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ABSTRACT
Photoincorporation of ligands into the benzodiazepine site of
native g-aminobutyric acidA (GABAA) receptors provides useful
information about the nature of the benzodiazepine (BZ) bind-
ing site. Photoincorporation of flunitrazepam into a single pop-
ulation of GABAA receptors, recombinant human a1b3g2, was
investigated to probe further the mechanism and orientation of
flunitrazepam and other ligands in the BZ binding site. It was
concluded that the receptor is primarily derivatized with the
entire, unfragmented, flunitrazepam molecule, which under-
goes a conformational change during photolysis and largely
vacates the benzodiazepine binding site. Investigation of the
BZ site after photoincorporation of [3H]flunitrazepam confirmed
that binding of other radioligands was unaffected by incorpo-
ration of flunitrazepam. This did not correlate with their efficacy
but depended on the presence of particular structural features

in the molecule. It was observed that affected compounds have
a pendant phenyl moiety, analogous to the 5-phenyl group of
flunitrazepam, which are proposed to overlap and interact with
the same residue or residues in the BZ binding site. Because
the major site of flunitrazepam photoincorporation has been
shown to be His102, we propose that this group of compounds
interacts directly with His 102, whereas compounds of other
structural types have no direct interaction with this amino acid.
The orientation of ligands within the BZ binding site and their
specific interaction with identified amino acids are not well
understood. The data in the current study indicate that His102
interacts directly with the pendant phenyl group of diazepam,
and further implications for the pharmacophore of the BZ bind-
ing site are discussed.

GABA is the major inhibitory neurotransmitter in the
mammalian central nervous system, and it mediates its ef-
fects largely through the GABAA receptors, a family of li-
gand-gated Cl2 ion channels (for reviews, see Smith and
Olsen, 1995; Stephenson, 1995; McKernan and Whiting,
1996). Many neuroactive drugs, including the barbiturates,
neurosteroids, BZs, and ethanol, exert at least some of their
effects through interaction with the GABAA receptors. Struc-
turally, it is known that the GABAA receptors are pentameric
and many are composed of a, b, and g subunits. The exact
stoichiometry has been an area of debate, but the weight of
evidence indicates that there are two copies of an a subunit,
two copies of a b subunit, and one copy of a g subunit in a
receptor (Chang et al., 1996; Sigel and Buhr, 1997; Tretter et
al., 1997). Both the a and g subunits are necessary for a
receptor to exhibit sensitivity to BZs, and it has been pro-

posed that the BZ binding site is formed with contributions
from both of these polypeptides (Stephenson et al., 1990;
McKernan et al., 1995; Wingrove et al., 1997).

Several amino acids have been identified that are impor-
tant for binding of ligands to the BZ site, including His102
(Wieland et al., 1992; Duncalfe et al., 1996) and Gly200 (Pritch-
ett and Seeburg, 1991) of the a subunit and Phe77 and Met130
of the g2 subunit (Buhr and Sigel, 1997; Buhr et al., 1997a;
Wingrove et al., 1997). The orientation of any of the benzodiaz-
epine ligands between these residues is currently not known.

It was observed .10 years ago that photolysis of the BZ
site agonist flunitrazepam results in irreversible incorpora-
tion of the molecule into GABAA receptor proteins (Sieghart
et al., 1983). However, this does not prevent subsequent
binding of some other BZ site ligands, such as the b-carbo-
lines (Thomas and Tallman, 1983; Gibbs et al., 1985). Con-

ABBREVIATIONS: GABA, g-aminobutyric acid; BZ, benzodiazepine; DMCM, methyl-6,7-4-dimethoxy-4-ethyl-b-carboline-3-carboxylate;
b-CCM, 3-carbomethoxy-b-carboline; b-CCT, 3-carbo(t-butyloxy)-b-carboline.
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sequently, it was proposed that agonists and inverse agonists
occupy distinct and possibly nonoverlapping modulatory
binding sites on the same receptor molecule. However, these
conclusions were drawn before our current understanding of
the extent of GABAA receptor heterogeneity and the obser-
vation that some receptors, such as those of composition
a4bg2 and a6bg2, do not bind flunitrazepam with high af-
finity but retain the ability to bind some BZ ligands of other
structures, particularly the b-carbolines. Such receptor het-
erogeneity would, in retrospect, have confounded the inter-
pretation of studies using brain membranes, where multiple
subtypes are present. The preservation of inverse agonist
(e.g., b-carboline) binding after photoincorporation with
flunitrazepam may be due to binding to the a4 and a6 sub-
types rather than binding to a different site on the flunitraz-
epam-sensitive receptors.

We therefore reevaluated the photoaffinity labeling of the
BZ binding site with flunitrazepam and other ligands and
have used one GABAA receptor subtype of a specific defined
composition, a1b3g2. The aim of these experiments was to
provide further information on whether agonist, antagonist,
and inverse agonist BZ site ligands occupy the same binding
pocket and, because His102 is modified by flunitrazepam, to
investigate whether different chemical classes of BZ ligands
interact with the BZ site in the same way and provide some
information regarding which part of the BZ site ligands is
orientated toward this residue.

Experimental Procedures
[3H]CGS 8216 (20.0 Ci/mmol, NET-999E) [3H]Ro 15-4513 (21.7

Ci/mmol, NET-925), N-[methyl-3H]Ro 15-1788 (87 Ci/mmol, NET-
757), and [methyl-3H]flunitrazepam (84.5 Ci/mmol, NET-S67) were
from DuPont-New England Nuclear (Boston, MA). Flunitrazepam,
diazepam, and Ro 15-1788 were from Sigma Chemical (St. Louis,
MO). PK 11195, Ro 15-4513, zolpidem, and DMCM were from Re-
search Biochemicals (Natick, MA). CGS 8216 was a gift from Ciba-
Geigy (Basel, Switzerland). Abecarnil was a gift from Schering AG
(Berlin, Germany). The pyridodiindoles b-CCM and b-CCT were a
kind gift from Prof. James Cook (University of Wisconsin, Milwau-
kee, WI). All other compounds were synthesized by the Chemistry
Department at Merck Sharp and Dohme (Essex, UK).

Cells expressing the human a1b3g2 subtype of the GABAA recep-
tor were grown and harvested as described previously (Hadingham
et al., 1992). Cell membranes were resuspended in 50 mM NaKPO4

buffer, pH 7.5, at l mg protein/ml and preincubated for 30 min at 4°
with 50 nM Ro 15-4513, 50 nM flunitrazepam, 50 nM desmethyl
flunitrazepam, or 500 nM chlordiazepoxide. Membranes then were
exposed to UV light (365 nm, 50–60 Hz, 200–220 V; UVP, San
Gabriel, CA) for 60 min at 4° at a distance of 25 cm. Control mem-
branes were incubated with flunitrazepam but not exposed to UV
light. After UV exposure, membranes were washed extensively to
remove unincorporated compound by centrifugation and resuspen-
sion eight times in 40 ml of phosphate buffer. Radioligand binding
was carried out on membranes resuspended to 1 mg of protein/ml
using [3H]flunitrazepam (0.1–20 nM) and [3H]CGS 8216 (0.05–10
nM), [3H]Ro 15-1788 (0.05–10 nM), or [3H]Ro 15-4513 (0.5–10 nM).
Assays were carried out in a total volume of 0.5 ml and were incu-
bated for 30 min at 20°. Nonspecific binding was defined with 10 mM

Ro 15-1788. Incubations were terminated by filtration through GF/B
filters followed by three 5-ml washes with cold buffer and scintilla-
tion counting. Competition curves were carried out using [3H]Ro
15-1788 as ligand, and compounds were tested over the range of 0.3
nM to 1 mM. The presence of a modulatory interaction between the
GABA and BZ binding sites was examined by measuring the ability

of GABA (1 mM) to modulate binding of the BZ site ligands [3H]fluni-
trazepam (3 nM), [3H]Ro 15-1788 (1 nM), and [3H]Ro 15-4513 (3 nM)
in the presence and absence of photoincorporated flunitrazepam.
Saturation and competition curves were analyzed using RS 1 (Bolt,
Beranek and Newman, Cambridge, MA), and statistical analysis was
performed using Student’s t test.

Preliminary experiments revealed that 60 min of irradiation was
required to maximally incorporate flunitrazepam and Ro 15-4513.
Using [3H]Ro 15-1788, this level of irradiation reduced the Bmax

value for binding in cell membranes to 77.5 6 8% of control (unirra-
diated) levels, consistent with earlier studies using rat or chick brain
(Gibbs et al., 1985; Borden and Gibbs, 1990). Binding of other radio-
ligands was similarly reduced after irradiation of membranes. Con-
versely, incubation of membranes with BZ ligands in the absence of
UV irradiation had no effect on the number of BZ binding sites at the
end of the experiment (Bmax for [3H]Ro 15-1788 5 99.3 6 4% relative
to binding in control, unirradiated, cell membranes in the absence of
BZ ligand) Consequently, all binding results were expressed as a
percentage of membranes exposed to UV irradiation in the absence of
other ligands.

Results
UV photoincorporation of Ro 15-4513 and flunitraz-

epam. The binding of four radioligands, [3H]flunitrazepam
(full agonist), [3H]Ro 15-1788 (antagonist), [3H]Ro 15-4513
(partial inverse agonist), and [3H]CGS-8216 (full inverse ag-
onist at a1bg2), was measured after irreversible photoincor-
poration of Ro 15-4513 or flunitrazepam.

After photoincorporation with Ro 15-4513, binding of all
three ligands was reduced by .68% (Fig. 1 and Table 1). The
reduction in binding was independent of the ligand used to
measure the remaining number of sites (i.e., there was no
statistically significant difference in the number of remain-
ing sites measured by [3H]Ro 15-1788, [3H]CGS 8216, or
[3Hlflunitrazepam). When binding was carried out with
[3H]Ro 15-4513 after photoincorporation of the unlabeled
compound, it was not possible to determine Bmax and Kd

values by saturation analysis because the remaining number
of specific counts was too low (Table 1). A different pattern
was observed when flunitrazepam was used as the photoaf-
finity ligand. After photoaffinity labeling with flunitrazepam,
the subsequent binding of [3H]flunitrazepam was reduced by
84.1 6 4.9%. Surprisingly, however, when [3H]CGS-8216,
[3H]Ro 15-1788, or [3H]Ro 15-4513 was used as radioligand to
quantify the number of receptors remaining, the reduction in
binding was only 20–25%, and thus the majority of the bind-
ing sites were unaffected by photoincorporation with fluni-
trazepam (Table 1). The number of binding sites remaining
as measured by [3H]CGS- 8216, [3H]Ro 15-1788, or [3H]Ro
15-4513 were not significantly different from each other but
were significantly more than those remaining when
[3Hlflunitrazepam was used as the ligand. There was no
reduction in the affinity (Kd) of any of the radioligands for the
receptor after photoincorporation with either Ro 15-4513 or
flunitrazepam, indicating that the decreased binding was
due to a reduction in the number of receptor sites (Bmax) and
not due to incomplete removal of unreacted ligand (Table 1).

The observation that photoincorporation with flunitraz-
epam does not prevent subsequent binding of other radioli-
gands confirms previous observations from the literature in
which a heterogeneous population of receptors, such as rat or
chick brain membranes, has been used (Brown and Martin,
1984; Gibbs et al., 1985).

34 McKernan et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Pharmacology of the BZ site of the GABAA receptor
a1b3g2 labeled by four different radioligands. If
[3H]flunitrazepam does indeed bind to a site that is distinct
from the other ligands tested, then it may be possible to
detect differences in the pharmacology of the BZ binding site
when labeled by these different ligands. This was investi-

gated by labeling the BZ site of the a1b3g2 GABA receptor
with four different ligands and comparing the pharmacology
of the BZ binding site, as shown in Table 2. The affinity and
rank order of potency of a series of structurally diverse com-
pounds were very similar when [3H]flunitrazepam was used
as the ligand compared with the other three radiolabeled

Fig. 1. Scatchard plot of the binding of [3H]flunitrazepam, [3H]Ro 15-4513, [3H]Ro 15-1788, and [3H]CGS-8216 before and after photoincorporation
of Ro 15-4513 and flunitrazepam. Data shown are representative of three to five separate experiments. Membranes expressing receptor of composition
a1b3g2 were incubated with no addition (f) flunitrazepam (50 nM, F), or Ro 15-4513 (50 nM, Œ) for 20 min at 4° before UV exposure for 1 hr.
Membranes then were washed extensively before saturation binding and Scatchard analysis using [3H]flunitrazepam, [3H]Ro 15-4513, [3H] Ro
15-1788, and [3H]CGS-8216 as indicated. The control cells expressed 2300–4400 fmol receptor sites/mg of protein.
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compounds, and no large differences in affinity (.3–4-fold)
were observed. The observation that the affinity (Ki) for each
compound at the BZ binding site is the same independent of
the radioligand used is consistent with a competitive inter-
action between all four radioligands and seems not to support
the hypothesis that flunitrazepam labels a site that is in
some way distant from the site labeled by the other ligands.
In addition, the Hill coefficients measured were not signifi-
cantly different from 1 (data not shown), which is consistent
with the hypothesis that all compounds tested, whether ag-
onist, antagonist, or inverse agonist, compete for the same
binding site.

Pharmacology of the BZ binding site after UV incor-
poration of flunitrazepam. After photoincorporation with
flunitrazepam, the majority of the BZ binding sites still rec-
ognize [3H]Ro 15-1788 with high affinity (Table 1). Therefore,
this radioligand was used to characterize the pharmacology
of the photoaffinity-labeled sites. As shown in Table 3, pho-
toincorporation with flunitrazepam reduced the affinity of
the receptor for flunitrazepam, midazolam, and diazepam by
;30-fold, which is in accord with the observed lack of binding
for [3H]flunitrazepam and in agreement with previous stud-
ies carried out in rat cerebral cortex (Mohler, 1982). Consis-
tent with the unchanged binding of the radioligands [3H]CGS
8216 and [3H]Ro 151788, the affinity of the unlabeled com-
pounds, CGS 8216 and Ro 15-1788, for the flunitrazepam-
photolabeled binding site also was unchanged. The loss of
binding affinity is not observed with all compounds with a
core BZ structure because the affinities of Ro 15-1788, Ro
15-4513, and the a5-selective imidazobenzodiazepine
L-655,708 (Quirk et al., 1996) were not reduced after photo-
incorporation of flunitrazepam. Three further compounds,
chlordiazepoxide and the naphthyridones, L-764,488 [6-ben-
zyl-3-(5-methoxy-[1,3,4]oxadiazol-2-yl)-5,6,7,8-tetrahydro-
1H-[1,6]naphthyridin-2-one] and L-763,673 [6-benzyl-3-(5-
thiophen-2-yl-[1,3,4]oxadiazol-2-yl)-5,6,7,8-tetrahydro-1H-
[1,6]naphthyridin-2-one], were identified whose binding
affinity was greatly reduced after photoincorporation of fluni-
trazepam. Compounds of several other structural classes
were unaffected by photoincorporation of flunitrazepam, in-
cluding the b-carbolines b-CCM and DMCM, the thie-
nylpyrazoloquinoline CGS-8216, and the imidazopyridine
zolpidem. Previous studies have concluded that only the
binding of agonist BZ site ligands is reduced after photoin-
corporation of flunitrazepam and that the photoincorporated
receptor discriminates between agonists, which lose ;30-fold
in affinity, and antagonists, whose affinity remains un-
changed (Mohler, 1982; Brown and Martin, 1984). In the
more extensive studies presented here, the discrepancy be-
tween compounds that lose affinity after photoincorporation

of flunitrazepam cannot be explained in terms of differing
binding sites for agonists and antagonists because zolpidem,
abecarnil, and zopiclone, all full agonists at the BZ site of
a1b3g2 (Hadingham et al., 1995; Wafford KA and Thompson
SA, personal communication), show no loss of affinity for
receptors after flunitrazepam incorporation.

We further investigated whether the efficacy of compounds
such as zolpidem might be altered after irreversible incorpo-
ration of flunitrazepam, even though their binding affinity
was unchanged.

Functional properties of the BZ binding site after
photoincorporation of flunitrazepam. The affinity of
BZs for the BZ binding site is increased in the presence of
GABA. This allosteric modulation can be observed in a bind-
ing assay in which specific binding of an agonist ligand such
as [3H]flunitrazepam or [3H]zolpidem is increased in the
presence of GABA. The presence of these allosteric interac-
tions after photoincorporation of flunitrazepam into the BZ
site was investigated (Fig. 2). [3H]Zolpidem was used as the
agonist ligand, and GABA potentiation of binding was mea-
sured in the presence and absence of photoincorporated fluni-
trazepam.

As shown in Table 4, the modulatory ability of the BZ
binding site was unchanged after photoincorporation of fluni-
trazepam. [3H]Zolpidem binding was potentiated by GABA to
the same extent before and after photoincorporation of fluni-
trazepam. Furthermore, the EC50 value for potentiation of
[3H]zolpidem binding by GABA was little changed after in-
corporation of flunitrazepam (EC50 value before flunitraz-
epam 5 1.0 6 0.2 mM, EC50 value after flunitrazepam 5
0.4 6 0.01 mM). It is concluded, therefore, that irreversible
derivatization of the BZ receptor affects neither the affinity
of many compounds for the receptor nor the functional effi-
cacy of the receptor.

Mechanism of UV incorporation of flunitrazepam.
The observation that after photoincorporation of flunitraz-
epam the BZ binding site can still accommodate ligands of
many other structural types is unexpected, and further ex-
periments were carried out to understand the process by
which flunitrazepam incorporates into the receptor. Irradia-
tion with flunitrazepam can result in fragmentation of the
molecule, as well as incorporation of the intact species into
the target binding site (Givens et al., 1986; Busker et al.,
1987). One proposed major route of decomposition of fluni-
trazepam is loss of the N-methyl group, which, in [3H]fluni-
trazepam, is the site of tritiation. It therefore could be pos-
sible that UV irradiation results in minor modification of the
BZ binding site by N-methylation of a specific residue in the
binding pocket, which might still allow other compounds to
bind. Alternatively, the entire molecule might become incor-

TABLE 1
Reduction in benzodiazepine binding after photoincorporation of Ro 15-4513 or flunitrazepam
For Bmax values, data were normalized to control binding (100%) in which membranes were not preincubated with a compound or exposed to ultraviolet light. Data shown
are the mean 6 standard error of three to five independent experiments.

Photoincorporation condition [3H]Flunitrazepam [3H]Ro 15-1788 [3H]CGS 8216 [3H]Ro 15-4513

No addition Bmax (% of control) 95.1 6 11 98.1 6 6 93.7 6 7 92 6 4
1UV Kd (nM) 5.33 6 2.6 1.42 6 0.48 0.07 6 0.01 5.16 6 0.7
Ro 15-4513 (50 nM) Bmax (% of control) 12.9 6 7 17.2 6 3 20.8 6 9
1UV Kd (nM) 2.93 6 1.35 0.61 6 0.1 0.04 6 0.01 N.D.
Flunitrazepam (50 nM) Bmax (% of control) 9.4 6 10.5 73.2 6 8 76.9 6 12 81.9 6 5
1UV Kd (nM) 6.06 6 1.4 1.42 6 0.31 0.05 6 0.02 4.8 6 0.6

N.D., not detectable; specific binding, where a Scatchard plot could be fitted, was detectable in only one of four experiments.
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porated into the receptor, and during the reaction, a confor-
mational change might occur such that flunitrazepam va-
cates the binding site, leaving it available for subsequent
occupation by other ligands. To investigate the first of these
possibilities, derivatives of flunitrazepam were incorporated
into the receptor. As shown in Table 5, UV photoactivation
with N-desmethyl flunitrazepam prevents subsequent bind-
ing of flunitrazepam but not Ro 15-1788 or CGS 8216 (i.e.,
the same pattern of radioligand binding is observed after
incorporation of flunitrazepam and N-desmethyl flunitraz-
epam). N-Desmethyl flunitrazepam has equivalent affinity
for the BZ binding site, is photolabile, and incorporates into
the receptor, but it has no N-methyl moiety. Therefore, the
mechanism of incorporation by flunitrazepam cannot be via
transfer of the N-methyl group to the BZ binding site but
suggests that in both cases, the complete flunitrazepam mol-
ecule, or a significant part of it, is incorporated into the
receptor. Neither desmethyl, desnitro flunitrazepam, nor
chlordiazepoxide is incorporated into the BZ binding site via
photolysis, as is demonstrated by the subsequent binding of
both [3H]flunitrazepam and [3H]Ro 15-1788 (data not
shown). In the case of desmethyl desnitro flunitrazepam, this
is probably caused by the removal of the nitro group, the
photoreactive species. In the case of chlordiazepoxide, which
is reported to be photolabile and for which a pathway of
decomposition has been proposed, there are several possible
interpretations. Either the compound is not photosensitive
when bound to the receptor or has greatly reduced affinity
when photolysed such that it does not attack the receptor
protein or it may be photolysed and incorporate at a position
that does not interfere with the subsequent binding of any
radioligand.

Furthermore, after photoincorporation of flunitrazepam or
desmethyl flunitrazepam, the affinities of flunitrazepam,
L-764,488, L-763,673, and chlordiazepoxide were similarly
reduced, confirming that flunitrazepam and desmethyl fluni-
trazepam modify the receptor similarly.

Discussion
The observation that photoaffinity labeling with Ro 15-

4513 of a single homogeneous GABAA receptor subtype pre-
vents subsequent binding of all BZ site ligands is consistent
with previous observations in rat brain where [3H]Ro 15-
4513 irreversibly labels virtually all BZ binding sites (Mohler
et al., 1984). After photoaffinity labeling of a single homoge-
neous GABAA receptor subtype with flunitrazepam, many
BZ site ligands still bound without any change in affinity,
despite irreversible incorporation of the molecule (Tables
1–3). This also is consistent with previous observations using
heterogeneous GABA receptors from rat brain (e.g., Thomas
and Tallman, 1983; Gibbs et al., 1985). It is concluded that
the BZ site of a single homogeneous GABAA receptor
(a1b3g2) can accommodate concurrently both flunitrazepam,
irreversibly incorporated, and other BZ ligands. This has
been regarded previously as evidence that agonists and in-
verse agonists bind to different sites on the BZ receptor.
However, even though the same observation has been made
using brain membranes or a homogeneous recombinant re-
ceptor preparations, several lines of evidence seem to argue
against the agonist and inverse agonist sites being separate.

First, all the literature to date shows the interaction
among agonists, inverse agonists, and antagonists at the BZ
site to be competitive, and the rank order of potency of a
series of structurally different compounds for a single popu-
lation of GABAA receptors (a1b3g2) as labeled by four differ-
ent ligands of different structural classes is very similar
(Table 2).

Second, the residues involved in binding of BZ site ligands
have been much studied since the receptor subunits were
cloned. Some compounds, such as DMCM and Ro 15-4513, for
example, are agonists at one subtype, a6b3g2, and inverse
agonists at another, a1b3g2 (Wafford et al., 1994; Puia et al.,
1991). Because these receptors are structurally very similar,
with only a few amino acid residues in the a subunit varying
between them, and there is no significant difference in bind-
ing affinity (Hadingham et al., 1995), it is likely that DMCM
and Ro 15-4513 bind to the same pharmacophore in the a1-
and a6-containing receptors and that the binding sites for
agonists and inverse agonists are not separate entities.
Third, these studies demonstrate that zolpidem, abecarnil,
and zopiclone, all full agonists at the BZ site of a1b3g2, show
no loss of affinity for receptors after flunitrazepam incorpo-
ration.

There are, however, some mechanistic differences in the
binding of the agonist flunitrazepam and the inverse agonist
Ro 15-4513. For example, Ro 15-4513 requires an intact
disulfide bridge for high affinity binding, whereas flunitraz-
epam does not (Duncalfe and Dunn, 1993), and the two li-
gands differ in their sensitivity to the sulfhydryl modifying
reagent N-ethyl maleimide (Duncalfe and Dunn, 1993), sug-
gesting differential contributions of amino acids containing a
free sulfhydryl group to their binding interaction. Further-
more, binding of [3H]flunitrazepam is reduced at pH # 7,
whereas binding of [3H]Ro 15-4513 is unaffected by low pH.
This has been interpreted as the involvement of a histidine
residue in binding of [3H]flunitrazepam but not [3H]Ro 15-
4513 (Davies et al., 1996). Further evidence that these two
compounds interact differently with the receptor binding site
comes from experiments where photoaffinity labeled receptor

Fig. 2. Efficacy of GABAA receptors after flunitrazepam photoincorpo-
ration. Dose-dependent potentiation of [3H]zolpidem binding by GABA to
a1b3g2 receptors in the absence (E) and presence (F) of photoincorpo-
rated flunitrazepam. The EC50 value for potentiation of [3H]zolpidem
binding was 1.0 6 0.2 mM for control and 0.4 6 0.01 mM for flunitrazepam-
derivatized receptors. Data shown are mean 6 standard error for three
separate determinations.
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TABLE 2
Affinity of benzodiazepine site ligands for the BZ receptor measured with radioligands of different structures
Data shown are mean 6 standard error of three to five determinations.

Compound
Ki

[3H]Ro 15-1788 [3H]Flunitrazepam [3H]CGS 8216 [3H]Ro 15-4513

nM

Ro 15-1788 2.0 6 0.1 4.4 6 0.3 3.4 6 0.1 1.6 6 0.1

Flunitrazepam 5.9 6 0.7 2.6 6 0.1 4.7 6 0.7 3.2 6 0.4

CGS 8216 0.3 6 0.01 0.3 6 0.02 0.1 6 0.01 0.2 6 0.01

Ro 15-4513 3.4 6 0.1 10.9 6 1.7 2.0 6 0.2 1.3 6 0.2

DMCM 9.8 6 0.7 22.0 6 1.1 24.4 6 4.8 6.2 6 1.4

Cl218,872 55.7 6 2.1 141.5 6 19.6 182.0 6 13.8 27.5 6 1.8

Zolpidem 12.2 6 1.4 32.9 6 0.6 44.6 6 3.8 11.2 6 2.1

FG8205 1.0 6 0.03 1.2 6 0.04 1.1 6 0.1 1.0 6 0.2

b-CCT 0.2 6 0.04 1.9 6 0.01 4.6 6 0.6 0.2 6 0.04
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TABLE 2—Continued
Affinity of benzodiazepine site ligands for the BZ receptor measured with radioligands of different structures
Data shown are mean 6 standard error of three to five determinations.

Compound
Ki

[3H]Ro 15-1788 [3H]Flunitrazepam [3H]CGS 8216 [3H]Ro 15-4513

nM

ZK-93423 0.1 6 0.01 0.2 6 0.03 0.7 6 0.1 0.2 6 0.1

Pyridoindole 1 5.0 6 0.5 9.2 6 1.2 15.1 6 3.1 4.6 6 0.3

Pyridoindole 2 2.4 6 0.4 5.1 6 0.2 1.2 6 0.1 2.2 6 0.7

Bretazenil 0.3 6 0.04 0.4 6 0.1 0.1 6 0.01 0.2 6 0.02

Diazepam 13.2 6 0.5 22.3 6 1.1 19.0 6 0.8 12.2 6 1.0

L-655,708 44.5 6 3.0 98.5 6 6.6 97.7 6 1.8 38.8 6 1.2

L-763,673 0.8 6 0.1 2.4 6 0.5 2.5 6 0.3 2.2 6 0.2

L-764,488 4.1 6 0.8 13.9 6 2.2 9.5 6 1.3 15.8 6 3.2

L-816,993 19.8 6 3.7 23.5 6 1.2 23.5 6 6.1 19.3 6 0.4
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is cleaved with hydroxylamine and radioactivity associated
with photoincorporated [3H]Ro 15-4513 is associated with a
fragment of the receptor between residues 104 and the car-
boxyl terminus of the al subunit. In contrast, radioactivity
from [3H]flunitrazepam is associated with residues 1–102 of
the bovine a1 subunit (Duncalfe and Dunn, 1996), and more
recent experiments have revealed that the major site of
[3H]flunitrazepam incorporation is His102 of the bovine a1
subunit (Duncalfe et al., 1996). All these differences in the
binding characteristics are consistent with flunitrazepam
and Ro 15-4513 binding in the same binding pocket but with
different amino acid residues.

Our current understanding of the structure of the a1bg2
subtype proposes that there are two copies each of an a

subunit, two copies of a b subunit, and only one copy of a g
subunit (i.e., 23 a1, 23 b2, and 13 g2; Chang et al., 1996;
Tretter et al., 1997 and references therein). Furthermore, as
the BZ binding site is formed at the interface of the a subunit
and the g subunit (Buhr et al., 1997b; Wingrove et al., 1997;
Sigel and Buhr, 1997), and because there is only one g sub-
unit, there can be only one BZ site per receptor monomer.

It is concluded that photoaffinity labeling of the benzodi-
azepine site of the GABAA receptor with flunitrazepam oc-
curs first by binding flunitrazepam into the BZ site reversibly
(i.e., between the a and g subunits), followed by an irrevers-
ible incorporation on exposure to UV light. It is concluded
that the entire flunitrazepam molecule is incorporated at
His102 of the a subunit for two reasons. First, photoincorpo-
ration of a major photometabolite desmethyl flunitrazepam
produces the same changes in binding observed with fluni-
trazepam (Table 5). Second, antibodies raised against fluni-
trazepam recognize and are able to immunoprecipitate the
flunitrazepam-derivatized receptor (Davies et al., 1996), and
therefore at least the majority of the flunitrazepam molecule
is still present.

Surprisingly, incorporation of flunitrazepam does not pre-
vent binding of other ligands at the BZ site. Receptor heter-
ogeneity or the presence of multiple binding sites have pre-
viously been proposed as explanations for observations of this
type. However, the experiments reported here were carried
out using one homogeneous population of receptors with one
BZ binding site per receptor. It is therefore necessary to
propose an alternative mechanism by which the entire fluni-
trazepam molecule can be incorporated and the ability to
bind other ligands is retained. It is possible that either the
histidine residue or the photoincorporated flunitrazepam
molecule undergoes a structural change, after photoincorpo-
ration such that flunitrazepam is removed from the binding
pocket but remains irreversibly incorporated to the protein
through a flexible bond. There is some precedent for such a
mechanism in the literature. For example, a flexible histidine
residue in the active site of carbonic anhydrase has been
exploited in the design of more potent inhibitors (Greer et al.,
1994).

Irreversible modification of His102 of the a1 subunit of the
bovine GABAA receptor by flunitrazepam has been observed
(Duncalfe et al., 1996). Therefore, although other explana-
tions may be plausible, the simplest would be that irrevers-
ible incorporation of flunitrazepam at His102 of the human
a1 subunit produces a conformational change in the receptor,
removing flunitrazepam from the binding pocket, allowing
other ligands to enter, and reducing the affinity only of those

TABLE 3
The pharmacology of the benzodiazepine binding site after
photoincorporation of flunitrazepam
Data shown are the mean 6 standard error of three to five experiments.

Compound Ki before flunitrazepam
incorporation

Ki after flunitrazepam
incorporation

nM

Ro 15-1788 1.3 6 0.02 1.2 6 0.03
Ro 15-4513 4.2 6 0.9 1.3 6 0.1
Flunitrazepam 4.2 6 0.2 230.0 6 2
Midazolam 3.4 6 0.2 249.0 6 9.0
Diazepam 14.9 6 1.2 .1000 nM

Zolpidem 17.4 6 1.5 21.8 6 2.5
b-CCM 1.2 6 0.1 0.9 6 0.03
L-655,708 42.3 6 7.8 46.2 6 23
CGS-8216 0.05 6 0.008 0.06 6 0.003
Chlordiazepoxide 177 6 34 .1000 M

Abecarnil 0.85 6 0.06 1.6 6 0.1
L-764,488 2.48 6 0.14 64.8 6 0.7
L-763,673 0.31 6 0.01 31.3 6 0.2
L-816,993 24.5 6 1.6 25.5 6 3.3
Pyridoindole 1 5.0 6 0.5 8.2 6 1.3
Pyridoindole 2 2.4 6 0.4 3.5 6 0.1

TABLE 4
Allosteric interaction between the GABA and benzodiazepine sites is
maintained after photoincorporation of flunitrazepam
The GABA-mediated modulation of radioligand binding to a1b3g2 cells is expressed
as a percentage of the binding observed in the absence of GABA. Data shown are the
mean 6 standard error of three experiments.

Binding in presence of 1 mM GABA

Control
(underivatized) cells

Flunitrazepam-
incorporated cells

%

[3H]Flunitrazepam 156.3 6 11.0 No binding detected
[3H]Ro 15-1788 80.7 6 10.3 87.1 6 4.4
[3H]Ro 15-4513 83.1 6 5.8 86.1 6 5.3
[3H]Zolpidem 165.5 6 6.2 193.0 6 3.1

TABLE 5
Binding of [3H]flunitrazepam and [3H]Ro 15-1788 after photoincorporation of chlordiazepoxide, flunitrazepam, and analogues
Data shown are mean 6 standard error of four separate experiments in which binding was measured by saturation analysis using eight concentrations of ligand. Data are
expressed as percent of binding in control membranes, in which membranes were not exposed to ultraviolet light or preincubated with any compound. Binding in control cell
membranes ranged from 1055 to 1925 fmol/mg of protein in these experiments.

Photoincorporation condition [3H]Flunitrazepam [3H]Ro 15-1788

Flunitrazepam Bmax (% of control binding) 9.4 6 10.5 76.7 6 6
1UV Kd (nM) N.D. 1.12 6 0.8
Des-methyl flunitrazepam Bmax (% of control binding) 22.1 6 17 69.3 6 11
1UV Kd (nM) N.D. 0.99 6 0.1
Des-methyl, des-nitro, flunitrazepam Bmax (% of control binding) 86.1 6 4 82.9 6 12
1UV Kd (nM) 3.4 6 1.6 1.02 6 0.28
Chlordiazepoxide Bmax (% of control binding) 103 6 13 98.3 6 6
1UV Kd (nM) 4.3 6 1.2 0.66 6 0.09

N.D., not detected.
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Fig. 3. Modeling of the BZ
pharmacophore based on the
reduced affinity of selected
compounds after UV photo-
incorporation of flunitraz-
epam. Top, flunitrazepam
(green carbon atoms; other
atoms in CPK colors) super-
imposed on L-764,488. Bot-
tom, as in the top but with
benzyloxybetacarbolines (or-
ange carbon atoms; other at-
oms in CPK colors) as taken
from the Zhang et al. (1995)
pharmacophore. Dotted
spheres, coincide approxi-
mately with the hydrogen-
bonding sites described by
Zhang et al. (1995) as H1
(top edge of figures) and H2
(bottom).
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that interact specifically with His102. Such compounds
would include flunitrazepam and the two naphthyridones
L-764,488 and L-763,673. A consistent feature of compounds
that lose affinity after photoincorporation of flunitrazepam
into the BZ site is the presence of a pendant phenyl group,
such as the 6-benzyl ring in L-764,488 and L-763,673 and the
5-phenyl ring in molecules of the diazepam group. Consis-
tently, L-816,993 [3-(5-thiophen-2-yl-[1,3,4]oxadiazol-2-yl)-
5,6,7,8-tetrahydro-1H-[1,6]naphthyridin-2-one], the desben-
zyl analogue of L-763,673, shows no loss of affinity at
flunitrazepam-derivatized receptors. A proposed system for
overlapping of the molecules discussed is presented in Fig. 3.
We propose that only compounds that possess a phenyl ring
that can interact directly with His102 lose affinity for the BZ
binding site after photoincorporation of flunitrazepam. A pos-
sible mechanism for this interaction is hydrogen bonding or
p-p interaction of the phenyl ring with the histidyl side
chain; interactions between a phenyl ring and a histidine
side chain are supported by analysis of phenylalanine/histi-
dine side chain/side chain interactions in proteins (Singh and
Thornton, 1992).1 Furthermore, we propose that compounds
of other structural types, including the imidazopyridazines,
cyclopyrrolones, and b-carbolines, do not derive any binding
energy through interaction with His102 and probably do not
occupy this area of the binding pocket. In addition, data
presented here support the hypothesis that His102 is not
involved in transducing the efficacy of agonists or inverse
agonists because derivatization of this amino acid has no
effect on the ability of GABA to potentiate or inhibit binding
of agonist or inverse agonist radioligands.

Data derived from these studies also allow further evalu-
ation of the BZ site pharmacophore. We propose that com-
pounds that dramatically lose affinity after photoincorpora-
tion of flunitrazepam share a common binding area, whereas
those that show no affinity shift do not occupy this space in
the receptor. It is possible to model how these molecules
might overlay each other as described in Fig. 3. In the com-
prehensive model of the BZ receptor pharmacophore devel-
oped by Zhang et al. (1995), the pendant phenyl group of
flunitrazepam is proposed to interact with a lipophilic pocket
in the receptor, termed L3. The results of work presented
here would put that in close association to, and potentially in
direct interaction with, His102 of the a subunit. Zhang et al.
(1995) predict that this part of the binding pocket is occupied
by the pendant phenyl ring of diazepam, flunitrazepam,
chlordiazepoxide, and other 5-phenyl BZs. We propose that
the 6-benzyl ring of the naphthyridones also occupies this
space. However, the model proposed by Zhang et al. (1995)
predicts that the phenyl substituent on the agonist b-carbo-
line abecarnil overlays the 5-phenyl substituent of flunitraz-
epam. Our experimental data do not support this orientation
because no difference in affinity was observed between the
control and flunitrazepam-derivatized membranes. All other
structures studied, including the phenyl pyrazoloquinolino-
nes, pyridodiindoles, and BZs, were consistent with this pub-
lished pharmacophore, in contrast to a number of published
overlays, such as that of Villar et al. (1989) or Martin et al.
(1993). Both of these latter groups suggest that the space
occupied by the 5-phenyl ring of the benzodiazepines would
be occupied not only by the benzyl group of the benzyloxy

b-carbolines [in agreement with Zhang et al. (1995)] but also
by at least one other series of ligands that were studied in
this work and found not to be affected by flunitrazepam
incorporation.

Acknowledgments

We thank Prof. J. Cook for the gifts of pyridoindole 1, pyridoindole
2, ZK93423, and b-CCM and b-CCT.

References
Amin J, Brooks-Kayal A, and Weiss DS (1997) Two tyrosine residues on the a

subunit are crucial for benzodiazepine binding and allosteric modulation of g-ami-
nobutyric acidA receptors. Mol Pharmacol 51:833–841.

Borden LA and Gibbs TT (1990) Flunitrazepam photoaffinity labeling of the GABAA
receptor reduces inhibition of [3H]Ro 15-4513 binding by GABA. Eur J Pharmacol
188:391–397.

Buhr A, Baur R, and Sigel E (1997a) Subtle changes in residue 77 of the g-subunit
of a1b2g2 GABAA receptors drastically alter the affinity for ligands of the benzo-
diazepine binding site. J Biol Chem 272:11799–11804.

Buhr A, Schaerer MT, Baur R, and Sigel E (1997b) Residues at positions 206 and 209
of the a1 subunit of g-aminobutyric acidA receptors influence affinities for benzo-
diazepine binding site ligands. Mol Pharmacol 52:676–682.

Buhr A and Siegel E (1997) A point mutation in the g2 subunit of g-aminobutyric
acid type A receptors results in altered benzodiazepine binding site specificity.
Proc Natl Acad Sci USA 94:8824–8829.

Busker RW, Beijersbergen van Henegouwen GMJ, Kwee BMC, and Winkens JHM
(1987) Photobinding of flunitrazepam and its major photo-decomposition product
N-desmethylflunitrazepam. Int J Pharmaceut 36:113–120.

Brown CL and Martin IL (1984) Photoaffinity labeling of the benzodiazepine recep-
tor compromises the recognition site but not its effector mechanism. J Neurochem
43:272–273.

Chang Y, Wang R, Barot S, and Weiss DS (1996) Stoichiometry of a recombinant
GABAA receptor. J Neurosci 16:5415–5424.

Davies M, Bateson AN, and Dunn SMJ (1996) Molecular biology of the GABAA
receptor: functional domains implicated by mutational analysis. Int Rev Neurobiol
36:51–96.

Davies M, Martin IL, Bateson AN, Hadingham KL, Whiting PJ, and Dunn SMJ
(1996) Identification of domains in human recombinant GABAA receptors that are
photoaffinity labelled by [3H]flunitrazepam and [3H]Ro 15-4513 Neuropharmacol-
ogy 35:1199–1208.

Duncalfe LL, Carpenter MR, Smillie LB, Martin IL, and Dunn SJ (1996) The major
site of photoaffinity labeling of the g-aminobutyric acid type A receptor by fluni-
trazepam is histidine 102 of the a subunit. J Biol Chem 271:9209–9214.

Duncalfe LL and Dunn SMJ (1996) Mapping of GABA-A receptor sites that are
photoaffinity-labelled by [3H]flunitrazepam and [3H]Ro 15-4513. Eur J Pharmacol
298:313–319.

Duncalfe LL and Dunn SMJ (1993) Benzodiazepine binding to GABAA receptors:
differential effects of sulphydryl modification. Eur J Pharmacol 246:141–148.

Gibbs TT, Chan C-Y, Czajkewski CM, and Farb DH (1985) Benzodiazepine receptor
photoaffinity labeling: correlation of function with binding. Eur J Pharmacol
110:171–180.

Givens RS, Gingrich J, and Mecklenburg S (1986) Photochemistry of flunitrazepam:
a product and model study. Int J Pharmaceut 29:67–72.

Greer J, Erickson JW, Baldwin JJ, and Varney MD (1994) Application of the
three-dimensional structures of protein target molecules in structure-based drug
design. J Med Chem 37:1035–1054.

Hadingham KL, Garrett EM, Wafford KA, Bain C, Heavens RP, Sirinathsinghji D,
and Whiting PJ (1996) Cloning of cDNAs encoding the human g-aminobutyric acid
type A receptor a6 subunit and characterization of the pharmacology of a6-
containing receptors Mol Pharmacol 49:253–259.

Hadingham KL, Harkness PC, McKernan RM, Quirk K, Le Bourdelles B, Horne AL,
Kemp JA, Barnard EA, Ragan CI, and Whiting PJ (1992) Stable expression of
mammalian type A g-aminobutyric acid receptors in mouse cells: demonstration of
functional assembly of benzodiazepine responsive sites. Proc Natl Acad Sci USA
89:6378–6382.

Hadingham KL, Wafford KA, Thompson SA, Palmer KJ, and Whiting PJ (1995)
Expression and pharmacology of human GABAA receptors containing g3 subunits.
Eur J Pharmacol 291:301–309.

Martin YC, Bures MG, Danaher EA, DeLazzer J, Lico I, and Pavlik PA (1993) A fast
new approach to pharmacophore mapping and its application to dopaminergic and
benzodiazepine agonists. J Comput-Aided Mol Design 7:83–102.

McKernan RM, Wafford K, Quirk K, Hadingham KL, Harley EA, Ragan CI, and
Whiting PJ (1995) The pharmacology of the benzodiazepine site of the GABA-A
receptor is dependent on the type of g-subunit. J Recept Res 15:173–183.

McKernan RM and Whiting PJ (1996) Which GABA-A receptor subtypes really exist
in the brain? Trends Neurosci 19:139–143.

Mohler H (1982) Benzodiazepine receptors: differential interaction of agonists and
antagonists after photoaffinity labeling with flunitrazepam. Eur J Pharmacol
80:435–436.

Mohler H, Sieghart W, Richards JG, and Hunckeler W (1984) Photoaffinity labelling
of benzodiazepine receptors with a partial inverse agonist. Eur J Pharmacol
102:191–192.

Pritchett DB and Seeburg PH (1991) GABA type A receptor point mutation increases
the affinity of compounds for the benzodiazepine site. Proc Natl Acad Sci USA
88:1421–1425.1 http://www.biochem.ucl.ac.uk/bsm/sidechains/His/Phe/sindex.html

42 McKernan et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Puia G, Santi, MR Vicini S, Seeburg PH, and Costa E (1991) Influence of recombi-
nant g-aminobutyric acid A receptor subunit composition on the allosteric modu-
lators of g-aminobutyric acid-gated Cl2 currents. Mol Pharmacol 39:691–696.

Quirk K, Blurton P, Fletcher S, Leeson P, Tang F, Mellilo D, Ragan CI, and
McKernan RM (1996) [3H]L-655,708, a novel ligand selective for the benzodiaz-
epine site of GABAA receptors which contain the a5-subunit. Neuropharmacology
35:1331–1335.

Sieghart W, Mayer A, and Drexler G (1983) Properties of [3H]flunitrazepam binding
to different benzodiazepine binding proteins. Eur J Pharmacol 88:291–299.

Sigel E and Buhr A (1997) The benzodiazepine binding site of GABA-A receptors.
Trends Pharmacol Sci 18:425–429.

Singh J and Thornton JM (1992) Atlas of Protein Side-Chain Interactions, IRC Press,
Oxford, UK.

Smith G B and Olsen R W (1995) Functional domains of GABAA receptors. Trends
Pharmacol Sci 16:162–167.

Stephenson FA (1995) The GABAA receptors. Biochem J 310:1–9.
Stephenson FA, Duggan M, and Pollard S(1990) The g2 subunit is an integral

component of the g-aminobutyric acid A receptor but the a1 polypeptide is the
principle site of the agonist benzodiazepine photoaffinity labeling reaction. J Biol
Chem 265:21160–21165.

Thomas JW and Tallman JF (1981) Characterization of photoaffinity labeling of
benzodiazepine binding sites. J Biol Chem 256:9838–9842.

Tretter V, Ehya N, Fuchs K, and Sieghart W (1997) Stoichiometry and assembly of
a recombinant GABAA receptor subtype. J Neurosci 17:2728–2737.

Villar HO, Uyeno ET, Toll L, Polgar W, Davies MF, and Loew GH (1989) Molecular
determinants of benzodiazepine receptor affinities and anticonvulsant activities.
Mol Pharmacol 36:589–600.

Wafford KA, Bain CJ, Whiting PJ, and Kemp JA (1993) Functional characterization
of the role of g-subunits in recombinant human g-aminobutyric acid-A/
benzodiazepine receptors. Mol Pharmacol 44:437–442.

Wieland HA, Luddens H, and Seeburg P (1992) A single histidine in GABAA rreceptors
is essential for benzodiazepine agonist binding. J Biol Chem 267:1426–1429.

Wingrove P, Thompson SA, Wafford KA, and Whiting PJ (1997) Identification of key
amino acids in the g subunit of the GABAA receptor that contribute to the
benzodiazepine binding site. Mol Pharmacol 52:874–881.

Zhang W, Koehler KF, Zhang P, and Cook JM (1995) Development of a comprehen-
sive pharmacophore model for the benzodiazepine receptor. Drug Design and
Discovery. Harwood Academic Publishers, Heidelberg, Germany, pp 192–248.

Send reprint requests to: Dr. Ruth McKernan, Department of Biochemistry,
Merck Sharp and Dohme Research Laboratories, Terlings Park, Eastwick
Road, Harlow, Essex CM2O 2QR, UK. E-mail: ruth_mckernan@merck.com

Photoaffinity Labeling of a1b3g2 Receptors 43

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

