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ABSTRACT  Even if the prebiotic self-replication of nucleic
acids and the subsequent emergence of primitive, enzyme-inde-
pendent tRNAs are accepted as plausible, the origin of life by
spontaneous generation still appears improbable. This is because
the just-emerged primitive translational machinery had to cope
with base sequences that were not preselected for their coding
potentials. Particularly if the primitive mitochondria-like code with
four chain-terminating base triplets preceded the universal code,
the translation of long, randomly generated, base sequences at
this critical stage would have merely resulted in the production of
short oligopeptides instead of long polypeptide chains. We present
the base sequence of a mouse transcript containing tetranucleo-
tide repeats conserved during evolution. Even if translated in ac-
cordance with the primitive mitochondria-like code, this tran-
script in its three reading frames can yield 245-, 246-, and 251-
residue-long tetrapeptidic periodical polypeptides that are al-
ready acquiring longer periodicities. We contend that the first set
of base sequences translated at the beginning of life were such
oligonucleotide repeats. By quickly acquiring longer periodicities,
their products must have soon gained characteristic secondary
structures—a-helical or B-sheet or both.

Implicit in the immortal dictum omnis cellula a cellula of Ru-
dolph Virchow was the realization that all the diverse living or-
ganisms of this earth are branches of the gigantic monophyletic
tree that germinated in the primeval environs eons ago. The
ultimate challenge to biologists then is to understand the pro-
cess of spontaneous generation that gave rise to the very first
cell, for it is this cell that served as the primordium of the gi-
gantic monophyletic tree.

Regardless of its ultimate origin, terrestrial or extraterres-
trial (1-3), the conditio sine qua non of this spontaneous gen-
eration was prebiotic nucleic acid self-replication (4) followed
by the emergence of primitive tRNAs that began to translate
the base sequence of nucleic acids to the amino acid sequence
of functionally far more versatile polypeptide chains. It is at this
stage, however, that the proposition of spontaneous generation
suddenly appears to be a lost cause (2, 3). The reason is that the
newly emerged prebiotic translation machinery had to cope with
base sequences that were not preselected to be coding se-
quences. Consequently, the probability of these sequences being
translated to polypeptide chains of meaningful lengths should
have been practically nil.

Recent findings on the simpler translation machinery of the
mammalian mitochondrial genome (5) appears to indicate that
the universal code as we understand it (6) might not have ex-
isted at the beginning of the life. Rather, life started with the
simpler mitochondria-like code involving fewer species of tRNAs
and, therefore, fewer anticodons of greater infidelity with re-
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spect to their codon recognition (7). There are two essential dif-
ferences between the universal code and the simpler mito-
chondria-like code. (i) Whereas one base triplet—AUG for
methionine—serves as the chain-initiator in the former, four
base triplets—AUU, AUC, AUA, and AUG—fulfill this function
in the latter (the first two triplets specify isoleucine and the last
two specify methionine). (i) Compared to three chain-termina-
tors (UAA, UAG, and UGA) in the former, the latter has four
(UAA, UAG, AGA, and AGG); UGA in the latter becomes the
second tryptophan codon (5).

Under the primitive code nearly all the long randomly
generated base sequences contain many short, open
reading frames instead of one long one

In order to specify a polypeptide chain only 100 amino acid res-
idues long, a 300-base-long coding sequence is required. How-
ever, because 4 of the 4° base triplets are chain terminators in
the primitive mitochondria-like code, a vast majority of the 4°®
randomly generated 300-base-long sequences should contain
somewhere between 14 and 23 chain terminators in each; the
average is 18.75. Because each should also contain nearly as
many chain initiators as chain terminators, most of these ran-
domly generated 300-base-long sequences can only specify a
number of oligopeptides. This point is well illustrated by a 5’
noncoding segment of a mouse transcript shown at the top of
Fig. 1 Left. Because the first 20 Gs of the vector origin should
be discounted, this segment occupying the first 8!/ rows of Fig.
1 Left is 422 bases long. Included in it are 25 chain initiators
(3 ATT, 4 ATC, 9 ATA, and 9 ATG) and 35 chain terminators
(15 TAA, 8 TAG, 3 AGG, and 9 AGA). Of those, four pairs nul-
lify each other by forming initiator-terminator hexamers (ATA/
TAA of row 1, ATC/TAA and ATT/TAA of row 2, and ATA/
AGA of row 5). Furthermore, in-frame initiators located within
longer reading frames should be neglected. The above leaves
us with 13 short, open reading frames within the 427-base-long
nonrepetitious base sequence at the top of Fig. 1 Left that has
not been vigorously surveyed by natural selection. In descend-
ing order of their lengths, these 14 oligopeptides are made of
24, 21, 14 (two), 10, 8, 6 (two), 5 (two), 4, 3, and 2 (two) amino
acid residues. In Fig. 1 Left, the longest two open reading frames
straddling rows 1 and 2 as well as rows 5 and 6, and two shortest
dipeptide reading frames (rows 4 and 9) are accompanied by
corresponding amino acid residues shown in smaller letters. For
spontaneously generating the first cell, the just-emerged prim-
itive translation machinery had to produce polypeptides of re-
spectable lengths; random-sequence oligopeptides no doubt were
already in existence in prebiotic environs.
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Fic. 1. The sense-strand nucleotide sequence of a cloned cDNA copy of one mouse transcript containing tetrameric repeats in open reading
frames, shown in two parts: Left, up to base 802; Right, bases 803-1,253. After screening of approximately 100,000 clones of one male mouse cDNA
library (8) by using a subfragment of pErs5 cloned snake satellite DNA (originally identified as Ch4A Ers6 in ref. 9) as a hybridization probe, this
2,500-base-long (total length) clone was identified. Its sequence was determined by the methods of both Maxam and Gilbert (10) and Sanger et al.
(11). Detailed descriptions of the experimental procedures will be published elsewhere (12, 13). All three long reading frames in the segment stretch-
ing from row 9 of Left to the last row of Right are accompanied by corresponding amino acid residues in larger capital letters. The two longest
(24 and 21 amino acid residues long) and two shortest (dipeptides) readlng frames encountered in the 5’ apparently random base sequence (first
81/, rows of Left) are also accompanied by amino acid residues shown in smaller letters. All chain initiators (ATT, ATC, ATA, and ATG) and
chain terminators (TAA, TAG, AGG, and AGA) are individually identified by open (initiators) or solid (terminators) bars placed above these base

triplets. Each cardinal base tetramer is shown in the double-stranded zﬁg form underlined by a solid bar, and so is its most numerous single-base-

deviant :gzg also underlined by an open bar. Three exact two-single-base-deviant and one double-base-deviant copies of the nucleotide se-

quence A-T-C-T-A-C-C-T-A-T-C-A-T-A-T-G in Right are also underlined by shaded bars. Bases shown in rows of 50 each as a rule are identified
by numbers at both sides of each row. Three numbers in parenthesis shown at each side of row 9 of Left to row 8 of Right are with regard to amino

acid residues specifiable by three long open reading frames.
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Primordial protein-encoding sequences must have been
repeats of base oligomers that specified
periodical polypeptides

What if those prebiotic base sequences subjected to the initial
translation attempt were repeats of base oligomers? Oligomeric
repeats may generate a chain terminator not only within that
oligomer itself but also at the junction—e.g., A-T-A-G-T-A
contains not only a TAG chain terminator within but also its
repeats generate TAA chain terminator at each junction. Ac-
cordingly, a fraction free of chain terminators in the M-X re-
peats of n-base-long randomly generated oligomers is repre-
sented by 4" — (4% X 4n), regardless of whether n is 2 or 10,000.
It follows then that 68.75% of the randomly generated pen-
tameric repeats and 60.01% of the hexameric repeats shall for-
ever remain free of chain terminators, no matter how long they
become. Were the just-emerged prebiotic translation machin-
ery to have encountered not a collection of long randomly gen-
erated base sequences but repeats of randomly generated base
oligomers, it would have produced various long periodical poly-
p(:lptides instead of a collection of random sequence oligopep-
tides.

Because the transition from the ordered state to the disor-
dered state is always a far more likely event than the converse,
it may be assumed with reasonable certainty that all of the mod-
ern polypeptide chains of diverse functions have descended from
those that assumed either of the two characteristic secondary
structures—a-helical and B-sheet. The point is that such sec-
ondary structures are far more readily formed by descendants
of periodical polypeptides specified by oligomeric repeats than
those of so-called unique-sequence polypeptides. For example,
the modern coding sequence for vertebrate a-helical collagen
is repeats of the 54-base-long unit sequence (14), thus giving
the 18-amino-acid-residue-long periodicity to modern collagen
polypeptide chains. The ultimate ancestral coding sequence for
this class of a-helical polypeptides, nevertheless, appears to
have been nonomeric repeats that specified Gly-X-Pro or X-Gly-
Pro (14).

As the representative of B-sheet formers, the prolific B-mi-
croglobulin family of polypeptide chains shall be considered.
The cryptic repetitiousness inherent in this family of coding
sequences was revealed by the abundant recurrence of base
decamers to hexamers within each of them (15-17). The com-
pilation of these recurring base oligomers led us to the view
that the coding sequences of this B-sheet-forming family are
variously truncated degenerate repeats of the 45- to 48-base-
long primordial building block sequence, thus giving the 15- to
16-amino-acid-residues-long periodicity to the immediately an-
cestral polypeptide of this family. On the other hand, the in-
ternal repetitiousness evident within the primordial building
sequence suggested that the ultimate ancestor of this and re-
lated families specified a polypeptide chain with a much shorter
periodicity (17).

Of oligonucleotides of various lengths, those that are mul-
tiples of trimers appear to be least qualified to have served as
the building block of primordial coding sequences. First, whereas
repeats of a base pentamer already specify pentapeptidic pe-
riodical polypeptides, hexameric repeats can only give the di-
peptidic periodicity to their polypeptide chains. Furthermore,
whereas the periodicity of polypeptides specified by all other
base oligomers remains impervious to frame shifts due to base
deletions and insertions, the peptidic periodicity may be com-
pletely disrupted by frame shifts sustained by repeats of a mul-
tiple of 3-oligomer. For example, repeats of A-C-T-G-A specify
pentapeptidic Thr-Glu-Leu-Asn-Trp repeats in all three read-
ing frames, whereas repeats of A-T-G-C-C-A hexamer in three

Proc. Natl. Acad. Sci. USA 80 (1983)

reading frames are translated to quite dissimilar dipeptidic re-
peats: Met-Pro, Cys-Gln, and Ala-Asn. Nevertheless, it should
be noted here that a group of giant polypeptides secreted by
larval salivary glands of a dipteran insect (Chironomus tentans)
are specified by a family of genes that apparently arose as re-
peats of base nonomers (18). The same is apparently true of the
ultimate ancestor of vertebrate collagen genes (14).

Under the mitochondria-like primitive code, the 770-base-
long tetrameric repeat portion of a mouse transcript can
specify three tetrapeptidic periodical polypeptides >240
residues long

In a series of studies, Singh and Jones have shown that repe-
titious elements contained in satellite IV or Bkm DNA of the
two East Asiatic colubrid snake species (Elaphe radiata and
Bungarus fasciatus) are also present in all the eukaryotic ge-
nomes studied, from bakers yeast to man (19) and that these
repeats in higher vertebrates are concentrated in the W chro-
mosomes of the female heterogamety as well as in the Y chro-
mosome of the male heterogamety. Furthermore, in the case
of laboratory mice, the concentration of these repeats in the
functionally critical testis-determining portion of the Y chro-
mosome was genetically proven (20). We have previously iden-

tified the cardinal base tetramer GATA and its single-base-de-

CTAT
viant tetramer g%g? as evolutionary conserved elements in

these repeats (9). When G-A-T-A, G-A-C-A strand and its com-
plementary T-A-T-C, T-G-T-C strand were used separately as
hybridization probes on poly-A-containing putative mRNAs of
the mouse, at least two, and possibly more, transcripts con-
taining T-A-T-C and T-G-T-C repeats were identified (9, 12).
Their possible role in sex determination will be discussed
elsewhere (13). We present here, in Fig. 1, the pertinent 1,253-
base-long portion of one such mouse transcript (roughly 2,500
bases long) merely as an example of the oligomeric repeats that
can yield three long periodical polypeptides in all three reading
frames even under the primitive mitochondria-like code with
four chain-terminating base triplets (5). It should be noted that
the 777-base-long stretch starting from row 9 of Fig. 1 Left and
ending in the second from the last row of Fig. 1 Right is totally
free of chain-terminating base triplets, except for four at the
very beginning (rows 9 and 10) and six at the very end (second
from the last row) whereas the same segment is loaded with
chain-initiating base triplets. This is because the cardinal tet-
ramer T-A-T-C contains the chain-initiating ATC within it. Ac-
cordingly, in its three reading frames, this stretch is capable of
specifying polypeptide chains that are 245, 246, and 251 amino
acid residues long. These three amino acid sequences are sim-
ilar in their tetrapeptidic Leu-Ser-Ile-Tyr periodicity specified
by tandem repeats of the cardinal T-A-T-C tetramer. Never-
theless, these three are neither overly homologous with each
other nor excessively monotonous. Sequence homology be-
tween the three does not exceed 60%, and the monotony in
these sequences is broken by propagation of the three single-
base-deviant tetramers of the cardinal T-A-T-C—i.e., 33 copies
of T-G-T-C are scattered along the entire stretch, whereas 5
copies of T-C-T-C are concentrated in row 11 of Fig. 1 Left,
and 7 copies of T-A-T-G are in rows 6 and 7 of Fig. 1 Right.
The monotony is further broken by random base substitutions,
deletions, and insertions. Accordingly, all 20 amino acid resi-
dues are represented in these three amino acid sequences.
The evolutionary fate of repetitious base sequences was clearly
defined by Southern (21). Each original family of repeats starts
as numerous exact copies of the characteristically short base
oligomer. Soon, randomly sustained base substitutions, dele-
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tions, and insertions diversify the sequence to yield a number
of subfamilies of repeats, each subfamily now consisting of less-
exact copies of a much longer unit sequence. With further ac-
cumulation of mutational degeneracy, the repetitiousness of
these subfamilies becomes progressively cryptic. Indeed, in rows
1 to 5 of Fig. 1 Right we can already witness the birth of a
subfamily with a 16-base-long unit sequence. Three exact cop-
ies of A-T-C-T-A-C-C-T-A-T-C-A-T-A-T-G are seen in rows 4
and 5. Also marked in rows 1-3 of Fig. 1 Right are two single-
base-deviant copies and a double-base-deviant copy.of the above-
noted nucleotide sequence whereas its two-base-deviants oc-
cupy row 6.

Allin all, the 770-base-long segment of Fig. 1 appears to serve
as the model of the primordial coding sequence of eons ago. By
quickly acquiring longer periodicities, derivatives of such a pri-
mordial coding sequence must have begun to specify a-helical-
or B-sheet-forming polypeptide chains.
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