H. Tamamura, T. Narumi et al.

HRMS. Zinc(ll) or copper(ll) complex formation was accomplished
by treatment of the above compounds with 10 equiv of ZnCl, or
CuCl, in PBS. All zinc(ll) or copper(ll) complexes were characterized
by chemical shifts of their methylene protons in 'H NMR analysis.
The pyridyl zinc(ll) complex was characterized previously,®” and
zinc(ll) or copper(ll) complex formation with these macrocyclic
compounds has been reported elsewhere* %41 Detajled proce-
dures and data are provided in the Supporting Information.

Biological assays

A CXCR4 binding assay for compounds, based on the inhibition of
["Z1]CXCL12 binding to Jurkat cells, was performed as reported by
Tanaka et al®® CXCR4 antagonistic activity was evaluated as de-
scribed by Ichiyama et al®!, measuring inhibitory activity against
Ca’* mobilization induced by CXCL12 stimulation in HOS cells ex-
pressing CXCR4. Anti-HIV activity was determined by inhibitory ac-
tivity against X4-HIV-1(NL4-3)-induced cytopathogenicity in MT-4
cells as reported by Tanaka et al.®® An X4 HIV-1 infectious molecu-
lar clone (pNL4-3) was obtained from the AIDS Research and Refer-
ence Reagent Program. The virus NL4-3 was obtained from the
culture supernatant of 293T cells transfected with pNL4-3,

Molecular modeling

Molecular modeling calculations were performed using Sybyl (ver-
sion 7.0, Tripos). Energy minimization was performed using the
Tripos force field and Gasteiger-Huckel charge parameters. The
lowest energy conformation was obtained by random search
methods.
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ABSTRACT: The conformation and functions of proteins are
closely linked, and many proteins undergo conformational
changes upon ligand binding. The X-ray crystallographic studies
have revealed conformational differences in proteins between
the liganded and unliganded states. Currently, the conforma-
tional transitions that originate in the ligand binding are
explained on the basis of two representative models, the
induced-fit and preexisting equilibrium dynamics models. How-
ever, the actual dynamics of the proteins remain ambiguous.
Though these two models are the extreme ones, it is important
to understand the difference between these two, particularly in
structural biology and medicinal chemistry studies. Here, we clarified the difference in the mechanisms responsible for the
conformational changes induced in two proteins upon ligand binding by examining computationaily determined free-energy profiles
of the apo- and holoproteins. The lysine/arginine/ornithine-binding protein and maltose/maltodextrin-binding protein were
chosen as the target proteins, and the energy profiles were generated by a molecular simulation approach. Our results revealed that
fluctuations in the apo state and protein—ligand interactions both play important roles in conformational transition, and the
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mechanism is highly influenced by the fluctuations in the apo state, which are unique to a particular structure.

M INTRODUCTION

Under physiological conditions, proteins fluctuate around
their native state and often undergo conformational changes upon
interaction with ligands. To examine functional conformational
changes in proteins, it is crucial to understand thermal fluctua-
tions and the induction of conformational change upon ligand
binding. In general, two representative models are used to
describe conformational changes in proteins, the induced-fit model’
and the preexisting equilibrium dynamics model™ (Figure 1). In
the induced-fit model, an apoprotein fluctuates around its open
conformation and is structurally altered in such a manner that it
changes to the closed conformation upon ligand binding
(1-2—4 in Figure 1). In contrast, the preexisting equilibrium
dynamics model assumes that an apoprotein fluctuates between
the open and closed conformations and is stabilized in the latter
conformation by thermodynamic equilibrium after ligand bind-
ing (1—3—4 in Figure 1). Recently, the functional conforrna—
tional change of the protem has been studied by structural,*®
kinetic,® and computational”® approaches, and these support that
the mechanism of the conformational changes consists of both
models, induced-fit and preexisting equilibrium dynamics
models,” not either of them. The focal point in this subject is
the contribution ratio and sequence for combination of the two
models. Molecular dynamics (MD) simulation is so helpful for
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understanding the functional conformational change in depth
because this is a powerful method for studying the structure and
dynamics of proteins at the atomic level.

Here, we analyzed these conformational changes in proteins
from the viewpoint of the free-energy landscape. This approach
was used because the difference between the two models is
essentially due to differences in the free-energy profiles or the
potential of mean force (PMF) obtained from MD simulations in
the apo and holo states. Two proteins were selected as the model
proteins, the lysine/arginine/ornithine-binding protein (LAOBP)
(Figure 2a) and the maltose/maltodextrin-binding protein
(MBP) (Figure 2b). These proteins belong to the superfamily of
bacterial periplasmic binding proteins, and both of them contain
two domains that sandwich the ligands. They mediate the
passage of nutrient molecules from the periplasm into the
cytoplasm of  gram- negative bacteria'® and are also involved in
chemotaxis."' Some experimental studies have suggested that
these proteins differ in their conformational transition mecha-
nisms; LAOBP is characterized by the preexisting equilibrium
dynamics'> and MBP by the induced-fit model.'>™ "> Structural
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Figure 1. Two representative models for protein conformational
change, the induced-fit and preexisting equilibrium dynamics models.
The horizontal and vertical axes represent conformational change and

sent the induced-fit and preexisting equilibrium dynamics models,
respectively.

analyses by NMR imaging and fluorescent probe-based sensing
has suggested that most apo-MBP exist in the open confor-
mation, ™" and the free-energy increases in proportion to the
degree of domain closure.® A strong correlation was established
between the degree of domain closure and the stability of the
protein structure. These support the mechanism of conforma-
tional transition in MBP based on the induced-fit model. How-
ever, there is no direct evidence to suggest that the conformational
transition mechanism in LAOBP follows the preexisting equilib-
rium dynamics model, except for the structural data of the apo-
and holoproteins.

We determined the energy profiles of the two proteins by
using the umbrella sampling technique'® with MD simulations.
Our results revealed clear differences between the free-energy
landscapes of the two proteins and suggested that fluctuations in
the apoproteins and protein—ligand interactions both play im-
portant roles in conformational transition. Here, we report
detailed models for the conformational transition in proteins,
which have been interpolated from the energy landscape.

B MATERIALS AND METHODS

Procedure of This Study. First, we performed standard MD
simulations to analyze the dynamics of LAOBP (Figure 2a) and
MBP (Figure 2b) in the following four conformations, the
unliganded state initiated with the open and closed conforma-
tions (unliganded-open and unliganded-closed, respectively) and
the liganded state initiated with the open and closed conforma-
tions (liganded-open and liganded-closed, respectively). Next, a
principal component analysis (PCA)'”"® was applied to the
trajectories obtained from the above simulations to determine
the reaction coordinate for the umbrella sampling. Eigenvectors
with large eigenvalues can represent the large-scale and essential
conformational movements of the protein. Finally, we performed
umbrella sampling simulations for both proteins in the apo and
holo states and determined their free-energy profiles.

Preparation of Initial Structures for Simulations. The X-ray
structures of the open-apo form (PDB entry: 2LAO'? for LAOBP
and 10MP" for MBP) and closed-holo form (PDB entry:
1LST'? for LAOBP and 1ANF? for MBP) were used as the
initial structures of unliganded-open and liganded-closed, re-
spectively. The initial structures of liganded-open and unli-
ganded-closed were constructed by binding the ligand to the
initial structure of unliganded-open and removing the ligand
from the initial structure of liganded-closed. Lysine was used as
the ligand for LAOBP, and maltose was used for MBP. The initial

a  LAOBP

apo state

b wmepP

&

apo state holo state™

Figure 2. Crystal structures of the model proteins in the apo and holo
states. (a) Front view of the crystal structures of lysine/arginine/
ornithine-binding protein (LAOBP) in the presence and absence of
the ligand (right and left, respectively). (b) Front view of the X-ray
structures of maltose/maltodextrin-binding protein (MBP) in the pre-
sence and absence of the ligand (right and left, respectively). The
residues from 170 to 175 (loop region) and those from 95 to 101 are
colored blue. These are the important residues for domain movement
for MBP, and the details are explained in Figure 10.

structure of liganded-open MBP was designed using the molec-
ular docking technique with the Genetic Ozptimization for Ligand
Docking (GOLD) program (version 3.1);”"** on the other hand,
that of LAOBP was built by molecular modeling based on the
position of the ligand in the holo crystal structure.

MD Simulation Methods. All MD simulations were per-
formed using a modified AMBER program (version 8.0)** de-
signed for MD machines on personal computers (host computers)
equipped with a special-purpose computer for MD simulations,
MDGRAPE-3.2*7%¢ All of the initial structures were solvated in
a rectangular box containing TIP3P water molecules’” under
periodic boundary conditions. The minimum distance between a
protein atom and the nearest image atom was 15 A. We adopted
force field ff03** for the protein. The SHAKE algorithm®” was
applied to bonds involving hydrogen atoms, considering an
integration time step of 1.0 fs. The computations of non-bonded
forces and energies of Coulomb and van der Waals interactions
for MD simulations were accelerated by MDGRAPE-3, and the
other calculations were performed by the host computer. In this
study, Coulomb interactions were assessed by applying the
particle mesh Ewald (PME) method. The real-space part for
PME was calculated by the MDGRAPE-3, while the other parts
for PME was calculated by the host computer. To optimize the
balance of these calculation times, a cutoff distance of 14 A for
Coulomb and van der Waals interactions was used.

After energy minimization for the each system, the system was
gradually heated to 310 K during the first 50 ps period for heating,
and an additional 20 ns simulation was performed for data collec-
tion. The temperature and pressure were kept constant at 310 K
and 1 atm, respectively, by the method of Berendsen’s algorithm
with a coupling time of 1.0 ps.* In the standard MD simulation
process, to investigate the essential domain movements of
LAOBP and MBP, we performed multiple simulations for each
initial system using different initial atomic velocities, Hereafter,
we chose the typical trajectories for the respective systems.

Furthermore, additional MD simulations for LAOBP were
performed. From the results of the standard MD simulations and
umbrella sampling of LAOBP, we found that the key conforma-
tion appeared in the apo state, which is called the semiclosed
conformation (see Results section). To investigate the structural
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Figure 3. Fluctuation and conformational transition of LAOBP in PCA
space. (a) Projection of the MD trajectories of LAOBP on the first and
second eigenvectors obtained by PCA. Kapo and Xy, represent the
open (apo) and closed (holo) crystal structures, respectively. The light-
blue and blue points indicate the two kinds of unliganded-open
trajectories, and the black points represent the liganded-closed trajec-
tory. The unliganded-closed and liganded-open trajectories are shown
by yellow and green points, respectively. We designated the region
around the circle drawn with a broken line as the semiclosed conforma-
tion. (b) The fluctuation modes of LAOBP are indicated by the arrows
along the protein backbone. The structure on the left side is seen from
the same direction as that in Figure 2a. The red arrow represents the first
PC, and the yellow arrow denotes the second PC. The front view of the
protein structure is shown on the left, and the top view is shown on
the right.

properties, multiple simulations of the liganded and unliganded-
semiclosed conformation were performed. At this time, the
liganded-semiclosed conformation was built by referring to the
position of the ligand in the holo crystal structure. The condi-
tions of the MD simulations are same as the above simulations.

Umbrella Sampling. Umbrella sampling is a method used to
generate the free-energy profile along specified reaction coordi-
nates. After removal of the rotational and translational motions,
trajectories of four kinds (unliganded-open, liganded-open, un-
liganded-closed, and liganded-closed) were subjected to PCA
using a positional covariance matrix of C atoms. On the basis of
the examination of the contribution ratio of each eigenvalue
obtained from PCA (see Supporting Information), we selected
the eigenvectors with large contribution ratios, namely, the first
and second PCs for LAOBP and the first PC for MBP, and used
them as the reaction coordinates for the umbrella sampling
simulation. The unliganded-closed trajectory was not used in
the analysis of MBP because the experimental studies showed
that the liganded-closed MBP interacts with another membrane
protein, followed by the opening of the domains and release of
the ligand, which suggests the necessity of an external force for
the transition from the closed to the open conformation;** our
simulation supports the experimental studies because the con-
formational changes were hardly observed in the MD trajectory.

In each sampling simulation, we performed energy minimiza-
tions on the initial structures with constraint of the concerned
Co. atoms and a 50 ps heating simulation followed by an
equilibration run with the biasing potential. We then extracted
the biased distribution of the first (and second) PC values. The
biasing potential (V;) is given by

V=skY(@-®)2  ®=rX, ()
j

where k is the force constant, X; is the jth eigenvector, and ®;; is
the reference value of the jth PC value for ith simulation. The
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Figure 4. Fluctuation and conformational transition of MBP in PCA
space. (a) Projection of the MD trajectories of MBP on the first two
eigenvectors obtained by PCA. The light-blue points indicate the
unliganded-open trajectory, the green points indicate the liganded-open
trajectory, yellow points indicate the unliganded-closed trajectory, and
the black points indicate the liganded-closed trajectory. (b) Fluctuation
modes of MBP. The structure on the left side is seen from the same
direction as that in Figure 2b. The red arrow represents the first PC, and
the yellow arrow denotes the second PC. The views of the front and top
of the structure are shown on the left and right, respectively.

other parameters were identical to those used for the free MD
simulations.

For the umbrella sampling simulations of LAOBP, the Ca
atoms in all of the residues were restrained with force constants
0f 0.2—0.8 kcal/(mol - A?) for the first and second PC values. For
MBP, the Cat atoms in residues 6—365 were restrained only for
the first PC values in the same way as the simulation of LAOBP.
The force constants and length of simulations were determined
such that the distribution of PC values at each reference value
sufficiently overlapped with that of the adjacent reference value.
In this study, we performed more than 900 ps MD simulations to
equilibrate the systems at the respective reference values, and the
last 500 ps trajectories for the respective simulations were
collected for PMF calculation. The total numbers of the umbrella
sampling simulations were 892 for LAOBP and 69 for MBP.

The biased distributions obtained by the umbrella sampling
simulations were rendered unbiased by using the weighted
histogram analysis method (WHAM).* According to the
WHAM equation, the unbiased distribution p(®) is given as
the sum of the unbiased probability distribution obtained from
the ith simulation p,—‘mbiased(d))

2ni(®)
PO = SR e = @) eT)

(2)

fi= -kBTln{/ dD pbied (@) exp(~Vi(D)/ksT)}  (3)

where n,(®) is the number of states at ® in the ith simulation and
Njrepresents the total number of time slices in the ith simulation.

The PMF AE(®) is calculated from the following equation
using the unbiased distribution function p(®) obtained from
WHAM

p(®)
p(Po)

where @ is the reference first or second PC value.

AE(®) = E(D) — E(®g) = —ksT In
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Figure S. Free-energy landscapes of LAOBP. Free-energy landscape
of the apo (upper) and holo (lower) states. As the first PC value
increases, the degree of domain closure increases. Xapo and Xppolo
represent the open (apo) and closed (holo) crystal structures, respec-
tively, and the region around the circle drawn with a broken line
represents the semiclosed conformation. Contour lines are drawn at
every 2 keal/mol. O, S, and SC indicate the open, saddle, and semiclosed
conformations, respectively.

W RESULTS

Conformational Fluctuations of Apo- and Holoproteins.
Prior to detailed analysis by the free-energy approach, we
performed preparatory MD simulations of LAOBP and MBP
to check the conformational dynamics of apo- and holoproteins
and to investigate the effect of ligand binding. Then, we applied
PCA to the coordinates of the Co. atoms to determine the
reaction coordinates of conformational change. PCA can extract
significant fluctuation modes of the proteins and helps in
classifying the conformations clearly."® The coordinates were
sampled from the four kinds of trajectories (unliganded-open,
liganded-open, unliganded-closed, and liganded-closed) ob-
tained from these MD simulations. In the PCA, we used five
trajectories for LAOBP, two kinds of the unliganded-open
trajectories, the liganded-closed, the unliganded-closed, and
the liganded-open trajectories. For MBP, three trajectories, the
unliganded-open, liganded-closed, and liganded-open trajec-
tories, were used. The unliganded-closed trajectory was not used
in the analysis of MBP (see the Material and Methods section).

Figures 3a and 4a show the projection of the MD trajectories
of LAOBP and MBP, respectively, onto the first and second
eigenvectors. Each vector clearly shows that the fluctuation mode
of the first PC is the open—closed motion and that of the second
PC is the twisting motion in both proteins (Figures 3b and 4b).
In LAOBP, the contribution ratios of the first and second
principal components were 69 and 18%, respectively. The
projection indicated that the MD trajectories spread widely,
covering the experimental open and closed conformations. The
liganded-closed trajectory clustered around the experimental
closed conformation and the liganded-open trajectory gradually
moved from the open conformation to the closed one. The
unliganded-open trajectories widened along the direction of the
first PC, and one of these almost reached the closed conforma-
tion but not the experimental one (Figure 33, light-blue points).
The conformations in this cluster were termed “semiclosed”.
This result indicates that the transition from the open to closed
conformation that occurs in the presence of the ligand is
different, especially in the second PC direction, namely, in the
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Figure 6. Free-energy profiles of MBP. The free-energy profiles of MBP
in the apo (red line) and holo (blue line) states. In the profiles, the
energy difference between the lowest PMF value in the apo state and that
of the holo state correspond to the free-energy difference (8.4 keal/mol)
derived from the experimental data. As the first PC value decreases, the
degree of domain closure increases, which is reverse to the case of
LAOBP. The apo and holo crystal structures are designated as X, and
X0l Tespectively. The open circles with O, S, and SC represent the first
(open), second (semiopen), and third (semiclosed) energy minima,
respectively. In the holo state, the difference in the free energies of the
global energy minimum and the second local minimum was 19.0 kcal/
mol, and the energy barrier from the open to closed conformations was
8.0 keal/mol. For explanation of the structural transitions upon ligand
binding, conformations in the apo state were classified by the regions I
and IL

twisting motion of the domains from the transition that occurs in
the absence of the ligand.

The contribution ratios of the first two principal components
of MBP were 72 and 9%, respectively. The liganded-closed and
unliganded-open trajectories clustered around the experimental
closed and open conformations, respectively, although the un-
liganded-open trajectories spread along the direction of the
second PC, suggesting that the two domains of the protein in
the unliganded-open simulation are slightly twisted in compar-
ison with the X-ray open structure (Figure 4a). This conforma-
tional difference from the crystallographic study would be caused
by the solvent because the NMR study showed apoproteins that
contain slightly twisted fluctuations (1.3 + 0.6° for closure
and 2.4 & 1.9° for twist) in the solvent."* The liganded-open
trajectory moved from the open conformation to the closed one
along the direction of the first PC. The hydrogen bond network
between the protein and ligand had already formed at an early
stage of the liganded-open simulation. Therefore, it is believed
that such interactions induce conformational transition.

Free-Energy Profiles for Domain Movements in LAOBP.
We generated the free-energy profiles of the apo and holo states
of LAOBP using the umbrella sampling method. In this study, we
chose the first and second eigenvectors obtained from PCA as the
reaction coordinates. As mentioned in the previous section, the
first and second PCs represent the open—closed and twisted
motions of the two domains, respectively.

Figure 5 shows the two-dimensional free-energy profile of
LAOBP in the apo state on a plane defined by the two reaction
coordinates. Two energy minima were found in the profile; the
global minimum almost corresponded to the crystal open struc-
ture of the apoprotein, and the other minimum corresponded to
the semiclosed conformation. The difference in the free energy
between the global minimum and the other local minimum was
estimated to be 2.0 kcal/mol, and the energy barrier from the
former to the latter was approximately 9.7 kcal/mol. However,
the PMF value of the closed conformation (X0, in Figure S)
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Figure 7. The energy profiles along the first PC of LAOBP in the apo
and holo states. In these profiles, the energy difference between the
lowest PMF value in the apo state and that of the holo state corresponds
to the free-energy difference (7.6 kcal/mol) derived from the experi-
mental data. For explanation of the structural transitions upon ligand
binding, conformations in the apo state were classified by the regions [,
11, and IIL

was quite high, exceeding 30 kcal/mol. Thus, the energy analyses
clearly indicate that the apoprotein can fluctuate between the
open and semiclosed conformations but cannot form the closed
conformation.

Two energy minima were also identified in the free-energy
profile of LAOBP in the holo state (Figure S). The global
minimum almost corresponded to the crystal closed structure
of the holoprotein, and the other minimum corresponded to
the experimental open structure. The difference in the free
energy of the global minimum and the other local minimum
was 11.4 kcal/mol, and the energy barrier from the open to
closed conformation was 8.3 kcal/mol. These results revealed
that most holoproteins are in the closed structure.

Free-Energy Profiles for Domain Movement in MBP. In the
case of MBP, only the first PC was adopted as the reaction
coordinate because the contribution ratio of the first PC (72%)
was large enough to describe the conformational change, and the
computational cost for the simulation of MBP was much higher
than that of LAOBP due to the system size of the MD simulation.

Three energy minima were found in the free-energy profile of
MBP in the apo state along the first PC reaction coordinate
(Figure 6, red line). The global minimum almost corresponded
to the crystal open structure. In the basin around the second
lowest minimum, termed the “semiopen” conformation, the two
domains came closer than those in the conformation of the global
minimum. Another basin, called the “semiclosed” conformation,
was found to be nearer in the first PC value to the experimental
closed structure than to the experimental open one. There is a
relatively large energy difference between this and the open
structure (11.0 kcal/mol), and the probability of existence for the
configurations in this conformation is about 10~° times smaller
than that of the global minima. This indicates that most of the
apoprotein molecules are in equilibrium between the open and
semiopen conformations but cannot change to the closed
conformation.

The two basins were detected in the free-energy profile of the
holoprotein (Figure 6, blue line). In the one basin, there is the
global minimum that almost corresponded to the experimental
closed structure of the holoprotein (Figure 6). The other one is
broad and rugged and includes the open and semiopen con-
formations (marked O and S, respectively, in Figure 6). The most
stable conformation in the holoprotein is the closed one (near
Xpoto in Figure 6), as in the case of LAOBP.

Figure 8. Protein structures in the open (2), saddle (b), and semiclosed
(c) conformations with the surface residues of the pocket region. These
correspond to the typical structures marked O, S, and SC in Figure S.
The surface residues are represented by blue spheres, and important
residues are highlighted in red.

W DISCUSSION

In the present study, we investigated the conformational and
dynamic properties by analyzing MD trajectories of LAOBP and
MBP and then calculated the free-energy profiles of these two
proteins. The results indicated that the conformational proper-
ties are so different, especially in apo state, although both of them
are strongly dominated by the open—closed and twisting mo-
tions of two domains. Furthermore, the energy profiles are
closely related to these conformational properties. Here, we
discuss the detailed mechanisms of the conformational transi-
tion, key structures, and ligand recognition.

Mechanisms of Conformational Transition in LAOBP. The
energy profiles of apo- and holoproteins provide important
information for understanding the mechanism of conformational
transition in LAOBP. In this study, we calculated the binding free
energy for ligand binding to the open conformation using the
experimental dissociation constant for lysine. Using a binding
free energy of 7.6 kcal/mol, the energy profiles of apo- and
holoproteins were related along the first PC, as shown in Figure 7.
On the basis of these diagrams, we propose three pathways of
structural transition with ligand binding. In the first pathway, the
ligand binds to the open conformation, which induces an open-
to-closed conformational transition in the holo state (Figure 7,I).
The second pathway is similar to the first, except that ligand
binding occurs when the unliganded protein is in intermediate
conformations between the open and semiclosed conformations
(Figure 7, II). In this pathway, no energy barrier is required for
the conformational transition. The third pathway requires ligand
binding preceded by a transition from the open to the semiclosed
conformation in the apo state (Figure 7, III, and see next
subsection). If these three pathways are interpreted from the
viewpoint of traditional models on protein conformational
change, the first mechanism corresponds to the induced-fit
model, and the second and third are based on a combination
of the preexisting equilibrium dynamics and induced-fit models.

Semiclosed Conformation in Apo-LAOBP. Because the
conformations in the semiclosed conformation have not been
observed experimentally, we analyzed the roles of ligand binding
and domain movement from a structural viewpoint. The free-
energy profile of LAOBP suggests that the semiclosed conforma-
tion is generated from the open one via the saddle conformation.
This conformational transition pathway is indicated by arrows in
Figure S, and the typical structure in each conformation (O, S,
and SC) is shown in Figure 8a—c. As shown in these figures, the
open conformation can allow domain movement because there is

7633 dx.doi.org/10.1021/jp111902t |J. Phys. Chem. B 2011, 115, 7629-7636



The Journal of Physical Chemistry B

120 90 60 -30 0 30 60
1¥tpe

Figure 9. Projection of the additional MD trajectories of LAOBP on the
first two eigenvectors obtained by PCA. The gray and magenta points
indicate the trajectories of unliganded and liganded LAOBP starting
from the semiclosed structures, respectively. The apo and holo crystal
structures are designated as Xp,, and Xy, respectively. The region
around the circle drawn with a broken line represents the semiclosed
conformation. The arrow shows the conformational transition observed
in the trajectory colored magenta.

enough space between the two domains (Figure 8a). However, in
the saddle state, such a space vanishes, and the two domains are
in contact with each other, indicating that the domains cannot
close any longer along the direction of the first PC (Figure 8b).
As shown in Figure 8c (the semiclosed conformation), the twist
of the two domains and the reorientation of the side chains
prevent the collision of the residues in the pocket and enable the
domains to semiclose. This suggests that not only does the
apoprotein adopt the fluctuation mode in the direction of the first
PC, but it also moves along the direction of the second PC
because the twist of the domains to escape collision is needed for
domain closure. In comparison with the free-energy profile of the
holoprotein, the transition pathway from the open to closed
conformation in the holo state differed from the pathway from
the open to the semiclosed conformation in the apo state
(Figure S). The conformational change in the holo state is
dominated by the first PC rather than the second PC. This
difference in the energy profiles of the apo and holo states is due
to the effect of ligand binding.

In order to examine whether the semiclosed conformation
changes into the open or closed conformation, we also per-
formed additional simulations starting from the semiclosed con-
formation in the presence and absence of the ligand (liganded-
semiclosed and unliganded-semiclosed). The results showed that
conformational transition from the semiclosed to the closed
conformations occurred during the MD simulation of liganded-
semiclosed. In the unliganded-semiclosed simulation, conforma-
tional transition was also observed between the open and
semiclosed structures (Figure 9). These results suggest that the
semiclosed conformation is stable in the equilibrium and that the
conformational change to the closed conformation occurs if a
ligand binds to the semiclosed protein.

Mechanisms of Conformational Transition in MBP. Simi-
larly to the case of LAOBP, the energy profiles of apo-
and holoproteins of MBP were roughly connected along the
first PC with the experimental binding free energy of maltose
(84 kcal/mol)” (Figure 6). The energy diagram suggests two
pathways for the transition from the open to the closed con-
formation upon ligand binding, Similar to LAOBP, the difference
between these two pathways lies in the conformation that ligand
binding occurs. The pathway in which the ligand binds to the
protein in the open conformation (Figure 6, I) corresponds to
the typical induced-fit model, whereas that in which the ligand
binds to the protein in the semiopen conformation (Figure 6, IT)

b

Figure 10. Comparison of the structure and location of the loop region
where the salt bridge is formed in the open or semiclosed structures of
MBBP. (a,b) The residues from 170 to 175 (loop region) and those from
95 to 101 are colored blue. Residues Asp95 and Tyr171 are represented
in the form of a ball-and-stick model. The magnification of the salt bridge
region is shown on the bottom of (a). The salt bridge is formed in this
region in the open conformation in (a) but is not formed in the
semiclosed conformation in (b).

involves the preexisting equilibrium dynamics model within the
framework of the induced-fit model.

Experimental structural analyses have provided conforma-
tional information on the MBP apoprotein. NMR studies by
Millet et al.'® and Evenis et al.'* as well as an X-ray crystal-
lographic study'® proposed that the apoprotein adopted the
open conformation. On the other hand, NMR analysis by Tang
et al. suggested that the apoprotein was in an equilibrium
between a major open species (95%) and a minor partially closed
one (5%).>* Although the results of these conformational studies
are interpreted in slightly different ways, their conclusions are the
same, that is, the open conformation is the most stable con-
formation for the apo state. Our results agreed with the experi-
mental data presented above, although the partially closed
structure detected by the aforementioned NMR study®* did
not agree with the semiclosed or semiopen conformations
obtained in our study. The NMR structure was somewhat
strained because the hinge region of the closed conformation
differs from that of the holo-closed structure. Furthermore, our
energy profile of the apoprotein also supports the experimental
result obtained by Millet and co-workers' that the free energy
increases in proportion to the degree of closure between the two
domains. In particular, the calculated increase in the free-energy
values from the open to the semiclosed conformation in the apo
state shows a similar tendency in qualitative aspect as compared
with the results of the experimental study in which the
11e329Trp/Ala96Trp mutant was used. Unlike LAOBP, the
formation of hydrogen bonds between the protein and its ligand
was observed at an early stage of conformational change in the
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liganded-open MD trajectory of MBP. This suggests that the
induction of conformational changes upon ligand binding is
dominant for MBP.

Structural Basis of Stability in the Open Conformation in
Apo-MBP. We analyzed the conformations from the MD
simulations in order to clarify the key conformational factor for
the stability of open and semiopen MBP. Comparison of the
conformations obtained from MD simulations revealed that the
salt bridges between the loop in the hinge region (Tyr171 or
Gly174) and the C-terminal domain (Asp95, Asn100, or Gly101)
were maintained in most of the open and semiopen conforma-
tions (Figure 10a), but these interactions were almost lost in the
more closed conformation due to domain movement (Figure 10b).
These conformational analysis results suggest that salt bridge
interactions play a role in the interactions that occur on the hook
between two domains and largely contribute to the conforma-
tional stability of the apoproteins. The fastening and unfastening
of the hook almost correlates with the free-energy profile obtained in
this study. This is also supported by the results of the NMR study,
which show changes in the backbone stability upon ligand
binding.'* This suggests that the conformational transition from
the semiopen to semiclosed accompanies the collapse of these salt
bridges; therefore, this causes the high-energy barrier. Interestingly,
such interactions between the two domains were not observed
in LAOBP.

Relationship between the Conformational Transition Me-
chanisms and Ligand Recogpnition, It is experimentally known
that LAOBP binds three types of substrate molecules (lysine,
arginine, and ornithine). The size of these molecules is relatively
smaller than that of the lumen of the binding cavity. On the basis
of the above experimental information and our simulations, we
think that the fluctuation between the open and semiclosed
conformations in the apo state is essential for the formation of
protein—ligand interactions.

On the other hand, MBP can bind to various maltodextrins
that have numerous polar functional groups and a wide range
of sizes, including nonphysiological ligands. It has been shown
experimentally that MBP can distinguish physiological ligands
from nonphysiological ones based on differences in their
binding modes, and these nonphysiological ligands cannot
induce protein activity.* Recently, several structural studies on
the f-cyclodextrin-bound state of MBP have been reported. 3~ 3*
An X-ray crystallographic study revealed that MBP with S-cyclo-
dextrin, a nonphysiological ligand, adopts the open conforma-
tion,*® and the researches on NMR imaging suggested that MBP
fluctuates around the partly closed conformations.*”*® One of
the NMR conformations is very similar to the semiopen con-
formation observed in our study (main chain RMSD value from
the experimental structure®® (PDB entry: 2H25): 1.6 A). The
above experimental results and our computational results suggest
that the difference between the structures determined by X-ray
crystallography and NMR imaging is caused by the fluctuation of
proteins between the open and semiopen conformations rather
than by the interactions of -cyclodextrin and MBP. Therefore,
we propose that, unlike nonphysiological ligands, physiological
ones can induce the conformational transition, and this leads
protein activity.

B CONCLUSIONS

On the basis of the free-energy calculations of proteins in the
apo and holo states, we analyzed the mechanism underlying

conformational changes in proteins upon ligand binding. The
results indicated that the mechanisms in LAOBP and MBP differ
in terms of the free-energy profiles and structural features. The
remarkable difference between the two proteins is in the energy
profiles of the apo state rather than in those of the holo state.

Moreover, structural analyses suggested that the structural
difference between LAOBP and MBP strongly influences the
dynamical and energetic aspects of conformational changes upon
ligand binding (Figure 10), indicating that the magnitude and
properties of protein fluctuation are regulated by the three-
dimensional structure of the protein itself. On the basis of these
results, we concluded that the conformational change upon ligand
binding can be explained by a combination of the preexisting
equilibrium dynamics and induced-fit models but not solely by
either of the two models; the mechanism of LAOBP is mainly
governed by the preexisting equilibrium dynamics model, while
that of MBP is principally guided by the induced-fit model.

The present study showed the strong relationship between
protein structure and fluctuations in the apo state. Moreover, the
results confirmed the observation that fluctuations in the apo
state are very important for conformational transition upon
ligand binding. We believe that our approach is effective not
only for understanding conformational change upon ligand
binding but also for drug discovery. In particular, the energy
profiles of apo and holo states can help to predict the conforma-
tional transition from the apo state to the holo state, which is
important in the design and discovery of more diverse and
novel drugs.
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