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Abstract: The entering and leaving processes of Huperzine A (HupA) binding with the long active-site
gorge of Torpedo californica acetylcholinesterase (TcAChE) have been investigated by using steered
molecular dynamics simulations. The analysis of the force required along the pathway shows that it is
easier for HupA to bind to the active site of AChE than to disassociate from it, which for the first time
interprets at the atomic level the previous experimental result that unbinding process of HupA is much
slower than its binding process to AChE. The direct hydrogen bonds, water bridges, and hydrophobic
interactions were analyzed during two steered molecular dynamics (SMD) simulations. Break of the direct
hydrogen bond needs a great pulling force. The steric hindrance of bottleneck might be the most important
factor to produce the maximal rupture force for HupA to leave the binding site but it has a little effect on the
binding process of HupA with AChE. Residue Asp72 forms a lot of water bridges with HupA leaving and
entering the AChE binding gorge, acting as a clamp to take out HupA from or put HupA into the active site.
The flip of the peptide bond between Gly117 and Gly118 has been detected during both the conventional
MD and SMD simulations. The simulation results indicate that this flip phenomenon could be an intrinsic
property of AChE and the Gly117—Gly118 peptide bond in both HupA bound and unbound AChE structures
tends to adopt the native enzyme structure. At last, in a vacuum the rupture force is increased up to 1500
pN while in water solution the greatest rupture force is about 800 pN, which means water molecules in the
binding gorge act as lubricant to facilitate HupA entering or leaving the binding gorge.

Introduction which is about 20 A deep and consists of two separated ligand

Acetylcholinesterase (AChE, acetylcholine hydrolase, E. C. b_inding sites, agylatio_n (or active) site and peripheral anionic
3.1.1.7) is one of the most essential enzymes in the family of site. The a(?ylanop site Iopated at the l?ottom of the gorge
serine hydrolases, operating at a rate approaching the diffusionafcontains residues involved in a cgtalytlc t”a_d (H'SATA'O_' Glu;327_,
limit in substrate association and dissociatiénBy rapid and Ser200) and Trp84. The peripheral anionic binding site is

hydrolysis of the transmitter acetylcholine (ACh), the enzyme '0cated at the mouth of the gorge. This segment includes a key
effectively terminates the impulse transmission at cholinergic "€92tivé charged residue, Asp72 (Asp74 in human AChE),

synapse$:3 The three-dimensional structures drpedo cali- Iocgted near a constnctlor! at .the boundgry between the
fornica AChE (TCAChE) and its complexes with various peripheral site and the acylation site. At the midway of the deep
inhibitors*~7 revealed that there is a narrow active-site gorge gorge, the ar_omat|_c S|de-ch_a!ns of Phe330 and Tyr121 form a

bottleneck with a size permitting a water molecule to permeate
t Center for Drug Discovery and Design, State Key Laboratory of Drug in the X-ray crystal structurésBecause the cross-section of

Research, Shanghai Institute of Meteria Medica, Shanghai Institutes of g phstrate and inhibitors. such as ACh and Huperzine A (HupA)
Biological Sciences, Chinese Academy of Sciences. ' '

¥ Department of Structural Biology, Weizmann Institute of Science. IS much larger than the size of bottlene(?k, .Iallrge-amplltude

gg \?vtljir:jn,kD.SM_.rCth. Re. :_I.9871]87l,3955—939.’v] A Chem. Sod607 fluctuations are necessary for substrate or inhibitors to enter or
odek, S. T.; Antosiewicz, J.; Briggs, J. M. Am. em. So 4 . . . .

119 8159-8165. leave along this main gorge. Some molecular dynamics simula-

(3) Shafferman, A.; Kronman, C.; Flashner, Y.; Leitner, M.; Grosfeld, H.; tions have provided such fluctuatiofis® and several crystal
Ordentlich, A.; Gozes, Y.; Cohen, S.; Ariel, N.; Barak, D.; Harel, M.;
Silman, I.; Sussman, J. L.; Velan, B. Bio. Chem1992 267, 17 640~

17 648. (6) Harel, M.; Shalk, I.; Ehret-Sabatier, L.; Bouet, L.; Goeldner, M.; Hirth,
(4) Sussman, J. L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; Toker, C.; Axelsen, P. H.; Silman, I.; Sussman, JHro. Natl. Acad. Sci. U.S.A.
L.; Silman, I. Sciencel991 253 872-879. 1993 90, 9031-9035.
(5) Raves, M. L.; Harel, M.; Pang, Y. P.; Silman, |.; Kozikowski, A. P.; (7) Harel, M.; Quinn, D.; Nari, H. K.; Silman, I.; Sussman, JJLAm. Chem.
Sussman, J. INat. Struct. Biol.1997, 4, 57—63. S0c.1996 118 2340-2346.
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structures of inhibitorAChE complex show that Phe330 is noteworthy feature of HupATCcAChE complex is the orienta-
flexible 511 Beside the fluctuations of the bottleneck, the large tion of the peptide bond between Gly117 and Gly118, which
arrays of buried water molecules in AChE, which is about twice distinctly points in the direction opposite to that observed in
per residue in other typical proteifdmight act as lubricant  the native structure and other inhibitor compleXe$his
that permits or even facilitates large-scale fluctuations of the conformation change destroyed the oxyanion halhich
main active-site gorge to allow the inhibitors’ dissociation or stabilizes substrate’s tetrahedral intermediate during hydrolysis
associatiod! However, the bottleneck together with the elec- reaction.
trostatic field that favors to accelerate the penetration of the As mentioned above, despite the progresses in experimental
cationic ligands but to impede them to exit from the active- and molecular simulation studies on AChE and its complexes,
site!® arise a question whether there are alternative routes toseveral questions are still open. How do the inhibitors or
facilitate traffic of ligand or solvent in to and out of the gorge. substrate enter and leave the active-site gorge of AChE? Why
Several molecular dynamics studies have been performed toHupA equilibrates rapidly with free enzyme AChE while HupA-
investigate the release of small molecule such as acetic acidinhibited AChE dissociates at a much lower rate to restore
and water molecule from acetylcholinesterase through the enzyme activity? What causes the peptide bond between Gly117
alternate pathways except the main goty¥-18 One of these  and Gly118 to be flipped by 18Gn HupA—TcAChE complex
studies indicated that “back door” existed for the escape of water compared with the structures of native AChE and other inhibitor
molecules may be fostered by a local conformational change complexes? What role the buried water molecules play for HupA
near the active-site cavity involving residues Trp84, Val129, binding and unbinding? The current developed steered molecular
and Gly441:8 dynamics (SMD) simulation method is a complementary ap-
Because of the key role that AChE plays in the nervous proach in studying ligand-protein binding and unbindifgnd
system, AChE inhibitors are used in treatment of various thereby can be used to reach the answers of above questions.
disorders such as myasthenia gravis and glaucoma. Their useBriefly, SMD is an extended MD simulation method mimicking
has been proposed as a possible therapeutic approach to allashe principle of the atomic force microscopy (AFk#y.26 SMD
the symptoms of Alzheimer’s disease (AD) and for the recovery has been widely used to explore the binding and unbinding
of neuromuscular block in surgehy:1°2°Compared with other ~ properties of biomolecules and their responses to external
well-known AChE inhibitors such as physostigmine, galan- mechanical manipulations at the atomic le¥elt has been
thanmine, tacrine, and donepezil, Huperzine A (HupA), a novel successfully applied to identify several ligand binding path-
alkaloid isolated from the Chinese folk mediciktuperzia ways®3!l and to explain the elastic properties of some
serrata(Qing Ceng Ta) that has been used in China for centuries proteins®?=3¢ In SMD simulations, time-dependent external
to treat contusion, strain, swelling, schizophrenia, has attractedforces are applied to ligand to facilitate its binding and unbinding
considerable interest because of its lower toxicity, higher with a protein as shown in Figure 1. From the accelerated
selectivity and long time inhibition. What interests us most is moving of the ligand, SMD simulation can reveal information
the experiment result that HupA equilibrated with free enzyme about the enzyme’s flexibility and its response to the association
AChE in several minutes while HupA-inhibited AChE complex or dissociation of ligand. Analyses of interactions between the
dissociated at a much lower rate (several hours) to restorebinding ligand and the protein (especially residues forming the
enzyme activity. This phenomenon is in contrast to the rapid binding pocket) and the relationship between the applied forces
on- and off-rates that characterize reversible inhibitors of AChE and the ligand position could yield important information about

with similar potency and thereby it is assumed to have a longer the structure-function relationships of the proteirligand

residence time than other commonly anti-ChE driig3.The

complex, the binding and unbinding pathway(s) and possible

reason for this unusual binding and unbinding of HupA to AChE mechanisms of ligand recognition and inhibition.

cannot be provided by experiment at present time. Another

(8) Wilodek, S. T.; Clark, T. W.; Scott, R.; McCammon, J. A.Am. Chem.
S0c.1997 119 9513-9522.
(9) Tai, K.; Shen, T. Y.; Borjesson, U.; Philippopoulos, M.; McCammon, J.

A. Biophys. J.200], 81, 715-724.

(10) Shen, T.Y.; Tai, K.; Henchman, R. H.; McCammon, J.A&c. Chem.
Res.2002 35, 332-340.

(11) Koellner, G.; Kryger, G.; Millard, C. B.; Silman, I.; Sussman, J. L.; Steiner,
T. J. Mol. Biol. 200Q 296, 713-735.

(12) Williams, M. A.; Goodfellow, J. M.; Thornton, J. MProtein Sci.1994 3,
1224-1235.

(13) Tan, R. C.; Truong, T. N.; McCammon, J. A.; Sussman, Bibchemistry
1993 32, 401—-403.

(14) Enyedy, I. J.; Kovach, I. M.; Brooks, B. R. Am. Chem. S0d.998 120,
8043-8050.

(15) Van Belle, D.; De Maria, L.; lurcu, G.; Wodak, S.Jl.Mol. Biol. 2000
298 705-726.

(16) Tai, K.; Shen, T. Y.; Henchman, R. H.; Bourne, Y.; Marchot, P.;
McCammon, J. AJ. Am. Chem. So@002 124, 6153-6161.

(17) Henchman, R. H.; Tai, K.; Shen, T.-Y.; McCammon, J.Blophys. J.
2002 82, 2671-2682.

(18) Gilson, M. K.; Straatsma, T. P.; McCammon, J. A,; Ripoll, D. R.; Faerman,

C. H.; Axelsen, P. H.; Silman, |.; Sussman, JSciencel 994 263 1276~
1278.

(19) Hallak, M.; Giacobini, ENeuropharmacologyt989 28, 199-206.

(20) Kaur, J.; Zhang, M. QCurr. Med. Chem200Q 7, 273-294.

(21) Ashani, Y.; Peggins, J. O. |.; Doctor, B.Biochem. Biophys. Res. Comm.
1992 184, 7719-7726.

(22) Ashani, Y.; Grunwald, J.; Kronman, C.; Velan, B.; ShaffermanMal.
Pharmacol.1994 45, 555-560.

In the following, we present the results of SMD simulations
for HupA entering and leavincAChE in water solution. To
our knowledge these simulations are the first of studying HupA-
AChE binding and unbinding processes kinetically. The purpose

(23) lIsralewitz, B.; Gao, M.; Schulten, KCurr. Opin. Struct. Biol.2001, 11,

224-230.

(24) Binning, G.; Quate, C. F.; Gerber, Bhys. Re. Lett. 1986 56, 930-933.

(25) Block, S. M.; Svoboda, KAnnu. Re. Biophys. Biomol. Strucfl994 23,

247-285.

(26) Evans, E.; Ritchie, K.; Merkel, RBBiophys. J.1995 68, 2580-2587.

(27) Izrailev, S Stepanlants S, IsraIeW|tz B.; Kosztin, D.; Lu, H.; Molnar,
F.; erggers W.; Schulten KComputatlonal Molecular Dynamlcs
Challenges, Methods, Ideas (Volume 4) of Lecture Notes in Computational
Science and Engineerin®enflhard, P., Hermans, J., Leimkuhler, B., Mark,
A., Skeel, R., Reich, S., Eds.; Spring-Verlag: Berlin, 1998; pp-&5.

(28 Grubmtuer H Heymann B.; Tavan, Fsciencel996 27], 997-999.

(29) Isralewitz, B.; Izrallev S, Schulten Biophys. J1997, 73, 2972-2979.

(30 Stepamants S.; Izrailev, S.; Schulten,X.Mol. Model.1997, 3, 473—
1568—1581

)

)

)
(31) Izrallev S.; Stepaniants, S.; Balsera, M.; Oono, Y.; Schulted 987, 72,
(32) Lu, H.; Isralewitz, B.; Krammer, A.; Vogel, V.; Schulten, Riophys. J.

1998 75 662-671.

(33) Lu, H.; Schulten, KProteins: Struct. Funct. Genet999 35, 453-463.
(34) Heymann B.; Grubmlﬂar H. Chem. Phys. Lett1999 307, 425-432.
(35) Krammer, A.; Lu, H.; IsraIeW|tz B.; Schulten, K.; Vogel, Proc. Natl.
Acad. Sci. U.S.A1999 96, 1351-1356.
(36) Heymann, B.; Grubiilier, H. Biophys. J.2001, 81, 1295-1313.
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Figure 1. Ribbon schematic representations of solvated Hup@AChE
model for the SMD simulations (water molecules not shown for clear view).
During the SMD simulations, HupA is pulled away from or pushed into
the binding gorge of AChE through a harmonic potential symbolized by
an artificial spring connected to the atom C16 of HupA. This pulling
potential moves with constant velocigu (arrow) while the center of mass
of AChE is kept fixed. The structure diagram of Huperzine A is shown at
top right corner. This picture was rendered in the P@RAy progrant!

of the present work does not intend to obtain the exact forces
required for HupA binding and unbinding, but to compare the
forces acting on HupA concerning its binding and unbinding
with AChE, which provides a valid interpretation for pronounced
quick entrance but very slow dissociation of HupA to AChE.

Before MD simulations, th& cAChE—HupA complex was solvated
with 15,181 TIP3?>*3water molecules using the SOLVATE progréfn.

The radius of the water sphere is 50 A, which ensures the whole surface
of TCAChE to be covered by a water layer with a thickness more than
12 A, thereby the water layer above the mouth of the binding gorge is
thick enough for pulling HupA out ofTcAChE completely. The
simulation system is totally composed of 51 362 atoms. Then water
moleculesTcAChE and HupA were coupled separately to a temperature
bath at 300 K using a coupling constant of 0.1 ps. A layfet A thick

in the brim of the solvated system was subjected to SBOUND férces
to counterbalance surface tension and evaporation, and thus restrain
the water molecules to a given volume. Afterward, a conventional MD
simulation continued until to 5 ns and two SMD simulations were
performed at a constant velocity of 0.02 A-pgthe spring-constants

is 2.8 Nn1%) for the HupA unbinding from and binding toward
TcAChE.

The SMD simulation procedure of Grubiter et al?8343646was
adopted. In the SMD simulations, the main gorge is set as the pulling
pathway of HupA binding and unbinding. Although previous simula-
tions suggested there are alternate pathways except the main gorge,
the sizes of the alternate pathways are narrow only for water molecule
or acetic acid releasé:'>8Accordingly, the main gorge is the mostly
correct pathway for HupA entering and leaving. A harmonic potential
was assigned to the carbon atom, C16 (shown in the top right corner
of Figure 1), to pull HupA out of the long binding gorge along the
previously defined axis that extends from atom lle4£4teCthe center
of mass of atomic group of Glu73¢CAsn280-C, Asp285-C, and
Leu333-0O% At the beginning of pulling HupA back to the active site
along the same axis, HupA exchanges positions with several water

The detailed analyses for the structures and interactions in themolecules above the binding gorge along the axis. After equilibrated
SMD trajectories detected the important residues associated withfor about 200 ps the whole system was stable, and this stabilized system

HupA binding and unbinding, the flip of the peptide bond
between Gly117 and Gly118, and the dynamic effect of the
buried water molecules.

Models and Methods

The models used in the present study were built up based on the

X-ray crystal structure aTcAChE—HupA complex at 2.5 A resolution
(PDB entry code 1VOT).The coordinates of the missing residues

(Pro485, His486, Ser487, GIn488, and Glu489) and the missing atoms

in many other residues were repaired according to the X-ray crystal
structure ofTCAChE—E2020 complex (PDB entry code 1EVE)y
using the molecular modeling software Sybyl 6.7 (Tripos Inc. St. Louis,
MO). The repaired residues were subjected to energy minimization in
Sybyl 6.7 using steepest descent method up to the gradient toleranc
of 0.05 kcal/(molA) to relieve possible steric clashes and overlaps of
side chains with fixing the rest part of complex. The ionization states
of some residues iMcAChE were determined by the method of Gilson
et all® Residues His440, Glu443, and Asp392 were neutralized as
pointed out by McCammon et &lAll other ionizable residues were
kept in their standard protonation states. The geometry of HupA was
optimized at the HF/6-31G** level and then its partial atomic charges
were determined by using the RESP fitting metffachplemented in

the NWChem 3.3.1 software packafeTopology file and other
parameters except the charges for HupA were generated using th
program XPLO2D' The force field parameters of HupA are listed in
Table S1 in the Supporting Information.

(37) Kryger, G.; Silman, I.; Sussman, J. &tructure1999 7, 297-307.

(38) Bayly, C.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. Chem.
1993 97, 10 269-10 280.

(39) Anchell, J.; Apra, E.; Bernholdt, D.; Borowski, P.; Clark, T.; Clerc, D.;
Dachsel, H.; Deegan, M.; Dupuis, M.; Dyall, K.; Fann, G.; Fruchtl, H.;
Gutowski, M.; Harrison, R.; Hess, A.; Jaffe, J.; Kendall, R.; Kobayashi,
R.; Kutteh, R.; Lin, Z.; Littlefield, R.; Long, X.; Meng, B.; Nichols, J.;
Nieplocha, J.; Rendall, A.; Stave, M.; Straatsma, T. P.; Taylor, H.; Thomas,
G.; Wolinski, K.; Wong, A.Version 3.2. High Performance Computational
Chemistry Group Pacific Northwestern National Laboratory: Richland,
WA. 999352, 1998.
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was taken as the starting point for further SMD simulation. During
this SMD simulation, the harmonic potential was assigned to the carbon
atom C8 (also shown in the top right corner of Figure 1).

All the simulations were performed using the parallel version of
MD program EGC? with the CHARMM19 force field!® Fast multiple-
time-step structure-adapted multipole method (FAMUSAMM) devel-
oped by Eichinger et & was applied to rapidly evaluate the
electrostatic interactions, whereas the lengths of bonds involving
hydrogen atoms were held fixed with the SHAKE algoritiinuring
the simulations, the integration step was set up as 1 fs and structures
were saved every 1000 steps (1 ps). LIGPL®TB program for
automatically plotting proteinligand interactions, was used to analyze
the hydrogen bonds, water bridges and hydrophobic interactions
betweenTcAChE and HupA in the SMD simulation trajectories. Water

eDridge is defined as that there is only one linking water molecule

between the ligand and residues.

It should be emphasized that the pulling velocity,() is an
important parameter in the SMD simulations. The simulations at higher
pulling velocity may lead to remarkable nonequilibrium effects, which
may introduce obvious errors to the simulation restfitfhe low-

(40) Kleywegt, G. JDictionaries for Heteros. CCP4/ESF-EACBM Newsletter
on Protein Crystallographyl995 31, pp 45-50.

(41) POV-ray-TeamPOV-ray version 3 1999 (www.povray.org).

(42) Jorgensen, W. LJ. Am. Chem. S0d.981, 103 335-340.

e(43) Neria, E.; Fisher, S.; Karplus, M. Chem. Phys1996 105 1902-1921.

(44) Grubnilier, H. SOLVATE. Version 1.0. Gottingeb996.

(45) Brooks, C. L. I.; Karplus, MJ. Chem. Phys1983 79, 6312-6325.

(46) Heymann, B.; Grubiiler, H. Chem. Phys. Lettt999 303 1-9.

(47) Botti, S. A.; Felder, C. E; Lifson, S.; Sussman, J. L.; SilmaBidphys.
J. 1999 77, 2430-2450.

(48) Eichinger, M.; Grubriller, H.; Helmut, H.LEGOVIII. version 2.0. Gottingen
1996

(49) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Chenil983 4, 187-217.

(50) Eichinger, M.; Grubriller, H.; Heller, H.; Tavan, PJ. Comput. Chem.
1997 1729-1749.

(51) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
23, 327-341.

(52) Wallace, A. C.; Laskowski, R. A.; Thornton, J. Rrotein Eng.1995 8,
127-134.
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Figure 2. (A) Time dependence of the minimal van der Waal distance between Try121 and Phe330, which forms the bottleneck in the deep gorge. (B) The

superposition of the crystal structure (red) and the snapshot structure of 1.2 ns (cyan) for the bottleneck. This picture was rendered #Réne POV

program?t

velocity SMD simulations that carried out on a millisecond time scale

can overcome these disadvantages and reproduce actual atomic force2 600 |
microscopy experiments; however, the corresponding computational

cost will be very expensive. To find an appropriate simulation velocity,
several SMD simulations should be carried out at different pulling
velocities?® The pulling velocity of 0.02 Aps in this study was
selected based on others’ publicatit#464¢and our own experi-
ence3®>which produced reasonable results for several liggmatein
systems. To validate whether this pulling velocity is suitable for
simulating HupA-TcAChE binding, additional test SMD simulations
were performed at other two different pulling velocities, 0.1 and 0.01
A-ps. Additionally, these two test SMD simulations were performed
from different starting points. The simulation results are listed in Figures
1S and 2S in the Supporting Information. For the SMD simulations
under the three pulling velocities (0.1, 0.02 and 0.09pskY), the
distributions of the direct hydrogen bonds, water bridges and hydro-
phobic interaction pairs between HupA and TcAChE along with the
active-site gorge are similar. Most importantly, the global shapes of
the force profiles under the three pulling velocities for the unbinding
simulations of HupA-TcAChE complex are similar (Figures 1S and
2S, and Figure 3 below). Therefore it can be concluded that the
unbinding process of HUpATCAChE complex may not be significantly
affected by the pulling velocity. Moreover, the aim of this study is to
address the dynamical processes of the Hup£AChE binding and
unbinding rather than reproduce the accurate binding force or binding
free energy. Therefore, we only use the SMD simulation results at
velocity of 0.02 A/ps to discuss the binding and unbinding processes
of the HUpA-TcAChE complex.

Results

Fluctuation of Bottleneck. The AChE crystal structures
revealed that a bottleneck, which mainly composed of Tyr121
and Phe330, locates at the middle of the binding gérgke
ligand cannot enter or leave the binding gorge of AChE unless

5 800

]

O 200 [

For

Er—

Atom pairs Number

-
O WD ON ORNEO—=NWECD

Number

i Il i

0 100 200 300 400 500 600 700 800 900 1000 1100
Time (ps)

Figure 3. Rupture force (A), numbers for direct hydrogen bonds (B), atom
pairs of hydrophobic interactions (C), as well as water bridges between
HupA andTcAChE (D) vs time in the process of HupA leaving theAChE
binding gorge. The main residues of AChE that contact with HupA are
highlighted. All curves are obtained by 10 ps averaged.

chain of Phe330 began to turn aside from the axis of the binding
gorge, and at about 1.2 ns the bottleneck opened up completely
as shown in Figure 2B. The open state holds about 3.0 ns, and
at about 4.0 ns the bottleneck is closed up again. This open
time scale is enough for a ligand to enter or leave the active
site gorge in the next SMD simulations. The MD simulation
result indicates that the aromatic side chain of Phe330 is more
flexible than that of Tyr121, which corroborates the previous
suggestion based on the X-ray crystallographic determinétion.

the bottleneck opened. The minimum van der Waals distance The flexibility of Phe330 side chain was verified by our X-ray

between Tyr121 and Phe330 ¥ distance) was monitored
during the 5ns conventional MD simulation. Figure 2A displays
the fluctuations of the ¥-F distance of the MD simulation. The
fluctuation feature of the bottleneck is similar to the result of a
10ns molecular dynamics simulation by Tai e?# Obviously,

crystal structure determination of Huperzine BcAChE com-
plex? in which Phe330 was refined in two alternative conforma-
tions: one conformation which is similar to that seen in
complexes with £)HupA, was refined with 65% occupancy,
and another conformation with only 35% occupancy. This result

the bottleneck began to open at about 1.1 ns, the aromatic sidecan also explain why HUpAHAChE (human AChE) complex

(53) Cheng, F.; Shen, J. H.; Luo, X. M.; Jiang, H. L.; Chen, KBophys. J.
2002 83, 753-762.

(54) Shen, L. L.; Shen, J. H.; Luo, X. M.; Cheng, F.; Xu, Y. C.; Chen, K. X,;
Arnold, E.; Ding, J. P.; Jiang, H. LBiophys. J.2003 84, in press.

is approximately 200-fold more stable than its Tyr337Ala

mutation (Y337 of human AChE is equal to F330T@AChE) 22
The root-mean-square deviation (rmsd) values of thatGms

and all atoms o cCAChE from its crystal structure as a function

J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003 11343
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of time for the 5 ns MD simulation are shown in Figure S3 in 20 ' ' ' ‘ '
the Supporting Information, suggesting the whole structure E 16
showed nonequilibrium drift. Similarly, the 10 ns MD simulation 73' 1.2
of AChE by Tai et al. also indicated that this system would not § 9%
be well equilibrated within 5 ns simulatiér-However, two local a 8'3 ' LT
400 600 800

equilibrium regions were found in the 5 ns MD trajectory, viz. 0 200 1000
1to 1.3 ns and 1.75 to 2.25 ns. According to the bottleneck Time (ps)

fluctuation situation, the 1285 ps snapshot situated at the first Figure 4. Time dependence of the minimal distance from Phe330 (A),
local equilibrium region in the MD trajectory was selected for TYr121 (B) and Asp72 (C) to HupA, displayed as 10 ps averaged.

the next SMD simulation of HupA unbinding. Because the large
rmsd of the whole structure ofcAChE was originated from
the large fluctuations of the C-terminus, which is far away from
the active-site gorge, it would not necessarily invalidate the

SMD simulations and the resuftg®3

SMD Simulations. Leaving of HupA from AChE. The first
SMD simulation was performed to investigate the unbinding
process of HupA fromTcAChE. To map the molecular
mechanism of HupA leaving the gorge at the atomic level, the
rupture forces were calculated during the SMD simulation.
Figure 3A shows the rupture force profile in the leaving
trajectory of HupA. The largest peak is located at about 150
ps, which points out that the largest rupture force is about 820
pN; at about 580 ps there is a deepest valley, indicating that
the smallest rupture force acts on HupA. To elucidate the
fluctuation of the rupture forces along with the HupA moving
trajectory, the interactions between HupA ahthChE in the
process of HupA leaving the gorge were analyzed. The direct
hydrogen bonds (DHB), water bridges (WB) and hydrophobic
interactions (HI) between HupA ariccAChE were considered.

The |nter<':_)1;:tlon features W_ere_analyzed by using program HupA andTcAChE begin to break, of particular interesting that
LIGPLOT > and are shown in Figure 3&D. it is the time for the HI pairs and WB number increasing,
While moving along the binding gorge, interaction between gemonstrating that the energy loss due to DHB breaking can
HupA andTcAChE changes from one kind to another, such as pe compensated partially by hydrophobic interaction and WBS.
old hydrogen bonds (HBs) break and the formation of new HBs Neyertheless, the highest force peak at this time indicates that
occurs continuously. Figure 3B illustrates the variation of the pHgs breaking is a major source for rupture force increasing.
direct HBs (DHBs) formed between HupA afidAChE. The  Although the SMD simulations were carried out after the
number of DHBs is always less than 3. From 0 to 190 ps, HUPA pottleneck opened, steric hindrance of the bottleneck may still
forms DHBs mainly with Gly117, Ser124 and Tyr130; from affect HupA dissociation. Accordingly, we monitored the
200 to 300 ps only very few DHBs exist between the ligand minimal distances of HupA to Tyr121, Phe330, and Asp72 in
and the enzyme; when HupA moves toward to the peripheral the SMD simulation. The results are presented in Figure 4,
anionic site at about 350 ps, HupA forms new DHBs with which reveals that these three residues are very close to HupA
Asp72, Tyrl21, Ser122, and Trp279, Trp84; this DHB rich time  from 0 to 250 ps, the three minimal distances fluctuate around
holds up to 590 ps; then DHB vacuum appears again in the 4 A Figure 4 also indicates that the minimal distances of HupA
time range from 600 to 720 ps; at about 800 ps, HUPA arrives to Tyr121 and Asp72 are shorter than that of HupA to Phe330.
at the mouth of the gorge, it forms DHB again with Asp72; Thjs is in agreement with the result of the 5 ns conventional
after 1050 ps no DHB forms between HupA and TcAChE, \pD simulation, i.e., after 1 ns MD simulation, Phe330 has made
HupA has left the gorge at this time. Most DHBs are formed \ay for HupA, whereas Tyr121 and Asp72 are still on the road.
between N3 and O2 (Figure 1) of HupA and residues of Another reason is that HupA forms DHBs and WBs with Tyr121

assign to the fact that the long active site gorge is lined with
fourteen aromatic residués.

Both X-ray crystal structures of inhibitor-AChE complekes
and theoretical analys€s”have demonstrated the importance
of water molecules in the ligareAChE binding, i.e., water
molecules bridge ligands with AChE. Therefore, more attention
was paid to the water bridges (WBs) between HupA and AChE
during the SMD simulation. The number fluctuation of WBs
between HupA and the residues BEAChE through a water
molecule is displayed in Figure 3D. The number of WBs
fluctuates when HupA goes through the active site gorge. From
0 to 160 ps about 3 WBs form between HupA and Asp72 or
Tyrl21; after HupA crosses the bottleneck, at about 200 ps,
the number of WBs increases up to 6, then fluctuates between
3 and 9 until 1050 ps. During this period, WBs form with and
break from Asp72, Serl24, Gly117, Tyr70, Serl22, Ser81,
Tyrl21, GIn74, and Pro283, respectively. Figure 3D shows that
Asp72 is an important residue for WBs, it often forms WBs
while HupA moving in the gorge.

As mentioned above that, at about 150 ps, the DHBs between

TcAChE.

Figure 3C presents the change for hydrophobic interaction
(HI) pairs between HupA and@cAChE during HupA moving

and Asp72, making it more close to these two residues.
The structural snapshots of HupA on the way through the
gorge may give a clearer picture of interactions. Figure 5A

through the gorge. In general, the HI pairs are decreasing alongshows the structural state of HupA arriving at the bottleneck.
with HupA leaving away the active binding site, except a peak The corresponding position in the rupture force profile is at 150
appears at about 150 ps, which corresponds to the highestps, with the highest force on the way leaving the gorge. At this
rupture force peak (Figure 3A). Around the highest peak in the position, HupA forms a DHB with Gly117, two WBs with
rupture force profile (Figure 3A), from 100 to 250 ps, the Asp72, a WB with Trp84, and several HI pairs with Trp84,
aromatic residues such as Trp84, Phe330, Phe331, and Tyr12Tyr121, and Phe330. Therefore, these strong interactions have
contribute about 80% to the HI pairs. In the whole process of to be overcome if HupA moves on ahead. Additionally, the
HupA leaving, the aromatic residues contribute about 60% to hindrance from Tyr121 prevents HupA from going through the
the hydrophobic interactions. This hydrophobic contribution may bottleneck, the bridge methyl group of HupA points to the
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Figure 5. Snapshots for HupA to cross over the bottleneck (A) and to g
overcome the bottleneck (B) in the process of HupA leaving the gorge. &
The bottleneck is composed by the residues colored in yellow. The red
balls represent the water molecules. The hydrogen bonds are shown as §
dashed lines. This picture was rendered in the P@®dy progranf?! £
S
. . . =z
aromatic side chain of Tyrl21l. All of these cause HupA 5 p pos 00 o0 o e
receiving the highest rupture force at this position. Figure 5B Time(ps)

IS a anpshot when HUDA (,:rosses Over the bOtt.Ieneck at abOUtFigure 6. Rupture force (A), numbers for direct hydrogen bonds (B), atom
580 ps in the SMD simulation. From Figure 3, it can be seen pajrs of hydrophobic interactions (C), as well as water bridges between
that, at this position, DHBs disappear, and less HI pairs exist. HupA and TCAChE (D) vs time in the process of HupA entering the

This is why the rupture force at this point is the lowest one TcAChE binding gorge. The main residues of AChE that contact with HupA
(Figure 3A) are highlighted. All curves are obtained by 10 ps averaged.

Considering three kinds of interactions, steric hindrance and ;E 7]
Phe331
% Phe230

the fluctuation of the rupture force profile in parallel, the relevant
important residues were found (displayed in Figure 3). Gly117,
HupA :

Serl24, and Tyr130 make the most DHB before HupA goes

across the bottleneck. Asp72 is the most active residue and plays

a key role (discussed below). The steric hindrance of bottleneck

that may include residue Asp72 in our simulation might be the ™ Phes30 Tzt

dominating factor to result in the maximal and minimal force A
along this process. 9
Entrance of HupA into the Binding Gorge. After the “‘*j. pyridone moiety T84

simulation of HupA-TcAChE unbinding finished, we simulated Phe330 i /j}_j‘?‘
the binding process of HupA witicAChE. Because HupA W;ﬁa B

spins frequently in the bulk water layer, first HupA was pushed Huph
back to the mouth of the active-site gorge quickly with a 200 pag2 exocyelic double
ps simulation, and the pulling velocity for HupA was set as 0.1 \) bond moisty
A-psL. Then the velocity was switched to 0.02p%5 2 during c

driving HupA back to its binding site. In the following only  Figure 7. Three snapshots for HupA entering the binding gorge. (A) The
complicated interactions of HupA with the residues Tyr334, Gly74, Asp72,

. . . 71

the SImUIatI,On results at ,VE|0CIty of 0'02@5 are pre,semed' and Tyr70 at 185 ps. Red dashed lines depict the water bridges; gray dashed

The pushing force profile of HupA entering the binding gorge |jines display the hydrogen bonds between water molecules and HupA. (B)
is displayed in Figure 6A. Compared with the rupture force The superposition of 640 ps snapshot (cyan) with the crystal structure (red).
profile (Figure 3A), there is no sharp peak in the pushing force At this time ‘the rmsd of HupA from the crystal structure is 2.8 A. (Q) The

file. The largest pushing force is about 360 bN. which is planform (viewed from the top of the deep gorge) of HupA entering the

promie. 9 p 9 PN, o bottleneck (yellow color) at 370 ps. The aromatic side chain of Tyr121
much smaller than the largest rupture force, 820 pN. Similar just wedges perfectly between the pyridone moiety and exocyclic double
analyses were carried out to assess the behaviors of DHBs, HIbond moiety of HupA, and the side chain of Phe330 giveslway to HupA
pairs and WBs during HupA moving back to the active site, entering. This picture was rendered in the PERAy progrant:

the results are shown in Figure 6B. The force peak groups M h id link her th h lecul
are shaded in Figure 6. Breaking the DHBs formed by HupA oreover, these residues link together through water molecules.

with Asp72, Tyri21, and Tyr70 and the WBs with Tyr70, Thus HupA, GIn74, Asp72, Tyr70, and Tyr334 as well as some

Ser122, and Asp72 results in the first force peak group. Breaking Water molecules form a hydrogen bond (H-bond) network. It

WBSs of HupA with GIn69, Tyr70, Ser124, Ser81, and Arg298 indicates that the H-bond network forms a trap for capturing

produces the second force peak group. It is particularly HUPA (Figure 7A). Overcoming the binding forces of this
interesting that there are more valleys in the pushing force H-bond network, HupA may arrive at its active site smoothly.
profile. Of them what arise our interesting most are the two The rmsd from the X-ray crystal structure of HupA (data not
lowest valleys, at about 185 and 640 ps in Figure 6A. Snapshotshown) was examined to determine whether and when HupA
structure corresponding to 185 ps shown in Figure 7A indicates could recover its position and orientation in the X-ray structure
that four residues, GIn74, Asp72 and Tyr70 and Tyr334, contact of HupA—TcAChE complex. The superposition of the snapshot
with HupA through WBs; whereas GIn74, Asp72 and Tyr70 structure at 640 ps with the crystal structure of H4pIRAChE
form two hydrogen bonds with HupA through water molecules. complex, as shown in Figure 7B, and the rmsd of HupA
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demonstrate that at this time HupA is the closest one to its
original position and orientation in the X-ray structure.

Discussion

Distinction between the Processes of HupA Binding and
Unbinding. In this study, we have obtained the processes of
HupA leaving and entering the active site T@fAChE with the
SMD simulations, and thus we can gain some insights into the
binding and unbinding properties of HupMAChE interaction.
Many distinct differences exist between these two processes,
binding and unbinding, of HupA interacting witfcAChE. The
rupture force of pulling HupA out of the binding site is much
larger than the force pushing HupA back to the active site. For
HupA entering process the largest pushing force is less than
400 pN, whereas the largest rupture force is more than 800 pN
for the leaving process (Figures 3A and 6A). The difference of
force profiles implies that it is easier for HupA to bind to the
active site rather than to leave it. This is in good agreement
with the experimental evidence that the association of HupA
with TCAChE is much quicker than its dissociatié®?? The
bottleneck plays an important role for the binding and unbinding
of HupA. Structurally, the bottleneck has less steric hindrance
for HupA approaching to the active site than for HupA leaving
the gorge when it is in the open state. For HupA entering, the
aromatic side chain of Tyr121 just wedges perfectly between
the pyridone moiety and exocyclic double bond moiety of HupA
(Figure 7C), which avoids the steric crash with HupA in the
leaving pathway. The X-ray structure and MD simulations

for HupA to adjust its orientation to pass across the bottleneck,
which is beneficial to HupA entering the active site; the active

site however has no such advantage in space for HupA to adoptASIO72 acts as a clamp to take out HupA from or put HupA

an appropriate orientation to leave it. This could be the reason
that the bottleneck is favorable to HupA entering. Therefore,
the SMD simulations have given a valid explanation at the
atomic level to the experiment result that HupA equilibrates
rapidly with either free enzyme or enzymesubstrate complex
and HupA-inhibited AChE dissociates at a much lower rate to
restore the enzyme activiy.

Role of Asp72.Residue Asp72 offcAChE located at the
boundary between the peripheral site and the acylation site
(active site) is a key residue with which the ligands interact.
Previous studies have observed that Asp72 contributed very little
to a general electrostatic effect to the cationic ligands, whereas
mutation of Asp72 reduced affinity to charged ligands by
measuring the equilibrium dissociation const&However,
these conclusions obtained by the experiments of binding
kinetics did not provide the atomic details for the role Asp72
plays when HupA enters or leaves the active-site gorge.

%Phe 331
%;l’yr 121

L L
Figure 8. Schematic representation of hydrogen bond and hydrophobic
interactions between HupA af@AChE at different stages of rupture 350
ps in the process of pulling HupA out of the active site gorge. Dashed
lines represent hydrogen bonds and spiked residues form hydrophobic

interactions with HupA. This picture was made with the program LIG-
T52

at 350 ps in the unbinding SMD trajectory, which shows that

&he main DHB (salt bridge) and WB interactions between Asp72

and HupA. Five WBs and one salt bridge between Asp72 and
HupA form the H-bond network. With this H-bond network,

into the active site. Because of the importance of Asp72 in the
binding and unbinding of HupA with AChE, the mutation of

this residue into other residue resulted in decreasing of the

ligand-AChE binding affinity® is not surprising. Our SMD
simulations gave a dynamic insight into the role of Asp72 at

the atomic level.

Flip of the Peptide Bond between Gly117 and Gly118The
oxyanion hole formed with the backbone NH groups of Gly118,
Gly119, and Ser201 plays a critical role in stabilizing the
structures of the transition states and lowers the activation
barriers of AChE-catalyzed ACh hydrolysighe most striking
observation seen in the structures of AChE complex with HupA
analogues is the flip of the peptide bond between Gly117 and
Gly1185 As a consequence, the position of the main chain
nitrogen of Gly118 in the oxyanion hole is occupied by the
carbonyl of Glyll7. This renders the oxyanion hole less
accessible to substrate and less capable of stabilizing its

As a negatively charged residue at the mouth of the deep gyanedral intermediate for nucleophilic attack by Ser200.

gorge, Asp72 may generate electrostatic field affecting the

Furthermore, the flipped conformation is stabilized by Gly1170

cationic substrates or inhibitors, and water molecules around it 1~ forms H-bonds with Gly119N and Ala20E\Compared

can, however, screen most charges of the ion residues and,

ligands. The SMD simulations demonstrate that Asp72 does not
often directly contact with HupA, but forms a lot of WBs
throughout HupA leaving and entering the AChE binding gorge
(Figures 3D and 6D). Figure 8 is a typical snapshot structures

(55) Mallender, W. D.; Szegletes, T.; Rosenberry, TBlachemistry200Q 39,
7753-7763.

(56) Radic, Z.; Kirchhoff, P. D.; Quinn, D. M.; McCammon, J. A.; Taylor, P.
J.J. Biol. Chem1997, 272, 23265-23277.

11346 J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003

ith the native structure of AChE and the structures of other
inhibitor complexes, this peptide bond flip has been observed
only in AChE complexes of HupA analogu&¥ Previous
dynamics simulation on the natiieeAChE structure observed

the peptide bond flip in the first 100 ps of a 500-ps equilibrium

simulation®” To deeply understand this peptide bond flip, the

(57) Tara, S.; Helms, V.; Straatsma, T. P.; McCammon, JBi&poly. 1999
50, 347—-359.
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Figure 9. Fluctuations of the dihedral angle{®l—C—C, w) of the peptide
bond between Gly117 and Gly118 of the equilibration MD simulation (A),

unbinding (B) and binding (C) SMD simulations.

C " 1 L "
0 200 400 600

fluctuations of the dihedral angle of Gly11%ly118 peptide
bond (G—N—C—C,, w) were monitored during the unbinding
and binding SMD simulations. The results are presented in
Figure 9.

In the structure of nativd cAChE w is 143.8, whereas in
the structure of HUpATCAChE complex it is 82.6. The
structure of Glyl17Gly118 peptide bond in the HupA
TcAChE complex ¢ ~ 82.6°) lasted only about 100 ps during
the 5 ns conventional simulation; then it flippeddo~ 150,
this value ofw has less fluctuation in the whole MD simulation.

The snapshot structures show that after 100 ps equilibrium HupA

moves far away from the Gly137Gly118 peptide bond (Figure
10A). Meanwhile, Gly117 forms H-bonds and WBs with HupA,
which induce the peptide bond to flip back to about 156

G117

-:‘s;
Aa201
alyi1a ‘_“‘,-\,
=, ke
N Viea

Glyl1g \
o]

B

Figure 10. Flip of the peptide bond between Gly117 and Gly118 in MD
and SMD simulations. (A) The superposition of the crystal structure of
TcAChE—HupA complex (green) with snapshot (purple) at 500 ps in 5 ns
conventional simulation. The flip of the peptide bond is shown by arrow.
(B) The superposition of he crystal structure T@AChE-HupA complex
(green) with the nativd cAChE (gray) and two snapshots at 215 ps (purple)
and 945 ps (yellow) in the HupA unbinding SMD simulation. HupA in the
snapshot at 945 ps is not shown because it is far away from the active site.
Arrow labels the pathway of HupA leaving the gorge. (C) The superposition
of the crystal structure offcAChE—HupA complex (green) with the
snapshot at 415 ps (purple) of the HupA binding SMD simulation and the
snapshot of 1115 ps (yellow) of the equilibration simulation after HupA
enters the binding site. The pathway of the binding process is also shown
by arrow. This picture was rendered in the PORay prograntlt

value kept unchanged before 800 ps; thedecreased gradually
to about 80 (Figure 9C). The superposition of the crystal
structure of HupA-TCAChE with two snapshot structures

addition, the distance between the carbonyl oxygen atom of isolated from the SMD trajectory (Figure 10C) indicates that
Gly117 and the carbonyl oxygen atom of HupA has been peptldg bond flip may not be induced by a cgrbqnyl-carbonyl
enlarged to about 3.95 A after 100 ps simulation, therefore the "€PUlsion between HupA and Gly117, which is different from

carbonyt-carbonyl repulsion does not exist. This indicates that
the Glyl17Gly118 peptide bond of AChE mostly tends to
adopt the unbound structure even in the HupA complex.

For the SMD simulation of HupA unbinding, the Gly117

that shown in the X-ray crystal structurdor when HupA is
far away from the binding site (purple in Figure 10C) the
orientation of the peptide bond will flip to the structure of
HupA—TcAChE complex. Therefore, the fluctuations @fin

Gly118 peptide bond does not fluctuate dramatically before 900 the binding process also suggest that the flip of the Gly117

ps (Figure 9B), it adopts structures @f~ 150°. The peptide
bond at 215 ps shown in Figure 10B (purple) is a typical
orientation in this period, which is more close to the native
structure of TCAChE (gray in Figure 10B). At about 900 ps,

Gly118 peptide bond is an intrinsic property of AChE.

Role of Water Molecules.Functions of water molecules in
proteins have attracted many biologistsAChE and its
complexes with inhibitors contain a large number of buried

when HupA has almost leaven the binding gorge, the peptide water molecules, which is twice the number per residue as it in

bond flips back to a state (yellow in Figure 10B) which
resembles the crystal structure of HupACAChE complex
(green in Figure 10B). The peptide bond keeps flipping after
HupA totally left the binding gorge becauseincreases to 120
at about 1050 ps (Figure 9B). This is in agreement with the
simulation of Tara el al? Accordingly, we can conclude that
the flip of the Glyl17#Gly118 peptide bond should be an
intrinsic property of AChE, the crystal structure of the native
TcAChE and inhibitor complexes records just one state of its.
For the SMD simulation of HupA entering the active site
and its following equilibration process, fluctuates dramatically.
Thew decreases from 18@0 90 for the first 500 ps simulation,
afterwarde increases to 150again at about 650 ps and this

typical proteinsi! Koellner et al*! analyzed structural aspects
of the buried water molecules iMcAChE and of the water
molecules within its active-site gorge by comparing five crystal
structures of AChE complexes. They suggested that the large
arrays of buried water molecules act as lubricant that permits
or even facilitates large-scale fluctuations of the loops forming
the active-site gorge and water molecules in main gorge are
more energetically activated compared to bulk wétéviore
recently, Henchman et al. used new methods to analyze the
properties of water molecules in a 10 ns simulation of mouse
AChE, which examined the population of gorge waters and the
mobility of water in the middle and entrance to the go¥ge®.

Our attention was attracted by the dynamic effect of water
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Figure 11. Number of water molecules forming hydrogen bonds with the ps averaged.
ammonium group of HupA vs time for the HupA unbinding (A) and binding

(B) processes. stabilize the structure of the enzyme and also of the HupA
AChE complex, forming a trap for capturing HupA. Overcoming
molecules on HupA binding and unbinding. Figure 11 shows the bottleneck barrier, similar WBs and H-bond network may
the average water molecules around the ammonium group ofstabilize the structure of complex and help HupA go back the
HupA during the SMD simulations. The ammonium group of active site. As discussed in section “The Role of Asp72” and
HupA plays an important role in the HUpA-AChE binding. X-ray = shown in Figure 8, WBs and H-network formed by the buried
crystal structure indicated that the ammonium group interacts water molecules and some important residues (such as Asp72)
with several residues of AChE through a H-bond network act as clamps to take out HupA from or put HupA into the
composed of a series of water bridgeAnother hypothesis active site.
suggested that the cationinteraction of cationic substrates or
inhibitors with the aromatic residues lined the gorge wall is a
driving force for their binding and unbindirfg® Our SMD The present SMD simulations have provided a new insight
simulations show that about three water molecules always forminto the binding and unbinding of HupA witRicAChE at the
hydrogen bonds with the ammonium either in binding or atomic level. In the nanosecond simulations, HupA was pulled
unbinding process of HupA (Figure 11). MP2/81** calcula- out from and then pushed back into the long binding gorge of
tion resulted that the catiom-interaction between the am-  AChE, and the unbinding and binding forces were obtained.
monium and the aromatic residues could be reduced rapidly asThe peaks and troughs in the force profiles of the SMD
the increase of water molecules forming hydrogen bonds with trajectories can be assigned to the forming and breaking of
the ammonium catioP?. This demonstrates that catianinterac- specific direct hydrogen bonds, hydrophobic contacts, water
tion may not be a main driving force for HupA binding and bridges and H-bond networks. In particular, our SMD simula-
unbinding. But what role do the water molecules play for HupA tions of HupA-TcAChE binding and unbinding allow for the
binding and unbinding? following conclusions:

As discussed above, water molecules in the binding gorge 1. Distinct difference exists in binding and unbinding
form WBs between HupA and AChE, and also attempt to form processes of HupA interacting witicAChE. The largest
the H-bond networks between residues of AChE and HupA pushing force for HupA entering the binding gorge (360 pN) is
(Figures 3, 5, and 6). Formation and break of the WBs and less than the largest rupture force for HupA leaving the binding
H-bond networks facilitate HupA to move along the binding gorge (820 pN). In addition, the bottleneck is favorable to HupA
gorge. Therefore, the water molecules act as lubricant to helpentering. This is in good agreement with the experimental
HupA enter or leave the binding gorge. To validate this evidence that the binding process of HupA is much quicker than
hypothesis, a SMD simulation of HupA leaving thieAChE its dissociation.
gorge without water molecules was performed. The rupture force 2. Asp72 forms a lot of WBs throughout HupA leaving and
increased dramatically, the largest rupture force is even up toentering the AChE binding gorge, acting as a clamp to take out
1500 pN (Figure 12). Accordingly, the buried water molecules HupA from or put HupA into the active site.
in the binding gorge would reduce the rupture force by about 3. The flip of the peptide bond between Gly117 and Gly118
700 pN. (Figure 3A and 12). has been detected in both the conventional MD and SMD

Structure analyses along with the SMD trajectories can also simulations. The simulation results indicate that this flip
reveal the importance of water molecules for HupA binding phenomenon may be an intrinsic property of AChE and the
and unbinding. For example, at about 185 ps when HupA goesGly117—Gly118 peptide bond in both HupA bound and
back to the active site, HupA forms several WBs and a perfect unbound AChE structures tends to adopt the native enzyme
H-bond network with AChE (Figure 7A), these interactions structure,w ~ 150.

4. The buried water molecules in the binding gorge act as
lubricant, facilitating HupA entering or leaving the binding

(59) The cation interaction between benzene and methylammonium were gorge. They also form a water-bridge net with several residues
calculated as water molecules was introduced into the complex one by one i B
at the MP2/6-31** level by program NWCHEM. The cation-interaction to capture HupA into the main gorge.
between benzene and methylammonium without water molectié8s46
kcal/mol(the cationz interaction between benzene and tetramethylammo- Acknowledgment. The authors are grateful to Dr. Helmut
nium is—11.08 kcal/mol at the same level). The catiointeraction reduces Grubniiler for his kindness in Offering the EGO program. We
to —15.43 kcal/mol with one water molecule introduced into the complex, X . .
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The number of water
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