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The essence of the cell lies in the processes of replication and translation of
nucleic acid-the former a process in which exact copies are made of pre-existing
genetic material, the latter a process in which nucleic acid primary structure is
mapped into protein primary structure. The essence of replication lies in the
base-pairing interactions; thus we comprehend its fundamental nature, al-
though we have yet to elucidate all its details. Translation is another matter.
It is known to involve a "genetic code"; to each of the 64 possible trinucleotides,
or "codons," there corresponds a single amino acid." 2 The polynucleotide,
taken then as a linear array of codons, is "translatable" into a unique, corre-
sponding, and colinear array of amino acids, the polypeptide. However, we at
present have no idea of why there exists this particular, unique, precise corre-
spondence between amino acids and codons. Consequently, essentially nothing
is understood about the fundamental nature of the translation process.
While we can hope for an ultimate understanding of nucleic acid replication

in simple terms, this is unlikely in the case of translation; the former is a simple
process, the latter a complex one. Such complexity demands a complex evolu-
tion.3 It is even conceivable that the translation of today is so many evolu-
tionary steps removed from its origins that the two have little or nothing in
common. (I emphasize this point in that preconceptions as to the nature of
translation derived from knowledge of the process as it is found in cells today
could well prejudice and/or narrow our thinking regarding translation's evolu-
tion.) No wonder, then, that we have yet to find evidence for any sort of "codon
relationship," i.e., any sort of unique or preferential association of certain oligo-
nucleotides with certain amino acids in a system simple enough to be considered
prebiotic.4 To compound this paucity, at present we can not even point to one
single reasonable hypothesis which accounts for the origins of the components of
the translation apparatus.
Given the complexity of the problem and the paucity in both conception and

fact, it seems most profitable at this time to approach the fundamental nature of
translation in essentially a blind way-by first attempting to determine what
sorts of prebiotic interactions between polynucleotides and polyamino acids or
their derivatives were plausible, and then hope that this knowledge will in turn
lead to the development of a concept of what a workable, primitive form of
"translation" could have been like, and perhaps how this form evolved into the
present complex machine.
Our starting point is, of course, in the very probable assumption that bio-

polymers were an important part of a prebiotic milieu. Syntheses performed
under "primitive earth conditions" readily yield all kinds of amino acids, bases,
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sugars, etc.5 Thus an early presence of monomer units from which polyamino
acids and polynucleotides could be constructed is nearly certain. The actual
polymerizations under prebiotic conditions, though not nearly so well sub-
stantiated, have factual support, and we can expect a good deal more in the near
future.'
For a polymer to have any direct evolutionary significance, the least we must

require is that it be a part of an autocatalytic cycle which catalyzes the syn-
thesis of the polymers involved therein. Over and above this the cycle should
eventually be capable of propagating certain types of changes (randomly)
produced in its complexion.
In discussing various possible primitive biopolymer autocatalysis cycles, it is

best to begin with a clear definition of the different stages or steps in the syn-
thesis of a biopolymer. As a first step we can envision monomer unit accumu-
lation. The cell's building up of pools of amino acids is one example of this.
Prebiotically it might occur through adsorption onto surfaces, and in particular,
in the physical binding of monomers to some pre-existing polymer, as happens in
the binding of nucleosides to polynucleotides.7 A second positioning step should
be distinguished from a third, ordering one. Positioning, by definition, is the
aligning of monomer units relative to one another in an orientation conducive to
their polymerization. Ordering is used to describe any processes which place
constraints on the primary structure of the polymer being synthesized. Very
often positioning and ordering go together, as would occur again, for example, in
the alignment of polynucleotide monomer units by a pre-existing polynucleotide
chain. (This example is, more or less, one of precise ordering; various degrees of
imprecise or "statistical" ordering must be recognized as well.) For the bio-
logically important monomer units, a fourth, activation, stage is necessary-e.g.,
in the triphosphorylation of nucleic acid monomer units. Finally we need to
recognize the actual condensation step, by which monomers are linked together to
form the polymer. Condensation and activation could be simultaneous reactions,
or they could, as is generally the case in the cell, be separate stages. Obviously,
in a primitive biopolymer autocatalysis cycle a pre-existing polymer might
function catalytically in any of the above five steps.
The main purpose of the present communication is to examine some simple

biopolymer autocatalysis cycles, with the view of determining which is the most
plausible in a prebiotic world and/or which could contain relationships that
might be termed "primitive translation." Arguing from the few facts now
available, it is concluded that the most plausible cycle is one involving poly-
nucleotides of certain compositions and polyamino acids of certain compositions,
the synthesis of the one being catalyzed by the other and vice versa. Such a
cycle, too, automatically gives what might be "primitive translation." What
shall not be discussed at this time, however, is the rather involved matter of how
this type of "translation" could have evolved into what we now see-a true,
precise translation.

Materials and Methods.-The nucleoside mono- and diphosphates, polynucleo-
tides, amino acid derivatives, and polyamino acids used in this study were pur-
chased from one or more of the following suppliers: Pabst Laboratories, Mann
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Laboratories, Miles Chemical Co., Calbiochem, and Pilot Chemical Co. For
equilibrium dialysis studies, a two-chambered cell was used. In one chamber
the polymer dissolved in buffer was placed, in the other the monomer, in the
same buffer, the volume in each chamber being 2 ml. The cells were kept at 40C
with constant rotation until equilibrium was reached, about three days.

Results and Specific Discussion.-Let us assume that the initial forms of life
that evolved into modern cells were themselves based only upon polymers
similar to those we now term "informational biopolymers"-i.e., upon poly-
nucleotides and polyamino acids. In this case, we have to consider only four
general types of situations where a pre-existing polymer molecule might some-
how catalyze the formation of another polymer molecule. And from these we
can form only three simple biopolymer autocatalysis cycles.

First, take the synthesis of a polynucleotide catalyzed by a pre-existing poly-
nucleotide. Although this synthesis has not been accomplished in the test tube
as yet (without the help of some enzyme), all the evidence suggests that it should
be possible to observe it. Not only do the strong base-base stacking inter-
actions exhibited by the purine nucleosides and nucleotides provide a ready
rationale for the initial, spontaneous formation of polynucleotides, but this
property plus the base-pairing interactions and the double-stranded helix+->
single-stranded coil transition suggest mechanisms whereby a pre-existing
polynucleotide might catalyze further polynucleotide synthesis.7' 8 The ob-
served binding of purine mononucleosides and nucleotides by the complemen-
tary polypyrimidines gives clear experimental support for accumulation, posi-
tioning, and strict ordering roles for the polymer.7 It is important to note that in
this case monomer binding to polymer is a cooperative phenomenon: At low
monomer concentrations, a negligible fraction of the monomer is bound; but at
concentrations above roughly 10-3 M, the fraction of polymer-bound
monomer can become very appreciable.7 Were primitive monomer unit con-
centrations to achieve this critical level, then a primitive biopolymer autocatal-
ysis cycle based solely upon polynucleotides is certainly a feasible one.
The above example makes it clear that two sorts of interactions are probably

involved in any "optimal" nucleotide, etc., binding: (1) an attractive inter-
action between the individual monomers and the binding macromolecule, and
(2) a base-base stacking interaction among the bound monomers themselves. In
this example the first interaction is, of course, the result of base pairing. There
is no reason to suppose, however, that this interaction could not just as wel occur
through the phosphate groups of the monomer if they were attracted by properly
spaced positive charges-which brings us to the second system to be considered,
the synthesis of polynucleotides catalyzed by pre-existing polyamino acids.

It has long been known that the interresidue spacing in a polypeptide closely
approximates the interresidue spacing for a polynucleotide in a base-stacked
configurations9 Thus a polybasic amino acid should present, then, the correct
charges in the correct geometry to accumulate and position polynucleotide
monomer units. Figure 1 shows that this is probably the case. Here we see
that as concentration of monomer is increased, a critical point is reached above
which the fraction of nucleotide monomer bound to polyarginine rises (befoer
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FIG. 1.-Equilibrium dialysis of guanosine mono- and
diphosphate vs. polyarginine. Polyarginine concentration
1 X 10-3 mono-molar. Medium is 0.1 M Tris buffer,
pH 7.5. Abscissa: concentration of nucleoside mono- or
diphosphate. Ordinate: ratio of bound monomer to free
monomer.

dropping eventually at polymer "saturation," which, in this case, is precipitation
of monomer-polymer complexes). This apparently cooperative behavior in
monomer binding is most simply understood in terms of base-base stacking
among the bound monomer units.
A second prediction of such stacking would be that the cooperative aspect of

the binding of nucleotides to polybasic amino acids should be a function of the
base component of the nucleotide, the strength of the stacking interactions being
a strong function of the nature of the base. Stacking interactions order the
bases (from strongest to weakest) G > A > C > U.10 Figure 2 shows the verifi-
cation of this prediction. Here the concentration of mononucleotide at which
polymer "saturation" occurs is measured by the formation of insoluble monomer-
polymer complexes (i.e., by appearance of turbidity). More than a two-decade
difference in concentration exists between the best monomer, GMP, and the
worst one, UMP, by this criterion. The same base ranking holds for other
polybasic amino acids, polylysine or polyornithine, as well. At lower ionic
strengths formation of these complexes occurs at monomer concentrations as low
as 10- M. The details of these and the related experiments about to be dis-
cussed are to be reported elsewhere."

Certainly the composition and properties of polybasic amino acids make it
impossible that these could have arisen merely by unguided polymerization of
amino acids from a general amino acid pool. A reasonable mechanism for pro-
ducing polybasic amino acids, however, is essentially the reverse of the above
scheme-through the use of pre-existing polynucleotide chains to catalyze the
polymerization of polybasic amino acid monomer units. The negatively charged
backbone in this case would serve to bind the positively charged amino acids, or
their activated derivatives-i.e., would select these from the general amino acid
pool-and when the polynucleotide is in a stacked configuration, spacings would
again be correct for positioning the polyamino acid monomer units.

Factually, the situation here is almost completely analogous to the mono-
nucleotide-polybasic amino acid interactions. Insoluble complexes form upon
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addition of the monomer to a solution of the polymer when monomer is in excess.
And again, "activated" monomer units bind better than free amino acid. Thus,
for example, a complex between arginine methyl ester (a derivative resembling
in some ways a truly "activated" amino acid) and poly G will form at all ester
concentrations above 1 X 10-3 M, and in salt concentrations up to about
2 X 10-2 M."1 As might be expected, formation of such complexes occurs almost
solely with basic amino acids.
Thus we see that under what could be considered fairly reasonable primitive

earth conditions-i.e., monomer unit concentrations in the range 10- M (or in
some cases lower)-both the polybasic amino acid plus nucleoside mono- or
diphosphates system, and the polynucleotide plus amino acid (or "activated"
amino acid) system, form monomer-polymer complexes. These two systems
together then constitute a two-component biopolymer autocatalysis cycle.
The question now arises as to whether this type of two-polymer-component

autocatalysis cycle would actually be as "good" as (i.e., have as much selective
advantage as) the previously discussed single-polymer-component polynucleo-
tide cycle. On comparing the two types of autocatalysis cycles, they both
appear roughly equivalent with regard to an accumulation function. The for-
mation of complexes in all cases occurs at roughly the same minimum monomer
concentration-i.e., -10-3 M. Of course, in the two-polymer-component cycle
an appreciable fraction ofmonomer is bound no matter how low its concentration,
which is not true for the pure polynucleotide cycle.7 And depending upon what
the prevailing primitive mechanisms for activation and/or condensation are, it
may also be advantageous that this double cycle preferentially binds activated
monomer units-nucleoside diphosphates or amino acid esters. Both cycles are
probably capable of positioning monomers. This is a certainty for the pure
polynucleotide cycle; the evidence presented above makes this very likely for the
polybasic amino acid-mononucleotide interaction; and what little evidence there
is, is consistent with positioning in a polynucleotide-amino acid ester interaction.
(The order of effectiveness of forming complexes with basic amino acid deriv-
atives is again the base-stacking ranking: poly G > poly A > poly C > poly U.)
The major difference between the two cycles being contrasted is in the kind of

ordering they produce. The pure polynucleotide cycle seems capable of precise
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ordering-i.e. "exact" (complementary) copying of a pre-existing primary struc-
ture. The alternative cycle manifests a very imprecise, "statistical" ordering.
The crucial consideration, then, is what advantages would precise ordering confer
upon the pure polynucleotide cycle. Put another way, would two polynucleotides
of different primary structures (but similar gross composition) be functionally
differentiable in an environment devoid of proteins (on any other basis than their
capacity to form a double helix with a complementary strand)? We at present
have no reason to suspect that oligonucleotide sequences of moderate size could
be so distinguished from one another in the environment so defined. Thus the
pure polynucleotide cycle should not be any less effective were the base-pairing
interactions inexact, ambiguous ones. (Actually they are ambiguous if we include
the "noncoding" bases.) Therefore, there is no reason to suppose that capacity
to order monomers would give a polynucleotide cycle a selective advantage over
the alternative two-polymer-component cycle.
The remaining biopolymer autocatalysis cycle yet to be considered has

polyamino acid synthesis catalyzed by pre-existing polyamino acids. We have
no precedent for assuming that one amino acid chain can serve to accumulate,
position, or order the monomers for any new amino acid chain-with the possible
exception of a relationship similar to the above sorts between the basic amino
acids and the acidic ones. Although such a system may be feasible, it appears to
offer the least evolutionary potential of all the systems considered, and so it will
be somewhat arbitrarily discarded here.

General Discussion and Summary.-The hypothesis put forth herein is that
evolution of the cell began with two very general kinds of polymers, poly-
inucleotides that were purine-rich and polyamino acids composed largely if
not solely of basic amino acids. The one type of polymer is viewed as cat-
alyzing, in particular ways, the synthesis of the other, and vice versa. Although
somewhat more complex variants of this basic type of biopolymer autoca-
talysis cycle are imaginable, and might offer certain hypothetical advantages
over the simplest type, there is little point in discussing them at this time. It
suffices to recognize at this point that the simple cycle invoked here may eventu-
ally need some modification to include polynucleotide replication, etc.
The plausibility of the present scheme rests in large part upon the avail-

ability in a primitive environment of appreciable quantities of basic amino acids.
Although lysine has been reported to be synthesized under "primitive earth
conditions," the yield is low.'2 However, in dealing with primitive polyamino
acids one is not restricted to those basic amino acids now found "encoded" in
cells-i.e., lysine, arginine, and histidine. Therefore, it seems reasonable to take
as the prevalent primitive basic amino acid a simpler one, 2,4 diaminobutyric
acid. This compound might well have been relatively abundant on the prim-
itive earth, for it is probably synthesized from compounds themselves considered
to have been very abundant and/or reactive-i.e., p3-amino propionitrile or de-
rivatives of aspartic acid.5
The primitive cycle considered here is radically different from the cell we see

today, and it is pictured as arising and evolving in a way that is, according to
present concepts, atypical. Take this last matter first. Partly from experience
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with the effects of mutations on the cells of today (and perhaps on a deeper level
due to survival of an ethos that life is somehow a "miraculous" happening),
early evolution is very often pictured as occurring through the sudden appearance
of some novel protein sequence that performs a function which in turn somehow
leads to its own propagation. How rare such events are is beyond the realm of
useful conjecture, but one tends to think they might be vanishingly so. In any
case this prevalent view of evolution assumes a system in a steady state waiting
upon the very rare events at the far reaches of probability distributions to slowly
nudge it along some evolutionary course. Any of the systems discussed here can
by no means be considered as evolving through highly improbable events.
Although I shall not discuss the matter of the present system's further evolution,
it seems reasonable to consider that the early aspects of its evolution did not
progress through events far less probable than the mutations operating in evolu-
tion today, but that initially the significant evolutionary events were relatively
more probable, and only as evolution progressed did they become less and less so.

This last, somewhat paradoxical, point is intimately associated with another
point of difference between the primitive autocatalysis cycle and the modern
cell. The latter is capable of extremely accurate information storage, retrieval,
and transfer, and the various informational states of the system are readily dis-
tinguishable from one another. Thus the information storage capacity of the
modern cell is very high, as is the potential number of states of the system. On
the other hand, a very primitive system such as we envision would have very
inaccurate information handling processes, and poor capacity to distinguish
various informational states of the system from one another. The number of
(distinguishable) states the primitive system can potentially assume is relatively
small and the system thus has a very low information storage capacity. In this
situation, perhaps, the fraction of (distinguishable) potential states of the prim-
itive system that are viable may be much, much greater than is the case for the
modern cell.

Finally let me recapitulate the predictions of the present model regarding the
main characteristics of the primitive system. Initially there was only one kind
of polyamino acid produced biologically, a "homopolymeric" polybasic amino
acid (not a strict homopolymer in the sense that the term is usually employed,
but a "group" homopolymer). An analogous situation held for the polynucleo-
tides, they were also group homopolymers-polypurines (high in G), and if
typical nucleic acid replication is permitted, polypyrimidines as well. The
dominant relationship between polynucleotides and polyamino acids was ini-
tially a colinear 1:1 physical binding, probably not unlike that occurring in
DNA: histone complexes today (which raises the possibility that one function of
modern histones might be in accumulation of nucleic acid monomer units).
This polynucleotide: polyamino acid relationship is simpler than most of its
modern counterparts. Consider nucleic acid tape reading, or enzymatic pro-
duction of activated mononucleotides, etc.

According to the present model, translation began as a "direct templating"
and in addition, "translation" was initially a reciprocal matter, not unidirec-
tional as it is now. The coding ratio for primitive translation was unity, com-
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pared to the contemporary value of three. Probably the most important differ-
ence between "translation" now and then was the extreme inaccuracy, the
ambiguity of the primitive version. In fact, there is doubt that such an impre-
cise ordering could be termed "translation." This point will be discussed further
at some later time.

It is quite clear that a number of conceptual hurdles remain in the way of get-
ting any such system as the one considered here to evolve into a system that
translates in the sense of the modern cell. Such considerations far exceed the
limits and space given to the present context, however.
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