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Abstract: In the present study, the binding free energy of a family of huprines with

acetylcholinesterase (AChE) is calculated by means of the free energy perturbation method
(FEP), based on hybrid quantum mechanics and molecular mechanics (QM/MM) potentials.
Binding free energy calculations and the analysis of the geometrical parameters highlight the
importance of the stereochemistry of huprines in AChE inhibition. Binding isotope effects
(BIE) are calculated to unravel the interactions between ligands and the gorge of AChE. New
chemical insights are provided to explain and rationalize the experimental results. A good
correlation with the experimental data is found for a family of inhibitors with moderate
differences in the enzyme affinity. The analysis of the geometrical parameters and interaction
energy per residue reveals that Asp72, Glul199, and His440 contribute significantly to the
network of interactions between active site residues, which stabilize the inhibitors in the
gorge. It seems that a cooperative effect of the residues of the gorge determines the affinity of
the enzyme for these inhibitors, where Asp72, Glul99, and His440 make a prominent

contribution.
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Introduction

Alzheimer’s disease (AD) is mainly characterized by the formation of deposits of
extracellular amyloid plaques and the intraneuronal neurofibrillary tangles of
hyperphosphorylated tau protein [1]. Modifications of several neurotransmitter systems have
also been observed, with the most characteristic being the relatively selective loss of
cholinergic neurons [1]. The depletion of cholinergic neurotransmission in the brain of AD
patients gave rise to the cholinergic hypothesis of AD [2-4], which afforded the rational basis
from which most of the currently approved anti-Alzheimer drugs have derived. Indeed, four
out of the five approved drugs are inhibitors of the enzyme acetylcholinesterase (AChE). This
enzyme is responsible for the hydrolysis of acetylcholine, and therefore its inhibition can
restore the cholinergic transmission to some extent. Apart from the acetylcholinesterase
inhibitors (AChEIs), memantine, a glutamate NMDA receptor antagonist, was also approved
for AD treatment [5]. While a number of drug candidates deriving from other hypotheses,
prominently the amyloid hypothesis, have not yet provided satisfactory results in clinical
trials, AChEIs constitute the basis of AD treatment and the design of novel AChEls is still an

area of very intensive research.

Some AChEIs, such as rivastigmine [6], form covalent bonds with the Ser200
(Torpedo californica AChE numbering) residue of AChE, whereas most inhibitors, including
the approved drugs tacrine [7], donepezil [8], and galantamine [9], block the active site of the
enzyme through non-covalent reversible interactions. Prediction of the binding affinities of
AChEIs can be very useful for the development of novel inhibitors. This is one of the great
challenges of computational chemistry, and several methods have been applied in an attempt

to obtain a reliable prediction of protein-ligand binding energies [10-12].

As far as AChE is concerned, several protocols have been used to estimate the
binding affinity of numerous ligands [13-21]. Unfortunately, the methods with less
computational cost were not always able to reproduce the experimental results [18]. Recently,
we have published a paper where the binding free energy of some classical inhibitors of
AChE was calculated, obtaining good results with an acceptable computational cost [22]. In
that work, the ligands that were studied had quite different protein affinities. However, it is

interesting to compare inhibitors with a similar inhibition constant. To verify if our protocol



is adequate in the latter circumstances, we have decided to apply it to a set of huprines, a
known class of AChEIs, which feature similar characteristics and affinity.

(+)-(7R,11R)-huprine (-)-(78,118)-huprine

Ry=Cl, Rg=Ethyl: HUX
R3=Cl, Rg=Methyl: HUY
Ry=H, Ry=Ethyl: HUE
Ry=H, Ry=Methyl: HUM

Scheme 1 Schematic representation of the huprines considered in this study

Huprines are a group of tacrine-huperzine A hybrids that simultaneously feature the
4-aminoquinoline system of tacrine and the carbobicyclic bridged system of huperzine A
[16,14,23,24]. These compounds are racemic species, which can be separated into their
enantiomers (Scheme 1). The levorotatory enantiomers of these hybrid compounds ((-)-
(7S,11S)-huprines) are far more active (eutomers) for AChE inhibition than the
dextrorotatory forms (distomers), and the most active derivatives are those substituted at
position 3 with a chlorine atom (Table 1) [16,14,23,21].

Huprine X binds to human AChE with an affinity 40-fold higher than that of
donepezil, 180-fold higher than that of (-)-huperzine A, and 1200-fold higher than that of
tacrine [19,23]. The simultaneous occupancy of the binding zone of tacrine and a part of the
binding zone of (-)-huperzine A by huprines seems to be responsible for their high inhibitory
potency [24]. Pharmacological studies have demonstrated that huprine X exhibits an
agonistic action on muscarinic Mz and nicotinic receptors [25,26]. Moreover, results obtained
in efficacy studies in mice strongly suggest that treatment with huprine X improves the
cognitive performance of the animals and induces some neurochemical changes which could
contribute to the beneficial effects observed [27]. The outstanding pharmacological profile of

huprines together with the work by Pang, Carlier and Han on tacrine dimers as dual binding



site. AChE inhibitors inspired the synthesis of new heterodimeric compounds based on
huprine, such as huprine-tacrine heterodimers or donepezil-huprine heterodimers, among
others [24,21].

Table 1 AChE inhibitory activity (ICso values, nM) and affinity (K; values, nM) of the huprines considered in
the study, for the racemic mixture, (-)-(7S,11S)-enantiomer and (+)-(7R,11R)-enantiomer. Data taken from Refs.
([16,14,23,21]).

Compound | Rs Ro ICsorac (nM) 1Cso0(-) (nM) ICso(+) (nM) K; (nM) [23]

HUX Cl | Ethyl | 2.77+0.75°[16] 1.30£0.26°[16] | 402+36°[16] | 0.026+0.002°[23]

0.67+0.05°[21] | 0.27+0.02° [21] | 6.30+0.50° [21]

HUY Cl | Methyl | 4.23%0.86°[16] 1.15+0.11°[16] | 36.1%3.6'[16] | 0.033+0.003°[23]

0.6120.03 [21] | 0.43+0.03°[21] | 13.6+1.5°[21]

HUE H | Ethyl 38.5+47[16] 274+3.1°[14] | 888+141°[14] n.a.

HUM H | Methyl 65+15°[16] 47.146.3°[14] 329+58°[14] n.a.

2 values determined from inhibition of bovine erythrocyte AChE, ® values determined from inhibition of human

AChE

As a continuation of the previous paper [22], here we present a study aimed at gaining
an understanding of the binding process of huprines. Binding free energies are calculated by
means of the alchemical free energy perturbation (FEP) method. FEP is a recognized method
for the prediction of ligand binding poses and affinities [28,29]. The contributions of each
residue of the gorge to the interaction energy between the inhibitors and the enzyme have
been analyzed, and these results have been connected with the geometrical parameters
obtained in our simulations. Finally, binding isotope effects [30] (BIE) have been calculated
to further analyze interactions between ligands and the gorge of AChE.




Models and Methods

System setup

The system setup was performed following the same protocol used in our previous
work on the classical AChE inhibitors [22]. In this way, we used the same structure for the
protein and structural water molecules (PDB code 2C5G), and the coordinates of (-)-huprine
X were put in the gorge by superimposing the AChE structure complexed with huprine X
(PDB ID 1E66) using the DaliLite program [31]. All structural water molecules in the gorge,
as well as the coordinates of residues Phe330 and Trp432, were replaced in the new
coordinate systems according to the 1E66 pdb file. The root mean square deviation (RMSD)
was 0.18 A, and thus the structures obtained after superimposition were assumed to be
suitable for this study. The other (-)-huprines-AChE systems were obtained after minor
changes in positions 3 and/or 9 of (-)-huprine X. With regard to (+)-huprines, the initial
coordinates for these systems were obtained after docking the corresponding (+)-huprines in
the Torpedo californica AChE (TcAChE) 2C5G pdb file using the AutoDock 4.2 program
[32]. The coordinates of Phe330 and Trp432 were also adjusted according to the 1E66 pdb
file. Regarding the protonation state of the residues, the enzyme was modeled with neutral
His440 and deprotonated Glu327 and GIu199. The standard ionization state at neutral pH was
considered for the rest of the ionizable residues with the exception of Asp392 and Glu443,
which were neutral, and His471, which was protonated, in accordance with our previous

work [22] and in agreement with Wlodek and co-workers [13].

Hydrogen atoms were incorporated into the structure, and the energy minimization of
these atoms was performed as implemented in the fDynamo library [33,34]. Next, 5 sodium
counterions were added in optimal electrostatic positions around the protein (never closer
than 10.5 A to any atom and not less than 5 A from another counterion, using a regular grid
of 0.5 A) so as to have a total charge equal to zero. Subsequently, the system was placed
inside a previously relaxed box of water (100x100x100 A3). All water molecules within a
distance of 2.8 A from the protein were removed.

In the present study, all calculations were performed with the hybrid Quantum
Mechanics/Molecular Mechanics (QM/MM) method as implemented in the fDynamo library
[33,34]. The huprines were treated using the semi-empirical AM1 method [35], and the rest
of the system (protein and solvent) were described using OPLS-AA [36] and TIP3P [37]



force fields, respectively. After energy minimization of the systems, 300 ps of AM1/MM
molecular dynamics (MD) simulations were carried out, where all atoms were free to move.
In order to reduce the computational cost of the calculations, these simulations were followed
by 1 ns AM1/MM MD, where the residues and water molecules at a distance of 25 A or
greater from the OG atom of the residue Ser200, were kept frozen. In both cases, Langevin-
Verlet (NVT) MD were performed at 300 K with a time step of 1fs, applying periodic

boundary conditions and cutoff using a switching scheme within a radius ranging from 14 to
16 A

Inhibitor-solvent systems were also required to compute the AChE-ligands binding
free energy, and thus several systems were built by placing each inhibitor in the pre-relaxed
box of water. AM1/MM MD simulations for the inhibitor-solvent system were also
conducted. First the inhibitor-solvent system simulations were performed considering all
atoms to be free for 100 ps. Subsequently, 300 ps of AM1/MM MD were carried out where
all water molecules at a distance of 25 A or greater from the carbon atom that holds the

amine group were frozen, and the equilibration simulation time was 300 ps.
Alchemical Free Energy Perturbation (FEP) Method

The starting structures in FEP calculations were the equilibrated AChE-huprine and
water-huprine systems described in the previous section. In order to evaluate the huprine-
protein binding free energy, a series of AM1/MM MD simulations have been carried out at
the gorge and in the box of solvent, introducing the parameters A and y into the electrostatic

and van der Waals QM/MM interaction terms, as shown in Equation 1.
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In this equation, A changes smoothly between the values of 1 and 0. The A parameter
scales the electrostatic interaction term between the MM and QM atoms, which affects both
the interaction between electrons and MM atoms, and the interaction between QM nuclei and
MM atoms. The parameter A equal to 1 corresponds to a full MM charge-QM atoms

interaction, whereas a value of A equal to O represents no electrostatic interaction with the



force field. The y values are also comprised between 1 and 0 (once the electrostatic charges
of the ligand in the QM region are annihilated); when it is equal to 1 it corresponds to a full
QM/MM van der Waals interaction, while a value equal to 0 refers to no van der Waals
interaction with the force field [38].

A total of 50 windows were used to evaluate the electrostatic interaction energy term,
from A= 1 (full interaction) to A= 0 (no electrostatic interaction), in steps (61) of 0.02. The
same number of windows were used to calculate the van der Waals energy interaction term,
from y= 1 (full interaction) to y= 0 (no interaction) in steps (&y) of 0.02. A total of 10 ps of
relaxation followed by 100 ps of production of AM1/MM MD simulation were performed
using the NVT ensemble at the reference temperature of 300 K. This simulation time
provided suitable results in previous papers based on the same protein, where the consistence
of the free binding energy as a function of the simulation time was analyzed [22], as well as
on other proteins [38,39]. The calculation of free-energy differences of two consecutive
windows of the two stages, annihilation of charges and the van der Waals parameters, was
performed by means of the FEP method. The total Helmholtz free energy variation (AF) was
calculated through the sum of all the windows covering the full transformation from the
initial to the final states. This procedure is carried out in two steps, as represented in
Equations 2 and 3 [38]:
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The thermodynamic cycle used to compute the binding free energy of enzyme-
inhibitors by alchemical FEP methods is presented in Scheme 2. In this way, free energy is
calculated by applying Equations 2 and 3, in water (W) and in the enzyme (E)

DF =DF, - DF,, (4)



This calculation is performed in two steps yielding the electrostatic and van der Waals terms,

AFelec and AFwaw. Finally, the total binding free energy is obtained by adding the two terms:

DFblnd = DFdec + Ddew (5)

DF,,,
(L-E)y L+ E)

Fx DF,,

Lo+ (B

Scheme 2 Thermodynamic cycle to compute enzyme-huprine binding free energies. E is the enzyme with

huprine (L) in its binding site, E’ is the apo form of the enzyme, and (L)o is the ligand in gas phase

Interaction Energy per Residue

The interaction energy between the huprine and the protein is calculated as the
difference between the QM/MM energy and the energies of the non-interacting QM and MM
subsystems for the same system geometry. This interaction energy can be decomposed in a
sum over the residues, the residue (i) is turned on and off, thus obtaining the contribution of
each of them to the interaction energy as expressed in Equation (6):

Int __ relect vdw
EQM/MM i EQM/MM i + EQM/MM i
q
— Z N7 qMM +Z QM MM
MM ei e,MM QM I‘QM MM (6)
12 6
O, O
QM ,MM QM ,MM
+T Y Ao || 20| | T
rQM,MM rQM,MM



The average interaction energy per residue has been obtained using the 1ns AM1/MM
MD simulations for each huprine-AChE system. The structures of the last 500 ps have been

considered for these calculations.
Binding Isotope Effects (BIES)

Binding isotope effects (BIEs) can be a useful tool to identify important non-bonding
interactions occurring during the binding of the inhibitor to the active site. Changes in
normal-mode force constants surrounding the isotopic substitution, between inhibitor
dissolved in water and inhibitor in the active site of the enzyme, give rise to a binding

preference for a light or a heavy isotope in the bound state and hence a measurable BIE [30].

Considering the binding process of an inhibitor, from solution to the formation of the
inhibitor-enzyme complex, BIE would be defined as the ratio between the binding
equilibrium constant of the light (L), or naturally abundant, isotope species and the heavy
(H), or isotopically substituted, one:

BIE= - )

BIEs can also be expressed in terms of the binding free energy of the light and heavy
species, considering the relationship between the equilibrium constant and the binding free

energy:
BIE = ¢ (AGL+AGH)/RT )

where AGL and AGy are the binding free energies for the light and heavy isotopomers,
respectively, R is the universal gas constant, and T is the temperature. Considering the
definition of free energy of a state, as a function of the internal energy, the total partition
function and the zero point vibrational energy, the binding isotope effect can be calculated

using equation (9):

Qe
[QW JL e-]/RT(AZPE,_- AZPEy)
Qe

BIE = ©)

W/H

10



In equation (9), Qe is the total partition function (the product of translational,
rotational, and vibrational partition functions) for the inhibitor in the enzyme, and Qw is the
total partition function for the inhibitor in water. AZPE_ and AZPEH are the differences in
zero point vibrational energies from water to the gorge of AChE, for the inhibitor with the
light and heavy isotope, respectively.

BIEs were calculated by selecting eleven structures from the 1ns AM1/MM MD
simulation for each AChE-huprine system, and eleven structures from the 300 ps AM1/MM
MD simulation for each huprine in solution. These structures were obtained from the last

200 ps of these simulations.

Results and discussion

FEP results

The huprine-AChE binding free energies (AFbing) and their decomposition into
electrostatic and van der Waals terms computed from the FEP method are reported in Table
2. The electrostatic terms of protein-ligand (AFelec-£) and water-ligand (AFeiec-w) are calculated
by means of equation 2, and the corresponding van der Waals terms of protein-ligand (AFvaw-
g) and water-ligand (AFvow-w) Systems are calculated using equation 3. The differences
between electrostatic terms in the enzyme and water provide the electrostatic contribution to
the binding process (AFeiec), which ranges from -17.04 to -25.21 kcal-mol?, for the least and
most potent inhibitors, respectively. For the (-)-(7S,11S)-huprines this term correlates with
the binding free energy, whereas for the (+)-(7R,11R)-huprines the value is substantially
lower, around -17.5 kcal-mol%, and no trends are observed. Regarding the differences in van
der Waals terms in the protein and in solution, the van der Waals contribution (AFvaw) to the
binding energy is always smaller than the corresponding electrostatic one for each inhibitor.
However, the van der Waals term is not negligible and contributes significantly to the binding
free energy (Figure 1). This contribution accounts for around 45% of the total binding energy
in most systems, except for (-)-HUY and (+)-HUM systems, where this term represents 38%
and 40% of the total binding free energy, respectively. It is interesting to note that for most
inhibitors, the value of AFvaw is between -15 and -17 kcal-mol~, but for (-)-HUX (the most
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potent inhibitor) AFvw is -19.58 kcal-mol, and for the less effective inhibitors the value is

close to -12.5 kcal-mol-L.

Table 2 Electrostatic (AFeec) and van der Waals (AFvaw) terms of the water-ligand (.w) and protein-ligand (.g)
interaction free energy, and differences in interaction between the binding site of the protein and water (AFeiec,

AF.aw) and the binding free energy (AFsing). Values in kcal mol

W(water) E(Enzyme) AF AFping

Ligand AFetec-w AFvaw-w AFelece AFvaw-e AFelec AFvaw calculated

(-)-HUX -19.51 -23.31 -44.72 -42.89 | -25.21 | -19.58 -44.79

(-)-HUY -20.82 -23.34 -45.58 -38.36 | -24.76 | -15.02 -39.78

(-)-HUE -19.32 -23.23 -40.49 -40.12 | -21.17 | -16.89 -38.06

(-)-HUM | -19.56 -23.03 -40.31 -38.99 | -20.75 | -15.96 -36.71

(+)-HUE | -19.68 -23.73 -37.02 -39.66 | -17.34 | -15.93 -33.27

(+)-HUX | -19.35 -22.58 -36.96 -38.00 | -17.61 | -15.42 -33.03

(+)-HUM | -17.81 -21.62 -35.81 | -33.75 | -18.00 | -12.13 -30.13

(+)-HUY | -21.00 -23.27 -38.04 -35.82 -17.04 | -12.55 -29.59

The affinity of (-)-huprines for AChE is considerably greater than that of the (+)-
huprine, in agreement with the experimental data (Table 1) [16,14,21]. Figure 2 shows the
correlation between our results and experimental values of binding free energy,
corresponding to the 1Cso values determined from inhibition of bovine erythrocyte AChE
[16,14]. As can be seen in the figure, there are some discrepancies between these
experimental data and our results. According to the FEP results the most potent inhibitor is (-
)-HUX, but the experimental ICso for (-)-HUX and (-)-HUY are 1.30 £ 0.26 and 1.15 +
0.11 nM, respectively. Although the order of inhibition does not match, it falls within the
experimental margin of error. More striking is the discrepancy in the (+)-huprines, since the

12



experimental values of ICsp show a great difference between (+)-HUY and the rest of the (+)-

huprines.

Previous free energy calculations [16] performed using thermodynamic integration
(TI) coupled to MD found free energy differences of -4.0 kcal-mol* from (-)-HUE to (-)-
HUX, -3,8 kcal-mol? from (-)-HUM to (-)-HUY, -0.7 kcal-mol* from (-)-HUY to (-)-HUX,
and -0,5 kcal-mol from (-)-HUM to (-)-HUE. The greatest discrepancy between these data
and our results is observed in the enhancement of the inhibitory potency by replacing the
methyl group with an ethyl group in huprines (Table 2). This discrepancy can be associated
with the fact that our results are based on quantum mechanical simulations, which allows the

polarization of the ligand upon binding to be described.

More recent data for the inhibition of human recombinant AChE by both enantiomers
of huprines X and Y are available in the literature.[21] Unfortunately, to the best of our
knowledge there are no more recent data for the rest of the huprines studied here. A plot of
the correlation between these last experimental data and our results is displayed in Figure 3 in
order to verify the goodness of our results. Quantitative agreement between the theoretical
and experimental binding free energy values is something difficult to achieve. However, as
shown in Figure 3, the qualitative agreement of the order of the inhibition between theoretical
and experimental values can be achieved by means of the alchemical FEP method.
Previously, we found that this method was able to reproduce the experimental affinity order
for several AChE inhibitors that exhibit quite different K; values [22]. Now, we have verified
that the alchemical FEP method is capable of reproducing the tendency on the inhibition
power of a family of molecules with relatively close 1Cso values. Therefore, this method

represents a good compromise between computer resources and quality of results.

Analysis of the Geometric Parameters and Interaction Energy per Residue

To explain the different affinity of these huprines for AChE, an analysis of the
geometric parameters and the interaction energy (IE) per residue between the ligand and the
environment was performed. These parameters are reported as the average of the last 500 ps
structures from the 1ns AM1/MM MD simulation trajectories, once the system was

13



equilibrated. The potential energy evolution and RMSD evolution of the AChE backbone for
the AChE-huprine systems as a function of the simulation time are reported in the supporting
information (Figure S1).

(-)-Huprines

The main interactions between the residues of the gorge and huprine (-)-HUY are
depicted in Figure 4, and selected geometrical parameters for (-)-huprines are reported in
Table 3. As can be seen in Figure 4a, the polar residues of the gorge are connected between
them and with the inhibitor by a network of hydrogen bonds mediated by a layer of water
molecules. A similar network was previously observed for several classical AChE inhibitors
[22] and also reported in the literature [40-43,19]. These water molecules reinforce the
interactions between the residues of the gorge and the inhibitors, as the interaction between
Asp72 and the primary amino group of (-)-huprines. This residue contributes significantly to
the stabilization of the inhibitor at the active site of the enzyme (Figure 5), and its IE lowers
from (-)-HUX to (-)-HUM. The distance between the carboxylate group of Asp72 and the
hydrogen of the amino group of (-)-HUX is considerably shorter than in the other (-)-
huprines.

Table 3 Selected averaged geometrical parameters for (-)-huprines (values of the distances are given in A)

Distance (A) (O-HUX | (9-HUY | (-HUE | (9-HUM

OD1(Asp72)-H12’; Huprine | 3.86+0.19 | 4.56 £ 0.30 | 4.86 £ 0.52 | 4.60 + 0.26

O (His440) — H5 Huprine 1.98+0.18 | 210+0.18 | 1.96 £0.17 | 2.09+0.19

OE1(GIu199) — H7 Huprine | 2.49+0.13 | 2.66 +0.16 | 2.67 +0.20 | 2.64 +0.18

OE2(Glu199) — N5 Huprine | 5.99+0.33 | 6.30+0.24 | 5.61+0.22 | 6.20+0.35

OD1(Asp72) — N5 Huprine | 8.04+0.17 | 8.72+0.21 | 9.04 £ 0.47 | 9.00 £ 0.26

CG(Phe 330) — C4 Huprine | 3.54+0.15 | 3.47+0.14 | 401+0.24 | 3.77+0.21

CD2(Phe330) — N5 Huprine | 3.94+0.27 | 3.69+0.21 | 439+0.29 | 3.88+0.25

CE2(Phe330) — C11a Huprine | 4.07 £0.27 | 3.78+0.20 | 4.28 £0.30 | 3.97 +0.24

CE2(Phe330) — C5a Huprine | 4.17 £0.31 | 3.90+0.22 | 479+ 0.30 | 4.03+0.27

CE1(Phe330) — C1 Huprine | 3.49+0.19 | 348 +0.20 | 3.48 £ 0.18 | 3.55+ 0.20

14



CZ(Phe330) — C12 Huprine | 3.71£0.23 | 359+ 0.18 | 3.90 £ 0.19 | 3.58 = 0.18

CE1(Phe330) — C12a Huprine | 3.65+0.18 | 3.67 £0.18 | 4.04+0.22 | 3.52+0.19

CD1(Phe330) — C3 Huprine | 3.42+0.14 | 3.47+0.14 | 3.98£0.26 | 3.79+0.21

CG(Trp84) — C12 Huprine | 3.65+0.17 | 3.78 £0.14 | 3.56 +0.14 | 3.87 £0.19

CE2 (Trp84) — N5 Huprine | 3.94+0.19 | 439+0.29 | 3.85+0.21 | 4.02+0.20

Another key residue to stabilize inhibitors in the active site of the enzyme is His440.
As previously reported in the crystal structure of the (-)-HUX-AChE complex [19], the
aromatic nitrogen of the huprine is hydrogen-bonded with the main-chain carbonyl oxygen of
His440. This interaction is conserved in all (-)-huprines (Figure 4a), and similar interaction
energies of His440 in (-)-huprines-AChE systems are observed (Figure 5). IE values are
slightly more favorable for (-)-huprines with an ethyl group in Re, which correlates with

shorter distances between the hydrogen of the aromatic nitrogen and the histidine oxygen.

Glu199 is the residue that most contributes to the interaction energy in most huprines
(Figure 5), in agreement with previous studies [44]. Glu199 presents several interactions with
the surrounding residues mediated by water molecules. It also presents nonclassical C-H---O
hydrogen bonds, in particular with the hydrogen of one chiral carbon atom of the molecule,
namely the bridgehead carbon atom at position 7. These interactions take place in the
surroundings of the aromatic nitrogen of the huprines, and the IE of Glu199 is related to the
distance between its carboxylic group and this nitrogen (Table 3 and Figure 5). A similar
relationship is established between the IE of Asp72 and the distance of its carboxylic group to

the aromatic nitrogen of (-)-huprines.

Due to the nature of the forces involved in the interaction between the ligand and the
aromatic residues, the analysis of the interaction energy per residue is not evident in this case
(Figure S3 of the supporting information). Therefore, an analysis was performed taking into
account the contribution of these residues in an additive way. Huprines undergo parallel
cation-t interactions with residues Trp84 and Phe330 (Figure 4b). We have added the IE of
Trp84 and Phe330 (Figure 6a) to evaluate the effect that the substituents in Rs and Rg have in
the modulation of the n—n stacking interactions. The (-)-huprine that has a better interaction
is (-)-HUM, which features a methyl group in Ry and a hydrogen atom in Rs. When a chlorine

atom is added in Rz, the IE of the aromatic residues involved in the cation-w interaction
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decrease. This can be explained by the fact that the relative position between Phe330 and the
quinoline unit of (-)-HUY changed, bringing the benzyl group of the residue closer to the
charged nitrogen of (-)-HUY. The distances CG(Phe330)-C4, CD2(Phe330)-N5,
CE2(Phe330)-C1la, and CE2(Phe330)-C5a are shorter in (-)-HUY than in (-)-HUM,
whereas the distance CE1(Phe330)-C12a is slightly longer in (-)-HUY (Table 3). Moreover,
the relative position between Trp84 and the quinoline unit of (-)-HUY also changes, so that
the distance CG(Trp84)-C12 decreases and the distance CE2(Trp84)-N5 increases.
Substitution of methyl by ethyl at Ry, without the presence of chlorine at Rs [(-)-HUE], also
adversely affects the cation-r interaction. The presence of a bulkier group in Ry displaces the
quinoline unit of huprine relative to its position between Trp84 and Phe330, hindering their
interaction (Table 3, Figure 6a). In this case, unlike in (-)-HUY, distances CG(Phe330)-C4,
CD2(Phe330)-N5, CE2(Phe330)-C1l1a, and CE2(Phe330)-C5a increase. But in (-)-HUE the
distances CZ(Phe330)-C12 and CE1(Phe330)-C12a also increase, indicating that both rings
are distanced because of a steric hindrance due to the ethyl group. As a consequence the
quinoline unit of (-)-HUE approaches Trp84 (Table 3). Surprisingly, by replacing the
hydrogen of position Rz with chlorine in (-)-HUE, thus converting it into (-)-HUX, the
cation-r interaction improves. As in the previous case, the ethyl group in Ro shifts the
huprine from residue Phe330 to Trp84, but here another bulky group in Rz restrains this
movement. The distances discussed above for (-)-HUE follow the same trend in (-)-HUX but
with smaller displacements. In addition, the distance CD1(Phe330)-C3 decreases with
respect to the value that it had in (-)-HUM in those huprines having a chlorine atom in Rs,
whereas it increases in (-)-HUE. All this suggests that the presence of bulkier substituents in
Rs or Rg causes displacements in the relative position of huprines with respect to Phe330 and
Trp84, disturbing the cation-r interaction. The simultaneous presence of bulky groups in both
positions restricts these displacements and, in consequence, this interaction is impeded less.
These displacements are also reflected in the interaction of the (-)-huprines with the catalytic
triad (Figure 6b), a bulkier group in R displaces the huprine toward His440 (see distances in
Table 3), thereby improving this interaction. However, this is less pronounced when there is
another bulky substituent in Rs. The IE profile is smoothed when the interactions due to the

catalytic triad are added to the cation-n ones (Figure 6c).

The effect of a chlorine atom in Rs
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According to the experimental data [16,14,21] and to the FEP results, (-)-huprines
having a chlorine at position Rz are the most potent inhibitors. However, the chlorine atom
adversely affects the cation-m interaction, as seen above. It has been proposed that the
contribution of the chlorine atom to the interaction between these inhibitors and the enzyme
is due to nonspecific close spatial contacts with the hydrophobic pocket [19]. Therefore, the
contribution of the residues surrounding the chlorine atoms to the IE should be larger in the
systems with a chlorine atom in Rs in relation to their counterparts with a hydrogen atom in
this position. As depicted in Figure 4b and reported in Table S1 of the supporting
information, the closest residues to the chlorine atoms are Phe330, Trp432, Met436, and
11e439. However, the greater contribution of Phe330 to this IE is due to the cation-n
component. The total contributions of these residues to the IE, including and excluding
Phe330, are reported in Figure S4 of the supporting information. Values that involve Phe330
do not represent solely the interaction with chlorine, and if we do not take into account the
contribution of Phe330, the results are clearly unfavorable.

The pocket where the chlorine atom is accommodated includes a network of aromatic
residues that are connected by r-stacking interactions and hydrogen bonds. Thus, Trp432 is
hydrogen bonded to Tyr442, which is also hydrogen bonded to Trp84 (see Table S1 in the
supporting information). Moreover, there is another tyrosine residue (Tyr334) interacting
with Phe330 and hydrogen bonded to Asp72. In this way, Tyr334 and Tyr442 connect the
residues that directly interact with the chlorine atom with those involved in the cation-n
interaction and with Asp72. Therefore, the effect of this cluster of residues in the IE is
analyzed in an additive way (Figure 7): first, by including the contribution of Tyr334 and
Tyrd42 to the interaction energy due to the residues that are closest to the chlorine atom (not
including Phe330); later, by expanding this group with the contribution of Asp72 residue; and
finally, by also introducing the effect of the residues involved in the cation-n interaction. By
adding the effect of both tyrosine residues to the interaction energy of Trp432, Met436, and
Ile 439, the total interaction energy of these residues is now negative. However, there is no
proof that the contribution of the chlorine atom is due to close contacts, because the
difference in IE in the systems with a chlorine atom in Rs in relation to their counterparts
with a hydrogen atom in the same position is less than 1 kcal-mol. Adding the effect of
Asp72 to the previous contribution shows that the difference in IE between (-)-HUX and (-)-
HUE is around -8 kcal-mol, and between (-)-HUY and (-)-HUM it is around -6 kcal-mol-.

If we also add the effect of the residues involved in the cation-r interaction, these differences
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become -9 and -0.36 kcal-mol?, respectively. These results suggest that the effect of chlorine
atoms is more noticeable in a residue that is quite far away — at 8 A (as Asp72) — than in the
closest ones (Trp432, Met436, and 11e439). On the other hand, the contribution due to the
cation-r interaction compensates this effect since the presence of a chlorine atom has an

unfavorable effect on the interaction, especially in the huprines with a methyl group in Rq.
The effect of ethyl group in Rg

The ethyl group in Ry fills a hydrophobic pocket formed by Tyr121, Phe290, Phe330,
and Phe331. The total contribution of these residues to the IE fails to explain the greater
affinity of the (-)-huprines having an ethyl group in Re with respect to the huprines having a
methyl group in this position (Figure 8). However, we should keep in mind that the greater
contribution of Phe330 to the IE is due to the cation-r interaction, and an ethyl group in R
does not favor this interaction. By removing the contribution of Phe330 in this IE,
contradictory results are obtained for compounds with chlorine and those without chlorine.
The methyl/ethyl group in Ro is close to the residues of the oxyanion hole (Gly118, Gly119),
but the effect that these latter residues have on the IE is not significant. Nevertheless, residues
of the hydrophobic pocket form a network of interactions with Phe288, Ser122, His440,
Ser200, and Glul99. The IE obtained by adding the contribution of these residues is
consistent with the higher affinity of the enzyme for inhibitors having an ethyl group at R
relative to those having a methyl group. Finally, residues forming the cation-r interaction
(Phe330 and Trp84) do not modify this tendency. Thus, it seems that the effect of the ethyl
group in position Re cannot be explained by short-range interactions, but as in the case of the
chlorine atom in Rg, it is due to a network of interactions in the gorge. In these networks
aromatic residues, as well as polar residues, and several water molecules are involved. This is
consistent with the binding free energy results obtained by means of the alchemical FEP
method, where the contribution of the van der Waals term was almost as important as the

electrostatic term.

(+)-Huprines

The arrangement of (+)-huprines in the gorge differs from that of the (-)-huprines
(Figure 9): the primary amino group of (+)-huprines interacts with the backbone oxygen of
His440, and the protonated aromatic nitrogen of the inhibitor is interacting with Ser122

through a water molecule. (+)-Huprines also undergo parallel cation-r interactions with
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residues Trp84 and Phe330. However, Asp72 does not interact with the amino group of (+)-
huprines, since this group is located on the other side of the molecule with respect to the
residue. In the (+)-HUE-AChE complex, Asp72 interacts with two water molecules, with
Tyr334 and with H3 of the inhibitor (Figure 9). The interactions with tyrosine and water
molecules are retained in the other (+)-huprine systems, although the distances with the water
molecules are longer, especially in the case of huprines with a chlorine atom in Ra. This is
evident in the case of (+)-HUX, where the presence of chlorine disrupts these interactions and
there is only one water molecule in this position. In the latter case, the lowest value of the
Asp72 interaction energy is obtained (Figure 5). The amino group of (+)-huprines interacts
with the carbonyl oxygen of His440. Nevertheless, these distances are longer than the
distances between (-)-huprine aromatic nitrogen and histidine oxygen, which is reflected in
the values of IE for His440 (Figure 5). The presence of an ethyl group at Re favors this
interaction, as seen in the IE. In the (+)-HUX-AChE system, the repulsion between the
chlorine and Asp72 pushes away the inhibitor toward the histidine 440, which leads to a
shorter distance between the amino group of the inhibitor and the histidine and, hence, to a
more favorable IE. The geometrical parameters in the relationship between residue Asp72,
residue Glu199, and the N* atom of the ligand are reported in Figure S2 of the supporting
information. The longer distance between Asp72 and the aromatic nitrogen of the inhibitor in
the (+)-HUX-AChE system relative to other (+)-huprine-AChE complexes evidences this
displacement. Glu199 forms non-classical C-H---O hydrogen bonds with hydrogen atoms of
the carbobicyclic ring of the huprines and this residue also forms a hydrogen bond with
Tyrl130. Moreover, both residues are involved in a network of water-mediated hydrogen
bonds with other residues and the inhibitor (Figure 9a). However, the relationship between
the Glu199 IE and the geometrical parameters is not evident for (+)-huprines. Paradoxically,
the contribution of Ser122 to the IE is relatively small even though this residue is forming a

hydrogen bond mediated by a water molecule with the charged aromatic nitrogen.
BIEs

Binding isotope effects for inhibitors isotopically labeled with 13C, 1N, and 80 atoms
were computed in this work using the QM/MM method based on 11 optimized structures of
inhibitors dissolved in water and bound in the active site of AChE. As stated above, these
structures were selected each 20 ps from the last 200 ps of the long QM/MM MD

simulations.
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A BIE value equal to 1 means that no binding isotope effect is observed. The average
values <1 indicate an inverse BIE, which means that the isotopically substituted atom has a
stronger interaction in the enzyme than in water. The average values >1 indicate a direct BIE
[30, 39]. It is important to note that average values of BIEs other than 1 were expected only

in the case of important electrostatic enzyme-ligand interactions being present in the gorge.

In (-)-huprine-AChE systems no significant BIEs are observed. This is consistent with
our previous study, where no significant BIEs for tacrine or huperzine A were observed [22].
Since (-)-huprines are tacrine-huperzine hybrids that retain the most significant interactions
with AChE, no significant BIEs are expected. In the (+)-huprines-AChE systems most
substitutions lead to non-representative BIEs. However, small direct BIEs, namely 1.011 +
0.002 and 1.011 + 0.003, are detected in the nitrogen of the amino group of (+)-HUE and (+)-
HUX, respectively. This result indicates that the hydrogen bonds established between the
amino group of these huprines and the water molecules of the solvent are more favorable than

the interactions with the enzyme, despite the low value of the BIE.

AChE is a singular enzyme, whose active site is a deep cavity of 20 A composed of
several aromatic residues interacting between them and with the inhibitors by r-stacking
interactions. This cleft is full of water molecules that enable a network of hydrogen bond
interactions between the polar residues of the gorge and the inhibitor. Moreover, due to their
hydroxyl group, some tyrosine residues act as bridges that connect the bulk of aromatic and
polar residues of AChE. All these particularities result in the singular interactions between
the enzyme and the inhibitors. The nature of the hydrophobic interactions and the similar
intensity of the hydrophilic interactions in water and enzyme do not lead to any remarkable
BIEs.

Conclusions

The alchemical free energy perturbation method, based on MD simulations within
hybrid QM/MM potentials, has been used to calculate the binding free energy of a set of
huprines with AChE. Previously, it was verified that this method was appropriate to
distinguish AChE ligands that present large differences in inhibitory activity at a reasonable

computational cost [22]. (-)-Huprines have been found to be more effective inhibitors than
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their corresponding enantiomers, in agreement with the experimental results. Present results
reproduce the experimental inhibitory tendency [21] for both huprine X and huprine Y
enantiomers. The present study points to this method as a suitable approach to distinguish
between inhibitors of similar potencies. Findings also reveal the importance of the van der
Waals interaction in the inhibition process since the contribution of this term is almost as
important as the electrostatic one. The analysis of the geometrical parameters and interaction
energy per residue confirm these data and highlight the nature of this singular enzyme. BIE
results also corroborate the distinctive features of AChE, since no significant BIEs were
observed in systems with some important electrostatic interactions. This can be attributed to
the large number of water molecules involved in the interactions between the inhibitors and

the enzyme.

Asp72, Glul99, and His440 are the residues that contribute most to the interaction
energy with the inhibitors. The amino group of (-)-huprines interacts with Asp72 through one
or two water molecules, whereas the aromatic nitrogen forms a direct hydrogen bond with the
carbonyl oxygen of His440. These residues stretch the inhibitor in opposite directions and the
balance of forces is conditioned by the substituents at Rz and Ro. A bulky group at Rg (ethyl)
displaces the inhibitors toward His440, thereby promoting this interaction, albeit at the
expense of disturbing the cation-rn interaction with Phe330 and Trp84. The steric hindrance
due to the ethyl group causes the quinoline unit of huprine to move away form residue
Phe330 and to approach residue Trp84. On the contrary, if there is a chlorine atom at R3 the
His440 interaction energy decreases. In this case the sandwich-= interaction with Phe330 and
Trp84 is also affected because the relative position between the quinoline unit of (-)-HUY
and these residues changes. The simultaneous presence of bulky groups at Rs and Rg leads to
more restrained displacements and less affected cation- interaction. The high contribution of
Glu199 to the IE seems difficult to explain based on its non-classical C-H---O hydrogen bond
with the inhibitor. However, it is involved in a hydrogen bond network mediated by water
molecules with residues of the catalytic triad in the vicinity of the charged aromatic nitrogen

of (-)-huprines.

The effect that a chlorine atom at the Rs position has on the inhibitory efficiency
cannot be explained by means of the contribution of the surrounding residues to the
interaction energy. The same observation is valid for the effect of the ethyl group at Re. Thus,

stabilization due to short-range interactions can be ruled out. Actually, it seems that a
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cooperative effect of the residues of the gorge determines the affinity of the enzyme for these
inhibitors. Asp72, Glu199, and His440 contribute significantly to the network of interactions
between active site residues, which stabilize the inhibitors in the gorge.

(+)-Huprines are the less active enantiomers, whose arrangement in the active site
differs in some aspects from that of (-)-huprines. However, Asp72, Glu199, and His440 are
also the residues that contribute most to the IE, even though the relationship between these IE
tendencies and the geometrical parameters is not always evident. Emphasis is given to the
low contribution of Ser122 to the IE, although this residue forms a hydrogen bond with the
aromatic nitrogen of (+)-huprines mediated by a water molecule. This also indicates that the
affinity for the inhibitor is due to a cooperative effect of the whole enzyme, where Asp72,

Glu199, and His440 make a prominent contribution.

Electronic supplementary information

RMSD plots. Geometrical parameters in the relationship between residue Asp72, residue
Glu199, and N* atom of the ligand. Selected IE of some residues in the huprine-AChE
systems. Selected averaged distances involving the chlorine atom and the surrounding

residues for (-)-HUX and (-)-HUY systems.
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Figure Captions

Fig. 1 Binding free energy in kcal-mol-. The contribution of electrostatic and van der Waals
terms are depicted in red and blue, respectively. The percentage of these contributions to the

total energy is also indicated
Fig. 2 Correlation between experimental [16,14] and calculated values of binding free energy

Fig. 3 Correlation between experimental [21] and calculated values of binding free energy

Fig. 4 Plots of the main interactions between (-)-HUY and the subset of residues forming the

binding pocket. Some selected average distances in A are depicted

Fig. 5 Average IE of polar residues in the AChE-huprine systems (all values are given in

kcal-molt)

Fig. 6 Average values of the sum of interaction energies (in kcal-mol) of (a) aromatic
residues involved in the cation-nt interaction, (b) residues of the catalytic triad and, (c)

residues of the catalytic triad plus aromatic residues involved in the cation-r interaction

Fig. 7 Average values of the addition of interaction energies (in kcal-mol?) of (a) Trp432 +
Met436 + lle 439+ Tyrd42 + Tyr334, (b) Asp72 + Trp432 + Met436 + lle 439+ Tyrd42 +
Tyr334, and (c) Asp72 + Trp84 + Phe 330 + Trp432 + Met436 + lle 439+ Tyrd42 + Tyr334,
in the (-)-huprine-AChE systems

Fig. 8 Average values of the addition of interaction energies (in kcal-mol?) of (a) Tyr121 +
Phe290 + Phe330 + Phe331, (b) Tyr121 + Phe290 + Phe331, (c) Gly118 + Gly119+ Ser122 +
Tyrl21 + Glu199 + Ser200 + Phe288 + Phe290 + Phe331 + His440, and (d) Trp84 + Gly118
+ Gly119+ Ser122 + Tyr121 + Glul99 + Ser200 + Phe288 + Phe290 + Phe330 + Phe331 +
His440, in the (-)-huprine-AChE systems

Fig. 9 Plot of the main interactions between (+)-HUE and the subset of residues forming the

binding pocket. Some selected average distances in A are depicted
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