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The transfer RNA (tRNA) multigene family comprises 20 amino acid-accepting groups,
many of which contain isoacceptors. The addition of isoacceptors-to the tRNA repertoire
was critical to establishing the genetic code, yet the origin of isoacceptors remains largely
unexplored. A model of tRNA evolution, termed “tRNA gene recruitment,” was formu-
lated. It proposes that a tRNA gene can be recruited from one isoaccepting group to
another by a point mutation that concurrently changes tRNA amino acid identity and
messenger RNA coupling capacity. A test of the model showed that an Escherichia coli
strain, in which the essential tRNA[%,, gene was inactivated, was rendered viable when
a tRNAA"9 with a point mutation that changed its anticodon from UCU to UGU (threonine)
was expressed. Insertion of threonine at threonine codons by the “recruited” tRNAA™©
was corroborated by in vitro aminoacylation assays showing that its specificity had been
changed from arginine to threonine. Therefore, the recruitment model may account for

the evolution of some tRNA genes.

Transfer RNA participates in two func-
tionally related but physically decoupled
biochemical events that are crucial to pro-
tein synthesis. The tRNA amino acid-ac-
cepting activity (identity) is determined by
the aminoacyl-tRNA synthetases, which
specifically recognize and aminoacylate the
cognate tRNA or tRNAs on the basis of
sequence and structural elements (1-5). The
tRNA amino acid-donating activity occurs
at the ribosome after the three nucleotides of
the tRNA anticodon engage in complemen-
tary base pairing with messenger RNA
(mRNA) codons. Cumulatively, these two
biochemical events determine the sequence
of each protein. Thus, to ensure the fidelity
of translation, the correspondence between a
tRNA’s amino acid identity and its antico-
don must recapitulate the genetic code.
Given the central role of tRNA in trans-
lation and the near universality of the ge-
netic code, it seems likely that tRNA genes
were among the earliest genes to arise (6).
Efforts to elucidate the evénts leading to
the evolution of tRNA have focused on
deducing (i) the sequence and structure of
the primordial RNAs that may have origi-
nally carried amino acids (7, 8), (ii) the
molecular events that account for the tran-
sition of these RNAs into an RNA having
the prototypical tRNA structure (8, 9), and
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(ii1) the sequence of the common ancestor
of present-day tRNAs (6, 10).

In extant organisms, tRNA comprises a
multigene family that can be partitioned
using the criteria of amino acid specificity,
such that each tRNA falls into only 1 of 20
possible amino acid-accepting groups. In
turn, several of these groups comprise isoac-
ceptors (tRNAs that accept the same amino
acid but have different mRNA codon selec-
tivities). A reasonable a priori assumption is
that isoacceptors within each group arose
by gene duplication from a common ances-
tor having the same amino acid identity.
However, although this seems to be true in
some cases, patterns of sequence similarity
that might reflect other evolutionary sce-
narios have also been observed (10, 11).
None of these possible scenarios has yet
been examined empirically.

One powerful approach to molecular
evolution is the use of phylogenetic anal-
ysis to deduce-the sequence of ancestral
genes coupled with the use of biochemical
techniques to test their function (12). We
developed a different but related approach
to investigate the molecular mechanisms
that account for the evolution of isoaccep-
tors. In this case, sequence (13) and func-
tional (I-5) information on tRNA was
used to formulate a hypothesis about pre-
vious historical events, and the hypothesis
was tested in vivo using E. coli as a model
system. The results show that isoacceptors
can evolve by gene recruitment events
whereby a point mutation in the antico-
don trimer recruits a tRNA from one
isoaccepting group to another, provided
that the synthetase corresponding to the
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Fig. 1. Dendrogram showing similarities among
tRNA gene sequences from E. coli (13, 14) and H.
influenzae (15). Genes are named by anticodon
and species (E, E. coli; H, H. influenzae). Isoac-
cepting groups discussed in the text are indicated
by the amino acid they accept. The bracket en-
compasses a cluster that primarily consists of

"tRNAs having a uridine at position 36 of the anti-

codon. The dendrogram was generated from
aligned sequences (76) with the Pileup algorithm
[Genetics Computer Group package (44)]. Before
the analysis, the three anticodon nucleotides were
removed from each tRNA so that the resulting
clusters would not be influenced by the current
decoding capacity of each tRNA.

“new amino acid already exists.

Models of tRNA gene evolution. Rela-
tions among tRNA genes can be explored
now that the complete sets of E. coli and
Haemophilus influenzae tRNA gene sequenc-
es are available (14—16). The similarities
among type I tRNA genes from E. coli and
H. influenzae are shown in Fig. 1 (17). Of
the eight isoaccepting groups in E. coli with
multiple isoacceptors, three of these groups
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(Ala, Gln, and Pro) form discrete clusters
within the dendrogram. In contrast, the
isoacceptors within the five other groups
(Gly, Arg, Ile, Thr, and Val) are dispersed
throughout the dendrogram. This disper-
sion contradicts a classical model of tRNA
gene evolution in which isoacceptors are
derived from a single ancestral tRNA hav-
ing the corresponding amino acid identity.
Thus, the mechanisms that account for it
are of particular interest. One possibility is
that neutral mutations have accumulated
since these isoaccepting groups were estab-
lished. However, this does not seem to be
the case because there is relatively little
divergence between the E. coli and H. in-
fluenzae genes that encode the same isoac-
ceptor, even though these two species must
have diverged more than 160 million years
ago (18). Alternatively, tRNA genes with
the same amino acid identity may be de-
rived from different ancestors. This expla-
nation is consistent with our sequence anal-
yses and has been proposed by others (10,
11) to explain unexpected relations among
tRNA genes.

A possible mechanism whereby tRNAs
with the same amino acid identity could
evolve from different ancestral genes is sug-
gested by relations among tRNAs (Fig. 1).
One of the deeply branched clusters in the
dendrogram primarily comprises tRNAs
that have different amino acid identities
and differ at the middle position of the
anticodon (position 35), but share a uridine
at the 3’ position of the anticodon (U36).
Although tRNA affinities in the deeply
branched clusters could not be established
with a high degree of certainty (19), similar
patterns have been observed in phyloge-
netic analyses of archaeal tRNAs (20) and
in other types of sequence comparisons (10,
11). Together, these observations raise the
possibility that amino acid assignments
evolved by anticodon mutations.

X-ray diffraction analyses of tRNA-syn-
thetase complexes reveal that the molecular
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interface at the anticodon can involve a
network of interrelated contacts (21). That
these contacts are sufficient to redirect the
amino acid specificity of full-length tRNAs
is evidenced by in vitro studies involving
anticodon “transplants” (22—-24) as well as
by in vivo studies showing that the amino
acid inserted at a single engineered codon
in a reporter gene can be dictated by the
tRNA anticodon sequence (5, 25-27). We
reasoned that because the anticodon can
dictate tRNA amino acid specificity as well
as mRNA coupling, a tRNA gene could be
recruited from one isoaccepting group to
another by an anticodon mutation that de-
creased interactions with the cognate syn-
thetase and promoted interactions with the
synthetase corresponding to the new anti-
codon trimer. As a consequence of concur-
rently changing tRNA identity and mRNA
coupling capacity, a single mutation could
potentially result in a tRNA that would be
competent to correctly translate a new set
of codons in all of the essential endogenous
mRNAs. Thus, an anticodon mutation
might recruit a tRNA gene from one isoac-
cepting group to another. Because such a
phenomenon offers a possible explanation
for the patterns observed in sequence anal-
yses, we explicitly tested the recruitment
hypothesis in vivo, using E. coli as a model
system.

Test of the recruitment hypothesis. The
original approach for studying tRNA in vivo
identity was not adequate for testing the
recruitment hypothesis because it required
the tRNA anticodon to correspond to an
engineered nonsense (termination) codon in
a reporter gene (28). An alternative method
that could accommodate tRNAs with nor-
mal anticodon trimer sequences was subse-
quently developed (27). However, in this
method as well as in the original method,
tRNA function is assessed with respect to
the translation of only a single codon in a
reporter gene. Moreover, reporter genes are
typically not essential, and the sites used to
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Fig. 2. Scheme for testing the recruitment hypothesis. An E. coli knockout strain was created in which
the chromosomal copy of tRNATY, ; was inactivated and the wild-type copy was expressed from the
plasmid pMAK705 having a temperature-sensitive replicon (29, 32). The test tRNAs were cloned into
p177 (33) and then transformed into the knockout strain. Subsequent growth at 43°C cured the cells of

PMAK705 bearing the wild-type copy of tRNATY,

evaluated.
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so that the function of the test tRNAs could be

screen for tRNA amino acid identity usually
accommodate a variety of amino acids. Thus,
in these reporter systems, there is no inher-
ent cost to cell growth when amino acid
misincorporation occurs.

To test the recruitment hypothesis, we
used chromosomal manipulation (29, 30)
to develop a system for stringently evaluat-
ing the in vivo function of a “recruited”
tRNA (Fig. 2). We met this criterion by
using homologous recombination to create

an E. coli strain in which the essential, sin-
Thr

. gle-copy chromosomal gene for tRNA,

(31) was inactivated and in which the wild-
type copy of the gene was simultaneously
transferred to the plasmid pMAK705 hav-
ing a temperature-sensitive replicon (29).
The chromosomal tRNATR; gene was in-
activated by replacing its anticodon stem
and loop with a sequence corresponding to
a Drd I restriction endonuclease site (32).
This altered the normal anticodon stem-
loop structure and created a stem consisting
of six base pairs closed by a tetraloop in the
RNA product. Consequently, this product
(tRNATheDrd 1y wwas one nucleotide shorter
than the wild-type tRNAT! ;. The knock-
out strain was transformed with the plasmid
pl77 bearing the test tRNAs (33) and the
cells were grown at the nonpermissive tem-
perature to cure them of pMAK705 bearing
the wild-type tRNATY; gene. Thus, after
this point, cell viability depended on the
activity of the tRNA expressed from pl77.

Several factors dictated the choice of
tRNAs for testing the recruitment hypoth-
esis (Fig. 3). We chose to knock out the
function of the tRNA{, | gene because it is
an essential, single-copy gene whose chro-
mosomal location is known (14, 15). More-
over, its manipulation was facilitated by the
availability of DNA sequence for the flank-
ing regions (15). The decision to attempt to
recruit the tRNA{E; gene to function as a
tRNATRY; isoacceptor was based on several
observations that suggested that these two
genes may have been involved in a previous
recruitment event. First, the anticodons of
the encoded tRNAs differ by only the single
nucleotide at the central position (position
35) of the anticodon. Second, our analyses
revealed that the sequence of tRNAT,
was as similar to tRNAAE  (68%) as it was
to the two other threonine isoacceptors
(58% and 68%, respectively). We also rea-
soned, on the basis of the results of several
in vitro aminoacylation studies, that a
UCU — UGU change in the tRNAA™®
anticodon (a C35G mutation) would de-
crease aminoacylation by arginyl synthetase
[ArgRS (23, 34, 35)] and would promote
recognition by threonyl synthetase [ThiRS
(24, 36)] while simultaneously enabling the
tRNA to decode the corresponding threo-
nine (ACA and perhaps ACG) codons.
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However, the possibility existed that the
tRNA would retain some of its arginine
identity because another ArgRS identity
element, A20 (26), remained intact. Con-
sequently, we created two versions of the
recruited tRNA: tRNAR=TA0) with only
the C35G mutation, and tRNAR—TUZ0),
which also had an A20U mutation (Fig. 3).
Gain of function by a single nucleotide
substitution in the tRNA anticodon. Fig-
ure 4 shows the growth of the engineered E.
coli strains under various conditions. In
each strain, the chromosomal copy of the
tRNATPL, gene is inactivated. At the out-
set, all strains have the plasmid pMAK705
bearing the wild-type copy of tRNAJLRX, .
This plasmid confers chloramphenicol resis-
tance and has a temperature-sensitive rep-
licon. The strains also have the plasmid
pl77 from which the test tRNAs are ex-
pressed and which confers kanamycin resis-
tance. Consequently, all strains can grow at
the permissive temperature (30°C) on LB
plates containing chloramphenicol or kana-
mycin. Growth at 43°C blocks replication
of pMAK705 and thus causes the associated
wild-type copy of the tRNATRY, gene to be
lost. This is evidenced by the temperature-
dependent chloramphenicol susceptibility
of all strains. However, strains will grow
after being cured of pMAK705-tRNATRY ) if
the tRNA expressed from pl77-can com-
pensate for the chromosomal knockout.
As expected, strains expressing the two
negative control tRNAs (tRNAA®BAZ) gnd
tRNAA®U20)Y were inviable when grown
at 43°C in the presence of kanamycin.
These tRNAs lack the capacity to couple
with threonine codons and thus are unable
to compensate for the knockout of the
chromosomal copy of the tRNATEL | gene.
The inviability of the negative control
strains also indicates that mutations that
could compensate for the knockout were
not arising in the chromosome during the
course of the experiment. Strains expressing
the positive control (tRNA{}%,) and either
tRNARZTAZ) or (RNAR—T(U20) were vi-
able at 43°C in the presence of kanamycin,
indicating that these tRNAs compensated
for the inactivated chromosomal tRNA TR
gene. The strain expressing tRNATR ) grew
somewhat better than those expressing the
recruited tRNAs, which suggested that both
tRNAR=TAZ0 45nd (RNARTWV20) gre not
as efficient as the wild-type tRNAT, at
some step in the translation process. How-
ever, growth of tRNARTTAIO 54
tRNAR™TU20) was comparable, indicating
that a single anticodon mutation was suffi-
cient for achieving tRNA recruitment.
Hence, these data show that the substitu-
tion of a single nucleotide (C35G) in the
anticodon of a tRNAA™ results in a tRNA

that is competent to insert threonine at
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threonine codons' in all essential endoge-
nous mRNAs to the extent necessary for
ensuring cell viability. Thus, a point muta-
tion in the anticodon can recruit a tRNA
from one isoaccepting group to another.
Although the results for the negative
controls indicated that the new in vivo
system was stable during the course of the
experiments, we also did a molecular check
on the genotype of the strains. Polymerase
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chain reaction (PCR) amplification with
primers specific for the sequence flanking
the chromosomal copy of the tuf B operon,
followed by restriction digests with Drd I as
well as DNA sequencing, revealed that the
inactivated tRNATPPdl gene had not
changed during the course of the experi-
ments. Also, the sequences of tRNAJRL

tRNAR™TAZ0) - 5nd (RNAR—TUZO (and
of their promoters and terminators) were

A
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Fig. 3. The sequences of tRNATY, , and tRNASS (13, 15). Arrows indicate mutations in tRNAS,, that
create the two recruited tRNAs. Both tRNAR—T(A20) gnd tRNAR—TU20) have the C35G mutation, which
creates a threonine anticodon (UGU), but they differ with respect to whether nucleotide 20 is A or U.
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Fig. 4. Growth of E. coli strains

43°C expressing “recruited” tRNAs.
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unchanged after expression from pl77 at
43°C in the presence of kanamycin.
Northern blot visualization of tRNA ex-
pression (Fig. 5) was used to evaluate how
tRNA expression correlates with recruit-
ment. The expression of tRNASY, . provid-
ed an internal control for these analyses
because it is transcribed from the same
operon as tRNATY, (Fig. 4). Moreover,
tRNACY, . and tRNAT}, | migrate different-
ly on denaturing polyacrylamide gels and
thus can be distinguished in a Northern
blot analysis. Lane 1 shows the expression
of tRNATR  and tRNASY. from the chro-
mosome before engineering the knockout,
and lanes 2 to 5 show the appearance of the

AThr-Drd I

inactivated tRN product. The in-
creased expression of tRNATM, and
tRNAGY . in lane 2 relative to lane 1 results
from the expression of both tRNAs from
pMAKT705 (Fig. 4). Lanes 3 and 4 show
tRNA expression when the tRNAR—T(A20)
and t(RNARTU20 grains were grown at
43°C in the presence of kanamycin. Under
these conditions, the products of the chro-
mosomally encoded tRNATh-Ddl  and
tRNASY . genes were detectable, whereas
the product of the pMAK705-encoded
tRNATPL; was not. This indicates that the
strains were cured of pMAK705-tRNATE
during the actual recruitment test. Lanes 8
and 9 confirm that both tRNAR—T(AZ0

Fig. 5. Northern blots of

30°C 43°C Growth temperature 30°C 43°C
tRNA expression (46). T Hé 5 1 LR | ey g 3
Before nucleic acid isola- S e
tion, DH10B (the paren- o g 4 1 z=8 Strain P WL
tal strain) and the knock- e S RS S
. . = o = ki o =

out strain (having the = e o o T
plasmid pMAK705 but R e e e Lane Ty S WML BTRG 1
not p177) were groqu at AN AT 1RN M,g
30°C. The remaining - i
strains were grown at b .w—mmﬂ“f Cth mNAR T

- — -
43°C so that the amount - i —— T .

of tRNA expression, e

which correlates with recruitment, could be evaluated. Lanes 1 to 5, tRNA expression when the blot was
probed with oligonucleotides complementary to tRNASY., tRNATD@ ! and tRNA'TY, .. Lanes 6 to 10,
tRNA expression when the same blot was probed with ollgonucleotldes complementary to tRNASY
and tRNASS,,. The probe for tRNA{Y,, also hybridizes to tRNAR—TA20 gnd tRNAR—TU20), The exposure
time for lanes 6 to 10 was about five times that for lanes 1 to 5.

Table 1. Aminoacylation of wild-type and recruited tRNAs by ThrRS and ArgRS (see Fig. 3 for tRNA
sequences). All tRNAs were prepared by in vitro transcription with T7 RNA polymerase (42). Partially
purified £. coli ThrRS and ArgRS were used to determine kinetic parameters for each substrate (43).
Reactions with ThrRS were performed at 37°C in a buffer containing 50 mM tris-Cl (pH 7.5), 8.0 mM
MgCl,, 4.0 mM adenosine triphosphate (ATP), 0.1 mM EDTA, 1.0 mM dithiothreitol (DTT), and 20 uM
[BH]threonine (specific activity, 10 Ci/mmol). Reactions with ArgRS were performed at 37°C in a buffer
containing 50 mM tris-Cl (pH 7.5), 7.0 mM MgCl,, 4.0 mMATP, 0.1 MM EDTA, 1.0mMDTT, and 20 uM
[BH)arginine (specific activity, 10 Ci/mmol). At each time point, tRNA samples were precipitated on
Whatman 3MM paper by washing several times in ice-cold 10% and then 5% trichloroacetic acid
followed by a final washing in ice-cold 95% ethyl alcohol. Kinetic parameters were determined from
replicated assays that typically used five tRNA concentrations from 0.1 to 9.0 uM and synthetase
concentrations from 0.14 to 1.94 U/ml. Assays involving tRNAs and a noncognate synthetase used
tRNA concentrations from 5 to 17 uM and synthetase concentrations from 1.16 to 1.94 U/ml. Initial rates
were calculated from linear least-squares analyses from five time points. Kinetic parameters were
calculated with the program ENZFITTER (Biosoft).

. Ve, K Relative Decrease in
Synthetase Substrate Mutation (pmoﬁn in) (M) V. /K, efficiency*
ThrRS tRNAT WT 26.2 0.42 (1.0) None
tRNAR—TA20) C35G 1.64 2.9 0.0091 110
tRNAR—TUL20) C35G 1.42 2.2 0.010 100
A20U
tRNAAS WT - - <0.00015% >6600
tRNAA9U20) A20U - - <0.00015% >6600
ArgRS tRNAATS WT 82.3 0.52 (1.0 None
tRNAAU20) A20U 66.5 23 0.019 52
tRNAR—TA20) C35G 0.080 1.3 0.00040 2500
tRNAR—TWL20) C35G — - <0.000077% >13,000
A20U
tRNATh" WT - - <0.000077+ >13,000

*The factor by which V... /K., is lowered for a given substrate compared with the wild-type counterpart. The
reported assay detection limit values were based on the assumption that reliable aminoacylation rates for 10 uM RNA
in 1 min corresponded to at least twice the rates obtained in assays performed in the absence of RNA.
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and tRNAR=TWZO) yere expressed from
pl77.

The amount of tRNA expressed from
pl77 relative to that expressed from the
chromosome was estimated from the
Northern blot analysis. Using the expres-
sion of tRNASY. as an internal control,
a comparison of lanes 1 and 5 indicates
that when (RNATY, is expressed from
pl77, its expression is only about 2.5 times
that normally obtained from the chro-
mosomal tRNAJTR; locus. A similar com-
parison of lanes 6 and 8 and of lanes 6
and 9 indicates that the expression of
tRNAR=TA0) and (RNARTV20) yaq
about 40 to 55 times that of the chromo-
somally encoded tRNA#E ; gene. This dif-
ference, which is greater than that esti-
mated for tRNATGU, could be attributable
to natural differences in the amount of
expression of tRNASE, and tRNATR,
from the chromosome rather than to differ-
ences in the expression of tRNAs from p177.
Indeed, the tRNAZAE | isoacceptor is respon-
sible for translating the extremely rare AGA
arginine codon (37) and is thus expected to
be in low abundance in the cell (38). Thus,
it seems likely that with only a modest (2.5-
fold) overexpression, both tRNAR—T(AZ0)
and tRNAR™TW20) can assume the role of
the natural tRNATY,; isoacceptor.

Aminoacylation assays were undertaken
to determine the suitability of each tRNA
as a substrate for ArgRS and ThrRS (Table
1). These assays revealed that the efficiency
(maximal velocity V___divided by Michae-
lis constant K ) of ThrRS aminoacylation
of a wild-type tRNAA™ was lower than that
of a T7 transcript of tRNA, by a factor
of more than 6600. In contrast, the C35G
mutation improved aminoacylation by
ThrRS, such that the efficiency of ThiRS
aminoacylation of tRNARTTAZ0 was low-
er than that of T7-tRNATM,; by a factor
of only 110. The C35G mutation had
the opposite effect on aminoacylation by
ArgRS; the efficiency of ArgRS aminoac-
ylation of tRNAR=TA20) was lower than
that of a T7 transcript of tRNA#S, by a
factor of 2500. The fact that a single muta-
tion had opposing effects on aminoacyla-
tion by ArgRS and ThrRS is central to the
success of the experiment. Apparently, the
window of difference in the aminoacylation
specificity of tRNARTA20 f5r ArgRS and
ThrRS was sufficient to yield a tRNA that
predominantly inserted threonine at threo-
nine codons. tRNAR™TA20 y641d certain-
ly have been lethal had it inserted arginine
at threonine codons at rates greater than
the normal error rate (39). Thus, although
the efficiency of ThrRS aminoacylation of
tRNAR=TA) s somewhat less than that
of a wild-type tRNAT™, its single amino
acid identity endows it with the key char-
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acteristic of all tRNAs. An amino acid
identity corresponding to the anticodon,
rather than aminoacylation efficiency, is
likely to be the key prerequisite for the
appearance of a tRNA variant in a popula-
tion. Once such a tRNA appeared, its effi-
ciency of aminoacylation could be im-
proved by the combined forces of mutation
and natural selection.

Synthetases typically recognize sets of
elements in their cognate tRNAs, and
members of these sets often occur in non-
cognate tRNAs (3, 40). Both tRNAJE,
and tRNA{ ; have a D-stem comprising
four Watson-Crick base pairs and a variable
loop comprising five nucleotides (Fig. 3). In
addition, they both have a C2-G71 base
pair in their acceptor stems. The existence
of specificity determinants in the tRNA
acceptor stem is well established for many
groups (4). Indeed, this C2-G71 base pair
appears to be important to threonine amino
acid identity. It is phylogenetically con-
served in threonine tRNAs (20), and it
comprises one of the tRNAT"" recognition
elements (36). Thus, it seems likely that
sequence overlap is a critical factor that
predisposes tRNAs to recruitment into cer-
tain isoaccepting groups.

Our results are consistent with the idea
that tRNAs within a single isoaccepting
group may be derived from different ances-
tors. As such, they are helpful in interpret-
ing the observed relations among tRNA
gene sequences (10, 11, 20). Because re-
cruitment involves a simultaneous change
in tRNA identity and mRNA coupling ca-
pacity, tRNA gene recruitment also pro-
vides a possible molecular mechanism for
Jukes’ codon capture hypothesis (41).

Recruitment could also play a role in
extant organisms once a gene duplication
event has occurred. Given the results of
the in vitro aminoacylation assays, it
seems unlikely that tRNARTTAZ0) would
replace an active chromosomal copy of
tRNA{R . However, a tRNARTT(AZ0)
gene might replace a functionally debili-
tated copy of an original tRNAT}, ;. More-
over, a tRNARTAZ) gene might be fa-
vored in a population that had not yet
evolved a threonine isoacceptor having
selectivity for ACA codons. Thus, in ad-
dition to a possible role of recruitment in
the expansion of tRNA amino acid assign-
ments, recruitment events might be fa-
vored when codon usage is in flux.
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