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Abstract Pre-transfer editing pathway in Valyl-tRNA
synthetase (ValRS) is a very important process to maintain
the high fidelity of protein synthesis. However, molecular
basis for this pathway remains unclear. Here we employed
molecular dynamics (MD) simulation to study two com-
plexes, ValRS·tRNAval·Val-AMP (complex V) and
ValRS·tRNAval·Thr-AMP (complex T), and compared their
simulation trajectories, in order to understand how the pre-
transfer editing pathway is triggered by the noncognate
substrate Thr-AMP. The MD simulations showed that the
binding of Thr-AMP to ValRS led to different motions from
those in complex V: clockwise rotation of the editing
domain along the hinge region, and strong motions in the
catalytic domain, especially in KMSKS loop. We found that
the changed motion of Trp495 induced by Thr-AMP serves
as a signal to discriminate Thr-AMP from Val-AMP, and
the rigid 491ILFL494 segment then propagates this signal
from Trp495 to Asp490 and induces dissociation of the salt-
bridge Asp490-Arg346 and formation of the salt-bridge
Glu189-Lys533. The change in salt-bridges alters the
motion of KMSKS loop and the editing domain, and
eventually triggers the pre-transfer editing pathway. This
study provides a model for the molecular trigger of the pre-
transfer editing pathway in ValRS, and is useful for further
exploring this process.
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Introduction

Aminoacyl-tRNA synthetases (aaRSs) play important roles
in maintaining the high fidelity of protein synthesis [1, 2].
They charged the amino acid to the cognate tRNA by a
two-step mechanism: in the first step, the amino acid is
activated to adenylate at the expense of one ATP; in the
second step, the aminoacyl moiety is transferred to tRNA,
forming aminoacyl-tRNA [1]. Correct recognition of the
substrate is vital to this process, since misactivated
aminoacyl-tRNA will cause errors in translation, which
may lead to severe diseases [3]. Theoretical study has
demonstrated that the discrimination ratio between two
amino acids that differ only by one methyl group is about
one fifth [4], which is more than 500 times larger than the
error rate observed in protein synthesis [5]. Also, it was
found that many aaRSs use editing function to hydrolyze
the misactivated product. Two different editing pathways
have been established: in pre-transfer editing pathway, the
misactivated aminoacyl-adenylate is hydrolyzed; and in the
post-transfer editing pathway, the mischarged aminoacyl-
tRNA is hydrolyzed [6] (Fig. 1a).

Valyl-tRNA synthetase (ValRS), isoleucyl-tRNA synthe-
tase (IleRS), leucyl-tRNA synthetase (LeuRS) are three
homologous enzymes belong to the Class Ia aaRSs [7], and
rely on editing function to maintain the fidelity. Mutational
and crystallographic analyses have shown that the active
sites of the post-transfer editing pathway in these three
enzymes are all located in the CP1 (connect peptide 1)
domain (the editing domain) [8–11]. However, the mech-
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anism and the active site of the pre-transfer editing pathway
are controversial. Two different themes have been pro-
posed. In the first scenario, the noncognate adenylate is
transported from the aminoacylation site to the CP1
domain, and hydrolyzed in the editing site. This mechanism
was supported by the fact that mutating some residues in
CP1 domain can abolish the pre-transfer editing activity
[10, 11]. Structural analyses were also consistent with this
model. For example, based on the crystal structure of IleRS:
tRNA complex, Silivan et al. predicted that a channel
spanning these two domains might be implicated in
the transport [12]. It was further shown by Fukai et al. that
the movement of KMSKS loop was critical for opening the
channel [13] (Fig. 1b and c). However, this model was
challenged by a recent work, which showed that the E. coli
LeuRS can still perform pre-transfer editing without the
CP1 domain [14] (the ΔCP1 mutant). This work raised an
alternative mechanism for the pre-transfer editing pathway:
the noncognate adenylate could be first ejected into the
solvent and hydrolyzed (the second scenario). However,
there is no further evidence to support this model. It is
worth pointing out that the second model might be a special
case for the first model for the ΔCP1 mutant, i.e., the
ejection of the adenylate to the solvent utilizes the same

channel as the first model. These taken together, it seems
that the transport of the misactivated adenylate is a general
feature required for the pre-transfer editing pathway.

A recent study also showed that CP1 domain can
bind both pre-and post-editing pathway substrates [15].
However, although tremendous effort has been invested
in the understanding of the pre-transfer editing pathway,
the molecular basis for the substrate recognition and the
driving force of the substrate transport remain unclear.
Here, we employed molecular dynamics (MD) simulation
to study two complexes: ValRS·tRNAval·Val-AMP and
ValRS·tRNAval·Thr-AMP. By comparing their simulation
trajectories, we not only verified the previous conclusions
about the KMSKS loop [13], but also revealed charac-
teristic motions that might be important for triggering the
pre-transfer editing pathway. Such motions were found to
be controlled by four salt-bridges and initiated by
Trp495, which is adjacent to the substrate in the catalytic
domain. We found that the induced motion of Trp495 by
Thr-AMP serves as a signal to discriminate the non-
cognate substrate Thr-AMP from Val-AMP, and the rigid
491ILFL494 segment could propagates this motion signal
to Asp490 and eventually affect the formation of the
identified salt-bridges.

Fig. 1 Enzymatic reactions and
editing pathways of aaRSs.
(a) Aminoacylation and editing
reactions of aaRSs. The solid
and dot arrows represent ami-
noacylation and editing reac-
tions, respectively. Amino acid
and inorganic pyrophosphate are
indicated by aa and PPi, respec-
tively. (b) The structure of
ValRS·tRNAval·Val-AMS (PDB
code: 1GAX), where tRNA is
shown as the backbone worm
model in green, functional
domains of ValRS are showed as
the color ribbon models. (c) The
putative channel for editing in
ValRS. The channel is indicated
by the red arrow, those identi-
fied residues are shown as the
stick model in pink, and
KMSKS loop, CSRCGT loop
and the 491ILFL494 segment are
shown in red. (d) Molecular
structures of the substrate
Val-AMP and the noncognate
substrate Thr-AMP of ValRS
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Materials and methods

Structural models of the complexes ValRS·tRNAval

·Val-AMP and ValRS·tRNAval·Thr-AMP

In this study, we investigated two ValRS complexes:
ValRS·tRNAval·Val-AMP and ValRS·tRNAval·Thr-AMP.
Hereafter, we designate ValRS·tRNAval·Val-AMP as com-
plex V, and ValRS·tRNAval·Thr-AMP as complex T, respec-
tively. For both complexes, the Thermus thermophilus ValRS
structure was taken from the Protein Data Bank (PDB code:
1GAX) [13] (Fig. 1b). For complex V, the Val-AMS was
mutated into Val-AMP; and for complex T, the Val-AMS
was mutated into Thr-AMP (Fig. 1d).

MD simulations

Using the structural models above as the starting structures,
two MD simulation systems with explicit solvent represen-
tation were constructed for the complexes V and T,
respectively. The simulations were carried out using
NAMD 2.6 with the standard CHARMM27 force field
parameters [16]. Hydrogen atoms were added to the
structures by the program psfgen in NAMD. Thus, in each
system, the protein and tRNA contain about 14,000 and
2,400 atoms, respectively. Certain numbers of Na+ and
Cl−ions were placed around the complexes to mimic the
physiological ion concentration of 150 mM and to ensure
the neutrality of the simulation systems. TIP3P water
molecules were placed around the given complex to form
a rectangular box, with a distance not less than 9 Å from
the box boundaries to the surface of the simulated
complexes. Thus, both simulation systems contain about
4.7×104 water molecules, with box dimensions 102 × 130 ×
126 Å3. Periodic boundary conditions with constant
temperature and pressure were used. Temperature was kept
at 300 K by coupling to an external heat bath using the
Berendsen algorithm [17]. Pressure was kept at 1 atm by
isotropic scaling using a Berendsen barostat. Particle Mesh
Ewald with cubic spline approximation was used to treat
long-range electrostatics [18]. The SHAKE algorithm was
used to constrain covalent bonds to hydrogen so that a time
step of 2 fs could be used [19]. The entire system was first
equilibrated and then atomic coordinates were saved every
2 ps for analysis. Simulation periods for both systems were
10 ns. Simulations were carried out on the Shenteng-1800
Cluster Computer with 32 Intel Xenon 2.8 GHz CPUs in
our laboratory.

Trajectory analysis

The MD atomic fluctuations of residues were calculated by
the PTRAJ module of AMBER [20]. The cross-correlation

analysis was performed by homemade MATLAB programs
using the method described in Estabrook et al. [21]. To
extract the dominant modes of motions in two simulated
complexes, principal component analysis (PCA) was
conducted by the online program DYNAMITE (http://
dynamite.biop.ox.ac.uk/dynamite) [22]. The direction and
amplitude of a given dynamic mode was represented by its
eigenvector and eigenvalue, respectively. As in our previ-
ous study [23], to avoid exceeding the memory capacity of
computer, only Ca atoms were considered in the analysis.

3D viewers of molecular structures

The programs VMD [24] and PyMOL (http://www.pymol.
org) were used to create images of the protein structures in
all figures, including the porcupine plots for the principal
dynamic modes obtained by PCA .

Results and discussion

Biological implication of the ValRS·tRNAval·Val-AMS
complex structure

To conduct the MD simulations for complex V
(ValRS·tRNAval·Val-AMP) and complex T (ValRS·tRNA-
val·Thr-AMP), we constructed the initial MD structures for
the complexes based on the crystal structure of ValRS·tR-
NAval·Val-AMS (PDB code: 1GAX) [13] (see Materials
and methods). So it is important to clarify why the models
based on 1GAX are appropriate for studying the pre-
transfer editing pathway in the ValRS. Although originally
Fukai et al. suggested that 1GAX mimics the conforma-
tion of the ValRS complex in the post-transfer editing
pathway [13], mainly based on that the A76 nucleotide is
located in the editing domain, newly emerged results
implied that 1GAX resembles a conformation after the
aminoacylation step (see below). The conformation of the
acceptor stem in 1GAX could be explained by such a
hypothesis: when the ValRS completes their aminoacyla-
tion step and begins the aminoacyl-transfer step, the A76
nucleotide end of tRNA needs to go through the editing
domain to enter the catalytic site, and 1GAX actually
represents a snapshot in this process.

This hypothesis is supported by three facts. First, Rock
et al. have elucidated that a certain kind of fungicide
abolishes the catalytic activity of LeuRS by trapping the
cognate tRNALeu in the editing domain [25], strongly
indicating that the A76 nucleotide needs to pass by the
editing domain in LeuRS before it enters the catalytic
domain. Due to the high similarity between ValRS and
LeuRS, this result is a very strong support. Second,
Mursinna et al. have shown that a single mutation in the
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editing domain of LeuRS can trigger the hydrolyzation of
the cognate Leu-tRNALeu [26]. This indicates that the A76
nucleotide of the Leu-tRNALeu would pass by the editing
domain when it leaves. Third, Fukai et al. have co-
crystallized ValRS with tRNAval and Val-AMS, but not
with the post-transfer editing pathway’s substrate Thr-
tRNAVal. Based on these facts, it is reasonable to deduce
that the complex V will perform the aminoacylation
reaction and the complex T may either undergo the pre-
transfer editing pathway or transfer the threonyl group to
the tRNA (aminoacylation). If complex T conducts the
aminoacylation reaction, the main dynamic features in these
two complexes should be almost the same; while in the
other case, they should be very different [13]. Thus, by
comparing the dynamic features of these two complexes,
one could find out the actual reaction that the ValRS
performs.

Atomic fluctuations in the editing domain of complex V
is substantially larger than those in complex T

As mentioned in Materials and methods, the MD simulation
periods for both complexes were 10 ns. The root mean
square deviations (RMSDs) of backbone heavy atoms of the
proteins shown in Fig. 2a demonstrate that the MD
simulations have been equilibrated when the first 3-ns
simulation runs were completed. Therefore, the MD trajec-
tories from 3 to 10 ns were used in the following analyses.

To examine the difference in dynamics between two
complexes, we first compared the root-mean-square fluctu-
ations (RMSF) of residues for two complexes. The RMSF
of a given residue in the MD trajectories were calculated by
averaging over all the atoms of the given residue, and are
shown in Fig. 2b. In the figure, we can see that the RMSFs
of the editing domain in complex V (amino acids from 192
to 340) is substantially larger than those in complex T,
while other residues in these two complexes are similar.
The observed large atomic fluctuations in the editing
domain of the complex V is consistent with previous
crystallographic results [13], and indicates that the editing
domain experiences large conformational changes in the
aminoacyl-transfer reaction. In contrast, the relatively small
fluctuations in the editing domain of complex T imply that
the binding of the noncognate substrate Thr-AMP might
trigger a new reaction different from the aminoacyl-transfer
reaction.

If the complex V is in the aminoacyl-transfer state, one
may expect to observe the translocation of the CCA end of
tRNA from the editing site to the aminoacylation site.
However, such kind of large movement is unlikely to be
observed in the 10-ns simulations. In our simulations, the
CCA end of tRNA kept bound to the editing domain in
both complexes. Thus, to study the large movement of the

CCA end, millisecond-scale or longer simulations seem to
be required.

Movement of the editing domain of complex V is consistent
with Fukai’s model

The RMSF results have shown that the dynamics in two
complexes are very different. To better understand such
differences, we first combined cross-correlation analysis
and principal component analysis (PCA) to examine the
MD trajectories of complex V.

In the cross-correlation analysis, we calculated the cross-
correlation coefficients C (i, j) between all the residues/
nucleotides to characterize the correlated motions between
different parts in the complexes. Residue pairs with positive
C (i, j) move in the same direction and are designed as
correlated residues, whereas residues with negative C (i, j)
move in the opposite directions and designed as anti-
correlated residues. A completely correlated or anti-
correlated motion, C (i, j) = 1 or C (i, j)=−1, means that
the motions have the same phase and period. The matrix of
the cross-correlation coefficients for the Ca atoms of ValRS
is shown in Fig. 2c, where the amino-acids of different
domains of ValRS are indicated in the color bar above the
matrix. As expected, the motions within the catalytic
domain are highly coupled, indicating that the residues of
the active site move collectively to accommodate the
cognate substrate Val-AMP. In addition, the editing domain
exhibits a strong anti-correlated motion against the rest part
of ValRS, which is consistent with Fukai’s model [13].

To investigate the movement direction of the editing
domain, we employed PCA to extract the dynamic modes
of the protein complexes in the simulation. PCA describes
the motions of the atoms in a protein in terms of a small
number of dynamic modes, and the eigenvectors and
eigenvalues of the modes highlight direction and the
amplitude of dominant modes of protein motion [22, 27].
The normalized eigenvalues show that the first dynamic
mode in complex V is principal (∼57% in Fig. 2e). This
dominant dynamic mode is represented by the porcupine
plots in Fig. 3a and c. The figures show that, the catalytic
domain moves as a rigid body with very small amplitude
and the editing domain rotates anticlockwise along the
hinge region significantly, consistent with the cross-
correlation analysis (see also Fig. 1b). Significantly, the
movement direction of the editing domain is also consistent
with Fukai’s model.

Binding of Thr-AMP alters the motions of the KMSKS
loop and the editing domain

The cross-correlation analysis and PCA have revealed the
characteristic motions of the editing domain in complex V.
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Fig. 2 Molecular motions of complex V and complex T. (a) RMSDs
of backbone heavy atoms of the proteins in complexes V (red) and T
(blue), where the MD starting structures were the references. (b)
RMSFs of residues in complexes V (red) and T (blue). (c) The cross-
correlation matrix for motions of the Ca atoms in ValRS (indicated by
numbers 1–863) and the center-of-mass of all nucleotides in the tRNA
(indicated by numbers 864–939) in complex V. The correlations were
calculated after superimposing each snapshot structure in the
trajectories onto the first structure. The scale of the correlations is

indicated on the spectrum on the right, and the color bar above
indicates the domains that the residues belong to (catalytic domain,
blue; editing domain, yellow; anticodon-binding domain, orange;
coiled-coil domain, purple; tRNA, green). (d) The cross-correlation
matrix for complex T. (e) Dominant dynamic modes in complex V and
complex T. Relative contributions of different modes (eigenvectors) to
the overall motion are shown for complex V (red) and complex T
(blue), respectively. The data were renormalized so that the eigenval-
ues for each set add up to unity

Fig. 3 Principal dynamic
modes in complex V and com-
plex T represented by porcupine
plots. (a) The side view of
complex V. (b) The side view of
complex T. (c) The perpendicu-
lar view of complex V. The red
arrow shows the anticlockwise
direction of editing domain’s
motion along the hinge region.
(d) The perpendicular view of
complex T. The red arrow shows
the clockwise direction of edit-
ing domain’s motion along the
hinge region, which is opposite
to that in complex V
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Thus, we used the same approaches to analyze the MD
trajectories of complex T, in order to understand the
dynamic features when the noncognate substrate Thr-
AMP binds to ValRS.

Compared to complex V, the dynamics of ValRS binding
to Thr-AMP alters significantly (Figs. 2d, 3b and d). For
example, the cross-correlation analysis showed that the
correlated motions in the catalytic domain of complex T are
greatly decreased (Fig. 2d). The PCA showed that there
exists also a dominant dynamic mode in complex T
(Fig. 2e), and the change in the catalytic domain is also
observed in this mode (Fig. 3b and d). Moreover, PCA
showed that the KMSKS loop (amino acids from 528 to
533) and the nearby CSRCGT loop (amino acids from
344–-349) undergo large movements and the movement
directions are consistent with Fukai’s model (see also
Fig. 1c for the positions of two loops). Such large

movements might be responsible for the opening of
the channel. Also, from the porcupine plots, we can see
that the movements of the catalytic domain are strong, and
the editing domain rotates clockwise rather than anticlock-
wise along the hinge region (Fig. 3b and d).

Combining the results in the previous three subsections,
we may conclude that the dynamics in complexes V and T
are significantly different. Very likely, the binding of Thr-
AMP to ValRS leads to characteristic dynamics required for
the pre-transfer editing pathway. And two features in
dynamics might be important for the pathway: (i) the
clockwise rotation of the editing domain, (ii) the strong
movements in the catalytic domain, especially the KMSKS
loop and the CSRCGT loop.

Fig. 4 The salt-bridges that are suggested control the motion of
editing domain. (a) MD snapshots of the distances between the O, N
atoms in the following salt-bridges: Glu189-Lys533 in complex T
(yellow), Glu284-Arg171 in complex V (red), Glu450-Arg107 in
complex V (green), Asp490-Arg346 in complex V (blue). The
snapshots were extracted from the MD trajectories from 3 to 10 ns.
(b) The salt-bridge in complex T (orange) facilitates the clockwise
rotation of the editing domain (indicated by the orange arrow), while
the salt-bridges in complex V (pink) enhance the anti-clockwise
rotation of editing domain (indicated by the pink arrow)

Fig. 5 Similar binding modes of different substrates to ValRS. (a)
The molecular interactions between the substrate (Val-AMS has been
mutated into Val-AMP) and the ValRS in crystal structure (PDB code:
1GAX). (b) Seven superimposed MD snapshots (at 4, 5, 6, 7, 8, 9, and
10 ns, respectively) show that the Val-AMP (stick model) in complex
V interacts with ValRS similarly as compared to the crystal structure.
(c) Seven superimposed MD snapshots (at 4, 5, 6, 7, 8, 9, and 10 ns,
respectively) show that the Thr-AMP (stick model) in complex T
interacts with ValRS similarly as compared to the complex V
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The motions of the KMSKS loop and the editing domain
are controlled by salt-bridges

Why the motions in complexes V and T are so different? To
address this, we turned to unravel the residues that control
these movements by examining the MD trajectories of two
complexes. We carefully examined the formation of salt-
bridges in complexes V and T. Very interestingly, we found
that, while the majority of salt-bridges remained the same,
the substitution of Thr-AMP for Val-AMP does induce the
formation of a new salt bridge (Glu189 – Lys533) and
dissociate three other salt bridges (Glu284 – Arg171,
Glu450 – Arg107, Asp490 – Arg346) (Fig. 4).

There are three important features for those salt-bridges.
First, the locations of the salt-bridges strongly correlated with
the rotational directions of the editing domain. Glu189-
Lys533 is located in the left side of the editing domain,
facilitating the clockwise rotation of editing domain; while
other three salt-bridges are located in the right side, enhancing
the anticlockwise rotation of the editing domain. Second,
Glu189-Lys533 and Asp490-Arg346 are both located in the
catalytic domain. Change in these two salt-bridges might be
responsible for the intense movements of the catalytic domain
in complex T. Also, Lys533 is adjacent to the KMSKS loop,
and the formation of the Glu189-Lys533 salt-bridge is likely
to lead to the large conformational change in the KMSKS
loop. Finally, from the three dimensional structures we can see
that Glu189-Lys533 and Asp490-Arg346 form a cross, and
they might act as a “molecular switch” to determine the
reaction that ValRS performs.

Trp495 discriminates Thr-AMP from Val-AMP,
and the 491ILFL494 segment propagates
the discrimination signal

We further identified the residues that discriminate the
noncognate substrate Thr-AMP from Val-AMP and lead to

the different characteristic motions in complexes V and T.
In the MD simulations, Val-AMP and Thr-AMP were found
to bind to the active site in a very similar way (Fig. 5). So it
is very unlikely that the change in salt-bridges is induced by
the different substrate binding patterns. Then, we focused
on the residues that are close to the discriminating methyl/
hydroxyl group. We found that the rigid indole ring of
Trp495 interacts directly with this methyl/hydroxyl group
and this residue could be considered as the best candidate.
Figure 6 shows the MD snapshots of the distances between
the nitrogen atom in the indole ring of Trp495 and the
methyl/hydroxyl group in two complexes, which were
extracted from the MD simulation trajectories from 3 to
10 ns. The average distance between Trp495 and Val-AMP
is 4.18 Å, which is about 1 Å shorter than that between
Trp495 and Thr-AMP (5.17 Å). The longer distance
between Trp-AMP and Trp495 is induced by the repulsive
electrostatic interactions between the hydroxyl of Thr-AMP
and Trp495. Likely, such an enlarged distance induced by
Thr-AMP is the major factor to discriminate Thr-AMP from
Val-AMP.

Now, we focus on elucidating the signal transduction
pathway from Trp495 to those salt-bridges. We found that
the 491ILFL494 segment links Trp495 to Asp490 directly,
and the highly correlated values obtained by the cross-
correlation analysis indicates that this segment is very rigid
(Table 1, see also Fig. 1c for the position of the he

Fig. 6 Trp495 discriminates Thr-AMP from Val-AMP. (a) In complex
V (left) and complex T (right), Trp495 interacts with Val-AMP
(yellow) and Thr-AMP (pink) directly. (b) MD snapshots of selected
distances during the MD simulations from 3 to 10 ns. The black curve

shows the distance between the hydroxyl group in the threonyl of Thr-
AMP and the N atom in the indole ring of Trp495, and the blue curve
shows the distance between the methyl group in the valyl of Val-AMP
and the N atom in the indole ring of Trp495

Table 1 Cross-correlation coefficients of the segment 491ILFL494 in
MD simulations

Residue 491 492 493 494

491 1.00

492 0.82 1.00

493 0.44 0.71 1.00

494 0.42 0.58 0.89 1.00
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491ILFL494 segment). The distance change of about 1 Å in
Trp495 may be amplified by this segment, and thereby the
distance between Asp490 and Arg346 is also enlarged. This
leads to the dissociation of the salt-bridge Asp490-Arg346,
and consequently triggers the formation of a new salt-
bridge: Glu189-Lys533. Thus, it appears that this rigid
segment 491ILFL494 might be responsible for propagating
the induced motion signal from Trp495 to the salt-bridges
(Asp490), and eventually trigger the characteristic motions
in complex T different from those in complex V.

A model for the molecular trigger of the pre-transfer editing
pathway in ValRS

Based on above results, we postulated a model for the
molecular trigger of the pre-transfer editing pathway in
ValRS: the noncognate substrate Thr-AMP is first recog-
nized by Trp495, and this enlarges the distance between
Thr-AMP and Trp495 (about 1 Å larger than Val-AMP);

this motion signal is further amplified by the rigid
491ILFL494 segment and propagated to Asp490; then the
distance between Arg346 and Asp490 is increased and
thereby the salt-bridge Asp490-Arg346 is broken, and a
new salt-bridge Glu189-Lys533 is formed; the change in
salt-bridges in the catalytic domain alters the motions of the

Fig. 7 A molecular model for
the pre-transfer editing pathway
in ValRS. The signal of a non-
cognate Thr-AMP binding (a) is
first recognized by Trp495 (b),
this signal is further amplified
by the movement of Asp490,
and thereby enhances the for-
mation of the Asp490-Arg346
salt-bridge (c) and weakens the
Glu189-Lys533 salt bridge (d).
This finally triggers the clock-
wise motion of the editing do-
main (e, yellow arrow) and the
pre-transfer editing pathway in
ValRS

Fig. 8 Multiple sequence alignment of ValRS sequences from six
species (Sulfolobus solfataricus, Ss; Thermus thermophilus, Tt;
Saccharomyces cerevisiae, Sc; Homo sapiens, Hs; Bacillus subtilis,
Bs; Escherichia coli, Ec). Detailed analysis on sequence conservation
of ValRS and LeuRS can also be seen in Ref. 29
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KMSKS loop and the editing domain, and eventually
triggers the pre-transfer editing pathway in ValRS (Fig. 7).

Several experimental results corroborate our model. First
of all, in our simulations, we observed a large movement of
the KMSKS loop, which is consistent with Fukai’s
structural study [13] that showed movement of the KMSKS
loop is critical for pre-transfer editing pathway. Secondly,
our PCA revealed the direction of the editing domain’s
movement in pre-transfer editing pathway, which is also
supported by Fukai’s results of structural alignment [13].
Finally, our theoretical work explains why mutations
A293D and K186E in E. coli LeuRS can rescue the pre-
transfer editing activity. These mutations can facilitate the
rotation of the editing domain toward the pre-transfer
editing state by means of electrostatic interactions [28].

Our model also gains supports from evolutionary
analysis [29]. Multiple sequence alignment of ValRS
sequences from six species (Sulfolobus solfataricus,
Thermus thermophilus, Saccharomyces cerevisiae, Homo
sapiens, Bacillus subtilis, Escherichia coli) showed that
Trp495 is highly conserved in evolution (Fig. 8), strongly
indicating that Trp495 plays an important role in main-
taining the functions of ValRS. In our model, Trp495 was
suggested to discriminate the noncognate Thr-AMP from
the cognate Val-AMP, and this might explain why Trp495
is so conserved. Meanwhile, the salt-bridges identified in
above (e.g., Asp490-Arg346) were also found to be rather
conserved.

Compared to Fukai’s model, our results not only showed
the importance of the KMSKS loop in the pre-transfer
editing pathway, but also revealed several dynamic features
that might be required for the pre-transfer editing pathway,
e.g., the anticlockwise rotation of the editing domain. Also,
we elucidated the driving force for the large conformational
change and the putative transduction pathway of discrim-
inating signal. The identified salt-bridges and the discrim-
inating residue Trp495 can serve as starting points for
further experiments to explore the pre-transfer editing
pathway in ValRS.

Conclusions

In this study, we have investigated two complexes,
ValRS·tRNAval·Val-AMP (complex V) and ValRS·tRNA-
val·Thr-AMP (complex T) by MD simulation, in order to
unravel the molecular trigger for the pre-transfer editing
pathway in ValRS. By comparing the nanosecond-scale
simulation trajectories of two complexes, we found that the
atomic fluctuations in the editing domain of complex V are
significantly larger than those in complex T, and the
movement of the editing domain in complex V is consistent
with Fukai’s model [13]. Very importantly, we found that

the binding of the noncognate substrate Thr-AMP to ValRS
led to different characteristic motions, such as the clockwise
rotation of the editing domain, and strong movements in the
catalytic domain, especially in the KMSKS loop and the
CSRCGT loop. We found that the binding of the non-
cognate substrate Thr-AMP is firstly recognized by Trp495,
and the induced motion signal of Trp495 is then propagated
by the rigid 491ILFL494 segment from Trp495 to Asp490
and thereby triggers the dissociation of the salt-bridge
Asp490-Arg346 and the formation of a new salt-bridge
Glu189-Lys533. The change in these salt-bridges alters the
motions of the KMSKS loop and the editing domain, and
eventually initiates the pre-transfer editing pathway in
ValRS. Thus, this study provides a model for the molecular
trigger of the pre-transfer editing pathway in ValRS, which
may shed light on the pre-transfer editing mechanism and is
useful for further exploring this process.
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