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Base sequences of many transfer RNA (tRNA) species obtained from different sources contain
homologous regions. These homologies, which are 6 to 20 nucleotides long, occur both within the
same tRNA molecule and between many different tRNA molecules repeatedly. Since it is very
unlikely an 80 or so nucleotide long tRNA molecule could have been formed at once, under
primordial conditions, we propose that the homologous oligonucleotides found within the tRNA
molecules to-day represent the earliest adapter from which tRNA molecules have evolved.

Introduction

Since the pioneering experiments of Miller?,
many steps leading to the emergence of life have
been elucidated; however, the evolution of transfer
RNA (tRNA) molecule is still not understood. This
is in marked contrast with the great breakthroughs
that have been achieved in understanding the genetic
code, in sequencing several tRINA species and in
obtaining three dimensional structure of some tRNA
molecules.

This lack of understanding of tRNA evolution is
essentially due to two basic problems:

1) The first problem, which relates to the forma-
tion of all nucleic acids, is the difficulty in pro-
ducing nucleosides under promordial conditions % 3.

2) The second problem more specifically relates
to the origin of the translation phenomenon and
thus to the origin of tRNA molecules. The questions
to which answers must be found were:

a. How and when did the tRNA molecule emerge,

as the adapter we know to-day?, and

b. can an 80 or so nucleotide long polymer be

formed at once or does it represent, in its
present form and size, the product of many
evolutionary steps?

The first question, to which unfortunately no ex-
perimental answer can be provided, is really equi-
valent to asking whether the interaction between
protein- and nucleic acid-like molecules occurred
directly or there was always, from the beginning,
an adapter molecule whose function has always been
to pick an amino acid and to bring it to its proper
place.
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We believe it is more realistic to think that the
earliest interactions between these polymers, or
more precisely between one polymer and the mono-
mer of the other, occured directly and that an
adapter has later become necessary when “proto-
organelles”, — the earliest structural elements with-
in the primordial cells — emerged. With this event
various activities began to occur on well separated,
relatively rigid structures and hence the cellular
constituents could not stream through the cell as a
dilute solution, and some of them had to be trans-
ported through the cell by primitive adapters.

The second question is easier to answer, at least
theoretically, because it can be broken down into
two related questions:

i. What is the probability of the formation of

an 80 or so nucleotide long polymer, having
a particular base sequence, from 4 nucleo-
tides?

ii. How likely is it to build an 80 or so nucleo-
tide long polymer, starting with one monomer,
by the addition of one monomer at a time,
even without considering the degradation
which most likely will occur?

The probability of forming, from 4 nucleotides,
an 80 nucleotide long polymer having a particular
base sequence is 4780=1.7 x107%. Considering
that more than one of these had to be available to
accomodate the then available amino acids, the
likelihood of their having been formed within the
first few hundred million years appears very doubt-
ful.

Regarding the second question, Simon, in dealing
with a related question commented on the unlikely-
hood of the formation of a 100 amino acid long
polypeptide at once and suggested that if the smaller
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peptides were to combine to yield larger and larger
polypeptides then the probability of the formation
of the final polymer would be much greater *.

So using a similar argument we propose that the
present size of the tRNA molecules represent the
product of later stages in the evolution of a pri-
mordial tRNA like molecule, which was much smal-
ler, perhaps as small as 1/4th or even 1/8th the
size of the present tRNA molecule. In this com-
munication we are going to present evidence for
this idea on the basis of comparisons of the base
sequences of various tRNA molecules.

Methods

A comparison of the base sequences of two
nucleic acids is very similar to a comparison of the
amino acid sequences of two proteins. For this pur-
pose similarity scores (m-scores) among various
nucleic acid bases have to be derived. This was
done, using Relatedness Odds Matrix of Dayhoff 3,
in the same way amino acid similarity scores were
obtained & 7. Table I gives the similarity scores ob-
tained as well as the equivalence of the modified
bases.

Table I. Similarity scores (m) represent how similar each
base is to one another. They are derived from Relatedness
Odds Matrix, as described in the text.

a) Similarity scores (m) for nucleic acid bases

A C G U
A 9 4 5 6
C 4 9 2 6
G 5 2 9 3
U 6 6 3 9

b) Equivalence of some unusual bases found in tRNA

Equivalent to

D 5,6 dihydrouridine U
Q pseudouridine U
T ribosyl thymine U
S thiouridine U
1 inosine G

The comparison is then performed by a com-
puter using a sliding match between twe two se-
quences . One sequence, called “the key”, is kept
stationary while the other, called “the target”, moves
one nucleotide at a time, the similarity of the verti-
cal base pairs are computed and printed. The
printout is then scanned by the eye and any seg-
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ment where approximately 50% of the bases are
found to be identical between the two nucleic acids
is considered likely to be significant. For the ease of
detection of such regions the score 9, which repre-
sents identical vertical base pairs, is printed as a().

In order to be able to select those homologies
that are significant, a “significance threshold” has
to be established 8. This threshold provides the
borderline beyond which the observed homologies
could have occured by chance. For homologies
among proteins, where similarities among 20 amino
acids are to be considered, we had demonstrated
that a probability of 1072 or better is a significant
cut-off limit & 8 9 With nucleic acids where only 4
bases are found, the probability level has to be
raised by an order of magnitude to 1072 or better.

When a potentially significant homology is found
the individual similarity scores (m) are simply
added to obtain cumulative similarity score (M’)
for the homology. Table II gives the correlation be-
tween the length of the homology (span length), the
cumulative M score and the P(M' > M), (the
probability of the observed score to happen by
chance). Here M’ is the cumulative score and M is
the score which corresponds to a certain level of

Table II. Cumulative similarity scores for varying span
lengths and different levels of significance. Cumulative simi-
larity score, M, is the sum of individual similarity scores
(m), for a certain span-length, which measures how similar
two sequences being compared are. The larger the M score
the greater is the similarity. Span-length is the length of the
homologous sequence. Negative orders of 10 give the levels
of probability each M score corresponds to.

Span M

length 107% 10™* 1075 10°® 1077 108 107 107
4 34

5 43

6 49 52

7 56 60

8 62 67 70

9 69 74 T 79

10 75 81 85 88

11 82 87 92 95 97

12 88 94 99 103 106

13 94 101 105 109 112 115

14 101 107 112 117 120 123 124
15 107 114 119 124 127 130 133

16 113 120 126 130 135 138 141 142
17 119 126 132 137 141 145 148 151
18 125 133 139 144 148 152 156 158
19 132 139 145 151 155 159 163 166

probability. If M’ is larger than a particular M
score for a certain span length, say 5, then that
homology is significant to the level of the M score
exceeded. In other words the higher the M’ score
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the lesser is the probability that the observed
homology could occur by chance.

Since we have coined the term “subsequence”
for the homologies found among proteins 8, we shall
continue to use subsequence also to indicate signifi-
cant homologies found within and among tRNA
molecules.

Results

If the premise that tRNA molecules have evolved
from smaller oligonucleotides were true, then one
should be able to see homologous subsequence
throughout the entire length of tRNA molecules.
Indeed homologous subsequences can be seen to oc-
cur within the entire length of tRNA molecules by
matching the base sequence of a particular tRNA
molecule against itself as well as matching the se-
quences of different tRNA molecules.

Table III shows the results of such a comparison
obtained with alanyl tRNA (tRNAA%) against itself
and Table IV shows the results obtained with leucyl
tRNA (tRNAL®Y) against itself. It is important to
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point out here that many other homologies and
many with longer span-lengths are also present
within these molecules. Tables III and IV show
only those with the highest statistical significance.
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Fig. 1. The position of homologies found within an indi-
vidual tRNA molecule. The molecule is drawn as a linear
sequence beginning with the 5" end on the left side. Small
regular lines below the molecule represent each tenth base
while larger lines divide the molecule into quarter lengths.
A) tRNAAla, B) tRNALeu, Homologies are identified by
letters alphabetically and correspond to the order of pairs
given in Tables III and IV such that homologies designated
(b) correspond to pairs 1—11 and 38—48 in Table IV.

Table III. Homologies found within tRNAAla, a) Position number indicates the position along the nucleic acid, of the
sequence being matched, numbered contiguously from the 5’ end. Contiguous numbering is used to avoid confusion ar-
rising from gaps introduced to obtain best homology. b) The numbers and the primes (') below the target sequences re-
present the individual similarity scores (m), between the bases of two nucleic acids. M score shows the cumulative simi-
larity score. Double matching probability gives the probability for such a matching to occur by chance. ¢) tRNA sequence
is arbitrarily divided into four quarter lengths, which are numbered from 1 through 4, starting with the 5’ end of the
molecule. 1 :1 represents, for example, a homology found within the first quarter length of the molecule while 2 :3
represents a homology found between 2nd and 3rd quarter lengths, see Fig. 1.

Homologous oligonucleotides found within alanyl tRNA (tRNAAla)

Position number  Base sequences of the homologous M score of Double matching Part of the  Designation
of the oligo- segment the match probability tRNA it is in Fig. 1
nucleotide 2 Individual scores b PM > M) found in ¢
10—16 GCGCGU 47 103 1:1 a
1— 6 GGGCGU
l2 ' B
2—-10 GGCGUGUGG 71 5X10—4 1:3 b
36—44 IGC IQGGGA
7 7 77 l3 I5
8—14 UGGCGCG 60 10—4 l:3 ¢
35—41 U IGC IQG
e L0 6 ’
7—14 GUGGCGCG 68 5X10—5 122 d
21—28 GDAGCGCG
7 7 5 A O
16—33 AGDCGGDAGCGCGCUCCC 125 10—3 2:3 e
46—63 AGUCUCCGGTQCGAUUCC
/l/l3265/63l/4/6//
9—-22 GGCGCGUAGDCGGD 102 103 1:3 f
42—55 GGAGAGUCUCCGGT

//4/4//436/r1/
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Table IV. The same internal homologies seen within tRNALeu,

Homologous oligonucleotides found within leucyl tRNA (tRNALeu)

Position number Base sequences of the M score of  Double matching  Part of the Designation
of the oligo- homologous segment the match probability tRNA it is in Fig. 1
nucleotide & Individual scores b P (M >M) found in ¢
1- 9 GCGAAGGUG 67 103 1:1 a
10—18 GCGGAADDG
£ r & 5 ’ 5 3 7
1-11 GCGAAGGUGGC 80 103 1:3 b
38—48 GQGQUAGUGUC
’ 6 ’ 6 6 5 r 7 7 3 ’
11-19 CGGAADDGG 70 103 1:4 c
53—61 CGGACGUGG
ryr e e 4 3 7 7 7
31—-39 GCUUCAGGQ 70 103 2:4 d
63—71 GGTQCAAGU
’ 2 rr 7z 5 7
37—49 GGQGQUAGUGUCC 99 10— 3:4 e
61—73 GGGGTQCAAGUCC
/I3/Il456/’//
2—-13 CGAAGGUGGCGG 90 5X10—% 1:3 f
53— 64 CGGACGUGGGGG
A - A
Table V. Homologies found between different tRNA molecules.
Homologies found among different tRNA molecules
tRNA Position of Base sequences of the M score of Double matching Part of the
the homology homologous segment the match probability tRNA it is
Individual scores PM>M) found in
tRNAAla (yeast) 13—24 CGUAGD CGGDAG 95 10—+ 1:1
tRNALeu (E. coli) 11—-22 CGGAADDGGDAG
//3/5/6////'
tRNAAI2 (yeast) 28 —37 GCUCCCUU IG 78 5X10—4 21
tRNAPhe (yeast) 10—19 GCUCAGDDGG
' B B O 4 2 7 r 7 7
tRNAAla (yeast) 53—59 GGTQCGA 58 5X10—* 4:2
tRNAMet (yeast) 18—24 GGDDAGA
rere 4 F B 4
tRNAAI2 (yeast) 1— 7 GGG CGUG 59 10—+ 1:1
tRNATrp (E. coli) 3— 9 GGGCGSA
reryse 5
tRNAAla (yeast) 14—20 GUAGDCG 60 104 1:4
tRNASer (brewers yeast) 76—82 GUUGU CG

/16////

An interesting point which emerges from these
tables is that the strongest homologies are seen for
span lengths which correspond to 1/8th length of
the tRNA molecules: approx. 8 nucleotides long
for tRNAA® and approx. 10 —11 nucleotides long
lor tRNAL®Y, Since CCA occurs in all tRNA mole-

cules, that sequence was not considered within the
length of tRNAs.

Another point to be noted is that homologies are
found between all quarters of the molecules as well
as within the same quarter. Fig. 1 a and b demon-
strate this point.
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In Table V evidence is presented that these homo-
logies are not only observed within a single tRNA
molecule, but are found between many tRNA pairs.

Since there are also complementary bases along
these oligonucleotides, a small degree of secondary
structure may occur in solution.

Discussion

In the area of chemical evolution three schools
of thought have evolved to account for the emer-
gence of life. The first, based on the results of Fox
with microspheres 1 and of Oparin with coacervate
droplets 1! suggests that protein-like polymers alone
were sufficient for life to appear under primordial
conditions. According to this view the emergence of
life is a gradual event, with competition for nutrients
occuring at the microsphere stage and where the
first “cells” may not even have to qualify to be
alive as we understand life to-day. Most of the ex-
perimental evidence supports this view.

The second viewpoint starts with the premise
that life without nucleic acids, in particular DNA,
is inconceivable. The problem with this idea is that,
even though nucleic acid bases can form hydrogen
bonded complementary pairs, they can not replicate
themselves. Indeed, so far no nucleic acid has been
found to possess any catalytic activity, let alone
such a complicated one as “replicase” activity. Thus
one has to assume, even though it has never been
stated clearly, that somehow a (bio)catalyst was
conveniently available to perform this function and
later to separate the replicated strands. We have
recently elaborated on the relative importance of
proteins and nucleic acids for a cell today and under
prebiotic conditions (Erhan, manuscript submitted
for publication).

The third view which is more like a reconciliation
effort suggests that polypeptides and polynucleotides
coevolved.

Regardless of which one of these alternative views
one subscribes to, a direct amino acid-nucleotide
interaction, be it one nucleotide per amino acid or
three nucleotides per amino acid as we know to-
day, appears to be the likely first step because it is
impossible to conceive several 80 nucleotides long
nucleic acid molecules to have been ready and
waiting, then, to function as adapters. Lacey and
Pruitt have shown, by model building, that it is

quite feasible to accomodate trinucleotides along an
a-helical polypeptide 2. Woese, too, has produced
indirect experimental evidence that aromatic com-
pounds such as pyridine — actually it is estimated
that 3 —4 pyridine molecules are bound to each
amino acid'® — and even 2-picoline (Woese, per-
sonal communication) can bind to various amino
acids.

How did this recognition occur between amino
acids and trinucleotides is impossible to know exact-
ly. However, such a recognition must certainly re-
present a very early event in the chemical evolution,
regardless of which of the three alternatives listed
above actually occured. This would correspond to a
time early enough when amino acids and nucleic
acid precursors, formed under energy impact on the
primitive gases of the atmosphere, were still avail-
able in the oceans and where microspheres and
similar structures provided relative stability from
degradation.

The appearance of adapter molecules had to wait
for the emergence of more elaborate structural ele-
ments within these “protocells”, the “protoorganel-
les”.

As the messenger RNA had to evolve to protect
the DNA from protein synthesizing activities, so
can we envisage the necessity for the emergence of
adapter molecules, whose function was to carry the
amino acids to the assembly site, from the site they
were either synthesized or transported into the
“cell”. At that time great selectivity was certainly
not necessary and the amino acids might simply
have been held through hydrophobic interactions.

A few oligonucleotides, 8 —10 nucleotides long
and having even the anticodon region at one end,
could easily have been produced under prebiotic
conditions and among them those which could bind
amino acids might have been concerved. The growth
of the chain, then, could have occured at several
steps in a way similar to the evolution of MDV-1
phage RNA described in detail by Wells, Kramer,
and Spiegelman 4. Briefly, if a given oligonucleotide
is superior because of a particular sequence, a com-
plementary sequence is produced and is incorpo-
rated into the chain. As the protein biosynthetic
machinery became more elaborate and larger, the
size of the tRNA molecule had to increase to ac-
comodate them. The final size was predicated by
the emergence of ribosomes, which are quite large
organelles.
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