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Abstract—X-ray diffraction and ab initio MO theoretical calculations were used in order to investigate the structural
and electronic properties of sarmazenil, a weak inverse agonist at the @ modulatory sites (benzodiazepine receptors).
This compound was compared to bretazenil, a partial agonist, and to the antagonist flumazenil on the basis of struc-
tural and electronic data. The conformational and theoretical properties (interatomic © overlap populations, molecular
electrostatic potential (MEP), the topology of frontier orbitals, and proton affinity) of these three imidazobenzodi-
azepinones were determined in order to analyse the stereoelectronic properties in relation with their distinct intrinsic
efficacies at the ® modulatory sites. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction

Benzodiazepines are among the most widely used drugs
in the treatment of anxiety and sleep disorders as a
consequence of their broad spectrum of anxiolytic,
hypnotic, anticonvulsant, and muscle relaxant proper-
ties.!> They exert their therapeutic effects by acting at
the ® modulatory sites (BZ receptors), which are allo-
steric sites located at the macromolecular GABA,
receptor complex and regulate the chloride ion flux
within the associated ion channel.>> The GABAyL
receptor complex is formed by the combination of dis-
tinct subunits, which are named o, B, v, 8, and p based
on their amino-acids sequence homology. The exact
subunit composition/stoechiometry is not known at this
time but a pentameric model of the ligand-gated ion
channel complex in which each subunit has four mem-
brane-spanning domains has been proposed.® For most
of these subunits, several isoforms have been described
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and cloned.”'® These o modulatory sites have been
classified into two pharmacologically different subtypes,
®; (BZ,) and o, (BZ,),'>?° on the basis of their different
affinities for the triazolopyridazine, Cl 218,872, the imid-
azopyridine, zolpidem, and some B-carboline deriva-
tives. Each subtype presents a distinct distribution in the
central nervous system.?0-2°

Ligands acting at the ® modulatory sites (Fig. 1) can
differ by their intrinsic efficacy.?® At least, three classes
of compounds have been identified based on their ability
to modulate GABA neurotransmission by interacting
with this receptor complex. Positive modulation, which
leads to a potentiation of the GABA-induced chloride
ion flux, is produced by agonists at the ® modulatory
sites, such as benzodiazepines (e.g. flunitrazepam,¢
diazepam,?® oxazepam,’® midazolam,”” and triazo-
lam?7), cyclopyrrolones (e.g. zopiclone’®?® and suri-
clone?®), triazolopyridazines (e.g. Cl 218,872%7),
imidazopyridines (e.g. zolpidem?’), B-carbolines (e.g.
ZK 91296%%), and imidazopyrimidines.3' Negative mod-
ulation, which induces a decrease of the GABA-induced
chloride ion flux, is obtained by inverse agonists, such as
B-carbolines (e.g. B-CCM?2?%3% and DMCM?6:30:32),
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pyrazoloquinolines (e.g. CGS 8216%), whereas competitive
antagonists of the ® modulatory sites (such as the benzo-
diazepine flumazenil,** the B-carbolines ZK 93426,%
PrCC,?¢ and B-CCt37) bind without intrinsic activity.

The aim of this work is to determine the structural and
electronic properties responsible for the intrinsic activity
of distinct prototype compounds from the imidazo-
benzodiazepinone series.

In order to analyse the stereoelectronic properties
potentially related to the intrinsic activity of antagonists

flunitrazepam: R; = NO,, Ry =Me, R=F
diazepam: R; =Cl, R, = Me
oxazepam: R; = Cl, Rl H,R; =
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Figure 1. Chemical structures of some ® modulatory sites ligands.

flumazenil

and partial agonists at ®; modulatory sites, we focused
our study on bretazenil, sarmazenil and flumazenil (Fig. 2)
for several reasons. Belonging to the same chemical series,
the imidazobenzodiazepinones, the structural and elec-
tronic properties divergences caused by a structural
heterogeneity are limited. Secondly, these molecules
possess similar binding profiles and affinities at the
o, B2y, recombinant receptors®® and for @; modulatory
sites.® They differ in terms of their intrinsic efficacies:
antagonism for flumazenil,>* partial agonism for bretaze-
nil,*® and sarmazenil, formerly described as an antagonist
and later identified as a weak inverse agonist.*!~#4
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In the present work, the X-ray structures of the three
molecules are compared and ab initio molecular orbital
(MO) calculations using the X-ray structures are per-
formed in order to obtain information about the elec-
tronic descriptors, which characterize the partial agonist,
the inverse agonist, and the antagonist properties. The
electronic descriptors studied are interatomic © overlap
populations, molecular electrostatic potential (MEP),
topology of frontier orbitals, and proton affinity.

Results and Discussion

X-ray results

All crystallographic data for sarmazenil are reported in
Table 1. The atom numbering, bond lengths, and
valence angles are presented in Figure 3. Final atomic
parameters and thermal factors are listed in Table 2.
Figure 4 presents the stereoscopic view of the molecular
conformation with vibration ellipsoids (50% of prob-
ability). The crystal packing (Fig. 5) is mainly due to
van-der-Waals interactions. However, it can be seen
that the ester carbonyl from one sarmazenil molecule
lies over the phenyl ring from another molecule at a
mean distance of 3.8 A, suggesting a m—m interaction
between these two entities.
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Figure 2. Chemical structures and atom numbering of fluma-
zenil, sarmazenil, and bretazenil.

The main dihedral angle values of sarmazenil are sum-
marized in Table 3 and are compared to those of bret-
azenil and flumazenil, whose crystallographic
coordinates have been obtained from the Cambridge
Structural Database (CSD).*> The dihedral angles
between the phenyl ring and the lactame function (Cg—
C;1—Cs—05;) and between the phenyl and imidazole
rings (Cy—C¢—N;—C,) are very similar for the three
compounds. On the other hand, the dihedral angle
between the imidazole ring and the ester function (Cy—
C14C5—0Oy9) 1is significantly higher for bretazenil
(140.0°) than for the two other molecules (—165.0° and
—162.4° for flumazenil and sarmazenil, respectively),
due to a steric interaction caused by the presence of the
saturated ring fused at position 3—4. This geometric
particularity is illustrated in Figure 6, where the three
compounds are superimposed. In order to verify if the
steric properties of the molecules could be in relation
with their intrinsic efficacies, a conformational analysis
was performed.

Theoretical conformational analysis

Starting from the crystallographic data, we performed
semiempirical MO AMI calculations in order to scan

Table 1. Crystal data, data collection, and structure refine-
ments of sarmazenil

Molecular formula C,;sH4CIN;O

Molecular mass 319.7

Crystal system Tetragonal

Space group P4,/n

a (A) 19.2977 (10)

b (A) 19.2977 (10)

c(A) 8.1773 (10)

V (A3 3045.2 (4)

VA 8

Dy (gem™?) 1.395

Temperature (K) 293

Crystal dimensions (mm) 0.35%0.18%0.17

Radiation Graphite monochromated
CuK,, (A=1.54178A)

Diffractometer Enraf-Nonius CAD-4

Absorption coefficient (cm~") 23.7

F (000) 1328

260 range (°) 6.4-143.8

Unique data 2986

Unique data 1536

with Fy>4.0s(F,)

R final 0.05

wR? final 0.17 with
w=1.0/(s*(F?)+ (0.0943P)?

+0.00P)

P =(Max(F,2,0)+2F>2)/3

Max and min heights —0.25 and 0.31

in final D-Fourier (e-A3)
(D/$)max 0.12
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the conformational space of the ester chain. Figure 7
represents the energetic variations due to the modifica-
tion of the ester chain orientation by rotation around
the T; and T, torsion angles of sarmazenil and bret-
azenil. The two-dimensional isoenergy contour maps
clearly show a unique energetic minimum for each
compound corresponding to the crystallographic con-
formation. However, the energetic minimum of breta-
zenil is shifted by 60° in comparison with sarmazenil.
This difference is due to the steric hindrance of the
t-butyl ester side chain moiety, which orientates the
ester carbonyl group differently for bretazenil (Fig. 6).
For sarmazenil the dihedral angle value between the
planes of the imidazole ring and the ester function is
+20° (above the imidazole plane), whereas a dihedral
angle of —45° (under this plane) prevails for bretazenil.
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Figure 3. Bond lengths (/OX) and valence angles (°) of sarmazenil

(a) and (b). Max. standards of error are 0.005A and 0.8°,
respectively.

Figure 4. Stereoscopic view of the molecular conformation of
sarmazenil with vibration ellipsoids (50% of probability).

A comparable conformational analysis was performed
for the structurally related molecule Ro 15-4941, which
displays an antagonistic activity.*® This molecule pos-
sesses the same structure as sarmazenil with a five-
membered ring fused at position 3—4. The isoenergy
map obtained (Fig. 7) shows a similar pattern as that of
sarmazenil. However, two energy minima are pointed
out for this compound, which corresponds to dihedral
angle values between the imidazole ring and the ester
function equivalent to + 60° (above the imidazole plane)
and —15° (under this plane), respectively. A common
ester function conformation is observed for the antago-
nists/inverse agonists which corresponds to a mean
dihedral angle value of +40° (£20°) above the imid-
azole plane. This conformation could lead to the antago-
nistic/inverse agonistic activity. In the case of bretazenil,
a dihedral angle value of —45° (under the imidazole
plane) is observed. Given that the antagonist Ro 15-
4941 shows one ester conformation similar to bretazenil,

Table 2. Fractional atomic coordinates (10%) and Ugq of
sarmazenil®

Atoms x/a y/b z/b Ugq

N(1) 8622(1) 1734(1) 8101(3) 56(1)
C(2) 8389(1) 1137(1) 7332(4) 52(1)
C@3) 8864(1) 800(2) 6124(4) 58(1)
N(4) 9490(1) 558(1) 6984(4) 60(1)
C(5) 9949(2) 1010(2) 7625(4) 62(1)
C(6) 10385(2) 2183(2) 6732(5) 71(1)
C(7) 10325(2) 2906(2) 6611(5) 79(1)
C(8) 9719(2) 3221(2) 7066(5) 78(1)
C(9) 9162(2) 2833(2) 7572(4) 66(1)
C(10) 9220(2) 2113(2) 7653(4) 56(1)
C(11) 9838(2) 1771(2) 7266(4) 57(1)
C(12) 8102(2) 1946(2) 9137(4) 64(1)
N(13) 7566(1) 1536(1) 9072(4) 66(1)
C(14) 7740(2) 1027(2) 7946(4) 56(1)
C(15) 7238(2) 481(2) 7590(4) 62(1)
O(16) 7520(1) —60(1) 6842(3) 73(1)
C(17) 7054(2) —628(2) 6463(5) 83(1)
C(18) 7449(2) —1218(2) 5972(7) 127(2)
0(19) 6630(1) 517(1) 7912(4) 93(1)
C(20) 9524(2) —172(2) 7441(5) 83(1)
O(21) 10439(1) 824(1) 8466(3) 78(1)
CL(22) 11161(1) 1814(1) 6144(2) 104(1)

#Ucq is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Table 3. Values of the main dihedral angles of flumazenil,
sarmazenil, and bretazenil

Dihedral angle (°) Flumazenil Sarmazenil Bretazenil

C—C11—C5—0yy 34.6 48.0 48.0
Co—Co—-N1—C, 141.1 135.1 129.9
Cy—C14C50y9 —165.0 —162.4 140.0
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but the angle value being —15°, one can assume that the
agonistic activity can be related to an ester conforma-
tion within a dihedral angle between —15° up to —45°.
Thus, from a conformational point of view, a hypothesis
allows to explain the intrinsic activities of these mol-
ecules. The possibility of distinct binding modes in the
same active site at the ® modulatory sites leading to dif-
fering intrinsic efficacies could therefore be considered.

Ab initio molecular orbital calculations

The electronic properties were calculated for flumazenil,
bretazenil, and sarmazenil, from the single-crystal X-ray
coordinates for the heavy atoms. The calculations were
performed according to the ab initio MO-LCAO-SCF
method using a STO-3G* basis set.

(a) The interatomic m-overlap populations (Fig. 8),
calculated according to the Mulliken charge
population analysis, show an electronic delocali-
zation within the phenyl and the imidazole rings.
No significant conjugation exists between the
former ring and the lactam function and the latter
ring with the ester function. These observations
confirm the crystallographic data observed for
sarmazenil, for which the bond lengths (Cs—C;; =
1.513A, C1g-N; =1.416 A and C;,~C,5s= 1.460 A)
are characteristic of single bonds. The dihedral

(2)
> !
X o
i re
! \1}(\ { \%1’
(b)

Figure 5. Stereoscopic view of the crystal packing of sarmazenil
(a) showing m—r interactions between sarmazenil molecules (b).

angle values (Table 3) between the phenyl and
imidazole rings, between the phenyl ring and the
lactam function and between the imidazole ring
and the ester function show that these moieties
are not coplanar and do not allow electron
delocalization.

(b) The molecular -electrostatic potential (MEP)
were considered as another parameter of interest.
It represents the electrostatic forces displayed by
a ligand when it interacts with the receptor.
Three-dimensional MEP plots were calculated
(Fig. 9). The negative equipotential surfaces
drawn describe attractive interaction energies for
a proton and thus simulating a protonic receptor
site. For each compound we observe three pro-
ton acceptor sites generated by the imidazole N3
atom (—92.5kcal/mol), the ester carbonyl Ojg
atom (—65.0, —66.0, and —72.0 kcal/mol for flu-
mazenil, sarmazenil, and bretazenil, respectively)
and the lactam carbonyl O,; atom (—54.0,
—59.5, and —63.5kcal/mol for flumazenil, sar-
mazenil, and bretazenil, respectively). It can be
considered that the general MEP pattern of the
three molecules is similar. Three proton acceptor
sites are pointed out, which can be considered as
potential binding sites to the ®; modulatory site.

(c) Energy and topology of frontier orbitals. m—m
interactions or charge transfer are considered as
an important mode of interaction between a
ligand and a receptor. Therefore, it is of interest
to calculate the energy and to visualize the
topology of the highest occupied and the lowest
unoccupied orbitals (HOMO and LUMO,

Figure 6. Stereoscopic view of the superimposition of flum-
azenil (blue), sarmazenil (red), and bretazenil (green).
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respectively). To fulfil this study, the molecules
were oriented in the xz plane of the imidazole
and phenyl rings, as well as in the plane of the
ester function. The 2p, atomic orbitals, perpen-
dicular to the molecular plane, then contribute
to the electron density, which could be impli-
cated in charge transfer interactions.

The topologies of the HOMOs, centered on the
imidazole ring, and the LUMOs, centered on the
phenyl ring, are very similar to each other as
shown in Figure 10. In the case of a n—7 type
interaction with the receptor, the imidazole ring
would act as an electron donor, whereas, the
phenyl ring would play an electron acceptor role.

(a)

180°

C14-C15-016-C17

Cl14-C15-016-C17

N13-C14-C15-016

C14-C15-016-C17

N13-C14-C15-016

Moreover, the carbonyl of the ester function also
contributes to the HOMO (Fig. 11) and therefore
this group could act as electron donor in a
charge transfer process, as observed in the crystal
packing of sarmazenil.

The energy levels of the frontier orbitals are
summarized in Table 4 and show no significant
differences between the three compounds for the
HOMOs and LUMOs values. These parameters
do not discriminate between partial agonist,
inverse agonist, and antagonist properties. How-
ever, Schove and co-workers*” have proposed a
model of ® ligands/receptor interactions and
have hypothesized that activation of the ® mod-
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Figure 7. AMI isoenergy contour map (Ke,/mol) for (a) sarmazenil, (b) bretazenil, and (c) Ro 15-4941. The contour-to-contour
interval is 1 k.,/mol. The asterisk indicates the energy minimum.



B. Lopez-Romero et al.|Bioorg. Med. Chem. 6 (1998) 1745-1757 1751

ulatory sites would occur through a charge
transfer interaction between an electron accept-
ing ring of the ligand and an electron donating
ring in the receptor. This study concerns mol-
ecules belonging to different chemical series, only
one molecule representing each series. The pos-
ition of the electron accepting ring is considered
as a discriminant property for agonism, inverse
agonism, and antagonism. Our studies show that

flumazenil

0

28.9_N /3?.2

1/16%\ 4.9
N/ R11.3

15'7L 15.6/25.5 RN

MEP and frontier orbitals of the three super-
imposed imidazobenzodiazepinones, the partial
agonist, the inverse agonist, and the antagonist,
fit with a three-proton-acceptor sites model and
orientate the LUMOs in the same spatial region.
Therefore, in contrast to the Schove hypothesis,
LUMOs cannot be taken as an argument for
activity discrimination. However, the Schove
study could lead to different conclusions for two
reasons. Firstly, in the same chemical series the
molecules could present different intrinsic activ-
ities (our case). Secondly, the selection of a high
number of structurally different compounds does
not take into account the possibility of different
interaction sites between chemical series.

Proton affinities are a theoretical measure of the
basicity of a specific site of the molecule. They
were calculated as the energy difference between
the protonated and non-protonated form*-3° of
each electronic lone pair of the proton acceptor
atoms of the molecules after a geometrical opti-
mization and are listed in Table 5. The greater
the energy difference, the greater is the proton
affinity. For the three compounds, the O;9 atom
of the ester chain appears to possess the greater
proton acceptor property, followed by the imi-
dazole N3 atom and the O,; atom of the lactam
function. In general, differences in proton affi-
nities are found between the two electron lone
pairs of the ester O9 atom and the lactam Oy
atom, depending on their orientation. Proton
affinities are stronger for the O;9 lone pairs
oriented towards the N3 atom (2 versus 1). For
sarmazenil and bretazenil, but not for flumaze-
nil, proton affinities are stronger for the O,; lone
pairs oriented towards the halogen atoms (4
versus 3). For flumazenil, the F,, atom exerts
less influence on the proton affinity of the O,
atom in regard to its two lone pairs, due to its
position on the phenyl ring.

Two main structural differences between the
three compounds are pointed out. The first is the
halogen atom on the phenyl ring: on position 6
for both the partial agonist and the inverse ago-
nist and on position 7 for the antagonist. The
second concerns the ester side chain: a ¢-butyl for
the agonist and an ethyl for both the antagonist

bretazenil

Figure 8. Interatomic n-overlap populations (%) of flumazenil,
sarmazenil and bretazenil based on ab initio MO STO-3G*

Mulliken population analysis.

Table 4. Energy of frontier orbitals HOMO and LUMO of
flumazenil, sarmazenil, and bretazenil

Energy (k. /mol) Flumazenil Sarmazenil Bretazenil
HOMO —165.363 —-167.975  —167.868
LUMO 126.715 126.370 127.418
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and the inverse agonist. Therefore, the difference
in intrinsic efficacy could be considered as a
consequence of the changes in the substitution
on the phenyl ring and/or the ester side chain,
which could have repercussions on the proton
affinity values of O,; and Oj;9 atoms, respec-
tively. The three-dimensional (3-D) MEP maps
(Fig. 9) calculated from the electronic density
were subsequently analyzed to find the lowest
electrostatic potential minimum close to the lac-
tam oxygen [Enin(O1)] and the ester oxygen
[Emin(O19)]. The depths of the minima found,
which have been correlated with O,; and Oj9
atom’s ability to accept a proton in a hydrogen

bond, decrease in the following order for
[Emin(O21)]: bretazenil (—63.5kcal/mol) > sar-
mazenil  (—59.5kcal/mol) > flumazenil
(—54.0kcal/mol). The [Enin(O;9)] decreases as
follows: bretazenil (—72.0 kcal/mol) > sarmaze-
nil (—66.0kcal/mol) > flumazenil (—65.0kcal/
mol). The lower [Emin(O21)] and [Enin(O19)], the
more attractive towards a proton the atom is
considered.

Further to our results, it can be advanced that
the ability of a compound to attract a proton
would be in relation with its agonist properties
and could represent a positive allosteric effect at

Figure 9. Three-dimensional molecular electrostatic potential isoenergy surfaces. (a) Flumazenil: red =—92.5kcal/mol; white=
—54.0 kcal/mol; blue =—10.0 kcal/mol. (b) Sarmazenil: red = —92.5 kcal/mol; white = —59.5 kcal/mol; blue =—10.0 kcal/mol. (c) Bre-

tazenil: red = —92.5 kcal/mol; white = —63.5 kcal/mol; blue = —10.0 kcal/mol.

Table 5. Proton affinities at different sites of flumazenil, sarmazenil, and bretazenil

(1) (2 3) (O]
H H
N :
me O1g wa 19 (N13 O,
N—y/ N—y N—
I X R | X R | X R
/Z 4 /AN NG /N, Ny
X SR X “R X 4 r
O21 0y 21
H
Proton affinity (k. /mol) Flumazenil Sarmazenil Bretazenil
N3 291.8 292.3 297.7
O49(1) 279.3 284.9 287.8
019(2) 293.0 298.5 306.7
0,(3) 285.4 282.1 296.6
0,,(4) 288.6 288.0 302.9
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the GABA 4 receptor complex. On this basis, it is
possible to differentiate bretazenil from flumazenil
(agonism from antagonism). However, weak
negative modulation of sarmazenil observed in
vivo is not detected through this electronic param-
eter. The calculated attractive energy of sarma-
zenil could be correlated to a weaker activity
than partial agonism (i.e. close to the antagonist
activity).

In addition to that, some structurally related
molecules* clearly show that the ester side chain
could be considered as responsible of the intrin-
sic activity of the imidazobenzodiazepinones at
the ® modulatory site. Molecules such as Ro 16-
0075 and Ro 16-3774, which carry a chlorine
atom and a methyl substituent at position 6 of
the phenyl ring, respectively, and a t-butyl ester
side chain, have the same intrinsic activity as
bretazenil. The Ro 15-4941 compound differs
from Ro 16-0075 by an ethyl ester instead of a -
butyl ester function, it displays antagonist/
inverse agonist activity.

Thus, we have shown in the conformational
analysis that the major element governing the
intrinsic activity of these molecules could be the
ester function conformation, which is related to
its alkyl chain. Compared to the previous
physico-chemical parameters studied, the ester
function proton affinity calculations allow to

Figure 10. Topologies of HOMO and LUMO of (a) flumazenil,
(b) sarmazenil, and (c) bretazenil with molecules orientated in
the xz plane of the imidazole and phenyl rings: the isoelectron
density contours from 0.005 to 0.025 e’/;\3 in dotted lines and
from 0.030 to 0.050 e’/z&3 in solid lines.

(@)

(b)

Figure 11. Topologies of HOMO of (a) flumazenil, (b) sarm-
azenil, and (c) bretazenil with molecules oriented in the xz
plane of the ester function: the isoelectron density contours
from 0.005 to 0.025 e’/A3 in dotted lines and from 0.030 to
0.050 e~/A? in solid lines.
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discriminate between the three titled imidazo-
benzodiazepinones.

Experimental and Computational Methods

X-ray diffraction

Sarmazenil was crystallized by slow evaporation from a
methylisobutylketone solution at room temperature.
The crystals were colourless and prismatic.

Data were collected on a 4-circle diffractometer (CAD-4)
with graphite monochromatized Cu (K,,A=1.54178 A).
The unit cell parameters were obtained by least-squares
refinement of the diffractometer settings for 25 medium
order reflections. The measured intensities were corrected
for Lorentz, polarization, and absorption effects. Fur-
ther data collection details are provided in Table 1.

The structure was solved by the application of direct
methods using SIR92.3! The absorption correction was
made by NRCVAX3277 and the structure refined by the
method of full-matrix least-squares using NRCVAX3>2-57
and SHELXL93.%® Hydrogen atoms were calculated.
Anisotropic temperature factors were used for all non-
hydrogen atoms and isotropic ones were used for all
hydrogen atoms. The final weighted least-squares cycle
gave R=0.08 with w=1.0/(s*(F)+0.002 F?). The geo-
metric analysis was performed by PLATON92% and
representation of the asymmetric unit and crystal pack-
ing by program ORTEP.%°

Ab initio molecular orbital quantum calculations

Theoretical conformational calculations were performed
using the semi-empirical quantum mechanical molecular
orbital (MO) AM1 method developed by Dewar.®! The
good performance of this method for conformational
analysis problems has been largely noted®' and more-
over, consideration of more sophisticated methods such
as non-empirical ones would have been rather time
consuming. The two-dimensional isoenergy contour
maps were built by systematic variation (increment
between two successive calculations: 15°) using the AM1
option with the standard parameters available within
Gaussian92.%> The generation of a 2-D isoenergy con-
tour map taking account 625 conformations with AM1
takes ~2h of cpu time.

Molecular electronic properties were computed in the
framework of the restricted Hartree-Fock—Roothan
LCAO-MO-SCF formalism (Linear Combination of
Atomic Orbitals — Molecular Orbitals — Self Consistent
Field). Calculations were performed at the STO-3G*
degree of sophistication of the LCAO expansion of the

molecular orbitals as introduced by Collins.®> Con-
sidering the relatively large dimensions of the current
molecules (>22 heavy atoms), the minimal STO-3G*
basis set was chosen as a cost-reliability compromise.
Within this basis set, the computations included 124,
133, and 168 basic functions for flumazenil, sarmazenil,
and bretazenil, respectively. A single geometry ab initio
STO-3G* HF calculation takes &~ | h; geometry optimi-
zations take between 24 and 72h. The atomic coordi-
nates of the heavy atoms considered in the calculations
were those obtained by crystallographic analysis. All H
atoms were located at standard positions (distances,
bond, and valence angles) from their carrier atoms.

Atomic charges and interatomic m-overlap percentages
were calculated by the Mulliken charge population
analysis.® The imidazole and phenyl rings were respec-
tively placed in the xz plane, in order to differentiate the
n electron contribution (i.e. the 2p, component) from
the total contribution.

The 3-D isopotential MEP maps were computed in a
parallelipiped, surrounding each compound, which is run
by a grid. The increment was fixed to 0.10A in planes
parallel and perpendicular to the phenyl ring. The
topologies of frontier orbitals were computed in a plan
distant of 1.75 A of the aromatic moieties of the mole-
cules. This plane is run by a grid of points separated by
0.10 A. Beside the wave function, the input consists in
the desired molecular orbitals (all of them, or a parti-
cular desired one as the HOMO or LUMO) and their
isoelectron charge density surface or contour values
(from 0.005 to 0.050 electron/A3, step 0.005 electron/
A3). The generation of the electron charge density iso-
contour maps was performed with the MOPLOT
(Molecular Orbital PLOT) program.®> The bielectronic
integral cut-off and convergence on the density matrix
threshold were fixed at 1077 and 1078, respectively.
Our experience has shown that within the basis set
used, the computed total energy has at least seven
significant digits. It corresponds to a numerical error of
about 1kcal/mol. The overlap populations (in electron)
have four significant correct digits; only two digits
are presented in the figures for clarity. The precision
of the MEP wvalues is 1kcal/mol when taking
into account points within grid separated by 0.10A. All
2-D and 3-D isopotential, isoenergy and isoelectron
densities maps were drawn using the in-house device
interactive contouring programs, CPS® and CPS3D,*’
developed in Fortran with the IBM graPHIGS
Software.

Molecular graphics

The superimposition was performed with an in-house
molecular modeling package, KEMIT,®® developed with
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the PHIGS standard for IBM RISC 6000 computer
systems.

Conclusions

Several models of interaction of ligands with @ mod-
ulatory sites have been reported in the literature. These
models were subsequently starting from the simple
hypothesis (e.g. two site hypothesis of Fryer®®-7%) pro-
gressing towards complex models (e.g. Schove four-site
model*”) to a better understanding of ligand/receptor
interaction. But all these models do not take into
account the heterogeneity of the ® modulatory sites. In
these studies, the parameters considered were succes-
sively m—m or charge transfer interaction, proton donor
properties, steric and electrostatic interactions, proton
accepting properties and finally relative distribution of
the LUMO. The principal hypotheses of some of these
models are abstracted hereafter.

The Fryer model®®7° defined two sites that are required
for recognition at the ® modulatory sites: a condensed
aromatic ring and an electron-donating group. The dis-
tance between these sites was hypothesized to modulate
intrinsic activity (agonist and antagonist). An additional
electron-donating site was included for antagonists and
inverse agonists.

The Codding-Muir model’! consisted of three sites for
receptor recognition: a condensed aromatic ring, a
function involved in a m—7 stacking interaction and a
proton donor site. The two parameters modulating the
intrinsic activities are a freely rotatable aromatic ring
and an electron-withdrawing substituent on the con-
densed aromatic ring.

The Skolnick—Cook model’>73 has been defined sepa-
rately for agonists and antagonists/inverse agonists.
Three sites of interaction are necessary for agonists: two
hydrogen accepting atoms and a steric or electrostatic
site. Only two sites are required for antagonists or
inverse agonists: one hydrogen donor and one hydrogen
acceptor site.

The Borea-Gilli model’™ postulated three proton
accepting centers, two of which are necessary, involved
in the receptor recognition. The authors postulate that
different regions of the receptor cavity are occupied
depending on drug structure that could change the
conformation of the receptor.

The Tebib-Bourguignon-Wermuth model”>  showed
three critical zones: a m-electron rich aromatic ring
and two electron rich areas. Three other regions were
defined as potential interaction sites like a freely rotat-

ing aromatic ring, an out-of-plane region strongly asso-
ciated with agonism and a sterically sensitive area in the
proximity of one of the electron rich zones, which leads
to antagonism.

In the last model of Cook et al.,”® three binding receptor
sites are defined for the anchor of the ligands at the
receptor. Only two of these sites and a lipophilic
pocket are required for inverse agonist/antagonist
activity. Agonist activity requires interactions with two
hydrogen accepting atoms and two or three lipophilic
pockets.

Recently, the Schove model*”  incorporates
four important zones for receptor recognition: three
binding receptor sites and a ring where the LUMO is
centered and represents an electron accepting site.
The authors proposed the distribution of the LUMO to
be determinant for positive and negative allosteric
modulation.

Most of the previous models were generated by studying
a large number of heterogenous structures and the ana-
lysis of a limited number of parameters. In the present
work, we focus our study on a large number of para-
meters but a limited number of chemical structures with
the aim of fine-tuning the analysis of parameters,
including molecular orbitals and proton affinities. Thus,
with the goal of determining the structural and electro-
nic properties governing the intrinsic activity of ligands
for ®; modulatory sites, we have focused our study on
three imidazobenzodiazepinone nonselective ligands
with similar affinities for the ®; receptor subtype in
order to limit the stereoelectronic dissimilarities due to
chemical series heterogeneity. For the three molecules,
crystal geometries, obtained by X-ray diffraction, were
superimposed and reveal very similar spatial arrange-
ment, except the orientation of the ester function which
can be related with the intrinsic activity of the com-
pounds. The comparison of the stereoelectronic
descriptors used in this study have shown several fea-
tures which could be responsible for recognition and
activation at ®; modulatory sites and lead us to propose
a five-site model for imidazobenzodiazepinone ligands-
receptors interactions:

1. Three proton acceptor sites located at the imid-
azole nitrogen N3 atom and at the oxygen atoms
of the lactam and the ester functions, that repre-
sent potential binding sites at the receptor. The
nature and the conformation of the ester function
as well as the proton affinity, calculated on relaxed
molecules, appear to be discriminant for the
molecules considered. The agonist properties of
bretazenil at ®; modulatory sites could be a func-
tion of the orientation of the ester function and
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the electron density at one of the proton acceptor
sites of the molecule (the ester function). The
stereoelectronic properties of sarmazenil are very
close to those of the antagonist flumazenil
according to the formerly described biological
properties of this compound.

2. Two aromatic moieties, which could interact with
the receptor: the LUMO of the electron acceptor
phenyl ring and the HOMO of the electron
donating imidazole ring. An additional n—r inter-
action involving the ester carbonyl group can be
envisaged, as shown in the crystallographic pack-
ing of sarmazenil.

Future perspectives would consist of the development
and refinement of a model of interaction for selective ®,;
ligands.
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