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tRNA residues evolved to promote translational accuracy
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ABSTRACT

The decoding properties of 22 structurally conservative base-pair and base-triple mutations in the anticodon hairpin and tertiary
core of Escherichia coli tRNA*?;cc were determined under single turnover conditions using E. coli ribosomes. While all of the
mutations were able to efficiently decode the cognate GCC codon, many showed substantial misreading of near-cognate GUC
or ACC codons. Although all the misreading mutations were present in the sequences of other E. coli tRNAs, they were never
found among bacterial tRNAMN sequences. This suggests that the sequences of bacterial tRNAM ¢ have evolved to avoid

reading incorrect codons.
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INTRODUCTION

Bacterial tRNAs possessing the same anticodon have a char-
acteristic set of sequence restrictions distributed throughout
the molecule that distinguish them from tRNAs with differ-
ent anticodons (Saks and Conery 2007; Targanski and
Cherkasova 2008). These multivalent tRNA consensus se-
quences reflect evolutionary adaptations that permit each
tRNA to function with its particular combination of amino
acid and anticodon without compromising translational
rate and accuracy. Different parts of a tRNA consensus
“tune” different steps in translation. tRNA identity residues
that are required for specific aminoacylation of each
tRNA by its associated aminoacyl synthetase tend to be con-
served among bacteria and usually include the anticodon
and several residues at other locations in the molecule
(Saks et al. 1994; Giege et al. 1998; Ardell 2010). Three
base pairs in the T-stem adjust the affinity of each amino-
acyl-tRNA to elongation factor Tu to be tight enough to
form a complex but weak enough to release from the protein
during translation (Schrader et al. 2011). These T-stem base
pairs are not conserved among bacteria, but each tRNA
species uses different combinations of the three base pairs
to achieve the requisite affinity (Schrader and Uhlenbeck
2011). In this communication, we show that many of the
consensus residues present in the anticodon hairpin and
the tertiary core of Escherichia coli tRNAA ;¢ have evolved
to minimize misreading of incorrect codons during decoding
on the ribosome.
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RESULTS AND DISCUSSION

Mutations of E. coli tRNAAR ;¢ were evaluated for their abil-
ity to decode their correct (cognate) GCC codon and incor-
rect (near-cognate) GUC and ACC codons. This tRNA was
chosen because it is a member of the most common and
best studied D4V5 structural class and because it is one of
the few in E. coli that lacks post-transcriptional modifications
in the anticodon hairpin, which are known to affect both the
rate and accuracy of ribosomal decoding (Hagervall et al.
1990; Harrington et al. 1993; Li et al. 1997; Urbonavicius
et al. 2001, 2003; Murphy et al. 2004; Agris 2008). Previous
experiments have shown that unmodified tRNAM o is
able to decode with a similar rate and accuracy as the fully
modified form, permitting the functional analysis of unmod-
ified mutant tRNAs prepared by in vitro transcription
(Ledoux et al. 2009). The expected tertiary structure and
the consensus of tRNA*? . were used together to guide
the selection of mutations of the five Watson-Crick and
two noncanonical base pairs in the anticodon hairpin and
the five base pairs and triples in the tertiary core of the mol-
ecule (Fig. 1; Table 1). Two general classes of mutations were
chosen. Consensus mutations changed residues in the E. coli
tRNA*? . sequence to residues present at the correspond-
ing positions in other bacterial tRNA™ . In contrast, non-
consensus mutations are changes in E. coli tRNAAlaGGC to
residues that are either never or very rarely (<2%) found
among other bacterial tRNAAR G sequences but are present
in other tRNAs of the D4V5 structural class. For example, E.
coli tRNA™ - has a C31-G39 base pair, while G31-C39 is
present in this tRNA in many other bacteria, so the introduc-
tion of G31-C39 into E. coli tRNA* is termed a consensus
mutation. However, the U31-A39 base pair is never found
in any bacterial tRNA™ . but is present in many other
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tRNA with 1 pM 70S ribosomes con-
taining an mRNA fragment with the ap-
propriate codon in the A site and fMet-
tRNA™¢tin the Psite (Ledoux and Uhlen-
beck 2008a). Reactions were performed
ina “high fidelity” buffer containing poly-
amines and a low concentration of mag-
nesium ions to ensure accurate decoding
(Gromadski and Rodnina 2004). At dif-
fering times, the reactions were quenched,
treated with P1 nuclease, subjected to
thin-layer chromatography to separate
the P**-labeled Ala-AMP starting materi-
al from the fMet-Ala-AMP product and
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base pairs and triples are in Table 1.

D4V5 tRNAs, so introducing U31-A39 is termed a noncon-
sensus mutation. Since both consensus and nonconsensus
mutations introduce residues present in other active tRNAs
at the homologous position, the mutant tRNAs are likely to
adopt a very similar structure. Combinations of residues
31-39 that are never found in any tRNA, such as most mis-
matched pairs, were not studied since they could potentially
misfold. The same strategy was used to make mutations in the
base pairs and base triples present in the core of tRNA, al-
though this part of the molecule is so conserved among bac-
terial tRNA™?. . that consensus mutations could not always
be identified. Furthermore, since the tertiary core is quite
conserved for all tRNAs of the D4V5 class, even the choice
of potential nonconsensus mutations was limited. This evo-
lutionary approach for choosing mutations maximizes the
chance of finding functional changes in tRNA while mini-
mizing disruption of the folded structure of tRNA. Six con-
sensus and 16 nonconsensus mutations throughout the
anticodon helix and core of Ala-tRNA*P;.c were chosen
in this study (Table 1). When multiple choices for mutations
in each category were available, no systematic secondary cri-
terion was used.

Native tRNA™? ¢, the unmodified wild type, and the 22
mutations were evaluated for their ability to decode cognate
and near-cognate codons by measuring the rate and extent of
dipeptide formation using E. coli ribosomes. Since peptide
bond formation is the final step in decoding, any mutation
that causes a defect at an earlier step can potentially also be
detected. The assay uses a rapid mixing device to combine
a 0.2 uM ternary complex containing [3'-P**]-labeled Ala-
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FIGURE 1. Using sequence conservation to direct the mutagenesis of nine base pairs and three
base triples in the anticodon hairpin and tertiary core of E. coli tRNAM ;¢ (blue). The bar graphs
compare the frequency of different 12-23-9 base triple sequences (left) and 31-39 base pair se-
quences (right) present among 97 bacterial tRNA™?;c (gray bars) with the corresponding se-
quences present among 3623 bacterial tRNAs of the D4V5 structural class (black bars).
Nonconsensus mutations of E. coli tRNAAlaGGC (red arrows) are not present in any bacteria
tRNA*R ;e but are used in other tRNAs. Consensus mutations (green arrows) are present in
tRNAAlaGGC from other species. Sequence conservation data and mutations chosen for all the

quantitated using a phosphorimager.
The initial concentrations of ternary com-
plex and ribosomes were chosen to be
subsaturating for both cognate and near-
cognate codons in order to maximize
detection of an altered rate or extent of
decoding when screening the mutant
tRNAs. Since an excess of EF-Tu*GTP
over aa-tRNA was used to ensure efficient
formation of ternary complex, and the
ternary complex was not purified, a high
concentration of a noncognate aa-tRNA was included to
sequester any free EF-Tu*GTP after mixing and thereby
prevented any Ala-tRNA released from ribosomes during
proofreading from rebinding EF-Tu*GTP and undergoing
a second round of decoding (Supplemental Fig. 1; Pan et al.
2008).

A sample data set for the two 31-39 mutations is shown in
Figure 2A. As had been found previously (Ledoux et al.
2009), the unmodified wild-type tRNAM . shows rapid
and efficient decoding on the cognate GCC codon, but little
dipeptide is detected with the near-cognate GUC codon even
after long incubation times. Such accurate in vitro decoding
has been observed for several other aa-tRNAs (Cochella and
Green 2005; Gromadski et al. 2006; Schrader et al. 2011;
Johansson et al. 2012) and has been found to be a conse-
quence of a combination of weak binding of the ternary com-
plex to the near-cognate codon, a reduced rate of GTP
hydrolysis due to poor induced fit, and efficient rejection of
the near-cognate tRNA after GTP hydrolysis (Pape et al.
1999; Gromadski and Rodnina 2004; Rodnina 2012).
Results using the consensus G31-C39 mutation are essential-
ly identical to the wild-type tRNA. In contrast, the noncon-
sensus U31-A39 mutation functions normally on the GCC
codon but shows substantial amounts of product accumulat-
ing at a similar rate on the near-cognate GUC codon. This
behavior is consistent with a substantial fraction of the mu-
tant tRNA molecules being able to escape proofreading by
having a faster rate of accommodation and/or a slower rate
of rejection compared to wild-type tRNA (Wohlgemuth
et al. 2011). While additional experiments will be required
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TABLE 1. Percentages of base pairs and triples in 97 bacterial tRNAM? s and 3623

order of 1 sec”" at 0.5 uM 70S ribosomes
(data not shown). These rates are similar

D4V5 tRNAs
Helical pairs
27-43 GC GU CcG AU UA
Ala oN 0 82* N 16
Total 8 8 48 12 16
28-42 GC GU CcG AU UA
Ala 4 oM 28 1@ 58*
Total 7 1 51 16 23
29-41 GC CcG AU UA
Ala 5¢ oM 32 63*
Total 27 20 15 37
30-40 GC GU CcG AU UG
Ala 50* oM 46 2 1
Total 69 1 29 1 1
31-39 GC GU CcG AU UA
Ala 1€ 1 47* 39 oM
Total 18 1 39 33 6
11-24 CcG UA UG
Ala 97+ 3¢ oN
Total 93 5 1
Nonbhelical pairs
32-38 CcG CA AU AC AA
Ala 26¢ 0 66* 8 0
Total 2 49 3 1 3
26-44 GU GA CU AU AC
Ala 0 74* oN oM 1
Total 1 32 2 8 6
15-48 GC AU AC UG
Ala 87* 2N 2 3
Total 88 10 1 0
Base triples
12-23-9 GCG GCA UAA UAG
Ala 12¢ 2 86* oN
Total 3 6 88 2
10-25-45 GCG GCA GCU GUG GuuU
Ala 94* oN N 4 1
Total 77 1 13 8 1
13-22-46 CGG UAA UGG UGA
Ala 99* oM oM 1
Total 98 1 1 0

to kpep values observed for a number of
native E. coli tRNAs and unmodified

?G tRNA transcripts (Cochella and Green
3 2005; Ledoux and Uhlenbeck 2008b;
UG Schrader et al. 2011). Thus, since all of
v the mutant tRNA*"s are able to undergo
! ribosomal decoding in a manner similar
to the wild-type control, it appears that
their tertiary structures are not signifi-
cantly disrupted by any of the structurally
conservative mutations. tRNA mutations
UG predicted to disrupt folding often show
1 impaired rates and extents of decoding
1 (Harrington et al. 1993; Pan et al. 2008).

The tRNA** mutations show very dif-
ferent behaviors when decoding the
near-cognate ACC and GUC codons in
a manner that correlates closely with
the tRNA™? consensus. All six consensus

UA UU UC
oN o0 0

22 6 7 mutations formed very low levels of
/2\06 ?A dipeptide on both noncognate codons,
FE similar to what is observed for native

and wild-type tRNA*?, Accurate decod-
ing by the consensus mutations is consis-
tent with their presence in the sequences
of tRNA*? in other bacteria. In striking
contrast, 12 of the 16 nonconsensus mu-
tations produced significantly more
dipeptide than wild-type tRNA with at
least one of the two near-cognate codons.
In every case where the amount of dipep-
tide was great enough to be accurately
measured, the observed k., was close to

Rounding and omission of rare pairs can result in sums of <100%. (*) Base pair or triple
present in E. coli tRNAN? ., (C) the consensus, and (N) nonconsensus mutation chosen

for this study.

to determine the individual rate constants for these mu-
tations, more thorough kinetic analyses of other tRNA
misreading mutations indicate that changes in the rate con-
stants of several steps in the decoding mechanism are altered
(Cochella and Green 2005; Ledoux et al. 2009). This en-
hanced misreading of the U31-A39 mutation presumably
accounts for its absence among the sequences of bacterial
tRNAMS,

The results of screening all the tRNA*'* mutations on the
cognate and two near-cognate codons are summarized in
Figure 2B by plotting the fraction of labeled tRNA*; con-
verted to dipeptide at completion. With the cognate GCC co-
don, native tRNA*?, the unmodified wild-type tRNA and all
22 mutations produce similar high levels of dipeptide. In ad-
dition, they all show rates of dipeptide bond formation in the
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1 sec”', confirming them as misreading
mutations. These nonconsensus misread-
ing mutations were distributed through-
out the tRNAAR structure, including
four of the five base pairs in the anticodon
stem and five of the six tertiary interactions tested. It is note-
worthy that, for many of the tRNA** misreading mutations,
the amount of dipeptide formed differed significantly between
the two near-cognate codons. For example, the G10-C25-A45
tRNA misreads the ACC codon more than the GUC codon,
while the U13-A22-A46 tRNA acts oppositely. Finally, there
were four nonconsensus mutations (U11-G24, A26-U44,
C26-U44, and G30-U40) that showed little product with
either near-cognate codon and thus do not appear to be
misreading mutations. These mutations may represent excep-
tions to the otherwise strong correlation between the tRNA™?
consensus and misreading. Alternatively, a different near-cog-
nate codon may be required to detect misreading with these
four tRNA mutations. The observed correlation between
the tRNA*" consensus and translational accuracy strongly
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philus 70S ribosomes that are blocked
just before or after GTP hydrolysis reveal
a distorted tRNA conformation in order
to accommodate the simultaneous bind-
ing of codon with anticodon in the 30S
subunit and the binding of EF-Tu to its
site on the 50S subunit (Schmeing et al.
2009, 2011). In this kinetically trapped

A 0.8 T T T 0.7
L]
%71 GCC codon . 1 os ACC codon
S osf . )
g ﬁ 05
© 05 )
04
"E‘ 04+ uE_
c c L
O o3f c %
© 02 c %2
1S S
L 0.1 oot
0 ® . . 0
0.01 0.1 1 10 100 0.01 0.1 1 10 100
time (sec) time (sec)
B GCC codon
0.80
0.40
0.00
S 060
§ . GUC codon
=
= 0.30
c
.0
‘6‘ 0.00
©
1
w
060 ACC codon
0.30
0.00
2 o o 09 e Q -
is 13 S388 $33339833 $335¢%
c 3 S T 101 1 qgﬁ‘i“"ﬁléé NN ® S O
g E o = © D = o Scdow I N NN @
Ts $5 2883 ﬂzégé;‘(Qo 130603
o > 50 S5

FIGURE 2. Decoding of tRNAAR ;e mutations on cognate and near-cognate codons. (A) Time
course of conversion of [3'-P*?] Ala-tRNAA? to fMet-Ala-tRNA® for unmodified wild type
(black), G31-C39 mutation (green), and U31-A39 mutation (red) using the cognate GCC codon
(left) or near-cognate ACC codon (right). (B) Fraction of fMet-Ala-tRNAM formed at completion
(10 sec) for native and unmodified tRNAAR (black), six consensus mutations (green), and 16
nonconsensus mutations (red) using GCC, GUC, and ACC codons. Horizontal blue bars indicate

range of values observed for wild-type tRNA.

suggests that a substantial portion of the bacterial tRNA*" se-
quence has evolved to avoid reading incorrect codons.

How do the structurally conservative nonconsensus
tRNA*® mutations cause ribosomal misreading? It is likely
that different mutations are explained in different ways.
Previous experiments have shown that the nonconsensus
U32-A38 mutation enhances binding of the ternary complex
to near-cognate codons, thereby promoting misreading
(Ledoux et al. 2009). A plausible explanation for many of
the remaining nonconsensus mutations is based on the ob-
servation that the structure of tRNA distorts during decoding
(Valle et al. 2002; Frank et al. 2005; Li et al. 2008). Crystal
structures of ternary complexes of E. coli tRNA™" or
tRNAT™ bound to their cognate codons on Thermus thermo-

decoding intermediate, the anticodon
helix is underwound by 14°, and the loca-
tions of numerous residues in the tertiary
core are altered compared to those ex-
pected for the corresponding free-terna-
ry complexes. Many of these residues
coincide with the positions where the
tRNA*? misreading mutations were iden-
tified (Fig. 3). Based upon the crystal
structures of similar ternary complexes
with two different misreading mutations
of tRNA™™, it was proposed that tRNA
misreading mutations can access the
distorted state more easily, either by selec-
tively stabilizing the structure of the dis-
torted form or destabilizing the structure
of the free form (Schmeing et al. 2011).
The tRNA sequence changes, therefore,
allow the weaker-binding near-cognate
codons to have a longer residence time
in the bent intermediate state, thereby en-
hancing their decoding efficiency (Ogle
etal. 2002; Yarus etal. 2003; Ogle and Ra-
makrishnan 2005). Although the precise
explanation for how each nonconsensus
tRNA*? mutation can cause enhanced
misreading will require additional kinetic
and structural data, they could function
in a similar manner as those in tRNA''™,
The details of RNA helix geometry are ex-
pected to be affected by the sequence of
base pairs, and the flexibility of nucleic
acid helices also depends upon sequence
(Faustino et al. 2010; Peckham and Olson 2011). Thus, the
altered stacking interactions resulting from the base-pair
changes in the anticodon helix could alter either the structure
or the dynamics of the anticodon helix such that it favors the
bent state more easily than the wild-type sequence. A similar
explanation could be applied to the core mutations.

The idea that the distortability of a tRNA can explain a sub-
stantial portion of the consensus sequence of each individual
tRNA has many attractive features. First, since the distortion
involves such a large portion of the molecule, it explains
why so many nonconsensus tRNA*'* misreading mutations
were identified, including several that do not directly contact
the ribosome during decoding. Secondly, the extensive re-
gion of bending permits the contribution of many different

U31--A39
U32--A38
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FIGURE 3. (A) Residues in tRNAAlaGGC where misreading mutations
were found (red). (B) Residues in the tRNATP ternary complex that
are distorted upon ribosome binding (Schmeing et al. 2009), mapped
onto the sequence of tRNAAlaGGC (red).

combinations of residues to be integrated to achieve the ap-
propriate overall distortability, thereby explaining why the
consensus sequences are so redundant in this region of the
molecule. While we have not analyzed the effects of making
multiple nonconsensus tRNA*? mutations on decoding ac-
curacy in much detail, preliminary experiments suggest that
the effects of mutations are not additive, indicating that a sim-
ple set of sequence rules for misreading may be difficult to
deduce. Finally, the bendability concept can also explain the
observation that certain base-pair changes in the anticodon
helix of tRNA alter its ability to decode its cognate codon
(Raftery and Yarus 1987). It seems plausible that the sequence
of a tRNA is “tuned” to optimize its bendability for decoding.
A tRNA sequence that is too “stiff” will not be able to access
the bent state sufficiently easily to decode its cognate codon,
while a tRNA sequence that is too flexible will read near-cog-
nate codons too well. The offsetting needs of speed and accu-
racy is a common theme in the design of the translational
machinery (Thompson and Karim 1982; Wohlgemuth et al.
2011; Johansson et al. 2012), so it is not surprising that it is
critical in dictating the evolution of tRNA sequences.

If all aa-tRNAs must bend into a similar structure during
decoding, why have different tRNA species evolved to have
a distinct set of consensus residues in the anticodon helix
and core regions? A reasonable possibility is that each consen-
sus evolved in response to the thermodynamic properties of
the codon—anticodon interaction. tRNA™* and other tRNAs
that form stable, GC-rich codon-anticodon complexes will
have no difficulty binding ribosomes but have the potential
to bind certain near-cognate codons too well. As a result,
the consensus sequence of tRNA*?* and other members of
this class have primarily evolved to avoid misreading by pos-
sessing sequences that either weaken binding or stiffen the
tRNA structure to avoid access to the bent state. This would
explain the large number of misreading mutations discovered
for tRNA*?, In contrast, tRNAs with weaker codon-anti-
codon interactions would be less prone to misreading near-
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cognate codons, so their consensus sequences evolved to pro-
mote binding and enhance bendability. In addition, the
tRNAs in this group have all evolved post-transcriptional
modifications in the anticodon loop that stabilize the co-
don-anticodon interaction (Grosjean et al. 2010). Noncon-
sensus mutations for this second class of tRNAs would be
expected to reduce the reading of cognate codons, and rela-
tively few misreading mutations would be found.

The experiments presented here suggest that many of the
consensus residues that define the observed sequence diver-
sity of bacterial tRNAs have evolved to maximize accura-
cy during decoding. However, since the evolution of each
tRNA consensus reflects the superposition of the sequence re-
quirements for all the steps in the synthesis, processing, func-
tion, and degradation of tRNA, it remains possible that certain
consensus residues are also important for some other step
in their function. It is interesting that, in the structure of
tRNAP™ bound to E. coli 708 ribosomes in the hybrid P/E
site, the anticodon helix is also in a distorted configuration,
but the direction and angle of the bend is different than in
the decoding complex (Dunkle et al. 2011). Since the entry
of tRNAs into the E site also shows a distinct sequence specif-
icity (Feietal. 2011), it is possible that some of the tRNA con-
sensus has evolved to optimize this step as well. Since tRNAs
bound to near-cognate codons in the P site are also subject to
proofreading (Zaher and Green 2009, 2010), it may be that
that much of the tRNA consensus has evolved to maintain
translational accuracy.

MATERIALS AND METHODS

Tightly coupled 70S ribosomes from exponential E. coli MRE600
were purified, stored in small aliquots in 50 mM HEPES (pH 7.5),
10 mM MgCl,, 70 mM NH,Cl, 1 mM DTT buffer at —80°C, and
heat activated before reaction, as previously described (Fahlman
etal. 2004). E. coli EF-Tu was purified from a His6-TEV expression
clone (Chapman et al. 2012). mRNA fragments (IDT) are deriva-
tives of the T4 gp32 mRNA with the following sequence: (5'-
GGCAAGGAGGUAAAAAUGXXXGAACGU-3'), where XXX indi-
cates the codon of interest in the A site. Unmodified E. coli
tRNA* ;¢ and its mutants were prepared by in vitro transcription
by T7 RNA polymerase from templates generated by primer exten-
sion of overlapping DNA oligonucleotides (IDT) and purified via
10% denaturing PAGE. Native tRNA*" was isolated from unfractio-
nated E. coli tRNA using an oligonucleotide hybridization protocol
(Fahlman et al. 2004). E. coli tRNA™®! was purchased from Sigma-
Aldrich. tRNAs were [3'->*P]-labeled by tRNA nucleotidyltransfer-
ase (Ledoux and Uhlenbeck 2008a) and aminoacylated with purified
E. coli AlaRS. Anthraniloyl-tRNA™® was prepared from yeast
tRNA" as described (Nawrot and Sprinzl 1998).

EF-Tu was converted into its GTP-bound active form by incubat-
ing 0.6 pM EF-Tu with 60 pM GTP, 3 uM phosphoenolpyruvate, 12
units/mL pyruvate kinase in HiFi buffer (50 mM HEPES, pH 7.0, 70
mM NH,CI, 30 mM KCI, 3.5 mM MgCl,, 2 mM DTT, 0.5 mM sper-
midine, 8 mM putrescine) for 20 min at 37°C. Ternary complex was
formed by mixing 0.3 mM activated EF-Tu with 25 nM [3/-**P]-la-
beled tRNA, incubating at 22°C for 10 min and 0° for 90 min. The
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rate of peptide bond formation at 22°C was performed as described
previously (Ledoux and Uhlenbeck 2008a), except that HiFi buffer
was used. Equal volumes of 25 nM ternary complex was mixed in
a quench-flow device (Kintek) with 0.5 pM 70S ribosomes preload-
ed with 1.0 uM fMet-tRNA™* and 1.5 M mRNA. As described in
Supplemental Figure 1, the 70S ribosomes in most reactions also
contained 2-8 uM of a noncognate aa-tRNA (either Phe-tRNA"™
or anthraniloyl-tRNA"") to sequester any free EF-TusGTP into ter-
nary complex and thereby prevent multiple turnovers. Each reaction
was quenched with 5 mM NaOAc, 50 mM EDTA (pH 5.0). Samples
were digested by P1 nuclease, separated and analyzed on PEI cellu-
lose TCL plates in glacial acetic acid/1 M NH,CI/H,O (5:10:85)
buffer. The observed rate of reaction (k) and extent of dipeptide
formation were determined by fitting each curve with a single
exponential.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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