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Abstract

The 2-thiouridine (s2U) at the wobble position of certain bacterial and eukaryotic tRNAs enhances
aminoacylation kinetics, assists proper codon-anticodon base pairing at the ribosome A-site, and
prevents frameshifting during translation. By mass spectrometry of affinity-purified native E. coli
tRNA;C"yyg, we show that the complete modification at the wobble position 34 is 5-
carboxyaminomethyl-2-thiouridine (cmnm>®s2U). The crystal structure of E. coli GInRS bound to
native tRNA;CI" and ATP demonstrates that cmnm>®s2U34 improves the order of a previously
unobserved 11 amino acid surface loop in the distal B-barrel domain of the enzyme, and imparts
other local rearrangements of nearby amino acids that create a binding pocket for the 2-thio
moiety. Together with previously solved structures, these observations explain the degenerate
recognition of C34 and modified U34 by GInRS. Comparative pre-steady state aminoacylation
kinetics of native tRNA; €N, synthetic tRNA;C!" containing s2U34 as sole modification, and
unmodified wild-type and mutant tRNA;S!" and tRNA,CI" transcripts demonstrates that the
exocyclic sulfur moiety improves tRNA binding affinity to GInRS 10-fold compared with the
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unmodified transcript, and that an additional four-fold improvement arises from the presence of
the cmnm?® moiety. Measurements of GIn-tRNAC!N interactions at the ribosome A-site show that
the s2U modification enhances binding affinity to the glutamine codons CAA and CAG, and
increases the rate of GTP hydrolysis by E. coli EF-Tu by five-fold.

Keywords
glutaminyl-tRNA synthetase; ribosome; peptidyl transfer; pre-steady state kinetics; transfer RNA

Introduction

At least 92 of the over 150 known RNA modifications are found in tRNAs, which in
bacteria contain on average about eight modified bases per molecule.1~4 Modifications can
be found throughout the entire structure, although a difference in chemical complexity is
evident between modifications in the globular core region, which are generally as simple as
a single methyl group, and those in the anticodon loop, which are often more elaborate.
Modifications in the core of tRNA often provide thermodynamic stability;> in one striking
case, the mLA9 nucleotide in human mitochondrial tRNALYS is required for correct folding
to the canonical tertiary structure.® Recently, using a new assay in which tRNA folding is
monitored by aminoacylation, we demonstrated that the ensemble of modifications in
Escherichia coli tRNA; ¢ improves the kinetics of folding without affecting the
position of the equilibrium between folded and unfolded forms.” Despite these clear effects
on stability, equilibrium thermodynamics, and folding kinetics, in many cases the
modifications in the tRNA core region exert only subtle influence on function after folding
is completed: unmodified transcripts are very often utilized quite efficiently by aminoacyl-
tRNA synthetases, and in certain cases also by the ribosome.82

For a variety of tRNAs, the more complex modifications found at tRNA anticodon positions
34 and 37 play roles in codon-anticodon pairing and in suppression of frameshifting during
translation. For example, the E. coli and Salmonella typhimurium tRNA species for alanine,
leucine, proline serine, threonine and valine, each possessing the modification uridine-5-
oxyacetic acid (cmo°®Us4) at wobble position-34, are able to read all four codons of their
four-fold degenerate codon boxes whereas the unmodified tRNAs are not.1911 |n another
study, analysis of modified anticodon stem-loops from bacterial and eukaryotic tRNALYS
showed that 5-methylaminomethyl-2-thiouridine (mnm®°s2U34) or 5-
methoxycarbonylmethyl-2-thiouridine (mecm©3s2U34), respectively, found in tRNAs that read
A or G at the wobble position, are implicated in stabilization of codon-anticodon
interactions.1213 Interestingly, the identities of the modification enzymes that operate at
position 34 are often specific to particular biological domains, and may have played
essential roles in the refinement and standardization of the contemporary genetic code.1*

The importance of modifications to U34 has also been studied in tRNAs specifying
glutamate and glutamine. The modified U34 in E. coli tRNACW ¢ has been identified as
mnm>3s2U34, and this nucleotide is a positive determinant for recognition by GIuRS.5 It has
also been shown that the 2-thio moiety, and not the 5-methylaminomethyl group, is required
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for efficient glutamylation.16 In the case of glutamine coding, it is known that the 5-
methylcarboxymethyl-2-thiouridine (mcm®5s2U34) in yeast tRNACIN s is important for
base pairing with the wobble A in the CAA codon, and helps pairing with a wobble G.17
This study establishes an important in vivo function for wobble uridine modifications in a
eukaryotic organism.

The E. coli genome encodes two glutamine-specific tRNAs: tRNA; " and

RNA, ©In,6.18 In addition to the anticodon base 34, these isoacceptors also differ at six
base positions in the body of the tRNA (Figure 1). tRNA,C! contains an unmodified C34
base, and the other modifications in this tRNA are not required for efficient aminoacylation
by GInRS.8 In contrast, tRNA; G,y harbors a hypermodified base of the form
xm®s2U34.19 In tRNACIN ;¢ from Salmonella enterica, the modified base at position 34
was tentatively identified as cmnm®s2U based on UV absorbance spectra and
chromatographic migration compared with synthetic cmnm?®s2U.20 However, in this case a
small fraction of the U34 nucleoside was further modified by addition of a C1gH17 side
chain. Recently, the modification was identified as a geranyl group linked to the exocyclic
sulfur in tRNAC e, tRNALYS )y and tRNACGIN from E. coli, S. enterica, and a
number of other bacteria.2! The geranyl group is added by the enzyme SelU (product of the
ybbB gene), which, remarkably, is also responsible for generating 2-selenouridine from 2-
thiouridine at the wobble positions of tRNAC!U and tRNALYS in at least a portion of these
tRNASs in vivo.2222 Geranylation and selenylation at the exocyclic 2-position of wobble
uridines are mutually exclusive and involve distinct reaction chemistries even though
promoted by the same enzyme.?1

As in GIuRS, modified U34 is also a GINRS aminoacylation determinant, where it improves
the catalytic efficiency of the steady state aminoacylation reaction by lowering K, for
tRNA.1524 The importance of modified U34 in E. coli tRNA; "y occurs within the
context of a crucial role for all anticodon loop nucleotides in tRNA discrimination by E. coli
GInRS.24-27 Interestingly, recognition of C34 by GInRS involves direct hydrogen-bonding
interactions at both exocyclic N4 and endocyclic N3 groups; such contacts could
presumably not be formed with U34. Thus, the structural basis for degenerate recognition of
both tRNA anticodons by GInRS has not been understood.

To explore this and related questions, including the role of the 2-thio group in promoting
glutamine incorporation into protein, we have carried out a comprehensive structural and
functional analysis of the role of the modified U34 in both GIn-tRNACI" synthesis and
ribosome utilization. In contrast to prior work in this area, we were able to specifically
isolate the role of the 2-thio group at U34 by preparation of a specific tRNA substrate
harboring only this modification. Structure-function parameters for this species were
compared with both fully unmodified transcript and with native tRNA; € isolated
from cells. This native tRNA was shown to contain both s2U and cmnm® modifications at
U34.
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Results

Identification of the hypermodified nucleoside at the wobble position of E. coli
tRNAleanUG

A recent identification of the modified wobble uridine in E. coli tRNASIN g by mass
spectrometry was carried out only in the context of tRNA that is geranylated at the 2-
position of the ring,2! while an earlier study of S enterica tRNAC!" was performed by UV
absorbance and comparison of chromatographic migration with a synthetic standard. To
definitively characterize this nucleoside, we first purified unfractionated E. coli tRNA from
rapidly growing cells, and then obtained the tRNA; S isoacceptor by affinity purification
using DNA hybridization.” The tRNA was purified from natural abundance, since
overproduction of tRNAs in vivo generates hypomodification of some modified
nucleotides.28-30 The purified tRNAC!N was digested to nucleosides and analyzed by LC-
UV-MS. All of the expected nucleosides were identified by UV, based on the known
retention times and the known nvz of the nucleoside and base. In the tRNA, 12 nucleosides
were identified as labeled on the UV chromatogram (Figure 2A). Of particular interest was
the identification of cmnm>®s2U in the total nucleoside hydrolysate. A cmnm®s2U standard
was analyzed with and without the nucleosides of tRNAC!N to confirm the modification. The
extracted ion chromatogram (XIC) for cmnm®s2U with a molecular mass of 347 ([M+H]*
Mz 348) shows that the retention time (15.9 min.) of the sample and standard are consistent
(Figure 2B). A molecule with a similar m/z was not seen in the remainder of the HPLC
analysis. The mass spectrum at this elution time depicts a single peak for the [M+H]* ion of
cmnm®s2U, which is also consistent with the standard (Figure 2C).

To obtain sequence information, purified tRNAS!" was digested with RNase T1 and
analyzed by LC-MS/MS.31 One digestion product with the sequence
U[Um]U[emnm®s2UJUGp eluted at approximately 20.2 min. as shown with the XIC of m/z
1004 (Figure 3A). The mass spectrum at this elution time is shown with a doubly charged
ion (m/z 1004.25) (Figure 3B). To confirm the sequence of this digestion product, the m/z
1004.25 ion was used as a precursor ion for CID tandem mass spectrometry. The
fragmentation spectra of the vz 1004.25 ion resulted in the expected c- and y-type product
ions for RNA, and these product ions are consistent with the sequence
U[Um]U[cmnm®°s2U]UGp (Figure 3C). The analysis of the RNase T1 digestion products
resulted in the sequence of the tRNA shown in Figure 1B.

These sequencing results are consistent with the originally reported sequence with the
exception of position 34, which had not been identified.1® They are also consistent with the
more recent analyses in S enterica, E. coli, and some other bacteria,2%-21 in which the
cmnm?® modification was identified in the context of a lower abundance tRNA population
containing a geranyl group extending from the sulfur at the 2-position of the ring. The
cmnm®s2U modification was also previously identified in Lys, Glu and GIn tRNAs of
nematode mitochondria.32 In E. coli tRNAC!U and tRNALYS, selenium is exchanged for
sulfur at the 2-position of wobble uridine under laboratory growth conditions when selenium
concentrations are high.22-23:33-34 Notably, Bjork’s group had predicted that cmnm?®s2U
would be present in wild-type E. coli based on analysis of tRNA 5-methylaminomethyl-2-
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thiouridine methyltransferase activities.3> Neither the 2-seleno nor 2-geranyl derivatives of
U34 were detected in this analysis.

Importance of modified U34 in E. coli tRNA;€/" assessed by glutaminylation kinetics

We analyzed aminoacylation kinetics for E. coli GInRS utilizing a battery of substrates,
including unmodified WT tRNA;6" g and tRNA,CIN 6, @ mutated tRNA,CIN transcript
with a C34U substitution, synthetic tRNA;S!" possessing s2U34 as the sole modification,
and native, fully modified tRNA;C" (Table 1). To confirm the suitability of synthetic
tRNA;CN,uc as a substrate for GINRS (and for the ribosome; see below), we first
determined thermodynamic properties and base stacking contributions of the modified base
by thermal denaturation/renaturation and circular dichroism (CD), and compared these
measurements with the tRNA;G!" g transcript. The presence of s2U34 did not affect the
melting temperature (T,,) (Table 2). However, s2U34 does provide a modest decrease in
Gibbs free energy, and also increases the ellipticity of the characteristic tRNA circular
dichroism peak at 265nm (Figure 4). This indicates increased base stacking, suggesting that
s2U34 helps to stabilize the tRNA anticodon.

Glutaminylation kinetics for the three unmodified transcripts shows that both tRNAs
possessing U34 exhibit 10-20 fold elevated Ky, and about 5-fold elevated K4 for tRNA as
compared with tRNA,CNc g (Table 1). Thus, as previously conjectured based on K,
measurements,24 GInRS binds tRNACIN with unmodified U34 weakly. K, for tRNA;Cn is
reconstituted upon 2-thiolation of U34, with no significant further improvement in this
parameter when the cmnm®U34 moiety and all other modifications are present. However,
the pre-steady state analysis shows that s2U34 alone does not significantly reconstitute
tRNA binding affinity; instead, Kq(tRNA) decreases by 34 fold from 1.6 uM when s2U34
is the sole modification, to 0.47 pM for native tRNA;C!" (Table 1). The other modified
bases in native tRNA;S!" likely do not contribute to the improved affinity, since unmodified
tRNA,CIN: g binds just as strongly. Thus, it appears that tRNA;C!N is inherently deficient
in tRNA binding to GInRS if U34 is unmodified. Since the C34U tRNA,C!" mutant binds as
poorly as tRNA;E!" s, we conclude that the tRNA binding deficit arises directly from the
U34-enzyme interaction, and that tRNA binding affinity is not influenced by the six other
nucleotide differences present between the two isoacceptors (Figure 1).

The kg4t Values for both tRNA transcripts containing unmodified U34 deviate only slightly
from that measured for tRNA,CNc g, but keye for both s2U34 tRNA; SN and native
tRNA;C!" are reduced 3-6 fold (Table 1). In this system kg corresponds to the product
release step, as indicated by the much higher values measured for single-turnover kg5 and
the observation of burst kinetics in the pre-steady state regime.38 It appears then that the
presence of a modified U34 slows release of GIn-tRNACIN from the enzyme by providing
additional strong interactions. In the steady-state, the decreased kg4: and decreased K, for
U34-modified species cancel out, so that the overall catalytic efficiency Kea/Kp, is similar
for all three tRNA;CI" species examined (Table 1). This explains the observation that there
is no difference in the in vivo aminoacylation level of tRNA;€!" regardless of whether U34
is modified.37 This congruence in the steady-state, however, masks significant differences in
detailed function at the level of individual steps on the enzyme: both the tRNA substrate
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binding affinity and the rate of the first-order rearrangements/catalysis after binding are
significantly improved by the presence of the fully modified cmnm®s2U34. The distinction
shows the importance of pre-steady state analysis to understanding mechanism and
providing functional correlations for the analysis of crystal structures (see below).

We also measured K, and Ky for substrate glutamine in the steady-state and pre-steady
state, respectively. These data show that there are almost no differences in glutamine affinity
that depend on the identity or modification status of the wobble nucleotide. However,
Km(GIn) is decreased by 5-fold for fully modified native tRNA;G!", a phenomenon related
to the much faster kops On the enzyme (Table 1). This may have significance in vivo under
some conditions, since intracellular amino acid concentrations are a finely tuned aspect of
cellular physiology.

Xray structures of unmodified and fully modified tRNA;¢'" g bound to E. coli GInRS and

ATP

We obtained 250 pg of highly purified native tRNA;C!" from five liters of cells without
overproduction, sufficient for cocrystallization with WT E. coli GInRS using conditions
similar to those previously reported.28 Crystals of GInRS bound to this native tRNA and
ATP exhibiting suitable diffraction properties were obtained only by successive
microseeding, and application of a novel cryoprotection protocol involving stabilization in
solutions containing sodium malonate (see Experimental Procedures). To enable proper
comparisons, two additional structures of GInRS bound to ATP and unmodified transcripts
featuring either the CUG or UUG anticodons were also determined under identical
cryostabilization conditions. Cocrystals of synthetic tRNA;C!" carrying s2U34 as the sole
modification could not be obtained despite exhaustive efforts. The three structures were
determined at resolutions of 2.3 — 2.5 A and were each refined by an identical protocol with
application of tight stereochemical constraints (Table 3). The structures are identical within
experimental error except as described below. Details regarding the modified nucleotides
s*U8, G;y18, D20, Up32, m2A37, W38, T54 and W55, found only in the cocrystal containing
native tRNA, are provided in the supplementary material.

The three complexes reported here differ in the local interactions at and adjacent to the
position 34 wobble base, which is present as cytosine (CUG structure), uridine (UUG
structure) or cmnm®s2U (native structure). First, superpositions reveal that binding of
unmodified U34 by GInRS is accompanied by small but apparently significant changes in
protein tertiary structure as compared to binding of the anticodon containing C34. In the
UUG structure, several peptide segments of the distal B-barrel protein domains are shifted by
1-2 A away from the tRNA anticodon at and adjacent to the position of the wobble base
(Figures 5, 6A). The precise position of the unmodified U34 base is also shifted as compared
with the orientation of the cytosine base at C34 in the CUG structure (Figure 6A). While the
interactions of C34 reveal a robust network of hydrogen bonds with all three discriminating
Watson-Crick moieties (N4, N3 and 02),25 U34 in the UUG structure instead makes no
favorable hydrogen bonds (Figures 6B, 6C). Both C34 and U34 stack on the aliphatic
portion of the Arg410 side chain, but in the UUG structure only the exocyclic O4 moiety of
uracil makes steric contact with GInRS. This 04 group located 3.2 A from the amide -NH at
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Ser443, but the uracil ring is oriented perpendicularly to the polypeptide at and adjacent to
this amino acid, so the interaction may have little hydrogen bonding character.

These observations rationalize the substantially weaker binding of unmodified uracil as
compared to cytosine, at the wobble base position of tRNACIN (Table 1). It is of interest that
similar flexibility of the anticodon-binding p-barrel domains of GInRS was previously
detected based on comparing the structures of unliganded GInRS and the tRNACIN: -
GInRS complex.28 The anticodon arm and distal B-barrels are also intrinsically more mobile
than the other parts of the complex, as suggested by substantially higher thermal factors
throughout these domains in both the unliganded and tRNA-bound states. These new
structures now indicate that this protein flexibility may have further functional significance
in tRNA anticodon discrimination. The flexibility may also be generally relevant to
communication of anticodon binding to the active site: mutants of anticodon nucleotides
U35 and G36, and of amino acids interacting with these nucleotides, have significant effects
on both active site assembly and glutamine binding affinity.39

Comparison of the native, modified tRNA cocrystal structure with the UUG complex
provides new insight into the importance of cmnm?®s2U34 for GInRS recognition. The
presence of the 2-thio moiety and at least a portion of the cmnm?® group was confirmed in an
experimental electron density map calculated from the native data refined against the UUG
structure with unmodified U34 (Figure 7A), and the presence of sulfur rather than oxygen at
the exocyclic 2-position was also substantiated by the absence of residual negative electron
density in a final map computed with coefficients (F,-F¢). Further, analysis of peak areas of
RNase T1 digest products by LC-MS indicates that approximately 77% of the isolated tRNA
contains cmnm®s2U34, 8% contains mnm>s2U34, and 15% contains cmnm>U34
(Supplementary Figure 1). Fractional occupancies of the cmnm® and s2 modifications in the
native tRNA used for both LC-MS and crystallization experiments are thus 92% and 85%,
respectively.

The modified uracil stacks between the side chain of Arg410 and the main and side chains
of Arg412. The immediate environment of the 2-thio sulfur consists of carbon and nitrogen
atoms of the Arg412 side-chain, and the backbone amide —NH group of Asn413 (Figure
7B). The exocyclic O4 group is within hydrogen-bonding distance of an outer Arg410
guanidinium nitrogen, albeit with unfavorable geometry, and also lies close to the peptide
backbone at Leu442 and Ala443. Other hydrophobic atoms in the environment, at distances
ranging from 4.2 A to 4.8 A, include the side-chains of Val455 and Arg410. It appears that
the mixed polar and hydrophobic character of this environment is unsuitable for the 2-
oxygen of unmodified uridine (Figure 7C). Superposition of the native and UUG structures
reveals that, while there are no larger scale differences in protein conformation such as
described above for the CUG structure, the unmodified uracil and cmnm®s2U bases are
displaced such that the 2-oxygen and 2-thio groups are separated by 1.5 A (Figure 7C). The
specificity of this pocket for sulfur and not oxygen thus provides a structural correlate for
the improved binding affinity of native tRNA possessing s2U34. We are unaware of other
protein-RNA cocrystal structures in which the specific protein binding pocket for an
exocyclic ring sulfur in a modified RNA base has previously been described.
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Each of the three new structures exhibits increased order of a previously unobserved surface
loop spanning amino acids Lys444-Gly454 in the distal anticodon-binding B-barrel of the
enzyme, which is positioned adjacent to the 5’-side of the anticodon (Figure 5). The best-
ordered part of this loop, observed in all three structures, spans Arg450 to Gly454. Arg450
forms a salt bridge with Glu408 elsewhere in the distal B-barrel domain, that appears to
provide stability (Figures 7A, 7C). However, in the native structure but not in the CUG
structure, amino acids 444-449 are also ordered (the backbone atoms for amino acids at
positions 444 and 449, but not at 445-448, could be built into the UUG structure). The path
of the polypeptide backbone is clear in the electron density of the native structure, although
the orientations of the backbone amides within and N-terminal to this peptide are not
resolved. While precise details of the interactions can thus not be described, the cmnm?®
moiety does contact this loop at position Lys444 (Figures 5, 7A, 7C). This interaction may
contribute to the full ordering of the surface loop, and the interactions of GInRS with the
cmnm?® moiety may help to explain the four-fold improved affinity of native tRNA as
compared with tRNA containing s2U34 as sole modification (Table 1). Future mutagenesis
experiments exploring the role of this surface loop in wobble base selectivity by GInRS
should be helpful in more fully defining its function.

Two other previously unobserved features of the GInRS-tRNA complex of potential
functional relevance are also found in all three structures. First, the y phosphate of ATP
makes direct rather than water-mediated contacts to the side chains of Arg260 and His43 in
the active site. This conformation most closely resembles that adopted for ATP binding by
tyrosyl-tRNA synthetase (TyrRS), and may have implications for catalysis of aminoacyl
adenylate formation in GInRS or in class | aaRS more generally (see Supplementary Figure
2 and legend for further discussion).249 Second, interactions made by G36 in the tRNA
anticodon are distinctive (Supplementary Figure 3).25 26 The side-chain of Lys401, which
was previously observed to stack on one side of the guanine base and to contact an adjacent
phosphate,? is disordered in all three structures. However, electron density for Trp548,
which stacks on the opposite side of the guanine base, is now observed for the first time in
all structures. In the catalytic event, selective recognition of G36 may involve both Lys401
and Trp548, allowing stabilization of the guanine base by hydrophobic stacking interactions
on both sides. The previously observed discriminatory hydrogen-bonds made by the 2NH,,
06 and N7 groups of G36 with GIn399 and Arg402 are maintained in all three structures.

Each of these differences with previously solved GINRS:tRNA cocrystal structures may arise
from the use of malonate as cryoprotectant, emphasizing the importance of performing
detailed structural comparisons only among crystals that are treated identically.41 All
interactions made by the central U35 anticodon nucleotide are identical to prior structures.
The three malonate-protected crystals exhibit identical G36 interactions, suggesting that
communication between binding of anticodon nucleotides 34 and 36, if any, is not reflected
in the averaged conformations derived from crystal structures. Following Trp548, five
further C-terminal amino acids at positions 549-553 remain disordered in all E. coli GInRS
structures.
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Role of s2U34 in modulating tRNA activity on the ribosome

Both unmodified tRNASN g and tRNASIN,, g containing the 2-thioU34 as sole
modification were tested for their ability to bind in the ribosomal A-site to cognate
glutamine codons CAA and CAG, as well as to the near cognate codons CAU and CGA.
While both tRNAs exhibited binding to cognate CAA, tRNACIN, g exhibited three-fold
higher affinity (Table 4) while also binding to a significantly greater extent to both CAA and
CAG (Figure 8). In this assay neither tRNAC!" could bind detectably to the near-cognate
codons CAU or CGA. Together, these results suggest that s2U34 may increase tRNAS" g
specificity for its cognate codon CAA, and that it better accommodates wobble with
glutamine codon CAG as compared with unmodified U34.

Two assays were employed to measure the effects of s2U34 on ribosome kinetics. First, we
determined apparent rate constants for GTP hydrolysis for GIn-tRNAC!" bearing UUG and
s2UUG anticodons in the presence of increasing concentrations of 70S initiation complex
from 0.15-2.5 pM. At 0.75 UM, decoding as measured by the rate of GTP hydrolysis was
five-fold greater with the sS2UUG anticodon on both the CAA cognate and CAC noncognate
codons (Table 5). Thus, the 2-thio substituent accelerates GTP hydrolysis but does not
discriminate between cognate and near-cognate codons. Separate k., and Ky, parameters
could not be determined, since plots of kypp, Versus 70S initiation complex concentration
were linear (Figure 9A, inset), implying that both of these tRNAs had low affinity for the
ribosomal A site. The extent of GTP hydrolysis was 80-85% for tRNACIN ;g and 25-30%
for tRNACIN., s (Figure 9A). The lower extent of GTP hydrolysis may be due to a
specific defect in the decoding step, since ternary complex formation by tRNACIN ;g and
tRNACIN,, ;g exhibits similar stoichiometry (Figure 8). Apparent rate constants obtained in
the presence of low concentrations of 70S ribosome (0.15 pM) were used to estimate
catalytic efficiencies (keat/Km) of 0.55 s™M~1 and 2.1 s7IM~1 on the cognate CAA codon
with the UUG and s2UUG anticodons, respectively.

We also measured dipeptide formation in a similar assay, which returned values of 0.73 s71
(GIn-tRNACIN, ;) and 0.16 571 (GIn-tRNAC!IN 5). These measurements were
performed by reacting 0.25 uM 70S initiation complex with 0.5 UM ternary complex
consisting of EF-Tu, GTP, and GIn-tRNACI", By comparison, nearly identical apparent rate
constants of 0.77 s71 (GIn-tRNACINg, ;) and 0.14 s~ (GIn-tRNACIN ) were obtained
for GTP hydrolysis when 0.375 uM 70S initiation complex was reacted with a much lower
concentration (8 nM) of ternary complex. Since the ratio of peptide bond formation for the
two tRNAs is closely similar to the ratio for GTP hydrolysis, we infer that s2 modification of
U34 exerts its effects at the level of GTP hydrolysis, and does not influence the later steps of
accommodation or peptidyl transfer.

Discussion

We have carried out detailed structural and mechanistic studies that fully elaborate the key
role of the modified uridine in the tRNAC!N wobble position at both aminoacylation and
decoding steps, and provide a structural explanation for degenerate anticodon recognition by
GInRS. It had been understood that s2U34 was essential to decrease the Ky, for GInRS
binding to tRNA;S!" ;.24 but the role of the 5-position modification in conferring
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enhanced tRNA binding affinity and improved complementarity for glutamine (as evidenced
by the reduced K;,) had not been appreciated. We also demonstrate unambiguously, by
comparative analysis of mutant and wild-type transcripts, and by analysis of highly purified
native tRNA;CI" that the binding deficit associated with tRNA; SN is entirely due to the
presence of unmodified U34. The crystal structure of GINRS bound to this tRNA transcript
reveals that U34 makes almost no favorable interactions with protein, which provides a clear
rationalization of the weak binding affinity (Figure 7).

The crystal structures presented here also provide correlates for understanding the basis of
degeneracy at the wobble position by GInRS. Modeling suggests that none of the three
conformations for the wobble nucleotide can accommodate a larger purine base, by steric
exclusion. Although a capacity for rearrangement of the structure is clearly present in this
region, conformational changes that could provide complementarity for adenine or
guanosine, that would be more favorable than interactions with solvent, may not be possible.
Accommodation of both cytosine and modified uracil occurs by small rearrangements of the
tRNA together with adjustments in the nearby protein groups and an improved ordering of a
surface loop that appears due to interactions with the cmnm?® modification (Figures 5-7).

Perhaps the most striking observation from the structures is that the rearrangements create
an apparently specific binding pocket for the 2-thio substituent of U34, that contains both
polar and hydrophobic elements (Figure 7B). Such an environment may be uniquely suitable
to accommodate the large and polarizable sulfur moiety. The pocket appears somewhat
larger than is necessary to accommodate the sulfur atom; nonetheless, oxygen of unmodified
uracil is excluded presumably on electrostatic grounds. The crystal structure of a 2-thiouracil
containing tRNA fragment bound to the ribosome has been determined,*2 but we are
unaware of a prior structure that illustrates how protein binds to sulfur as a thio group
forming a double-bond with carbon.

Genetic and structural studies have revealed that many post-transcriptional modifications in
tRNA are found at positions 34 and 37 and play an important role in codon recognition and
frameshift suppression.#3 Yet none of these modifications have been critically studied using
rapid kinetic techniques in a reconstituted in vitro translation system. Although such studies
routinely use fully-modified native tRNAs, the presence of multiple modifications on each
tRNA makes it difficult to attribute properties to a specific modification. Here we
determined how the specific thiolation of U34 in the UUG anticodon of unmodified
tRNACIN impacts two important steps in translation, decoding as measured by GTP
hydrolysis and accommodation as reported by peptide bond formation. The results showed
that s2U increased the decoding rate of both cognate and near-cognate triplets by 5-fold. In
comparable studies a selective 5 to 10-fold increase in the decoding rate of near-cognate
triplets was observed when tRNAT'P contained a G24A substitution or tRNAAI contained
A32-U38 to U32-A38 substitutions.*44> Conversely, an A37G substitution in tRNACYS
selectively decreased the decoding rate of a near-cognate triplet by 8-fold.46 This provides
an interesting contrast with s2U34 in tRNACI", which enhances translational efficiency at
cognate and near-cognate codons unselectively.
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In summary, the experiments reported here demonstrate comparable quantitative effects on
the ribosome to those reported previously, while offering a clear and specific view of the
importance of an isolated modification in the wobble position in the context of intact
tRNA.47 The methodology that we have used, employing ligation of chemically synthesized
half-molecules containing site-specific modified groups,*8 is generally applicable to produce
intact full-length tRNA at preparative scales. It should be useful for comparable studies of
other anticodon modifications.

Materials and Methods

Expression and purification of GInRS and of the tRNAC!" unmodified transcript

Wild type His-tagged and untagged E. coli GInRS were expressed and purified as previously
described.3949 The Del 172-173 variant of T7 RNA polymerase was used during in vitro
transcription reactions to synthesize tRNASIN 6, tRNACIN g and the C34U tRNACIN: g
mutant, as previously described.*8 Oligonucleotides contained 2/ ~OCHj3 groups to reduce 3’
heterogeneity in transcribed tRNAs, and all tRNAs contained a catalytically neutral G1
mutation to enhance the efficiency of transcription. DNA template sequences are given in
Supplemental Experimental Procedures. After transcription, the DNA template was digested
with RQ1 RNase-free DNase (Promega) for one hour, then tRNA was extracted twice with
phenol-chloroform and ethanol precipitated. tRNA pellets were resuspended in 200-300 pL
of TE buffer, and buffer exchange was performed using centrifugal filter units with a 3K
cutoff (Millipore) to remove excess nucleotides. tRNA transcripts were then loaded onto a
38 cm x 32 cm x 2mm 12% acrylamide/8M urea gel, and run at 50W for about 4-5 hours.
tRNAs were visualized by UV shadowing and sliced from the gel for extraction in TE buffer
overnight. Extracted transcripts were then concentrated in TE buffer. Purified tRNAs were
stored in TE buffer at —20°C until required.

Synthesis of s2U34 tRNA{CIn

The modified 2-thiouridine (s2U) was synthesized using the “silyl method”.%0 However, 1-
O acetyl-2,3,5-0O-benzene-D-ribose, SnCly, and CH3CN were used as catalyst and solvent,
instead of 1-chloro-2,3,4-tri-O-benzoyl-D-ribose, AgClO,4 and benzene, respectively.>! The
s2U group was then derivatized, protected and functionalized using the 5’-silyl-2’-acetoxy
ethyl orthoester (ACE) chemistry to the phosphoramidite (Thermo Fisher, Lafayette, CO).52
The two tRNA half-molecules were then synthesized (Thermo Fisher Scientific). ACE-
protected tRNA half-molecules were deprotected via the standard Thermo Fisher protocol,
extensively dialyzed against H,O, and lyophilized for storage (—20°C).

The two lyophilized, deprotected oligoribonucleotides consisted of a 32-mer corresponding
to the sequence from the 5" tRNA end to U33, and a 43-mer initiating at the 5’-end with the
s2U34 modified base. These RNAs were resuspended in 5 mM PIPES, (pH 7.5), 10 mM
MgSO,4 (PMS buffer) to a final concentration of 50 uM. Ligation reactions were carried out
at 37°C in 500 pL volume containing 50 mM Tris (pH 7.5), 10 mM MgCl,, 1 mM DTT, 1
mM ATP, 22.5 pM 32-mer 5 RNA oligo, 22.5 pM 43-mer 3’ RNA oligo and 50 units of T4
RNA ligase 1 (New England Biolabs). Before adding all reagents, 3’ and 5’ oligonucleotides
were mixed, heated to 80°C for 5 min on a heat block and then slowly cooled to ambient
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temperature. T4 RNA ligase buffer and enzyme were added, and reactions were incubated
for 14 hr at 37°C. Reactions were stopped by phenol:chloroform extraction. Ligation of the
two RNAs was verified by denaturing PAGE (Supplementary Figure 4). Full length tRNA
was sliced from the gel and extracted as described for tRNACG! transcripts.#8 The proper
state of the thiouridine in the ligated tRNA was confirmed by CD and by NMR.

Isolation and affinity purification of native tRNA;C"N(UUG)

Native fully modified isoacceptor was isolated from cells without overproduction by a
DNA-RNA hybridization method scaled from a previously described protocol.”>3 About
250 pg of tRNA; SN were purified from 12 g of E. coli cells. The fraction of tRNA;CIn
isolated from cells was measured by single turnover aminoacylation reactions and compared
with aminoacylation of unmodified transcripts and unfractionated tRNA (Supplementary
Figure 5).

Steady-state kinetics

tRNACIN was 32P-radiolabeled at the 3/-terminal internucleotide linkage using E. coli tRNA
nucleotidyltransferase, as described.>* After labeling, tRNA was phenol:chloroform
extracted, and purified using two P-30 columns (BioRad). To ensure tRNA homogeneity,
labeled and unlabeled tRNAs were mixed and folded before aminoacylation reactions by
heating to 80°C for 2-3 min, followed by addition of MgCl, to a final concentration of 10
mM and cooling to ambient temperature for 15-20 min. Plateau levels for aminoacylation
were between 70-90% for all reactions. Aminoacylation was performed in 20 puL volume in
a buffer containing 50 mM Tris (pH 7.5), 10 mM MgCl,, 5 mM DTT and substrate
concentrations depending on the reaction (see below).

Kn(GIn) for unmodified transcript tRNACIN ;¢ was determined with 20 nM enzyme, 5 pM
tRNACIN ¢ and 0.02-10 mM glutamine. K,(tRNACIN ) was measured with 5-10 nM
GInRS, 0.1-10 puM tRNACIN 5, and 10 mM glutamine. Kinetic parameters for U34C
tRNACIN- ;s were obtained in reactions containing 10-20 nM GInRS, in the presence of
0.04-5 mM glutamine for K,(GIn), and 0.125-16 pM U34C tRNACIN g for Kiy(tRNA).
Saturating amounts of U34C tRNACIN s and glutamine were 10.8 pM and 100 mM,
respectively. For the chemically synthesized s2U34 tRNACIN s, reactions were conducted
with 20 nM enzyme. In this case, to measure K,(GIn) glutamine concentrations varied
between 0.04 to 10 mM, and saturating amounts of s2U34 tRNACIN ;¢ were 5 pM. The Ky,
for tRNACIN,, ;g was determined at 5 nM and 20 nM enzyme, varying tRNA
concentrations from 62.5 nM to 16 uM and keeping the glutamine concentration saturating
at 50 mM. For reactions with native tRNA, 1 nM enzyme, 0.01-10 mM glutamine, and 4
UM saturating tRNA were used to determine K,(GIn). To determine K,(tRNA) we varied
its concentration between 0.05-5 uM, with 10mM glutamine. ATP saturation was verified
for all reactions, with 10 mM levels sufficing in every case.

Reactions were quenched by mixing 1-2 uL aliquots with 4-5 pL of 400 mM sodium acetate
(pH 5.2) containing 80ug/uL P1 nuclease (Roche). Digestion proceeded for 10 min after
which 1uL of ~200 CPMs digested tRNA was spotted on a pre-washed PEI cellulose TLC
plate (SIGMA). TLCs were developed in a buffer containing 100 mM ammonium acetate
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and 5% glacial acetic acid, dried and exposed to a phosphor screen for 12—16 hours. The
screen was scanned in a Typhoon variable mode imager (GE Healthcare) and unreacted
reagent and product were quantified using the ImageQuant program 5.2. Data were fit to
linear regressions to obtain initial velocities, which were then used to create Michaelis-
Menten plots from which K, and kg5 values were determined. 6-8 different substrate
concentrations were used per experiment and 6-8 time points taken for each curve.

Single-turnover kinetics

All single-turnover experiments were performed with a Kin-Tek RQF-3 apparatus. 32P-
labeled tRNACIN was folded as described above. Aminoacylation reactions were initiated by
the addition of WT GInRS. For all reactions the enzyme was added to a reaction mixture at
37°C containing 10-25 nM tRNASI" and 0.01-60 mM glutamine for Kd(cIn) determination.
A concentration range of 0.1-12.8 UM enzyme was used to determine Kyrna)- Reactions
were conducted in a buffer containing 50 mM Tris (pH 7.5), 10 mM MgCl,, and 5 mM
DTT. For all Kq(gin) experiments, saturating concentrations were shown by measuring single
turnover rate constants at 5 UM and 15 pM enzyme. The ATP concentration was varied
between 5 mM and 10 mM for all reactions to confirm saturation. Mixing controls showed
that initiation of the reaction with amino acid, tRNA, or enzyme had no effect on Kops max-

Reactions were quenched by the addition of 400 mM sodium acetate (pH 5.2) and 0.1%
SDS; a 1pL aliquot was then digested with 0.08-0.1 mg/ml P1 nuclease for 10 min and
spotted on prewashed PEI cellulose TLC plates (SIGMA), developed with 100 mM
ammonium acetate and 5% acetic acid. Dried TLC plates were exposed to a phosphor screen
for ~12-16 hours, scanned with a Typhoon imager and quantified using ImageQuant 5.2.
Nine time points were collected for each kqps determination. Time courses were fitto a
single exponential equation using Prism5 and/or KaleidaGraph software. The kgps values for
six different glutamine concentrations or six enzyme concentrations were taken to determine
each binding curve, and these data were fit to a hyperbolic function to determine Ky4(GlIn) or
K4(tRNA). The reported values for Kops max Were also derived from this hyperbolic fit. No
indication of a kinetic lag was found in any time course, confirming that glutamine and
transcript tRNA;C!" are in rapid equilibrium with the enzyme and that no consecutive steps
present similar rate constant in all cases. At least two repetitions of the single turnover
glutamine-binding and tRNA-binding experiments were performed for each GInRS mutant.

Crystallization and Xray structure determinations

Recombinant E. coli GInRS lacking a poly-His affinity tag was dialyzed overnight in 2 L of
10 mM PIPES (pH 7.0) and 20 mM BME. After dialysis, the enzyme was concentrated to
~8mg/mL and kept on ice until ready to use. tRNAC!N was folded by heating to 80°C for 3
min followed by addition of MgCl, to a final concentration of 10 mM, and allowed to
equilibrate to ambient temperature on the benchtop. The pH of a 100 mM ATP stock
solution was carefully adjusted to 7.0. Enzyme, tRNA and ATP were combined to final
concentrations of 78 uM, 117 pM and 5 mM, respectively for the tRNA;S" and tRNA,CI
transcript complexes and 78 uM, 94 uM and 5 mM for the native, fully modified tRNA;SI";
these mixes were incubated on ice for 10 min before use.
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All crystals were grown by the hanging drop method at 17°C in 2 pL drops. Crystals for
transcript tRNA;G!" and tRNA,CIN grew in either sodium citrate or ammonium sulfate. The
best diffracting crystals for the transcript tRNA;€":GInRS complex grew in 2.4-2.6 M
ammonium sulfate, 40 mM PIPES (pH 7.0-7.4), 20 mM MgSQO,4 and 20 mM BME. Crystals
for the tRNA,CIN-GINRS complex grew best in similar conditions except for the use of 0.34—
0.43 w/v Na-citrate instead of ammonium sulfate. Only needle-like crystals of the in vivo
tRNA;C!" complex grew under these conditions in the presence of 0.36-0.4 w/v Na-citrate.
Four rounds of micro-seeding were required to obtain diffraction quality crystals in this
case.

All crystals were cryo-protected by sequential washing in 30%, 40% and 49% sodium
malonate (pH 7.0) (Hampton Research) containing 20 mM MgSO,, 20 mM BME and 5 mM
ATP. Crystals were looped out from the drops and placed in 1 mL of 30% malonate
solution, allowed to equilibrate for 5 min, then looped out and placed for 5 min in the 40%
solution; finally the crystals were placed into 1 mL of the 49% sodium malonate solution,
and incubated at 17°C overnight. Crystals were then frozen by submerging in liquid
nitrogen, stored in a pre-cooled dewar and shipped overnight to the Advanced Light Source
(ALS; Berkeley, CA) for data collection.

Data collection was performed at ALS beamline 4.2.2. Data sets were integrated and scaled
using d*TREK, and data refinement and modeling were done using CNS version 1.3 and
Coot version 0.6.2, respectively.>>:56 Parameter and topology files for modified nucleotide
bases were obtained from the HIC-Up database or modified from PRODRG.>’ The Rcrane
plug-in was used in Coot for regularization.>®

Thermal denaturation spectroscopy

Thermal denaturation/renaturation of tRNAs in a buffer consisting of 10 mM Na,HPO,4 and
10 mM KH,POy4 (final pH 6.8) was performed using a Varian Cary 3 UV-visible
spectrophotometer equipped with a Peltier temperature control accessory. The temperature
was increased at a rate of 1°C per minute from 5 to 85°C. Absorbance data at 260 nm were
collected as a function of temperature at a rate of four data points per minute. All
experiments were performed simultaneously with a control cell containing buffer only; these
data were subtracted as background prior to analysis. Thermodynamic properties were
determined using MeltWin v3.5 software. Data presented are the average of at least five
denaturation/renaturation cycles. The error calculated is the error of the mean.

Circular dichroism (CD) spectroscopy

CD spectra of the tRNAs in a buffer consisting of 10 mM Nay,HPO4 and 10 mM KH,PO4
(final pH 6.8) were collected using a Jasco J600 spectropolarimeter equipped with a Peltier
temperature control accessory. Samples were analyzed at 5°C in a 0.2 cm pathlength quartz
cuvette. All experiments were performed with a control containing buffer only, and these
data were subtracted as background prior to analysis. Data were analyzed by normalizing the
spectra to molar circular dichroic absorbance using Ae =6/32980*(cIn) where ¢ is molar
dichroic absorbance, 0 is ellipticity (mdeg), c is sample concentration (M), | is pathlength
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(cm), and n is the number of nucleotides. Spectra shown are the average of three
independent experiments each performed in triplicate.

Ribosome binding assay

Ribosome binding assays were performed as previously described.>® Briefly, ribosomes
were activated at 42°C, cooled to 37°C and programmed with the respective mRNA (see
mRNAs used below). fMet-tRNAMet was used to saturate the ribosome P-site. 5/-32p-
labeled tRNA was added in increasing concentration (0-5 puM) to the readied ribosome-
mRNA complex. After incubation (60 min at 37°C followed by 15 min on ice) the reactions
were filtered through a nitrocellulose filter using a modified Micro-Sample Filtration
Manifold (Whatman Schleicher & Schuell Minifold) dot-blot apparatus with vacuum. Filters
were air-dried, exposed to a phosphor screen, and scanned using a Typhoon scanner (GE
Healthcare). tRNA was quantified using ImageQuant software. 32P-labeled tRNA of known
concentration was spotted on a nitrocellulose filter to create a standard curve relating
picomoles of tRNA to phosphor units. Dissociation constants were determined using a one-
site specific binding equation in SigmaPlot. Data presented represent at least three
independent experiments each performed in triplicate. The mRNAs used are listed in
Supplemental Experimental Procedures.

GTP hydrolysis and peptidyl transfer kinetics

Tight-coupled ribosomes were prepared from E. coli MREG00 cells using the methods
described by Pan and colleagues.5? E. coli His-tagged EF-Tu, IF1, IF2, and IF3 were
obtained by affinity purification. The templating mRNA for translation was prepared by in
vitro transcription from a synthetic double-stranded DNA template using T7 RNA
polymerase, and purified by electrophoresis in a 7 M urea / 12% polyacrylamide gel. This
RNA contained a standard Shine-Dalgarno sequence and coded for fMQVLYKTHs.
[Sequence = 5-GGGAAG-
GAGGUAAAAAUGCAAGUUCUAUACAAGACUCACCACCACCACCAC-3]

For the GTP hydrolysis assay, reactions were carried out in 70 mM NH,4CI, 30 mM KClI, 3.5
mM MgCl,, 1 mM dithiothreitol, 0.5 mM spermidine, and 50 mM Tris-HCI pH 7.5 (Buffer
A). Ternary complex was formed using a two-step protocol in which EF-Tu was first
incubated with limiting y-32P-GTP (6000 Ci/mmole) for 15 min at 37 °C and then with
excess GIn-tRNA; G for 15 min in an ice bath. Free radiolabeled GTP was removed from
ternary complex by centrifugation through a spin cartridge (Centrispin-20; Princeton
Separations). The flow-through was diluted with Buffer A to give a X2 stock of ternary
complex that contained approximately 1.5 pM EF-Tu, 1.0 uM GIn-tRNA;6", and 16 nM
v-32P-GTP. In parallel, a X2 stock of 70S initiation complex was formed by incubating 70S
ribosome (0.3-5.0 uM) with 1.33-fold molar excess IF1, IF2, IF3, fMet-tRNA;Met and
mRNA in Buffer A supplemented with 1 mM cold GTP for 25 min at 37 °C. The X2
solutions were stored in an ice bath until same day use in a Kintek quench flow apparatus.
GTP hydrolysis reactions were conducted at 20 °C. Reaction aliquots were quenched with
40% formic acid. GTP was separated from P; by thin layer chromatography on PEI-cellulose
in the presence of 0.5 M NaHPO,4 (pH 3.5). Spots were visualized by phosphorimaging and
quantified using ImageQuant.
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To measure dipeptide (fMQ) formation, 70S initiation complex was formed by incubating
0.75 uM 70S ribosome with 0.5 pM 35S-fMet-tRNA;Met and 1.0 pM each IF1, IF2, IF3, and
mRNA in Buffer A with 1 mM GTP for 25 min at 37 °C. Ternary complex was formed by
incubating 1.5 uM EF-Tu with 1 mM GTP in Buffer A for 15 min at 37 °C, after which GIn-
tRNA;C!" was added to 1.0 pM and incubation continued for 15 min in an ice bath. The X2
stocks were rapidly mixed in a Kintek quench flow apparatus at 20 °C. Reaction aliquots
were stopped in 0.8 M KOH. After 1-2 hr at 37 C, 35S-fMet was resolved from 3°S-fMet-
GIn by electrophoresis on a cellulose TLC plastic sheet wetted with 3.48 M HOAc / 62 mM
pyridine (PYRAC; pH 2.7). Bands were visualized by phosphorimaging and quantified
using ImageQuant.

LC-MS/MS analysis

For nucleoside analysis, purified tRNA;C" from E. coli was digested to nucleosides using
nuclease P1 (Sigma), snake venom phosphodiesterase | (Worthington Biochemical
Corporation) and Antarctic phosphatase (New England Biolabs). The nucleosides were
separated using a Hitachi D-7000 HPLC with a Hitachi L-7400 UV detector at 0.3 mL/min
at room temperature on a Synergi Hydro-RP 250 x 2.00 mm column (Phenomenex), using a
gradient of 5 mM ammonium acetate (pH 5.3) and acetonitrile:water (40:60 v/v).61 The
eluent from the column was split, with 2/3 flowing into a UV detector and 1/3 flowing into a
LTQ-XL (Thermo Scientific). The cmnm?®s2U nucleoside standard was a generous gift from
Prof. James McCloskey (University of Utah).

For sequence analysis, purified tRNA;C!" from E. coli was digested with 50 U/pg of RNase
T1 (Worthington Biochemical Corporation) in 20 mM ammonium acetate for 2 h at 37 °C.
Digestion products from 1 pg of RNA were separated using a Thermo Surveyor HPLC
system with an Xbridge C18 1.0 x 150 mm column (Waters) at room temperature with a
flow rate of 40 pL/min. Before each run, the column was equilibrated for 15 min at 95%
Buffer A (200 mM hexafluoroisopropanol (HFIP), 8.15 mM triethylamine (TEA)) and
Buffer B (200 mM HFIP, 8.15 mM TEA:methanol 50:50 v/v). A gradient of 5% B held for 5
min followed by a ramp to 30% B at 7 min and a ramp to 95% B at 50 min and held at 95%
B for 5 min. The eluent was directed into a Thermo LTQ-XL linear ion trap for mass
spectral analysis with a capillary temperature of 275 °C and a spray voltage of 4.5 kV. The
sheath gas was set to 25 arbitrary units, auxiliary gas to 14 and sweep gas to 10. Collision
induced dissociation (CID) tandem mass spectrometry set to 35% was used to obtain
sequence information of the digestion products in data-dependent mode.%2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The abbreviations used are

aa-AMP aminoacyl-adenylate

aaRS aminoacyl-tRNA synthetase

aa-tRNA aminoacyl-tRNA

Ec Escherichia coli

GInRS glutaminyl-tRNA synthetase

IPPase inorganic pyrophosphatase

WT wild-type

fmet formylmethionine

HFIP hexafluoroisopropanol

TEA triethylamine
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Fig. 1.

Secondary structures of E. coli tRNACM isoacceptors. Left: tRNA;CM is depicted in the fully
modified state corresponding to native tRNA isolated from cells. It contains the
hypermodified cmnm?®s2U34 nucleotide in the anticodon wobble position. Right: tRNA,CIN
contains a CUG anticodon is shown with known modified nucleotides. In this work, this
tRNA was analyzed as an unmodified transcript. Modified nucleotides are in boldface.

Differences between the two tRNAs are shown in red.
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Fig. 2.
A: LC-MS/MS of the total nucleoside digest of tRNACIN. The UV trace (260 nm) of the

nucleoside analysis is depicted with all the nucleosides identified by retention time, MS, and
MS/MS labeled on the corresponding peak. B: Extracted ion chromatogram (XIC) of m/z
348 of a chemically synthesized cmnm®s2U standard, a digested sample of the purified
tRNACIN with the standard added, and the purified tRNA showing nearly identical retention
times. C: The MS data of the peak eluting at 15.9 min. in the tRNASG!" sample reveals a peak
at m/z 348.0, consistent with cmnm®s2U.
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A: The total ion chromatogram (TIC) of RNase T1 digested E. coli tRNAC!" and the
accompanying extracted ion chromatogram (XIC) of m/z 1004, which corresponds to the
expected mvz for the fragment with the sequence U[Um]U[cmnm®s2UJUGp. B: The MS
spectrum of the eluent at 28.2 min. depicting the m/z 1004.25, consistent with the sequence
U[Um]U[emnm®s2UJUGp. C: The peak in B was selected for MS/MS analysis. The
resulting fragmentation is consistent with U[Um]U[cmnm?®s2U]UGp with all identified c-
and y-type product ions labeled.
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Thermal stability and base stacking contributions of s2U in tRNACI, A) Thermal
denaturation and renaturation spectra of tRNACI" ;s transcript (black solid line, —) and

tRNACIN, ;G (grey dashed line,

) monitored by UV-absorbance collected at 260 nm.

The profiles shown are averages of three experiments each repeated in triplicate. B) CD
spectra of tRNACIN ¢ transcript (black solid line, —) and tRNACI"g,;c (grey dashed

line,

). Spectra are the averages of normalized molar circular dichroic absorption spectra

(A Ellipticity (cm2/mmol)) collected during three independent experiments.
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Fig. 5.
Cartoon depiction of the structure of E. coli GInRS bound to native, fully modified tRNAGI

and ATP. ATP is shown in red in space-filling representation bound to the catalytic
Rossmann fold domain (green). The tRNA acceptor-end binding domain is at upper right in
blue, the connecting a-helical subdomain is shown in gray, and the proximal and distal 8-
barrels are depicted in yellow and orange, respectively. The newly ordered loop (residues
444-454) in the distal B-barrel domain is shown in space-filling representation, bound to the
modified wobble nucleotide cmnm®s2U34 (shown in red, also in space-filling
representation).
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Fig. 6.

(A?) Superposition of E. coli GINRS structures bound to unmodified tRNA transcripts
containing CUG (blue) and UUG (green) anticodons. The superposition is based on all
corresponding atoms in the tRNA anticodon loops of each structure (residues 32—38 of each
tRNA). Discriminatory hydrogen-bonds inferred from the structure bound to the CUG
anticodon are shown as dotted black lines (see panel B for more detail). However, the
protein backbone adjacent to the U34 wobble base in the UUG anticodon is shifted away,
and the U34 base is rotated out, precluding any such interactions in the UUG anticodon
cocrystal structure. (B) Depiction of the discriminatory hydrogen-bonding interactions made
by wobble base C34 in tRNA,CINc g with a GINRS peptide spanning residues 410-413 of
the distal f-barrel domain. The contacts observed in this structure are very similar to those
previously described, except that (i) the internal nitrogen of the Arg412 guanidinium group,
and not a terminal nitrogen, donates a hydrogen bond to the O2 moiety; (ii) the hydrogen
bond between N4 and the backbone amide at Leu442 was not previously observed.22 (C)
Interactions of unmodified wobble base U34 with GInRS, derived from the cocrystal
structure bound to the tRNA; €N transcript (Table 3). Hydrogen bonds are shown as
dashed purple lines. The U34 ring points into the polypeptide at residues 442—444, so that
the exocyclic O4 moiety makes steric contacts but no favorable hydrogen bonds. The
backbone at positions 412-414 is displaced too far to allow hydrogen-bonds with the O2 and
N3 groups of U34 (see panel A).
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Fig. 7.

A. Electron density maps at 2.5 A resolution, computed with amplitudes from cocrystals
containing native, modified tRNA. The native data were first refined against the final model
derived from the structure of GInRS bound to the unmodified UUG anticodon tRNA and
ATP. The gray map was then computed from amplitudes (2F,-F¢) and is displayed at a
contour level of 0.7 0. The map shown in magenta was computed from amplitudes (Fy-F¢)
and is displayed at a contour level of 3.0 0. Peaks in the latter map adjacent to the exocyclic
2-oxygen and 5-carbon positions of U34 provide evidence for the presence of the
modifications at these positions. The better-ordered surface loop spanning positions Lys444
to Gly449 appears in the (2F,-F¢) map at bottom right. B. Interactions of cmnm®s2U34 with
GInRS. Left: primary structure of cmnm®s2U; Right: van der waals surfaces of atoms in the
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peptide spanning Arg410-Arg412 and at Lys444 are shown as dotted spheres, and hydrogen
bonds are shown as dashed purple lines. The cmnm?® moiety lies adjacent to the backbone at
Lys444 on the N-terminal end of the loop. The O2 moiety of unmodified U34 is displaced
about 1.5 A from the position occupied by the 2-thio group in cmnm?®s2u34 (compare panel
C). C. Superposition of the structures of GInRS bound to the UUG anticodon transcript
RNA (U34 shown in red), and bound to modified native tRNAC!N containing cmnm?®s2U34
(shown in blue). The loop spanning residues 444-454 is at bottom, with the salt bridge
between Arg450 in the loop and adjacent Glu408 also depicted. The fully ordered loop in
the native tRNA cocrystal is shown in green, and the partly disordered loop in the UUG
structure is shown in yellow. The nearly identical orientations of the peptide containing
Arg412 are shown at upper left. The relative orientation of the tRNA anticodon loop and
protein backbone throughout the distal B-barrel domain is the same in these two structures.
The side-chain of Arg410 is not shown for clarity (see panel B).

J Mol Biol. Author manuscript; available in PMC 2015 July 31.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Rodriguez-Hernandez et al.

A

pmols Bound

Fig. 8.

o
-4 0@

pmols Bound

CAA
CAG
CAU
CGA

Page 30

4 =

uM tRNA

uM tRNA

Ribosome A-site codon binding by tRNA;C" and tRNA; g, yuc. A) tRNACI ¢
transcript or B) tRNACI ., bound to glutamine codons CAA (@) and CAG (O) as well
as near cognate codons CAU (¥) and CGA (2). Dissociation constants (Kgy) were calculated

using a one-site specific binding equation in SigmaPlot (Table 4).
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Fig. 9.

Comparison of tRNA;€" |, and tRNA;GIngyug on CAA cognate and CAC near-cognate
codons. A: Time course of GTP hydrolysis at a ribosome concentration of 0.75 uM. Rate
constants derived from single or double exponential fitting of the data sets are presented in
Table 5. The inset shows a linear dependence of kg5 for GTP hydrolysis on the ribosome
concentration. B: Time course of dipeptide formation between fMet-tRNAMet and GIn-
tRNACIN (UUG) and (s2UUG) at an effective ribosome concentration of 0.25 uM. Each data
set was fit to a single exponential. The kyps for peptide bond formation was 0.73 + 0.06 s71

with tRNA;CMe e and 0.16 + 0.01 571 with tRNAgInuUG-
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Table 2

Thermodynamic contributions of s2U

Anticodon  AH (kcal/mol)  AS (cal/K-mol) AG (kcal/mol) T, (°C)

UuG -31+/-6 -102 +/- 19 -1.5+/-0.5 52 +/-3
s2UUG -45+/-5 -137 +/- 16 -2.3+/-0.3 54 +/- 1
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Table 3

X-ray crystallography data collection and refinement statistics

Transcript UUG

Transcript CUG

Native tRNA,;Cn

Spacegroup

Unit cell dimensions a,b,c (A)
a, B, v, (%)

Wavelength (A)

Mosaicity (°)

Resolution range

Total number of reflections
Number of unique reflections
Average redundancy

% Completeness

Rmerge

1/Sig |

Refinement

Waters

No. test set reflections
r.m.s.d bonds (A)/angles (°)

B-factor

Ramachandran preferred/allowed %

Rwork/ Rfree

PDB deposition code

c222,
93.27 236.71 114.01
90.00 90.00 90.00
1.0
1.01
43.37-2.3 (2.38-2.30)
361267
55306
6.53 (6.35)
98.1(94.7)
0.048 (0.266)
12.7 (3.1)

185
9335 (9.5%)
0.0067/1.158
56.8
92.7216.9
0.2301/0.2659
4IXZ

c222,
93.66 234.28 113.02
90.00 90.00 90.00
1.0
0.89
41.13-2.3 (2.38-2.30)
401176
55132
7.28 (7.14)
99.2 (97.4)
0.066 (0.471)
12.0 (2.9)

209
5238 (9.5%)
0.0065/1.104

50.7
93.05/6.2
0.2271/0.2590
4IXX

c222
93.40 234.62 113.70
90.00 90.00 90.00
1.0
0.87
47.44-2.5 (2.58-2.50)
292670
43186
6.77 (6.62)
99.0 (97.0)
0.076 (0.467)
11.9 (3.0)

110
4103 (9.5%)
0.0067/1.39

59.6
91.71/7.73
0.2339/0.2632
43YZ
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Table 4

Binding of tRNACIN (s2UUG) and (UUG) to the ribosome A-site

Kg (uM)@
Anticodon CAA CAG CAU CGA
UuUG 4.06 £0.77 >5.00 NB NB
s2UUG 136+031 384+207 NB NB
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aDissociation constants, Kd (uM), derived from ribosomal A-site codon binding assays. “NB” indicates no measurable binding above background.

“>5.00” indicates binding that did not saturate at 5 uM ribosome-mRNA complex. All errors are standard error of the mean.
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Table 5
Rate constants for GTP hydrolysis

Anticodon  CAA (s} CAC (s Ratio (CAA/CAC)

UuG 0.30+0.01 0.0095 + 0.0004 32
s2UUG 1.57+0.18 0.0530 + 0.0050 30

aAII data were determined in the presence of 0.75 uM 70S ribosome
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