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ABSTRACT A total of 1268 available (excluding mito-
chondrial) tRNA sequences was used to reconstruct the
common consensus image of their acceptor domains. Its
structure appeared as a 11-bp-long double-stranded palin-
drome with complementary triplets in the center, each
flanked by the 3'-ACCD and NGGU-5' motifs on each strand
(D, base determinator). The palindrome readily extends up to
the modern tRNA-like cloverleaf passing through an inter-
mediate hairpin having in the center the single-stranded
triplet, in supplement to its double-stranded precursor. The
latter might represent an original anticodon-codon pair
mapped at 1-2-3 positions of the present-day tRNA acceptors.
This conclusion is supported by the striking correlation: in
pairs of consensus tRNAs with complementary anticodons,
their bases at the 2nd position of the acceptor stem were also
complementary. Accordingly, inverse complementarity was
also evident.at the 71st position of the acceptor stem. With a
single exception (tRNAPP—tRNAC pair), the parallelism is
especially impressive for the pairs of tRNAs recognized by
aminoacyl-tRNA synthetases (aaRS) from the opposite classes.
The above complementarity still doubly presented at the key
central position of real single-stranded anticodons and their
hypothetical double-stranded precursors is consistent with our
previous data pointing to the double-strand use of ancient RNAs
in the origin of the main actors in translation—tRNAs with
complementary anticodons and the two classes of aaRS.

In the L-folded three dimensional structure of present-day
tRNAs, their anticodon and 3’-terminal amino acid attach-
ment site are separated by a distance of ~70 A so that tRNA
is unable to be correctly aminoacylated by itself. The specific
aminoacylation is provided enzymatically by 20 different spe-
cies of aminoacyl-tRNA synthetases (aaRS), one for each
amino acid and the cognate set of isoacceptor tRNAs.

On the one hand, to avoid the “chicken or egg” circular
argument, direct interaction between anticodon and amino
acid had to be hypothesized at 3’ half of proto-tRNAs (1-3).
In addition, the genetic code could have already existed in the
prebiotic RNA world, possibly by direct aminoacylation of
anticodons helped by RNA synthetase-like activity inherent in
group I introns of tRNA genes (3, 4). These anticodon-amino
acid complexes supposedly operated as “coding” coenzymes of
ribozymes (3). Whether or not they might serve primitive trans-
lation as adaptors remains unclear (3). Nevertheless, internal
sequence periodicity indicates that tRNAs most likely evolved
from very short hairpins (5), so that unavoidably, at some critical
step of their elongation, the recognition of anticodon and that of
the acceptor stem by aaRS came to be coupled.

Indeed, even modern tRNAs drastically truncated to the
acceptor mini-helix proved to contain sufficient information to
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be properly charged by the correct amino acid (6). A key role
in such recognition belongs to the 3’ unpaired 73rd base and
first 3 bp of the acceptor stem (6, 7). The “reciprocal” trun-
cations of aaRSs, such that in extreme cases the reduced
enzyme cannot even physically extend to cover the anticodon,
did not influence the rate and specificity of aminoacylation, as
well (6). Accordingly, “the second code” placed into the
acceptor stem of tRNAs was postulated. As more essential for
aminoacylation (6, 8, 9), these observations led to the claim of
the second code being older than the codon-anticodon code
and, accordingly the “frozen accident” hypothesis (10), was
revived for the particular algorithm of codon (anticodon)-
amino acid assignment (6, 9).

Yet the codon assignment does not appear fortuitous. First,
a general pattern of “similar codons for similar amino acids”
does exist (11). Second, Corey-Pauling—Koltun models of
stereochemical C4N complexes (2) showed the key-lock rela-
tions, though weak, between the anticodon (noncovalently
complexed with the discriminator base) and cognate amino
acid. Third, certain RNAs showed the capacity to preferen-
tially bind with not only basic amino acids such as Arg (12, 13)
but also Val and other aliphatic amino acids (14). At any rate,
the idea of the acceptor code evolving independent of the
codon-anticodon code encounters a formidable difficulty in
explaining the subsequent linkage between the two codes.

Concordant evolution of the two codes becomes a possibility
by an assumption that the proto-acceptor helix in proximity
of the DCCA-3' terminus originally contained the codon—
anticodon pair. Statistical examination of modern tRNAs did
reveal significant content of codons for Ala, Gly, Val, and Asp
in the 3-4-5 positions of the acceptor stem (15, 16). A problem
here was that most of the acceptor stem-specific identity
elements mapped at 1-2-3 positions (6, 7). Therefore, we
reexamined the acceptor in search of vestiges of the original
codon-anticodon pair in 1-2-3 positions. For this purpose, we
used constructed consensus tRNAs instead of present-day se-
quences, as discussed in (17, 18). The main results are as follows.

First Step Toward tRNA: The Double-Stranded Palindrome

Fig. 14 presents the common consensus of tRNA acceptor.
The 3’ strand of the acceptor is in fact a 11-base-long palin-
drome with two flanking complementary repeats, the DCCA
on the 3’ end and the NGGU on the 5’ end. The 5’ strand
appears to be of the same palindromic structure if one assumes
for the UGGd motif (Fig. 14, in italics) to complement the
universal unpaired 3'-DCCA tail. Thus, the central pair of
triplets GSS (S is G or C) presents the only difference between
the two strands. Fig. 1B shows how this structure can be
produced by self-templating of the original 5’'DCCA3’ tet-
ranucleotide (or, with the same results, of its 5'-UGGd-3’
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FiG. 1. (4) Common consensus acceptor stem reconstructed from
50 individual- consensus sequences, each representing a particular
group of tRNAs with the same anticodon as described (17, 18). A total
of 1268 tRNA sequences were used (all retrieved from tRNA sequence
database; ref. 19) covering viruses, archaebacteria, eubacteria, chlo-
roplasts, and eukaryotes, but not mitochondria. The corresponding
consensus sequences for 20 isoaccepting tRNA families (not shown)
are very similar (with a few one-base exceptions) to the “ancestral”
ones recently inferred by parsimony algorithms (20). Numbers under
the structure indicate how often the consensus bases occur at 5-6-7
positions in the 10 isoacceptor tRNAs, recognized by class I and class
II aaRSs, respectively. (B) Self-priming and self-templating of the
original 3'-ACCD-5’ tetramer generates a palindrome with a central
triplet coming as a fold-back hook. It replicates into the similar
palindrome with the complementary triplet in the middle. (C) Self-
templating elongation of the above both palindromes results in two
helices with the strand-mirror position of internal complementary
triplets and precisely the same flanking complementary repeats,
ACCD and dGGU. Removal of the latter on the 5’ terminus gives the
acceptor-like domain of the present-day tRNAs (see A) capable of
aminoacylation.

complement), the internal loop coming as a fold-back hook.
Due to the perfect symmetry of the palindromic templates, the
process generates two equivalent hairpins with the mirror
image location of the same central complementary triplets on
the opposite strands (boldface type in Fig. 1C). Most of the
present-day tRNAs begin with G at their 5’ end. Therefore we
suppose that the two complementary triplets originally also
were the palindromes GSC. Interestingly, the GGC and GCC
compose the anticodon-codon pair for Ala and, symmetrically,
the codon-anticodon pair for Gly. Their nearest 1-bp transition
derivatives are 5'-GAC-GUC-3’ and 5'-GUC-GAC-3' pairs
encoding Val and Asp, respectively. These four, Ala, Gly, Val,
and Asp, are the most preponderant amino acids among
abiotically synthesized (21). Accordingly, they were thought to
be the first amino acids recruited into translation. The next amino
acids to gain prominence might have been Arg with anticodons
CCG, GCG, and Pro with anticodons CGG and GGG.

The earlier reported significant content of codons at 3-4-5
positions, just for the “primordial” tetrad of amino acids Ala,
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Gly, Val, and Asp (15, 16), does not seem convincing for the
following reason. tRNAA! and tRNACY sequences are so G:C
rich that the Ala and Gly codons GCC and GGC (the most
frequent at 3-4-5 positions) are a priori expected to occur by
chance everywhere in the two tRNAs. Indeed, we did not find
such preferential concentration of GCC and GGC at 3-4-5 site
of the acceptor of tRNAA2 and tRNASY (though the signif-
icant difference did exist for 12 of 20 amino acids if the
acceptor helix as a whole is compared with T¥C-, D-, and
variable extra domains of modern tRNAs; unpublished data).
Actually, according to the consensus palindrome structure
(Fig. 1), the 5'-SDC-3' might originally occupied the 3-4-5
positions, the DC coming from the uniform DCCA flanking
motif. Note that all eight 5'-SDC3’ anticodons are assigned to
Ala, Gly, Val, and Asp, prevailing among abiotically synthe-
sized amino acids. Not surprisingly therefore, we meet these
triplets at the 3-4-5 site, but in noncognate tRNAs as well.

Early Bifunctional Adaptors

Each of the palindromes in Fig. 1C may approximate the
earliest prototype of tRNAs, the paired GNC at first three
positions with the 3’ adjacent base determinator constituting
a primitive code for a few primordial amino acids. To serve
translation as bifunctional adaptors, these two short helices
necessarily needed to be supplemented by a single-stranded
proto-anticodon (22). The general outline of such duplication
has been already suggested (ref. 5; see figure 5 in ref. 15).
Alternatively, upon melting of the original double-stranded
palindrome, one strand might form a separate proto-anticodon
hairpin while the other simply directs synthesis of the opposite
strand to rebuild the acceptor.

Either way, the two palindromes (Fig. 1C) were both capable
of correct aminoacylation before appearance of their single-
stranded anticodons. This conclusion comes from the antipa-
rallel alignments of the tRNAs with complementary antic-
odons. Indeed, if such tRNAs did evolve from the two palin-
dromes in Fig. 1C, then in “head-to-tail” alignment they should
complement each other in the anticodon hairpin but not in the
acceptor stem (Fig. 24). This was exactly the difference we
earlier found for consensus tRNAs (17, 18). At that time, the
observed difference was interpreted to reflect a less con-
strained mutational erosion of the acceptor stems compared to
the anticodon ones (17, 18). Actually, the difference might
have been predetermined by the structure of the two original
modules with mirror codon-anticodon-like pairs in the middle
(Fig. 1C). The weak point of the above scenario is that despite
independent elongation of the two palindromes, in the end
they had to have resulted in the uniform cloverleaf structure.

The alternative explanation might be that adaptors with
complementary anticodons arose later as a simple comple-
mentary replica of already bifunctional molecule. This sce-
nario predicts a perfect complementarity in both major stems,
the acceptor and anticodon (Fig. 2B) that was not detected (17,
18). The most serious defect in this scenario is that the
corresponding precursors of the complementary anticodons
had to have occurred on the opposite strands of the two
acceptors that made the two helices essentially indistinguish-
able for primordial tRNA synthetases, regardless of whether
they were ribozymes or protein enzymes (Fig. 2B).

Correlated Second Base Complementarity of the Two Codes

For the most important central base of the genetic code, we
unexpectedly found a surprising correlation between the real
single-stranded anticodon and their hypothetical double-
stranded codon-anticodon ancestor (Table 1). Literally, for
consensus tRNAs with complementary anticodons, their bases
in the 2nd position on the 5’ strand of the acceptor helix also
turned out to be complementary with each other. Accordingly,
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A:

o Complementary adaptors with duplicated anticodon/codon words:

proto-tRNA®Y proto-tRNA™
Acceptor helix Anticodon Acceptor helix Anticodon
5/ ==== CCC ++++ |.---=C 57 ==-- GGG ++++ |.---- G
11 c 111 G
3’ ++++ GGG ---- |.++++ C 3’ ++++ CCC ---- |.++++ G

u

e Adaptors with complementary anticodons antiparallely aligned to each other:

acceptor anticodon acceptor
5'GGG ++++|...|..-—--- GGG ++++.|...|---- CCCDCCA 3’
*hkko ]| PR [IEL ***
3’ACCDGGG =--=|...|..++++ CCC ----_|...|++++ CCC 5’
acceptor anticodon acceptor

B:

e Complementary adaptors with duplicated anticodon/codon words:

proto-tRNAY proto-tRNA™
Acceptor helix Anticodon Acceptor helix Anticodon
5/ =—=-- CCC ++++ |.---- C 5/ -=--= CCC ++++ |.---- G
I c I G
37 444+ GGG ---- |.++++ C 3’ ++++ GGG ---- |.++++ G

)

e Adaptors with complementary anticodons antiparallely aligned to each other:

acceptor anticodon acceptor
5'CCC ++++|...]..—-—- CCC ++++.]|...|---- GGGDCCA 3’
(NE RN PR e REREEEN|
3’ACCDGGG -===]...|.++++ GGG ----_.|...|++++ CCC 5’
acceptor anticodon acceptor

FiG.2. (A) Protoadapters originated from the two palindromes shown in Fig. 1C. They resemble mitochondrial tRNAs with lost T¥C- or (and)
D-arm earlier also considered as intermediate adaptor (23). Subsequent elongation reproduces the tRNA-like cloverleaf molecule with periodically
repeated UGGU and ACCA motifs along the sequence (see also ref. 24), for example the invariant 5'-URG-3’ at 8-10 positions, complementing
the preceding CCA of the acceptor palindrome, the same 5'-UGG-3' triplet at 17-19 positions of the D loop, the frequent 5'-UGGNC-3’ motif
of the extra loop between the anticodon and T¥C stem. The scheme predicts for antiparallelly aligned modern tRNAs with complementary
anticodons to display a significant base pairing in the anticodon stem and loop, in contrast to the acceptor stems, where impairing must occur
invariably at the 2nd position and frequently at the 3rd one. It is supported by the frequency distribution of complementary base pairs along the
acceptor helix. (B) Hypothetical pairs of complementary protoadaptors with the opposite strand location of their anticodon precursors in the
acceptor. Note that the two acceptors are in fact indistinguishable for synthetases.

inverse complementarity was seen between bases of the 71st
position on its 3’ strand. Of all 32 such pairs, there were only
3 exceptions (underlined in Table 1). These three, however,
were examples of the opposite strand location of anticodons
unrecognizable by synthetases (Fig. 2B). Were the two codes
completely independent of each other, then the expected (due
to chance) value of base complementarity at the 2nd position
of acceptor (predominantly G/C, see Table 1) would be 0.5,
while the authentic value was 29/32 = 0.91, the probability of
this or higher value being about 1/10%! If one takes into
account a few cases of T base occurrence at the 2nd position,
the random chance to have 29/32 complementary bases here,
in parallel with complementary single-stranded anticodons,
will be even smaller. The 3rd position showed the similar
tendency, albeit not as clear. This is expected if the anticodon-
like triplet originally occupied the 1-2-3 positions, since the 1st
(5') and 3rd (3') bases of anticodon correspond to the more
degenerated 3rd (3') and 1st (5") bases of codon, respectively.
All other bases in the acceptor (including base determinator at
the 73rd impaired position) appeared to be not complemen-
tarily correlated with the anticodon at all.

The Duplicated Code and the Double-Strand Origins of
tRNAs and aaRSs

With a single exception (tRNAFhe - tRNAGN pair), the above
2nd base-associated correlation was especially impressive for
the pairs of tRNAs with complementary anticodons recog-
nized by aaRS from the opposite classes (Table 1). Further-
more, for 15 such pairs, out of the 18, the central purine base
(G or A) in the anticodon was accompanied by the presence
of purine (invariably G) at the 2nd position of the acceptor 5’
strand, and symmetrically the same parallelism occurred for
the central pyrimidine bases (mostly C in the acceptor). It
means that anticodon-like triplets were mostly concentrated
on the 5’ acceptor strand of individual tRNAs. Exceptions
were pairs of tRNAs with complementary anticodons recog-
nized by aaRSs from the same class (see Table 1).

The above finding is of particular interest as completing our
hypothesis that genes of the two adaptor molecules, tRNAs
with complementary anticodons and the two types of aaRSs,
could have originated in pairs, each from the complementary
strands of primordial RNAs (26). Vestiges of the double-strand
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Table 1. Correlated complementarity of the second bases in anticodon and acceptor

Class I X Class I pairs Class I X Class II pairs Class II X Class II pairs

Leu (C, TAA) & Gln (G, TTA*) Phe (C. GAA) & Glu (C, TTC) Phe (C, AAA) & Lys (R, TTT)
Leu (C, CAA) & GIn (G, TTG) Leu (G, AAG) & Lys (C, CTT) Serl (G, GGA) © Gly (C, TCC)
Leu (G, GAG) < Glu (C, CTC) Ile (G, AAT) < Asn (C, ATT) Pro (G, GGG) < Gly (C, CCC)
Leu (C, TAG) < GIn (G, CTA*) Ile (G, GAT) <& Asp (C, ATC) Thr (C, GGT) & Ser2 (G, GCT)
Leu (Y, CAG) & GIn (G, CTG) Met (G, CAT) < His (Y, GTG) Thr (C. GGT) & Gly (C, GCC)
Ile (G, TAT) < Tyr (S, GTA) Val (G, AAC) & Asn (C, GTT) 2

Val (T, TAC) < Tyr (S, GTA) Val (G, GAC) & Asp (C, GTC) Ala (G, GGC) & Gly (C, GCC)

Val (G, CAC) & His (Y, GTG)
Serl (G, AGA) & Arg (C, TCT)
Serl (G, TGA) < Trp (S, TCA*)
Serl (G, CGA) & Arg (C, TCG)
Pro (G, RGG) & Arg (C, CCT)
Pro (G, TGG) < Trp (S, CCA)
Pro (G, CGG) < Arg (C, CCG)
Thr (C, TGT) & Cys (S, GCA)
Thr (C, CGT) & Arg (G, ACG)
Ala (G, TGC) © Cys (S, GCA)
Ala (G, CGC) < Arg (T, GCG)

Shown are pairs of complementary anticodons and the respective 2nd bases in the 5’ acceptor strand of the corresponding
consensus tRNA genes. To use all 32 pairs, the tRNA genes, not tRNA themselves, are presented in the table, and three
“nonsense” anticodons (marked by asterisks) are assigned to Gln (TTA, CTA) and Trp (TCA) according to ref. 25. There
are two unlinked groups of such pairs for serine designated Serl and Ser2, respectively. The 2nd bases in the acceptor and
anticodon are in boldface type. Underlined are the three exceptions when the complementarity of the anticodons is not
accompanied by the complementarity of the 2nd bases in the 5’ strand of the corresponding acceptor helices.

origin were still imprinted in their sequences (Fig. 3). Yet, the anticodon loop and stem regions, but not in acceptors (17, 18).
complementarity between consensus tRNAs with complemen- The reason for the above then became clear. In contrast, the
tary anticodons was detected in their antiparallelly aligned complementarity between class I and class II aaRSs was shown
A [ AnTicODON |
toa oA ALA R
| ACCEPTOR | > | ACCEPTOR |
5" (U) GGGSCUA. . .CYUGC-UU-CGC-AA-GCAGG. . .UGGSUCC-ACCA 3’
Eal R B - Pt bl 10t e i (I I Bl B
3" ACCG-CAGGGGC. . .GAACG-AG-GCG-UC-CGUUU. . .GCCCCUG (C) 5’
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CONSERVED CATALYTIC DOMAIN OF ROSSMANN FOLD
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F X P N-G X L H ¢ G H ¢ ...+ £ G X X KM S K S x x G £ X ¢ ¢ =

5’ TICxYXCCGAAC-GGYRGRATGCAYATTGGYCAYGYG. . .GATGACGGCKXXXXXAAGATGTCCAARTCYRTGXXXGGCAACKXXGTYATYGAC 3’
LT T T T T AT R o R T PELEL
37 BAGYARTGUYITOVRRHECVEEVIRRAGOYICTATRE | ) RRCCTYAXAXTIRRAGY XRTY RARY RPRuNTR 50

CONSERVED ANTIPARALLEL CATALYTIC DOMAIN

CLASS II

FIG. 3. The two antiparallel alignments, one (4) of the consensus tRNAs with complementary anticodons (the pair of tRNAAl and tRNAAT8
is shown) and the other (B) of the consensus signature motifs of the two aaRSs from the opposite classes. (4) Shown in boldface type are base
mismatches at the 2nd and 3rd paired positions of the corresponding acceptors. Other examples of base complementarity between such tRNAs
within their head-to-tail aligned anticodon stem and loop regions (in contrast to their acceptor stems) are presented in refs. 17 and 18. (B) Sequence
complementarity revealed for class-defining signature motifs of the two aaRSs within their catalytic domains. Amino acids are given in the
conventional single-letter symbols, boldface underlined letters showing the most conserved amino acid residues. The two HIGH- and
KMSKS-containing signature motifs of the class I complement the motifs 2 and 1 of the class II, respectively (for more detail see ref. 26). In the
center is shown a “head-to-tail” alignment of the corresponding gene fragments with underlined central bases of codons. Amino acid groups are
designated as follows: *, polar residue; ¢, hydrophobic residue; X, any residue. The two complete alignments of individual aaRSs (for each amino
acid) from the two classes and statistical evidence of their nonrandom sense—antisense similarity are presented in ref. 26.
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by their signature motifs within the catalytic domains that
recognize ATP, amino acid and the tRNA 3’-terminal half of
the acceptor, but not the anticodon (26). The correlated 2nd
base complementarity (Table 1) filled the gap admirably.
Division of labor between the two classes of aaRS is evident
in that (i) the hydrophobic amino acids are activated mostly by
the class I enzymes, while the small polar ones are aciviated by
the class II enzymes, and (if) the charged amino acids are
equally distributed in the two classes, though the largest of
them are preferred by class I synthetases (27). Fig. 3 and Tables
1 and 2 show how congruent the two complementarities are.
Those aaRSs attaching amino acids onto the 2'-OH group of
the tRNA terminal ribose are all (except for PheRS) from class
I, whereas those specific for 3'-OH are all from class II
(28-30). Accordingly, the two enzymes approach the cognate
tRNAs from the opposite sides and, in general, the corre-
sponding three-dimensional complexes “tRNA-aaRS” look
like mirror images of one another (29, 30). These two modes
of class-specific OH-group recognition could be an inborn
rationality which we formulated as the mirror enzymes “have
to” recognize the opposite sides of mirror substrates (26). The
rationality correlates with the genetic code structure: in a
binary R-Y approximation, anticodons with complementary
second bases and cognate amino acids are almost ideally
balanced with regard to the aaRS class membership (Table 2),
viz. 18 xYx anticodons for 6 amino acids recognized by class I
aaRSs correspond to 18 xRx anticodons for 5 amino acids
recognized by class II aaRSs, and reciprocally, 14 xRx anti-
codons (4 amino acids) recognized by class I aaRSs are
complemented by 14 xYx anticodons (5 amino acids) recog-
nized by class II aaRSs, in total compiling 32 anticodons (10
amino acids) of class I per 32 anticodons (10 amino acids) of
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class II. What is more, this balance is now extended to the
correlated base complementarity at the 2nd position of ac-
ceptor (shaded in Table 2). -

Metabolically, the RNA world was sufficiently rich (31) in
order to synthesize proteinous amino acids with ribozyme help.
Since the first synthetases were likely ribozymes as well, it
seems reasonable to assume for them a greater binding affinity
to basic amino acids (Arg, Lys, His) (4). Not surprisingly, it is
this group of tRNA-aaRS complexes which fits the “rule”
better than any other complex: tRNAs with complementary
anticodons are recognized by the complementary synthetases.
This rule did not apply well at all when complexes were
grouped on the basis of the precursor-product relationship of
their amino acids in biosynthesis accordingly the coevolution
theory of the genetic code (32). Compared to randomized
codes, the first group of “prebiotically” synthesized amino
acids, and the second group of their biosynthetic products (33),
were not significantly associated either with a complementa-
rity of their anticodons or with the complementarity of their
acceptor 2nd bases, or with the two complementing classes of
cognate aaRSs (Fig. 4). However, it should be noted here that
the precursor—product component of the genetic code might
be specifically optimized in relation to the first (5') base of
codons (3, 34), while the complementary component under
discussion is with regard to their second base.

Concluding Remarks

All attempts have thus far failed to decipher the acceptor code
in terms of simple words resembling the anticodons. This
failure is expected, because long coevolution of tRNAs and
protein aaRSs did not conserve the acceptor’s prototypic code

Table 2. Distribution of the 20 aaRSs into two classes correlated with the 2nd base in anticodon
and in the acceptor stem 5’ strand of cognate tRNAs (adopted from ref. 27)

Class I synthetases
(HIGH + KMSKS motifs, charge of 2’ OH)

Class II synthetases
(3 signature motifs, charge of 3" OH)

The 2nd base

The 2nd base

5’ Acceptor  Anticodon 5" Acceptor  Anticodon
LeuRS « C 3 A 6 LysRS a2 C 1 T 2
T 1 R 1}
G 2
IleRS a G 3 A AspRS a2 C 2 T 2
MetRS «a (o) G 1 A 1 AsnRS a2 (C: 2 T 2
ValRS a G 3 A SerRS a2 G 4 G 4
T 1 SerRS a2 G 2 C 2
CysRS a S 2 C 2 ThrRS a2 C 4 G 4
ArgRS a C 4 C 6 ProRS a2 G - G 4
T 1
G 1
TrpRS a2 S 2 ¢ 2 HisRS a2 Y 2 T 2
TyrRS a2 S 2 T 2 AlaRS a4 (@) G - G 4
GluRS a C 2 T 2 GlyRS a2pB2 (a2) C 4 C 4
GInRS a G -+ T 4 PheRS a2pB2 (a, a2) C 2 A 2
G b C: 10 C 15 G .10
G 2 A 8 X 2 T 8
C 12 T 2 G 12 A 2
I > T 6 G 3 G 6
A 6 (&) 6
X~ ¥ al8 R 15 R 18
R~17 R 14 ¥ 1 Xoo 14

Shown are oligomeric structures of the enzyme, the consensus 2nd bases of the 5’ acceptor strand and
the anticodon, and their numbers, respectively. All 32 pairs of complementary anticodons are used, as
in Table 1. PheRS is marked in boldface type as a member of the class II aminoacylating on the 2" OH
group. (S = G or C.) Underlined are the cases of “wobble” complementarity between the 2nd bases G

and U. In italics are shown A*C pairs.
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FIG. 4. Simulational testing of the hypothesis that tRNAs with
complementary anticodons are recognized by the complementary
aaRSs, assuming that (plot a) according to ref. 4, the first amino acids
recruited into translation were the basic ones (Arg, His, Lys; 10
anticodons in total); (plot c) according to the coevolutionary hypoth-
eses of precursor—product relations between amino acids (32), Arg,
Lys, His, Asn, Trp, Cys, Gln, Tyr, Phe, and Met (22 anticodons in total)
could have entered translation secondarily, as products of the “inven-
tive” biosynthesis, from the early group of prebiotically synthesized
amino acids (33). Plot b represents the difference between the plots ¢
and a. Each plot depicts the distribution of the following random
variable: the number of anticodon complementary pairs (where the
first anticodon belongs either to set a or b or c, as described above),
such that the first and second anticodons of the pair are recognized by
the aaRSs of the different classes (i.e., class I and class II or vice versa,
respectively). For each set we have opted for 1000 randomly generated
“codes” with the basic internal code structure (number of codons for
each amino acids, degeneracy patterns, etc.) remaining intact. It
appeared to be virtually impossible to treat the aforementioned
distribution(s) analytically due to the complexity of the underlying
statistical model (the explicit distribution lies somewhere in between
the hyperheometrical and binomial ones). For the simulated distribu-
tion (plot a), the actual value, being 9 out of 10, is highly nonrandom
(assuming quasinormality, it fits into the right 2.5% distribution tail).
The actual value for plot ¢ also appears to be highly nonrandom, but
only due to the basic amino acid component (i.e., the same plot a
subset). Indeed, when factored out, the remaining amino acids show
the distribution with a perfectly random actual value (plot b). Simi-
larly, within each of these two groups [i.e., separately for “precursor”
and “product” amino acids (33)], the actual numbers of the corre-
sponding anticodon pairs recognized by the complementing syntheta-
ses also appeared to be statistically indistinguishable from the values
expected due to chance.

in its original form. More distinct traces of compliance to the
primordial code could be imprinted in the ribozyme syntheta-
ses. Indeed, the concerted origin of tRNAs from a common
pair of short hairpins with complementary anticodons logically
implies the similar cohesive origin for their RNA synthetases.
If so, the ribozymes had to be equally distributed on the two
complementary classes. We think that the two classes of
protein aaRSs simply inherited the two classes of equal
distributions (32:32 for anticodons and 10:10 for amino acids)
from their RNA forerunners. Among numerous data in sup-
port of this viewpoint, the most notable is a parallel observed
for ribozymes and aaRSs. First, the Tetrahymena group I
self-splicing intron uses molecular handles on the RNA minor
groove similar to those used by AlaRS from class II when the
latter recognizes the tRNAA!® acceptor stem (35). Second, the
member of class I TyrRS and the P5abc ribozyme subdomain
both recognize the group I intron’s catalytic core (36). More-
over, the above convergence suggests that originally the group
I intron’s catalytic core had tRNA-like structure (37). Third,

Proc. Natl. Acad. Sci. USA 93 (1996)

the group I introns are able to directly and specifically bind Arg
right to its double-stranded codon-anticodon pair within the
conserved P7 helix (12).

Sequence diversity at 1-3 positions of the modern acceptors
is certainly insufficient to reliably discriminate all 20 amino
acids (22). A statistical survey of primary tRNA sequences in
the hope of uncovering at least weak correlation with aaRS
class membership also failed (38). The two assignments of
amino acids—to anticodons and to the aaRS classes—are not
ideally connected as well (27). The list of idiosyncratic relations
between the genetic code and the two adaptor molecules can
be continued. Nevertheless, the correlation becomes evident
only when we focus upon the complementary relations be-
tween the habitually single-stranded anticodons, their amino-
acyl-carrying double-stranded predecessors and the two
classes of aaRSs. Therefore we conclude that the two codes for
amino-acylation of tRNSs and codon-anticodon interaction
did not arise independently, but rather the two were originally
one and the same.

We thank Profs. P. Schimmel and E. Szathmary for interest and
useful comments.
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