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Abstract

The X-ray crystal structure of the reaction product of acetylcholinesterase (AChE) with the inhibitor diisopropylphosphorofluoridate
(DFP) showed significant structural displacement in a loop segment of residues 287—290. To understand this conformational selection, a
Monte Carlo (MC) simulation study was performed of the energy landscape for the loop segment. A computational strategy was applied by
using a combined simulated annealing and room temperature Metropolis sampling approach with solvent polarization modeled by a
generalized Born (GB) approximation. Results from thermal annealing reveal a landscape topology of broader basin opening and greater
distribution of energies for the displaced loop conformation, while the ensemble average of conformations at 298 K favored a shift in
populations toward the native by a free-energy difference in good agreement with the estimated experimental value. Residue motions along a
reaction profile of loop conformational reorganization are proposed where Arg-289 is critical in determining electrostatic effects of solvent

interaction versus Coulombic charging.
Published by Elsevier B.V.
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1. Introduction

Structural details of the conformational repertoire avail-
able to the active-site gorge of acetylcholinesterase (AChE)
are beginning to emerge from X-ray crystallographic studies
of reaction products of the enzyme with organophosphate
inhibitors [1,2]. Because of their variation in molecular size,
these inhibitors probe the redistribution of populations of
conformational isomers away from the native state of AChE.
Smaller inhibitors, such as O-isoproplymethylphospono-
fluoridate (sarin) and O-pinacolymethylphosphonofluoridate
(soman), react with AChE without significant conforma-
tional change in the protein, whereas the more bulky
diisopropylphosphorofluoridate (DFP) produces large-scale
movement of ~ 5 A in the main chain of a loop segment
(residues 287—-290) in the acyl pocket. The alternative loop
conformation is triggered by disruption of a hydrophobic
network in the reaction site, yet crystallographic B-factors
for the unbound AChE structure suggest minimal structural
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plasticity in accommodating DFP. Comparison of reversible
dissociation constants measured for the inhibitors [1,3—7]
offers an experimental estimate of 4 kcal/mol as the free
energy of loop reorganization and indicates weak dynamic
connectivity between native and DFP-reacted macrostates.

Understanding conformational selection of ligand bind-
ing to AChE requires knowledge of energy landscapes.
Energy landscapes provide useful insights into alternative
and intermediate macrostates, folding and binding path-
ways, and for relating conformational fluctuations to bio-
logical function [8,9]. Here, we survey the energy landscape
of the acyl pocket loop by using Monte Carlo (MC)
simulation methods. For generating the native and alterna-
tive conformational ensemble, a computational strategy was
applied of a combined simulated annealing and room
temperature multiple-copy Metropolis sampling approach
[10,11] with solvent polarization modeled by a generalized
Born (GB) approximation. While free energies can be
evaluated from microscopic simulations with explicit treat-
ment of solvent by the application of linear response
approximation [12—14], the calculations become computa-
tionally demanding for large macromolecular systems. Im-
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plicit solvent schemes based on GB models provide an
efficient computational framework for sampling potential
energy surfaces and have been successfully applied to a
wide range of problems, including modeling of protein
loops [15], protein structure predictions [16—18], molecular
dynamics simulations of nucleic acids [19,20], and protein
folding [21], among others. Formulations of GB models
range from grid-based approaches (see, e.g., Refs. [22,23])
to analytical methods (e.g., Refs. [23,24]). We selected a
simple analytical pairwise atomic summation scheme for
obtaining the Born radii and its parameterization given by
Qiu et al. [25]. Non-electrostatic components to the free
energy of hydration were calculated by using a solvent
accessibility (SA) model. Combined, our strategy of a MC
and GB/SA approach predicts free-energy structures in an
iterative fashion of annealing and optimization, and takes
advantage of folding funnels in determining macrostates.
The effect of compensation among individual free-energy
components was analyzed in ranking the basins. We applied
this strategy one step further and dissected the electrostatic
free energies into residue contributions. This provides a
free-energy ‘signature’ for evaluating which residues of the
loop make significant electrostatic contributions to the
native and alternative states [14,26], and should aid in the
design of new ligands that explore greater conformational
permissiveness of the reaction site. For molecular docking
of ligands to AChE, the culling of structures from thermal
annealing into basins provides the correct starting approach.
Central to modeling binding affinities, the calculation of
reorganization free energies is key to reliable and accurate
predictions of complex formation [12—14]. We believe that
the experimental estimate of the free energy of structural
reorganization for the acyl pocket loop of AChE offers an
excellent benchmark for testing different methodological
approaches to conformational analysis of protein structures.

2. Theory

Transitions between two loop conformations (denoted as
‘P and P*) located in different basins can be described by
the reaction

pEpr, M)

where AG is the free energy difference of the protein and
solvent system, defined as a function of n degrees of freedom,
=14, &, ..., {,]- Stable states are determined by the
minimum value of G({), found by exploring over all possible
values of { on the energy landscape. We define the free energy
G({) for a macrostate ¢ as (see, e.g., the work of Dill [8])

Gmacro(i) = *kBTan - Gmicro(f) - kBTlng(é)a (2)

where (2 is the partition function, G;.r, 1S the free energy of a
single loop conformation taken to be the most probable

microstate, the function g(&) describes the multiplicity of
microstates of similar energy in basin &, T is the absolute
temperature and kg is the Boltzmann constant. The confor-
mational entropy is given by S.on(€) =kglng(¢), and Eq. (2)
becomes
Gmacro(é) = Gmicro(é) - TSconf(é) (3)

The full energy landscape can be reduced in size by a
projection-operator decomposition of the partition function,
leading to a simulation volume of reduced degrees of
freedom. The remaining degrees of freedom are assumed
to provide a thermal reservoir and can be averaged out [27].
The free energy defined by Eq. (3) corresponds to an
ensemble of conformations that collectively have some
common subset of (. Examples of macrostates include
reaction coordinate, cluster of dihedral angles, hydrophobic
contacts, etc.

To determine Gyyicro, We partition the free energy for each
conformation into separate contributions; for example, con-
formation P gives

P P P P
Gmicro = Eint + Gsolv + Gcav’ (4)
where Ej, is the internal energy of the protein, Gy, is the

solvation term, and G, is the cavitation free energy. The
internal energy is given by

Ei71)1t = E17;cal + E\//PdW + We71::37 (5)

where Ejocq 1s the bonded and torsional terms defined by a

given force field, E, 4w is van der Waals (vdW) intraprotein

interactions, and W, is the energetic cost of creating the

charge distribution in an environment of unit dielectric.
Solvent effects are modeled as the sum of non-polar and

electrostatic contributions

Gh., =Gl +AGP (6)

solv. 7 “snp s.ele?

determined for each microstate. Our treatment of the non-
polar term is an effective SA atomic solvation potential
developed by combining G, With Geay

G7SDA = Gf,np + va = Z O-iAzP’ (7)

where for atom i, o; is a fitted scaling parameter [25] and 4,
is the solvent accessible surface area.

The electrostatic component of solvation energy is cal-
culated from a GB model [25] and is defined by the
equations

AGf,ele = AGEB = Z[(AGZ)cr)z + (AGZ)JOI)i]v (8)

1
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where the screening term is given by

1 qiqj
(AGR), = —166.0 < - > — (9)
* & Ew z,: i (ry)
and the polarization term
(AGP,), = —166.0(~ — 1 ai (10)
pol/i — : & ew /) o )

with fijGB is a function which depends only upon atomic radii
and interatomic distances ry;, ¢; and g; are atomic charges for
atom i(j), o; are Born radii, and ¢, and e, are dielectric
constants for the protein and solvent, respectively.

Our estimate of the conformational entropy due to
multiplicity of microstates in basin ¢ follows the work of
Vorobjev et al. [28]. This term can be estimated in the
quasiharmonic approximation calculated from the covari-
ance fluctuation matrix C [28—32]

Cl = (O = D] = () (1)

where x are mass-weighted atomic coordinates of micro-
states of P sampled from . Frequencies v; of the normal
modes are defined by the eigenvalues 4;

(2m0;)* = ksT /X, (12)
and entropy Seonr (&) is approximated by [28]
TSeont(¢) =Y _ —kTn[1 — exp(—hv;/ksT)]

+ hvi/[1 — exp(—hv;/ksT)], (13)

where 4 is Planck’s constant.

The probability distribution function of normal mode m
is obtained from the projections of the fluctuation of a
microstate Cartesian coordinates onto a normal mode eigen-
vector m, which is given by
gn = (x" = (x")) -w,;

m?

(14)
where w,- is the eigenvector of normal mode m. The
probability distribution function is used to determine the
probability that the fluctuation of the microstate Cartesian
coordinates is found at a position g,,.

3. Computational methods
3.1. Protein simulation volume
Calculation of the ensemble of loop conformations

started with the Cartesian coordinates of AChE taken from
the crystallographic PDB file 2ACE [33]. Crystallographic

waters were ignored in all calculations. For comparison
purposes, the alternative loop conformation was taken from
the 2DFP structure [1]. To model a common structure
differing only in the loop conformation, the alternative loop
was built into 2ACE by substitution of the native and
optimized by a MC simulation (described below).

The geometry of the protein was generated in the
ECEPP/2 reference frame; namely, bond lengths and bond
angles were held fixed at experimental values for amino
acids and dihedral angles may vary [34]. The exception was
the peptide bond between the computed segment and the
fixed part of the protein (see Section 3.3). The termini
residues and the ionizable side chains were in the ionized
state. The geometry of the loop and select side chains of the
surrounding local region (defined below) were first gener-
ated from dihedral angles and then positioned in the protein
by the use of rigid-body coordinates [11].

The simulation volume in the loop prediction calcula-
tions was generated from a shell of residues that were
within 12-A distance of residues 287—290 in the optimized
2ACE X-ray structure. Additional residues were included
by graphical visualization to select interactions that may
contribute to non-native states. The latter was beneficial in
keeping the simulation size to a tractable problem. Listed in
Table 1 are simulation volumes used for various stages of
the calculation. The simulation volume consisted of the
computed segment (CS) residues for which backbone and
side-chain dihedral angles were allowed to vary, surround-
ing local region (SLR) residues for which no backbone
movement was allowed, and SLR residues where side
chains vary (CS+SLR). The simulation volume employed
in calculations to predict the loop macrostates (SV I in
Table 1) was smaller than the simulation volume employed
in calculations to compute thermodynamic properties (SV 11
in Table 1). In calculations that employed simulation

Table 1
Simulation volume at various stages of the calculation
sv*  cs® SLR® CS+SLR?
SVI 287-289 69-72, 84, 85, Tyr-121, Trp-279,
Ile—Phe—Arg—Phe 118-122, 151, Leu-282, Phe-284,
199-201, 226227,  Ser-286, Phe-330,
231-237, 240, Phe-331

243-244, 275-286,
291-293, 327-337,

354, 355, 357-363,

391, 395, 396,

398-400, 432, 436,

439, 440, 442

SVII  SLR segments of residues within 12 A none
SV 1 from a computed
segment

 See text for information on the use of simulation volume (SV).
® Computed segment (CS) containing listed residues.

¢ Surrounding local region (SLR) residues.

4 CS+SLR includes flexible side chains of SLR.
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volume I, the computed segment was the four-residue loop
segment of residues 287-290. In calculations that
employed simulation volume II, the backbone and side-
chain dihedral angles of all the residues of simulation
volume [ were allowed to vary.

3.2. Monte Carlo methods

The results of this study were generated from calcu-
lations to predict conformations of macrostates, to refine
the predicted conformations, to compute room tempera-
ture thermodynamic properties and to find the energy
minima of macrostates. Calculations to predict the macro-
states consisted of multiple independent Monte Carlo
simulated annealing (MCSA) runs starting from random
conformations. Prediction calculations were designed to
compute the lowest-energy state as well as alternative
low-energy states, which is the principle reason for the
use of the methods. Refinement calculations consisted of
Metropolis MC runs starting from the microstate deter-
mined as the lowest-energy conformation (LEC) of a
macrostate. The production calculation consisted of mul-
tiple-copy room temperature MC runs starting from the
macrostate LECs of the refinement calculation. Multiple-
copy low temperature MCSA runs starting from the
macrostate LECs of the production calculation accom-
plished energy minimization.

Conformational search of the acyl pocket loop was
computed by the use of the molecular mechanics program
Salp [11]. Trial conformations were generated by pertur-
bation of dihedral angles and rigid-body coordinates, and
the total energy was computed. Acceptance or rejection of
conformations was in accordance with the Metropolis
criteria [35]. A MC run consisted of a number of steps
(nstep), in which a specified number of trial conformations
(nconf) were sequentially evaluated. In the MCSA predic-
tion calculation, the Boltzmann temperature factor (R7,
where R is the universal gas constant) was lowered at the
end of each MC cycle, and a two exponential cooling
schedule was used to decrease the value of RT [11]. Table
2 summarizes these parameter assignments for the MCSA
prediction calculation. In exponential cooling from
RT=7.0 to 4.0, the folding simulation removed bad
contacts and established important interactions. In expo-
nential cooling from R7=4.0 to 0.6, important interactions
were optimized to improve the scoring of conformations.
In the MC runs, RT was constant. The protocol parameters
for the room temperature MC runs and MCSA energy
minimization runs are given in the top of Table 3.
Parameters describing the acceptance ratio are listed in
the bottom of Table 3. Convergence of the energy mini-
mization calculations was achieved when the total energy
in successive iterations of MCSA runs changed by less
than about 0.1%.

For the starting conformation, backbone and side-chain
dihedral angles were randomly assigned from a rotamer

Table 2
Summary of parameters for MCSA prediction runs

Parameter® Equilibration stage Prediction stage
RT main chain 7.0 to 4.0 4.0 to 0.6
RT side chain 5.0 to 2.0 2.0 to 0.6
nstep 15 10
nconf 4000 (10000 in step 1) 4000
Parameter® Equilibration and prediction stages
nprchk 400 (500 in step 1)
pert +90° backbone, + 120° side chain

+45° Euler angles, + 0.5 A

translations
xacrat 35% for main-chain and 40% for

side-chain trial conformations
35% for both Euler angle and
translation trial conformations

pertrd 1.5 for main-chain, side-chain and
rigid-body coordinates

# RT is the Boltzmann temperature factor in units of kcal/mol, where R
is the universal gas constant and 7 is the absolute temperature; nstep is the
number of steps; nconf is the number of trial conformations evaluated in a
step; nprchk is the number of trials conformations evaluated before the
acceptance ratio was checked; pert is the initial perturbation used to
generate trial conformations; xacrat is the acceptance ratio limit; and pertrd
is the factor used to lower the perturbation.

library and backbone @ angles were set to 180. The loop
N-terminal dummy residue was initially superimposed on
the overlapping residue of the fixed part of the protein.
Additional protocol parameters and methodology were
employed as described in a previous study [11]. Details
are given for parameters used to randomly generate a trial
conformation; the use of a main-chain and side-chain
dihedral angle rotamer library at high temperature factors
of the MCSA; option to alter the rate that main-chain and
side-chain dihedral angles were selected; and convergence
criteria to stop a MCSA run when the N- and C-termini of
the loop fail to properly connect with the rest of the
protein.

3.3. Energy determinations

The vdW, electrostatic and torsion potentials were
evaluated with the OPLS united atom parameter set [36].
The use of ECEPP/2 standard geometries of amino acids is
consistent with the development of the OPLS united atom
parameter set. The equilibrium bond lengths and bond
angles of amino acids in the OPLS set are from experi-
mental values. For the backbone, the differences in bond
lengths between the two geometric parameter sets are about
0.01 A and the bond angle differences are about 1°. Except
for a few side chains, the differences are about 0.02 A and
2°, for bond lengths and bond angles, respectively. The
difference in the C°—N° bond length of His is 0.07 A.
Bond angle differences are 5°, for two bond angles in the
Trp ring, and one bond angle each in the side chains of Thr
and Met. In the program Salp, which originated from
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Table 3

Summary of parameters for room temperature Monte Carlo runs and MCSA energy minimization runs

Parameter®  Pre-equilibration Equilibration Production Pre-equilibration Equilibration + production
RT 0.7 to 0.6 0.6 0.6 t0 0.2 0.2
nconf®

I 10K¢ 620K - -

11 10K 50K - -

I - 18K - -

v - - 80K 320K
Parameter®  Equilibration and production
nprchk 200
nprchk 200
pert + 2° backbone, =+ 22.5° side chain, & 0.5° Euler angles, + 0.05 A translations
xacrat 40% for main-chain and 45% for side-chain trial conformations 40% for both Euler angle and translation trial conformations
pertrd 1.4 for main-chain, side-chain and rigid-body coordinates

 Protocol parameters employed during various stages of low temperature MC runs (see Table 2 and text).
°I: Room temperature Metropolis MC refinement part of the prediction calculation. II: Room temperature Metropolis MC production calculation. III: Same
as II but starting conformation was the lowest-energy microstate with the side-chain conformation of Trp-279 adjusted and optimized to assume the X-ray

structure. [V: MCSA energy minimization calculation.
¢ 10K =10,000 conformations.

ECEPP, the torsion potential employed a single Fourier
term that corresponded to the barrier height. In the original
OPLS parameter set, torsion potentials that have terms that
biased the equilibrium states and a term for the barrier
height are: C—S—S—C of disulfide bond, H-C—-C—N and
C—C—-C~-N of primary amine, and O—C—N-H of peptide
bond. Test calculations that employ the full Fourier expan-
sion indicated that the error in the present implementation
is negligible.

A vacuum dielectric constant (¢,=1) was applied in all
simulations. For protein segments that varied, the local
region energy was the sum of all intra-segment and inter-
segment energies plus the sum of all interaction energies
with the surrounding local region segments. For the non-
polar term of the solvation free energy defined by Eq.
(7), solvent accessible surface area was computed with
MSEED [37] with a 1.4-A probe radius.

The term AGgp of Eq. (8) was computed with g,=1
and &, =80 and the OPLS derived united atom radii by
Qui et al. [25], which was developed and optimized to
reproduce atom polarization energies for atoms of small
organic molecules and biopolymers. The optimization
was independent of partial atomic charges. In the present
study, OPLS united atom charges were employed in the
computation of AGgg. Energy terms constant from the
use of fixed bond lengths and bond angles were taken as
atomic volume, self, 1-2 and 1-3 interactions. These
terms were computed only once and by the use of the
Cartesian coordinates of the optimized X-ray conforma-
tion of the protein. For the simulation volume case,
small variations of the 1-2 and 1-3 contributions to
the atom polarization energy due to deviations of the
internal coordinates of non-fixed N- and C-terminal
peptide bonds of segments were neglected. For fixed

segments in the surrounding local region and segments
outside the simulation volume, 1-4 contributions to the
atom polarization energy were constant. The constant
parts of the atom polarization energy for each trail
conformation were added to the terms that vary; namely,
interactions between segments that move and other seg-
ments in the simulation volume. Atoms in the simulation
volume were considered in the GB solvent polarization
energy calculation.

A weighted harmonic constraint [11] was added to Eq.
(4) to force the loop to dock against the protein, and was
based on the overlap of dummy residues appended to the
N- and C-termini of the CS with identical residues
immediately adjacent in the fixed SLR. Atoms overlapped
were backbone heavy atoms. In the beginning of MCSA
prediction simulations, the segment N- and C-terminal
peptide bonds were severed from the rest of the protein
to facilitate the removal of bad contacts in the initial loop
conformation. In these calculations, the constraint weight
was gradually introduced by using published protocols
[11]. For MC runs and MCSA energy minimization runs,
the weight was set to one and the loop-closing constraint
was the sum of peptide bond stretching, angle bending
and improper dihedral angle-bending energy terms for the
termini of each computed segment [36].

3.4. Separation of microstates

For clustering the calculated structures and their scoring
by Eq. (3), we differentiated the macrostates ¢ by use of
main-chain ¢y rotamer tags. Although not a requirement,
clustering in ¢ space is consistent with our separation of
soft and hard modes in the Monte Carlo approach of
sampling only the torsional freedom. There are many
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Fig. 1. Alphanumeric tags that specify clustering of microstates in @is
space. Symbols ‘A’ and ‘L’ denote right-handed and left-handed o-helix
regions, respectively, and right-handed and left-handed twisted p-strand
regions are given symbols ‘B1” and ‘B2’, respectively. The remainder of the
rotamer regions corresponds to regions that give rise to turn and hairpin
conformations.

different strategies to clustering microstates, for example,
k-means root-mean-square-deviation (rmsd) of coordinate
space, among others. Our computational approach filters
the initial culling of structures and projects the energy
basins in @ space by using the approximation that
motions of the loop can be separated into motions between
rotamer states and motions within a rotamer state, which
never deviate much from the latter. Loop conformations
were interactively selected until one cluster of conforma-
tions occurred in ¢@-scatter plots, which were generated
for each residue of the polypeptide [11]. For each cluster,
an alphanumeric tag that specified conformations of s
was assigned to each residue of the separated conforma-
tions. A basin of conformations with the same sequence of
main-chain rotamer tags was generated and defined a given
macrostate &. Side-chain conformational states were exam-
ined and their positional fluctuations, which provide the
rugged nature of the basin, were combined with backbone
motions in estimating the conformational entropy term via
Eq. (13).

Fig. 1 illustrates approximate locations of the main-chain
rotamer regions that were used in clustering conformations.
The P-strand region and a-helix region of the Ramachan-
dran plot are each divided into four rotamer regions. The
right-handed and left-handed o-helix regions are given the
symbols ‘A’ and ‘L, respectively, and right-handed and left-
handed twisted B-strand regions are given symbols ‘B1’ and
‘B2’, respectively. The remainder of the rotamer regions

corresponds to regions that give rise to turn and hairpin
conformations.

4. Results and discussion
We begin this section with a structural comparison of the

native and alternative loop conformation of the acyl pocket
as determined from X-ray crystallographic structures. This

(a) : Lo -

(b)  wass
F288

Fig. 2. (a) Molecular illustration of the crystallographic structure of the
unbound AChE from 7. californica, highlighting in yellow color the
location of loop residues 279—291. The molecular surface is shown with
the loop-region surface element carved out to illustrate the acyl pocket. (b)
Superposition of the native four-residue loop segment (cyan backbone tube)
and the reorganized loop (purple tube) from reaction of AChE with DFP.
Native side chains for residues 1287, F288, R289 and F290 are shown in
blue and the alternative conformation in red. Several neighboring
hydrophobic packing residues taken from the native structure are shown
in gray.
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comparison provides a basis for assessing the outcome of
the structural predictions and determination of macrostates.
This is followed by a presentation of the results of the
MCSA calculations, and based on these predictions, we
sketch out a reaction profile connecting the macrostates
associated with the experimental conformations. Further
details of the topology of the reaction profile are given
from room temperature MC studies, optimization of the
predicted states and their residue contributions. In the final
section, we discuss residue motions along the profile sur-
veyed by the simulations.

4.1. Structural comparison of loop conformations

Shown in Fig. 2 is a representation of the crystallograph-
ic structure of the unbound AChE from 7. californica,
highlighting the location of loop residues 279-291. Also
presented is a superposition of the native loop conformation
and the reorganized loop from reaction of AChE with DFP.
We will focus our attention primarily on residues that show
the largest variation between the two structures; namely,
residues 287-290 (Ile—Phe—Arg—Phe). For the native
conformation, the four-residue segment spans regions of
the Ramachandran ¢ space corresponding to rotamer tags
[B3,L,B3,B3] (see Fig. 1) and transitions to [A,B4,F,B4].
Backbone geometries of the two conformations differ by the
180° reorientation of the plane of the peptide bond between
Ile-287 and Phe-288. The peptide hydrogen of Phe-288 is
pointing inside the active-site gorge for the native confor-
mation and outside the gorge upon displacement. Because
of this reorientation, we designate the native conformation
of residues 287-290 as the ‘in’ conformation and the
alternative conformation observed with DFP as the ‘out’
conformation.

Side-chain conformations of Phe-288 and Arg-289 show
significant difference between the two loop structures. For

the in conformation, Phe-288 lies in a hydrophobic pocket
and interacts via m-stacking with side chains of Phe-331 and
Trp-233. The out conformation moves Phe-288 to outside
the hydrophobic pocket. Residue Arg-289 is observed in the
in conformation to be hydrogen bonded to the backbone
carbonyl of Phe-288 and the side chain of His-398, while
the out conformation shows Arg-289 at the top of the gorge
and interacting with backbone carbonyls of Trp-279, Leu-
282 and Phe-284.

4.2. MCSA predictions

Table 4 presents the results of the MCSA calculations.
Before we discuss the results, a few comments are needed
regarding the meaning of the various terms listed in Table 4.
We rank each cluster by averaging the single-chain con-
formations that exhibits the lowest energy (designated as the
LEC of that basin). The scoring of these microstates
corresponds to Eq. (4) and AG e 1s relative to rank 1
microstate. We further examine each basin by computing the
rmsd for residues 287—-290 between the LEC and the in and
out loop conformations from the X-ray crystal structures.

From the large collection of ~ 2600 characterized loop
conformations, the eight lowest-energy clustered micro-
states and their populations are informative about the shape
of the energy landscape. The calculations determine out-like
basins [A,B2,F,.B1] and [A,B2,F,B2] are sampled more
frequently by a factor >10 than the most energetically
favorable in conformation [B3,L,B3,B3]. Examination of
the crystallographic structure offers insight into why the
simulations observed low population of the native basin.
The in loop conformation, as noted above, is a complex
network of cooperative hydrophobic interactions that stabi-
lize native contacts within the acyl-binding pocket. Residues
Phe-288 and Phe-290 form tight aromatic packing with Trp-
233 and Phe-331, and the simulations starting from random

Table 4
Monte Carlo simulated annealing prediction of microstates
Rank® ¢ Basin typeb nconf* AG micre ¢ Basin rotamer tags LEC/X-ray rmsd (10\)
in out

Ile Phe Arg Phe bb® sch bb sc
1 out-like 49 0.0 A B2 F Bl 2.1 6.0 1.4 3.7
2 out-like 5 1.6 A F B2 B4 0.9 3.8 1.8 4.7
3 out-like 68 2.4 A B2 F B2 1.8 5.8 1.0 4.0
4 extended 4 3.8 B2 B2 F Bl 2.4 6.6 1.9 5.3
5 out-like 3 3.9 A F Bl B4 1.0 2.6 1.7 3.9
6 in 4 4.0 B3 L B3 B3 0.3 1.5 2.1 4.7
7 alternate 24 12.0 A B4 L B4 1.2 1.9 1.9 4.5
8 in-like 21 13.6 B4 L Bl B1 1.4 4.2 1.3 2.1

? Rank order of lowest-energy Gpicro determined from a statistical average over microstates in basin . A total of 2638 microstates were characterized.

® Main-chain structure type defined by rotamer tags.
“ Number of conformations in basin.
4 Relative free energy (kcal/mol) from rank 1.

¢ Backbone positional root-mean-square deviation (rmsd) for residues 287-290 between lowest-energy conformation (LEC) in basin ¢ and X-ray structure

of in and out conformations.
fSide-chain positional rmsd.
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conformations are faced with the challenge of reinserting
these two residues into their hydrophobic network. In the
course of folding, the free-energy barrier to reconstituting
the native conformation is the slow entropic search of many
different simulation trajectories seeking entry to the narrow
in basin. The computational approach of annealing a small
subset of residues (see Table 1) rather than the total protein
reflects the combinatorial nature of a large sampling prob-
lem and may have missed the structure-determining guid-
ance of cooperativity via long-wavelength transitions
embedded in realistic folding micropaths of the native basin,
consequently a lower population. Simulations with in-
creased surrounding protein volume show only marginal
change in the distribution of loop conformations. A priori
inclusion of correct pathways in a reduced and computa-
tionally tractable landscape is tantamount to determination
of an efficient folding code (see, e.g., discussions by Chen
and Dill [27]).

A modeled reaction profile extracted from the MCSA
results is illustrated in Fig. 3. Given the lack of a sharp tilt in
the energy landscape toward native in [B3,L,B3,B3] funnel,
the success of sampling basins is simply proportional to
their width. Greater population of out-like microstates
indicates a surface topology of a much wider basin opening
and allows many more possible incoming trajectories to
reach the funnel. Basins with larger openings have greater
conformational entropy and larger distribution of energies,
although not necessarily greater basin stabilization as deter-
mined from exploring the complete funnel shape. We will
return to this point in the next section. For now, four

separate basins were found for the ensemble of out con-
formations and their energies of interconversion are greater
than thermal fluctuations.

We should note that in our proposed profile, no attempt
was made to evaluate free-energy barriers separating macro-
states. Although it is possible to identify a reaction path
between two structures and use umbrella sampling to
calculate the free energy of transition (see, e.g., Rick et al.
[38]), calculations for complex and large systems can render
a potential of mean force that is strongly dependent on the
choice of atoms along the reaction pathway. The end result
is an ambiguous determination of the transition state free
energy and calculations that suffer from convergence in
obtaining configurational averages. Much work is still
needed on developing a reliable computational methodology
for treating a wide range of protein motions along complex
reaction paths.

The predicted in conformation (Fig. 4a) reproduces the
starting structure very well in terms of rmsd, with a
displacement of 0.3 A in the backbone position and 1.5 A
for side-chain positions. For the initial out conformation
[A,B4,F,B4] taken from the crystallographic structure, the
predictions observed several closely related basins sampled
at high populations (conformations [A,B2,F,B1] and
[A,B2,F,B2]). The crystallographic conformation contains
significant strain energy from complex formation with DFP,
and thus lacks a favorable population. Regularization of the
predicted out conformations leads to a calculated rmsd from
the crystal structure of ~ 1 A for the backbone (Fig. 4b)
and ~ 4 A for side-chain conformations.

1287
R s |- y Fai
rasg LR ) 7 LA Ry A ‘S;Q
\ IF(jﬂl‘ L“lf B LJ \ 'R'J:Eg g
F290
w233
21 49 68 MCSA
A 7 predictions
50 1 ,‘“ ‘t‘p
~ 40
)
£
T 30
g Gpoers (298K)
B 204
5
£ 10
k- Giero (LEC)
4 0.
in in-like out-like our-like
10 [B3,L,B3,B3] [B4,L.B1,B1] [A,B2,F,B1] [A,B2,F,B2]

macrostate &

Fig. 3. Modeled reaction profile and schematic of the calculated energy landscape. Top picture depicts motion along the profile for the conformational transition
in [B3,L,B3,B3] — out-like [A,B2,F,B2], highlighting key residues of the loop segment. Numbers in the MCSA predictions and balls in the basins correspond to
populations of the microstates (Table 4). Energy differences among basins are taken from Tables 5 and 6; transition barriers are undetermined and designated by
question marks. For each basin, the lowest-energy conformation (LEC) from MCSA energy minimization models the funnel minima, and conformational

entropy approximates funnel width evaluated at room temperature (298 K).
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Fig. 4. (a) Superposition of the crystallographic native four-residue loop segment (thick line) with examples of predicted in and in-like structures taken from
annealing simulations (thin lines). (b) Superposition of the crystallographic alternative loop segment (thick line) with predicted out and out-like structures

(thin lines).

Further comparisons between the predicted and crystal
structures outside the four-residue loop segment reveal
repositioning of several side chains. The most interesting
is the movement of Trp-279, where in the crystal structure,
one face of the indole ring forms part of the gorge wall and
the other is in close contact with a water molecule con-
served among crystal structures of AChE from 7. californ-
ica [39]. The simulations show the side chain of Trp-279
displaced toward greater solvent exposure for 3 out of 4 in
[B3,L,B3,B3] conformations and predominate occurrence
for out [A,B2,F,B1] and [A,B2,F,B2]. The high population
of this alternative conformation may indicate possible
deficiencies of implicit solvation schemes in modeling the

effect of structural waters on protein conformational flexi-
bility or inadequate conformational sampling. Such solvent
effects appear as smoothing of bumps and valleys on energy
landscapes from GB solvent interactions and have been
observed in calculations of protein folding [21]. More
detailed computational studies are needed to address these
types of issues.

4.3. Thermal averages of microstates
While the results from the MCSA simulations provide

insight into the funnel opening of the in and out energy
basins, room temperature MC simulations allow the deter-
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mination of free energies that govern macrostates. Simula-
tion analysis of the lowest-energy microstates predicted
from the MCSA study (Table 4) together with five addi-
tional conformations are listed in Table 5. These latter
conformations are structures in which the indole ring of
residue Trp-279 was observed to model the native side-
chain conformation (denoted by an asterisk in Table 5). We
designate the rank of macrostates by combining the ranking
from Table 4 with the room temperature MC simulation
results. For example, macrostate 6.4 is defined as the
lowest-energy microstate ranked 4 in the MCSA prediction
and ranked 6 at the end of thermal averaging by way of
room temperature MC. As before, the difference AG pacro 1S
relative to rank 1.

The simulation results for the transition in [B3,L,
B3,B3] — out-like [A,B2,F,B2] is predicted to have a value
of AGpacro ~ 3 keal/mol (illustrated in Fig. 3). This free-
energy difference and its relative ranking in contrast with
Table 4 show the importance of sampling beyond the
determination of local minima found by annealing simula-
tions. Initial structures calculated from annealing are low-
resolution predictions and lack subtle rearrangement that
can significantly lower the free energy. This is nicely
illustrated by placement of Trp-279 in the less-solvent
accessible native conformer (rank order 1) instead of the
more populated conformation observed during annealing
(rank order 12). Refinement allows the side chain of Trp-
279 to collapse and stabilize the hydrophobic network of
residues Phe-288 and Phe-290, thus moving deeper in the
energy funnel by optimizing Ej.c, rather than G,. Inter-
dependence of Trp-279 with Phe-288 and Phe-290 observed
in the simulations is consistent with the proposal of Millard
et al. [1] that the loop movement is a structural device that
conjoins the peripheral substrate binding site (Trp-279) with
the active site (Phe-288 and Phe-290), and the calculations

offer a free-energy basis for allosterism of these two
functional sites in AChE.

An assessment of the accuracy of AGy e can be made
from experimental data of measuring reversible association
constants for complex formation between AChE and various
ligands [1,3—7]. Comparison of binding sarin and DFP to E.
electricus AChE shows a free energy penalty of ~ 4 kcal/
mol for binding the larger ligand [5]. The proposal that the
penalty is due primarily to loop reorganization is corrobo-
rated by site-directed mutagenesis of Human AChE at
residues Phe-295 and Phe-297 in the loop segment and
the effect on binding DFP [6,7]. These two phenylalanines
are conserved among species of AChE and are equivalent to
Phe-288 and Phe-290 in Torpedo. Substituting both residues
with smaller aliphatic side chains alters the free energy of
association for DFP by ~ 4 kcal/mol [6,7], making com-
plex formation significantly more favorable. Modeling
calculations suggest that the favorable increase in binding
is the result of elimination of steric clashes between the
bulky isopropropyl group of DFP and the phenylalanine
rings, thus removing the energetic cost of displacing the
loop.

Errors in the calculations reported in Table 5 are derived
from the sampling distribution. The standard error of the
mean free energy is the standard deviation of the free
energy divided by the square root of the sample size;
namely, Z(6Gmacro)/ V{N=1.6452(20.0 kcal/mol)/
J4000=0.5 kcal/mol, where Z=1.6452 is the number of
standard deviations from the mean that is needed to claim
with 95% confidence the value of the true mean. As a result
of propagation of error analysis, the standard error of the
difference between the in and out energy basins is
(0.5%4+0.5%)=0.7 kcal/mol. In an alternative method of
computing the standard error of the mean, the sampled
populations are divided into two groups of 2000. The

Table 5
Monte Carlo predictions of macrostates at 298 K
Rank?® ¢ Basin type AG macre? (Erocar) (Gsolv)e TScont ¢ Basin rotamer tags

Ile Phe Arg Phe
1.6* in 0.0 —1612.4 —3916.2 131.7 B3 L B3 B3
2.3% out-like 2.8 —1660.5 —3862.3 134.8 A B2 F B2
3.4% extended 10.8 —1713.8 —3806.8 128.4 B2 B2 F Bl
4.8% in-like 10.4 —1702.5 —3814.2 133.4 B4 L Bl Bl
5.1%* out-like 14.1 —1676.1 —3835.7 134.5 A B2 F Bl
6.4 extended 21.7 —1688.7 —3818.0 132.0 B2 B2 F Bl
7.1 out-like 23.7 —1708.6 —3796.0 132.2 A B2 F Bl
8.3 out-like 26.4 —1689.4 —3813.7 130.9 A B2 F B2
9.5 out-like 28.4 —1561.6 —3941.9 128.6 A F Bl B4
10.2 out-like 29.8 —1533.6 —3965.5 131.5 A F B2 B4
11.7 alternate 31.9 —1519.0 —3982.8 126.8 A B4 L B4
12.6 in 33.8 —1580.6 —3912.9 133.2 B3 L B3 B3
13.8 in-like 42.6 —1705.3 —3785.1 127.7 B4 L Bl Bl

? Rank order of macrostate ¢. Rank x.y designates order x determined from thermal averaging and y refers to ranking from Table 4 (see text). Asterisk
denotes native side-chain conformation for residue Trp-279. MC simulations evaluated a total of 630,000 trial conformations for each macrostate and 4000

conformations were extracted and analyzed.

® Relative free energy (kcal/mol) from rank 1. Terms (Ejocar)c and (Gyory) ¢ are statistical averages over microstates in basin . Scatter in values of Gaero(€) =
(Gmicro) e — TScont (€) is on the order of + 20.0 kcal/mol with a precision of + 1.3 kcal/mol in AG yacro-
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standard error of the mean free energy for the in state is 0.5
and the standard error of the mean free energy out state is
1.2. The standard error of the difference between the in and
out states is 1.3 kcal/mol. Because the latter is larger, we
report this value in Table 5 as an upper bound to the
estimated error, yielding AG acro ~ (3 £ 1) kcal/mol.

A further observation from the results is that solvent
shifts the distribution of conformational microstates be-
tween basins [B3,L,B3,B3] and [A,B2,F,B2] in favor of
the in macrostate (by AGg,, ~ — 54 kcal/mol), whereas
internal energy stabilizes the out macrostate (AEyeq ~ 48
kcal/mol difference). The computed internal energetic dif-
ference includes the L to B2 transition from a less-populated
and marginally favorable left-handed helix in residue Phe-
288 to an extended conformation. As illustrated below, the
dominant effect on the conformational redistribution is,
however, the compensation between solvent interactions
from the GB model and Coulomb charging of the protein.
This electrostatic compensation is key to accurate discrim-
ination of native-like protein structures among a library of
decoys (see, e.g., Vorabjev et al. [28]).

An important component in the determination of AG .cr0
is conformational entropy, where the quasi-harmonic ap-
proximation yields TAS,,s ~ 3 kcal/mol. Combined with
the annealing results of a broader basin opening, room
temperature calculations establish that the out macrostate
is more accessible to positional fluctuations of larger am-
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plitude, thereby indicating a wider energy basin. Fig. Sa
illustrates the distribution of microstates calculated for the
two lowest-energy basins. Thermodynamic averages were
taken from the histograms and Fig. 5b reports the conver-
gence of the free energies as a function of number of trial
microstates evaluated. A broader distribution is observed for
the out-like macrostate and greater fluctuation in its con-
vergence, both of which are consistent with the in basin
being more stable.

For the in and out macrostates, Fig. Sc and d illustrates
the probability distribution function along the normal mode
associated with the largest eigenvalue. According to Kitao et
al. [40], anharmonicity is most likely to be found in normal
modes associated with the largest eigenvalues. For the two
basins, the probability distribution functions along the
normal modes are Gaussian like, and as a result provide
sufficient validation of the clustering in order to obtain an
estimate of the conformational entropy.

The excellent agreement between the simulation AGyacr0
and experimental results indicates that the model correctly
ranks the predicted basins. We should note that scoring of
conformations is dependent on the implicit solvent model
used for sampling the potential energy surface. To illustrate
this, we have rescored the in and out conformations by the
Poisson equation using the APBS technique [41]. Fig. 6
reports a scatter plot of the two solvent models and clearly
indicate differing results. The free energy AG a0 computed
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Fig. 5. (a) Distribution of microstates calculated from the two lowest-energy basins, in [B3,L,B3,B3] (solid line) and out-like [A,B2,F,B2] (dashed line). (b)
Convergence of the free energies as a function of number of trail microstates evaluated; solid line fitted to solid circles, in [B3,L,B3,B3]; and dashed line fitted
to open boxes, out-like [A,B2,F,B2]. (c) and (d) Probability distribution functions for the in (thin solid line) and out-like (dashed line) macrostates along the
normal mode associated with the largest eigenvalues. Abscissa is scaled by the rmsd fluctuation, which for the in basin the fluctuation is 1.2 A and for the out
basin, the fluctuation is 1.6 A. For comparison, Gaussian distributions are plotted (thick lines).
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Fig. 6. Scatter plot of electrostatic solvation free energies computed with the Poisson equation [41] versus the GB model. The line slopes through the in (circles)
and out (squares) basins are 0.7 and 1.0, respectively. The correlations and standard deviations are 0.7 and 4.1 kcal/mol, for the in basin, and 0.9 and 4.4 kcal/

mol, for the out basin.

with the Poisson solvent model has the in macrostate less
favorable than the out basin by 7.4 kcal/mol, which is
inconsistent with data from experiment and the MC simu-
lation. The inconsistency is due to reevaluation of confor-
mations with a scoring function different than the one used
in the generation of the ensemble. While the Poisson
equation is more rigorous, the GB/SA method searches
the potential energy surface that is described by an implicit
reaction field of a five-parameter solvent model, rather than
a search satisfied by the Poisson equation. Conformations
found from the search are those determined by the offset of
solvent polarization versus Coulomb charging for that
particular model. The replacement of the solvent electro-
static term with the Poisson equation perturbs the energy
landscape without allowing for conformational relaxation to
re-optimize solvent polarization for the electric field. Further
discussion of different solvent models on rescoring confor-
mational ensembles and their inherent problems is given
elsewhere (Olson, manuscript submitted for publication).

Table 6
Optimization of microstates

4.4. Optimization of microstates and residue contributions

Table 6 reports MCSA energy minimization of the high-
est-ranking microstates from thermal averaging. For the
purpose of modeling the landscape topology, we approxi-
mate these microstates as funnel minima and thus ignore
conformational entropy. The calculations show further en-
ergy separation between the in and out-like basins, with a
free-energy difference of ~ 5 kcal/mol. The free-energy
determinant of stabilization observed for the in microstate is
similar to that calculated in Table 5, yet more pronounced.
Solvent effects modeled from the GB term favor the in
conformation by roughly 88 kcal/mol, while protein internal
interactions advance redistribution to the out-like state by 84
kcal/mol. Negligible effect on scoring the two basins is
energy from the solvent surface-area term of Eq. (7).

The next ranking microstate is the marginally populated
[B2,B2,F,B1] conformation and exhibits a free energy ~ 6
kcal/mol greater than native basin. This particular microstate

Rank?® ¢ Basin type AG micro? Elocal Ggp Gsa in bb® out bb? ¢ Basin rotamer tags

Ile Phe Arg Phe
1.1.5% in 0.0 — 8881.9 —5848.6 110.0 0.6 3.5 B3 L B3 B3
2.2.2% out-like 4.7 —8966.0 —5760.6 110.8 2.5 1.7 A B2 F B2
3.3.4% ext 5.7 —9001.8 —5723.2 110.1 32 2.9 B2 B2 F B1
4.5.6* in-like 8.1 —9030.2 —5692.8 110.5 2.0 2.1 B4 L Bl Bl
54.1% out-like 11.9 —9007.6 —5711.2 110.2 2.7 2.6 A B2 F B1

? Rank order of lowest-energy conformer (LEC) in basin . A conformer ranked x.y.z refers to microstate ranked z in the MCSA prediction calculation
(Table 4), ranked y in thermal averaging (Table 5) and ranked x in optimization. Asterisk denotes native conformation for residue Trp-279.

® Relative free energy (kcal/mol) from microstate of rank 1.

¢ Backbone positional rmsd (in A) between the LEC and X-ray in conformation.
4 Backbone positional rmsd (in A) between the LEC and X-ray out conformation.
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is an extended conformation and loop movement to this
basin will be considered an off-pathway transition (see
discussion below). Alternative in-like [B4,L,B1,B1] and
out-like [A,B2,F,B1] follow on the free-energy ranking.

Summarized in Table 7 are electrostatic energies for the
optimized microstates decomposed in term of residue con-
tributions. The free-energy components include W, Gger
and Gy, and their sum is given by G The ranking of
microstates follows those listed in Table 6.

The calculations reveal that residue Arg-289, which is
conserved among species of AChE, plays a principal role in
shaping the landscape of loop microstates. The in [B3,
L,B3,B3] conformation positions Arg-289 at the side of
the reactive-site gorge and charging the residue embedded
in a charged medium of the protein is unfavorable (W =5
kcal/mol), while solvent dielectric screening of charge—
charge interactions is favorable (Gg.,=—56 kcal/mol).
The stability where W,.>0 and Gy,<0 found for Arg-
289 in the in microstate is distinctly reversed by a sizeable
magnitude for the other microstates. Considerable dipolar
reorganization takes place of the protein from reorientation
of the positive charge of Arg-289, and for basin formation
and stabilization, optimal placement of the positive charge
is a determining factor. This effect is observed by the
transition in [B3,L,B3,B3] — out-like [A,B2,F,B2], where
reorganization of Arg-289 to a position top of the gorge
yields a free-energy difference AG,s ~ 0. Conformational
search of the landscape for optimal G, is by a reorder of
Wy versus Ggg between the two basins and is obtained
with minimum net free-energy penalty for charge reorgani-
zation. An unfavorable effect of charge displacement is
disruption of cation w-stacking interactions, which signifi-
cantly increase the value of W, resulting in destabilization
of Phe-288 as new stabilizing cation interactions are
formed.

A further interesting finding is that of the four residues in
the loop, only Ile-287 shows a significant net electrostatic
shift in favor of the out-like [A,B2,F,B2] state. This shift is
achieved by solvent reorganization of the transitioned pep-
tide backbone. Combined, the four loop residues contribute
an electrostatic free energy that favors the out-like confor-
mation by ~ — 3 kcal/mol and similarly non-polar inter-
actions are stabilized by ~ — 8 kcal/mol (data not shown).
Only the total term G, at the residue level shows stabili-
zation of the in macrostate and the remaining protein
structure outside the loop segment augments this term
disfavoring the transition (see Table 6).

4.5. Residue motions along the reaction profile

Tables 4 and 5 indicate none of the alternative macro-
states are dynamically connected to the two crystallographic
conformations. This is consistent with low B-factors for
loop residues determined from crystal structures of unbound
AChE, as well as supported by the lack of observed large-
scale loop movement in a 10-ns molecular-dynamics simu-
lation of AChE [42]. As illustrated in Fig. 3, the transition
from the in [B3,L,B3,B3] to the final out-like [A,B2,F,B2]
conformation is modeled on a pathway initiated by the in-
like [B4,L,B1,B1] macrostate. This basin is characterized
structurally by the abrupt movement of Arg-289 calculated
at ~ 10-A rmsd from native, and given the overall impor-
tance of this residue in shaping the loop landscape (Table 7),
we designate this basin as the ‘rate-limiting’ step along the
reaction profile. A net free-energy penalty of ~ 10 kcal/mol
is incurred at 298 K for reorganization and includes an
increase of 2 kcal/mol in conformational entropy.

The next state on the modeled pathway is the peptide
bond flip described by the out-like [A,B2,F,B1] macrostate.
The energy difference from [B4,L,B1,B1] to this interme-

Table 7
Electrostatic free energies (kcal/mol) for residues 287-290
é Basin® Gresb I/Vele

Ile Phe Arg Phe Ile Phe Arg Phe
in —35.6 —42.0 —118.0 —43.6 —41.2 —57.1 4.6 —52.7
out-like —46.5 —-37.9 —118.2 —39.3 —42.1 -29.0 —127.1 —45.6
ext —375 —37.1 —112.2 —41.9 —38.7 -32.0 —140.8 —48.5
in-like —42.1 -36.4 —115.5 —40.1 —43.5 -394 —164.2 —46.7
out-like —40.5 —38.6 —108.5 —38.5 —34.38 —28.6 —157.1 —43.0
¢ Basin® Gpol Goer

Ile Phe Arg Phe Ile Phe Arg Phe
in -1.0 -1.9 —67.1 —-1.7 6.6 17.0 —55.5 10.8
out-like -2.6 —1.1 —73.0 —1.1 —1.8 -7.8 81.9 7.4
ext -1.9 —1.6 —65.1 —0.8 3.1 -3.5 93.7 7.4
in-like —1.8 -3.1 —66.6 —1.1 32 6.1 1153 7.7
out-like —2.4 -1.9 —63.8 -1.0 -33 -8.1 112.4 5.5

? Rank order given by Table 6.
® Total electrostatic free energy calculated on a per-residue level for the optimized microstate in basin & and is defined as:

Gres: I/Vele_'—Gpol_'—Gscr: I/Vele:-*—(;GB‘
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diate is 4 kcal/mol for both the funnel minima and thermal
averaging at 298 K, where the latter contains roughly 1 kcal/
mol increase in entropy to the free energy. Additional
reorganization cost is protein internal energy (Tables 5—7),
where Arg-289 is further destabilized by an electrostatic
penalty of ~ 7 kcal/mol.

The final out-like [A,B2,F,B2] macrostate is reached by
optimization of side-chain and backbone interactions of
the four-residue segment, leading to a favorable free-
energy change of 7 kcal/mol for the minima and 11
kcal/mol for room temperature. Our modeled reaction
profile of in — out is advanced by entropy similar to
protein unfolding, yet dissimilar in that electrostatic sol-
vent effects promotes the native macrostate. As a result of
high energies, the two intermediate states [B4,L,B1,B1]
and [A,B2,F,B1] may be ecliminated by concerted move-
ment during loop reorganization, although it is very
interesting that the simulations observed independent
basins for the two key reaction steps.

The paucity of low-energy backbone basins has impli-
cations for conformational selection of new or modified
ligands. Sarin and soman both stabilize the native in
[B3,L,B3,B3] macrostate, while DFP the out macrostate
or from simulations the optimized out-like [A,B2,F,B2].
The question is what remaining basins can be captured
from redistributing conformational isomers? Our survey of
the energy landscape and its projection in main-chain ois
space suggests only the off-pathway [B2,B2,F,B1] or high-
energy macrostates. Other than these states, what remains
is side-chain conformational freedom of the basins. For
example, the out basin is a coarse-grained collection of
different side-chain rotamers; in particular, residues Trp-
279 and Arg-289 show movement among microstates (see
Fig. 4). Ligands can be designed that either stabilize the
residues in specific conformations or alternatively promote
conformational disorder among dynamically connected
rotamers. In either case, the predictions suggest that the
protein backbone conformation remains well defined. This
conclusion can be easily tested by further crystallographic
work on AChE.

Our prediction of macrostates and their lack of dynamic
connectivity are also significant to the problem of molecular
docking of DFP or similarly sized ligands to AChE. A
computational approach of limited protein flexibility start-
ing from native in [B3,L,B3,B3] state will fail to predict the
correct conformational binding mode of DFP. The correct
approach is the generation of an ensemble of microstates by
high-temperature annealing and to cluster them into basins
as starting structures for docking. These basins and their
reorganization free energies are those predicted here. An
active area of research is the application of implicit solvent
models to determine free energies of complex formation.
The crux of the problem is conformational sampling of
dipolar relaxation of bound and unbound states, and the
issue of scaling ¢, in implicit schemes to obtain accurate
results [12—14,43]. For unbound protein states, we have

demonstrated that relative changes in free energies can be
accurately calculated without the need for scaling the
dielectric constant. This success is due to sufficient config-
urational averaging of the basins and their smooth-funnel
topology.

5. Conclusions

We investigated the energy landscape of the acyl pocket
loop of AChE by use of a Monte Carlo sampling approach
with a GB/SA solvent model. The computational strategy
consisted of determining landscape topology of basin open-
ings, thermal averages of microstates and funnel minima. A
loop reorganization profile was constructed and motions of
residues and their free energies were described along the
profile. Residue Arg-289 was identified to play a critical
role in basin stabilization and should be the focus of
mutagenesis studies. The free-energy difference between
native and the loop conformation selected by the inhibitor
DFP was accurately predicted.
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