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Introduction
Serine hydrolase, acetylcholinesterase (AChE, acetylcholine 
acetylhydrolase, E C 3.1.1.7) is a pivotal enzyme that termi-
nates nerve impulses at cholinergic synapses found at neu-
romuscular junctions.  The AChE enzyme, anchored to the 
surface of the postsynaptic muscle membrane inside the syn-
aptic space, operates close to the diffusion controlled limit and 
rapidly hydrolyses the cationic neurotransmitter acetylcholine 
into acetate and choline ions[1–3].  The high second-order rate 
constant [>108 (mol/L)-1·s-1][1, 4] of the AChE catalytic hydro-
lysis activity is a hallmark of evolutionary enzyme perfec-
tion.  The serine residue of AChE is activated by the adjacent 
histidine and glutamic acid residues, which together form the 
enzyme’s catalytic triad[5].  The AChE monomer has an ellip-
soidal shape with dimensions of ~45 Å×60 Å×60 Å.  The most 
striking feature of the AChE structure is a deep and narrow 

gorge, ~20 Å long, which perforates almost half-way into the 
enzyme[1].  The base of the gorge consists of two subsites: the 
esteratic subsite comprising the active catalytic triad and an 
anionic subsite responsible for binding the quaternary trim-
ethylammonium tail group of acetylcholine (choline-binding 
pocket)[5].  In the case of Mus musculus AChE (mAChE), the 
catalytic triad consists of Ser 203, Glu 334, and His 447 and 
the anionic subsite is made up of Trp 86, Glu 202, and Tyr 
337.  In the third domain, a hydrophobic region is contiguous 
with or near the esteratic and anionic loci and is responsible 
for binding aryl substrates and active site ligands.  Moreover, 
a fourth domain in the enzyme binds cationic ligands.  This 
fourth domain is over 20 Å away from the active site, located 
at the rim of the active gorge and has been called the periph-
eral anionic site (PAS)[6–8] and comprises aromatic residues  
Tyr 72, Tyr 124, Trp 286, and Tyr 341 and an acidic residue 
Asp 74.  The four domains of the enzyme act together to  
produce the complex reaction dynamics[9–17] responsible for 
effective binding with ligands and eventual access to the cata-
lytic triad domain.  
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For the ligand to enter the active site gorge, the structural 
fluctuations in the enzyme play an important role in open-
ing the gorge every few picoseconds, leading to fractal gating 
motion[18] that allows the passage of the substrate.  Upon suc-
cessful entry into the gorge, the substrate must move through 
the morphologically inhomogeneous pore surface to reach the 
active triad.  The diffusion through such an inhomogeneous 
pore is reminiscent of subdiffusive fractal diffusion[19–21] and 
is the rate-determining step for the catalytic activity of the 
enzyme.  In addition, water molecules in the gorge must give 
way to the ligand as it moves through this tortuous path[22].  
The arrangement of the active triad (serine, glutamic acid, and 
histidine) is crucial for its enzymatic activity.  Mutations in 
any of these residues to, for example, alanine leads to a dra-
matic decrease in the catalytic activity by at least 3300-fold[9].  

In fact, the active triad is the primary target for controlled 
inhibition of AChE in acetylcholine deficient patients, such 
as in Alzheimer’s disease or in myasthenia gravis, which is 
characterized by fluctuating muscle weakness and fatigue 
due to a loss of receptors.  In such patients, treatment with 
cholinesterase inhibitors or immunosuppressants has been 
proposed[23, 24].  The active triad of the AChE enzyme, on the 
other hand, is also the primary target of lethal organophos-
phorous (OP) compounds such as tabun, sarin, soman, and 
VX, which are known as nerve agents.  Destruction of OP-
related nerve agents by several nucleophiles is a continuing 
area of research[25, 26].  OPs are also used for pest control[27].  

Intentional (in a suicidal attempt[28]) or unintentional (through 
trace dietary contaminants[29] or through chemical warfare[30]) 
OP intoxication is a major threat to human kind.  While intoxi-
cation by OPs accounts for up to 80% of pesticide-related 
hospitalization[31], the possibilities of terrorist attacks (like the 
Iraqi weaponized sarin attack against the Kurdish[32] or the 
Tokyo subway sarin attack[33]) with nerve agents looms large, 
and thus the discovery of effective OP antidotes is necessary 
and urgent[34–46].  Thus, fundamental studies[16, 17] elucidating 

the passage of molecules through the AChE gorge into the 
active triad of the enzyme is of paramount importance for the 
discovery of new drugs.

The toxic effect of OPs on AChE occurs through a SN2-type 
nucleophilic attack on OPs by the active site serine, which 
creates a covalent acyl-enzyme intermediate (Scheme 1)[47].  
The inhibited enzyme subsequently fails to hydrolyze the 
neurotransmitter acetylcholine resulting in over-stimulation 
of cholinergic receptors[48].  The inhibited enzyme further 
undergoes an aging reaction that leads to a permanent alkyl-
phosphate adduct bound to the active serine.  Aged enzymes 
cannot be liberated by any known chemical means.  However, 
prior to aging, the inhibited enzyme can be reactivated by 
strong nucleophiles, such as oximes.  The medical manage-
ment of an OP victim includes drugs such as atropine (a mus-
carinic receptor antagonist that artificially maintains the res-
piration capacity), diazepam (or similar anticonvulsant drug, 
commonly administered to treat seizure) and oxime reactiva-
tors[34–46] (which liberate the inhibited enzyme).  Since aging 
of an inhibited enzyme occurs within minutes to hours and 
results in the permanent disability of the enzymatic activity of 
AChE, the victim should be administered these drugs as soon 
as possible[49].  

However, not all oximes are equally potent drugs that can 
liberate inhibited enzymes.  For example, the widely used 
compounds bispyridinium oxime, obidoxime, monopyri-
dinium oxime and pralidoxime (2-PAM) are considered to be 
ineffective for certain nerve agents and numerous new oximes 
have been synthesized in past decade[50].  It is now accepted 
that while various bispyridinium oximes are effective reac-
tivators at high concentrations, no compounds are effective 
against all tested nerve agents.  For example, HI-6 is a potent 
reactivator of AChE inhibited by nerve agents GD and GF[37], 
but it is impotent against tabun conjugation[36].  Similarly, 
oximes like HLö-7 are more efficient reactivators of sarin and 
VX-inhibited AChE.  The potency of HI-6 to reactivate tabun-

Scheme 1.  AChE inhibition by OP compound, tabun.  
Aging of the tabun conjugated enzyme and its oxime-
drug based reactivation.
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inhibited AChE is very low and does not reach the reactivat-
ing efficacy of obidoxime or Ortho-7[36, 43].  Currently, strate-
gies for the development of effective oximes can be broadly 
classified into two categories: the kinetic approach[37, 39, 41–43] 
and a structural approach[35, 36, 38, 40].  Kinetics studies on oxime 
function have revealed that reactivation proceeds via a two-
step reaction that consists of the formation of a fully reversible 
Michaelis-type enzyme-inhibitor-oxime complex followed by 
the splitting of the complex into a phosphorylated oxime and 
reactivated enzyme.  The efficacy of the reactivator is attrib-
uted to the nucleophilicity of the oximes and the decay rate of 
the intermediate complex, and is dependent on the structure 
of the oxime and of the OP moiety, as well as the architecture 
of the enzyme.  The availability of a high-resolution three-
dimensional structure of AChE from various species has 
allowed detailed structural studies determining the mecha-
nisms of reactivation of the enzyme.  Crystallographic experi-
ments with mAChE using inhibitors and different oximes have 
provided insight into the structural aspects involved in the 
interactions between the active center of the gorge, the inhibi-
tors and the oximes[35, 36].  Such studies provide important data 
on the structural requirements of effective reactivators and 
thus complement kinetic experiments.

Apart from the kinetic and structural approaches, one can 
think of a third avenue to explore the dynamical structure-
activity relationship of oxime-AchE complexes-potent drug 
discovery.  What interests us most is the recent end-point reac-
tivation experiments[36] where it has been shown that given 
their similar skeletal structure (Figure 1), Ortho-7 is 45 times 
more efficient than HI-6 in reactivating the tabun-conjugated 
AChE enzyme.  Recent X-ray crystal structures of bispyridin-

ium oximes HI-6 and Ortho-7 in complex with mAChE[36] have 
revealed that one of two pyridinium rings binds reversibly 
to the AChE molecule at its peripheral site (PAS pyridinium 
ring) and the other is directed towards the active catalytic site 
(active pyridinium ring).  The 4-carboxylamide-pyridinium 
ring (the PAS pyridinium ring) of HI-6 has been found to 
be sandwiched by the indole ring of Trp 286 and the phenol 
ring of Tyr 124 driven by strong cation-π interaction between 
the PAS pyridinium ring and the side chains of Trp 286 and 
Tyr 124.  While the PAS of AChE holds this pyridinium ring 
tightly, the central linker of HI-6 is directed into the active-site 
gorge, and the 2-hydroxy-iminomethylpyridinium ring (active 
pyridinium ring) is directed towards the active catalytic 
site[36].  Similar to HI-6, the PAS pyridinium ring of Ortho-7 
also forms a cation-π interaction with the side chains of Tyr 72 
and Trp 286.  The heptyl linker of the two pyridinium rings of 
Ortho-7 lies along the active gorge, but the second pyridinium 
ring (active pyridinium ring), unlike that of the HI-6, forms 
a near parallel cation-π with the phenyl ring of Tyr 337 and a 
T-shaped cation-π interaction with the indole ring of Trp 86[36].  
The differential binding of the two drugs in PAS and in the 
active-site gorge of AChE has been attributed to the difference 
in the efficacy of two drugs in reactivating the tabun conju-
gated enzyme.  

In this work, we pose several questions.  How long (dura-
tion) does the differential binding of the two drugs in the PAS 
and in the active-site gorge of AChE last during unbinding 
from the active-site gorge?  What are the roles of water mol-
ecules, buried inside the gorge[22] in protein-drug binding?  
What roles do PAS residues play in the drug interaction[8]?  
What role does the structural heterogeneity of the active-site 
gorge space, such as its tortuosity, or chemical heterogeneity, 
such as the distribution of aromatic and polar residues lining 
the gorge’s inner surface play during binding/unbinding of 
the drug?  The answers to these questions may substantiate 
the experimental findings of the comparative efficacy of the 
two drugs.  With this in mind, we studied the unbinding of 
the two protein-drug complexes through steered molecular 
dynamics simulations (SMD)[51, 52], which mimics the experi-
mental atomic force microscopy (AFM) measurements[53–55].  

Materials and methods
Conventional molecular dynamics simulation
All simulations, CMD as well as SMD, reported here were 
performed by the fully parallel version of the software, GRO-
MACS 3.3.2[56] using GROMOS 96 force field[57].  Before we 
performed the simulations, the structures of the two protein-
drug complexes (PDB ID 2GYV and 2GYU)[36] were repaired, 
and the simulating systems were prepared (see Supporting 
Information).  The isothermal isobaric simulation protocol 
comprises three major steps: energy minimization, position 
restrained run and finally the production run.  Energy Mini-
mization: To start, the protein-drug complexes were put in a 
cuboid box with dimensions that kept the protein outer sur-
face at least 10 Å away from the box wall.  This was to ensure 
that no wall effect appeared in the simulated results.  The sys-

Figure 1.  Chemical structure of the two oxime drugs.  (A) HI-6, [1-(2-
hydroxy-iminomethylpyridinium)-1-(4-carboxyamino)-pyridinium dimethyl-
ether].  (B) Ortho-7, [1,7-heptylene-bis-N,N’-2-pyridiniumaldoxime].  The 
carbon, nitrogen, and oxygen atoms are numbered for referral purpose. 
The two pyridinium rings, one directed towards the active triad region and 
one directed towards the PAS region of the AChE enzyme, are indicated.
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tem was then solvated with simple point charge (SPC) water 
molecules and five electropositive sodium ions were added 
to each of the simulating systems to attain electroneutrality.  
The system was then found to be composed of the following: 
mAChE.HI-6 complex dissolved in 33 179 water molecules in 
a system volume 1080 nm3 with a density of 1011.87 g/L and a 
total of 104 957 atoms; mAChE.Ortho-7 complex dissolved in 
31 718 water molecules in a system volume 1032.08 nm3 with a 
density of 1016.57 (g/L) and a total of 100 576 atoms.

In the energy minimization step, a flexible SPC water model 
was used instead of a rigid model; this flexible model allowed 
the steepest descent minimization technique to be followed, 
and energy minimization was thought to converge when the 
maximum force in the system was smaller than 100 kJ·mol-1-

·nm-1.  Position Restrained Run: The purpose of the position 
restrained run was to “soak” the water and the drug into the 
protein-drug complex.  A linear constraint solver algorithm[58] 
was used to restrain the atom positions, and a simulation time 
step 2 fs was used to integrate the equation of motion for all 
atoms.  The solvent and solute were separately coupled to 
temperature reservoirs of 300 K using the Berendsen tempera-
ture coupling method with coupling times of 0.1 ps.  First, 
the water molecules were heated to this temperature for a 300 
ps simulation run, while the protein-drug complex remained 
fixed.  Then, the simulation was restarted for heating the pro-
tein molecule to 300 K for 300 ps with the already equilibrated 
water molecules.  Finally, the drug molecule was heated in a 
similar fashion for 100 ps.  Pressure was restrained to 1 atm 
using the Berendsen method with a coupling time of 0.5 ps.  
Long-range electrostatic interactions were handled by Particle-
Mesh Ewald electrostatics[59] with the real-space cut-off fixed 
at 12 Å and the highest magnitude of wave vectors used in 
reciprocal space controlled by Fourier spacing with a param-
eter held at 1.2 Å.  Grid dimensions were controlled with this 
Fourier spacing and with interpolation order 4.  Production 
Run: Finally, for both the complexes, 5 ns CMD runs were per-
formed for the corresponding systems comprising the drug, 
protein, water and ions with the same set of simulating condi-
tions as in position restrained runs.  

Time-dependent root mean square deviation, a statistical 
measure of the magnitude of deviation of protein structure in 
solution from its crystal structure, determined from the CMD 
data, showed that for Cα atoms and all the atoms of the pro-
tein, the deviation was within 3 Å, and the structure appeared 
to be stabilized within 2 ns.  We performed SMD simulation 
with these stabilized structures obtained after 2 ns of CMD run 
as the starting point.  SMD results were found to be insensitive 
with respect to the starting structure of simulation.

Steered molecular dynamics simulation
By definition, SMD is an acceleration protocol, implemented 
in conventional molecular dynamics (CMD) to expedite con-
formational changes through the application of external force 
in a macromolecular system, which is otherwise prohibitively 
slow for monitoring, even by modern computers.  Using SMD, 
one can overcome slow natural time scales, explore puta-

tive conformational pathways and explain single-molecule 
experiments[60].  As adopted in our context, the unbinding/
binding events of the drug molecules from the tortuous land-
scape of the active-site gorge of the enzyme are ultraslow in 
nature[20, 21].  Application of a time-dependent external force on 
the drug, as depicted in Figure 2, facilitates the unbinding pro-
cess.  The SMD investigations proceed through three stages.  
First, we must generate a hypothesis for the conformational tran-
sition (reaction coordinate).  In our case, the hypothesis was 
the 20 Å long active-site gorge of the protein, through which 
the drug molecules bind/unbind into the active catalytic site 
of the protein.  Second, we must apply forces that induce the 
hypothetical process during reasonable wall clock time.  As 
shown in Figure 2, a pull force was applied on the center of 
mass of the drug molecule.  Finally, we must analyze results 
through the concepts of protein-drug rupture force profile, 
hydrogen bonding and hydrophobic interactions between 
them, water-bridges connecting the protein and the drug etc 
such that the energetic barriers and specific unbinding events 
unfold to evaluate the hypothesis and determine the reasons 
behind the relative efficacy of the two drugs investigated.  

SMD simulation[51, 52] is accomplished by restraining the 
drug with a harmonic pulling potential,
                             U(Rcm, t)= ½k[(Rcm–R0

cm) · ĵ–vt]2                          (1)
in addition to the normal molecular force field operating on 
the system.  In the present study, we took the pulling potential 

Figure 2.  Unbinding of a drug molecule from the active-site gorge of 
mAChE (the active serine of which is shown in blue colored space filling 
representation) through the application of an external time-dependent 
harmonic force in the Z-direction as depicted by a spring.  The artificial 
spring, characterized by a force constant, is attached to the center of 
mass of the drug molecule (shown by space filling representation) and 
is pulled with a constant velocity until it completely dislocates from the 
gorge.
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operative on the center of mass of the drug molecule whose 
sojourn is identified as R0

cm at the start of the simulation and 
Rcm at time t.  In Figure 2, this pulling potential is represented 
by a spring whose stiffness is k.  The minimum of the pulling 
potential is moved with a constant velocity v away from the 
active-site gorge in a given direction shown by the normalized 
vector ĵ in Equation 1.  The SMD method requires the prede-
termination of the unbinding pathway, which is not always 
possible a priori, and one normally selects a straight path[51, 61], 
chosen by guesswork based on available structural informa-
tion of the receptor.  The accuracy of the guesswork can then 
be judged by the efficiency of the pulling, such that the drug 
molecule moves along a favorable pathway with minimal col-
lisions with the surrounding residues in the pulling direction.  
Based on the available structural information of the AChE 
gorge, we chose a straight line path for pulling (arrow in Fig-
ure 2) that leads from the bottom of the gorge through the 
gorge opening (PAS residues), which we called the positive 
Z-axis.  To verify that the ligand would exit the binding site 
along our supposed exit route within the 5 ns simulation time, 
we simulated the unbinding of both of the drugs with a force 
directed in the negative Z direction, and to the left and right 
with respect to Z-axis.  The result showed that drug molecules 
did not exit the gorge through any of these paths within the 
stipulated 5 ns time.  We must note that one idea would be to 
design a simulation method so that the drug molecule finds its 
own route of exit and is independent of any guesswork.  Such 
methods have only recently started to emerge[62].  

While the drug molecule is pulled away from the protein 
gorge, the center of mass of the protein is held in space to 
prevent it from drifting.  This fixing ensures that the protein 
molecule is free to undergo internal motion and its constitu-
ent amino acid residues can respond to changes in the envi-
ronment as the drug molecule progressively departs, but the 
protein molecule cannot undergo translational drift.  SMD 
results that mimic AFM experiments[53–55] normally apply a 
pulling force and a pulling velocity much larger than an AFM 
experimental setup.  In other words, the order of magnitude 
of timescales in which these studies are performed varies, 
namely, nanosecond (SMD) versus milliseconds (AFM).  As a 
result, SMD results cannot be readily extrapolated to produce 
the AFM observations[63, 64].  However, the aim of the present 
study was to obtain the mechanical pattern[65] during protein-
drug interactions, which are indicative of the main residues 
responsible for binding/unbinding.  SMD results can also 
provide qualitative information on the rotational flexibility 
of the oxime drug inside the gorge and its proximity to the 
active catalytic triad, both of which are essential for the reac-
tivation (see Scheme 1) of the nerve agent-inhibited enzyme 
by the oxime anion that is bound to the pyridinium ring.  We 
will consider only a qualitative comparison between two sets 
of SMD data, one for mAChE.HI-6 and the other for mAChE.
Ortho-7 complexes under identical simulating conditions 
when k=280 pN/Å and v=0.005 Å/ps.  In a recent study[16], this 
value of spring stiffness and pulling velocity was determined 
for conditions that produce the lowest protein-drug complex 

rupture force requiring the lowest amount of mechanical 
work, a necessary condition that foretells that the nonequi-
librium effects[51, 62] are minimized.  This pulling velocity also 
ensures that within 5 ns simulation time, the drug molecule 
completely moves away from the 20 Å long active-site gorge 
of the protein.  In order to verify the dependence of the SMD 
results on the spring stiffness and the pulling velocity, we con-
ducted a much longer simulation (~45 ns) of the 2GYU com-
plex in which the spring stiffness and pulling velocity were 
each lowered by a factor of 10.  Although the results provided 
information on water bridges, hydrophobic interactions etc, 
the qualitative feature of the unbinding transition remained 
unaltered.  The stress that the enzyme experiences during the 
egress of the drug (see Figures 3 and 4) is measured through, 

         ForcePull=ĵ ·▽U(Rcm, t)= kĵ · [(Rcm–R0
cm) · ĵ – vt]                (2)

While many results presented below are based on the analysis 
tools of GROMACS[56] and LIGPLOT[66] programs, some tools 
were developed in-house.
 
Results 
One can naively forecast that the binding of a drug to the pro-
tein is mediated by ion-ion interactions, hydrogen bonding, a 
variety of protein-drug non-bonded interactions, hydropho-
bicity, and shape and orientation complementation.  But given 
the similar skeletal structure of the two drugs, it is hard to 
understand their relative binding/unbinding characteristics.  
This is because at the outset both the bispyridinium drugs 
appear to score equally in these grounds except for some 
subtle differences revealed in their crystal structures[36].  The 
protein-drug complexes under conditions that are relevant to 
biological situations, that is, the system dissolved in water, are 
not rigid.  They are dynamic entities that can unveil new struc-
tural determinants that contribute to drug interactions.  There-
fore, we attempted a detailed time-dependent topographical 
delineation of protein-drug interactions, which can dissect the 
relative contributions of these interactions in the two protein-
drug complexes.  

Force profiles, water bridges, hydrodgen bonds and hydrophobic 
interactions during pulling SMD  
SMD pulling simulations provide computed force profiles 
and atomistic details of the particular stress responses as the 
drug molecule leaves the enzyme gorge.  These data are of 
enormous importance, as the force profiles exhibit a com-
plex pattern of the barriers that can be related to a variety of 
interatomic interactions, such as breaking of direct hydrogen 
bonds (DHB), water bridges (WB) or hydrophobic interactions 
(HI) between the drug and the enzyme.  Figures 3 and 4 pres-
ent the results for the two complexes, mAChE.Ortho-7 and 
mAChE.HI-6, respectively.  Note that it is called WB when the 
protein and the drug molecules are connected with each other 
through shared hydrogen bonds, mediated via one interven-
ing water molecule.  In Figures 3(A) and 4(A), along with the 
force profiles, we also present the progressive separation of 
the drug from the drift-fixed center mass of the enzyme.  The 
fluctuating force profiles in these figures are a hallmark of 
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protein-drug interactions.  As the drug molecule progressively 
egresses from the protein gorge, old DHB and WB break, 
while newer ones form, both of which differ in their strength.  
Furthermore, the old hydrophobic alignment vanishes, and 
the drug molecule searches for new complements between its 
hydrophobic surface and that of the gorge residues.  The peaks 
and valleys of force profiles result from the breaking and mak-
ing of interactions.

The fluctuating force profiles in Figures 3(A) and 4(A) result 
from the multidimensional energy landscape offered by the 
protein gorge-drug interactions.  This tortuous landscape is 
composed of a multitude of barriers and isolated traps caused 
by molecular interactions or by steric compulsion.  Once 

trapped in such a barrier, the force required to pull the drug 
molecule out increases.  Once out of the barrier, the center 
of mass separation between the drug and enzyme suddenly 
increases.  Such transitions are marked in these figures by 
double-sided blue arrows.  The maximum of the force pro-
file, called the rupture force, occurs at ~2345 ps for mAChE.
Ortho-7 complex (Figure 3) and was measured to be 615 pN.  
The same data for the mAChE.HI-6 complex can be seen in 
Figure 4 and are given as ~3000 ps and ~740 pN.  Therefore, 
the pulling of the drugs out of the 20 Å gorge with a constant 
force of 615 pN, as in the case of Ortho-7, would cost 177  
kcal/mol of energy; for HI-6 with a constant force of 740 pN, 
this requires 213 kcal/mol.  Thus, the binding free energy of 

Figure 3.  Pull ing force and center of mass 
distance (A), water bridge (B), and hydrophobic 
atom pair numbers (C) between the drug and 
the enzyme shown as a function of time during 
the exit of the drug, Ortho-7 from mAChE gorge.  
In (B), the grey-colored bars indicate events in 
which a given amino acid residue of the enzyme 
that forms a water bridge with Ortho-7 also forms 
direct hydrogen bonds between themselves.  
The plots in parts (A) and (C) are prepared by 
10 point adjacent averaging of the SMD results.  
The double-sided arrows in (A) represent the fall 
in the force profile from an intermittent peak 
and subsequent rise in center of mass distance 
between the enzyme and the drug.

Figure 4.  Same as Figure 3 but for the drug, HI-6.
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HI-6 to the enzyme gorge is larger than Ortho-7.  Based on this 
criterion, one can argue that HI-6 would continually be held 
by the gorge more effectively, causing more effective reactiva-
tion of the oxime conjugated enzyme.  This idea is counterin-
tuitive to the experimental observation that Ortho-7 is a supe-
rior drug to HI-6 in enzyme reactivation[36].  However, as we 
shall present below, this energy criterion alone is not sufficient 
to support the experimental observation.  

Water plays a major role in protein structural relaxation as 
well as in drug molecule entry and binding[22].  One can easily 
imagine that a dehydrated protein undergoes strong electro-
static interactions between its polar residues resulting in a 
rigid protein structure, which may not allow the drug mol-
ecule to enter or leave its active site.  On the other hand, water 
breaks these intra-protein specific interactions through the 
formation of protein-water hydrogen bonds.  Thermal mobil-
ity of water, in turn, facilitates protein conformation fluctua-
tions, resulting in the access of the drug molecule to its active 
site.  The drug molecule may even bind to a protein residue 
through common hydrogen bonds with the oxygen atom of 
an intervening water molecule.  In part B of Figures 3 and 4, 
we presented the temporal occurrences of such WB.  In these 
panels, we also showed those protein-drug DHB (grey bars) 
between a given amino acid residue and a drug atom, which 
are also found to form protein-water-drug WB.  This results in 
a triangular arrangement of the hydrogen bond network.  For 
example, at 942 ps Gly 122 donates a hydrogen atom (attached 
to the amino group) to a water molecule, the water molecule 
in turn donates a hydrogen atom to the N27 atom of Ortho-7 
molecule forming the WB.  At the same time, the N27 atom of 
the drug molecule donates the attached hydrogen atom to the 

nitrogen atom of Gly 122, making the DHB and completing 
the triangular hydrogen network.  See supporting information, 
S-1 and S-2 for a view of some typical snapshots of the SMD 
unbinding transitions, where these hydrogen bond networks 
formed by DHB and WB are presented for the two complexes.  
A list of residues that form these isolated hydrogen bond 
networks along with protein-drug DHB and their temporal 
occurrences are depicted in Figures 5 and 6 for the two drug 
complexes.

The residues mentioned in Figures 5 and 6 and many other 
residues are also found to form WB, although they do not 
form a triangular-type hydrogen bond network.  A detailed 
analysis of such WB (not all of them are shown in Figures 
5 and 6) between the two protein-drug complexes clearly 
reveals that both drugs form WB with the help of oxygen and 
nitrogen atoms attached to their two pyridinium rings.  Inter-
estingly, the PAS residues in the mAChE.Ortho-7 complex 
make and break WB in a systematic fashion.  For example, the 
O10 and N9 atoms attached to the peripheral pyridinium ring 
initially form WB with PAS residues.  Subsequently as time 
progresses, the progressive egress of the drug molecule from 
the active-site gorge makes the O28 and N27 atoms attach to 
the active pyridinium ring of the drug molecule exposed to 
PAS residues causing them to form WB at the outer rim of the 
gorge.  By contrast, the PAS residues in the mAChE.HI-6 com-
plex are water bridged with the O3 and N4 atoms attached to 
the peripheral pyridinium ring for about 3500 ps.  This long 
duration of intermittent interaction between the PAS residues 
and the carboxylamide group of HI-6 is reminiscent of excel-
lent complementation between the peripheral pyridinium ring 
of the HI-6 drug molecule and PAS of the protein.  

Figure 5.  Number of direct hydrogen bonds as a 
function of time between amino acid residues of 
mAChE and Ortho-7 during the process of leaving 
the active-site gorge.  The amino acid residues and 
atom numbers of the drug molecule with which it 
forms hydrogen bonds are mentioned.  The grey-
colored bars are indicative of the simultaneous 
formation of water bridges between the protein 
and the drug with an intervening molecule of water 
in addition to a direct hydrogen bond, which is 
otherwise plotted here.  Note that Ser 203 is found 
to form only water bridges and no direct hydrogen 
bond.
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Apart from the PAS residues, other residues, such as Ser 
203, or the residues of the anionic subsite located at the base 
of the gorge, Glu 202 and Tyr 337 in the mAChE.Ortho-7 com-
plex form WB with the O28 and N27 atoms of Ortho-7.  How-
ever, these residues are never found to participate in WB for-
mation in the mAChE.HI-6 complex.  Similarly, residues like 
Phe 295 and Gln 291, which form WB with O3 and N4 atoms 
of HI-6, are never found to form WB in the case of the Ortho-7 
complex.  WBs between Ser 203, Glu 202, Tyr 337 of mAChE 
and O28 atom of Ortho-7 are quite extensive: they range in a 
time scale of 1 to 2000 ps with intermittent making and break-
ing.  This is also true in the case of Phe 299 and Gln 291 in 
mAChE.HI-6 complex.  It should be noted that the same water 
molecule is found to participate in WB formation between any 
of the residue-drug partners mentioned above.  This can be 
explained by the fact that the water molecules in the gorge lose 
their mobility[22] and are thus “trapped” between the protein 
and drug.  Importantly, the probability of formation of WB 
between the O28 atom of the active pyridinium ring of Ortho-7 
and the catalytically active Ser 203 or, for that matter, the  
Glu 202 and Tyr 337 for such a long duration, signifies comple-
mentation between the active pyridinium ring of Ortho-7 and 
the active-site locality of the gorge.

In panel C of Figures 3 and 4, the temporal profiles of the 
hydrophobic interactions during the egress of the drug from 
the active-site gorge of the protein are presented.  While in 
Figures 5 and 6 some of the residues involved in DHB are 
mentioned, in Table 1, the complete lists of residues responsi-
ble for DHB and HI along their numbers during the 5 ns simu-
lation run are presented for the two complexes.  As the drug 
molecule egresses from the gorge, the hydrophobic contact 
between them is diminished.  On average, the HI experienced 
by HI-6 is larger than for the Ortho-7 molecule (compare panel 
D of Figures 3 and 4).  It is well known that removal of the 
hydrophobic surface area of the drug molecules from water 

and its subsequent attachment to a hydrophobic region of the 
protein molecule enhances protein-drug binding.  As seen in 
Table 1, barring Tyr 341, all other PAS residues have a signifi-
cantly larger number of HI with the HI-6 molecule than with 
Ortho-7.  This is clearly indicative of a situation in which the 
complementarity between the drug’s hydrophobic surface 
and the PAS of the enzyme is particularly high and leads to 
higher protein-drug binding energy in the case of the mAChE.
HI-6 complex (which is also supportive of the comparative 
rupture force profiles of the two complexes discussed earlier).  
Protein-drug DHB plays a crucial role in binding and espe-
cially because of their directional property often decides the 
relative geometry or orientation of bound drugs.  The N4 and 
O3 atoms attached to the peripheral pyridinium ring of HI-6 
form DHB with all PAS residues and also extensively with the  
Glu 285 and Ser 298 during the course of the simulation, 
occasionally with total DHB numbers as high as six.  In com-
parison, DHB in mAChE.Ortho-7 are not that extensive, and 
the maximum number of DHB is rarely found to be as high 
as three.  The majority of DHB in this complex are formed 
between the O28 atom, attached to the active pyridinium ring 
of Ortho-7 with non-PAS residues such as Glu 292, Gly 121, 
Gly 342, Ser 293, and Gly 122.  Interestingly, during the 5 ns 
simulation, the oxygen atom of the ether bridge of HI-6 did 
not form either WB or DHB.

In Figure 7, we plotted the free energy of DHB formation 
between the protein residues and the drug molecules.  The 
free energies were evaluated following the theoretical recipes 
provided by van der Spoel et al[67].  As can be seen, whenever 
a common protein residue of the two complexes forms a DHB 
with the two drug molecules, the free energy of their forma-
tion is higher for the HI-6 molecule.  Moreover, in almost 
all the cases, HI-6 participates in both forward (hydrogen 
donor) and backward (hydrogen acceptor) hydrogen bond-
ing with the protein molecule.  This is not the case with 

Figure 6.  Same as Figure 5 but for the drug 
molecule, HI-6.
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Ortho-7, further justifying its measured lower binding energy 
to the protein gorge in comparison with HI-6 (177 vs 213  
kcal/mol).  

From an analysis of WB, hydrogen bond networks, DHB 
and HI we showed that while the peripheral pyridinium ring 
of HI-6 is strongly held by the PAS of the enzyme due to excel-
lent complementarity, the Ortho-7 molecule scores poorly in 
this regard.  As generally visualized, for the oxime drug to be 
effective, the active pyridinium ring of the drug needs to be 
in close proximity and be properly oriented to exert a nucleo-
philic attack on the phosphorus atom of the enzyme-inhibitor 

complex (Scheme 1), or in other words, to the active serine Ser 
203 moiety of the unreacted enzyme.  In this regard, the active 
pyridinium ring of Ortho-7 due to its enhanced interactions in 
the active-site region of the enzyme scores well above the HI-6 
molecule.  In particular, as presented below, this instantaneous 
structure-activity relationship of the active pyridinium ring 
of Ortho-7 leads to a relative geometry or orientation of the 
bound drug that might be considered conducive for nucleo-
philic attack.

Temporal spatial distances and orientations of the drug 
molecules during their egress from the active-site gorge of 
mAChE
As mentioned in the Introduction, the X-ray crystal structure 
of mAChE·Ortho-7 complex[36] reveals that upon entry to the 
active-site gorge of mAChE, the Ortho-7 molecule induces a 
structural change in enzyme side chains such that its periph-
eral pyridinium ring forms cation-π interactions with the 
Tyr72 and Trp286 PAS residues.  Similarly, the active pyri-
dinium ring of Ortho-7 forms a cation-π interaction with the 
phenyl ring of Tyr 337 and a T-shaped cation-π interaction 
with the indole ring of Trp 86.  Accordingly, we monitored 
the relevant minimal distance in the SMD simulation and the 
results are presented in panels A and B of Figure 8, respec-
tively.  It can be clearly seen that the aforementioned cation-π 
interaction involving the peripheral pyridinium ring stands 
out for ~1 ns, after which the corresponding minimal distance 
increases substantially leading to a weaker interaction.  On 
the other hand, for the active pyridinium ring (Figure 8B), the 
minimal distance shows a plateau up to ~2.5 ns.  This signi-
fies that the cation-π interaction prevailing between the active 
pyridinium ring and residues at the active-site region is strong 
such that the oximate oxygen O28 of Ortho-7 is tightly sand-

Table 1.  Residues of mAChE forming hydrophobic interactions (HI), 
hydrogen bonds (HB) with Orhto-7 and HI-6 and their total numbers during 
SMD simulation.   

                                 Number               Number             Number        Number 
  Residues                 of HIs                   of HIs                 of HBs          of HBs        
                                 (2GYV)         (2GYU)               (2GYV)   (2GYU)
 
 TYR341 22332 4839 49 1
 TRP86 11141 443  
 ASP74  8691 11135 6 50
 GLU292  7768 9072 61 6
 TRP286 7575 34705 1 231
 TYR72 4496 11092 37 42
 TYR124 3634 12721 78 67
 GLY121  3236 76 57 –
 TYR337 2684 104 35 –
 GLY342  1111 342 240 22
 GLU202  961 – 14 –
 SER125  934 – – –
 LEU 76  870 1440 2 –
 PHE297 656 2049 – 
 ILE294  455 1 – –
 SER293  372 2 126 323
 THR 75  211 546 25 22
 PHE338 195 166 8 –
 ILE365  157 719 – –
 GLY120  128 – – –
 GLY126  123 – – –
 GLU285  102 998 – 1183
 VAL 73  52 – – –
 HIS447  49 – – –
 ASN 87  28 19 – –
 SER298  16 40 – 1791
 GLY448  12 – – –
 PRO344  12 34 – –
 VAL343 11 – 4 –
 HIS 287  8 – – –
 GLY122 7 23 98 –
 LEU130 7 – – –
 GLN291 6 63 – 373
 ARG296 1 330 – 371
 PRO 78 1 – – –
 PHE295 - 499 3 37
 LEU289 - 157 – –
 PRO 88 - 42 – –

Figure 7.  Free energy of direct protein-drug hydrogen bonding of the two 
complexes (circles: mAChE.Ortho-7, squares: mAChE.HI-6).  Black- and 
grey-colored symbols represent forward hydrogen bonding (where the drug 
molecule is the hydrogen donor) and backward hydrogen bonding (where 
the drug molecule is the hydrogen acceptor), respectively. 
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wiched by Tyr 337 and Phe 338, which can temporarily over-
come the stress exerted by the SMD spring.  

Similar to this, the main features of the X-ray crystal 
structure[36] of the mAChE.HI-6 complex are as follows: a 
strong cation-π interaction between the peripheral pyridinium 
ring of HI-6 and the Tyr 124 and Trp 286 PAS residues, non-
bonded contacts between the active pyridinium ring of HI-6 
with the Tyr 337 and Phe 338 residues.  The minimal distances 
between these pyridinium rings and protein residues are 
shown in panels (C) and (D) of Figure 8, respectively.  As can 
be seen in these figures, the PAS interactions can withstand 
SMD pulling for about 4 ns, such that the corresponding mini-
mal distance is observed as a plateau (Figure 8C).  By contrast, 
interactions involving the active pyridinium ring cannot sur-
vive the mechanical stress, and the corresponding minimal 
distance increases from the very beginning of the SMD simu-
lation (Figure 8D).  It is interesting to note that Trp 286 forms 
cation-π interactions with the peripheral pyridinium ring for 
each of the two drugs.  In addition, in Table 1 it can be seen 
that Trp 286 forms a larger number of HI and DHB in the case 
of the HI-6 complex than in the Ortho-7 complex.  These three 
interactions together bind the HI-6 drug in the PAS region 
more efficiently than in the case of Ortho-7.  Similar to this, 
Tyr 337 participates in the binding of the drugs in the active-
site region of the enzyme.  From Table 1, one can see that 

Tyr 337 forms a larger number of HI and DHB in the case of 
the Ortho-7 complex.  Once again, these interactions are col-
lectively responsible for binding the Ortho-7 molecule more 
strongly in the protein’s active-site region as compared to the 
HI-6 complex.  Therefore, the results presented in Figure 8 
convincingly show that the interaction between the peripheral 
pyridinium ring of HI-6 and the PAS residues are in excel-
lent complement with each other; in the case of the mAChE.
Ortho-7 complex, this complementarity holds true in the 
active-site region of the enzyme with the active pyridinium 
ring of Ortho-7.

In order to delineate the time dependent topography of 
protein-drug interactions, we monitored the center of mass 
(COM) distances, presented in Figures 9 and 10.  In Figure 9, 
we plotted the COM distance between the peripheral pyri-
dinium ring of the two drugs and the hydrophobic aromatic 
residues of the PAS.  Along with the data in Table 1, a clear 
cooperative trend emerges between the degree of HI and 
the COM distances.  For example, the PAS residues, Tyr 72,  
Tyr 124 and Trp 286 form a larger number of HI with HI-6 
than with Ortho-7, whereas Tyr 341 forms a larger number of 
HI with Ortho-7 than with HI-6.  The COM distances between 
the peripheral pyridinium ring of HI-6 and Tyr 72, Tyr 124, 
Trp 286, in turn, exhibit a long plateau at about 0.5 nm (with 
intermittent fluctuations in and around this value) from 0 to 
~3500 ps.  Throughout this time scale, however, the COM dis-
tances between these three PAS residues and the peripheral 
pyridinium ring of Ortho-7 show a trend soon after the pulling 

Figure 8.  Time-dependent minimal distance between the (A) peripheral 
pyridinium ring of Ortho-7 and the PAS residues, Tyr 72 (grey line) and Trp 
286 (black line), (B) active-site pyridinium ring of Ortho-7 and the phenyl 
ring of Tyr 337 (grey line) and the indole ring of Trp 86 (black line), (C) 
peripheral pyridinium ring (carboxylamide-pyridinium) of HI-6 and the PAS 
residues, Tyr 124 (grey line) and Trp 286 (black line), and (D) active-site 
pyridinium ring of HI-6 and Tyr 337 (grey line) and Phe 338 (black line) 
during the process of the drugs leaving the active-site gorge of mAChE.

Figure 9.  Center of mass distance between the peripheral pyridinium 
moiety of the drugs during their exits from the active-site gorge, and the 
hydrophobic aromatic residues of the PAS of mAChE, as indicated in the 
plots.  Grey lines are the results for the SMD simulation of the mAChE.
Ortho-7, and the black lines are for mAChE.HI-6 complexes.
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stress is present.  For peripheral pyridinium ring of Ortho-7, 
this plateau of COM distance with respect to Tyr 341, occurs 
at about 0.75 nm and continues to hold until about 2200 ps.  
We must note that Tyr 341, one of the key residues that deter-
mine the shape of the gorge entry shows significant mobility 
of its side chains[8].  In particular, the concerted motion of the 
two loops, Cys 69-Cys 96 and Val 340-Gly 342 that bears Tyr 
341, controls the open and close transitions of the gorge.  This 
larger mobility of the side chains of Tyr 341 is responsible for 
larger COM distances than other PAS residues.  

In Figure 10, we present the COM distances between the 
non-PAS hydrophobic aromatic residues lining the gorge 
wall and the active pyridinium rings of the two drugs.  These 
aromatic residues offer fewer HI to both of the bispyridinium 
drugs as compared to the aromatic PAS residues (see Table 1).  
It can be inferred from the figure that, on a relative basis, out 
of the two active pyridinium rings of Ortho-7 and HI-6, the 
former is preferentially more directed towards the inner part 
of the gorge.  This observation corroborates our minimal van 
der Wall distance calculation (Figure 8): namely the minimal 
distance between the active pyridinium ring of Ortho-7 and 
the phenyl ring of Tyr 337, between the active pyridinium ring 
of Ortho-7 and the indole ring of Trp 86, between the active 
pyridinium ring of HI-6 and Tyr 337, between the active pyri-
dinium ring of HI-6 and Phe 338.  In short, the COM distance 
calculations reinforced our previous observation that while 
the hydrophobic surface compatibility between the PAS resi-
dues and the peripheral pyridinium ring of HI-6 is superior 
to Ortho-7, the active pyridinium ring of the latter compound 

finds excellent binding complementarity in the active-site 
region of the enzyme compared with the former drug com-
pound.  

Discussion
The preferential binding of the two drug molecules, one 
(HI-6) at the PAS region and the other (Ortho-7) at the active-
site region of the protein, might have major consequences on 
the protein-drug structure-activity relationship.  One such 
consequence is the proximity of the drug’s reactive group to 
the active-site region of the protein molecule, where it is sup-
posed to orchestrate a nucleophilic attack in order to liber-
ate the OP conjugated protein.  Figure 11 shows a plot of the 
COM distance between the active pyridinium rings of the two 
drugs and the active serine moiety (Ser 203) during the exit of 
the drug from the gorge.  It can be seen from the figure that 
throughout the exit time, the active pyridinium ring of Ortho-7 
is closer to COM of Ser 203 than for the HI-6 compound.  
Interestingly, during the first 900 ps of unbinding, the pyri-
dinium ring of Ortho-7 moves closer to Ser 203.  This proxim-
ity may be attributed to the cooperative mechanical response 
of the enzyme towards the egress of the drug molecule.  COM 
separation then suddenly jumps to ~1.25 nm in the next  
200 ps, due to the rupture of several DHB, HI, WB.  In the next  
2500 ps, the plot for Ortho-7 flattens out, and the average 
COM separation becomes close to 1.1 nm.  The plot for HI-6 
instead shows a monotonous increase in COM separation 
with intermittent barriers.  The mechanical response of the 
enzyme in its active-site region and the presence of a large and 
effective barrier (until ~2500 ps) towards the exit of the active  
pyridinium ring of the Ortho-7 drug molecule may underlie 
its efficacy in reactivating the OP inhibited protein.

To probe further into the relative efficacy of the two drugs 
on a geometric perspective, in Figures 12 (mAChE.Ortho-7) 
and 13 (mAChE.HI-6) the temporal spatial separation between 
the nitrogen atoms of the two pyridinium rings and the active 
Ser 203 are plotted.  Similarly, the relative orientations and 
separations of the entire drug molecule are presented at regu-

Figure 10.  Center of mass distances between the APR of the drugs and 
the hydrophobic aromatic residues (other than those at the PAS) of mAChE 
as indicated in the plots.  In all the plots, the SMD pulling results shown 
by grey lines are for the mAChE.Ortho-7, and the black lines are for the 
mAChE.HI-6 complexes.

Figure 11.  Center of mass distances between Ser 203 and the active 
pyridinium moiety of the drugs, as marked in the plot, during their exit 
from the active-site gorge of mAChE.
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lar intervals to delineate the proximity and orientations of 
oximate oxygen atoms of the two complexes with respect to 
Ser 203.  The efficacy of oxime reactivators depends on their 
affinity and reactivity to the OP-inhibited enzyme.  Both the 
bispyridinium oxime drugs studied here have strong positive 
charges on each of their pyridinium rings and, therefore, the 
electrostatic interactions of these two drugs with the nega-
tively charged anionic site at the active center and the PAS 
of AChE can be regarded as spontaneous.  Their reactivity, 
on the other hand, is derived from the nucleophilicity of the 
oxime anion that is bound to the active pyridinium rings of the 
two drugs.  However, both their affinity and reactivity depend 
on a host of other physical features, such as, steric compat-
ibility, protein-drug binding energy, electrostatic effects, HI, 
DHB, WB with the water molecules that lubricate the gorge, 

the shape and the size of the whole molecule, as well as the 
orientation of the functional groups towards the active center 
of the enzyme.  Based on a host of such physical interactions 
above, we have shown that the active pyridinium ring of 
Ortho-7 (and not HI-6) preferentially binds to the active site 
region.  However, the active pyridinium ring of both drugs 
and the functional group that contains the oximate oxygen are 
identical.  Yet, as can be seen in Figures 12 and 13, the relative 
geometry and orientation of the bound drug molecules are 
dramatically different.  While the distances of the two nitrogen 
atoms of the two pyridinium rings of Ortho-7 from Ser 203 
COM increase systemically, HI-6 showed a cross-over midway 
during the egress.  As a result, while oximate oxygen O28 of 
Ortho-7 is always oriented towards the Ser 203 moiety, the 
active pyridinium ring of HI-6 turns and the oximate oxygen 

Figure 12.  Temporal spatial distance during SMD 
pulling between the center of mass of active-site 
Ser 203 and the N20 atom (grey line) and the N2 
atom (black line) of the two pyridinium rings of 
Orhto-7 that was initially close to active triad and the 
peripheral site, respectively.  Relative orientations 
and separations of the drug molecule with respect 
to Ser 203 (shown by space filling representation) 
are also shown at regular intervals.  The grey circle 
encircling O28 atom of the drug is the oximate 
oxygen.  See Supplementary information S-1 for the 
snapshots of protein-drug hydrogen bonds and water 
bridges at the time steps indicated in the figure by 
arrows.

Figure 13.  Temporal spatial distance during SMD 
pulling between the center of mass of active-site 
Ser 203 and the N2 atom (grey line) and the N3 atom 
(black line) of the two pyridinium rings of HI-6 that was 
initially close to active triad and the peripheral site, 
respectively.  Relative orientations and separations of 
the drug molecule with respect to Ser 203 (shown by 
space filling representation) are also shown at regular 
intervals.  The grey circle encircling O1 atom of the drug 
is the oximate oxygen.  See Supplementary information 
S-2 for the snapshots of protein-drug hydrogen bonds 
and water bridges at the time steps indicated in the 
figure by arrows.
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O1 of HI-6 is oriented away from the active serine during their 
egress.  Therefore, for both proximity and orientation, which 
are the two primary requirements for an efficient nucleophilic 
attack on OP-conjugated enzyme, HI-6 is expected to unbind.  

To reinforce the structure-activity issue concerning the rela-
tive geometry and orientation of the enzyme-bound drugs 
we performed an all-atom superposition of the two protein-
drug complexes at several time steps during the simulation.  
The superposition of the two structures (excluding the water 
molecules) is performed in two steps.  First, a translation 
of the HI-6 complex at the center of the reference (Ortho-7 
complex) is performed.  Next the structure is rotated to get 
the eigenvalue of rotation to derive the minimal root mean 
square distance.  In Figure 14, we present some of these super-
posed structures.  Clearly, it can be seen from the figure that 
at ~1500 ps (until about 3500 ps) the oximate oxygen of HI-6 
in association with its active pyridinium ring, and the central 
chain linker takes a complete turn so that it is directed away 
from the active serine.  In comparison, the oximate oxygen of 
Ortho-7 is directed towards the same serine moiety.  At 4500 
ps the active pyridinium ring of HI-6 once again takes a com-
plete turn.  Although the oximate oxygen still faces the active 
serine, the distance is too far (Figures 5A and 14) to be effec-
tive for a nucleophilic attack at the OP inhibited serine.  

The excellent complementarity between the PAS residues 
and the peripheral pyridinium ring of HI-6 is due to the car-
bamide group, instead of the oxime group (as in Ortho-7), 
which effectively clamps the drug molecule to the rim of the 
gorge.  This, in addition to a shorter central chain linker (com-
pare with Ortho-7) between the two pyridinium rings of HI-6, 
results into a highly flexible pyridinium ring of the drug mol-
ecule directed towards the active-site region of the enzyme.  
The preferential binding of HI-6 at the PAS of the enzyme 

could also be another source of major concern.  It is well 
known that the affinity of reactivators for AChE is the most 
important step for their reactivating efficacy.  Since each of the 
two pyridinium rings of HI-6 contains a net positive charge, 
their affinity towards the PAS region can be considered to be 
the same.  One can now easily visualize a random event when 
the peripheral pyridinium ring is first bound to the PAS, while 
the active pyridinium ring of HI-6 with the attached oxime 
group, instead of being inside the gorge, is left outside the 
gorge.  Because of excellent PAS complementarity, this situa-
tion can have serious implications.  The drug molecule would 
then, instead of reactivating the OP-conjugated enzyme, clog 
the gorge entrance, inhibiting both entry and exit to the active-
site, like other PAS inhibitors[8, 15].  On the other hand, the 
Ortho-7 molecule is centrosymmetric and because of its rela-
tively poor binding compatibility at the PAS is free from such 
a situation.  

We investigated the dynamics of the enzyme’s mechanical 
response towards unbinding of the two drugs from its active-
site gorge at an all-atom level.  Through this approach, we 
unveiled what could be the reasons behind the relative efficacy 
of the two drugs given the subtlety in their seemingly similar 
chemical structures.  The present study was not intended to 
obtain an exact force profile pertaining to the drug unbind-
ing process.  Rather, the purpose had been the exploration of 
structure-activity relations between the two oxime complexes 
on a comparative basis in a common simulation platform.  
Scrutiny of various dynamical interaction parameters clearly 
shows that the two drug molecules bind differently with the 
same enzyme.  Namely, the peripheral pyridinium ring of 
HI-6 binds to the PAS region at the gorge entrance with excel-
lent complementarity, while the active pyridinium ring of 
Ortho-7 have been found to be suitably fitted in the active-site 

Figure 14.  Results of a l l -atom super imposed 
structures of the two complexes, mAChE.HI6 and 
mAChE.Ortho-7.  Shown at different times are the 
active site Ser 203 and the two drugs.  The Ser 203 
residue of the two complexes is shown in space-filling 
representation, green for mAChE.Ortho-7 and gold 
for mAChE.HI6 complex.  Ortho-7 drug is displayed in 
licorice representation and HI-6 is displayed in ball-
and-stick representation.  The oximate oxygen atoms of 
the two drugs (Ortho-7: O28, HI-6: O1) are also shown.



326

www.nature.com/aps
Kesharwani MK et al

Acta Pharmacologica Sinica

npg

region.  Tyr 124 and Trp 286 residues of PAS of the enzyme 
have been found to clamp the peripheral pyridinium ring of 
HI-6 for a sufficiently long time (about 3500 ps) through a 
strong cation-π interaction and a host of other aforementioned 
protein-drug interaction parameters.  The PAS preferential 
bindings of HI-6 have been found to have major consequences.  
In particular, HI-6 binding energy with the enzyme is found 
to be larger than that in the case of Ortho-7.  Moreover, dur-
ing the egress while the peripheral pyridinium ring is held 
tightly by the PAS residues, the active pyridinium ring of 
HI-6 is found to undergo a complete turn along the gorge 
axis, directed away from the active triad of the enzyme.  Also, 
as has been argued, the PAS binding compatibility of HI-6 
may even render it to act like other PAS inhibitors instead 
of a drug-reactivating agent.  The active pyridinium ring of 
Ortho-7, on the other hand, forms a parallel cation-π interac-
tion with the phenyl ring of Tyr 337 and a T-shaped cation-π 
interaction with the indole ring of Trp 86.  This, along with 
the other interactions (as mentioned above) monitored in this 
work, makes the oximate oxygen of Ortho-7 always directed 
towards the active triad region.  One of the principal motiva-
tions against oxime drug design is the cooperative binding of 
the bispyridinium compounds in the active-site gorge such 
that the proximity and orientations of the drug molecule, nec-
essary for an effective nucleophilic attack can be attained.  In a 
dynamical situation, as has been dealt with here, on both these 
grounds Ortho-7 is found to be a more suitable choice, which 
is in support of the experimental findings and could function 
as a more effective antidote against tabun intoxication.

Conclusions
The recent end-point reactivation experiments have shown 
that given their similar skeletal structure, Ortho-7 is far more 
efficient than HI-6 in reactivating the tabun-conjugated AChE 
enzyme.  Based on X-ray crystallographic measurements, the 
experimental results are attributed to the differential bind-
ing of oxime drugs with the enzyme[36].  However, since the 
protein-drug complexes are dynamical entities, our effort in 
this work was focused on the time-dependent topographical 
delineation of their differential bindings.  In particular, our 
quest was the delineation of dynamics of enzyme’s mechani-
cal response towards unbinding of the two drugs from its 
active-site gorge at an all-atom level through force-field based 
classical steered molecular dynamics simulations.  Through 
this approach, we tried to unveil the moot reasons behind the 
relative efficacy of the two drugs given the subtlety in their 
seemingly similar chemical structures, and we have answered 
several questions related to protein-drug interactions, which 
we raised in the introduction.  The 5 ns force probe simulation 
began with the recently reported X-ray crystal structures of 
the two complexes.  We chose the pulling spring constant and 
the pulling velocity of the drugs, in accordance with the recent 
state of the art force probe simulation protocol.  The present 
study was not intended to obtain the exact force profile per-
taining to the drug unbinding process.  Rather, the purpose 
was the exploration of structure-activity relations between the 

two oxime complexes on a comparative basis in a common 
simulation platform.

The peaks and valleys of the force profiles signify the 
enzyme’s response during the drug’s egress and can be attrib-
uted to the breaking and making of direct hydrogen bonds, 
water bridges, hydrogen bond networks, and hydrophobic 
interactions.  Scrutiny of these interaction parameters clearly 
shows that the two drug molecules bind differently with the 
same enzyme.  Namely, the peripheral pyridinium ring of HI-6 
binds to the PAS region at the gorge entrance with excellent 
complementarity, while the active pyridinium ring of Ortho-7 
has been found to be suitably fitted in the active-site region.  
Tyr 124 and Trp 286 residues of PAS of the enzyme have 
been found to clamp the peripheral pyridinium ring of HI-6 
for a sufficiently long time (about 3500 ps) through a strong 
cation-π interaction and a host of other protein-drug interac-
tion parameters.  The PAS preferential binding of HI-6 was 
found to have major consequences.  In particular, HI-6 binding 
energy with the enzyme was found to be larger than that for 
Ortho-7.  Moreover, during the egress, while the peripheral 
pyridinium ring is held tightly by the PAS residues, the active 
pyridinium ring of HI-6 is found to undergo a complete turn 
along gorge axis, directed away from the active triad of the 
enzyme.  To accommodate such a large rotation of HI-6 inside 
the gorge, the protein’s structure has to undergo a substan-
tial change as manifested by the larger gorge proper radius.  
Moreover, the PAS binding compatibility of HI-6 may even 
render it to act like other PAS inhibitors, instead of as a drug-
reactivating agent.  The active pyridinium ring of Ortho-7, on 
the other hand, forms a parallel cation-π interaction with phe-
nyl ring of Tyr 337 and a T-shaped cation-π interaction with 
the indole ring of Trp 86.  This, along with the other interac-
tions (as mentioned above) monitored in this work, makes the 
oximate oxygen of Ortho-7 always directed towards the active 
triad region.  One of the principal motivations against oxime 
drug design is the cooperative binding of the bispyridinium 
compounds in the active-site gorge such that the proximity 
and orientations of the drug molecule, necessary for an effec-
tive nucleophilic attack can be attained.  However, neither the 
protein nor the drugs are static structures.  On both of these 
grounds conducive for nucleophilic attack, Ortho-7 is found 
to be a more suitable choice, a result that supports the experi-
mental findings; Ortho-7 could function as a more effective 
antidote against tabun intoxication.  Before we conclude, one 
remark is warranted.  The starting crystal structures, and con-
sequently the present work on the oxime complexes, involve 
the use of non-phosphorylated enzyme.  The chemical envi-
ronment and, therefore, the interactions the drug molecules 
will experience in the OP conjugated enzyme will be certainly 
different from those that are reported here.  In that spirit, the 
present structural dynamics of the non-phosphorylated AChE-
oxime complexes can be treated as a precursor to the phospho-
rylated counterpart.

Supporting information
Preparation of initial crystal structures, snapshots of the pro-
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tein-drug interactions for the two complexes showing hydro-
gen bonds, water bridges, triangular hydrogen bond network 
in association with water bridges (S-1, S-2), and trajectory pro-
files of the drug molecules during their egress from the active 
site gorge presented in the form of movies (S-3, 4, 5, 6) are 
available.  
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