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ABSTRACT: Tryptophan synthase (TRPS) is a bifunctional
enzyme consisting of & and f-subunits and catalyzes the last two
steps of L-tryptophan (L-Trp) biosynthesis, namely, cleavage of 3-
indole-p-glycerol-3’-phosphate (IGP) into indole and glyceralde-
hyde-3-phosphate (G3P) in the a-subunit, and a pyridoxal
phosphate (PLP)-dependent reaction of indole and L-serine (L-
Ser) to produce L-Trp in the f-subunit. Importantly, the IGP
binding at the a-subunit affects the B-subunit conformation and its
ligand-binding affinity, which, in turn, enhances the enzymatic
reaction at the a-subunit. The intersubunit communications in
TRPS have been investigated extensively for decades because of
the fundamental and pharmaceutical importance, while it is still
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difficult to answer how TRPS allostery is regulated at the atomic detail. Here, we investigate the allosteric regulation of TRPS by all-
atom classical molecular dynamics (MD) simulations and analyze the potential of mean-force (PMF) along conformational changes
of the a- and B-subunits. The present simulation has revealed a widely opened conformation of the f-subunit, which provides a
pathway for L-Ser to enter into the f-active site. The IGP binding closes the a-subunit and induces a wide opening of the fS-subunit,
thereby enhancing the binding affinity of L-Ser to the f-subunit. Structural analyses have identified critical hydrogen bonds (HBs) at
the interface of the two subunits (a¢G181-8S178, aP57-R17S, etc.) and HBs between the f-subunit (fT110 — SH11S) and a
complex of PLP and L-Ser (an @-aminoacrylate intermediate). The former HBs regulate the allosteric, -subunit opening, whereas
the latter HBs are essential for closing the AB-subunit in a later step. The proposed mechanism for how the interdomain
communication in TRPS is realized with ligand bindings is consistent with the previous experimental data, giving a general idea to

interpret the allosteric regulations in multidomain proteins.

1. INTRODUCTION

The tryptophan (Trp) biosynthesis has recently drawn great
attention as a potential target for anti-tuberculosis (TB)
drugs."”” TB disease is one of the globally spread epidemics,
where 1.3 million deaths have been estimated in 2021.°
Furthermore, the treatment of multidrug-resistant, pathogenic
bacteria, Mycobacterium tuberculosis (M.th), requires an urgent
need for new therapeutic approaches with a novel molecular
target. Tryptophan synthase (TRPS), which catalyzes the last
two steps of Trp biosynthesis, is a bifunctional enzyme
consisting of two subunits, @ and f. One of the unique features
of TRPS is an allosteric regulation, where conformational
changes of the a- and p-subunits are synchronized with the
activity of enzymatic reactions.” Recent studies have reported
effective allosteric inhibitors of TRPS that kills M.tb.””
Nonetheless, further understanding in an atomic detail is
necessary for precise control of the allosteric inhibition.

The structure and reaction of TRPS from Salmonella
typhimurium have been extensively studied since the
1980s.°~' The two subunits of TRPS have their own active
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sites, which are called the a- and f-active sites. At the a-active
site, the a-reaction cleaves 3-indole-p-glycerol-3'-phosphate
(IGP) into indole and glyceraldehyde-3-phosphate (G3P).
The indole is transferred to the P-active site through an
internal tunnel of 25 A length, preventing the leak of indole
during the reaction cycle. At the f-active site, the S-reaction
proceeds in two stages. First, the pyridoxal phosphate (PLP)
co-factor, covalently bound to fK87 of the f-subunit [denoted
E(Ain)], reacts with a ligand, L-serine (L-Ser), to produce an
a-aminoacrylate [denoted E(A-A)]. In the second stage, E(A-
A) reacts with the indole transferred from the a-active site to
yield the final product, L-Trp. Interestingly, the a and f-
reactions as well as the indole transfer are functionally coupled
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Figure 1. (A) Essential domains related to the allostery of TRPS located at the interface of a and f-subunits: aL2 (purple, residue ID 53—60), aL6
(red, residue ID 176—192), aH2 (cyan, residue ID 61—75), and the COMM domain (blue, residue ID 102—189). (B) Entry pathway proposed
from the X-ray crystal structures to the f-active site (green). (C) Bottleneck along the proposed L-Ser entry pathway. The white and blue vdW
spheres represent the f-subunit and the COMM domain, respectively. The surface of the L-Ser (yellow colored wire) overlaps with the surface of
TRPS (vdW sphere). Detailed information on how to set L-Ser in the pathway is described in the Supporting Information.

to each other. (1) The binding of IGP at the a-active site
enhances the affinity of L-Ser binding at the f-active site'' and
promotes the reaction of L-Ser and PLP to produce E(A-
A)."" (2) The formation of E(A-A) promotes the cleavage of
IGP, the indole transfer, and the production of L-Trp.12’13 The
whole scheme of the Trp synthesis is schematically drawn in
Figure S1. The allosteric regulation has been extensively
investigated by structural and kinetic studies combined with
site-directed mutagenesis.M_24 These studies have revealed
two important regions, a flexible loop 6 in the a-subunit (aL6)
and a communication (COMM) domain in the S-subunit,
which are located in the proximity of the two active sites as
shown in Figure 1A. These regions not only serve as gates of
the a- and f-active sites but also interact with each other at the
interface of the two subunits. The hydrogen bond (HB)
between G181 in aL6 and #S178 in the COMM domain has
been suggested to be critical for the ligand-induced conforma-
tional changes.”*°

Despite accumulated structural and functional information
of TRPS, there are still many questions to be answered
regarding the allostery of TRPS. One of the most important
questions is how IGP binding at the a-active site can enhance
the ligand affinity at the distal S-active site. The entry pathway
proposed from the X-ray crystal structures is too narrow for the
L-Ser entry either in the ApolE(Ain) state (PDB ID: 1K8X"")
(Figure 1B,C) or in the IGPIE(Ain) state (PDB ID: 1WBJ*'),
suggesting the importance of dynamic structures of TRPS.
Hereafter, we use the notation AlB, where A and B indicate the
bound (and reaction) states of the a- and pf-active site,
respectively. After the f-subunit is widely opened for making
sufficient space for the L-Ser entry, it should be closed for
enhancing the reaction at the S-active site. Mechanisms for this
domain closure also remain elusive. To answer these questions,
dynamic structures of TRPS and interdomain interaction in
different ligand-bound states are necessary in addition to the
static X-ray crystal structures.

Molecular dynamics (MD) simulations of biomacromole-
cules have made great progress in the last decade.”’”’
Developments of com(})utational algorithms and MD-speci-
alized supercomputers®® have made feasible the simulation in a
time scale of 100 ys or even milliseconds. Enhanced sampling
methods are another way to enable an efficient sampling of
conformational space and the computation of free-energy
landscapes of biomolecules.”’ ~* Replica-exchange molecular
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dynamics (REMD),***° generalized replica exchange solute
temperin (gREST),37’38 Gaussian accelerated MD
(GaMD),” and metadynamics*’ are representative algorithms
in enhanced sampling algorithms of biomolecular simulations.
They are ready to use in most of MD software with/without
additional tools, such as PLUMED.*' In our MD program
GENESIS (https://www.r-ccs.riken jp/labs/cbrt/),"** many
enhanced sampling algorithms are available for users just by
preparing input scripts.

Several important computational studies on TRPS have been
reported in the literature.**>° In a pioneering work by Fatmi
et al,* all-atom MD simulations of TRPS were performed in
the apo and ligand-bound [with IGP and E(A-A)] states to
clarify ligand-induced conformational changes of aL6 and the
COMM domain, although the sampling was limited to a 60 ns
conventional MD in those days. More recently, Maria-Solano
et al.** studied the TRPS from Pyrococcus furiosus (Pf TrpS) by
metadynamics simulations. The potential of mean force
(PMF) was computed along the open-to-closed conforma-
tional changes of the COMM domain in various intermediates
of the f-reaction to discuss the stability of Pf TrpS (a- and f-
complex) and a stand-alone f-subunit with mutations. To the
best of our knowledge, there are no computational studies on
the allosteric regulation of the f-subunit motions induced by
IGP binding at the a-subunit.

To reveal the molecular mechanisms for the allosteric
structures of TRPS, we have carried out extensive MD
simulations of TRPS in three different ligand-bound states,
namely, ApolE(Ain), IGPIE(Ain), and IGPIE(A-A) bound
states. The PMF in each state was computed using the
umbrella sampling (US) method.”’ The main finding in the
simulation is that the COMM domain takes a stable, widely
open form upon the IGP binding at the a-binding site, and that
the widely open form provides an entry pathway for L-Ser with
a sufficient space to reach the f-active site. Structural analyses
of the simulation trajectories show that the IGP binding
induces a closure of aL6 and the formation of HBs between
loop 2, helix 2 of the a-subunit (aL2 and aH2, respectively,
see Figure 1A), and the COMM domain. The COMM domain
motions for opening the L-Ser entry pathway take place
subsequently. We also show that the E(A-A) in the fS-active
site forms strong HBs with a portion of the COMM domain
(fT110—pH11S), which stabilizes a closed conformation of
the COMM domain.

https://doi.org/10.1021/acs.jpcb.2c01556
J. Phys. Chem. B 2022, 126, 3300—3308
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Table 1. Model of ApolE(Ain), IGPIE(Ain), and IGPIE(A-A) States of TRPS Used in the MD Simulations

state PDB a active site p active site modeled residues protonated residues initial domain structure (@ I5)
ApolE(Ain) 1K8X* none E(Ain) a: 178—195, 268 aE49 openlopen
B 1, 393-397
IGPIE(Ain) 1WBJ* IGP-bound E(Ain) a: 268 aE49 closedlopen
B 392—-397
IGPIE(A-A) 2J9x"3 IGP-bound E(A-A) a: 1, 190-192 aE49, K87 closedlclosed
B 397
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Figure 2. 2D-PMFs along £ (eq 3) and the RMSD of the COMM domain in reference to an X-ray crystal structure (PDB ID: 2J9X"®) in the
ApolE(Ain) (A), IGPIE(Ain) (B), and IGPIE(A-A) (C) states. 1D-PMFs along £°V> and RMSD are also shown in the bottom and left of each
panel, respectively. X-ray crystal structures of ApolE(Ain) (PDB ID: 1K8X’°), IGPIE(Ain) (PDB ID: 1WBJ*'), IGPIE(A-A) (PDB ID: 2J9X,
3CEP,* and 3PR2%) states are shown in red, green, and blue circles, respectively. The yellow circle in the IGPIE(Ain) state represents a widely

open COMM domain obtained in the present MD simulation.

2. COMPUTATIONAL DETAILS

2.1. System Setup. All-atom models of three different
physiological states, namely, ApolE(Ain), IGPIE(Ain), and
IGPIE(A-A) states were prepared based on the X-ray crystal
structures; PDBID: 1K8X,”° 1WBJ,*' and 2J9X,"” respectively.
In the IGP bound states, the inhibitor in the a-active site was
replaced manually with IGP in reference to the crystal
structure, PDBID: 1QOQ.”> Cs* in the monovalent cation
site of 2J9X was replaced with Na*. The atomic structures of
missing residues were modeled by GalaxyFill>* via CHARMM-
GUL>® aI87 of 1K8X and 1WB]J was replaced to aL87 to be
consistent with 2J9X. The information of all-atom models used
in MD simulations is summarized in Table 1. Topology files
used in the MD simulations were generated by antechamber
and tleap module of AMBER18.”” The force field was set to
FF14SB>* for TRPS and generalized AMBER force field 2
(GAFF2)*>° for the ligands. The charges of the ligands were
parametrized by quantum chemical calculations at the AM1
level. TRPS in each state was set in a cubic box of 120 X 120 X
120 A® with TIP3P water molecules, and the system was
neutralized by 150 mM K" and CI ions. All molecular graphic
images were generated using Visual Molecular Dynamics
(VMD)*” and PyMOL.*®

2.2. MD Simulations. Each simulation system was first
optimized with energy minimization and then equilibrated by
MD simulations in several steps. The details of the
equilibration steps are summarized in Tables S1 and S2. MD
simulations in the NVT and NPT ensembles were carried out
for 4.6 ns in the first seven equilibration steps followed by
those with umbrella potentials for 11 ns in two steps. Then, the
production runs of US-MD simulations were performed for 50
ns with 22 umbrella windows (1.1 us in total) in the NVT
ensemble. The temperature and pressure were controlled at
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300 K and 1 atm using the BUSSI thermostat.’” The time step
was set to 2.0 fs. Reference system propagator algorithm
(RESPA)® was used to calculate the reciprocal-space
interactions and forces every other step. The smooth
particle-mesh Ewald (PME) method®®* was used to calculate
long-range electrostatic interactions, and the cutoff distance
was set as 8.0 A. The reaction coordinate of US-MD was
defined in terms of distances of a salt bridge (SB) between
PR141 and D305 and a HB between fR141 and S299

V' = INH1(R141) — OD2(D305)!. (1)
ESV? = INH2(R141) — O(5299)!. (2)
é:CVS — §CV1 + §CV2‘ (3)

The reference values of E€V%, £V, and Y3 for each window
are shown in Table S3. The force constant of the umbrella
potential was set to 10.0 kcal mol™' A~ The probability
distributions along &€Y* show good overlaps between
neighboring histograms (see Figure S2). All bonds involving
hydrogen atoms were constrained using the SHAKE/
RATTLE® and SETTLE® algorithms. The GENESIS 2.05
program®® was used in all MD simulations.

2.3. Analyses. The trajectory data of the last 30 ns of the
production run were used to compute the PMFs and the HB
probabilities in the ApolE(Ain), IGPIE(Ain), and IGPIE(A-A)
states. PMF was calculated using the MBAR®® method
implemented in GENESIS analysis tools. The probability of
HBs was calculated by counting the number of HBs between
al2, aL6, aH2, and the COMM domain for each snapshot of
the trajectory and weight-averaging the count number using
the weight factor of each snapshot from MBAR. The HB was
defined by the heavy atom distance, X—(H)—Y (X and Y
represent oxygen or nitrogen), being smaller than 3.6 A.

https://doi.org/10.1021/acs.jpcb.2c01556
J. Phys. Chem. B 2022, 126, 3300—3308
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Tunnels from the f-active site to the surface of TRPS were
analyzed using CAVER 3.0 software®” in the ApolE(Ain), IGPI
E(Ain), and IGPIE(A-A) states after the US-MD simulations.
The atom of the contact point in E(A-A), i.e,, C4A, was set to
a starting point of the tunnel analysis. Other parameters were
set to probe radius = 1.2 or 1.8 A, shell radius = 3.5 A,
shell_depth = 4.0 A, and clustering_threshold = 12.0 A.

3. RESULTS

3.1. Conformational Changes of the COMM Domain
upon Ligand Binding. To examine the motion of the
COMM domain upon the a- and pf-ligand bindings, we
calculated two-dimensional (2D-) PMFs as a function of £°V3
(eq 3) and the root mean square deviation (RMSD) of the
COMM domain. The latter was measured by aligning the j-
subunit except for the COMM domain in reference to an X-ray
crystal structure, PDB ID: 2J9X (IGPIE(A-A) state). X-ray
crystal structures, in which the COMM domain is closed (PDB
ID: 3CEP, 3PR2) and open (PDB ID: 1K8X, 1WB]J), give the
RMSD value of 0.58, 0.70, 2.74, and 2.67 A, respectively. Thus,
the COMM domain is referred to as open conformation when
the RMSD is larger than 2.0 A. The resulting 2D-PMFs are
shown in Figure 2. In the ApolE(Ain) state, stable structures
mainly exist around £°¥* = 16 A and RMSD = 2.0-3.0 A
(Figure 2A), suggesting that the COMM domain takes an
open form and can hardly access a closed form. In contrast, in
the IGPIE(Ain) state, the stable structure is shifted toward a
region of &Y% = 20—23 A and RMSD = 2.8—3.8 A (Figure 2B,
yellow circle), an intriguing structure newly predicted in the
present MD simulation. We emphasize that the COMM
domain is more widely open than that of the X-ray crystal
structure of the IGPIE(Ain) state (PDB ID: 1WB]J).

To further characterize the widely open form of the IGPI
E(Ain), we counted the number of cavities connecting the -
active site and the surface of f-subunit, i.e., tunnels for L-Ser to
access the f-active site. The number of tunnels averaged over
10 snapshot structures is listed in Table 2 (the data of each

Table 2. Average Number of Tunnels from the #-Active Site
to the Surface of f-Subunit (N,,,) Obtained from 10
Snapshot Structures of Each State and X-ray Crystal
Structures Using a Probe Radius (r,) of 1.2 and 1.8 A

RMSD

B [A] Ny, withr,=12 N, withr, = 1.8

MD (Apol 16.1 2.20 1.1 0.2
E(Ain))

MD (IGPI 224 3.13 1.1 0.7
E(Ain))

MD (IGPIE(A- 185 1.73 0.2 0.0

A))

X-ray (1K8X)  15.7 2.74 1 0

X-ray (IWB])  16.0 2.67 1 0

X-ray (2J9X) 5.89 0.00 1 0

snapshot are shown in Tables S4—S6). In the closed form of
the IGPIE(A-A) state, no such tunnel is detected irrespective
of the size of the probe radius. On the other hand, at least one
tunnel is detected in the open form of both ApolE(Ain) and
IGPIE(Ain) states with a probe radius (rp) of 1.2 A. However,
the average number of tunnels with r, = 1.8 A is reduced to 0.2
in the open form of the ApolE(Ain) state, whereas it is kept to
0.7 in the widely open form of the IGPIE(Ain) state. The result
suggests that the tunnel is wider in the IGPIE(Ain) state than
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in the ApolE(Ain) state, which is consistent with the RMSD
value of 3.13 and 2.20 A, respectively. Note that the tunnel
with r, = 1.8 A is absent in the X-ray crystal structures, 1K8X
and 1WB]J, which are both in the open form. The entry
pathway for L-Ser in the widely open form is visualized in
Figure 3. The entrance is located in the vicinity of the SB pair,
PD305/PR141, and its size is sufficiently large to allow L-Ser to
reach the f-active site.

Lser |
\// A
%

Figure 3. (A) Tunnel from the f-active site to the surface of TRPS
(green) of the widely open form in the MD simulations of the IGPI
E(Ain) state detected by CAVER 3.0.°” D305 and fR141 are shown
in red, where the SB is broken in this case. (B) Smallest bottleneck
radius was larger than the surface of the L-Ser (yellow wired surface).

Detailed information on how to set the L-Ser in the pathway is
described in the Supporting Information.

BLigand

-
IR

Figure 2C shows that the COMM domain is closed in the
IGPIE(A-A) state. It is noticeable that the closure of the
COMM domain is uncorrelated with the formation of the SB
and HB. This is clearly seen in the 1D-PMF along £V, where
the free-energy minima are found not only around the SB/HB
formation (£Y3 = 6 A) but also around £V3 = 19 A. The free-
energy barriers in this range are less than 1.0 kcal mol™},
suggesting that the SB/HB can easily form and break while the
COMM domain is kept closed.

The result so far suggests two important features. One is that
the IGP binding at the a-active site induces a conformational
change of the COMM domain from an open form to a widely
open form. Since the a-active site and the COMM domain are
spatially remote, further elucidation of the mechanism for such
an allosteric regulation is intriguing. Secondly, the COMM
domain is closed in the IGPIE(A-A) state, yet the formation of
the SB and HB is not mandatory. Now, the question is what is
the essential interaction that leads to the closure of the
COMM domain? We investigate these points in the following
subsections.

3.2, Wide Opening of the COMM Domain. We
calculated 2D-PMFs to understand the interaction between
the aL6 and the COMM domain. The first CV was set to a
distance between a nitrogen atom of G181 in aL6 and an
oxygen atom of $S178, which belongs to the COMM domain,

{(r) = IN(G181) — O(8178)l. (4)

The previous structural studies have reported that the HB
was formed between aG181 and fS178 in a closed form.”®
Therefore, we use this HB as a measure of the a-subunit
conformation: when ¢ < 3.75 A the a-subunit is referred to as a
closed form. The second CV was set to the RMSD of the
COMM domain, the same as in Figure 2. The result is shown
in Figure 4. In the ApolE(Ain) state, both aL6 and COMM
domains are in an open form sampling a wide configurational

https://doi.org/10.1021/acs.jpcb.2c01556
J. Phys. Chem. B 2022, 126, 3300—3308
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space (Figure 4A). The stable structure is found in a region
around ¢ = 12 ~ 18 A and RMSD = 2.0 ~ 3.5 A. Note that this
region contains the X-ray crystal structure of the ApolE(Ain)
state, 1K8X.

The IGP binding drastically changes the appearance of the
2D-PMF due to a closure of the aL6é (Figure 4B). The
conformational change of @L6 is clearly observed in a 1D-PMF
along ¢, which gives a deep minimum around { = 3.0. On the
other hand, the COMM domain remains in an open form but
also shifts the population toward a widely open form around
RMSD ~3.5 A. The result suggests an allosteric communica-
tion between the @- and f-subunits, where the closure of aL6
stimulates the wide opening of the COMM domain. aL6 and
COMM domains are both closed in the IGPIE(A-A) bound
state (Figure 4C).

To elucidate how the a-subunit invokes the signal of IGP
bindings, we focus on the change in HBs between al2, aL6,
aH2, and the COMM domain. We analyzed the probability of
HB formation (pyg) in the last 30 ns trajectories of the Apol
E(Ain) and IGPIE(Ain) states. The results in Figure 5 show
that the IGP binding triggers a growth of the HB network. The
number of HBs with py > 0.3 is four in the ApolE(Ain) state,
whereas the number increases to six in the IGPIE(Ain) state.
Furthermore, four of them are found to be strongly bound with
pus > 0.6 (highlighted in red). Two of the strong HBs, aG61-
aT183 and aG181-$S178, are visualized in Figure 6A—C. The
IGP forms a HB with aD60, which induces the formation of
HBs between aG61—aT183 and aG181—fS178 and the
change of aL6 conformation to a closed form. Other HBs,
aD60-aQ65, aQ65-fS161, and aP57-fR175, are visualized in
Figure 6D,E. The HB between aD60-aQ6S changes the
conformation of the @H2 (cyan allow), which recruits other
HBs and shifts the COMM domain to a widely open form
(blue allow). Therefore, the HB network plays an essential role
in the transfer of the signal of IGP binding to the S-subunit.

Although there are mutational studies on
aG181—£S178,”>*° no experimental study on mutation of
aP57 or PR175 has been reported. To reinforce the
importance of the intersubunit interaction between
aP57—pR17S, we mutated fR175 to SA175 and performed
US-MD simulations in the same way as in the wild type (WT).
The resulting 1D-PMFs along the RMSD of the COMM
domain are shown in Figure 7. In the ApolE(Ain) state, the
PMEF of the mutant is very similar to that of WT, indicating
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Figure 5. Probability of HB formation (left) and schematic

representations of the HB network (right) in the ApolE(Ain) and
IGPIE(Ain) state. The main HBs with the probability >0.6 are shown
in red color. Asterisk indicates the HBs present in the X-ray crystal
structures of the IGPIE(Ain) state, IWBJ.

that the conformation of the ApolE(Ain) state is unaffected by
the mutation. In contrast, the PMF of the IGPIE(Ain) state of
the mutant is different from that of the WT. The conforma-
tional change from open to widely open forms is suppressed in
the mutant due to the lack of a HB between aP57—pR17S.
3.3. Closure of the COMM Domain. To clarify the
driving force to close the COMM domain, we analyzed the
HBs between the f-subunit and the f-ligand [E(Ain) or E(A-
A)] in the last 30 ns trajectories of the IGPIE(Ain) and IGPI
E(A-A) states. The probability of HB formation and the
structure are shown in Figure 8. Regardless of the presence of
L-Ser, the phosphate group of PLP is always hydrogen-bonded
with $G232-fN236. These HBs stabilize the position of PLP
in the f-active site. The difference in the HB network between
IGPIE(Ain) and IGPIE(A-A) states is observed in a portion of
the COMM domain, pT110-fH11S, which is strongly
hydrogen-bonded with an aminoacrylate moiety of E(A-A).
As shown in Figure 8D, these HBs largely shift the position of
PT110-fH115. Note that the intersubunit HBs are kept
unchanged by the closure of the COMM domain (Figure S3).
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These results suggest that the closed form of the COMM
domain is stabilized by strong HBs formed with the E(A-A)
intermediate.

The remaining question is when is the COMM domain
closed, i.e., upon the binding of L-Ser to the B-active site or the
formation of E(A-A) after the reaction of PLP and L-Ser? To
clarify this point, we have carried out an additional MD
simulation after converting E(A-A) to E(Ain) and adding L-
Ser [denoted E(Ain).L-Ser]. The initial structure was taken
from one of the stable structures of IGPIE(A-A). After the
system was equilibrated as before (see Table S1), the
production run was performed for 50 ns. Figure 9 shows the
time series of RMSD of the COMM domain along the
simulation time. Although the RMSD is slightly increased in
the initial stage, it is stabilized around 2.0 A after 30 ns. The
COMM domain does not reach a widely opened form, and L-
Ser remains intact at the f-active site. The probability of HB
formation and the structure of IGPIE(Ain).L-Ser are shown in
Figure 10. Although the HBs with fG113-$#H11S are absent,
L-Ser is strongly hydrogen-bonded with fG110-$H112. It is
plausible that these HBs prevent wide opening of the COMM
domain. Therefore, we suggest that the L-Ser binding induces
the conformational change of the COMM domain from widely
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state.

open to open, and the COMM domain is further closed upon
the formation of E(A-A).

4. DISCUSSION AND CONCLUSIONS

MD simulations of TRPS have been carried out in three ligand
bound states, namely, ApolE(Ain), IGPIE(Ain), and IGPIE(A-
A) states to elucidate the mechanism for the ligand-induced
conformational changes of a and p-subunits. The PMF
obtained from US simulations has revealed stable, widely
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Figure 10. Probability of HB formation (A) and the structure (B) in
the IGPIE(Ain).L-Ser state.

opened conformations of the COMM domain in the IGPI
E(Ain) state. The widely opened conformation has a sufficient
space for L-Ser to enter into the B-active site, unlike the open
conformation observed in X-ray crystal structures and MD
simulations in ApolE(Ain) state. Such a conformational change
is consistent with a kinetic experiment, which reported an
increase in the binding affinity of L-Ser upon the IGP binding
at the a-subunit."" In the X-ray crystal structure, the pathway
for L-Ser to access the f-active site is unclear. The position/
orientation of the COMM domain of the IGPIE(Ain) state
(PDBID: 1WB]J) exhibited little change from those in the Apol
E(Ain) state (PDBID: 1K8X). In another crystal structure
(PDBID: 1QOQ), the COMM domain was reported to be
widely opened. This structure was missing the essential
monovalent cation at the f-subunit and therefore the biological
meanings were not clear. The present result has clarified the
entry pathway for L-Ser toward the fS-active site, which passes
through the SB pair (fD30S and fR141) to the f-active site
(see Figure 3).

In the IGPIE(A-A) state, the a- and f-subunits are both
found to be in a closed form. Although the SB between D305
and fR141 and HB between 5299 and fR141 were suggested
to play key roles in stabilizing the closed conformation of the
COMM domain,* the present results showed that the
formation of the SB and HB is uncorrelated with the closure
of the COMM domain. Instead, the present calculation
suggests that the closure is driven by strong HBs between an
aminoacrylate moiety of the E(A-A) intermediate and a
portion of the COMM domain (f#T110-$H115). The finding
is in line with the very recent mutagenesis experiment of
PQI114A, which observed an alternation of the stability of the
open and closed conformations of the COMM domain in the
mutant.”*

In summary, the present MD simulation has revealed the
mechanism for allosteric regulation of TRPS in atomic details.
(1) The IGP binding to the a-active site induces a closure of
alé, (2) the fix of aL6 stimulates the development of a HB
network among L2, aH2, aL6, and the COMM domain, (3)
the intersubunit HBs, aG181—£S178 and aPS57—pR17S, shift
the position of the COMM domain and make it widely opened
to allow the entrance of L-Ser, (4) after the reaction of L-Ser
and PLP, the product, E(A-A) intermediate, forms strong HBs
with the COMM domain to close the conformation. In Movie
S1, we have summarized our findings on the relationship
between a and p-ligand binding and the COMM domain
opening/closure.

The present study dealt with TRPS from Salmonella
typhimurium (St TRPS) because there are many fundamental
structural data and compiled knowledge from previous
experimental studies. Unfortunately, the sequence similarity
between St TRPS and M.tb TRPS is not high, 27% and 57% for
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the o and f-subunits, respectively. Therefore, the scenario may
not be applicable directly to M.tb TRPS for TB drug design.
Nonetheless, a similar computation is readily applicable to
M.tb TRPS to identify the key site of intersubunit
communication.

Although the present study focused on the conformational
heterogeneity of TRPS, the atomic details on allosteric
chemical reactions, namely, the enhancement of E(Ain).L-Ser
—E(A-A) induced by IGP binding and the activation of the a-
reaction and indole transfer by the formation of E(A-A),
remain an open question. To study the enzymatic reaction,
classical molecular dynamics simulation is not enough. We
need to perform hybrid QM/MM calculations of both a and f-
reactions.”’ Transfer of indole from the a to f-active sites in a
narrow tunnel between them provides another computational
challenge for us. Without such computational effort, we
consider that we are not able to fully understand molecular
functions of TRPS and its allosteric regulations. Fortunately,
efficient computational methods and sufficient resources are
now available to answer these challenging questions.
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