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Grant B. Fortowsky, Daniel J. Simard, Mohamed M. Aboelnga, and James W. Gauld*

Department of Chemistry and Biochemistry, University of Windsor, Windsor, Ontario N9B 3P4, Canada

*S Supporting Information

ABSTRACT: Aminoacyl-tRNA synthetases (aaRSs) are cen-
tral to a number of physiological processes, including protein
biosynthesis. In particular, they activate and then transfer their
corresponding amino acid to the cognate tRNA. This is
achieved with a generally remarkably high fidelity by editing
against incorrect standard and nonstandard amino acids. Using
docking, molecular dynamics (MD), and hybrid quantum
mechanical/molecular mechanics methods, we have inves-
tigated mechanisms by which methionyl-tRNA synthetase
(MetRS) may edit against the highly toxic, noncognate, amino
acids homocysteine (Hcy) and its oxygen analogue, homo-
serine (Hse). Substrate-assisted editing of Hcy-AMP in which
its own phosphate acts as the mechanistic base occurs with a
rate-limiting barrier of 98.2 kJ mol−1. This step corresponds to nucleophilic attack of the Hcy side-chain sulfur at its own carbonyl
carbon (CCarb). In contrast, a new possible editing mechanism is identified in which an active site aspartate (Asp259) acts as the
base. The rate-limiting step is now rotation about the substrate’s aminoacyl Cβ−Cγ bond with a barrier of 27.5 kJ mol−1, while
for Hse-AMP, the rate-limiting step is cleavage of the CCarb−OP bond with a barrier of 30.9 kJ mol−1. A similarly positioned
aspartate or glutamate also occurs in the homologous enzymes LeuRS, IleRS, and ValRS, which also discriminate against Hcy.
Docking and MD studies suggest that at least in the case of LeuRS and ValRS, a similar editing mechanism may be possible.

Enzymes catalyze many of the rich variety of chemical
reactions essential for life and, furthermore, often do so with

outstanding efficiencies. A key aspect of how they are able to
perform such a role so effectively is their often high specificity,
both in terms of substrate(s) on which the enzyme acts and the
reaction(s) it can perform. As a result, there is considerable
interest in understanding how they are able to achieve such
remarkable specificity.1−3

Aminoacyl-tRNA synthetases (aaRSs) make up a ubiquitous
class of enzymes that has been attracting an increasing amount of
attention. This is in part due to their central role in protein
biosynthesis, as well as a diverse range of biochemical processes,
including inflammation, cell death, and viral assembly.4−6 More
specifically, they catalyze the activation of their corresponding
amino acid and the subsequent aminoacylation of their cognate
tRNA (tRNAaa).7,8 These reactions are thought to proceed via
substrate-assisted mechanisms in which the substrates them-
selves catalyze their transfer onto the tRNAaa.9,10 Central to their
physiological roles, however, is the difficult yet essential task of
discriminating between amino acids. Indeed, it has been
suggested that the error rate in translation cannot exceed 10−4

for proper growth and function.11,12 This can be particularly
problematic for aaRSs whose cognate amino acid is structurally
similar or isoelectronic with another. For example, ThrRS must
discern its substrate threonine from serine and valine.9,13,14 This
matter is further complicated as aaRSs must also discriminate
against other species such as the nonstandard amino acids

homocysteine (Hcy) and homoserine (Hse).15−17 The latter are
highly reactive, and their incorporation into proteins has been
implicated in a number of diseases, including stroke, cancer, and
Alzheimer’s.18

Some aaRSs are able to achieve remarkably high fidelity within
their aminoacylation active site. For example, cysteinyl-tRNA
synthetase is able to discriminate its intended substrate cysteine
from serine by a factor of 108.19 However, many aminoacyl-tRNA
synthetases have developed alternate approaches to help ensure a
high level of accuracy.11,20 More specifically, they utilize pre-
and/or post-transfer editing.21 In pretransfer editing, discrim-
ination against non-native substrates generally occurs within the
aminoacylation active site prior to aminoacylation of their
cognate tRNA (tRNAaa).22,23 In contrast, post-transfer editing
typically utilizes a second active site, the editing site, whose role is
to remove the aminoacyl moiety from misacylated tRNA.13,21,24

For example, threonyl-tRNA synthetase is thought to discern
among threonine, serine, and valine9,13,14 via a double-sieve
model.25,26 First, its aminoacylation site acts to exclude valine,
while its editing site catalyzes the hydrolytic removal of serinyl
from misacylated tRNAThr. ProRS is thought to edit against both
alanine and cysteine by a triple-sieve mechanism.27 A second
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editing site hydrolytically cleaves mischarged Ala-tRNApro,28

while a YbaK protein is proposed to provide a third editing
site29−31 to cleave mischarged cysteine-tRNAPro through a self-
cyclization mechanism.27,32 It is noted that X-ray crystal
structures of the editing domain of IleRS indicate that it can
recognize both misactivated valine (Val-AMP) and its Val-
misacylated cognate tRNA (Val-tRNAIle). Thus, pretransfer
editing has been proposed to be possible also in the editing site.33

However, whether this in fact occurs has been questioned
because of a lack of evidence to support the corresponding return
journey of the correct aminoacyl adenylate.22

In particular, methionyl-tRNA synthetase (MetRS) has been
suggested to be able to discriminate its native methionyl (Met)
substrate from the nonstandard amino acid homocysteine
(Hcy).16,17,34 In experimental rapid quenching studies of
MetRS without its cognate tRNA present, a significant rate of
hydrolysis of misactivated Hcys was observed.34,35 Thus, it was
proposed that MetRS uses a pretransfer editing-type approach in
which the active site pocket exploits differences in binding
positions of the two aa-AMPs (Scheme 1).16,17,35,36 In the case of

Met-AMP, a Met-binding subsite induces the methionyl moiety
to bind in a linear-like fashion, suitably positioning it for
aminoacyl transfer onto the cognate tRNAMet.37 In contrast, in
the case of Hcy, a Hcy-binding subsite and the active site
environment result in it preferentially binding in a bent or curled

position.35 Significantly, as a result, its thiol tail is closer to its
carbonyl carbon (Ccarb) center. Indeed, the thiol sulfur is now
well-positioned to nucleophilically attack Ccarb, leading to
cleavage of the Met−OAMP bond and formation of a cyclic
thiolactone. That is, editing via a self-cyclization mechanism is
enhanced.
However, this proposal is not without some controversy. In

particular, site-directed mutagenesis studies were unable to
definitively confirm or refute the proposed thiol-binding
subsite.38 Furthermore, it has been noted that Hcy is arguably
the most reactive amino acid.18,39 Hence, by the simple release of
Hcy-AMP from the active site of MetRS, self-cyclization may
occur.38

In the study presented here, a multiscale computational
approach has been used to investigate possible pretransfer
editing mechanisms by which methionyl-tRNA synthetase
(MetRS) may discriminate against the toxic nonstandard
amino acids homocysteine (Hcy) and homoserine (Hse). In
particular, docking, molecular dynamics (MD), and quantum
mechanical/molecular mechanics (QM/MM) methods have
been applied. In addition, the applicability of such editing
mechanisms to several other aminoacyl-tRNA synthetases that
also edit against Hcy and Hse has also been considered.

■ COMPUTATIONAL METHODS

MD Simulations. Molecular Operating Environment
(MOE) was used for model preparation and determination of
the binding orientation of the substrate within the active site.40

Appropriate X-ray crystal structures of the aaRSs considered
herein [Protein Data Bank (PDB) entries 2CT8 (MetRS),41

1GAX (ValRS),42 1JZQ (IleRS),42 and 3ZGZ (LeuRS)43] were
used as templates with their bound substrates and/or substrate
analogues being modified to Hcy-AMP or Hse-AMP, and
missing hydrogen atoms were then added. The protonate three-
dimensional application in MOE was used to assign each residue
its ionization state. Each complex was then spherically solvated
by adding a layer of water (740 molecules) to represent the
solvent environment. The geometry of each complex was then
optimized using the AMBER99 molecular mechanics force field
until the root-mean-square deviation (rmsd) gradient of the
energy fell bellow 0.01 kJ mol−1 Å−1. This structure was used as
the initial starting point for MD simulations in which all atoms
were free to move. The MD simulations were preformed using

Scheme 1. Illustration of the MetRS-Catalyzed (i) Aminoacyl
Transfer Reaction for Met and (ii) Proposed16,17,34 Hcy-AMP
Editing Mechanism

Figure 1. Schematic illustration of the QM/MM chemical model used for MetRS with Hcy-AMP bound within its active site. Atoms in the high (QM)
layer are shown as balls and sticks, while for the sake of clarity, the MM layer has been omitted.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00588
Biochemistry 2015, 54, 5757−5765

5758

http://dx.doi.org/10.1021/acs.biochem.5b00588


the NAMD program43 under constant pressure and temperature,
with a time step of 2 fs. Coulombic interactions were calculated
using the PME method, while short-range van der Waals
interactions were truncated at 8−10 Å. The system was initially
equilibrated for 0.1 ns at 300 K followed by a production run
within theNPT ensemble at 300 K and 1 bar for 10 ns. Structures
were then clustered into 10 groups on the basis of active site
rmsd, and the most representative average structure of the
highest populated cluster was chosen as a starting point for the
subsequent QM/MM model (see below).
ONIOM (QM/MM). All QM/MM calculations were pre-

formed within the ONIOM formalism as implemented in
Gaussian 09.44−47 A suitable chemical model was derived from
the chosen average structure described above by truncating the
complex. Specifically, each model consisted of the substrate (e.g.,
Hcy-AMP) and extended outward to include the three
surrounding layers of amino acids and consisted of more than
2000 atoms.
For the MetRS···substrate complex, the QM region consisted

of the substrate (Hcy-AMP or Hse-AMP), Asp259 and backbone
amide bonds, the R groups of active site residues Asp52 and
Lys57, and three active site water molecules (Figure 1). Cartesian
coordinates of the QM layer are provided in the Supporting
Information (Table S1). All other residues and atoms were
placed in the MM layer. All atoms in the QM region as well as all
those within 10 Å of the substrate were free to move, while all
others were held fixed at their MD-optimized positions. It should
be noted that several models with systematically larger QM
regions were initially used. The model described above is the one
that was ultimately used for all mechanisms examined to facilitate
their direct comparison. Optimized structures, frequencies, and
Gibbs free energy corrections (ΔEGibbs) were obtained at the
ONIOM [B3LYP/6-31G(d,p):AMBER96] level of theory
within the mechanical embedding (ME) formalism.48−50 Some
transition structures, HcyTS1, HseTS1, and HcyTS2′, were obtained
by performing detailed potential energy surface scans. Relative
free energies were obtained by performing single-point energy
calculations at the ONIOM [B3LYP/6-311G(2df,p):Amber96]
ME level of theory on the optimized structures described above,
with inclusion of the appropriate ΔEGibbs correction.

■ RESULTS AND DISCUSSION
Substrate Binding. As noted above, it has been suggested

that within the active site of MetRS the native substrate
methionine (Met) may bind in a linear fashion while the
noncognate substrate homocysteine (Hcy) instead binds in a
nonlinear, or bent, position.37,51 Hence, the binding of the native
substrate Met-AMP as well as the possible alternate substrates
Hcy-AMP and Hse-AMP, within the MetRS active site, was
examined. Average structures of each of the three bound
substrates mentioned above were obtained after 10 ns MD
simulations (see Computational Methods) and are overlaid in
Figure 2. Remarkably, as can be seen, they all preferentially bind
in essentially the same linear position within the active site.
Indeed, each remains quite similarly oriented, with the largest
differences observed being in the positioning of the ends of their
aminoacyl R groups, e.g., -SH, -OH, and -SCH3. While the
hydroxyl and thiol of Hse- and Hcy-AMP, respectively, are quite
similarly positioned, the -SCH3 group of Met-AMP is tilted
down, though only slightly.
Substrate-Assisted Editing of Hcy. Possible mechanisms

by which Hcy-AMP may cyclize within the active site of MetRS
were then examined. For the reaction to occur, a base must

facilitate deprotonation of the thiol of the Hcy moiety for its
sulfur to nucleophilically attack Hcy’s own sp2 carbonyl carbon
(Ccarb). Analogous to that generally proposed to occur in the
substrate-assisted aminoacyl transfer reaction catalyzed by aaRSs,
the ability of the Hcy-AMP’s own phosphate group to act as the
required base was examined.21,52 However, in the optimized
structure of the bound MetRS···Hcy-AMP reactive complex
(HcyRC), the distance between Hcy-AMP’s sulfur (SHcy) and
nearest phosphate oxygen (Ophos) is 7.15 Å while the other key
distance, SHcy···Ccarb, is 3.94 Å (Figure 3). It is noted that over the
course of the 10 ns MD simulation the average SHcy···Ophos
distance was consistently near 7 Å (Figure S1). Hence, the
substrate, or at least its thiol tail, must undergo a conformational
change to better position the thiol for intramolecular attack at
Ccarb.
This conformational change can be achieved by rotation about

the Cβ−Cγ bond of the R group of the Hcy moiety via HcyTS1
with a barrier of 27.5 kJ mol−1 to give the alternate substrate-
bound MetRS···Hcy-AMP complex HcyI1 lying marginally lower
in energy than HcyRC by 1.0 kJ mol−1 (Figure 4). The Hcy has
consequently changed conformation from being essentially
linear to bent. In HcyI1, the substrate’s thiol moiety now forms
a moderately strong hydrogen bond with the R group carboxylate
oxygen of Asp259, as indicated by an Asp259COO−···HSHcy
distance of 1.95 Å (Figure 3). Importantly, with respect to a
substrate-assisted mechanism, the SHcy···Ccarb distance has
decreased by 0.65 Å to 3.29 Å while the SHcy···Ophos distance
has decreased significantly by 1.53 Å to 5.62 Å but clearly is still
quite sizable (Figure 3).
The next and final step in the mechanism is nucleophilic attack

of Hcy’s sulfur at its own Ccarb center with concomitant
intramolecular transfer of its thiol proton onto its nearest
nonbridging phosphate oxygen. This occurs via cyclic transition
state HcyTS2 with a significantly larger barrier of 98.2 kJ mol−1

and as a result is the rate-limiting step of the reaction (Figure 4).
In HcyTS2, the thiol’s SHcy−H bond has lengthened significantly
to 1.78 Å, while the SHcyH···Ophos distance has decreased
markedly to 1.12 Å. Concomitantly, the SHcy···CCarb distance has
decreased to 2.60 Å (Figure 3). Thus, it appears that proton
transfer precedes formation of the CCarb−SHcy bond and, hence,
cleavage of the CCarb−OP bond.
This step results in formation of the final product complex

(HcyPC) lying 70.4 kJ mol−1 lower in energy than HcyRC,
indicating that the overall reaction is exergonic. In HcyPC, a
CCarb−SHcy bond has been formed [r(CCarb−SHcy) = 1.82 Å] and
the CCarb−OP bond cleaved [r(CCarb···OP) = 3.34 Å], giving the
cyclic thiolactone derivative of Hcy and AMP bound within the
MetRS active site.
It is noted that for Hcy-AMPwith a neutral thiol the analogous

self-cyclization mechanism in the gas phase is calculated to occur
in one step with a modest reaction barrier of 52.7 kJ mol−1.

Figure 2. Overlaid average structures (see Computational Methods) of
Met-, Hcy-, and Hse-AMP bound within the MetRS active site.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00588
Biochemistry 2015, 54, 5757−5765

5759

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00588/suppl_file/bi5b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00588/suppl_file/bi5b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00588/suppl_file/bi5b00588_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00588/suppl_file/bi5b00588_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00588


Residue-Based Editing of Hcy. Unfortunately, no other
functional groups within the substrate, e.g., the aminoacyl’s
amino group as recently suggested in the case of ThrRS,9 seem to
be suitably positioned to potentially act as the required
mechanistic base. However, as noted above, in the MetRS···
Hcy-AMP complex HcyI1, the thiol of the Hcymoiety is hydrogen
bonded to the R group carboxylate of Asp259, suggesting that it
may be a candidate for an alternate mechanistic base.
Furthermore, the R group of Asp259 is surrounded by the
hydrophobic residues Ile260, Trp288, and Val256 that will likely
help elevate its pKa. Indeed, usingMOE,40,53 Asp259 is predicted
to have an elevated pKa value of 4.9 compared to most other Asp
residues in MetRS that generally lie in the range of 2.3−4.0.
Indeed, in the MD simulations of the initial MetRS···Hcy-

AMP complex, the average Asp259COO
−···SHcy distance is 5.30 Å

(Figure S2). This is markedly shorter than the length of 7.15 Å
observed for the SHcy···Ophos distance in the same complex. It is
noted that the average Asp259COO

−···CCarb distance is 4.25 Å
(Figure S3). In the QM/MM-optimized structure of the initial
reactant complex (HcyRC), the Asp259 carboxylate is calculated
to lie almost equidistant from SHcy and CCarb with Asp259COO

−···
SHcy and Asp259COO

−···CCarb distances of 5.20 and 5.03 Å,

respectively (Figure 5). In the intermediate complex HcyI1 in
which the tail has undergone a conformational change, these
distances are shortened to 3.31 and 4.95 Å, respectively (Table
S1). Consequently, we examined possible mechanisms by which
the active site residue Asp259 may directly help catalyze the
editing of Hcy by MetRS.
When Hcy-AMP is bound within the active site of MetRS, the

carbonyl oxygen (OCarb) of its Hcy moiety and a nonbridging
oxygen of its phosphate hydrogen bond to the same active site-
bound water molecule. Importantly, this water is simultaneously
hydrogen bonded to the protonated side-chain amino group of
Lys57. This network of hydrogen bonds is maintained in HcyI1,
and upon its formation, the Lys57NH3

+ group is able to essentially
transfer a proton via the water onto a nonbridging phosphate
oxygen of Hcy-AMP. This is calculated to occur via HcyTS3′
effectively without a barrier at 298 K, as indicated by the
marginally lower relative free energy of HcyTS3′ compared to that
of HcyI1 (Figure 6).
This transfer results in formation of the alternate MetRS···

Hcy-AMP complex HcyI2′ lying 44.9 kJ mol−1 lower in energy
than HcyRC (Figure 6). The largest structural changes observed
upon going from HcyI1 to HcyI2′ are seen in the P−O bond for the

Figure 3. Schematic illustration of the optimized structures of the reactant and product complexes, intermediates, and transition structures obtained for
the Hcy editing mechanism using the phosphate as the base, with selected bond lengths shown (angstroms).

Figure 4. Relative free energy surface obtained (see Computational Methods) for substrate-assisted editing of Hcy-AMP by MetRS in which a
nonbridging phosphate oxygen of Hcy-AMP acts as the mechanistic base.
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nonbridging oxygen that is protonated, which lengthens from
1.53 to 1.57 Å. Additionally, the CCarb−OP bond is elongated
from 1.35 to 1.37 Å, while the SHcy···CCarb distance decreases
from 3.31 to 3.24 Å. It is noted that only quite minor changes are
observed in the -SHcyH···

−OOCAsp259 hydrogen bond interaction.
The next and final step is nucleophilic attack of the thiol SHcy

sulfur at Ccarb with concomitant transfer of the thiol proton onto

the side-chain carboxyl of Asp259. This reaction proceeds via
HcyTS3′ with a barrier of just 14.5 kJ mol−1 relative to HcyI2′ to
give the final product complex (HcyPC′), the Hcy-derived cyclic
thiolactone and AMP bound in the active site of MetRS. As for
the substrate-assisted mechanism, the final product complex is
calculated to lie markedly lower in energy than HcyRC; i.e., the
mechanism is exergonic. Importantly, this barrier via HcyTS3′ is

Figure 5. Schematic illustration of the optimized structures of the reactant and product complexes, intermediates, and transition structures obtained for
the Hcy editing mechanisms, with selected bond lengths shown (angstroms).

Figure 6. Relative free energy surface obtained (see Computational Methods) for editing of Hcy-AMP by MetRS in which Asp259 acts as the
mechanistic base.
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84.5 kJ mol−1 lower in energy than the analogous second step in
the substrate-assisted mechanism described above in which the
Hcy-AMP’s own phosphate acts as the base (Figure 4). As a
result, the overall rate-limiting step is now the initial conforma-
tional change in the substrate’s Hcy side chain with a barrier of
just 27.5 kJ mol−1 (Figure 6).
The effects of mutating Asp259 to alanine were also

considered (Table S1). Notably, it was found that in the mutated
enzyme the corresponding first intermediate complex is now
destabilized relative to the Asp259Ala-mutated reactive complex,
lying 11 kJ mol−1 higher in energy. However, the Hcy-AMP thiol
may naturally occur to some extent in its deprotonated state.
Hence, the possible structure of the Asp259Ala mutated
enzyme−deprotonated Hcy-AMP complex was examined. In
this latter case, a TS for bending of the tail could not be optimized
as even slight bending led to an intermediate complex in which
the S···Ccarb bond has started to form [r(S···Ccarb) = 1.93 Å] while
the CCarb−OPhos bond has lengthened by 0.05 Å. It is noted that a
similar result was obtained for the native enzyme (not shown).
This suggests that in an Asp259Ala mutated MetRS substrate-
assisted editing may still be feasible.
Residue-Based Editing of Hse. However, it has been

previously suggested that Hcy is arguably one of the most
reactive amino acids that could be incorporated into a protein.34

This is due in part to the pKa of its thiol, and thus, it is probable
that Hcy-AMP may also nonenzymatically self-cyclize in
solution. Its oxygen analogue homoserine (Hse), however, is
less reactive, and its R group hydroxyl has a higher pKa. Given
that sulfur and oxygen are isoelectronic and that LysRS has been
proposed to be able to edit both Hse-AMP and Hcy-AMP,54 a

similar possibility was considered for MetRS. Thus, we also
examined the ability of Asp259 to act as a suitable mechanistic
base to allow MetRS to edit against Hse.
The results of the molecular dynamics simulations revealed

large similarities in the positions of theMetRS active site residues
when either Hcy-AMP or Hse-AMP is bound, as indicated by
comparative rmsd of just 0.41 Å. In the case of Hse-AMP, the
average distance between the side-chain hydroxyl oxygen (OS) of
Hse and the nearest AMP phosphate oxygen is slightly shorter
than that observed in the MetRS···Hcy-AMP complex at 6.65 Å
(Figure S4). Meanwhile, the average distance between OS and
the nearest initial Asp259 side-chain carboxylate oxygen is 5.21 Å
(Figure S5 A). However, it should be noted that unlike in the case
of the MetRS···Hcy-AMP complex, the Asp259 carboxylate
rotated during the 10 ns simulation. When we consider the
average OS···OAsp259 distance taking both Asp259 carboxylate
oxygens into account, it is considerably shorter (4.28 Å).
Furthermore, the average distance between OS and the
carboxylate carbon of Asp259 is consistently near 5.71 Å (Figure
S5B).
The QM/MM-optimized structure of the initial MetRS···Hse-

AMP complex (HseRC) is given in Figure 7. Similar to that
observed in the analogous Hcy complex HcyRC, the distance
between OS and the nearest phosphate oxygen (6.73 Å) is
significantly greater than that between OS and the nearest
Asp259 carboxylate oxygen (4.76 Å). As observed for Hcy-AMP,
the MetRS-bound Hse-AMP is able to undergo a conformational
change via rotation about the Cβ−Cγ bond of the R group of the
Hse. This reaction proceeds via HseTS1 with a barrier slightly
lower than that observed for MetRS-bound Hcy-AMP of just

Figure 7. Schematic illustration of the optimized structures of the reactant and product complexes, intermediates, and transition structures obtained for
the Hse editing mechanism in which Asp259 acts as the base, with selected bond lengths shown (angstroms).
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19.1 kJ mol−1 (Figure 8). The resulting alternate substrate-bound
MetRS···Hse-AMP complex (HseI1), however, lies noticeably
lower in energy than HseRC by 39.1 kJ mol−1.
In HseI1, the side-chain hydroxyl of Hse-AMP forms a short

strong hydrogen bond to the carboxylate of Asp259 [r(-
OSH···

−OOCAsp259) = 1.83 Å]. The OS center is now nicely
positioned just 3.03 Å from the Ccarb center. It is noted that the
Asp259COO

−···Ccarb distance has decreased from 5.00 to 4.73 Å.
The next step involves proton transfer from the side-chain

protonated amino group of Lys57 onto the carbonyl oxygen of
the Hse moiety of the substrate. Furthermore, this occurs with
concomitant transfer of the Hse moieties; the OSH proton is
transferred onto the carboxylate of Asp259, and concomitantly,
the OS center nucleophilically attacks CCarb to form a cyclic
tetrahedral intermediate. This process occurs via HseTS2 at a cost
of just 11.1 kJ mol−1, with the resulting cyclic intermediate HseI2
lying much lower in energy than HseRC by 75.8 kJ mol−1 (Figure
8). In HseI2, the newly formed single CCarb−OS bond has a length
of 1.43 Å, while the CCarb−OP bond has lengthened markedly by
0.09 Å to 1.44 Å. In addition, the now neutral carboxylate of
Asp259 forms a hydrogen bond with the CCarb−OP oxygen as
indicated by an Asp259COOH···OP distance of 1.99 Å. This would
help to stabilize the buildup of negative charge on the bridging
oxygen as the CCarb−OP bond is cleaved.
The next and final step is cleavage of the PO−Ccarb bond to

give AMP and a cyclic lactone Hse derivative. This occurs with
concomitant proton transfer effectively from the CCarb−OH
hydroxyl via the bridging water newly formed alcohol to the
phosphate of the cleaving AMP moiety. Notably, this reaction
step has a barrier slightly higher than that obtained for Hcy-AMP
of 30.9 kJ mol−1 and in fact is the rate-limiting step in editing of
Hse-AMP by MetRS. This editing reaction is similar to the
second-half reaction of aaRSs, aminoacylation of their cognate
tRNA via deprotonation of an alcohol with concomitant
nucleophilic attack at an sp2 carbon.
Editing of Hcy and Hse in Related aaRSs. The results

described above suggest that for both Hcy-AMP and Hse-AMP
the active site residue Asp259 could effectively act as a
mechanistic base in editing by MetRS. However, it has been

noted that some other aaRSs such as the structurally homologous
ValRS, IleRS, and LeuRS may bind these nonstandard amino
acids and potentially also edit against Hcy and Hse.15 Thus, we
considered the binding modes of Hcy and Hse within the active
sites of these other aaRSs and whether they may also contain
similarly basic and positioned residues. As observed with MetRS,
Hcy- and Hse-AMP bind in similar positions to each other within
the active site of each of ValRS, LeuRS, and IleRS. Thus, for the
sake of simplicity, only the results obtained for Hcy-AMP are
discussed herein unless otherwise noted.
Remarkably, ValRS, LeuRS, and IleRS are observed to have an

active site aspartyl (Asp490) or glutamyl (Glu532 or Glu550)
residue in the same approximate position relative to the
substrate’s CCarb center as the aspartyl (Asp259) in MetRS.
Furthermore, the Hcy-AMP substrate binds within their active
sites in a linear-like conformation similar to that observed in
MetRS. Consequently, the positions of the carboxylate groups of
Asp490, Glu532, and Glu550 with respect to the bound Hcy-
AMP substrate are in reasonable agreement with that observed in
MetRS. For example, the average CCarb···OAsp/Glu distances all lie
within 1.16 Å of each other, ranging from 4.10 Å (IleRS) to 5.26
Å (ValRS) (Table 1). Furthermore, all SHcy···CCarb distances are
within 1.24 Å of each other, from 3.91 Å in MetRS to 5.19 Å in
LeuRS (Table 1). More importantly, as in the case of MetRS, for
both LeuRS and ValRS, the average SHcy···OAsp/Glu distance is
significantly shorter than the average SHcy···Ophos distance by 2.27
and 2.06 Å, respectively. The exception is IleRS in which the
average SHcy···Ophos distance is shorter than the SHcy···OAsp/Glu

Figure 8. Relative free energy surface obtained (see Computational Methods) for editing of Hse-AMP by MetRS in which Asp259 acts as the
mechanistic base.

Table 1. Selected Average Distances (angstroms) Obtained
from 10 ns MD Simulations When Hcy-AMP Bound in the
Active Site of MetRS, LeuRS, ValRS, and IleRS

average distance (Å)

MetRS LeuRS ValRS IleRS

SHcy···Ophos 6.99 7.78 7.01 4.25
SHcy···OAsp/Glu 5.30 5.51 4.94 4.70
SHcy···CCarb 3.91 5.19 4.14 4.66
OAsp/Glu···CCarb 4.25 4.39 5.26 4.10
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distance by 0.45 Å; thus, it is less clear which editing mechanism
if any may be available to the enzyme.

■ CONCLUSION
We have used a complementary computational approach,
combining molecular dynamics (MD) and hybrid quantum
mechanical/molecular mechanics (QM/MM) methods, to
investigate the mechanism by which methionyl-tRNA synthetase
(MetRS)may edit against the noncognate and highly toxic amino
acid homocysteine (Hcy) and its oxygen analogue, homoserine
(Hse). In addition, we have also examined the binding of Hcy
and Hse within the related enzymes LeuRS, ValRS, and IleRS.
These results suggest that the phosphate group of Hcy,

analogous to the generally held substrate-assisted aminoacyl
transfer mechanism of aaRSs, could potentially act as a base to
facilitate editing of Hcy and Hse. The rate-limiting step is
nucleophilic attack of the side-chain thiol sulfur (SHcy) at the
substrate’s own carbonyl carbon (Ccarb) center with a barrier of
98.2 kJ mol−1.
However, a considerably energetically more favorable editing

mechanism was obtained in which the MetRS active site residue
Asp259 plays an essential role as a mechanistic base. That is,
MetRS can exploit enzymatic editing for such amino acids. The
rate-limiting step for Hcy-AMP cleavage via intramolecular
cyclization in MetRS is the initial required rotation about the
substrate’s aminoacyl Cβ−Cγ bond with a barrier of just 27.5 kJ
mol−1. For editing of Hse-AMP, the rate-limiting step is cleavage
of the PO−CCarb bond with a barrier of only 30.9 kJ mol−1.
In addition, ValRS, LeuRS, and IleRS, which likely also edit

against Hcy and Hse, have active site motifs similar to that of
MetRS. In particular, all contain a similarly positioned residue
carboxylate, be it either an Asp (MetRS and ValRS) or a Glu
(LeuRS and IleRS). Furthermore, Hcy-AMP and Hse-AMP
preferentially bind in similar “linear” positions in all four aaRSs:
MetRS, LeuRS, IleRS, and ValRS. These enzyme−substrate
structures suggest that at least in the case of LeuRS and ValRS, a
similar editing mechanism may be possible.
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