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SUMMARY

The interactions of zopiclone and suriclone, representatives of nonbenzodiazepine cyclo-
pyrrolone anxiolytics, with central-type benzodiazepine receptors have been characterized
in rat and bovine brain. While zopiclone potently (ICs, ~ 50 nM) inhibits [*H]Ro-15-
1788 binding in an apparent mass action fashion, suriclone and its metabolite 35,489 RP
are extremely potent (IC5 ~ 350 pM and 1 nM, respectively) and display Hill coefficients
of approximately 2.0. Like classical benzodiazepines, none of the cyclopyrrolones studied
display selectivity for type I or type II benzodiazepine receptors. Using [*H]suriclone,
saturable high affinity sites for cyclopyrrolone anxiolytics were directly labeled in rat
and bovine brain. The regional distribution and pharmacologic specificity of [*’H]suriclone
and [*H]Ro-15-1788 binding sites are similar, suggesting that [*H]suriclone recognition
sites reside on the benzodiazepine receptor complex. Unlike classical benzodiazepine
agonists, such as diazepam, the binding of [*H]suriclone is not modulated by GABA, CI-,
pentobartibal, or tracazolate. Unlike those of [*H]diazepam, [*H]suriclone-binding sites
are only minimally affected by photoaffinity labeling with flunitrazepam. Whereas the
binding affinities of [*H]Ro-15-1788, [*H]flunitrazepam, and [*H]ethyl g-carboline 3-
carboxylate increase at lower temperatures, y‘H]suriclone binds with higher affinity at
higher temperatures. Scatchard analysis of [*H]flunitrazepam, [*H]ethyl g-carboline 3-
carboxylate, and [*H]Ro-15-1788 binding in the presence of all cyclopyrrolones studied
reveals an apparent noncompetitive pattern of inhibition of binding in each case; by
contrast, inhibition of [°H]suriclone binding by Ro-15-1788 flunitrazepam, methyl §-
carboline 3-carboxylate and all of the cyclopyrrolones studied appears competitive. The
dissociation kinetics of [’H]Ro-15-1788 indicate that cyclopyrrolones, but not benzodi-
azepines, increase the dissociation rate of [PH]Ro-15-1788 from its membrane receptors;
the converse is true for [*H]suriclone dissociation kinetics. The association kinetics of
[*H]suriclone suggest that suriclone induces a conformational change upon binding to
receptors. Taken together, these results indicate that [*H]suriclone labels a site on the
benzodiazepine receptor complex allosteric to the recognition site for benzodiazepines. A
model is proposed to describe the interaction between benzodiazepines and cyclopyrro-
lones.

INTRODUCTION

Shortly after the discovery of specific benzodiazepine-
binding sites in mammalian brain (1, 2), several anxio-
lytic drugs lacking obvious structural similarity to clas-
sical benzodiazepines were identified which interact with
benzodiazepine receptors. Examples include the triazo-
lopyridazine CL 218,872 (3-5), the quinoline derivatives
PK 8165 and PK 9084 (6), and the cyclopyrrolones
zopiclone (7) and suriclone (8). While these nonbenzo-
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diazepine anxiolytics influence brain benzodiazepine re-
ceptor binding (5-8), their precise mechanisms of action
are unclear. In the present paper, we show that zopiclone
and several drugs of similar structure, the anxiolytic
dithiinopyrrole suriclone and its metabolites RP 35,489
and RP 46,166 influence benzodiazepine-receptor inter-
actions allosterically at a common recognition site dis-
tinct from that of GABA,! chloride ion, barbiturates, and
the pyrazolopyridine tracazolate. Using [*H]suriclone, we
have directly labeled the cyclopyrrolone recognition site
and used this radioligand to explore interactions of cy-
clopyrrolones with brain benzodiazepine receptors.

! The abbreviations used are: GABA, y-aminobutyric acid; FNZ,
flunitrazepam, 8-CCE, ethyl 8-carboline 3-carboxylate.
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MATERIALS AND METHODS

Materials. [*H]Diazepam (specific activity, 80 Ci/mmol), [*H]3-
methylclonazepam (72.4 Ci/mmol), [’H]Ro-15-1788 (87.3 Ci/mmol),
[*H]FNZ (87.0 Ci/mmol), and [*H]8-CCE (80.4 Ci/mmol) were ob-
tained from New England Nuclear Company (Boston, MA). [*H]Suri-
clone (85 Ci/mmol) was synthesized by Dr. Stephen Hurt at New
England Nuclear. [*H]Suriclone was prepared by treating the N-de-
methylated derivative of suriclone, 35,489 RP (see Fig. 1) with [*H)
methy! iodide. Radiochemical purity of [*H]suriclone, assesed in our
laboratory, exceeded 98% as judged by thin layer chromatography on
Silica Gel Fy, plates (E. Merck, Darmstadt, West Germany) in two
solvent systems, acetonitrile/methanol/acetic acid (4:2:2) and acetoni-
trile/methanol (5:3). [*H)Suriclone was stored at —80° with radiochem-
ical purity maintained at >98% for at least 4 months.

Zopiclone, suriclone, and several of their metabolites were gifts from
Dr. J. Julou, Rhone-Poulenc Recherches (Vitry-sur-Seine, France).
Diazepam, flunitrazepam, clonazepam, clorazepate, Ro-15-1788, methyl
B-carboline 3-carboxylate (Ro-22-7497), Ro-5-4864, and Ro-5-3663
were gifts from Dr. Peter Sorter, Hoffmann-LaRoche (Nutley, NJ).
The isoquinolines PK-8165, PK-9084, and PK-11195 were supplied by
Pharmindustrie Pharmuka (Gennevilliers, France). The pyrazoloqui-
nolines CGS-8216 and CGS-9896 were from Ciba-Geigy (Ardsley, NY).
Triazolam (U33,030) was supplied by Upjohn (Kalamazoo, MI). Tra-
cazolate (ICI 136,753) was supplied by Stuart Pharmaceuticals (Wil-
mington, DE). All other compounds were obtained from commercial
sources.

Preparation of membranes and standard radioligand-binding assays.
Whole rat brains were obtained from male Sprague-Dawley rats (150-
200 g) following decapitation. In some experiments, brains were dis-
sected as noted. Tissue was homogenized in ice-cold 50 mM Tris-citrate
(pH 7.2 at 21°, pH 7.6 at 0°) by Polytron (Brinkmann, Incorporated,
Westbury, NY). The homogenate was centrifuged 20 min X 48,000 X g
and the resulting pellet was washed three times further in homogeni-
zation buffer. The pellet was suspended to a final concentration of 2
mg original wet weight/ml, which was approximately 0.1 mg of protein/
ml [protein determined by the method of Lowry et al (9)]. Peripheral
organs of the rat were dissected and crude membrane homogenates
were prepared in a similar fashion as described above for brain. In
other experiments where the regional distribution of binding was
studied, bovine brain, obtained from a local slaughterhouse, was uti-
lized; membranes were prepared as described for rat brain. In standard
radioligand-binding assays, 750 ul of membranes prepared as described
above were mixed with 100 ul of [*H]suriclone, [*H]Ro-15-1788, [*H]g-
CCE, [*H]3-methylclonazepam, flunitrazepam, or [*H]diazepam at the
appropriate concentration and 50 ul of 50 mM Tris-citrate (pH 7.6 at
9°) buffer, which in some experiments contained an appropriate drug
at the stated concentration. Nonspecific binding for [*H]suriclone was
defined by adding 100 ul of unlabeled suriclone, in lieu of buffer, to
give a final concentration of 10 uM in the incubation medium. No
significant difference in nonspecific binding of [*H]suriclone was de-
tected when 10 uM flunitrazepam, rather than 10 uM suriclone was
used to define nonspecific binding. For other radioligands, nonspecific
binding was defined by adding 100 ul of flunitrazepam to a final
concentration of 10 uM. Mixtures were incubated 120 min at 0° (or 4,
21, 30, or 37°, in some experiments) and then filtered over Whatman
GF/B filters on a cell harvester filtration manifold (model M-24R,
Brandel Incorporated, Gaithersburg, MD) followed by three 3-ml
washes with ice-cold Tris-citrate buffer. After addition of 8.0 ml of
liquid scintillation cocktail (Formula 947, New England Nuclear Com-
pany), filters were counted in a liquid scintillation spectrometer at 46%
efficiency.

Photoaffinity labeling of brain membranes with nonradiolabeled FNZ.
Membranes were prepared as above and photoaffinity labeled with
FNZ according to the procedure described by Hirsch (10), except that
irradiation proceeded for 20 min at 12-cm distance from a long wave-
length (maximal power output, 366 nm) Black-Ray B100 A UV lamp
(Ultra-Violet Products, San Gabriel, CA) under constant agitation at
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0°. Membranes were washed four times in 50 mM Tris-citrate buffer to
remove noncovalently bound FNZ. After such treatment, negligible
[*H]flunitrazepam binding is detectable by filtration assay (data not
shown); the membranes are thus exhaustively photoaffinity labeled
with FNZ.

Dissociation kinetics experiments. For studies of dissociation kinetics
of [*H]suriclone or [*H)Ro-15-1788, rat brain membranes (5.0 ml) were
prepared as described above, but resuspended in 50 mM Tris-citrate
buffer to a final concentration of 10 mg of protein/ml. [*H]Suriclone
(or [*H]flunitrazepam) was added to a final concentration of 1.0 nM
and the mixture incubated for 120 min at 0° with constant stirring.
Dissociation was initiated by 100-fold dilution of membranes into 500
ml of 50 mM Tris-citrate (pH 7.6 at 0°), or the same volume of buffer
containing various drugs at specified concentrations. This procedure
was sufficient to prevent reassociation of [*H]suriclone or [*H]flunitra-
zepam. At the appropriate time after initiation of dissociation, triplicate
5.0-ml aliquots were collected over Whatman GF/B filters, which were
washed and counted as previously described. Dissociation from non-
specific sites was monitored similarly, except that 10 uM suriclone
(when [*H]suriclone dissociation was studied) or 10 uM flunitrazepam
(for [*H] flunitrazepam) was added prior to the 120-min incubation at
0°. As control experiments revealed dissociation from nonspecific sites
to be extremely rapid (¢, < 1 min), in most experiments, nonspecific
binding was determined only at the end of the dissociation experiment.

In some experiments where dissociation was initiated by addition of
excess unlabeled drug, a modified procedure was followed. Membranes
were prepared as described and resuspended to a protein concentration
of 0.1 mg/ml in 50 mM Tris-citrate buffer. [*H]Suriclone or [*H]
flunitrazepam were then added to a final concentration of 1 nM, and
the mixture was incubated 120 min at 0°. Unlabeled suriclone or
flunitrazepam (each at 10 uM final concentration) was added for [*H]
suriclone or [*H]flunitrazepam dissociation kinetics, respectively. At
various intervals after the initiation of dissociation, triplicate 1.0-ml
aliquots were collected over Whatman GF/B filters and counted as
above.

Association kinetics of [*H]suriclone. For studies of association ki-
netics of [*H]suriclone, 60 ml of rat brain membranes were prepared
as described, and resuspended to 0.1 mg of protein/ml in 50 mM Tris-
citrate buffer. [*H]Suriclone was then added to the appropriate final
concentration and at various times triplicate 1.0-ml aliquots were
collected over Whatman GF/B filters, which were washed and counted
as described above. Nonspecific association of [*H]suriclone was deter-
mined for each time point in a parallel experiment in which rat brain
membranes were precinbuated for 60 min with suriclone to a final
concentration of 10 uM. The association of specifically bound [°H]
suriclone is reported.

RESULTS

Inhibition of benzodiazepine receptor binding by zopi-
clone, suriclone, and related agents. The structures of the
cyclopyrrolone drugs evaluated are displayed in Fig. 1.
The pyrrolopyrazines and dithiinopyrroles have similar
structures, and both are unlike classical benzodiazepines.

Suriclone potently inhibits [*H]Ro-15-1788 binding
with an IC; of 0.4 nM and displays a complex inhibition
curve (Fig. 2). Between 0.01 and 0.1 mM, the Hill coef-
ficient appears to be about 1.0, while at higher concen-
trations, the inhibition curve is steeper, with a Hill
coefficient of about 2.0. RP35,489, the demethylated
metabolite of suriclone, it somewhat less potent than
suriclone, but shows the same pattern of inhibition. The
curvilinear Hill plots for suriclone and RP35,489 appear
consistently in three to five replication. RP46,166, an-
other metabolite of suriclone, is about one-sixth as potent
as suriclone itself and displays a Hill coefficient of about
1.2.
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PYRROLOPYRAZINES
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F1G. 1. Structures of various cyclopyrrolone drugs
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FiG. 2. Hill plot for inhibition of [*H]Ro-15-1788 binding to rat
cerebral cortical membranes by various cyclopyrrolones at 0°

Competition curves were determined as described in Materials and
Methods. Data are from a representative experiment replaced two to
four times. Y represents [*H]Ro-15-1788 bound, as a fraction of control.
Lines shown are weighted linear least squares fit to the experimental
data. The concentration of [*H]Ro-15-1788 utilized in these experi-
ments was 0.5 nM: under these conditions, with no inhibitor added,
specific binding was approximately 3,000 cpm and nonspecific binding
approximately 100 cpm.

(3H)Ro-15-1788
100,(Y/1-Y)

-

Zopiclone is less than 1% as potent as suriclone in
competing for [’H]Ro-15-1788 binding; it inhibits bind-
ing with a monophasic Hill plot and Hill coefficient of
1.0. The zopiclone metabolites RP29,753 and RP32,273
are substantially less potent and show monophasic in-
hibition curves with respective Hill coefficients of 1.0
and 0.75.

Properties of [*H]suriclone binding to rat brain mem-
branes. As reported previously (8), [*H]suriclone binds
saturably and with high affinity to rat cerebral cortex
membranes. In typical experiments utilizing 0.3 nM [*H]
suriclone at 0°, total binding is about 5,000 cpm, while
nonspecific binding, measured in the presence of 10 uM
suriclone, is about 500 cpm. Specific binding is saturable
with half-maximal binding at about 0.25-0.3 nM and a
plateau of binding at about 1 nM. Scatchard analysis
(Fig. 3) indicates a single component of binding with a
calculated equilibrium dissociation constant (Kp) of 290
pM and a maximal number of binding sites (By.x) of 560

i P 3 4 L) 7 3
(PHOSURICLONE Bep x 10 (com)

F1G. 3. Scatchard plot analysis of [*H]suriclone binding to rat cere-
bral cortical membranes at 0°

Rat brain membranes were prepared and assayed for [*H]suriclone
binding as described in Materials and Methods. Total [*H]suriclone
concentration ranged from 0.05-12.5 nM in the assay. The line shown
is a weighted linear least square fit through the experimental data;
from this, one obtains B,,, = 560 fmol/mg of protein and Kp = 0.29
nM. Data are from a representative experiment replicated twice.

fmol/mg of protein. Hill plot analysis (not shown) yields
a Hill coefficient for the saturable specific binding of 1.0,
indicating the apparent absence of homotropic coopera-
tive interactions. [°*H]Suriclone binding to rat brain
membranes is linear with tissue concentration up to at
least 0.5 mg of protein/ml (data not shown).

Regional variations in cyclopyrrolone-receptor interac-
tions. Considerable evidence (3-5, 11) indicates the ex-
istence of subtypes of central benzodiazepine receptors
whose density varies regionally. Conceivably, the atypical
influences of suriclone and related drugs on benzodiaze-
pine binding might relate to differential effects on these
receptor subtypes. Accordingly, we explored the effect of
these agents on [*H]Ro-15-1788 binding in rat cerebral
cortex, cerebellum, and corpus striatum (Table 1), brain
regions with varying putative subtype composition (12,
13). No marked differences are apparent in potencies of
zopiclone, suriclone, RP 35,489, and RP 46,166 in brain
membranes from these three areas. Moreover, the inhi-
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TABLE 1
Regional variations in competition by cyclopyrrolones for specific [*H]
Ro-15-1788 binding

Competition experiments in rat brain membranes at 0° were per-
formed as described in Materials and Methods. Each value represents
the mean + standard error with the number of separate determinations
in parentheses. For suriclone and RP 35,489, Hill plots were curvilinear;
in these cases, values refer to Hill coefficients using drug concentrations
in the range 0.3-3 nM. Zopiclone and RP 46,166 gave monophasic Hill
plots. The final concentration of [*’H)Ro-16-1788 in the assay was 0.5
nM in these experiments.

ICso Pseudo-Hill

coefficient

Cerebellum

Zopiclone 45 + 6 nM (4) 1.0+ 0.1 (4)

Suriclone 385 + 22 pM (4) 1.9+ 0.2 (4)

RP 35,489 970 + 26 pM (3) 2.0+ 0.1(3)

RP 46,166 1.8+ 0.2nM (3) 1.3+£0.2 (3)
Cerebral cortex

Zopiclone 52+ 5nmM (4) 1.06 + 0.04 (4)

Suriclone 410 £ 20 pM (4) 2.0+ 0.1 (4)

RP 35,489 990 + 31 pM (3) 2.1+0.2(3)

RP 46,166 1.9+ 0.2 nM (3) 1.1+0.1(3)
Corpus striatum

Zopiclone 50 + 8 nM (4) 1.02 £+ 0.02 (4)

Suriclone 370 + 35 pM (4) 2.0+ 0.1 (4)

RP 35,489 1.03 £ 0.03 pM (3) 2.3+ 0.2(3)

RP 46,166 2.1 +0.2 nM (3) 1.12 £ 0.05 (3)

bition curves and Hill coefficients for the drugs are
essentially the same in all three regions. Thus, these
drugs do not appear to interact differentially with type I
and type II benzodiazepine receptors.

Additionally, we have determined numbers of binding
sites for [*H]suriclone and [*H]Ro-15-1788 in 21 differ-
ent regions of bovine brain (Fig. 4). The numbers of [°H)
suriclone and [*H]Ro-15-1788 sites are closely correlated.
The average ratio of [*H]suriclone to [*H]Ro-15-1788
sites is 1.35 + 0.06 in the 21 regions examined.

Both [*H]Ro-15-1788 and [*H]suriclone recognition
sites are restricted to the central nervous system. We fail
to find substantial binding of either ligand in the follow-
ing peripheral organs of the rat: lung, trachea, heart,
ileum, colon, epididymis, ureter, kidney, adrenal, pan-
creas, spleen, testis, bladder, duodenum, skeletal muscle,
liver, esophagus, stomach, and vas deferens.

Pharmacologic specificity of [*H]suriclone and [*H] Ro-
15-1788 recognition sites. We evaluated the ability of a
range of drugs to compete for [*H]suriclone binding to
rat whole brain membranes (Table 2). The relative po-
tencies of many drugs examined are similar in competing
for [*H]suriclone and [*H)Ro-15-1788 binding, agreeing
with the findings of others utilizing a more limited num-
ber of drugs (8). All drugs examined, other than the
cyclopyrrolones zopiclone, suriclone, RP35,489, and
RP46,166, are about 2-4-fold less potent in competing
for [*H]suriclone than [*H]Ro-15-1788 binding.

The low potency of the peripheral benzodiazepine re-
ceptor-selective drugs Ro-5-4864 (14) and PK11195 (15)
in competing for [*H]suriclone and [*H)Ro-15-1788 bind-
ing implies that neither of these drugs has high affinity
for peripheral benzodiazepine receptors, which is in ac-
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(*H)Ro-15-1788 B, (fmol/mg protein)

0 40 80 120
(3H)SURICLONE B m (fmol/mg protein)

F1G. 4. Comparative regional distribution of [*H]suriclone- and [*H]
Ro-15-1788-binding sites to membranes prepared from various bovine
brain regions

Membranes were prepared from the following bovine brain regions
according to Materials and Methods: (1) prefrontal cortex, (2) frontal
cortex, (3) parietal cortex, (4) occipital cortex, (5) cingulate cortex, (6)
thalamus, (7) pineal, (8) dentate gyrus, (9) fornix, (10) amygdala, (11)
cerebellar deep nuclei, (14) medulla, (15) pons, (16) midbrain, (17)
substantia nigra, (18) inferior colliculus, (19) superior colliculus, (20)
caudate-putamen, and (21) globus pallidus. [*H)Suriclone nd [*H]Ro-
15-1788 binding were assayed at a final concentration of 12.56 nM, as
described in Materials and Methods; specific binding under these
conditions is a measure of the B,,, of the respective binding sites. —,
weighted linear least squares fit through the experimental data; - - -,
would be predicted if [*fH]Ro-15-1788 and [*H]suriclone sites are in a
1:1 stoichiometry. Data are from a representative experiment replicated
twice.

cord with our failure to find [*H]suriclone or [*H]Ro-15-
1788 binding sites in peripheral organs.

Effects of modifiers of benzodiazepine agonist binding
upon [*H]suriclone binding to rat cerebral cortical mem-
branes. Zopiclone and suriclone behave pharmacologi-
cally like benzodiazepine agonists, displaying anxiolytic,
anticonvulsant, and sedative-hypnotic effects in animals
and humans (16-18). We examined the influence of a
number of agents that selectively modulate benzodiaze-
pine agonist binding upon the binding of [*H]suriclone
to rat cerebral cortical membranes (Fig. 5).

As previously reported (19), chloride ion causes a con-
centration-dependent stimulation (an approximately
40% increase relative to control at 300 nM) of specific
binding of the benzodiazepine agonist [*H]diazepam (Fig.
5A). Lesser, but still significant, stimulation of the ben-
zodiazepine antagonist [°*H]Ro-15-1788 and “active an-
tagonist” (20) [*H)B8-CCE occurs at 300 mM chloride. By
contrast, [*H]suriclone binding appears insensitive to
chloride ion. As previously reported (21), GABA causes
a marked, concentration-dependent stimulation of bind-
ing of the benzodiazepine agonist [*H]diazepam (Fig.
5B). Binding of [*H]Ro-15-1788, [*H]8-CCE, and [*H]
suriclone is insensitive to GABA. Pentobarbital and tra-
cazolate in the presence of 100 mM Cl~ stimulate [°H]
diazepam binding as previously reported (22, 23; Fig. 5C

e
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TABLE 2
Competition for [*H]suriclone and [°R]Ro-15-1788 binding to rat brain membranes by various drugs
Whole rat brain membranes were prepared as described in Materials and Methods. Apparent ICs, values were determined using six to eight
concentrations of each drug in [*H]Ro-15-1788- or [*H]suriclone-binding assays, respectively. In these experiments, concentrations of [*H]Ro-
15-1788 and [*H]suriclone were 0.5 nM. Hill plots for suriclone and RP 35,489 competition for [’ H]Ro-15-1788 binding were curvilinear; in these
cases, values refer to Hill coefficients using drug concentrations in the range 0.3-3 nM. All other drugs gave monophasic Hill plots. Data are the

mean values + standard error of the mean of three separate determinations.

Drug Competing for [*H]Ro-15-1788 Competing for [*H]suriclone
ICs nM Hill coefficient ICs nM Hill coefficient

CGS 9896 0.13 £+ 0.02 1.02 £+ 0.03 0.35 + 0.03 1.01 £+ 0.02
CGS 8216 0.22 £+ 0.03 1.04 + 0.05 1.28 £+ 0.07 11+0.2
Suriclone 0.5+0.1 20+0.1 09 £0.2 1.0+0.1
U 33,030 09 0.1 1.03 £+ 0.07 43103 1.0+0.1
RP 35,489 1.0+0.1 2.1+0.2 0.95 + 0.07 11+0.1
Clonazepam 1.2+0.2 0.98 + 0.06 41+02 1.03 + 0.05
Ro-15-1788 1.2+0.1 0.95 + 0.06 8+2 0.93 £+ 0.06
RP 46,166 1.6+0.1 1.2+0.1 38+0.5 1.05 £+ 0.05
Ro-22-749Z 1.6 £ 0.2 0.82 + 0.05 9¢1 0.96 + 0.03
Flunitrazepam 38+0.2 0.99 + 0.04 17+3 0.99 + 0.06
Diazepam 111 0.94 + 0.08 64+8 1.02 £+ 0.04
Zopiclone 408 1.05 £+ 0.07 80+ 10 1.0+ 0.1
CL 218,872 160 + 12 0.78 + 0.06 640 + 60 09 + 0.2
PK 8165 180 + 15 1.01 £ 0.03 1,200 + 80 1.0+0.1
Clorazepate 300 + 20 1.04 + 0.05 1,200 + 60 11+0.1
PK 9084 400 + 40 0.96 + 0.06 1,300 £+ 90 0.93 + 0.08
Dipyridamole 430 + 60 0.95 + 0.08 1,200 + 150 0.98 + 0.05
Ro5-4864 >10,000 ND* >10,000 ND
PK 11195 >10,000 ND >10,000 ND
R05-3663 >10,000 ND >10,000 ND

* ND, value not determined.

and D). Neither pentobarbital nor tracazolate influences
the binding of [*H]Ro-15-1788, [°H]8-CCE, or [*H]suri-
clone.

Effects of photolabeling with flunitrazepam on [*H]
suriclone binding. Photoaffinity labeling of benzodiaze-
pine receptors with flunitrazepam decreases the apparent
receptor affinity for benzodiazepine agonists, while hav-
ing negligible effects on the affinity of residual binding
sites for benzodiazepine antagonists or active antagonists
(10, 24, 25). Rat brain membranes were photolabeled
with flunitrazepam (as indicated in Materials and Meth-
ods) for various durations and the residual binding of
five radioligands monitored (Fig. 6). Photolabeling with
flunitrazepam differentially affects benzodiazepine ago-
nists (such as [°H)diazepam or [*’H]3-methylclonazepam)
and antagonists ([*’H]Ro-15-1788) or active antagonists
([*H]B-CCE). After 30 min of irradiation, binding of both
labeled benzodiazepine agonists is almost completely
abolished, while binding of [*H]suriclone, [*H]Ro-15-
1788, and [*H]B-CCE is reduced 20-30%. Thus, in this
paradigm, [*H]suriclone behaves like the antagonist or
active antagonist. No changes in binding of any of the
ligands studied occur if membranes are irradiated in the
absence of flunitrazepam (data not shown).

Thermodynamics of [*H]suriclone binding. The bind-
ing of several benzodiazepine agonists, antagonists, and
“active antagonists” to benzodiazepine receptors is tem-
perature dependent; the receptor displays lower affinities
for these drugs at 37 and 4° (26-29).

In contrast to benzodiazepine agonists, antagonists
and “active antagonists,” [*H]suriclone displays a higher

apparent potency at its recognition site at 37° than at 4
or 0° (Fig. 7). This effect of temperature involves a
lowered apparent Kp, with no change in the apparent
B..x (data not shown). As reported previously (27), the
van’t Hoff plot for [*H]Ro-15-1788 binding (Fig. 7) is
linear. The plot for [°H]suriclone also appears linear and
from these data one computes AHpgoc = —32.8 kJ mol™?
and ASguec = +0.058 kJ mol™! K™! for [*H]Ro-15-1788
and AH,uuc = +46.0 kJ mol™?, ASg0c = +0.350 kJ mol ™!
°K™! for [*H]suriclone. Thus, the binding of [*’H]Ro-15-
1788 is enthalpically driven over the range 0-37°, while
the binding of [*H]suriclone is entropically driven over
this temperature range.

Influence of zopiclone, suriclone, and related agents on
benzodiazepine receptor and [*H]suriclone-binding satu-
ration. We explored the influence of zopiclone, suriclone,
and related agents upon the equilibrium binding prop-
erties of [’H]Ro-15-1788 (Fig. 8). Zopiclone and suriclone
decrease B... values with no significant effects on the
Kp for [*H]Ro-15-1788. The suriclone metabolites
RP35,489 and RP46,166 give similar results (data not
shown). All of these drugs also decrease the B,,, without
altering the K, for [°H]8-CCE and [*H]flunitrazepam
binding (data not shown). By contrast benzodiazepines,
such as diazepam and flunitrazepam, increase the K, for
these three radioligands with no change in B,., (data
not shown).

We also examined the saturation of [*H]suriclone
binding to rat brain membranes in the presence of var-
ious benzodiazepine and cyclopyrrolone drugs, the con-
verse of the experiment described above. Ro-15-1788,
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F1G. 5. Effects of modifiers of benzodiazepine agonist binding upon
[*H]diazepam, [*H] Ro-15-1788, [*H]8-CCE, and [*H]suriclone binding
to rat cerebral cortical membranes at 0°

Membranes were prepared and assayed with either 50 nM
(*H)diazepam, 0.5 nM [*H]Ro-15-1788, 0.5 nM [*H]8-CCE, or 0.5 nM
[*H]suriclone. Data are expressed as the per cent change in specific
binding relative to control binding in the absence of modifier. Data are
presented for (A) chloride ion, (B) GABA, (C) pentobarbital, and (D)
tracazolate. For the latter two potential modifiers, C1~ was added at a
concentration of 0.1 M, as the ability of these agents to influence
benzodiazepine agonist binding is chloride ion-dependent. Data are
from a representative experiment replicated twice.
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FIG. 6. Effect of photoaffinity labeling of rat cerebral cortical mem-
branes with nonradiolabeled flunitrazepam upon the binding of [*H] Ro-
15-1788, [*H]suriclone, [*H]B8-CCE, [*H]diazepam, and [*H]3-methyl
clonazepam binding to rat cerebral cortical membranes at 0°

Rat cerebral cortical membranes were prepared and photolabeled
with flunitrazepam for various irradiation times as described in Mate-
rials and Methods. After extensive washing, membranes were assayed
with [*H]Ro-15-1788, [*H]suriclone, [*H]8-CCE, [*H]methyl-
clonazepam (each at a final concentration of 0.5 nM), or [*H]diazepam
at a final concentration of 5.0 nM, as described in Materials and
Methods. Data are presented as a fraction of the total binding present
in membranes which were not irradiated, but otherwise treated iden-
tically to irradiated membranes. Typical control specific binding for
[*H]methylclonazepam was approximately 2000 cpm and nonspecific
binding 200 cpm; values for other radioligands are as indicated in the
legend to Fig. 5. Data are from a representative experiment replicated
twice.
flunitrazepam, methyl 8-carboline 3-carboxylate and zo-
piclone all behave as apparent competitive inhibitors of
[*H]suriclone binding (Fig. 9). Suriclone, RP35,489, and
RP46,166 also inhibit [*H]suriclone binding in an appar-
ently competitive fashion. Thus, the pattern of inhibition
of benzodiazepine binding by cyclopyrrolones appears
different than the pattern of inhibition of cyclopyrrolone
binding by benzodiazepines.

Effects of zopiclone and suriclone on the dissociation of
[*H]flunitrazepam and [*H]suriclone. The complex in-
teractions of zopiclone and suriclone with benzodiaze-
pine-binding sites may be allosterically mediated. Ac-
cordingly, one might expect zopiclone and suriclone to
alter the dissociation of radiolabeled benzodiazepines
from receptor sites. We evaluated the dissociation of [*H]
flunitrazepam from bovine cerebral cortex membranes
with dissociation initiated by limiting dilution, as de-
scribed in Materials and Methods, in the absence or the
presence of 1 uM zopiclone, suriclone, or diazepam (Fig.
10A). In the absence of added drugs, the dissociation of
[*H]flunitrazepam is biphasic, as others have found (30).
Both zopiclone and suriclone markedly accelerate the
dissociation of [*H]flunitrazepam. When dissociation of
[*H]flunitrazepam is initiated by 10 uM flunitrazepam,
10 uM zopiclone, or 10 uM suriclone (without dilution of
membranes), results quite similar to the corresponding
results obtained with limiting dilution are observed (Fig.
10B).

0 [ 8
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F1G. 7. van’t Hoff plot for [*H]suriclone and [*H]Ro-15-1788 bind-
ing to rat cerebral cortical membranes

Rat cerebral cortical membranes were prepared and assayed as
described in Materials and Methods at various temperatures. The value
of Kp for [*H]suriclone and [*H]Ro-15-1788 was determined at each
temperature and these data were transformed to a van’t Hoff plot
depicted above. Lines drawn are weighted least squares fit to the
experimental data. Data are from a representative experiment repli-
cated twice.

We also explored the influences of various drugs on
the dissociation of [*H]suriclone from its receptor sites
(Fig. 10C). When dissociation of [*H]suriclone from re-
ceptors is initiated by infinite dilution into buffer, dis-
sociation proceeds monophasically; the calculated k-, is
5.3 X 107° sec™’, similar to what others have found (8).
Dissociation by limiting dilution into 10 uM zopiclone
(or 10 uM suriclone) produces similar results as limiting
dilution into buffer. By contrast, limiting dilution into
10 uM flunitrazepam produces near doubling of the dis-
sociation rate of [*H)suriclone; under these conditions,
k_; =9.1 X 1075 sec™". When dissociation of [*H]suriclone
is initiated by 10 uM zopiclone, 10 uM suriclone, or 10
uM flunitrazepam (without dilution of membranes), re-
sults are quite similar to those obtained with limiting
dilution. Thus, benzodiazepines alter the dissociation
kinetics of cyclopyrrolones and cyclopyrrolones alter the
dissociation kinetics of benzodiazepines.

Association kinetics of [>H]suriclone. Quast and Mahl-
mann (31) proved evidence for a flunitrazepam-induced
conformational change by a study of [°*H]flunitrazepam
association kinetics at a variety of concentrations of
labeled ligand. In a similar fashion, we explored the
association kinetics of [*H]suriclone at several
[*H]suriclone concentrations (Fig. 11), under pseudo-
first order conditions. The association of [*H]suriclone
to receptor is monophasic at all ligand concentrations
examined (Fig. 11A). A detailed analysis of the ligand
concentration dependence of [*H]suriclone association
rate is presented in the Appendix. This analysis indicates
that [*H]suriclone induces a conformational change upon
binding to receptor.

s A A
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oM o
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250 M &
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0.1
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u&'o 1 2 3 0 5 (] 7 8 9 0
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\d
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F1G. 8. Scatchard plot of [*H]Ro-15-1788 binding to rat cerebral
cortical membranes in the presence of various cyclopyrrolones at 0°

Rat cerebral cortical membranes were prepared and saturation anal-
yses performed as described in Materials and Methods. Results were
obtained in the presence of indicated concentrations of (A) zopiclone
and (B) suriclone. The final [*H)Ro-15-1788 concentration utilized in
these experiments ranged from 0.05-50 nM. Data are from a represent-
ative experiment replicated twice. Lines shown are the weighted linear
least squares fit to the experimental data.

DISCUSSION

The major finding of the present study is that zopi-
clone, suriclone, and certain of their metabolites influ-
ence benzodiazepine receptor binding in an allosteric
fashion. Evidence against a simple competitive interac-
tion includes: 1) all of the cyclopyrrolones studied reduce
the apparent B, of [*’H]Ro-15-1788, [*H]8-CCE, and
[*H]FNZ binding with no significant effect upon Kp; and
2) cyclopyrrolones, but not benzodiazepines, accelerate
the dissociation of [*H]flunitrazepam from its membrane
receptors and benzodiazepines accelerate [*H]suriclone
dissociation.

Unlike benzodiazepine agonists, [*H]suriclone binding
is not modulated by GABA, CI-, pentobarbital, or tra-
cazolate, nor is it markedly reduced by photoaffinity
labeling with unlabeled FNZ. Both increased affinity for
benzodiazepine receptors in the presence of 100 uM
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FiG. 9. Scatchard analysis of [*H]suriclone binding to rat cerebral cortical membranes at 0° in the presence of a series of concentrations of

various drugs

Rat cerebral cortical membranes were prepared as described in Materials and Methods. A, results in the presence of 0 nM, 1 nM, 5 nM and 26
nM Ro-15-1788. B, results in the presence of 0 nM, 2 nM, 5 nM, and 100 nM flunitrazepam. C, results in the presence of 0 nM, 1 nM, 5 nM, and
25 nM methyl 8-carboline 3-carboxylate. D, results in the presence of 0 nM, 100 nM, 500 nM, and 1 uM zopiclone. The final total [*H]suriclone
concentration utilized in these experiments ranged from 0.05-10 nM. Data are from a representative experiment replicated twice. Lines shown

are weighted linear least squares fit to the experimental data.

GABA and decreased affinity after exhaustive FNZ pho-
toaffinity labeling are criteria which have been proposed
(32) for placing anxiolytics on an agonist/antagonist
continuum based on in vitro radioligand binding. Since
cyclopyrrolones behave in intact animals and humans as
pure benzodiazepine agonists (16-18), one must be cau-
tious in using these criteria to place nonbenzodiazepine
drugs (such as suriclone and zopiclone) on an agonist/
antagonist continuum.

The thermodynamics of [*H]suriclone-receptor inter-
actions differs from those of [*H]flunitrazepam (28, 29),
[*H]Ro-15-1788 (27), or [°H]B-CCE (26), further sup-
porting the proposal that cyclopyrrolones interact with
a unique site. [*H]Suriclone is 10 times more potent at
37° than at 0°: at 37°, it is almost 100-fold more potent
than [*H)Ro-15-1788. The extremely high potency (ap-
proximately 30 pM) of [*H]suriclone at 37° suggests that
[®*H]suriclone will be useful for labeling benzodiazepine
receptors in vivo. The binding of [*H]suriclone is entrop-
ically driven, and so major contributors to its binding
might be the release of ordered water or the creation of
new internal degrees of freedom in the receptor molecule
as a consequence of binding.

[*H]Suriclone association kinetics suggest that suri-

clone induces a conformational change in its receptor
upon binding as proposed for flunitrazepam (31). We
propose a model (Fig. 12) for the interaction of suriclone
and flunitrazepam which accounts for many of the fea-
tures described here. It is assumed that flunitrazepam
(L) and suriclone (Z) recognize a similar receptor com-
plex R and bind to it at distinct sites to form reversible
complexes RL and RZ, respectively, in a rapid fashion.
Either complex can undergo a conformational change to
give the stable complexes R’L and R”Z, respectively;
R’ and R” are assumed to be distinct conformations. In
the presence of [*H]suriclone, we have provided evidence
that >98% of receptor is in the R ” Z form (see Appendix);
others have suggested that ~98% of the receptor is in
the R’L form in the presence of [*H]flunitrazepam (31);
thus, suriclone “drives” the receptor toward the R” con-
formation and flunitrazepam drives the receptor toward
the R’ conformation. Using the rate constants for
[*H]flunitrazepam binding reported by Quast and Mahl-
mann (31) and those for [*H]suriclone obtained here, we
can see that the suriclone-receptor terminal complex,
R”Z, reverses to form the precomplex, RZ, about 20
times slower than the corresponding reaction for fluni-
trazepam, i.e., k_o/k_; ~ 0.05, in the model of Fig. 12.
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F1G. 10. Dissociation from rat cerebral cortical membranes at 0°

A, dissociation of [°*H] flunitrazepam initiated by limiting dilution into various media. Rat cerebral cortical membranes were prepared and
dissociation kinetics determined as described in Materials and Methods. Dissociation was initiated by 100-fold dilution into 50 nM Tris-citrate
(pH 7.2) buffer or the same buffer containing 1 uM zopiclone, 1 uM suriclone or 1 uM diazepam. Total specific binding prior to initiation of
dissociation was approximately 3500 cpm and nonspecific binding was 600 cpm. Data are from a representative experiment replicated two times.
B, dissociation of [*H]flunitrazepam from rat cerebral cortical membranes at 0° initiated by addition of 10 uM flunitrazepam, 10 uM zopiclone,
or 10 uM suriclone. Binding prior to initiation of dissociation was as described in A. Dissociation was determined as described in Materials and
Methods. Results are from a representative experiment replicated twice. C, dissociation of [*H]suriclone from rat cerebral cortical membranes
at 0° initiated by various procedures. [*H]Suriclone dissociation kinetics were determined as described in Materials and Methods. Total specific
binding prior to initiation of dissociation was approximately 7000 cpm and nonspecific binding was 1000 cpm. Results are from a representative
experiment replicated twice. All lines drawn are weighted linear least squares fit to the experimental data. Note that the ordinates of A-C are
logarithmic scales.
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F1G. 11. Association of [*H]suriclone to rat cerebral cortical membranes

Rat cerebral cortical membranes were prepared, and association kinetics determined as described in Materials and Methods. A, Association
of [*H]suriclone at 0.12 nM, 0.25 nM, 1.2 nM, 2.7 nM, and 5.7 nM [*H]suriclone under pseudo-first order conditions. For clarity, data for 0.81,
0.54, 0.21 nM [*H]suriclone are not shown. Lines drawn are the weighted linear least squares fit of the experimental data. Data are from a
representative experiment replicated twice. Note that the ordinate is a logarithmic scale. B, dependence of association reaction rate (7~') for
(*H]suriclone binding upon [*H]suriclone concentration. The relevant calculations from the results of Fig. 11A required to construct this plot
are discussed in the Appendix. C, plot of (r~! — k_;)! versus reciprocal [*H]suriclone concentration. The rationale behind this plot is discussed
in the Appendix. —, weighted linear least squares fit of the experimental data. Inset: detail of plot near the origin.

This means that flunitrazepam drives the receptor into
a conformation that is readily reversible, but suriclone
drives the receptor into a conformation that is slowly
reversible. To account for the effects of suriclone on the
dissociation rate of [*H]flunitrazepam observed here, we
assume that the ternary complex R’LZ can form; to
explain the reciprocal effects of flunitrazepam on
[*H]suriclone binding, we assume that the ternary com-
plex R”LZ forms. Both ternary complexes relax more
rapidly than the terminal complexes (R’L and R”Z) to
the precomplex forms (RL and RZ).

The proposed model can account for most of the ob-
served features of the interaction between benzodiaze-
pines and cyclopyrrolones.

1) As cyclopyrrolones and benzodiazepines bind to
different sites on the same receptor complex, perhaps
(but not necessarily) on the same protein, [*H]suriclone
and [*’H]Ro-15-1788 binding sites have similar regional
localizations. These sites need not be in 1:1 stoichiome-
try, however; this might account for our observed ratio
of Bpa, of [*H]suriclone sites to [°’H]Ro-15-1788 sites of
1.35 + 0.06.

2) RL and RZ are in equilibrium with the same recep-
tor R. As the isomerizations to the stable complexes R’ L
and R”Z are rapid, the ternary complex RLZ does not
form in appreciable amounts in the time scale of recep-
tor-binding experiments. Therefore, the pharmacologic
specificity of benzodiazepine and cyclopyrrolone recog-
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F1G. 12. A hypothetical model for the interaction of benzodiazepines
(L) and cyclopyrrolones (Z) at benzodiazepine receptors

The model is discussed in detail in the text. For the particular case
L = flunitrazepam, Z = suriclone, eight of the 10 parameters can be
estimated using data of this paper, and ref. 31; K; = 24.8 nM (ref. 31),
Kz = 11.0 nM (this paper), k-, =9 X 10~ sec™ (ref. 31), k, = 2.8 X 10~?
sec™! (ref. 31), kZ, = 5 X 107 sec™® (this paper), k; = 3.3 X 107% sec™*
(this paper), k—; = 5 X 10~ sec™ (this paper), and kZ; = 9 X 107° sec™!
(this paper).

nition sites can be very similar. To account for the
observed competition of cyclopyrrolone binding by ben-
zodiazepines and vice versa, as well as the kinetic effects
of cyclopyrrolones and benzodiazepines on one another,
we must assume L has a much lower affinity for R”"Z
than R and Z has a much lower affinity for R’ L than R.

3) The inhibition of radiolabeled benzodiazepine bind-
ing by cyclopyrrolones appears to be noncompetitive,
because the cyclopyrrolones drive the receptor into the
R"”Z state which reverses only slowly (in the time scale
of radioligand-binding experiments). Practical consider-
ations preclude labeling with sufficient L to form appre-
ciable amounts of the R ” LZ complex, which would relax
more rapidly to RZ. By contrast, the presence of high
concentrations of labeled Z can overcome inhibition by
L, as the R’ L complex is in more rapid equilibrium with
its precomplex form; therefore, the inhibiton of radiola-
beled cyclopyrrolone binding by benzodiazepines appears
competitive.

4) As R’ and R” are different conformations of the
same receptor, it is possible to understand how R’ might
be regulated by Cl-, GABA, pentobarbital and tracazo-
late, whereas R ” is relatively insensitive to these agents
(here R’ specifically refers to the conformation induced
by a benzodiazepine agonist, such as [*H]flunitrazepam).

5) Since R’ and R” are different conformations, it is
more plausible that L and Z might display different
thermodynamics of binding to receptor. L might drive
receptor into a relatively “tight” form R’, which can
stabilize the binding of L in an exothermic fashion, while
the binding of Z might be driven by its ability to drive
receptor into the “loose” form R”.

The model in Fig. 12 can be made quantitative for the
flunitrazepam-suriclone receptor interaction, using data
from Quast and Mahlmann (31) and this paper. Eight of
the 10 parameters of the model can be estimated from
the available data with only two, K,’ and K;’, the
stability constants of the ternary complexes, being diffi-
cult to measure.
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APPENDIX

As discussed elsewhere (31), for a biomolecular asso-
ciation mechanism

R+1L z:é RL (1)
one should find
Be - Bg - _£
B - exp( 7) (2)
with
7 =ki(L)o + k) 3)

where B, and B, are the specific binding of ligand at
equilibrium and time ¢, respectively, when the association
is performed at a free ligand concentration (L),. The
parameter 7, termed the relaxation time, is the time
required to associate to (1 — e™) X 100% or 63.2% of the
equilibrium value. At this time, (B, — B;)/B. = 0.368,
and the value of + may be directly read from Fig. 11A.
According to Eq. 3, 7! ought to be linearly related to
(Lo) if the association of suriclone with receptor follows
the simple bimolecular mechanism, Eq. 1. A plot of 7!
versus (Lo) for [*H]suriclone association is shown in Fig.
11B. As in the case of [*H]flunitrazepam (31), ! is
indeed linearly dependent upon [*H]suriclone concentra-
tion of low radioligand concentrations (less than about 4
nM); at higher concentrations, ! appear to plateau. At
low [*H]suriclone concentrations, Eq. 3 appears to apply,
8o that one can determine K_; and K, as the ordinate
intercept and limiting slope of the plot in Fig. 11B. In
this way, we find k-, = 5 X 1075 sec™! and &, = 2.3 x 10°
M~! sec”?, so that (Kp)app = k_,/k; = 0.22 nM. These
values are in good agreement with the values determined
independently from dissociation kinetic and radioligand
binding studies, respectively.

As Quast and Mahlmann (31) have emphasized, a
simple way to account for a curvilinear plot of ! versus
[L] is to propose precomplex formation followed by a
ligand-induced conformational change to a final com-
plex.

R+LﬁRLkéR’L )

where K is a dissociation constant and the second step
is rate determining. This mechanism is assumed appli-
cable for all ligand concentrations.

As others have shown (31), for the mechanism depicted

in Eq. 4,
T-l=k-2+ka< L ) 5)

Ly + K,
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Eq. 5 can be rearranged to

1 Ly + K, 1 K,
ks kz( L, ) ke(l+Lo) ©
As k_; may be obtained as the limiting ordinate inter-
cept of the plot of Fig. 11B, it is possible to plot (7! —
k_3)~! versus (L);'. Eq. 6 shows such a plot ought to be
linear with ordinate intercept k;' and slope K./k; is
mechanism (4) holds. When such a plot is constructed
(Fig. 11c), one finds that it is indeed linear over the
entire concentration range examined. From the plot of
Fig. 11C, one can compute k; = 3.3 X 10~ sec™* and K,/
k. = 3.33 X 107® sec”?, so that K, = 11 nM. We compute
K, = k_2/k; = 0.015, implying that at equilibrium (R’L)/
(RL) ~ 67. In equilibrium radioligand binding experi-
ments, we observe the net reaction

(Kp)app
R+L « R’L )]

for which (Kp)app = K. K, = 0.17 nM, agreeing well with
values determined from equilibrium binding studies.
These results suggest that suriclone induces a confor-
mational change upon binding to the benzodiazepine
receptor.
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