The Biochemistry of Genetics

FRANCIS

THERE IS A SENSE in which genetics is the most
important, part of biology. The most character-
istic feature of biological systems is their organ-
ized complexity. Such a degree of complexity,
we believe, can only arise by the action of
Natural Selection. It is therefore important to
understand the biochemical mechanisms which
allow Natural Selection to take place, and this
necessarily involves us in the biochemistry of
genetics.

Classical Genetics started as a ‘“black box”
subject. It was found that the pattern of in-
heritance of certain characteristics showed a
striking and unexpected regularity. This led to
the concept of Mendelian factors, or “genes.” It
was proved at an early stage that such genes
were located on the visible chromosomes. By
genetie methods it could be shown that certain
genes were “linked” and that each linkage group
was located on a particular chromosome. By
making linkage maps the genes were shown to
ocecur in a linear order along the chromosome and
were inferred to have a material structure. Clas-
sical cytogenetics was limited by the resolving
power of the light microscope. It tended to be
mainly concerned with such questions as the
structure of chromosomes, the mechanisms of
mitosis and meiosis and in particular of genetic
recombination. Most geneticists believed that
the gene was made of protein.

Tt is worth noting that these questions of the
large-scale organization of the genetic material
are among those that we ecannot yet answer.
What we can answer is a rather different set of
questions, such as: What do we mean by a gene?
What is it made of chemically? How is it copied?
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How does it act? These questions were of course
asked at an early stage, but without much hope
that they would be answered. The answers have
come about mainly due to the rise of two quite
different disciplines; on the one hand, biochem-
istry and on the other, the genetics of micro-
organisms.

Biochemistry has let us approach the problem
at the atomic level, and since it has turned out
that the general plan of the macromolecules in-
volved is rather simple, it has been remarkably
successful. On the genetical side a very high
genetic “resolving power” is often needed. To
obtain this, very large populations must be
scored, and this is most easily and most rapidly
done with microorganisms, especially bacteria
and viruses. Their nutritional requirements are
simple and for many genes it has proved quite
easy to devise convenient selective techniques.
In addition, the genetic material of these organ-
isms is itself simpler than that of higher
organisms in that there is much less of it per
cell, and it appears less highly organized.
Finally, most of what we have found out about
genes in microorganisms is probably true for all
genes in all organisms.

The genes of higher organisms are, we suspect,
basically the same as those of microorganisms,
but with additional complications. For example,
all organisms have nucleic acid, but only the
higher ones have histones as well.

In this review, therefore, I shall concentrate
almost entirely on microorganisms, with only an
occasional reference to organisms with proper
chromosomes and the classical mitotic apparatus.
On the other hand, T shall also leave on one side
many of the rather strange methods of genetic
recombination found in microorganisms (trans-
duction, for example) except in so far as they
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provide useful information on other aspects of
the subject. I shall also omit two important
topics, mainly because our knowledge of them is
at the moment confused. These are the mecha-
nism of genetic recombination and the mecha-
nism of the control of gene action. Of the
former it may be said that the process of “break-
age and rejoin” now seems to occur in most
cases, but the details of it are obscure. About
control mechanisms we know that small mole-
cules can turn genes on and off (probably in-
directly) and that genes can be regulated
together in groups. We also know that some
aspects of control affect genes on one chromo-
some, but not those alleles on the sister chromo-
some in the same cell. That is, they act cis
rather than trans. Otherwise our knowledge
is, on the genetic side, rather confused, and on
the biochemical side practically non-existent.
Finally, for reasons of space, I shall not consider
the phenomenon known as inter-allelic comple-
mentation.

THE QUESTIONS

I shall thus address myself to answer three
broad questions. '

1. What is the genetical material?

2. How is it replicated?

3. How does it function?

I shall assume that the reader is familiar with
the elementary chemistry and physical chemistry
of protein and nuecleic acid.

THE ANSWERS IN OUTLINE

There is now much experimental evidence that
the main genetic material is nucleic acid. In
most organisms it is double-helical DNA. This
i1s duplicated in a relatively simple way. Each
chain of the double helix directs the synthesis of
a new, specific, companion chain. The correct
sequence of bases on the newly formed chain is
obtained by selecting the correct base (at each
step) for the new chain, using the standard base-
pairing.

The basic genetic material is thus a very long
piece of nueleic acid. A gene, defined rather
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Fie. 1. The figure represents part of a piece of (single-
stranded) nucleic acid. Each short line represents one
base. Notice that there is nothing special in the strue-
ture (except the base sequence) to mark the beginning
or end of the gene.

loosely as the “unit of function,” is then a par-
ticular stretch of this nucleic acid, having a
characteristic base sequence, usually about a
thousand or so bases long (see Fig. 1). There is
no break in the structure where one gene ends
and the next begins. This is presumably sig-
nalled by a special base-sequence at that point.
Genetic recombination can take place on a very
small scale, probably between adjacent bases,
so that the gene can be subdivided genetically
into many sites arranged in a linear order.

A stable mutation is then any change in the
base sequence which can be copied at the next
replication. It may be that one or more bases
are changed, or that a base or sequence of bases
is added or deleted.

The most important function of genes is to
direct the production of protein molecules. This
is done by producing a copy of the gene in the
form of “messenger RNA” (m-RNA). This
m-RNA is then “read” by the protein-making
machinery of the cell in such a way that a poly-
peptide chain is synthesized having a defined
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amino acid sequence. It is believed that this
polypeptide chain then spontaneously folds on
itself to produce the final conformation of the
protein,

Note that the duplication of DNA and the
synthesis of RNA—a process known as trans-
cription—are comparatively simple processes,
needing only a supply of activated monomers
and a specific enzyme in order to occur. On the
other hand the processes of protein synthesis, in
which the base-sequence of m-RNA directs the
formation of the amino acid sequence of the
polypeptide chain—a process known as trans-
lation—is a complicated process, involving bulky
biochemical machinery (the ribosomes) and many
different associated components (transfer RNA,
activating enzymes, etc.).

GENES ARE MADE OF NUCLEIC ACID

The first evidence that this might be true was
provided in 1944, in the epoch-making paper of
Avery, MacLeod and McCarty (1), which
showed that DNA was the essential component,
of the Transforming Factor in Pneumococcus.
In transformation one gives an organism a new
version of a gene by adding to it DNA taken
from another strain. This has now been done in
several species of bacteria, and for numerous
different genes, many of which are known to
control the production of particular proteins,
There is now no longer any serious doubt that
the active material is DNA itself.

Most viruses consist mainly (if not entirely)
of a length of nucleic acid and a protein coat.
In several cases it has been demonstrated that
the nucleic acid alone is infective and enables the
infected cell to reproduce complete virus con-
taining both nucleic acid and the specific protein
of the coat.

This work has shown that while nucleic acid
is the essential genetic component, it does not
have to be double-helical DNA. Tt can be DNA
or RNA, double-stranded or single-stranded,
depending upon which virus we are considering
(see (2) for some recent references). The only
generalization appears to be that, so far, no large
viruses are known which are single-stranded.

One would surmise that a single-stranded nucleic
acid would be more delicate than a double-
stranded one, and that DNA would be degraded
less easily than RNA. Thus the use of double-
stranded DNA for the main genetic material of
larger organisms is only to be expected. Notice
that there is certainly no need for both strands
from the point of view of information. Since the
sequence of bases on one strand implies that of
its companion (because of the specific base-
pairing), the second strand adds nothing, except
an insurance against damage.

In no case has it been possible to show for g
virus that its protein component alone is infec-
tive. Such a component may kill its host, but
there is no evidence that it can reproduce. It is
more difficult to be quite certain that a small
amount of protein is not essential in order for
the nucleic acid to be infective. Indeed, on the
basis of our present ideas this may well oceur in
some cases. However, one would be surprised if
it were essential for all viruses. Moreover, one
would not expect the detailed genetic information
needed to make such a protein to be carried by
the protein itself, but rather by a nucleic acid
gene of the virus (or, less likely, of the host). In
short, we are reasonably certain that the most
Important genetic material is nucleic acid. Other
minor components are difficult to exclude com-
pletely.

The above remarks should strictly be taken to
apply to the genes proper. Two reservations
must be made. There may be other systems in a
cell, especially in higher organisms, which are
extrachromosomal. It is thought that such 8ys-
tems occur, for example, in mitochondria and in
chloroplasts. These organelles probably contain
DNA of their own. It remains to be shown
whether such DNA, inside the appropriate cell,
determines them completely. On the other hand
it is conceivable that some structural elements
of a cell can only form (“erystallize”) if such a
structure (or perhaps the nucleus of such a struc-
ture) already exists. This possibility has been
discussed recently by Sonneborn (3).

Nucleic acid, then, is the main genetic mate-
rial. However, it does not follow that all nucleic
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acid has a highly specific genetic function. We
do not even know whether this is true for all the
DNA on the chromosomes, and indeed there is a
strong suspicion that some of it may be rather
unspecific. Certain crabs, for example, have an
appreciable fraction of their DNA with an un-
usual composition, consisting mainly of adenine
and thymine in a predominantly alternating
sequence (see (4) for references). ‘The function
of this special DNA is not known.

Then again there is probably nucleic acid
which will never be copied. Egg cells frequently
have large quantities of DNA in their cytoplasm.
It is surmised that this is a storage material,
which is broken down to mononucleotides, which
are then used for DNA replication. Moreover,
the balance of evidence suggests that in most
normal cells RNA molecules are not copied at all.
For bacterial cells there is good evidence that all
types of RNA (messenger RNA, ribosomal RNA
and soluble RNA) are copies of the DNA of the
chromosome. It is plausible that all this RNA
is a direct copy, and not a copy of a previous
copy. However, one must be cautious at this
point. It is certain that in a cell infected with
an RNA virus there is an RNA-RNA copying
mechanism. There is nothing in principle against
such a mechanism in normal cells, and whereas
it may perhaps be absent in most organisms it
could well be present in some.

THE SIZE AND SHAPE OF DNA

It used to be thought that DNA “molecules”
were poly-disperse with an average molecular
weight of about, say, 10 million. We now know
that this is an artefact. Long polymer molecules
are easily broken by hydrodynamic shear. Their
fragility increases as the cube of their length, and
they tend to break near the middle. The DNA
of the T even phages, for example, is all in one
long piece (molecular weight = 130 x 10 ), hav-
ing a total length of about 70x. Even relatively
gentle handling tends to break this in half, and
normal handling will break it even further (5-7).
It is now believed that the DNA of bacterial
cells may also be one long piece (8, 9). For E.

coli the estimated length is 1 mm, which is about
a thousand times as long as the size of the cell.

An unexpected feature is that the DNA of
several viruses and bacteria has been shown to
be circular (for references, see (10)). This is
true for the polyoma virus and rabbit papilloma
virus (though filaments also occur) and for the
single-stranded DNA of the virus ®X-174, as
well as its double-stranded replicative form
found in the infected cell. The lysogenic virus A
appears to have “sticky ends,” and can form a
circle, or several can join together end to end
into a large circle or a longer straight line. By
autoradiography, the long DNA chromosome of
E. coli has been shown to be circular (8).

So far no RNA virus has been shown to have
circular RNA. Tt is unlikely that the RNA of
rod-shaped viruses like tobacco mosaic virus
is circular, but there is no reason why some
spherical viruses should not have circular RNA.

In some cases it is known that the genetic map
of an organism is circular, but the genetic map
can be circular even in cases in which the DNA
of the virus is a straight line, as in the T even
phages (11). The subject is of great interest but
it is too complex to discuss further here.

THE REPLICATION OF NUCLEIC ACID

By replication we mean a highly specific
biochemical process by which the base sequence
of the nucleic acid used as the template dictates
the base sequence of the product. We know of
three such processes which occur in Nature::
1) the production of DNA, using a DNA tem-
plate; 2) the production of RNA, using an RNA
template; 3) the production of RNA, using a
DNA template. The first two occur in the repli-
cation of genetic material. The third is the main
mechanism of gene function. A fourth possible
process, the replication of DNA on an RNA
primer, has not yet been discovered in wvivo,
although a special case has been demonstrated
n vitro (12).

THE REPLICATION OF DNA

It is easiest to consider first the replication of
double-helical DNA. As is well known, this struc-
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ture consists of two polynucleotide chains wound
round one another, as symbolized by the blue and
red ribbons on the badge of this Congress. The
- two backbones are anti-parallel. Although much
of the energy to stabilize the structure comes
from the stacking of the bases, the specific forces
holding the structure together are the hydrogen
bonds between the specific pairs of bases: adenine
with thymine, guanine with cytosine, as shown
in Fig. 2.

Cytosine

Guanine

Fia. 2. The two standard base-pairs believed to occur
in DNA. From Molecular biology of bacterial viruses,
Gunther Stent, Freeman, 1964, Figs. 3-9.

The pairing of the bases is the key to the pro-
posed replication mechanism, since it allows a
single chain to act as a template and direct the
selection of the bases for a new companion chain.
The mechanism has two important features:
1) The two original chains come apart, so that
the two daughter double-helices are “hybrid,”

each consisting of one old and one new chain.
Such a mechanism is described as “semi-con-
servative” (see Fig. 3). 2) The base-sequence of
each new chain is “complementary” to that of
one of the old ones; this is achieved during repli-
cation by the specific base-pairing mechanism.
In my view the second of these is the really
essential feature.

There is now good experimental evidence that
both these features are correct. That the DNA
of E. coli behaves as a duplex during replication
was shown by the now classic experiment of
Meselson and Stahl (13). There has been some
controversy as to whether the two parts of the
duplex are indeed the single chains of the double
helix. A contrary view has been put forward,
with experimental evidence, by Cavalieri (14),
but it has not found much support. The balance
of evidence suggests that in fact the two chains
separate and that replication is semi-conserv-
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F1a. 3. Tllustrating the semi-conservative replication of
DNA. In conservative replication the two original
chains never come apart. In semi-conservative replica-
tion they separate and a hybrid is formed consisting of
one old and one new chain (ef. Meselson and Stahl
(13), Fig. 8).
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ative. There is also evidence that the DNA of
the chromosomes of plants such as Vicig repli-
cates as a duplex (see the review by Taylor
(15)) but this is outside my present subject.

5’l3'
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as the DNA template used, and the same nearest-
neighbour base frequencies. Moreover, the results
obtained with purine and pyrimidine analogues
are compatible with the base-pairing mechanism

5/

F1c. 4. A hypothetical model to account for the non-denaturability of synthesized DNA.
The primer is indicated by thin lines, the produced DNA by heavy lines. Hydrogen bonds
between strands are shown as horizontal lines. According to this scheme, replication pro-
ceeds by pairing with the base at the 3’-hydroxyl end of the template strand; the direction
of the arrows shows the direction of synthesis and polarity of the strand (cf. Schildkraut

et al. (17), Fig. 9).

The replication of DNA can be carried out in
the test-tube, as first achieved by Kornberg and
his colleagues (see references in (16)). The ex-
perimental results are in fairly good agreement
with the mechanism proposed by Watson and
myself. A special enzyme, DNA polymerase, is
needed which requires as substrates all four types
of deoxynucleotide triphosphate. During the syn-
thesis pyrophosphate is split off. The enzyme
from E. colr will copy any DNA added to it. The
product is double-stranded DNA of high molec-
ular weight. It has the same base composition

we suggested. The nearest neighbour frequencies
show that two strands of the double helix are
anti-parallel rather than parallel.

In general the physical state required for the
template DNA varies somewhat with the species
from which the enzyme is prepared. In all cases
single-stranded DNA will act as a template, but
in some cases double-stranded DNA will not act.

Extensive synthesis can be obtained with the
polymerase from E. coli, but the product is un-
like native DNA in at least two respects. It
appears branched in the electron microscope, and
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1t renatures fully after heating and quick cooling.
The exact reasons for this behaviour are not yet
known, but a plausible model has recently been
presented by Schildkraut, Richardson, and Korn-
berg (17), and is described in Fig. 4. They ecall
this the multiple hair-pin structure. These eccen-
tricities may explain the failure to replicate
biologically active DNA in a convincing manner.

The enzyme shows two unexpected additional
reactions. It will, in certain cases, synthesize a
special DNA without any template being pres-
ent, but only after a long lag. Thus if given only
the adenine and thymine precursors, it will pro-
duce a polymer of high molecular weight having
a strictly alternating base-sequence and a base-
paired double-helical structure. Given only the
guanine and cytosine precursors, it will synthe-
size chains of two types: either all guanine or all
cytosine,

The other peculiarity is that if the enzyme is
provided with Mn++ instead of Mg++ it will
accept ribonucleoside triphosphates as well as
the corresponding deoxyribonucleoside com-
pounds (17). It is thus possible to synthesize
a polymer having a mixture of ribose and deoxy-
ribose in its backbone. So far no polymer of this
type has been found in Nature.

The enzyme for E. coli has, or has closely
associated with it, several nucleases (see Richard-
son et al, (19) for a summary and references;
also the review by Lehman (20)). It is an inter-
esting speculation that these may really exist to
increase either the accuracy or the efficiency of
the synthesis, but this is too complicated a sub-
jeet to discuss here, DNA polymerase from
Bacillus subtilis appears to lack one of these
activities (21).

It should be noticed that single-stranded DNA,
such as that of the virus ®X-174, can be repli-
cated both in vivo and in vitro. This underlines
a feature which was not so clear to us at first,
namely that the polymerase enzyme must play a
very important part in the specificity of the
replication. On our scheme it must hold the
backbones both of the growing new chain and of
the old chain near the growing point in such a
position that only the standard base-pairs can

form. The geometrical rigidity of the double
helix is not enough by itself to do this with high
efficiency.

If the two chains of the double helix are sepa-
rated during replication, they must be unwound,
since the X-ray evidence shows beyond any rea-
sonable doubt that the two backbones are twisted
together round a common axis. Exactly how this
happens is still not known. There is no difficulty
about the two chains coming apart when the
structure is “melted” by raising the temperature.
The important “annealing” technique whereby
separated chains can be made to form a double
helix again with their complementary chains by
slowly cooling them together, shows that, given
the chance, two chains can wind up as well as
unwind. What is puzzling is how this is achieved
for molecules of DNA of very great length; how
the energy is supplied and how it is done in &
neat manner.

To approach this problem we need to know
how the two chains behave during replication.
An early speculation was that the chains did not
come fully apart before they were copied, but
that the synthesis and the unwinding went to-
gether, so that only a small part of the chains
near the growing point was ever single-stranded
at any one time. This is the so-called Y mecha-
nism, illustrated diagramatically in Fig. 5. Be-
cause the two chains of a double helix run in
opposite directions this implies that the two new
chains are being synthesized in chemically oppo-
site directions. Presumably this would require
that one of the two growing chains would have
a triphosphate on the 5'-position of its terminal
deoxyribose.

Until recently there was no evidence to support
such an idea, and direct chemical evidence is
still lacking. However, by autoradiography
Cairns has produced pictures (8) of the replicat-
ing circular chromosome of E. coli which cer-
tainly suggest that the Y mechanism, or some-
thing rather like it, is operating, and implies
that the chromosome is synthesized by starting
at a fixed point and going systematically along
the entire chromosome. There is other evidence
which indicates that this happens, and indeed it
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Fi6. 5. The Y mechanism of replication, shown symbolically. The arrows show
the directions of rotation. The two new chains are growing in the downwards
direction, From Molecular biology of bacterial viruses, Gunther Stent, Freeman,

1964, Figs. 4-7.

is not in the least surprising, since it is a strong
biological requirement that each bit of DNA
should be copied once and once only, and this is
achieved most easily by doing the replication in
a systematic manner.

At any one time there is only one Y on the
chromosome where synthesis is proceeding. Be-
ing circular the autoradiographs necessarily show
a second Y, and there must presumably be a

swivel at this point. Cairns has suggested (9)
that something at the swivel point actually drives
the unwinding and' that this explains why cir-
cular forms of DNA are now being found so fre-
quently. Whatever the reason, we are now ap-
proaching the stage when we are asking questions
not merely about the small-scale details of DNA
replication but also about the large-scale organ-
isation which goes with it. Thus it is quite re-
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markable that not only can a circle of DNA
of 1 mm length be replicated but that the two
daughter molecules can separate into separate
regions without getting hopelessly tangled to-
gether. Some insight into how this is done in
bacterial eells might ultimately help us to under-
stand the structure of the much more complicated
" chromosomes of higher organisms.

Finally it is worth remarking that, whereas in
the cell DNA synthesis proceeds very rapidly, at
the rate of a couple of thousand base-pairs per
second, 1n vitro the DNA polymerase works much
more slowly. This may well be because it cannot
carry out the proper Y mechanism (Fig. 5) for
some reason. For example, the enzyme may be a
dimer in the cell, but has become a monomer
under the conditions used in the test-tube. Alter-
natively, there may be some difficulty in starting
or maintaining a chain with a triphosphate on
its growing end. Dark doubts have been ex-
pressed that the DINA polymerase we have is
“only a repair enzyme.” If this were so, a mutant
lacking it could perhaps survive in a fashion, It
would certainly be more comforting if the in
vitro synthesis could be achieved more rapidly
and also without the hairpin artefacts shown in
Fig. 4; but this is easier said than done. We
verge here on the fascinating but difficult topic
of the control of DNA synthesis in the cell, but
this is outside the scope of this lecture.

THE REPLICATION OF
SINGLE-STRANDED VIRAL RNA

In no case has it yet been shown that the repli-
cation of an RNA virus goes through a DNA
intermediate, and in several cases the evidence
suggests that it does not.

In two cases it has been demonstrated that
there is a special form of RNA in the virus-
infected cell which has the properties expected
of double-stranded RNA, and which is probably
the replicative form of the virus. It has also been
shown in several cases that upon virus infection
at least one new enzyme appears in the infected
cell which can synthesize RNA using RNA as
a primer. This activity has been found in Hela

cells infected with polio virus and in L-cells in-
fected by Mengovirus (see the review by Balti-
more and Franklin (22)). It has been extensively
studied in E. col¢ infected with the phage MS 2
(see Weissman et al. (23) and Ochoa et al. (24)
for references). In this case the new enzyme is
found associated with the double-stranded repli-
cative form. This appears to be good double-
helical RNA, and it is inferred that the base
sequence of the new strand is complementary
to the parental one in the usual way.

The action of the enzyme attached to the
double-stranded RNA has been studied in vitro.
It requires the four ribonucleoside triphosphates
as substrates, and splits off pyrophosphate. It
appears to synthesize mainly the parental type
strand, some of the product staying in the double-
stranded form, and some appearing as single-
stranded RNA.

If the double-stranded RNA is indeed an obli-
gatory replicative form, as the evidence suggests,
there must be a maturation process by which
parental-type single strands are produced and
then incorporated in the mature phage particle.
Exactly how this is done is not at the moment
clear, but it is interesting that the in vitro sys-
tem appears to synthesize only chains of the
parental type and not the ecomplementary chain.

It will be interesting to see if this general
scheme for the replication of single-stranded
RNA viruses is generally applicable. Two re-
ports at the Congress claimed that a double-
stranded replicative form of tobacco mosaic
virus has been discovered recently.

THE SYNTHESIS OF MESSENGER RNA

It has been shown for many types of cell that
there is a species of single-stranded RNA,
heterogeneous in size, which is rapidly labelled
and has a base-composition complementary to
that of the DNA of the cell. In some cases this
RNA has been hybridized with single strands of
the cell’s DNA, thus showing that it is a faith-
ful copy of the base-sequence of at least part
of the DNA. Such an RNA is also found attached
to ribosomes, stringing them together into poly-
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somes. In bacterial cells this RNA turns over
rapidly. In mammalian cells it turns over much
less rapidly and in reticulocytes probably not
at all. This RNA is surmised to be the messenger
which carries the genetic information from the
DNA of the gene to the site of protein synthesis,
the ribosomes. It has been called messenger
RNA, or m-RNA for short (for reviews see
Jacob and Monod (25) and Lipmann (26)).

The concept of messenger RNA implies that
the RNA of the ribosomes itself is not, as previ-
ously believed, the genetic message, and that the
ribosome is a non-specific part of the mechanism
of protein synthesis. It is not too much to say
that this idea is the most important addition to
our thinking in the last ten years. It has clari-
fied a host of puzzling observations and stimu-
lated experimental work on protein synthesis, the
genetic code, the biochemistry of embryology and
many other subjects.

The enzyme RNA polymerase which we be-
lieve synthesizes m-RNA was isolated by several
groups of workers. It requires nucleic acid as a
template and (with reservations) the presence of
all four ribonucleoside triphosphates as pre-
cursors. The product is RNA of a reasonably
high molecular weight, having a base composi-
tion and nearest neighbour analysis complemen-
tary to the nucleic acid used as template, and
is able to hybridize with the latter (see the re-
view by Hurwitz and August (27) and recent
papers (28-31}). During the reaction pyrophos-
phate is split off. The yield of RNA can be
many times greater than the amount of DNA
template used. The results with base analogues
are crudely what one would expect, but the de-
tailed pattern of incorporation is complicated
and suggests that other effects are operating in
addition to the pairing of bases.

The requirements for the template are rather
complicated. Both single-stranded and double-
stranded DNA can act, as can small oligodeoxy-
nucleotides. In the latter case the RNA produet
can be considerably longer than the template.
When double-stranded DNA is used as a tem-
plate, the two strands are not separated at the
end of the reaction, even after extensive RNA

synthesis. This suggests that if the two strands
separate at all during the reaction they do so
only transiently. In other words the synthesis is
“conservative.” In addition, the evidence shows
that in vitro both strands of the DNA are copied,
since the RNA produced can be annealed to form
a double helix with itself. However, it has been
established in several cases that in vivo only
one stran&k}of the DNA is copied, as would be
expected oh theoretical grounds, A very neat
experiment has been reported recently by
Hayashi, Hayashi and Spiegelman (32). They
show that if intact, circular, double-stranded
DNA, of the replicative form of ®X-174, is used
as a template for the RNA polymerase, only one
strand is copied, whereas if the circle is disrupted,
RNA copies of both strands are made. The RNA
produced by the intact circular form is the com-
plement of the complement of the parental single-
stranded DNA, as would be expected from earlier
studies of the RNA produced inside the virus-
infected cell.

When the single-stranded DNA of the virus
®X-174 is used as a template, the first product
of the reaction is a hybrid DNA-RNA complex;
free RNA is produced later. It is suspected that
the RNA chains produced may be rather shorter
than the length of the template DNA. Similar
results are obtained with thermally denatured
DNA from Adg and from calf thymus. If the
DNA-RNA complex is itself used as a template
the reaction is at least partly semi-conservative.
That is, some of the RNA of the hybrid is dis-
placed by the new RNA being synthesized (29).
The precise reasons for this behaviour are not yet
clear.

The system shows two further types of be-
haviour which are unexpected. Given a double-

stranded DNA template and a single nucleoside
triphosphate the enzyme can produce a homo-

polymer. The optimum conditions for this reac-
tion differ somewhat from those for the usual
synthesis. Chamberlain and Berg (33) suggested
that the formation of homopolymers is due to the
template action of short clusters of identical com-
plementary bases on the template nucleic acid
used. Thus the formation of polyadenylic acid
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would be directed by short stretches of thymidy-
late. The available evidence, such as it is, is
compatible with this idea.

The other surprising feature is that RNA itself
can act as a template for the enzyme. The reac-
;tion is similar to the DNA-primed reaction,
though there are minor differences. All four ribo-
nucleoside triphosphates are required, pyrophos-
phate is released and the product is complemen-
tary to the RNA template used. RNA homo-
polymers, complementary RNAs and natural
RNA will all act as templates, but in decreasing
order of efficiency. The natural double-helical
RNA of reovirus also acts as a very effective
template {34). However, there is as yet no evi-
dence that any of these reactions take place
n vivo.

The formation of homopolymers also oceurs
with single-stranded or double-helical RNA when
the RNA polymerase from E. coli is used.

THE SYNTHESIS OF RIBOSOMAL RNA
AND s-RNA

It has been shown by specially sensitive hy-
bridization techniques that in bacterial cells at
any rate, these two classes of RNA are copied
from parts of the DNA, presumably by the RNA
polymerase, in the same sort of way that m-RNA
is synthesized (see Spiegelman and Hayashi (35)
for a review and references). Rough estimates
have been made of the amount of DNA involved
in the case of E. coli—about 0.1 to 0.2% of the
genome for ribosomal RNAs and about 0.023%
for the s-RNA molecules. There appear to be
different genes for the 168 and 23S ribosomal
RNA.

Although both of these classes of RNA have a
similar base composition throughout Nature,
despite large variations in the over-all base
ratios of DNA from one species to another, their
detailed base sequence is peculiar to each species,
since RNA from one source will not readily
hybridize with the DNA from a quite unrelated
organism.

It has not yet been established for either type
of RNA that the DNA does not first make some

master copies of complementary RNA, which are
then themselves copied by a further synthesis to
give large amounts of the complement of the
complement, but so far there is no evidence to
suggest this.

PROTEIN SYNTHESIS

Protein synthesis is too large a subject to cover
properly in this review. I shall give a brief de-
scription of what we now know about it, and then
discuss certain aspects of it more fully. For
references see the recent review by Watson (36)
from which the schematic diagram of Fig. 6 is
taken.

Proteins are synthesized on large structures,
of the order of 200A diameter, known as ribo-
somes. Ribosomes are found in all cells, in all
organisms, in which protein synthesis is occur-
ring. All ribosomes are in two parts, a larger
one and a smaller one. Each ribosome is made
of about equal parts of protein and RNA (the
exact proportion varies from organism to organ-
ism). The smaller particle contains one piece of
RNA, sedimentation 16S; the larger particle has
one piece of about 23S. The function of the RNA
of the ribosome is not understood. The exact
nature of the proteins of the ribosome is at the
moment a matter of controversy. It is agreed
that they are fairly basic, rather small, and that
there is probably more than one kind in any cell.
I shall not discuss them further here.

In order to be incorporated into a protein, an
amino acid must be activated by a special ac-
tivating enzyme, using ATP. In bacterial cells
there appears to be one and only one activating
enzyme for each amino acid. This enzyme then
transfers the amino acid to the terminal ribose of
a special RNA, known as soluble or transfer
RNA. In general there are several different kinds
of soluble RNA for each amino acid. The solu-
ble RNA then carries the amino acid to the site
of protein synthesis.

The amino acids are joined up in the correct
order on the ribosome, under the direction of a
piece of messenger RNA which combines with
the smaller part of the ribosome. There appear
to be two special sites on the larger part of the
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Fic. 6. A diagramatic outline of protein synthesis (cf. Watson (36), Fig. 7).

ribosome. In one site a molecule of s-RNA sits,
to which is joined the part of the polypeptide
chain already made. The carboxyl end of the
polypeptide chain is held by an ester link to the
terminal ribose of the s-RNA. The other site
holds the s-RNA which is carrying the amino
acid to be added next to the chain. The correct
8-RNA is presumed to be selected by its combin-
ing, probably by base-pairing, with the next
triplet of bases on the m-RNA. It is then
imagined that the growing chain is removed from
the s-RNA molecule in the first site and joined
on to that in the second site. The polypeptide
chain is thus lengthened by one amino acid. The
apparatus then resets in some way and the process
is repeated. In addition to the components men-
tioned, two soluble proteins and GTP are some-
how involved in this whole process,

The growth of the polypeptide chain thus starts
from the amino end, and proceeds by successive
terminal addition to the carboxyl end of the
growing chain. This hag been established in sev-
eral cases by direct experiment.

As the synthesis of the polypeptide chain pro-

ceeds the ribosome moves along the m-RNA.
After it has cleared the beginning of the m-RNA
another ribosome can go on there and follow the
second one, “reading” the m-RNA and making a
polypeptide chain. Eventually a whole series of
ribosomes will be travelling along the m-RNA,
one behind the other, each making one protein
molecule. Such a structure is called a poly-
ribosome. The polyribosomes involved in the
synthesis of haemoglobin typically contain about
five or six ribosomes, but much larger poly-
ribosomes are known to exist in other cells.

It is fairly probable that, to act as a mes-
senger, the nucleic acid must be single-stranded
RNA. If it has too much secondary structure
it will not function, nor is there any evidence that
single-stranded DNA is acceptable. Single-
stranded viral RNA may act as a messenger,
forming enormously large polysomes.

THE GENETIC CODE

The sequence of bases on the m-RNA is thus
in some sense a code for the amino acid sequence
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of the protein whose synthesis it directs. It is
assumed that this code is likely to be a relatively
simple one. Although the code is not yet known
in detail it seems likely that it is a non-over-
lapping, non-interlacing, degenerate, triplet code
(for references see (37)). This means that the
codon—the group of nucleotides which codes one
amino acid—is a group of three adjacent nucle-
otides and that the next three nucleotides on the
m-RNA code for the next amino acid. “Degen-
erate” implies that usually more than one triplet
codes for each amino acid, there being 64 pos-
sible triplets and only 20 different amino acids
found in proteins.

By using artificial m-RNA, made enzymati-
cally with a known composition but a random
sequence, to direct polypeptide synthesis in a
cell-free system, it has been possible to arrive at
the probable composition of most of the codons
(38-39), though it is not yet known how trust-
worthy these assignments are,

" Until very recently the order of the bases
within a codon was not known. However, at this
Congress Dr. Marshall Nirenberg reported that
he and Dr. Leder have devised a method whereby
trinucleotides could be used to decipher the code.

They were able to show, for example, that the
trinucleotide GUU promoted the binding of the
s-RNA for valine to ribosomes, whereas UGU
and UUG did not. Thus GUU is presumably a
codon for valine (40). This development, to-
gether with the work of Khorana (41), who is
synthesizing polymers with known repeating
sequences, and of Doty and his ‘c/dzeagues (42),
who are testing short polynucleotides with a
known sequence, makes it likely that most of the
genetic code will soon be established.

It is reasonably certain (43) that the code is
very similar in all organisms tested, not only be-
cause no significant difference has been found
between cell-free systems from different organ-
isms in their response to artificial m-RNA, but
also because of the evidence from mixed systems.
However, it is still possible that the code differs
in some respects from species to species.

THE GENE AND ITS PROTEIN
ARE COLINEAR

It has been surmised for many years that the
gene and its protein were colinear, although other
more complicated schemes were not entirely
ruled out. However, it has taken far longer than
expected to prove it. This has now been done by
two groups of workers.

The ideal experiment is still not technically
possible. In this one would determine the actual
sequence of bases along the nucleic acid of the
gene, and compare it with the sequence of amino
acids in the polypeptide chain for which it codes.
Instead, sites within the gene, recognizable be-
cause each causes the alteration of a particular
amino acid, are ordered by genetic methods and
the order so found is compared with the order
found in the corresponding alterations to the
polypeptide chain. The resolution needed for the
genetic work is so high that at the moment it is
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Fia. 7. Part of the amino acid sequence of the A pro-
tein of tryptophan synthetase. Those amino acids in
capital letters show the different mutations which have
been found and the points at which they occurred
(cf. Yanofsky et al. (44), Fig. 3).
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only technically possible to do this using micro-
organisms.

Essentially this method has been employed by
Dr. Yanofsky and his co-workers (44), using the
A protein of tryptophan synthetase from
Escherichia coli. They have studied 9 distinct
sites, affecting 7 different amino acids, and
covering a stretch of about 60 amino acids. Their
results are shown in Fig. 7. As expected the two
orders are the same.

The same result has been obtained in our
laboratory by Dr. Sydney Brenner and his co-
workers (45). They studied the protein of the
head of phage T4. They used a special class of
mutants (known as “amber” mutants) which act
by terminating the polypeptide chain. This
action can be suppressed by growing the phage
in a special host strain, a fact in itself of con-
siderable interest. They showed, in effect, that
mutants towards one end of the gene produced
only a short length of the protein, whereas those
towards the other end produced longer lengths.
In all they studied about 10 mutants, and were
able to order eight of them. Again the two orders,
the genetic order and the polypeptide order, were
the same. In this case the distance covered was
estimated to be several hundred amino acids, so
their results were on a coarser scale than Dr.
Yanofsky’s.

Generalising happily from these two examples
we may surmise that any gene and its protein
will be colinear. All this is very satisfactory and
fits in very well with the quite independent evi-
dence that proteins are assembled sequentially
from the amino end.

Although the gene and its protein are colinear
on a coarse scale, it is still possible that the bases
which code for one amino acid are not adjacent,
but spaced out on the polynucleotide chain. For
example successive amino acids might be coded
by bases numbered:

(1, 3, 5)

(4, 6, 8,)

(7,9, 11))
ete.

Such a code is called an “interlacing” code and
is illustrated in Fig. 8. This possibility cannot

be ruled out, but there is no evidence which sug-
gests that it may be true.

non - interlacing

Fic. 8. To illustrate the meaning of “interlacing.”
Only the simplest type is shown. Each short vertical
line represe;’x(tlz1 a base. They have been shown alter-
natively up and down in the lower figure merely to
make the diagram simpler. Each number shows the
codon for an amine acid.

GENETIC RECOMBINATION CAN
OCCUR WITHIN A CODON

This too has been demonstrated by Dr.
Yanofsky, using the system just referred to. At
a certain place in the polypeptide chain the wild
type strain puts in glycine. In two distinct
mutants one has glutamic acid and the other has
arginine. If these two mutants are crossed to-
gether the rather rare recombinants have glycine
at this point. Glu crossed with Arg gives Gly.
Even more striking if a further mutant contain-
ing valine is crossed with the arginine mutant the
recombinants are of two types; some have
glycine, like the wild type, whereas some have
serine at this particular place. However, if the
valine mutant is crossed with the glutamic acid
mutant no recombinants are formed at all, sug-
gesting that in this case the two mutations are
at the same place in the nucleotide sequence of
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the gene (see Yanofsky (46) for a fuller descrip-
tion).

- This result would have been received with
astonishment a dozen years ago. Today we
realize that it is exactly the sort of thing to be
expected. Information of this type is invaluable
for helping to decipher the genetic code. In-
cidentally, in the course of this work Yanofsky
has picked up no less than seven different amino
acids at this one position in the polypeptide chain.
In all cases the adjacent amino acids are un-
altered.

GENERAL OBSERVATIONS ON THE
REPLICATION OF NUCLEIC ACID

The unique feature of nucleic acid replication
is that one enzyme can make an exact (comple-
mentary) copy of a vast number of different
molecules; that is, of nucleic acids having a great
variety of base-sequences. “Fhe importance of
this as a foundation for a genetic mechanism can
hardly be overestimated, since it allows Natural
Selection to operate very powerfully, yet in a
simple manner. Not only does it permit the
organism to have a selection from an almost
infinite number of different kinds of genes, but
for each gene a very large number of alterations
to it (mutations) can be faithfully copied. We
know of no other biochemical synthesis which
has this character, and we strongly suspect we
shall not find one which is capable of such
variety.

The essential feature of this replication is the
pairing of the bases. In all the cases that we
know, the base sequence of the product is com-
plementary to that of the template provided
guanine pairs with cytosine and adenine with
thymine (or uracil). Notice two points: 1) The
pairing is complementary. So far no case of like-
with-like pairing has been discovered in a repli-
cation mechanism. 2) There is no evidence of any
third base-pair.

This second point needs some comment. For a
third base-pair to be useful it should be a quite
distinet pairing. That is, the six bases should be
such that, given the usual geometrical restraints,

it should be possible for each of the six bases to
pair only with its unique partner. Rich has looked
for such a pair, assuming the usual hydrogen-
bond type of arrangement. He has suggested
(47) that isoguanine and isocytosine might be
suitable, but there is some doubt about the
stability of the various tautomeric forms of these
bases. In any event, there is as yet no hint of
their occurrence in natural nucleic acid. On the
grounds that if a third base-pair were possible
Nature would have certainly had learnt to use 1t,
I propose as a hypothesis:

No new base-pair will be discovered which
could not be confused with the two already
known.

Other bases than the standard four do oeccur
in natural nucleic acid. Hydroxymethyl cytosine
(with some glucose attached) is found in the T
even phages instead of cytosine. One phage has
uracil in its DNA instead of thymine. Pseudo-
uracil is found in s-RNA, and numerous methyl
derivatives of the standard bases oceur, usually
in small amounts. The subject is too complex to
review here. As far as I know, all the data so far
are consistent with the following generalization:

No base will be found in natural nucleic acid
which cannot form one of the standard base-
pairs, unless it was formed by modification
of the nucleic acid after replication and un-
less this nucleic acid is not going to be
replicated further.

This does not answer the question how these
modified bases are formed and whether they
occur in random or in special positions in the
base-sequence, but that is a topic in itself.

We have seen that strictly only one chain of
the nucleic acid is needed to carry the base-
sequence information, and that single-chain
viruses exist, of both the RNA and the DNA
type. We have also seen that in several cases
there is suggestive evidence that such single-
stranded viruses pass through a double-stranded
replicative form.

The implication of the ideas just discussed is
that all nucleic acid will be replicated using the
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standard base-pairs. This leads us to the further
plausible generalization:

All biological replication of nucleic acid
takes place by forming (at least transiently)
a double-heliz using the standard base-pairs.

This generalization, if aecepted, leads to the
previous one, assuming that no nucleic acid is
first modified and then de-modified.

The standard base-pairs, then, look as if they
may be a uniform feature of nuecleic acid repli-
cation. Of course, it is well known that other
base-pairs ean oceur in double-helical structures.
Thus polyadenylic acid (poly A) forms a double
helix with itself, and polyinosinic acid (poly I)
and polyguanylic acid (poly G) form multiple
helices. In all these structures, however, the back-
bones are parallel, rather than anti-parallel as
they are in DNA. The only “new” base-pair so
far found in an anti-parallel double-helical
structure is the pair (poly A plus poly I}, and
this has the two backbones further apart than
‘they are in DNA.

Two further points should be made. First, it
does not follow that other base-pairs cannot
oceur in important places in certain situations,
for example, in transfer RNA, or during the
presumed combination of transfer RNA with
messenger RNA. Second, the exact nature of the
base-pairs is still not completely clear. There is
little doubt about the pair (G —— C). Three
hydrogen bonds are formed between the bases, as
mentioned tentatively by Watson and myself
(48}, but first clearly suggested by Pauling and
Corey (49). This structure has now been found
in two single crystals (50, 51).

The uncertainty concerns the pair (A -+ T).
The standard form suggested by Watson and
myself is that shown in Fig. 2. However, the
first single crystal of a base-pair to be solved,
that of 9-methyl adenine and 1-methyl thymine,
by Hoogsteen (52), contained the pairing illus-
trated in Fig. 9. This pairing, or a variant of it,
has since been found in three other crystals (53,
54). Neither of these two new base-pairs can
easily be fitted into a double helix which also
has G-C pairs without making the backbone

irregular. However, it is by no means ruled out
that stretches of A-T pairs could click over into
the new pairing. It has been speculated that this
might be a speecial signal; to start an operon, for
example. It is thus of some interest to discover

®

Fia. 9. The erystal structure of the base-pair 9-methyl
adenine and 1-methyl thymine, from Hoogsteen (52).
Compare the pairing shown in the upper half of Fig.
2 (cf. Hoogsteen (52)).

the exact structures~for the double helix (poly A
and poly U) and the triple helix (poly A and 2
poly U). A recent paper (55), dealing with the
infrared evidence, discusses this problem more
fully.

Given that DNA is replicated semi-conserv-
atively and that the product is base-paired
double-helical DNA, it follows that the new
chain of each hybrid DNA molecule is comple-
mentary to the old one. As pointed out in the
review by Cavalieri and Rosenberg (56), this















