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SUMMARY

The modification of membrane proteins with diethylpyrocarbonate (DEP) and diazotized
sulfanilate was investigated on the binding of three benzodiazepine radioligands in three

brain regions. Both of these reagents produced a dose-dependent inactivation of [3H]
diazepam, [:IH]fluflitrazeparn and [�H]propyl /3-carboline-3-carboxylate binding to cortex,
cerebellum, and hippocampus. Both DEP and diazotized sulfanilate decrease the Bn,ax of
the benzodiazepine binding sites without altering the KD. The ability of muscimol and
pentobarbital to enhance [:lHldiazepam binding was not altered by DEP pretreatment in
any of the three regions. Scatchard analysis indicated that, following the inactivation of

40-50% of [:)H]diazepam binding by 1 mM DEP, pentobarbital and muscimol were still
able to increase the affinity of [:lH]di�eparn binding in cortex, cerebellum, and hippocam-
pus. In contrast, diazotized sulfanilate pretreatment abolishes the ability of muscimol and
pentobarbital to enhance [3H]diazepam binding in these three regions. The effects of
these reagents on [:IH]yaminobutyric acid (GABA) binding revealed that sulfanilate but
not DEP eliminates the low-affinity GABA receptor sites in cortex and cerebellum. Thus,
while both DEP and sulfanilate inactivate benzodiazepine binding sites, only sulfanilate

abolishes the low-affinity GABA binding sites and the ability of the GABA agonists to
enhance [‘H]diazepam binding. These results suggest that the stimulation of benzodiaze-
pine binding appears to be mediated by the low-affinity GABA receptors.

INTRODUCTION

Specific, high-affinity binding sites for radiolabeled
benzodiazepine ligands have provided useful information
for the identification and characterization of benzodiaze-
pine binding sites in the mammalian central nervous
system (1-4). Several lines of evidence obtained by elec-
trophysiological (5, 6) and pharmacological (3, 4, 7) ex-
periments strongly suggest that benzodiazepines appear
to mediate most, if not all, effects by GABAergict mech-
anisms. The benzodiazepine-GABA receptor-ionophore
complex appears to be an oligorneric structure with miii-
tiple interacting components. Three components of this
complex have been well characterized by using [tH]
GABA agonists (8, 9), [:IH]benzOdiazepine ligands (1, 2),
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and [3H]DHP� (10, 11) as probes. Furthermore, the in-
teractions between benzodiazepines and GABA (12),
GABA and benzodiazepines (3, 7), and barbiturates and
benzodiazepines (13-15) and GABA (16, 17) have been
demonstrated. In addition, several other ligands appear
to modulate one or more of these sites in vitro (e.g., ref.
4). GABA is known to bind to a high- and a low-affinity
site (4, 8, 9). Recent studies have indicated that the

GABA enhancernent of benzodiazepine binding occurs at
concentrations which may correlate most closely to its
binding to the low-affinity site (3, 7, 18). However, inter-
actions between benzodiazepines and the high-affinity
GABA site have also been demonstrated (12).

To characterize further the benzodiazepine binding

site and its relationship to GABA receptors, we have
investigated the effect of two protein-modifying reagents
(diethyl pyrocarbonate and diazotized sulfanilate) on the
binding of three benzodiazepine ligands in three brain
regions. DEP is not a highly selective reagent, but under
appropriate conditions, it reacts primarily with histidine
groups, resulting in the formation of an N-carbethoxy-
histidyl derivative (19-24). Diazotized sulfanilic acid is
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known to react with histidine and tyrosine residues of
proteins and is a less selective reagent than DEP (21,
22). Furthermore, to understand better the interaction of
GABA and pentobarbital sites with the benzodiazepine
binding sites, we have also investigated the effect of these

reagents on GABA and pentobarbital enhancement of
[3H]diazepam binding and on [‘tH]GABA binding. We
have previously reported that DEP (up to 2 mM) partially
inactivated (40-50%) [‘tH]diazepam binding to whole
brain membranes, and speculated about the heterogene-
ity of benzodiazepine binding sites (25).

MATERIALS AND METHODS

[:)H]Diazepam [3H]flunitrazepam [‘H]PrcC and [‘H]

GABA were obtained from New England Nuclear Cor-
poration (Boston, Mass.). Diazotized sulfanilate was ob-
tamed from Calbiochem (La Jolla, Calif.). Diethyl pyro-

carbonate and other chemicals were purchased from
Sigma Chemical Company (St. Louis, Mo.).

Tissue preparation. Male Sprague-Dawley rats (125-
200 g) were decapitated and their brains were rapidly
removed and placed in 0.32 M sucrose. Cerebral cortex,
cerebellum, and hippocampus were dissected and pooled
when necessary. For benzodiazepine binding studies,
these regions were homogenized in 30 volumes of 0.32 M

sucrose, using a Teflon-glass homogenizer, and centri-
fuged at 1,000 x g for 10 mm. The supernatant was
centrifuged at 140,000 x g for 30 mm to obtain the P2 +
P3 fraction. The pellet (P2 + P3) was disrupted in 30
volumes of ice-cold double-distilled water with a Brink-

mann Polytron with two 5-sec bursts, 10 sec apart, at
half-setting. The homogenate was centrifuged at 140,000
x g for 30 mm. The pellet was resuspended in 30 volumes
of buffer containing 0.2 M NaC1/lO rnrvi sodium phosphate
(pH 7.0) and pelleted. The tissue was washed four times

by resuspension and centrifugation in the above buffer.
Following extensive washing, the tissue was resuspended
at a protein concentration of 0.2-0.5 mg/mi for the bind-
ing studies. All experiments (except hydroxylamine re-
versa!) were conducted on freshly prepared tissue.

For GABA binding studies, tissue was prepared by a
modification of the previously described method (26).
Briefly stated, the rnitochondrial plus microsoma! (P2 +
P:3) fraction was subjected to osmotic shock, using the
Polytron, and centrifuged at 140,000 x g for 30 mm. The
pellet was homogenized in ice-cold water, using a glass
homogenizer, and the homogenate was pelleted. The

pellet was resuspended in 0.05 M Tris-HC1 buffer (pH
7.1) and frozen overnight. The pellet was thawed at room
temperature, centrifuged, washed twice with the buffer,
and frozen. On the day of the assay, the tissue was
thawed, pelleted, washed twice by resuspension and cen-
trifugation, and resuspended in the Tris-HC1 buffer at a
protein concentration of 0.6-0.8 mg/mi for binding as-
says. Prior to the binding assays, 0.05 M KC1 was added
to the tissue homogenate.

DEP treatment. DEP was stored at 4#{176}and a stock
solution was made in the buffer by rapidly vortexing just
prior to the experiment. Care was exercised while using
DEP since it can hydrolyze rapidly (20). Initial experi-

ments revealed that preparing stock solutions of DEP

just prior to its addition to incubation medium in either
ethanol or buffer gave similar results.

For benzodiazepine binding studies, fresh, extensively
washed membranes were resuspended in pH 6.0 buffer
(200 m�i NaCl/10 mM sodium phosphate) and incubated
with various concentrations of DEP (0.25-10 mM) for 20
mm at 0#{176}.DEP modification of the membrane was

carried out at pH 6.0, since carbethoxylation of histidine
appears to be specific and stable at this pH (19-22).
Furthermore, buffers which can act as nucleophiles (e.g.,
Tris) were avoided for DEP modification experiments

(20). Following the incubation with DEP, the tissue was
pelleted by centrifugation to remove excess DEP. The
pellet was resuspended in the pH 7.0 buffer (200 mM
NaC1/10 mM sodium phosphate) and used for the binding
studies, as described below. Control tissue was treated in
an identical manner with pH 6.0 buffer, but without

DEP. For DEP treatment of GABA binding, freeze-
thawed and extensively washed tissue was resuspended
in Tris-free buffer (0.05 M KC1/10 mrvi potassium phos-
phate, pH 6.0) and treated with various concentrations
of DEP as described above for the benzodiazepine bind-
ing. Following the DEP pretreatment, the tissue was
resuspended in 0.05 M Tris-HC1 (pH 7.1)/0.05 M KC1 and
used for the binding studies.

Diazotized sutfanitic acid treatment. Membrane sus-
pensions in pH 7.0 buffer were incubated with various
concentrations (0.25-10 mM) of diazotized sulfanilate for
30 mm at 37#{176}in the dark. The membrane suspension was
then centrifuged to remove excess sulfanilate, and the
pellet was resuspended in the pH 7.0 buffer at the appro-
priate protein concentration for the binding studies. Dia-

zotized sulfanilate solution was made just prior to its
addition to the tissue homogenate.

Reversat of carbethoxytation by hydroxytamine. Con-
trol and 1 mM DEP-treated membranes were placed in
washed dialysis sacs and dialyzed for various times
against 2.0 M hydroxylamine in pH 7.0 buffer at 0-4#{176}

prior to the binding studies.
Binding studies. Routinely, aliquots of control and

pretreated membrane preparations were incubated with
[:IHldiazepam (1 nM; 30 mm), [1H]flunitrazeparn (0.3 nrvi;
90 mm), or [3H]PrCC (0.3 nM; 60 mm) in a total incuba-
tion volume of 1.0 ml. The nonspecific binding was de-
termined in the presence of i05 M nonradioactive diaze-

pam. Following incubation, triplicate 250-gil aliquots were
filtered over GF/B filters under vacuum and twice
washed rapidly with ice-cold buffer (5 ml each time). The
filters were dried and the radioactivity was determined
in toluene/2,5-diphenyloxazole/BBS (Bio-Solv 3; Beck-
man) scintillation cocktail, as described (14, 25). The
counting efficiency, determined with [:IHltOluene was
40% ± 2%.

For Scatchard analysis, the concentration of [:)Hldiaze
pam was varied between 0.2 n�vt and 20 nM. The KD and
Bn,ax values were obtained by the linear regression of the
Scatchard data. The EC-,,) values (i.e., the concentration
that produces 50% enhancement over the basal value) for
muscimol and pentobarbita! were determined in control
and DEP-treated membranes. Six concentrations of mus-
cimol (10�-i0� M) and pentobarbital (10_6.�10_1 M) were
incubated with 1 n�vi [‘H]diazepam for 30 mm to deter-
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mine the EC-,o value. The effect of sulfanilate on benzo-
diazepine binding and its enhancement was determined

routinely using 1 nM [3H]diazepam.
[‘HIGABA binding was measured by a centrifugation

assay, as described previously (26). Briefly stated, ali-
quots of control and pretreated membrane suspension
were incubated with [‘tH]GABA (4 nM) in the presence

and absence of excess nonradioactive GABA (100 /.LM) in

a total incubation volume of 1.0 ml for 10 mm. Following

incubation, the vials were centrifuged at 48,000 x g for
10 mm. The vials were washed once the contents were
solubi!ized, and the radioactivity was determined as de-

scribed (26). For Scatchard plots, the concentrations of
[‘H]GABA were varied up to 4 nM; concentrations be-
tween 4 nM and 1004 nM were subjected to radioisotopic
dilution. Routinely, 13 concentrations of [‘H]GABA were
utilized for a Scatcha.rd plot. Nonspecific binding ob-
tamed in the presence of 100 j�tM GABA was subtracted
from the total binding to obtain the specific binding.
Protein was estimated by the method of Lowry et al.

(27). The statistical significance of the results was cal-
culated by using Student’s t-test.

RESULTS

Inactivation of benzodiazepine binding by DEP and
diazotized sulfanilate. The effect of pretreatment with
various concentrations of DEP and diazotized sulfanilate
on the binding of ligands which bind to benzodiazepine
binding sites was investigated in cortex, cerebellum, and
hippocampus. Besides [‘Hldiazepam and [:)H1flunitr�e
pam, we also used [3H]PrCC, since, under certain condi-

tions, this radioligand has been reported to bind to a
subclass of benzodiazepine receptors (28).

Figure 1A and B shows that increasing concentrations
of diazotized su!fani!ate and DEP ranging from 0.25 mr�i
to 10 mM produce a dose-dependent inhibition of [‘H]
diazepam (#{149}),[‘H]flunitrazepam (0), and [3H]PrCC (A)
binding to cerebral cortex (Fig. 1A) and cerebellum (Fig.
1B). Both of these reagents were able to cause complete
inactivation of all three radioligands in these regions.
DEP at concentrations of 1-1.5 m� produced inactiva-
tion of 50% of the binding sites for three ligands in cortex
and cerebellum. Diazotized sulfanilate was slightly more
potent than DEP, producing 50% inhibition of the bind-

ing at 0.5-1.0 mM. Similar results were obtained in hip-
pocampus (data not shown).

Effect of muscimot and pentobarbitat on rH]diaze-

pam binding in controt and DEP-pretreated regions.

Dlazotized Sulfansl�c AcId (mM) Diethyl Pyrocarbonote (mM)

FIG. 1. Effect of diazotized sulfanilate and DEP on benzodiaze-

pine binding to cerebral cortex (A) and cerebellum (B)

The membrane suspensions were pretreated with various concentra-

tions of sulfanilate (pH 7.0) or DEP (pH 6.0), as described under

Materials and Methods. The excess reagent was removed by centrifu-

gation and resuspension in pH 7.0 buffer. Aliquots of control or DEP-

or sulfanilate-pretreated membrane homogenates were incubated with

1 flM [‘H]diazepam for 30 mm (#{149}),0.3 ni’.i [1Hlflunitrazepam for 90 mm
(0), or 0.3 flM [HIPrCC for 60 mm (A). Nonspecific binding obtained

in the presence of 10� diazepam was subtracted from the total binding.

Each point represents the mean value of at least three experiments,

each performed in triplicate.

Table 1 shows the effect of the GABA agonists muscimo!
(i0� M) and pentobarbital (10�� M) that produce maximal
enhancement of [3H]diazepam binding (14) in control
and DEP-pretreated brain regions. Both muscimol (10�
M) and pentobarbital (10� M) produced relatively greater
enhancement of [‘3H]diazepam binding in control cortex
and hippocampus, relative to cerebellum. Table 1 also

TABLE 1

Muscimol andpentobarbital enhancement of[3H]diazepam binding in control and DEP-pretreated regions

The homogenates of brain regions were incubated with 200 mai NaC1, 10 mai sodium phosphate (pH 6.0), or the same buffer plus 1 mat DEP

for 20 mm at f��40 Following the treatment, the homogenates were pelleted and resuspended in pH 7.0 buffer for the binding studies. For binding

studies, the control and treated membranes were incubated with 1 nM [3H)diazepam for 30 mm 0-4#{176}in the absence and in the presence of

muscimol or pentobarbital. The values are the percentage enhancement over the basal binding. DEP (1 mM) decreased the basal binding in these

regions by 40-60%. Results are the mean ± standard deviation of the number of experiments indicated in parentheses, each performed in triplicate.

% Enhancement over basal binding

Cortex Cerebellum Hippocampus

Control DEP-pretreated Control DEP-pretreated Control DEP-pretreated

Muscimol, 10’ M 99 ± 12.5 (8) 122.0 ± 35.5 (5) 64.0 ± 10.3 (8) 58 ± 8.0 (3) 100.8 ± 14.7 (8) 110 ± 19.8 (6)

Pentobarbital, i0�� M 70 ± 12.6 (7) 66.2 ± 8.5 (6) 40.1 ± 6.3 (7) 52 ± 5.6 (3) 61.3 ± 9.3 (5) 63 ± 8.5 (3)
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[3H] - Diazepam Bound (fmol/mg Protein)

FIG. 2. Typical Scatchard plots of [�HJdiazepam binding in con-

trol and DEP-pretreated (1 mM) cortical membranes in the absence

and in the presence of 1O� M muscimol or 5 x lO� M pentobarbital

The results are summarized in Table 2.

shows that, following the treatment of these regions with

1 mM DEP (which inactivates about 40-50% of the bind-
ing sites), muscimol and pentobarbital were still able to
enhance [:IH]diazepam binding to the same extent as the
controls. Furthermore, partial inactivation of cerebral
cortex, cerebellum, or hippocarnpus membrane with DEP
(1 mM) did not alter the ECn) values of either muscimol
or pentobarbital in any of the three regions (data not

shown).
Effect ofDEP on the binding constants of/�H]diaze-

pam binding. Figure 2 shows the effect of muscirnol (10#{176}
M) and pentobarbital (5 x i04 M) on the [:3H]di�epam
Scatchard plots in control and DEP-pretreated cerebral

cortex. It is apparent from Fig. 2 that DEP pretreatment
decreased the Bmax of [:)H]diarepam binding and did not
alter the K!) values. Similar results were obtained using

cerebellum and hippocampus membranes (data not
shown). Pentobarbital and muscirnol increased the affin-

ity of [1H]diazepam binding in both control and DEP-

pretreated regions.
Table 2 summarizes the binding constants of [1H]di-

azepam in control and DEP-pretreated cerebral cortex
and cerebellum and the effect of muscimol and pento-
barbital on these constants. DEP (1 mM) decreased the
Bmax of [‘H]diazepam in cortex by 49% and in cerebellum
by 46% without altering the K1 of diazeparn (Table 2). In
both regions, pentobarbital (5 x 10� M) and muscimol
(10� M) increased the affinity of [1H]diazepam (decreas-
ing the KD values) in the control. Although the B,,1,,� of
[‘H]diazepam was lower by �-50% following the DEP
pretreatment, pentobarbital and muscimol were still able
to increase the affinity of diazepam in DEP-pretreated

brain regions. These results indicate that the sites that
are not modified by the DEP pretreatment are still able
to interact with the GABA receptor and pentobarbital-
sensitive sites of the benzodiazepine-GABA receptor-ion-
ophore complex. Similar results were obtained in hippo-
campus (data not shown). It is apparent that, in all three
regions, muscimol and pentobarbital increase the affinity
of [‘H]diazepam for its receptor sites. Similar results
were obtained using [‘H]flunitrazepam as the radioligand
(data not shown).

Reversat of carboxymethytation by hydroxylamine.

To determine whether DEP inhibition of benzodiazepine
binding is due to carboxymethylation, we investigated
the hydroxylamine reversal of this interaction. Control
and DEP-pretreated cortical membranes were dialyzed
against buffer (pH 7.0) containing 2.0 M hydroxylarnine

for various times. Following the hydroxylamine treat-
ment, the tissue was pelleted and used for [‘H]diazeparn
binding. Figure 3 shows that partially inhibited [1H]di-
azepam binding was reversed by dialyzing against hy-
droxylamine for 2 hr.

Effect of diazotized sutfanilate on benzodiazepine

binding and its enhancement. Figure 4 shows typical
Scatchard plots obtained in cerebral cortex following the
pretreatment with sulfanilate. Like DEP, sulfanilate pro-

duced a dose-related decrease in the Bn,ax of [1H]diaze-
pam binding without altering the K1.

TABLE 2

Effects of DEP pretreatment on the binding constants of [�H]diazepam to cerebral cortex and cerebellum

Scatchard plots of [3Hjdiazepam binding to cerebral cortex in control and DEP-pretreated membranes were determined in the absence and in

the presence of pentobarbital or muscimol. K,) and Bmax values were obtained by the linear regression of the binding isotherms. Binding assays

were performed as described in Table 1, using [1Hldiazepam concentrations between 0.2 and 20 nM. The values represent the mean ± standard

deviation of the number of experiments (each performed in triplicate) indicated in parentheses. Typical [1H1 diazepam Schatchard plots obtained

are described in Fig. 2.

Specific [CHidiasepam binding

Cortex Cerebellum

K!) Bmax K!) Bn,ax

nM fmoles/mg protein n� fmoles/mg protein

Control 9.22 ± 1.60 (4) 1802 ± 188 9.53 ± 1.12 (2) 788 ± 104

+ 1 mM DEP 8.96 ± 0.72 (3) 929 ± 028” 10.40 ± 1.56 (2) 445 ± 96�

+ 5 x iO� M pentobarbital 5.11 ± 0.34” (3) 1826 ± 103 3.04 ± O.62� (3) 736 ± 98

+ io-5 M muscimol 2.78 ± 0.61 “ (2) 1702 ± 45 2.93 ± 0.77” (2) 653 ± 95

+ 1 mM DEP + 5 x 10 � M pentobarbital 4.97 ± O.44� (3) 1299 ± 125 2.40 ± O.42� (2) 369 ± 78

+ 1 mM DEP + iO-5 M muscimol 3.50 ± 0.56’ (2) 1066 ± 225 2.66 ± O.89� (2) 455 ± 64

up > 0.005 as compared with control.

bp < 0.002 as compared with control.

�p > 0.005 as compared with DEP control.
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Control

� DEP-Treated

Dialysis Against Hydroxylamine (hrs)

FIG. 3. Hydroxylamine reversal of DEP inactivation of[HJdiaze-

pam binding to cortex

Control or DEP-pretreated (I mM) cortical membranes were placed

in washed dialysis sacs and dialyzed against 2 M hydroxylamine in pH

7.0 buffer for various times. The binding of [‘Hidiazepam (1 nM) was

measured as described under Materials and Methods at 0, 1, and 2 hr.

Table 3 summarizes the effect of sulfanilate on the
binding constants of [:IH]diazepam Thus, pretreatment
of cerebral cortex and cerebellar membranes with 1 mrvi
sulfanilate decreased the B,nax of [1H]diazepam binding
by 63% in cortex and 68% in cerebellum. Similar results
were obtained using hippocampal membranes (data not

shown).
Table 4 shows the effect of sulfanilate on the ability of

muscimol and pentobarbital to enhance [:IH]diazepam
binding in cortex and cerebellum. Following pretreat-
ment of these membranes with 1 m�i sulfanilate, musci-
rnol (10#{176}M) and pentobarbital (10_i M) were unable to

enhance [:IH]diazepam binding in these regions (Table
4). These results are in contrast to those obtained with
DEP treatment. Thus, although both DEP and sulfani-

late inhibit in a dose-related fashion the binding of li-
gands to the benzodiazepine binding site, only sulfanilate
abolishes the muscimol and pentobarbital enhancing ef-
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FIG. 4. Typical Scatchard plot of f’Hjdtazepanz binding to cortex

in control and following pretreatment u’ith diazotized sulfanilate

The experimental conditions used are described under Materials and

Methods. Similar results were replicated three times.

Effect of DEP and diazotized sulfanilate on [3H]

GABA binding. Extensively washed and freeze-thawed
membranes were incubated with DEP (pH 6.0) or sulfan-
Hate (pH 7.0) and centrifuged to remove the excess

reagent prior to its binding studies, as described under
Materials and Methods. Using a single-point analysis (4
nM [:IH]GABA) and using cortical membranes, 0.5 mi’.’i

sulfanilate reduced the specific [‘H]GABA binding from
a control value of 440 ± 43.2 fmoles/mg of protein (n =

4) to 234 ± 14.6 fmoles/mg of protein (n = 3). At 1 m�i
sulfanilate, the specific binding was decreased to 125 ±
21.6 fmoles/rng of protein (n = 4).

Table 5 summarizes the effect of sulfanilate on [‘H]
GABA binding to cortex and cerebellar membranes. Sul-
fanilate produced a dose-related inhibition of [3H]GABA
binding to both cortex and cerebellum. However, 2 and
5 mM sulfanilate inhibited [‘H]GABA binding to the
same extent. In contrast, DEP concentrations of 1-5 mrvt
gave variable enhancement of [:IH]GABA binding which

was not dose-related. In six experiments, we always ob-
served either no effect or enhancement of [.tH]GABA
binding in both cortex and cerebellum at 1-5 mr�i (data
not shown). However, at 10 mr�i DEP, a slight (10-20%)
inhibition of [‘H]GABA binding was observed.

To characterize further the effect of sulfanilate on

GABA binding, we determined the effect of 1 mr�i sulfan-
ilate on the binding constants Of[tH]GABA by Scatchard
analysis. Figure 5 shows a typical Scatchard plot of [tH]
GABA in control cerebral cortex (#{149})and sulfanilate-
pretreated (0) cortex. Control cerebral cortex bound [‘H]

GABA to a high- and a low-affinity site; however, follow-
ing the pretreatment with 1 mrvi sulfanilate, only the
high-affinity [‘H]GABA site could be detected. Thus, 1

mM sulfanilate, which abolishes the muscimol enhance-
ment of [‘H]diazepam binding, also eliminates the low-
affinity [:IH]GABA binding site. Table 6 summarizes the
effect of 1 mM sulfanilate on the binding constants of
[‘H]GABA to cortex and cerebellum. Similar results were
obtained using hippocampal membranes (data not
shown).

DISCUSSION

Our results indicate that modification of cortex, cere-
bellar, and hippocampal membranes with either DEP or
diazotized sulfanilate results in complete inactivation of
benzodiazepine binding sites. This interaction is dose-
related and appears to be due to a decrease in the Bniax

of the benzodiazepine binding sites, without any changes

in the apparent KD. In our study, besides using [‘H]
diazepam and [:3H]flunitrazepam we also used [‘H]PrCC
for studying benzodiazepine binding. [‘H]PrCC was cho-
sen since it appears to exhibit selectivity (under certain
conditions) toward a subpopulation of the benzodiaze-
pine receptors, especially in cerebellum (28). However,
DEP and sulfanilate did not exhibit any selectivity in
inactivating the benzodiazepine binding sites as indicated
by the findings that the binding of all three radioligands
was abolished in the three regions (Figs. 1 and 2). [‘H]
PrCC binding in the three regions was measured under
conditions which have been reported to show selectivity

in cerebellum (28). Although we have previously reported
that DEP (up to 1-2 mM) inactivated only a portion of
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TABLE 3

Effects of diazotized sulfanilate on specific fHJdiazepam binding

Membrane homogenates were incubated without or with 1 mat diazotized sulfanilate in pH 7.0 buffer at 37#{176}for 30 mm, followed by

centrifugation to remove excess reagent. The pellets were resuspended in pH 7.0 buffer and assays were performed at 0-4. [‘Hjl)iazepam

concentrations were varied between 0.2 and 20 nM to determine the Scatchard plots. The Kn and B ,,� � values were obtained by the linear

regression of the binding data. The results are the mean ± standard deviation of the number of experiments indicated in parentheses, each

performed in triplicate. Typical Scatchard plots obtained are shown in Fig. 4.

Specific [‘1H]diaz epam binding

Cortex Cerebellum

K!) B�, K!) B�,

flM pmoles/mg protein n� pmoles/mg

protein

Control 9.6 ± 1.9 (5) 1.513 ± 0.33 10.4 ± 2.2 (3) 1.946 ± 0.36

+ 1 mM sulfanilate 8.5 ± 1.5 (3) 0.559 ± 0.14�’ 8.3 ± 2.5 (2) 0.621 ± 0.22”

(1 � < 0.005 as compared with corresponding controls.

the [‘H]diazepam binding sites in whole brain (25), in
that study we did not use higher concentrations of DEP
since it had been reported in the literature that DEP, at
concentrations >1 mM, may modify groups other than
histidine (23, 24). However, a thorough literature survey
indicated that, in many cases, DEP at concentrations up
to 10 mM was used to modify histidine function selec-
tively (19-21). On this basis we reinvestigated the effect
of DEP (up to 10 mM) on the [3H]benzodiazepine binding.
Furthermore, in the present study we also have used
another reagent, diazotized sulfanilate, which can modify
histidine and tyrosine residues. The present study shows

that our earlier conclusion (25) that histidine modifica-
tion reveals heterogeneity of benzodiazepine receptors is
not justified.

The ability of DEP to inactivate all three benzodiaze-
pine ligand binding sites in the three regions indicates a
similar mechanism for inactivation. Thus, we were un-

able to distinguish the PrCC binding sites from diazepam
or flunitrazepam binding sites in any of the three regions.
Furthermore, the ability of hydroxylamine to reverse

DEP inactivation would suggest that a critical histidine
group is present at the benzodiazepine receptor protein.
Several other studies have used hydroxylamine reversal

TABLE 4

Effect ofdiazotized sulfanilic acid on /#{176}H]diazepam binding

Control and diazotized sulfanilate-pretreated membranes were in-

cubated with 1 nM [3Hldiazepam for 30 min at 0-4#{176}in the presence and

in the absence of muscimol (10�� M) or pentobarbital (10_i M). Basal

values obtained in absence of these ligands are represented as 100%. In

a typical experiment, 1 mM sulfanilate pretreatment decreased the

basal [3H}diazepam binding by 60% ± 12%. The results are the mean

± standard deviation of the number of experiments indicated in paren-

theses.

Specific [1Hldiazepam
binding

Cortex Cerebellum

% of control

Control 100 100

+ 10-#{176}M muscimol (4) 185 ± 10 214 ± 20

+ i0�; M pentobarbital (4) 158 ± 9 145 ± 9

Diazotized sulfanilate (1 mM) 100 100

+ 10-#{176}M muscimol (5) 104 ± 8 102 ± 6

+ i#{248}�M pentobarbital (4) 88 ± 10 90 ± 6

of DEP inactivation to characterize the histidine groups

in proteins (19, 20, 23).
It is widely accepted that the benzodiazepine-GABA

receptor-ionophore complex is composed of multiple in-

teracting components (4, 9). However, the coupling
mechanisms and functional groups that may be critical

for these interactions have yet to be defined. Several
laboratories have demonstrated that GABA agonists (3,
4, 7, 14, 18, 30) and barbiturates (13-15, 25) enhance [3H]
benzodiazepine binding to the brain membranes. The
second aim of the present study was to determine
whether we can selectively modify, with DEP or sulfan-
ilate, the coupling of GABA or pentobarbital binding

sites with the benzodiazepine binding sites. Partial mac-
tivation of [3H]diazepam binding by 1 rn�i DEP did not
alter the ability of either muscimol or pentobarbital to
enhance [3H]diazepam binding. Scatchard analysis mdi-

cated that 1 mi�i DEP decreases the Bmax of [1H]diazepam
by 40-50%; however, muscimol and pentobarbital were

able to increase the affinity of [3H]diazepam binding in
both control and DEP-pretreated regions to the same

extent as controls. These results indicate that the sites

which are not modified by DEP are able to interact with
the GABA and pentobarbital binding sites. Furthermore,
neither the percentage enhancement nor the EC50 values

of muscimol or pentobarbital were altered by DEP pre-
treatment.

Like DEP, sulfanilate did not alter the apparent lCD

TABLE 5

Inhibition ofspecific [1HJGABA binding by diazotized .s-ulfanilate

Freeze-thawed and extensively washed membranes were incubated

without or with various concentrations of diazotized sulfanilate for 30

mm at 37#{176},followed by centrifugation. [‘HIGABA binding was per-

formed at 0-4#{176}using 4 nM [‘1HIGABA. The results are the mean ±

standard deviation of the number of experiments indicated in paren-

theses, each performed in triplicate.

Sulfanilate Inhibition of specifi c [‘1H]GABA binding

Cortex Cerebellum

mM % (�

0.25 38 ± 6 (2) 47 ± 7 (2)

1.00 73 ± 11 (3) 68 ± 15 (3)

2.00 79 ± 15 (4) 83 ± 8 (3)

5.0 87 ± 9 (3) 85 ± 5 (4)

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


l00�

80-

. Control

0 I mM Sultonilote

CD

0
5<

a)

a)

LL
-% 40-
�0

C

0
ED 20-

04 .

0 0 2.0

I 3H � GABA Bound ( pmol /mg protein)

FIG. 5. Typical Scatchard plots of [1HJGABA binding to control

cerebral cortex (,) and following pretreatment with I mM diazotized

sulfanilate (0)

[‘H]GABA was varied between 0.25 and 1004 n�i, as described under

Materials and Methods. The K!) and B5,5, values are summarized in

Table 6.

but decreased the Bmax of benzodiazepine binding sites.

However, sulfanilate pretreatment of the three brain
regions differed from the DEP pretreatment since, fol-

lowing partial inactivation with sulfanilate, muscimol and
pentobarbital failed to enhance the [3H]diazepam bind-
ing in any of the three regions. Thus, although both DEP
and sulfanilate pretreatments inactivated [3H]benzodi
azepine binding, only sulfanilate prevents the ability of
muscimol and pentobarbital to interact with the [3H]

diazepam binding sites. Similar results were obtained
using [‘H]flunitrazepam as the radioligand (data not
shown). Since sulfanilate did not change the apparent
conformation of benzodiazepine binding sites (i.e., no
change in the K!.t values), it either (a) alters the coupling
mechanism or (b) interferes with the GABA and pento-
barbital binding sites. Since the exact coupling mecha-
nism(s) between GABA and benzodiazepine sites have
yet to be identified and defined, we investigated the
effect of sulfanilate on [‘H]GABA binding. It must be
recognized that GABA and benzodiazepine binding ex-
periments were not carried out with identical tissue prep-
arations. Our studies indicate that pretreatment with
sulfanilate (1 mM), which prevents the muscimol en-
hancernent of [:IH]diazepam binding, also inhibits [3H]
GABA binding. Scatchard analysis indicated that sulfan-

TABLE 6

58 BURCH ET AL.

(, NI), not detectable.

ilate (1 rnM) pretreatment selectively eliminates the low-
affinity [‘H]GABA binding sites in both cortex and cer-
ebellum. Elimination of the low-affinity GABA binding

sites by sulfanilate and the inability of GABA agonists
such as muscimol to enhance [‘H]diazepam binding fol-
lowing sulfanilate pretreatment strongly suggest that the
interaction of benzodiazepine binding sites with GABA
occurs via the low-affinity GABA receptors. This would

also be consistent with the concentrations of muscimol
that produce 50% enhancement of [:IH]diazepam binding

� � � (3, 7, 14, 18). These results are also in agreement with
30 4.0 recent studies with thiocyanate (31), sulfhydryl reagents

(18), protection and heat inactivation experiments (32),
and diazeparn enhancement of low-affinity GABA recep-

tors (33), which also support the notion that the low-
affinity GABA receptors stimulate benzodiazepine bind-
ing.

Since sulfanilate pretreatment also abolishes pento-

barbital and GABA enhancement of [3H]diazepam bind-
ing, it is possible that it may also modify the [‘H]DHP

binding sites, since pentobarbital apparently acts via the
DHP-sensitive site of the benzodiazepine-GABA recep-
tor-ionophore complex (34, 35). The possibility that sul-

fanilate modification of low-affinity GABA binding sites
also produces perturbation of the barbiturate/DHP site
cannot be ruled out. However, since sulfanilate pretreat-
ment abolishes both the muscimol and the pentobarbital
enhancing effect, it is feasible that sulfanilate affects the
coupling of GABA and barbiturate receptors to the ben-
zodiazepine receptor. Furthermore, since sulfanilate, but
not DEP, inhibits GABA binding and muscimol enhance-
ment of diazepam binding, it is apparent that sulfanilate
may modify some other functional groups besides histi-

dine (e.g., tyrosine), or it may simply interact with differ-
ent histidine residues. Further studies on the effect of

sulfanilate and other group-selective reagents on the
interaction of various components of the benzodiazepine-
GABA receptor-ionophore complex should provide use-
ful information about the molecular nature of this oligo-
meric complex.
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Effect ofdiazotized sulfanilate on /#{176}H]GABA binding

Membranes were treated as described under Materials and Methods. GABA Scatchard plots were determined using 12 concentrations of [3H1
GABA (0.25-1004 nM). The K1 and Bna, for the control group were determined by the Feldman analysis (29), assuming one ligand binding to two

noninteracting sites. [‘1H]GABA Scatchard plots in the sulfanilate-treated group exhibited a single site (see Fig. 5). The values represent the mean

± standard deviation of four control and three treatment experiments for cortex and three control and three treatment experiments for cerebellum.

Treatment Specific [‘1HIGABA binding
Cortex Cerebellum

K1 B,,,� K!) Bmax

K1 K12 “I ,2 K,)’ K!) B,,u,x2

flM pmoles/mg protein nM pmoles/mg protein

None 8.3 ± 2.8 154 ± 28 0.437 ± 0.11 4.883 ± 0.74 7.6 ± 1.7 40 ± 4.7 0.869 ± 0.22 3.091 ± 0.46

Sulfanilate, 1 mM 17.0 ± 4.8 ND’ 0.328 ± 0.12 ND 10.2 ± 2.5 ND 0.585 ± 0.26 ND
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