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Abstract: Two competing passageways for the exit of acetic acid and acetate Tarpedo californica (Tc)
acetylcholinesterase (ACHE) were studied by examining free energies of passage through two potential
trajectories using the umbrella sampling technique as implemented in CHARMM. The coordinates for migration
were defined as the distance from Ser20Q @ne through the 20-A long active-site gorge ending with Trp279

and a 14-A long route ending at Arg244. The free energies were calculated in successive windows 0.5 A
wide for 40-90 ps. The potential of mean force (PMF) was calculated along the coordinate for migration.
The PMF for the migration of acetic acid decreases-ykcal/mol after 8-A travel through the main gorge.

The PMF profile for acetate ion migration falls & 6 kcal/mol lower value than for acetic acid migration in

the main gorge. The free energy barrier for the migration of acetate ion is 1.5 kcal/mol due to a constriction
formed by Tyr121, Phe290, Phe330, and Phe331 in the main gorge. The interaction between acetic acid/
acetate ion and the OH group of Tyr121 appears to guide product release through the main gorge. Acetate ion
remains hydrogen-bonded to Tyr121 until it approaches Trp279 when it is expelled into bulk water. Acetic
acid encountera 6 kcal/mol barrier through the alternate pathway, while the PMF for acetate ion-€2dps
kcal/mol when it approaches Arg244. This is the lowest energy path. Full molecular dynamics simulations,
free of restraint for 170 ps, result in the migration of acetate ion through the short channel but not through the
main gorge. The results indicate that if the nascent acetic acid should ionize within 3.5 A from Ser200 O

it would be more likely to exit via the alternate channel than through the main gorge.

Acetylcholinesterase (ACHE) fulfills its role to rapidly Scheme 1

hydrolyze the neurotransmitter acetylcholine by catalyzing the His440 Hisd40

reaction at low ionic strength with a bimolecular rate constant, Glu327 o Ser200 Glu327 Ser200

kealKm, near the rate constant for diffusiéA. The reaction C HNN ] l-tO/ K H-NGNH o

sequence most consistent with experimental data to date involves RO _/<9) o R‘—?’?:-g

double nucleophilic displacements with the intermediacy of a CH;

covalent acetyl enzyme and two proton-transfer steps in each ka

phase. Scheme 1 gives an account of the events, without details V CH;COOH ——> CH;3CO;’ i\, ROH

of elementary steps inclusive 1K, in the initial phase of the +H'

reactiont Hisd40 Hickdo

‘ Unodgirkc?mpliate substlratct:ahsaturatibdatoz kz(lj@é(éz +dk3) and Glu327 Ser200 Glu327 Ser200
= 0.6&; for electric eel AChE at pH 7.0 an , indicating ~ H-N&,N:H, O k3 . {

that deacylation is 68% and acylation is 32% rate determin- ° e m_;& o ! N‘//N'/\H\thgb

ing.134 Product inhibition of cholinesterases either by choline e CHs

or by acetate ion has not been reported. An important aspect R = (CH;);N*CH,CH,-
of the high efficiency of AChE function is the elucidation of
the pathway(s) for product release from the active site. The yajses the question how substrate and products travel in and

X-ray structure of a monomer of the dimefiorpedo californica oyt efficiently under all conditions. Two other facts point to
(TC) AChPE® revealed that the active site of the enzyme Is situated the existence of an alternate exit Channel(s): The Symmetry_

at the bottom of a 20-A-deep hydrophobic gofgeThis then related copy of the monomer blocks the entrance to the active-
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completely blocked active-site gorge by the inhibitor. Yet the

active-site Ser of the complex reacts with inhibiformnd
substrate’®-!1 at 0.1-5% activity of the native enzyme. The

fasciculin-inhibited Mo AChE has an active site somewhat

distorted and displaced toward tfeloop which seems to have
a key role in enzyme function.

Enyedy et al.

proximate potential energy barrier heighitto the passage of
products. If the barrier height is such that minor skeletal
fluctuations may eliminate it, then the protein can be relaxed
within the adiabatic limit in the presence of the perturbing
fragment. The fragment needs to be held by a restraining
shallow harmonic potential adjusted according to the curvature

Fascination with substrate entry and product release, a key©f the trajectory during the dynamic simulation. The calculation
issue of enzymic reaction dynamics, led to investigations using ¢an then be extended under diabetic conditions. Umbrella

computational techniqu&$12-20immediately after publication
of the X-ray coordinates of the monomertaf AChES> A 120-

sampling along the coordinate for migration, within program
CHARMM,?” was chosen to accomplish the task and to calculate

ps molecular dynamics (MD) simulation of the solvated native free energies for the exit of products?>28-3

Tc AChE did not detect permeability of the protéih However,

The electrostatic properties of acetic acid should change

a surface analysis revealed after the first 20 ps, a brief 0.3-pssubstantially on ionization as shown in Scheme 1. Conse-
opening in the thin wall at Trp84 while the indole side chain of quently, an evaluation of the release of acetate ion from AChE
Trp84 rotated. Although the aperture was large enough for the would have to begin with the question at which point ionization
passage of a water molecule only, the possibility for a more of acetic acid, as shown in Scheme 1, may occur. In all
significant opening while performing catalysis at a longer time likelihood, ionization occurs on first encounter with a lone pair
scale has not been precluded. Effector-induced conformationalof electrons on a protein acceptor or solvate water, however,
changes in the enzyme can widen crevices and holes intothe persistence of acetic acid in a hydrophobic environment
passageways. cannot be ruled out. In this investigation, the exit of acetic

An exploratory grid search algorithm for mapping the a(_:id and_ acetate ion through the_ entrance gorge were compared
channels which connect the active site to the protein exterior With their exit via another plausible channel from the protein..
was developed in this laboratory and publisRedit located Thg free energy barners_were characterized, and the amino acid
onealternate route, to the main gorge, for the release of acetateresidues that may facilitate or thwart product release were
ion in the direction of a surface depression. The surface |denF|f|ed_by calculatlng interaction energies between them and
depression is lined with positively charged residues. Although acetic acid or acetate ion.
the channel is narrow for the passage of product fragments, it
appeared that a conformational change could cause the breakaghlethods
of a salt bridge and the formation of two other salt bridges that
would allow WIQenlng of the opening. A subsequent adiabatic computers at the Pittsburgh Supercomputing Center. Preliminary
search for feasible pathways for'prod.uct clearance showed thatcalculations were done on an SGI Indigo 2 workstation. Molecular
the alternate pathway for acetic acid release may not evengynamics program CHARMRT was used with the all-atom parameter
require a major conformational change. Instead, the widening se#”.38and a constant dielectrie & 1). The modified TIP3P solvation
of the aperture could easily be triggered by bond breaking in model was use@* Long-range electrostatic forces were treated with
the quasitetrahedral transition state for the hydrolysis of acetyl
enzyme in the last step of the reaction sequence. It appeared (23) McCammon, J. A.; Karplus, Meroc. Natl. Acad. Sci. U.S.A979
th_at significant gating_ motions of sidc_a chains may be coupled 76’(32)8;3353(:. L., Ill: Brunger, A.: Karplus, MBiopolymers1985 24,
with slight conformational changes in the backbone. These g43-gg5.
small local adjustments in side chains and main chains generally (gg) \?vasethi /X; Tarplusml\gu.MMcI)l.BBi?l 113779 l1332 ;;1?—23?98.

i arshell, A.; Levitt, M.J. Mol. Biol. y — .
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the force switch methddin a switching range of 812 A. van der channels were studied: One through the entrance gorge and another
Waals forces were calculated with the sHifinethod and a cutoff of channel in the direction of Arg244. The distance between Ser200 O
12 A. The nonbond list was kept to 14 A and updated heuristically. A and the carbonyl carbon of the product was used as coordinate for
step size of 1 fs was used in all calculations. migration,o, for product release through the main gorge. The distance
Structure Preparation. The starting coordinates were taken from between Arg244 N2 and the carbonyl carbon was used as the
the entry IACE in the Brookhaven Data Barfk. The missing side coordinate for product release through the alternate exit. This
chains and residues 48889 were built using the standard values from coordinate was transformed fovalues consistent with the definition
the parameter file for the internal coordinates. Residue®dnd 535- given for the main gorge. Since the active-site residues are among the
537 missing from the structure were not reconstructed. Hydrogen atomsmost still residues in the enzyme, Ser20¢ @ a good choice of
were added using the HBUIL®routine of CHARMM. Acidic and reference for migration. Although Arg2442 may move during the
basic residues were given unit electrostatic charges. All Tyr and Cys simulation, it too was an adequate reference point as indicated by
residues were neutral. The site of protonation of the His residues werereproducible results of repeated simulations and a barrierless minimum
based on the availability of hydrogen (H)-bond donors or acceptors energy pathway (vide infra).
and were identical to those published eartief® His440 was The starting structure was derived from the quasitetrahedral transient
protonated on M. preceding G-O bondbreaking and the formation of acetic acid. The
The structure was then solvated by placing it in an equilibrated box structure of nascent acetic acid was positioned at a bond order of 0.009,
of water moleculed’ All water molecules which were notin the crystal 2.8 A, for the CG-O bond between Serj0and the carbonyl carbon.
structure and those with oxygens at least 2.5 A from the nearest protein The orientation of acetic acid was kept the same as in its quasitetrahedral
atom or farther than 6.0 A from an atom were deléfedhis minimal adduct precursor. This structure was minimized first while applying a
solvation was shown to sufficiently stabilize the protein structure in a restraining force on all protein atoms. A second minimization followed
100-ps MD simulatiod? A total of 2942 water molecules (8826 atoms) ~ with an additional restraint for keeping the distance between Ser200
were equilibrated at 300 K for 10 ps, while keeping the 8339 protein Oy and carbonyl carbon of acetic acid constant.
atoms and the 69 crystallographic water molecules fixed. This allowed The free energy profiles for acetic acid/acetate ion diffusion through
for an optimal distribution of water molecules on the protein surface. the two pathways were calculated using the umbrella sampling
The whole structure was further energy-minimized. This was followed technique?3252836 A quadratic biasing potential, 9 = K(0 — do)?,
by a 120-ps MD simulation. was used to hold the acetate ion within the specified region. The force
Umbrella Sampling. To reduce the required computation time and ~ constant was set t& = 5 kcal/mol &.
to eliminate possible slowly relaxing energy fluctuations outside the  The energy-minimized starting structure was equilibrated at 300 K
region of interest, simulations were done with the stochastic boundary and the biasing potential minimum was placé®a for 90 ps. This
method?45051 The system was divided into reaction and buffer regions. allowed for full conformational and solvent equilibration around acetic
Residues outside these regions were deleted. A region of 23-A radiusacid at a total root-mean-square deviation (RMSD).5 A in the first
around the middle point between residues Ser200 and Trp279 was thewindow. For optimal sampling of different positions of the product,
reaction zone. This included the entire alternate channel with the the minimum of the biasing potential was shifted in the desired
requisite solvent shell in the groove. A 2.0-A buffer region surrounding direction, forward or backward, alondyby 0.5 A for each window.
the reaction region underwent Langevin dynamics to allow energy to Umbrella sampling starting structures for each window were prepared
flow in to and out of the reaction regidf?”-5? Frictional coefficients by the translation of the acetic acid/acetate ion by 0.5 A in the direction
of water oxygen and heavy atoms in the protein were set to 62 and of the desired pathway. After two windows, &&= 4 A, two parallel
200 ps?, respectively®* Protein atoms in the buffer zone but second steps were taken: (A) in the direction of the main gorge and
originating outside the 2-A range were constrained to their initial (B) in the direction toward Arg244. Figure 1 illustrates the starting
positions. Acetic acid and acetate ion were generated using standardorientation of acetic acid and the subsequent two steps and branching
values from the parameter file. in directions A and B. Even though the umbrella restraint does not
A preliminary adiabatic molecular mechanics search confirmed that impose any directionality, it is not possible for the substrate to migrate
an exit channel other than the main gorge was feasible. Thus, two from one path to another due to the large energy barrier that the protein
imposes on this migration at all but the very shortest restraint distances.
98%%585%28' R.; Brooks, B. R.;; Ben-Naim, A. Phys. Chem1994 Again, full equilibration of the solvated protein in conformational space
(41) Steinbach, P. J.: Brooks, B. R.Comput. Chen1994 15, 667- was monitored for these steps. . .
683. The distribution ofd values for each window was determined by
(42) Bernstein, F.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F., Jr.; using 0.1-A-wide bins. For each window the system was equilibrated
Brice, M. D.; Rodgers, J. R.; Kennard, O.; Schimanouchi, T.; Tasumi, M. and the potential of mean force (PMF) calculated. The PMF profile
J.J. Mol. Biol. Chem.1977 112, 535. for acetic acid or acetate ion diffusion was calculated by connecting
(43) Brunger, A. T.; Karplus, MProteins: Struct., Funct., Genet98s, two consecutive windows at the point where the probability density,

4 %ﬁ)—éggésura, A.; Enyedy, I.; Viragh, C.; Akhmetshin, R.; Kovach, I. p(_é), was>5% for _the two Windows_inthe overlapping region. Starting
M. In Enzymes of The Cholinesterase Famiuinn, D. M., Balasubra- with the second window, at 3.5-A distance between Sea@ carbonyl
manian, A. S., Doctor, B. P., Taylor, P., Eds.; Plenum Press: New York, carbon, parallel simulations were carried out for acetic acid and acetate
1995; pp 155-162. jon.

(45) Bencsura, A.; Enyedy, I.; Kovach, |. NBiochemistry1995, 34, Full MD Simulations. The entire equilibrated protein including
89?25)832265“% A.: Enyedy, I.; Kovach, I. M. Am. Chem. S0d.996 all solvate water was used. Acetic acid and acetate ion in different
118 8531-8541. orientations were incorporated into the protein and minimized to

(47) Reiher, W. E. Ph.D. dissertation, 1985. eliminate bad contacts. This was followed by MD simulations at 300

(48) Loncharich, R. J.; Brooks, B. R. Mol. Biol. Chem.1990, 215, K for 80—170 ps. Four different starting orientations, including the
439-455. _ starting structure for umbrella sampling, were studied for acetic acid
go(gi)g?%gggm P. J.; Brooks, B. Rroc. Natl. Acad. Sci. U.S.A993, release. None of these led to migration via the alternate channel but

’(50) Brooks,'c. L., Ill; Karplus, MJ. Chem. Phys1983,79, 6312~ through the main gorge. Acetate ion in some orientations engages in
6325. electrostatic interactions with residues in the oxyanion hole at close

(51) Brooks, C. L., Ill; Karplus, M.; Pettitt, B. M. IrProteins: A contact. Migration was thwarted when starting with these orientations.

Theoretical Perspeate of Dynamics, Structure and Thermodynamics; This is consistent with the-10 kcal/mol barrier observed when umbrella

Z’Egogme, I, Rice, S. A, Eds.; Willey & Sons: NewYork, 1988; pp38  sampling was used with these starting structures. However, three
'(52) McCammon, J. A.; Harvey, S. Oynamics of Proteins and Nucleic dlff%rentfonent?)tlolrlm of ac&la_tatellog, |nclyd|ng thehone l;l]Sid |n|the first

Acids; Cambridge University Press: Cambridge, 1989; pi234. window for umbrella sampling, led to migration through the alternate

(53) Nakagawa, S.; Yu, H.-A.; Karplus, M.; Umeyama, Proteins: channel and none through the main gorge. Migration was particularly
Struct., Funct., Genefl993,16, 172-194. fast (<50 ps) from the orientation obtained in the windowdat 4.5
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Figure 1. Starting orientation for acetic acid in the direction of (A) the entrance to the main gorge and (B) the alternate channel.

. o, Cpirancd
Eorge

Figure 2. The Tc AChE monomer with the main gorge and the
alternate exit for product release.

A in the alternate channel. The migration of acetate ion through the

Umbrella Sampling. The protocol that had been applied
successfully to the escape of dioxygen from myog|ébift30
was adopted in our work for the calculation of the PMF. The
PMF was calculated from the distributiop(d), of 6 values:

W(S) = —ksTIn p (8) — U(S) + C,

whereC; is a constant for a specific window. Each window
“opened” at the end point of the previous simulation, the system
was equilibrated in the new biasing potential for 10 ps and then
was sampled for 7690 ps, in 10-ps intervals, except for the
last windows which were equilibrated for 480 ps. A new
velocity started at every 10 ps to further probe if equilibration
had been achieved. The overlapping windows provided a
continuous function to determine the constaBits

lonization of Acetic Acid in the Protein. A critical question
in the evaluation of the exit of acetic acid from the protein is
the point of ionization. If diffusion of acetic acid out of the
protein is faster than ionization, the lower energy pathway for
acetic acid migration will be preferred and ionization will have
no effect on the course taken. The question is then if ionization
of acetic acid can occur instantly at the active site. The early
conformations of acetic acid 4t3—4 A were analyzed in search
of potential proton acceptors. A strong possibility for proton
loss is to the catalytic His440, which should be in the basic

main gorge could only be affected when acetate ion was placed at 4.5form after having completed the classic proton shuffling in the

A from Ser200 @ and oriented with the carboxylate group in the
direction of the entrance to the gorge.

Results

Two Reaction Pathways. Figure 2 illustrates the proposition
for two possible exit routes for acetic acid or acetate ion. The
obvious questions are the energy profile and dynamic charac-
teristics of the migration of these products through the proposed
entrance channel in the direction of the peripheral anionic
binding site for substrates. Another route opens for the
migration of products, particularly acetate ion. This route is
located under the acyl binding site toward a groove region lined
with positively charged Arg residues; the energetics of migration
through this passageway is then the other issue.

catalytic cycle (Scheme 1). The distances and angles for proton
transfer to the lone pair of &Non His440 are provided in Table

1. Clearly, the geometries at < 3.5 A are ideal for proton
transfer to His440, but the energy barrier depends on the relative
pKs of acceptor and donor. Is such proton transfer thermody-
namically favored? First, the electrostatic environment at the
active site may be more polar than customarily believed. Strong
arguments in favor of this contention can be found in Warshell’'s
work .26 Additionally, protonation of His440 has recently been
considered to be promoted by surrounding carboxylates, Glu327
and Glu19922054 Sheiner has delineated the angular aspects
of proton transfer in protein interiors that can compensate for

(54) Radic, Z.; Kirchhoff, P. D.; Quinn, D. M.; McCammon, J. A;
Taylor, P.J. Biol. Chem1997,272 23265-23277.
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Table 1. Distances (A) and Angles (deg) between Potential A)
H-Bond Acceptors and Donors Including Acetic Acid (AC) at the
Active Site of Tc AChE at Different Values od (A) L 4

o 0 \ :
donor acceptor 2.98 3.18 3.62 3.83 | \\/\vv
His440 N 01AC 2.82 2.90 3.21 3.86 N
His440 N HO AC 1.83 1.90 3.21 3.86 -10 [ ~ -
His440 Ne HO AC* 169 162 39 56
His440 N Oy Ser 4.26 3.90 3.25 2.89

His440 N HO Ser 4.08 3.89 251 1.92 20 ~
Tyr1210OH 02 AC 4.82 4.29 1.96 1.93

F LI s s s B ) B A B A B B

PMF, kcal/mol

a Angle; all others distances.

the effects of a low dielectrie? These facts are in favor of 2 4 6 8 10 12 14
proton transfer from acetic acid to His440 immediately after 5, A

completion of the double displacement catalytic cycle. Should

the proton transfer to His440 occur within picoseconds, acetate B) 10 T T T T T T T T T T
ion would be the product to migrate out of the protein. One
might consider if the loss of the proton from His440 to another /
acceptor can also occur on a faster than the microsecond scale, 0 \_—//

the time scale for AChE catalysis, to restore His440 into the
catalytically competent form. It seems likely, but a definite
answer to this question cannot be offered at this time.

On the basis of the assumption that thespof acetic acid
and His440 are matched at<3.5 A and proton-transfer
catalyzed by His440 takes place rapidly, the PMF profile for \
migration for acetic acid and acetate ion were connected at = N\~ -
3.5 A [URSUNE I N NN R NN TN R SR S S

The First Three Windows. When restrained at close range
from Ser200 @ (6 = 2.8-4.3 A), both acetic acid and acetate
ion engage in a H-bond either in the oxyanion hole or with 5, A
Tyrl21 OH after 26-35 ps in the main gorge (Table 1). A  Figure 3. PMF profiles for acetic acid (solid line) and acetate ion
H-bonding interaction with Tyrl21 OH also occurs in the (dashed line) through the (A) main gorge.(B) the alternate exit.
alternate channel under the same conditions. If the orientations

PMF, kcal/mol
-

leading to the interactions in the oxyanion hole had relevance AL O L s O L L B N B
to the migration of acetic acid/acetate ion, that would create a L5 M ]
barrier up to 10 kcal/mol. If, however, acetic acid or acetate L RS 2 Y S N
ion simply tumbles out from the starting orientation as derived T 1 b bnM ]
from the quasitetrahedral transition state for the hydrolysis of 3 40 - —
the acetyl enzyme, then H-bonding to Tyr 121 OH occurs. % » ]

Migration Through the Main Gorge. The PMF profiles £ 80 - 3 .
for acetic acid migration were calculated from its nascent state wf - ]
until the energies reached a platea®a from Ser200 @ in a0 B 3 .
the main gorge; shown in Figure 3A. There is a weak H-bond C 3]
between acetic acid and the OH of Tyr121 in the main gorge. 160 ]
A barrier of <1.5 kcal/mol is observedt#® A from Ser200 TN T N ST T SRNTNN R B
Oy. The PMF profile for the migration of acetate ion, shown 0 2 4 6 8 10 12 14 16

in Figure 3A by dashed line, drops more rapidly than for acetic
acid. The negative electrostatic gradient repels acetate ion more 5 A

than acetic acid until the constriction formed by Tyr121, Phe290, Figure 4. Potential interaction energies for acetic acid (1 and 2) and
Phe330, and Phe331&t= 10 A. Thetrendis nearly reversed acetate ion (3, 4, and 5) with active-site residues and water in the main
at the constriction because of the repulsive effect of the gorge during umbrella sampling; lines 1 and 3 indicate the total
peripheral anionic site, Asp72. There is also a small5 kcal/ interaction energy; lines 2 and 4 _|nd|cate interaction energy with water;
mol, barrier along this pathway for acetate ion at the choke point 2"d liné 5 indicates the interaction energy with Asp72.

ato = 10 A. At 6 = 14 A, acetate ion reaches the solvent
interface in the main gorge.

Not surprisingly, acetate ion interacts with protein residues
and solvate water that stabilize~itL00 kcal/mol more favorably
than acetic acid in either passageway; this is shown for the main
gorge in Figure 4. A prominent feature of the simulations was
the “assistance” provided by Tyr121 to the departing acetic acid
or acetate ion through the main gorge. Time series show that
the H-bonding interaction is established between the HO of

Tyr121 and acetic acid after 35 ps simulation in the first window.
The interaction is instantaneous with acetate ion in the second
window. Figure 5 is a pictorial representation of the interaction
of acetate ion with HO of Tyr121 after 40 ps simulation and at
4.5 A from Ser200 @ in the main gorge. The interaction
(potential) energies for acetic acid and acetate ion with Tyr121
are displayed in Figure 6. The interaction between Tyr121 OH
and the acetyl fragment promotes departure until the fragment
reaches the constriction formed by Tyrl21, Phe290, Phe330,
(55) Scheiner, SAcc. Chem. Red.994,27, 402—408. and Phe331. The RMSD for these residues is s, A,
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Figure 5. Pictorial representation of the interaction of acetate ion with Tyr121 OH after 40 ps simulation 4t5 A in the main gorge. Heavy
lines indicate the starting structure, and thin lines indicate the last structure.

5 T r T : T : Table 2. Total, Main Chain (MC), and Side Chain (SC) RMSD
Calculated for the Last 40 ps for Critical Residues Influencing
Acetate lon Migration through the Gorge and through the Alternate
0 Exit
gorge alternate exit
5 F 4 residue total MC SC total MC SC
_ Asp72 1.34 0.91 1.51 1.01 0.78 1.10
£ 10k | Trp279 0.78 0.56 0.83 1.99 1.31 2.13
3 Tyrl21 0.56 0.33 0.62 0.70 0.59 0.73
v Phe330 0.26 0.29 0.26 0.87 0.45 0.98
w s | | Phe331 0.93 0.27 1.07 0.58 0.45 0.62
Phe290 0.78 0.75 0.79 2.68 1.42 2.99
Phe288 0.27 0.16 0.30 0.37 0.29 0.39
20t | Trp233 0.31 0.25 0.33 151 1.50 1.52
Arg244 0.89 0.74 0.93 0.91 1.12 0.84
Arg289 0.57 0.27 0.64 0.61 0.51 0.63
-25

18 —100 kcal/mol. The RMSD is almost constant for Arg244 but

not for Arg289 which fluctuates between 0.5 and 2.3 A as
Figure 6. Interaction energies with Tyr 121 OH during umbrella  acetate ion moves close to the residue. A large deviation of
sampling are indicate_d; solid line for acetic acid and dashed line for the loop andTrp84 with it has also been noticed as acetate
acetate ion in the main gorge. ion approached Arg244.

) ) ) Full MD Simulations. Results of these simulations were
while acetate ion diffuses out. The H-bond needs to be brokenjgeq for the evaluation of trajectories for product clearance and
at the choke point. An MD simulation of the migration of un- ¢4 hrohing the results of the umbrella sampling method. The
ionized and ionized acetic acid shed further light to this problem gnire active-site region was monitored for correlated motions
(vide infra). A large breathing motion, RMSD up to 3 A, was ot active-site residues and openings for the release of ions. The
also observed for the most mobile, GIn74Phe78, segment  pySD for critical residues (vide supra) in each pathway is
of the €2 loop, which is consistent with a recent report of Wiodek  rqvided for the last 40 ps in Table 2. Figure 7 illustrates that
et al? the side-chain deviation of Arg244 is larger than the main-chain

Migration through the Alternate Channel. The free energy  deviation, as might be expected, until acetate ion reaches a
of acetic acid passage in the direction of Arg244 was calculated distance of~6 A between the carbonyl carbon and Arg24#;N
until it encountered a barrier of 6 kcal/mol (Figure 3B). The the trend then reverses. This reflects the effect of the approach-
barrier in the alternate exit channel is attributable to a H-bond ing acetate ion on the positively charged guanidinium side chain
of acetic acid to the carbonyl of Glyl19 or Phe292. Starting at of Arg244. The guanidinium side chain becomes increasingly
4 A, the alternate channel provides a rapid fall of enery; engaged in an electrostatic-interaction with acetate ion which
~ —16 kcal/mol @ 8 A for the migration of acetate ion. A restricts its motion. Apparently, thecOmakes adjustments to
large motion of Phe290 with RMSD up # A isobservable as  the global breathing motion of the protein. Figure 8 summarizes
acetate ion leaves the active site and leaves the protein. Trp273he movement of acetic acid and acetate ion through the two
near the peripheral anionic site becomes more mobile as acetatgathways followed for upto 170 ps. Results of the full
ion reaches the exterior of the groove. This motion appears tosimulation are consistent with the results of the stochastic
be associated with that of Phe290. &t= 9 A, acetate ion  poundary method used with umbrella sampling. Shown in
reaches the solvent interface in the alternate channel. Figure 8A, acetic acid moves from 3.5 to 5.5 A from the Ser200

A significant driving force for the diffusion of acetate ion Oy in the first 80 ps in the main gorge. However, acetate ion
through the alternate channel is an electrostatic attraction in theis still at 8 A, from a starting point of 4.5 A, after 160 ps due
direction of two Arg residues, 244 and 289, near the groove to the electrostatic repulsion by Asp72 in the main gorge.
region. This is lacking for acetic acid. The interaction energies Acetate ion reaches the solvent reg® A from the active site
between acetic acid and residues in the alternate channel hoveBer200 @ through the alternate exit in100 ps and leaves the
around—20 kcal/mol, whereas for acetate ion they are around protein completely at 170 ps.
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1.6 T T T T T T ; T of Tyrl21 is 0.335 for the last 80 ps. The correlation dim-

: inishes toward the end of the simulation as the H-bond between
. Tyrl21 and acetic acid is broken. The H-bond to the acetyl
. fragment can break when the acetyl fragment becomes solvated.
7 Acetate ion release through the alternate channel, illustrated
] in Figure 10, is facilitated by electrostatic interactions with

7 Arg289 and Arg244, but slowed by small van der Waals

] interactions with the mobile side chains of Phe290 and Phe288.
T The interaction with Arg289 dominates for 9 6 < 12 A
beyond that the interaction with Arg244 is stronger.

RMSD

0.8

0.6

0.4 Discussion and Conclusions
Molecular dynamics calculations including the use of um-

. brella sampling located the lowest energy pathway for the
migration of acetic acid or acetate ion out B¢ AChE from
several orientations. The reaction coordinate for umbrella
sampling is only a distance quantity without imposed direc-
Figure 7. Comparison of main chain (solid line) and side chain (dashed tionality. There is no assumption that a given pathway is
line) RMSD values for Arg244 during acetate migration through the  straight, but only that each pathway involves continual increases
alternate channel. of the restrained distance. The directionality of a given path is
imposed by the potential energy surface and the inability of
the protein to completely rearrange on the time scale of the
simulation.

The lowest energy pathway is for acetate ion migration
12 1 through the alternate exit channel. The trajectories show very
small if any free energy barrier to the migration of acetic acid
< 1or 1 or acetate ion. This result renders unlikely that viable pathways
< remained undetected. The most salient result of these calcula-
tions is thaif acetic acid can ionize in the first 20 ps and within
] 3.5 A of the actie site Ser @, it probably just diffuses out of
W the enzyme in the direction of Arg289 and Arg244 into a well-

4 solvated groae (Figure 8). This routes 6 A shorter than the
one through the main gorge. A requirement for ionization of
. : ; acetic acid is a dielectric environment quite similar to water. If
100 120 140 160 . . . . . .
Time, ps however, acetic acid should remain un-ionized, it would
probably migrate through the main gorge with some assistance
B. 16 ; ‘ ; ‘ ‘ ' ‘ ' from Tyrl21. The small 1.5 kcal/mol barrier to migration
through the main gorge may also be eliminated by motions
correlated to catalysis of bond breaking and the release of the
choline fragment perhaps through the “backdddr”.

Implications to the Mechanisms of Deacylation in Cho-
linesterases. A barrierless migration of larger acyl fragments
from AChE should not be expected. The activation free energy
for deacetylation at 28C and neutral pH is 11.8 kcal/méf,
which implies that product release can become rate limiting if
a barrier of similar height is to be passed when a larger acyl
fragment diffuses out of AChE.

The following experimental observations may be indicative

: \ , s \ , ‘ of product release becoming partly rate limiting for large acyl
0 2 48 K e TR0 a0 e fragments or if the passageway for acetic acid release is altered

by mutations. Mutations in Mo AChE (number in parentheses

is the equivalent inTc AChE) in residues Phe295Tyr (288),
Phe297Tyr (290), and Arg296Ser (289) decrease the value of
Keat 25-, 10-, and 2-fold, respectively. Whereas Mo AChE
h has 200 times smallde, value for the hydrolysis of butyryl-
thiocholine than for acetylthiocholine, its mutations Phe295Leu
(288) and Phe297Ilu (290) result in significant enhancement,
54-70 times, in preference for butyrylthiocholif&. The
absolute value ok for acetylthiocholine falls by 46-fold

0.2

Arg244-AcO- Distance, A

A. 16

14

Figure 8. Full MD simulations (A) in the main gorge and (B) in the
alternate channel for the migration of acetic acid (solid line) and acetate
ion (dashed line).

Figure 9 shows patterns of migration of acetic acid throug
the main gorge. The barrier in the main gorge is due to the
constriction created by the side chain of Tyrl21, Phe290,
Phe330, and Phe331. H-bonding to the side chain of Tyrl21
is the determining factor in slowing product release through
the constriction. The motion of the side chain of Tyrl121 is (56) Kovach, I. M.J. Enzyme Inhib1988,2, 199-208.
correlated to the motion of the indole ring of Trp279. The cross- égﬁgrﬁg‘t’& 929"3 Zlg,kigg%l—Nl.Zé.S‘ 4\_/6“0’“' D. C.; Camp, S.; Taylor, P.
correlation coefficient for atomic fluctuation around the average ™ (sg) veliom, D. C.; Radic, Z.; Li, Y.; Pickering, N. A.; Camp, S.; Taylor,
for the motion of the indole ring of Trp279 and the phenyl ring P. Biochemistry1993 32, 12—-17.
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Figure 9. Patterns of migration of acetate ion through the main gorge during MD simulations: the starting structures are represented by the heavy
lines, and the structures in thin lines illustrate successive orientations during simulation.
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Figure 10. Patterns of migration of acetate ion through the alternate exit during MD simulations: the starting structures are represented by the
heavy lines and the structures in thin lines illustrate successive orientations during simulation.

with the mutants, but rises for butyrylthiocholirel2 times in The attack of water on the acyl enzyme, which may require
each case. Similar mutations, Phe295Leu or Ala and Phe297Vala small conformational change of the catalytic His440,can be
or Ala cause an enhancement of ¥0-fold, respectively, inthe  coupled with product relea$é. The energy cost of a confor-
value ofk.4 for the hydrolysis of butyrylthiocholine catalyzed mational change may be well invested if it implements a
by human (Hu) AChB? unidirectional flow from reactant to product, toward the increas-

Preliminary results of studies designed to probe the alternateiNd local negative electrostatic gradient for choline release and
channel indicate that thie; values for substrates hydrolyzed —through a short alternate exit for acetate release.

by butyrylcholinesterase decreas&—10-fold in Arg244Leu In summary, a “conducted tour” across the protein might be
mutations of the enzynfé. enforced by the strong dipole of AChE. Specific orienting
effects in the microenvironment of the active site further enforce

The two Phe residues in the acetyl binding site appear to o ;
wedge the methyl portion of the acetyl gréumd, after G-O a minimum energy reaction pathway for substrate(s) as well as

bond fission, yield easy passage of the product by their side- covalent_ly binding inhibitors. Itis quite Iikely that two pa_thways
chain motions. Mutations in the acyl binding site of AChE are available for_ the acetyl fragment, main gorge exit (20 A)
result in adoption of the larger butyryl fragment and then may and a}IFernate exit (14 A), but one becomes favored under some
facilitate its release due to greater rotational freedom of the conditions and the other may be preferred under other condi-
aliphatic side chain. At least two favorable effects of the UONS: Products of hydrolysis of unnatural substrates and
mutations in the acyl binding site on hydrolysis of the butyryl |nh|b|tors may als_o leave through one of the two passageways
fragment in deacylation can be envisioned: (1) Optimal binding depending on their charge and size or the conformational change
can facilitate bond breaking between Ser20¢ @nd the they produce.
carbonyl C. (2) Optimal interactions and side-chain motions )
may promote, or at least not inhibit, passage of products through Acknowledgment. This research was supported by the
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