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SUMMARY

Ligands that bind to the benzodiazepine receptor have three possible effects. The ligand
can be an agonist and reduce anxiety, an antagonist and have no biological effect, or an
inverse agonist and promote convulsions. This receptor complex is unique in its spectrum
of response to ligands, and conformational changes in the receptor are implicated. The
x-ray crystal structure of an imidazobenzodiazepine antagonist ligand, Ro15-1788, was
determined and compared to the structures of the 1,4-benzodiazepine agonists and to two
other types of antagonists, S-carbolines and a pyrazoloquinolinone, CGS-8216. The
antagonists were found to have similar arrangements of binding features including an
aromatic ring, a carbonyl oxygen atom, and a hydrophobic side chain. The structures of
these antagonists could be superimposed in a model binding site with three common
features for all of the antagonists and a fourth hydrogen-bonding site for the pure
antagonists (or inverse agonists), the 8-carbolines, and CGS-8216. A comparison of the
shapes of the antagonist benzodiazepine, Ro15-1788, and several agonists showed that
RO15-1788 has a unique azepine ring conformation that distorts the usual arrangement
of the aromatic A ring, carbonyl oxygen atom, and imine N atom of the agonists. A
conformational adjustment in the receptor would be required to accommodate both of
these types of ligands. A summary of the superpositions of typical agonists and the
antagonists leads to a model with 7 conformationally mobile binding points. Inverse
agonists are distinguished from antagonists by the length of the hydrophobic side chain.
Arntagonists are distinguished from agonists in part gl%,the laek of a binding feature
i
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other responses elicited by benzodiazepine reeepter li-
gands; either the ligand binds and produces no Fesponse
and has ne effect on the affinity of GABA fof the Feceptor
eomplex; of it potentiates convulsions and deereases the
atfinity of GABA. This differenee for the 1ast twe ligands
has prompted the elassifieation of the foFmer a8 antage-
nists and the latter as 1Rverse agonists (3; 4). The mul-
tiplieity of effeets elieited by ligands beund te the ben:
sodiazepine reeeptof may arise from an allosterie Fegu-
lation of eonformational ehanges in the GABA reegptsr
site (5): A study of the struetures of all of the types of
eompounds that bind te the benzodiazepine reeeptor ean
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tioh ameng the three pharmaeslogieal effeets and explain
the struetural basis of the meehanism for allesterie eon-
tiol of GABA binding. o ‘
_Three struetural models fof the binding of Benzodiaze:
pines have been published: The model of Fryer (6) is
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based on the three 7 systems that are always present in
classical 1,4-benzodiazepine anxiolytics (1). This model

|~

has specific separation and orientation requirements for
the aromatic fused 6-membered ring, a = system near
C(2), and the 5-phenyl substituent. Another model, de-
veloped by Gilli and co-workers (7), is based on a number
of x-ray structures. The authors conclude that small
conformational differences among the benzodiazepines
have little effect on activity and that the major deter-
minant of activity is the electronegativity of the substit-
uent in the 7-position since this affects the strength of
potential hydrogen bonds formed at N(1). A third model
(8), based on theoretical studies of the 1,4-benzodiaze-
pines, proposes that the receptor has three cationic sites
that interact with an electron-withdrawing group at C(7),
the C(2)=0 group and the imine nitrogen atom, N(4).

These models for the benzodiazepine receptor have not
considered the binding of antagonists. Therefore, as part
of a study of antagonists of the benzodiazepine receptor
(9-11), the crystal structure of the title compound, ethyl-
8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,5a]-
[1,4] benzodiazepine-3-carboxylate (Ro15-1788) (2), was
determined to characterize the structural differences be-
tween antagonists and agonists. Ro15-1788 was first
identified as an antagonist (12) as it has no pharmaco-
logical effect and does not change the affinity of GABA
for its receptor; more recent findings have identified
partial agonist properties for the drug (13).

MATERIALS AND METHODS

Single crystals were obtained by slow evaporation of a mixture of
ethanol and water. The data were collected on an Enraf-Nonius CAD4F
automated diffractometer; the crystal was cooled to 173 K to increase
the number of observed reflections. The crystal data are in Table 1.
The lattice was identified as tetragonal using the automatic centering
and indexing programs of the diffractometer. The lattice and space
group assignment was confirmed by examining the symmetry and the
systematic absences of the intensities. The reflection intensities were
measured using an /20 scan of variable speed from 0.516-6.706°/min
to obtain a measurement of I > 2.54() in less than 150 sec. Lorentz
and polarization corrections were applied and E values were caculated
for the observed intensities by applying a K curve.

The structure was solved using MULTAN 78 (14). The center of
symmetry was chosen as the origin for this space group. The structure
was refined with the restrained least squares program. RESLSQ (15-
17) because the small number of observed reflections (256% of the 2389
reflections greater than zero had I > 2.0Xo(I)) were insufficient for
full-matrix least squares. Use of restraints in the calculation produced
a well-behaved refinement by including all nonzero reflection data. The
restraints on the distances for the nonhydrogen atoms were removed
during the course of the refinement so that the final geometry reflects
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TABLE 1
Crystal data

Formula Cul'[uNsO;F
Formula weight 303.3
Space group P4y/n
a=b(A) 19.395(5)
c(A) 7.127(3)
V(A% 2697(1)
Z 8
pc(g cm™) 1.494
Crystal dimensions (mm) 0.14 x 0.14 X% 0.26
Radiation MoK, A =0.71069 A

(graphite monochromator)
Ormex(°) 25.0
Scan range Aw = 1.5 (0.74 + 0.347 tand)
Unique reflections 2389
u(cm™) 1.249

the true molecular dimensions. The thermal parameter restraints were
kept at high values to achieve convergence. The hydrogen atoms were
included in the model at positions calculated from idealized geometry;
the thermal parameters of the hydrogen atoms were defined as 120%
of the value of the anisotropic thermal parameter of the atom to which
they were attached. The parameters for the hydrogen atoms were not
refined. The methyl and methylene groups were refined as semi-rigid
groups. The weights were defined as w = 1/(o(F,)®. The refinement
converged to a final R value of 0.0712 with a maximum shift/error of
0.22. Programs from the XRAY76 (18) system were used except where
otherwise mentioned. The scattering factors were those of Cromer and
Mann (19) except for the hydrogen atom (20).

The conformation and atomic labeling scheme of Ro15-1788 are
shown in Fig. 1. The fractional coordinates of the nonhydrogen atoms
are given in Table 2. The anisotropic thermal parameters, the hydrogen
atom parameters, and the bond distances and bond angles are available
from the corresponding author.

RESULTS

Ro15-1788 differs from agonist benzodiazepines in that
it lacks a C(5) phenyl group, has a saturated C(5)—N(4)
bond, and has an ester group on the imidazole ring fused
across the N(1)—C(2) bond. These structural modifica-
tions of the basic 1,4-benzodiazepine skeleton change
both the molecular conformation of the antagonist and
the potential hydrogen-bonding pattern.

The conformation of the seven-membered diazepine
ring in Ro15-1788 is different from that observed in three
examples of agonist compounds with a fused ring across
the 1,2 bond. The two triazolo compounds alprazolam
(21) and estazolam (22) have torsion angles T,
(C(5)—C—C—N(4)) of 1.89 and —3.57°, respectively, and
an imidazobenzodiazepine (23) has T, = 0.5°. The antag-
onist, Ro15-1788, has a significantly larger value of T, =
—10.6°; this large torsion angle twists C(5) out of the
plane of the A ring of the benzodiazepine moiety by
~0.20(2) A. The twist places O(5) below the plane by
—0.95(2) A and pulls N(4) down toward the A ring plane
to a height of 0.47(2) A.

The overall asymmetric twist of the diazepine ring
conformation in Ro15-1788 is different from that found
in all other agonist benzodiazepines. In an unsymmetri-
cally substituted 1,4-diazepine ring the direction of twist
determines the relative orientation of substituents and
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F1G. 1. The molecular conformation and atomic labeling scheme for
Ro15-1788
This drawing was made with the computer program ORTEP (30).

TABLE 2

The fractional atomic coordinates (X10*) and Be(%10) for the
nonhydrogen atoms of R015-1788. By, is defined as 1/3(B,, +

Bz + By)

Atom x/a y/b z/c Be

N1 3629(4) —1656(4) 7813(13) 120(38)
C2 3404(4) —1031(4) 8553(15) 85(45)
C3 3914(5) —602(5) 9618(14) 100(47)
N4 4466(4) —-383(4) 8387(12) 123(37)
Cs5 4973(5) -821(4) 7822(16) 158(45)
Cé 5506(4) —1917(5) 8741(17) 153(49)
C7 5499(4) —-2622(5) 9018(18) 182(51)
C8 4913(5) -3019(5) 8808(16) 175(50)
C9 4293(4) —2692(4) 8394(15) 158(47)
C10 4280(4) —1973(4) 8185(16) 120(46)
C11 4884(5) —1580(5) 8315(16) 151(48)
C12 3088(5) —1948(4) 6924(14) 107(44)
N13 2525(4) —1567(4) 7013(13) 137(38)
Cl4 2717(4) —989(4) 8009(16) 89(43)
C15 2220(4) —422(4) 8318(15) 98(46)
016 2559(3) 172(3) 8789(10) 132(32)
C17 2116(5) 772(5) 8938(15) 108(47)
C18 2598(5) 1370(5) 9462(17) 166(49)
019 1611(3) —470(3) 8134(11) 167(35)
C20 4435(5) 318(4) 7635(16) 138(48)
021 5483(3) -641(3) 6985(11) 152(33)
F22 6104(3) —-2941(3) 9449(10) 258(30)

is, therefore, important. The value of an asymmetry
parameter that indicates the direction of the twist of the
azepine ring, 4, is 11.49 for Ro15-1788; the range of values
for active agonist compounds is —23.24 to 8.48. The effect
of this larger positive asymmetry is to twist the apical
atom, C(3), toward N(4) and to push the N(4) atom
closer to the mean plane of the A ring.’

2 The asymmetry of a seven-membered ring can be summarized in a
parameter that reflects the variation from mirror symmetry of pairs of
torsion angles. A new equation, based on previous definitions (7, 24,
25) for this parameter, defines é to reflect the direction of twist of the
ring, viz.,

6 = {1/4[— S(1v (To)? + Smsmny (T1 + T1')? + Sir2412)
(T2 + T2')* = Siraarsy (T3 + T3V

MOLECULAR STRUCTURE OF Ro15-1788

TABLE 3

Distances between six-membered aromatic ring and hydrogen bond
acceptor atoms in benzodiazepine receptor ligands

Compound Type Distance  Reference
A

BCCM Inverse agonist 6.45(1) 11

BCCE* Inverse agonist 6.47(2) 26

Ro15-1788 Antagonist 6.06(1)  This work

CGS-8216 Antagonist 6.102(5) 26

Agonists 4.95(3) Footnote 2

2 BCCE, ethyl-g-carboline-3-carboxylate.

The overall molecular shape of Ro15-1788 is curved;
the imidazo ring and the C(5) carbonyl group are both
tipped in the same direction away from the A ring plane.
The two aromatic rings, phenyl and imidazole, are each
relatively planar. The angle between these two planes is
35.0°; the angle between the phenyl ring and the carbonyl
line is 36.7°. The ester side chain of the imidazole ring
is twisted out of the plane of that ring by 17.7°.

The ester side chain is in an extended conformation
which places the carbonyl oxygen atom in Ro15-1788 at
a greater distance from the A ring than is found for the
C(2) carbonyl group to A ring separation in agonists.
Two of the models for benzodiazepine binding find that
the interaction of either the carboxyamide, N(1)—
C(2)=0, or the C(2)=0 group with the receptor is im-
portant. The relative separation of the hydrophobic A
ring and this group in Ro15-1788 is 6.06 A, in contrast
to the range for agonists of 4.72-4.97 A.

Other antagonists and inverse agonists also display a
larger separation between the carbonyl oxygen atom (or
other electronegative site) and the ring comparable to
the A ring of benzodiazepines. Table 3 summarizes these
distances. The inverse agonists and antagonists all show
distances greater than 6 A, while the agonists have
separations less than 5 A. The ligands with ester side
chains are usually found to be nearly planar, extended
conjugated m systems and can be expected to maintain
this geometry when bound to the receptor.

Nonagonist ligands Ro15-1788, CGS-8216, and the
ester B-carbolines have similar three-dimensional
shapes. Their common features are the six-membered
fused aromatic ring, a carbonyl oxygen atom, and a
hydrophobic side chain. The structures of both the
methyl ((11) BSCCM) and the ethyl (26) S-carboline-3-
carboxylate, as found in the crystalline state, have the
same conformation for the ester side chain as observed
in Ro15-1788. A stereo drawing of the superimposed
structures of Ro15-1788 and SCCM is shown in Fig. 2.
The aromatic rings are superimposed as are atoms N(13)
and O(19) (of Ro15-1788) with a corresponding imine N
atom and carbonyl O atom of the S-carboline. In the

A positive 6 parameter describes a twist of the ring like that described
for Ro15-1788 and a negative value indicates a twist toward N(1). This
parameter not only differentiates the unique antagonist conformation
but also separates the agonist benzodiazepines according to their chem-
ical formulation. Tables of torsion angles, § values, and references are
available from the corresponding author.
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- F1G. 2. A stereoscopic drawing of the superposition of the solid-state conformations of Ro15-1788 and methyl B-carboline-3-carboxylate (stippled

circles)

The A ring of Ro15-1788 was superimposed on the ring of the g-carboline (*) and the N—C—C=0 features were overlapped (marked with
arrows). The N—H group of the g-carboline (marked with a star) has no similar feature in Ro15-1788. The drawing was made with the computer

program PLUTO (31).

F1G. 3. A stereoscopic drawing of the superposition of the solid-state conformations of methyl B-carboline-3-carboxylate (stippled circles) and

CGS-8216

The benzene rings in the two structures were superimposed (*) and the N—C—C=0 features were overlapped (arrow). Both molecules have a
strong hydrogen bond donating group, N—H (star). The drawing was made with the computer program PLUTO (31).

BCCM structure, this cis-N—C—C=0 group accepts a
three-center hydrogen bond. There is a good fit of the
entire ethyl ester side chain and of the overall molecular
shape. The regions occupied by N(4) and by substituents
on C(5) in Ro15-1788 are not present in the g-carboline
structure. A similar feature to the 8-carboline hydrogen
bond donor atom, N(9), is not found in the Ro15-1788
structure (see Fig. 2). Fig. 3 shows an overlap of SCCM
with the pyrazoloquinolinone antagonist, CGS-8216 (26).
Again, the six-membered aromatic rings overlap as do
the hydrogen bond acceptor regions: =N—C—-C=0 in
BCCM with C=0 in CGS-8216. In this overlap the ethyl
ester side chain occupies the same region as the phenyl
side chain in CGS-8216. Unlike the overlap with Rol5-
1788, the hydrogen bond donor atom, N(9), of SCCM
has a parallel in the CGS-8216 structure, a strongly
positive N atom in the central ring (26).

DISCUSSION

Larger conformational changes in the receptor when
antagonists or inverse agonists are bound, over those due
to the binding of agonists, may be the key to distinguish-
ing among ligands with positive, negative, or no efficacy.
Chiu et al. (27) have shown that the conformational
changes in the receptor induced by Ro15-1788 are differ-
ent from those induced by agonists. This finding may be
universal for both the negative and the no-efficacy li-
gands. If this hypothesis is true, these ligands should
have common structural features that resemble the ago-

nists, since they all bind to the same receptor but are
different in the relative orientation of their functional
groups.

The similarities in the observed structures of the three
types of nonagonist ligands can be summarized in a
model binding site as shown in Fig. 4. This model has
sites that 1) interact with the aromatic portions of the
antagonists, 2) bind to the carbonyl oxygen atom of
either the ester side chain in 8-carbolines and Ro15-1788
or of the pyrazole ring of CGS-8216, 3) bind the hydro-
phobic side chain, and 4) accept a hydrogen atom from
a N—H donor (this last site is not present in the imida-
zobenzodiazepine). The six-membered aromatic ring (A
ring) is the common feature used as an anchor in these
comparisons. The relative orientation and separation of
the other features can then be examined with respect to
the A ring. Site 2 is present in all of the ligands. The
extensive structure-activity data available on 8-carboline
derivatives indicates both that an electronegative atom
on the C(3) side chain is required for high affinity and
that the B-carboline must be aromatic which enhances
the extended coplanarity of the ring and the side chain.
The separation of sites 1 and 2 is the same in all of the
antagonists as shown in Table 3. The hydrophobic side
chains (site 3) superimpose easily in the overlap draw-
ings. The hydrogen bond formation invoked in site 4 is
consistently observed in all crystal structures of the -
carbolines and CGS-8216 (26). Indeed, in the CGS-8216
crystal structure there is evidence that this N atom has
a partial positive charge, so it is a strong H atom donor.
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F1G. 4. Model binding site for antagonists that recognizes 4 features
1, an aromatic six-membered ring; 2, a carbonyl oxygen atom or a
combination of imine N atom and carbonyl O atom; 3, a hydrophobic
side chain; and 4, a hydrogen atom donor group N=H. (This last feature
is not present in Ro15-1788.) a. Ro15-1788 in the model binding site;
b. methyl B8-carboline-3-carboxylate in the site; c. CGS-8216 in the

binding site.

aspet.’

wae sought- The carbonyl oxvgen atoms (arraw) are in different

MOLECULAR STRUCTURE OF Ro15-1788

The efficacy of antagonists and inverse agonists is
sensitive to the size and the hydrophobicity of the side
chain that binds at site 3. The §-carboline ligands change
from convulsant to proconvulsant to weak agonist as this
side chain increases in size from methyl to ethyl to propyl
esters. The pyrazoloquinolinone compounds show a trend
from antagonist to partial agonist to agonist as the para
substituent of the phenyl ring is changed from H to
methoxy to chlorine (28). This side chain is not the only
feature that determines the response to the ligand since
the two ligands with ester side chains, Ro15-1788 and
ethyl B-carboline-3-carboxylate, produce different re-
sponses, antagonist versus proconvulsant. The common
diazepine ring in Ro15-1788 and the agonists, not present
in the B-carbolines, may explain this difference.

Some of the features of this model for the binding of
antagonists and inverse agonists also apply to the agonist
benzodiazepines, but not without changes in the relative
orientation and separation of the sites. Fig. 5 shows an
overlap of Ro15-1788 with an agonist benzodiazepine,
flunitrazepam (29). The overall fit of the benzodiazepine
portion of the molecule is good, but the positions of the
common carbonyl groups in the two structures are quite
different. Agonist benzodiazepines have a consistent ar-
rangement of this carbonyl oxygen atom, the aromatic A
ring, and the imine N atom, N(4). The two electronega-
tive atoms (O and N) are always on the same side of the
A ring and are within 0.2 A of the same distance from
the ring. In Ro15-1788 these two atoms, O(19) and N(4),
are on the same side of the ring, but they are at different
distances from the plane of the A ring, 1.27 and 0.47 2,
respectively. In addition, the relative separation of these
two potential binding sites is always the same in the
agonist benzodiazepines, 3.30 + 0.04 A for 30 examples;
in Ro15-1788 this distance is much longer at 5.54 A.
Thus, a conformational change of the receptor from the
shape that binds agonists would be required to bind to
both of these sites on the antagonist.

A model for the benzodiazepine receptor that has seven
possible interactions with a ligand can account for the
structural similarities and binding data for the antago-
nists and the agonists. Fig. 6 shows a superposition of
Ro15-1788 and flunitrazepam in this binding site. The
addition of three features to the antagonist model ac-
counts for the binding data on agonists: 5, a cationic site
that binds to the imine N atom; 6, a site that recognizes

Fi6. 8. 4 stereascapic drawing of the superpasition of the solid-state confarmations of Rela-1788 and flunitrazepam (stippled circles)
The A rings of the two stpuctures were superimposed (*) and the best fit of the diazepine ring and the electronegative atoms bound to C(3)
%tions in the twa structures while the 6(7) substituente (star) are in similar

pesitians. The drawing was made with the computer program BLUTO (31).
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F1G. 6. A model binding site for the benzodiazepine receptor with the
structures of Ro15-1788 and flunitrazepam superimposed in the site

The site has all the features of the antagonist binding site shown in
Fig. 4 and three additional features. These are a site (*) to bind the
imine N atom of the diazepine ring, a site (large asterisk) for the C(5)
phenyl ring, and a site for the C(7) electronegative substituent (+).
The arrows mark the conformational change required to accommodate
the differences between antagonists (Ro15-1788) and agonists (fluni-
trazepam).

the C(5)-phenyl group; and 7, a cationic site for the C(7)
electron-withdrawing substituent on the A ring. A bind-
ing point for site 5 is not present in either the 8-carbo-
lines or pyrazoloquinolinone compounds and is not in
the same position for the Ro15-1788 structure as for the
agonist. (This difference between the two types of antag-
onists may be coupled to the difference in effect of the
hydrophobic side chain mentioned above.) A binding
point for site 6 is not present in any of the antagonists
considered, although the C(5) carbonyl group of Rol5-
1788 does occupy part of this space. An electron-with-
drawing group at site 7 is present in the Ro15-1788
compound and does enhance activity. This binding site
model (Fig. 6) predicts that a similar substituent on the
B-carbolines or the pyrazoloquinolinones would increase
the affinity of these compounds.

The model-binding site in Fig. 6 agrees, in part, with
the other models for agonists. The relative orientation
of the aromatic groups in this model is approximately
the same as that proposed by Fryer (6). Gilli’s model for
the importance of the N(1)—C(2)=0 group would be
consistent with this model as well. The cationic sites of
the theoretical model proposed by Loew and co-workers
(8) correspond to sites 2, 4, and 5. The crystal structure
interactions caused us to identify site 4 as a hydrogen-
bonding site, but this identification is not unambiguous.

This model specifically identifies the positions and the
types of binding groups that characterize the differences
between antagonist and agonist ligands for the benzodi-
azepine receptor. It is notable that the two major differ-
ences between agonists and antagonists, sites for the
imine N atom and the C(5) phenyl ring, are on the same
side of the ligand; it may be that interaction with this

183

portion of the receptor determines the biological response
to the ligand.
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