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In a previous high-throughput screening campaign, we
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The synthesis of the enantiomers started with deacetyla-

identified the racemate C5685 (1) as an inhibitor of Homo
sapiens acetylcholinesteraste (#AChE, Figure 1).[' Structural
analysis of the complex formed between 1 and Mus musculus
AChE (mAChE) revealed that the substituted phenyl ring
site (PAS) of mAChE, and that the

chiral N-ethylpyrrolidine moiety of

1 is directed towards the catalytic

site (CAS). However, owing to a dis-

1 were unable to model the part of

1 that binds to CAS. Furthermore,

the electron density map of the side

chain of Tyr337 indicated two con-

to prepare enantiomerically pure

1 and characterize both enantiomers

at the kinetic, thermodynamic, and

structural levels, as reported herein.

tion of 2,7 followed by N-methylation to transform 3 into 4
(Scheme 1).P! An ester hydrolysis gave the benzoic acid
derivative 5, which was further transformed into the acid
chloride and subsequently reacted with (R)- or (§)-2-(amino-
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Scheme 1. Synthesis of (R)-6 and (S)-6. a) MeOH, H,SO,, reflux, 96 %;
b) Mel, NaH, DMSO, RT, quantitative; c) NaOH, dioxane, 55°C, 93 %;
d) (COCl),, DMF, MeCN, 0°C—RT; e) (R)-2-aminomethyl-1-ethylpyrro-
lidine, Et;N, CH,Cl,, RT, 72% over two steps; f) (S)-2-aminomethyl-1-

ethylpyrrolidine, Et;N, CH,Cl,, RT, 74% over two steps.

methyl)-1-ethylpyrrolidine to give enantiomerically pure (R)-
C5685 ((R)-6) and (S)-C5685 ((S)-6), respectively.

The two enantiomers have nearly identical dose-response
relationships with ZAChE and mAChE (Figure2 and
Table 1); this result was unexpected, since previous studies
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Figure 2. Dose-response curves used for determining ICs, values of
(R)-6 and (S)-6 for wild-type hAChE and mAChE (with the mAChE
concentration adjusted to a lower maximum activity than the hAChE
concentration, for clarity). The enzymatic activity is measured as the
increase in absorbance (AA) at 412 nm over time as a result of the
enzymatic hydrolysis of acetylthiocholine.”) Means +S.D. from tripli-
cate dose response curves (goodness of fit, R >0.99). Dose-response
curves from the top: (R)-6 hAChE (m), (S)-6 hAChE (e), (S)-6 mAChE
(4), (R)-6 mAChE (n).
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Table 1: 1Cy, values and thermodynamic parameters for the binding of (R)-6 and (S)-6 to Mus musculus

and Homo sapiens AChE.P!
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together, there are four conformers
of the (R)-6/mAChE complex to be

Species Ligand I1C™ Ky AG AH AS —TAS considered: A and B conformers

[um]  [um]  [kcalmol™]  [kcalmol™']  [calmol'K™"]  [kcalmol™']  with respect to Tyr337 and also A
Mus musculus  (R}6 0.7 09  —8.1 5.6 8.5 25 and B conformers with respect to
Mus musculus (56 07 13 —7.9 -75 1.4 —0.4 the configuration of the pyrrolidine
Homo sapiens  (R)-6 13 1.7 7.8 —7.48 1.5 —0.4 nitrogen of the ligand. In contrast,
Homo sapiens  (S)-6 1.4 220 77 —11.38 —12.181 3.6 there is only one conformer of the

[a] Mean values from triplicate dose response curves. [b] Mean values from two ITC experiments.

of enantiomers binding to AChE have indicated that the
binding site exhibits a stereochemical preference.” To further
investigate the binding properties, we determined the ther-
modynamic binding profiles by using isothermal titration
calorimetry (ITC). The results of the ITC experiments
confirm that the enantiomers have similar binding strength
to both mAChE and hAChE (Table1). However, the
enthalpic and entropic contributions to the two enantiomers’
free energy of binding (AG) differ (Table 1). ($)-6 has a more
favorable binding enthalpy for both mAChE and #AChE, but
the entropic contribution is more pronounced for (R)-6, thus
giving them similar AG values. These observations are in
agreement with the entropy-enthalpy compensation phe-
nomenon reported for protein-ligand complexation.”! Nota-
bly, here such compensation is observed for enantiomers with
similar ligand flexibility and desolvation.

To elucidate the structural basis of the difference in the
enantiomers’ binding properties, we determined the X-ray
crystal structures of the complexes (R)-6/mAChE and (S)-6/
mAChE at resolutions of 2.5 and 225 A, respectively
(Figure 3).%! The electron density maps indicate that the
two enantiomers coordinate to the PAS in similar conforma-
tions, in accordance with the previously published structure.!!
The data show that the complexes (R)-6/mAChE and (S)-6/
mAChE differ primarily in terms of their conformations in the
CAS (Figure 3).

The N-ethyl pyrrolidine moieties of the inhibitors extend
towards Trp86 at the bottom of the active-site gorge, in
conformations that are specific for each enantiomer. It is not
possible to distinguish between the two tetrahedral config-
urations of the amine nitrogen from the electron density map
of the complex with (R)-6, and so one major and one minor
conformer were included in the final structure (A-(R)-6 and
B-(R)-6, Figure 3).” In both cases the N-ethyl substituent of
(R)-6 is directed toward residues Gly121, Gly122, Tyr124, and
Phe297. In contrast, the N-ethyl substituent of ($)-6 occupies
a pocket formed by the aromatic rings of Tyr337, Phe338, and
Tyr341 (Figure 3b). The complexes formed between the two
enantiomers and mAChE also differ with respect to the
conformation of Tyr337. In the (R)-6/mAChE complex, the
side chain of Tyr337 was refined in two conformers of similar
occupancy (conformers A and B), whereas only one (which
was equivalent to the A conformer) was observed for (S)-6/
mAChHE (Figure 3b). In the B conformer, Tyr337 is directed
toward Phe338, closing off the pocket occupied by the N-ethyl
substituent of (§)-6. The A conformer of Tyr337 is common in
crystal structures of AChE, while the B conformer has been
previously observed in only a few structures."” Taken
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(8)-6/mAChE complex, as we do
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Phe297
Tyr124
Gly122
Gly121

Figure 3. Overlay of the (R)-6/mAChE and (S)-6/mAChE crystal struc-
tures, showing the binding conformations of the two enantiomers a) in
the binding cavity of mAChE and b) using a stick model and a subset
of the adjacent amino acids. The carbon atoms of (S)-6 are shown in
yellow, while those of the two conformers A/B-(R)-6 are shown in
green. A and B conformers of residue Tyr337 in the (R)-6/mAChE
complex are shown green, while Tyr337 in the (S)-6/mAChE complex is
shown in yellow.

not observe any conformational mobility of Tyr337 and/or the
ligand.

Noncovalent interactions in the crystal structures were
then explored by using quantum mechanics.”! More specifi-
cally, the geometries of reduced all-atom systems were
optimized using density functional theory (DFT) with the
MO06-2X hybrid functional.’ The electrostatic potentials
were mapped on the calculated electron density surfaces
and close interaction points were identified and analyzed.
The conformations of ($)-6 and (R)-6 appear to be stabilized
in the CAS by a number of noncovalent interactions
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Figure 4. dentification of noncovalent interactions in the (S)-6/mAChE complex. a) Geometries of reduced all-atom systems (see text for
modeling details), with ligand carbon atoms colored in yellow. b) Electrostatic potential mapped on the calculated electron density surface
visualized by a spectrum from red (electron-rich) through orange, yellow, green, and blue to purple (electron-poor). c) Geometry-optimized
structures shown using stick models with close interaction points highlighted by dashed lines. Residues Trp86, Tyr124 (right), Tyr337 (left), and
water molecule W2211 are shown. Atoms of the ligand and Tyr124 that were not included in the DFT calculations have been added for clarity. Red
and blue dashed lines indicate hydrogen bonds and van der Waals or electrostatic interactions, respectively.

(Figures 4 and 5),”! including van der Waals and electrostatic
interactions as well as both classical and nonclassical (here of
CH-Y type) hydrogen bonds. Hydrogen bonds™ of the
CH-Y type (where Y represents for example arene or
oxygen) are common in biological systems, and their role and
importance have been widely discussed.”) The geometry
optimizations of the all-atom systems using M06-2X clearly
resulted in a fine-tuning of the hydrogen-bond orientations in
terms of both distances and angles compared to the crystal
structures with added hydrogen atoms using molecular
mechanics.

In the case of the (R)-6/mAChE complex, specific
interaction patterns were established for each of the four
systems based on the different conformers identified from the
crystal structures. Note that the DFT geometry optimizations
converged to similar conformations (within experimental
error) of both conformers of the ligand and Tyr337.F This
result supports the anticipated stability of the four geometries
(Figure 5). The N-ethyl pyrrolidine group of (R)-6 interacts
with Tyr337, Trp86, Tyr124, and a water molecule through
hydrogen bonds and/or electrostatic and van der Waals
interactions in all four conformations. In the A-(R)-6-
ATyr337 model, an internal hydrogen bond between the
amide oxygen atom and the amine group of the pyrrolidine
ring was observed (Figure 5a). In addition, three hydrogen
bonds of the CH-+-O type were observed between the N-ethyl
pyrrolidine group and both hydroxy groups of Tyr124 and
Tyr337 and a water molecule. Van der Waals interactions with
Trp86 were also observed (see Figure 5b-d for the interaction
patterns of other conformers). We propose that the entropy
change for the binding of (R)-6 is more favorable than that for
the binding of (5)-6, because in the former case, the ligand
and protein can form attractive interaction patterns that allow
an ensemble of multiple conformations, thus suggesting
a greater degree of flexibility. However, it should be noted
that the experimental X-ray data do not allow for detailed
water analysis to elucidate solvation/desolvation effects. The
importance of conformational entropy has been highlighted
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a)

Figure 5. Noncovalent interactions in CAS between (R)-6 and mAChE.
Geometry-optimized structures are shown using stick models (ligand
carbon atoms colored green) with close interaction points highlighted
by dashed lines. (a) and (b) show the complexes featuring the A
conformer of Tyr337 and the two alternative configurations of the
amine (i.e. A-(R)-6-ATyr337 and B-(R)-6-ATyr337), while (c) and (d)
show the B conformer of Tyr337 and the corresponding two config-
urations of the amine (A-(R)-6-BTyr337 and B-(R)-6-BTyr337). Residues
Trp86, Tyr124 (right), Tyr337 (left), and water molecule W2126 are
shown. Atoms of the ligand and Tyr124 that were not included in the
DFT calculations have been added for clarity. Red and blue dashed
lines indicate hydrogen bonds and van der Waals or electrostatic
interactions, respectively.

in several recent studies,>'¥ which have shown cases where
ligand preorganization by conformational restriction lead to
entropic penalties in protein-ligand complex formation
(these entropic penalties are contrary to previous expect-
ations).***! A possible explanation is that the reduced
flexibility of the ligand limits the conformational freedom of
the formed complex. Both (R)-6 and the protein examined in
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the present study can adopt different conformers that are
stabilized by several relatively weak interactions. The net
result is that the binding of (R)-6 to mAChE is more
entropically favorable than that of (S)-6.

The stabilizing interactions between the single conforma-
tion of (S)-6 and the CAS are similar to those observed for
(R)-6 (Figure 4c). The amide oxygen atom forms both an
internal hydrogen bond to the protonated amine of the
pyrrolidine ring and a hydrogen bond with the hydroxy group
of Tyr124. (S)-6 also forms interactions with Trp86 and CH--O
type hydrogen bonds with a water molecule. The positioning
of the N-ethyl group between residues Tyr337 and Phe338 is
stabilized by the internal hydrogen bond (Figure 3b). Geom-
etry optimization of the system derived from the (S)-6/
mAChE complex revealed the presence of an NCH--arene
hydrogen bond between the aromatic ring of Tyr337 and one
of the hydrogen atoms on the methylene group o to the
nitrogen atom of the pyrrolidine ring (Figure 6). The distance
between the methylene hydrogen atom and the plane of the

Figure 6. Detailed illustration of the interaction between Tyr337 of
mAChE and the N-ethyl pyrrolidine group of (S)-6. a) The electrostatic
potential mapped on the calculated electron density surface visualized
by a spectrum from red (electron-rich) through orange, yellow, green,
and blue to purple (electron-poor). b) Reduced stick model with close
interactions indicated with dashed lines. The CH---arene hydrogen
bond is highlighted in red.

arene’s 7t system was 2.5 A and the C—-H—n plane angle was
165°. We suggest that this hydrogen bond between the
activated C-H group and the aromatic ring of Tyr337 is the
primary reason for ($)-6 having a greater enthalpy of binding
than its enantiomer. CH--arene interactions typically have
energies of approximately 1.5-2.5 kcalmol".™®) The mean
CH/r plane distance for CH--arene hydrogen bonds in small
organic molecules is 2.5-2.8 A, and the mean C-H-x plane
angle is 148-157°, depending on the strength of the proton
donor involved.®*!l The closer the angle is to 180°, the
stronger the interaction and the shorter the distance.'”
CH---arene interactions have also been detected in protein—
ligand complexes,®™!” and their potential importance for
ligand binding in AChE has been previously considered.!
Here, we have identified a hydrogen bond between a C-H
group in ($)-6 and a tyrosine in mAChE; this hydrogen bond
may explain the greater enthalpy upon complexation of (S)-6,
relative to its enantiomer.

In this study we have shown that two enantiomers have
similar binding affinities for AChE while differing in their
thermodynamic profiles. By combining crystallography and
computational chemistry, we were able to rationalize the
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observed entropy—enthalpy compensation. Analyses of the
noncovalent interactions revealed that nonclassical hydrogen
bonds of the CH-+-O and CH:--arene types have a major
influence on the enantiomers’ binding properties. We believe
that the identification and characterization of nonclassical
hydrogen bonds will play increasingly important roles in
elucidating the formation of protein-ligand complexes gen-
erally, and interactions involving AChE in particular.
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