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Abstract

Acetylcholinesterase (AChE) is a crucial enzyme in the cholinergic nervous system that
hydrolyses neurotransmitter acetylcholine (ACh) and terminates synaptic signals. The catalytic
serine of AChE can be phosphonylated by soman, one of the most potent nerve agents, and
subsequently undergo an aging reaction. This phosphonylation and aging process leads to
irreversible AChE inhibition, results in accumulation of excess ACh at the synaptic clefts and
causes neuromuscular paralysis. By employing Born-Oppenheimer ab initio QM/MM molecular
dynamics simulations with umbrella sampling, a state-of-the-art approach to simulate enzyme
reactions, we have characterized the aging mechanism of soman phosphonylated AChE and
determined its free energy profile. This aging reaction starts with the scission of the O2-Ca. bond,
which is followed by methyl migration, and results in a tertiary carbenium intermediate. At the
transition state, the scissile O2-Ca bond is already cleaved with an average O-C distance of 3.2 =
0.3 A and the migrating methyl group is shared between Ca and Cp carbons with C-C distances of
1.9+0.1and 1.8 0.1 A, respectively. The negatively charged phosphonate group is stabilized by
a salt bridge with the imidazole ring of the catalytic histidine. A major product of aging, 2,3-
dimehtyl-2-butanol can be formed swiftly by the reaction of a water molecule. Our characterized
mechanism and simulation results provide new detailed insights into this important biochemical
process.
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1. INTRODUCTION

Acetylcholinesterase (AChE) is a key serine hydrolase in the neuromuscular and cholinergic
nervous system. It terminates synaptic signals by rapidly hydrolyzing neurotransmitter
acetylcholine (ACh) with a rate close to the diffusion-controlled limit1=3. The catalytic site
of AChE is buried at the bottom of a 20 A deep, narrow and highly electronegative catalytic
gorge*-8 and its catalytic triad (Ser200, His440 and Glu327) as well as its oxyanion hole
(peptidic NH groups of Gly118, Gly119, and Ala201) are typical of serine hydrolyses.
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(Torpedo californica AChE residue numbering is used throughout this paper.) AChE
catalytic mechanism of ACh hydrolysis proceeds through successive acylation and
deacylation reaction steps? /11 and the overall catalytic process is initiated by a nucleophilic
attack on carbonyl carbon of the bound ACh by Ser200 with His440 serving as a general
base. Catalytic Ser200, which is crucial in ACh hydrolysis, is also reactive towards an array
of covalent inhibitors such as pesticides and more dangerously nerve agents'2,

Nerve agents are a military subclass of organophosphate (OP) compounds and are
responsible for ~300,000 fatalities per year worldwidel314, Nerve agents have been used as
terrorist agents in multiple occasions'>-18 and have been classified as weapons of mass
destruction by the United Nations in 1993 (UN Resolution 687). Furthermore, less lethal OP
pesticides pose a public health challenge, in case of accidental and/or repeated
exposurel®-22, At a biochemical level, nerve agents exert their toxicity by phosphonylating
the catalytic Ser200 of AChE and effectively blocking ACh hydrolysis. Phosphonylated
adducts can either be reactivated to a limited extent by oximes such as 2-PAM (2-pyridine
aldoxime methyl chloride), HI-6 (asoxime chloride), TMB-4 (trimedoxime bromide) and
toxogonine23-26 or undergo a very fast secondary aging/dealkylation reaction resulting in an
“aged” enzyme which cannot be reactivated?’ (Figure 1). Phosphonylation and subsequent
aging reactions of AChE result in accumulation of excess ACh at the synapse, which causes
neuromuscular paralysis from overstimulation with fatal consequences. The lethality of
nerve agents depend on how fast the phosphonylated adducts can undergo aging reaction,
which varies with the bound inhibitors’ alkoxyl groups28:2°,

Soman (3,3-dimethylbutan-2-yl methylphosphonofluoridate) has a highly branched alkoxyl
group and is one of the most lethal nerve agents with an aging half-life of 4.62 min and 1.87
min at pH 7 when bound with 7cAChE3® and HuBChE3! respectively. Soman has two chiral
centers, namely the P and Ca atoms and the stereochemistry of the P atom is inverted once a
covalent adduct is formed between32. The crystal structure of non-aged soman in complex
with 7cAChE was recently obtained by Wiek et a/33, in which soman is in the PsCag
stereoisomer configuration (Figure 2). In spite of extensive biochemical and structural
studies?®-31:33-39 mechanistic details of AChE-soman aging remain to be elusive. Several
mechanisms were suggested for the aging of soman inhibited AChE as shown in Figure 3.
One is the protonation-deprotonation mechanism, in which protonation of the pinacolyl
oxygen by the positively charged imidazole ring of catalytic His440™ is suggested to initiate
the dealkylation reaction (Scheme 1 of Figure 3)27:31:34 The second proposed scheme is
known as the push-pull mechanism, in which a methyl migration from overpopulated Cp to
Ca of the pinacolyl group is suggested to be the initial rate-determining step (Scheme 2 of
Figure 3)30:34.39 For this scheme, Glu199 and Trp84 were proposed to act as “pusher”
driving methyl rearrangement. But, it has already been suggested that Glu199 cannot act as
one of the pushers of the push-pull scheme since its side chain is closer to Ca than to the Cp
carbon. Nevertheless, the experimentally determined low molecular weight products of
aging provide evidence for the methyl rearrangement during the aging reaction?”:38. For
nerve agents with unbranched alky groups such as tabun, O-dealkylation mechanism of
aging has been proposed, in which Glu199 of the active site acts as a base to induce
hydrolytic scission of 02-Ca covalent bond (Scheme 3 of Figure 3)4. In all these
previously proposed aging mechanisms, Glu199 has been assumed to be deprotonated.

Although a variety of computational mechanistic studies of AChE catalysis841-44, covalent
phosphonylation/inhibition*>-48 and dephosphorylation/reactivation1249 have been carried
out, the aging/dealkylation mechanism of soman inhibited AChE has not been studied
computationally. In the present work, we filled this gap and characterized the aging
mechanism of soman phosphonylated AChE by employing Born Oppenheimer ab /nitio
QM/MM molecular dynamics simulations with umbrella sampling method, an approach that
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has been extensively applied to study enzyme reactions®°0-59, The characterized aging
mechanism is schematically illustrated in Figure 4. Mechanistic details revealed by this
work would facilitate the design of novel compounds capable of slowing the aging reactions.

2. METHODS SECTION

Preparation of the Reactant Structure

The initial reactant structure of AChE-soman was based on the crystal structure of non-aged
soman phosphonylated 7cAChE33 (pdb code: 2WFZ). Protonation states were determined
by using H++ program® and examining the local hydrogen bond network. One ambiguity is
the protonation state of Glu199 and the pKa calculations were not conclusive to determine it.
Hence, we prepared three models including unprotonated Glu199, protonated GIh199 and
Glu199GIn mutant. Non-standard soman-serine residue partial charges were fitted with HF/
6-31G(d) calculations and the restrained electrostatic potential (RESP) protocol
implemented by the Antechamber module in Amber1161 package (see Table S1). Other
force field parameters were adapted from the standard GAFF force field by the Antechamber
module.

The Amber11%1 package with Amber99SB force field®1-64 was used to perform all the
classic MD simulations. The prepared systems were neutralized by adding Na* ions. Then,
each system was solvated in a rectangular box of TIP3P water molecules® with a minimum
solute-wall distance of 10 A. Each resultant system, which consisted of ~65,700 atoms, was
first geometry optimized followed by a series of equilibrations and a final 20 ns molecular
dynamics production run for the NPT ensemble was carried out. The time step was 1 fs and
periodic boundary condition was used. The system was maintained at 1 atm and coupled
with isotropic position scaling, while the temperature was controlled at 300 K with
Berendsen thermostat method®6. Long-range electrostatic interactions were treated with
Particle Mash Ewald (PME) method and 12 A cutoff was used for both PME and van deer
Waals (vdW) interaction.

QM/MM Simulations

A randomly chosen MD snapshot, selected after an initial equilibration period of 1 ns, was
used as the starting structure for the QM/MM simulations. The chosen structure was first
examined for hydrogen bonding between the catalytic triad residues. The QM/MM model
was prepared by removing ions and waters beyond 30 A from the hydroxyl oxygen of
Ser200, which consists of ~14,000 atoms. The QM subsystem consists of those fragments
that are potentially involved in the bond forming/breaking process, as illustrated in Figure
S1: for the dealkylation step, it includes side chains of soman modified Ser200, His440,
Glu327 and Glu199 as well as a potentially reactive water molecule in the active site; for the
second hydration step, it contains side chains of modified Ser200, His440, Glu327 and
Tyr121 as well as the tertiary carbenium ion and a potentially reactive water molecule
located between Tyr121 and the tertiary carbenium.

The QM/MM boundary was described by the pseudobond approach®7-72, The QM
subsystem was described using B3LYP functional with 6-31G* basis set while MM
subsystem was described using Amber99SB force field and TIP3P water model. The
spherical boundary condition was employed and only atoms within 20 A of the reaction site
were allowed to move. 18 and 12 A cutoffs were used for electrostatics and VdwW
interactions respectively. No cutoff was employed for the electrostatic interactions between
the QM and MM regions. Beeman algorithm?’3 was used to integrate Newton equations of
motions with time step of 1 fs. Berendsen thermostat method®6 was employed to control
system temperature at 300 K. All QM/MM calculations were run using modified versions Q-
Chem?# and Tinker’® packages.
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The QM/MM system was first geometry optimized and subsequently several reaction paths
have been calculated using the reaction coordinate driving (RCD) method’172 until the
minimum energy path was found for each suggested aging schemes. For each structure
along the determined reaction path, a 500 ps MD simulation with a MM force field was
performed to equilibrate the MM subsystem while the QM subsystem was kept frozen. The
final snapshot from MM equilibration was used as the starting structure for B3LYP(6-31G*)
QM/MM MD simulations with umbrella sampling method”6-79, in which the ab initio QM/
MM total energy of the system is biased with a harmonic potential to sample successive
regions along the reaction coordinate. For each MD simulation (windows) along the reaction
coordinate, configurations for the last 15 ps were collected for data analysis after a 5 ps
equilibration period. The probability distributions along the reaction coordinates were
determined for each window and pieced together using the weighted histogram analysis
method (WHAM)89-82 to calculate the free energy profile. More details and formulations
regarding ab initio QM/MM and umbrella sampling can be found in Ref. 79.

3. RESULTS AND DISCUSSION

3.1 Examination of previously suggested aging mechanisms

In all previously suggested aging mechanisms for soman inhibited AChE, the glutamate
residue (Glu199 in Torpedo California AChE) vicinal to the catalytic gorge has been
assumed to be deprotonated. Thus in our first prepared soman-AChE model, Glu199 is
deprotonated. For each previously suggested mechanism, as shown in Figure 3, we have
employed B3LYP(6-31G*) QM/MM simulations to determine its reaction energy profiles
by choosing appropriate reaction coordinates.

First, we examined the proposed protonation-deprotonation reaction scheme, in which
His440" is suggested to donate its HE2 proton to soman O2 oxygen prior to the dealkylation
of the alkyl chain as schematically shown in Scheme 1 of Figure 3. Our calculated potential
energy barrier for the proton transfer from His440* NE2 nitrogen to soman is ~40 kcal/mol
as shown in Figure S2. The protonated product is not stable and collapses back to the
reactant state during unrestrained QM/MM MD simulations. These results indicate that this
previously suggested scheme is energetically unfeasible. In addition, we have also tested a
concerted scheme in which protonation of soman occurs in concert with dealkylation as
shown in Figure S3. Although the calculated activation energy for this scheme is about 20
kcal/mol, the proton remains on His440* while the O2-Ca bond, connecting the alkyl chain
to the phosphonate moiety, is cleaved. Furthermore, once the O2-Ca distance is elongated to
~3 A, the resultant secondary carbocation is not stable: in some windows, one of the methyl
groups from CP carbon migrates spontaneously to Ca carbon resulting in a stable 2,3-
dimehtylbutyl carbenium ion, which is essentially a methyl-migration mechanism; whereas
in some other windows, waters included in the QM subsystem forms a covalent bond with
the positively charged Ca carbon, which is similar to the O-dealkylation scheme. Thus in
summary, our simulation results do not support the protonation-deprotonation mechanism.

Second, we studied the proposed push-pull mechanism of aging. The free energy profile is
smooth and continuous with activation energy of 20 kcal/mol, shown as the red curve in
Figure 5. Key structures along this reaction scheme are shown in Figure 6a. The 2,3-
dimethyl-3-butyl carbenium ion intermediate formed from this reaction mechanism can
yield products consistent with experimental results38. However, unlike the proposed push-
pull mechanism, our simulations suggest that methyl rearrangement occurs only after the
02-Ca covalent bond is cleaved as schematically outlined in Figure 4. Thus our simulations
do not support that Glu199 plays the role of a pusher in the soman-aging reaction and our
computationally characterized reaction scheme is essentially a methyl-migration mechanism.
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Lastly, the O-dealkylation mechanism of aging was also studied, considering that some of
our ab initio QM/MM MD simulations suggest that this might be feasible. In this scheme,
the crystal water (Wat1206) hydrogen bonded to the carboxyl side chain of Glu199 acts as a
hydrolytic agent and induce dealkylation of the bound soman. The calculated activation
energy for this O-dealkylation reaction is 21 kcal/mol (Figure S4), comparable to the above
methyl-migration scheme. By comparing the red curve in Figure 5 and Figure S4b, we can
see that 3,3-dimehtyl-2-butanol product from the O-dealkylation is energetically more stable
than the 2,3-dimehtyl-butyl carbenium ion intermediate from the methyl migration scheme.
These results suggest that for the unprotonated Glu199 model, O-dealkylation scheme
should be one of the major aging pathways, however its low molecular weight product 3,3-
dimehtyl-2-butanol has not been observed experimentally.

The above results raise some doubts regarding whether Glu199 should be deprotonated
during the AChE-soman aging process, which has been widely assumed to be the case based
on the experimental mutation result that its mutation to glutamine reduced the experimental
rate of aging by 150-700 fold within physiological pH range®0. Thus we were motivated to
computationally examine the AChE-soman aging process for the Glu199GIn mutant. By
mutating the Glu199 to glutamine, the base to induce hydrolytic cleavage of soman’s alkyl
chain in the O-dealkylation scheme is removed and thus we only studied the methyl-
migration aging scheme for the Glu199GIn model. As shown in Figure 5 (blue), our
calculated activation energy for the Glu199GIn model is 15.7 kcal/mol, which is 4.6 kcal/
mol smaller than the unprotonated Glu199 model. This does not agree with the experimental
result that Glu199GIn mutant should increase the overall activation energy by ~3 kcal/mol30,
These results further indicate that Glu199 may be protonated in the aging process of soman
phosphonylated AChE.

3.2 Glul199 is protonated in soman inhibited AChE

It should be noted that during the hydrolysis of the neurotransmitter acetylcholine (ACh),
pKa calculations, EVB simulations and state-of-the-art ab initio QM/MM studies have all
suggested that Glu199 is only negatively charged in the acylation stage which is essential in
binding the positively charged substrate, but protonated during the deacylation stage after
the release of the positively charged choline from the active site®43, Since the soman
inhibited AChE consists of a phosphonate group with a highly branched alkyl chain in the
active site, the pKa calculations with H++ suggested that Glu199 is protonated in the soman
phosphonylated AChE complex50. Hence, we prepared the third model for the soman
inhibited AChE in which Glu199 is protonated (G1h199) and examined its aging mechanism.

As shown in Figure 7, in comparison with the unprotonated Glu199 model as well as the
Glu199GIn model, His440* side chain is less mobile when GIu199 is protonated and the
structural integrity of the catalytic site is better maintained as indicated by stronger hydrogen
bonding between the imidazole ring nitrogen atoms and the soman modified Ser200 and
Glu327 oxygen atoms. Also, in the protonated GIh199 model, His440* 1 and x 2 angles are
less mobile especially in comparison to the unprotonated Glu199 model at the transition
state (Figure S6). For the more stable protonated Glu199 model, aging though methy!l
migration mechanism was studied by using the same computational protocol as for the other
two models. The determined free energy profile is smooth and continuous, as shown in
Figure 5 (green). The calculated activation energy for aging reaction is 14.5 kcal/mol, which
is lower than that of either the unprotonated Glu199 or Glu199GIn mutant models with the
same computational protocols. This value can be compared with the estimated experimental
activation barrier of 21.1 kcal/mol at pH 7 using transition state theory®3. From Figure 6c,
we can see that in the protonated Glu199 model system, aging of AChE-soman is initiated
with scission of O2-Ca covalent bond and subsequent methyl migration from overpopulated
Cp carbon to the positively charged Ca carbon. At the transition state, scission of 02-Ca
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bond has already occurred (3.2 + 0.3 A) and the migrating methyl group is shared between
Ca and CP carbons with C-C distance of 1.9 + 0.1 A and 1.8 + 0.1 A respectively.
Furthermore, upon scission of O2-Ca bond, the histidine ring re-orients a little bit which
enables the formation of a stronger salt bridge to stabilize the transition state: the average N-
O distance between His440* NE2 and soman O2 decreases from 3.4+ 0.2 At029+0.1 A
at the transition state and remains so throughout the reaction. The observed His440* NE2
shift is 1.08 + 0.32 A on average and is in agreement with X-ray structure displacement of
~0.8 A33, The His440* - GIu327 salt bridge is stable throughout the aging reaction in the
protonated Glu199 model (reactant NO distance is 2.8 + 0.1 A) while it breaks down when
Glu199 is unprotonated. Meanwhile, the phosphonyl O1 oxygen of soman is stabilized by
three hydrogen bonds with the oxyanion hole, made up of backbone NH groups of Ala201,
Gly118, and Gly119, with initial reactant N-O distances of 2.9 +0.1 A 2.8+ 0.1 Aand 2.8
+ 0.1 A respectively. Methyl rearrangement results in the 3,2-dimethyl-butyl carbenium ion
intermediate (Int.), where water molecule migrates within the vicinity of Cg carbon and
bridges it to the hydroxyl group of Tyr121.

To examine how the carbenium intermediate can be hydrolyzed to yield one major final
product, a second QM/MM system was prepared as shown in Figure S1b. The free energy
profile for this hydration reaction is shown in Figure 8 and corresponding key structures are
illustrated in Figure 9. The hydration of 2-3-dimehtylbutyl to 2-3-dimehtylbutanol by AChE
is an exothermic and spontaneous process and yields the major product that has been
experimentally observed38. The final aged AChE enzyme is ~10 kcal/mol more stable than
the reactant, in agreement with the experimental results that the stability of aged AChE is
significantly increased in comparison to its non-aged conjugate3%.84-88,

4. CONCLUSIONS

By employing Born-Oppenheimer ab initio QM/MM molecular dynamics simulations with
umbrella sampling, we have characterized the complete aging mechanism of soman
inhibited AChE and determined its free energy profile. We find that aging is favored when
Glul99, vicinal to the catalytic gorge, is protonated. The AChE-soman aging process begins
with the scission of O2-Ca covalent bond, resulting in the 2,3-dimethylbutyl carbenium ion.
At the transition state, the scissile O2-Ca. covalent bond is cleaved and the migrating methyl
group is shared between Ca and CB carbons. Immediately upon scission of O2-Ca covalent
bond, the negative charge developed on the phosphonate group is stabilized by forming a
strong salt bridge with the re-oriented imidazole ring of the catalytic His440*. Methyl
migration, subsequent to the scission of O2-Ca bond, leads to the formation of the 2,3-
dimethylbutyl carbenium intermediate. Finally, the tertiary carbenium can be hydrated
swiftly by a water molecule facilitated by Try121 hydroxyl group to result in the 2,3-
dimehtyl-2-butanol product. Overall, the aging of soman inhibited AChE is an exothermic
reaction and results in a stable aged-AChE conjugate and 2,3-dimehtyl-2-butanol as the
major product, in agreement with experimental work.

To provide such detailed mechanistic insights into this important biological process is not
only of fundamental importance but also of significant interest for the development of novel
strategies to reduce the toxic effect of soman. Currently, treatment against organophosphate
poisoning involves a combination therapy, in which anti-cholinergic agents such as atropine
is administered with reactivating oxime compounds. However, this treatment is not effective
against high-exposure levels and the limited reactivating capacity of oxime compounds
make it necessary to continue the search to improve oxime potency®:90 and develop novel
approaches that are either capable of slowing the aging reaction or reactivating aged
AChEs®?.
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Figure 1.
Schematic illustration of AChE phosphonylation by soman, re-activation by pralidoxime (2-
PAM) and subsequent irreversible aging.
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D1

Illustration of overall secondary structure of the non-aged soman inhibited AChE (PDB ID:
2WFZ)33, The catalytic triad and the covalently bound soman are shown in ball-stick

representation and are enlarged to the right panel.
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Figure 3.

Previously suggested aging reaction mechanisms for soman inhibited AChE.
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Illustration of the characterized aging reaction mechanism of soman-phosphonylated AChE.
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Figureb.

Free energy profiles for the methyl migration step of aging reaction for the unprotonated
Glu199 (red), Glu199GIn mutant (blue) and the protonated Glu199 (green) AChE models.
The reaction coordinate was chosen as the difference between two bond lengths: RC =
a(somanCp...somanC5) — a(somanCa....somanC5). The total length of ab /nitio QM/MM
MD simulations for this reaction path is 1.04 ns (Unprotonated Glu199: 20 windows * 20 ps
each; G/lu199GIn mutant: 17 windows * 20 ps each; protonated GIh199. 16 windows * 20 ps
each).
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Figure®6.

Ilustration of key structures along the methyl migration step of aging reaction: (a)
unprotonated Glu199, (b) Glu199GIn mutant and (c) protonated GIh199 models. S.S200 is
the soman modified serine residue. The labeled distances (A) are averages and standard
deviations calculated along the last 15 ps of 20 ps QM/MM MD simulations.
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Figure7.

Hydrogen bond network of non-aged soman inhibited AChE active site (a) unprotonated
Glu199, (b) Glu199GIn mutant and (c) the protonated Glh199 models. Shown configurations
correspond to the 5 ns snapshot from atomistic MD simulation. S.S200 refers the soman
modified serine residue. The labeled distances (A) are averages and standard deviations
calculated along 20 ns atomistic MD simulations. W1206 in panel (a) is only stable for ~10
ns after which it moves further away from the vicinity of the active site. Hence the average
reported in italics for W1206 distance is only for the first 10ns.
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Figure 8. Protonated GIh199 model

Free energy profile for hydration of 2,3-dimethyl-butyl carbenium ion. The reaction
coordinate was chosen as the difference between two bond lengths: RC = a(watO-watH) -
a(somanCp...watO). The total length of ab initio QM/MM MD simulations for this reaction
path is 220 ps (11 windows * 20 ps each).
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Figure 9. Protonated GIh199 model

Illustration of key structures along hydration step of the aging reaction. S.S200 is the soman
modified serine residue. The distances (A) are averages and standard deviations calculated
along the last 15 ps of 20 ps QM/MM MD simulations.

J Phys Chem B. Author manuscript; available in PMC 2013 October 11.



