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A Revolution in Biology

While molecular biology has been a
productive and growing discipline for 30
years, we are now in the middle of a peri-
od characterized by an unprecedented
level of activity and excitement (/). Two
related technologies, gene cloning and
rapid DNA sequencing, have opened up
vast new areas for research. The first de-
velopment, recombinant DNA, made it
as simple to isolate and study the struc-
ture of eukaryotic genes as it previously
was to study bacterial genes (probably
easier since much is still being learned
about bacterial genes by the recombinant
DNA approach).

The development of rapid DNA se-
quencing techniques by Sanger et al. (2)
and by Maxam and Gilbert (3) has made
it possible to determine the molecular
structure of eukaryotic genes, an
achievement that we could not have
dreamed of 10 years ago.

The current technology of this revolu-
tion in biology has its origin in bacterial
genetics and enzymology. Research in
molecular biology is now focused on
higher organisms, but Escherichia coli
remains an essential resource material.
The recombinant DNA technology de-
rives from and depends on the elegant
manipulations of bacterial genetics. The
technology also depends on the growing
batte'y of enzymes as reagents. Thanks
to the development of dependable and
reproducible methods for enzyme purifi-
cation, a large collection of enzymes can
now be prepared and are offered com-
mercially. Host restriction and modifica-
tion were first studied by Arber as an in-
teresting phenomenon in microbial ge-
netics. The type II restriction endo-
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nucleases were purified by H. Smith
from Haemophilus influenzae and were
first encountered as enzyme activities.

The articles in this issue present some
of the current trends in this field.

The Structure of Eukaryotic Genes

The most dramatic revelation in the
first encounters with eukaryotic genes is
that the gene is often not colinear with its
product. Instead genes contain inter-
vening sequences or introns which inter-
rupt the continuity of the genetic infor-
mation. As a result, a eukaryotic gene
coding for a protein may be much larger
than is required for the simple coding of
the amino acid sequence. The B-hemo-
globin gene in mouse, for example, con-
tains two intervening sequences of 116
and 646 base pairs (¢). The coding se-
quence is 432 base pairs. This is hardly
the most extreme example. The dihy-
drofolate reductase gene of the mouse
contains five intervening sequences. The
entire gene containing 568 base pairs of
coding sequence is 32,000 base pairs in
length (5).

A newly discovered enzymatic reac-
tion, splicing, is required for the ex-
pression of the genes. The entire gene is
transcribed as a long RNA precursor, the
intervening sequences are then clipped
out, and the ends are rejoined to yield
the uninterrupted coding sequence in the
mature messenger RNA.

Several sets of genes have been inves-
tigated in detail. Proudfoot et al. (p:ge
1329) reviews the progress in the charac-
terization of the human globin genes.
From the perspective of 1970, the prog-
ress is incredible. All the globin genes
have now been cloned, and the 8 and «
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clusters have been mapped. The com-
plete nucleotide sequences of the five 8-
like globin genes are known, and it is not
unlikely that in the end the entire 60,000
to 70,000 base pairs of the B cluster will
be known. This is a region that is rich in
biological significance. The expression
of the different globin genes is differen-
tially regulated so that the system is an
excellent model for the study of develop-
ment. A number of human mutations,
including the thalassemias, are known
which affect the expression of these
genes, and already much information is
known relating the mutations to the map
of the gene cluster.

For some time it has been known that
genomes are not static but that there is
considerable scope for the movement of
blocks of genetic information. The ge-
netics of this phenomenon have been
studied for at least 40 years. Soon after
the pioneering work of Barbara McClin-
tock with maize in the late 1950’s, similar
transposable elements were found to ex-
ist in bacteria. The recombinant DNA
technology has now provided appropri-
ate tools for demonstrating these genetic
phenomena at the molecular level.

A unity in the mechanism by which
transposable elements function is now
beginning to emerge. Transposable ele-
ments are blocks of genetic information
that carry with them the capability to
catalyze their own movement. This is
done by facilitating genetic recombina-
tion of the ends of the elements with oth-
er, nonhomologous sequences. This can
lead to a number of genetic phenome-
na—gene instability, transversions, in-
versions, and deletions. Thus the mecha-
nism of transposable antibiotic resist-
ance genes in bacteria may be analogous
to the movement of transposable ele-
ments in yeast and, in Drosophila, to the
integration of RN A tumor viruses and to
the mechanism of expression of immuno-
globulin genes (6).

Several articles deal with transposable
elements. Simon and his colleagues
(page 1370) are studying phase variation
in Salmonella in which the bacterium is
able to switch between the production of
two antigenically distinct flagella types in
order to escape the immunological de-
fenses of the host. Phase variation, it
was discovered, is mediated by a recom-
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binational switch, a 900-base pair frag-
ment which undergoes inversion in the
Salmonella genome. This fragment
codes for a protein that mediates the re-
combination. Furthermore, this protein
and the ends of the switch on which it
must operate are homologous to those in
other bacterial transposable elements—a
finding suggesting the unity of the mech-
anisms involved.

As early as 1968 Britten and Kohne (7)
showed that eukaryotes contain nucle-
otide sequences that are repeated many
times throughout the genome. In Dro-
sophila and in yeast at least some of the
middle repetitive DNA segments are
transposable elements. Roeder et al.
(page 1375) present an analysis of muta-
tions in yeast that are caused by the
transposable elements Tyl and Ty2. By
cloning and sequence analysis, Roeder et
al. show that these mutations bear simi-
larities to the bacterial transposable ele-
ments in that they create a S5-base pair
duplication of the target DNA in the pro-
cess of transposition. By genetic analysis
they demonstrate an exact analogy of the
yeast transposed with the two-com-
ponent spm system in maize. In both
systems there are suppressors of un-
stable mutations and these produce the
wild-type phenotype. In yeast these act
by catalyzing the clean excision of the in-
serted transposable element. Thus again,
the unity of these mechanisms is demon-
strated.

The recombinant DNA technology has
been used to elucidate the mechanisms
by which immunoglobulin genes are ex-
pressed and the diversity of immuno-
globulins is generated. To molecular bi-
ologists viewing the eukaryotic world
from afar this was probably the most in-
triguing of problems. How is an orga-
nism able to generate a repertoire of 10°
to 10°¢ different antibodies? Amino acid
sequence analysis of immunoglobulins
led to some definite information about
how diversity must be generated, but the
cloning and sequencing of antibody
genes has now revealed how it is done,
virtually at the molecular level. In fact
antibody genes are generated by DNA
recombination (in this case deletion) be-
tween variable genes (which code for the
portion of the antibody which recognizes
the antigen) and constant gene (which
provide the framework). It is now be-
lieved that there are enough variable
genes, used in combination, to generate
the diversity which is required. The arti-
cles on immunology in this issue illus-
trate the advanced state of this field de-
spite the fact that the first such analysis
is not yet 5 years old (8).

1320

Directed Mutagenesis

Once a gene has been isolated it can be
altered in vitro. This can be done with
the use of restriction enzymes, exo-
nucleases, ligases, and chemical muta-
gens to produce deletions, insertions,
and point mutations (see Peden et al.,
page 1392). The altered genes are, of
course, recloned in order to purify and
propagate them.

This strategy has been used, as de-
scribed in a number of articles in this is-
sue, in order to investigate the role of se-
quences in the gene or its control ele-
ments. In bacteria, promoter and oper-
ator mutants had been isolated, and the
eventual sequence determination of the
nucleotide changes helped to designate
the functionally important regions of the
control element. In eukaryotes, few such
mutants have been isolated, and hence in
vitro (or surrogate) genetic techniques
should have wide application. Some of
the early results with this technology
have been surprising. Brown’s group has
demonstrated that the promoter recogni-
tion sequence for the transcription of the
58 gene in Xenopus is actually in the
middle of the gene (9). Using these tech-
niques, Corden et al. (see page 1406) and
Proudfoot et al. have been able to desig-
nate promoter regions which specify the
initiation start sites for the RNA poly-
merase II transcription of several differ-
ent eukaryotic genes. Surprisingly, these
promoters are not strikingly different in
size and disposition to the start site from
prokaryotic promoters.

The most precise of the mutagenic
strategies involves the use of synthetic
oligonucleotide to direct the mutation.
The techniques required to synthesize
blocks of DNA sequence developed by
Khorana and his colleagues (/0) have
provided crucial and unique contribu-
tions such as in the elucidation of the ge-
netic code. Itakura and Riggs (page 1401)
describe the more recent use of oligonu-
cleotides in the construction of synthetic
genes and as specific mutagenic agents.
Wallace et al. (page 1396) have used this
technique to engineer the precise dele-
tion of an intervening sequence in a yeast
transfer RNA gene. Oligonucleotide-di-
rected mutagenesis makes it possible for
the experimenter to alter the gene in a
precise manner. As an example, the
technology can be used to probe the
structural basis for function in enzymes.
Suppose that the proposed mechanism
for the catalytic action of an enzyme in-
vokes a crucial role for a particular ser-
ine residue. It is possible, using oligonu-
cleotide-directed mutation to change the

serine codon to, say, an alanine, or any
other amino acid codon that one may
wish to insert at that site. The altered
gene can then be inserted into E. coli in
order to produce the mutant enzyme.
Protein chemists are already thinking of
how this technology might be applied,
and thus projecting an insatiable demand
for oligonucleotides.

Transformation

Once genes have been altered, one
must be able to test for changes in func-
tion. There are a number of in vitro tech-
niques for doing this, including injection
of DNA into the nucleus of oocytes, in-
cubation with oocyte extracts, and use of
partially defined RNA polymerase II sys-
tems (see, for example, Proudfoot et al.
and Corden et al.). Ultimately, however,
the altered gene must be returned to the
organism. Transformation techniques
have now been worked out for yeast and
for cultured mammalian cells.

Yeast transformation is described by
Scherer and Davis (page 1380), who have
used the technique to investigate the ge-
netic phenomenon of gene conversion. A
number of yeast cloning vectors are now
available—some in which the DNA is
maintained as a plasmid and some in
which it is integrated at sites of sequence
homology. The frequency of transforma-
tion can be high enough to allow cloning
experiments to be carried out entirely
within yeast. This has allowed the clon-
ing and analysis of genes that would have
no recognizable phenotype in bacteria.
Two groups have succeeded in isolating
the genetic elements of the yeast mating
type system (/7). In this system switches
in the mating type of yeast are mediated
by a recombination mechanism bearing
some resemblance to the transposable
elements we have already discussed.

The fact that transformed DNA se-
quences can be integrated at sites of ho-
mology has allowed the development of
a procedure in which entering sequences
(containing alterations) can perfectly re-
place the original resident sequences
(12). The organism is unchanged except
for the alteration that has been in-
troduced and the altered gene is in the
proper milieu. This allows for a perfectly
controlled test for the phenotype of any
mutation.

Using mammalian cells, Axel and his
colleagues have demonstrated that exog-
enous DNA can be taken up and ex-
pressed. This has allowed (Pelliceret al.,
p. 1414) the direct selection of cellular
genes coding for thymidylate kinase and
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the adenosine phosphoribosyltransferase
gene. Again these techniques will be
used to accomplish the isolation of genes
that are not expressed in E. coli but
which have distinct phenotypes in the
mammalian cell. Transformed DNA is
integrated into chromosomal DNA but
apparently not at unique sites.

Mulligan and Berg (page 1422) have
taken a different approach. In their ex-
periments, the transforming DNA is in-
troduced into cultured cells via an SV40
vector. It had already been established
(13) that in order to express stable mes-
senger RNA a transcription unit must
contain at least one intervening se-
quence, that is, each transcript must be
spliced. This can be done by construct-
ing hybrid transcription units—a com-
plementary DNA coupled with an SV40
late leader, for example. Mulligan and
Berg have introduced the E. coli gene
(gpt) for the enzyme xanthane-guanine
phosphoribosyltransferase (HGPRT) in-
to SV40.

When SV40 provides the promoter
and the RN A processing signals, the bac-
terial gene can be expressed. The ex-
pression was demonstrated in a dramatic
way by transformation of human Lesch-
Nyhan cells. The Lesch-Nyhan syn-
drome results from a lack of HGPRT. As
a result of the deficiency, cells cultured
from Lesch-Nyhan patients cannot grow
in a medium containing aminopterin,
hypoxanthine, and thymidine. Cells
transformed by the SV40-gpt hybrid are
rescued and can grow in the media. Ob-
viously, these results open up a wealth of
possible experiments on the control gene
expression in mammalian cells.

Industrial Applications of

Molecular Biology

No one can have missed the fact that
there may be commercial applications of
this technology. It is not yet clear how
soon the technology will bring a product
to market but there is no doubt that
eventually vaccines and various natural-
ly occurring polypeptides such as insulin
and interferon (Streuli et al., page 1343
and Masucci et al., page 1431), which are
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in short supply, will be produced by this
route. The technology already exists for
engineering the overproduction of pro-
teins in E. coli (Guarente et al., page
1428) and for altering the genes to im-
prove the usefulness of the protein prod-
uct. On the whole, these developments
should have a positive effect on progress
in biology. The goals of the basic re-
search and the engineering have many
features in common. For example, what
determines the optimum expression of a
gene and the transport of the product
through the membrane? What is the best
way to engineer a particular mutation?
How many interferon genes are there
and where are they expressed?

Participation of molecular biologists in
industry is a relatively new phenome-
non. Heretofore, molecular biologists
have found jobs in universities. Now,
with university budgets and grants being
curtailed, talented young and energetic
investigators are finding places in indus-
try to continue their research. We can
anticipate some problems and some pos-
sible short-term losses. The age-old con-
flict between competition for the edge in
the marketplace and the scientific ideal
of open communication will not go away.
Certainly the new recruits to industry
will arrive wishing to continue communi-
cation with their colleagues. I hope that
can be worked out. However, some of
the most talented of our members may
lose sight of the big picture. One cannot
do everything, and the complicated prob-
lems of mammalian development prob-
ably will not be solved by the same
people who are engineering the produc-
tion of a hepatitis vaccine. But these are
questions of value and who is to say
which is more important?

Perspectives

We need to know much more about
the structure and organization of eu-
karyotic genes and the factors that con-
trol their expression. The means are now
available to collect these data, and the
results are pouring in. Already sophisti-
cated computer techniques are required
to analyze the information, and central

data banks must be organized in order to
store and disseminate the information.

The techniques of gene modification
and cloning are relatively simple to
learn, and a large number of people are
applying them to an ever broadening
range of biological problems. For ex-
ample, they will be increasingly used in
the study of biological evolution. The
DNA sequence contains the primary rec-
ord. The comparison of sequences
among gene families (see, for example,
Proudfoot et al.) is already providing fas-
cinating insights and raising new ques-
tions.

At the applied level, I believe that the
most important and pressing applications
will come in providing solutions to our
energy problems. Photosynthesis is a so-
lution to the need for a renewable energy
source that has been perfecting itself for
more than 3 billion years. Almost cer-
tainly an important component to the so-
lution of the energy problem will have to
come from biology. Engineering may be
required to adapt to our needs the biolog-
ical coversion of sunlight to carbon
skeletons. It should be evident that many
of the tools needed for this task are al-
ready at hand.
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