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Vesamicol derivatives are promising candidates as ligands for the vesicular acetylcholine transporter (VACT)
to enable in vivo imaging of cholinergic deficiencies if applied as positron emission tomography radiotracers.
So far, optimization of the binding affinity of vesamicol-type ligands was hampered by the lack of respective
quantitative structure—activity relationships. We developed the first quantitative model to predict, from
molecular structure, the binding affinity of vesamicol-type ligands toward VAChT employing comparative
molecular field analysis (CoMFA) for a set of 37 ligands, covering three different structural types
(4-phenylpiperidine, spiro, and tropan derivatives of vesamicol). The prediction capability was assessed by
leave-one-out cross-validation (LOO) and through leaving out and predicting 50% of the compounds selected
such that both the training and the prediction sets cover almost the whole range of experimental data. The
statistics indicate a significant prediction power of the models (q2 (LOO) = 0.66, q2 (50% out) = 0.59-0.74).
The discussion includes detailed analyses of CoMFA regions critical for ligand—VAChHT binding, identifying

structural implications for high binding affinity.

Introduction

The cholinergic system in the brain is known to be involved
in cognitive function and memory. Neurodegenerative disorders
like Alzheimer’s disease as well as physiological aging processes
are characterized by a profound loss of central cholinergic
neurons and resulting deficiencies in cholinergic neurotrans-
mission.'™ The neurotransmitter acetylcholine, synthesized by
the enzyme choline acetyltransferase in cholinergic presynaptic
nerve terminals, is transported into synaptic vesicles by the
vesicular acetylcholine transporter (VAChT®).5 Located at the
vesicle membrane, this binding protein contains 12 transmem-
brane domains and belongs to a family of transporters such as
the vesicular monoamine transporters VMAT1 and VMAT2.>~’
Besides other important constituent parts of the cholinergic
system, for example, nicotinic acetylcholine receptors,8 VAChT
gained increasing interest in the last years as a target protein
for in vivo imaging of cholinergic deficiencies using PET
(positron emission tomography) or SPECT (single photon
emission computed tomography).®™'' Nowadays, PET is a
routine method in modern nuclear medicine diagnostics, with
fluorine-18 as the currently most widely used radionuclide,'?
mainly because of its imaging properties and its half-life (110
min), which is long enough to allow for an adequate distribution
of the radiotracer. Therefore, '®F-labeled radioligands with
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appropriate binding capacity for VAChT are highly promising
candidates for a successful quantitative visualization of VAChT
in cholinergic regions of the diseased brain.

The drug vesamicol, trans-2-(4-phenylpiperidino)cyclohex-
anol (see Figure 1), binds with considerable affinity (K; = 7.6
nM,"? corresponding to a free energy of binding of —46.3 kJ/
mol at 25 °C) to an allosteric site in VAChT and inhibits the
transport of acetylcholine noncompetitively.'*'” However,
vesamicol also demonstrates substantial affinity to sigma
receptors, which are partly located in the same brain regions
like VAChT.'*'8-2% Because of this low selectivity, vesamicol
itself is not suitable for PET or SPECT imaging in brain.
Therefore, in the past, numerous efforts have been undertaken
to improve the VAChT selectivity by chemical modifications
of the vesamicol structure. Most of the known compounds are
structurally derived from benzovesamicol (ABV,*' ['*FINEFA,*
["*FIFEOBV,>*?* ['*TIIBVM?*°) and trozamicol (['*F]FBT>"
['#/125]IMIBT;*'—? see Figure 1). Although some of them were
described as promising radiotracers based on their in vitro data
or in vivo evaluation in rats, rodents, or nonhuman primates,
only ['"**IJIBVM and ['®FINEFA were used for human neu-
roimaging studies in vivo.**° Despite these attempts, none of
the ligands synthesized so far has proven suitable for clinical
application or for the purpose of brain imaging with PET.

Moreover, various vesamicol analogues have been synthesized
with the goal to increase the binding affinity toward VAChHT.
While some ligands with stronger binding affinities have been
found (see Table 3), there is still missing a quantitative
structure—activity relationship (QSAR) as rationale basis for the
VACHT ligand optimization.

In the present work, the first quantitative model for the
VACHT binding affinity of vesamicol derivatives has been
derived. To this end, three-dimensional (3D) comparative
molecular field analysis (CoMFA®"~®) studies have been
performed for a set of 37 vesamicol derivatives taken from
literature,'*2°~** covering three different structural types ac-
cording to substitutions at the three different rings of vesamicol
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Figure 1. Selected known ligands for the vesicular acetylcholine transporter (VAChT).

Table 1. Calibration and Prediction Statistics of CoOMFA Models for Conformer Set 1 (Lowest-Energy Conformations)”

No. training CoMFA steric

No. predicted

training set cmpds fraction” r s (LOO)“ sp (LOO)* cmpds (EXT)? q* (EXT)4 sp (EXT)¢
all 37 0.47 0.80 0.63 0.66 0.82 ¢ ¢ ¢
nonspiro 23 0.49 0.88 0.51 0.64 0.88 23 0.47 1.05
nontropan 29 0.49 0.80 0.61 0.64 0.83 8 0.43 1.25
group [ 19 0.51 0.84 0.62 0.57 1.01 18 0.74 0.65
group II 18 0.45 0.90 0.43 0.63 0.86 19 0.59 0.94
group III 19 0.49 0.84 0.64 0.47 1.15 18 0.74 0.64
group IV 18 0.46 0.89 0.45 0.65 0.82 19 0.65 0.88

“ All COMFA®73® models employ two PLS*> components (latent variables) and are characterized by the following statistical parameters: /> = squared
correlation coefficient, s = standard error (without consideration of degrees of freedom), ¢> = predictive squared correlation coefficient (eq 1), s, = standard
error of prediction (eq 2, without consideration of degrees of freedom). * Relative contribution of steric COMFA field (adds up to 1 with the electrostatic
CoMFA field contribution). © Leave-one-out cross-validation*® as applied to partial least-squares (PLS) regression. ¢ Simulated external validation® through
predictive application to complementary subsets: spiro compounds predicted by nonspiro model; tropan compounds predicted by nontropan model; group I
predicted by model calibrated with group II compounds and vice versa; group III compounds predicted by model calibrated with group IV compounds and

vice versa. “ Not applicable.

(see Figure 1 and Table 3). The results unravel structural
implications for high VAChHT binding affinities and thus provide
guidance for future synthetic work in this area.

Data Set of Compounds and Binding Affinities

Set of Compounds and Experimental Data. Vesamicol
contains three substructural units (Figure 1): the cyclohexyl ring
A, the piperidyl moiety B, and the phenyl ring C. For the
derivation of our quantitative model, vesamicol (1) and 36
derivatives (2—37) with modifications in the fragments A, B,
and C were taken into account as shown in Figure 2.

The first class of 4-phenylpiperidine derivatives (4-PHP)
contains compounds that are characterized by modifications in
the cyclohexyl ring A, while retaining the 4-phenylpiperidine
moiety (1—15 in Figure 2). Besides vesamicol (1), the well-
known ligands, 4-fert-butylvesamicol (5), trans-decahydronaph-
thalenevesamicol (6), and benzovesamicol (7), belong to this
subset. The second class (spiro class) consists of 14 spirove-
samicol derivatives (16-29) that are modified in ring B and ring
C and, in some cases, also in the cyclohexyl ring A. These
compounds form a class of conformationally restricted vesamicol
analogs, in which the rotation of the phenyl moiety relative to
the piperidyl moiety is hindered, and where the two rings take
up an orthogonal orientation. Tropanvesamicol derivatives
(tropan class, 30-37) form the third class, and are conforma-
tionally restricted at ring B by replacing the 4-phenylpiperidyl
fragment of vesamicol by the 3f-phenyltropanyl fragment.
Moreover, these compounds contain ring A modifications.

For all 37 compounds, K; values as quantitative measures of
the binding affinity were taken from literature®'=** (see Table
3). These experimental data were measured through competition
against the binding of (&)-[*H]vesamicol to electric organ
synaptic vesicles according to the method of Rogers et al.*!
For the CoMFA modeling, log K; [nM] values were employed.
The data span a range of 5.5 orders of magnitude, with minimum
and maximum log K; values of —2.05 (0.009 nM, 6 in Figure

2) and 3.53 (3400 nM, 33), corresponding to free energies of
binding at 25 °C of —63.0 and —31.2 kJ/mol, respectively.

Results and Discussion

CoMFA Model Calibration and LOO Cross-Validation.
In vesamicol and its derivatives, the OH group of the cyclohexyl
ring A (see Figure 1) can be in the axial or equatorial position.
Accordingly, geometry optimization was performed for both the
axial and equatorial conformer of all compounds, and the
following four sets of conformers were generated for CoOMFA
model building: set 1, consisting of the lowest-energy confor-
mations (with OH in axial position in most but not all cases),
set 2, where all compounds have OH in axial position, set 3,
where OH is in equatorial position throughout, and set 4,
consisting of the higher-energy conformations with respect to
the OH position (with OH in equatorial position in most but
not all cases). For the 37 compounds under investigation,
the calculated difference in energy between the axial and the
equatorial conformers is quite low with 1.5 kJ/mol on the
average and with individual values ranging from 0.2 to 5.6 kJ/
mol, respectively.

Employing partial least-squares (PLS) regression*® with leave-
one-out (LOO) cross-validation*® to minimize the number of
PLS components (latent variables) while maximizing ¢> (predic-
tive squared correlation coefficient, see eq 1), two latent
variables turned out to yield the best PLS model for conformer
sets 1 and 2, while one latent variable was already sufficient
for sets 3 and 4, respectively. Conformer set 1 (lowest-energy
conformers) yields the overall best CoOMFA statistics, which
are summarized in Table 1. The associated LOO statistics (¢°
(LOO) = 0.66, s, = 0.82 log units; see Table 1) suggest a
reasonable prediction power suitable to support VAChT ligand
design in experimental work and are also still comparable to
the calibration statistics (#* = 0.80, and s = 0.63 log units).
The data distribution of calibrated and LOO-predicted versus
experimental log K; data is shown in Figure 3.
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Figure 2. Molecular structures of vesamicol (1) and 36 vesamicol derivatives for which experimental binding affinities (K; values) were available

from literature.?!-3%-4

Table 2. Calibration and Prediction Statistics of CoOMFA Models for
Conformer Sets 2 (A-Ring OH Only in Axial Position), 3 (A-Ring OH

Only in Equatorial Position), and 4 (Higher-Energy Conformers with
Respect to OH Position)

conformer No. of CoMFA steric q Sp
set latent variables fraction” I s (LOO)” (LOO)”
2 2 0.51 0.80 0.64 0.62 0.87
3 1 0.46 0.72 0.74 0.62 0.86
4 1 0.49 0.73 0.72 0.63 0.85

“ Relative contribution of steric CoMFA field (adds up to 1 with the
electrostatic COMFA field contribution). # Leave-one-out cross-validation*®
as applied to partial least-squares (PLS) regression.

4

log K i[nM] model

log K [nM] experiment

Figure 3. CoMFA predicted vs experimental log K; values (binding
affinities) of 37 vesamicol compounds as VAChT ligands (conformer
set 1, model ALL), including the regression line y = x. 0 = LOO
prediction (¢°> = 0.66), ¢ = calibration (+* = 0.80).

As expected, omission of the spiro compounds yields a model
that is less useful for predicting log K; of spiro derivatives (¢°

(EXT) = 0.47). A corresponding situation holds for the
nontropan model (Table 1, row 3).

The findings indicate that across the presently analyzed
derivatives of vesamicol, the variation in the steric and
electrostatic fields appears to be somewhat similar, which merits
further attention in future 3D QSAR studies of vesamicol
derivatives as potential VAChT ligands.

Axial versus Equatorial OH Position. To address the
influence of the conformer position of the A-ring OH group,
CoMFA models have also been developed for conformer sets
2 (axial position only), 3 (equatorial position only), and 4
(higher-energy conformers with respect to OH position). The
respective CoMFA statistics are summarized in Table 2. Sets
24 yield very similar LOO ¢* values (0.62 — 0.63) and
predictive standard errors s, (0.85 — 0.87), both of which are
somewhat inferior to the ones achieved with the lowest-energy
conformations (q2 = 0.66, s, = 0.82, see Table 1). Within the
presently used model framework (SYBYL Tripos force field,
Gasteiger—Hiickel net atomic charges*”), the results suggest that,
in most but not all cases, the axial OH position is preferred for
the VAChT binding of vesamicol derivatives and that the
conformer preferred for VAChT binding is the one with lowest
energy.

Simulated External Validation. Because no additional
compounds outside the present training set were available, the
external prediction power of the CoMFA models could not be
tested directly. At the same time, LOO cross-validation alone
is not a reliable indicator of the prediction capability of QSAR
models for two well-known reasons: LOO tends to reflect more
the model robustness than its prediction power, and LOO yields
increasingly optimistic results with increasing data set size
(simply because removing one compound from a large data set
will generally result in little if any variation of its structural
domain).48 Moreover, LOO cross-validation does not show the
correct asymptotic trend with increasing number of observa-
tions.*’
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Table 3. Experimental and CoMFA Predicted log K; Values (binding affinities) of 37 Vesamicol Compounds as VAChT Ligands”

calibration LOO prediction (LOO cross-validation) simulated external prediction (LO50)
cmpd experimental groups groups groups groups groups groups
No. log K; [nM] all I+ 11 I+ IV all I+ 10 I+ IV I+ 10 I+ IV
1 0.88 -0.03  —0.01* —0.01¢ —0.14 —0.27° —0.23¢ —0.04¢ 0.14¢
2 —0.49 -0.99  —0.93" —0.94¢ —0.92 —0.85° —0.86¢ —1.00¢ —0.78¢
3 —0.47 —-020  —0.45¢ —0.19¢ —0.09 —0.23¢ 0.07¢ 0.01” —0.03¢
4 —0.20 -023  —0.23¢ —0.27¢ -0.20 —0.14¢ —0.234 —0.22° 0.00¢
5 —1.17 -0.62  —0.75" —0.83¢ —0.40 —0.32¢ —0.41¢ —0.46¢ —0.24¢
6 —2.05 -0.44  —0.67" —0.68¢ —0.02 0.15” 0.13¢4 —0.18¢ —0.03¢
7 —1.26 -0.74  —1.10¢ —0.70¢ —0.53 —0.64¢ —0.20¢ —0.43° —0.67¢
8 —0.38 —0.74  —0.45" —0.744 -0.70 -0.21° —0.55¢ —1.09¢ —0.66¢
9 —0.36 -0.13  —0.10¢ —0.22¢ 0.06 0.33¢ 0.13¢ —0.14° 0.25¢
10 —0.15 -0.16  —0.07* —0.16¢ —-0.01 0.20° 0.13¢ —0.24¢ —0.034
11 —0.36 —0.40  —0.56" —0.35¢ —0.32 —0.40° —0.08¢ —0.21¢ —0.18¢
12 0.72 0.41 0.76" 0.45¢ 0.26 0.45° 0.19¢ 0.11¢ 0.46¢
13 0.00 -0.34  —0.19¢ —0.144 —0.40 —0.23¢ —0.25¢ —0.47° —0.26¢
14 1.00 0.38 0.75° 0.48¢ 0.09 0.20" —0.23¢ 0.06¢ 0.38¢
15 —0.40 -0.37  —0.28¢ —0.30¢ -0.27 0.01¢ —0.08¢ —0.46" —0.20°
16 0.84 0.60 0.63¢ 0.42¢ 0.60 0.61¢ 0.38¢ 0.59” 0.88¢
17 0.88 0.98 1.16¢ 1.00¢ 1.02 1.24¢ 1.09¢ 0.79" 1.10¢
18 1.38 0.88 0.69" 0.94¢ 0.79 0.44° 0.75¢ 1.06¢ 0.92¢
19 1.87 1.37 1.45¢ 1.344 1.25 1.16¢ 1.02¢ 1.24° 1.49¢
20 -0.92 -0.09  —0.37¢ —0.25¢ 0.26 0.33¢ 0.624 0.15" 0.08¢
21 —0.44 0.29 0.32° 0.20° 0.53 1.02° 0.70° 0.18¢ 0.42¢
22 1.26 0.15 0.04¢ 0.214 —0.04 —0.40° —0.19¢ 0.19° 0.11¢
23 1.89 0.65 0.77° 0.69¢ 0.38 0.22° 0.05¢ 0.42¢ 0.61¢
24 2.78 2.28 2.54¢ 2.60¢ 1.98 1.91¢ 1.90¢ 1.86" 1.93¢
25 2.26 2.85 2.57" 2.60° 2.92 2.64° 2.60° 2.92¢ 3.01¢
26 1.93 2.23 2.06¢ 1.89¢ 2.21 1.71¢ 1.58¢ 2220 2.644
27 2.62 2.61 2.66" 2.85¢ 2.40 2.26" 2.514 2.34¢ 2.38¢
28 1.93 2.28 1.90” 2.144 2.31 1.73" 2.05¢ 2.62¢ 2.32¢
29 2.76 2.72 2.97¢ 2.87¢ 2.48 2.19¢ 2.29¢ 2.39% 2.444
30 2.47 2.62 2.47¢ 2.36° 2.41 1.92¢ 1.79¢ 247" 2.85¢
31 1.01 1.74 1.33¢ 1.58¢ 1.92 1.58¢ 2.06¢ 1.98” 1.76¢
32 2.77 2.70 3.20° 2.69¢ 2.17 2.57° 1.57¢ 1.71¢ 2.624
33 3.53 2.76 3.19° 3.32¢ 2.10 2.13% 1.924 1.93¢ 2.17¢
34 0.93 1.64 1.43° 1.83¢ 1.71 1.56" 2.064 1.68¢ 1.46¢
35 0.93 1.46 1.46¢ 1.28¢ 1.51 1.62¢ 1.33¢ 1.27° 1.69¢
36 2.51 1.80 2.24¢ 2.49¢ 1.23 0.91¢ 1.24¢ 1.23” 1.23¢
37 1.16 1.75 1.22° 1.23¢ 1.78 0.92¢ 0.90° 2.17¢ 2.43¢

“ Molecular structures of the compounds are shown in Figure 2. Experimental log K; [nM] values
binding of (&)-[*H]vesamicol to electric organ synaptic vesicles according to the method of Rogers et al.>! LOO = leave-one-out.

213944 refer to measuring competition against the

46 Simulated external

validation:*® LO50 = leave 50% out; the COMFA*"*® model calibrated with group I (19 compounds, see text and table footnote b) was used to predict log
K; of group II compounds (18 compounds, see table footnote ¢) and vice versa, and correspondingly, the CoMFA model calibrated with group III (19
compounds, see table footnote d) was used to predict log K; of group IV compounds (18 compounds, see table footnote e) and vice versa. * Group L. © Group

IL. ¢ Group I11. ¢ Group IV.

Accordingly, we decided to apply a more stringent test of
the prediction capability by increasing the portion of left-out
compounds to 50% following a selection procedure introduced
earlier.>® After ordering the compounds according to decreasing
log K; (increasing binding affinity), the odd- and even-numbered
compounds were allocated to two different subsets of 19 and
18 compounds, respectively. Application of this approach to
the total compound set resulted in groups I and II, while its
stratified application for each of the three different compound
classes (4-PHP, spiro, tropan) led to groups III and IV,
respectively. Group I contains 9 4-PHP, 6 spiro, and 4 tropan
compounds, and group II contains 6 PHP, 8 spiro, and 4 tropan
compounds: group I: 1, 2, 5, 6, 8, 10, 11, 12, 14, 18, 21, 23,
25, 27, 28, 32, 33, 34, 37; group 11: 3, 4,7, 9, 13, 15, 16, 17,
19, 20, 22, 24, 26, 29, 30, 31, 35, 36.

Groups III and IV both contain 7 spiro and 4 tropan
derivatives and differ only in the number of 4-PHP derivatives
(8 in group I and 7 in group IV): group I1I: 1, 4, 5, 6, 8, 13,
14, 15, 16, 19, 20, 22, 24, 27, 28, 31, 33, 34, 36; group IV: 2,
3,7,9, 10, 11, 12, 17, 18, 21, 23, 25, 26, 29, 30, 32, 35, 37.

Due to the activity-related ordering, the subsets of odd- and
even-numbered compounds cover a similar range of (measured)
target property values, as is reflected by the group-specific mean

values for log K; (0.84 for I and III and 0.87 for II and IV,
respectively). Therefore, potential problems in interpreting g*
in case of substantial differences between the training set mean
and the validation set mean can be avoided.™

The results are summarized in the last two columns of Tables
1 (statistics) and 3 (predicted values) for conformer set 1 (lowest-
energy conformations). For conformer sets 24, the statistics
are generally similar and typically somewhat inferior (details
not shown). The CoOMFA model trained only with the 19 group
I compounds (+* = 0.84, s = 0.62) yields g> = 0.74 and 5, =
0.65 for the 18 group II compounds, demonstrating a significant
prediction capability over (almost) the whole range of the target
property as well as across all three compound classes. Slightly
different statistics are obtained for the group II-calibrated model
(* = 0.90) used to predict group I compounds (¢*> = 0.59), for
the group IMI-calibrated model (+* = 0.84) used to predict group
IV compounds (¢> = 0.74), and for the group IV-calibrated
model (+* = 0.89) used to predict group III compounds (¢* =
0.65).

Note further that when considering all 37 predicted values
of the second—last columns of Table 3 (predictions for all 19
group I compounds provided by the group-II model and
predictions for all 18 group II compounds provided by the
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Figure 4. Contour maps of critical regions of the CoMFA steric (left)
and electrostatic (right) fields with vesamicol (1) as reference compound.
Left: yellow contours indicate regions where steric repulsion decreases
binding affinity, while the green area represents a region with favorable
steric interaction. Right: blue contours indicate an increase in binding
affinity with increasing positive charge of the ligand, and in regions
with red contours, increasing negative charge is increasingly favorable
for binding.

group-I model), ¢> = 0.62 and sp = 0.83, which is close to the
LOO result for the all-compound CoMFA model (¢*> = 0.65, s,
= 0.80). The corresponding results for the combined group III
and group IV predictions (taking together all data from the last
column of Table 3) are even better with ¢*> = 0.69 and Sp =
0.76. These findings demonstrate that the 37-compound CoMFA
model is robust and that it has indeed a substantial prediction
capability.

Interestingly, the LOO cross-validation results achieved for
groups I and IIT are less successful, as indicated by relatively
low ¢ values of 0.57 and 0.47, respectively. Note that these
only moderate LOO results contrast sharply with the much better
LOS50 results obtained with these two groups (when predicting
all compounds of group II and group IV, respectively). Detailed
investigation reveals that both groups I and III contain trans-
decahydronaphthalenevesamicol (6) as outlier. This accounts
also for the fact that LO50-based predictions for these two
groups yield lower ¢* values (around 0.6) than corresponding
predictions for two other groups (0.74). In any case, future 3D
QSAR investigations of respective classes of vesamicol-type
ligands should pay attention to the LOO results as compared to
LOS50 results.

Contour Plots Highlighting Critical Steric and Elec-
trostatic Regions. Contour plots of site-specific interaction
energies evaluated at the lattice points between the probe atom
and the molecule of interest (here: vesamicol-type ligands for
VAChT) allow one to visualize regions in 3D molecular space
where an increase in the relevant CoMFA field (steric or
electrostatic) leads to an increase or decrease of the target
property (in our case: binding affinity in terms of log Kj).
Respectively, critical regions thus provide information about
how a change in molecular structure is likely to affect its binding
affinity and about the steric and electrostatic characteristics of
the VAChT binding site.

In Figure 4, contour plots of steric (left) and electrostatic
(right) field regions increasing and decreasing the binding
affinity are visualized with vesamicol as reference compound.
On the left, favorable steric bulk is shown in green, while the
yellow contours identify regions where increasing steric bulk
corresponds to increasing van der Waals repulsion, and thus
decreases the binding affinity to VAChT. On the right, blue
contours are located at molecular sites where an increase in
positive charge increases the binding affinity (decreases log K;),
and the red contours represent regions where the binding affinity
is increased (log K; decreased) with increasing negative charge.

According to this analysis, sterically unfavorable regions are
found around the cyclohexyl ring A near the hydroxyl group
and close to phenyl ring C (compare also Figure 1). By contrast,
an increase of steric bulk in the region of cyclohexyl ring A
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Figure 5. Favorable (green) region of the CoMFA steric field in
relation to tert-butylvesamicol (5) and benzovesamicol (7, left) as well
as to trans-decahydronaphthalenevesamicol (6, right), respectively. In
contrast to 5 and 7, the molecular skeleton of 6 does not enter the
sterically favorable region.

diagonally opposite to the hydroxyl group favors binding to
VAChKT. With regard to Coulomb interactions, positive charge
around ring A on the side of the OH group and close to ring C
supports binding, and a respective favorable interaction takes
place increasingly with increasing negative charge at the
opposite side of ring A and inside the OH group region. Note
further that sterically favorable regions (green) overlap with
regions favorable through negative charge (red), and a similar
overlap in 3D molecular space is observed between sterically
unfavorable regions (yellow) and regions favorable for positive
charge (blue), except for the OH-group region.

Poor Prediction of Strongest Ligand. Despite overall good
statistics for both calibration and prediction, a current drawback
is the fact that trans-decahydronaphthalenevesamicol (6) as
ligand with greatest binding affinity (log K; [nM] = —2.05)
is among the greatest outliers of the CoMFA model calibrated
with all compounds. Here, the experimental binding affinity
is underpredicted by 1.4-2.2 log units (see Table 3). By
contrast, tert-butylvesamicol (5, log K; [nM] = —1.17) and
benzovesamicol (7, log K; [nM] = —1.26), as two additional
high-affinity ligands of the 4-PHP type, fit substantially better
(though still not perfectly) to the presently derived CoOMFA
models (underestimation of binding affinity by 0.3-1.0 log
units, see Table 2).

As can be seen from the left part of Figure 5, the tert-butyl
group of 5 and the aromatic ring of 7 overlap with the region
sterically favorable for high binding affinity (green contours).
Compound 6, however, has no extended molecular part in this
sterically favorable area (right part of Figure 5). Keeping in
mind that the molecular characteristics of 6 are not covered well
by the present CoMFA model, this geometric analysis suggests
that alkyl substitution at the back side of the decahydronaph-
thalene moiety (orientation guided through Figure 5) is likely
to still increase its binding affinity.

Reduced Binding Affinity of Spirovesamicols. In general,
experimental log K; values of conformationally restricted
spirovesamicols are higher than the average of all compounds
(see Table 3), indicating a generally lower binding affinity
toward VAChT. From the viewpoint of the presently derived
CoMFA model, this can be traced back to the fact that the
additional junction between the phenyl and the piperidyl
moieties is located close to the region identified as sterically
unfavorable (yellow contour) for high binding affinities.

This effect is illustrated in Figure 6 comparing benzovesa-
micol (7, log K; = —1.26) with its spiro analogs 21 (log K; =
—0.44) and 22 (log K; = 1.26). Substitution of the spiro moiety
extends the molecular structure toward a sterically unfavorable
region (yellow contours) that cannot be avoided due to the
conformational restriction associated with this structural type.
Accordingly, increasing nonpolar substitution at the spiro
compound is likely to increasingly reduce the binding affinity
toward VAChT.

Tropan Effect on Binding Affinity. Another type of con-
formational restriction, whose influence on the binding affinity



2134 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 7

-
~

j\l

Figure 6. Spiro effect illustrated by ligands 21 and 22 (blue and red,
left) and their nonspiro analog benzovesamicol 7 (purple, right) in
relation to unfavorable (yellow) steric CoMFA contour lines that
indicate repulsive interaction with the VAChT binding site. Substitution
at the spiro moiety extends the molecular structure towards the repulsive

steric region.
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Figure 7. Tropan effect illustrated by comparing benzovesamicol (7,
purple) and its tropan analog 35 (red) with the critical regions of the
CoMFA steric field (green = favorable, yellow = unfavorable). The
ethylene bridge of the tropan analog imposes a conformation that
reduces its molecular extension in the sterically favorable region.

is reflected in the CoMFA model, is caused by the introduction
of an ethylene bridge in the piperidyl ring B. Due to this
structural modification, the interconversion of piperidine con-
formers is prevented. In general, the resulting 3/3-phenyltropanyl
derivatives of vesamicol are characterized by reduced binding
affinities toward VAChT as compared to nontropan analogs.

An example is given by the high-affinity compound ben-
zovesamicol (7, log Ki = —1.26) as compared to its tropan
analog 35 (log Ki = 0.93; see Table 2), the latter of which
exhibits a much lower binding affinity toward VAChT. The
CoMFA rationale for this tropan effect is illustrated in Figure
7. While the benzocyclohexyl moiety of 7 is located in the
region of favorable steric interaction with the VAChT binding
site (green contour lines), the corresponding moiety of tropan
analog 35 is pushed away from this favorable region due to the
conformation imposed by the ethylene bridge. In addition, an
electrostatic effect contributes to the reduced binding affinity
of tropan derivatives. In the nontropan analogs, the negatively
charged OH group of the cyclohexyl ring is closer to the VAChT
site, where increasing negative charge increasingly favors
binding of the ligand.

A further example of the tropan effect is given by comparing
9 and 36 as a further pair of structural counterparts. Here, the
binding affinities differ by almost 3 orders of magnitude (log
Ki values of —0.36 and 2.51, respectively; see Table 2).

Regioisomers. Configurational features are another well-
known factor influencing the binding affinity. In the case of
the decahydrochinoline derivatives 11-14, two pairs of regio-
isomeres can be considered. Both 13 (log K; [nM] = 0.00) and
14 (log K;i [nM] = 1.00) have a fluorobenzyl group bound to
ring nitrogen, but they differ in their spatial position with respect
to the bicyclic ring system (see structures in Figure 2).

The CoMFA results presented in Figure 8 provide an
explanation for the significant differences in binding affinity of
these two ligands. In 13, which is more potent as ligand by a
factor of 10, the fluorobenzyl group is close to the favorable
(green) region, whereas in 14 it is more directed toward the
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Figure 8. Two regioisomers of decahydrochinolines 13 (blue, left)
and 14 (red, right) in relation to critical regions of the CoMFA steric
field. The 4-fluorobenzyl moiety of 13 is close to the favorable (green)
steric region, while in 14 it is oriented towards the unfavorable (yellow)
region.

unfavorable (yellow) region. The differences in binding affinity
between the regioisomeres 11 and 12 can be elucidated in a
similar way.

N-CH; Effect in Spiro Compounds. In some spiro com-
pounds, one cyclopentyl CH; unit is replaced by N-CHj3 (19,
23, 25, 27, and 29; see Figure 2). This structural modification
is accompanied by increased log K; values corresponding to
decreased binding affinities (see Table 3). Inspection of the
CoMFA electrostatic field reveals that the negatively charged
N-CH3; unit is close to a region where positive ligand charge
would support binding to VAChT.

Conclusions

The CoMFA models developed relate, for the first time,
structural features of vesamicol-type ligands to their binding
affinity toward VAChHT in a quantitative manner. As such, they
provide a new rationale for designing vesamicol derivatives as
highly potent VAChT ligands. Due to the 3D QSAR approach,
detailed insight into structural implications for high binding
affinity has become available, and correspondingly low affinities
observed for various ligand candidates can now be traced back
to critical features of their molecular structures. While the
present study focused on binding affinity, a second prerequisite
for vesamicol derivatives as successful radiotracers to image
cholinergic dysfunctions is an additional optimization of their
selectivity for VAChT. Recent CoMFA and CoMSIA (com-
parative molecular similarity indices analysis) work on ligands
for imaging alterations of dopaminergic signal pathways'
suggests that future 3D QSAR studies may provide a rationale
basis also for improving the VAChHT selectivity of vesamicol-
type ligands, which would augment our presently derived
CoMFA model for the development of clinically relevant
radiotracers of the vesamicol type.

Experimental Section

Generation of 3D Molecular Structures. Starting structures
were generated using CORINA.>> Subsequent geometry optimiza-
tion was performed employing the TRIPOS force field of SYBYL*
and its implementation of the BFGS routine, considering both the
equatorial and the axial position of the OH group in ring A.
Gasteiger—Hiickel partial charges were added to provide electro-
static fields. Subsequently, four different sets of conformers were
generated: The first and major set is given by the conformers
yielding the lowest energy (where OH is axial in most but not all
cases), set 2 consists of all conformers with OH in the axial position,
set 3 consists of all conformers with OH in the equatorial position,
and set 4 consists of all compounds in the higher-energy conforma-
tion with respect to the OH group (where OH is in equatorial
position in most but not all cases).

CoMFA Preparation. For the 3D alignment of the geometry-
optimized compounds, ring B (the 4-piperidyl moiety, see Figure
1) of vesamicol was used as reference structure, employing the root-
mean-square-based MATCH feature of SYBYL.



CoMFA Characterization of Vesamicol Analogs

Steric and electrostatic CoMFA fields were calculated using a
sp” carbon with a charge of +1 as probe atom, employing a grid
size of 2.0 A and a total lattice size such that the Cartesian
coordinates of all compounds were exceeded by at least 4 A in all
directions. The van der Waals 6—12 potential TRIPOS parameters
(atomic radii) were used for the steric interaction energies, and the
electrostatic fields were calculated based on the Gasteiger—Hiickel
net atomic charges of the molecules. A cutoff value of 50 kcal/
mol was used for both the steric and the electrostatic interaction
energies. Electrostatic interaction at grid points with steric cutoff
values were set to the mean of all nonexcluded electrostatic values.
The type of transition between the cutoff plateaus was set to
“smooth”, that is, there was an interpolation from 6 kcal/mol below
the cutoff to the plateau.

PLS-Based CoMFA Model Derivation. Model derivation
employing partial least-squares (PLS) regression was guided by
leave-one-out (LOO) cross-validation to determine the optimal
number of components to be used for the final noncross-validated
PLS model. Only the subset of CoMFA field sample points with a
standard deviation =0.5 kcal/mol (0, value for column filtering)
was taken to perform PLS regression, which turned out as best
value according to tests performed on 0y, values between 0.1 and
5.0 kcal/mol. Corresponding tests performed on scaling methods
showed that an overall best performance of the CoOMFA standard
scaling, applying autoscaling to the steric and electrostatic fields
separately.

Model Evaluation. The prediction quality was evaluated using
the predictive squared correlation coefficient, ¢?,

> (ypred _ y;)bs)Z

~\Vi
i
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>

where y; y,-"bs, and y are the predicted (not fitted), actual,
and mean values of the target property (in our case: log Kj), and
the associated standard error of prediction, s,

1
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where N denotes the number of compounds (without consideration
of the degrees of freedom). These statistical measures were used
for both LOO and when predicting 50% of the compounds that
were left out for model calibration, LOS50, as outlined in the next
section. Note that the nominator in eq 1 represents the predictive
sum of squares (PRESS), while the denominator is often referred
to as sum of squares (SS).

The calibration quality of the final (noncross-validated) models
was assessed through the squared correlation coefficient, > (where

y#<d in eq 1 would be replaced by y;™, the fitted value for the
target property), and its standard error s (correspondingly, replacing
yP4in eq 2 by y™).

Simulated External Validation. Due to the lack of additional
vesamicol derivatives, the prediction power of the presently derived
CoMFA models was further evaluated using a procedure introduced
earlier.>® First, the compound set was divided into two subsets,
each of which contains (almost) 50% of the compounds (LO50),
as outlined below. Second, these two subsets were used for both
calibration and prediction such that the model calibrated by one
subset (e.g., group I) was used to predict the activities of all
compounds of the other subset (e.g., group II).

For the subset generation, the following two variants of our
approach based on the activity ordering of the compounds were
applied: (1) The compounds were ordered according to decreasing
log K; (increasing binding affinity) and then subdivided into the
group of odd- and even-numbered subsets (groups I and II,
respectively); (2) the same procedure was applied within each of
the three structurally different classes (4-PHP, spiro, and tropan),
and then the odd-numbered compounds of each class were put into
one subset (group III) and the even-numbered compounds into the
other subset (group IV). In this way, the total set of 37 compounds

Journal of Medicinal Chemistry, 2008, Vol. 51, No. 7 2135

was divided, in two different ways, into 19 odd-numbered and 18
even-numbered compounds.
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