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Abstract. In the course of experimental approach to the chemical evolution in the primeval sea, we have
found that the main products from formaldehyde and hydroxylamine are glycine, alanine, serine, aspartic
acid etc., and the products from glycine and formaldehyde are serine and aspartic acid. Guanine is found in
the two-letter genetic codons of all these amino acids.

Based upon the finding and taking into consideration the probable synthetic pathways of nucleotide
bases and protein amino acids in the course of chemical evolution and a correlation between the two-letter
codons and the number of carbon atoms in the carbon skeleton of amino acids, I have been led to a
working hypothesis on the interdependent genesis of nucleotide bases, protein amino acids, and primitive
genetic code as shown in Table 1.

Protein amino acids can be classified into two groups: Purine Group amino acids and Pyrimidine Group
amino acids. Purine bases and Pyrimidine bases are predominant in two-letter codons of amino acids
belonging to the former and the latter group respectively.

Guanine, adenine, and amino acids of the Purine Group may be regarded as synthesized from C, and C,
compounds and N, compounds (including C, N, compunds such as HCN), probably through glycine, in
the early stage of chemical evolution.

Uracil, cytosine, and amino acids of the Pyrimidine Group may be regarded as synthesized directly or
indirectly from three-carbon chain compounds. This synthesis became possible after the accumulation of
three-carbon chain compounds and their derivatives in the primeval sea.

The Purine Group can be further classified into a Guanine or (Gly + nC,) Subgroup and an Adenine or
(Gly + nC,) Subgroup or simply nC, Subgroup. The Pyrimidine Group can be further classified into a
Uracil or C;C4C, Subgroup and a Cytosine or C,-chain Subgroup (Table I).

It is suggested that the primitive genetic code was established by a specific interaction between amino
acids and their respective nucleotide bases. The interaction was dependent upon their concentration in the
primeval environments and the binding constants between amino acids and their respective bases.

Based upon chemical evolution studies in the primeval sea (Hatanaka and Egami,
1977; Ochiai et al., 1978 ; Kamaluddin et al., 1979), chemical and biochemical synthetic
pathways for the nucleotide bases and protein amino acids, and an arithmetic analy-
sis of the correlation between genetic codons and number of carbon atoms in the
carbon skeleton of amino acids (Egami, 1979a), I have been led to a working hypo-
thesis on the genesis of the bases, amino acids, and the primitive genetic code. Here,
for the sake of simplicity, the third letter in the codons is neglected. It was probably of
less importance, if any, in the primitive code (Crick, 1968).

A preliminary note was published elsewhere (Egami, 1979b). The present one is a
revised hypothesis.

The hypothesis is summarized in a scheme shown in Table I. The background for
the hypothesis is the following:
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TABLE
Classification of amino acids in relation to the genetic code

Purine Group
Guanine Subgroup or (Gly + nC;) Subgroup

+C c +C c +C,

Cl C2 3 4 5
Gly GG AlaGC  Asp GA Glu GA
N, Ser AG Arg AG
(Cys UG) Val GU
Guanine +C,
Adenine

Adenine Subgroup or nC, Subgroup

G
Asn AA
+C, Thr AC
(Asp GA)
Ce Lys AA
Ile AU

Pyrimidine Group
Uracil Subgroup or nC; Subgroup

+C, +C,
Urea or C, Ce Gy
Similar ' Ser UC “/ LeuCU,UU Phe UU
I Cys UG// (Tle AU) Tyr UA
l+C g C
Uracil y o2,
Cytosine o/

4
Cytosine Subgroup or Ct—chain Subgroup
Gln CA
His CA
Arg CG
Pro CC
(Leu CU)

1. The purine bases (guanine and adenine) and amino acids of Purine Group may
be regarded as derived from C, and C, compounds and N, compounds (including
such compounds as HCN) probably through glycine as an intermediate. This could
have occurred in the early stages of chemical evolution.

(a) We have observed that a series of amino acids were produced from formal-
dehyde and hydroxylamine in modified sea medium enriched with transition element
ions (Hatanaka and Egami, 1977). The predominant amino accids produced from
formaldehyde and hydroxylamine in the medium were glycine, alanine, serine, as-
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partic acid, glutamic acid, f-alanine and «-aminobutyric acid, (Ochiai et al. 1978;
Kamaluddin et a/. 1979). Serine and aspartic acid were produced from glycine and
formaldehyde in the same medium (Kamaluddin ef al., 1979; Yanagawa er al. un-
published). C, compounds and N; compounds should have been abundant in the
early primeval sea and glycine would have been produced at first, and from it Ala,
Asp, etc were produced by stepwise addition of one carbon atom. This group may
contain Gly GG, Ala GC, Ser AG, Asp GA, Glu GA, etc. We sce that G and A,
especially G. predominate in these codons. I designate this group the Guanine or (Gly
+ nC,) Subgroup of Purine Group.

{(b) Probably in the relatively early course of chemical evolution a C,-amino acid
precursor was synthesized through the addition of a C, compound to glycine and it
initiated the synthesis of a-aminobutyric acid and amino acids of Adenine or (Gly +
nC,) Subgroup of Purine Group. This subgroup may contain Thr AC, Asn AA, Lys
AA, and lle AU. Ile has a C4 chain composed of a C, main chain and a C, side chain.

(c) As stated, G and A predominate in the codons of the amino acids of the
Purine Group. The first letters are almost exclusively purine bases. This may relate to
the similarity between the primitive synthetic pathways for these amino acids and that
for the purine bases. As is wel-known, purine bases are synthesized in extant organ-
isms from glycine and C; components. As Oré has found, adenine can be chemically
synthesized easily from HCN (Oré6, 1961), and guanine was from HCN tetramer
(Sanchez et al., 1966). In any case the synthesis of purine bases does not require a
ready-made C;-chain. Thus it is highly probable that these purine bases could be
synthesized from C, compounds and N, compounds and accumulated in the early
primeval sea together with the amino acids of Purine Group. The concentration of
pyrimidine bases must have been much lower than that of purine bases in the early
primeval sea.

2. Pyrimidine bases (uracil and cytosine) and amino acids of the Pyrimidine
Group may be regarded as derived from compounds with C; — or longer chains and
N, compounds. The accumulation of such compounds in the primeval sea occurred
either later than the predominant accumulation of C; and C, compounds in the
primeval sea (chronological necessity) or in a specific part, where the concentration
ratio C/N was much higher and such chain compounds were accumulated (topogra-
phic necessity). In other words, the accumulation of pyrimidine bases and amino
acids of Pyrimidine Group depended upon the accumulation of compounds with
longer carbon chains.

(a) We have observed that amino acids with C;-chains can be produced in higher
yields from C; compounds (unpublished observation). I believe that in the course of
chemical evolution, after the accumulation of C; compounds, Cg and Cy compounds
were produced from the C; compounds. Thus C;C4C, amino acids were produced.

These amino acids are Ser UC, Cys UG, Leu UU, CU, Phe UU, and Tyr UA. I
designate this group the Uracil or C;C;Cy Subgroup of Pyrimidine Group.

It should be added that the astrophysical role of C, compounds, especially tricarbon
dioxide, was recently discussed by Shimizu (1979) in connection with the genetic code.
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(b) The group designated as the Cytosine of Cs-chain Subgroup contains Gln
CA, His CA, Arg CG, and Pro CC. It is rather remarkable that all these amino acids
contain C as the first letter of codons in spite of the quite different structures and
properties. Although the origin of the Cs-chain is obscure, it may be derived from a
C,-chain by the loss of one carbon or from a C5-chain by the addition of two carbons.
Leu with a C4-chain can be regarded either as composed of two C;-chains (UU) or as
a C; main chain with a one-carbon side-chain (CU).

{¢) U and Cpredominate in the codons of amino acids with C;, Cg, and Cy-chains
and these with Cs-chain respectively. The first letters are almost exclusively pyri-
midine bases. These amino acids can be classified as amino acids of the Pyrimidine
Group. Again there is a similarity between the synthetic pathway of these amino acids
and that of the corresponding pyrimidine bases. Pyrimidine bases are generally syn-
thesized from urea and C,-chain compounds in organic chemistry. In their biosyn-
thesis the C;-chain in pyrimidines derives from aspartic acid by subsequent loss of
CO,. It is reasonable to assume that during chemical evolution pyrimidines were
synthesized from urea or something like urea such as guanidine and C;-chain com-
pounds, as reported by Ferris ef al. (1974).

3. It is suggested that the primitive genetic code was established through specific
interaction between amino acids and respective nucleotide bases. The interaction was
dependent not only upon the binding constants between amino acids and their re-
spective nucleotide bases, but also upon the concentration of these in the primeval
environments (Mikelsaar, 1975). Thus purine rich codons and pyrimidine rich codons
were established.

Additional Comments

1. The codon for Val (GU) suggests that it was synthesized from glycine not by the
stepwide addition of one carbon atom but by the addition of a C; compound and has
a conjugated carbon chain belonging to both Guanine and Uracil Subgroups.

Cly (G) + C; (U) - Val (GU)

The codon of Cys (UG) might be related to its intimate relation to both the Uracil
Subgroup and the Guanine Subgroup.

Threonine belongs to the Adenine or (Gly + nC,) Subgroup. It is consistent with
the finding that it can be synthesized from glycine and acetaldehyde through copper
complexes (Sato et al., 1957). We have also observed the formation of threonine from
glycine and acetaldehyde in our modified sea medium (unpublished). It means that
threonine should be regarded not as a product of Gly + 2C,, but as a product of Gly
+ C,. The route is different from that suggested by Dillon (19738).

2. It should be pointed out that Trp and Met are not included in the present
scheme. They might be incorporated much later into the primitive protein, probably
in the course of early biological evolution. However, their two-letter codons are not
inconsistent with the present hypothesis: Met with a C,-chain AU, Trp with a con-
jugated chain.

[Cs (U) + Gly (G)] + G5 (U) — Trp (UG)



A WORKING HYPOTHESIS 201

3. Hisand Gln, Asn and Lys, and Asp and Glu have the same two-letter codons,
CA, AA, and GA respectively. This may be due to the similar ‘polar requirement’
(Woese et al., 1966) and the probable common prebiotic synthetic pathways — as may
be predicted from the present hypothesis — of two amino acids of each group. They
could not be distinguished because of similar physico-chemical properties.

4. Many speculations have been published on the genesis of the genetic code
(Reviews to be consulted: Woese, 1967: Y¢as, 1969; Jukes, 1978; Dillon, 1978).
Woese (1967) classified the various hypotheses into stochastic models and mechan-
istic models. In mechanistic models the affinity or binding constant between amino
acids and respective nucleotide codons or anticodons was taken into consideration
for the interaction between them (Woese, et al. 1966; Woese, 1967; Lacey and Pruitt,
1969; Saxinger and Ponnamperuma, 1974; Weber and Lacey, 1978; Jungck, 1978).
However the interaction depended not only on the affinity, but also on the concentra-
tion of both amino acids and respective nucleotides. The physico-chemical experi-
ments so far carried out in order to find out the relationship between amino acid-
nucleotide interaction and genetic code have to be reevaluated taking into considera-
tion the probable concentration of amino acids and nucleotides in the primeval sea.

The present hypothesis has the advantage of taking into consideration both chron-
ological or topographic necessity and chemical necessity for the interaction between
nucleotide bases and their respective amino acids. It explains the existence of two
quite different codons, UC and AG, for serine: Serine could have been produced by
the amination of a C; compound (UC) and by the addition of a C, compound,
probably formaldehyde, to glycine (AG). It may be explained in a similar way that
arginine has two codons, AG and CG, and that glutamic acid belongs to (Gly + nC,)
Subgroup and glutamine belongs to Cs-chain Subgroup.

Dillon’s (1973, 1978) speculation is different from others. It depends on the prob-
able biosynthetic pathways of different amino acids in primitive organisms. However,
it is very difficult to explain the origin of codons for all protein amino acids on these
sole grounds. The prebiotic synthetic pathways of amino acids such as valine, threo-
nine etc. presented in the present hypothesis are quite different from the biosynthetic
pathways suggested by Dillon. Moreover he takes into consideration only an inter-
amino acid order, but not a codon-amino acid order, as defined by Woese (1967).

5. The present hypothesis deals only with the genesis of the primitive code. In the
course of the evolutionary modification of the genetic code so as to minimize the
frequencies of deleterious mutation, what Woese (1967) calls ‘stochastic models’
might come into play, especially in the determination of the third letter. But the
universality of the genetic code leads us to consider that the essential feature of the
first and second letters of the codons must have been fixed in the early stage of
evolution. The mechanism of the fixation remains unknown. In the course of evolu-
tion before the fixation, the first and second letters seems to have had the tendency of
sharing the predominant meanings in the codons: the first letter predominantly took
charge of the nature of carbon skeleton of respective amino acids, or, in other words,
the synthetic pathways at the genesis of amino acids, and the second letter pre-
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dominantly took charge, in general, of the selective affinity of nucleotide bases to
respective amino acids, or, in other words, the fitness to the structure and physico-
chemical properties of amino acids.

6. The present codon-anticodon interaction seems to have appeared later and to
have initiated the development of the present protein synthesis mechanism. The co-
don-anticodon interaction had higher affinity than the codon-amino acid interaction
and replaced the latter.

In conclusion, a working hypothesis is presented on the interdependent genesis of
nucleotide bases, protein amino acids, and the primitive genetic code: the primitive
genetic code was dependent upon the concentration of different nucleotide bases and
amino acids coexisting in the primeval environments and upon the selective affinity
between bases and amino acids. Although there remain some ambiguities on the
assignment of several amino acids in the scheme (Table I), I hope that the ambiguities
will be gradually eliminated by further studies on the prebiotic syntheses of amino
acids and nucleotide bases and the present hypothesis will provide a basis for further
studies on the genesis of the genetic code.
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