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tRNA is a vital component of the translation system
due to its role in linking the genetic code with the syn-
thesized protein. The modern tRNA is an L-shaped
molecule. One end of the molecule is the universally
conserved single-stranded NCCA tail, which carries
the cognate amino acid (aa), while at the other end,
about 75 A away, the anticodon (AC) loop that fully
characterizes the attached aa is located.

The mature tRNA interacts with three key compo-
nents of the translation system—the cognate aminoa-
cyl-tRNA  synthetase (aaRS) that  specifically
aminoacylates it; the elongation factor (EF-Tu in bac-
teria) that accommodates the aa-tRNAs and carries
them, in a ternary complex, to the ribosome; and the
ribosome where the attached aa is incorporated into
the growing polypeptide. The low overall frequency of

Abbreviations

aa misincorporation in translation (107 to 107%)
reflects the cumulative fidelity of these three principal
reactions [1].

Recognition of aa-tRNA on the ribosome is accom-
plished via the interactions of the mRNA codon
accommodated on the small ribosomal subunit, with
the AC loop. EF-Tu, which carries a variety of differ-
ent tRNAs, recognizes each of them specifically. The
minimal fragment of tRNA that can interact efficiently
with EF-Tu consists of a 10 base-pair helix from the
acceptor-TPC stem, linked to the aa-3’ end tail [2],
from which nucleotides 63-67 form the contact inter-
face [3].

Aminoacyl-tRNA synthetases are divided into two
distinct classes: Class I synthetases possess active sites
with the Rossmann fold motif, while class II

AC, anticodon; sC/sAC, stem codon and/or stem anticodon; aa, amino acid; aaRS, aminoacyl-tRNA synthetase; pre-3' end, a string of ten

nucleotides preceding the tRNA 3" end.
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Coding triplets in the acceptor-T¥C arm

synthetases have active sites composed of antiparallel
B-sheets with three highly conserved motifs: 1,2, and 3
[4]. Usually, there is one synthetase for each aa, 10 of
them belonging to class I and 10 to class II, but
LysRS has a class I form in addition to the canonical
class II synthetase [5]. Synthetases commonly acquire
the primary identity of their cognate tRNAs from the
anticodon stem loop. Yet, this loop is not always the
principal determinant for aminoacylation [6,7] and in
some cases no physical contact is made between the
aaRS and the anticodon loop [8]. In several tRNAs,
major identity elements are found in the core of the
molecule, as is the case, for example, with the large
variable loop in tRNAS". An additional set of identity
elements classified as ‘determinants’ and ‘antidetermi-
nants’ [9], such as the discriminator base (N73) [10]
and specific nucleotides in the acceptor stem [11-13],
were shown to participate in the tRNA recognition by
synthetases.

The recognition determinants embedded in the first
base pairs of the tRNA acceptor stems, as well as in
RNA minihelices derived from their cognate acceptor-
TYC stems, were demonstrated to carry coding infor-
mation sufficient for their specific aminoacylation
[9,11-16]. This non-AC aminoacylation process was
suggested to be controlled by an ‘operational code’
[12] that relates few nucleotides in the acceptor stem to
specific aa. Its mode of action was proposed to be a
remnant of an early mechanism for specifically
aminoacylating proto-tRNAs by proto-synthetases,
possibly associated with a second code [12,17], distinct
from the nucleotide triplets of the standard genetic
code [16].

Here, we analyze large sequence data sets from bac-
terial tRNA genes and report the occurrence, to a very
high extent, of cognate coding triplets in specific loca-
tions of the acceptor-TWC arm, also known as ‘tRNA
acceptor branch’, belonging to six aa: Ala, Asp, Gly,
His, Pro, and Ser. Coding triplets conserved in posi-
tions 63-67 are implicated in the tRNA recognition by
EF-Tu, while the triplets conserved in the 68-72
nucleotide range are proposed to be involved in the
contemporary tRNA recognition by synthetases of
class Ila. In the evolutionary context, these conserved
coding triplets are suggested to have served as identi-
fiers of proto-tRNAs in the primordial aminoacylation
process and to have had a primal role in the emer-
gence of the contemporary codon set.

Results

In bacterial tRNAs, the sequence of the string preced-
ing the 3’ end (pre-3’ end), ranging from nucleotides
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63 to 72, is diverse [18], even among different strains
of the same bacterium (Table 1, File S1). Statistical
analysis was performed on large-scale sequence data of
the pre-3’ end strings, acquired from the tRNAdb
database [19,20], http://trna.bioinf.uni-leipzig.de, which
holds 128 bacterial tRNA sequences obtained from
elongator tRNAs involved in protein synthesis, and
over 6200 bacterial tRNA genes, belonging to the 20
canonical aa. To avoid the inclusion of pseudo-tRNA
genes, that is, those not coding for elongator tRNAs,
only tRNA gene sequences having a full 3° end and a
consensus discriminator base [10] were incorporated
into the statistics (Materials and methods).

When read from the 5’ to the 3°, these strings, in the
tRNAs of nine aa, were found to hold excessive cog-
nate codon and/or anticodon triplets, termed here sC/
sACs, that is, stem codons and/or stem anticodons
(Tables 1, Table 2 and Sla, File S1). One class of bac-
teria, the Mollicutes, deviated from the statistical
behavior exhibited by the other bacteria (Table 1, File
S1, Table S2), and its exclusion resulted in a sample of
3324 tRNA gene sequences from over 100 bacterial
species. Statistical analysis that incorporated the 350
tRNA genes of Mollicutes did not differ significantly
from the results obtained with the data sample used in
the current study.

A group of nine conserving amino acids

The occurrence of the cognate codons and anticodons
in the pre-3’ end strings of the 20 canonical aa was
determined. Two distinct groups with a wide gap
between their cognate sC/sAC occurrences were
observed: The pre-3” end strings of the members of the
first group, that is, Ala, Arg, Asp, Gly, His, Leu, Pro,
Ser, and Val, were found to contain cognate sC/sACs
in over 85% of the strings of each aa. These aa were
denoted ‘conserving aa’. For the remaining 11 ‘non-
conserving aa’, that is, Asn, Cys, Gln, Glu, Ile, Lys,
Met, Phe, Thr, Trp, and Tyr, only 0%-40% of their
pre-3’ end strings carried a cognate sC/sAC (Table
S1b).

For each of the aa of the first group, the set of
specific coding triplets that accounts for 98% of the
sC/sAC occurrence within the strings carrying any cog-
nate sC/sAC is denoted the ‘conserved sC/sAC set’,
and the codons and anticodons belonging to any con-
served set are named ‘conserved sC/sACs’ (Table 2;
Materials and methods). These conserved sC/sACs are
present in 83% or more of the pre-3’ end strings of
each conserving aa, and they typically constitute only
a subset of the corresponding standard codon and
anticodon table (Table 2). Interestingly, the cognate
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Table 1. Conserved sC/sAC in the tRNA pre-3’ end sequences.

Coding triplets in the acceptor-T¥C arm

Amino acid (codons/anti-codons)

Pre-3' end sequence (nucleotides 63-72)°

Organism

Code in tRNAdb?

Ala (Conserved codons-GCC, GCU) GCUAGGCUCC
GCUUAGCUCC
GCAUAGCUCC
GUUAGGGUCC
UGUCUUCCCG
UCUAUCACCG
UCUCGUGCCG
UGUCUUCCCG
CAUCACCCGC
CUUCGCCCGC
CGUUUCCCGC
CGCUGCCCGC
UAUCUUCCGC
CGUCACCCGC
CUUCACCUGC

Pro (Conserved codon-CCG)

Gly (Conserved Anticodons-UCC, CCC)

Bacillus subtilis

Escherichia coli

Escherichia coli
Mycoplasma capricolum
Bacillus subtilis

Escherichia coli

Salmonella typhimurium
Mycoplasma mycoides
Bacillus subtilis

Escherichia coli

Escherichia coli

Salmonella typhimurium
Staphylococcus_epidermidis
Streptomyces_coelicolor_A3
Mycoplasma capricolum

tdbR0O0000007
tdbR0O0000008
tdbR0O0000010
tdbR0O0000005
tdbR0O0000316
tdbR0O0000623
tdbR0O0000318
tdbR0O0000413
tdbR00000116
tdbR0O0000117
tdbR0O0000118
tdbR0O0000121
tdbR0O0000114
tdbR0O0000113
tdbRO0000111

All the unique sequences of the elongator tRNAs of Ala, Pro, and Gly, as found in the tRNAdb database [19,20].; ® The conserved codons
are bolded, and the anticodons are underlined. In tRNA*?, the location of the conserved coding triplets varies, and in tRNAP™ (codon) and in
tRNASY (anticodon), it keeps a fixed position. The Mycoplasma (genus of the Mollicutes class) sequences, at the bottom of each box, often
do not comply with the other bacteria.

Table 2. Statistics of the conserved sC/sACs in the pre-3' end strings from bacterial tRNA genes. N—any nucleotide. P—the probability that
the observed occurrence of a particular sC/sAC set is random. P < 0.01 is considered statistically significant.

Conserved sC/sAC set®

Amino acid® (no. sequences) Codons Anticodons  Observed occurrence®  Expected occurrence® (+0.8%) P

Ala (209) GCU, GCC 83% 50% E-22
Asp (110) GUC 96% 17% E-106
Gly (243) CCC, UCC  94% 57% E-31
His (83) CAC, CAU 90% 22% E-51
Pro (180) CCG 98% 37% E-64
Ser (290) UCA,UCC,ucu 99% 46% E-72
Arg (305) CGG, AGG CGA,CGC,CGU  ccu 95% 84% E-7
Leu (366) CUN CAG 84% 63% E-17
Val (201) GUN NAC 88% 58% E-17

#Cognate triplets whose conservation is considered as robust, as well as the robustly conserving aa (Materials and methods), are depicted
by bold letters.; ®% of pre-3' end strings holding at least one sC/sAC from their conserved set at any location along the string.; “Derived
from random oligonucleotides simulation with ‘sample’ distribution (A, C, G, U) = (10%, 46%, 24%, 20%). The statistics for the other two

distributions and the statistics for the three distributions calculated for the remaining 11 aa are given in Table S1a,b, respectively.

sC/sACs conserved in the pre-3’ end strings are often
not correlated with the anticodon triplet in the AC
loop of the same tRNA (File S1).

For each of the nine conserving aa, the observed
occurrence of conserved coding triplets in their pre-3’
end was compared with its expected occurrence. The
expected occurrences were obtained by analyzing a
large data set of random 10-mer oligonucleotides. The
construction of the randomized sequences and the esti-
mation of the expected occurrence of a specific set of
sC/sACs are described in the Materials and methods
section. The randomized strings were constructed with

three nucleotide distributions: (a) distribution identical
to the average found in all the bacterial pre-3’ end
strings analyzed (‘sample’ distribution), that is,
A =10%, C=46%, G =24%, and T =20%; (b)
equal distribution of the four nucleotides; and (c) the
individual nucleotide distribution found in the pre-3’
end string of each aa (Table Sla,b).

Analysis of the observed vs. expected sC/sAC occur-
rences in the data of the conserving aa confirmed that
the observations are clearly nonrandom, that is, that
the conserved sC/sAC of the nine conserving aa show
observed occurrences that go far beyond the statistical

FEBS Letters 595 (2021) 913-924 © 2021 Federation of European Biochemical Societies 915

85U80|7 SUOWIWOD 8A1Te81D 3|dedl|dde aup Aq peusenob afe S3oile YO ‘8SN JO SaINJ J0j Akeid1T8UlUO AB|IAA UO (SUONIPUOD-PUE-SWBI WD A8 | IM AleIq 1 BUl UO//:SANY) SUORIPUOD pue Swie | 81 88S *[£202/20/90] UO AReiqiTauluo A8|IM BulyDeueIuo0D Aq 1101 T 891E-£.8T/200T OT/I0P/L00 A8 | AReiq1[pUl|UO'SCRY//SANY WO} pepeolumod ‘L ‘T20Z ‘89vEEL8T



Coding triplets in the acceptor-T¥C arm

expectation (P << 0.01), a result obtained with all
three distributions (Tables 2 and Sla). For the non-
conserving aa, in the absence of a conserved sC/sAC
set, only the combined occurrence of all the cognate
sC/sACs was checked. The combined occurrences were
found to lie in the range of 0-40% for each aa, which,
for Gln, Glu, Lys, Met, Thr, and Tyr, is less than sta-
tistically expected. For the remaining five aa, it practi-
cally accords with the statistical expectations
(Table S1b). It is noteworthy that the coding triplets’
statistics in the Thr pre-3’ end strings demonstrate
idiosyncratic features—it has the highest level of sC/
SAC occurrence among the nonconserving aa, 40%,
compared with less than 25% in the data of the 10
remaining nonconserving aa. Moreover, 90% of the
observed sC/sAC are anticodons, and not even a single
sC/sAC is found in positions 70-72 of tRNAT

To further benchmark these statistical results, the
occurrence of the triplet CCC was examined. This tri-
plet is expected to be the most prevalent for 14 out of
20 aa due to the considerable excess of the nucleotide
C in their sequences (Fig. S1). Pre-3’ end strings from
the tRNAs of the conserving aa display CCC consider-
ably less than inferred from their nucleotide distribu-
tion. Surprisingly, the strings of Ala, His, and Asp,
which contain over 44% of nucleotide C in their pre-3’
end sequences, hardly show any CCC triplets. Con-
versely, aa whose tRNAs display sC/sACs significantly
less than statistically expected (Gln, Tyr, Lys) exhibit
the most significant access of CCC.

A subgroup of six robustly conserving amino
acids

The sC/sACs found in the pre-3’ end string of the con-
serving aa may appear as a single site, which is fully
conserved, although the rest of the sequence varies
(Pro, Table 1, Fig. 1) or as an accumulation of occur-
rences from as many as seven different sites (Leu, Val,
Fig. 1). The conserved sC/sACs of Ala, Arg, Asp, Gly,
His, Pro, and Ser are concentrated in one or two sites,
each holding mainly one or two coding triplets. In
contrast, the overall high occurrence of the conserved
sC/sACs of Leu and Val is the sum of small occur-
rences scattered throughout their pre-3’ end strings.
Components of a conserved set are considered as ‘ro-
bustly conserved sC/sACs’ when they appear, alone or
with one additional coding triplet, at a specific location
in more than 60% of the pre-3’ end strings belonging to
a certain aa. This location is termed a ‘sC/sAC conser-
vation site’. Overall, the occurrence histogram (Fig. 1)
contains nine such sites: one for Pro (positions 70-72,
98% occurrence of the codon CCGQG); Gly (positions
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68-70, 94% occurrence of the anticodon CCC or UCC);
Asp (positions 64-66, 91% occurrence of the anticodon
GUC); and Ala (positions 68-70, 64% occurrence of the
codon GCU. In the remaining sequences, only C69 and
U70 are conserved); Arg (positions 66-68, 60% occur-
rence of the codons CGG or AGG); two sites for Ser (in
two partially overlapping positions: 68-70, 63% occur-
rence of the codon UCU or UCA and positions 70-72,
72% occurrence of UCC, which combine to 94% occur-
rence of a conserved codon in positions 68-72); and two
for His (positions 63-65, 60% occurrence of the codon
CAU. In the remaining sequences, only C63 and U65
are conserved. Positions 70-72, 69% occurrence of the
codon CAC. In the remaining sequences, only C70 and
C72 are conserved, mostly due to the exchange of A71
into G71 in the sequences from Bacillus). The corre-
sponding aa and coding sets (Table 2) are termed ‘ro-
bustly conserving aa’ and ‘robustly conserved sC/sAC
sets” (Materials and methods). Interestingly, in contrast
to the accumulation of coding triplets in positions 68—70
and 70-72 (Fig. 1), there are hardly any conserved tri-
plets in positions 69-71.

In a second benchmark test, the occurrences of indi-
vidual coding triplets per each three-mer location in
the pre-3’ end strings of every aa were counted, with-
out relating to the nucleotide distribution. Cognate sC/
sACs were found at a specific location in more than
half of the strings belonging to each of the six robustly
conserving aa, but not in the data of the other 14 aa.

Five out of the six robustly conserving aa, that is,
Ala, Gly, His, Pro, and Ser, have synthetases that
belong to class Ila. The statistical correlation between
the list of aa that robustly conserve the sC/sACs, that
is, Ala, Asp, Gly, His, Pro, and Ser, and those whose
synthetases belong to class Ila, that is, Ala, Gly, His,
Pro, Ser, and Thr [21], was computed. The probability
P that such a correlation or higher, could have been
obtained randomly, is given by (Materials and meth-

ods):
(0) (5)+ () (1)
6 0 5 1
P= < 20> ~0.002.
6
indicating that the null hypothesis of no correlation

between robust conservation and belonging to class
Ila is wrong.

Archaea and eukarya

The genomic tRNA sequences of archaea and eukarya
were not subjected to the aforementioned analysis due
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%
conservation

100

Fig. 1. Occurrence of the conserved stem
codon and/or anticodon triplets in the pre- 60 -
3" end string of the conserving aa. The

column of each 'sC/sAC conservation site’ 40

is marked by the identity of its conserved 20
triplets and by the percentages of

sequences carrying these triplets in the 0 ¥

site. *The overall occurrence of the
conserved sC/sACs of Ser in its two
partially overlapping conservation sites
(positions 68-70 and 70-72).

to the difficulty to distinguish pseudo-tRNA gene
sequences, which are prevalent in the database (Sprinzl
M., private communication), from the authentic ones.
The 3’ end tail, NCCA, used for screening the bacte-
rial data, which excluded 40% of the bacterial
sequences, appears only in few archaeal tRNA genes
and is absent in eukaryotes. The more reliable elonga-
tor tRNA sequences are too scarce to ensure any sta-
tistical validity. Part of the 63 unique archaeal and 117
unique eukaryotic sequences, belonging to the elonga-
tor tRNAs of the 20 aa, do display access of cognate
sC/sACs in their pre-3’ end strings (Files S2, S3),
mostly for the same aa classified as conserving in bac-
teria. However, the position and identity of these cog-
nate coding triplets differ from bacteria, leaving open
the question of whether the cognate sC/sACs are con-
served in the other realms of life besides bacteria.

Discussion

Coding triplets in the acceptor-TWYC stem

In total, over 90% of the bacterial pre-3" end
sequences from the nine conserving aa contain a
conserved codon and/or anticodon triplet
(Table 2), although the data probably include
unidentified pseudo-tRNA genes randomly carrying
the consensus discriminator base, and possibly
sequences from additional species besides the Mol-
licutes, whose tRNAs do not comply with the bac-
terial pattern of sC/sAC conservation. Coding
triplets, which are complementary to the conserved
sC/sACs presented here, were previously identified
in positions 3-5 of prokaryotic tRNAs of four of
the conserving aa, that is, Ala, Asp, Gly, and Val,

63-65 g4 _ce

Coding triplets in the acceptor-T¥C arm

N Leu
mVval
mAla
WArg
M His
M Ser

Asp

Gly

Pro

t

o T .
68-70

Position on pre-3'end

and were termed ‘protocodons’ and ‘proto-anti-
codons’ [22]. Collectively, these observations point
to a highly nonrandom occurrence of conserved
sC/sACs, distributed along the pre-3’ end strings
of the conserving aa.

Nucleotide C is the most abundant (47%) of the
nucleotides constituting the 12 robustly conserved sC/
sAC triplets (Table 2). The conservation is therefore
facilitated by the elevated occurrence of nucleotide C
(46%) in the bacterial pre-3’ end sequences. Yet, the
sC/sAC occurrence in the pre-3” end strings of the con-
serving aa is of consequence with regard to both the
expectation values derived from the randomized
oligonucleotides constructed with the C-rich ‘sample’
distribution (Table 2) and with the individual nucleo-
tide distributions (Table Sla), validating that the con-
servation of the cognate stem codons and/or
anticodons in the pre-3” end string is a genuine phe-
nomenon. Correspondingly, the triplet CCC, which is
expected to be highly frequent due to the significant
access of nucleotide C in the pre-3” end of 14 aa, is
nearly absent in the sequences from the tRNAs of the
robustly conserving aa, likely due to a negative corre-
lation with the marked occurrence of the conserved
sC/sACs (Fig. S1).

Our statistical results are in line with the ensemble
attributes of the ‘operational RNA codes’, determined
from a bacterial classification and regression tree,
which was inferred from acceptor stem sequences of a
large variety of bacterial organisms [23]. The tree
exhibited low degree of degeneracy for the same five
aa that display robustly conserved sC/sACs in their
acceptor stem, that is, Ala, Gly, His, Pro, and Ser. In
contrast, it presented the highest degree of degeneracy
for Arg, Leu, and Val, indicating the weakening of the
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Coding triplets in the acceptor-T¥C arm

selective constraints on their tRNA acceptor stem
identity elements. The clear accumulation of most spe-
cies corresponding to each of the five robustly conserv-
ing aa, into a single leaf of the tree, corroborates the
conservation of coding information in a specific loca-
tion of their acceptor stems. Likewise, the high degen-
eracy obtained for Arg, Leu, and Val agrees with the
dispersion of the cognate coding triplets throughout
their acceptor-TYC stem (Fig. 1), found in the present
study.

Contemporary significance of the conserved
coding triplet

The unexpected retention of cognate coding triplets at
specific locations of the acceptor-TPC stems of Ala,
Asp, Gly, His, Pro, and Ser poses the question of the
biological significance behind this extreme conserva-
tion (Tables 2 and S2).

Five of the robustly conserving aa, that is, Ala, Gly,
His, Pro, and Ser, exhibit conserved sC/sACs in the
nucleotide range of 68-72 of the acceptor stem
(Fig. 1), which forms a contact interface with syn-
thetase [9]. The tRNAs of all these aa are charged by
class ITa synthetases, when partition into subclasses is
made according to the relevant mode of their binding
to the tRNA acceptor stem [21]. The probability that
this correlation is random is negligible, 0.2%, suggest-
ing that the high conservation of coding triplets in
positions 68-72 relates to their involvement in the
aminoacylation mode applied by their cognate class
ITa synthetases. This assertion is further supported by
the significant decrease in aminoacylation rate of the
full-length tRNAP™ on mutation of C70 and G72 [24],
from the robustly conserved Pro stem codon CCG
located in positions 70-72 (Fig. 1).

A plausible aminoacylation mechanism that uses the
robustly conserved sC/sACs to discriminate between
tRNAs or between their derived minimal substrates
requires specific interaction between the catalytic core
of the corresponding synthetases and the conserved
sC/sACs. The flexible motif 2 loop from the catalytic
core of class II synthetases was found to interact, in a
base-specific fashion, with nucleotides from the tRNA
acceptor stem. In the tRNAS:SerRS complex, it pro-
trudes into the major groove down to the fifth base
pair, interacting with the nucleotide bases [25], that is,
with the same nucleotides that are robustly conserved
and that constitute the identity determinants for
tRNAS" recognition [15]. In the tRNAMS:HisRS com-
plex (Fig. 2), residues R115 and Q117 from motif 2
loop approach the bases of A71 and C72 to 3.7 and
3.9 Ao, respectively, where A71 and C72 make part of
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the His robustly conserved codon CAC, located in
positions 70-72 of tRNAM® (Fig. 1). This mode of
interaction provides a feasible mechanism for the
specific recognition of these tRNAs, either through the
involvement of the conserved coding triplets in stabi-
lizing a specific conformation identified by the syn-
thetase, or via direct contacts of motif 2 loop with the
bases of the conserved coding triplets.

Linking the sC/sAC conservation with their being
recognized by motif 2 loop is consistent with the lack
of sC/sAC conservation in the pre-3’ end strings of the
sixth aa charged by a class Ila synthetase, Thr (Table
S1b). In the structure of the bacterial tRNA™ :ThrRS
complex, the identity determinants held in the stem are
recognized by the N-terminal domain of the enzyme
[26] and not by motif 2 loop, a functional exception
that can account for the lack of sC/sAC conservation.
Likewise, the partial loss of sC/sAC occurrence in
tRNAA? acceptor stem (Table 2, Fig. 1) can be linked
with the reorientation of tRNA”™ relative to the core
of its cognate synthetase, as seen in the tRNA™H:
AlaRS complex from the archaecon Archaeoglobus ful-
gidus (pdb code 3wqy), which is the only currently
available X-ray structure of the complex. Although
class II consensus catalytic core exists within this
AlaRS structure, motif 2 loop does not interact with
the acceptor stem. Recognition of the acceptor stem
identity determinants is carried out by the helical loops
of all and al4, from out of the catalytic core [27], a
functional exception that is likely to account for the
diminishing sC/sAC conservation in the modern
tRNAM? acceptor stems. The partial conservation of
the CAC codon in positions 70-72 of tRNAM which
is manifested mainly in the exchange of A71 into G71
in the sequences from the Bacilli class, can be possibly
linked with a functional variation as well. A second
type of synthetase, histidine tRNA ligase 2, found
solely in Bacillus [28], may render the sC/sAC conser-
vation in this phylogenetic class surplus.

Involvement of the robustly conserved sC/sACs in the
aminoacylation by five class Ila synthetases is further
corroborated by the properties of the aminoacylation of
minimal RNA substrates. In this process, information
contained in the acceptor stem was demonstrated to suf-
fice for charging minihelices derived from the acceptor-
TYC stem, with their cognate aa [9,11-16]. This alterna-
tive information source, termed the ‘operational code’
[12], depends on identity determinants held in the first
five base pairs of the acceptor stem analogs. Aminoacyla-
tion of such minihelices was found to be carried out most
efficiently for four out of five robustly conserving aa, that
is, Ala, Gly, His, and Ser [29], while no data are currently
available for fifth amino acid, Pro. All but one of the
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identity determinants recognized by the corresponding
synthetases, in the 3’ side of the cognate minihelices, are
contained in the robustly conserved coding triplets of
these aa (Table 3). The coding triplets present in these
minihelices can therefore be specifically recognized by
motif 2 loop, via the same mechanism suggested for the
interaction of the loop with the identity determinants
located in acceptor stems of full-length tRNAs. This
interaction is likely to facilitate the identification of these
minihelices and thus grant them with enhanced efficiency
in aminoacylation.

The linkage made here between sC/sAC conserva-
tion and the contemporary non-AC aminoacylation
can be validated or refuted experimentally. Due to the
high occurrence of the conserved sC/sACs in the
acceptor stems of the robustly conserving aa, the more
efficient aminoacylation rates reported in the literature
correspond to minihelices carrying a conserved coding
triplet. Decrease in aminoacylation rate following the
mutation of a nondeterminant nucleotide in a robustly
conserved coding triplet can corroborate this linkage.

At the other half of the pre-3’ end string, nucleo-
tides 63-67 from the acceptor-TYC stem establish the
contact interface with EF-Tu [3]. The sC/sAC conser-
vation sites in that range, that is, the Asp anticodon
GUC in positions 64-66, which is conserved in 91%
of the sequences, and the His codon CAU in positions
63-65, which is conserved in 60% of the sequences
(Fig. 1), are suggested to contribute to the binding
affinity for EF-Tu. In particular, EF-Tu was shown to
use the tRNA®P base pairs G51:C63, C50:G64, and
G49:U65 for tightly binding it [30], where G64 and
U65 are included in the conserved Asp codon GUC.
For His, only C63 and U65 are completely conserved,
probably reflecting the linkage between the present
involvement of specific nucleotides in the recognition
of tRNA by EF-Tu and their degree of conservation.

The sC/sACs conserved in pre-3’ end strings of the
nonrobustly conserving aa Arg, Leu, and Val, which
are presently charged by class I synthetases, seem to
lack a contemporary role. The conserved sC/sACs of
Leu and Val are dispersed throughout the pre-3 end
string (Fig. 1) rather than holding specific sites, as
would be expected from functional sC/sACs. Consis-
tently, the identity determinants for aminoacylating
minimal analogs of tRNA™" are found in the D-arm
and in A73, but not in the pre-3’ end [31]. 60% of the
pre-3’ end sequences from tRNA™ actually contain a
robustly conserved codon in positions 66-68 (Fig. 1).
However, this site is unlikely to serve as an identity
determinant, because its location partially overlaps the
ranges of tRNA interaction with EF-Tu and with the
synthetase. In accord, the base of A20 in the D loop is

Coding triplets in the acceptor-T¥C arm

the dominant identity element for non-AC aminoacy-
lation [32].

As expected from the assumed lack of contemporary
role, the level of sC/sAC conservation in the pre-3’
end strings of these three aa is lower compared with
the six robustly conserving aa (Table 2). Also, the
number of conserved sC/sACs per aa is larger: five,
six, and eight for Leu, Arg, and Val, compared with
one to three for the robustly conserving aa. Moreover,
the robustly conserved sC/sAC sets, which comprise
just codon or just anticodons, are evolutionary more
plausible, because they can be the descendants of a
single cognate coding triplet that existed in the accep-
tor-TWC stem of the ancestral tRNA, while those con-
taining both codons and anticodons, as is the case
with Leu, Arg, and Val, cannot. In accord, the ‘opera-
tional RNA codes’ inferred from the bacterial classifi-
cation and regression tree demonstrated the highest
degree of degeneracy for Arg, Leu, and Val, indicating
the reduced conservation of their acceptor stem iden-
tity elements [23]. These statistical observations seem
to point to a gradual process by which, in the absence
of a contemporary role, the conserved sC/sACs of
Leu, Arg, and Val were shifted throughout the accep-
tor-TYC stem, while random mutations supplemented
the list of conserved sC/sACs and lowered the overall
level of conservation.

Taken together, these five aa, that is, Ala, Gly, His,
Pro, and Ser, share three different acceptor stem-re-
lated features: robust conservation of the sC/sAC,
enhanced efficiency of minimal substrate aminoacyla-
tion, and being charged by class Ila synthetases. This
correlation suggests the existence of a variant of the
aminoacylation mode of action applied by the corre-
sponding class Ila synthetases, which takes advantage
of the information embedded in the robustly conserved
sC/sACs to discriminate between tRNAs. Such a
mechanism can provide reasoning for the enhanced
efficiency of charging these minihelices and more
importantly—for the extreme conservation (Table 2
and S2) of the coding triplets in the modern acceptor
stems of these aa.

Possible evolutionary implication of the
conserved coding triplet

The level of sC/sAC occurrence in the acceptor-T¥C
arm is highly correlated with the antiquity of the corre-
sponding aa. FEight out of the nine conserving aa
(Table 2), that is, all except His, are listed among the 10
earliest appearing aa, according to a consensus chronol-
ogy built on 60 criteria [33], which is compatible with the
results of the Miller—Urey experiment [34]. In particular,
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Fig. 2. Synthetase interaction with the acceptor stem. tRNAMS:
HisRS complex (pdb 4rdx). Motif 2 loop (orange) of HisRS (green)
bulges from the catalytic core into the major groove of tRNAMS
(cyan) acceptor stem.

the robustly conserving aa Ala, Asp, Gly, Pro, and Ser
are among the six most ancient aa. The probability of
such a correlation being obtained at random is 0.002,
suggesting that the origin of the coding triplets, con-
served in the acceptor-TWC stem, is prebiotic [22].

The evolutionary history of tRNA recognition has
gained considerable interest over the years, due to its
linkage with the origin of the genetic code, eliciting a
plethora of hypotheses. The capability of modern syn-
thetases to utilize information held in the first base pairs
of the acceptor stem for specific aminoacylation gave
rise to the conjecture that this mode of operation is
ancestral. The limited size of the primordial synthetase
permitted it to reach only recognition elements residing
in the acceptor stem, in the vicinity of the aa attachment
site [35,36]. This simple proto-synthetase, which is
believed to correspond to the modern catalytic domain
[12,14], was suggested to have activated aa and to specif-
ically recognize the tRNA via motif 2 loop (Fig. 2),
charging in this manner early tRNAs based on their
acceptor stem identity determinants [37]. Rodin et al.
[38] further proposed that the operational RNA code as
we see it today, developed from a few ancient anti-
codon—codon-like pairs located in the first positions of
the acceptor stem, and that unrecognized relationship
between the acceptor and anticodon points to the histor-
ically common root of the two codes.

|. Agmon et al.

In line with these hypotheses, we suggest that the
primordial aminoacylation of proto-tRNAs by their
cognate class Ila synthetases was controlled by the full
coding triplets, which are still robustly conserved in
the acceptor stem, rather than merely by the discrete
identity determinants. The existence of a feasible non-
AC aminoacylation mechanism that relies on the inter-
action of motif 2 loop with the sC/sACs conserved in
the acceptor stems of Ala, Gly, His, Pro, and Ser
points to ancestry of class Ila synthetases, in accord
with previous proposals [39,40]. The robustly con-
served coding triplets, suggested here to control the
prebiotic aminoacylation, form a subset of the stan-
dard genetic code. They incorporate all but one of the
cognate identity determinants that constitute the ‘sec-
ond genetic code’ (Table 3), suggesting that the ‘sec-
ond code’ [12,17], which was proposed to be distinct
from the standard genetic code [16], actually makes
part of it. In accord with the conjecture concerned
with the common root of the acceptor and anticodon
codes [38], the codons and anticodons conserved in the
acceptor-TPYC stem are suggested here to have had a
primal role in establishing the extant genetic code. A
paper focusing on the origin of the conserved coding
triplets and their implications on the scenario sug-
gested for the origin of life is now under work (Agmon
I. in prep).

The three key components of the protein synthesis
machinery, that is, the tRNA, synthetase, and EF-Tu,
along with the ribosome, have coevolved into the intri-
cate contemporary translation system, still keeping
traces of their prebiotic roots in the form of the con-
served coding triplets. The evolutionary path proposed
by the coding triplets conserved in the tRNA acceptor
stem, commencing from specificity control in a primor-
dial aminoacylation, to the involvement in the speci-
ficity recognition by the contemporary synthetase,
outlines a continuous route from the prebiotic era to
modern biology.

Materials and methods

Data set construction

Sequences of the 3’ side of the acceptor-TWC stem from the
bacterial tRNAs of each of the 20 canonical aa were
obtained from the tRNAdb database [19,20], http://trna.b
ioinf.uni-leipzig.de, 2018. The tRNAdb database holds over
6200 bacterial tRNA genes, belonging to the 20 canonical
aa. Only tRNA sequences having a full CCA 3’ end and a
consensus discriminator base (N73) [10] were incorporated
into the statistics, with one exception; the data for Glu con-
tained similar number of sequences with the canonical G73
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Coding triplets in the acceptor-T¥C arm

Table 3. Identity determinants vs. robustly conserved sC/sACs in the tRNA acceptor stem.

Amino acid Ala Gly Ser Ser His Pro
sC/sAC conservation sites in the 68-72 range
Positions 68-70 68-70 68-70 70-72 70-72 70-72
Conserved sC/sACs? GCU CCc/uce UCU/UCA ucc CAC CCG
Identity determinants for minimal G3-U70 G3:C70, (C/U)68, (C/U)69,  (A/U)70,C71, C70, A71  C70°
substrate aminoacylation® [11] C2:G71°¢ [41] (A/U)70 [15] C72 [15] [41] G72° [24]

aln bold—nucleotides from the robustly conserved coding triplets serving as identity determinants.; PThese identity determinants refer to the
recognition of the full-length tRNA.; “The identity determinant for aminoacylating minihelices of Gly, C2:G71, is not part of the conserved

coding triplets.

and with the noncanonical A73, both groups displaying the
same pattern of sC/sAC occurrence. To obtain as much data
as possible, tRNAs with noncanonical A73 were incorpo-
rated as well. After the exclusion of the partial sequences
and of the rest of the noncanonical data, the initial data set
used in the current statistical analysis contained 60% of the
bacterial tRNA genes from the database.

The observed occurrence of the cognate codon and anti-
codon triplets was determined in 10-mer strings consisted
of nucleotides 63-72 (termed pre-3’ end), by scanning the
sequences. Nucleotides 61 and 62 were not included in the
study, being conserved and semi-conserved, respectively.
The scanning indicated that one class of bacteria, that is,
species from six genera of the Mollicutes class, which con-
stituted about 9% of the initial data set (350 gene
sequences), does not share the statistical behavior of the
other bacteria (Table 1, File S1, Table S2), and it was
excluded. No other species in the data contained enough
entries to be reliably recognized as diverging from the con-
servation pattern. Excluding the Mollicutes resulted in a
final data set consisting of 3324 tRNA gene sequences from
over 100 bacterial species.

Definitions
Conserving amino acid

Amino acids for which more than 85% of their pre-3” end
strings contain cognate sC/sACs are denoted ‘conserving aa’.
Amino acids for which < 40% of their pre-3’ end strings
contain cognate sC/sACs are denoted ‘nonconserving aa’.

Conserved sC/sAC set

For the conserving aa, it is the minimal set of cognate tri-
plets accounting for 98% of the sequences carrying a cog-
nate coding triplet.

Robustly conserved sC/sACs

Are conserved sC/sACs that are located at specific sites on
the pre-3’ end strings, and occur, alone or with a single
additional coding triplet (which is also considered as
robustly conserved), in > 60% of the sequences.

Robustly conserved sC/sAC set

For a specific aa, it is the set containing all its robustly
conserved sC/sACs, conditional on the requirement that
the sC/sAC set is composed of either just codons or just
anticodons.

Robustly conserving amino acids

They are those having a robustly conserved sC/sAC set.

Calculation of expected occurrences

The expected occurrence of cognate coding triplets in the
pre-3’ end string was determined by analyzing their occur-
rence in simulated 10-mer randomized oligonucleotides. A
pool of 10° randomized strings was generated using
MATLAB and Statistics Toolbox (Release 2012b; The
MathWorks, Inc., Natick, MA, USA), by producing a
string of 10° nucleotides with a predetermined nucleotide
distribution, randomizing it, and cutting it into 10°
10-mer oligonucleotides. For the conserving aa, the
percentage of the 10-mer randomized strings carrying at
least one cognate triplet from the conserved triplet set is
defined as the expected occurrence. For the remaining
aa, for which a conserved set of sC/sACs does not exist,
the percentage of the 10-mer randomized strings carrying
at least one cognate codon or anticodon triplet was set to
be the expected occurrence. The error value for the
expected percentage, +0.8%, includes a statistical error of
0.6% and a rounding error of 0.5%. The probability of
random occurrence, P, was calculated for each aa, from
the results of a chi-square test, using a statistical cutoff of
P <0.01.

Benchmark test for robust conservation

The test counts the occurrences of all (coding and noncod-
ing) triplets according to their appearance per 3-mer site
within the 10-mer pre-3’ end strings. Any cognate coding
triplet that appears alone at a specific location, in more
than half of the strings of an aa, is assumed to denote a
highly conserving aa.

FEBS Letters 595 (2021) 913-924 © 2021 Federation of European Biochemical Societies 921

85U80|7 SUOWIWOD 8A1Te81D 3|dedl|dde aup Aq peusenob afe S3oile YO ‘8SN JO SaINJ J0j Akeid1T8UlUO AB|IAA UO (SUONIPUOD-PUE-SWBI WD A8 | IM AleIq 1 BUl UO//:SANY) SUORIPUOD pue Swie | 81 88S *[£202/20/90] UO AReiqiTauluo A8|IM BulyDeueIuo0D Aq 1101 T 891E-£.8T/200T OT/I0P/L00 A8 | AReiq1[pUl|UO'SCRY//SANY WO} pepeolumod ‘L ‘T20Z ‘89vEEL8T



Coding triplets in the acceptor-T¥C arm

|. Agmon et al.

Calculation of correlation 2 Rudinger J, Blechschmidt B, Ribeiro S and Sprinzl M
- o ) ) (1994) Minimalist aminoacylated RNAs as efficient
The probability of obta?mng exactly m common objects in two substrates for elongation factor Tu. Biochemistry 33,
groups of nl and n2 objects chosen randomly out of a batch of 5680-5688.
n objects, is given by 3 Nissen P, Thirup S, Kjeldgaard M and Nyborg J
n n—n (1999) The crystal structure of Cys-tRNACys-EF-
( ) ( ) Tu-GDPNP reveals general and specific features in
m m—m the ternary complex and in tRNA. Structure 7,
( n > 143-156.
ny 4 Eriani G, Delarue M, Poch O, Gangloff J and Moras D
(1990) Partition of tRNA synthetases into two classes
where based on mutually exclusive sets of sequence motifs.
n l Nature 347, 203-206.
( > = 5 Ibba M, Morgan S, Curnow AW, Pridmore DR,
m mi(n—m)! Vothknecht UC, Gardner W, Lin W, Woese CR and
Soll D (1997) A euryarchaeal lysyl-tRNA synthetase:
Conclusions resemblance to class I synthetases. Science 278,
1119-1122.
The extreme conservation of cognate coding triplets in 6 Schulman LH and Pelka H (1988) Anticodon switching
the acceptor stems that belong to five amino acids hav- changes the identity of methionine and valine transfer
ing tRNAs charged by class ITa synthetases points to RNAs. Science 242, 765-768.
their involvement in an extant function. A contempo- 7 Sampson JR, DiRenzo A, Behlen LS and Uhlenbeck
rary aminoacylation mode, whereby the coding triplets OC (1989) Nucleotides in yeast tRNAPhe required for
conserved in these tRNA acceptor stems, or in minihe- the specific recognition by its cognate synthetase.
lices derived from them, assist the recognition by their Science 243, 1363-1366.
cognate synthetases, is likely to account for it. The 8 Park SJ and Schimmel P (1988) Evidence for interaction
antiquity of the corresponding amino acids suggests of an aminoacyl transfer RNA synthetase with a region
that this mode of action is a vestige of a simple ances- important for the identity of its cognate transfer RNA.
tral process of specifically aminoacylating proto-tRNAs J B ’.0/[ Chem 263, 16527-16530. ‘
via the acceptor stem coding triplets. This, in turn, sug- 9 Giege R, $1§sler M a.nd Florentz. ¢ (]998). Umyersal
. rules and idiosyncratic features in tRNA identity.
gests the ancestry of class Ila synthetases, the incorpo- . ]
. . . I Nucleic Acids Res 26, 5017-5035.
ration of the ‘second genetic code’ within the standard R
. . . . 10 Hou YM (1997) Discriminating among the
code, and the involvement of the stem coding triplets in o .
. . discriminator bases of tRNAs. Chem Biol 4, 93-96.
the establishment of the standard genetic code. 11 Normanly J and Abelson J (1989) tRNA identity. Annu
Rev Biochem 58, 1029-1049.
Acknowledgements 12 Schimmel P, Giegé R, Moras D and Yokoyama S
(1993) An operational RNA code for amino acids and
We thank D. Agmon for generating the MATLAB possible relationship to genetic code. Proc Natl Acad
program, the late A. Cohen for the statistical consul- Sci USA 90, 8763-8768.
tancy, and S. Agmon for his assistance. 13 Sampson JR and Saks ME (1993) Contributions of
discrete tRNA(Ser) domains to aminoacylation by E.
- = coli seryl-tRNA synthetase: a kinetic analysis using
Author contributions model RNA substrates. Nucleic Acids Res 21,
IA conceptualized the study and wrote the original 4467-4475.
manuscript. TA, IF, and TM designed methodology, 14 Schimmel P (1995) Ribas de Pouplana L. Transfer
and analyzed the data. TA and IF provided software. RNA: from minihelix to genetic code. Cell 81, 983-986.
IF and TM revised the manuscript. 15 Saks ME and Sampson JR (1996) Variant minihelix
RNAs reveal sequence-specific recognition of the helical
tRNA(Ser) acceptor stem by E. coli seryl-tRNA
References synthetase. EMBO J 15, 2843-2849.
1 Guth EC and Francklyn CS (2007) Kinetic 16 Musier-Forsyth K and Schimmel P (1999) Atomic
discrimination of tRNA Identity by the conserved motif determinants for aminoacylation of RNA minihelices
2 loop of a class II aminoacyl-tRNA synthetase. Mol and relationship to genetic code. Acc Chem Res 32,
Cell 25, 531-542. 368-375.
922 FEBS Letters 595 (2021) 913-924 © 2021 Federation of European Biochemical Societies

85U80|7 SUOWIWOD 8A1Te81D 3|dedl|dde aup Aq peusenob afe S3oile YO ‘8SN JO SaINJ J0j Akeid1T8UlUO AB|IAA UO (SUONIPUOD-PUE-SWBI WD A8 | IM AleIq 1 BUl UO//:SANY) SUORIPUOD pue Swie | 81 88S *[£202/20/90] UO AReiqiTauluo A8|IM BulyDeueIuo0D Aq 1101 T 891E-£.8T/200T OT/I0P/L00 A8 | AReiq1[pUl|UO'SCRY//SANY WO} pepeolumod ‘L ‘T20Z ‘89vEEL8T



|. Agmon et al.

17

de Duve C (1988) Transfer RNAs: the second genetic
code. Nature 333, 117-118.

Coding triplets in the acceptor-T¥C arm

31 Larkin DC, Williams AM, Martinis SA and Fox GE
(2002) Identification of essential domains for

18 Eigen M, Lindemann BF, Tietze M, Winkler- Escherichia coli tRNA(leu) aminoacylation and amino
Oswatitsch R, Dress A and von Haeseler A (1989) How acid editing using minimalist RNA molecules. Nucleic
old is the genetic code? Statistical geometry of tRNA Acids Res 30, 2103-2113.
provides an answer. Science 244, 673-679. 32 Shimada A, Nureki O, Goto M, Takahashi S and

19 Sprinzl M and Vassilenko KS (2005) Compilation of Yokoyama S (2001) Structural and mutational studies
tRNA sequences and sequences of tRNA genes. Nucleic of the recognition of the arginine tRNA-specific major
Acids Res 33:D139-D140. identity element, A20, by arginyl-tRNA synthetase.

20 Jiihling F, Mo6rl M, Hartmann RK, Sprinzl M, Stadler Proc Natl Acad Sci USA 98, 13537-13542.

PF and Piitz J. tRNAdb 2009: compilation of tRNA 33 Trifonov EN (2004) The triplet code from first
sequences and tRNA genes. Nucleic Acids Res 2009; 37 principles. J Biomol Struct Dyn 22, 1-11.
(database issue): D159-D162. 34 Miller SL, Urey HC and Oré J (1976) Origin of organic

21 Ribas De Pouplana L and Schimmel P (2001) Two compounds on the primitive earth and in meteorites. J
classes of tRNA synthetases suggested by sterically Mol Evol 9, 59-72.
compatible dockings on tRNA acceptor stem. Cell 104, 35 Musier-Forsyth K and Schimmel P (1993)

191-193. Aminoacylation of RNA oligonucleotides: minimalist

22 Moller W and Janssen GM (1990) Transfer RNAs for structures and origin of specificity. FASEB J 7, 282-289.
primordial amino acids contain remnants of a primitive 36 Rould MA, Perona JJ, S6ll D and Steitz TA (1989)
code at position 3 to 5. Biochimie 72, 361-368. Structure of E. coli glutaminyl-tRNA synthetase

23 Shaul S, Berel D, Benjamini Y and Graur D (2010) complexed with tRNAGIn and ATP at 2.8 A°
Revisiting the operational RNA code for amino acids: resolution. Science 246, 1135-1142.
ensemble attributes and their implications. RNA 16, 37 Cusack S (1993) Sequence, structure and evolutionary
141-153. relationships between class 2 aminoacyl-tRNA

24 Liu H, Peterson R, Kessler J and Musier-Forsyth K synthetases: an update. Biochimie 75, 1077-1081.

(1995) Molecular recognition of tRNA(Pro) by 38 Rodin SN and Ohno S (1997) Four primordial modes of
Escherichia coli proline tRNA synthetase in vitro. tRNA-synthetase recognition, determined by the (G, C)
Nucleic Acids Res 23, 165-169. operational code. Proc Natl Acad Sci USA 94, 5183-5188.

25 Cusack S, Yaremchuk A and Tukalo M (1996) The 39 Hartman H (1995) Speculations on the evolution of the
crystal structure of the ternary complex of T. genetic code IV. The evolution of the aminoacyl-tRNA
thermophilus seryl-tRNA synthetase with tRNA(Ser) synthetases. Orig Life Evol Biosph 25, 265-269.
and a seryl-adenylate analogue reveals a 40 Smith TF and Hartman H (2015) The evolution of
conformational switch in the active site. EMBO J 15, Class II Aminoacyl-tRNA synthetases and the first
2834-2842. code. FEBS Lett 589, 3499-3507.

26 Sankaranarayanan R, Dock-Bregeon AC, Romby P, 41 Francklyn C, Shi JP and Schimmel P (1992)

Caillet J, Springer M, Rees B et al. (1999) The structure Overlapping nucleotide determinants for specific
of threonyl-tRNA synthetase-tRNAT" complex aminoacylation of RNA microhelices. Science 255,
enlightens its repressor activity and reveals an essential 1121-1125.
zinc Ion in the active site. Cell 97, 371-381.
27 Naganuma M, Sekine S, Chong YE, Guo M, Yang XL, - - -
Gamper H, Hou Y-M, Schimmel P and Yokoyama S Supporting information
(2014) The selective tRNA aminoacylation mechanism Additional supporting information may be found
based on a single GeU pair. Nature 510, 507-511. online in the Supporting Information section at the end

28 Pundir S, Martin MJ and O’Donovan C (2017) of the article.

UniProt protein knowledge base. Methods Mol Biol Fig. S1. Benchmark - CCC occurrence for amino acids
1553, 41-55. . . with large excess of nucleotide C in the sequences of

29 Wright DJ, Martinis SA, Jahn M, So6ll D and Sf:thnmel their tRNA pre-3’end.

P (_19?3) Acc§ptor S,tem and aptlcodon RNA hairpin File S1. Bacteria-occurrence of coding triplet in the
helix interactions with glutamine tRNA synthetase. s .

R pre-3’end string.
Biochimie 75, 1041-104. File S2. Archaea- occurrence of coding triplets in the

30 Schrader JM, Chapman SJ and Uhlenbeck OC (2009) K .

Understanding the sequence specificity of tRNA pfe-3 end string, . . .
binding to clongation factor Tu using tRNA File S3. Eukgrya- occurrence of coding triplets in the
mutagenesis. J Mol Biol 386, 1255-1264. pre-3'end string.

FEBS Letters 595 (2021) 913-924 © 2021 Federation of European Biochemical Societies 923

85U80|7 SUOWIWOD 8A1Te81D 3|dedl|dde aup Aq peusenob afe S3oile YO ‘8SN JO SaINJ J0j Akeid1T8UlUO AB|IAA UO (SUONIPUOD-PUE-SWBI WD A8 | IM AleIq 1 BUl UO//:SANY) SUORIPUOD pue Swie | 81 88S *[£202/20/90] UO AReiqiTauluo A8|IM BulyDeueIuo0D Aq 1101 T 891E-£.8T/200T OT/I0P/L00 A8 | AReiq1[pUl|UO'SCRY//SANY WO} pepeolumod ‘L ‘T20Z ‘89vEEL8T



Coding triplets in the acceptor-T¥C arm

Table S1. (a) Occurrence statistics of stem codons and
anticodons in the tRNA pre-3’end; random, sample
and individual distributions of bacterial data of con-
serving amino acids’. (b) Occurrence statistics of stem
codons and anticodons, in the tRNA pre-3’end;

|. Agmon et al.

random, sample and individual distributions of bacte-
rial data of the non-conserving amino acids.

Table S2. Occurrence of conserved stem codons and
anticodons in the tRNA pre-3’end of different bacte-
rial genera.
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