Eur. J. Med. Chem. 33 (1998) 617-623
© Elsevier, Paris

617

The use of molecular similarity indices in the determination
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Abstract — A QSAR study of a series of thiourea inhibitors of acetylcholinesterase has been carried out with molecular similarity indices used
as parameters for correlating the activity and also to suggest the receptor-bound conformation. The availability of the structure of AChE has
provided the opportunity to extend the QSAR study to a ligand-receptor docking analysis. © Elsevier, Paris
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1. Introduction

The development of cholinomimetic drugs as a thera-
peutic approach to Alzheimer’s disease (AD) has been of
great interest since the demonstration of that a cholinergic
deficit was involved [l]. Among the different possible
approaches, the inhibition of acetylcholinesterase (AChE)
has been the most widely studied. The mechanism pro-
posed to explain the memory improvement through AChE
inhibition is an increase in acetylcholine (ACh) levels in
the central cholinergic synapses involved in the memory
circuit [2]. AChE inhibitors produce a sustained and
prolonged stimulation of postsynaptic cholinergic receptors
by reducing the enzymic degradation of released ACh |3].

The chemical structures of these inhibitors are very
diverse so that the successful design of new potent
inhibitors of AChE depends on the ability to rationalise
the experimental structure — activity relationships. In this
area, the application of similarity indices in QSAR analy-
sis has been used with success in recent years [4, 5]. The
similarity indices measure properties of molecules that are
related to conformation such as the electrostatic potential
and the shape. At the same time these properties are
considered important in intermolecular interactions. The
similarity is calculated from the three dimensional struc-
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ture of the molecules and is measured in terms of these
properties. Following this approach, in using molecular
similarity as a variable we are introducing the possibility
of incorporating knowledge of conformations into QSAR
analysis. In that case, the bioactive conformation should
provide more relevant similarity indices, and perhaps a
better correlation with the biological activity [6].

The family of [2-(4-piperidinyl)ethyl]thioureas (I) and
1-[2-aminoethoxyalkyl]-3 aroylthioureas (II) (figure 1),
which have shown potent antiacetylcholinesterase activ-
ity [7, 8], were selected for this study. The conformational
flexibility of these compounds makes it possible to
confirm how the similarity indices can be useful tools in
the determination of the receptor-bound conformation.

The crystal structure of AChE has been determined by
Sussman et al. [9]. Validation of the QSAR analysis can
be carried out, using docking and molecular dynamics
techniques which permit the establishment of the inter-
action energy of the enzyme/inhibitor complex.

2. Results and discussion
2.1. Conformational analysis
All the molecular modelling techniques described here

were performed on Silicon Graphics workstations using
the SYBYL 6.3 molecular modelling software [10] and
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Figure 1. Structures for the studied thiourea compounds (family I: left-hand column; family II: right-hand column).

the similarity and analysis using the Automated Similar-
ity Program (ASP) [11] and the tools for structure—activ-
ity relationships (TSAR) [12].

Since the piperidine ring is likely to be protonated at
physiological pH, a proton was added to the neutral
structures. A conformational analysis was carried out
using the molecular dynamics technique at 700 K for 1 ps
followed by a run at 200 K for 1 ps with 10 cycles of
heating and cooling. From the trajectory only those
conformers found between 200-210 K were selected.

Each selected conformation was fully optimized using
the standard Tripos molecular mechanics force field.
Partial atomic charges required for calculation of the
electrostatic  potential were calculated using the
Gasteiger-Hiickel method [13].

These results were analyzed to obtain three distinct
low-energy conformations. Series A are formed by the

conformation with the lowest energy found.In order to
study some alternative conformations, conformers up to
5 kcal/mol above the series A conformers were selected
forming series B and series C. These series of molecules,
each representing a distinct conformation, were used as
starting points for further study. Intramolecular hydrogen
bonding stabilizes the conformations, which are charac-
terized by a six membered pseudocycle. This fact has
been confirmed by several studies of similar compounds
involving 'H and '*C NMR and IR experiments [14]. The
aromatic system is perpendicular to the piperidine ring as
in the active conformation found by Hopfinger et al. [15]
for the indanone-benzylpiperidine family (see figure 2).

2.2, Similarity calculations

Molecular alignment of the molecules has a major
influence on calculated similarity indices[16]. In our case,
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Figure 2. Stereoviews of the three distinct low-energy conformations of compound 1 used in the study to generate the different
equations.
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Table I. Biological and predicted data for Series A derivatives.

n log I/ICy, log 1/1C, residual n log 1/1Cy,, log 1/1Cs, residual
obs. cale. obs. cale.

1 8.699 8.738 -0.039 13 8.221 7.838 0.382

2 8.301 7.918 0.382 14 7.886 7.564 0.321

3 8.221 8.138 0.082 15 7.585 7.664 -0.079

4 8.125 8.241 -0.116 16 7.522 7.246 0.275

S 8.000 7.975 0.024 17 7.259 7.564 -0.305

6 7.958 7.477 0.480 18 7.113 7.044 0.068

7 7.958 8.019 -0.061 19 7.000 7.053 -0.053

8 7.886 7.955 -0.069 20 6.920 7.277 -0.357

9 7.853 7.762 0.090 21 6.638 7.412 -0.774

10 7.698 7.255 0.442

11 7.481 7.875 -0.394

12 7.097 7.392 -0.295

the molecules were fitted using a function based on a
mixture of shape, electrostatic charge and lipophilicity.
The combined property (cp) for atom i is calculated as
follows:

cp(i) = L.Ow + gy + lw,.

where w,, w, and w, are user-defined weights (shape,
charge and lipophilicity) and ¢, and [, are the partial
charge and lipophilicity for atom i respectively. In order
to get the best alignment the weights were varied system-
atically and the optimum values were chosen as judged
by the largest cross-validated r°. The best results were
obtained when w =1, wo =1, w; =0.

Molecular similarity indices were calculated, for each
series of conformers, using the rigid option within the
ASP package. This method optimises similarity by
changing the relative orientation of the lead and compari-
son molecules. Table I shows the biological data and the
calculated parameters for the analysis,

Carbo indices were calculated for the three different
series of conformations using the compound 1, the most
active in the series as the reference structure. The Carbo
index was calculated for shape alone and for charge alone
to investigate the individual contributions of these two
descriptors, as well as a combined Carbo index based on
an equal contribution of shape and charge.

2.3. QSAR analysis

For the QSAR analysis, similarity indices were corre-
lated with the activity through stepwise multiple regres-
sion using the TSAR package.

Biological data were taken from Vidaluc et al. |7, 8] for
a set of 21 compounds tested as AChE inhibitors and used
as log (1/1C5), (where ICs,, is in nM) as in table .

In order to evaluate the different factors (shape or
electrostatic potential) the indices were used separately in
the regression analyses. The electrostatic index by itself
was found not to be significant. The shape index alone
showed results slightly better that the combined index,
see fable 11.

However the best predictive ability is obtained by the
model using shape and electrostatic potential indices,
giving the best values for series A (r = 0.80. 7~ = 0.64). A
list of estimated and predicted activity values for this
model can be found in rable I, while figure 3 shows the
regresion between experimental and predited values.
Therefore multiple regression analysis was carried out for
the other two series using shape and electrostatic poten-
tial as variables. Correlation coefficients for all of them
are as follows:

Series A:

Log (1/ICs,) = 0.44 Carbo,y,, .. - 0.22 Carbo.p + 7.68
n=21,5=033, F=6.88x 10"°, r=0.80,
2 =0.64, rzu =0.60 (1)

Series B:

Log (1/1C5,) = 0.30 Carbo,,,,. — 0.05 Carboy, + 7.68
n=21,5s=047, F=0.01, r=0.53,
=028, ., =-0.10 (2)

Series C:

Log (1/ICs,) = 0.22 Carbo,,,,,. — 0.07 Carbog, + 7.68
n=21,5s=0.51, F=0.19, r=0.40,

r=0.16, ., =-0.35 (3)



Table II. Summary of statistical results.

Carbo indices  Series A Series B Series C

Shape r=0.69. =048 r=052,7=027 r=038 =014
Shape + EP.  r=080,7=0.64 r=053,7=028 r=040,7"=0.16
Combined

F=067.7 =044 r=051,7"=026 r=0.36."=0.12

From these results it is clear that the best predictive is the
Series A. Following the idea that the bioactive contorma-
tion should provide more relevant similarity indices and
perhaps better correlations, series A should be the family
of receptor-binding conformations.

2.4. OSAR validation

To validate the QSAR analyses we have calculated the
total interaction energies between the most potent inhibi-
tor (1) and the enzyme, as well as evaluting the binding
modes of 1 to provide structural information for the
design of more inhibitors, using docking and molecular
dynamics techniques.

The coordinates of the protein were obtained from the
X-ray structure of AChE isolated from Torpedo Califor-
nica 9], as deposited in the Brookhaven Protein Data
Bank (entry 2ACE). Crystallographic water molecules
present in X-ray structure as well as the modeled acetyl-
choline molecule were deleted. Polar and aromatic hy-
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Figure 3. Plot of predicted (Eq. (1)) versus observed log
(1/IC4,) values.
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Table III. Results of 50 ps Dynamics simulations of the com-
plex structures of AChE/compound 1 and correlation coeffi-
cients.

Complex Einer r "~ e

enz/inh (,kcal/_mol) ) _

Series A -202.36 0.80 0.64 0.60

Series B — 188.45 0.53 0.28 ~0.10
- 177.04 0.40 0.16 -0.35

Series C

drogen atoms, in addition to any missing heavy atoms,
were added to the protein using the SYBYL program.

The distinct low-energy conformations of compound 1
were manually docked into the active site of AChE with
the aid of computer graphics. These initial ligand/AChE
complexes were minimized using MAXIMIN2, and the
minimized complex structures were used as starting
points for molecular dynamics simulations, which were
carried out by heating the system over 10 ps from 0 to
300 K, with a time step 0.001 ps. The system was then
equilibrated for 30 ps, and a constant-temperature dy-
namics simulation was then performed for 50 ps. Snap-
shots were taken at 0.1 ps intervals during the simulation
period and were then subsequently analyzed to obtain the
total interaction energies between the inhibitor and the
enzyme.

The total interaction energy was defined as:

E.=E —(E., +E

int complex enz inh)

If we assume: (1) that £, is proportional to the enthalpy
of binding (AH,,,,) and (2) that the entropy of binding
(ASy;ina) would be constant for this series, then E; , should

be proportional to the binding free energy (AG,,;,. ). i.e.:

(l) Eim = AI-[himl
= AGhind = A[_Ibin(l - TAShind = AGhind =E

(2) AS,;.q = constant

int

The results for each of the three complexes are sumarized
in table 1] which lists the interaction energies (£, ) and
correlation coeficients. These data suggest that conforma-
tion A, with the lowest value of E,,, forms the most
energetically favoured complex with AChE. This is in
agreement with the series of conformers that showed the
best correlation with biological activity (Eq. (1)).

From the molecular dynamics simulation it is posible
to explain the high activity of compound 1 through
hydrogen bonds and hydrophobic interaction, shown in

figure 4. Complex AChE/1 was established by: (a) the

hydrogen bond between the positively charged NH pip-
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Figure 4. Binding modes of 1 to the active site gorge of
acetylcholinesterase.

eridine and the negatively charged carboxylate side chain
of Asp 72 and two hydrophobic interactions: (b) the
aromatic ring is parallel to the indole side chain of
Trp 279, (c) the N-benzyl substituent forms an off-center
n-stacking interaction with the indole chain of Trp 84.
From the QSAR analysis we can conclude that shape
index has presented a better description than electrostatic
potential index, but all the correlations have been im-
proved when the electrostatic potential index has also
been considered. This shape dependence could be related
to the fact that one of the features of AChE structure is its
deep and narrow channel [17]. This gorge penetrates
halfway into the enzyme widening out close to its end.
The active site of AChE lies close to the wide end of this
deep and narrow aromatic gorge. Thus inhibitors with a
cylindrical shape can fit into and slide along the inner

surface of the tube. In this case, the conformational
flexibility of the compounds allows the adoption of the
corresponding shape. This means that steric factors play
an important role in the biological activity of these
compounds, and this fact is shown through shape simi-
larity indices.

On the other hand, AChE has a remarkably large dipole
moment [18]. The active-site gorge posseses a positive
charge at one end and a negative charge at the other,
hence the preferred orientation and position of the inhibi-
tors in the tube is dictated, in part, by electrostatic
interactions. This could explain why both shape and
electrostatic potential indices combined have been shown
to be the best description.

3. Conclusions

With this study we have tried to illustrate the potential
application of the molecular similarity techniques to the
determination of bioactive conformation. The results
indicate that, in this instance, steric factors play a more
important role than electrostatic factors, but both are
needed to explain biological activity.

Molecular mechanics calculations and molecular dy-
namics simulations were used to validate QSAR study, as
well as to predict the binding modes of the most potent
inhibitor.
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