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ABSTRACT

The rat liver peripheral-type benzodiazepine receptor
(PBR) was characterized by ligand binding with [’H]Ro5-4864
and by photolabeling using [*H]PK 14105. The native liver
receptor could be solubilized with digitonin. The Mr of the
native photolabeled receptor was 170 kDa while a single Mr
19 kDa protein was identified under denaturing conditions.
Radioligand binding to rat liver subcellular fractions
showed protoporphyrin IX had a 6.2-fold greater affinity for
[H]Ro5-4864 binding sites in mitochondria than in
microsomes. Although heterogeneity of the rat liver
benzodiazepine binding site, but not the isoquinoline
binding site, was observed, a single 19 kDa protein band was
identified by photolabeling with an isoquinoline ligand.

Bovine and rat PBR have a similar tissue and
subcellular distribution, but are pharmacologically and
biochemically distinct. The bovine PBR had low affinity for
Ro5-4864 and diazepam while [3H]PK 11195 binding was
insensitive to modification of histidine residues. The
native Mr the receptor was 200 kDa by gel filtration.
Photolabeling identified a 17 kDa protein from both rat and
bovine adrenal mitochondria under denaturing conditions.

An affinity matrix was constructed to purify the native

components of the PBR from both species, but the PBR could
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not be eluted from the matrix. To compare receptor
components, the cDNA encoding the rat isoquinoline binding
protein was used to screen a fetal calf adrenal cDNA
library. A 822 base pair bovine cDNA was identified that
encoded a polypeptide of 169 amino acids which had 78%
positional identity to the rat prctein and was 97% similar
after accounting for conserved replacements. Comparison of
the amino acid sequences indicates the rat and bovine
proteins are homologs and the species differences in ligand
binding may not be due to differences in the primary
sequence of the isoquinoline binding proteins.

Our results indicate the common characteristics of PBR
is their ability to bind isoquinoline ligands, not
benzodiazepine ligands, with high affinity. A conserved 17-
19 kDba protein is required for demonstration of this
receptor. A new nomenclature is presented which designates

these receptors as 7 (tau) receptors.
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CHAPTER 1

INTRODUCTION

Benzodiazepines are one of the most widely prescribed
class of drugs that are clinically used for their
antianxiety, anticonvulsant, muscle relaxant, and hypnotic
effects (Harvey, 1985). These agents are believed to exert
their therapeutic effects by interacting at specific sites
in the central nervous system. Demonstration of specific
drug binding sites is important for understanding the
location and potential mechanisms of action. Benzodiazepine
receptors were described in the central nervous system using
radioligand binding techniques (Braestrup and Squires, 1977;
Mohler and Okada, 1977). The affinity of various
bz2nzodiazepines binding to neural membranes correlated with
drug concentrations required to elicit physiological effects
indicating the binding sites were pharmacologically relevant
receptors (Mohler and Okada, 1977; Braestrup and Squires,
1978; Tallman et al., 1980). These central-type
benzodiazepine receptors (CBR) were shown to be specific,
stereoselective, high affinity, benzodiazepine binding
sites.

Specific high affinity diazepam binding sites were also

observed in peripheral tissues, such as kidney, liver, and
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lung (Braestrup and Squires, 1977). Peripheral binding
sites had different affinities for several benzodiazepine
ligands than the central-type benzodiazepine binding sites
(Regan et al., 1981; Marangos et al., 1982). These
anomalous peripheral sites do not seem to mediate
therapeutically relevant effects of benzodiazepines due to
their extraneural localization. However, peripheral-type
binding sites were also described in neural tissues
(Marangos et al., 1982; Schoemaker et al., 1983a). Evidence
has accumulated suggesting these anomalous benzodiazepine
binding sites are indeed pharmacologically relevant
receptors.

Peripheral-type benzodiazepine receptors (PBR) may
mediate effects of benzodiazepines not related to
interactions at the CBR coupled to an anion channel.
Understanding the pharmacological, physiological, and
biochemical properties of the PBR may facilitate the design
of more specific centrally active benzodiazepines, thereby
minimizing undesired neural and non-neural effects, and also
lead to therapeutiically relevant agents whose actions are

mediated by the PBR.

Peripheral effects of benzodiazepines

Benzodiazepines have effects which are not attributed

to receptor-specific interactions with the CBR. Diazepam
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.promotes mouse liver tumors initiated with N-
nitrosodiethylamine (Diwan et al., 1986). Prolactin-
stimulated mitogenesis of Nb2 rat lymphoma cells is enhanced
by benzodiazepine ligands while diazepam inhibits
proliferation of several cell types (Laird et al., 1989;
Clarke and Ryan, 1980; Nagele et al., 1983; Marano et al.,
1984). Curran and Morgan (1985) showed benzodiazepines
specifically enhanced nerve growth factor-stimulated c-fos
oncogene expression suggesting benzodiazepines can effect
cell differentiation. Daval et al. (1988) showed
morphological changes in fetal rat brain cultured neurons
after treatment with diazepam. These reports suggests a
role for benzodiazepine receptors in mediating cell
mitogenesis and differentiation.

Benzodiazepines have effects on the cardiovascular
system including changes in blood pressure and cardiac
output (Rao et al., 1973; IKkram et al., 1973; Al-Khudhair et
al., 1982). Endocrine effects of benzodiazepines have been
demonstrated (Grandison, 1983; Deckert and Marangos, 1986;
Gavish et al., 1986; Ritta et al., 1987). Ritta et al.
(1987) observed changes in human chorionic gonadotropin-
stimulated testosterone secretion from rat testes after
treatment with diazepan.

Some of these peripheral effects may involve a central

nervous system component. For example, an increase in ileal
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water absorption was observed after intracerebroventricular
injections of diazepam in rats (Fogel et al., 1987).
However, the divers2 effects of benzodiazepines on cell
growth and differentiation, the endocrine system, the
cardiovascular system, and fluid balance may be mediated in
part or in whole by neural and/or non-neural peripheral-type

receptors.

Comparison of central-type and peripheral-type receptors

The therapeutic actions of clinically useful
benzodiazepines are believed to be due to specific drug-
receptor interactions in central nervous system neurons.
The CBR has been associated with a neural y-aminobutyric
acid (GABA) regulated chloride ionophore complex (Costa and
Guidotti, 1979:; Haefely and Polc, 1986). Antibody
localization of the chloride ionophore showed the ligand
regulated anion channel was found in pre~ and postsynaptic
membranes (Mohler et al., 1986).

The effects of benzodiazepines are due to increasing
neuronal membrane electrical stability (Haefely and Polc,
1986) . GABA binding to its receptor increases the flow of
chloride through an anion channel resulting in membrane
hyperpolarization (Barker and Owen, 1986). Benzodiazepines
have no direct effect on the anion channel, but increase

affinity of the GABA receptor for GABA (Barker and Owen,
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1986; Tallman et al., 1980; Costa et al., 1978). The
result of increased GABA receptor affinity induced by
benzodiazepine agonists is an increased probability of
chloride channel opening resulting in membrane
hyperpolarization (Study and Barker, 1981).

There are several structural requirements described for
ligand interactions with the CBR. Nl-desalkyl-1,4-
benzodiazepines that are not substituted in the 4'-phenyl
position, such as clonazepam, are more efficacious and have
a higher affinity for the CBR than the corresponding N1-
alkyl-4‘'-substituted analogs (Wang et al., 1984a). High
affinity binding to the CBR shows stereospecific preferences
(Braestrup and Squires, 1977; Mohler and Okada, 1977; Wang
et al., 1984a).

In contrast to the CBR, high concentrations of the PBR
are found in peripheral organs, particularly steroidogenic
organs where the receptor is primarily localized on
mitochondria (Anholt et al., 1985a; Anholt et al., 1986a;
Antkiewicz-Michaluk et al., 1988a). Centrally, PBR occur in
glia with lower concentration in neurons (Marangos et al.,
1982; Schoemaker et al., 1983a; Anholt et al., 1984; Anholt
et al., 1985a). Ontological studies show the density of
PBR, unlike that of CBR, increases during embryonal
development in the rat brain (Anholt et al., 1985a).

Subcellular fractionation studies indicate the neuronal PBR
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is associated with mitochondria, nuclei, and synaptosomes
(Marangos et al., 1982; Schoemaker et al., 1983a; Basile and
Skolnick, 1986).

Benzodiazepines that bind with high affinity to the PBR
are anxiogenic and proconvulsant and these effects are
probably not due to interactions at the CBR coupled to the
GABA-regulated chloride channel (File and Pellow, 1985a;
Weissman et al., 1985; Gee, 1987; Gee et al., 3588).
Radioligand binding studies determined that GABA does not
influence the affinity of ligands for the PBR (Patel et al.,
1982; Marangos et al, 1982; Schoemaker et al., 1983a).

The PBR has different structural requirements for
benzodiazepine ligand than the CBR. Most notably, N1~
alkylation and 4'-chlorophenyl substitutions of 1,4-
benzodiazepines increases affinity for the PBR. Ro5-4864
(4'=-chlorodiazepam) is the prototypical PBR benzodiazepine
ligand (Wang et al., 1984a). Stereoselectivity of
benzodiazepine ligands has not been demonstrated for
interactions with the PBR (Marangos et al., 1982; Schoemaker
et al., 1983a; Wang et al., 1984a). Isoquinoline ligands,
such as PK 11195, also bind to the PBR, but not the CBR,
with high affinity and exclude benzodiazepine binding at
peripheral-type sites in a reversible competitive manner
(LeFur et al., 1983a).

Differences between the PBR and CBR have been reported
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such as structural requirements for high affinity ligand
binding, tissue and subcellular distribution, and
physiological effects. These characteristics show the PBR

and CBR are pharmacologically distinct receptors.

Tissue and_subcellular distribution
of peripheral-type receptors

PBR organ and tissue distribution is heterogeneous with
high concentrations occurring in steroidogenic organs and
glandular tissues such as adrenal glands, testes, ovaries,
salivary gland, and uterus (Anholt et al., 1985a; Fares et
al., 1987; Antkiewicz-Michaluk et al., 1988a). Heart, kidney,
and aortic smooth muscle also demonstrate intermediate
concentrations of PBR while the small intestines, brain, liver
and skeletal muscle have few sites (Braestrup and Squires,
1977; Taniguchi et al., 1982; Schoemaker et al., 1983a; Anholt
et al., 1985a; French et al., 1988; Antkiewicz-Michaluk et
al., 1988a). The PBR is also found on mast cells and
platelets (Wang et al., 1980; Taniguchi et al., 1980; O'Beirne
and Williams, 1984). In fact, PBR have been demonstrated in
all mammalian tissues studied to date.

Whole body autoradiography of neonatal rats showed PBR
density distribution was coincident with the density
distribution of cytochrome c oxidase, an inner mitochondrial

membrane enzyme (Anholt et al., 1985a). Anholt et al. (1985a)
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suggested tissues deriving energy primarily from oxidative
phosphorylation had high concentrations of PBR compared with
tissues using glycolysis as the primary energy source.
However, another study showed the mitochondrial density of PBR
and two mitochondrial enzymes involved with intermediary
metabolism, cytochrome c oxidase and succinate dehydrogenase,
did not correlate in several tissues thus disputing the
previous assertion (Antkiewicz-Michaluk et al., 1988a).

The PBR has discrete localizations within organs. 1In the
adrenal gland, a high density of PBR occurs in the cortex
while being absent in the medulla. The posterior pituitary
has the highest concentration of PBR in that gland (DeSouza et
al., 1985). In testes, PBR are localized to the interstitial
tissues (Desouza et al., 1985). In the rat brain, the
olfactory bulb has a high receptor density (Anholt et al.,
1984; Schoemaker et al., 1983a). PBR were also localized to
the choroid plexus, ependymal linings, and spinal coxd in the
central nervous system (Anholt et al., 1984; Villager, 1984;
Villager, 1985). Glia have higher concentrations of PBR while
lower densities are found in neurons (Schoemaker et al., 1982;
Anholt et al., 1984; Bender and Hertz, 1986). Autoradiography
and microdissection of kidneys revealed the greatest
concentration occur in the cortex, particularly in the distal
tubule, the thick ascending loop of Henle, and the collecting

tubule (Beaumont et al., 1984; Butlen, 1984).
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Subcellular distribution studies indicate the majority of

PBR cofractionate with mitcchondrial enzyme markers in most
tissues (Anholt et al., 1986a; Antkiewicz-Michaluk et al.,
1988a; Hirsch et al., 1988a). Further evidence suggests
localization to the outer mitochondrial membrane (Anholt et
al., 1986a; Hirsch et al., 1988a). Other subcellular
localizations have been indicated, particularly in tissues
which are not appreciated as steroid elaborating. Populations
of PBR have been described in heart sarcolemma, lung nuclei,
neural synaptosomes, and liver plasma membranes (Doble et al.,
1985; Mukherjee and Das, 1989; Basile and Skolnick, 1986;
O'Beirne and Williams, 1986). No intraspecies pharmacological
or biochemical differences have been observed between
mitochondrial and non-mitochondrial PBR. The discrete organ,
tissue, cellular, and subcellular distribution of the PBR
suggests the receptor is fundamental in affecting specific

physiological functions.

Physiological effects of peripheral-type receptor ligands
Ligand which specifically interact with the PBR have many

diverse effects. In the central nervous system, CBR
benzodiazepine agonists are anxiolytic and anticonvulsant,
whereas Ro5-4864 is anxiogenic and proconvulsant (File and
Lister, 1983; Weissman et al., 1983; Benavides et al., 1984a;

File and Pellow, 1985a,b; Weissman et al., 1985; Valin et al.,
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1986; Massotti et al., 1986). The anxiogenic and
proconvulsant effects of Ro5-4864 are usually not reversed by
PK 11195, a PBR-specific putative antagonist isoquinoline.
However, PK 11195 can inhibit the proconvulsant effects of
Ro5-4864 on audiogenic seizures in DBA/2J mice (Benavides et
al., 1984a). Several studies suggest PBR benzodiazepine
ligands exert their CNS effects by direct interactions with
the t-butylbicyclo-phosphorotionate (TBPS) binding site of a
GABA-regulated chloride ionophore. (File an Pellow, 1985a;
Weissman et al., 1985, Valin et al., 1986). Ligand affinity
for the TBPS site correlates with proconvulsant potency (Gee
et al. 1987; Gee, 1987). These results suggest PBR
allosterically modulates a GABA-regulated chloride ionophore,
but the nature of the benzodiazepine receptor-GABA receptor-
chloride ionophore interaction is different than that observed
for CBR ligands.

Benzodiazepines affect cell growth and differentiation
and these effects appear to be mediated through the PBR.
Benzodiazepines inhibit proliferation of 3T3 cells (Clarke and
Ryan, 1980), chick embryo fibroblasts (Nagele et al., 1983),
thymoma cells (Wang et al., 1984b) and Dunaliella, a green
flagellate algae (Marano et' al., 1984). The ability of
several benzodiazepine ligands to inhibit thymoma cell growth
correlated with the affinity for the peripheral-type binding

site (Wang et al., 1984b). Laird et al. (1989) showed both
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peripheral benzodiazepine and isoquinoline ligands enhanced
prolactin-stimulated mitogenesis in the rat Nb2 lymphoma cell
line and the maximal effect was observed using nanomolar drug
concentrations. Benzodiazepines were shown to promote tumors
(Diwan et al., 1986) and stimulate differentiation of Friend
cells (Clarke and Ryan, 1980; Wang et al., 1984c).

The effects of PBR ligands may be due to modulation of
voltage-operated calcium channels (VOCC) (Rampe and Triggle,
1986). PK 11195 can modulate a BAY K8644 sensitive VOCC in
guinea pig heart and direct interactions were observed between
PBR ligands and the dihydropyridine receptor associated with
a VOCC in rodent tissues (Mestre et al., 1986a,b; Cantor et
al., 1984). Although heart PBR and dihydropyridine receptors
have a similar cardiac subcellular distribution, radiation
inactivation studies to estimate receptor size showed
different Mr estimation for both receptors (Doble et al.,
1985). However, this does not preclude the possibility of
allosteric or functional interactions between the PBR and
dihydropyridine receptors or between the PBR and a VOCC. PBR
ligands modulate calcium channels in GH; pituitary cells
(Gershengorn et al., 1988), inhibit calcium dependant
potassium induced aldosterone secretion from glomerulose cells
(Shibata et al., 1986), increase potassium stimulated calcium
uptake into synaptosomes (Mendelson et al., 1984), and inhibit

calcium dependant potassium stimulated B-endorphin release
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from AtT 20 cells (Biserbee et al., 1986).

The high density of PBR in mitochondria of steroidogenic
tissues suggests a role for the PBR in steroid synthesis.
Ritta et al. (1987) showed Ro5-4864 increased human chorionic
gonadotropin-stimulated testosterone secretion from rat
testes, In a later study, the effect was demonstrated in
testicular interstitial cells and could be evoked by PK 11195
or Ro5~-4864 (Ritta and Calandra, 1989). Several other studies
have shown PBR ligands stimulate steroidogenesis both in
intact cells and isolated mitochondria (Besman et al., 1989;
Barnea et al., 1989; Mukhin et al., 1989; Papadopolous et al.,
1990). Increased steroidogenesis was due to an increased rate
of cholesterol transport from the outer to the inner
mitochondrial membranes, the rate 1limiting step in the
conversion of cholesterol to pregnenolone (Besman et al.,
1989; Mukhin et al, 1989; Papadopolous et al., 1990). The
affinity of various ligands for the PBR agrees with the
ability to stimulate steroidogenesis (Mukhin et al., 1989;
Papadopolous et al., 1990). The underlying mechanism(s) of
these effects of PBR ligands remain to be defined.

Other studies of the mitochondrial PBR suggest the
receptor modulates oxidative phosphorylation. Hirsch et al.
(1988b) showed PBR ligands inhibit rat kidney mitochondria
respiratory control, and the inhibitory affect was in

agreement with ligand affinity for the PBR and agreés with
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different receptor densities in different tissues. Larcher et
al. (1989) observed PBR ligands effect oxygen consumption in
neuroblastoma cells which also suggests a mitochondrial site
of action. These reports provide supporting ev%dence for a
function in intermediary metabolism for the mitochondrial PBR
(Anholt, 1986b).

Several other effects of PBR ligands have been observed
including enhanced arachidonate-stimulated respiratory bursts
in macrophages (Z2avala and Lenfant, 1987), increased
macrophage chemotaxis (Ruff et al., 1985), stimulation of
phospholipid methylation (Strittmatter et al., 1979), enhanced
activation of muscimol-dependent activation of phospholipase

A (Majewska and Chuang, 1985), and mediation of

2
phosphatidylcholine synthesis from phosphatidylethanolamine in
C6 glioma cells (Feller et al., 1983). There may be a single
second messenger system or multiple signal transducing

pathways to mediate the pleiotropic effects of PBR ligands.

Requlation of the peripheral-type receptor
The PBR can be specifically upregulated or downregulated

in various tissues. In acutely stressed rats, PBR density
increases within 15 minutes in olfactory bulb and kidney while
no changes in density were observed in heart or cerebral
cortex (Novas et al., 1987). Inescapable shock reduced the

density of PBR in kidney, cerebral cortex, heart, and
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pituitary (Drugan et al., 1986). Surgical stress caused an
increase in brain and kidney PBR density 1 and 3 days post-
surgically, and the receptor density returned to basal levels
after 7 days (Okun et al., 1988). These studies suggest a
neural component in regulating PBR density in some organs, but
not others.

The PBR can also be regulated by endocrine and
neuroendocrine mechanisnms. Gonadotropin and
diethylstilbestrol uprequlated PBR 2~ to 3~fold in ovaries
while no effect was observed in kidney (Fares et al., 1987).
Estradiol treatment of male rats resulted in downregulation of
testicular PBR and upregulation of renal PBR (Anholt et al.,
1985b; Fares et al., 1989). Hypophysectomy decreased the
number of adrenal PBR while no change was observed in the
kidney PBR density. The decrease in adrenal PBR was reversed
with adrenocorticotropic hormone (ACTH) (Fares et al., 1989).
Adrenalectomy downregulates the kidney PBR and the
downregulation was reversed with aldosterone (Basile et al.,
1985). Furthermore, treatment of rats with hydrocortisone,
hydrochlorothiazide, furosemide, and Ro5-4864 results in
increased renal PBR density (Basile et al., 1988; Fares et
al., 1989). Increased number of renal PBR were also observed
in deoxycorticosterone/salt hypertensive rats (Regan et al.,
1980)

Other drugs have effects on PBR densities in various
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organs. Chemical hyperthyroidism produced in rats by
treatment with D-thyroxine (T,) resulted in upregulation of
kidney, heart, testicle, and brain PBR with more pronounced
effects in peripheral organs (Gavish et al., 1986).
Chlorpromazine treatment resulted in PBR downregulation in the
heart and kidney and upregulation in the brain (Gavish and
Weizman, 1989). Only the upregulation was reversed by
chlorpromazine withdrawal. An increase in brain PBR was
observed in rats chronically treated with ethanol (Schoemaker
et al., 1983b). Treatment of Friend cells with Ro5-4864
resulted in a rapid downregulation of PBR, a common phenomenon
of neurotransmitter receptors after exposure to agonist
ligands (Johnson et al., 1986). The studies of PBR regulation
indicate the receptor density changes are often tissue
specific and these changes have varied causes including
injury, chemical exposure, and exposure to benzodiazepine
ligands. Receptor regulation appears to be affected by

neural, endocrine, and neuroendocrine control mechanisms.

Peripheral-type receptor ligand binding sites
Benzodiazepine 1ligands, typified by Ro5-4864, and

isoquinoline ligands, exemplified by PK 11195, bind to the rat
PBR with high affinity. The binding of these ligands to the
PBR is mutually exclusive in a reversible competitive manner

and several ligands have a similar same rank order of potency
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for both sites (LeFur et al., 1987; Verma and Snyder, 1989).
Other compounds demonstrate moderate to high affinity for the
PBR including anion transport inhibitors (Lukeman and
Fanestil, 1987; Basile et al., 1988), pyrethroids (Devaud and
Murray, 1988), porphyrin dicarboxylates (Verma et al., 1987;
Verma and Snyder, 1988) and dipyridamole (Davies and Huston,
1981; Skowronski et al., 1987; Hirsch et al., 1988a). No
differences in ligand specificity have been observed for
displacing isoquinoline or benzodiazepine radioligands.
Ligand binding properties of the PBR can be inactivated by
heat and proteolytic enzymes indicating the receptor, in whole
or in part, is comprised of proteins (Braestrup and Squires,
1977; Schoemaker et al., 1983a; Gavish and Fares, 1985).
Differences in the benzodiazepine and isoquinoline
binding sites have been observed. The two types of ligand
binding sites can be differentiated on the basis of
sensitivity to detergents, ion concentrations, enzymes, and
amino acid residue modifying reagents and by perturbation of
the ligand binding properties by storage conditions. The
differences observed in the PBR ligand binding sites has led
to the <conceptualization that the isoquinoline and
benzodiazepine sites are overlapping, but not identical
(Lueddens and Skolnick, 1987; Skowronski et al., 1987).
The peripheral-type receptor benzodiazepine binding site.

The benzodiazepine ligand binding site of the rat PBR is
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defihed by the rank order of binding affinity for 1,4-
benzodiazepines: Ro5-4864 > diazepam > flunitrazepam >
clonazepam (Braestrup and Squires, 1977; Regan et al., 1981;
Marangos et al., 1982; Schoemaker et al., 1983a; Wang et al.,
1984a). Structure activity relationship studies showed
alkylation at the N1 position was essential for binding to the
PBR. Wang et al. (1984a) postulated that the electron
induction effect imparted by alkylation of the amide nitrogen
increased the nucleophilicity of the adjacent aromatic ring
conjugated to the cyclic amide nitrogen. However, elimination
of the carbonyl moiety decreased the affinity 100-fold and the
authors did no exclude the possibility that Nl-alkylation may
increase the electronegativity of the amide carbonyl group.
Halide substitutions of the phenyl moiety also increase
selectivity for the PBR. Stereospecificity has not been
demonstrated for PBR benzodiazepine ligands (Braestrup and
Squires, 1977; Schoemaker et al., 1983a; Wang et al., 1984a).
Specific Ro5-4864 binding to rat tissues is temperature
dependant which suggests Ro5-4864 is an agonist or partial
agonist based on a thermodynamic definition (LeFur et al.,
1983b). Benzodiazepine binding site stability is temperature
sensitive and is unstable at -20°C, but stable at -80°C (Basile
et al., 1987). Lueddens and Skolnick, (1987) found anions
specifically reduced the affinity of benzodiazepine binding

without affecting isoquinoline binding. Micromolar
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concentration of 4,4'-diisothiocyanostilbene-2,2'~disulfonic
acid, an anion transport inhibitor, reduced 80% of Ro5-4864
binding while not affecting isoquinoline binding.

Most detergents are not usefui for solubilization of the
PBR benzodiazepine site. Digitonin has been used to
solubilize the PBR with benzodiazepine 1ligand binding
properties intact (Gavish and Fares, 1985; Anholt et al.,
1986a; Lukeman and Fanestil, 1987; Beaumont et al., 1988).
Triton X-100 has also been used, but must be removed beforé
demonstration of ligand bihding activity (Martini et al.,
1983).

Arachidonate, and lipids reduce receptor affinity for
benzodiazepine ligands (Skowronski et al., 1987; Beaumont et
al., 1988). The effects of lipids were also observed with
solubilized receptor suggesting lipids interact directly with
the PBR and the effect is not due to a change in membrane
fluidity. Dithiothreotol (DTT), a sulfhydryl reducing agent,
also decreases ligand binding to the PBR (Skowronski et al.,
1987). Preincubation of membranes with PK 11195 enhanced the
effects of DTT to reduce benzodiazepine binding.
Phospholipase A, and mellitin, a phospholipase A, stimulator,
decrease the affinity of the benzodiazepine site (Havoundjian
et al., 1986; Doble et al., 1987a). Inhibition of radioligand
binding by phospholipase A, may be due to the release of

arachidonate. Pyruvate dehydrogenase, an inner mitochondrial
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membrane enzyme, decreases the number of PBR benzodiazepine
binding sites (Daval et al., 1989). The PBR benzodiazepine
binding site appears to be sensitive to perturbation of
hydrophobicity at or near the 1ligand site, anion
concentrations, and the integrity of a sulfhydryl group.

The peripheral-type receptor isoquinoline binding site.
The isoquinoline site of the rat PBR is characterized by high
affinity binding of PK 11195 (LeFur et al., 1983a). Binding
of ligands to the isoquinoline site has been demonstrated to
be stereospecific using a pair of enantiomers, PK 14067 and PK
14068 (Dubroeucq et al., 1986). Isoquinoline ligands also
appear to be tolerant of substitutions on the phenyl moiety.
PK 11211 and PK 14105, the 2'-fluorophenyl and 2'-fluoro-5'-
nitrophenyl analog of PK 11195, have high affinity for the
isoquinoline binding site (Lueddens and Skolnick, 1987; Doble
et al., 1987b). PK 14105 is a PBR photoaffinity label which
specifically and irreversibly incorporates into the receptor
upon exposure to near-ultraviolet light (Doble et al., 1987b).

Isoquinoline ligand binding is temperature independent
and these ligands have been identified as putative PBR
antagonist based on thermodynamic considerations (LeFur et
al., 1983b). The isoquinoline site is unaffected by storage
at =-20°C and is not as temperature sensitive as the
benzodiazepine site (Basile et al., 1987). The isoquinoline

site can be solubilized with CHAPS or digitonin and also
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appears to be less sensitive to detergents than the
benzodiazepine site (Anholt et al., 1986a,c; Doble et al.,
1985; Doble et al., 1987a).

The affinity and/or number of PBR isoquinoline sites can
be altered by several agents including an amino acid residue
modifying reagent, enzymes, and a reducing agent. In contrast
to the benzodiazepine site, the isoquinoline site appears to
be less sensitive to modification of a hydrophobic environment
and anion concentrations. However, diethylpyrocarbonate
(DEPC), an nucleophilic amino acid modifying reagent with
specificity for histidine at low concentrations, decreases PK
11195 binding by 40 to 70% at 2 mM concentrations (Benavides
et al., 1984b; Doble et al., 1987a; Skowronski et al., 1987;
Eshleman and Murray, 1989). The effect of DEPC on the
isoquinoline site 1is concentration dependant and can be
blocked by PK 11195, Ro5-4864, or dipyridamole. DEPC has only
minimal effects on Ro5-4864 interactions with the receptor
(Benavides et al., 1984b; Skowronski et al., 1987). DTT also
reduces PK 11195 ligand binding, but the effect is not
enhanced by prior treatment with PBR ligands and the magnitude
of the effect is less than that observed for Ro5-4864 binding
(Skowronski et al., 1987).

Enzymes also affect isoquinoline binding to the PBR.
Phospholipase A, increased the number of isoquinoline binding

sites without changing receptor affinity (Havoudjian et al.,
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1986; Doble et al., 1987a). Pyruvate dehydrogenase decreased
the number of PK 11195 binding sites in a similar manner as
that observed for the PBR benzodiazepine site (Daval et al.,
1989). These results indicate PK 11195 binding is dependant
on a nucleophilic species, probably a histidine, whereas Ro5-
4864 binding is not.

Interactions of the benzodiazepine and isoquinoline
binding sites. Although benzodiazepine and isoquinoline
binding to the PBR is mutually exclusive and both sites appear
to have similar 1ligand specificity, differences in
perturbation of the sites suggests they are overlapping but
not identical (Lueddens and Skolnick, 1987; Skowronski et al.,
1987) . The benzodiazepine site is more sensitive to
alterations of hydrophobicity whereas isoquinoline binding is
sensitive to modification of a nucleophilic species, probably
histidine. The PBR can be solubilized with digitonin to
conserve the ligand binding properties of both sites. The
molecular nature of the 1ligand binding sites and their
interactions require further investigation.

Irreversible peripheral-type receptor ligands.
Irreversible 1ligands covalently modify the receptor site
preventing access to or decreasing receptor affinity for
reversible ligands. PK 14105, the p-fluoronitrophenyl analog
of PK 11195, is a PBR specific photoaffinity ligand (Doble et

al., 1987b). PK 14105 reversibly interacts with the PBR in
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the absence of light and, upon exposure to near-ultraviolet
light, binds irreversibly. The mechanism of covalent
modification was proposed to be nucleophilic substitution of
the 2'-fluorine moiety of PK 14105. Incorporation of PK 14105
can be blocked by reversible high affinity PBR benzodiazepine
or isoquinoline ligands. Doble et al. (1987b) showed PK 14105
decreases the total number of available ligand binding sites
and has no effect on receptor affinity for ligands.

AHN 086, an Nl-ethylisothiocyanate analog of Ro5-4864, is
an irreversible PBR benzodiazepine ligand (Lueddens et al.,
1986). The mechanism of AHN 086 covalent modification is
probably by nucleophilic substitution of the isothiocyanate
moiety resulting in alkylation of the receptor protein(s).
Due to the high reactivity of the isothiocyanate moiety and
because ligand~-receptor equilibrium is not attained before
activation of the reactive species, labeling is less specific
than with photoaffinity ligands. AHN 086 decreases the number
of benzodiazepine binding sites without decreasing the number
of isoquinoline sites, but decreases the affinity of both
sites for their respective ligands (Lueddens et al., 1986).

An isothiocyano-isoquinoline compound with a chiral
center, AHN 070, has also been synthesized (Newman et al.,
1987). Unlike PK 14105, a racemic mixture of AHN 070
decreases the affinity of reversible benzodiazepine and

isoquinoline ligands for the PBR, but not the number of ligand
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binding sites. The mechanism of AHN 070 activity is believed
to be the same as that postulated for AHN 086; alkylation of
the receptor by nucleophilic substitution of the
isothiocyanate moiety. Only slight differences were observed
in the potency of the pure AHN 070 enantiomers to irreversible
modify the PBR.

Putative endogenous 1ligands for the peripheral-type
receptor. Several attempts have been made to purify an
endogenous ligand for the PBR. Beaumont et al. (1983) found
low molecular weight, heat stable, hydrophobic compounds in
urine which inhibited Ro5-4864 binding. Postulating the
inhibitory compounds may be 1lipids, radioligand binding
competition experiments using a series of structurally diverse
lipids showed high concentrations were required to decrease
receptor affinity for Ro5-4864. PK 11195 binding was affected
to a lesser extent. Cis isomers of 1lipids possessing an
unsaturated acyl group were more potent than trans isomers to
inhibit [’H]Ro5-4864 binding. Phosphatidylethanolamine was
equipotent at inhibiting [*H]Ro5-4864 and [3H]PK 11195 binding.
Since inhibitory effects could be demonstrated with a soluble
receptor preparation, effects of lipids on membrane fluidity
were discounted.

A plasma component was partially purified which inhibited
ligand binding to the PBR, CBR, and also inhibited monoamine

oxidase activity (Elsworth et al., 1986). The low molecular



38
weight compound(s), named tribulin, was neutral and heat
stable. Reactivity with Ehrlich's reagent suggested the
presence of an indole as a component of the mixture. Tribulin
has not been purified to homogeneity and the properties of
tribulin cannot be attributed to a single compound.

Several peptides related to diazepam binding inhibitor
(DBI, endozepine) have been suggested as endogenous ligands
for the PBR. Besman et al. (1989) purified a peptide, des-
(Gly-Ile)-endozepine, which had similar activity to diazepam
in bovine adrenal steroid elaborating cells. Two other
analogs of DBI, octadecaneuropeptide (ODN) and
triakoutatetraneuropeptide (TTN) have also been shown to
interact with the rat PBR (Slobodyansky et al., 1989).
However, the affinity of these peptides for the PBR is
moderate and other endogenous ligands with higher affinity
have been reported.

Compounds with high affinity for the PBR were purified
from perfused rat tissues and identified as porphyrins (Verma
et al., 1987). Structural requirements for porphyrin
interaction with the PBR have been investigated yielding the
following rank order of affinity for the rat kidney
mitochondrial PBR: protoporphyrin IX (PPIX) > mesoporphyrin IX
(MPIX) > deuteroporphyrin IX (DPIX) > hemin (Verma and Snyder,
1988). These results suggest porphyrin dicarboxylic acids

such as PPIX, have a high affinity for the PBR while other
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porphyrins showed moderate to low affinity for the receptor}
The affinity of PPIX for the PBR, estimated by competition of
[H]PK 11195 binding, was conserved across species. Verma and
Snyder (1988) postulated porphyrin interactions with the PBR
resembled isoquinoline ligand interactions.

Several studies do not agree with earlier descriptions of
porphyrin interactions with the PBR. Hirsch et al. (1988a)
demonstrated only low affinity binding of PPIX to rat kidney
mitochondria (K; = 2 uM) and a different rank order of
porphyrin inhibition of isoquinoline radioligand binding (DPIX
> MPIX > hemin > PPIX). Another study showed the affinity of
PPIX for the PBR was different in trout and mouse brains with
trout PBR having higher affinity than mouse PBR (Eshleman and
Murray, 1989). The estimated affinities from these two
species did not agree with the affinity reported for the high
affinity PPIX binding to the PBR which was previously believed
to be conserved between species.

There appear to be several putative endogenous ligands of
the PBR. Lipids, phospholipids, and peptides related to DBI
bind to the PBR, albeit only with lower affinities. Tribulin
is another potential endogenous 1ligand, but the active
compound (s) was insufficiently characterized and may be a
previously identified putative endogenous ligand. Pdfphyrin
dicarboxylates may be endogenous PBR ligands. Although there

have been conflicting results for estimations of porphyrin
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affinity for the PBR, a functional study has demonstrated
porphyrin affinity correlates with their ability to uncouple

mitochondrial respiration (Hirsch et al., 1988b).

Molecular properties of the peripheral-type receptor
The molecular weight (Mr) of the PBR has been estimated

by several methods. In situ Mr determinations have used
radiation inactivation of the ligand binding sites. Doble et
al. (1985) estimated an Mr of 22 kDa for both the PK 11195
site and the Ro5-4864 site in heart membranes while an Mr 34
kDa diazepam site was observed in kidney (Paul et al., 1981).

The PBR has been solubilized from several rat tissues
including adrenal, heart (Benavides et al., 1985; Anholt et
al., 1986a,c; Doble et al., 1987a) and kidney (Gavish and
Fares, 1985; Martini et al., 1983; Lukeman and Fanestil, 1987)
with ligand binding properties intact. Detergents used to
solubilize the receptor include Triton X-100 (Martini et al.,
1983), 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (Anholt et al., 1986c), and digitonin
(Benavides et al., 1985; Lukeman and Fanestil, 1987; Anholt et
al., 1986a; Gavish and Fares, 1985). Supplementary
phospholipids added during solubilization were reported to
stabilize the receptor (Anholt et al., 1986c). To maintain
benzodiazepine ligand binding properties, only digitonin has

proven useful.
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The Mr of the native (non-denatured) detergent
solubilized PBR was estimated by gel filtration chromatography
to be 215 to 230 kDa for the rat kidney Ro5-4864 binding site,
the rat heart and adrenal PK 11195 binding site, and the
bovine adrenal PK 11195 binding site (Doble et al. 1987a,
Benavides et al., 1985; Martini et al., 1983). The Mr
estimates by gel filtration may not be accurate due receptor
association with mixed protein-detergent micelles.
Polyacrylamide gel electrophoresis (PAGE) of sodium
dodecyl sulfate (SDS) solubilized membranes of several rat
tissues specifically labeled with [3H]PK-14105 identifies a 17
to 18.5 kDa protein, the isoquinoline binding protein, by
fluorography (Doble et al., 1987a,b; Skowronski et al., 1988;
Antkiewicz-Michaluk et al., 1988a,b; Hirsch et al. 1988a). A
single protein has been specifically labeled in all tissues
studied to date. McCabe et al. (1989) specifically labeled a
30 kDa protein with [*H]AHN 086, an alkylating benzodiazepine
ligand. The relationship of the 30 kDa protein labeled by
[3H]AHN 086 and the 18 kDa isoquinoline binding protein
labeled by [3H]PK 14105 has not been determined, but may
represent separate components of the PBR.
The PBR protein photolabeled by [3H]PK 14105, the
isoquinoline binding protein, has been purified from the
chinese hamster ovary cell line and from rat adrenal glands

(Antkiewicz-Michaluk et al., 1988b; Riond et al., 1989). The
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purified proteins were both N-terminal modified and had
similar amino acid compositions. The cDNA encoding the rat
adrenal isoquinoline binding protein has been cloned (Sprengel
et al., 1989). The deduced amino acid sequence from the
cloned cDNA indicated a heretofore undescribed protein with
little amino acid sequence similarity to known receptors.
Hydropathy analysis of the deduced primary amino acid sequence
suggested the protein has 5 potential transmembranous domains.
Two potential serine kinase phosphorylation sites were
observed near the carboxyl terminus of the polypeptide chain.
Sprengel et al. (1989) also showed transfection of the cDNA
encoding the PBR 18 kDa photolabeled component into a human
fetal kidney transformed cell line resulted in expression of
high affinity benzodiazepine and isoquinoline ligand binding
sites.

These studies indicate the rat PBR isoquinoline binding
protein may be the only component required for ligand binding.
The roles of the 30 kDa protein labeled by [3H]AHN 086 and the
isoquinoline binding protein photolabeled by [*H]PK 14105 in
ligand binding and signal transduction remain to be

elucidated.

Species heterogeneity of the peripheral-type receptor

Species heterogeneity of the PBR has been observed,

particularly with respect to 1ligand binding to the
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benzodiazepine site. While platelet PBR were detected with
[*H]Ro5-4864 in several rodent species, none were detected in
human, ox, pig, or sheep platelets (O'Beirne and Williams,
1984). Marked species differences have been observed between
rat and human Ro5-4864 binding site distribution in brain and
kidney (Pazos et al., 1986). An autoradiographic study of
Ro5-4864 binding to brain in several different mammalian
species indicated a varied distribution and density of PBR
benzodiazepine binding sites (Cymmerman et al., 1986).

Bolger et al. (1985) proposed a "late" evolutionary
appearance of the receptor, suggesting the PBR is not a
constitutive protein in vertebrae species. The lack of PBR
and continued presence of dihydropyridine-sensitive voltage-
operated calcium channels in lower vertebrates implied the two
were not phylogenically coincident although other evidence had
suggested such an association (Cantor et al., 1984; Doble et
al., 1985). The density and affinity of dihydropyridine
binding sites were conserved while the density of PBR detected
by [*H]Ro5-4864 specific binding was not (Bolger et al., 1985;
Bolger et al., 1986).

In several species, only a 1low affinity PBR
benzodiézepine site has been described. A high density of
[3H]PK 11195 binding sites and a low density of [’H]Ro5-4864
sites were described in the bovine pineal gland (Basile et

al., 1986). Only low densities of high affinity PBR
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benzodiazepine binding sites are observed in bovine tissues
(Awad and Gavish, 1987). The potency of Ro5-4864 to displace
[H]PK 11195 from cerebral cortical tissug and kidney
membranes of various species was rat = guinea pig > cat = dog
> rabbit > calf. Eshleman and Murray (1989) showed Ro5-4864
potently displaces [*H]PK 11195 binding from mouse brain PBR,
but was ineffective in trout brain.

Different affinity states have been observed in tissues
demonstrating high affinity benzodiazepine binding to the PBR
in mouse, rat, rabbit, and guinea pig cerebral cortex and rat
kidney (Awad and Gavish, 1987; Eshleman and Murray, 1989).
The proportion of high and low affinity sites indicates about
25% of the total receptor population were high affinity,
except in mouse where 80% were high affinity. The number of
benzodiazepine binding sites and isoquinoline sites were
similar. The affinity of these "lower" affinity sites is
still much higher than the "low" affinity binding observed in
bovine and trout cerebral cortex. Whether these different
affinity states are present in a single receptor protein
complex or reflect heterogeneity of the receptor protein(s)
has not been determined.

The affinity of the PBR for isoquinoline 1ligands is
approximately the same across species and these ligands are
therefore diagnostic for the PBR. There doss not appear to be

heterogeneity with respect to the PBR isoquinoline binding
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site while the affinity of benzodiazepines for PBR of
different species varies over several orders of magnitude.
Based on species differences, there are two different
affinities observed for the PBR benzodiazepine site: high
affinity (ie., rat) and 1low affinity (ie., cow). The
molecular nature of the pharmacological species differences of

the benzodiazepine binding site have not been investigated.

Rationale

Interspecies heterogeneity of the PBR benzodiazepine
binding site has been described, and the distinct possibility
of intraspecies heterogeneity also exists. A previous report
suggested two distinct subcellular localization of PBR in rat
liver (O'Beirne and Williams, 1986). Preliminary evidence
from studies in our laboratory indicated the liver PBR was
upregulated after partial hepatectomy (Laird, unpublished
results). In the first studies described herein, the
pharmacological and molecular characteristics of the rat liver
PBR were investigated. After characterization, heterogeneity
of the rat liver PBR was investigated.

To investigate PBR heterogeneity, the bovine PBR, which
has been reported to have different benzodiazepine ligand
binding characteristics from the rat receptor, was
pharmacologically and biochemically described and the PBR

density in several bovine tissues was investigated. These
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results suggested the rat and bovine PBR have a similar tissue
and subcellular distribution, but the PBR were
pharmacologically and biochemically distinct. The Mr of the
isoquinoline binding protein was estimated to be 17 kDa in
both rat and bovine adrenal mitochondria.

To further understand the molecular and pharmacological
differences of the rat and bovine receptors, the PBR should be
compared on a molecular basis using either the purified
receptor protein components or cloned DNA sequences encoding
a known receptor component, specifically the isoquinoline
binding protein. To aid in purification of the native
receptor proteins, an agarose-based affinity matrix was
constructed by a novel method using PK 14105. Using an
alternative approach, the cDNA encoding a rat isoquinoline
binding protein was used to identify a homologous bovine cDNA.
The deduced primary amino acid sequences of the rat and bovine

isoquinoline binding proteins were compared.
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CHAPTER 2

GENERAL EXPERIMENTAL METHODS

Radioligand binding assays
[*H]Ro5-4864 binding. Binding of [3H]Ro5-4864 (New

England Nuclear, Boston, MA) to membranes and soluble proteins
was determined by incubation in phosphate buffer (50 mM Na, 50
mM K, 100 mM phosphate, pH 7.4 at 4°C) at 4°C in a final
incubation volume of 500 ul. Total and nonspecific binding of
[H]Ro5-4864 was determined in the respective absence and
presence of 1 uM PK 11195 (generously supplied by Dr. Michaud,
Rhone Poulenc Sante, Cedex, France) or 1 uM Ro5-4864
(generously supplied by Dr. P. Sorter, Hoffman-LaRoche,
Nutley, NJ) as specified. Incubations were terminated by the
addition of 2.5 ml ice cold 50 mM phosphate-~buffered saline
(PBS, pH 7.4 at 4°C) and membranes were collected on glass
fiber filters (no. 32, Schleicher & Schuel, Keene, NH) using
an M-24R Brandel Cell Harvester. Glass fiber filters were
treated with 0.5% polyethylenimine for soluble receptor assays
(Brﬁns et al., 1983). Filters were washed three times with 4
ml PBS, placed in vials, air dried at 37°C, and 10 ml
scintillation solution was added to assess radioactivity by
scintillation spectroscopy at 48-52% counting efficiency.

[3H]PK 11195 binding. Binding of [3H]PK 11195 to
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membranes and solubilized proteins was performed in phosphate
buffer containing 1% propylene glycol at room temperature (21
to 25°C) in a final incubation volume of 500 ul in
borosilicate culture tubes treated with Sigmacote. Specific
radioligand binding was the difference between total and
nonspecific [*H]PK 11195 binding determined in the respective
absence and presence of 1 uM PK 11195. The same method for
vacuum filtration described for [3H]Ro5-4864 binding assays
was used for [3H]PK 11195 except both membrane and soluble PBR
were collected on polyethylenimine-treated glass fiber
filters. Protein concentrations used in radioligand binding
were determined to be in the linear range for specific binding
for both radioligands. Protein concentrations were determined
by the method of Lowry et al. (1951) using bovine serum

albumin as the standard.

Photoaffinity labeling
The PBR was photoaffinity labeled with [*H]PK-14105

(Research Products International, Elk Grove, IL) according to
the procedure of Doble et al. (1987b) with minor
modifications. Liver homogenate (1 mg protein/ml, 30 ml) was
incubated for 1 h at 4°C with 5 nM [’H]PK-14105 in the absence
and presence of 10 uM PK 11195 to assess total and nonspecific
incorporation of the photoaffinity label. After irradiation

at 4°C for 20 min at 10 cm using a Conrad-Hanovia 100 watt uv
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light source (filtered with a Vycor 7010 absorption sleeve to
give A > 365 nm), 10 uM PK 11195 was added to each assay and
incubated at 4°C for 1 hour to displace reversibly bound
radioligand. Membraneé were collected by centrifugation
(150,000 x g, 30 min) and solubilized under denaturing and
nondenaturing conditions. Solubilization under nondenaturing
conditions utilized the procedure for digitonin solubilization
of receptors (see 'Receptor solubilization').

Photolabeled membranes (1 mg of protein) were solubilized
under denaturing and reducing conditions in 200 ul sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE) sample buffer (5% SDS, 10% glycerol, 5 mM 2-
mercaptoethanol, and 50 mM Tris hydrochloride, pH 6.8). Also,
5 ml of digitonin solubilized proteins were precipitated with
15% trichloroacetic acid at 4°c. The precipitate was
collected by centrifugation at 49,000 x g for 20 min. The
pellet was washed twice with ether and recentrifuged after
each washing. The precipitated proteins were solubilized in

500 ul SDS-PAGE sample buffer.

Receptor solubilization

The PBR was solubilized using nondenaturing conditions
according to the method of Gavish and Fares (1985), with minor
modifications. Membranes were resuspended in 0.25% (w/v)

digitonin (Wako Chemicals, Richmond, VA) in phosphate buffer
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to a protein concentration of 1-3 mg/ml. The nmixture was
incubated for 45 min with frequent vigorous vortexing and
centrifuged at 100,000 x g for 60 min. The supernatant
contained the detergent solubilized receptor which was stored
at =-80°C with no detectable effects on 1ligand binding

characteristics.

Determination of succinate dehydrogenase (SDH) activity

The presence of mitochondria was assessed by SDH
activity, an inner mitochondrial membrane marker enzyme. The
enzyme assay was performed as previously described by
Antkiewicz-Michaluk et al. (1988a) using protein
concentrations determined to be in the linear range of enzyme
activity. Protein concentrations routinely used for this
assay were from 0.5-2.5 mg/ml and concentrations of sucrose up

to 2.4 M had no detectable effects on SDH activity.

Treatment of membranes with diethylpyrocarbonate (DEPC)

Mitochondrial and microsomal membranes were treated with
2 mM DEPC using the method described by Skowronski et al.
(1987) with minor modifications. Membranes were pelleted at
150,000 x g for 30 min and resuspended in 50 mM Tris HCl (pH
6.0 at 4°C) to a protein concentration of 1 mg/ml. DEPC (200
mM in ethanol, 10 wl) and 10 ul of ethanol were added to

treated and control membranes on ice. After 5 min, 9 ml of 50
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mM Tris HCl1 (pH 8.0 at 4°C) was added. Membranes were
centrifuged at 150,000 x g for 30 min and the resulting
pellets resuspended in phosphate buffer to a protein
concentration previously determined to be in the linear range

for [*H]PK 11195 specific binding.

Gel filtration of digitonin solubilized prcteins

Gel. filtration was used to estimate the molecular weight
(Mr) of digitonin solubilized proteins. Solubilized proteins
(1 ml) were chromatographed through a column (1.5 x 30 cm) of
Sepharose CL-6B (Pharmacia-LKB, Piscataway, NJ) in elution
buffer (0.013% digitonin in phosphate buffer) at a flow rate
of 1 ml/min at 20°C. One ml fractions were collected for 3
times the column volume. Specific radioligand binding was
determined in each fraction or, for photolabeled digitonin
solubilized proteins, a 50 ul aliquot of each fraction was
assayed for radioactivity by scintillation spectroscopy.

The column void volume (V) was determined by
chromatographing dextran blue 2000. The elution volume (V,)
for proteins was estimated as the fraction having the peak
activity (radioligand binding, detection of radioactivity, or
absorption at A,, ). Mr estimation of radioligand binding
proteins or radiolabeled proteins was determined from a
standard curve constructed from 1000 X Log (Mr) versus V. /V,

(Whitaker, 1963; Andrews, 1965) using 5 Mr standards
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[thyroglobulin (669 kDa), apoferritin (443 kDa), alcohol
dehydrogenase (150 kDa), bovine serum albumin (66 kDa), and
carbonic anhydrase (29 kDa)]. Elution of standards was

monitored spectrophotometrically by absorption at A, ..

Sodium _dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of photolabeled PBR

Membranes with total and nonspecific incorporation of
[3H]PK-14105 were solubilized with SDS as previously described
(see 'Photoaffinity labeling'). Total and nonspecifically
labeled proteins (100 xl, 100 to 500 ug protein) were
electrophoresed in a 5% polyacrylamide stacking gel and a 12-
15% separating gel on a vertical slab gel apparatus by the
procedure of Laemmli (1970). Mr protein standards (97.6 to
14.4 kDa, Bio-Rad Laboratories, Richmond, CA) were also
included and proteins were visualized by staining with
Coomassie brilliant blue R250.

Total and nonspecific lanes of a gel were transversely
sliced into 2 mm sections to estimate the specificity and
position of the 3H-labeled proteins. The gels pieces were
placed in 1 ml of 50% NCS Tissue Solubilizer (Amersham,
Arlington Heights, IL), heated to 60°C for 12 h, neutralized
with 1 N HCl and placed in scintillation fluid to assess
radioactivity by scintillation spectroscopy. Similar gels

were also treated with Enhance (New England Nuclear, Boston,



53
MA) and dried. Fluorography of the dried gel with Kodak XAR-5
film was at -80°C for 2 weeks.

Alternatively, samples were electrophoresed in
polyacrylamide gels containing the soluble crosslinking agent,
N,N'-dihydroxyethylene-bis-acrylamide (DHEBA). To estimate
the specificity of the photolabel and the Mr of photolabeled
proteins, samples of protein with total and nonspecific
incorporated photolabel were electrophoresed and the lanes
were transversely sliced into 2 mm sections. The gel pieces
were placed in 1 ml of 0.25 M sodium periodate and heated to
50°C for 48 hours. The pH of each sample was adjusted to 7
with 0.1 N NaOH and 10 ml of scintillation fluid was added to
assess radioactivity by scintillation spectroscopy. Apparent
Mr was estimated from a standard curve of log (Mr) versus

relative migration distance.

Calculations

Calculations used for analysis of radioligand binding
data were described by Limbird (1986). The observed
association rate constant (k) was calculated as the slope of
the line determined by 1ln [B/(B, - B)] versus time where B, is
the bound ligand at equilibrium and B is the bound ligand at
a given time. The dissociation rate constant, k,, was
determined as 2.303 x slope of the best fit line of log (B/B))

versus time where B, is the bound ligand at equilibrium and B
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is the bound ligand at a specific time after a molar excess of
unlabeled ligand had been added. The association rate
constant, k,,, was calculated from the equation:

Key = (Kog = Kg)/ Ly
where L, is the free radioligand concentration for the
determination of k.. A kinetic estimation of the
dissociation constant, K,, was calculated from the kinetic
data by the equation:

Ky = k.4/k,

The 50% inhibitory concentration (IC,) values were
determined by nonlinear regression methods. The equation used
to estimate the IC;, was:

Y = [(A - D)/(1+(X/C)®)] + D
where Y is bound radioligand, X is the concentration of
inhibitor, B is the slope, C is the IC;, of the inhibitor, and
A and D are the maximal and minimal fraction of bound
radioligand, respectively. Apparent K, values were calculated
according to Cheng and Prusoff (1973) using the equation:

Ky = ICy/[1 + (Ly/Ky)]

Nonlinear regression analysis were used to evaluate K,

and Bmax from saturation data. The equation used was:

B = (Bmax) (X)/ (K, + X)
where B 1is the specifically bound ligand at radioligand
concentration X, Bmax is the maximum number of ligand binding

sites, and K, is the dissociation constant.
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CHAPTER 3

SOLUBILIZATION AND CHARACTERIZATION OF THE RAT LIVER

PERIPHERAL-TYPE BENZODIAZEPINE RECEPTOR

Liver PBR have been previously identified (Braestrup and
Squires, 1977; Anholt et al., 1985a; O'Beirne and Williams
1986). A population of 1liver PBR colocalizes with
mitochondrial enzyme markers, but mitochondrial contamination
of other subcellular fractions (ie., nuclear, microsomal) may
not account for the total PBR 1ligand binding in those
fractions (Anholt et al., 1986a; Antkiewicz-Michaluk et al.,
1988a). O'Beirne and Williams (1986) demonstrated a liver PBR
which comigrated with 5'-nucleotidase activity, a marker
enzyme of plasma membranes, through a sucrose density
gradient.

The PBR has been solubilized from several rat tissues
including adrenal (Benavides et al., 1985; Anholt et al.,
1985a,c). and kidney (Gavish and Fares, 1985; Martini et al.,
1983). Gavish and Fares (1985) demonstrated the superiority
of 0.25% digitonin in solubilizing these receptor sites from
kidney, although higher concentrations of digitonin were
successfully employed in other tissues (Benavides et al.,
1985).

Preliminary evidence suggests an increase in the number
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of PBR sites in the regenerating 1liver following partial
hepatectomy (Laird, unpublished observations). In this study,
the pharmacological properties of the membrane-bound and
digitonin-solubilized PBR from rat 1liver are described.
Further, the PBR from rat liver was photoaffinity-labeled with
[H]PK 14105 and the molecular weight (Mr) of the SH-labeled

protein was estimated under native and denaturing conditions.

Methods

Membrane preparations. Livers were collected from male
Sprague-Dawley rats (150 - 250 g) and stored at =-80°C until
used. All subsequent procedures were conducted at 4°C. Liver
(1 g in 5 volumes buffer) was minced in phosphate buffer (50
mM Na, 50 mM K, 100 mM phosphate, pH 7.4 at 4°C) and
homogenized (Brinkman Polytron, setting 10 for 60 s). The
homogenate was centrifuged at 49,000 x g (20 min) and the
resulting pellet was resuspended in 30 ml buffer (homogenate
preparation). Also, 20 g of 1liver was homogenized and
ceritrifuged at 600 x g (10 min). The supernatant was
centrifuged at 49,000 x g (20 min) and the resulting pellet
was resuspended in buffer and pelleted by a second
centrifugation. The pellet was resuspended in 50 ml of buffer

(membrane preparation, mPBR) and stored at -80°C until used.

Results
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Receptor Solubilization. Approximately 65% of the total
liver homogenate proteins were solubilized by 0.25% digitonin.
Over 95% of the solubilized proteins passed through a 0.2 unm
filter. The specific [*H]Ro5-4864 binding activity of the
solubilized proteins decreased markedly after filtration.
Electron micrographs of the digitonin solubilized protein do
not appear different before and after filtration. This
suggests the decreased receptor binding may be due to
association of the solubilized receptor with the filter and
not due to the removal of membrane fragments by filtration.
[’H]Ro5-4864 binding kinetics. The specific binding of
[H]Ro5-4864 was linear over a protein concentration range of
20 to 150 ug for the membrane preparation and from 20 to 75
ug of protein for the soluble receptor preparation. Specific
binding of [3H]Ro5-4864 to the mPBR and digitonin solubilized
PBR (dsPBR) reached equilibrium by 60 and 150 minutes,
respectively (Figures 1A and 1B). To ensure equilibrium
conditions, binding assays were incubated for 120 and 180
minutes for the mPBR and dsPBR, respectively. The time course
of specific [3H]Ro5-4864 association and dissociation are
shown in Figure 1. Reversible bimolecular reaction kinetics
were assumed and the observed association rate constants, k.,
for the two receptor preparations were 0.070 min’' (mPBR) and
0.024 min"! (dsPBR). After equilibrium had been attained, 1

UM Ro5-4864 was added to determine the dissociation rates.
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Figure 1. Association and dissociation of [’H]Ro5-4864 with
rat liver membrane (A) and soluble (B) PBR. Association (open
symbols) of 1.9 nM [*H]Ro5-4864 with the PBR was determined in
the absence and presence of 1 uM unlabeled Ro5-4864 to
estimate total and nonspecific binding, respectively. Assays
were terminated after incubating for 0, 5, 15, 30, 45, 60, 90,
120, and 180 minutes. Be (pmol/mg protein) is the specific
bound radioligand at equilibrium. The dissociation (filled
symbols) of 1 nM [’H]Ro5-4864 equilibrated with the PBR was
determined by the addition of a molar excess (1 uM) of
unlabeled ligand (indicated by arrow). Assays were harvested
at 0, 5, 10, 15, 30, 45, 60, and 90 minutes after Ro5-4864 was
added. Each point is the average of three separate
experiments performed in triplicate and normalized with
respect to protein concentration for both the association and
dissociation experiments.
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Dissociafion followed first order kinetics and the
dissociation rate constants (k,) were 0.033 min 1 and 0.018
min' for the membrane bound and soluble receptors,
respectively. The association rate constants, k,,, for the
mPBR (0.020 nM' min') and dsPBR (0.003 nM' min') were
markedly different. The dissociation constant, K,, obtained
from these kinetic data revealed a three-fold greater affinity
of [*H]Ro5-4864 for the mPBR compared to the dsPBR (1.7 nM and
6.0 nM, respectively). The kinetically derived K, values for
each preparation were in agreement with those obtained from
Scatchard analysis of saturation experiments (Table 1).
Saturation analysis with [3H]Ro5-4864. Figure 2 shows
the saturation isotherms for specific [*H]Ro5-4864 binding to
the mPBR and dsPBR, respectively. Scatchard analysis (Figure
2A, inset) and Hill analysis of saturation isotherms for
membrane bound receptors revealed a single homogeneous
receptor population (n, = 1.0) with K; = 1.5 + 0.1 nM and Bmax
= 3.12 + 0.11 pmol/mg protein. Similar analysis of saturation
isotherms of the homogenate preparation demonstrated K, = 11.0
nM and Bmax = 2.67 pmol/mg protein with n, = 1.0. The
significance of the difference in the dissociation constants
of the membrane and homogenate preparations was not
investigated. The membrane preparation was chosen for

characterization studies because of the higher percentage of

specific radioligand binding when compared to the homogenate
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Figure 2. [*H]Ro5-4864 saturation at 4°C of rat 1liver

membrane (A) and digitonin solubilized (B) PBR. Membranes
were incubated for 120 minutes with 8 different concentrations
of radioligand ranging from 0.5 to 25 nM. Solubilized
receptors were 1ncubated for 180 minutes using 9 different
concentrations of |jH]R05 4864 ranglng from 0.5 to 40 nM.
Nonspecific binding was determined in the presence of 1 uM PK
11195. Each point represents the mean + S.D. of ligand
concentration and specific radioligand binding of 3 separate
experiments performed in triplicate. Scatchard analysis
(insets) of the saturation data was used to determine K; and
Bmax for both receptor preparations (see Table 1).
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TABLE 1. Summary of Scatchard and Hill analysis of [H]Ro5-
4864 saturation of rat liver membrane and soluble PBR.

Bmax
Ky (pmol/mg
(nM) protein) n,
mPBR (3)° 1.5 + 0.1b 3.12 + 0.11 1.0
dsPBR (3) 9.2 + 0.3 1.10 + 0.06° 1.0
homogenate
PBR (2) 11.0 2.67 1.0

®Number of separate experimental determinations.
bMean + S.D.
‘Approximately 40% of the binding site density of the

homogenate was present in the solubilized receptor
preparation.



62
preparaﬁion. However, solubilization of the PBR was found to
be more efficient from the homogenate preparation. Therefore,
the number of receptor sites in the homogenate preparation was
used to estimate the efficiency of receptor solubilization.
Scatchard analysis (Figure 2B, inset) and Hill analysis of
saturation data of the dsPBR demonstrated a single homogeneous
receptor population (n, = 1.0) with a K; of 9.2 + 0.3 nM and
a receptor concentration of 1.10 + 0.06 pmol/mg protein. The
results obtained from saturation analysis are summarized in
Table 1. Comparison of the receptor concentrations suggests
40% of the PBR sites were solubilized from liver homogenate
compared to solubilization of 65% of the total membrane
proteins. There was no change in receptor affinity or density
after freezing at -80°C for several months.

Competition of [3H]Ro5-4864 binding. Pharmacological
characterization of the mPBR and dsPBR was determined using
1,4~-benzodiazepines and PK 11195 to compete for specific
[3H]Ro5-4864 binding. Figure 3 shows the rank order of
potency to inhibit specific [3H]Ro5-4864 binding in the two
receptor preparations was similar. The estimated dissociation
constant (K;) for each competing ligand was calculated from
these data and are presented in Table 2. The rank order of
potency of ligand binding to the PBR was assessed by comparing
the estimated K, values of various ligands to inhibit specific

[*H]Ro5-4864 binding. This rank order of potency was PK 11195



63

100

o o\o—g—A\ A
\ \ ~,
80 o

Percentage of B,
» o))
o o
/0/

58]
o

NN N

0.1 1.0 10.0 100.0 1000.0 1.0E4 1.0E5

[Inhibitor]
A (nM)
§ o A,
100 Se—8 7 e \\
< 201 N
[=]
5 601l . \\
Q A
€ \\
& 40l K
Q
a \
20+ ® . A
\'-%- \
0 t t ; } }
0.1 1.0 10.0 100.0 1000.0 1.0E4
{Inhibitor]
B (nM)

Figure 3. Representative data for competition of specific
[’>H]Ro5-4864 binding to rat liver membrane (A) and digitonin
solubilized (B) PBR. Seven different concentrations of PK
11195, Ro5-4864, diazepam, and clonazepam were used to inhibit
binding of radioligand (0.5 nM and 1 nM for the mPBR and
dsPBR, respectively). B, is the specific bound radioligand at
equilibrium. IC;, values are expressed in nM (n) where n is
the number of separate experimental determinations for Ro5-
4864 (circle), PK 11195 (square), diazepam (diamond), and
clonazepam (triangle), respectively. IC;, values determined
for each competing ligand were 6.0 (3), 4.8 (2), 354 (3), 4561
(3) for the mPBR and 5.2 (2), 4.8 (2), 536 (2), and 3561 (2)
for the dsPBR.
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TABLE 2. Estimated K, values for ligands competing for
specific [H]Ro5-4864 binding to rat 1liver membrane and
soluble PBR.

mPBR dsPBR
Inhibitor (nM) (nM)
Ro5-4864 3.82 (3)° 5.1 (2)
PK 11195 3.4 (2) 2.9 (2)
Diazepam 269 (3) 531 (2)
Clonazepam 3167 (3) 2824 (2)

®Average estimated K; values were calculated from IC;, values
using the Cheng and Prusoff equation (1973). The values
reported are the average of (n) determinations expressed in
nanomolar concentrations.

PNumber of separate experimental determinations.
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> Ro5-4864 > diazepam > clonazepam for both the mPBR and
dsPBR. These data suggest that the soluble receptor has
retained the pharmacological characteristics of the membrane
bound PBR.

Effect of guanosine 5'~o(3-thiotriphosphate) (GTP-y-8) on
ligand binding. The possible coupling of the PBR to a G-
protein regulated second messenger system was evaluated by
examining the effect of GTP-y-S on receptor affinity for
[3H]Ro5-4864, a putative agonist ligand. Scatchard analysis
of the saturation isotherms at 25°C in the presence and
absence of 30 uM GTP-y-S revealed no change in receptor
affinity [K; = 9.7 nM (n=2) and 10.5 nM (n=2), respectively].
In addition, 5 concentrations of GTP-y-S ranging from 1uM to
1 mM did not change the specific binding of 1 nM radiolabeled
Ro5-4864 to the membrane preparation.

Mr estimation of the liver PBR. In order to estimate the
Mr of the native liver PBR, the receptor was radioactively
labeled with [3H]PK 14105. Labeled proteins (total and
nonspecific) were solubilized from the homogenate under
nondenaturing conditions with digitonin (0.25 w/v%) using the
procedure described for receptor solubilization (see Chapter
2, General Methods). Approximately 50% of the total
radioactivity remained in the supernatant of a 100,000 x g (60
min) centrifugation and 90% of the supernatant radioactivity

passed through a 0.2 um filter. One ml (1 mg of protein) of
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the solubilized photoaffinity-labeled proteins was eluted from
Sepharose CL-6B, a gel filtration media. The peak
radioactivity of both the total and nonspecific [*H]-labeled
proteins (inéubated and irradiated in the absence and presence
of 10 uM PK 11195, respectively) eluted in the same volumes
although the magnitude of the total bound peak was greater
(Figure 4). From these data, the Mr of the digitonin-
solubilized recepﬁor was estimated to be 170 + 10 kDa (n=3)
(Figure 4, inset). When digitonin was not included in the
elution buffer, most of the radioactivity eluted in the void
volume. This observation suggests that low concentrations of
digitonin were necessary to maintain the receptor in the
soluble state. Thus, digitonin (0.013 % w/v) was included in
elution buffer for all samples.

The photoaffinity labeled proteins also were solubilized
under denaturing conditions with sodium dodecyl sulfate (SDS).
After solubilization, the total and nonspecifically labeled
membrane proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions. The gel was sectioned and analyzed for
radioactivity by liquid scintillation spectroscopy. These
data demonstrated a specifically labeled protein with an
estimated Mr of 17 kDa (Figure 5). Autoradiography of a
similarly prepared gel revealed a specifically labeled protein

with a Mr estimation of 19 + 1 kDa (Figure 6).
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Figure 4. Gel filtration of the [H]PK 14105 photoaffinity
labeled digitonin solubilized rat liver PBR. The PBR was
photoaffinity labeled in 1liver homogenate and solubilized
under nondenaturing conditions using dlgltonln. The elution
volume (V.) for the proteins labeled in the absence (total
bound) an& presence (nonspecific bound) of 10 uM PK 11195 was
determined. The elution buffer contained 0.013% digitonin for
all gel filtration experiments. Blue dextran 2000 was used to
determine the void volume (V) of the gel filtration media.
Gel filtration protein standards [thyroglobulin (TG), 669 kDa:;
apoferritin (AF), 443 kDa; alcohol dehydrogenase (ADH), 150
kDa; bovine serum albumin (BSA), 66 kbDa; and carbonic
anhydrase (CA), 29 kDa] were eluted from the column and were
detected spectrophotometrically at A,, . The inset depicts
the calibration curve (r = 0.99) constructed for the 5 protein
standards. The major peaks of radioactivity for both the
specific and nonspecific 3H-labeled proteins corresponds to an
estimated Mr of 170 + 10 kDa (n = 3) for three independent
determinations.
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Figure 5. Estimation of radioactivity of 8D8 solubilized
[H]JPK 14105 1labeled rat 1liver membrane proteins in
polyacrylamide gel slices. Photoaffinity-labeled rat liver
membranes were solubilized in SDS-PAGE sample buffer. Mr
protein standards were: phosphorylase b, 97.4 kDa; bovine
serum albumin, 66.2 XkDa; ovalbumin, 42.7 KkbDa; carbonic
anhydrase, 31 kDa; soybean trypsin inhibitor, 21.5 kDa; and
lysozyme, 14.4 kDa. [3H]PK 14105 labeled liver membrane
proteins were electrophoresed through a 15% polyacrylamide gel
and two lanes of the gel, representing total (solid line) and
nonspecific (dashed 1line) J3H-label incorporation, were
transversely sliced into 2 mm sections. The pieces were
digested with 50% NCS tissue solubilizer and the radioactivity
in each fragment was assessed by scintillation spectroscopy.
The radioactive peak corresponds to a Mr of 17 kDa.
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Figure 6. Fluorography of [’H]JPK 14105 photoaffinity labeled
rat liver PBR. Photolabeled rat 1liver membranes were
solubilized as described in figure 5. The samples were
electrophoresed through a 15% polyacrylamide separating gel.
Lane 1 represents the Coomassie blue stained Mr standards (see
Figure 5). Lanes 2 and 3 depict the Coomassie blue stained
SDS-solubilized membrane proteins (250 ug protein/lane) for
total (T) and nonspecific (N) [3H]PK 14105 incorporation.
Lanes 4 and 5 are the fluorograph of lanes 3 and 4 after
exposure to Kodak XARS5 film for 2 weeks at -80°C. [3H]PK 14105
specifically incorporates into a 19 + 1 kDa (n = 3) protein.
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Discussion

Preliminary experiments revealed a higher efficiency of
receptor solubilization from the liver homogenate than from
the membrane preparation. Several pieces of evidence suggest
the PBR was solubilized from the rat liver homogenate with
intact ligand binding properties using criteria for receptor
solubilization described by Limbird (1986). First, the
receptor activity remained in the supernatant of a high speed
centrifugation (100,000 x g, 60 min). Second, the
solubilized receptor passed through a 0.2 um filter, although
apparently not in a quantitative fashion. An explanation of
the reduced receptor binding activity in the filtrate may be
due to hydrophobic association of the receptor protein with
the filter. Third, evaluation of electron micrographs of the
solubilized receptor preparation before and after filtration
did not reveal any membrane vesicles. Lastly, the
photoaffinity-labeled PBR eluted in the included volume of a
gel filtration medium at a Mr of approximately 170 kDa. A
single experiment demonstrated that specific [3H]PK 11195
binding to the solubilized receptor eluted in a similar volume

as the photoaffinity-labeled receptor.
Triton X-100 has been used to solubilize the PBR from rat
kidney. However, this detergent inhibited binding activity
and had to be removed (Martini et al., 1983). Higher

concentrations of digitonin (1.0%) have been successfully used
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in tissues containing high densities of PBR sites (ie.,
adrenal glands) but were not useful for low density sites
(ie., liver) due to the inhibition of ligand binding by high
concentrations of digitonin (Benavides et al., 1985). Lower
concentrations of ‘digitonin (0.25%) have been used to
solubilize the PBR from rat kidney (Gavish and Fares, 1985).
The efficacy of 0.25% digitonin was greater in liver than
kidney, since 40% of the receptor density was solubilized from
liver compared to 20% from kidney (Gavish and Fares, 1985).
Also, the solubilized receptor has been stored at -80°C for
several weeks with no effects on receptor number or ligand
binding affinity.

The binding characteristics of the solubilized receptor
were similar to the membrane bound receptor. However,
differences were observed in the kinetic experiments. The
association and dissociation of ligand with the mPBR was,
respectively, 7- and 2-fold greater than the dsPBR. This may
reflect a rigidity in the structure of the PBR when removed
from the lipid environment of the membrane or ligand binding
may be lipid dependent (Beaumont et al., 1988). Differences
were also reflected in the saturation experiments where
Scatchard analysis revealed the K; of the solubilized receptor
was 6 times greater than the membrane bound receptor (9.2 nM
versus 1.5 nM). The K, estimated from kinetic experiments was

in agreement with that calculated from Scatchard plots of the
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saturation data for both receptor types (Table 1). The
significance of the differences in K; of the membrane and
homogenate preparation was not investigated.

Affinity of the membrane bound receptor for [3H]Ro5-486a4
was unaffected by 30 uM GTP-y-S, a nonhydrolyzable analog of
GTP. Also, concentrations of GTP-y-S up to 1 mM had no effect
on radioligand binding to membranes. These results suggest
the PBR 1is not coupled to a G-protein regulated second
messenger system (Limbird, 1986).

The rank order of potency for select ligands to compete
for [®H]Ro5-4864 binding was the same for both the mPBR and
dsPBR. In addition, both receptor preparations had the same
binding profiles with similar magnitudes for estimated K;
values (Table 2). In the aggregate, these data demonstrate
similar ligand binding properties for the soluble PBR and the
membrane bound PBR. However, dilution of the digitonin
concentration to less than 0.05% (w/v) was required to observe
the radioligand binding activity.

Photoaffinity labeling of the PBR with [3H]PK 14105 in
liver has not been previously reported. The specificity of
irreversible [3H]PK 14105 binding to the PBR is evident in
Figure 5 and Figure 6. Gel filtration of the digitonin
solubilized.photoaffihity labeled receptor (Figure 4) suggests
a Mr of 170 kDa. The majority of radioactivity of both the

total and nonspecifically bound photoaffinity labeled proteins
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eluted in the same volume from the gel filtration media.
However, there is a difference in magnitude between the two
peaks. Other estimates using gel filtration to estimate the
Mr suggest the native Mr to be approkimately 210 KkDa
(Benavides et al., 1985; Martini et al., 1983). In these
experiments, the presence of the PBR was detected by [*H]RoS-
4864 or [°H]PK 11195 binding activity. The significance of
the differences between the our estimate and earlier estimates
of the native receptor protein size remains to be determined.

Estimation of the Mr of the photoaffinity-labeled
receptor by SDS-PAGE was 19 kDa. This is in agreement with Mr
estimations of the PBR from other tissues (Doble et al.,
1987a,b; Skowronski et al., 1988; Antkiewicz-Michaluk, 1988b).
Skowronski et al. (1988) demonstrated the stability of the
protein to freeze-thaw and proteolytic degradation. Also, Mr
estimation by SDS-PAGE was not altered by reducing agents.
The explanation for the difference between the nondenatured
and denatured Mr approximations of the photoaffinity-labeled
receptor is unclear. However, digitonin aggregation to the
PBR during gel filtration may account for some of the
difference. The protein subunit composition requirements for
binding activity has not been determined and the receptor may
exist as an oligomer of which the 19 kDa protein is a
specifically labeled subunit.

These results demonstrate the peripheral-type
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benzodiazepine receptor can be solubilized from rat liver with
its pharmacological characteristics intact. The liver PBR was
specifically photoaffinity-labeled with [3H]PK 14105. Mr
estimation of the 3H-labeled receptor was 170 kDa under
nondenaturing conditions and 19 kDa by SDS-PAGE under reducing

conditions.
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CHAPTER 4

[3H]Ro5-4864 BINDING SITE HETEROGENEITY OF THE RAT LIVER

PERIPHERAL-TYPE BENZODIAZEPINE RECEPTOR

Evidence suggests localization of the PBR to
mitochondria, specifically the outer mitochondrial membrane
(Anholt et al., 1986a; Hirsch et al., 1989%9a). Several other
studies demonstrate the existence of the receptor in.other
subcellular membrane structures such as heart sarcolemma
(Doble et al., 1985), lung nuclei (Mukherjee and Das, 1989),
and liver plasma membranes (O'Beirne and Williams, 1986).
Several functions have been ascribed to the PBR which concur
with localization studies (Hirsch et al., 1989b; Larcher et
al., 1989; Besman et al., 1989; Barnea et al., 1989; Ritta and
Calandra, 1989; Mukhin et al., 1989; Mestre et al., 1986a,b;
Bisserbee et al., 1986).

High and low affinity states have been observed for the
PBR benzodiazepine binding site in rat kidney and cerebral
cortex (Awad and Gavish, 1987). Recent studies in mouse brain
showed two populations of PBR, both possessing a high affinity
isoquinoline binding sites but differing in the affinity
states of the benzodiazepine binding site (Eshleman and
Murray, 1989).

The pharmacological and molecular nature of the liver PBR
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has been described and differences were observed in [*H]Ro5-
4864 binding to membranes differing in the enrichment of
membranes from various organelles (see Chapter 3).
Photolabeling the liver PBR with [®H]PK 14105 revealed a 19
kDa protein band was specifically modified. Although a single
protein band was identified this does not preclude the
possibility of PBR heterogeneity in rat liver, particularly in
the benzodiazepine binding domain of the receptor.

In the present study, the liver PBR was characterized in
mitochondrial and microsomal subcellular fractions. The
possibility of pharmacological differences with respect to the
binding of several putative endogenous porphyrin ligands was

also investigated.

Methods

Subcellular fractionation. Male Sprague-Dawley rats (150
- 250 g) were killed by decapitation and the 1livers were
removed and stored at -80°C until used. All subsequent
procedures were conducted on ice. Liver (1 g in 10 volumes
buffer) was minced in homogenizing buffer (0.25 M sucrose, 50
mM Na, 50 mM K, 100 mM phosphate, pH 7.4 at 4°C) and
homogenized by 10 up and down strokes in a Potter-Elvejhem
tissue homogenizer. The homogenate was centrifuged at 700 x
g for 20 min. The supernatant was centrifuged at 6,000 x g

for 20 min. The pellet was enriched in mitochondria and was
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washed by resuspension in homogenizing buffer and centrifuged
at 6,000 x g for 20 min. The mitochondrial pellet was
resuspended (2 ml/ g of tissue) in phosphate buffer (50 mM Na,
50 mM K, 100 mM phosphate, pH 7.4 at APcf and used as the
mitochondrial preparation.

The supernatant from the first 6,000 x g centrifugation
was centrifuged at 20,000 x g for 20 min. The resulting
supernatant was centrifuged at 150,000 x g for 45 min to yield
the microsomal pellet. Microsomes wefe washed by resuspension
in phosphate buffer and centrifuged at 150,000 x g for 45 min.
The microsomal pellet was resuspended in phosphate buffer (2
ml/ g of tissue). Subcellular fractions were stored at -80°C
until used.

Sucrose density gradient centrifugation. Continuous
sucrose density gradients were formed using a previously
described procedure (Sottocasa et al., 1967) with minor
modifications. Sucrose was dissolved in phosphate buffer and
11 different concentrations ranging from 0.88 M to 1.88 M
sucrose were used to form the gradient. For a continuous
gradient, 2 ml of each concentration was layered in a
centrifuge tube and the gradient was allowed to stand for at
least 12 h at 4°C. Microsomes (approximately 50 mg of protein
in 2.5 ml of 0.25 M sucrose) were layered on top of the
gradient and centrifuged at 25,000 x g for 12 h at 4°C.

Fractions (1 ml) were removed from the gradient and assayed
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for protein content, [*H]PK 11195 binding activity, and SDH
activity. Sucrose did not interfere with these assays in the
concentrations used to form the gradient. The concentration
of the sucrose in each fraction of a control gradient (no
microsomes) was estimated by optical refractometry. Sucrose
(0.25 M, 2.5 ml) was layered onto a sucrose gradient and
centrifuged as described. The refractive index of each 1 ml
fraction was determined and used to estimate the sucrose
concentration. The density was determined from the estimated
sucrose concentration.

Radioligand binding. Specific [3H]Ro5-4864 binding at 4°C
was linear for protein concentrations of 50 to 300 ug/ml for
the mitochondrial fraction and 125 to 1,250 ug/ml for the
microsomal fraction. The association of 1.1 nM [*H]Ro5-4864
with membranes was determined by harvesting samples at 0, 15,
30, 60, 90, 120, and 180 min after the addition of
radioligand. For dissociation experiments, 1.1 nM [’H]Ro5-
4864 was equilibrated with membranes and samples were
harvested 0, 5, 15, 10, 20, 30, 40, 50, 60, 90, and 120 min
after the addition of 1 uM Ro5-4864. Saturation of membranes
with [*H]Ro5-4864 used eight different radioligand
concentrations ranging from 0.5 to 25 nM and nonspecific
binding was determined in the presence of 1 uM Ro5-4864.

Specific binding of [3H]PK 11195 was linear from 50 to

250 pg of protein/ml and 60 to 375 ug of protein/ml for
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mitochondrial and microsomal fractions, respectively. A
single experiment demonstrated equilibrium of 1 nM [3H]PK
11195 with membranes at room temperature (21 to 25°C) was
reached in 30 min using 1 uM PK 11195 to determine nonspecific
radioligand binding. Saturation of membranes with [3H]PK
11195 used eight different radioligand concentrations ranging
from 0.3 to 20 nM. Nonspecific radioligand binding was
determined in the presence of 1 uM PK 11195.

Inhibition of radioligand binding utilized 6 different
concentrations of inhibitory ligand for both radioligands.
Nonspecific radioligand binding was determined in the presence
of a 1 uM concentration of the respective unlabeled ligand.
Statistical significance was determined using the Student T-
test at p < 0.05.

Protoporphyrin IX assay. All porphyrins were dissolved
in 100% dimethyl sulfoxide (DMSO) in 50 mM concentrations
before further dilution in phosphate buffer. To determine the
concentration of PPIX in binding assays, fluorescence
spectroscopy was performed as described by Granick et al.
(1972) . The assay was qualitative and quantitative for PPIX.
The concentration of PPIX in subcellular fractions from a

single fractionation experiment was determined.

Results

Subcellular fractionation of 1liver. Rat liver
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mitochondria and microsomes were obtained by differential
centrifugation. The presence of mitochondria was indicated by
SDH activity, an enzyme localized to mitochondria. Of the
fractions used for radioligand binding, the average SDH
activity in the microsomes was 9.3 + 3.8% (n = 9) of the total
activity for a given preparation.

[’H]Ro5-4864 binding to  subcellular fractions.
Equilibrium of [’H]Ro5-4864 binding at 4°C was attained by 90
min and 150 min for the mitochondrial and microsomal
fractions, respectively. Reversible bimolecular reaction
kinetics were assumed for calculating the observed association
rate constants, k, (Table 3). After equilibrium had been
attained, 1 uM Ro5-4864 was added to determine the
dissociation rate of the ligand-receptor complex.
Dissociation followed first order kinetics and the
dissociation rate constant, k,, was calculated as described
in "Materials and Methods". The rate constants determined for
both fractions are presented in Table 3. The calculated
association rate constant, k,,, of [’H]Ro5-4864 was 2-fold
greater for the mitochondrial fraction than for the microsomal
fraction. The dissociation constant (K;) for [*H]Ro5-4864
specific binding calculated from the kinetic data was
approximately 2-fold greater in the microsomal fraction than
for the mitochondrial fraction. These results indicate the

PBR benzodiazepine binding sites of both subcellular fractions
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Table 3. Summary of rat liver mitochondria and microsome
[*H]Ro5-4864 binding kinetics.

Mitochondria Microsomes
Koo (min’!) 0.044 + 0.006" 0.040 + 0.002
k., (min") 0.035 + 0.003 0.036 + 0.003
k,, (nM' min‘') 0.008 0.004
Ky (nM) 4.4 9.0

8Experiments to determine kinetic constants used 1.1 nM
[H]Ro5-4864. Nonspecific radioligand binding was determined
in the presence of 1 uM Ro5-4864.

bMean + S.D. for at 1least 3 separate experimental
determinations.
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have similar affinity for [’H]Ro5-4864.

Saturation isotherms of specific [3H]Ro5-4864 binding at
4°C was determined for mitochondria and microsomes. Hill
analysis of the saturation data showed a single homogeneous
receptor population in both fractions. K, and Bmax were
determined by nonlinear regression analysis of the saturation
isotherms (Table 4) and revealed approximately 20% of the
total [3H]Ro5-4864 binding sites were localized in the
microsomal fraction (Figure 7).

[PH]PK 11195 binding to subcellular fractions. Since PK
11195 binding is temperature insensitive, [®H]PK 11195 binding
experiments were performed at room temperature (21-25°C).
Radioligand binding equilibrium was attained by 30 min for
both fractions. Saturation isotherms were performed using 8
different concentrations of [3H]PK 11195 ranging from 0.3 to
20 nM. Hill plots revealed a single homogeneous receptor
population in both fractions. Nonlinear regression analyses
of the saturation isotherms determined K; and Bmax for the
mitochondrial and microsomal fractions (Table 4). Of the
total PK 11195 binding site density, 25% was localized in the
microsomal fraction (Figure 7) and a significant (p < 0.05) 2-
fold excess of PK 11195 binding sites versus Ro5-4864 binding
sites was observed in the microsomal fraction. Although the
mitochondrial PK 11195 binding site density appears greater

than that of Ro5-4864, there is no statistical difference in
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Table 4. S8ummary of constants determined from radioligand
saturation of rat 1liver mitochondrial and microsomal
fractions.

Mitochondria Microsomes

[3H]Ro5-4864

K 2.6 + 0.79 3.9 + 0.6

B,.,° 1.800 + 0.190 0.460 + 0.100

n,t 0.95 + 0.06 0.99 + .01
[*H]PK 11195

K, 0.9 + 0.4 2.7 + 0.7

Bax 2.740 + 0.370 0.950 + 0.240

n, 0.98 + 0.01 1.02 + 0.12
°k9d and B « Were determined by nonlinear regression analysis of
the sagﬁration data. Ky is reported as nanomolar
concentration.
bp is reported as pmol/mg of protein.

max
‘n, was determined from Hill plots of the saturation data.

dMean + S.D. from at least 3 separate experimental
determinations.
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Figure 7. Distribution of [>H]Ro5-4864 and [*H]PK 11195 binding
sites in rat liver subcellular fractions. Microsomal and
mitochondrial fractions from liver homogenates were obtained
by differential centrifugation as described in "Methods". SDH
activity (left diagonally hatched box) indicated the presence
of mitochondrial membranes and the total radioligand binding
site densities for [’H]Ro5-4864 (empty box) and [3H]PK 11195
(crosshatched box) were determined by nonlinear regression
analyses of saturation isotherms (Table 4). All activities
were expressed as a percentage of the total activity of both
fractions. An asterisk (*) indicates a significant difference
(p < 0.5) in the percentage of radioligand binding activity
from the percentage of SDH activity in a fraction. Each bar
and error bar indicates the mean + S.D. from at least 3
separate experimental determinations.
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the Bmax value for these two ligands in the mitochondrial
fraction. There was no difference in the ability of 3 uM Ro5-
4864 or 1uM PK 11195 to displace the specific binding of 1 nM
[H]PK 11195 in either subcellular fraction suggesting there
were no benzodiazepine insensitive isoquinoline binding sites.

Sensitivity of [3H]JPK 11195 specific binding to
diethylpyrocarbonate (DEPC) treatment. Mitochondrial and
microsomal membranes treated with 2 mM DEPC had a 67% and 70%
reduction, respectively, in the specific binding of 1 nM
[H]PK 11195 compared to control membranes (data not shown).
This result indicates there were no differences in the
sensitivity of the mitochondrial and microsomal isoquinoline
binding sites to DEPC treatment.

Fractionation of microsomal membranes. The distribution
of receptor density and the distribution of mitochondria after
separating membranes of subcellular structures by differential
centrifugation is depicted in Fiqgure 7. These results show
significantly higher concentrations of PBR in microsomal
membranes than was accounted for by mitochondrial
contamination as indicated by.the marker enzyme, SDH. The
percentage of the total PK 11195 binding activity was
significantly less than that of SDH activity in the
mitochondrial fraction further suggesting the two activities
do not cofractionate. The association of the PBR with

membranes of different buoyant densities was investigated by
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fractionation of the microsomal membranes through a continuous'
density gradient as described in "Methods". Protein content,
specific binding of 1 nM [*H]PK 11195, and SDH activity were
determined for each 1 ml fraction of the gradient. All assays
were performed in the range of protein linearity and sucrose
had no detectable effects on these assays.

The protein distribution through a typical gradient and
the estimated density gradient is shown in Figure 8A. The
PBR, detected by specific [H]PK 11195 binding, does not
codistribute with mitochondria, indicated by SDH activity, and
the peak specific radioligand binding activity (fraction 16,
Figure 8B) does not coincide with the peak SDH activity
(fraction 15, Figure 8B). The correlation of radioligand
binding activity to detectable SDH activity was low (r =
0.66). However, both detectable SDH activity and [3H]PK 11195
specific binding activity correlated with protein
concentration (r = 0.86 and 0.90 for SDH activity and
radioligand binding activity, respectively). PBR activity
occurs in membranes of lower buoyant densities than buoyant
densities typically observed for mitochondria while SDH
activity was observed in the expected range of mitochondrial
density. These results suggest there are PBR in the
microsomal fraction of liver which are not associated with
mitochondrial membranes (Figure 8).

competition of [’H]Ro5-4864 binding. The ability of
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Figure 8. Representative fractionation of rat liver microsomal
membranes through a continuous sucrose density gradient.
Values are expressed as a percentage of the highest value
obtained. (A) Protein concentrations (empty bar) were
determined by the method of Lowry et al. (1951) and the
highest concentration of 6.5 mg occurred in fraction 14. The
density of each fraction of a control gradient is represented
by the regression line (r = 0.98). Densities ranged from 1.08
(fraction 24) to 1.22 g/ml (fraction 3). (B) Specific binding
of [®H]PK 11195 (left diagonal hatch, 100% = 22,000 DPM) and
SDH activity (filled box, 100% = 0.20 A.U.) were determined
for each fraction.
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various ligands to compete for specific [3H]Ro5-4864 binding
was assessed for both the mitochondrial and microsomal
fractions. Table 3 shows the estimated dissociation constant,
K;, calculated from the IC;, values determined for Ro5-4864, PK
11195, diazZepam, and clonazepam. These results indicated the
rank order of potency to inhibit specific [3H]Ro5-4864 binding

was PK 11195 > Ro5-4864 > diazepam > clonazepam for both

subcellular fractions. The ratio of inhibitory potency of
non-porphyrin ligands in microsomes versus mitochondria
(K;mc/K;mt, Table 5) ranged from 0.7 to 1.4 signifying no
difference in the affinity of these ligands for [*H]Ro5-4864
binding sites in either subcellular fraction. These results
indicate nonporphyrin ligands have the same affinity for the
benzodiazepine binding site of the mitochondrial (mtPBR) and
non-mitochondrial (nmPBR) PBR.

The ability of porphyrins to compete for specific
radiolabeled Ro5-4864 binding was assessed using
protoporphyrin IX (PPIX), hemin, deuteroporphyrin IX (DPIX),
and mesoporphyrin IX (MPIX). A significant difference (p <
0.05) was observed in the apparent K; estimated for PPIX to
inhibit benzodiazepine binding to mtPBR and nmPBR while there
was no difference in the inhibitory potency of DPIX, hemin or
MPIX in either subcellular fraction. PPIX had a 6.2-fold
greater affinity for the mtPBR than for the nmPBR, whereas the

structurally similar porphyrin, DPIX, showed no difference in



89

Table 5. Inhibition of specific [*H]Ro5-4864 binding to rat
liver mitochondrial and microsomal fractions.

Inhibitory Ligand Microsomes Mitochondria K;mc/ Kimtb
Ro5-4864 3.98 2.8 1.4
PK 11195 2.8 2.6 1.1
Diazepam 18.6 19.5 0.9
Carbamazepine 19,400 20,600 0.9
Clonazepam 8,050 11,100 0.7
Mesoporphyrin 920 705 1.3
Deuteroporphyrin 412 239 1.7
Hemin 613 478 1.3
Protoporphyrin IX 804 130 6.2

8Apparent K, are expressed as nM concentrations and were
calculated using the Chen% and Prusoff correction of the ICg
determined using 1.1 nM [*H]Ro5-4864. Estimated K; for bot
fractions were obtained from Table 4.

bRatio of apparent K; in microsomes (K;mc) and mitochondria
(Kmt) .



90
inhibitory potency (Table 5, Figure 9). There was no
significant difference in the inhibitory potency of hemin and
MPIX in mitochondrial and microsomal fractions (Table 5).
These results indicate PPIX had different potencies in
inhibiting specific [*H]Ro5-4864 binding to mtPBR and nmPBR.

Porphyrin competition of [*H]PK 11195 binding. The
potency to inhibit specific [*H]PK 11195 binding with PPIX, a
porphyrin having different potencies to inhibit specific
[*H]Ro5-4864 binding in mitochondria and microsomes, was
determined. These results indicate there was a greatly
diminished difference (K;mc/K;mt = 2.0) in the ability of PPIX
to inhibit the specific binding of 1 nM [H]PK 11195 to
mitochondrial membranes (K; = 122 nM) and microsomal membranes
(K; = 238). PPIX did not distinguish between binding sites
for [*H]Ro5-4864 or [*H]PK 11195 in mitochondrial membranes (K;
= 130 nM and 122 nM, respectively) while demonstrating a 3.5
fold lower inhibitory potency to compete for microsomal
[3H]Ro5-4864 binding sites than microsomal [3H]PK 11195 binding

sites (K,= 804 nM and 238 nM, respectively).
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Figure 9. Inhibition of specific [?H]Ro5-4864 binding with
PPIX (A) and DPIX (B) in rat 1liver mitochondrial and
microsomal fractions. The ability of PPIX (Ag and DPIX (B)
to inhibit the specific binding of 1.1 nM [°H]Ro5-4864 to
mitochondrial membranes (closed symbols) and microsomal
membranes (open symbols) was determined. Nonspecific binding
was estimated in the presence of 1 uM Ro5-4864. (pmol/mg
of protein) was the specific bound radioligand at equlllbrlum.
Each point represents the mean + S.D. for at least 3 separate
experimental determinations. IC;, values were expressed as nM
concentrations calculated by non11near regression analyses.
Estimated IC,, for PPIX was 1031 + 198 nM and 186 + 32 nM and
for DPIX was 528 + 394 nM and 342 + 225 nM in microsomal and
mitochondrial fractions, respectively. The value
determined for PPIX in mitochondria was signl%icantly
different (p < 0.05) from the value determined in the
microsomal fraction.



Discussion

Several studies have appeared suggesting the possibility
of PBR not associated with mitochondria. The rodent PBR of
heart sarcolemma has been well characterized (Doble et al.,
1985; Mestre et al., 1986a,b) and, more recently, a nuclear
PBR has been described in guinea pig lung (Mukherjee and Das,
1989). Cloning the photolabeled 18 kbDa protein, the
isoquinoline binding protein, of the rat adrenal PBR showed
the conspicuous absence of a signal sequence for insertion of
nascent proteins into mitochondrial membranes (Sprengel et
al., 1989). Although a PBR is localized in the mitochondria
of many tissues, evidence suggests other non-mitochondrial
subcellular localizations.

Whereas definitive subcellular 1localization requires
techniques which do not destroy the integrity of cells,
subcellular fractionation may be used for enrichment of
membrane structures from a particular organelle. In this
study, fractions enriched for mitochondrial and microsomal
membranes were obtained by differential centrifugation. Since
the relatively high density of mtPBR with respect to total
mitochondrial proteins has been well documented, mitochondrial
contamination of the microsomal fraction was a concern. The
presence of mitochondria was indicated by SDH activity, an
enzyme associated with the inner mitochondrial membrane. In

many tissues, PBR cofractionate with enzyme markers for the
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inner mitochondrial membrane (Anholt et al., 1986a;
Antkiewicz-~Michaluk et al., 1988a), but the density of mtPBR
did not correlate with the density of mitochondrial membrane
enzyme markers from different tissues (Antkiewicz-Michaluk et
al., 1988a).

The rat liver PBR has been previously characterized and
different [’H]Ro5-4864 binding kinetics were observed using
membrane fractions of different buoyant densities (Chapter 3).
In the present study, mitochondrial and microsomal fractions
were prepared from liver and the binding of [*H]Ro5-4864 was
characterized in both fractions. The kinetic constants
determined for specific [*H]Ro5-4864 binding to both fractions
were similar (Table 3). K, estimates calculated from the
kinetic data agree with estimations from nonlinear regression
analyses of saturation isotherms (Table 4). These results
agree with our previous characterization of [’H]Ro5-4864
binding to liver membranes (Chapter 3).

The density of [?H]PK 11195 binding sites was also
estimated in both subcellular fractions. These results showed
the same subcellular distribution of PBR isoquinoline binding
sites, as indicated by specific binding of [3H]PK 11195, as
the distribution observed for PBR benzodiazepine binding
sites, indicated by the specific binding of [®H]Ro5-4864, in
both subcellular fractions (approximately 75% mitochondrial,

25% microsomal). However, there was a significant 2-fold
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excess of isoquinoline binding sites compared to
benzodiazepine binding sites in microsomes which was not
observed for mitochondria (Table 4). Other reports of a
stoichiometric excess of high affinity isoquinoline binding
sites compared to high affinity benzodiazepine binding sites
suggest the existence of a low affinity benzodiazepine binding
sites (Eshleman and Murray, 1989; Awad and Gavish, 1987). The
ability of a 1000-fold molar excess of Ro5-4864 to completely
displace specific 1 nM [3H]PK 11195 binding in both
subcellular fractions corroborates these findings.

The rodent PBR isoquinoline binding is attenuated by
DEPC, a histidine-specific amino acid modifying reagent
(Benavides et al., 1984b; Doble et al., 1987a; Skowronski et
al., 1987; Eshleman and Murray, 1989). DEPC treatment of
liver mitochondrial and microsomal membranes resulted in the
loss of roughly 70% of specific [*H]PK 11195 binding in both
subcellular fractions. These results are in agreement with
previous reports of the rodent PBR isoquinoline site
sensitivity to DEPC (Benavides et al., 1984b; Doble et al.,
1987a; Skowronski et al., 1988; Eshleman and Murray, 1989).

Tissues such as lung, heart, brain, and liver have a
population of PBR that do not appear to be associated with
marker enzymes for mitochondrial membranes (Mukherjee and Das,
1989; Doble et al., 1985; Schoemaker et al., 1983a;

Antkiewicz-Michaluk et al., 1988a). Liver microsomes were
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prepared with little contaminating mitochondria (Figure 7).
For saturation experiments, microsomes had approximately 7% of
the total SDH activity while retaining 20% of the total
[3H]Ro5-4864 binding site density and 26% of the total [3H]PK
11195 binding site density (Figure 7). These results suggests
there are significantly more PBR ligand binding sites than
could be accounted for by mitochondrial contamination of the
microsomes.

To ensure microsomal PBR was not due to mitochondrial
contamination, microsomal membranes obtained by differential
centrifugation were further separated on a continuous sucrose
density gradient. Results from these experiments indicate the
presence of PBR in fractions not containing mitochondrial
membranes (Figure 8). Also, the occurrence of SDH activity
did not correlate with PK 11195 binding activity. A previous
report demonstrated association of 1liver PBR with 5'-
nucleotidase enzyme activity, a marker enzyme of plasma
membranes (O'Beirne and Williams, 1986). Since plasma
membranes are a component of microsomes, our results agree
with this previous finding.

The potency of various nonporphyrin ligands to inhibit
specific [®H)Ro5-4864 binding in mitochondrial and microsomal
fractions revealed the same rank order of inhibitory potency
characteristic of the PBR (PK 11195 > Ro5-4864 > diazepam >

clonazepam) in both fractions (Table 5). Also, the apparent
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Ki of nonporphyrin ligands estimated from the competition data
showed no differences in inhibitory potency in either
subcellular fraction.

Heterogeneity of the PBR has been previously observed
based on species differences 1in the affinity for
benzodiazepines (Awad and Gavish, 1987; Eshleman and Murray,
1989). High and low affinity states of the PBR benzodiazepine
binding site has also been observed in species demonstrating
high affinity benzodiazepine binding. Eshleman and Murray
(1989) also observed species differences in the ability of
PPIX to inhibit isoquinoline binding to the PBR although
species differences in PPIX inhibitory potency were not
observed in a previous study (Verma and Snyder, 1988).

In our investigations, two pharmacologically distinct PBR
were observed in rat liver based on the affinity of PPIX for
the high affinity benzodiazepine binding site. These receptor
populations differed in the affinity of the benzodiazepine
binding site for PPIX, a putative endogenous porphyrin PBR
ligand, and in subcellular distribution of the sites. A PPIX~-
sensitive benzodiazepine site was associated with
mitochondrial membranes while a PPIX-insensitive
benzodiazepine was described in microsomal membrane fractions
(Table 5, Figure 9).

Evidence suggests the difference in ligand binding was

not due to differences in the preparation of membrane
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fractions or due to differences 1in /the endogenous
concentrations of porphyrins. Hirsch et al. (1988a) observed
only minor variations in the binding of ligands to intact
mitochondria and mitochondrial fragments. In the present
study, the density distribution of contaminating mitochondrial
membranes in microsomes occurred within the expected density
range of intact mitochondria (Figure 8). The possibility of
different amounts of endogenous PPIX in mitochondria and
microsomes was addressed by quantitating PPIX. PPIX
concentrations were determined for subcellular fractions from
a representative fractionation experiment. The results
indicated the endogenous PPIX present was approximately 25 nM
in both fractions. This concentration would have little
effect on PPIX IC;, determinations for the mtPBR since the
endogenous PPIX concentration was approximately 12% the PPIX
IC,, concentration. The estimation of the lower affinity
nmPBR PPIX IC;, would be effected to an even lesser extent
since the endogenous PPIX concentration represents only 2.5%
of the PPIX IC;, concentration to inhibit high affinity
benzodiazepine binding.

PPIX had a 6~fold greater affinity for the mtPBR high
affinity benzodiazepine binding site than for the high
affinity benzodiazepine binding site of the nmPBR in the
microsomal fraction (Table 5, Figure 9). In contrast, other

porphyrins studied had approximately the same affinity for the
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PBR benzodiazepine binding site in both subcellular fractions
(Table 5). DPIX, which lacks the 8,13-divinyl substituents of
PPIX, had the same affinity for benzodiazepine binding sites
in mitochondrial and microsomal membranes. Hemin, PPIX with
a ferric chloride moiety bound within the tetrapyrrole ring,
did not show a significant difference in inhibitory potency.
The rank order of potency to inhibit specific [3H]Ro5-4864
binding to the mtPBR by porphyrins was PPIX > DPIX > hemin >
MPIX while the rank order in the microsomal fraction was DPIX
> hemin > PPIX > MPIX. These data revealed 2
pharmacologically distinguishable PBR with different
subcellular distributions.

PPIX was equipotent in inhibiting [3H]PK 11195 specific
binding in both subcellular fractions. This data demonstrates
that PPIX only discriminates at the high affinity
benzodiazepine binding site and not at the high affinity
isoquinoline binding site. Furthermore, the potency of PPIX
to inhibit PK 11195 specific binding in both fractions was in
agreement with the value obtained for PPIX inhibition of mtPBR
Ro5-4864 specific binding. PPIX inhibition of [3H]Ro5-4864
binding was insensitive to treatment with 2mM DEPC, which
suggests PPIX binding is not histidine residue dependant in
contrast to the DEPC-sensitive nature of PK 11195 binding.

The ability of PPIX to discriminate between mtPBR and

nmPBR benzodiazepine binding sites, the inability of PPIX to
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discern the corresponding isoquinoline binding sites, and
evidence of a stoichiometric excess of nmPBR isoquinoline
sites implies the benzodiazepine binding sites may overlap the
isoquinoline binding site, but the ligand binding domains are
not the same. Our evidence indicates at least two populations
of PBR exist having a pharmacologically indistinguishable
isoquinoline site but heterogeneous benzodiazepine sites based

on the sensitivity to PPIX binding and subcellular location.
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CHAPTER 5

MOLECULAR AND PHARMACOILOGICAL CHARACTERIZATION OF THE BOVINE
PERIPHERAL-TYPE BENZODIAZEPINE RECEPTOR: A PERIPHERAL-TYPE
BENZODIAZEPINE RECEPTOR WITH LOW AFFINITY FOR

BENZODIAZEPINES

Autoradiographic localization of the rat PBR showed high
concentrations of the receptor in steroid elaborating tissues
(Anholt et al., 19855; DeSouza et al., 1986). Subcellular
fractionation indicates the PBR cofractionates with
mitochondria in several steroidogenic tissues (Anholt et al.,
1986a; Antkiewicz-Michaluk et al., 1988a). Several reports
suggest a role for the mitochondrial PBR in steroidogenesis
(Ritta and Calandra, 1989; Besman et al., 1989; Barnea et al.,
1989; Mukhin et al., 1989).

The bovine PBR affinity for benzodiazepines is 2 to 3
orders of magnitude lower than the rat PBR affinity for these
ligands (Basile et al., 1986; Awad and Gavish, 1987).
Although there is heterogeneity of the PBR benzodiazepine
binding site of different species, PK 11195 has a similar
affinity for the PBR in these species (Awad and Gavish, 1987;
Eshleman and Murray, 1989).

To determine the components of the PBR required for

benzodiazepine and isoquinoline 1ligand binding sites, PBR
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exhibiting the greatest pharmacological and biochemicai
dissimilarities of the ligand binding sites would be useful
for comparison of identifiable receptor components. In the
present study, the density of PBR in several bovine tissues
was examined and the bovine PBR was pharmacologically and
biochemically characterized. The bovine PBR was photolabeled
with [*H]PK 14105 and the Mr of the labeled component was
estimated by SDS-PAGE. The species pharmacological and
biochemical differences observed between rat and bovine PBR
should be useful in determining the requisite components for
benzodiazepine and/or isoquinoline ligand binding sites of the

PBR.

Methods

Preparation of bovine membranes. Bovine tissues [adrenal
gland (cortex), brain (cerebral cortex), kidney (renal
cortex), and testes] were frozen in liquid nitrogen and stored
at -80°C. All subsequent procedures were conducted at 4°C.
Bovine tissues (1 g in 5 volumes of buffer) were homogenized
in homogenizing buffer (0.25 M sucrose, 100 mM phosphate, pH
7.4 at 4°C) with a Brinkman Polytron (60 s, full speed). The
homogenate was centrifuged at 700 x g for 10 min. The
supernatant was centrifuged at 150,000 x g for 30 min, the
pellet was resuspended in phosphate buffer (50 mM Na, 50 mM K,

100 mM phosphate, pH 7.4 at 4°C, 1 ml/ g of tissue) and stored
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at -80°C.

Ssubcellular fractionation of adrenal cortex. Adrenal
glands were dissected to remove the medulla, fat, and
connective tissues. The cortex (1 g in 5 volumes buffer) was
minced in homogenizing buffer and homogenized for 30 s in an
Omnimixer. Tissue was further disrupted by 10 up and down
strokes in a Potter-Elvejhem tissue homogenizer. The
homogenate was strained through 2 1layers of gauze and
centrifuged at 700 x g for 10 min. The supernatant was
centrifuged at 7,000 x g for 15 min and the mitochondrial
pellet was resuspended in homogenizing buffer. Mitochondria
were pelleted by centrifugation at 10,000 x g for 15 min and
the pellet was resuspended in phosphate buffer (1 ml/l g
original weight of tissue). Rat adrenal mitochondria were
prepared in a similar manner except no attempt was made to
separate the adrenal medulla and cortex. Adrenal cortical
mitochondria were stored at =-80°C until used. The 700 x g
pellet (P,) from fractionation of bovine adrenals was
resuspended in phosphate buffer using 1 ml1/1 g original weight
of tissue. The 7,000 x g supernatant (P;) was enriched in
microsomal membranes and contained components from the
cytosol. P, and P; were stored on ice at 4°C for up to 48 h.

Radioligand binding. Specific binding of [3H]PK 11195
was linear from 15 to 75 ug of protein/assay for membranes

from testes and adrenals, adrenal mitochondria, and
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solubilized proteins. The protein linear range for kidney and
brain membranes was from 25 to 150 ug of protein/assay. Total
and nonspecific binding was determined in the respective
absencé and presence of 1 uM PK 11195. Using 1 nM [3H]PK
11195, equilibrium of radioligand with bovine adrenal
mitochondria was reached by 30 min. Saturation of membranes
and solubilized proteins with [*H]PK 11195 used six different
radioligand concentrations ranging from 0.25 to 15 nM.
Competition of radioligand binding experiments utilized 6

different concentrations of each inhibitory ligand.

Results

Tissue digtribution of PBR. The density and affinity of
the PBR for [3H]PK 11195 in several bovine tissues was
determined by saturation with [3H]PK 11195. Bmax and K, were
estimated by nonlinear regression analysis of saturation data
(Table 6). Hill analysis of the saturation data revealed a
single homogeneous receptor population in the 4 tissues
investigated (n, 0.98 to 1.02). The density of PBR
isoquinoline binding sites in membrane fractions varied 10-
fold from approximately 25 pmol/mg of protein in adrenal
cortex to 2.5 pmol/mg of protein in the brain. Receptor
density was highest in steroidogenic tissues, specifically
adrenal cortex and testes. The rank order of receptor

densities was adrenal > testes > kidney > brain. The
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Table 6. Binding parameters determined from saturation of
bovine tissue membranes with [*H]PK 11195.

K® Bmax

(nM) (pmol/mg protein) n,’
Adrenal
cortex (4)° 1.20 + 0.119 26.64 + 1.11 1.00 + 0.02
Testes (3) 0.60 + 0.13 7.40 + 1.03 1.02 + 0.02
Kidney (4) 0.54 + 0.25 3.20 + 0.28 0.99 + 0.13
Brain (3) 0.40 + 0.10 2.54 + 0.24 0.99 + 0.06
Adrenal
Mito. (3) 1.21 + 0.20 31.57 + 1.85 0.99 + 0.05
Solubilized
Protein (3) 1.56 + 0.23 19.19 + 0.65°¢ 0.98 + 0.03

8K, and Bmax were estimated by nonlinear regression analysis
of saturation data as described in "Methods".

bnH were estimated as the slope of the best fit 1linear
regression line of Hill plots from each set of saturation
data.

‘Number of separate saturation experiments (n).

dMean + S.D.

¢eApproximately 60% of the adrenal mitochondria PBR density was
solubilized.
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affinities of the PBR, as determined by the K;, was similar in
all tissues investigated and ranged from 0.4 to 1.2 nM.

Distribution of the PBR in adrenal cortical subcellular
fractions. Since the rodent adrenal cortex mitochondrial PBR
occurs in high density, the bovine adrenal cortex was selected
as a potentially rich source of PBR suitable for
characterization studies. Mitochondrial membranes were
detected by succinate dehydrogenase activity and the specific
binding of 1 nM [*H]PK 11195 indicated the presence of the PBR
during separation of adrenal cortical membranes by
differential centrifugation. In two experiments, the Pl
fraction had an average of 19.8% and 14.5% of total PK 11195
and SDH activities, respectively, while the P3 fraction had
31.2% and 31.9% of the total respective activities. The
mitochondrial fraction of adrenal cortex had the highest SDH
activity (53.6%) and [3H]PK 11195 binding activity (49%). SDH
and [*H]PK 11195 binding codistributed in membranes separated
by differential centrifugation and the receptor density was
increased in the mitochondrial fraction (Table 6). These
results indicated the bovine adrenal cortex PBR codistribute
with mitochondria. |

Solubilization of the mitcchondrial PBR. The 1ligand
binding characteristics of the rat PBR can be maintained by
using low digitonin concentrations to solubilize the receptor

(Chapter 2 and Chapter 3). Approximately 60% of the PBR
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density and 40% of the total protein were solubilized from
bovine adrenal cortex mitochondria with 0.25% digitonin (Table
6). Initial experiments revealed the efficiency of
solubilization was greatest at protein concentrations ranging
from 0.75 to 2.0 mg of protein/ml. The soluble receptor
eluted in the included volume of a gel filtration medium at
approximately Mr 200 kDa.

Pharmacological characterization of the adrenal
mitochondrial PBR. Equilibrium of the mitochondrial and
solubilized PBR with [H]PK 11195 was reached by 30 min at
room temperature (23°C). Specific ligand binding was linear
with respect to protein concentration from 15 to 75 ug of
protein/assay for both the solubilized and mitochondrial PBR.
Mitochondria and solubilized proteins were saturated with
[3H]PK 11195 (Figure 10). Nonlinear regression analysis of
saturation isotherms using [*H]PK 11195 revealed single
homogeneous receptor populations (1.1 > n, > 0.9) with a
dissociation constant (K,) of approximately 1.3 nM for both
preparations (Table 6). Comparison of the receptor densities
shows 60% of the mitochondrial binding site density was
solubilized with digitonin.

The ability of ligands to inhibit specific [3H]PK 11195
binding was determined. The results demonstrate the rank
order of potency to inhibit radioligand binding was PK 11195

> PPIX > clonazepam for both the mitochondrial and soluble
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Figure 10. 8aturation of membrane bound (A) and solubilized
(B) bovine adrenal mitochondrial PBR with [3H]PK 11195.
Membranes were incubated for 45 min with 6 different
concentrations of [*H]PK 11195 ranging from 0.25 to 15 nM.
Each point represents a single determination in triplicate.
K, and Bmax were determined from this data using nonlinear
regre551on analy51s to fit a single binding site model (see
"Calculations" in Chapter 2) and n, were determined from Hill
plots of the saturation data.
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receptor (Figure 11). Diazepam and Ro5-4864 concentrations
were limited by the aqueous solubility of these compounds and
IC;, concentrations could not be determined. The potency of
Ro5-4864 and diazepam appears to be similar to that observed
for clonazepam (Figure 11). Equilibrium constants for
inhibition of radioligand binding, K;, were calculated for PK
11195, PPIX, and clonazepam but could not be calculated for
diazepam and Ro5-4864 (Table 7).

Sensitivity of mitochondrial [3H]PK 11195 specific
binding to DEPC treatment. Bovine adrenal mitochondria and
rat liver mitochondria were treated with 2 mM DEPC and the
specific binding of 1 nM [3H]PK 11195 was compared to ethanol
control treated membranes. There was no reduction of
radioligand binding to bovine mitochondria by DEPC treatment.
In contrast, a 70% reduction in [3H]PK 11195 binding to rat
liver mitochondria was observed after treatment with 2 mM
DEPC. The insensitivity of the bovine PBR to modification by
DEPC indicates the rat and bovine PBR are biochemically
distinguishable.

Mr estimation of the [H]PK 14105-labeled PBR. Mr of the
photolabeled PBR was estimated under denaturing and native
conditions. Total and nonspecifically photolabeled
mitochondrial proteins were solubilized with digitonin and the
Mr of the native proteins were determined by gel filtration.

Both total and nonspecifically labeled proteins eluted in the
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Figure 11. Competition of [*H]PK 11195 binding from membrane
bound (A) and solubilized (B) bovine adrenal mitochondrial
PBR. Representative data from competition analysis is shown
for PK 11195 (circle), PPIX (square), clonazepam (inverted
triangle), Ro5- 4864 (triangle) and diazepam (diamond). The
concentration of [H]PK 11195 was 0.25 to 1 nM for each
determination and Be is the specifically bound radioligand in
the absence of an inhibitor. 1IC;, values are expressed as uM
concentrations from the average of 2 separate experimental
determinations. IC;, values for PK 11195, PPIX, and clonazepam
were 0.14, 0.86, and 21.5 for the membrane bound PBR and 0.13,
2.17, and 16.58 for the solubilized PBR. The IC;, of dlazepam
and R05 -4864 could not be determined from these experiments
due to their limited aqueous solubility.
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Table 7. Apparent K, values for ligands competing for [%H]PK
11195 binding to bov:l.na adrenal cortex mitochondrial and

solubilized PBR.

Mitochondrial Solubilized

Inhibitory liganad PBR? PBR
PK 11195 0.010° 0.010
Protoporphyrin IX 0.473 1.324
Clonazepam 11.74 10.93
Ro5-4864 >5 >5

Diazepam >10 >10

%Concentration in uM.

bAverage apparent K, of at least 2 separate experimental
determinations calculated from the average ICg using the Cheng
and Prusoff equation (1973).
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same void volume corresponding to Mr 200 kDa. Solubilized
photolabeled proteins were precipitated with 15%
trichloroacetic acid and separated by SDS-PAGE under reducing .
conditions. The specificity and Mr of [3H]PK 14105-labeled
proteins was assessed by slicing the gel into 2 mm sections
and determining the radioactivity in each section. The
results indicate a protein of approximately 20 kDa was
specifically photolabeled (Figure 12). The radioactive
protein(s) centered at 4.8 cm had approximately 50% of the
total radioactivity applied to the gel.

Rat and bovine adrenal mitochondrial photolabeled
proteins were also solubilized from membranes in SDS-PAGE
sample buffer. The samples were electrophoresed, the gel
dried and the Mr of the specifically 1labeled proteins
determined by fluorography. A Mr 17 KkDa protein was
identified in both the rat and bovine adrenal mitochondria as
the only protein specifically modified by [3H]PK 14105 (Figure
13). A protein band corresponding to Mr 50 kba in bovine
mitochondria and Mr 40 kDa in rat mitochondria was also
labeled. However, the labeling was nonspecific because
incorporation of photolabel into these proteins was unchanged

in the presence of a molar excess of inhibitory ligand.
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Figure 12. 8pecificity of bovine adrenal mitochondrial PBR
photolabeling. The specificity of [H]PK 14105 incorporation
into mitochondrial proteins was determined after digitonin
solubilization and electrophoresis of solubilized proteins
precipitated by 15% trichloroacetic acid. Radioactivity was
assessed in 2 mm gel slices for both total (19,000 DPM) and
nonspecifically (6,000 DPM) incorporated radiolabel.
Approximately 50% of the radioactivity was centered at 4.8 cm
for the total incorporated photolabeled proteins. The
specifically radiolabeled protein was located approximately
4.8 cm from the origin of the separating gel corresponding to
an Mr of approximately 20 kDa.
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Figure 13. 8DS=-PAGE of [’H]PK 14105 labeled rat and bovine
adrenal mitochondrial proteins. Rat (lanes 1,2) and bovine
(lanes 3,4) adrenal mitochondria were photolabeled in the
absence (T) and presence (N) of 10 uM PK 11195 and solubilized
in SDS~-PAGE sample buffer, Bovine mitochondria were also
photolabeled and solubilized with digitonin and the soluble
proteins precipitated with 15% trichloroacetic acid (lane
5,6). Proteins were electrophoresed and the radioactive
proteins were identified by fluorography of the dried gel. Mr
standards (97.4, 66.2, 45.0, 31.0, 21.5, and 14.4 kDa) were
visualized by staining the gel with Coomassie blue R-250. A
specifically labeled protein of Mr 17 kDa was identified from
both rat and bovine adrenal mitochondria. A 40 kDa protein
and a 50 kDa protein were nonspecifically labeled in rat and
bovine mitochondria, respectively.
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Discussion
The density of the rat PBR is greatest in steroidogenic
tissues (Anholt et al, 1986a; Antkiewicz-Michaluk et al.,
1988a) and studies suggest a role for the PBR in modulating
steroid synthesis (Ritta and Calandra, 1988; Besman et al,
1989; Barnea et al., 1989; 1988; Mukhin et al., 1989). The
tissue distribution of the bovine PBR was investigated to
determine the density of the receptor in two steroidogenic
tissues (adrenal cortex and testes) and two tissues which are
not appreciated as steroid synthesizing (brain and kidney).
The highest density of PBR occurred in the adrenal cortex
followed by testes, kidney, and brain in order of decreasing
density. The higher densities of bovine PBR in adrenal cortex
and testes suggests a similar role in steroidogenesis for the
bovine receptor.
Subcellular fractionation of the adrenal cortex showed
SDH activity and PK 11195 binding activity cofractionated.
The bovine adrenal PBR 1is primarily associated with
mitochondria and this agrees with other studies which
determined the subcellular distribution of rat PBR (Anholt et
al., 1986a; Antkiewicz-Michaluk et al., 1988a). These data
shpw the bovine adrenal PBR is primarily associated with
mitochondria although other subcellular 1localizations are
possible.

The PBR has two ligand binding regions that are believed
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to be overlapping, but not identical (Skowronski et al.,
1987). The PBR benzodiazepine binding site is characterized
by high affinity binding of Nl-alkyl-1,4-benzodiazepines, such
as Ro5-4864. The PBR isoquinoline binding site is
characterized by high affinity binding of isoquinoline
ligands, such as PK 11195. Previous studies have
demonstrated the species pharmacological heterogeneity of the
PBR benzodiazepine binding site. Eshleman and Murray (1989)
showed a PBR with a low affinity benzodiazepine binding site
in trout brain while Awad and Gavish (1987) demonstrated a PBR
with a similar low affinity benzodiazepine site in bovine
brain and kidney. Although species heterogeneity has been
observed for the benzodiazepine binding site, the isoquinoline
binding site of the PBR appears to have a similar pharmacology
in many species.

To examine the pharmacologic profile of the bovine PBR,
adrenal cortical mitochondria were used in radioligand binding
competition experiments due to the high density of receptor
sites. The ability of various ligands to interact with the
bovine PBR was investigated. These results showed a different
pharmacological profile than was observed for the rodent PBR.
The rank order of potency to inhibit specific [3H]PK 11195
birnding to bovine mitochondria was PK 11195 > PPIX >
benzodiazepines (clonazepam, diazepam, and Ro5-4864). The low

affinity binding of Ro05-4864 and diazepam distinguish the
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rodent PBR from the bovine PBR. These results agree with
previous characterizations of ligand binding to the bovine PBR
except for PPIX. PPIX did not have a high affinity (K; < 100
nM) for the bovine PﬁR in our experiments. The disparity
between our data and a previous report may be due to
methodological differences in radioligand competition assays
(Verma and Snyder, 1988). Although other species differences
have been observed for benzodiazepine binding to the PBR, the
greatest differences described are between the rat and cow.

The bovine PBR was solubilized with intact ligand binding
properties using digitonin. Gel filtration showed the PBR
elutes in the included volume of ﬁhe gel matrix at Mr 200 kDa.
Although the molecular weight estimate probably more
accurately reflects the average Mr of mixed protein-digitonin
micelles, elution in the included volume indicates the PBR was
solubilized. A similar result was obtained for the
photolabeled rat PBR (Chapter 3).

The isoquinoline binding site of rodent PBR is sensitive
to treatment with DEPC, a histidine-specific modifying reagent
at low concentrations (1-2 mM) (Benavides et al., 1984b;
Skowronski et al., 1987; Eshleman and Murray, 1989).
Treatment of bovine mitochondria with DEPC did not effect
(3H]PK 11195 binding. This result indicates PK 11195 binding
to bovine PBR is not dependant on a histidine residue or the

histidine in the PK 11195 binding site is resistant to DEPC
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modification. Therefore, the bovine PBR is both
pharmacologically and biochemically distinct from the rat PBR.
Eshleman and Murray (1989) showed trout cerebral cortical PBR
were less sensitive to DEPC treatment than mouse cerebral
cortical PBR, but 20% of trout [®H]PK 11195 binding were DEPC
sensitive.

The molecular nature of the bovine PBR, a
pharmacologically and biochemically distinct PBR, has not been
previously reported. The rat PBR has been photolabeled with
[3H]PK 14105 and the Mr of the photolabeled components
estimated to be 17 to 19 kDa by SDS-PAGE (Chapter 3; Doble et
al., 1987a,b; Skowronski et al., 1988; Antkiewicz~Michaluk et
al., 1988a). In the present study, the bovine PBR can be
specifically photolabeled with [3H]PK 14105. Fluorography of
a dried acrylamide gel shows the isoquinoline photolabel
specifically incorporates into an 17 kDa protein which can be
solubilized by digitonin. Photolabeled bovine and rat
mitochondrial proteins were separated by SDS-PAGE and revealed
a single specifically labeled 17 kDa protein in both species.
The differences in pharmacology may be reflected in the
primary sequence of the PBR 17 kDa protein or due to a
different component of the PBR, but the photolabeled
components of the PBR have a similar Mr in both species.

In conclusion, the bovine PBR occur in high

concentrations in steroidogenic tissues, such as adrenal
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cortex, and has a primarily mitochondrial subcellular
localization. The rat and bovine PBR can be distinguished on
the basis of the high affinity binding of benzodiazepine
ligands and on the perturbation of the isoquinoline binding
site by DEPC. The rat PBR has a high affinity benzodiazepine
binding site and PK 11195 binding can be decreased by
treatment with DEPC. Only low affinity benzodiazepine binding
was observed for the bovine PBR and PK 11195 binding was not
modified by DEPC. Although pharmacological and biochemical
species differences have been observed for the receptor, a
similar 17 kDa protein, the isoquinoline binding protein, is
involved in isoquinoline binding to both rat and bovine PBR.
These results indicate high affinity isoquinolinza 1ligand
binding is a conserved characteristic of the PBR, while high

affinity benzodiazepine binding is not.
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CHAPTER 6

PHOTOCHEMICAL DERIVATIZATION OF AGAROSE: SYNTHESIS OF AN
AFFINITY AGAROSE USING A PHOTOAFFINITY LIGAND SPECIFIC FOR

THE PERIPHERAL-TYPE BENZODIAZEPINE RECEPTOR

The isoquinoline binding protein, a 17-18 kDa PBR protein
photolabeled by [3H]PK 14105, has been purified under
denaturing conditions (Antkiewicz-Michaluk et al., 1988b:
Riond et al., 1989). The components required for high
affinity ligand binding cannot be determined using these
techniques to purify receptor proteins. Purification of the
PBR using nondenaturing methods would provide a means to study
the requisite receptor components, particularly for PBR having
different pharmacological characteristics. High affinity for
isoquinoline carboxamide 1ligands appears to be a common
characteristic of PBR. Thus, a PBR specific affinity agarose
based on an immobilized isoquinoline carboxamide ligand may
prove useful in the purification of the receptor from several
species.

Receptor specific ligands immobilized on an inert support
have been used for affinity purification of solubilized
receptor proteins (Strosberg, 1984). The solubilized receptor
protein(s) have been reversibly adsorbed to receptor-specific

affinity media. A molar excess of a competing ligand in
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solution has been used to elute the receptor, further
discriminating between proteins which were specifically and
nonspecifically adsorbed to the affinity matrix (Strosberg,
1984; Dean et al., 1985a). This technique often affords
substantial purification of a solubilized receptor protein in
a single chromatographic step (Strosberg, 1984).

The structure of specific, reversible receptor ligands
have been modified in areas not critical for receptor binding
activity to introduce photoreactive or chemically reactive
groups (Bayley, 1983). The introduction of a photoreactive
moiety can be used in the construction of a photoaffinity
ligand (Bayley, 1983). Functional groups previously present
or introduced on a ligand have been used for ligand attachment
to a matrix for the construction of affinity media (Strosberg,
1984). In either case, ligands have been modified to increase
reactivity in areas of their structure which minimally
disrupts receptor-ligand interactions.

To minimize stearic hindrance of interactions between
immobilized ligands and solubilized receptors, spacer arms
have been used to increase the 1ligand-matrix distance
(Strosberg, 1984). Agarose has been a particularly useful
support which can be easily derivatized to make it chemically
reactive. Reactive spacer and ligands can be coupled to an
activated agarose under mild reaction conditions which do not

result in chemical and/or physical degradation of agarose or
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reactive groups attached to agérose (Dean et al., 1985b).

Several benzodiazepine rgceptor affinity agaroses have
been synthesized (Stephenson and Barnard, 1286). Haloacetyl
(bromo- or iodoacetyl) dihydrazide adipic acid agarose
(haloacetyl agarose) was used to alkylate 1,4-benzodiazepines
at an amine or acidic amide nitrogen (Martini et al., 1982;
Sigel et al., 1982). Syntheses of benzodiazepine affinity
media have proven particularly useful for the purification of
a benzodiazepine receptor associated with the GABA-regulated
chloride ionophore complex in neurons (Stephenson and Barnard,
1986) . This central benzodiazepine receptor (CBR) was
purified several thousand-fold in a single affinity
chromatographic step (Martini et al., 1982; Sigel et al.,
1982; Taguchi and Kuriyama, 1984).

PK 14105 has been used to photoaffinity label the PBR.
Nucleophilic substitution of the 2'-fluorine of PK 14105 by
diethylamine occurs when the two reactants were irradiated
with uv light (Doble et al., 1987b). This mechanism of
covalent modification affords a novel method to
photochemically derivatize agarose having a nucleophilic
spacer arm. The resulting photochemically-modified agarose
might be useful as a receptor specific affinity matrix.

In this study, w-aminobutyl agarose was photochemically
derivatized with PK 14105 to yield PK 14105 agarose. PK 14105

agarose was spectrally and biologically characterized. As the
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mechanisms of covalent modification of receptors by
photolabeling are elucidated, this technique may be applicable
for immobilization of other receptor specific photoaffinity
ligands. This is the first report of photochemically
derivatizing agarose with a photoaffinity ligand to construct

a receptor specific affinity agarose.

Methods

synthesis of PK 14105 agarose. o~-Aminobutyl agarose
(ABAg) was purchased or synthesized according to the method
described by Cuatrecasas (1970). The settled ABAg gel (25 ml)
was washed twice with 50 ml of water followed by washing three
times with 50 ml of 50% N,N-dimethylformamide (DMF) in water
(adjusted with 0.1 N NaOH to 8 > pH > 7). The agarose cake
was mixed with 25 ml of 50% DMF. PK 14105 (50 mg in 1 ml DMF)
was added to the ABAg slurry and the mixture was irradiated
for 60 min at 7 cm with uv light (Conrad-Hanovia 100 w
filtered with a Vycor absorption sleeve to give i, of 366
nm). After 30 min of irradiation, 10 ml of 50% DMF was added
to prevent drying of the agarose. A control agarose was
irradiated in the absence of PK 14105. The irradiated gels
were exhaustively washed with 50% DMF followed by washing with
water. The resulting control gel and PK 14105 agarose (PKAQ)
gel were stored in 0.02% sodium azide at 4°C in light proof

containers.
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Quantitation of immobilized PK 14105. PKAg was
characterized using Yr and 'H NMR spectroscopy and uv-visible
spectroscopy. All NMR spectra were acquired on a Bruker AM500
instrument (operating at 500 MHz and 470 MHz for 'H and “F
nuclei, respectively) equipped with an Aspect 3000 computer.
'H chemical shifts (§ ppm) were reported relative to
tetramethylsilane at 0 ppm and YF § were reported relative to
trifluoroacetate (pH 7.0) at 0 ppm (Taylor and Deutsch, 1983).
NMR samples were prepared in a solvent mixture of
DMF:water:deuterium oxide, 5:2.5:2.5. uv-Visible spectra of
agarose gels (in water) were obtained using a Beckman DU-7
spectrophotometer in quartz cuvettes having a 2 mm path
length. Quantitation of PK 14105 coupling to agarose was
assessed by measuring the concentration of uncoupled primary
amine groups of control agarose versus PKAg (ABAg irradiated
in the absence and presence of PK 14105, respectively).
To determine the degree of substitution of the amino gel,
a color test using 2,4,6-trinitrobenzenesulfonic acid was
performed as previously described (Cuatrecasas, 1970)
measuring absorbance at 410 nm. An alternative colorimetric
assay, kindly provided by Sigma Chemical Co., (St. Louis, MO)
utilizes Moore's Ninhydrin reagent to quantitate the
concentration of primary amines of an agarose gel. A gel
slurry containing 1 ml of packed gel was washed twice with 10

ml of 0.5% acetic acid. The supernatant was siphoned off and
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water was added to a final volume of 10 ml. Moore's Ninhydrin
reagent (1 ml) was mixed with 2 ml of the agarose slurry and
the samples were heated in a boiling water bath for 10 min.
After the samples cooled to room temperature, 5 ml of 95%
ethanol was added and the absorbance at 570 nm was determined.
The absorbance of a control consisting of water was subtracted
from the value determined for each agarose. A standard curve
was constructed with 2 ml of l-aminobutane in 0.05% acetic
acid using amine concentrations ranging from 15 to 50 uM. The
samples were mixed with 1 ml of the Ninhydrin reagent and
prepared using the same procedure described for agarose. The
agarose supernatant was diluted with ethanol until the
absorbance of the supernatant was within the absorbance range
of the standard curve.

Solubilization of the bovine peripheral-type
benzodiazepine receptor. Rat and bovine adrenal PBR were
solubilized from an enriched mitochondrial fraction (see
Chapter 2 and Chapter 5). PBR from rat adrenal mitochondria
were solubilized and partially purified by Q Sepharose
(Pharﬁacia, Piscataway, NJ) chromatography as previously
described (Antkiewicz-Michaluk et al., 1988a) using a lower
digitonin concentration in the elution buffer (0.02% instead
of 0.125%). The presence of eluting PBR from Q Sepharose was
detected by the specific binding of [3H]PK 11195 (see below).

Peak radioligand binding activity occurred at approximately 75
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mM NaCl. The partially purified PBR was stored at -80°C until
used.

Radioligand binding assays. The PBR was detected by the
specific binding of [3H]PK 11195 at room temperature (21 to
25°C) as described in Chapter 2. Nonspecific binding of [*H]PK
11195 was determined in the presence of 1 uM PK 11195.

Binding of the soluble peripheral-type benzodiazepine
receptor to PK 14105 agarose. The association of the soluble
PBR with agarose was inferred by the absence of supernatant
radioligand binding activity after incubation of the soluble
receptor with an agarose and separation by centrifugation. To
determine association and saturation of the bovine PBR with
PKAg and ABAg, 1 ml of solubilized receptor (0.190 mg of
protein/ml, 4.64 pmol of PBR) was added to 0.20 g of agarose
previously equilibrated with 0.4 ml of buffer. Assays were
terminated by centrifugation at 1,000 x g for 1 min and the
supernatants removed. The specific [3H]PK 11195 binding
activity of the supernatant of PKAg was compared to an ABAg
control and a soluble PBR dilution control (1 ml of the
soluble PBR diluted with 400 ul of buffer). A decrease of
supernatant binding activity was considered soluble PBR
association with agarose. The ABAg control had 80 - 85% of
the binding activity -of the dilution control.

Inhibition of the receptor interaction with the affinity

media and an ABAg control was determined by the addition of
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100 uM alpidem, a high affinity PBR ligand, to assays. After
a 60 min incubation, assays were terminated by centrifugation.
To remove excess alpidem, 500 ul of the supernatant was loaded
onto a column (3.4 ml, 11 cm) of fine Sephadex G-50
(Pharmacia, Piscataway, NJ) previously equilibrated with
buffer. After 500 ul of flow through, the receptor was eluted
from the column in 1 ml. Specific radioligand binding was
determined for the receptor eluted from the gel filtration
media.

The specificity of receptor interaction with agarose was
determined by the addition of 1 ml of soluble receptor to 0.15
g of agarose previously equilibrated with 300 upl of buffer.
[3H]PK 11195 (100 pl) was added to give a final concentration
of 1 nM in a final incubation volume of 1.5 ml. Total and
nonspecific radioligand binding was determined in the absence
and presence of 10 uM PK 11195. After a 60 min incubation,
assays were terminated by centrifugation and the specific
[H]PK 11195 binding activity of the supernatant was assessed.
A 500 pl aliquot of the supernatant was collected by vacuum
filtration as described for soluble receptor radioligand
binding assays. The agarose pellet was collected on a glass
fiber filter under vacuum, washed with 500 ul of buffer, and
50 mg of the wet weight agarose was assayed for radicactivity

by liquid scintillation spectroscopy.
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Results

Spectral characterization of PK 14105 agarose. NMR
spectroscopy was used to characterize FKag. Due to the
gelatinous nature of the preparations, the resonances were
broad. This was typified by the "F NMR spectra of the PK
14105 and ABAg mixture in which the 2'=fluorine of PK 14105
resonates at § -29.17 ppm. The “F spectrum of a similar
sample after irradiation and washing did not contain any
detectable fluorine resonances. However, the 'H NMR spectra
of both samples (before and after irradiation) revealed the
presence of a broad singlet resonance at § 7.90 ppm which was

attributed to aromatic protons.
uv-Visible spectra (A = 500 - 260 nm) were also obtained’
for ABAg and PKAg. The affinity agarose had increased
absorbance compared to ABAg from 450 to 260 nm over the range
of wavelengths measured. A peak absorbance occurred at 325 nm
for PKAg and this wavelength was used to qualitatively assess
the reaction of PK 14105 with ABAg. Since substitution of
the fluorine of PK 14105 by an amine would change the
absorbance of the parent isoquinoline chromophore, the molar
extinction coefficient of the absorbance at 325 nm could not
be accurately determined. Therefore, spectrophotometric
analyses were not used to quantitatively assess ligand
attachment to the agarose. These NMR and uv~visible spectral

data indicate PK 14105 was covalently bound to ABAg by
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substitution of the terminal primary amine at the 2'-fluorine
of PK 14105. The proposed structure of the affinity agarose
is shown in Figure 14.

The concentration of primary amine groups of ABAg and
PKAg was used to estimate the concentration of PK 14105
covalently bound to ABAg. The difference in amine
concentration was attributed to the attachment of PK 14105 to
ABAg. Two different colorimetric assays were used with
similar results. The 2,4,6-trinitrobenzenesulfonic acid
derivative revealed PKAg had 46% of the concentration of
primary amines found on ABAg. The number of primary amine
groups on agarose was also estimated with a Ninhydrin reagent
using the monoamine alkane to construct a standard curve. The
primary amine concentration of ABAg was 5.0 umol/ml of settled
gel while PKAg had 2.7 umol of primary amine/ ml of settled
gel. These results indicate the affinity medium had 54% of
the primary amine groups of the underivatized agarose. The
difference in primary amine concentration of 2.3 umol/ ml of
settled gel was used to quantitate the ligand concentration
covalently bound on PKAg. The estimated immobilized ligand
concentration was 2.3 mM for PKAg.

Association of the soluble bovine PBR to PK 14105
agarose. Association of the bovine PBR with ABAg and PKAg are
shown in Fig. 3. In these studies, 90% of the total [3H]PK

11195 binding activity was bound to PKAg by 30 min compared to
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A) R = F NH

t
B) R = NH(CH,;) ,NH—C—0—AGAROSE

Figure 14. 8tructure of PK 14105 (A) and proposed structure
of PK 14105 agarose (B).
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20% bound to ABAg. Of the total PBR activity added, 95% was
bound to the affinity agarose by 60 min and remained bound
until 120 min compared to 25% of the PBR bound to ABAg by 60
min with no change up to 120 min.

Specificity of receptor-PK 14105 agarose
interactions. The specificity of receptor interaction with
PKAg and ABAg was investigated by incubating 1 nM [*H]PK 11195
with soluble PBR and agarose. Radioligand binding in the
presence and absence of 10 uM PK 11195 determined total and
nonspecific binding of [3H]PK 11195 by the soluble and agarose
bound solubilized receptor. ABAg and 10% phenyl agarose
(phenyl Sepharose CL 4B diluted with ABAg to 10% w/w) were
used as hydrophobic media to determine nonspecific receptor-
agarose interactions. The results, shown in Figure 16,
revealed the total [®H]PK 11195 binding activity (supernatant
and agarose associated) was the same for control agaroses
(ABAg and 10% phenyl agarose). Total radioligand binding
activity was markedly reduced by PKAg. PKAg had 24% and 23%
of the total binding activity of ABAg and 10% phenyl agarose,
respectively. These results suggest PKAg binds the PBR via a
ligand-specific interaction.

Specificity of the receptor-affinity agarose interaction
was also assessed by incubating the soluble PBR with an
agarose in the presence of a competing reversible ligand (100

uM alpidem) in solution. Gel filtration was used to decrease
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Figure 15. Association of the soluble bovine PBR with PK
14105 agarose. The time-dependant association of bovine PBR
with ABAg (open square) and PKAg (filled circle) was
determined as described in "Methods". Assays were terminated
by centrifugation after incubations of 0, 10, 20, 30, 60, 90,
and 120 min. At time 0, ABAg and PKAg had 20,210 DPM and
13,090 DPM, respectively, of specific [®H]PK 11195 binding
activity in the respective supernatants (0% agarose associated
binding activity). After 120 min., 95% and 27% of radioligand
binding activity was associated with PKAg and ABAg,
respectively.
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Figure 16. 8pecificity of soluble bovine PBR interaction with
PK 14105 agarose. The binding of 1 nM [3H]PK 11195 to PBR in
solution and bound to agarose was determined in the presence
and absence of 10 uM PK 11195. 10% phenyl agarose (10% PhAg)
was used as an agarose with increased hydrophobicity compared
to ABAg alone. After termination by centrifugation, specific
radioligand binding activity in the supernatant (open) and
agarose (left diagonal hatch) was determined as described in
"Methods". Total PBR binding activity (crosshatch) was
calculated as the sum of binding activity in the supernatant
and agarose.
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Table 8. Ligand inhibition of soluble bovine PBR association
with PK 14105 agarose.

Specific Bound® Percent of
(DPM) Control®
PKAg 1,340 4
ABAg 34,450 100
PKAg® + alpidem? 7,631 68
ABAg + alpidem 11,255 100

aspecific [3H]PK 11195 binding activity of supernatant (unbound
activity)

bSupernatant binding activity of ABAg was used as the control.

‘Gel filtration was used (see "Methods") to remove alpidem
from supernatant of PKAg and ABAg before radioligand binding.

dAlpidem concentration was 100 uM.
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the alpidem concentration to negligible 1levels before
determining radioligand binding activity of the PBR not bound
to the support matrix. The results indicate approximately 96%
of PBR activity was bound to the affinity media (4% unbound)
compared to an ABAg control in the absence of a competing
ligand while 32%'of PBR activity was bound to PKAg (68%
unbound) in the presence of a competing ligand (Table 8)
compared to an ABAg control. These results suggest the
receptor interaction with the affinity agarose was
specifically inhibited by a reversible competing ligand. Gel
filtration of unbound PBR incubated with PKAg in the absence
of alpidem did not increase PBR binding activity indicating
ligand leakage from the column was not inhibiting receptor
binding activity.

Saturation of the PBR with PK 14105 agarose. A single
concentration of PBR was incubated with varying concentrations
(expressed as percentage w/w) of PKAg. ABAg (0% PKAg) was
used to determine nonspecific interactions of the receptor
with agarose. A total of 4.64 pmol (0.190 mg of protein) of
solubilized PBR was added to each concentration of affinity
agarose and the specific binding of 1 nM [3H]PK 11195 was used
to detect the presence of PBR not bound to agarose. PBR bound
to the affinity agarose was calculated as the difference
between the PBR not bound to ABAg and the PBR not bound to a

given concentration of PKAg (Table 10). Scatchard analysis
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(inset, Figure 17) of the saturation data (Figure 17) was used
to estimate the affinity of the PBR for PKAg. The first order
regression line determined for the Scatchard plot (r = 0.96)
suggests the maximum binding capacity of the affinity agarose
was 5.2 pmol of PBR and the dissociation constant, K,, was 25%
(0.05 g PKAg/0.20 g total agarose) PKAg. The K,, which
represents the percentage of PKAg (PKAg weight/total agarose
weight) required to bind 50% of the total PBR, was used to
estimate the affinity of PKAg for the PBR.

Retention of soluble rat and bovine PBR by a PK 14105
agarose affinity column. The bovine PBR (19 mg of protein, 30
ml) was applied to a column (1.5 x 10 cm) of the affinity
medium and the elution of [’H]PK 11195 binding activity was
monitored by radioligand binding activity of the eluting
fractions. Approximately 85% of the total binding activity
was retained by the affinity medium while 10% of the total
protein was retained. A partially purified rat PBR
preparation (see "Methods") was applied to a similar affinity
column (1.5 x 10 cm). Approximately 85% of the receptor
activity and 14% of the total protein was retained by the
column. These data indicate the affinity agarose binds bovine
and rat PBR, species with similar isoquinoline carboxamide
binding characteristics but different 1,4-benzodiazepine

binding characteristics.
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Table 9. saturation of soluble bovine PBR with PR 14105
agarose.

Weight of Supernatant PBR bound to

% PKAg® PKAgG® (9g) PBR® (pmol) PKAgY (pmol)
0 0.00 4.64 0.00
10 0.02 2.97 1.67
25 0.05 2.05 2.59
50 0.10 0.78 3.86
75 0.15 0.46 4.18
100 0.20 0.26 4.38

Free ligand concentration.

brhe total weight of agarose used in each assay was 0.20 g.
Ssupernatant PBR was PBR not bound to agarose and was
determined by radioligand binding assays (see Materials and
Methods) .

dPKAg bound PBR was calculated as the supernatant PBR
subtracted from the supernatant PBR of 0% PKAg (100% ABAQg).
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Figure 17. PK 14105 agarose saturation of soluble bovine PBR.
The ability of PKAg to saturate the soluble PBR was determined
by diluting PKAg with ABAg to yield varying concentrations
PKAg (see "Methods"). Binding of soluble PBR to ABAg (0%
PKAg) was defined as nonspecific association of the
solubilized receptor with agarose (see Table 10). Free ligand
concentration was expressed as % PKAg and was considered
unaltered by the presence of soluble PBR. The inset depicts
Scatchard analysis of the saturation data for the PBR.
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Discussion
The mechanism of reactivity for many photoaffinity
ligands has not been determined (Bayley, 1983). If a
mechanism of photoreactivity has been discerned, this
mechanism can be a exploited to construct an affinity matrix
by attachment of the photoaffinity ligand to an appropriate
spacer arm using the photoactivatable group. Therefore,
photoaffinity ligands may be useful in the construction of
receptor specific affinity matrices.
1,4-Benzodiazepines have been attached to haloacetyl
agarose by alkylation of an amine or amide nitrogen (Martini
et al., 1982; Sigel et al., 1983). Using similar reaction
conditions, we attempted to alkylate N-desmethyl Ro5-4864 and
N-desmethyl PK 11195 with iodoacetyl agarose. Ultraviolet-
visible spectra indicated the respective N-desmethyl ligands
had been bound to the agarose support, but the resulting media
did not bind the soluble rat PBR (data not shown). Structure-
activity studies determined alkylation at the N-1 position of
1,4-benzodiazepines was required for high affinity binding to
the PBR (Wang et al., 1984a). From these studies, it appeared
that PBR binding might be more tolerant of substitutions on
the phenyl moiety of PBR ligands.
A phenyl substituent attached to the isoquinoline nucleus
of isoquinoline carboxamide ligands was considered analogous

to the phenyl substituent attached to the parent
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benzodiazepine nucleus. Changing the 2'=-chlorophenyl
substituent of PK 11195 to the 2'-fluoro-5'-nitrophenyl
substituent of PK 14105 reduces the affinity for the PBR by
only 2.3-fold (Doble et al., 1987b). Thus, the phenyl moiety
was a candidate for covalent modification by attachment to an
agarose support since modification of this substituent had a
modest effect on receptor-ligand interactions.

A mechanism of PK 14105 photoreactivity involved
nucleophilic displacement of the 2'-fluorine (Doble et al.,
1987b) . This photoreactivity confers a facile method of
ligand attachment to a nucleophilic spacer arm attached to
agarose. Covalent binding of the photoaffinity ligand to
agarose should render the immobilized ligand inactive as a
photoaffinity 1ligand. Receptor binding to the affinity
agarose should be reversible in the absence of a strong
nucleophile and uv radiation.

The terminal primary amine of the aminobutyl spacer arm
is strongly nucleophilic. Hydrophobic interaction of proteins
with an alkyl amine spacer arm are increased by increasing the
alkyl chain length. Short spacer arms may allow stearic
inhibition of 1ligand-receptor interaction by the inert
support. An optimal spacer arm for ligand attachment would
possess the strong nucleophilic character of a primary amine
attached to the shortest possible alkyl chain. Therefor, ABAg

was regarded as an agarose having the desired characteristics
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required for attachment of PK 14105.

The secondary amine resulting from the photochenmical
reaction of PK 14105 with the primary amine spacer arm would
be a much weaker nucleophile due to the electron withdrawing
effect of the p-nitrophenyl substituent on the amine. Also,
stearic hindrance would tend to inhibit a second molecule of
PK 14105 from reacting with the less nucleophilic secondary
amine. However, there was no evidence to support the proposed
stoichiometry of ligand attachment to an aminobutyl group.
NMR and uv-visible spectra indicates PK 14105 was covalently
bound to ABAg to yield PKAg. The proposed structure is
depicted in Figure 14.

The PK 14105 concentration bound to agarose was estimated
using two different colorimetric assays which determined the
concentration of primary amines on agarose before and after
derivatization (ABAg and PKAg, respectively). Results from
both assays were in agreement and indicated approximately 50%
of available primary amine groups of ABAg photochemically
reacted with PK 14105. An agarose~bound ligand concentration
of 2.3 mM was estimated from these assays.

Experiments demonstrated soluble bovine PBR binding to
PKAg was specific. Apparently, attachment of the ligand to
agarose via the phenyl substituent maintains specific ligand-
receptor interactions between PKAg and the PBR. The time

course for receptor association with the affinity agarose
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(Figure 15) was consistent with that observed for other
isoquinoline ligands (Benavides et al., 1985b; Doble et al.,
1987b) .

Radioligand binding to the soluble PBR was inhibited in
the presence of PKAg (Figure 16). Similar experiments with
hydrophobic media, such as ABAg and 0% phenyl agarose,
indicates the PBR was detectable in both supernatant and
agarose fractions (Figure 16). Increasing the hydrophobicity
of ABAg by adding 10% phenyl agarose increased binding of the
PBR to agarose and decreased binding in the supernatant.
However, the binding to the hydrophobic media was nonspecific
since increased radioligand binding was demonstrated in the
agarose fraction.

The immobilized ligand concentration of an affinity
matrix can be decreased by dilution with a matrix which
nonspecifically binds the protein(s) of interest (Dean et al.,
1985c). To biologically assay the affinity agarose, PKAg was
diluted with ABAg on the basis of wet weight. This
effectively decreases the concentration of ligand in the
agarose matrix per an equivalent wet weight of agarose
(Winzor, 1985). Scatchard analysis (inset, Figure 17) of the
saturation data (Figure 17, Table 9) was used to estimate the
affinity of PKAg for the soluble PBR. Free 1ligand
concentration was determined as the percentage of PKAg and was

considered unaltered by PBR binding. Linearity of the
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Scatchard plot (r = 0.96) indicates the affinity agarose binds
a single homogeneous population of PBR. Interaction of the
PBR with PKAg was inhibited by a competing ligand, alpidem
(Table 8). These experiments suggest the interaction of the
PBR with PKAg was a specific ligand-receptor interaction.
The PBR has been purified to homogeneity from rat adrenal
glands (Antkiewicz-Michaluk et al., 1988b) and a hamster ovary
cell line (Riond et al., 1989). In these purification
methods, a specifically photolabeled protein of Mr 18 kDa was
denatured by reverse phase HPLC procedures. By comparison, a
receptor-specific affinity media may afford a method for
significant purification of the native receptor protein(s).
Affinity chromatography was performed for both the bovine and
rat PBR solubilized from adrenal mitochondria. The affinity
medium binds 85% of the receptor activity of both species
although neither receptor could be eluted from the column with
a competing ligand in solution. Inability to elute bound
receptor proteins may be due to the high concentration of
ligand immobilized on agarose or an inappropiriate column
length. These results indicate the affinity matrix may be
useful for receptor purification from more than one species
since rat and bovine PBR differ in their ability to bind 1,4-
benzodiazepines but not in isoquinoline carboxamide binding
characteristics (Awad and Gavish, 1987).

In conclusion, PK 14105, a photoaffinity label specific
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for the PBR, was photochemically coupled to ABAqg. The
resulting agarose specifically bound the digitonin-solubilized
PBR. This method of coupling photoaffinity ligands to agarose
may be useful for other ligands provided the photoreactive
group has not been located in an area of the molecule critical

to ligand-receptor interactions.
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CHAPTER 7

cDNA CLONING OF AN ISOQUINOLINE BINDING PROTEIN ASSOCIATED

WITH THE BOVINE PERIPHERAL-TYPE BENZODIAZEPINE RECEPTOR

The bovine PBR is distinguished from rodent PBR by
pharmacological and biochemical differences (Awad and Gavish,
1987; Chapter 6). PK 11195, the prototype isoquinoline
ligand, specifically binds to the PBR of both species and is
diagnostic for the receptor. Nl-alkyl-1,4-benzodiazepines
have a high affinity for the rat, but not the bovine PBR. Low
concentrations of diethylpyrocarbonate (DEPC), a histidine-
specific modifying reagent, can decrease [SH]PK 11195 binding
to the rat PBR by 70%, but has no effect on 1ligand
interactions with the bovine receptor (Chapter 6).

In a previous study, a 17-18 kDa protein, the PBR
isoquinoline binding protein, has been identified by
photolabeling with [3H]PK 14105 in the adrenal gland from both
the rat and cow (Chapter 6). Irreversible radiolabeled
benzodiazepine ligands that bind to the rat PBR do not label
the protein modified by PK 14105, but specifically label a 30
kDa protein (McCabe et al., 1989). Receptor components
required for high affinity benzodiazepine binding to the PBR
remain to be determined.

The cDNA encoding for the rat adrenal PBR isoquinoline
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binding protein has been cloned and expressed (Sprengel et
al., 1989). Transfection of the cDNA into a human fetal
kidney transformed cell line results in expression of both
high affinity benzodiazepine and high affinity isoquinoline
binding sites. Comparison of the isoquinoline binding protein
primary amino acid sequences of the rat and bovine PBR may
reveal regions critical to the role of this protein in
benzodiazepine ligand binding.

Although there are species differences between rat and
bovine PBR benzodiazepine binding, similarities in
isoquinoline ligand binding and the similar size of the PBR
isoquinoline binding protein suggests at least a moderate
degree of amino acid sequence similarity. Using the cDNA
encoding for the rat PBR isoquinoline binding protein to
screen a bovine adrenal cDNA library, the cDNA encoding the
bovine PBR isoquinoline binding protein was cloned from a
fetal calf adrenal cDNA library and the deduced primary amino
acid sequence compared to the primary sequence of the rat

protein.

Methods
Chemical were obtained from Sigma Chemicals (St. Louis,
MO) unless otherwise indicated. Restriction enzymes were from
Promega (Madison, WI). A random oligonucleotide labeling kit

was purchased from Pharmacia-~LKB (Piscataway, NJ) .
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[3°Ss ]Deoxyadenosine-5'-(a-thio)triphosphate ([%*S]dATP), [a-
32p)deoxycytosine 5'-triphosphate ([3?P]dCcTP, and [®H]PK 11195
were from New England Nuclear (Boston, MA). Deoxynucleotides
were sequenced by the method of Sanger et al. (1977) using a
Sequenase Version 2.0 DNA sequencing kit (U.S. Biochemicals,
Cleveland, OH). PK 11195 was a kind gift from Dr. C. Gueremy
(Rhone Poulenc Sante, Cedex, France).

Southern blot analysis of calf thymus genomic DNA. Calf
thymus genomic DNA was digested with EcoRI and the resulting
fragments were separated by electrophoresis in a 1% agarose
gel. The fragments were blotted onto Genescreen Plus
membranes (New England Nuclear, Boston, MA) and prehybridized
for 2 hours in hybridization solution [50% formamide, 1 M
NaCl, 1% sodium dodecyl sulfate (SDS), 100 ug/ml salmon sperm
DNA] at 37°C. Rat cDNA encoding the PBR isoquinoline binding
protein (Sprengel et al., 1989) was labeled with [3?P]dCTP by
random oligonucleotide labeling and will be referred to as the
rat cDNA probe. The blotted bovine genomic DNA was hybridized
with the rat cDNA probe at 37°C for 18 hours, washed once with
2 X SSC (1 X SSC = 0.15 M NaCl, 0.015 M sodium citrate) at
37°C for 30 min, and twice with 1% SDS in 2 X SSC at 65°C for
30 min. The blot was autoradiographed with Kodak XAR-5 film
using intensifying screens for at least 12 hours at -80°C.

cDNA cloning of the bovine PBR isoquinoline binding

protein. The conditions used to hybridize the rat probe with
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bovine genomic DNA were also used to screen a fetal calf
adrenal cDNA library (kindly provided by Dr. D.W. Russell,
Dallas, TX) in the pCDx plasmid vector (Okayama and Berg,
1987). Southern blots of the cDNA inserts excised from the
plasmid were used to verify positive clones identified during
library screening. The bovine cDNA inserts were subcloned
into M13 phage (Sambrook et al., 1989) and sequenced by the
method of Sanger et al. (1977). A full length clone was
obtained by using a 420 base pair (bp) fragment of bovine
insert cDNA to rescreen the bovine 1library under higher
stringency conditions (42°C, 50% formamide). Southern blots
of the excised cDNA inserts identified the largest clone which
was subsequently sequenced.

Northern blot analysis. Bovine tissues were obtained
from a freshly killed animal and frozen immediately in liquid
nitrogen and maintained at -80°C until used. Poly(A)* RNA was
obtained from bovine tissues using an mRNA purification kit
(Invitrogen, San Diego, CA) according to the manufacture's
directions. Poly(A)* RNA (2.5 ug/lane) was electrophoresed
through a 1% agarose gel containing formaldehyde using 28s and
18s ribosomal RNA as molecular weight markers. The
electrophoresed mRNA was blotted onto a GeneScreen Plus
membrane and hybridized with the bovine cDNA labeled with
[32P]dcTP in hybridization solution at 42°C for 18 hours. The

blot was washed as described above and autoradiographed for 2
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days.

Radioligand binding assays. Membrane fractions were
prepared as previously described (see Methods, Chapter 5).
Saturation of membranes (50 - 100 ug of protein/assay) with
[H]PK 11195 was performed at room temperature using
radioligand concentrations ranging from 0.25 to 15 nM in a
final incubation volume of 500 ul. Nonspecific binding was

determined in the presence of 1 uM PK 11195.

Results

Southern blot analysis of bovine genomic DNA using the
rat cDNA probe. Southern blot analysis was used to identify
bovine genomic DNA with sequence similarity to the cDNA
encoding the rat isoquinoline binding protein and to establish
the stringency of hybridization conditions for screening the
- fetal calf adrenal cDNA library. A 5.2 kilobase pairs (kb)
fragment of EcoRI digested bovine genomic DNA hybridized the
rat cDNA probe under moderately stringent conditions (37°Cc,
50% formamide, 1 M NaCL, 1% SDS), but not under highly
stringent conditions (42°C, 50% formamide, 1 M NaCl, 1% SDS).
These results indicate sequence similarity between a bovine
genomic DNA fragment of approximately 5.2 kb and the cDNA
encoding the rat isoquinoline binding protein (Figure 18).

Cloning and sequencing of the bovine PBR isoquinoline

binding protein. Upon screening the fetal calf adrenal cDNA
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il

4 5.2 kb

Figure 18. Southern blot analysis of bovine genomic DNA.
Calf thymus DNA was digested with EcoRI and the resulting
fragments were electrophoresed and blotted onto Genescreen
Plus membranes. The genomic DNA was hybridized with 32p-
labeled rat cDNA encoding the isoquinoline binding protein
(probe) under moderately stringent conditions (see "Methods").

The rat probe hybridized a single 5.2 kb fragment of bovine
genomic DNA.
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library with the rat probe, several bovine cDNA clones were
identified that did not contain the full open reading frame as
determined by nucleotide sequencing. One of these bovine
ciones was used to rescreen the bovine library using higher
stringency conditions (42°C, 50% formamide, 1 M NaCl, 1% SDS).
Several clones were identified by this method and the largest
was sequenced. The nucleotide sequence and deduced amino acid
sequence of the largest clone (822 bp) is shown (Figure 19).

The open reading frame was flanked by 249 bp of
untranslated 3' nucleotide sequence 66 bp of untranslated 5°'
sequence. The open reading frame of the bovine cDNA encodes
for a polypeptide of 169 amiho acids, the same 1length
determined for the rat isoquinoline binding protein (Sprengel
et al., 1989), and the calculated molecular weight was 18,905
daltons. Notable features of the protein are a high content
of tryptophan specifically, and hydrophobic residues in
general. Of the 20 charged residues, 14 are positively
charged and the carboxyl terminus is rich in positively
charged residues, particularly arginine.

Comparison of the deduced amino acid sequence of the
bovine isoquinoline binding protein with proteins in the NBRF-
PIR database showed no significant sequence similarities.
This result was expected due to the similarity with the rat
isoquinoline binding protein which also showed no significant

similarity with sequences of other proteins from 2 databases
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1 CAGTGCCCTTCCTGGAGCCGAGTCCTCGTCGTCGCTGAACTTTCCGGAACCGCAGCTGCAGCCGCA ATG GCC CCA CCC TGG GIG 84
Met Ala Pro Pro Trp Val 6

85 CCT GCC GIG GGC TTC ACG CTG TTG CCC AGT CTIG GGG GGC TTC CTG GGT GCC CAG TAC ACC CGC GGA GAG 153
7 Pro Ala Val Gly Phe Thr Leu Leu Pro Ser Leu Gly Gly Phe Leu Gly Ala Gln Tyr Thr Arg Gly Glu 29

154 GGT TTC CGC TGG TAC GCC AGC CTG CAG AAG CCC CCG TGG CAC CCG CCC CGC TGG ATT CTG GCT CCC ATC 222
30 Gly Phe Arg Trp Tyr Ala Ser Leu Gln Lys Pro Pro Trp His Pro Pro Arg Trp Ile Leu Ala Pro Ile 52

223 TGG GGC ACA CTC TAC TCG GCC ATG GGG TAT GGT TCC TAC ATG ATC TGG AAA GAG CTG GGG GGC TTC TCG 291
54 Trp Gly Thr Leu Tyr Ser Ala Met Gly Tyr Gly Ser Tyr Met Ile Trp Lys Glu Leu Gly Gly Phe Ser 75

292 AAG GAG GCG GTG GTIT CCC CTG GGC CTC TAC GCT GGG CAG CTG GCT CTG AAC TGG GCA TGG CCT CCC CTC 360
77 Lys Glu Ala Val Val Pro Leu Gly Leu Tyr Ala Gly Gln Leu Ala Leu Asn Trp Ala Trp Pro Pro Leu 98

361 TTC TTC GGC ACT CGA CAA ATG GGC TGG GCC TTG GTG GAT CTC CTG CTG ACT GCC GGC ATG GCA GCA GCC 429
99 Phe Phe Gly Thr Arg Gln Met Gly Trp Ala Leu Val Asp Leu Leu Leu Thr Ala Gly Met Ala Ala Ala 121

430 ACG GCC ATG GCC TGG CAC CAG GTG AGC CCG CCG GCT GCC TGC CTG CTG TAC CCG TAC CTG GCC TGG CTG 498
122 Thr Ala Met Ala Trp His Gln Val Ser Pro Pro Ala Ala Cys Leu Leu Tyr Pro Tyr Leu Ala Trp Leu 144

499 GCC TTT GCC GGC ATG CTC AAC TAC CGC ATG TGG CAG GAC AAC CAG GTC CGG AGG AGT GGG CGG CGG CIC 567
145 Ala Phe Ala Gly Met Leu Asn Tyr Arg Met Trp Gln Asp Asn Gln Val Arg Arg Ser Gly Arg Arg Leu 167

568 TCG GAA TGA GGACGCCTCGCCCTCCGAGGACTGCAGCCGCTGCGGGTCAGGCACTGCTGGTGGTGGGGCCCCCAGGCTTCCGCAGCC 654
168 Ser Glu 169

655 ACCAGGCCGCCTGTCGTCTCTCAGCCCAGGGGTGACCAGCAGTTCCAGAGGTGCTCCTCTGAGCTGAGCCCCCACCCCAGAAACAGCGTCC 745
746 CTGCCGCTTCAGCCCTGCTCGAAGCTCGCTTTCAGAACATGGAATTTTATAAGCCAAATAAAGTGTTTCAACTTCTT 822

Figure 19. cDNA sequence and deduced amino acid sequence of the bovine PBR
isoquinoline binding protein. The nucleotide sequence depicted starts at the 5'-end
of the sense strand and codes for the complete open reading frame beginning with the
initiation codon at nucleotide 67 and ending at the termination codon starting at
nucleotide 574. The amino acid sequence was deduced using the universal genetic

code. The stop codon is underlined and the polyadenylation signal starts at
nucleotide 802.
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(Sprengel et al., 1989). Thus, the sequences of
isoquinoline binding proteins appear to be unique among
receptor proteins which have been sequenced to date and have
no significant sequence similarity with other known
proteins.

PBR receptor density in bovine tissues. The density of
PBR in four different tissues was determined by saturation
with [PH]PK 11195 (Table 10). Hill plots of the saturation
data indicated a lack of coopertivity in radioligand binding
to membranes. Nonlinear regression analysis of the
saturation data using a single binding site model showed the
affinity for radioligand was approximately the same in all
tissues but the receptor density varied by an order of
magnitude. Receptor density was greatest in adrenal
membranes and the rank order of receptor density was adrenal
> testes > kidney > brain (Table 10).

Northern blot analysis of bovine poly(A)*RNA. The size
and density of an mRNA identified by hybridizing the
radiolabeled cloned bovine cDNA was determined in four
different bovine tissues by Northern blot analysis. A
single mRNA band of approximately 1 kb hybridized the
radiolabeled bovine cDNA probe under stringent conditions
(Figure 20). The density of the PBR isoquinoline binding
protein mRNA was greatest in adrenal followed by testes >

kidney > brain. The mRNA was observed in all tissues upon
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Table 10. Binding parameters determined from [*H]PK 11195
saturation of bovine tissues.

K} Bmax

(nM) (pmol/mg

protein)
Adrenal Cortex 1.24b 26.97
Testes 0.59 6.92
Kidney 0.53 3.10
Brain 1.12 2.59

°K, and Bmax were calculated from saturation data using
nonlinear regression analysis for a single homogeneous
receptor site.

brhe values reported are the average of at least 2 separate
experimental determinations using 6 different concentrations
of radioligand.
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Figure 20. Northern blot analysis of the bovine PBR
isoquinoline binding protein mRNA. Poly(A)* RNA was
obtained from 4 different bovine tissues [adrenal (A), brain
(B), testes (T), and kidney (K)] exhibiting different
densities of the PBR. mRNA (2.5 ug/lane) was )
electrophoresed in a formaldehyde agarose gel and blotted
onto Genescreen Plus membranes. The blot was probed with
32p-labeled cDNA encoding the bovine PBR isoquinoline
binding protein. cCalf liver ribosomal RNA (28s and 18s) was
used as molecular weight markers. An mRNA of approximately
1 kb was identified in all tissues by autoradiography and
the density of the specifically identified mRNA was greatest
in adrenal followed by testes > kidney > brain.
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longer exposure of the blot. The mRNA densities were
qualitatively similar to the receptor densities observed by
radioligand binding in the same 4 tissues.

Comparison of the deduced amino acid sequences of the
bovine and rat PBR isoquinoline binding protein. There were
little appreciable differences in the deduced amino acid
compositions of the bovine and rat clones (Table 11). The
rat and bovine amino acid sequences were aligned according
to positional identities and conserved amino acid
replacements that were based on the criteria of Dayhoff et
al. (1978). The aligned deduced amino acid sequences showed
78% positional identity and 97% conserved replacements
(Figure 21). Comparison of bovine and rat proteins
sequences revealed 2 regions of substantial dissimilarity in
identical amino acid sequences (Leu-113 to Met-124 and Arg-
153 to Ser-168) while other replacements were distributed
throughout the polypeptide chain (Figure 21). Three of the
five total nonconserved exchanges occurred near the carboxyl
terminus. The bovine clone contains a single cysteine
residue at position 135 which is not considered a conserved
replacement for the Arg-135 of the rat clone. Hydropathy
analysis of both primary sequences showed a similar profile
for the rat and bovine proteins (Figure 22). These results
show the cloned rat and bovine proteins have similar primary

sequences as well as similar hydropathy profiles. Thus the



156

Table 11. 2amino acid composition of the bovine PBR
isoquinoline binding protein and comparison with the rat
homolog.

AMINO ACID BOVINE RAT®
Alanine Ala® (a) 22 18
Arginine Arg (R) 9 10
Asparigine Asn (N) 3 3
Aspartic acid Asp (D) 2 2
Cysteine Cys (C) 1l 0
Glutamine Gln (Q) 7 4
Glutamic acid Glu (E) 4 5
Glycine Gly (G) 18 19
Histidine His (H) 2 2
Isoleucine Iso (I) 3 4
Leucine Leu (L) 23 22
Lysine Lys (K) 3 2
Methionine Met (M) 8 7
Phenylalanine Phe (F) 7 6
Proline Pro (P) 15 12
Serine Ser (S) 8 11
Threonine Thr (T) 6 10
Tryptophan Trp (W) 12 12
Tyrosine Tyr (Y) 9 10
Valine val (V) 7 10

%Amino acid composition taken from Sprengel et al. (7).

brhree letter amino acid code followed by the one letter code
in parentheses.
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10 20 30 40 50 60
BOVINE MAPPWVPAVGFTLLPSLGGFLGAQYTRGEGFRWYASLQKPPWHPPRWILAPIWGTLYSAM

---------------------------------------
-----------------------------------------------------------

RAT MSQSWVPAVGLTLVPSLGGFMGAYFVRGEGLRWYASLQKPSWHPPRWTLAPIWGTLYSAM
10 20 30 40 50 60

70 80 90 100 110 120
BOVINE GYGSYMIWKELGGFSKEAVVPLGLYAGQLALNWAWPPLFFGTRQMGWALVDLLLTAGMAA

----------------------------------------
------------------------------------------------------------

RAT GYGSYIIWKELGGFTEEAMVPLGLYTGQLALNWAWPPIFFGARQMGWALVDLMLVSGVAT
70 80 90 100 110 120

130 140 150 160
BOVINE ATAMAWHQVSPPAACLLYPYLAWLAFAGMLNYRMWQDNQVRRSGRRLSE

RAT ATTLAWHRVSPPAARLLYPYLAWLAFATMLNYYVWRDNSGRRGGSRLTE
130 140 150 160

Figure 21. cComparison of the deduced amino acid sequences of
the bovine and rat PBR isoquinoline binding proteins. The
bovine and rat amino acid sequences, represented using the
standard single letter code, were aligned to reveal areas of
similarity. Two dots indicates an exact match in the sequence
while a single dot denotes a conserved replacements (Dayhoff
et al., 1978). There was 78% positional identity between the
sequences and only 5 non-conserved replacements.
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HYDROPATHIC INDEX
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0 25 50 75 100 125 150 175
AMINO ACID NUMBER

Figure 22. Hydropathy analysis of the bovine PBR isoquinoline
binding protein. Hydropathy plots of the rat (dashed line)
and bovine (solid line) amino acid sequences were computed
with using a window of 9 amino acids according to the method
of Kyte and Doolittle (1982). The rat sequence analyzed was
taken from Sprengel et al. (1989). The dotted line (index
value = 29) represents neutral hydropathicity whereas values
> 29 are hydrophobic and values < 29 are hydrophilic. Five
potential transmembranous domains (I, II, III, IV, and V) were
identified in the bovine clone and the hydropathy profiles of
both rat and bovine clones appear to be similar throughout the
sequence.
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cloned bovine cDNA codes for a protein which is the homolog of

the cloned rat PBR isoquinoline binding protein.

Discussion

Previous characterization of the rat and bovine PBR shows
biochemical and pharmacological differences (Awad and Gavish,
1987; Chapter 6). Southern blotting of bovine genomic DNA
digested with EcoRI and probed with the cDNA encoding the rat
PBR isoquinoline binding protein identified a single 5.2 kb
fragment (Figure 18). This result demonstrated the presence
of bovine genomic DNA with sequence similarity to the rat
cDNA. Furthermore, this experiment shows at least 1 bovine
gene has sequence similarity to the rat cDNA encoding the
isoquinoline binding protein.

A cDNA was cloned from a bovine adrenal library which has
sequence similarity to the rat PBR isoquinoline binding
protein cDNA. The cloned bovine cDNA was 822 nucleotide bases
in length and coded for a protein of 169 amino acids. The
calculated molecular weight of 18.9 kDa is in agreement with
the estimation of 17 kDa for the mature protein photolabeled
by [*H]PK 14105 (Chapter 6). The bovine protein determined
from the deduced amino acid sequence was the same length, had
a similar amino acid composition, and a similar amino acid
sequence to the protein encoded by the rat cDNA. Comparison

of the deduced amino acid sequences of the rat and bovine
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proteins showed there was 78% positional identity and 97%
conserved replacements. Two regions with substantial
differences in amino acid sequence were the carboxyl terminus
(Asn-151 to Glu-169) and the fourth potential transmembranous
region (Ala-108 to Ala-126).

[3H]PK 11195 saturation of membranes from four different
bovine tissues revealed PBR density varied by an order of
magnitude (Table 10). Northern blot analysis showed a
qualitatively similar density difference of a 1 kb mRNA
identified from poly(A)*RNA obtained from the same tissues.
These results show the densities of isoquinoline binding sites
parallel the densities of a 1 kb mRNA which hybridized the
bovine cDNA clone. Similar results were obtained by Sprengel
et al. (1989) for the rat isoquinoline binding protein mRNA
and PBR density distribution.

A model was constructed from the hydropathy analysis of
the deduced amino acid sequence to depict the orientations of
different regions of the bovine isoquinoline binding protein
in a phospholipid membrane (Figure 23). The model shows some
interesting features that can be tested to confirm of reject
the model. First, there are five putative membrane spanning
regions. The odd number of transmembranous regions would
orient the amino and carboxyl terminals on opposite sides of
the membrane. Two potential cAMP-dependant serine kinase

phosphorylation site is located on the carboxyl terminus (Ser
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Figure 23. Proposed model of the organization for the bovine
PBR isoquinoline binding protein in a phospholipid membrane.
The model depicts 5 putative transmembranous domains, each
consisting of 18 amino acids. There are 2 cytosolic and 2
extracytosolic regions between membrane spanning domains. The
carboxyl terminus was oriented in the cytosol due to the
presence of two potential cAMP-dependent serine kinase
phosphorylation sites (Ser-163 and Ser-168). The largest
cytosolic loop is predicted between the first and second
transmembranous regions. Charged amino acids are indicated
for both positive (diamond) and negative (square) residues.
Amino acids in the bovine sequence which are not positionally
identical to those in the rat sequence are shaded.
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163 and Ser-168) and this feature was used to orient the
carboxyl terminus in the cytosol. Eleven of the 14 positively
charged residues and four of the six negatively charged
residues are located on the cytosolic side of the membrane.
The density of positive charges suggests a negatively charged
species, possibly an acidic protein, may interact with the
PBR. Rat PK 11195 binding has been shown to be dependant on
a histidine residue whereas PK 11195 binding to bovine PBR is
not (Chapter 6). The two histidines of the bovine protein,
located on opposite sides of the membranes, are conserved in
the rat homolog.

The fourth membrane spanning region, containing the only
charged residue (Asp-111) of the 5 membrane spanning regions,
and the carboxyl terminus are the least conserved regions with
respect to the rat protein. Either or both of these areas may
be important determinants for high affinity benzodiazepine
binding, since these are the least conserved. Post-
translational processing of the isoquinoline binding protein
to yield the mature receptor component may also be important
in determining ligand binding characteristics. However, the
role of other PBR components in determining ligand binding,
such as the 30 to 35 kDa protein identified by irreversible
benzodiazepine ligands (McCabe et al. 1989; Trifilletti et
al., 1986; McHenry et al., 1989), and/or other regions of

lesser dissimilarity in the isoquinoline binding protein
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remains to be elucidated.

In the present study, the cDNA encoding a bovine PBR
protein with primary amino acid sequence similarity to the rat
18 kDa PBR isoquinoline binding protein was cloned.
Comparison of the deduced amino acid sequences show
similarities throughout the polypeptide chains. The predicted
hydrophobic regions are similar and the cloned rat and bovine
proteins appear to be homologs. Although differences were
observed between the rat and bovine isoquinoline binding
protein primary sequences, the degree of similarity indicates
the differences in benzodiazepine ligand binding may be due to

another PBR receptor component.
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CHAPTER 8

CONCLUSIONS

The rat liver benzodiazepine receptor was
pharmacologically and biochemically characterized (Chapter ).
The rat 1liver receptor had ligand binding properties
characteristic of the peripheral~-type. These studies revealed
affinity of [°H]Ro5-4864, a putative PBR agonist, was not
affected by GTP~-y-S which suggests the PBR is not coupled to
a G-protein mediated second messenger system. The liver PBR
was specifically photolabeled with [3H]PK 14105 identifying a
single 19 kDa protein band by SDS~PAGE. The Mr of the
digitonin solubilized photolabeled protein was estimated to be
170 kDa by gel filtration.

The affinity of [*H]Ro5-4864 for the PBR in preparations
enriched for different subcellular structures was different.
This suggested the possibility of rat liver PBR benzodiazepine
binding site heterogeneity. Ligand binding to the PBR
benzodiazepine binding site in rat liver mitochondrial and
microsomal subcellular fractions was characterized (Chapter
2). These results showed mitochondrial and microsomal sites
labeled by [’H]Ro5-4864 could be differentiated by the ability
of protoporphyrin IX (PPIX), a putative endogenous ligand, to

inhibit binding. PPIX was 6.2 fold more potent at displacing
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[’H]Ro5-4864 from mitochondria than from microsomes. All
other ligands tested, including structurally similar porphyrin
ligands, had similar affinities in both fractions. No
difference was found in the potency of PPIX to displace [*H]PK
11195 in both fractions. Thus, heterogeneity was only
observed for the PBR benzodiazepine binding site, defined by
high affinity [’H]Ro5-4864 binding, and not for the
isoquinoline binding site, defined by high affinity [?H]PK
11195 binding. This is the first report of PBR heterogeneity
in a single organ and in a species. A single 19 kDa protein
in rat 1liver was photolabeled by [3H]PK 14105 and no
differences 1in isoquinoline 1ligand binding was found,
consequently benzodiazepine binding site heterogeneity may not
be due to heterogeneity of the isoquinoline binding protein.
Heterogeneity of high affinity benzodiazepine binding in
different species has been previously observed. In order to
better understand variations of the PBR benzodiazepine binding
sites, the receptor components from species with contrasting
ligand binding properties could be isolated, characterized,
and compared. The bovine PBR had been characterized as a PBR
with low affinity for all benzodiazepine ligands and high
affinity for isoquinoline ligands.
Adrenal cortex proved to be a rich source of the bovine
PBR. The density of PBR in several bovine tissues was

investigated and high concentrations were found in adrenals



166
and testes, with lower densities occurring in kidney and brain
(Chapter 5). Our investigations showed 1,4-benzodiazepines,
including Ro5-4864, have low affinities for the bovine PBR.
Isoquinoline ligands have a high affinity for the receptor,
but diethylpyrocarbonate (DEPC) treatment does not diminish
[H]PK 11195 binding. to bovine adrenal mitochondrial
membranes. Protoporphyrin IX, a putative endogenous ligand
for the rat PBR, had a low affinity for the bovine PBR.

Low coécentrations of digitonin solubilized the native
bovine PBR. The Mr of the native receptor complex was
estimated by gel filtration. The bovine PBR could be
photolabeled with [3H]PK 14105. A Mr of 200 kDa was
determined for both the digitonin solubilized radioligand
binding complex and for the digitonin solubilized photolabeled
receptor complex. The values obtained were in agreement with
the Mr determined for the rat liver receptor. However,
photolabeling with [*H]PK 14105 identified a single 17 kDa
protein band, the isoquinoline binding protein, in both rat
and bovine adrenal mitochondria. The nature of the
association of the of the isoquinoline binding protein with
the larger receptor complex of Mr 200 kDa is unknown. Native
Mr determinations by gel filtration may be flawed by the
presence of the receptor in mixed protein-detergent micelles.
Although the rat and bovine PBR are pharmacologically and

biochemically distinct, a similar protein of Mr 17 kDa was
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identified by photolabeling with an isoquinoline ligand.

An initiél goal of this work was to identify receptor
components required for high affinity ligand binding. A
common approach to this problem is to purify the receptor and
determine the subunits necessary for ligand binding. The
differences in the pharmacology of the rat and bovine PBR may
be reflected in the respective receptor components.

A useful method for purification of receptor proteins is
affinity chromatography. A novel approach toward this end was
described (Chapter 6). PK 14105 was covalently bound to o-
aminobutyl agarose using the postulated mechanism of receptor
photolabeling. The resultant affinity agarose specifically
bound both rat and bovine soluble PBR. However, the
usefulness of the media has been limited by the inability to
specifically elute the receptor proteins.

Another means of protein structure comparison would be to
relate the primary amino acid sequence of the rat PBR
isoquinoline binding protein with that from the cow. The rat
adrenal 17-18 kDa PBR protein photolabeled by [*H]PK 14105,
the isoquinoline binding protein, had been cloned (Sprengel et
al., 1989). Using the suspected similarity between the rat
and bovine amino acid sequences of the isoquinoline binding
proteins, the bovine cDNA encoding this protein was cloned
(Chapter 7). Alignment of the deduced amino acid sequence

showed the bovine and rat isoquinoline binding proteins were
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similar with 78% positional identity and 97% similarity after
accounting for bconserved replacements. Two areas of
dissimilarity were observed: (1) the fourth putative membrane
spanning domain and (2) the carboxyl terminus. Further
studies are required to determine the role of these regions in
ligand binding in general, and benzodiazepine binding
specifically. The degree of amino acid similarity suggests
differences in benzodiazepine binding may not be due to the
isoquinoline binding protein.

A model depicting the organization of the bovine
isoquinoline binding protein in a phospholipid membrane was
proposed based on hydropathic analysis of the deduced amino
acid sequence. The features of the model are discussed in
Chapter 7. The model will be useful to clarify structural
features which can be experimentally tested. For example, the
carboxyl terminus was predicted to reside in the cytosol due
to the presence of two potential serine kinase phosphorylation
sites. Requirements for phosphorylation of the carboxyl
terminus and identification of the phosphorylated residues on
the isoquinoline binding protein will address some of these
issues.

The PBR has been localized to the outer mitochondrial
membrane in most tissues. This indicates the role of this
receptor may include intracellular signaling, most likely

between the mitochondria and other subcellular structures.
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The direction of information flow, from the cytosol to the
mitochondria, or visa versa, would suggest the localization of
an endogenous ligand. Clearly, the endogenous ligand for the
PBR may not be an extracellular species. The receptor may
also function to control the production of extracellular
signals, which has been demonstrated by the ability of PBR
ligands to modulate steroid synthesis and secretion. The
mechanisms involved in mediating the pleiotropic effects of
PBR ligands require further investigation. The importance of
this receptor population is not yet fully appreciated.
Studies of PBR heterogeneity indicate this receptor
population has been misnamed. First, the PBR of several
species has only a low affinity for benzodiazepine ligands,
specifically Ro5-4864. High affinity isoquinoline 1ligand
binding is diagnostic of the PBR. Second, these peripheral
receptors have been demonstrated in the central nervous
systems of many species. Thus the peripheral-type
benzodiazepine receptor is not descriptive. Langer et al.
(1987) proposed a reclassification of benzodiazepine receptors
where the peripheral-type was designated the w; subtype of
benzodiazepine receptors. However, this designation maintains
the association of the receptor with the central
benzodiazepine receptors. Therefore, a new nomenclature is
proposed which may clarify the present state of peripheral-

type benzodiazepine receptor heterogeneity described to date.
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To remove preconceptions associated with "benzodiazepine"
receptors, the PBR will be referred to as the 71 (tau)
receptor. The Greek 1letter 7 was chosen to indicate a
heretofore undescribed family of receptors. The common
characteristic of T receptors is their ability to bind
isoquinoline ligands, specifically [3H]PK 11195, with high
affinity (K, < 100 nM) and have low affinity for Nl-desalkyl-
1,4-benzodiazepines. This receptor family can be further
subdivided on the basis of affinity for two other ligands:;
Ro5-4864, a benzodiazepine ligand, and protoporphyrin IX, a
putative endogenous porphyrin ligand (Table 12). 7, receptors
have high affinity for Ro5-4864 while 7, receptors have low
affinity for Ro5-4864.

An example can be given for each classification of 7
receptors (Table 12). The 7 receptor in rat tissues has high
affinity for Ro5-4864 and is designated 7,. 7 receptors with
low affinity for Ro5-4864, designated r,, are found in bovine
tissues. The ability of porphyrin 1ligands to further
discriminate between various T receptors requires further
investigation.

Heterogeneity has been described for many types of
receptors. Pharmacological heterogeneity within a receptor
family often reflects differences in the primary amino acid
sequences of receptor protein components. Our investigations

show the 7 isoquinoline binding proteins of rat and cow



Table 12.
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Classification of r (tau) receptors according to
ligand binding characteristics.

RECEPTOR DESIGNATION

LIGAND (affinity for ligand)?
PK 11195 T

(high)
Ro5-4864 T

(high)

T
2
(low)

®High affinity denotes a K; < 100 nM and low affinity denote
a K; > 500 nM to displace hlgh affinity PK 11195 binding.
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adrenal were similar although the 7 receptor affinities for
benzodiazepines varied by several orders of magnitude. The
role of the isoQuinoline binding protein in 1 receptor
heterogeneity can now be more thoroughly investigated using
biochemical and molecular biologicél techniques to further
elucidate its function.

In this work, the basis of 7 receptor heterogeneity was
investigated. Although the 7 benzodiazepine binding site
could be differentiated with PPIX in rat liver subcellular
fractions, a single isoquinoline binding protein was
identified by photolabeling with an isoquinoline 1ligand.
Furthermore, in species displaying affinities for
benzodiazepines which vary by several orders of magnitude, a
similar isoquinoline binding protein was identified. The rat
isoquinoline binding protein was the same length and had 97%
sequence similarity to the bovine homolog. These results
indicate 7 receptor heterogeneity may require other components

to account for differences in benzodiazepine ligand binding.
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