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ABSTRACT

We have developed a computational method that
detects ‘identities’ in tRNA genes by using principal

component analysis to classify the sequences of
bases in tRNA genes into groups of similar sequences

and then comparing the distribution of sequences of

bases, in order to extract characteristic bases that are

conserved within a group but differ between groups.

These classification and comparison procedures are

applied recursively to classify the sequences into

hierarchical groups, so that multiple levels of
characteristic sites can be detected. By using this

computational method, we were able to detect many
characteristic sites in the T and D domains of tRNAS,
as well as the characteristic sites that had already been

detected experimentally. This suggests that bases not

only in the contact regions but also in the elbow

regions, which determine the structure and dynamics

of the whole tRNA molecule, are important to the
tRNA—aminoacyl tRNA synthetase recognition.

INTRODUCTION

To facilitate the identification of determinants of the specificity,
we have developed a computational method for identifying
‘characteristic sites’, nucleotide positions that determine the
characteristic interaction of a tRNA. The sequences of tRNA
genes in a genome database are first classified into groups by
principal component analysis (PCA) of multiple sequence
alignment. Gene sequences are represented as vectors in &
generalized sequence space, and groups of similar sequences ar
revealed when these vectors are projected onto a lower-dimensional
space. The distribution of bases is then compared with the
distribution of sequences by using multidimensional scaling
analysis (MDS), in which the bases of each sequence are
projected individually onto the same sequence space. This makes
it possible to extract characteristic bases for each group.

This method is based on that used by Casaili (7) to predict
functional residues in protein families. The method was used to
find out which groups of residues specific to particular subfamilies
are responsible for functional differences between protein
subfamilies. We extended Casari’'s method to the analysis of
tRNA gene sequences and used it to identify the groups of bases
specific to particular tRNA classes. We encoded four types of
bases as 4-bit binary numbers and constructed the gene sequenc
vector. We also applied the above procedures (PCA and MDS)
recursively in order to classify the sequence into hierarchical
groups. Since the Ras—Rab—Rho superfamily that was analyzed

Molecular recognition related to tRNAs is one of the mosby Casaret al (7) was already known to have three suliiffas
interesting themes in molecular biology and has been approachied recursive application did not seem to be necessary. In the
from various directions. Aminoacyl tRNA synthetases (ARSsanalysis of tRNA genes, however, such knowledge was not
catalyze the linkage of tRNAs to amino ac{ds4), and are available beforehand.

known to recognize sites that consist of a few bases of theirThere have been several computational approaches to detecting
cognate tRNAs. These sites, which may include non-anticodadentities in tRNAs by sequence comparison. McGaial (8),
bases, are called ‘identitig,6), and if we are to understand thefor example, developed a method called the Disjoint Subject (DS)
mechanism of this recognition, we need to be able to detewutine for analyzing a single nucleotide position, and Atiketan

identities in various kinds of tRNAs.

al. (9) devéoped a method called the Expectation Maximization

A number of experimental approaches for detecting identitig&M) routine for analyzing multiple nucleotide positions. In the
in tRNAs have been developed. The recent determination &M routine, all possible combinations of any specified number of
crystal structures of two complexes between tRNAs and thgiositions are compared between composite and individual tRNA

cognate ARSs, for example, as well as the analysis of mutantssgiquences. These methods are based on the comparison o
the tRNAs, has made it possible to explain the structure—functiandividual sequences, whereas our method classifies all the input
relationship of their interactions. Although these approaches hasequences at once into one or more groups by using a simple
resulted in many identities being detected, we will not have multivariate analysis method (PCA), and extracts characteristic
coherent picture of the structural basis of aminoacylatiobases from each group. The advantages of our method are as
specificity until we have more experimental data. follows: (i) it allows comparison of the whole sequence and can
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Second principal component

Figure 3. Plots of sequences (tRM, tRNAPT and tRNA€Y),
CLASS 1 group (1)

detect many candidate identities; (ii) the recursive application of
PCA and MDS makes it possible to classify the sequences into
hierarchical groups and to detect multiple levels of characteristic
bases; and (iii) the algorithm is simple and its computational cost
is small.

Using this method, we found characteristic sites containing
many experimentally determined identities. We also found that
many of the characteristic sites detected in our method are in the e @ "
T and D domains. This suggests that not only the bases in the-g R |
contact regions but also the bases in the elbow region, which &
determine the structure and dynamics of the whole tRNA
molecule, are important to the tRNA-ARS recognition.

d principal component

Second principal component
MATERIALS AND METHODS

The PCA is first applied to the entire sequences of tRNA genesF.Igure 6. Plots of sequences [recursive analysis for Group (1)1

We define an alignment mattix each row of which is a sequence

vector F¥ for thekth gene sequence. Each base is encoded t0l@00, 0100, 0010 and 0001) (Fig. 1A). A sequence vector consists
4-bit binary number (A, C, G and T are respectively encoded tof 1s and Os and corresponds to a point-difhensional space,
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wherel is the length of the sequence alignment.rFsgquences The principal axesi, are defined as
of genes, an alignment matrix is defined a$ ‘a@dmatrix:
Cl, = 4, U, 4
F! wheredu is an eigenvector a is the corresponding eigenvalue
. of comparison matrixC. Each sequence is plotted on the
two-dimensional plane called the sequence space. The coordinate

F=|gk 1 xb of genek in dimensiorp is given by

oTx

Xp = [A, U 5

. Sequences are classified into one or more groups, according to the

. . . istance between the two-dimensional sequence plots.
Figure 1B shows an example of an alignment matrix based on tﬂérhen, the MDS is applied. Bases of each sequence are projected

encoding in Figure 1A, The alignment matrix is analogous t%dividually onto the same two-dimensional plane in order to

conventional profiles derived from multiple alignments. Just a I P
conventional profiles give a tabular summary of the base conte fee the principal CO’T‘pof‘e'ﬂ“? back to individual bqsgs and
itions that characterize individual groups. The coordirygtes

at each position in an alignment, each element of the sequerﬂﬁi . .
vector is 1 or 0, depending only on whether or not a particular ba@EPaSes in a sequence are given by

type exists at a sequence position. v,=FTG 6
The numbeCKX of matched bases between sequekegslk’ : :
can be expressed as the inner product of the sequence vectoiEhe ith element ofy, corresponds to a base at positian the
sequence, and characteristic bases of each group are detected b
C« — Ek ER o comparing the bases with the groups of sequences. Applying the
classification and comparison procedures above recursively,
A comparison matrixC, each element of which is the number ofenables the groups to be classified into subgroups, and the
matches for all pairs of sequences, can thus be expressed aschiagacteristic bases in the subgroups to be found. The recursive

matrix product between alignmeatand its transpode’: application makes the results of the classification clearer.
Figure 2 shows a schematic description of the sequence space
C=FFT 3 toillustrate our method. In Figure 2A, sequences (open circles)
accept| |D—dumain ||anticodon demain ||variable region ||T—dnmain accept
| stem extra loop | stem

0123456789111111111112222222222223333333333444444eeeeeceececeeceeceedd44555555555566666666667777777
01234567789000123456789012345678901234511111111234522222226789012345678801234567890123456

a ab 1234567 7604321
* & * %K
DE1660 TTC -GTCCCCTTCGTCTAGA——GBCCCAGGACACCACCCT TTCACGRCGRT A—————————————A-CABGGRTTCRAATCOCCTAGGRGACGECA
* * +* *k *

DI1660 GAT —AGGCTTGTAGCTCAGGT-GETT-AGABCGCACCCCTGAT AAGBGT GAG—————-——-—————GTCGGTGETTCAAGTGCACTCAGGCCTACCA

(4) DI1661 CAT -GGCCCCTTAGCTCAGT-—GGTT-AGAGCAGGCGACTCATAATCACTTE GTCGOTGETTCAAGTCOAGCAGERGOCACCA
DM1660 CAT -GGOTACGTAGCTCAGTT-GGTT-AGAGCACATCACTCATAATGATGGG GTCACAGGTTCGAATGOCGTCRTAGOCAGTA

+*

DR1660 CCG -GCGCCCATAGCTCAGCT-BBAT-AGAGCECTGCCCTCEGEAGBCAGAG————————————GTCTCAGRT TCRAATCOTGTCGRRCGCRCCA

(1 DR1661 TCT -GCGCCCTTAGCTCAGTT-GGAT-AGAGCAACGACCTTCTAAGTCATER GCCGCAGRTTCGAATCOTGCAGBGCOOGOCA
(5) DR1662 TCT -GCGCCCTTAGCTCAGTT-GEAT-AGAGCAACGACCTTCTAAGTCGTGR GCCGCAGBT TCGAATCCTECAGGECGEGECA
DR1663 ACE -GCATCCGTAGCTCAGCT-GBAT-ABAGTACTCGECTABGAACCGAGCS GTCGGAGETTCGAATCCTCCCGRATGCACCA
DR1664 CCT —GTCCTCTTAGTTAAAT—GEAT-ATAACGAGCCCCTCETAAGGGCTAA T-TGCAGGT TCGATTCCTGCAGGRGACAGCA

ok o

DV1660 TAG ~GGGTGATTAGCTCAGCT—BG6—AGAGCACCTCOCTTACAAGBAGGRG————————-——-GTCGECGET TCGATCCCAT CATGACGCACCA

6) DVI661 GAC —GCGTCCATAGCTCAGTT-GBTT-AGAGCACCACCT TGACATGGTGEGE-————————————————GTCGETGET TCGAGTCCACTCGGACGCACCA
DV1662 GAC —GCGTITCATAGCTGAGTT-BGTT-ABAGCACCACCT TGACATGGTGGGE GTCGTTGGTTCGAGTCCAATTGAACGCACCA

*
DC1660 GCA -GGCBOGTTAACAAAGC—GBET—TATGTAGCBAATTGCAAATCCETCT—————————— A-GTCCGRT TCEACTCCREAACGCGECTCOA
*
DW1660 CCA —-AGGBGCGTAGTTCAATT-GBT—AGAGCACCGGTCTCCAAAACCGEGT GTTOGGAGT TCGAGTCTCTCORCCCCTEECA
ok

(2)  DO1660 TTG —TGGGATATOGCCARGC—BET—AAGGCACCGETTTTTEATACCEGCH TTGECTGGTTCGAATGCAGETACCCCAGEEA
DQ1661 CTG -TGGEGTATCGCCAAGC—GET-~AAGGCACCGEATTCTGATTCCRECA TTCCGAGGT TCGAATCCTORTACCCGAGCCA
DY1660 GTA -GGTGGGGTTCCCEAGC—GBECAAAGGBAGCABACTETAAATCTECC-GTC——ACA-———GACTTOGAAGRTTCGAATCCTTCCCCCACCACCA

DY1661 GTA —GGTGGGGT TGCCGAGC—GGOCAAAGGBAGCAGACTGTAAATCTBCC-GTC———ATC———GACTTCGAAGGT TCGAATCCTTGCCCCACCACCA

*
DL1660 CAG —-GCGAAGGTGGCGGAATT-GBTA-GAGGCGCTAGCT TCAGETGTTAGT-GTCG-—TTAC———GGACG-TEGGEETTCAAGTCCCCCCCCTCECACCA
DL1661 TAG —GCGGEAGTGGCGAAAT T-GETA—GACGCACCAGAT TTAGETTCTGGC-GCC——GCAA———GGTG-TGCGAGTTCAAGTCTCGCCTCCCGCACCA
(2) DL1662 CAA -GCCGAAGTGGCGAAATC-GBTA-BACGCAGTTBATTCAAAATCAACC-GTA———GAAA————TACB-TBCCBGT TGGABTCCGRCCTTCEGCAGCA
DL1663 GAG —GGCGAGGTBGTGGAATT-GGTA—GAGACGCTACCTTGAGETGATAGT-BCCC——AATA——GGGCT-TACGGGTTCAAGTCCCGTCCTCGRTACCA
DL1664 TAA —-GCCCGGATGGTGGAATC-GGTA-GACACAAGGGAT TTAAAATCCCTC-GG06—-TTC6——CGCTG-TECGERTTCAAGTCOCGCTCCGGEETACCA

Figure 7. Characteristic bases of each group (Class I). Pink, strictly conserved bases; others, characteristic bases; stampdsatitipseviously.
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accept D-domain Ianticodon domain ||variable region T-domain accept

| stem extra loop | stem

0123456789111111111112222222222223333333333444444eeececeeeceeecceeeedd44555555555566666666667777777
01234567789000123456789012345678901234511111111234522222226789012345678501234567890123456

a ab 1234567 7654321
* o
DA1660 TGC -GGEGGT.&T.&GCTC.P.GCT—[iG[i——AGAGBGGGTGGTTTGGAGGDAGGAG GTCTGCGRTTCGATCCOGCATAGCTCCACCA
DA1661 GGG -GGGGCTATAGCTCAGCT-GGG—AGAGCGCTTGCATGGCATGCAAGAG —GTCAGCGGTTCGATCCCGCTTAGCTCCACCA
L ok
: DF1660 GAA -GDODGG.&T&E(}TC.ﬁGTC—G(-ﬁ——&GAGEiEIEGGMTGMMTCGCCGT GTCCTTGGTTCGATTGCGAGTGGGGGCACCA
| *

: DH1660 GTG GBTGGCTATAGCTCAGTT-GBT—AGAGCCCTGGATTGTGATTCCAGTT GTCGTGEETTCGAATCCCATTAGCCACCGCA

* *
i DD1660 GTC —GE&GGGGT&GTTGﬁGTG—GﬁTT—ﬁGMTACGTGGGTGTCﬁGGGAGGEE GTCGCGERTTCGAGTCCCGTCCGTTCOGECA
| DK1660 TTT —GGGTCGTTAGCTCAGTT-GBT—AGAGCAGTTGACTTTTAATCAATTG GTCECAGBTTCGAATCCTGCACGAGCCAGCA
) DN1660 GTT -TCCTCTGTAGTTCAGTC-GRT—AGAACGGCGBACTGTTAATCCGTAT- GTCACTGBT TCGAGTCCAGTCAGAGGAGECA

ke
DG1660 TCC —EEEGGBATBGTATMT—-EGGT-hTTﬁCGTCﬁGDGTTGGMGGTGATG ————— ————————A-TGCGEBTTCBATTCCCGCTGCCCGCTCCA
DG1661 GCC -GCGGGAATAGCTCAGTT-GGT——AGAGCACGACCTTGCCAAGGTCGGG- GTGGCGABTTCGAGTCTCGTTTCCCGCTCCA
DG1662 CCC —GCGGGCGTAGTTCAAT—BBT—AGAACBAGAGCTTCCCAAGCTCTAT-———————————A-GGAGGEBTTCOATTCCCTTCGCCCGCTCCA

ok
DT1660 GGT —EETGATATGGBTGAGTT-GGT--AGAGCGGABGGTTGGT.’«GGGGTGGG GTCCGGAGTTCGACTCTBGETATCAGCACCA
DT1661 GGT -GCTGATATAGCTCAGTT-GGT-—AGAGCGCACCCTTGGTAAGGGTGAG GTCGGGAGTTCGAATCTGCCTATCAGCACCA
DT1662 TGT -GCCGACTTAGGTCAGTA-GGT—AGAGCAACTGACTTGTAATCAGTAG GTCAGGAGTTCGATTCCGGTA. TCGGCACCA
DT1663 CGT -GOCGATATAGCTCAGTT-GGT—AGAGCAGCGCATTCGTAATGCGAAG GTCGTAGGTTCGACTCCTATTATCGGCACCA
DT1664 GBT -BCTGATATGGCTGAGTT-GGT—AGAGCGCACCCTTGETAAGGGTGAG GTGCCCAGTTCGACTCTGGGTATCAGCACCA

* * * * -« *
" DP1660 TGG —COGCBAGTAGCGCAGCTTGGT-—AGCGCAACTGGTTTGEGACCAGTGE GTCGGAGGTTCGAATCCTCTCTCGCCGACCA
(2) DP1661 CGB —COBTBATTGGCGCAGCCTGET—AGCGCACTTCOTTCGBBACGAAGRG—-—————————GTGGGAGGTTCGAATCCTCTATCACCGACCA
- DP1662 GGG -CGGBCACGTAGCGCAGCCTGET—AGCGCACCGTCATGGGGTGTCRGRG GTCGGAGGTTCAAATCCTCTCGTGCCGACGA

DS1660 CGA -GE&G&GATGGCGEP.GG—GGGTMG&GAGDGG10TCG&MAGGGG&-GT&EGG-GGM—-GTGT&G—@GGGGGTTGMATCCCCCTCTBTBGGGBA
(3) DS1661 TGA -GBAAGTGTGGCCBAGC——GGTTGAAGRCACCGGTCTTGARAACCGGC-GACCC—BAAA-—GBGTT—CGAGAGT TCGAATCTCTGCGCTTCCGECA
DS1663 GCT -GGTGAGGTGGCCBAGA—-BGCTGAAGRCGCTCCCCTGCTAAGGGAGT-ATGCGGTCAAAAGCTGCAT—COGGEET TCGAATCCCCECCTCACCGECA
DS1664 GEA —-GGTGAGGTGTCCBAGT——BBCTGAAGGAGCACGCCTGEAAAGTRTGT-ATACG—GCAA-——CGTAT-—CGGEGET TCGAATCLCCCCCTCACCGECA

Figure 8. Characteristic bases of each group (Class Il). Pink, strictly conserved bases; others, characteristic bases; stgpspjiaeeiitipseviously.

are plotted on the sequence space defined by three principal aats® used files of the structure of the tRMA-GINRS crystal that
corresponding to the three largest eigenvalgsx, andxs.  were deposited in the Protein Data Bank (PDB) (11).
Figure 2B, on the other hand, plots single bases (black circles) in

the same space as in Figure 2A. In these figures, distance and

direction from the origin have an important meaning in therest on tRNAGIN, tRNALeU and tRNAPM

detection of the characteristic bases: the distance expresses the

number of appearances of the base in the position among the\gll tested our method on three types of tRNAs: tRRA
sequences used, whereas the direction from the origin represefig aleu gnd tRNLT Figure 3 shows the plots of the sequences
the sequence pattern. The first principal axi$ jpoints in the i\ the two-dimensional plane of the MDS. Theandy-axes of
direction of a sequence pattern common to all sequences; baggs figure represent the second and third principal components;
located in this direction are common to all tRNA sequences usa{e first principal component is not shown in this paper because
The second and third principal axegsdndxs) are group-specific, the direction of its axis represents only the similarity among all
and we have used them to distinguish the groups of sequencesld sequences. The tRNA sequences were classified into three
Figure 2, sequences are classified into three groups, A, B and§roups that correspond to the three types of tRNAs, by using our
the groups are characterized by the direction ixthe; plots in - sequence plots. Figure 4 shows all the bases plotted in the same
Figure 2A, which shows the characteristic sequence pattern of thene. It is evident that the discriminaf@@) of tRNAGIN, 73G,
groups. We can also detect, in Figure 2B, the characteristic baggss found among the characteristic bases detected, and that the
of the group, which appear in the same direction as th@&naleu and tRNAT discriminator, 73A, was found in the
corresponding group. For example, in Figure 2A, characteristigirection between tRN&Y and tRNAT directions. This figure
bases of the sequences in group A can be detected in the samigws that we were able to detect bases characteristic to one or
direction as the group. The more closely the vector of a base poiigre groups of the sequences.
in the direction of a group, the more specific it is for that group. ‘Characteristic bases’ are bases that distinguish a sequence
group in the total set of sequences considered. In the above test
RESULTS AND DISCUSSION case, base 73A distinguishes the Leu group from the other two
groups. However, this base cannot be a characteristic base if we
In evaluating our method, we used full-lengkcherichia coli  carry out sequence comparison over all types of tRNAs, since
tRNA gene sequences deposited in the aligned sequence datali@fealso appears in other types of tRNA sequences. The same is
European Bioinformatics Institute (EBI) Data Librd@0). We  true of 73G.
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of G. If we use a base-encoding rule that reflects such
modification, we may detect such identities. However, due to the
limited number of sequences available, such extension of the
encoding rule is expected to introduce further difficulty in the
statistical approach.

In Class Il, all the experimentally determined identities of
tRNAP™© were detected by our method, but the proportion of
experimentally determined identities detected by our method in
Class Il is lower than it is in Class |. The reasons for this might
be the following. First, since the experiments for Class Il have not
been made as intensively as the experiments for Class | analysis,
there seems to be many identities that have not been detected in
Class Il. Secondly, characteristic ‘regions’ (a region is defined as a
series of bases) have not been detected by our method. For example
Phe, Gly and Thr in Class Il contain such characteristic regions.

Characteristic bases in the 3D structure of tRN&I"-GInRS
complex

Most of the experimentally determined identities are in the
anticodon arms of tRNAs. McClaiet al (8) devéoped the
computer analysis method for detecting identities, and argued that
identities detected in the acceptor stem regions are also important
to molecular recognition of tRNAs by their cognate ARSs. Our
Figure 9. Structure of tRNAIN_GINRS complex. Grey, tRNA™ blue, GinRs;  Method can also detect characteristic bases in the stem regions in
pink, 8T 14A 18G 19G 33T 53G 54T 55T 56C 58A 61C 74C 75C 76A; green,the T and D domains, and these bases [&&% of the

4G 71C; cyan, 9C 36G 38T 45A 49C 65G 66T 67A 72A. characteristic bases detected by our method. They are located in
the elbow region of tRNAs (Fig. 9). For example, G48 of
tRNACYS is an identity that was detected by biochemical
experiments (14-18), and the characterisitndibg G15-G48

has been considered to be necessary to the #NBysRS

Since Class | and Class Il tRNAs have different tRNA—ARS€cognition. This identity is also detected by our method. The
bindings, we analyzed the two classes separately. Figure 5 shd®8gults of the normal mode analysis of tRNAS) siggested that
the result of applying PCA and MDS to Class | tRNAs. As showf€ bases in the elbow region play an influential role in
in this Figure 5, 23 Class | sequences were classified into thrélgtermining the dynamics of the molecule. Our result supports
groups: 1, 2 and 3. For this grouping' we took the fo”owindh|s Suggestlon and we th|nk that the ba_.seS |!ﬁ| the el.bOVy region
strategies: if sequences were of the same species, we classifigéermine the structural difference of this region, which in turn
them into the same group. Otherwise, we grouped the sequendfgcts the interaction between tRNAs and ARSs.
by using the centroid method. Figure 6 shows the result obtained
by applying PCA and MDS to group 1 recursively using the sameoNCLUSIONS
grouping strategies. As shown in this figure, 12 sequences in
group 1 were further classified into three groups: 4, 5 and @he method developed here finds identities of tRNA genes by
Figures 7 and 8 show the results of comparing the bases ddtecting characteristic sites in a group of related sequences.
individual sequences for Class | and Class I, respectively. THRCA, a basic method of multivariate analysis, is used to classify
bases shown in pink represent the bases conserved in sdljuences into groups in a mathematical space. Then, MDS, in
sequences; the bases shown in green represent characterstich both sequences and bases are represented complementarity
bases detected in the first grouping; and the bases shown in bilnehe same mathematical space is used to compare sequences
and yellow represent characteristic bases detected in furth&nalysis of tRNA sequences using MDS has been reported by
grouping of (1) and (2). The bases marked with stars are tiNicholaset al (20), but their invdgyation is limited to sequence
identities that have been detected experimentally: blue and rgtbuping. The method we have developed uses not only sequence
stars, respectively, represent the identities that were and were plaits, but also base plots, which enable us to extract the
also detected by our method. characteristic bases of sequence groups. This is the main
Approximately 40 and 25% of the identities determinecadvantage of our method. Our method differs from Casari's
experimentally were detected by our method for Class | and Clasgthod (7), which is used to detect functional residues in protein
I, respectively. In Class I, our method detected many identitidamilies, in that the classification and comparison procedures are
in the D-domain. By recursively applying PCA and MDS, ourapplied recursively in order to classify the sequences into
method also detected many experimentally determined identitiegerarchical groups and detect characteristic sites for each group.
such as 2T and 71A of tRN#. On the other hand, our method This enables us to find subtle patterns of conservation in tRNA
was not able to detect identities G2, G3 and G10 of fRNA sequences.
which are known to be important to tRRB-GInRS recognition Approximately 40% of the characteristic sites we detected
(11,13). This reagnition is based on the modification (amination)computationally are identities that have been detected

Application to Class | and Class Il tRNAs
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experimentally, and the other characteristic sites are in the T an@l Moras, D. (1992]rends Biochem. Scll7, 159-164.

D domains (which are in the elbow regions of tRNAs). Thus, it‘51 aa‘(’:"’l‘“?”"\fv- ";‘_'”d l'\ggrsai SDESQ%SZE?SJI 79-85.
seems_that an identity plays arole in d_etermining the structure a_rp MECIZ:& W H. E1993)}1:- Mol. éliol', 23; 257-280.

dynamics of tRNAs as well as a role in matching tRNASs to their7 casari, G., Sander, C. and Valencia, A. (19@S)ure Struct. Bio).2,
cognate ARSs. 171-178.

In this work, we used only 23 tRNA gene sequences; thus, thé McClain, W. H. and Nicholas, H. B., Jr (1987)Mol. Biol, 194 635-642.
resulting sequence space was rather sparse. The practicgalAg'girz g;g‘_'ggg'as' H. B., Jr and McClain, W. H. (198ficleic Acids
advantage of the method becomes apparent when the numbe{®fsyrintzi, M., Steegborn, C., Hiibel, F. and Steinberg, S. (1996)
sequences increases. If there are more sequences available, th&ucleic Acids Res24, 68-72.
recursive application can be more effective. The results howevEr Rould, M., Perona, J. J., Soll, D. and Steitz, T. A. (198#nce246
show that our method is useful for detecting identities which arg 1135-1142.

P . . . Crothers, D. M., Seno, T. and Séll, D. G. (197&)c. Natl. Acad. Sci.
difficult to detect by experimentation and other computatlona* USA 69, 30633067
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