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The binding of the 9-methyl derivative of tacrine—huperzine A hybrid to Torpedo californica
acetylcholinesterase (AChE) has been studied by computational methods. Molecular dynamics
simulations have been performed for the AChE—drug complex considering two different
ionization states of the protein and two different orientations of the drug in the binding pocket,
which were chosen from a previous screening procedure. Analysis of structural fluctuations
and of the pattern of interactions between drug and enzyme clearly favor one binding mode
for the tacrine—huperzine A hydrid, which mixes effectively some of the binding features of
tacrine and huperzine A. The differences in inhibitory activity for a series of related derivatives
have been successfully predicted by free energy calculations, which reinforces the confidence
in the binding mode and its usefulness for molecular modeling studies. The same techniques
have been used to make de novo predictions for a new 3-fluoro-9-ethyl derivative, which can
be used to verify a posteriori the goodness of the binding mode. Finally, we have also
investigated the effect of replacing Phe300 in the Torpedo californica enzyme by Tyr, which is
present in the human AChE. The results indicate that the Phe330—Tyr mutation is expected
to have little effect on the binding affinities. Overall, the whole of results supports the validity
of the putative binding model to explain the binding of tacrine—huperzine A hybrids to AChE.

Introduction

Alzheimer disease (AD)%2 is a neurodegenerative
process associated with deposition of amyloid plaques
and fibrillary tangles, as well as with neurotransmission
damage in the brain.! One of the main functional deficits
in AD involves cholinergic neurons, and this evidence
provided the rational for a potential therapeutic ap-
proach to the treatment of AD.? Several strategies have
been explored to enhance cholinergic transmission, such
as acetylcholinesterase (AChE) inhibitors, acetylcholine
precursors, muscarinic agonists, or acetylcholine releas-
ers. To date AChE inhibition has proved to be the most
successful strategy to ameliorate cholinergic deficit and
to promote symptomatic improvement. Tacrine (THA;
Figure 1) was the first inhibitor approved for the
palliative treatment of AD senile dementia.® Its clinical
efficacy, nevertheless, is limited owing to undesirable
side effects, specially hepatotoxicity, and current re-
search is focused on developing new inhibitors with
improved activity and reduced adverse side effects.*
Efforts have concentrated on analogues of tacrine,® as
well as derivatives of physostigmine,® N-benzylpip-
eridines,” and xanthones.? Attention has also been paid
to huperzine A (HUP; see Figure 1), an alkaloid found
in Huperzia serrata traditionally utilized in Chinese folk
medicine.®

Recently, a new compound named tacrine—huperzine
A hybrid (HTH; see Figure 1) that mixes the 4-amino-
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Figure 1. Schematic representation of the AChE inhibitors
tacrine, (—)-huperzine A and the (—)-enantiomer of the tacrine—
huperzine A hybrid.

quinoline ring system of THA with the carbobicyclic
moiety of HUP has been synthesized and tested for
AChE inhibition.1° The (—)-enantiomer of the parent
compound, 12-amino-6,7,10,11-tetrahydro-9-methyl-
7,11-methanocycloocta[b]quinoline (9M-HTH; Figure 1),
was around 3 times more active than THA in inhibiting
AChE from bovine erythrocytes. The inhibitory potency
was improved by replacing the methyl group at position
9 by an ethyl group and more markedly upon attach-
ment of a fluoro subtituent to position 3, this latter
compound being 40 times more active than THA in
bovine erythrocyte AChE inhibitory assays,* which
makes it very interesting for subsequent structure—
activity studies.

Crystallographic structures for the AChE enzyme
complexed with various inhibitors are available.12714 On
the basis of the structures of AChE complexed with THA
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Figure 2. Plots of the main interactions between AChE and
the (—)-enantiomer of the 9-methyl derivative of the tacrine—
huperzine A hybrid positioned in the putative binding mode.

and HUP,1214.15 and after a wide screening of different
orientations of the drug in the active site, we developed!!
a first binding model of tacrine—huperzine A hybrids
to AChE. In the proposed model there exist a number
of common structural features between the binding of
the hybrid and the interactions observed in the crystal-
lographic structures of THA and HUP complexed to
AChE. Thus, the hybrid is stacked between the rings
of Trp84 and Phe330 (Figure 2), as found for the AChE—
THA complex. The NH; group occupies a position
similar to that of the NH, in THA and the NH3" in HUP
when complexed to AChE. Indeed, the NH; group is well
hydrated, and the water molecules link it directly or
through water-mediated bridges to different residues
such as Asp72 and Ser122. The NH group is hydrogen-
bonded to the carbonyl oxygen of His440, which mimics
a similar interaction found in the THA—AChE complex.
Finally, the bicyclo[3.3.1]nonadiene subunit of the (—)-
enantiomer occupies roughly the same position of the
corresponding subunit of (—)-HUP in the AChE—HUP
complex.

In this study we have refined the proposed binding
mode through extended MD simulations. The reliability
of the refined mode and its advantages with respect to
alternative modes have been analyzed, and the key
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interactions responsible for the stability of the drug—
protein complex have been determined. Knowledge of
this information is essential to pursue our current
studies for designing new chemical modifications lead-
ing to inhibitors with enhanced AChE affinity. To this
end, we have performed molecular dynamics (MD)
simulations to investigate the stability of the AChE—
hybrid complex and to examine the occurrence of local
structural changes in the residues forming the active
site. These studies have been supplemented with free
energy calculations carried out to predict differences in
binding affinities for selected hybrid derivatives. Com-
parison of the relative binding free energies with the
measured changes in inhibitory activity is valuable to
further check the proposed binding model and to discuss
the nature of the interactions that contribute to the
binding. Finally, since calculations have been performed
using the Torpedo californica enzyme structure, while
the enzyme of interest is the human one, we have
examined the effect of replacing Phe330 by Tyr on the
binding of the hybrid inhibitors.

Methods

Setup of the Model. The simulation system was based on
the crystal structure of the complex between Torpedo califor-
nica AChE and (—)-huperzine A.}*%5 The missing atoms from
the original Protein Data Bank!® file were built up using the
program Insight-11.1” The enzyme was modeled in its physi-
ologically active form with neutral His440 and deprotonated
Glu327, which form together with Ser200 the catalytic triad.
The standard ionization state at neutral pH was considered
for the rest of ionizable residues with the exception of Asp 392
and Glu443, which were neutral, and His471, which was
protonated, according to previous numerical titration studies.'®
The geometry of the hybrid was fully optimized at the
Hartree—Fock level with the 6-31G(d)!° basis set using the
Gaussian-94 program.?® According to the basicity of the
aminoquinoline ring,?* the protonated species of the hybrid was
considered in calculations. The hybrid was positioned in the
crystallographic structure of the enzyme to fit the set of
interactions involved in the proposed binding model*! (Figure
2). The system was hydrated by centering a sphere of 25 A of
TIP3P22 water molecules at the inhibitor. Particular attention
was paid to filling the position of crystallographic waters inside
and around the active site with TIP3P water molecules owing
to their relevant structural role in AChE complexes with THA
and HUP.1314 Those water molecules whose oxygen (hydrogen)
atoms were less than 2.2 (1.8) A from any residues of the
protein were removed. The final model system (the protein,
the inhibitor, and 670 TIP3P water molecules) was partitioned
into a mobile region and a rigid region. The former included
the inhibitor, all the protein residues containing at least one
atom within 14 A from the inhibitor, and all the water
molecules, while the rest of atoms defined the rigid part. Both
the mobile and the rigid regions were allowed to relax during
the equilibration of the system, but only the mobile region was
free to move in MD simulations.

Molecular Dynamics Simulations. Three different MD
simulations were performed to examine the structural stability
of the AChE complex with the 9-methyl derivative of the
tacrine—huperzine A hybrid. The first simulation (A) explored
the dynamics of the complex defined as mentioned above, i.e.,
with the enzyme in their catalytically active form and the drug
positioned following the proposed binding mode (Figure 2). In
the second simulation (B) we placed the inhibitor in a different
orientation roughly related to the preceding one by a 180°
rotation of the drug around the axis passing through the two
nitrogen atoms. Finally, in a third simulation (C) the AChE—
drug complex was built up using a different form of the
enzyme, which is characterized by having protonated His440
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and ionized Glu433 (see below for details about the choice of
the alternative model systems).

In all cases the system was energy minimized in a sequen-
tial way. First, all hydrogen atoms were minimized for 1000
steps of steepest descent. Next, the position of water molecules
was relaxed for 5000 steps of steepest descent. Finally, the
whole system, including both mobile and rigid parts, was
energy minimized for 2000 steps of steepest descent plus 3000
steps of conjugate gradients. At this point, we kept frozen the
rigid part of the system and started the dynamic equilibration
of the mobile part. This was accomplished in a series of four
10 ps MD simulations performed to increase the temperature
of the mobile part up to 298 K. Subsequently, a 2 ns MD
simulation was carried out for the different AChE—inhibitor
complexes.

The AMBER-95 all-atom force-field?® was used for the entire
system except the hybrid compound. The charge distribution
of the drug was determined from fitting to the HF/6-31G(d)
electrostatic potential using the RESP?* procedure, and the
van der Waals parameters were taken from those defined for
related atoms in the force field. SHAKE?® was used to maintain
all the bonds at their equilibrium distances, which allowed use
of an integration time step of 2 fs. A cutoff of 11 A was used
for nonbonded interactions. The trajectory was stored every 1
ps for subsequent analysis of complexes. MD simulations were
performed using the AMBERS computer program.s

The relative stability of the AChE—drug complexes in
simulations A, B, and C was examined from the average
energy of the system determined using an approach?’ that
combines the “gas phase” energy and the free energy of
solvation computed with a continuum model. The analysis
included 300 structures (100 for each simulation) taken during
the last 0.5 ns of the simulations. For each solute configura-
tion, the “gas phase” energy was computed from the AMBER-
95 all-atom force field with no cutoff for nonbonded interac-
tions. In these calculations all water molecules were ignored
with the exception of a small subset located in the binding
site, which were explicitly treated owing to their relevant
structural role (see below). Free energies of solvation were
reintroduced by using a Poisson—Boltzmann calculation for
the electrostatic component and a surface-area-dependent term
for the nonelectrostatic contribution. In Poisson—Boltzmann
calculations the dielectric boundary was defined using a 1.4
A probe sphere and atomic van der Waals radii taken from
the AMBER-95 force field, which was also used to assign
atomic charges. The solute was assigned a dielectric of 1, in
agreement with the use of a nonpolarizable force field, and
the solvent dielectric was set to 78.4. A cubic lattice (grid
spacing of 0.35 A) encompassing the complex (about 75% of
the grid was occupied by the solute) was used in calculations,
which were performed using 500 finite difference iterations
(test calculations carried out with a larger number of iterations
did not change significantly the computed free energy of
solvation). These computations were performed with the
program Delphi as implemented in Insight-11. The nonelec-
trostatic term was determined using a surface tension for all
the atoms equal to 5.4 cal A28 No attempt was made to
evaluate the solute entropy contribution, since this term is
expected to be similar in the different simulations.

Free Energy Calculations. Thermodynamic integration
(T1) calculations were performed with a 2-fold purpose. First,
we investigated the effect of the changes hydrogen — fluorine
at position 3 and methyl — ethyl at position 9 on the binding
free energy of the parent compound. These simulations helped
us to verify the reliability of the proposed binding mode, to
understand the nature of the key drug—protein interactions,
and to predict the inihibitory potency of a new drug. Second,
we examined the effect of mutating the residue Phe330 in the
Torpedo californica enzyme to Tyr residue, which is the
corresponding residue in human AChE, on the binding affini-
ties of the hybrid compounds. Such a mutation is the only
relevant difference concerning the residues directly involved
in the binding pocket between Torpedo californica and human
enzymes. This simulation allows us to determine which
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Figure 3. Thermodynamic cycles utilized in free-energy
calculations to determine relative binding affinities between
the inhibitors (top) and the influence of the mutation
Phe330—Tyr on the free energy of binding (bottom).

changes can be expected in the results of the simulations due
to the use of the protein structure of a different organism.

The prediction of the relative binding free energies between
inhibitors was based on the thermodynamic cycle shown in
Figure 3 (top), where AG; and AG, denote the changes in free
energy for mutating A to B in solution and in the AChE
complex. Likewise, the influence of the Phe330—Tyr mutation
on the drug binding was examined from the thermodynamic
cycle shown in Figure 3 (bottom), where AG; and AG, stand
for the free energy change corresponding to mutating those
residues in the free enzyme and in the AChE—drug complex.
The values of the different AG; (i = 1—4) terms were deter-
mined using MD-TI calculations, which were carried out
following the standard algorithm implemented in AMBER-5.
Nonbonded intramolecular contributions were included in
evaluating free energy differences.?® The mutation between
inhibitors in water and in the enzyme was performed using
41 windows, each window consisting of 5 ps for equilibration
and 5 ps for averaging, leading to a total of 410 ps for each
simulation. Test calculations performed using a 820 ps simula-
tion predicted no relevant differences in the computed relative
binding affinities due to the use of larger trajectories. All other
technical details of MD-TI calculations are identical with those
of MD simulations noted above.

To analyze the structural and energetic features of the
interaction between the different drugs and the enzyme in the
complexes formed with either the Torpedo californica enzyme
or the mutated AChE, a series of 1.5 ns MD simulations were
performed using the same technical features already noted.

Results and Discussion

Molecular Dynamics Simulations. In this section
we examine the structural features of the complex
between AChE in its physiological active form and the
tacrine—huperzine A hybrid methylated at position 9
(9M-HTH), which was positioned in the binding pocket
following the putative binding mode (Figure 2). The
stability of the complex and the role of interactions with
specific residues of the binding site are explored from
the results of MD simulation of the AChE—drug com-
plex (simulation A).

Further insight into the suitability of the binding
model is gained by comparison with the results deter-
mined for two other simulations, where either the
positioning of the drug (simulation B) or the ionization
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Figure 4. Time dependence of the potential energy (kcal/mol; solid line) and the RMS deviation (A) for the AChE—drug system
in simulations A (top), B (middle), and C (bottom). The rms deviation profiles are determined for all the heavy atoms in the
mobile part (dashed line) and in the subset of residues (dotted line) forming the walls of the binding pocket. The profiles were

smoothed in 100 ps windows for the sake of clarity.

state of the enzyme (simulation C) has been changed.
In simulation B the inhibitor was placed in a different
orientation which was not the most favored according
to our previous screening studies.!! This orientation
roughly relates to the preceding one by a 180° rotation
of the drug around the axis passing through the two
nitrogen atoms. This rotation keeps unaltered most of
the interactions concerning stacking of the quinoline
ring system and contacts of the =N—H and —NH;
groups, and mainly affects the position of the bicyclo
subunit, which is surrounded by Gly80, Phe78, Met83,
and Trp432. In simulation C the enzyme is considered
in an alternative ionic state where His440 is protonated,
while Glu443 is in its anionic form. Choice of this
ionization state (where the enzyme is inactive) obeys
previous numerical titration studies for the AChE—THA
complex,® which indicated that this form of the complex
is energetically close to the complex with the active form
of the enzyme. This would make possible the involve-
ment of an inhibition mechanism where the drug is
trapped by an inactive form of the enzyme.

Simulation A. The AChE—drug system seems rea-
sonably well equilibrated in the final part of the trajec-
tory. The potential energy drops smoothly during the
first 1 ns, but it remains nearly constant for the rest of
the simulation (Figure 4). To examine the magnitude
of the structural fluctuations occurring along the simu-
lation, we computed the root-mean-square deviation
(rmsd) from the X-ray structure of the enzyme for all
the heavy atoms in the mobile region and in the subset
of residues forming the walls of the binding site. The
two rms profiles (see Figure 4) show a small increase
of around 0.1 A in the first 1 ns, and they remain stable
for the rest of the simulation at values of 0.8 and 0.6
A2, The lack of relevant structural fluctuations both in

the mobile region and in the neighborhood of the binding
site evidences the stability of the drug—enzyme complex.

Analysis of the collected structures allowed us to
determine key drug—protein interactions. Thus, the
stacking of the drug between the rings of Trp84 and
Phe330 seems essential for the binding, since it is fully
maintained during all the simulation. The separation
of the quinoline ring system from the indole and benzene
rings amounts to 4.0 + 0.5and 3.9 + 0.5 A, respectively.
The rings are roughly parallel, as noted in the angles
formed between the planes of the quinoline subunit and
of the indole or benzene rings, which are on average
around 12°. The hydrogen bond between the N—H group
and the carbonyl oxygen of His440 is also fully con-
served (average N---O distance: 2.9 &+ 0.1 A). The NH,
group is surrounded, on average, by two water molecules
lying within 3.0—3.5 A. One of these water molecules
bridges the —NH, group to the carboxylate group of
Asp72, and the other links the —NH, group mainly to
the hydroxyl group of Ser122, and less frequently to that
of Tyr121. All these water-mediated contacts are main-
tained along the simulation with the only exception of
the water bridge with Asp72, whose side chain reorients
during 200 ps after the first 1 ns leading to a transient
loss of the water-mediated contact. After that period,
the bridge with the —NH, group is recovered and
remains until the end of the trajectory. Overall, this
analysis indicates that the interactions between inhibi-
tor and enzyme are well preserved along the simulation.

The time evolution of the interaction energy between
9M-HTH and the enzyme, as well as their electrostatic
and van der Waals components, reveals no large fluc-
tuations along the 2 ns simulation (data not shown). The
interaction energy for the last 500 ps is, on average,
—194.3 + 9.1 kcal/mol. Analysis of the pairwise interac-
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Figure 5. Superposition of the complex between the inhibitor
9M-HTH and the subset of residues forming the binding pocket
for 10 structures collected every 50 ps during the last 0.5 ns
of the simulation A.

tions between drug and residues in the binding pocket
indicates relevant contributions for Asp72 (—47.0 + 3.9
kcal/mol), Trp84 (—10.8 + 1.3 kcal/mol), Phe330 (—5.4
+ 0.9 kcal/mol), His440 (—17.3 £+ 1.1 kcal/mol), Glu199
(—=51.4 £+ 1.7 kca/mol), and Glu327 (—34.6 + 0.7 kcal/
mol). Overall, the preceding structural and energetic
information indicates that the hybrid is firmly bound
to the active site without suffering notable changes in
the interactions with residues contributing to the bind-
ing, as can be stated from inspection of Figure 5, which
superimposes 10 snapshots collected every 50 ps during
the last 0.5 ns.

Simulation B. In this simulation the drug was
positioned in a different orientation within the binding
pocket of the enzyme, which was chosen following our
preliminary studies (see above). The potential energy
drops without abrupt changes until 1.2 ns, and then
seems to be stable until the end of the simulation
(Figure 4). The rmsd profiles for the heavy atoms in both
the mobile part and the subset of residues forming the
wall of the binding pocket show a continuous increase
(Figure 5), reaching a value larger than 2 A at the end
of the simulation. This evidences the occurrence of
relevant structural changes in the binding pocket, which
are due to a drug reorientation along the simulation.
In this process the drug remains stacked with the rings
of Trp84 and Phe330 (average distances 4.2 + 0.5 and
3.9 + 0.5 A; angle between ring planes 9.2° + 5.0° and
18.5° + 8.0°, respectively). Nevertheless, the bicyclo-
[3.3.1]nonadiene unit pushes away a large number of
residues, particularly Phe75, Phe78, Gly80, Ser81,
Trp432, and Tyr442. Indeed, there are notable differ-
ences in the pattern of interactions mentioned above for
simulation A. Thus, the hydrogen bond with the carbo-
nyl group of His440 is lost (average N---O distance 4.6
+0.9 A), and the water-mediated contacts of the —NH>
group are remarkably more labile or even lost. For
instance, the separation of the —NH; group and the
Asp72 carboxylate oxygens varies from 3.5 to 6.5 A.
These structural changes are reflected in the interaction
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energy between drug and enzyme (average value —174.4
+ 17.6 kcal/mol), which is around 20 kcal/mol higher
than that obtained in simulation A, and in the total
potential energy of the simulated system (see Figure 4),
which is around 300 kcal/mol higher than that of
simulation A.

The structural and energetic instability of the binding
mode explored in this simulation is in marked contrast
with the results obtained in simulation A, where the
rmsd remained unaltered at a significantly smaller
value (around 0.7 A) and all the interactions with
residues in the binding pocket were well preserved along
the simulation.

Simulation C. In this section we analyze the AChE—
drug complex considering a different ionization state for
the enzyme, which has protonated His440 and ionized
Glu443 (see above). After thermalization the system
seems to be equilibrated and the potential energy
becomes stabilized after 1.2 ns (Figure 5). The rms
deviation the heavy atoms in the mobile part increased
around 0.3 A along the simulation (Figure 5), which
suggests that the global structure of the mobile region
remains mostly unaltered. The rmsd profile for the
residues forming the binding pocket increases near 1 A
at around 1 ns (Figure 5). Inspection of the structures
collected before and after 1 ns shows two different
effects contributing to this local structural rearrange-
ment. First, the drug is moved away from the His440
owing to unfavorable electrostatic repulsion (see below;
in fact, the =N—H---O=C= hydrogen bond is lost during
the thermalization process), and such a displacement
is transmitted to vicinal residues such as Trp84. Second,
the contact observed in the crystallographic structure
and in simulation A between Tyr334 and Asp72 is lost
owing to the displacement of the inhibitor. In addition,
the side chain of Tyr334 reorients and becomes exposed
to the solvent.

The separation of the quinoline ring system from the
indole and benzene rings of Trp84 and Phe330 is on
average 3.8 + 0.5 and 4.5 & 0.5 A. The planes of the
quinoline and indole rings remain roughly parallel (the
average angle between the rings is 10.5° + 4.9°), but
the angle formed with the benzene ring is 26.5° + 10.9°,
and values of around 60° are eventually reached. Thus,
there is a weakening of the interaction with Phe330.
The —NH; group is hydrated on average by two water
molecules lying at 3.0—3.5 A. One of them forms a
bridge with the Asp72 carboxylate group, and the other
interacts mainly with Tyrl2l. These contacts are,
however, weaker than those found in simulation A. For
instance, the separation of the amino nitrogen from the
carboxylate oxygens increases from 5.0 + 0.6 (O1) and
6.2 + 0.7 (062) A in simulation A to 6.9 & 1.0 and 6.6
+ 1.0 A, respectively, in this simulation.

The preceding analysis points out notable structural
fluctuations in the contacts of the drug with the residues
forming the binding site. The average interaction energy
(—184.0 £ 13.1 kcal/mol) between drug and enzyme is
10 kcal/mol higher than for simulation A. Looking at
the contributions from specific residues, such a desta-
bilization is motivated by the unfavorable electrostatic
contact with the protonated His440 (+33.9 £+ 1.7 kcal/
mol), and the weakening of the interaction with Asp72
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Table 1. Average Energies (kcal/mol) Determined for the
AChE—Drug Complex in the Three Simulations?

energy® A B C
“gas phase”
bonded 4795.0 (17.3) 4828.5 (24.9) 4798.1 (17.5)

electrostatic ~ —17936.2 (27.4) —18204.3 (38.0) —17887.3 (29.2)
van der Waals —2911.0 (19.7) —2849.9 (17.0) —2886.3 (16.5)
0.0

AEgas phase —-173.5 76.6
solvation
Poisson— —5329.5 (22.6) —5098.0 (35.1) —5395.3(22.3)
Boltzmann
nonpolar 98.7 (0.2) 98.8 (0.4) 99.6 (0.3)
AGsolvation 0.0 231.6 —64.9
total 0.0 58.1 11.7

a Computed by averaging over 100 structures collected during
the last 0.5 ns of the simulation. Standard deviations are in
parentheses. P Relative values are given for the “gas phase”,
solvation, and total (gas phase + solvation) energies.

(—39.3 &+ 3.4 kcal/mol) compared to the value obtained
for simulation A.

Relative Stability of the AChE-Drug Com-
plexes. The structural and energetic analysis of the
three simulations noted above shows that the hydrid
binds more firmly to AChE in its catalytically active
form (simulation A) than in the other two cases. In
simulation B the steric hindrance between the bicyclo-
[3.3.1]nonadiene unit and the neighboring residues of
the enzyme induces large structural rearrangements
and a weakening in the drug binding. On the other
hand, the electrostatic repulsion is the source of the
structural distortion of the AChE—drug complex in
simulation C. Since this form of the enzyme is catalyti-
cally ineffective, its involvement in the binding of the
hybrid can be reasonably excluded.

To further examine the suitability of the binding
model explored in simulation A, we determined the
ensemble average (“gas phase” plus solvation) energies
of the AChE—drug complexes in the three simulations.
The results in Table 1 show that the complex in
simulation A is clearly more stable than in simulation
B. As expected from the large structural distortion
originated by changing the drug orientation in the
binding site (simulation B), both bonded and van der
Waals energy contributions are destabilizing compared
to the results in simulation A, but this effect is coun-
terbalanced by favorable electrostatic contacts. Never-
theless, this latter contribution does not suffice to
compensate the large destabilization due to solvation
effects, leading to a net destabilization relative to
simulation A. Inspection of sampled structures reveals
the marked structural distortion of the backbbone,
which reduces the hydration of the protein. This finding
supports our previous results,* which suggested that
the binding mode in simulation B was unable to explain
the relative activity for a series of hybrid derivatives.

The results (see Table 1) also show that electrostatics
and solvation are the most sensitive contributions in
simulation C. Comparison of the relative stability
between simulations A and C cannot be directly gained
from the results in Table 1 owing to the change in
internal energy of these residues upon ionization. To
estimate the relative stability between the AChE—drug
complexes in simulations A and C, we have combined
the results in Table 1 with the free energy difference
between neutral and ionized His and Glu at neutral pH
and the cost of transferring the neutral (ionized) resi-
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dues from the protein (water) to water (protein).2® The
first term was estimated from the experimental pKj's
of the residues in water, and the two remaining contri-
butions were computed from Poisson—Boltzmann cal-
culations. As a result, the AChE—drug complex in
simulation C is found to be destabilized by nearly 40
kcal/mol relative to the complex in simulation A.

Overall, despite numerical uncertainties, the struc-
tural and energetic analysis of the sample structures
collected in the simulations supports the suitability of
the binding mode of the hybrid compounds to AChE
considered in simulation A (see Figure 2), which will
be used to predict the relative binding affinities of
selected hybrid derivatives and compare them with the
available experimental inhibitory data.

Relative Binding Affinities. Calculations were
performed for the mutations hydrogen — fluorine at
position 3 and methyl — ethyl at position 9 of the 9M-
HTH compound. These substitutions involve contacts
of the drug with the binding pocket in two distant
regions and they lead to well-defined changes in the
binding affinity for the series of hybrid compounds
tested for AChE inhibition.'® Thus, attachment of a
fluorine atom at position 3 of (—)-9M-HTH increased
~15-fold the inhibitory activity, and the 1Cs; of (—)-9M-
HTH decreased by a factor of ~2 upon replacement of
methyl by ethyl. Finally, we also examined the effect of
introducing simultaneously the two mutations in the
parent compound to verify the additivity of the changes
on the predicted binding affinities. There is no experi-
mental information on the activity of this compound,
and this could be used as a test of the binding model in
future studies.

Comparison of selected structural and energetic prop-
erties for the complexes between Torpedo californica
AChE and the hybrid derivatives is shown in Table 2.
These properties were determined by averaging the
corresponding values for the structures collected in the
last 0.5 ns of a series of 1.5 ns MD simulations for the
different AChE—drug complexes. The results reveal the
lack of significant structural alterations, and the drug—
enzyme interaction pattern is maintained in all cases.
In fact, for most properties the differences observed
between the average values are similar to or lower than
the corresponding standard deviation of the measured
property. Either attachment of fluorine or extension
from methyl to ethyl leads to larger rms deviations
relative to 9M-HTH. However, when the two modifica-
tions are made simultaneously, the rmsd values de-
crease and compare with those of 9M-HTH. This sug-
gests a sort of balance between the effects arising from
the two substitutions, which tend to reinforce the fitting
of the drug.

Changing methyl by ethyl at position 9 weakens the
contact with Phe330 and strengthens the interaction
with Trp84 (see Table 2). Since the methyl group in 9M-
HTH lies in a hydrophobic pocket rich in aromatic
residues such as Phe288, Phe290, and Phe331, addition
of an extra methylene group slightly displaces the drug
toward Trp84 without disturbing greatly the interac-
tions with other residues. Inspection of the AChE—drug
complex indicates that accommodation of substituents
bigger than ethyl at position 9 cannot be easily achieved
without altering the binding pocket, which explains the
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Table 2. Selected Structural and Energetic Details for the Complexes between the Torpedo californica AChE Enzyme and the

Hybrid Derivatives

property? IM 3F,9M 9E 3F,9E
rmsD (all) 0.9 (<0.1) 1.3(<0.1) 1.4 (<0.1) 0.9 (<0.1)
rmsD (subset) 0.7 (<0.1) 1.0 (<0.1) 1.0 (<0.1) 0.7 (<0.1)
d(drug—Trp84) 4.0 (0.5) 4.3 (0.5) 3.8(0.5) 4.2 (0.5)
a(drug—Trp84) 11.8 (4.7) 15.1 (5.2) 9.1 (4.7) 10.7 (4.7)
d(drug—Phe330) 3.9 (0.5) 3.7(0.5) 4.6 (0.7) 3.9 (0.5)
a(drug—Phe330) 13.8 (7.0) 9.6 (5.4) 38.5 (14.5) 11.6 (6.9)
d(NH—OC(His440)) 2.9(0.1) 2.9(0.1) 2.9 (0.1) 2.9(0.1)
d(NH>—0Od1(Asp72)) 5.0 (0.6) 5.2(0.7) 5.0 (0.6) 4.6 (0.4)
d(NH,—0d2(Asp72)) 6.2 (0.7) 6.3 (0.9) 5.1(0.7) 5.7 (0.6)
Eint(Trp84) —10.8 (1.3) —9.8 (1.4) —12.0(1.3) -10.3(1.2)
Eint(Phe330) —5.4(0.9) —6.1(0.9) -3.4(1.1) —6.1(1.1)
Eint(Asp72) —47.0 (3.9) —47.9 (4.5) —48.5 (3.3) —51.7 (3.3)
Eint(His440) —17.3 (1.1) —17.7 (0.9) -17.3(1.3) —17.9 (1.0)
Eint(protein+water) —211.7 (9.8) —230.0 (12.1) —235.4 (17.0) —232.9(9.2)

2 rmsD, root-mean-square deviation (A); d, distance (A); a, angle (deg); Eine, interaction energy (kcal/mol) between the drug and residues
lying within the cutoff distance. Values averaged for 100 structures collected during the last 0.5 ns of the molecular dynamics simulations.

The standard deviation is given in parentheses.

-2.6
9M-HTH ————— > 3F,9M-HTH

-0.5 -0.6

9E-HTH ——— > 3F,9E-HTH
-3.0
Figure 6. Free energy differences (kcal/mol) for the binding
of the 9-methyl (9M), 3-fluoro-9-methyl (3F,9M), 9-ethyl (9E),
and 3-fluoro-9-ethyl (3F,9E) derivatives of the tacrine—hu-
perzine A hybrid (HTH) to Torpedo californica AChE enzyme.

marked decrease in the inhibitory activity of substitu-
ents with propyl, butyl, or phenyl substituents.® At-
tachment of a fluorine atom at position 3 of 9M-HTH
or 9E-HTH weakens the interaction with Trp84, while
the interaction with Phe330 is improved. The fluorine
atom does not establish specific interactions with func-
tional groups of the enzyme, since it fills a hydrophobic
pocket formed by Leu333, Met436, 11e439, and Trp432,
whose structure is somewhat disrupted compared to the
complex between AChE and 9M-HTH. This structural
distortion is less important in the 3F,9E-HTH deriva-
tive, revealing a mutual compensating effect arising
from the need to accommodate the two substituents.
Considering the hydrophobic nature of the recognition
pocket surrounding position 3, the introduction of apolar
groups is expected to be favorable for binding.

The free energy profiles for the mutations in water
and in the protein varied smoothly, and no discontinui-
ties were found. Estimates of free energy differences
obtained with the first (equilibration) and second (col-
lection) halves of each window were almost identical.
Furthermore, the thermodynamic cycles for mutations
in water and in the protein (Figure 3, top) were closed
with an error lower than 0.3 kcal/mol, which reinforces
the reliability of the results.

The predicted differences in binding free energy for
mutations converting the 9-methyl substituted hybrid
(9M-HTH) into its 3-fluoro (3F,9M-HTH), 9-ethyl (9E-
HTH), and 3-fluoro-9-ethyl (3F,9E-HTH) derivatives are
given in Figure 6. The results reveal that the effect of
the two substitutions examined here are mostly addi-
tive, indicating that the 3-fluoro-9-ethyl derivative binds
around 3.4 kcal/mol better to the enzyme than the lead
compound. This suggests that the active site is flexible
enough to accommodate those small structural changes

Table 3. Relative Free Energy Differences (kcal/mol)
Corresponding to the Phe330—Tyr Mutation in the Isolated
Enzyme and in the Complexes of AChE with the Four Hybrid
Derivatives

isolated AchE -3.3
9M-HTH —-3.4
3F,9M-HTH —3.6
9E-HTH —-3.0
3F,9E-HTH -3.1

without affecting the drug binding, as expected from the
results in Table 2 (see above). Relative to the parent
compound, changing the methyl group to ethyl at
position 9 has a modest improvement of ~0.6 kcal/mol,
which partly originates from the better desolvation of
the ethyl derivative. On the other hand, attachment of
a fluorine at position 3 enhances the binding by ~2.8
kcal/mol. This effect is mainly electrostatic, since the
electron-withdrawing character of the fluorine modifies
the charge distribution of the quinoline subunit leading
to a better interaction with the electrostatic potential
created by the cloud of charges in the protein.

It is worth noting that the average interaction ener-
gies of the inhibitor with the surrounding (protein +
water) environment increases from 9M-HTH to 3F,9M-
HTH to 3F,9E-HTH (see Table 2), as expected from the
results of TI calculations. The only exception is 9E-HTH,
which has the largest interaction energy owing to a very
favorable electrostatic contribution. This finding indi-
cates that caution is necessary when binding free
energies are predicted using linear response methods,
which solely rely on the interaction energy of the
inhibitor with its surroundings in the bound and
unbound states. These methods are very valuable for a
rapid evaluation of binding affinities, but their calibra-
tion in a preliminary step is a necessary requisite.

Phe330 — Tyr Mutation. As noted before, TI
calculations were performed to explore how the muta-
tion of Phe330 in the Torpedo californica enzyme to Tyr,
the corresponding residue in human AChE, may influ-
ence the binding affinities of the hybrid compounds. This
is important since modeling is always done using the
structure of the Torpedo californica enzyme, while the
target of interest is the human enzyme.

Table 3 gives the computed free energy differences
for the Phe330—Tyr mutation in the isolated enzyme
and in the complexes of AChE with the different
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-3.4
OM-HTH ——— > 9M-HTH

AChE(Phe330) AChE(Tyr)
-0.8 -0.3

9E-HTH ———— X > 9E-HTH
-3.0

-3.6
3F,9M-HTH ————— > 3F,9M-HTH
AChE (Phe330) AChE(Tyr)
0.8 L l—o.g

3F,9E-HTH ————— > 3F,9E-HTH
-3.1

Figure 7. Closure thermodynamic cycles for the mutation of
Phe330 to Tyr in the AChE complex with the different
inhibitors, and for the mutation of 9M-HTH to 9E-HTH and
3F,9M-HTH to 3F,9F—HTH in the Torpedo californica and
Phe330 — Tyr mutated AChE. All values are in kcal/mol.

inhibitors (see Figure 3, bottom). In the isolated enzyme
such a free energy change amounts to —3.3 kcal/mol,
whereas in the AChE—drug complexes the predicted
free energy change ranges from —3.0 to —3.6 kcal/mol.
Accordingly, the relative binding affinities of the inhibi-
tors for the mutated enzyme are expected to be similar
to the values computed for the Torpedo californica
enzyme. This suggests that the Phe300 — Tyr mutation
does not alter remarkably the interaction with the drug,
and particularly that the hydroxyl group does not
participate directly in drug binding.

To further corroborate this finding, we carried out two
sets of additional simulations. First, Tl calculations
were performed to mutate 9M-HTH to 9E-HTH and 3F,-
9M-HTH to 3F,9E-HTH in the AChE enzyme having
the Tyr residue. This allows us to form the closure
thermodynamic cycles shown in Figure 7 (right vertical
arrows), which also shows the free energy changes for
mutating Phe330 — Tyr in the AChE—drug complexes
(horizontal arrows; see Table 3) and for the mutations
9M-HTH — 9E-HTH and 3F,9M-HTH — 3F,9E-HTH
in the Torpedo californica enzyme (left vertical arrows).
The thermodynamic cycles are closed with an error
lower than 0.6 kcal, which gives confidence in the
predicted free energy changes. Second, a series of 1 ns
MD simulations were conducted for the isolated
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Phe330—Tyr enzyme and for its complexes with the
inhibitors. The analysis of the structures collected in
the last 0.5 ns confirms that the hydroxyl group has no
direct interaction with the drug, it being solvated on
average by one water molecule lying at around 3 A along
all the simulation, as is also observed in the free
enzyme.

It is also worthwhile to compare the structural and
energetics features of the AChE—drug complexes for the
mutated enzyme (Table 4) with the results discussed
previously for the Torpedo californica one (Table 1).
Such a comparison shows a very close similarity in the
pattern of interactions irrespective of the inhibitor and
of the enzyme, which gives support to the putative
binding mode for the hybrid derivatives. The only
remarkable difference concerns the 9E-HTH inhibitor,
since the ordering of interaction energies between the
drug and the surrounding (protein + water) environ-
ment now reflects properly the changes in relative
binding affinities.

Comparison with Experimental Data. Even though
calculations have been performed for the Torpedo cali-
fornica enzyme and the AChE inhibitory assays were
performed from bovine erythrocytes,!! the results re-
ported in the preceding section allow us to compare with
some confidence the predicted differences in binding
affinity with the experimental changes in inhibitory
activity measured for the (—)-enantiomer of these
compounds.

Since the substrate concentration in the in vitro
assays (performed at 298 K) was the same for all the
inhibitors, the experimental differences in binding free
energy can be derived from the competitive inhibition
equation I1Csp = K (1 + [S]/Km), where K, and K are
Michaelis and enzyme—inhibitor dissociation constants,
respectively.3! The values determined for the changes
9M-HTH — 3F,9M-HTH and 9M-HTH — 9E-HTH are
—1.5 and —0.3 kcal/mol, respectively, which compare
reasonably well with the predicted estimates of —2.6 and
—0.5 kcal/mol (see Figure 6). Our estimate of the good
binding of 9M-HTH — 3F,9E-HTH, and the expected
good ability of position 3 to accept apolar groups, needs
experimental verification, and might encourage further
work in the field. Overall, the good quantitative and
qualitative agreement found between theoretical calcu-

Table 4. Selected Structural and Energetic Details for the Complexes between the Phe330—Tyr AChE Mutant and the Hybrid

Derivatives

property? 9IM 3F,9M 9E 3F,9E
rmsD (all) 1.0 (<0.1) 1.3(<0.1) 1.1(<0.1) 0.9 (<0.1)
rmsD (subset) 0.7 (<0.1) 1.0 (<0.1) 0.9 (<0.1) 0.7 (<0.1)
d(drug—Trp84) 4.1 (0.5) 4.2 (0.5) 3.7 (0.4) 4.0 (0.5)
o(drug—Trp84) 12.5(5.1) 15.0 (5.3) 12.6 (4.9) 10.2 (5.1)
d(drug—Tyr330) 3.9(0.5) 3.7(0.5) 4.6 (0.5) 4.0 (0.5)
o(drug—Tyr330) 13.2 (7.5) 10.0 (6.2) 34.2 (11.8) 13.1 (6.4)
d(NH—OC(His440)) 2.9(0.1) 2.9(0.1) 2.8(0.1) 2.9(0.1)
d(NH2—0Od1(Asp72)) 4.8 (0.4) 5.3(1.0) 6.9 (0.4) 4.7 (0.3)
d(NH2—0Od2(Asp72)) 5.9 (0.5) 5.7 (0.6) 5.6 (0.4) 5.6 (0.4)
d(NH>—OH(Tyr330)) 3.4 (0.3) 3.5(0.3) 3.6 (0.4) 3.5(0.3)
Eint(Trp84) —10.2 (1.1) —9.7 (1.4) —10.8 (1.2) —10.0 (1.2)
Eint(Tyr330) —6.0 (1.4) —6.8 (1.4) —3.8(1.7) —7.0(1.4)
Eint(Asp72) —48.5 (2.8) —49.5 (4.2) —39.4 (2.4) —51.6 (2.7)
Eint(His440) —17.5 (1.0) —17.5 (1.0) —17.4 (1.4) -17.9 (1.2)
Eint(protein+water) —214.6 (10.7) —231.4 (12.4) —220.5 (12.8) —233.6 (10.0)

a rmsD, root-mean-square deviation (A); d, distance (A); a, angle (deg); Eint, interaction energy (kcal/mol) between the drug and residues
lying within the cutoff distance. Values averaged for 100 structures collected during the last 0.5 ns of the molecular dynamics simulations.

The standard deviation is given in parentheses.
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lations and experimental data reinforces our confidence
in the proposed binding mode as a model to explain the
interaction of the tacrine—huperzine A hybrids with the
AChE enzyme. Finally, the good performance of the
calculations clearly supports the suitability of theoreti-
cal approaches such as that used here for the develop-
ment of new more active anti-Alzheimer drugs targeting
AChE.

Conclusion

The whole of the results reported in the preceding
sections confirms the suitability of the proposed binding
mode of the tacrine—huperzine A hybrids to AChE. The
complex between the catalytically active form of the
enzyme with the inhibitors shows no relevant structural
fluctuations, and the pattern of interactions between
drug and enzyme is fully maintained along the simula-
tion. Indeed, this pattern remains essentially unaltered
for the different AChE—inhibitor complexes investigated
here. The model is able to predict relative binding
affinities between the inhibitors that reproduce reason-
ably well the experimentally measured changes in
inhibitory activity. Even though calculations were per-
formed for the Torpedo californica enzyme and the
inhibitory assays were determined from bovine eryth-
rocytes, the results estimated for the influence of the
Phe330—Tyr mutation, which is the most relevant
change concerning the binding pocket between the
Torpedo californica and human enzymes, indicate that
this change is expected to have little effect on the
predicted binding affinities. Overall, the whole of the
results supports the validity of the putative binding
model proposed to explain the binding of the tacrine—
huperzine A hybrids to AChE. This model will provide
a very valuable basis to pursue our current efforts in
developing AChE inhibitors with improved inhibitory
activity.
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