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Abstract
Aminoacyl-tRNA synthetases activate specific amino acid substrates and attach them via an ester
linkage to cognate tRNA molecules. In addition to cognate proline, prolyl-tRNA synthetase
(ProRS) can activate cysteine and alanine and misacylate tRNAPro. Editing of the misacylated
aminoacyl-tRNA is required for error-free protein synthesis. An editing domain (INS) appended to
bacterial ProRS selectively hydrolyzes Ala-tRNAPro, whereas Cys-tRNAPro is cleared by a
freestanding editing domain, YbaK, through a unique mechanism involving substrate sulfhydryl
chemistry. The detailed mechanism of catalysis by INS is currently unknown. To understand the
alanine specificity and mechanism of catalysis by INS, we have explored several possible
mechanisms of Ala-tRNAPro deacylation via hybrid QM/MM calculations. Experimental studies
were also performed to test the role of several residues in the INS active site, as well as various
substrate functional groups in catalysis. Our results support a critical role for the tRNA 2′-OH
group in substrate binding and catalytic water activation. A role is also proposed for the protein’s
conserved GXXXP loop in transition state stabilization and for the main chain atoms of Gly261 in
a proton relay that contributes substantially to catalysis.
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INTRODUCTION
Aminoacyl-tRNA synthetases (aaRSs) play a critical role in protein synthesis. These
enzymes catalyze the covalent attachment of amino acids onto their corresponding tRNAs.1

Catalysis by aaRSs follows a two-step mechanism wherein amino acids are first activated by
ATP to form an aminoacyl-adenylate intermediate. In the second step, the activated amino
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acids are transferred to either the 2′-OH or the 3′-OH of the tRNA via a trans-esterification
reaction. The product of this reaction, aminoacyl-tRNA, is then transported to the ribosomal
machinery by elongation factors. AaRSs often attach structurally similar non-cognate amino
acids to their corresponding tRNAs. If these mistakes are left uncorrected, errors in newly
synthesized proteins accumulate and the resulting mutations can cause mis-folded or
inactive proteins, leading to cytotoxicity.2 Several proofreading mechanisms have evolved
to minimize such errors,3 including editing of aminoacyl-tRNAs either by domains
appended to aaRSs in cis, or by free-standing editing domains that function in trans.4–7 Loss
in editing function of aaRSs has been linked to disease phenotypes.8,9

AaRSs have been shown to carry out two types of editing. Misactivated aminoacyl-
adenylates are cleared by “pre-transfer” editing, while mischarged aminoacyl-tRNAs are
cleared via “post-transfer” editing.10,11 AaRSs are classified into two classes (class I and
class II) based on the evolution of their catalytic domains (aminoacylation active site), and a
subset of both classes of aaRSs encode post-transfer editing domains that are structurally
and spatially distinct from the ancient catalytic core.

Escherichia coli prolyl-tRNA synthetase (ProRS), a class II synthetase, attaches non-cognate
amino acids alanine and cysteine to its cognate tRNAPro at high enough frequencies to
require editing. Ala-tRNAPro is cleared by an editing (INS) domain present in most bacterial
ProRSs.12,13 In contrast, Cys-tRNAPro is not hydrolyzed by INS, but is cleared by a free-
standing domain known as YbaK, which is homologous to the INS domain.4,5,14,15 Both
INS and YbaK belong to the YbaK superfamily that also includes several other known or
putative editing domains including YeaK, PrdX, ProX, and PA2301.4,15,16

Post-transfer editing involves cleavage of the ester bond between the amino acid and the 3′-
terminal ribose moiety of the tRNA. However, the mechanism of catalysis differs for
different editing domains. In the case of YbaK, the reaction is initiated by a nucleophilic
attack of the sulfhydryl group of the substrate cysteine on the carbonyl carbon, leading to the
formation of a thiolactone intermediate and concomitant cleavage of the ester bond.16 For
the majority of editing domains, the reaction is likely initiated by nucleophilic attack of a
strategically positioned water molecule; however, the mechanism of catalytic water
activation, transition state stabilization, and proton transfer from the water to the 3′-terminal
ribose on A76 of the tRNA may differ significantly between different systems. One
recurring theme in editing mechanisms investigated to date, is the role of substrate 2′ or 3′-
OH groups. For example, the crystal structure of a D-aminoacyl-tRNA deacylase-like
domain in Pyrococcus abyssi threonyl-tRNA synthetase (ThrRS) suggests that the 2′-OH
plays a role in activation of a catalytic water molecule for nucleophilic attack.17 Critical
importance of the 3′-OH group of the substrate in editing activities has been previously
shown in the case of both isoleucyl-tRNA synthetase (IleRS) and valyl-tRNA synthetase
(ValRS).18 A role for the 3′-OH group in activation of the nucleophilic water molecule has
also been implicated in the case of E. coli phenylalanyl-tRNA synthetase (PheRS)19 and
recent quantum mechanical/molecular mechanical (QM/MM) studies of the Thermus
thermophilus leucyl-tRNA synthetase (LeuRS) CP1 editing domain suggest a similar role
for the 3′-OH in catalysis.20,21

The mechanism of hydrolysis by the INS domain is poorly understood, in part, due to the
lack of high-resolution structural data on its mode of substrate binding. We have recently
reported a computational model of the INS domain bound to a Ala-tRNAPro substrate
analog, 5′-CCA-Ala.22 This model together with biochemical data allowed us to propose a
binding site for the substrate alanine in which the methyl side chain fits into a well-defined
and tunable hydrophobic pocket. However, the exact orientation of the substrate in the
catalytic center and the detailed mechanism of hydrolysis remain incompletely understood.
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Interestingly, the INS active site is notable for its lack of conserved residues whose side
chains may play a role in catalysis.

In this study, we have combined hybrid QM/MM calculations with biochemical assays to
probe the role of various substrate functional groups and putative active site residues in
catalysis by the E. coli ProRS INS domain. Guided by the requirement of several key
mechanistic steps, such as activation of a catalytic water and stabilization of the transition
state, we explored several feasible computational mechanisms for catalysis. These
mechanisms were evaluated experimentally by altering substrate functional groups and
amino acid residues that were predicted to play a role in catalysis.

Our results are consistent with a mechanism wherein hydrolysis of Ala-tRNAPro by INS is
initiated via activation of a catalytic water molecule by the 2′-OH of the A76 ribose of
tRNA. The tetrahedral intermediate formed is stabilized by the backbone amides of the
conserved 331GXXXP loop. A proton from the catalytic water is shuttled to the O3′ of the
tRNA via the backbone carbonyl of the Gly261 residue. Ser280 and Glu265 residues play
important roles in stabilization of the reaction intermediates. Consistent with this
mechanism, substitution of the 2′-OH of the substrate or deletion of Gly261 leads to
complete loss of hydrolysis activity, whereas mutation of Ser280 or Glu265 leads to
significant loss in activity. These results support the role of both substrate functional groups
and the protein backbone in catalysis.

METHODS
Computational methods

The structural model of the Enterococcus faecalis ProRS INS domain bound to the Ala-
tRNAPro analog 5′-CCA-Ala22 was used as a starting structure for the hybrid QM/MM
calculations. The initial INS domain:CCA-Ala complex including important structural and
catalytic water molecules in the active site of INS domain, obtained from a 10 ns MD
simulation of INS:CCA-Ala complex in a solvated shell at 300 K, was solvated in an 8 Å
octahedral shell of TIP3P23 waters and optimized using the ff0324 force field in
AMBER10.25 The structure was further optimized using the hybrid QM/MM method as
described below.

Hybrid QM/MM calculations
All QM/MM optimizations were carried out using ChemShell26,27 as an interface to
TURBOMOLE (v5.10)28 for the QM atoms, and ChemShell’s internal version of
DL_POLY29 for the MM treatment using the CHARMM force field.30 Geometry
optimization was carried out using the DL-FIND optimizer, employing the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) method. The QM layer was treated using density
functional theory (DFT), specifically the BP8631,32 functional with the SV(P)33 basis set,
and single-point energy calculations were carried out for each optimized geometry with the
same functional and the TZVPP34 basis set. QM atoms included the substrate alanine, the
ribose moiety of A76 of the tRNA analog, Ser280 and His366 side chains, 331GXXXP
backbone atoms, and several structural and catalytic water molecules. In addition, the A76
base of the tRNA and backbone atoms of several additional loops in the vicinity of the
substrate were included, depending on the mechanism being examined (Supplementary
Figure 1). Typically, 90–95 atoms were included in the QM layer. All residues with any
atom within 8Å of the substrate alanine were optimized with MM treatment, while the
remaining residues were fixed. The QM and MM regions were coupled via electrostatic
embedding, with electrostatic interactions handled by the QM code with QM polarization.
Potential energy surface scans were carried out by varying the reaction coordinate, defined
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as the difference between the Ala-C(O)–O3′-A76 (bond cleaved) and Ala-C(O) –OH2 (bond
formed), and optimizing all other degrees of freedom at each step of the fixed reaction
coordinate.

Materials
All amino acids, 3-deaza-adenosine, and standard chemicals were purchased from Sigma
unless otherwise noted. [3H]Alanine (54 Ci/mmol) and [14C]alanine (160 Ci/mmol) were
from PerkinElmer. 2′-Fluoro-2′-deoxyadenosine-5′-triphosphate (2′-F-dATP) and 2′-
Amino-2′-deoxyadenosine-5′-triphosphate (2′-NH2-dATP) were from Trilink
Biotechnologies.

Protein expression and purification
Histidine-tagged wild-type (WT) E. coli ProRS,13 WT E. coli alanyl-tRNA synthetase
(AlaRS),35 and E. coli tRNA nucleotidyl transferase (NTase)18 were purified using the His-
select nickel affinity gel (Sigma) as previously described. The substitution and deletion
mutants of E. coli ProRS were generated using the QuikChange site-directed mutagenesis kit
(Stratagene). Mutations were confirmed by DNA sequencing (Genewiz). All E. coli ProRS
variants were overexpressed in BL21(DE3) cells and purified as described for the WT
protein, except that the deletion mutants were induced with 75 μM of isopropyl β-D-1-
thiogalactopyranoside at room temperature for 12 h. The concentrations of E. coli AlaRS
and NTase enzymes were determined by the Bradford assay.36 The concentrations of WT
and mutant E. coli ProRSs were determined by active site titration.37

Synthesis of 3-deaza-ATP
3-deaza-ATP was synthesized from 3-deaza-adenosine as previously described.38 Briefly,
10 mg of 3-deaza-adenosine in 1 ml of cold trimethylphosphate (PO(OMe)3) was reacted
with 2.9 equivalents of phosphorus oxychloride (POCl3, 99.999%) on ice overnight with
constant stirring to form the monophosphate intermediate. To form the triphosphate, the
reaction was then warmed to room temperature and was further reacted with 84 mg (4.1
equivalents) of tributylammonium pyrophosphate dissolved in 300 μl dry N,N-
dimethylformamide (DMF) for 45 min at room temperature. The reaction was quenched
with 5 ml of 0.1 M triethylammonium bicarbonate (TEAB). The solution was then diluted to
~200 ml with milliQ water and loaded onto a Sephadex-DEAE A25 ion-exchange column
pre-equilibrated with 2.5 mM TEAB. Samples were eluted with a TEAB gradient (0 to 1 M).
The presence of the 3-deaza-ATP product in the eluted fractions was evaluated by
measuring the absorbance at 264 nm. The appropriate fractions were pooled, dried under
vacuum (with the aid of EtOH), and dissolved in 0.1 M triethylammonium acetate (TEAA)
(pH 7.0). The product was further purified by high-performance liquid chromatography
using a C-18 column (GE Healthcare) and eluted with a 50-min gradient from 0 to 60%
acetonitrile in 0.1 M TEAA. Final fractions containing 3-deaza-ATP were pooled, dried
under vacuum and resuspended in milliQ water. The purity and identity of the product was
verified by electrospray ionization mass spectrometry.

Preparation of tRNAs
E. coli tRNAPro (G1:C72,U70 variant to facilitate charging by AlaRS)39 was prepared by in
vitro transcription as described.12 To prepare 3′-end modified tRNAs, a 75-mer run-off
transcript lacking the 3′-terminal adenosine was generated by mutating the BstNI restriction
site, CCAGG, to a SacII restriction site, CCGCGG, at the 3′-end of the tRNA gene in the
DNA plasmid encoding the E. coli tRNAPro G1:C72,U70 variant. The resulting plasmid was
treated with SacII restriction endonuclease for 16 h at 37 °C followed by in vitro
transcription with T7 RNA polymerase. Full-length WT or modified tRNAs were generated
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by incubating 30 μM 75-mer tRNA with 10 μM E. coli NTase and 5 mM ATP (WT), 2′-
deoxyATP (2′-dATP), 3-deaza-ATP, 2′-F-dATP, or 2′-NH2-dATP for 4 h at 37 °C. The
reactions were worked up as previously described.40 Conversion to full-length 76-mer
tRNAs was confirmed by analysis on 0.4 mm thick denaturing 12% polyacrylamide gel.

Preparation of aminoacyl-tRNA substrates
[3H]Ala-A76-tRNAPro (WT), [3H]Ala-2′-dA76-tRNAPro, [3H]Ala-2′-F-dA76-tRNAPro,
[3H]Ala-2′-NH2-dA76-tRNAPro, and [3H]Ala-3deaza-A76-tRNAPro were prepared by
incubating 8 μM of the respective tRNAs with 4 μM WT E. coli AlaRS and [3H]alanine
(12.9 μM) in buffer containing 50 mM HEPES (pH 7.5), 4 mM ATP, 20 mM KCl, 20 mM
β-mercaptoethanol, 25 mM MgCl2, and 0.1 mg/ml BSA for 4 h at 25 °C. Ala-tRNAPro

variants (WT and 3′-end modified) and [14C]Ala-tRNAPro were similarly prepared using
~330 μM of unlabeled or [14C]-labeled alanine, respectively. Following aminoacylation
reactions, the substrate aminoacyl-tRNAs were phenol-chloroform extracted, ethanol
precipitated, resuspended in 50 mM KPO4 (pH 5.0) and stored at −20 °C for use in
deacylation assays.

Deacylation assays
Deacylation of [3H]-Ala-tRNAPro (WT and 3′-end-modified) or [14C]Ala-tRNAPro was
carried out according to published protocols.14,16 Reactions were performed using ~1 μM
aminoacyl-tRNAs and 1.5–5 μM WT E. coli or mutant ProRS in buffer containing 150 mM
KPO4 (pH 7.0), 5 mM MgCl2, 0.1 mg/ml BSA, and 15 μg/ml of inorganic pyrophosphatase
(Roche) at 25 °C unless otherwise indicated. A background reaction lacking enzyme was
carried out in each case. The reactions were monitored by precipitating the tRNA on
Whatman 3MM filter pads followed by scintillation counting.5 All assays were carried out
in triplicate, except for [3H]-Ala-2′-NH2-dA76-tRNAPro, which was performed only once
for technical reasons. For competition assays, at least 10 μM of Ala-2′-dA76-tRNAPro or
Ala-2′-F-dA76-tRNAPro were mixed with ~1 μM [14C]Ala-tRNAPro in similar reaction
buffer, and reactions were initiated by addition of 1.5 μM WT ProRS at room temperature.
In competition assays using the ProRS deletion mutants, 1.5 μM of WT ProRS was mixed
with 9 μM of each of the deletion mutants in deacylation buffer, and reactions were initiated
by the addition of [14C]Ala-tRNAPro at room temperature. Reactions were monitored by
precipitation on filter pads as described above. The fraction of aminoacyl-tRNA remaining
was plotted as a function of time following subtraction of the buffer-only background
reaction, and fitted to a single-exponential equation to obtain kobs. All assays were carried
out in triplicate.

RESULTS AND DISCUSSION
The bacterial ProRS INS domain has been previously investigated using biochemical,13,22,41

structural,42 and computational studies.22 Although there is no available crystal structure of
an INS domain-tRNA complex, the computational model of E. faecalis INS bound to 5′-
CCA-Ala,22 revealed that the aminoacyl moiety binds in a well-defined hydrophobic pocket
formed by residues Ile263, Val266, Ile277, and Lys279 and rationalizes the high specificity
of INS for the substrate alanine. This model was further supported by experimental
mutagenesis studies, which showed a complete switch of the substrate specificity of the INS
domain from alanine to either cysteine or serine, by tuning the size of this hydrophobic
pocket. Thus, this model provides a foundation for further mechanistic studies. Interestingly,
within the putative INS active site pocket, there are very few amino acid side chains that
would be predicted to participate in catalysis. In fact, nearly all of the charged or polar
residues in the active site have been investigated by mutagenesis13,41 (Figure 1), and the
only residues with a significant impact on hydrolytic activity are Lys279, Gly331, and
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His366. Lys279 is conserved throughout the YbaK superfamily and is believed to bind the
A76 phosphate of the tRNA, stabilizing the tRNA conformation.16,22 Gly331 is also
conserved throughout the YbaK superfamily and is part of a conserved GXXXP motif,
which may play an equivalent role to the oxyanionic hole in serine proteases43 and D-Tyr-
tRNATyr deacylases.44 Thus, the Gly331 residue is likely involved in the stabilization of the
oxyanionic transition state formed during the hydrolytic reaction. Based on modeling,
His366 is involved in binding to the substrate through a H-bond to the amide group of the
alanine moiety.22 Consistent with this proposal, an H366A ProRS variant has an altered
deacylation substrate specificity from Ala-tRNA to Pro-tRNA.13 Two other residues,
Asp347 and Asp383, show 2- to 5-fold decreases in deacylation activity upon mutation, but
they lie outside the active-site pocket and most likely play structural roles.

Hydrolysis of the ester bond between the mis-charged amino acid and the tRNA requires
several catalytic steps. In the first step, a water molecule must be activated by a base for
nucleophilic attack of the carbonyl carbon of the scissile ester bond. The resulting
oxyanionic transition state needs to be stabilized for effective catalysis. Finally, a proton is
transferred from the nucleophilic water to the recently cleaved O3′ of the tRNA. Based on
our model of INS:CCA-Ala, we can envision at least three unique scenarios for general base
catalysis that are allowed by the geometry of the substrate in the active site pocket. Because
of its proximity to the catalytic center, a likely candidate for the general base is the 2′-OH
group of the 3′-terminal ribose of the substrate. Another candidate for this role is the N3 of
the 3′-terminal adenine base of tRNA, which could abstract a proton from the catalytic
water via the 2′-OH of the ribose. Finally, the backbone carbonyl of Gly261, which
according to our model lies close to both the catalytic water and the O3′ of A76, may play a
role in shuttling a proton from the water to the O3′. To establish which of these proposed
mechanisms is most feasible, we computed the potential energy surface of each proposed
mechanism and experimentally probed functional groups of the substrate, as well as the
enzyme, to corroborate the findings from the theoretical investigation.

Potential energy surface scans of mechanisms of hydrolysis
Potential energy surface scans were performed using a hybrid QM/MM approach wherein
the catalytic center, such as the substrate alanine, the terminal ribose of the tRNA, side
chains of His366 and Ser280, backbone atoms of the GXXXP loop, and catalytic and
structural waters were treated with DFT methods, and the surrounding protein and solvent
molecules were treated with a force field as described in the methods section. To calculate
the potential energy surface, reaction geometries were optimized at 0.2 Å steps along the
reaction coordinate using the bond length difference constraint, while the reactant and
product geometries were optimized without any constraints. The reaction coordinate refers
to the difference between the bond to be cleaved (Ala-C(O) – O3′-tRNA) and the bond
formed (Ala-C(O) – OH2). It should be noted that the calculations described here ignore
entropic changes in the system and thus the calculated energy barriers represent total energy
differences rather than the free energy differences. The entropic contributions to the
different mechanistic options would be expected to be relatively similar, leading us to a
meaningful conclusion about the best mechanistic pathway from the calculated energies in
this system. This approach provides an approximation of the activation barriers; however,
the relative activation barriers for different mechanisms can be estimated to a high degree.

Mechanism of hydrolysis with N3 of A76 adenine as general base
Several studies of ribozymes, including Hepatitis Delta Virus ribozyme, hammerhead
ribozyme, and Varkud satellite ribozyme, have demonstrated the role of nucleobases in
general acid-base catalysis.45–47 In our model of the INS domain bound to 5′-CCA-Ala, the
N3 atom of A76 lies close to the 2′-OH of the substrate. We evaluated the possibility that
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A76 activates the catalytic water molecule by hybrid QM/MM calculations (Figure 2). In the
reactant geometry (Figure 2A), the catalytic water (W1) forms a H-bond with the 2′-OH of
the substrate, which in turn H-bonds with another water (W2) that is H-bonded to N3 of
A76. As the reaction progresses, a proton from W1 is shuttled to N3 via the 2′-OH and W2,
via a Grotthuss structural diffusion,48 leading to a protonated A76 intermediate (Figure 2B).
In the next step, the proton from the protonated A76 is shuttled back to O3′ of the tRNA via
W2 and 2′-OH, forming a stable hydrolyzed product (Figure 2C). The energy barrier
calculated for this mechanism is ~ 20 kcal/mol (Figure 2D). We also examined a similar
mechanism with A76 mutated to 3-deaza-A, wherein the N3 atom of A76 is replaced with
CH. In this case, a proton is transferred from W1 to the 2′-OH, but downstream transfer to
A76 is not feasible. The barrier for this mechanism is also ~ 20 kcal/mol (data not shown),
suggesting that protonation of the 2′-OH is the rate-limiting step. Consistent with a
relatively high energy barrier for this mechanism, experimental deacylation assays
performed with E. coli ProRS and an Ala-3-deaza-A76-tRNAPro substrate did not show any
significant loss in activity compared to the WT Ala-tRNAPro substrate (Figure 3A). Overall,
these results suggest that a mechanism involving A76 as a general base, while theoretically
feasible, is unlikely to be the mechanism for INS-catalyzed Ala-tRNAPro hydrolysis.

Water activation and proton transfer by 2′-OH
QM/MM studies of the LeuRS CP1 editing domain suggest that substrate hydrolysis
proceeds via activation of the catalytic water by the 3′-OH and transfer of a proton from the
catalytic water to the O2′ of the cleaved ester bond.21 The energy barrier reported for this
mechanism is ~20 kcal/mol. The 3′-endo sugar pucker of the A76 ribose and the orientation
of the substrate carbonyl in our model are not consistent with such a proton transfer;
however, a rotation of the docked 5′-CCA-Ala substrate along the scissile ester bond would
allow concerted proton transfer from the catalytic water (W1) to the O3′ via the 2′-OH
group. Subsequent formation of a H-bond between the substrate carbonyl and the Ser280
hydroxyl could stabilize the oxyanionic transition state (Figure 4A–C). A potential energy
surface scan of this mechanism results in a theoretical energy barrier of 17 kcal/mol (Figure
4D). Since Ser280 plays a critical role in this mechanism, we performed Ala-tRNAPro

deacylation assays with a T280A E. coli ProRS variant (Thr280 in E. coli corresponds to
Ser280 in E. faecalis). This substitution results in a 40-fold loss in enzymatic activity
(Figure 3B), supporting this as a feasible mechanism of hydrolysis by the INS domain.

Water activation by 2′-OH and proton transfer by Gly261 backbone carbonyl
Backbone atoms within catalytic centers are often involved in key H-bonding interactions
that contribute to catalysis.49–51 Due to the high polarizability of the amide bond, backbone
atoms may also participate directly in catalytic processes such as proton transfer. For
example, QM/MM simulations of aldehyde hydrogenase suggest that a backbone amide
proton is transferred to the reaction intermediate during catalysis.51 In the computational
model of INS:CCA-Ala, the backbone carbonyl of Gly261 forms a low barrier hydrogen
bond52,53 with the catalytic water and is situated in an ideal location for proton transfer from
the catalytic water to the O3′ of the tRNA. Also, the backbone amides of Gly261 and
Thr262 form H-bonds with the Glu265 side chain, which results in an increased electron
density on the carbonyl oxygen of Gly261. We calculated the potential energy surface of a
mechanism wherein the catalytic water (W1) is activated by the 2′-OH of the substrate
(Figure 5). As the reaction progresses along the reaction coordinate, the bond between the
oxygen atom of W1 and the carbonyl carbon of the substrate is formed, and a proton from
W1 is transiently shared with the Gly261 carbonyl (Figure 5A) in a Zundel-like complex.54

After the reaction crosses the transition state, the bond between O3′ of tRNA and the
carbonyl carbon elongates, and a proton is shared between the Gly261 carbonyl and the O3′
of the tRNA (Figure 5B). This proton transfer is assisted by quantum fluctuations of the
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structural defect represented by the protonated carbonyl of Gly261 residue, and is stabilized
by the formation of a barrier-less Zundel-like complex where the proton is shared by oxygen
atoms of Gly261 carbonyl and O3′ of the tRNA. Cleavage of the ester bond is accompanied
by transfer of the shared proton to O3′, leading to the formation of a stable product (Figure
5C). The oxyanionic transition state is stabilized by backbone amides of the 331GXXXP
loop. The energy barrier for this mechanism was calculated to be 12 kcal/mol, making it the
most facile mechanism investigated in this study (Figure 5D).

In support of this mechanism, substitution of a 2′-deoxy, 2′-fluoro, or 2′-amino sugar at
A76 resulted in a complete loss of detectable deacylation activity (Figure 3A). On the basis
of these results, we estimate that these single functional group substitutions of the 2′-OH
result in at least a 1000-fold decrease in deacylation efficiency. We also show that Ala-2′-
dA76-tRNAPro or Ala-2′-F-dA76-tRNAPro can competitively inhibit Ala-tRNAPro

deacylation by E. coli ProRS (Figure 3C), which indicates that binding is not significantly
affected by these substitutions. These results are consistent with a role for the 2′-OH group
in activation of the catalytic water. Alternatively, the mechanism for hydrolysis may require
discharge from the 2′-OH group. However, our previously published model of E. faecalis
INS bound to 5′-CCA-Ala,22 is not consistent with the tRNA bound with O2′-Ala
connectivity, which would result in significant steric clash of the substrate ribose or the
terminal adenine base with the protein (data not shown). Mutagenesis studies provide
additional support for the proposed mechanism. Alanine substitution of Gly331, part of
GXXXP loop proposed to be required for stabilization of the transition state, has previously
been shown to result in a 6-fold loss in deacylation activity.41 We also show that E265A E.
coli ProRS is ~ 4-fold reduced in activity relative to the WT enzyme (Figure 3B). The
Ser280 hydroxyl group may also participate in this mechanism by stabilizing the O3′ of A76
via a structural water molecule (Figure 5). Thus, a 40-fold loss in activity of T280A E. coli
ProRS is also consistent with this mechanism.

The mechanism described above suggests a critical role for the Gly261 backbone carbonyl
in catalysis. The carbonyl backbone of the neighboring residue Val260 also points towards
the substrate binding pocket of the INS domain. Neither of these residues is conserved in
bacterial ProRSs. To experimentally examine their role in catalysis, substitution mutations
of the residues are not informative, since their side chains point away from the active site of
the INS domain and are not involved in catalysis. Thus, we tested single and double deletion
mutants of the corresponding residues in E. coli ProRS (ΔAla260, ΔLys261, and ΔAla260/
ΔLys261). All three mutants examined showed a >1000-fold loss in Ala-tRNAPro

deacylation activity (Figure 6A), consistent with our hypothesis that the backbone atoms of
these residues play an active role in catalysis. Deletion of single residues from the substrate
binding loop may also affect binding of the substrate. To investigate this possibility, we
performed Ala-tRNAPro deacylation assays by E. coli ProRS in the presence of each of the
deletion mutants. The lack of competitive inhibition by even a 6-fold excess of the ProRS
deletion mutants (Figure 6B) indicated a defect in tRNA substrate binding ability. Although
substrate binding is affected, none of the deletion mutants were defective in their cognate
proline charging ability relative to WT ProRS (data not shown). We also found that the
global fold of each of these deletion mutants is similar to that of the WT protein, as
evaluated by circular dichroism (CD) spectroscopy (Supplementary Figure 2). Thus,
although Ala-tRNAPro substrate binding appears to be somewhat compromised, the
complete loss in deacylation activity of the mutants is consistent with a functional role for
the Gly261 backbone carbonyl in catalysis.

Role of protein main chain carbonyl groups in catalysis in similar systems
Our QM/MM calculations suggest that the dominant mechanism of catalysis by the INS
domain involves the activation of a catalytic water by the substrate 2′-OH and proposes a
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role for the Gly261 backbone in proton shuttling. This mechanism of catalysis may also be
common to some other deacylases. In YbaK, the substrate binds in an orientation similar to
that observed in the model of the INS domain.16 YbaK, which is a structural homolog of
INS, also lacks catalytic protein side chains in its active site and the 2′-OH group of the
substrate A76 is also required for catalysis.16 Thus, although the substrate sulfhydryl acts as
the nucleophile in this case, these observations suggest that YbaK may also share some
features of the proposed INS mechanism of catalysis. Another example is the structurally
distinct editing domain of ThrRS from P. abyssi (Pab-NTD). The crystal structure of Pab-
NTD bound to post-transfer editing substrate analog 3′-(L-seryl) amino-3′-deoxyadenosine
(Ser3AA) shows a lack of direct involvement of protein side chains in post-transfer
editing.17 It was hypothesized that the 2′-OH of the substrate A76, which is the only base in
the vicinity of the labile bond, may play a role in activation of catalytic water. A closer
examination of this structure shows that the backbone carbonyl of Tyr119 has a direct
interaction with the catalytic water, as well as the nitrogen atom of the amide linkage of the
substrate analog, which would correspond to the O3′ atom of the unmodified substrate. The
lack of any other protein or substrate functional group in the vicinity of the scissile bond
suggests that the Tyr119 backbone carbonyl may play a role in proton shuttling in Pab-NTD.

CONCLUSIONS
We have previously characterized the substrate binding pocket of the E. faecalis ProRS INS
domain by computational and experimental methods.22 This model showed a clear lack of
direct interactions of protein side chains with the substrate in a way that could facilitate
catalysis. In this report, our extensive QM/MM calculations show that catalysis by INS may
not require active participation of protein side chains. The most feasible mechanism of
catalysis involves the activation of the catalytic water by the substrate 2′-OH group and a
proton shuttle from a catalytic water to the nascent O3′ of the tRNA via the backbone
carbonyl of the non-conserved Gly261 residue. We also confirm experimentally that the 2′-
OH is critical for catalysis by E. coli ProRS, but not for substrate binding. Overall, this
mechanism of catalysis resembles the “hybrid ribozyme/protein catalysis” mechanism
proposed for post-transfer editing by the LeuRS editing domain.21 However, in the INS
domain, in addition to the substrate 2′-OH group, functional groups of the protein’s
backbone play an active role in catalysis. The Gly261 carbonyl facilitates a critical proton
transfer and backbone amides of the GXXXP loop help to stabilize the transition state. The
Glu265 residue stabilizes the loop containing the Gly261 residue, and the Ser280 residue
stabilizes the O3′ of the scissile ester bond. Our findings support the role of protein
backbone atoms in catalysis and underscore the importance of including main chain atoms in
QM or QM/MM investigations of enzyme mechanisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structural model of E. faecalis ProRS INS domain bound to Ala-tRNAPro substrate
analog, 5′-CCA-Ala
Active site residues investigated by mutagenesis in this study (V260, G261, E265, and
S280) or in previous studies (T257, K279, G331, S332, G334, and H366 in E. faecalis
ProRS41 and T257, K279, D350, and D386 in E. coli ProRS13) are depicted as stick models.
The corresponding residues in E. coli ProRS are shown in parentheses in cases where they
differ. Residues are colored based on the relative deacylation activity (kobs) of the mutants
relative to WT. Green: ≤ 4-fold decrease; Blue: 4 – 40 fold decrease; Red: > 40-fold
decrease.
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Figure 2. Deacylation of Ala-tRNAPro by E. faecalis ProRS INS domain via A76 as general base
(A) Catalytic water (W1) is activated by the 2′-OH. (B) A proton transfer occurs from W1
to N3 of A76 via the 2′-OH and W2 to form a protonated A76 intermediate. (C) A proton is
subsequently transferred to O3′ via W2 and 2′-OH to form the hydrolyzed product. The
oxyanionic intermediate is stabilized by the GXXXP loop. The reaction coordinate refers to
bond broken (Ala-C(O) – O3′-A76) – bond formed (Ala-C(O) – OH2). Panels A, B and C
show the optimized reactant, intermediate, and products, respectively. (D) The calculated
potential energy surface for this mechanism at the BP86/TZVPP//BP86/SV(P) level of
theory for the QM domain.
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Figure 3. Effect of mutations in substrate functional groups and active site residues on Ala-
tRNAPro hydrolysis by E. coli ProRS
(A) Deacylation of WT [3H]Ala-tRNA and 3′-end modified variants (WT A76 (◆), 3deaza-
A76 (□), 2′-dA76 (○), 2′-NH2-dA76 (✕) and 2′-F-dA76 (▲)) with 5 μM of WT E. coli
ProRS in deacylation buffer without inorganic pyrophosphatase. (B) Effect of point
mutations in the INS active site. Deacylation of [14C]Ala-tRNAPro by 1.5 μM WT (◆),
E265A (□), and T280A (▲) E. coli ProRS. (C) Competitive inhibition assays to probe
binding of 3′-end modified Ala-tRNAPro substrate analogs. Deacylation of [14C]Ala-
tRNAPro by 1.5 μM WT E. coli ProRS in the absence (ProRS only, ◆) and presence of ~10
μM Ala-2′-dA76-tRNAPro (2′-deoxy, ○) and Ala-2′F-dA76-tRNAPro (2′-fluoro, ▲).
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Figure 4. Deacylation of Ala-tRNAPro by E. faecalis ProRS INS domain via 2′-OH as general
base
(A) The catalytic water (W1) is activated by the 2′-OH. (B) A proton from W1 is transferred
to O3′ via the 2′-OH in a concerted mechanism. (C) Oxyanionic intermediate is stabilized
by the S280 sidechain. The reaction coordinate refers to bond broken (Ala-C(O) – O3′-A76)
– bond formed (Ala-C(O) – OH2). Panels A, B and C show the optimized reactant, transition
state, and products, respectively. (D) The calculated potential energy surface for this
mechanism at the BP86/TZVPP//BP86/SV(P) level of theory for the QM domain.
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Figure 5. Deacylation of Ala-tRNAPro by E. faecalis ProRS via proton relay involving Gly261
backbone carbonyl
(A) Catalytic water (W1) is activated by the 2′-OH. (B) Proton transfer from W1 to O3′ is
facilitated by the Gly261 backbone carbonyl. The oxyanionic intermediate is stabilized by
the GXXXP loop. (C) Transfer of the proton to O3′ and formation of product. The reaction
coordinate refers to bond broken (Ala-C(O) – O3′-A76) – bond formed (Ala-C(O) – OH2).
Panels A, B and C show the optimized reactant, transition state, and products, respectively.
(D) The calculated potential energy surface for this mechanism at the BP86/TZVPP//BP86/
SV(P) level of theory for the QM domain.
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Figure 6. Effect of deletion of active site residues on Ala-tRNAPro hydrolysis by E. coli ProRS
(A) [14C]Ala-tRNAPro deacylation by 1.5 μM WT (◆), ΔAla260 (○), ΔLys261 (▼), and
ΔAla260/ΔLys261 (□) E. coli ProRS. (B) [14C]Ala-tRNAPro deacylation by 1.5 μM E. coli
ProRS in the absence (WT ProRS only, ◆) or presence of ~9 μM ΔAla260 (WT+ ΔA, ▼),
ΔLys261 (WT+ ΔK, □), and ΔAla260/ΔLys261 (WT+ ΔA-K, ○) ProRS. Deacylation by
~9 μM ΔAla260 (ΔA only, ▽), ΔLys261 (ΔK only, ■), and ΔAla260/ΔLys261 (ΔA-K
only, ●) ProRS is also shown.
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