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I. Introduction

Perhaps the most striking characteristic in the development of
biochemical understanding during the past decade has been the
discovery that nucleic acids play the central role in the transmis-
sion of molecular information. Although a great deal of data had
been compiled on pathways of intermediary metabolism by the early
1950’s, relatively little was known about those reactions which gov-
ern the over-all flow of metabolism. In contrast to that situation,
we now have a reasonably coherent explanation of the replication
and transmission of genetic information and the process whereby
this information leads to the ultimate regulation of metabolism. At
the very heart of the system are the nucleic acids, deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA). These molecules now oc-
cupy such a central role in biochemistry that it is difficult to realize
the extent to which their properties and functions were unknown
as briefly as a decade ago. |

Inevitably the development of a more comprehensive under-
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standing concerning the role of the nucleic acids is accompanied by
a large number of questions concerning the manner in which these
molecules came to occupy such a commanding position in biochem-
ical systems. In short, what has been their evolutionary history?
Unfortunately, we have little experimental data at the present time
with which to answer these questions. Nonetheless, a study of the
over-all pattern of genetic replication and genetic expression leads
one to ask certain direct questions and to suggest possible evolu-
tionary routes which might lead to the present-day system. Several
speculations and hypotheses about the evolution of the nucleic acids
are developed in this article. Some of them may prove useful in
stimulating further discussion and they may also suggest directions
for an experimental approach to the problem.

II. An Outhine of Nucleic Acid Function

A brief and simplified outline of the functions of the nucleic acids
1s schematically illustrated in Fig. 1. The DN A molecule is the major
carrier of genetic information. When we use the term “information’’
in conjunction with the nucleic acids, it is often synonymous with
the word ‘“‘sequence.”” The nucleic acids are built in a linear chain
containing four major nucleotide components and we believe that
the “information’ resides in the order of these four units. This is
analogous to the way in which “information’ in a sentence is deter-
mined by the ordering of the letters. Thus we can say that the
molecular language of the nucleic acids is written with a four-letter
alphabet.

Broadly speaking the DNA molecule has two functions: first, it
must reproduce itself during cell division so that its information can
be transmitted to daughter cells; and secondly, it must express this
information by influencing the metabolism of the cell. According to
our present understanding, the major mechanism for metabolic con-
trol 1s exercised through regulating the supply of protein molecules
which act as catalysts. In the presence of these enzymes, chemical
reactions proceed readily; in their absence these reactions proceed
very slowly if they occur at all. Only in the past few years has the
mechanism underlying these two functions of DNA become clear.
The work of Kornberg and his collaborators (see Bessman et al.,
1958) has demonstrated that the replication of DNA is governed
by the activity of an enzyme, DNA polymerase. Given a primer
of DNA, the enzyme has the property of separating the twisted
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chains in the double-stranded molecule and organizing a series of
complementary nucleoside triphosphate bases along each strand
which are then polymerized to produce two identical molecules.
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Fi1G. 1. A schematic outline of nucleic acid function. The ladder-like figures
represent two-stranded nucleic acids and the bases are represented by the short

cross lines.

The experiments of Meselson and Stahl (1958) demonstrate :n vivo
the separation of the two strands of the parent DNA molecules.
The basic requirement in this replication mechanism is the ‘“‘reading’’
or recognition by a deoxynucleoside triphosphate of a comple-
mentary site on one of the separated DNA chains. Thus the adenine
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residue is hydrogen bonded specifically to thymine, and the guanine
residue specifically to c¢ytosine.

Recently Weiss (1960) and Hurwitz et al. (1960), as well as other
investigators, have shown that another enzyme, RNA polymerase,
1s able to produce a complementary RNA strand using the DNA
molecule as a template. If two-stranded DNA is used, both chains
are active 1in producing RNA complements. However, it has been
shown that a single deoxynucleic acid strand is capable of acting
in this system to produce its complementary RNA strand. In this
reaction the significant interaction also involves the “‘reading” of a
DNA polynucleotide strand by individual RNA nucleoside triphos-
phate units. The basis of this action is the specificity of the hydro-
gen bonding interactions between adenine and uracil, guanine and
cytosine. Following the polymerization of the RNA strand n vivo,
1t 18 believed that the RNA is liberated from the DNA and is then
released into the cytoplasm of the cell. This has been called Mes-
senger RNA.

There are a great number of unknown factors in both of the
polymerization reactions described above. For example, we know
very little about the regulating control mechanism. In addition,
although it seems clear that both strands of the DN A molecule are
active 1n producing their complementary DNA strands under the
action of DNA polymerase, it is by no means clear at the present
time that both strands of the DNA act to form their complementary
RNA strands. In an isolated enzyme system it is possible to show
that both of the DNA strands are capable of making their comple-
mentary RNA strand, but it has yet to be demonstrated how the
reaction proceeds in vivo. The significance of producing one or two
strands of RNA becomes apparent when one considers the function
of the material which is released.

Recently we have come to understand a great deal concerning
the mechanism of protein synthesis. The most remarkable feature
of the protein synthetic process is the extent to which the nucleic
acids have a central role in organizing the assembly of amino acids
into completed protein chains. This is also shown diagrammatically
In Fig. 1. Short lengths of RNA, called Transfer RNA, containing
some 90 nucleotides have been shown to react with the amino acids
to make an RNA-amino acid complex. This reaction is carried out
on the surface of an activating enzyme. At the present time the
evidence suggests that there is a specific Transfer RNA molecule



EVOLUTION AND INFORMATION TRANSFER 107

for each amino acid, as a specific activating enzyme. The activating
- enzyme 1s specific in that it only accepts a particular amino acid
~ (actually, an amino acid-adenylate), and a particular Transfer
RNA molecule, presumably because it can detect or ‘“read’ a seg-
ment along the polynucleotide chain.

The newly polymerized Messenger RNA which is released
from the DNA molecule contains a sequence of bases complemen-
tary to the sequence found in the DNA molecule. This material is
metabolized very rapidly and has been detected only recently
through the use of rapid pulse labeling techniques (Brenner et al.,
1961 ; Gros et al., 1961). The Messenger RNA can be followed from
the DNA to the ribosomal particles which are the sites of protein
synthesis. These particles, roughly spherical in size with a molecu-
lar weight of approximately 4 million, have the ability to take up
Messenger RNA as well as the Transfer RNA-amino acid complex.
Polymerized polypeptide chains come out of the ribosomal particle
and proceed to coil up into specific protein molecules.

Our understanding of the protein synthetic process is quite lim-
ited. Nonetheless, recent work by Nirenberg (see Nirenberg and
Matthaei, 1961) has provided significant insight into the mecha-
nism. He has shown that one can use synthetic polyribonucleotides
which will act as synthetic Messengers, and the product 1s a syn-
thetic polypeptide. Thus, for example, polyuridylic acid produces
polyphenylalanine, while other ribonucleotide polymers or copoly-
mers stimulate the addition of different amino acids. It 1s quite
likely that this reaction occurs in the ribosomal particle through
an interaction in which some of the purine and pyrimidine bases
attached to the Transfer RNA find an appropriate site on the Mes-
senger RNA so that there is a “reading’ process which results in
the correct alignment of the activated amino acids. In the case of
polyuridylic acid, the Transfer RNA for phenylalanine probably
has a series of adjacent adenine residues which combine with the
uracil residues. After alignment, the amino acids are polymerized
together starting from the amino end to form a protein chain.

A great deal of effort has been directed toward understanding the
nature of this reading process, and an important quantity in this
discussion is called the ““coding ratio’’; that is the number of nucleo-
tides on the Messenger RNA molecule which interact with the
nucleotides of a given Transfer RNA to determine the specificity of
that site. Assuming that all four nucleotides are active, a pair of
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nucleotides could only define 16 amino acids. Since there are about
20 major amino acids, it 1s believed that at least three nucleotides are
needed 1n this process. Recent genetic experiments by Crick and his
collaborators (1961) strongly suggest that the coding ratio is three.
However, it 1s quite likely that the ratio will be determined in the
very near future using systems such as those described above with
synthetic Messenger RNA. In this regard it should be pointed out
that although it is commonly assumed that the coding ratio is the
same for all amino acids, this is not necessary, since Nature may have
developed a system in which amino acids fall into different classes
utilizing a different number of nucleotides for coding the different
classes. However, this probably is unlikely in view of the genetic
experiments cited above (Crick et al., 1961).

We have mentioned the possibility that Messenger RNA may
be made in viwo as complementary copies of one or both strands of
DNA. If both strands are active, then the DNA would produce two
RNA strands which are complementary to each other. Only one of
these might be active in protein synthesis, and the other strand
might be a component of the control or regulatory system. However,
if both strands are coded for protein synthesis, we are faced with
the possibility that proteins are manufactured in pairs related to
each other by the two complementary Messenger RNA strands
which are believed to determine amino acid sequence in the ribo-
somal particle. An alternative possibility is that the two comple-
mentary strands both synthesize the same protein; this could exist
1f there were a special type of degeneracy in the code. A given amino
acid might have more than one triplet of nucleotides as its code
letters, but they would have to be complementary. Thus, leucine
might be AUG as well as CAU where the letters stand for the nu-
cleotides in Transfer RNA which determine the code for leucine.
Under such special conditions, complementary strands of Messenger
RNA would synthesize identical proteins. It is quite likely that we
will soon be able to answer such questions concerning the code
through the use of synthetic Messenger molecules.

Using this brief outline, we can draw attention to a few gener-
alities about nucleic acid function. First of all, the most important
operation is the “reading’’ of one nucleic acid unit by another, which
arises out of the specificity of the purine-pyrimidine interactions.
Although many different types of hydrogen bonding interactions
are possible among purines and pyrimidines (Rich, 1959), the most
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important of these appears to be the pairs which are seen in DNA.
~ Thus, the AT (or AU) pairing (Fig. 2a) and GC pairing (Fig. 2b)
- provide the specificity in DNA replication, RNA production, and
probably are also used in the alignment of the activated amino acids
on Messenger RNA during protein production. This is the most
characteristic feature of the nucleic acids, and the stereochemistry
of the molecules is especially well adapted for this type of interac-
tion. The flat, unsaturated purine and pyrimidine rings interact
with considerable van der Waals stabilization when they are stacked
on top of each other with their flat surfaces opposed. The sugar-
phosphate backbone has a preferred configuration such that the
molecules can form helical aggregates around the centrally situated
pile of purines and pyrimidines. Finally the detailed system of two
or three hydrogen bonds between the purines and pyrimidines have
sufficient specificity to determine the choice of a complementary
base.

Information-containing molecules may be defined as polymers
in which the sequence of residues i1s not random or regular, but rather
has a specific and often complex pattern. All but a few of the proteins
would fall in this class, and many of the nucleic acids but probably
not all of them. Thus, ribonucleotide polymers which may be formed
in bacterial cells through the action of polynucleotide phosphorylase
probably have sequences which are close to random, since they are
not made from a template. Possibly one can make a hypothetical
generalization, namely that all information-containing polymers in
biology are made by transferring sequence information from the
nucleic acids. It is probable that this is true for the proteins, and
perhaps this hypothesis may prove useful in understanding some
aspects of polysaccharide synthesis. Several different types of sugar
molecules are found in polysaccharides, and some of these polymers
may contain information in the sense that they are not random or
regular copolymers. This may be true for some of the cell wall poly-
saccharides or the blood group-specific polysaccharides. It may be
that further investigation will disclose an RNA-dependent poly-
merization mechanism not too unlike that seen in protein synthesis.

We can use the term ‘‘information transfer reactions’ to include
those molecular interactions which are important in determining the
sequence of information-containing polymers. According to the out-
line above, all of the information transfer reactions discovered up
to the present involve the interaction of nucleic acids with other
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nucleic acids or their components. This statement has one outstand-
- 1ng exception, namely the interaction of the Transfer RNA with its
- specific amino acid on the activating enzyme. This reaction does
not necessarily involve a nucleic acid-nucleic acid interaction, and
1t 18, of course, crucial in determining the correct sequence of amino
acids within protein molecules.

III. Chemical Evolution and the Origin of Life

There are two levels on which one can begin to discuss the prob-
lem of the origin of life. The primary level consists of trying to un-
derstand the natural phenomena which produced a variety of molec-
ular species during the early years in the evolution of our planet.
Recently, several experimental approaches to this problem have
been made by Miller and Urey (1959), and others. In general these
experiments are designed to study the formation of biologically
important substances such as amino acids in a primitive reducing
atmosphere which is believed to have existed in the early stages
of the evolution of the earth. Under the influence of an electric dis-
charge through such an atmosphere, a variety of amino acids have
been isolated. These experiments thus point to a particular route
or reaction mechanism which would have made possible the accu-
mulation of a large variety of organic molecules which gradually
increased in concentration in a primitive sea.

During this period of what has been termed “chemical evolu-
tion,” there would be a steadily increasing number of complex
molecules, because the accumulation of simpler substances, such as
some of the more stable amino acids, means that they could then
become reactants leading to the formation of other organic sub-
stances. As yet there has been only limited experimental work in
studying possible routes for the synthesis of nucleotide units by
means of such reactions. However, recent experiments have demon-
strated that primitive atmospheres are also capable of producing
adenine (Oro, 1961) or uracil (Fox and Harada, 1961). Thus 1t 1s
not unreasonable to believe that molecules as complex as nucleotides
could have been made by nonenzymatic processes which utilize
either radiation energy from the sun or electric discharges in a prim-
itive atmosphere and it is likely that they will be observed with
further experimentation. For the purpose of this discussion, 1t will
be assumed that primitive seas some three billion years ago con-
tained molecules of this complexity at a stage which antedates a
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molecular organization which we would call “living”’ by present-
day standards.

The second level to be considered in the origin of life is the devel-
opment of replicating, information-containing polymer molecules.
What system one prefers to call “living” is, of course, arbitrary,
but perhaps a reasonable description of a primitive “living’’ system
might be one in which there is an autocatalytic replication of an
information-containing polymer which utilizes monomeric compo-
nents from the environment and incorporates them inta replicas of
itself. This system, ance started, would then be subject to all the
modifying influences of the environment and we could call this the
beginning of life as we know it.

There are two characteristic types of large molecules which are
found in living systems, the proteins and the nucleic acids, and they
can each In a sense serve as the basis for a theory concerning the
origin. of living systems. In each case, one imagines that energy
derived from the sun, either in terms of radiation or electric dis-
charges serves directly or indirectly to create conditions which
bring about the polymerization of amino acids or nucleotides to
form polymer molecules. The events which might happen subse-
quent to the formation of either primitive proteins or nucleic acids
are quite distinct and we can examine them separately.

IV. Did Life Originate with Protein Molecules?

According to this theory emphasis is placed on the importance
of the catalytic role played by primitive protein molecules in creat-
ing the necessary environment for self-replication. It is assumed that
polypeptides are made by a random polymerization of amino acids
and among these are found a few molecules which are catalytic and
can act as enzymes 1n assembling the nucleotide units which we
assume to be present in the primitive sea. At the same time another
enzyme catalyst is formed, also by random assembly, which facil-
1tates the replication of the primitive polynucleotide chain. Thus
1t acts as a primitive nucleic acid polymerase, organizing comple-
mentary mononucleotides along the chain leading to the formation
of a two-stranded molecule. This can be followed by a separation
of the two individual strands so that the process can continue. How-
‘ever, such a system has not yet coupled the synthesis of protein
enzymes with the informational content of the nucleic acid, and this
cannot be accomplished by a random amino acid polymerization.
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Here 1s the greatest weakness in a theory of this type, since it does
- not really explain this most difficult step, the evolution of nucleic
- acid-controlled protein synthesis. However, another type of theory
can be described as the basis for the origin of life which places the
nucleic acids in a more central role.

V. Polynucleotides as the Origin of Living Systems

Theories of the biochemical origin of life on this planet were seri-
ously developed about 20 to 30 years ago. At that time, it was quite
clear that proteins were the most characteristic molecules in living
systems and that their specific catalytic properties were essential
to the functioning of biochemical systems. Accordingly much atten-
tion was devoted to ways of developing primitive protein molecules
through nonliving agents. However, the almost explosive develop-
ment of our understanding about the role of the nucleic acids during
the past decade has made 1t imperative for us to reformulate theories
about the origin of life in order to place the nucleic acids in proper
perspective. As discussed above, the sequence of amino acids in
proteins is, in a sense, a derivative of the sequence intormation en-
coded in the order of nucleotides in some part of the nucleic acids.
Accordingly, it may be more reasonable to consider a theory ot the
origin of life in which the nucleic acids were developed as the pri-
mary agents.

Here we imagine a large number of nucleotide monomers among
other molecules which are floating freely in a primitive sea, having
been created by chemical reactions promoted by the products of
ultraviolet radiation or electric discharges. We postulate that these
nucleotide units can be assembled in random chains to make prim-
itive, single-stranded polynucleotides in the absence of any protein
catalysis. This is not a completely absurd hypothesis since we are
able to do this chemically at the present time, although under some-
what special conditions. Methods for producing polynucleotide
chains have been developed recently by Khorana and his associates
(see Tener et al., 1958) as well as by Schramm et al. (1961). Both
of these polymerizations depend upon the use of strong dehydrating
agents in a nonaqueous medium. In the presence of the dehydrating
agents, water is split out of the nucleotides and they are joined to-
gether to form polynucleotides. In the case of the synthesis by
Khorana, molecules of molecular weight up to five thousand or so
have been formed while Schramm’s recent synthesis has yielded
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macromolecules of molecular weight greater than fifty thousand.
Further experiments of this type should tell us more about the con-
ditions under which such a polymerization occurs. However, we
now know that it is possible to make polynucleotide molecules in
the absence of a catalytically active protein.

T'he next step is the development of replicating nucleic acids.
We postulate that the primitive polynucleotide chains are able to
act as a template or as a somewhat inefficient catalyst for promot-
ing the polymerization of the complementary nucleotide residues to
build up an initial two-stranded molecule. This is in a sense the
same system as that whereby a single DNA strand is able to make
new RNA or DNA strands by the stepwise addition of complemen-
tary nucleotides which are subsequently polymerized together. How-
ever, we postulate that this may happen in a primitive environment
in the absence of protein catalysts. We might ask if we have any
evidence that a reaction of this type could occur. It would be of
great interest if we could demonstrate experimentally that single
polynucleotide chains have a tendency to bind or act as condensing
sites for their complementary bases or nucleotides. Experiments of
this type could be carried out at the present time. However, a very
Interesting effect was noted recently by Schramm et al. (1961) in
the chemical polymerization of polyuridylic acid. He found that the
addition of polyadenylic acid increased the rate of polymerization
of polyuridylic acid over tenfold. This suggests that the polyadenylic
acid 1s acting as a condensing site for the complementary uridylic
acld residues which are then polymerized more rapidly. Again, fur-
ther experiments could be carried out on this type of nonenzymatic
polynucleotide catalysis to determine the limits of specificity.

What is being pointed out here is an important difference be-
tween proteins and nucleic acids. There are significant stereochem-
1cal reasons why the polynucleotides can act as their own catalysts
for self-replication. However, there are no analogous reasons for be-
lieving the polyamino acids have this ability to reproduce themselves.

At this stage we imagine a system which contains nucleotide
monomers together with polymers which, under some conditions,
are able to make two-stranded versions of themselves using a sys-
tem of complementary hydrogen bonds. This nonenzymatic replicat-
Ing system would undoubtedly be very 1nefficient and slow. It is
possible that the two-stranded form of the nucleic acid might then
be thermally denatured by heat from the sun and separated into






