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Summary
Aminoacyl-tRNA synthetases catalyze the attachment of specific amino acids to their cognate
tRNAs. Specific aminoacylation is dictated by a set of recognition elements that mark tRNA
molecules as substrates for particular synthetases. Escherichia coli prolyl-tRNA synthetase (ProRS)
has previously been shown to recognize specific bases of tRNAPro in both the anticodon domain,
which mediate initial complex formation, and in the acceptor stem, which is proximal to the site of
catalysis. In this work, we unambiguously define the molecular interaction between E. coli ProRS
and the acceptor stem of cognate tRNAPro. Oxidative cross-linking studies using 2′-deoxy-8-oxo-7,8-
dihydroguanosine-containing proline tRNAs identify a direct interaction between a critical arginine
residue (R144) in the active site of E. coli ProRS and the G72 residue in the acceptor stem of
tRNAPro. Assays conducted with motif 2 loop variants and tRNA mutants wherein specific atomic
groups of G72 were deleted, are consistent with a functionally important hydrogen bonding network
between R144 and the major groove of G72. These results taken together with previous studies
suggest that breaking this key contact uncouples the allosteric interaction between the anticodon
domain and the aminoacylation active site, providing new insights into the communication network
that governs the synthetase-tRNA interaction.
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1. Introduction
Aminoacyl-tRNA synthetases catalyze the attachment of specific amino acids to their cognate
tRNAs. This reaction is critical for ensuring high fidelity translation of the genetic code.
Specific tRNA binding and aminoacylation are dictated by a set of recognition elements
primarily found in the anticodon and acceptor stem of the tRNA [1]. Despite the availability
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of a large number of X-ray crystal structures of synthetase-tRNA complexes, in most systems,
the path of communication between the anticodon recognition event and the site of catalysis,
which is located ~70 Å away, is unknown and remains a major open question in the field. Both
short- and long-range thermal motions and an allosteric network of functional protein-RNA
interactions are likely to play an important role in this process [2–6].

Escherichia coli prolyl-tRNA synthetase (ProRS) is a class II synthetase previously shown to
recognize elements in both the anticodon and acceptor stem of tRNAPro [7,8]. These data are
in good agreement with the X-ray crystal structure of Thermus thermophilus ProRS complexed
to the anticodon of its cognate tRNA [9]. Although a co-crystal structure of a ProRS with the
tRNA acceptor stem bound has not been reported to date, biochemical data have shown that
E. coli ProRS recognizes major groove elements of acceptor stem nucleotides A73 and G72
of E. coli tRNAPro [10]. The latter position is unique to tRNAPro isoacceptors in E. coli [7,
11]. Furthermore, residue R144 of E. coli ProRS, which is located in the so-called “motif 2
loop” sequence, 143VRPRF147, is critical for efficient aminoacylation. An R144C substitution
completely abolishes tRNA charging, but has no effect on amino acid activation [10]. Cross-
linking experiments confirmed the close proximity between the motif 2 loop and the tRNA
acceptor stem [10]. Based on these data, a specific interaction between the motif 2 loop and
the acceptor stem was proposed [10]. However, due to the length and location of the tether
used in the previous cross-linking studies, the exact nature of the interaction could not be
elucidated.

A novel method of oxidatively inducing DNA-protein cross-links has been reported using 2′-
deoxy-8-oxo-7,8-dihydroguanosine (OG)-substituted DNA [12,13]. In the presence of
Na2IrCl6, OG is readily oxidized to create an electron-deficient center highly susceptible to
attack by a nearby nucleophilic protein side chain [12,14]. Since cross-link formation requires
that two functional groups be within hydrogen bonding distance, interactions can be mapped
with high precision using this approach. Furthermore, studies are consistent with a mechanism
of cross-linking involving nucleophilic attack of an amino acid side chain (e.g., lysine or
arginine) at C5 in the major groove of oxidized OG. Although to our knowledge this method
has never been applied to the study of RNA-protein interactions, this appeared to be a promising
approach in our system for fine structure mapping of the ProRS motif 2 loop-tRNAPro acceptor
stem interaction.

In this work, the molecular interactions between E. coli ProRS and the acceptor stem of cognate
tRNAPro are elucidated using aminoacylation assays and cross-linking with OG-containing
tRNAs. The results presented here strongly support a direct hydrogen bonding interaction
between a critical arginine residue in the active site of E. coli ProRS and major groove
functional groups of G72 in the acceptor stem of tRNAPro. We hypothesize that the R144-G72
interaction constitutes a key component of the network that communicates the anticodon
recognition event to the site of catalysis. Thus, more precisely defining this hydrogen-bonding
network contributes to our understanding of allosteric coupling junctions influencing long-
distance communication in this system.

2. Materials and methods
2.1. Enzyme Purification and Site-Directed Mutagenesis of ProRS

Purification of His-tagged wild-type E. coli ProRS was accomplished as described previously
[15]. Site-directed mutagenesis of the motif 2 loop residues was accomplished by overlap
extension PCR [16] using DNA primers encoding the desired changes. There is only one
cysteine in wild-type E. coli ProRS and this change was previously shown to result in only a
minor reduction in aminoacylation efficiency [10]. Due to their availability, three motif 2
mutant proteins (V143C, R144C, and R146C) additionally containing a C443G mutation were
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also studied in this work. The entire gene was sequenced to verify the specified mutation and
to ensure that the mutagenesis procedure did not introduce undesired mutations. E. coli strain
SG13009 [pREP4] (Qiagen) was transformed with the mutant plasmids for overexpression and
purification, which were performed as described for the wild-type enzyme. ProRS
concentrations were based on active-site titrations determined by the adenylate burst assay
[17].

2.2. RNA Preparation
Semi-synthetic E. coli ΔC1-tRNAPro was prepared from two fragments as previously described
[18]. The omission of C1 facilitates in vitro transcription and results in a tRNA substrate that
is ~3-fold more active than a C1-containing tRNAPro transcript. 5′-3/4-length (nucleotides 1–
57) fragment of tRNAPro was in vitro transcribed using a DNA template linearized by BstBI
digestion of the plasmid used to obtain full-length E. coli ΔC1-tRNAPro as described [8]. The
3′-16-mer fragment was chemically synthesized using the phosphoramidite method on an
Expedite™ 8909 Nucleic Acid Synthesis System (PerSeptive Biosystems). The modified
deoxynucleotides 8-oxo-7,8-dihydroguanosine (OG), 2-aminopurine (2AP), 7-deaza-A (7A),
and 7-deaza-G (7G) (all from Glen Research), were incorporated into position 72 or 73 (tRNA
numbering) of the synthetic 3′-16-mer during automated chemical synthesis. Synthetic
oligonucleotides were purified on 16% denaturing polyacrylamide gels followed by elution
and work-up as described [18]. [32P]-Labeling of the 5′-end of the 16-mer oligonucleotides
was carried out following the manufacturer’s protocol using [γ-32P]-ATP (New England
Nuclear) and polynucleotide kinase (New England Biolabs). Semi-synthetic tRNA molecules
were generated by annealing 1:1 ratios of 5′-3/4-length tRNAs to 3′-16-mer RNA fragments
at 60 °C for 3 min, followed by addition of MgCl2 to 10 mM final concentration, cooling at
room temperature for 5 min and placement on ice.

2.3. Aminoacylation Assays
Aminoacylation assays were carried out essentially as described previously [15,19]. Kinetic
assays using wild-type, R144K and R144L E. coli ProRS were performed with 50–200 nM
enzyme and 2–20 μM E. coli ΔC1-tRNAPro. The kinetic constants were derived from
Lineweaver-Burk plots. In the case of semi-synthetic tRNAs containing acceptor stem
mutations at position 72 or 73, relative kcat/KM values were determined either from
Lineweaver-Burk plots or from the initial rates of aminoacylation, which are proportional to
RNA concentration under the conditions used for these experiments. Thus, Vo/[S] is an accurate
reflection of kcat/KM.

2.4. Cross-linking Reactions
RNA-protein cross-linking reactions were carried out using a modification of the procedure
described by Burrows and co-workers [12]. Wild-type or mutant ProRS (1–5 μM) and wild-
type or OG72-containing semi-synthetic 5′-[32P]- ΔC1-tRNAPro (5–10 μM) were incubated in
50 mM HEPES (pH 7.5) for 5 min at room temperature, followed by addition of 100 μM
Na2IrCl6 (Alfa Aesar). In some experiments, proline, ATP, proline + ATP, or 5′-O-[N-(L-
prolyl)sulfamoyl]adenosine (Pro-AMS) were added to a final concentration of 20μM prior to
addition of Na2IrCl6. After 4 h of incubation at room temperature, reactions were quenched
with 50 nM EDTA (pH 8.0). Reaction mixtures were loaded onto 8% sodium dodecyl sulfate-
polyacrylamide gels, visualized, and quantified via phosphorimaging analysis of the dried gel.

3. Results and Discussion
We first incorporated amino acid substitutions lysine and leucine at position 144 in the motif
2 loop of E. coli ProRS. Mutation of the positively charged R144 side chain to a neutral leucine
residue resulted in an 870-fold reduced aminoacylation catalytic efficiency (Table 1). Even the
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conservative change to lysine resulted in a large 480-fold decrease in kcat/KM (Table 1).
Interestingly, in both cases, the defect was entirely in the kcat parameter, with little effect on
the KM. These data confirmed the sensitivity of ProRS to changes at this site and showed that
the defect was not at the binding step.

Previously, we hypothesized that residues in the motif 2 loop interact closely with acceptor
stem residues G72 and A73. If a hydrogen bonding interaction between R144 and G72 and/or
A73 occurs, the decrease in aminoacylation caused by mutations at these nucleotides [8] may
be completely or partially suppressed by the R144 mutants. We indeed demonstrate in this
work that aminoacylation of G72A-tRNAPro is reduced 170-fold compared to wild type
tRNAPro when assayed with wild-type ProRS, whereas only a 2.6-fold decrease is observed
with R144K ProRS (relative to charging of wild-type tRNAPro by R144K ProRS) (Table 2).
Interestingly, R144L ProRS actually prefers G72A-tRNAPro as a substrate; the aminoacylation
efficiency measured with this variant is 2.4-fold greater relative to aminoacylation of wild-
type tRNAPro (Table 2). These results are consistent with a functional interaction between
position 144 of ProRS and G72 of tRNAPro. However, similar results were obtained with an
A73G tRNA variant (Table 2). Whereas the kcat/KM of this tRNA is 175-fold reduced in the
presence of wild-type ProRS, R144K and R144L ProRS variants are not sensitive to the change
of A73 to G.

We also reported that mutations of other positions in the motif 2 loop have significant but much
more modest (3- to 80-fold) effects on aminoacylation [10]. To confirm the positional
specificity of the G72/A73 interaction within the motif 2 loop, we further tested two additional
motif 2 loop mutants (V143C and R146C) that were previously reported to result in 3-fold and
79-fold decreases in kcat/KM, respectively. Here we report that, in contrast to the results
obtained with R144 variants, V143C ProRS and R146C ProRS displayed large decreases (230-
fold and >106-fold, respectively) in aminoacylation of G72A-tRNAPro relative to charging of
wild-type tRNAPro (Table 2). Similar results were obtained with A73G-tRNAPro. These results
show that activity changes due to V143C and R146C mutations are not suppressed by mutation
of G72A and A73G of tRNAPro, and therefore, they do not support a functional interaction
between V143 or R146 and positions 72/73 of the acceptor stem.

Nucleotide base changes such as those described above may also result in indirect effects due
to conformational or stacking differences induced by the mutations. More subtle atomic group
substitutions or deletions are less likely to have these indirect effects. To further define the
nature of the interaction between R144 and G72/A73, atomic group mutants were incorporated
into semi-synthetic tRNAPro constructs. Substitution of 2-aminopurine at position 72, which
removes the major groove 6-keto oxygen, results in a 30-fold decrease in aminoacylation by
wild-type ProRS, but only a 2.5 fold decrease with R144K ProRS (Table 2). Similar to the
G72A variant, this mutant displays slightly increased activity with R144L. These data support
a direct hydrogen bonding interaction between R144 and the major groove oxygen of G72.
Substitution of the N7 position with a carbon by incorporation of 7-deaza G72, results in a 52-
fold decrease in charging by wild-type ProRS but only a 2.1-fold decrease in the case of R144K
ProRS and a striking 17-fold increase with R144L. The latter may be due to more favorable
nonpolar packing between the leucine side chain and the carbon at position 7 (in contrast to
the unfavorable polar surface area of N7) [20]. In contrast to the results obtained at position
72, the effects of substituting neighboring base A73 with 7-deaza A are not significantly
suppressed (3-fold or less) by changes at R144 (Table 2). In particular, the R144L variant is
as sensitive to the 7-deaza A73 change as wild-type ProRS. Taken together, we conclude that
R144 interacts preferentially with G72 through two hydrogen-bonding interactions with the 6-
keto oxygen and N7 position in the major groove.
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We next incorporated OG into the acceptor stem of semi-synthetic E. coli tRNAPro at the critical
G72 position. This substitution resulted in only a small (< 2-fold) decrease in aminoacylation
by wild-type ProRS (data not shown). Previous work also showed that deoxynucleotide
substitution at G72 resulted in a minor (1.2-fold) reduction in kcat/KM [18]. Unmodified and
OG-containing tRNAs were incubated with wild-type, R144K, R144L, or R144C E. coli ProRS
and Na2IrCl6. As mentioned earlier, these mutations on ProRS did not negatively affect the
KM values for tRNAPro (Table 1), suggesting that the defects are not in the binding step.
Following the cross-linking reactions, samples were analyzed on denaturing polyacrylamide
gels (Fig. 1).

As shown in Fig. 1, a cross-linked adduct is detected when wild-type and R144K ProRS are
incubated with OG72-tRNA under oxidative conditions (lanes 1 and 2). Cross-linking is
dependent upon the presence of an arginine or lysine residue at position 144, as R144L ProRS
shows only slight non-specific (see below) cross-linking (lane 3) and no cross-link is detected
with R144C ProRS (lane 4). Cross-linking is not observed in the control reactions using
unmodified tRNAPro (data not shown). These results support the conclusion that residue 144
is in close proximity (~1.5 Å) to G72 and that both arginine and lysine side chains can react
with oxidized OG, as previously reported [13,14]. The lack of cross-link formation with R144C
and R144L ProRS suggests that the nearby motif 2 loop residue, R146, is not involved in close
interaction with G72 and cannot substitute for the function of R144. This result is consistent
with the kinetic data for R146C ProRS, which also suggested that R146 is not functionally
involved in interaction with G72/A73 (Table 2). To confirm this hypothesis further, we showed
that a R146C ProRS variant cross-links to OG72-tRNA, albeit with an ~1.3-fold reduced yield
relative to wild-type or R144K ProRS (Fig. 1, lane 5), which may be due to non-optimal
positioning of the R144 side chain with respect to the major groove of OG72. Taken together,
these data support the role of R144 in specific cross-link formation to OG72.

The crystal structure of T. thermophilus ProRS bound to prolyl-adenylate shows a close
interaction between the adenylate and the motif 2 loop, as well as an ordering and movement
of the loop upon substrate binding [21]. To gain further support for the specific involvement
of E. coli ProRS motif 2 loop residues in cross-link formation, we performed cross-linking
studies in the presence of proline, ATP, proline and ATP, or a non-hydrolysable sulfamoyl
analogue of prolyl-adenylate, Pro-AMS.

The efficiency of OG72-tRNAPro cross-linking to R144K ProRS is suppressed only slightly
in the presence of proline alone (−1.4-fold) or ATP alone (−2.8-fold), but is more significantly
reduced in the presence of Pro-AMS (−4.5-fold) or both proline and ATP (−5.9-fold) (Fig. 2).
These results support the proximity of the observed cross-linked adduct to the aminoacylation
active site, and suggest either that conformational changes upon adenylate formation result in
the reduced level of cross-link formation, or that the adenylate sterically blocks interaction of
G72 with active site residues. In contrast, the slight cross-linking observed with R144L ProRS
(Fig. 1, lane 3) is not affected by the presence of substrates (data not shown), indicating that
the cross-linking observed with this variant is likely due to non-specific interactions outside
the active site.

In summary, mutagenesis and kinetic data, together with a novel cross-linking approach were
used to identify a specific hydrogen bonding interaction between the arginine side chain at
position 144 of the motif 2 loop of E. coli ProRS and the major groove functional groups of
G72 in the tRNAPro acceptor stem. Changes at R144 do not substantially alter the Michaelis
constant for tRNA, but significantly affect the kcat parameter. Transfer RNA aminoacylation
has been described as a multistep process involving initial formation of an “encounter
complex”, which generally depends on specific anticodon interactions, followed by an
“accommodation” process that involves conformational changes in both partners resulting in
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correct positioning of the CCA end in the active site [22]. We propose that the R144-G72
contact plays a critical role in the latter process, in effect coupling the anticodon recognition/
binding event to catalysis by optimally positioning the CCA-3′ end into the active site. The
results also indicate that A73 is likely to be involved in a hydrogen-bonding network involving
nearby motif 2 loop residues, although the exact nature of this interaction is not yet clear.

Based on deposited structures in the Protein Data Bank (http://www.pdb.org), arginine-
guanosine interactions are the most abundant contacts found in the amino acid-nucleotide
interaction database (AANT; http://aant.icmb.utexas.edu/) [23]. Thus, the biochemical
approaches described here should be widely applicable to the identification of nucleic acid-
protein interactions for which high resolution structural information obtained by NMR or X-
ray crystallography is not available.
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Fig. 1.
Denaturing polyacrylamide gel (8%) showing the results of oxidative cross-linking of semi-
synthetic OG72-tRNAPro to wild-type (lane 1) and mutated E. coli ProRS (lane 2–5). As
discussed in the Materials and Methods, R144C (lane 4) and R146C (lane 5) ProRS variants
contain an additional C443G mutation. The cross-linked adduct is indicated by an arrow.

Burke et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Denaturing polyacrylamide gel (8%) showing the results of oxidative cross-linking of semi-
synthetic OG72-tRNAPro to R144K E. coli ProRS in the absence (lane 1) and presence of the
indicated substrates (lanes 3–5) or the Pro-AMS adenylate analogue (lane 4). The cross-linked
adduct is indicated by an arrow.
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