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ABSTRACT: Conformational changes of enzyme complexes are often related to regulating and creating an
optimal environment for efficient chemistry. We investigated the synergistic regulation of the tryptophan
synthase (TRPS) complex, studied for decades as a model of allosteric regulation and substrate channeling
within protein complexes. TRPS is a bifunctional tetrameric RββR enzyme complex that exhibits cooperative
motions of the R- and β-subunits by tightly controlled allosteric interactions. We have delineated the
atomically detailed dynamics and conformational changes of TRPS in the absence and presence of substrates
usingmolecular dynamics simulations. The computed energy and entropy associatedwith the proteinmotions
also offer mechanistic insights into the conformational fluctuations and the ligand binding mechanism. The
flexible R-L6 loop samples both open and partially closed conformations in the ligand-free state but shifts to
fully closed conformations when its substrates are present. The fully closed conformations are induced by
favorable protein-ligand interactions but are partly compensated by configurational entropy loss.
Considerable local rearrangements exist during ligand binding processes when the system is searching for
energy minima. The motion of the region that closes the β-subunit during catalysis, the COMM domain,
couples with the motion of the R-subunit, although the fluctuations are smaller than in the flexible loop
regions. Because of multiple conformations of ligand-free TRPS in the open and partially closed states, the
R-L6 loop fluctuations have preferential directionality, which may facilitate the fully closed conformations
induced by R- and β-substrates binding to both subunits. Such cooperative and directional motion may be a
general feature that contributes to catalysis in many enzyme complexes.

Allosteric communication is important in coordinating func-
tion and reactions in many proteins and enzyme complexes. The
dynamics and conformational changes in protein structures may
range from the fluctuation of side chains to rearrangement of the
secondary and tertiary structures (1, 2), which are mandatory for
allosteric communication, substrate channeling, and synergistic
regulation to optimize protein function (3-10). A good model
system that exhibits all these properties is tryptophan synthase
(TRPS),1 a bifunctional, tetrameric enzyme composed of two
R- and two β-subunits. The enzyme complex is arranged in a
linear architecture as a RββR complex and catalyzes the last two
steps in the biosynthesis of L-tryptophan in prokaryotic and
lower eukaryotic organisms (11). The centers of the active sites of
bothR- and β-subunits are far from each other and are connected
by a 25 Å long hydrophobic tunnel, which allows for direct
substrate channeling of the reaction intermediate without it

diffusing into the water. A labeled diagram of a fully functional
R/β-dimer of the TRPS complex boundwith the ligands 3-indole-
D-glycerol-30-phosphate (IGP) and aminoacrylate (A-A) in their
corresponding active sites with important loops and domain
coded with different colors is depicted in Figure 1a.

The mechanism of Rβ-activation and allosteric regulation in
TRPS is associated with an open-closed transition of both
subunits (see Figure 1b), which involves large-scale R-L6 motion
in the R-subunit, communication domain (COMM domain)
motion in the β-subunit, and localized motion of residues at
the interface of theR- and β-subunits (12-14) (see the Supporting
Information for the details of the molecular mechanism at the
R- and β-sites). Only closed conformations can perform proper
catalysis (15). The binding of an R-site ligand (ASL) triggers
several conformational changes within the binding site that
restricts the dynamics of R-L6, which is mandatory for efficient
catalysis. These conformational changes in the R-binding site
allosterically communicate with the β-site and vice versa, mediat-
ing the biosynthesis of L-tryptophan. The overall reaction of
TRPS is given in the Supporting Information.

Whether the flexible R-L6 loop exists as an ensemble of open
and closed conformations or the closed conformations can be
induced only by binding an ASL to the R-site is still debatable.
The dynamics of the protein and its contribution to synergy and
allostery are unknown, in part due to the fact that the dynamics
of TRPS cannot be observed by NMR because of the size of the
TRPS complex (∼149 kDa for the RββR structure). Moreover,
although high-quality X-ray crystallographic structures are
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available, flexible parts such as openR-L6 (residues 179-192) are
missing (see Figure SF1 of the Supporting Information). There-
fore, the structure and dynamics of R-L6 in the open state are not
recognized, and the processes such as ligand binding and closing
of the R-subunit are unknown.

A theoretical study involving the Gaussian network model
provided information about the cooperative fluctuations of the
R- and β-subunits (17). Recently, a molecular dynamics (MD)
simulation without a detailed solvent model was used to model
the open-closed transition of the R-subunit (18). The simulation
suggested that the open conformation of R-L6 is favored in wild-
type TRPS when ASLs are absent. Several TRPS mutants have
been extensively studied (see Table ST1 of the Supporting
Information for a brief summary).

To the best of our knowledge, this is the first detailed all-atom
explicit waterMD simulation study ofR/β-dimer of TRPS on the
nanosecond scale, where we began to address some fundamental
questions underlying allosteric and synergistic regulation. For
example, what is the common and special structure and dynamic
feature of TRPS? How do R- and β-subunits fluctuate in the

ligand-bound and ligand-free states? How do the ligands interact
withTRPS, andwhat conformational changes are observed upon
ligand binding? These studies help scientists understand how
synergy and allostery are related to the protein function. In this
context, we produced three 30-60 ns explicit MD simulations:
ligand-free (open state), ligand-bound (partially closed state),
and ligand-bound-reference (ligand-bound-ref, completely
closed state). We reveal the dynamics and conformational
changes induced by ligand binding, particularly the energetic
and entropic differences between each state. We also studied the
motions of the loops (R-L2 and R-L6) and the COMM domain.
Moreover, we compared the distance fluctuations between the
key residues, which are responsible for allostery, catalysis, and
switching of open and closed states, among simulations.

MATERIALS AND METHODS

Construction of Ligand-Free TRPS with Open R-Sub-
units and Open β-Subunits. Because crystal structures have
only an R-subunit with a closed R-L6 loop, we ran a 15 ns MD
simulation with a generalized Born (GB) implicit solvent model

FIGURE 1: (a) Structure of the R/β-dimer of tryptophan synthase with substrates IGP and aminoacrylate shown as a CPKmodel. The important
regions havebeen codedwithdifferent colors: yellow forR-L2 (residuesR53-60), red forR-L6 (residuesR179-193), green for theCOMMdomain
(residues β102-189), and bright green for β-H6 of the COMM domain (residues β165-181). The approximate location of the interconnecting
channel is shown as a solid blue line. These color codes have been used in all graphics. (b) Cartoon representation of synergistic regulation in
tryptophan synthase. The R-ligand 3-indole-D-glycerol-30-phosphate (IGP) splits into glyceraldehyde-3-phosphate (G3P) and indole via the
action of the R-subunit. The intermediates internal aldimine (Ain), first external aldimine (Aex1), and aminoacrylate (A-A) are formed during the
stage I β-reaction. The channeling of indole from the R- to β-subunit initiates the stage II β-reaction, which yields L-tryptophan (L-Trp) as a final
product through a series of intermediate formations such as Q3 and Aex2, for quinonoid and second external aldimine, respectively. Notice the
flipping of the R-L6 and β-COMM domain to open and closed conformations and vice versa during the complete biochemical reaction.
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to obtain an open R-L6 loop (19). The initial structural coordi-
nates were taken from Protein Data Bank (PDB) entry 2J9X for
the R-subunit, and the R-site ligand was manually removed (20).
The coordinates of three missing residues (Ala190, Leu191, and
Pro192) in R-L6 were taken from PDB entry 3CEP (see Figure
SF2 of the Supporting Information) (15). After a subsequent
minimization, equilibration, and MD simulations with the GB
model in the Amber package (21), several open conformations of
the ligand-free R-subunit were collected on the basis of the
distance of R-Thr183 (R-L6) and R-Asp60 (R-L2). The open
conformations of the ligand-free R-subunit were merged with a
ligand-free open β-subunit (PDB entry 1QOQ) to construct
several ligand-free TRPS forms with open R-subunits and open
β-subunits (22). The modeled R/β-dimers underwent energy
minimization and equilibration with explicit waters. The systems
were then subjected to a minimum of 13-18 ns of explicit MD
simulations, and important distances were subsequently ana-
lyzed. Themost stableR/β-dimer in terms of distance fluctuations
was then selected for a 60 ns MD simulation by use of NAMD
2.6 (23). Figure SF3 of the Supporting Information shows the
steps involved in the MD simulations of the TRPS complex.
Construction of Ligand-Bound TRPS Complexes: Test

and Reference Systems. A ligand-bound complex was con-
structed by placing bothR- and β-site ligands in the binding sites.
IGP was docked into the R-site of the ligand-free complex
obtained from the procedure described in the previous section
(the detail parameters of protein-ligand docking are given in the
Supporting Information). Since the side chains of the R-site
produce considerable changes during the free complex simulation
(in particular,R-Phe212), molecular docking programs could not
reproduce the crystal structure conformation of IGP. Therefore,
the substrate was manually placed into the binding site, and the
distance from catalytically important residues R-Asp60 and
R-Glu49 to IGP was maintained, as suggested by experiments.
The β-site ligand aminoacrylate was docked into the β-subunit of
the ligand-free R/β-complex by use of the Autodock4 pack-
age (24). The choice of IGP and aminoacrylate as ligands for
R- and β-sites, respectively, ensures the closed conformation of
the R/β-complex. The system containing R- and β-site ligands is
termed the ligand-bound complex. After subsequent minimiza-
tion and equilibration, a 60 ns MD trajectory was collected to
observe the possible ligand-induced conformational changes in
the complex. Another TRPS system, with IGP and aminoacry-
late in the R- and β-sites, respectively, was prepared by using the
initial coordinates from a crystal structure (PDB entry 3CEP).
This is our reference structure with completely closed R- and
β-subunits, which we termed the ligand-bound-ref complex. We
created a 30 ns MD simulation after subsequent minimization
and equilibration processes.
Molecular Dynamics Simulation Protocol. The ff03 am-

ber force field and general amber force field (GAFF) were
applied to all three systems (ligand-free, ligand-bound, and
ligand-bound-ref TRPS complexes) (25, 26). The antechamber
package was used to create the topology and coordinate files for
the ligands (27). The protonation states for histidines, aspartates,
and glutamates were determined by using MCCE (28) and also
manually checked by the authors (see Figure SF4 of the
Supporting Information). The TRPS complexes contain one
R-subunit and one β-subunit. Although no substrates bound to
the ligand-free TRPS complex, a pyridoxal 50-phosphate (PLP)
molecule was kept as a cofactor in the β-active site. The system
was electronically neutralized by the addition of 14Naþ ions. The

ligand-bound TRPS complex includes IGP in the R-site and
aminoacrylate in the β-site, and the systemwas neutralized by the
addition of 13 Naþ ions. Both ligand-free and ligand-bound
complexes have one Naþ ion placed close to the β-active site, as
suggested in experiments. The ligand-bound-ref complex refers to
a completely closed state of TRPS comprised of IGP and
aminoacrylate in the R- and β-sites of the complex, respectively.
The Csþ ion located close to the β-active site in the crystal
structure was replaced with the Naþ ion, and 12 more Naþ ions
were added to neutralize the system. The protonation states of
aminoacrylate were calculated by the Mueller group using solid
state NMR (see the Supporting Information for details). All the
complexes were solvated by a 12 Å TIP3P water box with the
xleap program in the amber10 package, and each system has
about 86000 atoms.

The initial energy minimization for water molecules was
carried out by the sander program (amber10). NAMD version
2.6 was then used for further minimization, equilibration, and
production runs. Before equilibration, the systemswere gradually
heated from250 to 300K for 30 ps. The resulting trajectories were
collected every 1 ps. TheNPT ensemblewas applied, and periodic
boundary conditions were used throughout the MD simulations.
A temperature of 298 K was maintained with a Langevin
thermostat with a damping constant of 2 ps-1, and the hybrid
Nose-Hoover Langevin piston method was used to control the
pressure at 1 atm. The SHAKE algorithm was used to constrain
the length of all bonds involving hydrogens; therefore, the time
stepwas set to 2 fs. The nonbonded interactions were truncated at
a distance of 14 Åwith a switching beginning at 12 Å. The particle
mesh Ewald method was used to treat long-range electrostatic
interactions beyond the cutoff limit. VMD (29) was used for
visualization and graphical representation, and the Bio3D pack-
age (30) was used to analyze simulation results.
Interaction Energy and Entropy Calculation. The total

energy Etot(r) can be decomposed into the sum of the potential
energy, U(r), and the solvation energy, W(r), both as functions
of the coordinate r. The solvation energy comprises a
Poisson-Boltzmann term, WPB, for electrostatic solvation free
energy (31) and a cavity/surface area term, Wnp, for nonpolar
solvation free energy (32, 33). The energy was computed by use
of the amber10 package for each snapshot saved during the
MD simulations, with waters removed (21). The change in mean
energy on molecular interactions can be decomposed as
follows:

ΔÆEtotæ ¼ ΔÆUcæþΔÆUvdwæþΔÆUeleæþΔÆWPBæþΔÆWnpæ ð1Þ
representing the changes in valence energy (bond, angle, dihedral,
and improper dihedral energies), van der Waals (vdw) interac-
tions, Coulombic interactions, and polar solvation and nonpolar
solvation free energy, respectively. Each individual interaction
energy term is calculated according to the following expressions:

ΔÆER=β-interfaceæ ¼ ÆER=β-complexæ- ÆER-subunitæ- ÆEβ-subunitæ ð2Þ

ΔÆEprotein-ligandæ ¼ ÆEsubunit with ligandæ- ÆEsubunit without ligandæ

- ÆEligandæ ð3Þ
where ΔÆER/β-interfaceæ denotes the interaction energies between
the R- and β-subunits and ΔÆEprotein-ligandæ denotes the
energy contributions for a ligand binding to the R- or β-subunit.
Note that the valence energy term is canceled during the
calculations.
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The configurational entropy S includes a conformational part
that describes the number of occupied energy wells and a vibra-
tional part that defines the width of each occupied well (34-36)
computed from each dihedral angle. The configurational entropy
is calculated by use of the Gibbs entropy formula (37):

S ¼ -R

Z
pðxÞ ln pðxÞ dx

where p(x) is the probability distribution of dihedral x andR is the
gas constant. T-analyst was used to compute the Gibbs entropy,
and only the internal dihedral degree of freedom of rotatable
dihedrals is considered in the entropy calculations. The absolute
temperature T is set to 298 K in this study. The change in the
configurational entropy of dihedrals of interest between a bound
and a free state can be obtained by

TΔSconfig ¼ TSbound - TSfree

RESULTS AND DISCUSSION

In the R-subunit, we denote open, partially closed, and closed
R-L6 loops based on two distances (R-L6-β-H6 of the COMM
domain and R-L6-R-L2), which are defined by the R-Gly181-
(N)-(O)β-Ser178 and R-Asp60(CG)-(OG1)R-Thr183 dis-
tances, respectively. We assume that the R-L6 loop is partially
closed if the R-L6-β-H6 and R-L6-R-L2 distances are in the
range of 3.5-4.2 and 4.0-5.0 Å, respectively. If these distances
are shorter than the given range, the R-L6 loops are said to
be in closed conformations; otherwise, they are open. In the
β-subunit, the definitions of open, partially closed, and closed
conformations of the COMMdomain are based on the distances

of two salt-bridge forming residues, β-Arg141(CZ) and
β-Asp305(CG). If the distance is shorter than 5.5 Å or larger
than 8.5 Å, the COMM domain is in the closed or open
conformation, respectively; otherwise, it is partially closed. On
the basis of this definition, only PDB entries 2J9Xand 3CEPhave
closed β-subunit conformations out of 30 wild-type structures,
while PDB entry 1QOQ has an open COMMdomain conforma-
tion in the β-subunit of TRPS. These distance cutoffs have been
set after a careful analysis of 50 wild-type and mutated TRPS
forms available in the Protein Data Bank.
Dynamics of R-L6. In this study, we were interested in the

dynamics of R-L6 (residues 179-193) in TRPS, which plays a
crucial role in the regulation of protein function (11, 12). Analysis
of the root-mean-square deviation for R-L6, at equilibrium,
revealed that the ligand-free TRPS prefers open conformations,
but partially closed (“partially open”) conformations also exist.
However, during a 60 ns ligand-free MD simulation, we could
not observe fully closed conformations of R-L6 in TRPS. The
fully closed R-L6 may still exist without ASL binding; however,
presumably due to high energy barriers, it may not be observed
during nanosecond time scale MD stimulations. In our ligand-
bound simulation, R-L6 shifted the population toward the closed
form but did not completely achieve the fully closed conforma-
tion. Our study suggests that instead of being pure random
motions, R-L6 fluctuations may have directionality that lets the
loop close when substrates bind, which is analogous to popula-
tion shift or conformational selectionmodels (4, 38-43). Still, the
fully closed conformations need to be induced by protein-ligand
interactions. Similar motions can be found in the COMM
domain. Moreover, both R- and β-site ligands allosterically

FIGURE 2: Comparison of entropy changes for Ω, Φ, Ψ, and side chain dihedrals associated with R-L6 in ligand-free (gray solid line), ligand-
bound (dashed line), and ligand-bound-ref (black solid line) complexes. These definitions apply also to the top panel.
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communicate with the other site via changes between the inter-
face. We suggest that the fully closed conformations need to be
induced by cooperative motions, and the popular induced-fit
model can also be observed in the final stage of the binding
processes (44). The snapshots for R-L6 dynamics with respect to
β-H6 of the COMM domain and R-L2 are shown in Figure SF5
of the Supporting Information.

In Figure 2, computed configurational entropy based on the
dihedral degree of freedom is plotted as a function of R-L6
residues; details are given in Table ST2 of the Supporting
Information. As expected (45), compared to the Φ and Ψ
backbone torsional angles, the omega (Ω) dihedral makes the
smallest contribution to the R-L6 loop flexibility. The entropy
computed for the R-L6 region (residues 170-205 of the
R-subunit) decreases by 13 kcal/mol, in comparing the ligand-
free TRPS with the ligand-bound-ref state. The value is reduced
only slightly, by ∼1 kcal/mol, in a comparison of the ligand-free
with the ligand-bound complex. The entropy calculation is based
on the sum of the entropy computed from each dihedral angle,
and the coupling among dihedrals is neglected here. Therefore,
the entropy may be reduced further if dihedral coupling is very
strong. Although we anticipated that ligand binding to the R-site
would suppress protein motions, thus largely decreasing the
entropy of the loop, the ligand-bound complex retains flexibility
similar to that in the ligand-free complex. Nevertheless, the
ligand-bound-ref complex has very restricted dynamics with
small entropy contributions, particularly R-Gly181 and
R-Thr183, which form H-bonds with helix β-H6 of the COMM
domain.We conclude that our ligand-bound complex is involved
in R-ligand binding; therefore, many local rearrangements occur
during the simulation, which yields substantial local fluctuations.
Atomic Distance Fluctuations between Key Residues. To

demonstrate the protein dynamics, we chose a few key residues
reported by experimentalists to illustrate relative protein
motions. Mutational studies revealed that residues R-Gly181,
β-Ser178, R-Asp60, R-Thr183, R-Asp56, β-Lys167, β-Arg141,
and β-Asp305 have vital roles in R-L6 and COMM domain
closure and participate in allosteric and synergistic regulations of
TRPS. Therefore, the study focused on the dynamics of these
residues. Table 1 lists the average atomic distances for key
residues involved directly or indirectly in H-bonding obtained
from the MD simulations and reported crystal structures, and
Figure 3 displays the formation of the H-bond between these
residues.

The interaction between R-Gly181(R-L6) and β-Ser178(helix
β-H6 of the COMM domain) is responsible for the opening and
closing of R-L6 and is involved in the allosteric communication
with helix β-H6 of the COMM domain. Figure 4a(i) displays the
distance fluctuations for this interaction during the simulation,
obtained from ligand-free, ligand-bound, and ligand-bound-ref

MD simulations. The average distance obtained from the ligand-
free MD simulation in aqueous solution is 4.28 ( 0.51 Å. This
distance cannot be measured experimentally because of missing
R-L6 residues in X-ray data, presumably because of their fast
motions in the open state. However, as soon as the ligand enters
the R-site, this distance begins to decrease (as indicated by the
ligand-bound MD simulation, 4.03 ( 0.36 Å) and eventually
moves to a completely closed state with the lowest fluctuation, as
observed for the ligand-bound-ref simulation (3.16 ( 0.31 Å).
This conformational rigidity is a necessary prerequisite for
R-catalysis. Analysis of 22 TRPS crystal structures with
partially closed or completely closed R-L6 shows this distance
ranging from 2.73 to 3.95 Å. Population distribution analysis
[Figure 4a(ii)] further clarifies the switching of open R-L6 into
closed states upon binding of the R-ligand by shifting the whole
population of conformations toward the shorter distances.

Another important interaction responsible for the open and
closed R-L6 conformations in TRPS is the intrasubunit
R-Asp60(R-L6)-R-Thr183(R-L2) distance. Fluctuations over
the simulation time obtained from the three complexes are
shown in Figure 4b(i). Because of missing R-L6 residues in the

Table 1: Comparison of Atomic Distance Fluctuations (angstroms) of Key Residues during Ligand-Free, Ligand-Bound, and Ligand-Bound-Ref MD

Simulations with Those Obtained from the X-ray Crystallographic Structures of 49 TRPS Conformationsa

ligand-free ligand-bound ligand-bound-ref experimental value from PDB crystal structures

R-Gly181(N)-(O)β-Ser178 4.28 ( 0.51 4.03( 0.36 3.16( 0.31 2.73-3.95f

R-Asp60(CG)-(OG1)R-Thr183 5.96( 1.48a 4.40( 1.01d 3.79( 0.34 3.45-3.91g

R-Asp56(CG)-(NZ)β-Lys167 4.45 ( 0.86b 4.25( 1.13e 3.57( 0.23 3.02-4.82

β-Arg141(CZ)-(CG)β-Asp305 8.83( 2.29c 10.17( 1.43 5.00( 0.54 4.62-13.04

aa-e denote average values of two peaks at approximately 3.4 and 6.5 Å, 3.8 and 5.5 Å, 6.6 and 10.5 Å, 3.5 and 5.5 Å, and 3.7 and 5.9 Å, respectively. f and g
denote values taken from partially closed and fully closed R-L6 loop conformations of TRPS crystal structures. Open conformations are missing these residues;
therefore, these distances are not measurable.

FIGURE 3: Formation of important H-bonds between R-Gly181 and
β-Ser178 (a), R-Asp60 and R-Thr183 (b), R-Asp56 and β-Lys167 (c),
and β-Arg141 and β-Asp305 (d) to regulate allostery and to control
the motion of loops and the COMM domain in TRPS.
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experimental data for open conformations, no information
about this distance is available for open R-L6. However, for
partially closed or completely closedR-L6, the reported distance
ranges from 3.45 to 3.91 Å. The 60 ns MD simulation of the
ligand-free complex yields an average distance of 5.96( 1.48 Å,
which is substantially longer than those reported for partially
closed and completely closed conformations (3.45-3.91 Å),
which indicates the dominance of the open R-L6 conformation
in the ligand-free state. In the ligand-bound state, this distance
gradually decreases to a smaller value (4.40 ( 1.01 Å) and
further reduces to 3.79 ( 0.34 Å for ligand-bound-ref com-
plexes. The population distributions [Figure 4b(ii)] further
verify the switching of R-L6 from an open to a closed con-
formation upon ligand binding. The narrower distributions in
the ligand-bound-ref complex explain the rigidity of R-L6 in the
presence of R-ligand.

In addition to several local conformational changes, the
binding of ASLs also induces many global effects. Figure 4c(i)
shows the fluctuations in the R-Asp56-β-Lys167 distance, which
represent intersubunit motions. The corresponding population
distributions are given in Figure 4c(ii). The interaction between
R-Asp56(L2) and β-Lys167(helix β-H6 of the COMMdomain) is
important for allosteric communication, and mutations of either
residue weaken the ability of the R-subunit to activate the
β-subunit (or to close the β-subunit), thus altering the reaction
rate of the β-subunit. Analysis of 45 crystal structures of TRPS
shows a range of this distance of 3.02-4.82 Å. The MD
simulations of ligand-free, ligand-bound, and ligand-bound-ref
complexes yield this distance as an average of 4.45 ( 0.86 Å
(an average over two peaks at distances of ∼3.8 and ∼5.5 Å),
4.25( 1.13 Å (an average of two peaks at∼3.7 and∼5.9 Å), and
3.57( 0.23 Å, respectively. Considering the average values of this

FIGURE 4: Distance plots (i) and corresponding population distributions (ii) for interactions between residues R-Gly181 and β-Ser178 (a),
R-Asp60 and R-Thr183 (b), R-Asp56 and β-Lys167 (c), and β-Arg141 and β-Asp305 (d) obtained from ligand-free (LF), ligand-bound (LB), and
ligand-bound-ref (LBR) MD simulations.
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distance, apparently binding of ASLs strengthens the R-Asp56-
β-Lys167 interaction, as reflected by the shorter distances in the
ligand-bound and ligand-bound-ref complexes as compared to
that in the ligand-free complex. The population distributions for
the R-Asp56-β-Lys167 distance depicted in Figure 4c(ii) further
verify it by shifting the larger distance into the smaller distance
upon ligand binding. However, for the ligand-bound complex,
larger intersubunit fluctuations can be observed, which indicates
the system is in search of more stable conformations.

Unlike R-L6, the COMM domain is mainly composed of
R-helices and β-sheets that lead to relatively restricted dynamics
of the residues. The open and closed conformations of the
β-subunit are, therefore, barely distinguishable. Thus, as sug-
gested by experiments, the distance between β-Arg141 and
β-Asp305 is used to define the open and closed conformations
of the β-subunit. With this definition, only two (PDB entries
2J9X and 3CEP) of 30 wild-type crystal structures of TRPS have
a completely closed β-subunit, and the β-Arg141-β-Asp305
distances are 4.85 and 4.68 Å, respectively. The remaining crystal
structures show a longer β-Arg141-β-Asp305 distance, ranging
from 6.93 to 13.04 Å. Figure 4d indicates that the β-Arg141-
β-Asp305 distance fluctuates and is on average 8.83 ( 2.29 Å
(average of two peaks at∼6.6 and∼10.5 Å), 10.17( 1.43 Å, and
5.00 ( 0.54 Å for the ligand-free, ligand-bound, and ligand-
bound-ref complexes, respectively. Our simulation reveals that
the β-Arg141-β-Asp305 distance in the ligand-free TRPS fluc-
tuates between two distinct conformations, fully open and
partially closed. However, the ligand-bound-ref complex pro-
duces only a single peak at a shorter β-Arg141-β-Asp305
distance (5.00 ( 0.54 Å), which indicates the dominance of the
closed β-subunit in the presence of ligands. Notably, the
β-subunit of our ligand-bound model stays in a fully open
conformation, even when both substrates are present. We
surmise that the closure of the COMM domain may require a
longer trajectory of a few microseconds to yield fully closed
β-subunit conformations.
Ligand-Protein Interactions. The binding of IGP and

aminoacrylate to the active sites induces closed conformations

to enhance the catalytic rate. In the R-site, R-Glu49 and R-Asp60
are reported as catalytically relevant residues, which contribute
directly to the cleavage of IGP into G3P and indole. Other
residues help maintain the hydrophilic and hydrophobic interac-
tions with the IGP and, therefore, provide a feasible environment
for the biocatalysis. Figure 5a displays the important interactions
of IGP with R-site residues, and Figure 6a,b shows distance
fluctuations of IGP with R-Glu49 and R-Asp60 obtained from
the ligand-bound and ligand-bound-ref simulations. In the
ligand-bound simulation, IGP has unexpected distance fluctua-
tions with respect toR-Glu49 andR-Asp60. Such fluctuations are
associatedwith local rearrangements to find suitable interactions.
The ligand-bound-ref complex, however, yields a highly con-
served and stable distance with very small fluctuations for both
R-Glu49-IGP (2.61 ( 0.09 Å) and R-Asp60-IGP (2.96 (
0.33 Å) distances throughout the 30 ns simulation.

In the β-site, β-Ser377may form a very stableH-bond with the
intermediate to stabilize the electronic charges on transition
states (46, 47). Therefore, the distance between the pyridine
nitrogen of aminoacrylate (or PLP) and β-Ser377 was studied
to determine the dynamics of the ligand and the local residues. In
nearly 40 crystal structures, the experimentally observed distance
varied from2.56 to 3.07 Å. The average distance in the ligand-free
MD simulation (β-Ser377-PLP) is 3.08 ( 0.45 Å (Figure 6c).
The distance slightly increases upon binding of the β-ligand
(3.89( 0.99 Å) as shown in ligand-bound simulation because of
the local rearrangement to find favorable interactions. After the
complex achieves one of the global energy minima, such as the
ligand-bound-ref complex in this study, the distance decreases to
an average of 2.88 ( 0.12 Å. Forming an H-bond, as shown in
Figure 5, is necessary to carry out the β-reaction, which also
contributes to the conformational stability and results in smaller
local fluctuations.

Table 2 lists the energies of ligand-protein interactions.
Although ligand-protein binding presumably forms negative
interaction energies, this occurs only when the optimal geome-
tries are attained. For example, the interaction energies of the
ligand-bound-ref complex are -3 and -35 kcal/mol for R- and

FIGURE 5: Snapshots of (a) R- and (b) β-active sites in the presence of 3-indole-D-glycerol-30-phosphate (IGP) and aminoacrylate asR- and β-site
ligands (shown in CPK), respectively. Residues involved directly in the catalysis are shown as licorice. The gray dotted lines indicate the stable
interactions between residual atoms and ligand atoms [i.e., R-Asp60(OD1)-(NE1)IGP and R-Glu49(OE1)-(O3)IGP in the R-subunit and
β-Ser377(OG)-(N1)aminoacrylate in the β-subunit].



9928 Biochemistry, Vol. 48, No. 41, 2009 Fatmi et al.

β-ligands, respectively. The favorable interactions also ensure the
next step of the catalytic cycle. In contrast, during the ligand
binding processes, the searching of local energy minima for the
complex incurs large-scale conformational changes, as described
previously. Although when aminoacrylate was docked into the
β-subunit, the interaction energies were negative, aminoacrylate
still does not form perfect contacts with the protein, due to the
protein side chain rearrangement during the ligand-free MD
simulation. Therefore, both aminoacrylate and protein fluctuate
significantly during the binding process. This stage may also
produce less favorable ligand-protein interaction energies, pri-
marily by losing H-bonds between ligands and the protein’s
active sites (6.3 and 25.8 kcal/mol for R- and β-ligands, res-
pectively). The unfavorable interactions are compensated in part
by an increase in local entropy and by induction of stronger
intersubunit interaction in the R-site-β-site interface, as we
discuss in the next section.
Interaction Energy Contribution at the R-β-Interface.

Changes of interaction energies in the R-site-β-site interface are
directly related to the communication between the R- and
β-subunits. As expected, van der Waals interactions play a key
role in the R-subunit-β-subunit association in all three com-
plexes, because the dimer dominantly has hydrophobic residues
in the interface. The interaction becomes stronger from the
ligand-free (-141.7 kcal/mol) to ligand-bound (-156.1 kcal/mol)
and ligand-bound-ref (-162.9 kcal/mol) complexes. A similar
trend can be found in Coulombic interactions (see Table 2 for
details). The Coulombic Uele and electrostatic solvation terms
(WPB) appear to be remarkably well balanced (48); therefore, we
considered the sum of both terms here (ΔÆUele þ WPBæ) to study
the electrostatic contributions. Interestingly, ΔÆUele þ WPBæ
contributes approximately -85 kcal/mol to attract the R- and
β-subunits in both ligand-free and ligand-bound-ref com-
plexes. In the ligand-bound complex, the binding of substrates
perturbs the R-site-β-site interface, and the conformational
arrangement is associated with particularly strongΔÆUeleþWPBæ
interactions (approximately -106 kcal/mol). Of note, although

the ligand-bound-ref complex does not yield the lowest interac-
tion energies in the R-site-β-site interface, the overall changes in
interaction energies are favorable, because of ligand-protein
attractions.

The energy calculations suggest that the binding of the
substrates generates a certain rearrangement near the interface
before the complex finds the global energy minima. Nevertheless,
the binding eventually stabilizes the entire complex, which also
increases the R-subunit-β-subunit allosteric communication and
helps to close the subunits for the catalysis.
Cooperative Fluctuation of R- and β-Subunits: Principal

Component and Dynamical Cross-Correlation Matrix
Analysis. To identify themost common patterns ofR/β-motions
in the TRPS complex, principal component analysis (PCA) was
conducted on trajectories obtained from the MD simulations.
PCA is a useful statistical technique that reduces a complex
and high-dimension data set to a simple and lower-dimension
data set that reveals dominant patterns. Figure 7a shows
a snapshot of the PCA calculation of the ligand-free
complex. PCA of the ligand-bound and ligand-bound-ref com-
plexes revealed similar dominant modes of motion but with

FIGURE 6: Ligand-protein distance plots for R-Glu49(OE1)-(O3)IGP (a), R-Asp60(OD1)-(NE1)IGP (b), and β-Ser377(OG)-(N1)PLP/A-A
(c) interactions obtained from ligand-free (LF), ligand-bound (LB), and ligand-bound-ref (LBR) MD simulations. IGP, PLP, and A-A denote
3-indole-D-glycerol-30-phosphate, pyridoxal 50-phosphate, and aminoacrylate, respectively.

Table 2: Interaction Energy Contributions (kilocalories per mole) to

R/β-Subunit Association in the TRPS Enzyme and Ligand-Protein Inter-

actions in the R- and β-Active Sites

complex ligand ΔUvdw ΔUele ΔWPB ΔWnp ΔEtot

R/β-Interface

ligand-free - -141.7 101.4 -186.6 102.3 -124.6

ligand-bound - -156.1 -20.1 -84.3 109.8 -150.7

ligand-bound-ref - -162.9 -97.5 12.2 108.3 -139.9

Protein-Ligand

ligand-bound R -33.6 -66.6 87.7 18.8 6.3

β -41.9 -89.8 134.3 23.2 25.8

ligand-bound-ref R -42.6 -57.5 77.4 19.7 -3.0

β -38.6 -197.4 178.9 21.3 -35.0
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smaller magnitudes (data not shown) because of the partially
closed or fully closed conformations upon binding of ligands,
which restrict the motion of loops and the COMM domain.
Figure 7a demonstrates the strong tendency of loops R-L6 and
R-L2 and the COMM domain to move in concert (blue arrows).
This synergistic movement of R-L6 and R-L2 squeezes the
R-ligand and facilitates the formation of the fully closed con-
formation to catalyze the R-reaction. The inclination of the
COMM domain in the direction of the R-subunit may mediate
protein allosteric communication and, again, induce the fully
closed conformation and thereby enhance the overall rate of the
R/β-reaction.

The correlation of the displacements of all residue pairs
depicted in Figure 7b clearly indicates a strong correlation
between R-L2 and the COMM domain (labeled I). Moreover,
the R-L6 loop exhibits only a weak correlated motion with the
COMM domain, possibly because of its highly flexible nature.
However, the residues at both edges of R-L6 display strong
negative cross-correlations (labeled as II and III) with the
COMM domain and are consistent with the PCA results. Apart
from the loops and the COMM domain, the other parts of the
R-subunit also exhibit correlated motions with the β-subunit
(see label IV, for example). Such correlated motions of the whole
subunits are directly related to synergism.

FIGURE 7: (a) Dominantmode ofmotions ofR-L6,R-L2, and the COMMdomain fromprincipal component analysis. (b) Residue-residue plot
of the cross-correlation matrix. Both plots are generated from the ligand-free TRPS MD simulation. The color scale in panel b runs from pink
(-1 to-0.75) to white (-0.25 to 0.25) to cyan (0.75-1). Negative values (pink) indicate that CR atoms move along opposite directions, namely
anticorrelated motions, whereas positive values (cyan) represent correlated motions occurring along the same direction. Important correlated-
anticorrelated motions across the subunits are labeled from I to IV. Yellow, red, green, and bright green are the color codes for R-L2, R-L6, the
COMM domain, and β-H6 of the COMM domain, respectively.
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CONCLUSIONS

In this work, we have studied the structure and dynamics of
key residues for the R/β-dimer of TRPS and, consequently, the
motion of R-L6 and the COMM domain in ligand-free, ligand-
bound, and ligand-bound-ref complexes. Notably, the dynamic
features illustrated by our simulations are challenging to obtain
experimentally, even with recent advanced experimental techni-
ques. The comparative studies for all three complexes clearly
show that switching between the open and closed conformations
of R-L6 is associated with substrate binding, which is largely due
to the perturbed backbone motions and side chain reorganiza-
tion. In the ligand-free state, both R- and β-subunits exist in
various conformations, including open and partially closed, with
the open states being the most dominant. However, no fully
closed conformations were observed during the ligand-free MD
simulation. In the ligand-bound-ref complex, the ligand-protein
interactions induce fully closed conformations. The fully closed
conformations encapsulate substrates and intermediates from
escaping into the solvent and provide an environment for
catalysis. Our ligand-bound simulation revealed possible sub-
strate binding processes that undergo considerable local reorga-
nization.

The ligands binding to both R- and β-subunits not only
constrain the flexibility of residues in active sites but also bring
both subunits closer as well, suggesting significant allosteric
communication in this system. These global effects are reflected
by shorter distances between key residues (Gly181-Ser178 and
Asp56-Lys167) and more negative interaction energies in the
R/β-dimer interface in the ligand-bound-ref complexes, com-
pared with the ligand-free protein.

Further analysis of TRPS conformational changes suggests a
different scenario for the substrate binding mechanisms, which
combines both population shift and induced-fit models. More-
over, we observed cooperativemotions between the subunits, and
such synergistic regulation is a prerequisite for efficient catalysis
and substrate channeling processes.
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