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ABSTRACT

It has been suggested that tRNA acceptor stems specify an operational RNA code for amino acids. In the last 20 years several
attributes of the putative code have been elucidated for a small number of model organisms. To gain insight about the ensemble
attributes of the code, we analyzed 4925 tRNA sequences from 102 bacterial and 21 archaeal species. Here, we used
a classification and regression tree (CART) methodology, and we found that the degrees of degeneracy or specificity of the RNA
codes in both Archaea and Bacteria differ from those of the genetic code. We found instances of taxon-specific alternative
codes, i.e., identical acceptor stem determinants encrypting different amino acids in different species, as well as instances of
ambiguity, i.e., identical acceptor stem determinants encrypting two or more amino acids in the same species. When
partitioning the data by class of synthetase, the degree of code ambiguity was significantly reduced. In cryptographic terms,
a plausible interpretation of this result is that the class distinction in synthetases is an essential part of the decryption rules
for resolving the subset of RNA code ambiguities enciphered by identical acceptor stem determinants of tRNAs acylated
by enzymes belonging to the two classes. In evolutionary terms, our findings lend support to the notion that in the pre-DNA
world, interactions between tRNA acceptor stems and synthetases formed the basis for the distinction between the two classes;
hence, ambiguities in the ancient RNA code were pivotal for the fixation of these enzymes in the genomes of ancestral
prokaryotes.
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INTRODUCTION

In aminoacylation, the first step of protein synthesis, each
aminoacyl-tRNA synthetase (aaRS) must recognize its
cognate tRNA, discriminating against all the others, ligate
covalently the corresponding amino acid to the 39 terminus
of the acceptor stem, and edit out misacylated amino acids.
The accuracy of protein synthesis rests not only on the high
intrinsic fidelity of the aminoacylation process, but also on
competition between different synthetases for a given tRNA
(Sherman et al. 1992).

Synthetases (aaRSs) are among the most ancient en-
zymes, ostensibly as ancient as the genetic code (Ribas de
Pouplana and Schimmel 2001b). Despite performing exactly
the same function (tRNA aminoacylation), they belong to

two structurally unrelated protein families (Eriani et al.
1990). Class-1 enzymes differ from class-2 enzymes in sec-
ondary structure, sequence motifs at the active site, the side
of the tRNA acceptor stem onto which they dock, and the
domains responsible for editing out misacylated amino
acids with steric and/or biochemical similarity. Members of
class-1 approach the tRNA acceptor stem from the minor
groove side, dock on the 59 branch, and acylate at the 29 hy-
droxyl group of the A76 terminus; whereas those of class-2
approach from the major groove side, dock on the 39

branch, and acylate at the 39-OH of the terminal adenine
(Giegé et al. 1974; Cavarelli and Moras 1993; Arnez et al.
1995; Fersht 1998; Nureki et al. 1998; Fukai et al. 2000;
Beebe et al. 2003, 2004). Only PheRS, although a class-2,
attaches the amino acid to the 29-OH (Goldgur et al. 1997).
For 19 of the 20 primary amino acids, there exists only one
specific enzyme ligating its cognate amino acid to tRNAs
bearing anticodons corresponding to that amino acid.
For lysine, there are two synthetases, LysRS1 and LysRS2,
featuring the respective characteristics of class-1 and class-2
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synthetases (Ibba et al. 1997, 1999). Sequence analysis of
more than 700 synthetases indicated that the two distinct
families have no common ancestor (Schimmel and Ribas de
Pouplana 2001). While no definitive explanation for the
origin of this class distinction exists, several conjectures
have been advanced (Schimmel and Ribas de Pouplana
2001; Ribas de Pouplana and Schimmel 2001b,c; Rodin and
Rodin 2008).

The two-dimensional tRNA cloverleaf molecule (Marck
and Grosjean 2002) consists of two halves, the top part of
which, the minihelix, consists of the acceptor stem and the
TcC arm. It is thought that the top and bottom parts of
tRNA have originated by duplication (Möller and Janssen
1990; Di Giulio 1995; Rodin and Rodin 2008). The most
parsimonious way for maintaining the fidelity of the genetic
code should have been through the direct recognition of
tRNA anticodons by cognate synthetases. Yet, the anticodon
is not always the principal determinant for aminoacylation
(Shimada et al. 2001; Weygand-Durasevic et al. 2002; Jones
et al. 2008), and in some cases, no physical contact is made
between the aaRS and the anticodon (Park and Schimmel
1988). A set of ‘‘identity elements’’ classified as ‘‘determi-
nants’’ and ‘‘antideterminants’’ (Giegé et al. 1993), distrib-
uted over the stems and loops of the tRNA molecule,
participate in its interaction with enzymes and the ribosome
during maturation, modification, biological function, and
degradation (Wolfson et al. 2001). Determinants facilitate
aminoacylation; antideterminants impede it. Their com-
bined effect ensures that a particular tRNA is a substrate for
its cognate synthetase and not a substrate for all the other
synthetases present in a cell (McClain 1993; Nureki et al.
1994; Giegé et al. 1998; McClain et al. 1998; Beuning and
Musier-Forsyth 1999; Fender et al. 2004). An updated list of
determinants based on a compilation by Giegé et al. (1998)
is shown in Supplemental Table S1.

In a series of groundbreaking experiments, Paul Schimmel
and colleagues identified nucleotides and specific struc-
tural features within and outside the tRNA acceptor stem
that affect the efficiency of aminoacylation (Francklyn
and Schimmel 1989, 1990; Martinis and Schimmel 1993;
Schimmel et al. 1993; Hamann and Hou 1995; Schimmel
1995; Saks and Sampson 1996; Di Giulio 1997; Musier-
Forsyth and Schimmel 1999; Ribas de Pouplana and
Schimmel 2001a; Shimada et al. 2001; Weygand-Durasevic
et al. 2002). In particular, determinants at various positions
along the acceptor stem that were found to be directly
responsible for proper tRNA aminoacylation led to the
concept of an ‘‘operational RNA code for amino acids’’
(Schimmel et al. 1993; Schimmel 1995), indicating that the
relationship between amino acids and tRNAs is encrypted
not once but twice in the molecule. In contrast to the
universal nature of the genetic code, the RNA code is
often species-specific: a synthetase from one source will
not acylate its cognate tRNA from another (Nair et al.
1997; Lovato et al. 2001; Xu et al. 2001) and varies in

evolution due to coadaptations of the contact residues
between synthetases and acceptor stems of cognate tRNAs
(Stehlin et al. 1998). While experiments with model
organisms indicated that the N73 ‘‘discriminator’’ base
(Grothers et al. 1972) and the first four base pairs of the
tRNA acceptor stem and of synthetic RNA minihelices
may be sufficient for specific aminoacylations in a number
of model organisms (Francklyn and Schimmel 1989;
Martinis and Schimmel 1993, 1995; Hamann and Hou
1995; Schimmel and Ribas de Pouplana 1995; Saks and
Sampson 1996; Musier-Forsyth and Schimmel 1999), the
results of other experiments demonstrated that there are
cases for which (1) aaRS-tRNA recognition cannot be
reduced to isolated structural elements, but, rather, the
tRNA acceptor stem is being recognized as a unit (Choi
et al. 2002); and (2) recognition includes determinants
other than the acceptor stem (McClain et al. 1998). To
account for major aminoacylation determinants outside the
acceptor stem, the term ‘‘generalized operational RNA code
for amino acids’’ was coined (Schimmel et al. 1993). It
encompasses all nucleotides in the tRNA, exclusive of the
anticodon, that affect the efficiency of specific amino-
acylation. The two most prominent examples are the
A20 nucleotide in the D-loop of tRNAArg and the nucle-
otides in the long variable arm of tRNASer, which are
recognized by unique domains in the N termini of ArgRS
and SerRS, respectively (Cavarelli et al. 1998; Giegé et al.
1998; Hendrickson 2001; Shimada et al. 2001; Weygand-
Durasevic et al. 2002).

While some quantitative and qualitative features of the
operational RNA code, for example, its species specificity
and its variability in evolution, have been experimentally
deciphered for a rather small sample of model organisms,
a comprehensive understanding of the cryptographic rules
governing the relationship between the RNA code and
synthetases and the ensemble characteristics of the oper-
ational RNA code is still lacking. We believe that these will
emerge by investigating the code attributes with the aid of
data-mining statistical tools on a taxonomic scale that is
much larger than practical for experimental tackling. The
availability of hundreds of completely sequenced pro-
karyotic genomes allows us to address these issues and
speculate specifically whether attributes of the RNA code
may have been the putative agents for the enigmatic origin
of the two distinct classes of synthetases in the genomes of
ancestral prokaryotes, in line with Schimmel and Ribas de
Pouplana (2001), who surmised that interactions of the
catalytic domains of synthetases with tRNA acceptor stems
may have formed the basis for the distinct classes of these
enzymes. We emphasize the exploratory nature of our
study; it generates a list of attributes of the operational
RNA code for amino acids and some of their crypto-
graphic relationships with aminoacyl-tRNA synthetases
that can serve as hypotheses to be validated or refuted
experimentally.
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RESULTS

The ensemble attributes of the archaeal operational RNA
code as inferred from 879 tRNA acceptor stems are pre-
sented in Figure 1. It features 79 paths (sets of rules). For
ease of use, the much bigger bacterial tree encompassing
437 rules is provided in tabular format, which also features
the copy number of amino acids occupying the terminal
nodes (Supplemental Table S4). For the database at hand,
these sets of rules define the sequence space of the oper-
ational RNA codes for amino acids.

Degeneracy of the code

Two or more paths on the tree may end in the same amino
acid. This is indicative of a degeneracy in the operational
RNA code, analogous to the degeneracy in the genetic code.
For example, in Figure 1, there are two paths leading to
glutamic acid (E). The eighth is ‘‘IF 73A and 71G and 3Y

(C or U) and 72C and 70A, THEN E.’’ The eighteenth is
‘‘IF 73A and 71G and 3Y (C or U) and 72C and 70G and 5Y
(C or U) and 6G and 68G, THEN E.’’ Thus, the archaeal
RNA code for glutamic acid in our sample is twofold de-
generate. The degrees of degeneracy in the RNA code are
defined as the number of distinct sequences of acceptor stem
determinants in the archaeal or bacterial tree corresponding
to particular amino acids. They are shown in Table 1.

Multiplicities

Twenty-one out of the 79 terminal nodes in the archaeal
tree (Fig. 1) and 62 out of the 437 in the bacterial tree
(Supplemental Table S4) harbor multiple amino acids. The
occurrence of terminal nodes harboring ‘‘multiplicities’’
indicates two qualitatively distinct features of the opera-
tional RNA code. The first points to the existence of taxon-
specific alternative operational RNA codes, that is, identical
tRNA acceptor stem determinants encrypting different

FIGURE 1. Classification and regression tree of domain Archaea. CART generated 79 paths for the 879 tRNA acceptor stems. Unmodified
nucleotides at the root of the tree and its nodes are indicated by standard one-letter abbreviations: (A) adenine; (C) cytosine; (U) uracil; (G)
guanine; (W, weak bonds) A or U; (S, strong bonds) C or G; (R, purines) A or G; (Y, pyrimidines) C or U; (K, keto) U or G; (M, amino) A or C;
(B) C or G or U; (D) A or G or U; (H) A or C or U; (V) A or C or G (Graur and Li 2000). Numbers on vertical branches indicate positions on the
acceptor stem. Decision rules are listed at the node below the position number. (‘‘yes/no’’) Indicates bifurcations determined by the existence of
Watson–Crick or non-Watson–Crick pairs, respectively. The tree is rooted at the discriminator nucleotide N73. The amino acids occupying the
terminal nodes are denoted by standard one-letter abbreviations (Graur and Li 2000). K1 and K2 indicate lysines acylated to cognate tRNAs by
LysRS1 and LysRS2, respectively. The terminal leaves on the tree are referred to in the text and the tables by their sequential number from left to
right; the first leaf harbors amino acid leucine (L); the 79th harbors threonine (T). Twenty-one leaves harbor multiplicities. In these, the
predominant amino acid is in black, the minority ones are in red if associated with taxon-specific alternative RNA codes, and blue if associated
with ambiguity in the code. The totality of paths on a tree and the content of its terminal nodes constitute the operational RNA code for the data
set of all tRNAs in an ensemble of species under study.
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amino acids in different organisms. For example, in Figure
1, the 42nd path 73A / 71Y / 70C / 4Y / 5S /
6K / 7G leads to a terminal node harboring three types
of amino acids: valine (V), proline (P), and lysine (K1).
Altogether six amino acids occupy the leaf: four V, one P,
and one K1, encoded in determinants in six tRNAs acceptor
stems of 4 archaeons (Table 2). Three valines are encoded
by the determinants 73A, 4C, 5C, 6G, 7G, 71C, 70C of
Methanothermobacter thermautotrophicus and Methanococ-

cus jannaschii, while the same determinants specify in
Halobacterium sp. the taxon-specific RNA code variant for
proline; one valine is encoded by the determinants 73A, 4U,
5C, 6G, 7G, 71C, and 70C of Halobacterium sp., while the
same determinants specify in Thermoplasma acidophilum
the taxon-specific RNA code variant for lysine. Nineteen
out of the 21 Archaea in our data set encrypt 37 taxon-
specific alternative RNA codes. Among the 102 Bacteria,
63 species encrypt 89 taxon-specific alternative operational
RNA codes (Supplemental Table S4; Materials and
Methods). Taxon-specific alternative operational RNA
codes do not affect the aggregate of unique acceptor stem
determinant sequences related to particular amino acids in
the data set. They are analogous to the alternative genetic
codes (Schultz and Yarus 1996; Jukes and Osawa 1997;
Yarus and Schultz 1997; Knight et al. 2001; Santos et al.
2004; Elzanowski and Ostell 2007). The second type of
multiplicity arises when identical tRNA acceptor stem
determinants encrypt two or more different amino acids
in the same organisms. This type of multiplicity points to
the existence of an ambiguity in the operation RNA code.
For example, in Figure 1, the path 73A / 71G / 3Y /
72C / 70G / 5Y / 6C / 4G / 7G ends in the
fifteenth terminal node harboring both methionine (M) and
phenylalanine (F). Five species (Supplemental Table S2;
Materials and Methods) encode the acceptor stem deter-
minants 73A, 3C, 4G, 5C, 6C, 7G, 72C, 71G, and 70G,
encrypting these two amino acid: two species, Nanoarch-
aeum equitans and Pyrobaculum aerophilum, encode tRNA
acceptor stems specifying only methionine in the RNA code;
in contrast, each of the other three archaeons—Sulfolobus
solfataricus, Sulfolobus tokodaii, and Aeropyrum pernix—
encrypts both methionine and phenylalanine with the same
acceptor stem determinants, thereby manifesting ambiguity
in the RNA code. We found 15 Archaea encoding 137
tRNA acceptor stems out of 879 (15.6%) with determinants
encrypting ambiguous RNA codes for 14 amino acids
(Supplemental Table S5). Among the Bacteria, ambiguity
in the RNA code is much less prevalent: out of 102 species,
only 14 were found encoding 30 tRNA acceptor stems out
of 4011 (0.75%) encrypting ambiguous RNA codes for 12
amino acids (Table 3). Ambiguities diminish the aggregate
of unique acceptor stems related to particular amino acids
in the data set. At present, only one analogy is known in the
genetic code; several asporogenic Candida species encode
serine and leucine by a single polysemous codon (Suzuki
et al. 1997; Santos et al. 1999).

Validity of the results

The appropriateness of the classification and regression tree
(CART) methodology to capture the structure of a real
code was investigated by permutation tests. Each sim-
ulation consisted of 1000 runs. The number of inferred
rules (paths) and the misclassification rates, calculated by

TABLE 1. Degrees of degeneracy in the operational RNA codes of
Archaea and Bacteria

Amino
acid

Number
of tRNAs

Degree
of degeneracy

Rank
(averaged for ties)

Archaea
His 20 1 1.5
fMet 19 1 1.5
Ala 57 2 4
Gln 37 2 4
Glu 33 2 4
Cys 21 3 6.5
Lys2 8 3 6.5
Asp 20 4 10
Gly 60 4 10
Leu 93 4 10
Tyr 21 4 10
Val 59 4 10
Asn 21 5 14
Ser 78 5 14
Thr 56 5 14
Ile 23 6 16.5
Lys1 28 6 16.5
Phe 21 8 18.5
Trp 18 8 18.5
Pro 57 9 20
Met 37 10 21
Arg 92 18 22

Bacteria
Ala 219 2 1.5
Cys 106 2 1.5
Gly 254 5 3.5
His 100 5 3.5
fMet 117 6 5
Pro 215 10 6
Lys1 19 15 7.5
Tyr 104 15 7.5
Asp 110 16 9.5
Ser 355 16 9.5
Asn 120 17 11
Gln 146 18 12
Ile 103 20 13
Trp 105 23 14
Phe 108 27 15
Glu 135 29 16
Thr 270 30 17
Met 194 34 18
Lys2 145 36 19
Val 231 39 20
Leu 471 65 21
Arg 384 86 22
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dividing the copy number of misclassified amino acids by
the number of acceptor stems, for the real data and the
permutated were compared. The actual archaeal tree for
879 acceptor stems (Fig. 1) consisted of 79 inferred paths.
The average number of paths for the trees generated from
the permutated data was 208 6 5. In the archaeal tree there
were 21 leaves harboring multiplicities for a total of 94
misclassified amino acids. The misclassification rate in the
archaeal tree was, therefore, 94/879 = 10.7%. In compar-
ison, the mean misclassification rate in the trees generated
by the permutated data was 62.8% 6 0.6%. Similarly, in
the bacterial tree there are 437 paths in comparison to an
average of 1238 6 13 paths in the trees generated by the
permutated data. The misclassification rate in Bacteria was
2.8% in comparison to a mean misclassification rate of
55.4% 6 0.3% on the trees generated by the permutated
data. For both domains, the differences between the
number of paths and misclassification rates is dozens of
standard deviations away, that is, statistically significant at
incalculable probability levels smaller than 10�10. These
results indicate that the CART methodology has captured
the structure of a real RNA code, rather than a random
phenomenon. Thus, it is an appropriate methodology for
analyzing the attributes of the RNA code.

DISCUSSION

Comparing the ensemble attributes of the RNA code with
analogous attributes of the genetic code, it is plausible to
infer that the essential difference between their degrees of
degeneracy (Table 1) reflects the thousand-fold greater
‘‘sequence space’’ available to the former code. Even without
counting possible NWC pairing, the RNA code encompasses

48 possibilities compared to only 43 in the genetic code. For
both domains, apparently, the RNA code degeneracy con-
veys an evolutionary signal; for Archaea it also enfolds an
environmental indicator. Prominently, in both domains, the
largest degree of degeneracy is for arginine. However, by
restricting our vista exclusively to the acceptor stem, the
number of sequences that emerge as compatible with
aminoacylation by the different amino acids may be
artifactually too large. By including nucleotides outside the
acceptor stem, that is, by considering the ‘‘generalized
operational RNA code,’’ the number of determinants for
an amino acid may be significantly lowered. It is well
known, that 20A in the D-loop is the dominant amino-
acylation identity element for this amino acid by ArgRS
(Cavarelli et al. 1998; Hendrickson 2001; Shimada et al.
2001). We surmise that for arginine, the exceptionally large
degree of RNA code degeneracy indicates a weakening of the
selective constraints on the tRNA acceptor stem identity
elements. The experimental results lend confirmation of the
CART results. In the course of evolution the RNA code for
arginine was superseded by the generalized RNA code,
resulting in an ultimate reduction of degeneracy for argi-
nine. The archaeal RNA code degeneracy enfolds an eco-
logical factor as well. Adaptation to growth at high temper-
atures of thermophiles and hyperthermophiles is manifested,
inter alia, by distinguishable patterns of amino acid com-
position, the most noticeable being a twofold decrease in the
frequency of glutamine in comparison to that in mesophiles
(Singer and Hickey 2003). In our data set of 21 species of
Archaea, nine are hyperthermophiles, and five are thermo-
philes (Supplemental Table S2). In contrast, only six out of
102 bacterial species are thermophiles, 94 are mesophiles,
and two are psychrophiles (Supplemental Table S3). This

TABLE 2. Taxon-specific archaeal RNA code variants for proline and lysine

Leaf
numbera Species Phylum

Amino
acid

tRNA acceptor stem

Anticodon
aaRS
classN73 N1–N7 N72–N66

(y) WC;
(n) NWC

42 Methanothermobacter
thermautotrophicusb

Euryarchaeota Val A oooCCGG oCCoooo yyyyyyy CAC 1

Methanothermobacter
thermautotrophicusb

Euryarchaeota Val A oooCCGG oCCoooo yyyyyyy GAC 1

Methanococcus
jannaschiib

Euryarchaeota Val A oooCCGG oCCoooo yyyyyyy UAC 1

Halobacterium spc Euryarchaeota Pro A oooCCGG oCCoooo yyyyyyy CGG 2
Halobacterium spb Euryarchaeota Val A oooUCGG oCCoooo yyyyyyy CAC 1
Thermoplasma

acidophilumc
Euryarchaeota Lys1 A oooUCGG oCCoooo yyyyyyy CUU 1

aSee Figure 1.
bArchaeons encoding the acceptor stem sequences with determinants specifying the most common amino acid.
cSpecies encoding acceptor stem determinants specifying taxon-specific alternative RNA code variants. Amino acids are listed by standard
three-letter abbreviations. Nucleotides are listed by standard one-letter abbreviations: (A) adenine; (C) cytosine; (U) uracil; (G) guanine. (N73–
N66, N1–N7) Nucleotide locations on the tRNA acceptor stem. Zeros indicate acceptor stem locations occupied by nucleotides that are not
part of the archaeal operational RNA code. (y) Watson–Crick pairs; (n) non-Watson–Crick pairs.

The operational RNA code for amino acids

www.rnajournal.org 145

 Cold Spring Harbor Laboratory Press on December 22, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


bias in habitat preference between Archaea and Bacteria
helps explain the difference in the degree of degeneracy for
glutamine between the two domains, in agreement with the
Singer and Hickey (2003) findings. Moreover, it has been
demonstrated that the tRNAs of hyperthermophilic Archaea
living at temperatures higher than 90°C–95°C harbor
exceptionally G-C-rich thermostable stems (including the
acceptor), whereas those of thermophilic and mesophilic
prokaryotes do not (Marck and Grosjean 2002). It is plau-
sible that part of the degeneracy in the archaeal RNA code is
due to adaptations to a hyperthermophilic habitat.

The taxon-specific alternative RNA codes are in principle
comparable to the alternative genetic codes (Elzanowski

and Ostell 2007). However, code ambiguities have only
scarce analogies in the genetic code. Some of the ambigu-
ities detected in this work may be artifactually due to
a variety of factors. First, our data may contain sequencing
errors. Second, genome annotation is imperfect, and our
data may contain pseudogenes erroneously annotated as
functional tRNA-specifying genes. Third, by restricting our
vista to the acceptor stem and ignoring the generalized
operational RNA code for amino acids, we may increase the
incidence of multiplicities in the RNA code. Fourth, post-
transcriptional modifications may reduce or even elimi-
nate the incidence of particular multiplicities in the RNA
code. Finally, in vivo the full complement of synthetases is

TABLE 3. Ambiguities in the RNA codes of 14 species of Bacteria

Leaf
numbera Species Phylum

Amino
acid

tRNA acceptor stem

Anticodon
aaRS
classN73 N1–N7 N72–N66

(y) WC;
(n) NWC

13 Thermus thermophilusb Deinococcus-Thermus Met A GooooGU oCCoGoo yyyyyyy CAU 1
Lys2 A GooooGU oCCoGoo yyyyyyy UUU 2

25 Thermotoga maritimec Thermotogae Ile A GooCUCG oCCoAGo yyyyyyy GAU 1
Met A GooCUCG oCCoAGo yyyyyyy C34AU 1

37 Pirellula sp Planctomycetacia Leu A GooGoUG oCCoGAC nyyyyyy UAG 1
Met A GooGoUG oCCoGAC nyyyyyy C34AU 1

38 Nitrosomonas europaeac b-proteobacteria Ile A GooUoUo oCCoGAC yyyyyyy GAU 1
Met A GooUoUo oCCoGAC yyyyyyy C34AU 1

50 Rhodopseudomonas palustrisb a-proteobacteria Val A GoooooA oCCGCoU yyyyyyy CAC 1
Lys2 A GoooooA oCCGCoU yyyyyyy CUU 2

Bradyrhizobium japonicumb a-proteobacteria Val A GoooooA oCCGCoU yyyyyyy CAC 1
Lys2 A GoooooA oCCGCoU yyyyyyy CUU 2

91 Campylcobacter jejuni e-proteobacteria Phe A GoUUooA oCAooCU yyyynyy GAA 2
Pro A GoUUooA oCAooCU yyyynyy UGG 2

152 Leifsonia xylixylid Actinobacteria Leu A ooCCCCA CGooGGU yyyyyyy UAA 1
Arg A ooCCCCA CGooGGU yyyyyyy CCG 1

278 Bartonella quintanab a-proteobacteria Leu A ooCooGA oGoGUoo yyyyyyy CAG 1
Phe A ooCooGA oGoGUoo yyyyyyy CAU 2

Blochmannia floridanusb g-proteobacteria Leu A ooCooGA oGoGUoo yyyyyyy CAG 1
Phe A ooCooGA oGoGUoo yyyyyyy CAU 2

Mesorhizobium lotib a-proteobacteria Leu A ooCooGA oGoGUoo yyyyyyy CAG 1
Phe A ooCooGA oGoGUoo yyyyyyy CAU 2

Pseudomonas syringaeb g-proteobacteria Leu A ooCooGA oGoGUoo yyyyyyy CAG 1
Phe A ooCooGA oGoGUoo yyyyyyy CAU 2

382 Photorhabdus luminescensd g-proteobacteria Glu G GUCCCCo CAooooA yyyyyyy UUC 1
Arg G GUCCCCo CAooooA yyyyyyy CCU 1

386 Vibrio vulnificusb g-proteobacteria Gln G Aoooooo ooCAoAo yyyyyyy UUG 1
Lys2 G Aoooooo ooCAoAo yyyyyyy UUU 2

403 Campylcobacter jejuni e-proteobacteria Asn G UooGGoo oGGoCoA yyyyyyy GUU 1
Asp G UooGGoo oGGoCoA yyyyyyy GUC 1

Amino acids are denoted by standard three-letter abbreviations. Nucleotides are denoted by standard one-letter abbreviations. (N73–N66,
N1–N7) Nucleotide locations on the tRNA acceptor stem: zeros indicate acceptor stem locations that are occupied by nucleotides that are not
part of the bacterial operational RNA code.
aSee Supplemental Table S4.
bSpecies in which the RNA code ambiguities are resolved by incorporation of synthetases-class information into CART.
cSpecies in which the RNA code ambiguities enciphered by identical tRNA acceptor stem determinants are resolved by post-transcriptional
modification of the wobble base C34 in the anticodon of tRNAMet, with the result that the modified anticodon encodes isoleucine rather than
methionine, thereby eliminating the ‘‘Met-Ile’’ RNA code ambiguity in the affected Bacteria.
dSpecies in which the RNA code ambiguities enciphered by identical tRNA acceptor stem determinants are resolved by applying the rules of the
generalized operational RNA code.
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employed, which necessitates inclusion of synthetase-class
information into the CART input. All these previous
factors may inflate the degree of ambiguity. We note,
however, that the inclusion of anti-determinants in the
data analysis may reduce the incidence of code ambiguity.

Let us now address these issues. Sequencing errors are
relatively infrequent and may account for only a few mul-
tiplicities. In particular, we removed all sequences with
more than two NWC pairs as possibly due to sequencing
errors. tRNA pseudogenes are frequently found in verte-
brate genomes (Schmitz et al. 2004), but apparently there
are only very few such sequences in the genomes of pro-
karyotes (Giroux and Cedergren 1988). Thus, while erro-
neous annotation of tRNA pseudogenes as functional genes
cannot be completely excluded, we consider it unlikely that
such incidences significantly affect our results.

To account for major aminoacylation determinants re-
siding outside the acceptor stem, we applied known rules of
the generalized RNA code to the ambiguities found in the
terminal leaves of the classification and regression trees.
Nucleotide 20A in the D-loop is the principal determinant
for aminoacylation by ArgRS (e.g., Shimada et al. 2001).
Applying this rule resolves Lys1, Lys2, Asp/Arg ambiguities
encrypted in 37 of the 879 archaeal acceptor stems
(Supplemental Table S5) and Leu, Glu/Arg ambiguities
(Table 3) encrypted in four of the 4011 bacterial tRNAs.
The effect of the long variable arm of tRNASer as the major
aminoacylation determinant for SerRs is to resolve Pro,
Asn, Asp/Ser ambiguities found in six archaeal tRNA
acceptor stems (Supplemental Table S5), but has no effect
on the degree of bacterial RNA code ambiguity. Whether
other major determinants outside the acceptor stem can
resolve some of the residual 94 archaeal and 26 bacterial
code ambiguities in the generalized RNA code remains to
be explored experimentally.

Muramatsu et al. (1988) determined that the anticodon
of the Escherichia coli’s tRNAIle2 is not AUA but CAU (the
anticodon for methionine) with the wobble position C34
post-transcriptionally modified to lysidine (k2C). In Bac-
teria the alteration converts the codon specificity of a tRNA
with the CAU anticodon from AUG (Met) to AUA (Ile)
and the amino acid specificity from methionine to iso-
leucine, thereby preventing the misreading of AUG as Ile
and AUA as Met (Marck and Grosjean 2002; Grosjean and
Bjork 2004). Another type of modified C34 that has the
same properties as lysidine but is chemically distinct from it
has been identified in the anticodon of fully mature tRNAIle

of the archaeon Haloferax volcanii. Various other types
of as-yet-uncharacterized modified C34 might account for
the switching property of a tRNA to decode one codon
into another, for example, AUG for Met to AUA for Ile
(Grosjean and Bjork 2004). Thus, for particular Bacteria
and Archaea in our data set, the in silico Ile/Met ambiguity
listed in Table 3 and Supplemental Table S5 may be entirely
resolved in vivo by post-transcriptional modification of the

wobble base C34 of tRNAMet, thereby reducing by four (out
of 26) and 12 (out of 94) the ambiguities in the bacterial
and archaeal generalized RNA codes, respectively.

To investigate the effects of synthetase-class information
on the RNA code and its ensemble attributes, the CART
algorithm was run on tRNAs apportioned according to the
class of cognate synthetases acylating them (Supplemental
Tables S2 and S3). Conceptually, any structural feature in
a tRNA can play the role of a blocking element in the
recognition of a noncognate synthetase (Giegé et al. 1993).
Some researchers believe that each tRNA contains anti-
determinants against inappropriate synthetases (e.g., Giegé
et al. 1998). Yet, compared to the well-explored field of
identity determinants, anti-determinants have been sparsely
investigated (Fender et al. 2004), and none of the recorded
examples relate to the Archaea and Bacteria listed as en-
coding ambiguous generalized RNA codes (Table 3; Sup-
plemental Table S5). This does not preclude the possibility
that further experimental probing might reveal anti-
determinants encoded by particular prokaryotes in some
of their tRNA molecules as effectively resolving specific code
ambiguities found in our study.

Partitioning the data according to synthetase class
yielded the two archaeal trees in Figure 2, A and B, and
the two bacterial trees in Supplemental Figures S1 and S2. In
both domains they feature z25% fewer paths than the trees
generated by the algorithm without inputting synthetase-
class information. Noteworthy, there are roughly three
times as many terminal nodes in the trees generated from
tRNA stems acylated by class 1 synthetases compared
to those generated from tRNA stems acylated by class
2 synthetases: 42 versus 16 in the archaeal data set and 251
versus 78 in the bacterial data set.

The relative ranks of degrees of degeneracy in the RNA
codes were essentially found to be insensitive to the mode
of running the algorithm. The reduction of z25% of the
number of rules in the trees leads to corresponding re-
duction of the degrees of degeneracy in the RNA codes for
essentially all amino acids.

The addition of information concerning synthetase class
significantly reduced the incidence of multiplicities in the
trees. For example, there are 38 fewer acceptor stems
featuring ambiguities in the generalized archaeal RNA code
generated by the algorithm utilizing the synthetases class
information, compared to ambiguities found by the algo-
rithm processing only the alphabetic information encoded
in the acceptor stems (Supplemental Table S5). The re-
solved ambiguities restored uniqueness to acceptor stem
determinant sequences specifying 10 amino acids. The 44
residual ambiguities in the generalized archaeal RNA code
of the nine affected archaeons are shown in Table 4. In the
bacterial data set the resolved ambiguities restored unique-
ness to 16 acceptor stem determinant sequences specifying
six amino acids; the residual six acceptor stems harboring
ambiguities and the affected two bacteria are shown in
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Table 3. Noteworthy, in both domains, the resolved
ambiguities were only those enciphered in acceptor stem
determinants of tRNAs acylated by cognate synthetases of
opposite class. Conversely, ambiguities residing in acceptor
stem determinants of tRNAs acylated by synthetases of the
same class were not resolved. A similar pattern pertains for
taxon-specific alternative RNA code variants (data not
shown). To elucidate the role of class distinction of the
synthetases and the significance of the observed pattern of
resolved and retained ambiguities in the generalized RNA
code, we advance a novel, cryptographic interpretation.
The appropriateness of invoking cryptography for eluci-

dating attributes of a biological code is
based on its explanatory power. By
analogy with the approach of the well-
known RSA cryptosystem (Rivest et al.
1978), we denote E for encryption, M
for amino acids, C for the enciphered
RNA code specifying amino acids by
determinants in the tRNA acceptor
stem, D for decryption rules embodied
in the synthetases, stipulating their
class related docking on the 59 and 39

branches of the acceptor stem, acylating
at the 29-OH and 39-OH of the A76
terminus, respectively:

E Mð Þ[ C and D Cð Þ[ M:

The cryptographic interpretation of our
findings is that the synthetase-class dis-
tinction is a necessary part of the essential
decryption rules for resolving the pair-
wise RNA code ambiguities enciphered
in identical acceptor stem determinants
of tRNAs acylated by opposite classes of
cognate enzymes. For example, if one of
the pair of synthetases recognizing the
determinants on one of the tRNA accep-
tor stem branches acylates the tRNA
(harboring ambiguity) with its cognate
amino acid, the synthetase of the other
class attempting to interact with the same
branch will encounter anti-determinants
and fail to misacylate the tRNA with the
inappropriate amino acid; yet, when in-
teracting with the opposite branch of the
same acceptor stem, it will accomplish
acylation. By their class division, synthe-
tases are structurally adapted to resolve a
specific subset of RNA code ambiguities,
thereby restoring uniqueness to amenable
determinant sequences. The complemen-
tary subset of ambiguities, enciphered in
identical acceptor stem determinants of

tRNAs amenable to acylation only by synthetases of the same
class, is forestalled from affecting the fidelity of protein
synthesis by editing reactions occurring at hydrolytic sites
embedded in specialized domains of the synthetases (e.g.,
Nureki et al. 1998; Beebe et al. 2003).

An evolutionary scenario

We conjecture that the output of the CART algorithm
when run without information pertaining to synthetase
class might be capturing a primordial setting. It is thought
that then the hairpin loops of the ancestral tRNA molecules

FIGURE 2. Classification and regression trees of domain Archaea after incorporating
synthetase-class information. (A) The 481 tRNAs acylated by class 1 synthetases generate 42
paths in CART. (B) The 398 tRNAs acylated by class 2 synthetases generate 16 paths in CART.
For abbreviations and color schemes, see legend to Figure 1.
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were in the process of elongating by addition of base pairs
(Di Giulio 1995; Ribas de Pouplana and Schimmel 2001b).
The addition of base pairs increased the information
encoded in the nascent tRNA acceptor stems, expanding
thereby the associated RNA code. That, in turn, provided
the platform for accommodating a growing set of primary

amino acids in the pre-DNA World.
Concurrently, the code ambiguities
increased exponentially due to accu-
mulation of identical tRNA acceptor
stems related to an increasing variety
of amino acids. It has been proposed
that proteins may have pre-dated
DNA (Dayson 1985; Freeland et al.
1999), among them, possibly, early
synthetases. These presumably only
would have been capable of in-
teracting with the acceptor stem of
present-day tRNA. Therefore, recog-
nition elements responsible for dis-
tinguishing among tRNAs would have
had to reside only in the acceptor
stem (Rould et al. 1989). In evolu-
tionary terms, our findings may be
interpreted as indicating that in the
pre-DNA World among the nascent
proteins interacting with nascent
tRNAs, two, with structures enabling
containment of the effects of RNA
code ambiguities had a selective ad-
vantage over proteins lacking such
capabilities. Thus, ambiguities in the
ancient RNA code may have been
pivotal for the fixation of these en-
zymes in the genomes of ancestral
prokaryotes, corroborating Schimmel
and Ribas de Pouplana (2001), who
surmised that interactions between
the catalytic domains of the synthe-
tases with tRNA acceptor stems may
have formed the basis for their two
classes. Protocells that acquired and
fixated synthetases in their genomes
attained a crucial advantage over
others that failed to do so. The class
division of synthetases was (and con-
tinues to be) instrumental for sus-
taining the functional role of the
RNA code as the link between en-
zymes, amino acids, and tRNAs.

Conclusion

In this study we took advantage of
the availability of close to 5000 un-

modified tRNA sequences belonging to 21 Archaea and 102
Bacteria with completely sequenced genomes in order to
investigate with the aid of data-mining statistical tools the
ensemble attributes of the prokaryotic RNA codes and find
out whether some of these attributes may have been
putative agents for the enigmatic origin of the two distinct

TABLE 4. Residual ambiguities in the generalized archaeal operational RNA code

Species
Amino
acid

tRNA acceptor stem

Anticodon
aaRS
classN73 N1–N7 N72–N66

N. equitans Ile A GooCCCo oCoooGC GAU 1
Ile A GooCCCo oCoooGC UAU 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

S. tokodaii Ile A GooCCCo oCoooGC GAU 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

S. solfataricus Ile A GooCCCo oCoooGC GAU 1
Trp A GooCCCo oCoooGC CCA 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

A. pernix Ile A GooCCCo oCoooGC GAU 1
Trp A GooCCCo oCoooGC CCA 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

P. horikoshii Ile A GooCCCo oCoooGC GAU 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

P. abyssi Ile A GooCCCo oCoooGC GAU 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

P. aerophilum Ile A GooCCCo oCoooGC GAU 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

P. furiosus Ile A GooCCCo oCoooGC GAU 1
Val A GooCCCo oCoooGC GAC 1
Val A GooCCCo oCoooGC UAC 1
Val A GooCCCo oCoooGC CAC 1

M. kandleri Ile A GooCCCo oCoooGC GAU 1
Trp A GooCCCo oCoooGC CCA 1
Val A GooCCCo oCoooGC UAC 1

S. tokodaii Asn G oooGCGo ooooooo GUU 2
Asp G oooGCGo ooooooo GUC 2

P. aerophilum Gly A oCGoooo ooooooo UCC 2
Gly A oCGoooo ooooooo CCC 2
Gly A oCGoooo ooooooo GCC 2
Phe A oCGoooo ooooooo GAA 2

Amino acids are denoted by standard three-letter abbreviations. Nucleotides are denoted by
standard one-letter abbreviations. Zeros indicate acceptor stem locations that are occupied by
nucleotides that are not part of the archaeal operational RNA code.
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classes of synthetases in the genomes of ancestral pro-
karyotes.

By using a CART statistical methodology, RNA code
degeneracy, taxon-specific alternative codes, and codes with
ambiguity were identified as key in silico ensemble attri-
butes of the RNA code.

The degeneracy of RNA codes appears to be essen-
tially different from that of the genetic code, due to the
thousand-fold greater ‘‘sequence space’’ available (without
counting NWC pairings). For both domains it seems to
convey also an evolutionary signal: the exceptionally large
degree of arginine’s RNA code degeneracy (Table 1)
indicates a weakening of the selective constraints on its
tRNA acceptor stem identity elements. In the course of
evolution, its RNA code was superseded by the generalized
RNA code, the 20A base in the D-loop becoming the
dominant aminoacylation identity element (e.g., Shimada
et al. 2001), resulting in the reduction of the degeneracy for
arginine to the value of ‘‘1.’’ The archaeal RNA code
degeneracy enfolds an ecological factor as well. In our data
set, two-thirds of the Archaea are hyperthermophiles or
thermophiles (Supplemental Table S2), and nine-tenths of
the Bacteria are mesophiles (Supplemental Table S3). In
conformity with the twofold decrease in the frequency of
glutamine found to be the most noticeable change in the
pattern of amino acid composition of proteins synthesized
by thermophiles in comparison with those by mesophiles
(Singer and Hickey 2003), the rankings of glutamine’s
degeneracy in the archaeal and bacterial RNA codes are 4
and 12, respectively (Table 1).

We found in our data set archaeal and bacterial tRNA
acceptor stems that are not unique; that is, two or more full
acceptor stem sequences (N1–N7, N72–N66, determinants
and positions not participating in the RNA code) are
related to the same amino acid. The taxon-specific alter-
native RNA codes (identical acceptor stem determinants
encrypting different amino acids in different species) and
the RNA codes with ambiguity (identical acceptor stem
determinants encrypting more than one amino acid in the
same species) originate in this phenomenon. The former
are analogous to the well-known alternative genetic codes
(e.g., Elzanowski and Ostell 2007). Ambiguities seem to be
in a different category because of the scarcity of analogs in
the universal code. We found 137 archaeal and 30 bacterial
tRNA acceptor stems to harbor in silico ambiguities in the
RNA code. Close scrutiny revealed that the collective
properties of the whole set of tRNAs and synthetases within
extant cells are able to improve considerably the accuracy of
the cellular aminoacylation system. In vivo, we expect 93
and 24 of the respective in silico archaeal and bacterial
RNA code ambiguities to be resolved. We conjecture that
the remainder, 5.0% versus 0.15%, respectively, found in 44
and six among the 879 and 4011 tRNA stems in our study,
constitute an irreducible set. The preponderance of in-
trinsic archaeal compared to bacterial RNA code ambigu-

ities appears to be a previously unreported specific domain
distinction. We predict that it will prevail as more and
more archaeal and bacterial tRNA acceptor stems become
available from completely sequenced genomes.

By resolving specific ambiguities in the RNA code, our
study results point to the structural distinction between the
two classes of synthetases very effective among the collec-
tive properties of the whole set of tRNAs and synthetases
within extant cells, which evolved as such to improve the
accuracy of the cellular aminoacylation system. The RNA
operational code is considered to have been originally
highly ambiguous (e.g., Rodin and Rodin 2008). To in-
vestigate the possible evolutionary effect of the inception of
the class-distinct synthetases on the high incidence of code
ambiguities, trees were generated with data partitioned by
the class of synthetases acylating cognate tRNAs in the
living cell. This resolved in both domains, a particular
subset of the code ambiguities without affecting the
complementary subset. Making a novel biological use of
an analogy with the well-known RSA cryptosystem (Rivest
et al. 1978), a plausible cryptographic interpretation of our
findings is that the synthetases’ class distinction of synthe-
tases is a necessary part of the essential decryption rules for
resolving the pairwise RNA code ambiguities enciphered in
identical acceptor stem determinants of tRNAs acylated by
opposite class of cognate enzymes. By their class division,
synthetases are structurally adapted to resolve only one
subset of RNA code ambiguities, but not ambiguities from
the complementary subset, enciphered in identical acceptor
stem determinants of tRNAs acylated by the same class of
synthetases. This result corroborates the Schimmel and
Ribas de Pouplana (2001) notion that interactions between
tRNA acceptor stems and synthetases formed the basis for
their distinct two classes. Ambiguities in the ancient RNA
code apparently were pivotal for the fixation of these
enzymes in the genomes of ancestral prokaryotes; their
class division was and continues to be instrumental for
sustaining the functional role of the RNA code as the link
between enzymes, amino acids, and tRNAs.

MATERIALS AND METHODS

Data

We extracted 4925 unmodified tRNA sequences belonging to 21
Archaea and 102 Bacteria with completely sequenced genomes
from public databases (http://www.ncbi.nlm.nih.gov; http://www.
uni-bayreuth.de/department/biochemie/trna; http://lowelab.ucsc.
edu/GtRNAdb; http://genome.jpi-psf.org/microbal/index.htm).
Species names followed TaxBrowser (http://www.ncbi.nlm.nih.
gov/Taxonomy/taxonomyhome.html/). Only one strain from
each species was included in the data set. If two or more copies
of a tRNA with the same anticodon were encountered and if
their acceptor stems sequences were identical, then a single se-
quence was used, thus avoiding considerations of frequency. The
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correspondence between amino acids and the order of nucleotides
in acceptor stems of tRNAs was determined for the 20 primary
amino acids. tRNAs for selenocysteine and pyrrolysine were
omitted. A tRNA acceptor stem was defined as comprising 15
bases, the ‘‘discriminator base’’ N73, and seven base pairs:
N1:N72, N2:N71, N3:N70, N4:N69, N5:N68, N6:N67, and
N7:N66, where N stands for any of the four nucleotides. The
invariant trinucleotide CCA at the 39 terminus was omitted from
the data set. Also omitted from the data set was the ‘‘G0’’ position
in tRNAHis. The location of non-Watson–Crick (NWC) pairs was
noted. Acceptor stems with three or more NWC pairs were
omitted as outliers reflecting possible sequencing errors. The final
data set consisted of 4011 bacterial and 879 archaeal acceptor
stems (Supplemental Tables S2, S3, respectively).

Notations and abbreviations

Although our data are genomic, we used the RNA alphabet.
Seventeen archaeons and 11 bacteria in our data set use LysRS1;
4 archaeons and 91 bacteria use LysRS2. The abbreviations Lys1
(or K1) and Lys2 (or K2) are used to indicate lysine ligated to
cognate tRNAs by LysRS1 and LysRS2, respectively. The seven
variables associated with each acceptor stem were (1) amino acid;
(2,3) taxonomic affiliation at the domain (Archaea or Bacteria)
and species levels; (4) the anticodon trinucleotide; (5,6) the al-
phabetic information encoded in the acceptor stem, that is, the
59 and the 39 nucleotide sequences, respectively; and (7) the
location of NWC pairs. Compilations of tRNA acceptor stems
data, sorted by amino acids, species, class of synthetase, and pre-
ferred habitat (e.g., hyperthermophile, thermophile, etc.) are pre-
sented in Supplemental Tables S2 and S3. Archaea and Bacteria
are analyzed separately in accord with experimentally determined
differences in the RNA code between the two prokaryotic domains
(Xu et al. 2001).

Classification and regression tree (CART) algorithm

Our main tool for studying the association between amino acids
and the sequence of nucleotides of the acceptor stems was the
CART algorithm (Breiman et al. 1984; Clark and Pregibon 1993;
Kim et al. 2004) as implemented in the statistical software S-PLUS
(http://www.insightful.com). In this study, the independent vari-
ables were the nucleotides at different positions on the acceptor
stem or the NWC status of a nucleotide pair, and the dependent
variables were the amino acids. CART is a decision algorithm that
recursively divides the data in a binary manner according to
certain optimality criteria and stops when certain conditions are
met. As optimality criterion we used the deviance (a statistical
measure of node purity, which is equal to minus twice the log-
likelihood of obtaining a partition under a model of random
partitions). The CART algorithm is ‘‘greedy,’’ that is, at each step,
all possible further data splits are considered at every node. Out of
all the possible splits, the one chosen to partition the data was the
split with the smallest deviance. At each node, a rule is added to the
preceding rules on the path. The process yields a binary decision
tree that is allowed to grow as much as possible with no limit to the
number of rules. Each node in the tree represents a condition in
the form ‘‘IF K, THEN go to the left; IF NOT K, THEN go to the
right, where ‘‘K’’ represents a subset of nucleotides at a position or
the NWC status for a pair of nucleotides in the acceptor stem.

Combinations of decision rules create paths from the root of the
decision tree to the terminal nodes. A position on the acceptor
stem may appear more than once on a path. Terminal nodes
specify amino acids corresponding to the set of conditions along
the path, that is, the sequences of determinants on the acceptor
stems of tRNAs that are compatible with particular amino acids. A
path on the tree terminates when a node is reached with a specific
amino acid in it, so that the deviance is zero, or if the deviance is
larger than zero but cannot be decreased by further splitting. By
definition, this means that the terminal node contains two or more
amino acid types that cannot be further purified. For such a node,
the most frequent amino acid, termed ‘‘predominant,’’ is assigned
to the node; the others, ranked by their relative frequencies, are
termed ‘‘misclassified’’ or ‘‘complementary,’’ and the node is
referred to as harboring multiplicities. Each of the complementary
amino acids is associated with a repetition of the same rules that
predicted the most frequent one. The ‘‘misclassification error rate’’
is defined as the ratio ‘‘(copy number of misclassified amino
acids)/(number of acceptor stems).’’ The success of the CART
algorithm is judged by the magnitude of the misclassification error
rate on the entire tree. If a position in the acceptor stem does not
appear along a path, then any one of the four bases can occupy this
position without affecting the identity of the amino acid at the
terminal node (verifiable by inserting the four bases sequentially in
such a position along the path). Consequently, such positions are
not part of the operational RNA code for its ensemble of species
encoding the tRNAs in the data set.

Permutation tests

The statistical significance of the set of rules deduced by the CART
algorithm was assessed by permutation tests. The correspondence
found by the algorithm between the determinants encrypted in
specific tRNA acceptor stems and associated amino acids was
severed, and the amino acids were randomly assigned to acceptor
stems, while maintaining the nucleotide order in the stems intact.
Each simulation consisted of 1000 runs. The number of inferred
rules and the misclassification error rate on the trees generated by
the CART algorithm were compared to the respective means of
the simulation.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.

ACKNOWLEDGMENTS

We thank Tal Pupko for comments and suggestions, Tal Galili for
help with the data analysis, and Giddy Landan for a great number
of favors, large and small. We also thank the manuscript reviewers
for many useful criticisms and suggestions that have greatly
enhanced its quality and readability. D.G. and D.B. were sup-
ported by a Small Grant Award from the University of Huston
and by the U.S. National Library of Medicine grant LM010009-01
to D.G. and Giddy Landan. Y.B. was supported in part by a grant
from the Israel Science Foundation.

Received May 26, 2009; accepted September 30, 2009.

The operational RNA code for amino acids

www.rnajournal.org 151

 Cold Spring Harbor Laboratory Press on December 22, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


REFERENCES

Arnez JG, Harris DC, Mitschler A, Rees B, Francklyn CS, Moras D. 1995.
Crystal structure of histidyl-tRNA synthetase from Escherichia coli
complexed with histidyl-adenylate. EMBO J 14: 4143–4155.

Beebe K, Ribas de Pouplana L, Schimmel P. 2003. Elucidation of
tRNA-dependent editing by a class II tRNA synthetase and
significance for cell viability. EMBO J 22: 668–675.

Beebe K, Merriman E, Ribas De Pouplana L, Schimmel P. 2004. A
domain for editing by an archaebacterial tRNA synthetase. Proc
Natl Acad Sci 101: 5958–5963.

Beuning PJ, Musier-Forsyth K. 1999. Transfer RNA recognition by
amynoacyl-tRNA synthetases. Biopolymers 52: 1–28.

Breiman L, Friedman JH, Olshen RA, Stone CJ. 1984. Classification
and regression trees. Kluwer Academic Publishers, Dordrecht, The
Netherlands.

Cavarelli J, Moras D. 1993. Recognition of tRNAs by aminoacyl-tRNA
synthetases. FASEB J 7: 79–86.

Cavarelli J, Delagoutte B, Erani G, Ganiloff J, Moras D. 1998.
L-arginine recognition by yeast argynyl-tRNA synthetase. EMBO J
17: 5438–5448.

Choi H, Otten S, Schneider J, McClain WH. 2002. Genetic perturba-
tions of RNA reveal structure-based recognition in protein–RNA
interaction. J Mol Biol 324: 573–576.

Clark LA, Pregibon D. 1993. Tree-based models. In Statistical models
in S (ed. JM Chambers, TJ Hastie), pp. 393–395. Chapman & Hall,
London.

Dayson F. 1985. Infinite in all directions, pp. 54–73. Harper & Row,
New York.

Di Giulio M. 1995. Was it an ancient gene codifying for a hairpin
RNA that, by means of direct duplication, gave rise to the
primitive tRNA molecule? J Theor Biol 177: 95–101.

Di Giulio M. 1997. On the origin of the genetic code. J Theor Biol 187:
573–581.

Elzanowski A, Ostell J. 2007. The genetic codes. www.ncbi.nlm.nih.gov/
Taxonomy/Utils/wprintgc.cgi.

Eriani G, Delarue M, Poch O, Gangloff J, Moras D. 1990. Partition of
tRNA synthetases into two classes based on mutually exclusive sets
of sequence motif. Nature 347: 203–206.

Fender A, Sissler M, Florentz C, Giege R. 2004. Functional idiosyn-
crasies of tRNA isoacceptors in cognate and noncognate amino-
acylation systems. Biochimie 86: 21–29.

Fersht AR. 1998. Sieves in sequence. Science 280: 541–543.
Francklyn C, Schimmel P. 1989. Aminoacylation of RNA minihelices

with alanine. Nature 337: 478–481.
Francklyn C, Schimmel P. 1990. Enzymatic aminoacylation of an

eight-base-pair microhelix with histidine. Proc Natl Acad Sci 87:
8655–8659.

Freeland SJ, Knight RD, Landweger FL. 1999. Do proteins predate
DNA? Science 286: 690–692.

Fukai S, Nureki O, Sekine S, Shimada A, Tao J, Vassylyev DG,
Yokoyama S. 2000. Structural basis for double-sieve discrimina-
tion of L-valine from L-isoleucine and L-threonine by the complex
of tRNAVal and valyl-tRNA synthetase. Cell 103: 793–803.
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Giegé R, Puglisi JD, Florentz C. 1993. tRNA structure and amino-
acylation efficiency. Prog Nucleic Acid Res Mol Biol 45: 129–206.
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