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Abstract: Two molecular dynamics (MD) simulations totaling 25 ns of simulation time of monomeric
scytalone dehydratase (SD) were performed. The enzyme has a ligand-binding pocket containing a cone-
shaped a+f barrel, and the C-terminal region covers the binding pocket. Our simulations clarified the
difference in protein dynamics and conformation between the liganded protein and the unliganded protein.
The liganded protein held the ligand molecule tightly and the initial structure was maintained during the
simulation. The unliganded protein, on the other hand, fluctuated dynamically and its structure changed
largely from the initial structure. In the equilibrium state, the binding pocket was fully solvated by opening
of the C-terminal region, and the protein dynamics was connected with hydration water molecules entry
into and release from the binding pocket. In addition, the cooperative motions of the unliganded protein
and the hydration water molecules produced the path through the protein interior for ligand binding.

Introduction shown that migration of hydration water molecules occurred in
coupling with domain movement, and this finding is a typical
example that motions of protein domains and hydration water
molecules are closely relatédstudy of protein dynamics in
association with the behavior of hydration water molecules is
therefore necessary for a better understanding of protein
function.

Proteins fluctuate dynamically in an aqueous solution, and
protein function is related to the fluctuation of the protein.
Protein dynamics and conformation are influenced by various
factors such as the binding of ligand molecules and dynamics
of the solvent. Many X-ray studies on proteins in liganded and
unliganded states have provided evidence that protein confor- ) ) ] ] )
mational change and its function are closely linked. These N this work, MD simulations of a soluble protein, focusing
studies suggest that functional large-scale conformational ©n the dynamics of the protein and solvent water molecules,
change, involving protein domains and secondary structures,Were performed. We selected SD as a research target. SD is
occurs upon ligand binding. Although there have been many °N€ of the enzymes involved in fungal melanin b_|osynthes|s in
studies on ligand binding, it has not been fully elucidated. For the phytopathogenic funguByricularia oryzae which causes
soluble proteins such as enzymes and transport proteins, thdiCe blast dlsease_. Melanin is essential for infection of host_ rice
effect on protein dynamics and conformation of solvent water '€aves, and SD is therefore an attractive target for fungicide
molecules that have unusual physical properties originating from design® The enzyme, which is composed of 172 amino acid
the hydrogen bond network is very important and cannot be residues, has a unique foIdpd conformation |nclud|ng a cone-
ignored. The effects of the water solution on protein dynamics Shapeda-+/ barrel motif (Figure 1A) and forms a trimer in
and conformation have therefore been investigated using bothX-"ay crystal structure. SD has a hydrophobic ligand-binding

experimental and theoretical methdd.A recent study has pocket. Several active-site residues in the pocket play important
roles in the catalytic reaction of SB.Two short helices (H4
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Figure 1. Schematic drawing of the monomeric structure of scytalone dehydratase and structural formulas of carpropamid and scytalone molecules. (A) The
enzyme consists of foux-helices (Ht-H4) and sixg-strands (St S6). The ligand molecule (carpropamid), shown in the CPK model, is positioned in a
hydrophobic ligand-binding pocket. The C-terminal region containing two short helices (H4 and H5) covers the binding pocket. (B) Structuaabformul
inhibitor of SD, carpropamid, and (C) structural formula of scytalone, which is the substrate of SD.

and H5) in the C-terminal region cover the binding pocket and liganded SD and unliganded SD but also the path for binding
are thought to function as a lid for the pocket. A study on the of the ligand molecule to the binding pocket.

C-terminal region has shown that truncated SD lacking the
C-terminal region after F158 has little enzymatic activitfhus,
investigation of the dynamics of the C-terminal region seems MD Simulations. The starting structures for the simulations were
to be important for elucidation of the enzyme reaction. The liganded and unliganded structures. Both structures were constructed
starting structures for our simulations were liganded and ©n the basis of the X-ray crystallographic structure (PDB entry 791D
unliganded structures. X-ray crystallographic studies have of the trimeric SD-inhibitor complex. The inhibitor was a carpropamid

. . .. th ightl he SD (Fi 1B). The N- inal eigh
revealed the three-dimensional structures of SD complexed W|tht at was bound tightly to the SD (Figure 18). The N-terminal eight

inhibi 912-14 Th £ wil i h residues were absent in the crystal structure. However, it was thought
inhibitors: The structure of wild-type unliganded SD has that the absence of these N-terminal residues would not affect our results

not been determined by X-ray crystallographic study, but the gince these residues are not essential for its function. A monomer of
structure of an SD mutant, F162A, in which the C-terminal sp-inhibitor complex, which was extracted from the crystal structure
region was truncated has been determitteld.was shown in of the trimeric complex, was used as the liganded structure. Two water
that structural study that the flexibility of the C-terminal region molecules bound to the inhibitor were included, and their locations
in wild-type SD hindered the crystallization and that crystal- were set at the oxygen positions of crystal water molecules because
lization of the mutated SD was successfully achieved by these water molecules were Fhought to _contribute to the sta_lbilization
reducing the flexibility of the C-terminal region. Therefore, the ©f the inhibitor conformation in the binding pocket. The unliganded
starting structure of the unliganded protein was made by St”I‘Ct“rle V¥as T:dle_ byJecTotV'n? theT'Eh'b'ftor at';]d tC\:N? bo.un? water
; . molecules from the liganded structure. Therefore, the C-terminal regions
Irizr;:c\iltlar(;gptrr;(taelilrgllasniiczct)fl:aeClsJiI;efrocl:Tnct)rr]l?)r%gﬁ::aéét::‘ﬁltgtrioolfatrgi covered the binding pockets for both of the initial conformations of

. : ' the liganded and the unliganded proteins. This conformation is called
we considered that MD study could reveal the dynamics of the 5 ¢josed form. A conformation in which the C-terminal region opens

C-terminal region and that of the binding pocket, which are yp the top of the binding pocket is called an open form. The atomic
thought to relate to ligand binding. In the present study, 10- charges of the inhibitor carpropamid, which are not included in the
and 15-nsec MD simulations of monomeric liganded and standard parm96 parameter ¥etyere calculated using RHF/6-31G*
monomeric unliganded SDs were carried out to determine (i) with Gaussian98 and the restrained electrostatic potential (RESP)
the hydration water structure in the binding pocket of the method:®

unliganded protein, the three-dimensional structure of which is ~ The amino acid residues in proteins were set at pH 7, and four Na
unknown, and (i) the difference in protein dynamics and ions were added to keep the whole systems neutral. The liganded and

conformation between the liganded protein and the unlig‘,deedunliganded structures were surrounded by TIP3P water moléules

rotein. The results revealed not onlv the dvnamic behavior of spherically. The size of each sphere was chosen so that the distance of
P ’ y y the protein atoms from the wall was greater than 15.0 A. Each water
(10) Basarab, G. S.; Steffens, J. J.; Wawrzak, Z.; Schwartz, R. S.; Lundqvist, drop was restrained by a half-harmonic potential (1.5 kcal-/Aﬁ)J
T.; Jordan, D. BBiochemistry1999 38, 6012-6024. The solvated systems of the liganded and the unliganded proteins

(11) %%tgyeaggél;&anishi, K.; Yamaguchi, Biosci. Biotechnol. Biochem.  contained 50 158 and 49 439 atoms, respectively. The unliganded
(12) Lundquist, T.; Rice, J.; Hodge, C. N.; Basarab, G. S.; Pierce, J.; Lindquist, Protein contained only one water molecule in the binding pocket. The

Y. Structure1994 2, 937-944. ) ) ) energies of systems were minimized using 4000 steps of steepest descent
(13) {\lgzké"%@kog'gl\é"l'_'\ggé%yamav T., Kurahashi, Y.; YamaguctBiochemistry followed by 6000 steps of the conjugate gradient method.
(14) Wawrzak, Z.; Sandalova, T.; Steffens, J. J.; Basarab, G. S.; Lundqvist, T.;

Materials and Methods

Lindgvist, Y.; Jordan, D. BProteins1999 35, 425-439. (16) Kollman, P. A,; Dixon, R.; Cornell, W.; Fox, T.; Chipot, C.; Pohorille, A.
(15) Motoyama, T.; Nakasako, M.; Yamaguchi,Acta Crystallogr., Sect. D In Computer Simulation of Biomolecular Systénilkinson, A., Weiner,
Biol. Crystallogr.2002 58, 148-150. P., Van Gunsteren, W., Eds.; Elsevier: The Netherlands, 1997; pp@&@3
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All of the MD simulations in this work were carried out using a
special-purpose computer for MD, the MD machine (MDM), that can
accelerate the computation of all nonbonded interacié?i@The MD
software was a modified Amber 8%Gor the MDM. The parm96 force

field*¢ was adopted, and the time step was set at 1 fsec. The bond lengths
involving hydrogen atoms were constrained to equilibrium lengths using

the SHAKE method? The temperature of each system was kept
constant according to Berendsen’s algorithm with a coupling time of

0.2 ps?® The temperatures of respective systems were gradually

Table 1. Backbone RMSDs Averaged over the Last 2.5-ns
Periods
averaged backbone standard
RMSD (A) deviation (A)2
liganded protein 1.07 0.07
unliganded protein 1.75 0.11

aIn each system, 500 sets of coordinates (every 5 ps) were considered.

increased to 310 K over a period of 100 ps, and additional 10- and (Em), van der Waals energy, and electrostatic eneffgyis the energy
15-nsec MD simulations of the liganded and the unliganded proteins @ssociated with vibration of covalent bonds and rotation of valence

at 310 K were performed for data collection.

Principal Component Analysis. Principal component analysis
(PCA) projects multidimensional data onto low-dimensional sub-
space$?°If the distribution of the multidimensional data is noniso-
tropic, the PCA will identify a low-dimensional subspace that describes
it very well. In this work, we used PCA to divide the trajectory into

bond angles and torsional angles.
Gror = Ewm t AGsoLy 1)

The vibrational component of protein molecule entrofyf can
be calculated by normal-mode analysis on an energy-minimized

several groups, such as preequilibrium and equilibrium states. The pcastructure.

was carried out by diagonalizing the mass-weighted positional cova-
riance matrix constructed from the trajectory after a least-squares fit
to an averaged structure. The larger the eigenvalue, obtained by

diagonalization of the matrix, the more efficient the projection onto

AGgq,y = AGsol:np+ AGsol:pol= (y-SASA+ b) + AGsol:pol
@

that axis becomes. For our simulations, all backbone heavy atoms were ~ The solvation energy\Gsov, is divided into two parts, electrostatic

applied to the PCA.
Molecular Mechanics Poisson-Boltzmann/Surface Area Method.

contributions AGsol:pol, and all other contributionaGsol:np (eq 2).
The nonpolar solvation energpGsol:np, is calculated as a function

The coordinates from each trajectory were saved every 5 ps, and eactf solvent-accessible surface area. In eq 2, by which the nonpolar
of them was used to evaluate free energy by the molecular mechanicssSolvation contribution is calculated, SASA is the solvent-accessible

Poissor-Boltzmann/surface area (MM-PBSA) method. The MM-PBSA
free energy of each snapsh@r6r) is approximated as the sum of
two terms: the internal energy of the protetufs) and the solvation
free energy AGsowv) (€q 1).Ewn is the sum of internal strain energy
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surface area calculated using the MSMS progfaamd y andb are
0.00542 kcal/mol Aand 0.92 kcal/mol, respectively. The probe radius
was 1.4 A. AGsol:pol was calculated by solving the Poisson
Boltzmann equation using the delphi progré&#PARSE atomic radif
and parm96 charg&swere used in this calculation. The grid spacing
used was 1.0 A. The dielectric constants inside and outside the molecule
were 4.0 and 80.0, respectively.

For the MM-PBSA calculations of the unliganded protein, the water
molecules in the binding pocket were considered explicitly. Akgsol:
np was not calculated in the binding pocket because the effect of the
water molecules in the pocket to th&Gsol:np was taken into
consideration in the calculation of tli&w. The dielectric constant of
the explicit water molecules in the binding pocket &sol:np was
set at 4.0.

Results

Checking of the Simulation. To check whether the simula-
tions of the liganded and unliganded proteins had been
performed properly, the backbone RMSDs @ithctors were
analyzed. Table 1 shows the averaged backbone RMSDs and
their standard deviations over the last 2.5 ns of simulation. The
RMSD of the unliganded protein became larger than that of
the liganded protein, suggesting that the unliganded structure
was somewhat different from the liganded structure. The analysis
of RMSDs indicated that each simulation did not contain
obvious artifacts and had reached an equilibrium state. Figure
2 showsB-factor values of the main chain atoms against each
residue. TheB-factor values of the liganded protein show a
tendency similar to those of the X-ray crystal structure,
suggesting that there is little difference between the monomer
and trimer in protein dynamics (Figure 2). On the other hand,
some differences in protein fluctuation were found between the

(31) Sanner, M. F.; Olson, A. J.; Spehner, J.Bpolymers1996 38, 305—
320.

(32) Rocchia, W.; Alexov E.; Honig, BJ. Phys. Chem. BR001 105 6507
6514.

(33) Rocchia, W.; Sridharan, S.; Nicholls, A.; Alexov, E.; Chiabrera, A.; Honig,
B. J. Comput. Chen2002 23, 128-137.

(34) sSitkoff, D.; Sharp, K. A.; Honig, BJ. Phys. Cheml994 98, 1978-1988.
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100 T T I I I T I I we will describe the results for unliganded and liganded proteins
crystal structure in that order.
—— liganded protein Simulation of Unliganded Protein. (a) Process before
80r- unliganded protein Reaching an Equilibrium State. In the period of the first 5 ns
- (black and green dots shown in Figure 3), the conformation of
% 60k the unliganded protein changed from a closed form to an open
g form (Figure 4A and B). Namely, the C-terminal region, which
g covers the binding pocket in the starting structure, opened up
L 40 the entrance of the binding pocket that we named a “front gate”.
@ As a consequence, the hydrogen bonds between the C-terminal
ok region and loop1l, a linker of S1 and S2 (Lys56NPhel690,
Phe53CG-Argl66N;1, and Phe536Argl66;2), which were
formed at the starting structure, disappeared from 4 ns (Figure
H1  H2S1 S2H3  sS3  s4 S5 = S6 H4HS . :
0 L L ! ! ! 1 ) ] 5) and the helical loopl (Figure 1) was unlaced. Once these
0 20 40 60 80 100 120 140 160

hydrogen bonds were lost, they did not return to their former
Residue Number state; thus, the C-terminal region fluctuated dynamically just
Figure 2. B-factor values of the main chain atoms against residue number. before reaching the equilibrium Sta,te (Flgure 5). Atthis time, a
Black, blue, and red lines indicate values from the experimental data on feW water molecules entered the binding pocket from the front
crystal structure (PDB entry 7STD) and simulations of the liganded and gate (Figure 4B). In the next 2.5 ns (blue dots shown in Figure
unliganded proteins, respectively. The colored bars on the abscissa shomg), intake of solvent water molecules inside the protein occurred
the secondary structural elements in Figure 1. suddenly, resulting in the localization of-B water molecules
liganded and unliganded proteins. TBeactor curve of the in the binding pocket at 7.5 ns (Figure 4C). At this stage, the
unliganded protein deviated in four regions from that of the intake of solvent water molecules occurs not only from the front
liganded protein. Prominent differences were observed in the gate but also from the space betweerhelix H1 and the
loop between S1 and S2 (loopl), the loop between H3 and S3p-barrel, which we named a “rear gate”. Finally, for the7.5
(loop2), and the C-terminal region. Since the first two regions 9-ns trajectory, the water cluster inside the binding pocket was
are parts around the C-terminal region, these observationsarranged to form a large water cluster with nine water molecules

indicate that the C-terminal region fluctuated greatly. A differ-
ence was also found in thestrand S3. Figure 3 shows the
MD trajectories projected onto the plane defined by the first

(Figure 4D). Hence, the inside of the binding pocket for the
unliganded proteins was solvated fully.
(b) Equilibrium State. In the equilibrium state, protein

two principal components. At a glance, it is clear that the dynamics and conformation were closely related to the dynamic
trajectory of the unliganded protein was more diffusive and more behavior of hydration water molecules in the binding pocket.
complicated than the trajectory of the liganded protein. These Figure 6 shows the time course of the number of water
data also confirm that the conformational transition of the molecules in the binding pocket. In the equilibrium state (9)s

unliganded protein was much larger than that of the liganded the water molecules went in and out of the binding pocket. The
protein. From the results of the PCA, we regarded-2.6- and amino acid residues in the binding pocket are so hydrophobic
9—15-ns trajectories of the liganded and unliganded proteins that the water cluster formed few hydrogen bonds with the
(red dots shown in Figure 3) as equilibrium states. Hereafter, residues in the binding pocket. The water cluster was in flux
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Figure 3. Whole trajectories projected onto the plane formed by the first two largest principal components calculated from PCA. The first two principal
component accounts of the unliganded and liganded proteins contributed to 61.1% and 46.0%, respectively, of the total mass-weighted meetnattpree fl

of proteins. The figures on the left and right show the trajectories of the unliganded and liganded proteins, respectively. Black, green viylaadyedth

dots correspond to-82.5-ns, 2.5-5-ns, 5-7.5-ns, 7.5-9-ns, and 9-15-ns trajectories in the unliganded protein. Thel8-ns trajectory was regarded as the
equilibrium state. Open boxes from A to F correspond to the loci of 1.0 ns, 4.5 ns, 7.5 ns, 8.5 ns, 12.2 ns, and 14.8 ns. For the liganded protein, black and
red dots correspond to-2.5-ns and 2.510-ns trajectories, respectively, and the-219-ns trajectory was regarded as the equilibrium state. Open boxes

of G and H correspond to the loci of 1.0 ns and 10.0 ns.
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dynamically again after'B as observed in the preequilibrium

state (Figures 5 and 7B). It is thought that the fluctuation of
the C-terminal region promoted the intake of solvent water
molecules into the pocket since the largest water cluster with

=y 15 water molecules was formed at nearly 14.8 ns (P4 of Figure
| .--r'gar gate 6)

front gate \

gL
/8

In addition, we performed energetic analyses to obtain a better

A B C understanding of the conformational change of the unliganded
- = protein in the equilibrium state. Figure 8A shows the free-energy
Al Ny VR openlargely t el contour map of the trajectory of the equilibrium state of the

unliganded protein projected onto the plane of the first two
principal components. The free energies were estimated by using
the MM-PBSA method. The trajectory of the unliganded protein
- moves from the local minimum on the right of the map to the
— ground minimum on the left via a local high-energy region. It
' ' - is important for the relationship between dynamics of the protein
D E F and hydration water molecules that the unliganded protein
Figl_ure c‘;'d Hy(t:irgatiqrnh wa:tertmolefcule?A in I:the binding(;j tpot(;ket of Lhe formed a large water cluster with +45 water molecules in
unliganded protein. e structures from 0 F correspona to the open boxes i i i i~iNi ini i
o A o1 & 37 ¢ V1025 U bgpocketine iy ofhe bl o, Fowe
ns; E, 12.2 ns; F, 14.8 ns. Water molecules are shown in the CPK model.
and the lowest energy levels on the contour map. Differences
and it was fragmented and reconstructed by gathering waterbetween these two structures were found in the C-terminal
molecules. This is illustrated in Figure 40, in which water ~ region and the binding pocket. For the structure at the point of
molecules going in and out of the binding pocket can be seen. the lowest energy level, the C-terminal region opened up largely
A comparison of the solvation process of the binding pocket and the binding pocket contained the largest water clusters, as
(Figure 6) and whole structural change (Figure 7A) for the mentioned above. These structural differences were clearly
unliganded protein revealed that these results were well cor-reflected in the values duvm and AGsovv of free energy.
related, especially for the period from P1 to P3 in Figure 6.  Simulation of the Liganded Protein. Figure 8B shows the
This correlation between dynamics of the protein and hydration free-energy contour map of the equilibrium state of the liganded
water molecules in the binding pocket indicates that the protein protein. The trajectory moves from the highest region on the
structure changed just at the time when the fragments derivedfree-energy surface, via a local minimum on the left of the map
from the water cluster went out of the binding pocket through to the local minimum on the right on the contour map. Figure
the front or rear gates (Figures 6 and 7A). Thus, the fluctuations 8E and F shows the structures at the points of the highest and
of the regions involving the front gate (loopl, loop2, and lowest energy levels. A comparison of these structures shows
C-terminal region) and the region involving the rear gate, S3, that the structures of loopl and the C-terminal region are
deviated from those of the liganded protein (Figure 2). For the different, but both structures are very similar on the whole. This
period from P3 to P4 in Figure 6, an adequate correlation was structural difference mainly contributed to the difference in the
not obtained from the RMSD values of the whole structure value of Eyq of free energy. As the period of its stay in the
(Figure 7A). The C-terminal region, however, began to move high-energy region is very short, the liganded structure did not
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Figure 5. Time courses of hydrogen bonds between the C-terminal region and loopl. The figures on the left and right show changes in the hydrogen bond

distances of the unliganded and the liganded proteins, respectively. Black, blue, and red lines indicate the distances ofRiye%6BIO, Phe530
Argl66Ny1, and Phe5306Argl166;2, respectively.
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these hydrogen bonds on the C-terminal region was supported
by the results of an experiment on the enzyme activity.
Motoyama et al. reported that deletion of the C-terminal 10
residues caused loss of 98.5% of activitiflhese computational
and experimental results suggest that the C-terminal portion of
SD is very important in catalysis or ligand binding. The
conformation of the protein-inhibitor complex was stabilized
through these interactions, and a large conformational change,
as was observed in the simulation of the unliganded protein,
did not occur. Therefore, the liganded protein retained a closed
form over a simulation period of 10 ns. This computational result
also supports the experimental observation that carpropamid
worked as a tight binding inhibitd#

For the unliganded protein, it took a long simulation time of
Figure 6. Time course of the number of water molecules in the binding 9 ns to reach the equilibrium state.This long period of the
pocket. The black line indicates the number of the water molecules and the preequilibrium state would be valid since the simulation time
red line indicates the averaged values over intervals of 0.25 ns. A broken . S
line indicates the beginning of the equilibrium state—P# are maximal before reaching the equilibrium state was about the same length
points and PL—P'3 are minimal points. in the simulation of the unliganded protein under a different

condition. A drastic conformational change occurred in the

change greatly and could stably retain a closed form during the preequilibrium state; consequently, the unliganded protein
simulation of the equilibrium state. In this regard, the interactions changed from a closed form to an open form. This would be
between the ligand and the C-terminal region, in addition to caused by the disappearance of interactions between residues
the interactions between loopl and the C-terminal region, would in the protein pocket and the C-terminal region, which is due
prevent the C-terminal region from opening (Figure 5). There- to the absence of the ligand molecule. After the opening of the
fore, the transition of the liganded protein is thought to be a C-terminal region, solvent water molecules were taken in the
process for slowly eliminating strain of the protein structure. binding pocket, and the number of water molecules in the pocket
rose to 78 just before the equilibrium state was reached (Figure
6). At this time, intake of water molecules occurred not only

MD simulations of liganded and unliganded SDs were from the front gate but also from the rear gate. Probably, a
performed to determine the effect of the ligand binding on substrate or inhibitor that is larger than a water molecule would
protein dynamics and the cooperative motions of the protein be taken in from the front gate since the rear gate is too narrow
and hydration water molecules. The results of this study for ligand binding.
provided the information not only on the dynamics of the protein  In the equilibrium state of the unliganded protein, the inside
and hydration water molecules but also on the binding processof the binding pocket was fully solvated (Figure 6) and there
of the ligand molecule. Judging from several experimental data was a correlation between the conformational change of the
on protein structure and enzyme activity, we consider that the protein and the dynamics behavior of hydration water molecules
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Discussion

results of this work are helpful for an understanding of the
experimental data.

In the simulation of the liganded protein, the protein held
the inhibitor, carpropamid, tightly in the hydrophobic binding
pocket. The interactions on the inhibitor are mainly hydrophobic,
but several hydrogen bonds with Tyr50, His85, His110, Ser 129,

in the binding pocket. The water molecules went in and out of
the binding pocket through the front or rear gate in accordance
with the protein dynamics. Thus, the fluctuation of the un-

liganded protein become larger than that of the liganded protein,
especially in the parts on the front gate, that is, loop1, loop2,
and the C-terminal region, and the part on the rear gate, S3

and Asnl131 in the binding pocket, as were observed in the (Figure 2). These motions of the unliganded protein would be
crystal structure$®14were formed. Moreover, the C-terminal  closely related to the unsuccessful results in crystallization trials
region forms three hydrogen bonds with loopl (Lyss6N for the unliganded wild-type proteft.Since thes-barrel and

Phel690, Phe530Arg166N;1, and Phe536Argl166;72) and o-helix H1 are trimer interfaces in the crystal structure of the
covers the binding pocket tightly (Figure 5). The existence of trimer complex of ligand-bound protein, they are thought to play
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Figure 7. Time courses of RMSD of (A) the whole structure of the unliganded protein and (B) the C-terminal region (residu&g2)5& the unliganded
protein. P+P4 and PL—P'3 correspond to those in Figure 6.
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Figure 8. Free-energy contour map of each trajectory of the equilibrium state and protein structures. (A and B) These two maps (A) and (B) indicate the
free-energy contour maps of the trajectories of the unliganded and liganded proteins. The free energies of each trajectory were projectedranto the pl
formed by the first two largest principal components calculated from PCA of the trajectories of the equilibrium states. Respective black line$ e lo

points on trajectories at intervals of 0.25 ns, and triangles indicate starting points. H1 and L1 are the loci of the highest and the lowest enfength&evel
unliganded protein, respectively, and H2 and L2 are the loci of the highest and the lowest energy levels for the liganded protein, respectictelygiitae re

box indicates the region in which more than 14 water molecules are localized in the binding pocket. Energies are in kcal/mol. (C and D) The two structure
correspond to L1 and H1 in Figure 8A. (E and F) The two structures correspond to L1 and H1 in Figure 8B.

an important role in the trimer aggregation. Therefore, it is simulation for the mutant F162A in the current work, this
thought that the fluctuation of S3 in thzbarrel, induced by mutation seems to reduce the flexibility of the C-terminal region,
the movement of the hydration water molecules, inhibits trimer and, as a result, it is thought that the intake and release of the
aggregation and hinders crystallization. With regard to the hydration water molecules and the fluctuation of S3 were
C-terminal region, it would control the water intake into and restrained.

release from the binding pocket, judging from the relationship ~ From observation of a series of dynamics and conformations
between its flexibility and the solvation process of the binding of the unliganded protein, we found the path leading the water
pocket (see Figures 6 and 7). Although we did not perform molecules from the front gate into the binding pocket. This path
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Ligand Molecule

Figure 9. Path leading ligand molecule from the front gate into the binding
pocket. This figure shows the 14.8-ns structure of the unliganded protein
in sections. The purple balls in the binding pocket indicate water molecules.
The width of the path is nearly 6.5 A.

is illustrated in Figure 9. In the conformation that contained
the largest water cluster in the binding pocket and existed in
the ground-energy minimum in Figure 8A, this path is nearly
6.5 A in width, which roughly corresponds to the width of the

inhibitor, carpropamid (Figure 9). Therefore, this path is

expected to be used for the ligand binding. For the binding of
ligand molecule, removal of the water molecules from the

a-helical domain consisting of two shod-helices, and its
function is fatty acid transfer from AFABP to phospholipid
membraneg® The a-helical domain covers one end of the
binding cavity and participates in a lid for ligand entry into
and exit from the binding cavity. The results of this study on
SD should contribute to a better understanding of the protein
function and dynamics of AFABP.

Conclusion

We clarified the dynamics and conformations of liganded and
unliganded SDs. The liganded protein held the ligand molecule
tightly and is in a favorable state for enzymatic reaction. The
unliganded protein, the three-dimensional structure of which is
unknown, fluctuated dynamically with intake of water molecules
into the pocket and release of those from it. Namely, the
hydration water molecules and the unliganded protein moved
cooperatively. These cooperative motions produced ligand-
binding pathway through protein interior in the vicinity of the
ground minimum on the free-energy surface of the unligand
protein. Therefore, the unliganded protein explores the confor-
mational free-energy surface extensively and is in a waiting state
for ligand binding. The failure in crystallization of unliganded
wild-type protein in the structural study seems to result from
the flexibility of loopl, loop2, S3, and the C-terminal region,
which are involved with the water intake into and release from
the pocket.
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