Evolution of E. coli tRNA": Evidence of Derivation from Other tRNAs
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Two E. coli tRNA" sequences were compared against those of 36 other E. coli tRNAs.
tRNA"™ ! was found to bear high similarity with tRNAY* ! (E=1.11 x 10~'¥) while tRNA" 2 had
the greatest match (E=3.40 x 107") with tRNA™" (E is the expected number of such matches,
per search, based on coincidence). These matches, which we consider to represent homologies,
extend from base 7 to base 67 in the former and base 7 to the end (76) in the latter pair. These
results coupled with others on the lower activity ot 1soleucine 1n reactions postulated to be
important in primitive protein synthesis (i.e. esterification reactions and non-enzymatic activation
by ATP [1-3]) lead us to propose that isoleucine was included among the proteinaceous amino
acids, and received its anticodonic assignment, relatively late in evolution through mutation of
tRNAs previously employed for other amino acids.

ous amino acids and; 2. evidence that their tRNAs
might have been derived from preexisting tRNAs. In
recent studies, it has been shown that isoleucine is
extremely unreactive in several reactions which are
relevant to protein synthesis. These reactions include
the esterification of 5'-AMP [1] and poly A [2] by
Ac—Ile imidazolides, and the non-enzymatic activa-
tion of isoleucine by ATP in the presence of Mg**
[3]. In addition, the Ac—Ile imidazolide hydrolysis
rate constant was found to be the lowest of those
investigated [2]. These data are in accord with the
idea that, because of its poor reactivity, isoleucine
was late in being included among the proteinaceaous
amino acids. To address the second point above, we
explore here similarities between the sequences of
tRNA™ and other tRNAs. A high degree of match-
ing would indicate homology, i.e. common ancestry,
and would be consistent with relatively recent diver-
gence of the two sequences. We focused primarily on
E. coli because of the large number of sequences
available for comparison.

Introduction

Earlier studies related to the origin of coding as-
signments have shown that there are statistically sig-
nificant correlations between the hydrophobicities of
most amino acids and their respective anticodonic
dinucleoside (positions YZ of anticodons XYZ)
monophosphates [4]. However, there are four anti-
codonic assignments, isoleucine, tryptophan, ty-
rosine and serine (the four XGA assignments for
serine) which do not fit these correlations. The anti-
codons for these amino acids have hydrophobicities
that overlap considerably those of the anticodons of
other amino acids [4]. In addition, the tryptophan
and tyrosine anticodonic dinucleotides (CA and UA)
are also the anticodonic equivalents of the present
day terminator codons. These facts suggest that
perhaps these particular dinucleotides were not suffi-
ciently good discriminators in an early coding
mechanism and therefore were not used as anti-
codons. They may have been used as terminators
early in evolution and later some of them assigned to
newly introduced amino acids [4]. The plausibility of
this suggestion hinges on: 1. evidence for the later
inclusion of these amino acids among the proteinace-

Methods

Sequences of tRNA" ! and tRNA" 2 from E. coli
were compared with 36 different E. coli tRNA se-
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quences, all taken from Sprinzl and Gauss [5], using
the Los Alamos routines described by Goad and Ka-
nehisa [6]. Each tRNA" sequence was compared
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with each other E. coli tRNA sequence and the ex-
pected value (E) of the match was calculated using
the formulae of Goad and Kanehisa [6].
E (L-2) "(1—g)(Li— L+1)
Cm-lglgat TP

q = fAufAn + fCfC, +fGufG; + fUfUp,
where L is the overall length of the matching region,
including mismatched bases and gaps, L, the length
of the shorter of the two tRNAs, m the number of
matched pairs, u the number of mismatched pairs,
and g,; and g,, the number of gaps in the two tRNA
sequences. A, G, C and U signify the four bases and
fA,,, for example, is the frequency (i.e. number of
A’s divided by total number of nucleotides) of A in
the first tRNA and fA,, is the frequency of A in the
second tRNA. A single term relating the lengths of
the RNAs searched to E was used because the
matches fell into corresponding regions of the two
tRNAs. When two matches in corresponding regions
were found on any comparison (i.e. an interrupted
match) E was calculated as follows:

E=(P1)(P2)2 i L.
i=1

P, and P, are the probabilities of the match (calcu-
lated by using the Goad and Kanehisa formulae) and
X is L, minus the lengths of the two matching regions
plus one.

The calculated value of E is an estimate, with the
number of gaps resulting from insertions or deletions
determining its accuracy [7]. The matches described
in this paper contain between 0 and 2 gaps in matches
10 to 70 bases long. With this many gaps in a match
only 15—20 bases long, the E value still falls within a
factor of 2 or 3 of the observed E value using scram-
bled sequences (data unpublished). Matching re-
gions with a larger number of gaps are rarely found
because of penalties assigned to mismatches and gaps
when using the formulae [6, 8]. The formulae of
Goad and Kanehisa as used here provide an estimate
of the expected value of a match and, most impor-
tantly, an objective way of identifying the pairs of
tRNAs with the most extensive homologous regions.

Results and Discussion

The results of the comparisons of tRNA' ! and
tRNA" ? with one another and with each other
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E. coli tRNA are presented in Fig. 1. Each of the
isoleucine tRNAs shows greater matches with the
tRNAs of some of the other amino acids than they do
with each other. tRNA" ! shows greatest homology
(E=1.11x10""%) with tRNA"Y* ', but also has high
homology with tRNA™ ! (E=3.96 x 107'%). Because
threonine is the biosynthetic precursor of isoleucine
and the synthesis of valine and isoleucine share com-
mon reactions and threonine, valine and isoleucine
are near each other in the genetic anticode (Table I)
these data support the proposals of Wong [9—11] that
the code evolved along the biosynthetic pathways of
the amino acids. Additionally, tRNA™ ! has high
homology with the other valine-encoding tRNAs.
tRNA"™ 2 shows an even greater homology
(E=3.40x107") with tRNA™* !  but also very high
homology (E=6.51x10"") with tRNAA" ! which
in turn is quite homologous with tRNAM* !, Tt should
be noted that these homologies are very extensive
and cover most of the lengths of these tRNA se-

Decreasing hydrophobicity

Middle position

A G C U

A Phe Ser Cys Tyr

G Phe Ser Cys Tyr

C Leu Ser Trp T A 2

U Leu Ser T T .E

A Leu Pro Arg His %

G Leu Pro Arg His G o
- C Leu Pro Arg Gln ° g
Uj U Leu Pro Arg Gln ﬁ =4
n A Val Ala Gly Asp o .S

G Val Ala Gly Asp - s

C Val Ala Gly Glu g

U Val Ala Gly Glu o)

A lle Thr Ser Asn

G Ile Thr Ser Asn

C Met Thr Arg Lys U

U Ile Thr Arg Lys

Table I. The genetic anticode organized according to de-
creasing hydrophobicity of the mononucleotides. The as-
signments listed here are the anticodons predicted from
Watson-Crick base pairing to the established codons. In
reality, the anticodons found in tRNAs are seldom those
shown. The variation is primarily in the wobble position
(5'-end), where inosine is frequently found, and where
A—U, G—C base pairing is not rigidly maintained (Mod-
ified from Lacey and Weber [19]).
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1a E. coli tRNA'®! E Value
O 10 20 30 40 50 60 70 80

ALAI (30) _— 445x 10-'°
ALA2 (30) — = 295x 10-10
ARGI (34) — — 9.80x 10-12
ARG2 (32) e —_— 3.77x 10-12
ASNI (16) 122 x 10-6
ASPI (30) — = 327x 10-10
cysi (-) -

GLNI (=) -

GLN2 (1) — 51 x 10-4
GLUI (-) -

GLu2 ( ) -

GLY! (=) -

GLY2 () -

GLY3 (-) -

GLY4 (-) -

GLYS (39) — 293x 10712
GLY6 (39) = 2.78x 102
HISI (30) 2.16x 10710
ILE | -

LE2 (45) —_— 112 x 10-14
LEUI (21) N 9.46x 10-4
LEU2 (28) _— = 168 x 10-5
LEU3 (1) S 267x 10-5
LYSI (31 — 4.60x 10-!
METI (35) _ 3.34x 10-13
PHE | (16) e 259x 10-5
SER1 (16) e 243x 10-8
SER2 (-) -

THRI (44) 396x 10-'8
TRPI (16) — 114 x |0-4
TRP2 (14) — 975 x 10-4
TRP3(16) — 110 x 10-4
TRP4 (16) —_— 110 x 10-4
TYRI (-) -

VAL (50 LIl x 10-18
VAL2 (38) 433 % 107!
VAL3 @5) 5.48x 10-16

0 10 20 30 40 50 60 70 80

Fig. 1a and b. With each set of lines in this figure, we
compare the locations of sequences in the tRNA identified
at the left (short lines above the continuous line) which
match sequences in a) tRNA™ ! and b) tRNA" 2 (short
lines below the continuous line). The positions along the
tRNA lengths are shown by the numbers at the top and
bottom of the figure. The total number of matching bases
in the matching regions is given by the number in parenthe-
ses at the left. The symbol (—) does not indicate no match-
ing bases are present, rather that no matching sequence
with E<1x 1073, was found. Also it should be noted that
the indicated homologous regions are not necessarily iden-

quences. The tRNA" '—tRNAY¥ ! homology ex-
tends from base 7 to 67 (>79% of the molecule)
while the tRNA!" ?—tRNA™* ! homology extends
from base 7 to 76 (>92%). Matching regions with
such low E values were found only rarely. Among
comparisons of all E. coli tRNA sequences, exclud-
ing isoaccepting tRNAs, 20 of 528 or 3.8% of the
matches yielded matches of E< 1075,

In addition to these matches found in comparisons

among E. coli tRNAs, similar matches between cor-
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b E coli tRNA''®2 E Value
0 10 20 30 40 50 60 70 80
ALAI (16) 1.02 x 10-4
ALA2 (34) — 9.54x uo-li’)
4. 10-

ARe: &) i e l9-10
ASNI (53) — 6.5 x 10-13
ASPI (31) 1.51 x 10-1!
cysl (-) -

GLNI (-) -

GLN2 (I5) ———— 1.52 x 10-5
GLul (-) -

GLu2 (-) -

GLY! (13) 6.59x 10-4
GLY2 (13) 7.19 x 10-4
GLY3 (13 — 485x 10-4
GLY4 (13) e 4.66x 10-4
GLY5 (31) 148 x 10-!!
GLYS (31) 1.40 x 10-1!
HISI (29 ) 2.55x 10-10
ILEI (4 _— 112 x 10-'4
ILE2 = -

LEUI (i) — 2.20x 10~°
LEU2 (24) =5 2.76x 105
LEU3 (31) —— = 331 x10-10
LYSI (54) 3.40x 10-1°
METI (43) 1.67 x 10-14
PHEI 240) 1.09 x 10-13
SERI (-) -

SER2 (-) -

THRI (16) —_— 118 x 10-8
TRPI (16) 6.7 x 10-5
TRP2 (14) 4.36x 10-4
TRP3 (15) e 591 x 10-5
TRP4 (I5) —_— 5.64x 10-5
TYRI (-) -

VALI (38) ————— C———— 153 x 10-15
VAL2 (I8) ——ex 6.88x 10-6
VAL3 (36) = 6.59x 10-16
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tical, i.e., the program of Goad and Kanehisa [6] allows
mismatches and gap insertion within certain limits. For ex-
ample, the tRNA™ ' — tRNAY* ! homology from residue 7
to 67 includes no gaps, 50 matches and 11 mismatches. The
expected numbers of the matches occuring by chance in a
single comparison is shown at the right as calculated from
the equations given in Methods. In a small number of com-
parisons short displaced matches were found. These offset
homologies which are included in a longer homologous se-
quence are not counted in the number of matching bases at
left nor in the calculated E values.

responding tRNAs were found when comparisons
were made among tRNAs from divergent organisms
(data unpublished). For example, in comparisons
among tRNAs from Halobacterium volcanii (an ar-
chaebacterium) the best match among non-isoac-
cepting tRNAs was found between tRNA™ and
tRNAM. When tRNAs from yeast were compared,
the best match with tRNA™ was with tRNAV¥,
These data show that the relationships among E. coli
tRNAs reported here are mirrored in distantly re-
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lated groups. This in turn makes less plausible the
argument that the relationships among E. coli
tRNAs described here are due to chance or to con-
vergence after the separation of archebacteria,
eubacteria and eukaryotes.

Because valine and isoleucine are next to each
other in the genetic anticode (Table I) only one nu-
cleotide change would be required to change the
anticodon from that specific for valine to one specific
for isoleucine. The bulk of the other differences were
in the anticodon stem and in the acceptor stem.
These are shown in Table ITa. Table IIb shows the
changes required to go from tRNAM* to tRNA™ 2 or
vice versa. Again, aside from the anticodon itself,
changes mainly occured in the anticodon and accep-
tor stems. One might ask whether these regions are
responsible for the specificity of charging. This idea
is also in accord with the observation that these two
tRNAs have high general homology with most other
tRNAs in the dihydrouridine (DHU) loop and stem
regions (generally residues 9—25) and the TYC loop
and stem regions (generally residues 45—65).

Several evolutionary pathways are possible; for ex-
ample tRNAY? ! — tRNA'" ! — tRNA® 2 —
tRNAM ! However, because the tRNA!® !'—
tRNAY? ! homology and the tRNA™ 2— tRNAL* !
homology are greater than the tRNA ! —tRNA* 2
homology, it seems more plausible that tRNAY¥ ! —
tRNA™ ! and tRNA™ ! — tRNA" 2 occured inde-
pendently, the two isoleucine tRNAs having differ-
ent origins. This case of independent origin and con-
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vergence of tRNA function may not be unique.
There is also evidence for the convergence of serine
(XGA) and serine (GCU) tRNAs (Staves, unpub-
lished data). Of related interest is the proposal by
Mullins et al. [12] that E. coli tRNA™ and E. coli 55
RNA share a common ancestral nucleotide se-
quence.

The inclusion of a new amino acid in protein syn-
thesis would not only require the generation of a
“new” (modified old) tRNA, but also a “new”
aminoacyl-tRNA-synthetase. The transition from
tRNAYY — tRNA'" seems to be plausible because
valine and isoleucine are both hydrophobic and are
branched at the -carbon. However, the transition
from tRNAM* to tRNA™™ would not follow, accord-
ing to interpretations based on physical characteris-
tics, because lysine is extremely hydrophilic and
isoleucine is hydrophobic. Nevertheless, the appa-
rent close relationship between these two molecules
and the parsimony involved in the change make this
pathway attractive. The aminoacyl-tRNA synthet-
ases for leucine, isoleucine and valine share many
properties (enzyme quaternary structure, subunit
molecular weight and 2'/3" charging specificity)
whereas the lysyl-tRNA synthetase differs in these
properties [13]. Thus, it seems most probable that
the isoleucyl-tRNA synthetase evolved from the
synthetase for leucine or valine and not from that of
lysine.

These data support the hypothesis that the anti-
codonic assignments of isoleucine came later through

Table 2a. Changes required to convert tRNAY? ! to tRNA !,

A B ¢ B’ D E D’ F G H
0910 E. coli lel AGGCUUG |[UA|GCUC [AGGU GGUU A|GAGC [GCACCC |[CUGAUAA [GGGUG |AGGUC |GGUGG [UUCAAGU
2020 E. coli Vall GCGUCCG [UA|GCUC [AGUU GGUU A|GAGC |[ACCACC [UUGACAU |GGUGG |[GGGUC |[GGUGG [UUCGAGU
G’ A’

CCACU |CAGGCCU |ACCA

CCACU |CGGACGC |ACCA

Table 2b. Changes required to convert tRNAM* ! to tRNA"® 2,

0911 E. coli lle2 GGCCCCU |[UA|GCUC [AGUG GUU A|GAGC |AAGCGA [CUNAUAA [UCGCU |[UGGUC |[GCUGG [UUCAAGU
1110 E. coli Lys1 GGGUCGU [UA|GCUC [AGUU GGU  A|GAGC |AGUUGA |CUUUUAA [UCAAU |UGGUC |GCAGG [UUCGAAU

CCAGC

ccUGC |ACGACCC |acca

AGGGGCC ‘ACCA

A, A’, Acceptor Stem; B, B’, DHU Stem; C, DHU Loop; D, D', Anticodon Stem; E, Anticodon Loop; F, Variable

Loop; G, G', TWC Stem; H, TWC Loop.

Note: All residues are shown as unmodified. The sequences were taken from Sprinzl and Gauss [5] and the numbers to the
left are their identification numbers. Dots between sequences show changes necessary to convert from one tRNA to

the other.
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mutation of previously existing tRNAs, and may ex-
plain the lack of correlation between the hydro-
phobicities of isoleucine and tRNA"® described by
Lacey and Mullins [4]. This in turn implies that the
bulk of the anticodonic assignments involved a more
direct interaction of amino acid and nucleotides.
While some selective binding constants [14, 15] and
chemical reactions [1—3] have been found between
amino acids and anticodons, it is not yet clear how
the assignments came about.

There are few recent reports on the evolution of
tRNAs, partly because many workers believe, as do
Holmquist et al. [16], that modern tRNAs have
reached an equilibrium in a mutational sense and
evidence of their evolutionary pathways has been
lost because of divergence. While this may be true
for some tRNAs, or parts of tRNAs, it does not hold
for all cases. Most workers have concentrated on de-
velopment of tRNAs in a phylogenetic context, al-
though Holmquist ez al. [16] and Schwartz ez al. [17]

Note added in proof: We report with sadness the death of
our friend, colleague and teacher David P. Bloch
(10.2.26-23.10.86).
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did consider intraspecies comparisons. These work-
ers placed valine and isoleucine on the same branch
of an evolutionary tree. An excellent review ap-
peared in 1981 by Cedergren et al. [18] on tRNA
evolution; however, their treatment was more rele-
vant to broad questions of tRNA evolution than to
the particular questions we are asking here.

Also relevant to the study here is the data of Wet-
zel [13] who, in studying the evolution of aminoacyl-
tRNA synthetases, concluded that the enzymes of
phenylalanine, isoleucine, leucine, valine and
methionine constitute a family which evolved last.
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