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Abstract

Butyrylcholinesterase (BuChE) is a stoichiometric bioscavenger against organophosphorus (OP)
nerve agent poisoning, and efforts to make BuChE variants that are catalytically active against a
wide spectrum of nerve agents have been ongoing for the last decade. In order to understand the
structural consequences for BUChE, we carried out extensive molecular dynamics (MD)
simulations on wild-type BuChE (PDB ID: 1P0I) and several known and new variants of this
enzyme, but without the presence of any ligand in the active site. The MD simulations on WT-
BuChE identified two labile orientations for the catalytic serine, and also showed the likelihood of
a backdoor. Upon changes at the G116 position, severe alterations around the active site region
were identified. Simulations on both G117H and G117N variants showed the existence of a bound
water molecule that is in close proximity to S198. Modeling of the E197Q mutant suggested that
Q197 can be in two distinct orientations, one similar to the E202Q-AChE crystal structure and
another in proximity to G439 and E441. The double mutant, G117H/E197Q, was found to have
structural characteristics of both G117H and E197Q. In light of the computational results, previous
experimental observations are discussed.
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[. Introduction

Acetylcholinesterase (AChE) carries out hydrolysis of the neurotransmitter acetylcholine,
and organophosphorus (OP) compounds are toxic because they inhibit this role of AChE,
thereby disrupting the critical balance of acetylcholine at a neurosynaptic junction. [1,2]
Such acetylcholine imbalance can lead to respiratory failures, epileptic seizures, and even
death. Inactivation of AChE by OP compounds proceeds by phosphylation of the active site
serine, and then (to date) irreversible aging to form the negatively charged phosphylated
serine. [3] A sister protein of AChE, butyrylcholinesterase (BUChE), is available in human
serum at high concentrations. As the active site of BUChE is similar to AChE, BUChE also
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reacts with OPs in a similar fashion. [4] The catalytic triad, S198-H438-E325, is located in a
deep narrow gorge for both the enzymes; however, BuChE lacks six aromatic amino acids
out of the fourteen that line the catalytic gorge of AChE. This disparity increases the
available volume in the gorge of BUChE by about 200 A3. [5,6] Thus, BUChE reacts faster
with several OP compounds and can accommodate both sterecisomers of some OPs, a
feature not shared with AChE. It has been suggested that high doses of BUChE in blood
serum can function as a scavenger of OP nerve agents and thereby provide protection for
AChE. [7,8] However, since BUChE reacts stoichiometrically, and not catalytically, with OP
compounds, a high concentration of BuChE would be needed. Therefore, efforts to design a
mutant of BuChE, that can catalytically hydrolyze OP compounds, have been ongoing for
the last decade.

Broomfield, Millard and Lockridge tested several BuChE mutations (G115H, G117H,
G227K, Q119H and G121H) at the oxyanion hole and its surroundings to introduce catalytic
activity against OP exposure. [9] These efforts lead to the discovery of the G117H variant,
which was found to reactivate upon inhibition by sarin (GB), VX, paraoxon, and
echothiophate. [10] However, the G117H mutant was not active against soman (GD), one of
the most toxic OPs. Further investigations identified a double mutant (G117H/E197Q) that
was able to hydrolyze GD isomers. [11] Nevertheless, none of the above mutants had
sufficiently high catalytic rate to be considered as a catalytic scavenger of OP compounds;
therefore, the search for improved variants is ongoing. In order to provide rational guidance
in this design strategy, it is critical to understand the structural perturbations incurred by
these mutations and the effect that the local change in the mutant's active site environment
has on binding of an OP. In this report, we address the first concern, and present our results
from molecular dynamics (MD) simulations on wild-type (WT) BuChE, some of the known
variants, and also some new mutants that were found in an initial experimental screening by
Zhang and co-workers. [12]

Il. Computational Details

We utilized the available crystal structure of human BuChE (PDB: 1P0I) [13] as the starting
point. Missing residues, including D378, D379 and N455, were added to the structure
manually, and missing hydrogens were added using AMBER's xleap [14,15] module. The
protonation states of the titratable residues were determined using the pdb2pqr [16] utility
for a pH of 7. The resulting structure was utilized as a template to design the other mutants.
All of the molecular dynamics (MD) simulations were performed with the AMBER FF03
force field [17,18] in the presence of explicit TIP3P [19] water molecules within 8 A of the
protein in an octahedral box. The MD protocol involved a three-step minimization, followed
by a pre-production step, and finally production MD simulations. In the minimization
procedure, the missing residues were first minimized, followed by the water molecules, and
in the third step, the entire system was allowed to relax for 2500 steps. Then the temperature
of the system was raised from 0 to 300 K with a small force constant on the enzyme in order
to restrict any drastic changes. Finally, this system was subjected to production MD
simulations for 1 to 5 ns. The number of atoms, temperature, and pressure were kept
constant for these NPT MD simulations, and periodic boundary conditions were used.
Furthermore, multiple trajectories, starting from unique structures, were computed for these
mutants and analyzed for consistency.

[ll. Results and Discussions
A. WT-BuChE

The root mean square deviation (RMSD) for three different trajectories showed no major
structural changes after about 100 ps while the RMSD values for individual residues for one
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of the trajectories predicted that the most flexible parts of the enzyme were the w-loop (169-
S79) that lines the primary entrance of the gorge, and the loop with the missing residues
(D378-D379) from the crystal structure. The inherent flexibility of the D378-D379 loop is
consistent with these residues not being resolved in the crystal structure. We found that the
catalytic triad is not always in the ideal form; instead, these residues attain different
orientations during the simulations, as observed earlier. [20,21] The active site serine, S198,
can interact with H438 as well as with the backbone carbonyl group of S224 (Figure 1).
Alternatively, the orientation of E197 is such that the carboxylate group can also stably
interact with S198. The alternative H-bonding of S198 with H438 and S224 is transient, and
S198 flips between these two sites very frequently.

In the crystal structure [13] that was utilized for the simulations, a choline molecule was
noted to interact with H438 via a water molecule; therefore, the authors stated that the H438
residue might not deprotonate the catalytic serine. Nevertheless, the catalytic triad attained
an ideal orientation after the minimization steps for our MD protocol. Nevertheless, there
were some distortions in the S198-H438 H-bonding patterns. Furthermore, besides the
choline-bound crystal structure (PDB: 1PO0I), several other crystal structures of BUChE
[13,21] have E197 in the exact same orientation. This supports the notion, as seen in our
simulations, that the orientation of E197 remains in the proximity of the oxyanion hole and
the catalytic serine, possibly affecting the orientation of S198.

The W82 residue has been cited several times [22] as the secondary door of the active site.
Possible movements of W82 that can allow the products to exit via the secondary door may
also explain the very high efficiency of these cholinesterases.[10] Indeed, in our simulations,
we do observe the oscillatory movements (Figure 2) of W82 in some of our trajectories, and
its large flexible movements suggest the opening and closing of the secondary door.

B. G116H and G116S

The G116 residue is a key component of the oxyanion hole that provides a hydrogen-bond
donor to the carbonyl/phosphoryl oxygen; thus, any changes to this residue may cause
severe distortions around the active site. In fact, our MD simulations predict the same for
both the G116H and G116S mutants. The histidine variant places the H116 residue in the
gorge area such that the active site is still accessible for the substrate/inhibitor; however, the
available volume does decrease. On the other hand, the G116S variant has S116 interacting
with either T120 or E197, thus rendering clear access to the active site. The most noticeable
feature in the G116H and G116S mutants was the distortion in H-bonding interactions in the
vicinity of position 116 when compared to the WT-BuChE simulations. These changes lead
to deformation of the overall structure of the oxyanion hole in both G116H and G116S.
Additionally, a water molecule was also found to bridge between the oxyanion hole and
H438 resulting in an unusual orientation of H438 in both mutants. Moreover, W82 was
driven into the active site from its usual position, further adding to perturbation in the
catalytic region. In light of these observations, we conclude that G116S and G116H will
have either small or no catalytic efficiency due to the highly distorted active site and lack of
the oxyanion hole. Indeed, it was found experimentally that many of the mutants at the
original G116 position were not active for hydrolysis of butyrylthiocholine. [12] While
expression for these mutants were variable based on ELISA analysis, the lack of activity for
these mutants could not be attributed to lack of expression.

C. G117H and G117N

The 117 position is a critical component of the oxyanion hole, and experiments [9,10,11]
showed that the G117H mutant is capable of hydrolyzing some OP compounds. We
examined both the G117H and G117N mutants by MD simulations. Both H117 and N117
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attained a conserved orientation in all of the independent trajectories (Figure 3), where they
resided under the acyl-loop in the vicinity of the catalytic serine, but without restricting
access to the catalytic triad. Furthermore, H/N117 was coordinated to a water molecule in all
of the independent MD simulations. This water molecule was found to interact with another
water molecule that was placed in the oxyanion hole. While it is expected that the water
molecule in the oxyanion hole will be replaced by the phosphoryl oxygen during the
inhibition process by an OP, the H/N117 coordinated water molecule should remain
conserved, as an H-bond acceptor will still be available in the form of the phosphoryl
oxygen. Thus, upon covalent binding of the OP compound to the active site, this water
molecule bound to the H/N117 may be activated to perform the OP hydrolysis.

For the H/N117 mutants, other observations, such as alternate binding of S198 to H438 and
S224 and perturbation of E197 from the ideal orientation of the catalytic triad, were
observed. Since H/N117 resides under the acyl-loop, there will be no significant effect on
the binding of a substrate unless a large side chain of the substrate has to be placed in the
acyl-loop pocket. For example, the Pg isomer of soman will place the large pinacolyl group
towards the W82 residue while the Pg isomer will place the pinacolyl group under the acyl-
loop where H117 is located. Our previous modeling results [23,24] on pre-reacting
complexes with BUChE can be used to visualize the orientation of stereoisomers in the
active site. Accordingly, this mutant will have better selectivity for the Pg isomer of soman
over WT-BuChE. Indeed, this has been observed experimentally; the inhibition constant
dropped more significantly for the PRCg isomer than for the PsCg isomer upon G117H
mutation. [11] We predict the same effect for the G117N mutant as well. We should note
that the current G117H MD structure is slightly different than presented by the partially
resolved crystal structure [25], as there is no ligand present in the current scenario. We
predict that the current structure will change upon binding of the ligand, as water
molecule(s) occupying the oxyanion hole will be replaced.

D. E197Q and G117H/E197Q

As E197 is adjacent to the catalytic serine, substitution at E197 is likely to affect the
electronic environment and conformational stability at the active site. Experimentally, the
E197Q mutant has about 11 times less cholinesterase activity than WT-BuChE, while it has
no increased activity against OPs. The G117H variant did not catalyze the hydrolysis of
soman because of the faster aging rate relative to the dephosphylation rate. It was concluded
that the G117H/E197Q variant retarded the aging rate, thus allowing for the hydrolysis of
the soman-BuChE adduct to occur. It was predicted earlier that E197 participates in the
aging reaction. [26,27]

In the MD simulations of the E197Q mutant, the Q197 residue orients in a different
conformation than E197 in the WT-BuChE. Q197 interacts with E441 and G439, which is in
the opposite direction of the active site (Figure 4); furthermore, these results are contrary to
the crystal structure of E202Q-AChE. [28] Thus, we performed MD simulations for the
E197Q mutation in two random snapshots taken from the MD trajectories of WT-BuChE.
Upon performing MD simulations on these snapshots, Q197 was found to interact with
Y128 and E441 either directly or through a bridging water, similar to Figure 4a. In addition,
a set of MD simulations was performed starting from the crystallographic structure of WT-
BuChE with the E197Q mutation and explicit crystallographic waters, resulting in an
orientation similar to that observed in the E202Q-AChE [28] crystal structure (Figure 4b).
Observing two different orientations for Q197 from two different starting structures suggests
that Q197 has some flexibility in the active site. However, at this point, it is unclear at this
stage if both of these orientations can interconvert and what would be the energy barrier for
this transformation.
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For the G117H/E197Q double mutant, we observed similar orientations of both H117 and
Q197 as seen in the respective single mutants (Figure 4). In fact, coordination of a water
molecule to H117, as observed in the single mutant, was also found for the double mutant.
[29] As noted above for the E197Q mutant, we observed two distinct orientations for Q197
in the double mutant (Figure 4c and 4d). Our current simulations do not provide direct
evidence for the involvement of E197Q in the aging process. Nevertheless, in light of
previous work [26,27] (E197 facilitates the aging process) and our computational model
(Q197 can be oriented far from the active site and will not interact with the phosphorus
center), these results imply that the E197Q mutation may slow down the aging process. The
stereoselectivity of the G117H/E197Q double mutant is also predicted to be the same as the
G117H single mutant as H117 attains the same orientation in both cases. OP compounds that
must place a large side chain under the acyl-loop will be slow in binding to an H117 mutant
because H117 competes for the space under the acyl-loop. Notably, it has been seen
experimentally that the inhibition constant is found to decrease more for the PrRCg isomer
than PsCpr in the double mutant when compared to WT-BuChE, perhaps because the latter
cannot place the pinacolyl group under the acyl-loop. [11]

V. Conclusions

In summary, MD simulations on WT-BuChE and many of the mutants elucidate many
molecular-level details which we have attempted to correlate to the experimental
observations. Across all MD simulations for the WT-enzyme as well as its mutants, the -
loop and the D378-D379 loop were the most flexible parts of the enzyme. In addition, two
transient interactions of the active site serine (§198) were observed, with H438 and S224.
The possibility of a backdoor was also identified, as W82 fluctuates to open and close the
door. The MD simulations identified that mutations at G116 cause significant deformation
of the active site region, while the G117 position does not alter the active site. The H/N117
residue lies under the acyl-loop and is coordinated with a water molecule. Our current
structural model of G117H also explains the increased stereoselectivity of the G117H
variant of BUChE. The E197Q mutation placed Q197 in two different orientations, one
similar to the E202Q-AChE crystal structure while another is a very different location for
E197. This is possibly due to a differential orientation of water molecules around Q197. The
double mutant simulations concluded that both E197Q and G117H have different effects on
the protein.
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Interestingly, W82 slips into the active site in all of the trajectories from its original position; the
origin (or ramification) of this effect is not obvious. Such movement of W82 was sometimes
noted for other mutants, but was not present in all of the trajectories
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Figure 1.

Orientations of the catalytic triad and its surroundings for different time points during the
two independent MD simulation trajectories for wild-type BUChE. In these figures, T = 0 ns
is the time when the temperature of the system has been raised from 0 to 300K, and then
atoms were allowed to relax. Therefore the upper and lower left panels do not have the same
initial geometry at t = 0 ns.
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Figure 2.

Oscillation of the backbone to aromatic unit dihedral angle of W82 with time (left) and

pictorial representations (right) of the W82 conformations at different time points across the
initial 1 ns of the MD simulations for one trajectory of wild-type BuChE.
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Figure 3.
Orientations of H117 with respect to the catalytic triad in G117H variant from three

independent trajectories indicating that most likely, H117 lies under the acyl-loop and close
to the S198 residue. (The inset shows orientations of N117 in the G117N variant from three
independent trajectories, demonstrating that N117 also has a dominant conformation similar
to H117 in G117H variant.
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Figure 4.

(a) For the E197Q mutant (top), a depiction of the active site showing Q197 making H-
bonds with G439 and E441. (b) A second Q197 orientation was obtained for the E197Q
mutant in which crystallographic waters were retained prior to the equilibration and
production MD simulations. In this orientation, Q197 is H-bonded to Y128 via a number of
water molecules. For the G117H/E197Q double mutant (bottom), there are similarly two
orientations of Q197, depicting (c) two H-bonds of Q197 with G439 and E441 as well as
H117 and the conserved water molecule, and (d) the second orientation of Q197, similar to
that in the E202Q-AChE crystal structure, while H117 fluctuates under the acyl-loop.
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