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ABSTRACT. The pharmacological effects of benzodiazepines are mediated through a class of recognition sites 
associated with the neuronal y-aminobutyric acid A (GABA A) receptor. A second class of benzodiazepine 
binding sites is found in virtually all mammalian peripheral tissues, in blood cells, and in glial cells in the brain, 
but its functions remain unclear. Although these peripheral-type benzodiazepine binding sites (PBBS) have been 
localized to the mitochondrial outer membrane in many tissues, a growing body of evidence suggests that they 
may also exist on the plasma membrane. Plasma membrane PBBS have been described in heart, liver, adrenal, 
and testis and on hemopoietic cells. In rat liver, the two subcellular forms of PBBS are found separately in two 
different subpopulations of cells. The discovery of a plasma membrane fraction of PBBS clearly has implications 
for some of its putative functions, including steroidogenesis, mitochondrial respiration, heine metabolism, 
calcium channel modulation, cell growth, and immunomodulation. This commentary reviews the evidence for 
two locations for the PBBS and discusses the relevance of mitochondrial and plasma membrane forms with regard 
to structure, molecular biology, and proposed roles. Copyright © 1996 Elsevier Science Inc. BIOCHEM PHARMA- 
COL 52;12:1805--1814, 1996. 
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Benzodiazepines are a class of widely prescribed anxiolytic, 
anticonvulsant, and sedative drugs whose pharmacological 
effects are mediated through high-affinity binding sites on 
neuronal post-synaptic plasma membrane GABAAt recep- 
tors, which are GABA-gated chloride channels [1, 2]. Dur- 
ing the discovery of these "central"-type sites in the brain, 
specific binding of radiolabelled diazepam to binding sites 
in mitochondrial fractions from peripheral tissues in the rat 
was also observed [3], and this second class of sites was 
termed the PBBS or PBR. The two classes of benzodiaze- 
pine recognition sites differ in their ligand specificity. 
Whereas diazepam binds to both types of site with high 
affinity, clonazepam and 4'-chlorodiazepam (Ro5 4864) are 
high affinity benzodiazepine ligands whose binding is ex- 
clusively to the central-type or the peripheral-type site, 
respectively [3, 4]. A chemically unrelated class of com- 
pounds, the isoquinoline carboxamides, bind with high af- 
finity to the PBBS only [5]. The central- and peripheral- 
type benzodiazepine binding sites also differ in their cellular 
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location and structure (Table 1), and whereas the associa- 
tion of the central-type sites with the GABA a receptor is 
well-established [1], no single physiological role has been 
assigned to the PBBS although considerable evidence has 
been presented for a function in steroidogenesis [28]. Puta- 
tive endogenous ligands for the PBBS include porphyrins 
and a 10 kDa cytosolic protein, DBI [9, 11]. A recent review 
describes in detail the properties of the peripheral-type re- 
ceptor [29]. 

The term "peripheral-type" receptor or binding site, al- 
though widely used throughout the literature, has been 
shown to be something of a misnomer for the non-neuronal 
class of benzodiazepine receptors since the discovery of the 
"peripheral" receptor in glial cells in the CNS [12]. An 
alternative name, "mitochondrial-type" benzodiazepine re- 
ceptor, has been suggested due to the mitochondrial mem- 
brane location of this site in many tissues [13-16], but this 
terminology is also inaccurate since non-mitochondrial 
fractions of PBBS have been described in heart [17], adrenal 
[18], testis [19], liver [14], and human hemopoietic cells 
[30]. In liver, the mitochondrial and non-mitochondrial 
forms of the PBBS are discretely located in two different 
cell types: in hepatocytes and in non-parenchymal/biliary 
epithelial cells, respectively [31]. 

This article describes the evidence for two subcellular 
locations of the PBBS, and discusses the implications of a 
second location in terms of its proposed structure and di- 
verse putative functions. 
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TABLE 1. Comparison of some of the properties of the two classes of benzodiazepine receptor 

"Peripheral" Central References 

Synthetic ligands Benzodiazepines, Benzodiazepines, 4 
e.g. Ro5 4864 > diazepam e.g. clonazepam > diazepam 

Imidazopyridines Imidazopyridines 
Isoquinoline carboxamides, 5 

e.g. PK 11195 
Quinoline propanamides 6 
Benzothiazepines 7 
DBI 8-10 
Porphyrins 11 
Peripheral tissues, blood cells 3 
Glial cells 12 
Mitochondrial outer membrane 13-19, 20 
Plasma membrane 14,17-19 
18 kDa, 32 kDa protein complex 21,20 

(_+30 kDa protein) 
Steroidogenesis 22,20 
Heme biosynthesis 23 
Cell proliferation 24 
Immunomodulation 25 
Ca  2+ channel modulation 26 
Mitochondrial respiration 27 

Endogenous ligands 

Cellular location 

Subcellular location 

Structure 

Proposed function 

DBI/Endozepine 

CNS-neuronal cells 

Plasma membrane 

-55 kDa c~,[3,y subunits 

GABA-gated C1- uptake 

CELLULAR L O C A T I O N  

PBBS have been found in virtually all mammalian tissues 
[32] as well as in the brain [12]. The density of the PBBS is 
highest in endocrine tissue such as adrenal gland, testis, 
ovary, uterus, and placenta [33-35]. It is abundant in kid- 
ney, heart, and platelets [36, 37] and is also present in 
erythrocytes [38]. A differential distribution has been de- 
scribed in various organs. Light-microscopic autoradio- 
graphic techniques using ligands specific for the PBBS 
showed its presence in rat adrenal cortex, testis interstitial 
tissue, the distal convoluted tubule and the ascending loop 
of Henl6 in kidney, and in the choroid plexus and the 
ependymal lining of cerebral ventricles in the brain [34, 
39]. Immunocytochemical staining using an antiserum 
raised against the 18 kDa-protein component of the PBBS 
has confirmed these staining patterns and has also shown a 
high density in biliary epithelial cells of the liver [40], a 
tissue in which there is an overall low level of the receptor 
[34]. 

M I T O C H O N D R I A L  L O C A T I O N  

Indirect evidence for an association of the PBBS with mi- 
tochondria-rich tissues first arose from autoradiographic in- 
vestigations with [3H]Ro5 4864 in whole-body sections of 
rats [32]. Subsequently, the subcellular distribution pattern 
of specific binding sites for PK 11195 in rat adrenal, testis, 
lung, kidney, heart, skeletal muscle, liver, and brain was 
shown to correspond closely to that of the mitochondrial 
marker succinate dehydrogenase, and was unrelated to 
marker enzymes for plasma membranes, lysosomes, or en- 
doplasmic reticulum [16]. 

Using autoradiography with [3H]PK 11195 and also sub- 

cellular fractionation, a mitochondrial outer membrane lo- 
cation for the receptor was first established in the rat adre- 
nal gland [15]. Subcellular fractionation, density gradient 
centrifugation, density perturbation, and transmission elec- 
tron microscopy confirmed this location for the PBBS in rat 
kidney and liver, although a non-mitochondrial fraction of 
PBBS was also observed in liver [13, 14]. Immunogold la- 
belling, using antibodies to the 18 kDa-protein component 
of the PBBS, has demonstrated the PBBS on the mitochon- 
drial outer membrane of Leydig cells [41]. 

A reported mitochondrial inner membrane location for 
the binding site in guinea pig lung [42] may reflect the 
location of the receptor at contact sites where the two 
mitochondrial membranes are in close association. This 
will be discussed below. 

N O N - M I T O C H O N D R I A L  L O C A T I O N  
Blood Cells 

Sites that bind specific ligands with the rank order of af- 
finities expected for the PBBS have been described in hu- 
man erythrocytes [38]. A later study examined ligand bind- 
ing and mRNA expression of the PBBS in human blood 
cell subpopulations and found the highest density in mono- 
cytes and neutrophils, with an intermediate density in lym- 
phocytes and only low levels in platelets and erythrocytes 
[30]. Both of these reports concluded that the PBBS must 
be located on the plasma membrane: in erythrocytes be- 
cause the mitochondria are extruded before leaving the 
bone marrow, and in neutrophils because mitochondrial 
content decreases along the granulocyte differentiation 
pathway. The authors suggested that, upon extrusion of the 
mitochondria, part of the mitochondrial outer membrane 
may fuse with the plasma membrane. However, an absence 
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of monoamine oxidase activity indicated that the periph- 
eral receptors may not be remnants of mitochondrial ex- 
clusion [38]. A plasma membrane location for the PBBS in 
neutrophils would also explain the observation that a 
monoclonal antibody which recognized the 18 kDa subunit 
of the receptor stimulated the oxidative burst in intact hu- 
man polymorphonuclear lymphocytes [43]. 

The first report to suggest two locations for the PBBS in 
blood cells demonstrated high affinity binding of PBBS- 
specific ligands to intact lymphocytes and to cell-free 
preparations [44]. Immunogold labelling with anti-PBBS 
antibodies confirmed a cell surface site. Although the au- 
thors concluded that binding in the cell-free preparations 
was to the mitochondrial form of the PBBS, plasma mem- 
branes would also have been present in their assays. How- 
ever, the different ability of endogenous ligands to displace 
binding in the two preparations suggested separate fractions 
of the PBBS [44]. In another study, autoradiography follow- 
ing photoaffinity labelling of human leucocytes with an 
isoquinoline carboxamide has provided direct evidence for 
a mitochondrial location of the PBBS in blood cells [45]. 

Peripheral Tissues 
An investigation of the subcellular distribution of the PBBS 
in rat and canine cardiac membranes demonstrated high 
levels of high affinity binding of PBBS-specific ligands in 
both sarcolemmal and sarcoplasmic reticular fractions [17]. 
Neither of these fractions had high levels of the mitochon- 
drial marker, succinate dehydrogenase, demonstrating a 
lack of mitochondrial contamination. Considerably lower 
levels of binding were observed in mitochondrial prepara- 
tions from the same tissues [17]. A cell surface location in 
rat fibroblasts has been suggested to explain the observation 
that high affinity binding of specific PBBS ligands to both 
intact fibroblasts and crude membrane preparations was in- 
hibited to the same extent by a quaternary amine derivative 
of PK 11195 that does not cross the plasma membrane [46]. 

Antibodies to the 18 kDa component of the PBBS have 
been used in an investigation of its cellular and subcellular 
distribution in mouse adrenal tissue [18]. Immunofluores- 
cence and immunocytochemical and confocal microscopy 
techniques confirmed an absence of the PBBS from adrenal 
medulla [34], whereas both cytoplasmic and cell surface 
locations were observed in both the zona glomerulosa and 
the zona fasciculata of the cortex [18]. In both cortical 
zones, the diffuse cytoplasmic staining was coincident with 
the immunostaining pattern of P-450sc o a marker for the 
mitochondrial membranes. Confocal microscopy also dem- 
onstrated a pronounced plasma membrane location in the 
zona fasciculata [18]. 

In an examination of the distribution of the PBBS in rat 
testis, using biotin-streptavidin immunoperoxidase immu- 
nocytochemistry with anti-human-PBBS antiserum, immu- 
nostaining was observed only in Leydig cells [19]. Subse- 
quent immunostaining and confocal microscopy provided 
evidence for both a mitochondrial and a cell surface local- 
ization of PBBS in MA-10 Leydig cells [19]. 

Isopycnic density gradient centrifugation of crude mito- 
chondrial fractions from rat liver resulted in the separation 
of two populations of PBBS. Whereas the higher density 
population was mitochondrial in origin, a lower density 
population of PBBS did not coincide with markers for 
Golgi, lysosomes, peroxisomes, microsomes, or nuclei, and 
thus a possible plasma-membrane location was suggested 
[14]. Immunocytochemistry showed high levels of the 18 
kDa component of the PBBS in biliary epithelial cells [40], 
although a definite subcellular location could not be in- 
ferred. However, binding assays and photoaffinity labelling 
in isolated hepatocyte and non-parenchymal/biliary epithe- 
lial cell populations showed the presence of the PBBS in 
both types of cell; the hepatocyte fraction was mitochon- 
drial, whereas the non-parenchymal/biliary epithelial cell 
fraction was non-mitochondrial as shown by density gradi- 
ent centrifugation [31]. 

STRUCTURE OF THE PBBS 

Does the discovery of a plasma membrane form of the PBBS 
have implications for its proposed structure? 

Photoaffinity labeling with an isoquinoline carboxamide, 
PK 14105, first identified an 18 kDa membrane protein as 
a component of the PBBS [47], whereas the benzodiaz- 
epines AHN 086 and flunitrazepam photoaffinity-labelled 
proteins of 30 kDa and both 30 and 35 kDa, respectively, 
albeit non-specifically [48, 49]. These results may be inter- 
preted as implicating separate polypeptides within an oligo- 
meric complex as the binding sites of isoquinoline carbox- 
amides or benzodiazepines, even though their binding is 
mutually exclusive at nanomolar concentrations. However, 
superimposition of PK 11195 and Ro5 4864 in their sup- 
posed receptor-bound conformations indicates that these 
ligands may bind to a single binding site by sharing the 
same type of fundamental interactions [7]. 

The 18 kDa protein has been isolated and the cDNA has 
been cloned from rat, human, bovine, and murine tissues 
[50-53], and early expression studies indicated that this 
protein contains the binding domains for both isoquino- 
line- and benzodiazepine-type ligands [50, 52, 54]. How- 
ever, purification of the PBBS in a form that retained re- 
versible ligand binding activity seemed to indicate a close 
association of this 18 kDa protein with the VDAC (32 
kDa) and the ANC (30 kDa) proteins of the mitochondrial 
outer and inner membranes, respectively, although no evi- 
dence of a functional association was provided [21]. It was 
suggested that the co-purification of these three proteins 
was indicative of the presence of the PBBS at areas of 
intimate association between the mitochondrial inner and 
outer membranes, contact sites [21]. This would account for 
the observed mitochondrial location for the PBBS which 
has been described previously, but such a structure would 
appear to be incompatible with a plasma membrane loca- 
tion. 

More recently, cDNA corresponding to the 18 kDa pro- 



1808 M.J. Woods and D. C. Williams 

tein isolated from murine Leydig tumor cells has been ex- 
pressed both in mouse fibroblasts, where the density of both 
PK 11195 and Ro5 4864 binding sites increased, and, as a 
fusion protein, in Escherichia coli where only PK 11195 
binding was observed [53]. The addition of purified VDAC 
to liposomes containing the fusion protein resulted in the 
binding of both ligands in E. coli, leading the authors of this 
comprehensive study to conclude that the isoquinoline 
binding site is on the 18 kDa protein subunit of the PBBS 
and that both the 18 kDa protein and VDAC are required 
for the binding of benzodiazepines [53]. The observation of 
benzodiazepine ligand binding in other expression studies 
may be explained by the fact that the mammalian cells used 
for transfection all contain VDAC [50, 52, 53], and, al- 
though Saccharomyces cerevisiae is devoid of PBBS, the pres- 
ence of a VDAC (with homology to mammalian VDAC 
[55]) may explain the expression of binding sites for both 
types of ligand following transfection of yeast with human 
PBBS cDNA [54]. Therefore, there seems to be consider- 
able evidence for a functional association of the 18 kDa 
protein and VDAC in the PBBS, but although ANC may 
copurify with these proteins [21], it does not appear to play 
a role in ligand binding. An association between the PBBS 
and anion channels in rat kidney has been reported follow- 
ing the observation of a strong correlation between the 
permeability of anions, relative to CI-, and their efficacies 
to inhibit [3H]Ro5 4864 binding [56]. Also [3H]Ro5 4864 
but not [3H]PK 11195 binding was reversibly inhibited by 
the ion transport blocker 4,4'-diisothiocyanostilbene-2,2'- 
disulfonic acid [56]. 

VDAC or porin is a major integral protein of the mito- 
chondrial outer membrane where it forms a channel for the 
non-specific passage of low molecular weight solutes [57, 
58]. A portion of VDAC is located at mitochondrial con- 
tact sites [59]. It has also been demonstrated in the plasma 
membrane of mammalian cells including lymphocytes, ep- 
ithelial cells, muscle and rat liver parenchymal cells (see 
Ref. 60 for a recent review) and associated with GABA a 
receptors in mammalian brain [61]. 

Consequently, the reported functional requirement for 
an association of the 18 kDa protein of the PBBS with 
VDAC is entirely consistent with either a mitochondrial or 
a plasma membrane location for these sites. 

M O L E C U L A R  B I O L O G Y  

The cDNA sequence of the 18 kDa protein specifies an 
open reading frame of 169 amino acids with high sequence 
similarity (-80%) between species, and indicates that the 
PBBS is not encoded in the mitochondrial genome [50-53]. 
Hydropathy analysis suggests that there are five potential 
transmembrane domains and two major hydrophilic re- 
gions, which is consistent with a membrane association of 
this protein [49]. The 18 kDa PBBS protein is rich in tryp- 
tophan residues, and has significant sequence similarity 
with the 17 kDa outer membrane protein product of the 

tryptophan-rich sensory protein gene (tspO, formerly crtK) 
of Rhodobacter [62, 63]. A role in photosynthetic membrane 
formation or in carotenoid biosynthesis has been suggested 
for the Rhodobacter TspO. Northern blot analysis of PBBS 
expression in nine rat and four bovine tissues revealed a 
single mRNA in all cases corresponding to the size of the 18 
kDa component of the PBBS [50, 52]. A single species of 
mRNA for the PBBS in rat heart and adrenal tissue may 
suggest that there is a single or nearly identical amino acid 
sequence for the 18 kDa protein at the two locations in 
which it is found in these tissues. In liver, photoaffinity 
labelling and equilibrium binding studies on the mitochon- 
drial and plasma membrane forms of the PBBS suggest very 
similar, if not identical, 18 kDa proteins [31], and an anti- 
serum raised against the adrenal mitochondrial 18 kDa pro- 
tein cross-reacted with the biliary epithelial membrane 
form of the PBBS, also indicating a strong similarity in 
proteins from the two locations [40]. 

The gene encoding the PBBS has been characterized 
from rat and human tissue [64, 65]. The gene comprises four 
exons spanning about 10 or 13 kb, respectively, interrupted 
by three introns, one of which is 6-8 kb long and is located 
within the 5' non-coding region [64, 65]. Reverse transcrip- 
tase-polymerase chain reaction of human total cellular 
RNA from several tissues specifically amplified two cDNA 
products; the entire predicted PBBS sequence was con- 
tained in one product, but the second fragment carried a 
211-bp internal deletion, lacking all of exon 2 [65]. This 
smaller, alternately spliced form of PBBS mRNA results in 
an altered reading frame and does not encode a protein 
with the binding properties of PBBS so it cannot code for a 
second form of the PBBS. The smaller mRNA is expressed 
at ten times the level of PBBS mRNA, but no function has 
been proposed for this species. Its 102-amino acid open 
reading frame does not bear any significant resemblance to 
any protein in GenBank, and it is not known whether the 
protein product is produced [65]. Such alternate splicing 
has not been described for the rat gene [64], but if exon 2 
were deleted, a peptide product of only 62 amino acids 
would result, and would be clearly unrelated to the PBBS 18 
kDa protein [65]. 

In most cases, the information for targeting of proteins to 
the mitochondrion is located in one or more cleavable pep- 
tide sequences at the N-terminal end, but cleavage does not 
seem to occur on proteins destined for the outer membrane 
[66]. One well-studied mitochondrial outer membrane pro- 
tein, a major 70 kDa yeast protein, contains a short matrix- 
targeting sequence followed by a long stretch of hydropho- 
bic amino acids. Any deletion within the 41 N-terminal 
amino acids interferes with transport of this protein to the 
outer membrane [66]. However, the deduced amino acid 
sequence of PBBS does not contain a typical mitochondrial 
matrix-targeting sequence although the first 30 amino acids 
comprise a hydrophobic domain [50]. 

Three possible differences could lead to plasma mem- 
brane- rather than mitochondrial-targeting. The amino 
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acid sequence could be modified to insert a glycosylation 
site, an N-terminal hydrophobic presequence could be 
added and/or replaced, or codons could be replaced in one 
or more positions to either insert a plasma-membrane tar- 
geting motif or delete a mitochondrial targeting motif. The 
lack of multiple-labelled bands from either photolabelling 
or immunoblotting from PBBS-rich tissues would appear to 
rule out glycosylation as a targeting motif in this case. It 
remains to be discovered what causes the different targeting 
of the two forms of the PBBS. 

In the case of rat liver, the non-mitochondrial fraction of 
the PBBS has been found in biliary epithelial cells [31, 40]. 
The polarized cell surface location of plasma membrane 
proteins in epithelial cells is governed by a range of target- 
ing determinants [67]. A heterogeneous class of cytoplasmic 
domain sequences specify basolateral targeting, and in the 
absence of these signals membrane proteins are transported 
to the apical surface [67]. During subcellular fractionation 
of biliary epithelial cell membranes, PBBS ligand binding 
activity did not correlate with that of the apical plasma 
membrane marker, 2~-glutamyl transferase [31]. The identi- 
fication of a discrete structural motif for basolateral target- 
ing, and its presence or absence in the PBBS 18 kDa pro- 
tein, would aid identification of a specific subcellular loca- 
tion in biliary epithelial cells. 

F U N C T I O N S  

Benzodiazepines, including diazepam, are extensively used 
therapeutic drugs that alleviate anxiety, convulsions, and 
insomnia due to their interaction with the central-type 
benzodiazepine binding site associated with the GABA A 
receptor. However, although diazepam also binds potently 
to the PBBS, a clear pharmacological role has not been 
established for this non-neuronal site. The presence of the 
PBBS in both mitochondria and plasma membrane loca- 
tions has implications for some of the putative roles. 

Mitochondrial Steroidogenesis 

The finding that the PBBS is most abundant in endocrine 
tissues, coupled with its mitochondrial outer membrane lo- 
cation first suggested a steroidogenic function. A range of 
ligands with binding affinity for the PBBS differing by four 
orders of magnitude modulated steroid biosynthesis with 
potencies that correlated with their affinities but at con- 
centrations much higher than those necessary to saturate 
the PBBS [28]. Increased rates of steroid synthesis in iso- 
lated mitochondria as well as in steroidogenic cells has been 
shown to be due to an increase in the rate-limiting transfer 
of cholesterol from the outer to the inner mitochondrial 
membrane (see Ref. 28 for a review). Endogenous ligands 
such as DBI and, to a lesser extent, porphyrins have also 
been found to stimulate steroid production, suggesting an 
interaction with the mitochondrial PBBS [28, 68]. 

Glial cells synthesize neurosteroids [69], so-called be- 
cause they are synthesized and are believed to act locally in 

the brain via an indirect action on the GABA A receptor 
complex [70]. Ro5 4864, a specific PBBS ligand, regulates 
glial cell steroidogenesis, suggesting a mechanism involving 
the PBBS [71, 72], and thus it appears that ligands acting at 
the PBBS may also ultimately affect the function of the 
GABA A receptor. No evidence has been presented to sup- 
port an involvement of the plasma membrane form of the 
PBBS in steroid synthesis. 

An early suggestion of a location for the mitochondrial 
PBBS at contact sites [73], borne out by the finding that 
VDAC is functionally associated with the 18 kDa protein 
[53], supports the proposed role for PBBS in mitochondrial 
steroidogenesis. Contact sites are dynamic areas of intimate 
contact between the two mitochondrial membranes whose 
formation is increased in phosphorylating (state III) mito- 
chondria. Contact site components include a fraction of 
VDAC with a high affinity for hexokinase, a fraction of the 
ANC, and creatine kinase, and it has been proposed that 
such channels may play a key role in regulating energy 
metabolism in cells [74]. 

Mitochondrial Respiration 

A function for the PBBS in modulating cellular energy 
metabolism was proposed in a report describing the inhibi- 
tion of the respiratory control ratio due to the binding of 
specific PBBS ligands, both synthetic and endogenous [27]. 
It is tempting to suggest that interactions at mitochondrial 
contact sites could explain such an effect. However, in a 
more recent report it has been shown that PBBS ligands 
affect respiration only at very high concentrations and with 
no correlation to binding site density or pharmacology [75]. 
Furthermore, the energized state of mitochondria, and 
hence the degree of contact site formation, does not appear 
to have any effect on PBBS ligand binding [31]. 

It therefore appears unlikely that there is a direct func- 
tion for the mitochondrial form of the PBBS in mitochon- 
drial respiration. 

Heine Metabolism 

The finding that porphyrins are endogenous ligands for the 
PBBS [11] points towards a role for the mitochondrially 
located PBBS in heme biosynthesis. During heme biosyn- 
thesis, cytosolic coproporphyrinogen III traverses the mito- 
chondrial outer membrane and is converted, via protopor- 
phyrin IX, to heine which is subsequently exported from the 
mitochondria. Diazepam, albeit at a concentration vastly in 
excess of its K a value for the PBBS, induced the differen- 
tiation of mouse erythroleukemia cells, and PBBS mRNA 
was induced in parallel with mRNA for heme biosynthetic 
enzymes although the levels of V D A C  remained un- 
changed [76]. It has been reported that protoporphyrin, 
heroin, and coproporphyrinogen can displace the specific 
binding of [3H]PK 11195 to the PBBS, and that benzodi- 
azepines, by inhibiting binding to the PBBS, decrease co- 
proporphyrinogen conversion to protoporphyrinogen [23]. 
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Interestingly, the authors reported binding of [3H]PK 11195 
to two classes of PBBS, both with nanomolar K a values, 
whereas heme bound only to the higher affinity site [23]. It 
may be speculated that these two classes of PBBS may cor- 
respond to the receptor from two different locations, be- 
cause the fractions that were assayed (Cos.l-cell homog- 
enates and mouse liver crude mitochondrial membranes) 
woul_d-have contained both mitochondrial and plasma 
membranes. However, PBBS from different locations may 
not necessarily show different ligand binding affinities since 
a single population of high affinity binding sites has been 
reported in crude mitochondrial membrane preparations 
from whole rat liver even though both mitochondrial and 
plasma membrane fractions of PBBS have been demon- 
strated in this tissue [31]. 

Evidence that there is an in vivo interaction of porphyrins 
with the PBBS has been provided by the observation of 
reduced [3H]PK 11195 binding in induced hepatic por- 
phyria in rats [77]. 

An involvement of PBBS in modulation of mitochon- 
drial transport of porphyrinogens and heme may occur at 
contact sites [23]. In patch clamp studies on isolated rat 
heart mitoplasts, nanomolar concentrations of protopor- 
phyrin IX as well as Ro5 4864 and PK 11195 influenced the 
activities of two ion channels of the mitochondrial inner 
membrane at potencies consistent with their affinities for 
the PBBS [78]. The central-type ligand clonazepam did not 
elicit any effect. Since PBBS ligands are thought to bind to 
an 18 kDa protein of the mitochondrial outer membrane, 
these results may only be explained by portions of the outer 
membrane remaining closely associated with the inner 
membrane mitoplasts, as would occur in contact sites. 

Therefore, it seems likely that the mitochondrial form of 
the PBBS may be located in contact sites where it appears 
to be involved in translocation of cholesterol, porphyrino- 
gens, and heme. 

Calcium Channel Modulation 

Several early studies suggested a possible interaction be- 
tween the PBBS and voltage-dependent Ca 2+ channels on 
plasma membranes. Decreased action potential duration 
and contractility in guinea pig heart muscle was observed in 
the presence of either Ro5 4864 or calcium channel block- 
ers, and this effect was reversed in the presence of PK 11195 
or extracellular calcium [79]. Although Ro5 4864, but not 
central-type ligands, appeared to competitively displace di- 
hydropyridine calcium channel blockers from rat heart, kid- 
ney, and brain, this effect was only observed with higher 
concentrations of benzodiazepine than would be required to 
saturate the PBBS [80]. Similarly, ligands specific for PBBS 
decreased ileal smooth muscle contraction, but with poor 
correlation to their affinities for the PBBS [81]. Whereas 
the effects of specific dihydropyridine calcium channel 
blockers were abolished by PK 11195 [26], separate binding 
sites for PBBS-ligands and dihydropyridines, with parallel 
subcellular locations, have been described subsequently in 

rat heart, and no direct or allosteric interaction between 
the two types of site could be demonstrated at concentra- 
tions of ligands up to 10 -5 M [17]. It has been postulated 
that a sarcolemmal subpopulation of PBBS of either high or 
low affinity may modulate voltage-dependent calcium 
channels indirectly through an interaction with dihydro- 
pyridine receptors [82]. An unrelated type of receptor, a 
low-affinity neuronal benzodiazepine binding site ("micro- 
molar" receptor), has been described to mediate benzodi- 
azepine effects on calcium channels in the brain [83], and it 
may be that some of the effects described above could be 
through this type of receptor. 

A plasma membrane form of the PBBS binds specific 
ligands with K a values in the nanomolar range [31]. How- 
ever, because the effects of such ligands on calcium chan- 
nels are elicited only by concentrations well in excess of 
those at which they interact with the PBBS, a functional 
coupling of the plasma membrane PBBS with calcium 
channels appears to be unlikely. 

Cell Proliferation and Differentiation 

The reported effects on cell growth by ligands that bind to 
the PBBS include differentiation of Friend erythroleukemia 
cells [84], induction of ornithine carboxylase and neurite 
outgrowth in PC12 cells [85], and superinduction of c-fos by 
nerve growth factor in PC12 cells [86]. However, there was 
no clear correlation between the specificity of ligands in 
mediating these effects and their specificity for the PBBS. 
Fifteen peripheral-type benzodiazepines inhibited the pro- 
liferation of mouse thymoma cells with affinities compa- 
rable to those for the PBBS, but the concentrations of 
ligand required were three orders of magnitude greater than 
necessary to saturate the PBBS [24]. The antiproliferative 
actions of PK 11195 and Ro5 4864 on rat C6 glioma and 
mouse neuro-2A neuroblastoma cells were also observed 
only at greater than micromolar concentrations, and it was 
concluded that this effect was not mediated via the PBBS 
[87]. 

More recently, it has been shown that nanomolar con- 
centrations of PBBS ligands and DBI increased [3H]thymi- 
dine uptake and cell numbers in MA-10 Leydig cells, 
whereas an inhibitory effect on cell growth was reported for 
micromolar concentrations of the same ligands [19]. Com- 
petition and reversibility studies indicated that these effects 
were mediated via the PBBS. However, whereas both PK 
11195 and Ro5 4864 reversed the mitogenic effect, only PK 
11195 could reverse the DBI inhibition of DNA synthesis 
[19], suggesting that this latter phenomenon may not be 
through the PBBS. Similar effects were reported for 3T3 
fibroblast cell proliferation [19]. The same study, using con- 
focal microscopy following immunostaining, identified a 
plasma membrane fraction of the PBBS in Leydig cells and 
immunolocalization and immunoprecipitation demon- 
strated that the cytoplasmic protein, DBI, was secreted by 
both Sertoli and Leydig cells [19]. The authors have pos- 
tulated that interstitial fluid DBI interacts with the plasma 
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membrane form of the PBBS to function as a paracrine/ 
autocrine regulator of Leydig cell proliferation [19]. DBI is 
reported to stimulate steroid biosynthesis in Leydig cells. If 
such an effect was also due to extracellular DBI binding to 
a cell surface PBBS, it might be expected in other cells in 
which a second location of the receptor has been described. 
However, although DBI stimulated adrenal mitochondrial 
steroidogenesis, it did not stimulate steroidogenesis in ad- 
renocortical cells, and competition studies also indicated 
that the effect in Leydig cells is likely to be mediated via a 
PBBS-independent mechanism [19J. 

It seems that a possible function of the plasma membrane 
PBBS in rat testis is to interact with extracellular DBI to 
elicit effects on cell proliferation, but not on steroidogen- 
esis. 

Immunomodulation 

The presence of PBBS on lymphoid cells and macrophages 
is indicative of a potential role in immune function. In 
addition to both potentiating and inhibitory effects on lym- 
phoid cell growth (at nanomolar and micromolar concen- 
trations, respectively), specific effects on immune cells have 
been reported [88]. Picomolar concentrations of Ro5 4864 
and diazepam induced human monocyte chemotaxis [89], 
and nanomolar concentrations of specific PBBS ligands or 
a specific monoclonal antibody stimulated oxidative bursts 
in neutrophils or macrophages in vitro [43, 90]. Subsequent 
in vivo studies demonstrated a reduced oxidative response in 
macrophages and decreased macrophage secretion of inter- 
leukins 1 and 6 and tumor necrosis factor following injec- 
tion of Ro5 4864 in mice [25]. This is another example of 
the biphasic effects of benzodiazepines: stimulatory at low 
concentrations and inhibitory at high doses. 

Interestingly, the PBBS at the two different locations 
that have been identified in human lymphocytes has dif- 
ferent specificities for two types of endogenous ligand [44]. 
The plasma membrane PBBS is recognized essentially only 
by DBI fragments, whereas the intracellular form of the 
PBBS, which has been reported to be present in only 22% 
of lymphocyte mitochondria, binds both DBI fragments and 
protoporphyrin with low affinity [44, 45]. This is consistent 
with the suggested role for the mitochondrial PBBS in tet- 
rapyrrole biosynthesis [23]. 

An interaction of extracellular DBI with the plasma 
membrane form of the PBBS may be of functional signifi- 
cance for the immunomodulatory effects of peripheral-type 
ligands. Such a functional association of DBI with the 
plasma membrane PBBS has already been proposed to ac- 
count for effects on Leydig cell growth [19]. 

CONCLUDING REMARKS 

The liver, although low in receptor density, is the only 
tissue in which mitochondrial and plasma membrane forms 
of the PBBS have been described in separate cell popula- 
tions [31]. DBI, in varying amounts, has been found in all 

tissues examined, and it has been reported that its distri- 
bution correlates with that of PBBS, although liver DBI 
content is relatively high due to its diffuse presence in every 
hepatocyte [84]. A rat liver ACBP, with high affinity for 
long chain (C14-C22) acyl-CoA esters, has been found to 
be identical to DBI [91, 92]. Its gene exhibits all the hell- 
marks of a typical housekeeping gene, suggesting a general 
role in acyl-CoA metabolism [93]. A dual function in the 
protection of cellular processes against inhibition by long 
chain acyl-CoA esters and in the maintenance of a cyto- 
solic pool of acyl-CoA has been proposed [94]. 

Most cholesterol synthesis in vertebrates takes place in 
the liver where it is converted to bile acids or to cholesterol 
esters. Bile acids are ultimately secreted via bile canaliculi, 
ductules, and ducts. DBI/ACBP is present in biliary epithe- 
lial cells [31], and it is tempting to speculate on an inter- 
action of this endogenous ligand with the PBBS of the 
biliary epithelial cell membrane in the regulation of biliary 
secretion. Cytosolic cholesterol storage is mainly as oleal- 
cholesterol esters, and it may be that ACBP donates acyl- 
CoA substrates for acyl-CoA cholesterol acyltransferase 
when cholesterol levels are high. Subsequently, the choles- 
terol esters are either stored in the liver or transported to 
other tissues where they may be hydrolysed to provide cho- 
lesterol for steroidogenesis. The ability of ACBP/DBI to 
interact with mitochondrial PBBS where it appears to in- 
fluence steroidogenesis, coupled with its ability to bind 
acyl-CoA esters, may indicate a function for this protein in 
cholesterol metabolism. The reported presence in rat testis 
cells of extracellular as well as cytosolic DBI/ACBP suggests 
that further studies with this endogenous ligand may be of 
benefit in determining the roles of the plasma membrane 
and mitochondrial forms of the PBBS. 

In conclusion, there is growing evidence that the PBBS 
is on plasma membranes, in addition to its well-docu- 
mented mitochondrial outer membrane location. Further 
structural studies and analysis of the binding characteristics 
of both endogenous and synthetic ligands will determine 
the identity or lack thereof of the PBBS in each location. It 
may be that the two forms are present in different subcel- 
lular organelles in all/many peripheral tissues, as has already 
been demonstrated in liver, and that there are separate 
functions. The results of such studies are likely to have 
positive implications for the elucidation of the physiologi- 
cal significance of the PBBS. 

We thank the CEC Biotech Programme (CT-90-0183 and CT-93- 
0224) for funding our recent studies quoted in this review. 
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