for conveying information 
from the cell surface to the nucleus. 
Some oncogenes (sis) specify growth 
factors, which act by inducing other 
oncogenes (myc and los) to produce 
substances active within the nucleus. 
Distortions of such sequences lead to 
uncontrolled cell growth and cancer. 

In all the foregoing I have neglected 
a further second-messenger candi­

date. It is cyclic G MP, which differs 
structurally from cyclic AMP in that 
guanosine takes the place of adeno­
sine. Although cyclic GMP has the 
hallmarks of a second messenger, its 
precise role in the cell is not well un­
derstood. In the first place, guanylate 
cyclase, the enzyme that makes cyclic 
GMP from GTP, is usually not con­
nected to a receptor. Nevertheless, the 
formation of cyclic G MP often occurs 
together with the activation of the ino­
sitol-lipid pathway. Apparently some 
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molecule created by the hydrolysis of 
inositol lipids brings on the formation 
of cyclic G M P. The end of the sig­
nal pathway is equally obscure. Cyclic 
G MP is known to activate a protein 
kinase (in particular the one called G­
kinase), which in turn phosphorylates 
certain proteins. Their functions are 
not known. 

Still, cyclic G MP has some striking 
effects, which have been demonstrated 
best in the nervous system. For exam­
ple, James W. Truman of the Univer­
sity of Washington has uncovered a 
role for cyclic G MP in controlling a 
complex pattern of insect behavior. 
At the end of metamorphosis moths 
escape from their cocoons by means 
of a carefully orchestrated pattern of 
writhing and wriggling triggered by 
an eclosion (hatching) hormone re­
leased from the brain. This prepro­
grammed behavioral pattern is initi­
ated by an increase in the level of cy­
clic G MP, which occurs when eclosion 
hormone acts on the nervous system. 

Another tissue in which a clear func­
tion for cyclic G MP is beginning to 
emerge is the retina. Specifically, the 
function is emerging in the vertebrate 
photoreceptors, or light-sensitive cells, 
known as rod cells. A rod cell is a sen­
sory transducer stationed between the 
visual world and the brain. It is an 
elongated cell. At one end it receives 
photons, or quanta of light; at the other 
end it releases a neurotransmitter, thus 
dispatching signals to neurons. Two 
things about the sequence are remark­
able. First, the amount of transmitter 
released by the cell is greatest in the 
absence of light. This suggests a curi­
ous attribute of rod cells: in response 
to external signals (in this case pho­
tons) the internal messenger must de­
crease its activity. Second, the receptor 
in rod cells is the molecule rhodop­
sin, which is present in an elaborate 
stack of disks of membrane inside the 
cell. On the other hand, the release 
of neurotransmitter is regulated by 
changes in the permeability of the plas­
ma membrane to sodium ions. That 
defines the central problem in photo­
transduction: What is the identity of 
the second messenger that carries in­
formation from the internal disks to 
the plasma membrane? • 

For some time two camps of investi­
gators have held opposing views about 
the identity of the messenger. One 
camp championed calcium; the other 
championed cyclic G MP. The truth 
may lie in the middle: both may take 
part. Here I shall concentrate on cyclic 
G M P. The current hypothesis is that 
sodium channels through the plasma 
membrane of the rod cell are kept 
open in the dark by a high intracellular 
level of cyclic G M P. A surprising as-

pect of the hypothesis has been report­
ed by Evgenii Fesenko and his col­
leagues at the Institute of Biological 
Physics in Moscow. Cyclic G M P  ap­
pears to open the channel directly, 
without activating a protein kinase. 
When photons arrive, they are ab­
sorbed by rhodopsin, which in re­
sponse induces a molecule called 
transducin (another member of the G­
protein family) to bind GTP and acti­
vate the enzyme called cyclic-G MP 
phosphodiesterase. The result is a pre­
cipitous fall in the level of cyclic G MP 
and the closure of sodium channels. It 
should be noted, however, that in the 
photoreceptors of the crab Limulus 
the effect of light can be duplicated 
by the injection of IP3 but not of cy­
clic G MP. Perhaps the second mes­
senger in visual signal transduction 
varies from species to species. 

Interest in cyclic G MP is likely to 
grow now that Ferid Murad of the 
Stanford University School of Medi­
cine has shown that atrial natriuretic 
factor, a newly discovered hormone 
secreted by the atrium of the heart, 
seems to relax the smooth muscle sur­
rounding blood vessels (and so take 
part in regulating blood pressure) by 
increasing the level of cyclic GMP. 
Like cyclic AMP, cyclic G MP may act 
by modulating the action of calcium. 

Have all the second-messenger sig­
nal pathways been identified? The 

answer is almost certainly no. There 
are external signals that induce pro­
found effects in cells by way of a signal 
pathway that remains totally obscure. 
An intriguing example is offered by the 
maturation of starfish oocytes. The ad­
ministration of I -methyl adenine (the 
maturation hormone released from 
the surrounding follicle cells) to the 
surface of starfish oocytes causes dis­
solution of the nucleus and the reinitia­
tion of meiosis: the process of cell divi­
sion by which sex cells such as oocytes 
increase in number. Just how a simple 
substance such as I -methyl adenine 
acting at the cell surface can make the 
nucleus disappear is a mystery. Anoth­
er example is offered by insulin. The 
pathway by means of which it drives 
lipid and glycogen synthesis in muscle 
and liver cells is a mystery. Joseph Lar­
ner and his colleagues at the Universi­
ty of Virginia School of Medicine have 
proposed that insulin may act through 
a peptide (a short amino acid chain), 
but the evidence is far from complete. 
All that seems certain is that the in­
sulin receptor, like the receptor for 
epidermal growth factor, acts as a 
tyrosine kinase. Although some of the 
signal pathways in cells have now been 
mapped out, it seems clear that un­
charted pathways remain. 
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The Molecular Basis of Developtnent 

How is the basic architecture of an embryo laid down? The discovery 

ofa short stretch of DNA called the homeobox apparently provides a 

crucial part of the answer in a remarkably wide range of organisms 

H
ow the linear information con­

tained in the DNA can gener­
ate a specific three-dimension­

al organism in the course of develop­
ment from the fertilized egg is one of 
the great mysteries of biology. Each 
organ of the mature animal carries out 
a particular task and consis.ts of spe­
cialized tissues; the tissues in turn con­
sist of specialized cells. S uch special­
ized cells d isplay only a small fraction 
of the great genetic potential of the fer­
tilized egg. What fraction of the full 
potential a particular cell displays de­
pends on which of its genes are turned 
on and which are turned off. Each cell 
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by Walter]. Gehring 

is characterized by a specific pattern of 
active and inactive genes that under­
goes sequential changes as develop­
ment proceeds. Since the genome (the 
full genetic complement) of a high­
er organism may include as many as 
50,000 genes, it is unlikely that each 
gene is regulated individually. It must 
be assumed that the genes are regulat­
ed in groups, with a "master" gene con­
trolling the action of each group. Al­
though such a scheme has long seemed 
plausible, it proved difficult to find the 
master genes. 

In the past five years some of the 
master genes that control development 

PATTERN OF EXPRESSION for a gene 
called engrailed is shown by the distribution 
of 14 bright spots in a thin section of an em­
bryo of the fruit fly Drosophila melanogas­
ter. The bright spots indicate the presence 
of engrailed transcripts (messenger-RNA 
molecules incorporating the information in 
the gene), which accumulate at the sites in 
the embryo where the gene is expressed. The 
section shown is a longitudinal one through 
an embryo six hours after fertilization. At 
that stage the embryo has already been di­
vided into segments characteristic of the 
fly'S body plan (key at left). There are at 
least three head segments (Md, Mx, Lb), 
three thoracic segments (TJ-T3) and eight 
complete abdominal segments (A I-A 8). 
(The abdominal segments, which will ulti­
mately form the posterior end of the insect, 
have migrated over the dorsal surface in a 
complex developmental movement.) Each 
segment is divided into an anterior compart­
ment (A) and a posterior one (P). Engrailed 
is expressed in the 14 posterior compart­
ments and helps to endow them with their 
identities. The ellgrailed transcripts were 
detected by the technique called in situ 
hybridization. Radioactively labeled DNA 
from the eng railed gene was applied to a 
section of the embryo. The DNA hybrid­
ized, or bound selectively, to ellgrailed mes­
senger RNA (mRNA). The tissue was cov­
ered with photographic emulsion al\d de­
veloped. Each bit of radioactive DNA in 
a DNA-RNA hybrid exposed silver grains 
in the emulsion, yielding a bright speck. 

have been identified. Clearly, if devel­
opment is to proceed correctly, both 
the timing of developmental events 
and the spatial organization of tissues 
in the embryo must be reg ulated pre­
cisely. The recently identified genes af­
fect both functions. A group of genes 
found in the transparent roundworm 
Caenorhabditis elegans apparently play 
a crucial role in the timing of differen­
tiation of the cells in that organism. 
The most intriguing findings, however, 
concern the spatial organization of the 
embryo, and they come from work on 
the fruit fly Drosophila melanogaster. 
Using the new methods of molecular 
biology, my colleagues and I found 
that many of the genes controlling spa­
tial organization in Drosophila have a 
common segment of DNA. That seg­
ment, which has been named the ho­
meobox, may enable the genes that 
contain it to regulate the activity of 
batteries of other genes. 

When the gene containing the ho­
meobox is translated into a protein, the 
homeobox yields a stretch of amino 
acids that is thought to bind to the 
DNA double helix. By binding to the 
DNA of particular genes the protein 
may be able to turn them on or off. If 
the appropriate battery of genes were 
turned on in one group of cells in the 
Drosophila embryo, those cells might 
be directed down the pathway that 
leads to becoming part of a wing; the 
activation of a different battery of 
genes in a second group of cells might 
send those cells toward becoming part 
of a leg. The significance of the home­
obox, however, extends beyond Dro­
sophila. The common DNA sequence 
has now been found in a range of or­
ganisms that extends from worms to 
human beings. Perhaps the homeobox 
will prove to be the key to uncovering 
the mechanisms of development in the 
higher organisms. Whether those high 
hopes are fulfilled or not, it is appar­
ent that in the past five years develop­
mental biology has entered a phase in 

153 © 1985 SCIENTIFIC AMERICAN, INC© 1985 SCIENTIFIC AMERICAN, INC



OOCYTE 

OOCYTE 
NUCLEUS 

DROSOPHILA OOCYTE, or unfertilized egg, is formed within an ovarian structure 
called the follicle; the illustration shows the follicle in cross section. The oocyte and 15 
nurse cells are formed from the same precursor cell by four rounds of cell division. Cyto­
plasmic bridges enable the nurse cells to transfer RNA, proteins and cellular organelles to 
the egg. Among the substances transferred in this way may be molecules that establish the 
initial spatial polarity of the zygote (fertilized egg) in the early stages of embryogenesis. 

which explanations can be sought on 
the molecular level. 

That genes controlling the timing of 
events in embryogenesis were dis­

covered in C. elegans is due partly to 
the small nematode's developmental 
plan. The embryo of C. elegans devel­
ops in a way that renders the chrono­
logical pattern of events particularly 
significant. The cells of the C. elegans 
embryo display little flexibility. The 
worms have a fixed number of cells 
and the fate of almost every cell is de­
termined by its ancestry. Each of the 
959 cells in the adult can be traced 
back through the lineage of its prede­
cessors to the fertilized egg. The pat­
tern of these cell lineages is essentially 
invariant from one worm to the next, 
unless the animal has been affected 
by a mutation. In order to give rise to 
specialized structures in the adult the 
lineages must branch off at precisely 
the right time. 

C. elegans was introduced to the lab­
oratory in the 1960's by Sydney Bren­
ner of the Medical Research Council's 
Laboratory of Molecular Biology in 
Cambridge. Since then several investi­
gators have discovered genes that af­
fect when the cell lineages are assigned 
their fates. Such genes, which are 
called chronogenes, have been d iscov­
ered by observing the effect of muta­
tions in them. Specific mutations in 
chronogenes alter the development of 
cell lineages, causing them to branch 
off sooner or later than in the normal 
organism. C. elegans normally passes 
through four larval stages and a single 
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adult stage. At the end of each stage 
the worm molts and thereby acquires a 
new cuticle, or outer covering. A par­
ticular mutation in the gene called lin-
14 causes the worm to undergo two 
extra molts. During the supernumer­
ary stages the development of the cuti­
cle is retarded: although the animal is 
sexually mature, the c uticle is larval. 

From the effect of such mutations it 
can be inferred that the function of the 
wild-type, or normal, lin-14 chrono­
gene is to ensure that the cuticle-form­
ing cells differentiate to produce the 
adult cuticle at the right time. Oth­
er chronogenes have been found that 
influence the d ifferentiation of many 
other cell lineages. Control of the tim­
ing of developmental events is of par­
ticular importance in an organism 
such as C. eiegans, whose developmen­
tal plan relies on invariant cell lineag­
es. Most organisms, however, do not 
develop in this way. Indeed, C. elegans 
falls at one extreme of the spectrum of 
developmental plans. At the other end 
of the spectrum are organisms such as 
the mouse whose embryonic cells re­
tain considerable flexibility. An early 
mouse-embryo cell may end up in al­
most any adult structure. Its fate is de­
termined not by its place in a fixed lin­
eage but by the spatial position it hap­
pens to take up in the early embryo. 

Most organisms fall between these 
extremes. Among them is Dro­

sophila, which has provided the lion's 
share of all current knowledge about 
the genetic control of development. 
Thomas Hunt M organ of Columbia 

University brought Drosophila into the 
laboratory at the beginning of this cen­
tury and utilized the fly to demonstrate 
the chromosomal basis of heredity 
and the linear arrangement of genes 
on chromosomes. Certain features of 
Drosophila render it uniquely valuable 
for the study of heredity. Among them 
are the gigantic polytene chromo­
somes present in many cells, partic­
ularly those of the salivary glands. 
Whereas the chromosomes of most 
organisms include one copy of each 
gene, the polytene chromosomes of 
Drosophila can include as many as 
1,000 copies of each gene, lined up side 
by side like matchsticks. As a result of 
this stupendous multiplicity, individu­
al genes can be stained and seen in the 
light microscope as dark bands. Fur­
thermore, Drosophila has many proge­
ny, a short generation time and a rela­
tively small genome. 

The development of an individual 
Drosophila starts in the ovary of the 
female, where a primitive germ cell be­
gins a highly specialized pattern of cell 
division. The germ cell divides four 
times, yielding 15 nurse cells and the 
oocyte, which later becomes the egg. 
Within a structure called the follicle 
the nurse cells nourish the egg. Pro­
teins, RNA molecules and organelles 
such as mitochondria pour through 
channels that connect the nurse-cell 
with the egg. The contribution of the 
nurse cells helps to construct the egg 
and prepare it for fertilization. At fer­
tilization the egg and sperm unite and 
the resulting zygote contains chromo­
somes from both parents. Almost im­
mediately the zygote nucleus divides 
and its daughter nuclei begin a series of 
rapid divisions, one every 10 minutes. 
Every time the nuclei d ivide the quan­
tity of DNA in the cell must be dou­
bled. That formidable task keeps the 
nuclei of the zygote fully engaged and 
few zygotic genes are expressed. 

In the usual mode of cell division the 
nuclei are separated by newly formed 
cell membranes. The daughter nu­
clei of the Drosophila zygote, how­
ever, continue to share a common 
cytoplasm as they divide. During the 
early divisions the nuclei are scat­
tered through the cytoplasm. After the 
eighth round of division, when there 
are 256 nuclei, the nuclei begin to mi­
grate toward the surface of the egg into 
the layer called the cortex. Having en­
tered the cortical cytoplasm, the nuclei 
distribute themselves at the periphery 
in a layer one nucleus thick. Only at 
this stage are a substantial number of 
zygotic genes activated. After 13 cy­
cles of d ivision, cell membranes begin 
to divide the common cytoplasm and 
cells are formed. The resulting cellu-
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lar monolayer is called the blastoderm. 
D uring the next few hours the em­

bryo develops rapidly, undergoing a 
complex spatial reorganization. In the 
process called gastrulation the inte­
rior cell layers are formed. Perhaps 
the most striking feature of the spatial 
transformation, however, is the divi­
sion of the embryo into segments cor­
responding to the segments of the 
adult insect. In addition to at least 
three segments that are later retracted 
into the head (referred to as Md, Mx 
and Lb) there are three thoracic seg­
ments (TI-T3 ) and eight complete ab­
dominal segments (AI-A8). 

One day after fertilization the em­
bryo hatches and becomes a lar­

va that retains the segmental design 
of the embryo. The larva molts twice, 
p upates and metamorphoses into the 
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adult fly. The adult fly is also orga­
nized in segments, but the tissues of the 
adult epidermis are not derived direct­
ly from the outer covering of the larva. 
Instead the adult epidermis arises from 
the imaginal disks, which are small 
pouches of epithelium in the body 
of the larva. At metamorphosis the 
pouches fold outward and d ifferentiate 
into adult structures. For example, on 
each side of the body one disk gives 
rise to the eye and the antenna, three 
disks give rise to the legs, which are 
attached to the three thoracic seg­
ments, and one disk gives rise to the 
wing and a large part of the middle 
thoracic segment, to which the wing 
is attached. Thus the imaginal disks 
serve as building blocks for the assem­
bly of the adult body. 

The ease with which the Drosophila 
genome can be manipulated has made 
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it possible to trace cells from ad ult 
structures back to their origin in the 
embryo and find out when groups of 
cells become committed to particular 
fates. Carefully controlled doses of X 
rays can be used to induce mutations 
and genetic recombinations (exchang­
es of DNA between chromosomes) 
in Drosophila embryos. The effects 
of such genetic aberrations serve as 
markers of particular cells or nuclei. 
The marked units can be followed to 
the adult fly to find out when they be­
come determined: committed to give 
rise to a particular part of the larva or 
adult. Using such methods, it has been 
shown that prior to the formation of 
the blastoderm the nuclei retain com­
plete flexibility. A nucleus can colo­
nize any portion of the cortical cyto­
plasm, and the descendants of a pre­
blastoderm nucleus can be found in 

BLASTODERM 
'C:::>=�""'Tnm=!II=b=,"""""":=��)' 

EARLY STAGES in the development of a Drosophila embryo en­
tail repeated divisions of nuclei in a common cytoplasm. The sperm 
enters the egg through a structure called the micropyle, which is at 
the anterior end of the oocyte (1). The sperm nucleus unites with 
the egg nucleus. Synchronized cycles of nuclear division beginning 
soon after fertilization double the number of nuclei about every 10 
minutes (2-8). After the eighth division, when there are 256 nuclei, 

the nuclei begin to migrate to the cortex, or periphery, of the egg 
(9). When there are 5 12 nuclei, the first cell membranes are formed 
around a group of cells at the posterior end of the egg (10). These 
"pole cells" ultimately give rise to the germ cells of the adult fly. 
The other nuclei continue to divide in the cortex (11-14). When 
there are about 6,000 nuclei iu the periphery, membranes separate 
the nuclei into a monolayer of cells called the blastoderm (15). 
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LATER STAGES of embryonic development in Drosophila include the division of the body 
into segments and complex morphogenetic movements. Soon after the blastoderm forms, 
regions of it become committed to forming specific body structures. By means of various ex­
periments the structures have been traced back to the portions of the blastoderm where 
they originated. The result is a blastoderm "fate map," on which the body segments appear 
as consecutive stripes (1). The embryo elongates in a way that causes the abdominal seg­
ments to be displaced over the dorsal surface in the anterior direction (2). At this stage the 
ellgrailed gene is expressed and the segments are subdivided. The embryo shortens again, the 
abdominal segments move back toward the posterior and the segmental boundaries become 
visible (3). The embryo hatches into a larva that molts twice, pupates and becomes an adult 
(4). The adult is segmented, but its outer covering is not derived from that of the larva. In­
stead the adult structures stem from pouches called imaginal disks in the body of the larva. 
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any part of the adult fly. The clone, or 
group of descendant cells, tend to be 
found together, but they can form a 
part of any adult structure. 

Soon after the blastoderm is formed, 
however, the process of determination 
begins to move forward quickly. The 
initial determination affects both the 
precursors of the embryonic and larval 
segments and the precursors of the 
imaginal disks, which will form adult 
structures. Work done in my laborato­
ry in the early 1970's showed that by 
the early blastoderm stage the imagi­
nal-disk precursors become commit­
ted to forming either anterior adult 
structures or posterior ones. Early 
blastoderm embryos can be broken 
down into single cells and then "cul­
tured" by transplanting the cells into 
the abdominal cavity of an ad ult fly or 
a larva. Cells treated in this way can 
undergo their complete development 
in culture and form adult structures. 
When the proced ure was carried out, 
cells from the anterior part of the blas­
toderm gave rise only to anterior adult 
structures, whereas cells from the pos­
terior part of the blastoderm gave rise 
only to posterior adult structures. 

The fate of single cells was analyzed 
by marking individual cells in the 

blastoderm genetically and following 
their development to the adult stage, 
where the progeny of the marked cell 
form a clone. It was found that the 
clones respect segmental boundaries: 
even very large marked clones do not 
cross the boundary between one seg­
ment and the next. This result indicates 
that the cells of the blastoderm are al­
ready committed to becoming part of 
a particular segment. Additional infor­
mation was gained by destroying small 
groups of blastoderm cells with a laser 
microbeam: a precisely focused beam 
of ultraviolet radiation. The fate of the 
destroyed cells can be deduced by ob­
serving the defects that appear in the 
adult. When the microbeam data are 
plotted on an image of the blastoderm, 
the result is a blastoderm "fate map," 
correlating blastodermal regions with 
body structures. The larval and adult 
segments appear on the fate map as an 
orderly pattern of stripes. 

Thus the segmental architecture of 
Drosophila is already established at the 
blastoderm stage and groups of cells in 
the blastoderm have been assigned to 
one segment in the larval and adult 
body. The assignment of cell fates, 
however, is by no means complete at 
the blastoderm stage. Immediately af­
ter the segments are laid down each 
cell in the segment is assigned either 
to the anterior half of the segment or 
to the posterior half and the segment 
is thereby divided into two com part-
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NASOBEMIA is a mutation that causes legs to grow on the head of 
Drosophila in place of antennae. Apparently the mutation trans­
forms the imaginal disks that would normally yield the antennae 
into the type of disk that yields the middle pair of the fly's three 
pairs of legs. From the effect of the mutation it was deduced that 

the effect of the normal gene is to ensure that each imaginal disk 
becomes committed to forming the correct adult structure. Naso­
hernia was discovered by the author in 1965. It is among a group 
of mutations that transform one structure into another normally 
found on a different segment; such mutations are called homeotic. 

ments: an anterior one and a posterior 
one. Following compartment forma­
tion the ad ult structures are deter­
mined. First all the imaginal disks are 
distinguished from one another. The 
disks contain many small regions, each 
one corresponding to a part of an ad ult 
structure such as the second segment 
of a leg. The small regions are assigned 
their destinies in a series of steps that 
apparently does not end until the final 
days of the larva. At metamorphosis 
each small group of determined cells 
in the imaginal disk is transformed un­
der the influence of hormones into its 
adult counterpart. 

The general conclusion of the genet­
ic-marking work was that the cells in 
the Drosophila embryo are determined 
in a series of progressively finer grada­
tions that terminates only at metamor­
phosis. How is this series of steps ac­
complished? Long before the era of 
molecular genetics some clues to the 
mechanism of determination were ob­
tained from observations of three 
intriguing kinds of mutations that dis­
rupt the developmental process in Dro­
sophila: maternal-effect mutations, seg­
mentation mutations and homeotic mu-

tations. Certain maternal-effect muta­
tions influence the spatial polarity of 
the embryo. For example, in a nor­
mal follicle the nurse cells are found 
only near the anterior pole of the egg. 
In the mutation known as dicephalic 
nurse cells are found at both poles. 
S uch bipolar follicles give rise to em­
bryos that have two sets of anterior 
structures joined in the middle and lack 
posterior structures �ltogether. 

That the two-headed monsters are 
due to defects in the genome of their 
mothers can be concluded from genet­
ic data. Drosophila females homozy­
gous for the dicephalic mutation, which 
have two copies of the defective gene, 
produce aberrant follicles (and hence 
aberrant embryos) regardless of the 
genetic contribution of the father. Het­
erozygous mothers, which have one 
defective gene and one normal gene, 
produce only normal eggs. This result 
shows that the anterior-posterior po­
larity is laid down when the egg is 
formed in the ovary under the control 
of the maternal genome. Other mater­
nal-effect mutants affect the dorsoven­
tral polarity. Observations of mater­
nal-effect mutants suggest the egg cy-

toplasm contains substances that de­
fine the spatial coordinates of the fu­
ture embryo. After fertilization, when 
the nuclei migrate to the egg cortex, 
they encounter these substances and 
become committed to particular fates 
according to their position in the cor­
tical cytoplasm. 

The maternal-effect mutants are of 
interest because they suggest that 

some of the first steps in the process of 
determination are actually carried out 
under the influence of the maternal 
genome rather than the genome of 
the fertilized egg. Little is c urrently 
known, however, about the substan­
ces coded for by the maternal genes 
that endow the egg cytoplasm with 
its spatial polarity. There is some evi­
dence that maternal messenger RNA 
(mRNA) stored in the egg has a role in 
specifying the dorsoventral polarity, 
but most of the other cytoplasmic sub­
stances remain mysterious. In contrast, 
the past few years have seen remark­
able advances in the understanding of 
how segmentation genes and homeotic 
genes operate. Indeed, those two kinds 
of genes have provided the point of 
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entry to the molecular level in devel­
opmental biology. 

Most segmentation mutations and 
home otic mutations are expressed 
only after the zygotic genome is acti­
vated d uring the formation of the blas­
toderm. Each segmentation mutation 
interferes in a particular way with the 
orderly division of the embryo into 
repetitive subunits. One of the most 
striking segmentation mutants is /ushi 
tarazu, which means "not enough seg­
ments" in Japanese. In a /ushi tara­
zu embryo parts of certain segments 
are missing and the incomplete por­
tions are fused with adj acent segments. 
Thus the anterior portion of segments 
Mx, Tl, T3 , A2, A4, A6 and A8 are 
fused with the posterior portion of 
the segments behind them [see illustra­
tion below]. The result is an embryo 

that has seven segments instead of 14 
and dies before hatching into a lar­
va. Fushi tarazu is one of a large group 
of mutations that affect the pattern 
of segments. 

The most dramatic derangements of 
Drosophila development, however, are 
those produced by home otic muta­
tions. A homeotic mutation entails the 
transformation of one body part into 
another part that is normally found on 
a different segment. The results of such 
transformations are grotesque and in­
triguing. Wings grow where eyes be­
long, legs grow where the proboscis 
(feeding tube) belongs, legs become 
antennae, and so on. I have been fas­
cinated by

' 
homeotic mutations since 

1965, when, as a graduate student at 
the University of Zurich, I d iscovered 
a mutant that had legs on its head in 

FUSHI TARAZU is a segmentation gene: one whose action is needed for the Drosophila 
embryo to be divided into segments correctly. An embryo with the wild-type, or normal, 
fushi tarazu gene has the full complement of at least three head segments, three thoracic 
segments and eight complete abdominal segments (upper pallet). In the process of develop­
ment the head segments are retracted into the body and so are not visible. The anterior edge 
of each segment is marked by a belt of tiny projections called denticles. The denticle belts 
appear in the illustration as white stripes across the images. Embryos carrying a mutation 
in the fushi tarazu gene lack portions of alternate body segments and the remaining por­
tions are fused (lower pallet). For example, the posterior part of A2 is absent along with the an­
terior part of A3; the missing part of A3 includes the denticle belt. The remaining parts of 
A2 and A3 have fused to yield the compound segment A2/3. The mutation is lethal: it re­
sults in an embryo with half the normal number of segments that dies before hatching. 
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place of antennae. In seeking a name 
for the mutation I was reminded of a 
lyric by the German poet Christian 
M orgenstern describing a fantastic 
creature called the Nasobem, which 
walks on its nose. Amused at the corre­
spondence, I decided to name the mu­
tation Nasobemia. 

The class of mutations to which Na­
sobemia belongs is large and diverse 
and has been the subject of consider­
able genetic work. It has been found 
that in Drosophila most of the homeot­
ic genes are found in two clusters. One 
cluster, called the Antennapedia com­
plex, consists of the genes that deter­
mine adult structures of the head and 
the anterior thoracic segments; Na­
sobemia is found in the Antennapedia 
complex. The other complex is called 
bithorax and includes the genes that 
control the determination of the poste­
rior thoracic and abdominal segments. 
On the basis of his extensive analysis 
of the bithorax complex Edward B. 
Lewis of the California Institute of 
Technology proposed that each poste­
rior segment of the adult is determined 
by the combined activity of a unique 
group of homeotic genes. In Lewis' 
model the determination of the sec­
ond thoracic segment (the most anteri­
or segment controlled by the bithorax 
complex) requires the fewest homeotic 
genes. Each successive segment poste­
rior to that one req uires the activation 
of one or more additional homeotic 
genes to take on its specific character. 

The disruptive effect of the homeot­
ic mutations and segmentation mu­

tations was so profound that it suggest­
ed the corresponding genes served to 
orchestrate the normal process of de­
velopment. Since a segmentation mu­
tation interferes with the laying down 
of the embryonic segments, the normal 
gene is thought to regulate the correct 
construction of those segments. Since 
a home otic mutation causes legs to 
grow where antennae should be, the 
normal gene ought to be responsible 
for the formation of legs in the prop­
er place. Now, any gene capable of 
organizing such fundamental proces­
ses in normal development must work 
by regulating many other genes. Work 
in bacterial genetics had demonstrat­
ed that, by encoding a protein that 
can bind to DNA and inhibit or ac­
tivate transcription, single genes can 
regulate the ac.tion of large groups of 
other genes. The bacterial model ap­
peared to provide a plausible hypoth­
esis for how the master genes of devel­
opment might work. Yet as recently 
as 1978 such ideas were p urely spec­
ulative because there were no conve­
nient methods for isolating and work-
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ing with developmental genes in high­
er organisms. 

Within a few years the situation 
changed dramatically as gene-cloning 
methods made it possible to isolate 
genes in the absence of any biochemi­
cal information about their products. 
Immediately several research groups 
set out to p urify home otic genes from 
Drosophila. David S. Hogness of the 
Stanford University School of Medi­
cine and his co-workers did pioneering 
work on the bithorax complex, while 
my group concentrated on the genes of 
the Antennapedia cluster. When the ho­
meotic genes had been purified, they 
turned out to be surprisingly large and 
complex. For example, the Antennape­
dia gene spans 100,000 nucleotide base 
pairs, an unusually high figure. M ore­
over, the homeotic genes have a com­
plex structure that includes many ex­
ons separated by introns. Introns are 
DNA sequences that are transcribed 
into RNA but subsequently removed 
from the transcript; only the exons 
are retained and spliced into the ma­
ture mRNA. In the processing of the 
Antennapedia transcript as many as 
60,000 base pairs can be discarded in 
the form of a single intron. 

Such understanding of the struc­
ture of the homeotic genes could not 
be achieved until some of them had 
been isolated. The Antennapedia gene, 
which gave its name to the Antennape­
dia complex, was isolated by Richard 
Garber and Atsushi Kuroiwa of my 
group. The first step was to assemble a 
set of consecutive, slightly overlapping 
DNA fragments spanning the chromo­
somal region where Antennapedia was 
known to be. This was accomplished 
by a method called "walking along 
the chromosome, "  which was originat­
ed by Hogness. Chromosomal walking 
relies on the fact that the two strands 
of the DNA helix are complementary 
and therefore can hybridize, or form a 
double-strand molecule. If two pieces 
of DNA from opposite strands of the 
double helix have a slight overlap, they 
will hybridize in the overlapping re­
gion. In walking one begins with a 
short DNA fragment that is known 
to be fairly near the desired gene. By 
means of hybridization a short piece 
of DNA overlapping the known frag­
ment at one end and extending toward 
the desired gene is identified. By re­
peating the process the entire chromo­
somal segment including the gene can 
be covered. 

After assembling the set of DNA 
I\. pieces, it was necessary to find the 
precise location of the Antennapedia 
gene in the chromosomal segment. To 
find the gene we first isolated a cDNA 

MOUSE MO· 10 Ser lys Arg Gly Arg lhr Ala lyr 
FROG MM3 Arg lys Arg Gly Arg Gin lhr lyr 
ANTENNAPED/ A Arg lys Arg Gly Arg Gin Thr lyr 

FUSH/ TARAZU Ser lys Arg lhr Arg Gin lhr lyr 
ULTRAB/THORAX Arg Arg Arg Gly Arg Gin lhr lyr 

21 

MOUSE MO-1O His Phe Asn Arg lyr leu Met Arg 
FROG MM3 His Phe Asn Arg Tyr leu lhr Arg 
ANTENNAPED/ A His Phe Asn Arg lyr leu lhr Arg 

FUSH/ TARAZU His Phe Asn Arg lyr lie lhr Arg 
ULTRAB/THORAX His lhr Asn His lyr leu lhr Arg 

41 

MOUSE MO-1O lhr 
FROG MM3 Thr 
ANTENNAPED/ A lhr 

FUSH/ TARAZU Ser 
ULTRAB/THORAX lhr 

FUSHI TARAZU IS EXPRESSED in pairs 
of segments in the early embryo. The illus­
tration shows a thin section through an em­
bryo two and a half hours after fertilization. 
The pale circles most clearly visible at the 
right end of the image are nuclei, which have 
just reached the cortex and are not yet sep­
arated by cell membranes. The dark bands 
are mRNA's from the fushi tarazu gene 
that have been located by in situ hybridiza­
tion. (The exposed silver grains can be made 
dark or light in the photographic image by 
choosing the appropriate optics.) Each band 
spans two embryonic segments, as the key at 
the left shows. The section shown does not 
include the head segments. If it did, there 
would be seven dark bands instead of six. 

20 

lhr Arg Pro Gin leu Val Glu leu Glu lys Glu Phe 
lhr Arg lyr Gin lhr leu Glu leu Glu lys Glu Phe 
Thr Arg Tyr Gin lhr leu Glu leu Glu lys Glu Phe 
lhr Arg lyr Gin lhr leu Glu leu Glu lys Glu Phe 
lhr Arg lyr Gin Thr leu Glu leu Glu lys Glu Phe 

40 

Pro Arg Arg Val Glu Met Ala Asn leu leu Asn leu 

Arg Arg Arg lie Glu lie Ala His Val leu Cys leu 

Arg Arg Arg lie Glu lie Ala His Ala leu Cys leu 

Arg Arg Arg lie Asp lie Ala Asn Ala leu Ser leu 

Arg Arg Arg lie Glu Met Ala Tyr Ala leu Cys leu 

60 
1ie G n Asn Arg Arg Met lys lyr lys lys Asp Gin 

Phe Gin Asn Arg Arg Met lys lrp lys lys Glu Asn 
Phe Gin Asn Arg Arg Met lys lrp lys lys Glu Asn 
Phe Gin Asn Arg Arg Met lys Ser lys lys Asp Arg 
Phe Gin Asn Arg Arg Met lys leu lys lys Glu lie 

HOMEO DOMAIN is the string of amino acids corresponding to the homeobox. The ho­
meobox is a short piece of DNA found in more than a dozen homeotic genes and segmenta­
tion genes from Drosophila and also in genes from a wide range of other higher organ­
isms. The illustration shows the sequence of 60 amino acids (indicated by their three-letter 
codes) in the homeo domains arising from five genes. They are the mouse gene MO-IO, 
the frog gene MM3 and three Drosophila genes: Alltellllapedia, fushi tarazu and Ultrabi­
thorax. The Alltenllapedia gene has been employed as the standard for comparison. Dis­
crepancies between the homeo domain of Aflteflllapedia and those of the other genes are 
shown in white. The five homeo domains are quite similar. The resemblance among them 
suggests that the homeo domain serves the same function in all five proteins and that selec­
tive pressure has served to keep the amino acid sequences from varying much. It is not 
known precisely how the proteins that contain the homeo domain function. One clue is that 
all the homeo domains are rich in the basic amino acids lysine (Lys) and arginine (Arg), 
which could enable the homeo domain to bind to DNA. By binding to specific DNA sequen­
ces, these proteins could regulate the action of many other genes and so exercise a control­
ling influence on development. A stretch of nine amino acids that are identical in all five 
homeo domains is thought to be the region where the protein contacts the DNA (dark color). 
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DEFORMED is the name of a homeotic gene that appears to specify the identity of posteri­
or head segments in the Drosophila embryo. The photograph shows a section through an 
embryo soon after the formation of the blastoderm; anterior is at the upper left, posterior 
at the lower right. The bright band gives the position of the Deformed transcripts as detected 
by in situ hybridization. On the fate map the place where the bright band appears corre­
sponds to the posterior head segments. Furthermore, flies carrying a mutation in the De­
formed gene have defects in those segments. It seems that the wild-type Deformed gene is 
needed for the posterior head region to be formed correctly. Considerable recent evidence 
suggests that the identity of Drosophila body segments is specified by homeotic genes. 

clone, a fragment of DNA comple­
mentary to the Antennapedia mRN A. 
The clone will hybridize to chromo­
somal DNA sequences that are com­
plementary to the mRNA molecule. 
This clone was employed as a probe to 
find the location of the DNA sequence 
that encodes the Antennapedia mRN A. 
We were astonished to find our probe 
hybridized not only with the Anten­
napedia coding seq uences but also with 
sequences in a neighboring gene. It 
turned out that the neighbor is lushi 
tarazu and so it became clear thatlushi 
tarazu and Antennapedia share a short 
stretch of DNA. (The same observa­
tion was made independently by M at­
thew P. Scott of the University of Col­
orado at Boulder.) To test the possibil­
ity that the common sequence might 
be characteristic of homeotic genes 
we examined a gene in the bithorax 
complex called Ultrabithorax. To our 
pleasant surprise my colleague Wil­
liam J. McGinnis (now of Yale Uni­
versity) found the short stretch of 
DNA is also included in Ultrabithorax. 

The startling discovery of a com­
mon DNA segment in my laborato­
ry in 1983 initiated a rapid search 
through the Drosophila genome. Em­
ploying the short common seq uence as 
a probe, we quickly identified more 
than a dozen genes containing similar 
sequences. Since many of the newly 
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isolated genes corresponded to known 
homeotic mutants, we designated the 
common sequence the homeobox. In­
deed, it seems all the genes that include 
the homeobox are either homeotic or 
otherwise implicated in determining 
the spatial organization of the embryo. 
Most of them are in the Antennapedia 
complex or the bithorax complex. The 
genes of these two complexes were 
known to be connected with the deter­
mination of spatial organization and 
most of them had already been identi­
fied. Some of the other homeobox-con­
taining genes, however, are in distant 
parts of the genome and have not been 
identified by means of mutations. 

It is notable that among the genes 
containing the homeobox are segmen­
tation genes such as lushi tarazu and 
genes known to be involved in the di­
vision of the segments into compart­
ments, such as the one called engrailed. 
Although the physical effects of the 
segmentation genes and compartmen­
tat ion genes may be quite different 
from those of the homeotic genes, the 
discovery of the homeobox in all three 
groups shows they have a significant 
common element. The discovery of 
that common element strengthens the 
hypothesis that all three kinds are 
among the master genes that orches­
trate development. Whether all the ho­
meobox-containing genes derive from 

a common ancestor or resemble each 
other only in the exon that contains 
the homeobox is not yet known. Fur­
ther work should soon resolve this sig­
nificant question. 

Having established the existence of 
the homeobox in the fruit fly, 

we looked for new genomes to probe. 
There was little surprise in finding the 
common sequence in other species of 
Drosophila and in insect species known 
to produce homeotic mutants, such 
as beetles. Examination of the anne­
lid worms, the ancestors of insects, 
showed they also have the homeobox. 
That finding was intriguing. Quite an­
other level of surprise, however, was 
provided by the finding that verte­
brates share the homeobox. In collabo­
ration with my colleague Edward De 
Robertis and his group, my group suc­
ceeded in isolating the first vertebrate 
homeobox from the frog Xenopus lae­
vis. S ubsequently all other vertebrates 
examined, including human beings, 
were found to have homologous, or 
similar, sequences. A brief preliminary 
analysis indicates that the homeobox is 
present in all groups of segmented ani­
mals. Although it has not been detect­
ed in most groups of animals that do 
not have segments, it does seem to be 
present in sea urchins. 

The first clues to how the homeobox 
might operate at the molecular level 
came from comparing the DNA se­
quences of various homeoboxes. M ore 
than a dozen such sequences have now 
been determined. By comparing them 
it has been found that the homology 
among homeobox sequences is con­
fined to about 180 base pairs. The 
homology ranges from 60 to 80 per­
cent, depending on the genes com­
pared. All the homeoboxes studied so 
far can be translated into an amino 
acid chain, which suggests that the ho­
meobox codes for a domain, or func­
tional segment, of a protein. This do­
main has been designated the homeo 
domain. The amino acid sequences 
corresponding to the homeoboxes are 
even more alike than the nucleotide 
sequences of homeoboxes themselves. 
(This is possible because a single ami­
no acid unit can be coded for by more 
than one triplet, or group of three 
nucleotides.) For example, the amino 
acid chains corresponding to the ho­
meoboxes of the Antennapedia gene 
and the Xenopus gene MM3 share 59 
of their 60 amino acids, a remarkable 
overlap considering that vertebrates 
and invertebrates diverged more than 
500 million years ago. The similarity 
among amino acid chains implies that 
all the homeo domains function in 
much the same way and that intense 
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selective pressure has been exerted to 
prevent the function from being lost. 

What might that common function 
be? As I noted above, an early specula­
tion was that the master genes of devel­
opment might operate by making pro­
teins. that bind to DNA. The homeo 
domain is biochemically compatible 
with such a model. Many DNA-bind­
ing proteins have regions that are rich 
in basic amino acids. The homeo do­
main, which forms a part of larger pro­
teins, is rich in the basic amino acids 
lysine and arginine. A first indication 
that the homeo domain may be in­
volved in DNA binding came from a 

ANTERIOR 

computer search of known DNA se­
quences. The search detected a small 
but significant homology between the 
homeobox and portions of genes in 
two yeast species that are designated 
MAT genes. Each MAT gene codes 
for a protein that regulates all the 
genes needed to control the differentia­
tion of the yeasts into one of two mat­
ing types or to form spores. The pro­
tein carries out its task by binding to 
specific DNA sequences that are "up­
stream" of the genes to be regulat­
ed (toward the 5' end of the DNA). 
The partial homology between the ho­
meobox and the yeast M AT -gene se-

quences suggests the homeo domain 
does the same. 

I f the homeo domain controls de­
termination, the expression of the 

homeobox-containing genes must be 
precisely controlled temporally and 
spatially during embryogenesis. The 
spatial pattern of gene expression is 
currently being studied by in situ hy­
bridization (in situ means in the tis­
sues of the organism rather than in the 
test tube). That technique relies on 
the hybridization of a single-strand 
piece of DNA from a gene to the cor­
responding mRNA transcript. Since 

ANTENNAPEDIA TRANSCRIPTS accumulate differentially in 
the segments of the embryo, as is shown in a section from an embryo

· 

in the later stages of embryonic development. In the later stages of 
embryogenesis segmentation is seen most clearly in the ventral ner­
vous system, which forms one ganglion per body segment (key at 
left). Alltellllapedia is expressed very little in the first thoracic gang­
lion. It is expressed most strongly in the second thoracic ganglion 
and weakly in the segments posterior to that one. Differential ex­
pression may be part of the mechanism whereby homeotic genes be­
stow specific identities on the segments of the Drosophila embryo. 
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the mRNA accumulates at the sites 
in the embryo where the gene is ex­
pressed, the hybridization can show 
the spatial pattern of gene expression. 
Probes are constructed by purifying 
homeobox-containing genes and label­
ing them radioactively. A drop of solu­
tion containing the probe is added to a 
thin section of a Drosophila embryo. 
The probe is allowed to hybridize to 
its mRNA transcript and the section 
is covered with a photographic emul­
sion. When the emulsion is exposed, 
the radioactive DNA probes bound to 
their own mRNA's appear as dark or 
light grains in the image depending on 
the optical system that is chosen. Ernst 
Hafen and M ichael Levine refined the 
technique in my laboratory to make 
possible the detection of transcripts 
from homeotic genes. 

Some of the most interesting results 
of in situ hybridization have come 
from using jUshi tarazu as a probe. The 
lushi tarazu transcripts are first detect­
ed in the nuclei lined up in the cortical 
cytoplasm before cell membranes are 
formed. As the nuclei divide, the rate 
of transcription increases and soon the 
dark grains form a dramatic pattern 
of seven belts around the blastoderm. 
The fate map shows those belts corre­
spond precisely to the seven sections 
missing in the lushi tarazu mutant. 
When the embryonic segments are 
formed, the transcripts are no longer 
detected. From such results one can 
infer two significant points about how 
lushi tarazu operates. Early in embryo­
genesis the normal gene must be ex­
pressed in alternate sections for the 
segmental plan to be laid down cor­
rectly; thereafter it is dispensable. 

The fact that the normal /ush i tarazu 
gene is expressed in a spatially precise 
fashion before the cell membranes are 
formed implies that the bare nuclei 
have a "sensor" enabling them to iden­
tify their position in the cortical cyto­
plasm. I propose that the sensor is an 
upstream control region inlushi tarazu 
and other genes involved in the elabo­
ration of the segmental pattern. That 
hypothesis has been tested by con­
structing an artificial gene that in­
cludes the lushi tarazu upstream con­
trol region and a bacterial gene for an 
enzyme called beta-galactosidase. The 
expression of the synthetic gene is con­
trolled by the lushi tarazu sequence, 
but the protein made by the gene is the 
bacterial one. 

The artificial gene is inserted into a 
Drosophila embryo and the expres­

sion of the beta-galactosidase gene is 
detected by a staining reaction. When 
the proced ure is carried out, beta-ga­
lactosidase is found in a pattern of sev­
en stripes that matches precisely the 

pattern of the lushi tarazu transcripts. 
It is clear that after the nucleus enters 
the cortical cytoplasm, a substance in­
teracts with the control region of lushi 
tarazu and turns that gene on or off 
according to the position of the nucle­
us in the cortex. The protein prod uct of 
lushi tarazu in turn may go on to regu­
late a group of other genes in a precise­
ly orchestrated pattern. 

Fushi tarazu is only one of a series of 
genes whose expression has been ex­
amined by in situ hybridization. Other 
experiments have thrown light on how 
the segmental plan is filled in. The gene 
engrailed is known to be required in the 
posterior compartment of each seg­
ment. In situ hybridization indicates 
that soon after lushi tarazu is expressed 
the engrailed transcripts accumulate 
in a pattern of 1 4  narrow stripes cor­
responding to the posterior compart­
ments of the segments. Apparently the 
embryo is first divided into segments, 
which are then subdivided to form 
compartments. The action of the ho­
meotic genes can best be traced in the 
ventral nervous system, which later 
in embryonic development forms one 
ganglion per body segment. Employ­
ing the homeobox as a probe, it has 
been possible to clone a series of ho­
meotic genes whose transcripts accu­
mulate in consecutive ventral ganglia. 
Each gene is expressed most strongly 
in a particular segment and less strong­
ly in all the segments posterior to that 
one. This is consistent with Lewis' hy­
pothesis that the activity of a partic­
ular combination of homeotic genes 
specifies the identity of individual 
segments. 

Intense work is now under way in 
many laboratories to consolidate and 
extend the knowledge gained by the 
identification of the homeobox. If the 
homeo domain does bind to DNA, it 
will be important to find out where and 
how. In addition, even if the homeo­
box-containing genes regulate many 
other genes, they must be regulated 
themselves. Finding out how the regu­
lators are regulated will be another sig­
nificant accomplishment, and one that 
could lead to the identification of the 
factors in the egg cytoplasm that pro­
vide the positional information. All 
this feverish work marks the division 
between two eras. In the premolecu­
lar era much was learned about when 
the embryonic cells are assigned their 
fates. In the molecular era, which has 
j ust begun, it will be possible to find 
out how this is done. Although animals 
develop in very diverse ways, the dis­
covery of the homeobox in a wide 
range of species suggests that the mo­
lecular mechanisms underlying devel­
opment may be much more universal 
than was previously suspected. 
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The Molecular Basis of Evolution 
The discovery that mutations accumulate at steady rates over time 
in the genes of all lineages of plants and animals has led to new 
insights into evolution at the molecular and the organismal levels 

The molecules of life are now the 
chief source of new insights into 
the nature of the evolutionary 

process. For a century the main con­
tributors to knowledge of evolution 
were biologists working at the level of 
the whole organism. Together with ge­
ologists they established that the mil­
lions of kinds of creatures living to­
day descended from a few species 
that lived more than a billion years 
ago. They also recognized that biolog­
ical evolution results from heritable 
change made possible by mutation and 
natural selection. Until recently, how­
ever, investigators could not probe ev­
olution at its most basic level. They 
could not directly explore changes oc­
curring in genes. 

New techniques in biochemistry 
have made such investigation possible. 
In recent decades molecular biologists 
have been able to compare the genes of 
thousands of living species and a few 
extinct species. They have measured 
the extent of the differences among the 
genes and studied the nature of the dif­
ferences. One major result of the anal­
ysis is the concept of the molecular 
clock. Because mutations change the 
DNA in all lineages of organisms at 
fairly steady rates over long periods of 
time, one can establish a clocklike re­
lation between mutation and elapsed 
time. Investigators have calibrated the 
clock on the basis of a few precisely 
dated fossils that yield estimates of the 
elapsed times since particular groups 
of living species diverged from com­
mon ancestors. Molecular differences 
can then be used to estimate the dates 
of divergence for multitudes of other 
species. Evolutionary biology has be­
gun to acquire a quantitative molecu­
lar foundation. 

My discussion of the molecular ba­
sis of evolution rests on two assump­
tions: (1) that the heritable differences 
among organisms result from differ­
ences in their DNA's, and (2) that 
molecular evolutionists must not only 
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measure differences in DNA but also 
explain the origin of the differences 
and their relation to organismal differ­
ences. In this article I shall describe 
some of the discoveries and concepts 
of molecular evolution, attempt to re­
late it to organismal evolution and 
then argue that molecular biology has 
introduced a new way of analyzing 
organismal evolution. In particular I 
maintain that pressure to evolve arises 
not only from external factors such ,as 
environmental change but also from 
the brain of mammals and birds: from 
the power to innovate. 

Two critical elements of molecular 
evolution are point mutations (spe­

cifically, those occurring in the genes 
coding for proteins) and regulatory 
mutations. A point mutation is a single 
replacement of a DNA base. Such a 
mutation can affect the amino acid se­
quence of a protein. A regulatory mu­
tation, on the other hand, is any change 
in a gene or in the vicinity of a gene 
that determines whether the gene is ac­
tive or inactive. The investigation of 
point mutations has resulted in the 
conceptualization of the molecular 
clock and in the discovery of a kind 
of genetic change known as a neutral 
mutation: a mutation that is neither 
advantageous nor disadvantageous for 

an organism. Work with point muta­
tions has also yielded many important 
insights into the branching of lineages 
of species. The inclusion of regulatory 
mutations has led to an even more 
thorough understanding of the link be­
tween molecular evolution and organ­
ismal evolution. 

In examining point mutations mo­
lecular biologists ideally would like to 
compare DNA structures directly. Be­
fore such comparisons became possi­
ble, however, chemists had discovered 
how to compare the structure of pro­
teins [see illustration on pages 166 and 167]. There is a simple relation be­
tween the sequence of amino acids in a 
protein and the sequence of bases in 
the gene that codes for the protein. 
Specifically, each replacement of an 
amino acid in a protein can be ascribed 
to a point mutation in a gene. Investi­
gators have therefore gained insight 
into molecular evolution by compar­
ing amino acid sequences. 

During the course of comparative 
studies of protein structure, several 
workers began considering how the 
number of amino acid replacements 
might be related to the time that had 
elapsed since any two species of organ­
isms had a common ancestor. By sim­
ply counting the replacements (and 
thus ignoring their nature and their 10-

LYSOZYME, the enzyme modeled in the computer image on the opposite page, serves as a 
measure of regulatory mutations: changes in DNA that determine whether genes are active 
or inactive. The image depicts a molecule of lysozyme with part of its substrate (purple), 
the substance on which it acts. The substrate is a sugar polymer found in the cell wall of 
bacteria. Lysozyme cleaves the polymer and so breaks down the bacterial cell wall. It has 
therefore been recruited as a major digestive enzyme in ruminant animals (such as cows 
and sheep) to retrieve nitrogen and phosphorus present in the bacteria in their stomach. 
(The bacteria function in the digestion of cellulose.) The stomach of most other mammals, 
on the other hand, contains only a low concentration of lysozyme. The difference in the con­
centration of the enzyme contrasts with its functional uniformity: Iysozymes from all mam­
mals function nearly identically. The difference in concentration is largely attributable to 
regulatory mutations, which are thought to play an important role in organismal evolution. 
The computer image was made by the Graphics Systems Research Group of IBM U.K. 
Limited. The white balls correspond to carbon atoms, the red balls to oxygen, the blue balls 
to nitrogen and the yellow balls to sulfur; the white sticks represent interatomic bonds. 
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cation in the protein structure) they 
discovered that proteins behave like 
approximate evolutionary clocks. A 
great deal of evidence points to the fact 
that amino acid replacements accumu­
late at fairly steady rates over long pe­
riods of evolutionary time. Techniques 
that allow direct comparison of genes 
confirm the hypothesis that the steady 
evolution of proteins is rooted in the 
steady evolution of DNA. In nucle-

ar DNA and in the DNA of other cel­
lular components (such as mitochon­
dria and chloroplasts), for example, 
the average accumulation of base re­
placements is nearly as clocklike as 
the process of radioactive decay. 

The molecular clock, however, does 
not tick at the same rate at every 

position along the DNA molecule. The 
rate of evolution at a site in DNA that 

directly affects the function of a pro­
tein is slow; it is faster at a position that 
does not affect such a function. In oth­
er words, evolutionary change at the 
molecular level is slow where there are 
strong functional constraints and fast­
er where they are weak. The active 
sites of most enzymes, for instance, 
evolve slowly compared with many 
other parts of the enzyme structure. 
The structures of other proteins also 
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illustrate the concept of functional 
constraint. The hemoglobin of horses 
and that of human beings differ from 
each other by amino acid replace­
ments at 43 out of 287 positions. In 
spite of these many differences, the 
chains of amino acids in these two 
hemoglobins are shown by crystal­
lographic studies to fold in identical 
ways. Moreover, the two proteins be­
have nearly identically in functional 
tests: the point mutations ascribable 
to the 43 replacements are subject to 
weak functional constraints. 

Comparisons of codons (triplets of 
DNA bases, each of which specifies a 
particular amino acid) provide a third 
example of functional constraint. The 
rate of change at the third position 
of codons is greater than the rate of 
change at the second position. This ob­
servation corresponds to the fact that 
whereas any base change at the sec-

PROTEINS 
a 

b 

ond position results in an amino a.cid 
substitution, about half of the base 
changes at the third position do not: re­
sult in a substitution. The functional 
constraint on evolutionary changf.! at 
the second position is strong beca.use 
change occurring there is more likely 
to affect protein function; the con­
straint on change at the third posi­
tion is weak because change can occur 
there without disrupting the function 
of proteins. 

Observations of the high rate of 
evolutionary change at weakly con­
strained DNA positions have encour­
aged biologists to regard molecular ev­
olution as an accumulation of neutral 
mutations that do not interfere with 
protein function. This way of look­
ing at molecular evolution has been 
uncomfortable for Darwinists accus­
tomed to thinking of evolution as re­
sulting from the accumulation of ad-

GEL 
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vantageous mutations. The reconcilia­
tion of the two points of view lies in 
the fact that even though neutral mu­
tations may dominate molecular ev­
olution, the abundance of genetic var­
iation allows for the accumulation 
of enough advantageous mutations to 
enable natural selection to have its ef­
fect at the organismal level. 

The revolutionary idea that genetic 
change is dominated by neutral muta­
tions has helped to explain the find­
ing that molecular evolution depends 
more on years than on generations. If 
positive selection were driving molec­
ular evolution, one would expect to 
find higher rates of evolution in short­
lived species such as flies or mice than 
in long-lived species such as the higher 
primates. Instead base replacements 
accumulate at about the same rate in 
coding sequences along both kinds of 
lineages. 
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MOLECULAR EVOLUTION is measured by comparing proteins 
(a-c) or DNA's (d-f). Gel electrophoresis (a) can separate pro­
teins on the basis of charge. Since the charge varies with the amino 
acid composition of a protein, the technique serves as a measure of 
the extent to which that composition varies in different versions of 
a protein. The method is most valuable when the electrophoretic 
mobilities of a set of 30 or more kinds of proteins from one individu­
al are compared with the mobilities of the corresponding proteins 
from another individual. Microcomplemellt fixation (b) relies 011 
the ability of antibodies to detect small differ�nces between pro-
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AMINO ACIDS 

teins. Antibodies made by immunizing rabbits against a pure protein 
are tested in the presence of complement (a mixture of substances 
in blood) for their ability to bind with the immunizing protein and 
with related proteins. Complement interacts only with antibody 
bound to a protein antigen; the disappearance of complement meas­
ures the amount of antibody-antigen complex formed and therefore 
indicates differences in the proteins. In chemical sequencing (c) a 
purified protein is fragmented by an enzyme. The amino acids of 
each fragment are cleaved sequentially, beginning at one end of the 
fragment, and are identified by chromatography, a process ill which 
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Nevertheless, many biologists who 
make mathematical models of the evo­
lutionary process are coming to be­
lieve many of the mutations accumu­
lated during molecular evolution are 
not neutral. They argue that instead of 
proceeding smoothly, molecular evo­
lution might be characterized by long 
periods of inactivity punctuated by 
bursts of change. If they are right, the 
challenge of finding an explanation 
for the molecular-clock phenomenon 
grows. The explanation of the phe­
nomenon may entail a deeper grasp of 
the nature of the evolutionary process. 

On one point all molecular biolo­
gists agree: changes in the se­

quence of DNA's and the proteins they 
encode are mainly divergent. Investi­
gators can therefore construct molecu­
lar trees, or branching diagrams, show­
ing the genealogical relations among 

DNA 
d 

REAGENT FOR BASE G 
:> 

REAGENT FOR BASE A 
:> 

REAGENT FOR BASE T 
:> 

REAGENT FOR BASE C 
:> 

CLONED DNA 
F RAGMENT 

e 

RESTRICTION ENZYME 

these sequences. Such diagrams help 
one to think clearly and quantitative­
ly about how present-day sequences 
evolved from a common ancestral 
sequence. Molecular trees also illu­
minate the genealogical pathway by 
which the species containing the se­
quences evolved from a common 
ancestral species. The order of lin­
eage branching leading to modern spe­
cies provides a valuable framework in 
which to organize knowledge of the 
differences among species. 

To choose among alternative gene­
alogical hypotheses molecular biolo­
gists follow the principle of Occam's 
razor: the simplest of competing the­
ories is selected over more complex 
ones. The tree is chosen that requires 
the fewest mutations to explain the ev­
olution of particular sequences from a 
common ancestral sequence. This ap­
proach allows molecular evolutionists 

:> I 
:> I 

to choose objectively and quantitative­
ly among alternative trees. How, for 
example, are human beings related to 
orangutans and African apes (chim­
panzees and gorillas)? A branching 
diagram linking human beings most 
closely to African apes explains the 
molecular data by postulating fewer 
mutations than are required for dia­
grams linking humans most closely to 
orangutans. In other words, one dia­
gram explains the observed sequence 
diversity so much more simply than 
others do that the complicated ones 
can be ruled out statistically. 

The capacity to make such determi­
nations is one of the notable achieve­
ments of molecular evolutionary bi­
ology. Previously investigators had 
based trees exclusively on differences 
in anatomical traits. The comparison 
of such traits is highly subjective. In 
addition the workers had no way of 
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the migration of amino acids depends on size and charge. Two 
cloned DNA's can be compared in detail by sequencing (d). A piece 
of DNA, to which a radioactive label has been attached at one end, 
is cleaved by a reagent specific for one of the four DNA bases (G, 
A, T, C) under conditions such that each molecule is on the aver­
age cleaved at only one of the susceptible sites. The DNA se­
quence (AGCTTCACCGGCGCAGTCAT in this case) is inferred by 
reading the distances the cleaved fra'gments move through a gel nn­
der the inflnence of an electric field. A faster but less accurate meth­
od for comparing DNA's is restriction analysis (e). A piece of DNA 

:> I • • 

is fragmented by a set of restriction enzymes, each of which recog­
nizes and cleaves a specific sequence of from four to six bases. Dif­
ferences in the sequences affect the size of the fragments, so that 
the pattern of fragments of two DNA's subject to cleavage and 
electrophoresis reflects their degree of similarity. In DNA hybrid­
ization (f) the double helix of analogous DNA's from two sources 
is disrupted by heating. When the two sets of single strands are 
cooled together, hybrid duplexes consisting of a strand from each 
of the DNA's can form. The stability of the hybrids to heat is a 
measure of the degree of sequence similarity between the DNA's. 
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CLOCKLIKE EVOLUTION is shown for the genes of mammals whose times of diver­
gence are known approximately from fossil evidence. The amino acid seqnence for each of 
seven proteins was determined for 11 pairs of mammals or mammalian groups and the 
number of amino acid differences between the two members of each pair was calculated. 
The number of point mutations, or replacements of individual DNA bases, required to ac­
count for those differences was estimated, and it is indicated on the vertical axis of the 
graph. The horizontal axis indicates how long ago the particular lineages of each member 
of a pair diverged from each other. The most distantly related mammalian groups compared 
are placentals and marsupials, whose common ancestor lived about 120 million years ago. 
The most closely related pair are the horse and the donkey. The bars indicate the uncer­
tainty in the estimates of divergence time. The curve shows that DNA-base replacements 
accumulate at fairly steady, or clocklike, rates over long periods of evolutionary time. 
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FUNCTIONAL CONSTRAINT is illustrated by comparing the rate of change at the sec­
ond position of codons (black cUrI'e) to the rate of change at the third position (colored 
curve). A codon is a triplet of DNA bases that encodes a particular amino acid. Change 
takes place more rapidly at the third position than at the second one. The reason is that 
whereas any base change at the second position results in an amino acid substitution, abont 
half of the base changes at the third position do not resnlt in a substitution. The data are 
from comparisons made of the DNA of mitochondrial (cellular organelles) of apes and hu­
mans. In broader terms, the rate of evolution at a site in a gene that directly affects the func­
tion of a protein is slow; it is faster at a position that does not affect any such function. 
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knowing the number of mutations nec­
essary to produce an observable dif­
ference in a trait They also could 
not know whether a mutation giving 
rise to a difference in one anatomical 
trait also contributes to differences 
in other anatomical traits. Molecular 
trees built from seq uence data require 
no subjective decisions about traits. 
Moreover, biologists know the mini­
mum number of base replacements 
needed to account for the sequence 
differences. Finally, the number of 
countable genetic traits revealed by 
comparison of DNA and protein se­
quences has begun to exceed the num­
ber of anatomical traits available for 
tree analysis. 

In addition to disclosing the order 
of lineage branching, molecular trees 
contain information about times of 
divergence among lineages. The first 
application of this approach to evo­
lutionary dating involved estimating 
when hominoids such as human beings 
and African apes diverged from a 
common ancestor. Working in my lab­
oratory at the University of California 
at Berkeley, Vincent M. Sarich meas­
ured the structural differences of se­
rum albumin, a protein found in both 
humans and African apes. He deter­
mined the mean rate of evolutionary 
change by comparing the albumins of 
species whose divergence times were 
known from fossil evidence. He was 
thus able to calculate that humans 
and African apes diverged five million 
years ago. This was only a fraction 
of the time postulated by anthropolo­
gists: from 20 to 30 million years. Sub­
sequent DNA studies have confirmed 
Sarich's work, leading to a reinterpre­
tation of the fossil record and a revi­
sion in thinking about the pathway of 
evolution from ape to man. 

Molecular trees have yielded many 
other insights into the genealogi­

cal links between species. Trees based 
on fast-evolving DNA positions link 
species that diverged rather recently 
(such as the hominoids). Whereas 
these positions facilitate the explora­
tion of the twigs of the evolutionary 
tree, highly conserved positions allow 
the probing of the deepest branches. 
Genes containing many highly· con­
served positions reveal four primary 
branches of descent The branches di­
verged from one another nearly three 
billion years ago, when all cells were at 
the bacterial level of organization. The 
pattern of branching offers new in­
sights into the seq uence of steps char­
acterizing the evolution of metabolism 
in early cells. 

Tree analysis has also supported the 
theory that eukaryotic cells (the nucle­
ated cells of organisms higher than 
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bacteria) arose by the fusion of two or 
more types of bacterial cells about a 
billion years ago. Eukaryotic cells con­
tain DNA in distinct compartments: 
the nucleus, the mitochondrion and, in 
the case of photosynthetic cells, the 
chloroplast. The genome of each com­
partment includes a set of very conser­
vative genes specifying the structure of 
RNA molecules in the ribosomes (the 
organelles on which proteins are as­
sembled) of that compartment. Se­
quence comparisons show that where­
as the ribosomal RNA genes in the 
nucleus stem from one of the four 
primary branches in the bacterial tree, 
those in the chloroplast and the mito­
chondrion stem from another. 

ONE MUTATION 

Tree analysis has also helped to 
explain how the nuclear genome of 
eukaryotic cells has grown hundreds 
of times bigger than the bacterial ge­
nome. The pattern of genealogical re­
lations among genes and other repeti­
tive sequences within the nucleus of­
fers clues about the steps involved in 
the process. These steps include the 
duplication of entire genes and their 
movement to new locations in the ge­
nome. The duplicate genes usually 
diverge independently, either acquir­
ing new functions or becoming inac­
tive pseudogenes: duplicate stretches 
of DNA that contain mutations pre­
venting them from encoding a func­
tional polypeptide, or short protein 
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chain. In other cases the duplicated 
ON A's communicate (exchange ge­
netic information) with one another 
at varying rates as they evolve. 

In addition tree analysis has contrib­
uted to knowledge of the evolutionary 
role of gene transfer between species 
that do not interbreed. Some viruses 
and plasm ids (small circles of bacterial 
DNA) can transfer cellular genes from 
one species to another, but the stable 
integration of such genes from one 
species into the genome of another 
species is rare in nature. If it were 
common, the genome of each species 
would be a mosaic made up chiefly of 
horizontally transferred contributions 
from diverse species. In that case at-

20 

HUMAN 

ORANGUTAN 

�'r-: \ " \' 

'. K" ( ,I 
! " 'I ', \ I\.\ AFRICAN APE �L�d�' 

HUMAN 
CHIMPANZEE 
GORILLA 
ORANGUTAN 
GIBBON 

ATA CC ATG CAC AC AC' ATA ACC ACC CTA 
ATA CC ATG TAil AC ACC ATA ACC ACC TIA 
ATA C ATG TAC GC ACC ATA ACC ACC TIA 
ACA GCC ATG T'ijJ AC� ACC ATA Acil GCC C� 
ATA GC ATG TAC AC' ACC ATA GCC A-mJ CTA 

ACC CT� ACT TCC CTA ATI CCC CCC A; CC ACC CTC GTI AAC CC AAC 
ACC CTA ACT CCC TIA ATI CTC CCC AT CC ACC CTC ATI AAC CC AAC 
GCC CTA ACT TCC TIA ATI CCC CC� AT . CC ACC TIC A� AAlJ CC AAC 
ACC TIA ACT TCC CTA ATD CCC ccc A t AC{Cl GCJj ACC CTC ATI AAC CCG AAC 
AC� CTA AC" TCC CTA ATI CCC CCC A l!I ACS GCC ACC c1 ATI AAC CC� AA 
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AAA AAA AAC TCA TAC CCC CA TAT GTA AAA 
AAA AAA AAC TCA T� CCC CA TAT GTD AAA 
AAA AAA AGC TCA TAC CCC CA T� GTA AAA 
AAA AAA AAC CCA TAC CCC CAll TAT GTA AAA 
AAA AA_ AAC ITA TAC ccD CA� TA� GTA AAA 

C AI . GTC GCA TCC ACC m A!t: ATC AG CTC TIC CCC ACA ACA ATA TIC 
C A,'fil ATC Gcg TCC ACC m AT� AlQI AGC C . TIC CCC ACA ACA ATA TIC 
C . AtC GTC GCA TCC ACC m AT,G ATC AGC CTC TIC CCC ACA ACA ATA � 

AC:1l GCC ATC GCA TCC GCC m ACT ATC AGC Cm ATC CC! ACA ACA ATA nm 
AT� ACC A'ijJ GC� Tel ACC m Ali ATC AGC cri nfi CCC ACA ATA ATA TIC 
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ATG TGC CTA GAC CAA GAA !T ATI ATC TC� 
AliG TGC CTA GAC CAA GAA C ATI ATC TCA 
ciA TGC CTA GAC CAA GAA C ATI ATC TCA 
Al'ili

, 
TGC CTA GG CAA GAA AC� ATII GTC ACA 

ATG TGC ACA GAC CAA GAA AC� ATI A1ll1 TCA 

AAC TGA CAC TGA C� ACA ACC CAA ACA 
AAC TG� CAC TGA CA ACA ACC CAA ACA 

79 
CAD CTC TCC CTA AGC 
cAb CTC TCC CTA AGC 
CAA CTC TCC CTA AGC 
CAA CTC TCj CTA AGC 
GAA CTC TCC CTA AGC 

AGC TGA CAC TGA CA ACA ACC CAA ACA 
AAC TGA TGC TGA ACA ACQ ACC CA� ACA CT 
AAC TGA CAC TGA AC� GCA ACC CAA AC� cr 

BRANCHING DIAGRAMS, or phylogenetic trees (top), showing 
the descent of the hominoids can be constructed on the basis of 
DNA sequences such as those at the bottom. Colored disks in the 
diagrams show the presence of a particular base (or amino acid) at 
a given position in a DNA (or protein) sequence for both humans 
and African apes (chimpanzees and gorillas). Gray disks show that 
a different base (or amino acid) is present at that position in orang­
utans and gibbons (Asian apes). The diagram at the upper left ac­
counts for the sequence differences among the hominoid lineages 
with one mutation on the lineage leading to the common ancestor 

of humans and African apes (arrow). The diagram at the upper 
right, in contrast, requires two mutations (arrows) to account for 
the data; it is less likely to be correct. The order in which humans 
diverged from chimpanzees and gorillas is still in dispute. The 79 
codons shown in the bottom section of the illustration code, in the 
various hominoids, for part of a protein (NAD dehydrogenase 5) 
that functions in energy production within the mitochondrion. The 
sequences differ mostly by base replacements at third positions of 
codons (gray panels). The 16 colored panels indicate positions at 
which the African ape sequence resembles the human sequence. 
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EVOLUTION OF EARLY CELLS began nearly three billion years ago and led to the 
emergence of chloroplasts (organelles in which photosynthesis takes place) and four main 
groups of bacteria: eubacteria (the major current form) and halobacteria, methanogens and 
eocytes (sulfur bacteria). Chloroplasts share with many eubacteria the capacity for photo. 
synthesis based on chlorophyll and carotenoids. Halobacteria also exhibit a type of photo. 
synthesis based on a carotenoid. Photosynthesis probably originated in the common ances· 
tor (arrow) of chloroplasts, eubacteria and halobacteria. The phylogenetic tree was inferred 
from comparing the base sequence of ribosomal RNA found in the various organisms. 
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TA XONOMIC DISTANCE 
MORPHOLOGICAL DISTANCE, a measure of the extent to which animals differ in 
body plan, correlates with distance in taxonomic classification. The graph summarizes the 
results of more than 20,000 anatomical measurements on nearly 400 species and suggests 
that the accumulation of point mutations cannot explain the accelerated rate of organismal 
evolution in mammals. To estimate the morphological distance between two animals a stan· 
dard set of bones from the head, forelimb, trunk and hindlimb of each animal is measured. 
The relative length of each trait is then calculated by dividing the length of that trait by the 
sum of the lengths of all traits measured in that animal. The morphological distance between 
two animals is the sum of the absolute values of the differences in the relative lengths for 
all traits. The smallest taxonomic distances in the classification are those between subspe. 
cies (s5), followed by those between species (5), genera (G), subfamilies (sF), families (F), 
superfamilies (SF) and suborders (sO). The largest taxonomic distances shown are for differ· 
ent orders (0). The points represent the mean morphological distances among birds. The 
line was fitted to analogous morphological.distance values for frogs, lizards and mammals. 
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tempts to build a tree for a set of spe­
cies would prove futile; a tree based 
on one particular gene would probably 
disagree with a tree based on anoth­
er gene. In practice, however, trees 
based on several different genes usu­
ally agree with one another. Most pur­
ported cases of horizontal transfer 
do not receive support from tree anal­
ysis. In both the bacterial and the 
eukaryotic worlds the predominant 
mode of evolution has been vertical: 
from parent to offspring. 

Although the investigation of point .£\. mutations has increased under­
standing of evolutionary processes, it 
has failed to describe completely the 
link between molecular and organ is­
mal evolution. The sharp difference in 
the rates of organismal evolution for 
two groups of species, frogs and mam­
mals (such as cats, bats, whales and 
humans), for instance, does not reflect 
the similarity in the rates at which 
point mutations accumulate for both 
groups. Frogs are an ancient group 
of animals consisting of thousands of 
species. Yet they share so many an­
atomical similarities that zoologists 
classify all frogs in one order. Indeed, 
during the period that saw the rise of 
cats, bats, whales and humans from 
a common ancestor, one type of frog 
evolved so slowly that both fossils 90 
million years old and the present-day 
representatives of its lineage are classi­
fied in the same genus, Xenopus. Pla­
cental mammals, on the other hand, 
even though they represent a younger 
group, differ so much from one an­
other that zoologists classify them in 16 orders. 

Facts such as these indicate that the 
pace of organismal change in mam­
mals has been much faster than it has 
been in frogs. Yet point mutations ac­
cumulate in the DNA of mammals at 
the same rate as they do in frogs. Simi­
lar contrasts between the rate at which 
point mutations accumulate and the 
rate of organismal evolution charac­
terize many other groups. 

The argument that there is a contrast 
between the rate of accumulation of 
point mutations and the rate of organ­
ismal evolution rests on the suppo­
sition that taxonomic classifications 
summarize, without bias, information 
about the degrees of anatomical simi­
larity among species. To assess the va­
lidity of this assumption, Lorraine M. 
Cherry, then at the University of Cali­
fornia at Berkeley, and Susan M. Case 
of Harvard University collaborated 
with me in developing a quantitative 
and objective way of estimating the de­
gree to which species differ in body 
plan [see illustration at bottom left]. 
The results from our method agree 
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with those obtained from traditional 
taxonomic methods. 

The work of Cherry and Case lends 
quantitative support to the notion that 
the accumulation of point mutations 
cannot explain the accelerated rate 
of organismal evolution in mammals. 
The recognition of this discrepancy 
has led molecular biologists to ask two 
questions: What relation exists be­
tween molecular evolution and evolu­
tion at higher levels of organismal 
organization? What makes mammals 
evolve so fast at these higher levels? 

One possible answer to the first ques­
tion is that the majority of point muta­
tions accumulating in nucleic acids 
and in the proteins they encode may be 
neutral or nearly so from the stand­
point of natural selection. Only a 
minority may underlie adaptive evolu­
tion at the organismal level. The frac­
tion of accumulated mutations having 
adaptive significance could be higher 
for mammals than for frogs but still 
too low to contribute significantly to 
the overall rate of molecular evolution 
in mammals. 

In all likelihood, however, it is the 
regulatory mutation that establish­

es the link between molecular evolu­
tion and organismal evolution. A regu­
latory mutation is any mutation that 
affects the expression of a gene: partic­
ularly the turning on or off of specific 
genes in the course of development. In 
particular, attention has been paid to 
the idea that most adaptive evolution 
at the organismal level is due to muta­
tions affecting the relative concentra­
tions of specific proteins rather than to 
mutations affecting their structures. 

To test these ideas one needs a strat­
egy for picking genes with which to 
link molecular change to organismal 
change. Until the molecular basis of 
embryonic development is better un­
derstood, it does not seem profitable to 
search for those genes whose differen­
ces account for the anatomical differ­
ences between species of multicellular 
organisms. The best strategy at present 
is to work at the chemical interface 
between organism and environment. 
That is why investigators in my labo­
ratory such as Deborah E. Dobson, 
Caro-Beth Stewart, R. Tyler White, 
Michael S. Hammer and Ellen M. 
Prager have probed genes coding for 
enzymes in the mammalian gut. The 
biochemistry and digestive physiolo­
gy of mammals are well-developed 
subjects. Mammalian species diverge 
quickly from one another with respect 
to their diets. Biochemists can often 
guess which enzymes are necessary to 
cope with a chemical present in one 
diet but not in another. Genes coding 
for such enzymes therefore hold a key 
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PRESSURE TO EVOLVE, the author argues, comes both from geologic forces such as 
erosion and mountain building and from the brain of mammals and birds. By suddenly ex­
ploiting the environment in a new way, a relatively big-brained species quickly subjects it­
self to new selection pressures that foster the "fixation" of mutations complementary to 
a new habit. A mutation is said to be fixed in a population when descendants that bear 
the mutant gene predominate greatly over those individuals that bear the original gene. 

to understanding the relation between 
molecular and organismal evolution. 

The investigation of bacteria-digest­
ing enzymes confirms the significance 
of regulatory mutations. Although 
most mammals are not enzymically 
equipped to digest bacteria, on several 
occasjons during mammalian evolu­
tion species have acq uired the neces­
sary enzymes. Ruminant animals such 
as cows and sheep, for example, need 
to digest bacteria in order to retrieve 
nitrogen and phosphorus that has been 
captured by the microorganisms. (The 
bacteria function in the digestion of 
cellulose.) The enhanced ability to di­
gest bacteria is due to the presence 
of the enzyme lysozyme, which cuts 
open the cell wall of bacteria. Rumi­
nant stomachs contain high concentra­
tions of lysozyme, whereas most oth­
er mammalian stomachs contain low 
concentrations of the enzyme. Lyso­
zyme has evidently been recruited as a 
major digestive enzyme in ruminants. 

Although the recruitment of lyso­
zyme depends on both regulatory mu­
tations and structural mutations, reg­
ulatory change appears to have had 
the primary role. A similar picture 
emerges from studies of evolution in 
the test tube. The net conclusion from 
many experimental studies of evolu­
tion with both bacterial and animal 
cells in culture is that regulatory muta­
tions may play a primary role in adap­
tive evolution. 

The specific kind of regulatory mu­
tation, however, remains unknown 
for many evolutionary processes. Al­
though gene duplications and point 
mutations in regulatory DNA are re­
sponsible for most of the altered rates 
of protein synthesis observed in labo­
ratory experiments, for instance, they 
may not account for the changing lyso­
zyme levels in mammalian evolution. 
Because the lysozyme changes are 
tissue-specific, enhancers (regulatory 
DNA sequences recognized by factors 
specific to a given tissue) may prove to 
be responsible for controlling the lev­
els of the enzyme. The tissue-specific 
activation of a gene can be accom-

plished by moving an enhancer into 
any one of a variety of noncoding po­
sitions within or near the gene. It 
remains to be seen whether the re­
cruitment of lysozyme depends on en­
hancers and whether the lysozyme 
case typifies that of other genes tak­
ing part in major adaptive shifts. 

The final question I address is why 
mammals evolve so fast at the or­

ganismal level. I maintain that the high 
rate of evolution for mammals with 
respect to that for frogs may be due to 
the large brain of mammals. A large 
brain generates an internal pressure to 
evolve that frogs lack. In reaching this 
conclusion I assume that organismal 
evolution is a Darwinian process driv­
en by selection and therefore has two 
components: mutation and fixation. In 
other words, although a newly aris­
en mutation is initially present in a sin­
gle individual within a population, the 
mutation has not been "fixed" until de­
scendants bearing the mutant gene 
predominate greatly over individuals 
bearing the original type of gene. 
Quantitatively, the basic equation of 
evolution states that the rate of evolu­
tion within a population equals the 
number of mutations arising per unit 
of time multiplied by the fraction of 
those mutations destined to be fixed. 

The high rate of mammalian evolu­
tion might therefore be attributed to 
either a large number of mutations or a 
large fraction of fixation, or to both. 
Even though the mammalian genome 
may indeed be more prone to muta­
tion, or more unstable, than the ge­
nomes of "living fossils" (such as Xeno­pus) are, a large fraction of fixation 
seems more likely to account for the 
trend. In particular I consider the fol­
lowing possibility: the number of mu­
tations arising per unit of time is the 
same for frogs and mammals, but the 
fraction of those mutations that are 
fixed is higher for mammals than it is 
for frogs. This would mean that mam­
mals fix a larger fraction of their mor­
phological mutations than frogs. 

The opportunity to fix advantageous 
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mutations arises whenever the direc­
tion of selection changes. There are 
two basic sources for change in the di­
rection of selection, which is to say 
there are two basic pressures to evolve· 
adaptively. One comes from outside 
a species and the other comes from 
inside. Evol utionary biologists have 
tended to think only about the external 
factors, such as environmental change, 
which is largely driven by such geolog­
ic forces as erosion and mountain for­
mation. The second pressure to evolve 
comes from the brain of mammals and 
birds. This internal pressure, a conse-
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quence of the power of the brain to 
innovate and imitate, leads to cultural­
ly driven evolution. 

Once a species has a dual capacity to 
evolve, a new way of exploiting the 
environment can arise in a single in­
dividual and spread rapidly to other 
individuals by imitative learning. By 
suddenly exploiting the environment 
in a new way, a big-brained species 
quickly subjects itself to new selection 
pressures that foster the fixation of 
mutations complementary to the new 
habit. The larger the population is to 
which the new habit is communicated, 
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INCREASE IN BRAIN SIZE with respect to body size supports the theory that high selec­
tion pressure for mammals comes from the brain. A dramatic rise in the pressure to evolve 
at the organismal level is postulated to have occurred in the lineages leading from early 
amphibians to present-day species of birds and mammals. The vertical axis represents a 
measure of pressure to evolve. The curve for cultural drive was determined by dividing the 
mass of a species' brain (ill grams) by the total mass of its body (in kilograms) raised to the 
two-thirds power. The level of the line plotting geologic drive is based on the assumption 
that pressure coming from geologic change has not undergone a net increase in the past 
400 million years. Because humans, apes and songbirds have relatively large brains, they 
are under higher pressure to evolve than most mammals, birds, reptiles and amphibians. 
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the more likely it is that such a muta­
tion will already be available, or will 
arise, so that selection can act on it. 
The time required for a population to 
fix a mutation that complements a new 
behavior is shorter if the new behavior 
spreads quickly not only to offspring 
(vertically) but also to other members 
of the population (horizontally). 

The lineage leading to the human 
species has been under the highest in­
ternal pressure to evolve. The rise of 
agriculture, for instance, imposed new 
selection pressures that led to swift ge­
netic changes in human populations. 
Consider the introduction of milk sug­
ar (lactose) into the diet of adults as the 
result of the invention and social prop­
agation of dairy farming. The genetic 
capacity of adults to digest this sugar 
has evolved only within populations 
dependent on dairy products. In the 
short period of 5,000 years genes con­
ferring the ability to handle milk sug­
ar as an adult reached a level of 90 
percent in populations that depended 
heavily on dairy farming. In contrast, 
the level of the genes is virtually zero 
in human populations that do not 
drink milk and in all other mammalian 
species tested. 

The potential for culturally driven 
evolution is by no means confined 

to humans. Imitative learning occurs 
in many species having brains that are 
relatively large in relation to body size, 
such as primates and songbirds. Imita­
tive learning may also occur in some 
fishes, squids and insects, although it 
has not yet been demonstrated in them. 
The most celebrated case of a rapid 
shift in nonhuman behavior was pro­
vided by songbirds known as British 
tits. Some of these songbirds, which re­
semble American chickadees, learned 
how to open milk bottles. Soon they 
were imitated by millions of other tits. 
Within a couple of decades most of 
these British songbirds were engaging 
in the practice. Finally human beings 
stopped the evolutionary experiment: 
they put the bottles in crates. Biologists 
did not have the opportunity to ascer­
tain whether or not the songbird pop­
ulation responded genetically to the 
new selection pressures generated by 
their new behavior. 

My work with Jeff S. Wyles of 
Berkeley and Joseph G. Kunkel of the 
University of Massachusetts at Am­
herst supports the hypothesis that the 
brain of mammals and birds is the ma­
jor driving force behind their organ is­
mal evolution. The investigators found 
that the larger the size of the brain in 
relation to the size of the body, the 
higher the mean rate of anatomical ev­
olution. During the evolution of verte­
brates on land, the relative size of the 
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BRITISH TIT, a songbird, perches on a milk bottle after pecking open the foil cap. In the 
1930's and 1940's the practice of opening milk bottles spread throughout the tit population 
of Britain, providing the most celebrated case of a cultural shift known in nonhumans. Hu­
man beings finally stopped the practice by putting the milk bottles in crates; biologists did 
not have an opportunity to learn whether or not the songbird population would have re­
sponded genetically to the new selection pressures that were generated by their behavior. 

brain has increased by a factor of 100 
along the lineage leading from the first 
amphibians to humans. Furthermore, 
the rate of increase in relative size has 
accelerated. The lineages leading from 
those same early amphibians to other 
mammals and to birds exhibit a similar 
but less pronounced tendency for the 
relative size of the brain to increase 
over time. In contrast, the relative 
brain size of modern frogs and sala­
manders does not differ significantly 
from the relative brain size of the first 
amphibians. 

Since the rate of organismal evolu­
tion correlates with relative brain size, 
its rate may also have risen by a factor 
of nearly 100 along the lineage lead­
ing to humans and by smaller factors 
along the lineages leading to other big­
brained creatures. Organismal evolu­
tion in the vertebrates may provide an 
example of an autocatalytic process 
mediated by the brain: the bigger the 
brain, the greater the power' of the 
species to evolve biologically. When 
cultural evolution becomes extremely 

fast, however, such a process presum­
ably does not keep accelerating. In 
such a case the pressures generated by 
one cultural shift will sometimes be re­
lieved by the next cultural shift, rather 
than by ,a genetic response. This has 
probably been true of the human spe­
cies for some 3 5,000 years, when the 
human brain reached its present size. 

The study of molecular evolution 
occupies a special position in con­

temporary biology. In trying to link 
gene to organism, it touches molecular 
biology, cell biology, developmental 
biology, physiology, anatomy and be­
havioral biology. It also requires an 
understanding of how genes behave in 
populations, and the disciplines of tax­
onomy, paleontology and geology are 
involved. No other field touches all 
these aspects of biology and geology. 
The study of molecular evolution pro­
vides an opportunity to build bridges 
between biological disciplines and by 
so doing contribute to the unification 
of the life sciences. 

INVEST 
YOURSELF 

A windmill to pump water for "salt farm­
ing" in India. More efficient wood burning 
stoves for the Sahel. Photovoltaic irrigation 
pumps for the Somali refugee camps 

A ll these are solutions to technical prob­
lems in developing countries. Devising 
such solutions is no simple task . To apply 
the most advanced results of modern sci­
ence to the problems of developing areas 
in a form that can be adopted by the people 
requires the skills of the best scientists, 
engineers, farmers, bUSinessmen-people 
whose jobs may involve creating solid state 
systems or farming 1000 acres, but who 
can also design a solar still appropriate to 
Mauritania or an acacia-fueled methane 
digester for Nicaragua. 

Such are the professionals who volun­
teer their spare time to Volunteers in Tech­
nical A ssistance (VITA ), a 20 year old pri­
vate, non-profit organization dedicated to 
helping solve development problems for 
people world-wide. 

Four thousand VITA Volunteers from 82 
countries donate their expertise and time 
to respond to the over 2500 inquiries re­
ceived annually. \,'olunteers also review 
technical documents, assist in writing VITA's 
publications and bulletins, serve on tech­
nical panels, and undertake short-term 
consultancies. 

Past volunteer responses have resulted 
in new designs for solar hot water heaters 
and grain dryers, low-cost housing, the 
windmill shown above and many others. 
Join us in the challenge of developing even 
more innovative technologies for the future. 

• Putting Resources 
to Work for People 

1815 North Lynn Street, Arlington, Virginia 22209-2079, USA 
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Strange things happen when two pendulums 
interact through a variety ofinterconnections 

by ] earl Walker 

S

uppose you connect two identical 
pendulums with a spring, hold 
one of them and pull the other 

one sideways to stretch the spring. 
Then release them both. How will the 
system behave? 

Intuition suggests that the intercon­
necting spring will force the initially 
stationary pendulum into motion un­
til both pendulums swing chaotical­
ly, each with roughly the same amount 
of energy. Surprisingly, the pendulums 
do not end up in this state. Instead the 
energy is periodically exchanged be­
tween them in such a way that some­
times one of them stops and at other 
times the second one stops. What ac­
counts for these phenomena? 

In a typical example of an oscillat­
ing system that displays periodic trans­
fers of energy two identical pendulums 
hang from a horizontal rod that in turn 
is suspended from a rigid support by 
two lengths of string. When one of the 
pendulums is set swinging parallel to 
the plane of the rod, it begins to pass 
its energy to the other pendulum. Af­
ter the transfer is complete the energy 
is transferred back. Sometimes one of 
the pendulums is stationary; at other 
times the second one is stationary. 

In another example the pendulums 
are suspended from a string and swing 
perpendicular to the segment of it that 
extends between them. In a related ex­
ample the pendulums are hung from a 
small-bore pipe supported by a string 
running through its interior. The pen­
dulums swing perpendicular to the 
plane of the pipe. In both versions the 
energy is periodically exchanged be­
tween the pendulums as their swing­
ing waxes and wanes. 

In a quite different example, called 
the resonant-spring pendulum, an ob­
ject is fastened to the bottom of a verti­
cal spring; the top of the spring is at­
tached to a rigid support. If you pull 
the object down and then release it, the 
spring oscillates vertically for a while 
but then swings like a pendulum. Soon 
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the swinging diminishes and the verti­
cal oscillations reappear. The assem­
bly behaves the same way if you start 
with the pendulum motion. 

The fourth example is called the 
Wilberforce pendulum after L. R. Wil­
berforce, an English physicist who 
studied it in 1894. A small object with 
extended arms is attached to the bot­
tom of a vertical spring. You pull the 
object down and release it, which 
makes the spring oscillate vertically. 
Soon the oscillations die out as the ob­
ject begins to swing back and forth 
about a vertical axis through its center. 
When the spring oscillations disap­
pear, all the energy of the system is in 
the rotation. Then the energy is trans­
ferred back to the spring oscillations. 
As they build up, the rotation disap­
pears and so the cycle begins again. 

To explain these systems I start with 
the two pendulums connected by a 
spring. Although in practice this sys­
tem is more cumbersome to set up than 
the others, the energy transfer may be 
easier to visualize. I shall ignore such 
matters as friction and air drag. 

Suppose you hold pendulum A while 
you pull pendulum B to the right and 
then release them both. As B begins to 
swing left and right, it pushes and pulls 
on the spring, which then pushes and 
pulls on A. As A begins to swing, the 
spring generally opposes the motion 
of B and promotes the motion of A. 
Thus it is responsible for the transfer 
of energy from B to A. Once the en­
ergy is fully drained from B the situ­
ation is reversed. 

One can examine the motion of the 
pendulums in terms of their normal 
modes: two ways in which they can 
swing. If they swing in either of the 
ways, no energy is exchanged and each 
pendulum's amplitude (the extent of 
its swing) is constant. 

The normal modes arise from sym­
metry. Suppose pendulums A and B 
are both pulled the same distance to 
the right and then released. They swing 

without changing the length of the 
spring. Indeed, they swing just as they 
would without the spring. Since the 
spring transfers no energy, this syn­
chronous swinging is one of the nor­
mal modes. 

The other normal mode can be cre­
ated by pulling the pendulums equally 
far to opposite sides. When they are 
released simultaneously, their motions 
are mirror images. In this normal 
mode the spring is stretched and com­
pressed by the pendulums. Therefore 
it does influence their motion. The 
force it exerts on A is symmetric to the 
force it exerts on B. For example, when 
it pushes A to the left, it pushes B just 
as much to the right. Since the symme­
try in the forces precludes a transfer of 
energy between the pendulums, their 
amplitudes remain constant. 

When a pendulum is free to swing by 
itself, its swinging frequency is propor­
tional to the square root of the ratio 
of the acceleration of gravity to the 
length of the pendulum. In the first 
normal mode each pendulum swings 
at that frequency. In the second nor­
mal mode the pendulums swing at a 
higher frequency because of the driv­
ing force from the spring. 

For example, after the pendulums 
swing toward each other, compressing 
the spring, they return to the vertical 
not only because of gravity but also 
because of a push by the spring. When 
the pendulums swing away from each 
other, the spring exerts a pull. The 
push-and-pull action drives the swing­
ing at a high frequency. 

Normal modes are important be­
cause any motion of the system can be 
described as a combination of them. 
Suppose you actuate the system by 
displacing and then releasing only 
pendulum B. Thereafter the move­
ment of each pendulum is expressible 
as a multiplication of two sinusoidal 
variations. One of them is rapid, 
having a frequency that is the aver­
age of the frequencies for the normal 
modes. Whenever a pendulum is ac­
tive, it swings at this frequency. 

The other sinusoidal variation mod­
ifies the amplitude of the swinging. 
The frequency of the modification is 
equal to the difference in the frequen­
cies of the normal modes, and so it is 
lower than the frequency at which the 
pendulums swing. The result is a grad­
ual variation in the swinging ampli­
tude of each pendulum. At maximum 
amplitude the pendulum has all the en­
ergy of the system. At zero amplitude 
the pendulum is at rest. Since the mod­
ifications of amplitude are exactly out 
of step, one pendulum peaks in ampli­
tude as the second comes to rest. For 
other ways of activating the system the 
pendulums may swing differently, but 
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they will still display beats in which 
their amplitudes vary. 

You may have heard audible beats if 
you have ever listened to two pure 
tones that differ slightly in frequency. 
The sound you hear is not either of the 
two waves actually reaching your ears 
but rather a sound with a frequency 
that is the average of the frequencies of 
the two waves. Its amplitude, which is 
related to the intensity of the sound 
you hear, varies at a rate that is the 
difference between the two frequen­
cies. Hence the sound you hear wax­
es and wanes as the two waves beat 
against each other. 

The system in which two pendulums 
are coupled by a rod has been analyzed 
by Joseph Priest and James Poth of 
Miami University in Ohio. The system 
came to their attention during a pro­
duction of My Fair Lady, when an ac­
tor accidentally bumped a suspended 
stage panel. The panel hung from one 
end of a horizontal rod; an identical 
panel hung from the other end. The 
rod was suspended by two cables. 

When the first panel began to swing, 
parallel to the rod (in the vertical plane 
passing through the rod), its energy 
was gradually transferred to the other 
panel. Thereafter the energy passed 
periodically from one panel to the oth­
er, creating a noticeable distraction 
from the play. Priest and Poth studied 
a similar system in which two pendu­
lums are supported by a horizontal 
rod. The string of each pendulum runs 
from the rigid support of the system to 
the rod, once around the rod and then 
to the pendulum bob. 

The motion of the pendulums is cou­
pled by means of the rod. When one 
pendulum is made to swing parallel to 
the rod, it moves the rod, which then 
moves the other pendulum. These pen­
dulums, like the spring-coupled ones, 
have two normal modes in which they 

do not exchange energy. Any motion 
of the system that is not a normal 
mode is expressible in terms of the nor­
mal modes. In such cases the system 
displays beats. 

As before, the normal modes arise 
from symmetry. In the first normal 
mode the pendulums swing exactly in 
step. Since in this mode the rod swings 
too, the effective length of the pendu­
lum must be measured from the pen­
dulum bob all the way to the rigid sup­
port from which the rod is suspend­
ed, because the full length takes part in 
the swinging. The frequency associat­
ed with this mode is low because of the 
long effective length of the pendulums. 

In the second normal mode the pen­
dulums move in opposite directions 
and the rod is motionless. The effective 
length of the pendulum is now meas­
ured from the bob only to the rod, 
because only that much of the string 
takes part in the swinging. The fre­
quency of this normal mode is high 
because of the short pendulums. 

The coupling between the pendu­
lums involves only motion parallel to 
the rod. If one pendulum swings per­
pendicular to the rod (that is, perpen­
dicular to the vertical plane passing 
through the rod), that motion is re­
tained because the string winds and un­
winds around the rod without moving 
it much. If a pendulum swings both 
parallel and perpendicular to the rod, 
the perpendicular swing is maintained 
and the parallel swing generates beats. 

Priest and Poth demonstrated this 
motion with small scale models and 
also with a larger model. In the larger 
model two playground swings hung 
from a rod suspended from a ceiling. 
A student sat in each swing. After one 
of the students was pushed and began 
to swing, the system moved like the 
pendulums in the small models. 

The related system In which pen-
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The normal modes of spring-coupled pendulums 

dulums hang from a string and swing 
perpendicular to its length has been 
studied by Michael J. Moloney of the 
Rose-Hulman Institute of Technology 
in Terre Haute, Ind. The motion of the 
pendulums is coupled because each 
swinging pendulum pulls the intercon­
necting string, which then influences 
the motion of the other pendulum. 
Each pendulum also twists the string. 
Since this action complicates the math­
ematical analysis, Moloney reduces its 
importance by placing the pendulums 
at least 10 centimeters apart. 

In one normal mode the pendulums 
swing in step. The effective length of 
the pendulum is then the vertical dis­
tance from the bob to the rigid support 
because that full length participates 
in the swinging. In the other normal 
mode the pendulums swing exactly out 
of step, which decreases their effective 
length and results in a higher frequen­
cy. The system displays beats when the 
pendulums swing in some pattern oth­
er than a normal mode. 

The resonant-spring pendulum is re­
lated to the systems I have discussed 
so far, but it lacks normal modes and 
is harder to analyze mathematically. 
Nevertheless, you can easily set up 
such a system and can analyze its be­
havior in approximate terms. 

If you pull the mass downward, 
stretching the spring, and then release 
it, the spring's vertical oscillations are 
soon replaced by a pendulum motion. 
Since once you release the spring the 
energy of the system remains constant, 
the energy of the pendulum motion 
must come from the energy in the 
oscillations of the spring. When the 
transfer is complete, it reverses, so that 
the spring oscillations reappear and 
the pendulum motion dies out. 

This exchange of energy is optimal 
if the mass attached to the spring 
stretches the spring to about 4/3 of 
its initial length. The purpose of the 
increase in length is to decrease the 
pendulum's frequency in order to es­
tablish a relation between the frequen­
cies associated with pure spring os­
cillations and those associated with 
pure pendulum motion. The spring os­
cillations must be twice the frequen­
cy of the pendulum motion. Then the 
instability that develops in the system 
is large enough to drive the mass into 
pendulum motion. 

Martin G. Olsson of the University 
of Wisconsin at Madison was one of 
the first to study the spring-pendulum 
system. To increase the spring length 
by the proper amount one must test 
various weights hung from the spring. 
Not all springs are suitable for the 
demonstration. J. G. Lipham and V. L. 
Pollak of the University of North Car­
olina at Charlotte have pointed out 
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that in practice one must consider the 
mass of the spring itself in addition to 
the mass hung from it. 

They found that to create the proper 
relation of frequencies the spring must 
be stiff. Lipham and Pollak made a 
pendulum with a spring they bought 
from the Central Scientific Company 
( 1 1222 Melrose Avenue, Franklin 
Park, Ill. 60 13 1- 1364). It is part of a 
"Hooke's Law Apparatus" (catalogue 
number 73960). The mass of the spring 
is 3.4 grams, the unstretched length 
five centimeters. A force of about .4 1 
newton stretches it by one centimeter. 

To make a weight for the spring Lip­
ham and Pollak melted lead in a 50-
milliliter Pyrex beaker, allowed it to 
cool and then got it out by breaking the 
glass. A cotter pin or a length of wire 
threaded through a hole punched in 
the lead served to attach the weight 
to the spring. Lipham and Pollak test­
ed the weight on the spring and then 
trimmed it until they found the opti­
mum mass, which turned out to be 73 
grams. (If you trim too much lead, add 
slotted weights from a common labo-

The phenomenon of beats 

ratory balance to the block to "tune" 
the apparatus.) 

Lipham and Pollak also devised a 
way to use weak springs in the demon­
stration. (The task is to decrease the 
frequency of the pendulum motion 
without altering the frequency of the 
spring oscillations.) They lengthened 
the pendulum by adding a string be­
tween the spring and the support from 
which it was suspended. 

If the spring could be released with 
no horizontal displacement, it would 
oscillate only vertically; the pendulum 
motion would not develop. In practice, 
however, the release always includes 
some horizontal displacement of the 
mass hanging on the spring. The ensu­
ing instability in the oscillations builds 
up the pendulum motion. 

When the spring oscillations domi­
nate, as they do initially, the excitation 
of the pendulum motion is said to be 
an example of parametric resonance. 
The term indicates that the pendulum 
motion depends on a quantity (the 
length of the pendulum) that is itself 
oscillating. The result is a transfer of 
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energy to the pendulum motion. (Par­
ametric resonance also accounts for 
one's ability to pump a playground 
swing to a greater amplitude. The peri­
odic shift of the swinger's legs and tor­
so alters the effective length of the pen­
dulum-the swing-so that energy is 
fed into the pendulum motion.) 

When the pendulum motion domi­
nates, energy is fed back to the spring 
oscillations because of a simpler reso­
nance: the spring is periodically pulled 
at a frequency matching its oscillation 
frequency. Each time the mass swings 
to its maximum displacement during 
the pendulum motion it pulls on the 
spring. Since for each swing of the pen­
dulum the spring is pulled twice, the 
pulling frequency (twice that of the 
pendulum motion) matches the fre­
quency of the spring oscillations. The 
oscillations begin to build up. Energy 
drains from the pendulum motion un­
til it is almost entirely in the oscilla­
tions of the spring. 

Olsson observed that sometimes the 
mass on the end of the spring moved in 
a relatively stable path as the pendu-
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lum motion built up and died down. In 
some cases the path was in the shape of 
a U. In other cases it was an inverted U. 
In still other cases the path was not 
well defined. 

Recently H. M. Lai of the Chinese 
University of Hong Kong reexam­
ined the spring pendulum, extending 
and correcting the prior mathemati­
cal analysis. He found that the stable 
paths are Lissajous figures (named af­
ter Jules Antoine Lissajous, a French 
physicist of the 19th century) that 
depend on several parameters of the 
apparatus and in particular on the 
relative phases of the spring and pen­
dulum motions. 

The path can vary in several ways as 
pendulum motion builds up and de­
cays [see illustration below]. It may be-

Early during 
incn:aS<:. Ot 

pU1dulum motion 

Maximum pendulum 
motion 

Late. during 
ck.cn:.ase. of 

pendulum motion 

Lissajous paths of a pendulum 

gin in the shape of a U that distorts into 
a bow-tie figure. As the pendulum mo­
tion nears its maximum the path re­
turns to the shape of a U. During the 
decay of the motion the path distorts 
into a bow-tie shape as before, but now 
with the reverse motion. Similar varia­
tions of the path take place if the mass 
initially follows a path in the shape of 
an inverted U. 

The Wilberforce pendulum has sel­
dom been discussed since the origi­
nal publication. It is another example 
of a system that can oscillate in normal 
modes and can display beats when it 
is not in a normal mode. The normal 
modes involve both the vertical mo­
tion of the object on the spring and its 
rotation about a vertical axis. 

The coupling between the vertical 
motion and the rotational motion is 
achieved by the coiling of the spring. If 
you stretch a spring, its end rotates too. 
In one of the normal modes of oscilla­
tion the end of the spring makes a 
screwing motion in the same direction 
as the coiling of the spring. In the other 
normal mode the screwing motion is in 
the opposite direction. 

For the pendulum to perform best 
the frequency of pure rotational oscil­
lations must match the frequency of 
pure spring oscillations. One achieves 
the match by fitting the object hung 
from the pendulum with extended 
arms that make it possible to change 
the frequency of the rotational oscilla­
tions. Two symmetrically placed bolts, 
each with a nut, extending out from 
the vertical axis of the pendulum will 
serve. Moving the nuts outward de­
creases the frequency of the rotational 
oscillations and moving them inward 
increases it. Adjust them until the fre­
quencies of the oscillations match. 

You can put the pendulum in one of 
its normal modes of oscillation if you 
pull down on it while you also turn the 
end through the proper angle. When 
you release the pendulum, it oscillates 
vertically and rotates back and forth 
with unvarying amplitudes, that is, 
without any transfer of energy be­
tween the vertical and rotational os­
cillations. If you pull the pendulum 
down without rotating the end, the 
two normal modes beat when you re­
lease it. At times the pendulum oscil­
lates vertically with no rotation and 
at other times it rotates back and forth 
with no vertical oscillations. 

Much more can be learned by build­
ing and studying oscillating systems 
that display normal modes or para­
metric resonance. Can you find addi­
tional examples of either type? Since 
the Wilberforce pendulum seems to 
have been neglected over the years, 
you may also want to analyze it in 
greater detail. 
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Ours is a strategic balance. Between commer-
cial and government business. Between down-to­
earth management and opportunities as limitless as 
space. This balance has been the key to our consistent 
growth-we' re approaching $11 billion in annual sales. 

Balance 

• A well-ordered integration of elementsi e.g., combining 
the sales from diverse businesses into nine years of 
uninterrupted earnings growth . 
• Stability produced by distribution of weighti e.g., 
planned diversification between commercial and govern­
ment business . 
• A harmony, one encouraging divisional 
entrepreneurship with strong financial support­
like $2.2 billion in capital expenditures over the 
last five years. 

And now we have added dramatically to that balance. Our 
new subsidiary, the Allen-Bradley Company, brings us nearly 
$1 billion in sales in industrial automation and electronics 
equipment and systems. That moves us up to a $3.5 41� Rockwell 

r.� International billion share in electronics markets. And further 
establishes Rockwell's leadership position in apply-
ing electronics technology for diverse areas of busi-
ness. To learn more about us, write: Rockwell 
International, Department 8155-2, 
600 Grant Street, Pittsburgh, PA 15219. 
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