Lake Valencia. Such a refugium would
have been restricted to a zone of atmo-
spheric condensation similar to the cloud
forest association now covering the
peaks of these coastal mountains. It
would have been much smaller than the
originally postulated area and definitely
would not have included the Valencia
Basin.

Modern Desiccation of Lake Valencia

There has been considerable discus-
sioh of the causes for the desiccation of
Lake Valencia during the last 250 years
(3, 4, 23). The paleolimnological data
show major fluctuations in the upper-
most 10 centimeters of the core, particu-
larly in the diatoms and the geochemical
and mineral parameters. Of these, the
abrupt decrease of Melosira granulata at
a depth of 7 centimeters most likely
reflects the onset of historic desiccation.
By extrapolation, this change is dated at
about 220 years and therefore tentatively
coincides with the last recorded observa-
tion of overflow. The very rapid recent
change can hardly be attributed to ex-
trinsic climatic change, especially since
no major climatic changes over the last
250 years are indicated by meteorologi-
cal data (3). However, geochemical evi-
dence suggests a shift toward higher lake
salinities as long ago as 2800 years B.P.
(7). The evidence thus suggests that an
extrinsic shift toward drier climate has
affected the lake, but that the effect has
been magnified over the last 250 years by
human activity.

Conclusions

The paleolimnological data from Lake
Valencia support the hypothesis that
lowland climates in the tropics were arid
at the close of the Pleistocene. The Holo-
cene was more humid, but with signifi-
cant fluctuations in moisture up to the
present. Our data add further support to
the climatic theories for the tropics that
point to the oceans and oceanic air mass-
es as the controlling mechanisms regulat-
ing climates on the continental margins.
The Valencia data discount the specific
designation of the area around the lake
as part of a late Pleistocene refugium but
leave open the possibility that such refu-
gia did exist on the Caribbean side of the
coastal mountains.

References and Notes

1. E. Bonatti and S. Gartner, Nature (London)
244, 653 (1973); W. L. Prell, Geol. Soc. Am.
Bull. 89, 1241 (1978).

2. J. Tricart, Rev. Geomorphol. Dyn. 23, 145
(1974); T. van der Hammen, J. Biogeogr. 1, 3
(1974).

3. A. Bockh, in The Careless Technology, M. T.
Farivar and J. P. Milton, Eds. (Natural History
Press, New York, 1972), pp. 301-317.

4. R. E. Crist and C. E. Chardon, Geogr. Rev. 31
430 (1941); M. S. Tamers and C. Thielen, Acta
Cient. Venez. 17, 150 (1966).

5. L. Peeters, ‘‘Origin y evolucion de la cuenca del
Lago de Valencia, Venezuela’ (Instituto para la
Conservacion del Lago de Valencia, Caracas,
Venezuela, 1968); <‘Nuevos datos acerca de la
evolucion de la cuenca del Lago de Valencia
(Venezuela) durante el Pleistoceno superior y el
Holoceno™ (Instituto para la Conservacion del
Lago de Valencia, Caracas, Venezuela, 1971);
Rev. Geogr. Phys. Geol. Dyn. 12, 157 (1970).

6. C. Osgood, Yale Univ. Publ. Anthropol. 92
(1943), entire issue; I. Rouse and J. M, Cruxent,
Venezuelan Archaeology (Yale Univ, Press,
New Haven, Conn., 1963).

7. W. M, Lewis, Jr., and F. H. Weibezahn, Lim-
nol. Oceanogr., in press. v

8. C. Schubert, Catena 7, 275 (1980).

9. K. S. Brown, Ir.,, P. M. Shepard, J. R. G.

DNA Sequencing and Gene Structure

When we work out the structure of
DNA molecules, we examine the funda-
mental level that underlies all processes
in living cells. DNA is the information

Walter Gilbert

store that ultimately dictates the struc-
ture of every gene product, delineates
every part of the organism. The order of

the bases along DNA contains the com-

Copyright © 1981 by the Nobel Foundation.

The author is an American Cancer Society Professor of Molecular Biology in the Department of
Biochemistry and Molecular Biology at Harvard University, Cambridge, Massachusetts 02138, This article is
the lecture he delivered in Stockholm on 8 December 1980 when he received the Nobel Prize in Chemistry, a
prize he shared with Paul Berg and Frederick Sanger. Minor corrections and additions have been made by the
author. The article is published here with the permission from the Nobel Foundation and will also be included
in the complete volume of Les Prix Nobel en 1980 as well as in the series Nobel Lectures (in English)
published by Elsevier Publishing Company, Amsterdam and New York. Dr. Berg’s lecture appeared in the
issue of 17 July, p. 296, and that of Dr. Sanger appeared in the issue of 11 December, p. 1205.

SCIENCE, VOL. 214, 18 DECEMBER 1981

0036-8075/81/1218-1305$01.00/0 Copyright ©® 1981 AAAS

Turner, Proc. R. Soc. London Ser. B 187, 369
(1974); G. T. Prance, Acta Amazonica 3 (No. 3),
5 (1973); B. B. Simpson and J. Haffer, Annu.
Rev. Ecol. Syst. 9, 497 (1978); P. E. Vanzolini,
in Tropical Forest Ecosystems in Africa- and
South America: A Comparative Review, B. J.
Meggers, E. S. Ayenso, W. D. Duckworth, Eds.
(Smithsonian Institution Press, Washington,
D.C., 1973), pp. 255-258; _____ and E. E.
Williams, Arg. Zool. 19,1 (1970); B. S. Vuilleu-
mier, Science 173, 771 (1971).

10. P. Alhonen and S. Ristiluoma, Bull. Geol. Soc.
Finl, 45, 73 (1973); S. P. Chu, J. Ecol. 30, 284
(1942); ibid. 31, 109 (1943); M. T. Philipose,
Chlorococcales (Indian Council of Agricultural
Research, New Delhi, no date).

11, M. Salgado-Labouriau, Rev. Palacobot. Pa-
lynol. 30, 297 (1980).

12. This conclusion is based on 5 years of water
temperature records from the lake (W. M. Lew-
is, Jr., and F. H. Weibezahn, unpublished data);
the thermal regime is very similar to that of Lake
Lanao [W. M. Lewis, Jr., Limnol. Oceanogr.
18, 200 (1973)]. .

13. G. Muller, G. Irion, U, Forstner, Naturwissen-
schaften 59 (No. 4), 158 (1972).

14, Pyramid Lake, Nevada, 5 parts per thousand
total dissolved solids (TDS): Walker Lake, Ne-
vada, 11 parts per thousand TDS; Devil’s Lake,
South Dakota, 6 to 16 parts per thousand
TDS.

15, C. Schubert, Boreas 3, 147 (1974); in Moraines
and Values, C. L. Schliichter, Ed. (Balkema,
Rotterdam, 1979), pp. 43-49.

16. M. L. Salgado-Labouriau, C. Schubert, S. Va-
lastro, J. Biogeogr. 4, 313 (1977).

17. M. L. Salgado-Labouriau and C. Schubert, Pa-
laeogeogr. Palaeoclimatol. Palaeoecol. 19, 147
(1976).

18. P. A. Colinvaux, Nature (London) 240, 17
(1972).

19. R. Sarmiento and R. A. Kirby, J. Sediment.
Petrol. 32, 698 (1962).

20. A. S. Bartlett and E. S. Barghorn, in Vegetation
and Vegetational History of Northern Latin
America, A. Graham, Ed. (Elsevier, Amster-
dam, 1973), pp. 203-299; P. S. Martin, Int.
3Qlugat. Congr. (INQUA) 6th Rep. 2 (1964), p.

21. F. A. Street and A. T. Grove, Quat. Res. (N.Y.)
12, 83 (1979). )

22. (\’1\/9712) Sanchez and J. E. Kutzbach, ibid. 4, 128

23, A. von Humboldt, Voyage aux Régions Equin-
oxiales du Noveau Continent fait en 1799, 1800,
1801, 1802, 1803, et 1804 (Schoell, Paris, 1814).

24, This work was supported by NSF grants DEB
7604300 and DEB 7805324 to W.M.L. Jr., by
Venezuelan Comision Nacional. de Investiga-
cién Cientifica grants to C.S., M.L.S.-L., and
F.HW., and by the U.S. Geological Survey
Climate Program.

plete set of instructions that make up the
genetic inheritance. We do not know
how to interpret those instructions; like a
child, we can spell out the alphabet with-
out understanding more than a few
words on a page.

I came to the chemical DNA sequeric-
ing by accident. Since the middle 1960°s
my work had focused on the control of
genes in bacteria, studying a specific
gene product, a protein repressor made
by the control gene for the lac operon
(the cluster of genes that metabolize the
sugar lactose). Benno Miiller-Hill and I
had isolated and characterized this mole-
cule during the late 1960’s and demon-
strated that this protein bound to bacteri-
al DNA immediately at the beginning of
the first gene of the three-gene cluster
that this repressor controlled (/, 2). In
the years since then, my laboratory had
shown that this protein acted by prevent-
ing the RNA polymerase from copying
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the lac operon genes into RNA. I had
used the fact that the lac repressor
bound to DNA at a specific region, the
operator, to isolate the DNA of this
region by digesting all of the rest of the
DNA with deoxyribonuclease to leave
only a small fragment bound to the re-
pressor, protected from the action of the
enzyme. This isolated a 25 base-pair
fragment of DNA out of the 3 million
base pairs in the bacterial chromosome.
In the early 1970’s, Allan Maxam and I
worked out the sequence of this small
fragment (3) by copying this DNA into
short fragments of RNA and using on
these RNA copies the sequencing meth-
ods that had been developed by Sanger
and his colleagues in the late 1960’s. This
was a laborious process that took several
years. When a student, Nancy Maizels,
then determined the sequence of the first
63 bases of the messenger RNA (mRNA)
for the lac operon genes, we discovered
that the lac repressor bound to DNA
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Fig. 1 (left). Methylated cytosine-guanine and
thymine-adenine base pairs. (Top) A cytosine-
guanine base pair methylated at the N-7 posi-
tion of guanine. (Bottom) A thymine-adenine
base pair methylated at the N-3 position of
adenine. The region above each of the base
pairs is exposed in the major groove of DNA.
The region below each of the base pairs lies
between the sugar phosphate backbones in
the minor groove of the DNA double he-
lix. Fig. 2 (top right). Procedure for ob-
taining a double-stranded DNA fragment
uniquely labeled at one end of one strand. The
figure shows the restriction cuts for the en-
zymes Alu I (target AG/CT) and Hpa (target
C/CGG, producing an uneven.end) in the
neighborhood of the lac operator. The lac
repressor is shown bound to the DNA. By
cutting the DNA from this region first with the
enzyme Alu, then labeling with radioactive
32P the 5' termini of both strands of the DNA
with polynucleotide kinase, and then cutting
in turn with the enzyme Hpa, we can isolate a

immediately after the start of the mRNA
(4), in a region that lies under the RNA
polymerase when it binds to DNA to
initiate RN A synthesis. We continued to
characterize the lac operator by se-
quencing a number of mutations (opera-
tor constitutive mutations) that damaged
the ability of the repressor to bind to
DNA. We wanted to determine more
DNA sequence in the region to define
the polymerase binding site and other
elements involved in lac gene control;
however, that sequence was worked out
in another laboratory by Dickson, Abel-
son, Barnes, and Reznikoff (5). Thus by
the middle 1970’s I knew all the se-
quences that I had been curious about,
and my students (David Pribnow and
John Majors) and I were trying to answer
questions about the interaction of the
RNA polymerase and other control fac-
tors with DNA.

At this point, another line of experi-
ments was opened up by a new sugges-
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DNA fragment that carries the binding site for the repressor uniquely labeled at one end of one

strand.

Fig. 3 (bottom right). Outline of procedure to produce fragments of DNA by

breaking the DNA at guanines. Consider an end-labeled strand of DNA. We modify an
occasional guanine by methylation with dimethyl sulfate. Heating the DNA will then displace
that guanine from the DNA strand, leaving behind the bare sugar; cleaving the DNA with alkali
will break the DNA at the missing guanine; the fragments are then separated by size, the actual
size of the fragment (followed because it carries the radioactive labei) determines the position of

the modified guanine.

tion. Andrei Mirzabekov came to visit
me in early 1975. The purpose of his visit
was twofold: to describe experiments
that he had been doing using dimethyl
sulfate to methylate the guanines and the
adenines in DNA and to urge me to do a
similar experiment with the lac repres-
sor. Dimethyl sulfate methylates the gua-
nines uniquely at the N-7 position, which
is exposed in the major groove of the
DNA double helix, while it methylates the

‘

Lo

Fig. 4. Methylation protection experiment
with the lac repressor. The columns show the
pattern of cleavage along each strand of the
53- to 55-base-long fragment bearing the lac
operator. The second column from the left
represents the DNA (labeled at the 5’ end of
the 53-base-long strand) treated by dimethyl
sulfate and cleaved by heat and alkali. The
dark bands correspond to breaks at guanines;
the light bands are breaks at adenines. The
second column of the figure reads from the
bottom:

-G-GAAA--G--A--G---A-AA--A-A-AA-A-
A-. ...

The first column shows this same double-
stranded piece of DNA treated with dimethyl
sulfate in the presence of the lac repressor.
The repressor prevents the interaction of di-
methyl sulfate with the guanine a third of the
way up the pattern and blocks the reaction
with two adenines in the upper third of the
pattern. The bands that correspond to these
two adenines represent fragments that differ
in length by one base, 30 and 31 long. The
right-hand side of this pattern shows the same
experiment done with the label at the end of
the other DNA strand. The sequence at the
far right would be:

-G-G-GGAA--G-GAG-GGA-AA-AA--. . ..



adenines at the N-3 position, which is
exposed in the minor groove (Fig. 1).
Mirzabekov had used this property to
attempt to determine the disposition of
histones and of certain antibiotics on the
DNA molecule by observing the block-
ing of the incorporation of radioactive
methyl groups onto the guanines and
adenines of bulk DNA. He urged me to
use this groove specificity to learn some-
thing about the interaction of the lac
repressor with the lac operator. Howev-
er, the amounts of lac operator available
were extremely small, and there was no
obvious way of examining the protein
sitting on DNA to ask which bases in the
sequence the protein would protect
against attack by the dimethyl sulfate
reagent.

It was not until after a second visit by
Mirzabekov that an idea finally emerged.
He and I, and Allan Maxam and Jay
Gralla, had lunch together. During our
conversation I had an idea for an experi-
ment, which ultimately underlies our se-
quencing method. We knew we could
obtain a defined DNA fragment, 55 base
pairs long, which carried near its center
the region to which the lac repressor
bound. This fragment was made by cut-
ting the DNA sequentially with two dif-
ferent restriction enzymes, each defining
one end of the fragment (see Fig. 2).
Second, I knew that at every base along
the DNA at which methylation occurred,
that base could be removed by heat.
Furthermore, once that had happened,
only a sugar would be left holding the
DNA chain together, and that sugar
could be hydrolyzed, in principle, in
alkali to break the DNA chain. I put
these ideas together by conjecturing that
if we labeled one end of one strand of the
DNA fragment with radioactive phos-
phate, we might determine the point of
methylation by measuring the distance
between the labeled end and the point of
breakage. We could get such labeled
DNA by isolating a DNA fragment (by
length, by electrophoresis through poly-
acrylamide gels) made by cutting with
one restriction enzyme, labeling both
ends of that fragment, and then cutting it
again with a second restriction enzyme
to release two separable double-stranded
fragments, each having a label at one end
but not the other. Using polynucleotide
kinase this procedure would introduce a
radioactive label into the 5’ end of one of
the DNA strands of the fragment bearing
the operator while leaving the other unla-
beled (Fig. 2). If we then modified that
DNA with dimethyl sulfate so that only
an occasional adenine or guanine would
be methylated, heated, and cleaved the
DNA with alkali at the point of depurina-
tion, we would release among other frag-

ments a labeled fragment extending from
the unique point of labeling to the first
point of breakage (Fig. 3). Any frag-
ments from the other strand would be
unlabeled, as would any fragments aris-
ing beyond the first point of breakage. If
we could separate these fragments by
size, as we could in principle by electro-
phoresis on a polyacrylamide gel, we

might be able to associate the labeled
fragments back to the known sequence
and thus identify each guanine and ade-
nine in the operator that had been modi-
fied by dimethyl sulfate. If we could do
the modification in the presence of the
lac repressor protein bound to the DNA
fragment, then if the repressor lay close
to the N-7 of a guanine, we would not
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Fig. 5. Actual sequencing pattern from the 1978 period. Products of four different chemical
reactions, applied to a DNA fragment about 150 bases long, are electrophoresed on a
polyacrylamide gel; three loadings produce sets of patterns that have moved different distances
down the gel. The four columns correspond to reactions that break the DNA: (column 1)
primarily at the adenines, (column 2) only at the guanines, (column 3) at the cytosines but not
the thymines, and (column 4) at both the cytosines and thymines. The very shortest fragments
are at the bottom right-hand side of the picture, and the sequence is read up the gel recognizing
first the band in the left-hand column corresponding to A, a band in the two right-hand columns
corresponding to a C, a band in the far right-hand column corresponding to T, a band in the left-
hand column corresponding to A, and so forth. After reading up as far as possible, the sequence
continues in the sets of bands at the left-hand side of the gel and then still further in the pattern
in the center of the gel. From the original photograph, the sequence of the entire fragment can
be read. The fragment is from the genomic DNA corresponding to the variable region of the
lambda light chain of mouse immunoglobulin (8).



modify the DNA at that base, and the
corresponding fragment would not ap-
pear in the analytical pattern.

I set out to do this experiment. Allan
Maxam made the labeled DNA frag-
ments, and I began to learn how to
modify and to break the DNA. This
involved analyzing the release of the

put together. Figure 4 shows the results:
an autoradiogram of the electrophoretic
pattern displays a series of bands extend-
ing downward in size from the full length
fragment, each caused by the cleavage of
the DNA at an adenine or a guanine. The
same treatment of the DNA fragment
with dimethyl sulfate, now carried out in

bases from DNA and the breakage steps
separately. Finally the experiment was

the presence of the repressor produced a
similar pattern, except that some of the
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Fig. 6. Examples of the detailed chemistry involved in breaking the DNA. (A) Shows the
guanine breakage. The guanines are first methylated with dimethyl sulfate. The imidazole ring is
opened by treatment with alkali (during the piperidine treatment). Piperidine displaces the base
and then triggers two beta eliminations that release both phosphates from the sugar and cleave
the DNA strand leaving a 3' and a 5' phosphate. (B) Shows the hydrazone attack on a thymine
that breaks the DNA at the pyrimidines.
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. bands were missing (lane 1 versus lane 2

in Fig. 4). The experiment was clearly a
success in that the presence of the re-
pressor blocked the attack by dimethyl
sulfate on some of the guanines and
some of the adenines in the operator (6).
I hoped that the size discrimination
would be accurate enough to permit the
assignment of each band in the pattern to
a specific base in the sequence. This
proved true because the spacing in the
pattern, and the presence of light and
dark bands, the dark bands correspond-
ing to guanines and the light ones to
adenines, were sufficiently characteristic
to correlate the two. The guanines react
about five times more rapidly with di-
methyl sulfate while the methylated
adenines are released from DNA more
rapidly than the guanines during heating;
the shift in intensities as a function of the
time of heat treatment could be used to
establish unambiguously which base was
which originally. Furthermore, the gel
pattern is so clear, bands corresponding
to fragments differing by one base were
resolved. At this point, it was clear that
this technique could determine the ade-
nines and guanines along DNA for dis-
tances of the order of 40 nucleotides. By
determining the purines on one strand
and the purines on the complementary
strand (as Fig. 4 does) one has in princi-
ple a complete sequencing method.

Having in hand a reaction that will
determine and distinguish adenines and
guanines, could we find reactions that
would distinguish cytosines and thy-
mines? Allan Maxam and I turned our
attention to this end. (First we examined
a second binding site for the lac repres-
sor that lies a few hundred bases further
along the DNA, under the first gene of
the operon. This binding site has no
physiological function. We could locate
this binding site on a restriction fragment
by repeating the methylation-protection
experiment and identifying bases pro-
tected by the lac repressor. I used the
methylation pattern to attempt to predict
the positions of the adenines and the
guanines in the unknown DNA se-
quence; Allan Maxam then used the
wandering spot sequencing method of
Sanger and his co-workers to determine
the DNA sequence of this region to
verify that we had made a successful
prediction.)

Allan Maxam then went on to do the
next part of the development. We knew
that hydrazine would attack the cyto-
sines and thymines in DNA and damage
them sufficiently, or eliminate them to
form a hydrazone, so that a further treat-
ment of the DNA with benzaldehyde
followed by alkali (or a treatment with an
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amine) would cleave at the damaged
base. This soon gave us a similar pattern,
but broke the DNA at the cytosines and
thymines without discrimination. Allan
Maxam then discovered that salt, 1M
salt in the 15M hydrazine, altered the
reaction to suppress the reactivity of the
thymines. The two reactions together
then positioned and distinguished the
thymines and the cytosines in a DNA
sequence. This last discrimination con-
ceptually completed the method. To im-
prove the discrimination between the
purines, and to provide redundant infor-
mation which would serve to make the
sequencing more secure against errors,
we used the fact that the methylated
adenosines depurinate more rapidly, es-
pecially in acid, to release the adeno-
sines preferentially and thus to obtain
four reactions: one for A’s, one preferen-
tial for G’s, one for C’s and T’s, and one
for C’s determining the T’s by differ-
ence. This stage of the work was com-
pleted within a few months. As the range
of resolution on the gels was extended
toward 100 bases, the cleavage at the
pyrimidines was not satisfactory, the re-
sult of the incomplete cleavage was that
the longer fragments contained a variety
of internal damages and the pattern
blurred out. After many months of
searching an answer was found. A pri-
mary amine, aniline, will displace the
hydrazine products and produce a beta
elimination that releases the phosphate
from the 3’ position on the sugar, but it
will not release the other phosphate, and
the mobility of a DNA fragment with a
blocked 3’ phosphate bearing ‘a sugar-
aniline residue is different from the free
phosphate-ended chains from the other
reactions. A secondary amine, piperi-
dine, is far more effective and triggers
both beta eliminations as well as elim-
inating all the breakdown products of the
hydrazine reaction from the sugar. This
reagent completed the DNA sequencing
techniques (7). Although the develop-
ment of the techniques continued for
another 9 months, they were distributed
- freely to other groups that wanted to use
them. Figure 5 shows an actual sequenc-
ing pattern from the 1978 period, used in
the work described in (8). Figure 6 shows
two examples of the chemistry (9).

The logic behind the chemical method
is to divide the attack into two steps. In
the first we use a reagent that carries the
specificity, but we limit the extent of that
reaction—to only one base out of several
hundred possible targets in each DNA

fragment. This permits the reaction to be

used in the domain of greatest specific-
ity: only the very initial stages of a
chemical reaction are involved. The sec-
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ond step, the cleavage of the DNA
strand, must be complete. Since the tar-
get has already been distinguished from
the other bases along the DNA chain by
the preliminary damage, we can use vig-
orous, quantitative reaction conditions.
The result is a clean break, releasing a
fragment without hidden damages,
which is required if the mobilities of the
fragments are to be very closely correlat-
ed so that the bands will not blur. (The
specificity need be only about a factor of
10 for the sequence to be read unambig-
uously.)

Today, later developments of the tech-
nique (9) have modified the guanine reac-
tion and replaced the dimethyl sulfate
adenosine reaction with a direct depuri-
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Fig. 7. A transcription unit corresponding to
alternating exons and introns. The whole
gene, a transcription unit, is copied into RNA
terminating in a poly(A) tail. The regions
corresponding to introns are spliced out leav-
ing a messenger RNA made up of the three
exons, the regions that are expressed in the
mature message.
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Fig. 8. Examples of the intron-exon structure
of a few genes. (i) The gene for globin is
broken up by two introns into three exons
(20). (ii) The functional gene in a myeloma cell
for the immunoglobulin lambda light chain is
broken up into a short exon corresponding to
the hydrophobic leader sequence, an exon
corresponding to the V region, and then, after
an intron of some thousand bases, an exon
corresponding to the 112 amino acids of the
constant region (26). (iii) A typical gene for a
gamma heavy chain of immunoglobulin (/g)
(27, 28). The mature gene corresponds to a
hydrophobic leader sequence, an exon corre-
sponding to the variable region, and then,
after a long intron, a series of exons; the first
corresponding to the first domain of the con-
stant region, the second corresponding to a 15
amino acid hinge region, the third correspond-
ing to the second domain of the constant
region, and the fourth exon corresponding to
the third domain of the constant region.
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nation reaction that releases both the
adenines and guanines equally. These
changes, and the introduction of the very
thin gels by Sanger’s group (/0), now
make it possible to read sequences out
between 200 to 400 bases from the point
of labeling. The actual chemical work-up,
the analysis on gels, and the autoradiog-
raphy is the short part of the process.
The major time spent in DNA sequenc-
ing is spent in the preparation of the
DNA fragments and on the elements of
strategy. The speed of the sequencing
comes only in part from the ability to
read off quickly several hundred bases of
DNA—at a glance. The more important
element is the linear presentation of the
problem. Rather than sequence random-
ly, one can begin at one end of a restric-
tion map and move rationally through a
gene—or construct the restriction map
as one goes.

The first long sequence was done by a
graduate student, Phillip Farabaugh,
who used the new techniques to se-
quence the gene for the /ac repressor
(11). The protein sequence of this gene
product had been worked out in the early
1970’s by Beyreuther and his co-workers
(12). Since the amino acid sequence was
known, he could quickly (a few months)
establish the DNA sequence. However,
the DNA sequence showed that there
were errors in the protein sequence, two
amino acids dropped at one place and
eleven at another. Since the protein se-
quence contains 360 amino acids, he had
to work out a gene of 1080 bases. DNA
sequencing is faster and more accurate
than protein sequencing. The reason for
this is that DNA is a linear information
store. Because the chemistry of each
restriction fragment is like any other,
they differ only in length, there is no
particular reason for losing track of
them, except for the very smallest. By
sequencing across the joins between the
fragments, one establishes an unambigu-
ous order. Proteins, on the other hand,
are strings of amino acids used by nature
to create a wide variety of chemistries.
When a protein is fragmented, the frag-
ments can exhibit quite different proper-
ties, some of which may be unusually
unfortunate in terms of solubility or loss.
There is no simple way of keeping ac-
count of the total content of amino acids,
or of the order of fragments, as there is
for DNA, where the length of the re-
striction fragments can easily be mea-
sured.

Jeffrey Miller and his co-workers had
done an extensive analysis of the appear-
ance of mutations in the lac repressor
gene. Three sites in the gene are hot
spots, at which the mutation rate is some
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the long transcript of this region now will be spliced at some low frequency to produce a mature message encoding the reiterated protein.
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Fig. 9 (left). A double-length gene product arises through unequal

crossing-over. (a) The classical process by which a gene correspond-
ing to a single polypeptide chain might have its length doubled by a
crossing-over. The top two lines indicate two coding regions,

brought into accidental apposition by some act of illegitimate
recombination which fuses the carboxyl terminal region (the 3’ end) of one copy of the gene to the amino terminal region (the 5' end) of the other.
This rare illegitimate event (involving no sequence matching) would, if it occurs in phase, produce a double-length gene that could code for a
double-length RNA that in turn translates into a double-length protein containing the reiteration of a basic domain. (b) The same process
occurring in the presence of the splicing function. Now the unequal crossing-over can occur anywhere to the 3' side of one copy of the gene and
anywhere in front of the 5’ end of the other copy of the gene to produce a gene containing two exons separated by a long intron. I conjecture that

Fig.

10 (right). Introns speed legitimate recombination. (a) The classical pattern by which two mutations, one occurring in one copy of the gene, at the
left end, and the other occurring in the other copy of the gene, at the right-hand end, might get together by recombination happening in the
homologous stretch of DNA that separates the two mutations. This recombination can create a single gene carrying both mutations. (b) The same
process happening in a gene in which the mutations occur in separate exons separated by an intron. Now the recombination can occur anywhere,
either in the exon or within the intron, to produce a new gene carrying both mutations. Since the rate of recombination will be directly
proportional to the distance along the DNA between the mutations, it will be faster.

ten times higher than at other sites. DNA
sequencing showed that at each of these
sites there was a modified base, a 3-
methylcytosine, in the sequence (/3).
(The chemical sequencing detects the
presence of the 5-methylcytosine direct-
ly, because the methyl group suppresses
completely the reactivity of this base in
the hydrazine reaction. A blank space
appears in the sequence, but on the other
strand is a guanine.) The high mutation
rate is a transition to a thymine. 5-Meth-
ylcytosine occurs at a low frequency in
DNA,; this observation shows that it is a
mutagen. What is the explanation?
Deamination of cytosine to uracil occurs
naturally, If this occurred in DNA it
could lead to a transition; however, it
usually does not since there is an enzyme
that scans DNA, examining it for deox-
yuridine (/4). When it finds this base in
DNA, mismatched or not, it breaks the
glycosidic bond and removes the uracil.
This is then recognized as a defect in
DNA, and another group of enzymes
then repair the depyrimidinated spot.
However, 5-methylcytosine deaminates
to thymine—a natural component of
DNA. On repair or resynthesis a transi-
tion will ensue. This whole argument
explains why thymine is used in DNA-—
the extra methyl group serves to sup-
press the effects of the natural rate of
deamination.

To find out how easy and how accu-
rate DNA sequencing was, I asked a
student, Gregor Sutcliffe, to sequence
the ampicillin resistance gene, the beta-
lactamase gene, of Escherichia coli. This
gene is carried on a variety of plasmids,
including a small constructed plasmid,
pBR322, in E. coli. All that he knew
about the protein was an approximate
molecular weight, and that a certain re-
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striction cut on the plasmid inactivated
that gene. He had no previous experi-
ence with DNA sequencing when he set
out to work out the structure of DNA for
this gene. After 7 months he had worked
out about 1000 bases of double-stranded
DNA, sequencing one strand and then
sequencing the other for conformation.
The unique long reading frame deter-
mined the sequence of the protein prod-
uct of this gene, a protein of 286 residues
(15). We thought that the DNA sequence
was unambiguous. Luckily there was
available, from Ambler’s laboratory,
partial sequence information about the
protein, which had been obtained as a
result of several years work attempting
to develop a sequence for the beta-lacta-
mase (I6). This information, while not
sufficient to determine the protein se-
quence directly, was adequate to con-
firm that the prediction of the DNA
sequencing was correct. Sutcliffe then
became very enthusiastic and sequenced
the rest of the plasmid pBR322 during
the next 6 months, to finish his thesis.
He sequenced both strands of this 4362-
base-pair-long plasmid in order to con-
firm the sequence (/7). The chemical
sequencing is unambiguous, except for
an occasional characteristic feature in
the DNA fragment itself that causes it to
move anomalously during the gel elec-
trophoresis. As longer and longer
strands are being analyzed on the gel, a
hairpin loop can form at one end of the
fragment if the sequence is sufficiently
self-complementary. As the fragmenta-
tion passes through this portion of the
molecule, the mobilities on the gel do not
decrease uniformly as a function of
length, but some of the molecules move
aberrantly, a feature called compres-
sion, because the bands on an autoradio-

graph become close together, or can
overlap to conceal one or more bases.
This rare feature occurs about once ev-
ery thousand bases. It is resolved by
sequencing the opposite strand in the
other direction along the double-strand-
ed molecule (or the same strand in the
opposite chemical direction) because the
hairpin will form when a different region
of the sequence is exposed and the com-
pression feature will occur in a different
place in the sequence. If both strands of
the DNA helix are sequenced, the se-
quence can be unambiguous.

The Structure of Genes

The first genes to be sequenced, those
in bacteria, yielded an expected struc-
ture: a contiguous series of codons lying
upon the DNA between an initiation
signal and one of the terminator signals.
Before the position at which the RNA
copy will start, there lies a site for the
RNA polymerase, interacting with the
Pribnow box, a region of sequence ho-
mology lying one turn of the helix before
the initial base of the mRNA, and also
with another region of homology, 35
bases before the start. Thus one could
understand the bacterial gene in terms of
a binding site for the RNA polymerase,
and further binding sites for repressors
and activator proteins around and under
the polymerase. Alternatively, the con-
trol on transcription could be exercised
by a control of the termination function:
new proteins or an elegant translation
control (I8) could determine whether or
not the polymerase would read past a
stop signal into a new gene.

When the first genes from vertebrates
were transferred into bacteria by the
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recombinant DNA techniques and se-
quenced, an entirely different structure
emerged. The coding sequences for glo-
bin (19, 20), for immunoglobulin (21),
and for ovalbumin (22) did not lie on the
DNA as a continuous series of codons
but rather were interrupted by long
stretches of noncoding DNA. The dis-
covery of RNA splicing in adenovirus by
Sharp and his co-workers (23) and Bro-
ker and Roberts and their co-workers
(24) paved the way for this new struc-
ture. They had shown that after the
original transcription of DNA into a long
RNA, regions of this RNA are spliced
out: some stretches were excised and the
remaining portions were fused together
by an as yet undefined enzymatic pro-
cess. The exons (25), regions of the DNA
that will be expressed in mature mes-
sage, are separated from each other by
introns, regions of DNA that lie within
the genetic element but whose tran-
scripts will be spliced out of the mes-
sage. Figure 7 shows this process: the
original transcript of a gene (now thought
of as a transcription unit) will undergo a
series of splices before being able to
function as a mature message in the
cytoplasm. (Figure 8 shows a few exam-
ples.) Vertebraté genes can have many,
8, 15, even 50, exons (29, 30), and the
exons are for the most part short coding
stretches separated by hundreds to sev-
eral thousands of base pairs of intron
DNA. The rapid sequencing has meant
that we can work out the DNA sequence
of any of these complex gene structures.
But can we understand them?

The emerging generalization is that
prokaryotic genes have contiguous cod-
ing sequences while the genes for the
highest eukaryotes are characterized by
a complex exon-intron structure. As we
move up from prokaryotes, the simplest
eukaryotes, such as yeasts, have few
introns; further up the evolutionary lad-
der the genes are more broken up. (Yeast
mitochondria have introns; are they an
exception to this pattern?) Are we seeing
the emergence of the intron-exon struc-
ture rising to ever greater degrees of
complexity as we move up to the verte-
brates, or the loss of preexisting intron-
exon structures as we move down to the
simplest invertebrates and the prokary-
otes? One view considers the splicing as
an adaptation that becomes ever more
necessary in more highly structured or-
ganisms. The other view considers the
splicing as lost if the organism makes a
choice to simplify and to replicate its
DNA more rapidly, to go through more
generations in a short time, and thus to
be under a significant pressure to restrict
its DNA content (37).
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Fig. 11. A schematic dissection of globin into the product ot the separate exons. (a) The black
arrows show the points at which the structure of a chain of globin is interrupted by the introns.
(The structures of the chains of globin and of myoglobin are very similar; the schematic
structure shown is myoglobin.) (b) The introns interrupt the protein in the alpha-helical regions
to break the protein into three portions. The product of the central exon surrounds the heme;
the products of the other two exons, I conjecture, wrap around and stabilize the protein.

What role can this general intron-exon
structure play in the genes of the higher
organisms? Although most genes that
have been studied have this structure,
there are two notable exceptions: the
genes for histones and those for the
interferons. This last demonstrates that
there can be no absolutely essential role
that the introns must play, there can be
no absolute need for splicing in order to
express a protein in mammalian cells.
Although there is a line of experiments
that shows that some messengers must
have at least a single splice made before
they can be expressed, there is no evi-
dence that the great multiplicity of
splices are needed. There is a pair of
genes for insulin in the rat, which differ
in the number of introns; both are ex-
pressed—which demonstrates that the
intron that splits the coding region of one
of them, has no essential role, in cis, in
the expression of that gene (32). Al-
though a common conjecture is that the
splicing might have a regulatory role, so
far there is no tissue-dependent splicing
pattern that could be interpreted as
showing the existence of a gene- (or
tissue-) specific splicing enzyme.

The introns are much longer than the
exons. Their DNA sequence drifts rapid-
ly by mutation, by small additions, and
by deletions (accumulating changes as
rapidly as possible at the same rate as the
silent changes in codons). This suggests
that it is not their sequence that is rele-
vant, but their length. Their function is
to move the exons apart along the chro-
mosome.

A consequence of the separation of
exons by long introns is that the recom-
bination frequency, both illegitimate and
legitimate, between exons will be higher
(25). This will increase the rate, over
evolutionary time, at which the exons,

representing parts of the protein struc-
tures, will be shuffied and reassorted to
make new combinations. Consider the
process by which a structural domain is
duplicated to make the two-domain
structure of the light chain of the immu-
noglobulins {or duplicated again to make
the four-domain structure of the heavy
chain, or combined to make the triple
structure represented by ovomucoid
(29)]. Classically, this involved a precise
unequal crossing-over, which fused the
two copies of the original gene, in phase,
to make a double-length gene. As Fig. 9
shows, this process involves an extreme-
ly rare, precise illegitimate event (a re-
combination event that leads to the fus-
ing of two DNA sequences at a point
where there is no matching of sequence)
that has as its consequence the synthesis
at a high level of the new, presumably
more useful, double-length gene product.
Consider the same process against the
background of a general splicing mecha-
nism. Again, the process of forming the
double gene must involve an illegitimate
recombination event, but now that event
can occur anywhere within a stretch of
1,000 to 10,000 bases flanking the 3’ side
of one copy and the 5’ side of the other to
form an intron separating the genes for
the two domains. From a long transcript
across this region, even inefficient splic-
ing may produce the new double-length
gene product. This will happen some 10°
to 10® times more rapidly than the classi-
cal process because of all of the different
combinations of sites at which the re-
combination can occur. If the long tran-
script can be spliced, even at a low
frequency, some of the double-length
product can be made. This is a faster
way for evolution to form the final gene:
proceeding through a rapid step to a
structure that can produce a small
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amount of the useful gene product. Small
mutational steps can be selected to pro-
duce better splicing signals and thus
more of the gene product. If the splicing
signals already exist, recombination
within introns provides an immediate
way to build polymeric structures out of
simpler units. One would predict that
polymeric structures, made up of simpler
units, will be found to have genes in
which the intron-exon structure of the
primitive unit is repeated, separated
again by introns. That is the case.

The rate of legitimate recombination
between the exons of a gene will be
increased by the introns. Consider two
mutations to better functioning, arising
in different parts of a gene and spreading,
by selection, through the population.
Classically, both mutations could end up
in a single polypeptide chain, after both
genes find their way into a single diploid
individual, by homologous recombina-
tion within the gene. Figure 10 shows
that this process also should be speeded
some 10- to 100-fold by spreading the
exons apart. This effect will be strongest
if the exons can evolve separately—if
they represent structures that can accu-
mulate successful changes independent-
ly.

Furthermore, one can change the pat-
tern of exons by changing the initiation
or termination of the RNA transcript, to
add extra exons or to tie together exons
from one region of the DNA to exons
from another. This has been observed in
adenovirus, and is found in notable ex-
amples in the immunoglobulins in which
exons can be added to or subtracted from
the carboxyl terminus of the heavy chain
to modify the protein, Hood’s laboratory
has shown that this process is used to
switch between two different forms of an
IgM heavy chain (33). A membrane-
bound form is synthesized by a longer
transcript, which splices on two addi-
tional exons and splices out part of the
last exon of the shorter transcript. The
shorter transcript synthesizes a secreted
form of the protein. In a similar way the
switch of the V region from IgM to an
IgD constant region is probably the re-
sult of a different, still longer, transcript
which splices across to attach the V
region exons to the new constant-region
exons of the delta class. These combina-
tions of genes have certainly been creat-
ed by recombination events within the
DNA that ultimately becomes the intron
of the longer transcription unit.

The most striking prediction of this
evolutionary view is that separate ele-
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ments defined by the exons have some
functional significance, that these ele-
ments have been assorted and put to-
gether in new combinations to make up
the proteins that we know. Gene prod-
ucts are assembled out of previously
achieved solutions of the structure-func-
tion problem. Clear examples of this are
still meager. The hydrophobic leader se-
quence which is involved in the transfer
of proteins through membranes, and
which is trimmed off after the secretion,
is often on separate exons—most nota-
bly in the immunoglobulins (see Fig. 8),
but also in ovomucoid (29). In the pair of
genes for insulin in the rat, a product of
recent duplication (32), the two chains of
insulin lie on separate exons in one gene,
on a single exon in the other. The ances-
tral gene [the common structure in other
species (34)] has the additional intron—
suggesting that the gene was put together
originally from separate pieces. The gene
for lysozyme is broken up into four ex-
ons; the second one carries the critical
amino acids of the active site and most of
the substrate contacts (35). In the gene
for globin the central exon encodes al-
most all of the heme contacts. Figure 11
shows a schematic dissection of the mol-
ecule. A recent experiment (36) has
shown that the polypeptide that corre-
sponds to the central exon in itself is a
heme binding ‘‘miniglobin’’; the side ex-
ons have provided polypeptide material
to stablize the protein.

At the same moment that the rapid
sequencing methods and the molecular
cloning gave us the promise of being able
to work out the structure of any gene,
the ability to achieve a complete under-
standing of the genetic material, nature
revealed herself to be more complex
than we had imagined. We could not
read the gene product directly from the
chromosome by DNA sequencing alone.
We must appeal to the sequence of the
actual protein, or at least the sequence of
the mature mRNA, to learn the intron-
exon structure of the gene. Nonetheless
the hope exists, that as we look down on
the sequence of DNA in the chromo-
some, we will not learn simply the pri-
mary structure of the gene products, but
we will learn aspects of the functional
structure of the proteins—put together
over evolutionary time as exons linked
through introns.

My interest in biology has always cen-
tered on two problems: how is the genet-
ic information made manifest? and how
is it controlled? We have learned much
about the way in which a gene is translat-

ed into protein. The control of genes in
prokaryotes is well understood, but for
eukaryotes the critical mechanisms of
control are still not known. The purpose
of research is to explore the unknown.
The desire for new knowledge calls forth
the answers to new questions.

I owe a great debt to my students and
collaborators over the years; the greatest
to Jim Watson who stimulated my inter-
est in molecular biology, to Benno Miill-
er-Hill with whom I worked on the lac
repressor, and to Allan Maxam with
whom I developed the DN A sequencing.
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