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ABSTRACT 

The peripheral benzodiazepine receptor (PBZ) 

population in the rat liver has been kinetically and 

pharmacologically characterized. These data revealed a receptor 

with a dissociation constant (Kd) of 5.67 nM and a receptor 

density of 758 fmoles/ mg protein in a crude membrane 

preparation. Subcellular distribution studies demonstrated that 

PBZs were detected in highly purified nuclear, mitochondrial and 

microsomal fractions. Porphyrins were shown to interact at the 

PBZ with protoporphyrin IX and hemin having the highest affinity. 

Preliminary studies on the subnuclear distribution of PBZs are 

reported. In summary, the study has 1) characterized liver PBZs, 

2) shown the subcellular distribution of these receptors and 3) 

pharmacologically characterized nuclear, mitochondrial and 

microsomal PBZs in the liver. 
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INTRODUCTION 

The benzodiazepines (BZDs) are among the worlds most 

frequently prescribed class of compounds (Peturrson et al., 1981; 

Greenblatt et al., 1983). Therapeutically, the BZDs are used for 

their anxiolytic, anticonvulsant, muscle relaxant and hypnotic 

properties. These activities are attributed to the binding of 

these drugs to a well documented BZD receptor located almost 

exclusively in neuronal membranes within the central nervous 

system (CNS). This receptor is a part of a receptor complex 

triad which contains a gamma amino butyric acid (GABA) receptor 

and a membrane chloride channel (Gavish and Snyder, 1980). 

Benzodiazepine binding to this central-type of benzodiazepine 

receptor (CBZ) potentiates a GABA-stimulated influx of 

extraneuronal chloride ion producing membrane hyperpolarization 

and a decreased neuronal excitability. 

A second population of BZD binding sites exists in a wide 

variety of peripheral tissues and in certain parts of the CNS. 

These sites were initially detected as a diazepam binding site in 

rat liver, kidney, and brain membranes (Braestrup and Squires, 

1977). Unlike the ligand binding to the CBZ, however, 

clonazepam, which was later shown to be a BZD agonist selective 

for the CBZ, was unable to compete with diazepam for binding to 

these peripheral benzodiazepine receptors (PBZs). (See figure 1 

for chemical structures of some of the ligands commonly used in 



Figure 1. Commonly used benzodiazepine (8ZD) receptor ligands. 

Chemically« PK11195 is an isoquinoline carboxamide while the rest 

are true benzodiazepine. 
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Figure 1. Commonly used benzodiazepine (BZD) receptor ligands. 



11 

BZD receptor binding studies). Subsequent reports demonstrated 

that PBZs also exist in a variety of transformed cell lines 

(astroglioma and neuroblastoma, Syapin and Skolnick,1979; PC12, 

Morgan et al., 1985; astroglioma, Strittmatter et al., 1979; Nb2 

rat node lymphoma cell, Laird et al., 1987), and in rat 

peritoneal mast cells (Taniguchi et al., 1980), human and rat 

platelets (Wang et al., 1980; Benavides et al., 1984; Gavish 

et al., 1986), human lymphocytes (Moingeon et al., 1983) and 

mouse and human monocytes (Zavala et al., 1984; Ruff et al., 

1985). PBZs have been identified in various tissue including 

myometrium, (Ronca-Testoni et al., 1984) cardiac muscle (Mestre 

et al., 1984), adrenal gland (DeSouza et al., 1985; Anholt 

et al., 1985; Benavides et al., 1983), testes (DeSouza et al., 

1985; Anholt et al., 1985), lung (Das et al., 1987), striated 

muscle (Muller et al., 1985), aortic smooth muscle (Raeburn 

et al., 1988), pituitary (DeSouza et al., 1985), nasal mucosa 

(Anholt et al., 1984) brain (Anholt et al., 1984; Gallager 

et al., 1981; Schoemaker et al., 1982; McCarthy and Harden, 1981) 

and iris (Valtier et al., 1987). In addition, these receptors 

were also demonstrated in embryonic tissues (Borden et al., 1987; 

Fares et al., 1987) as well as in a variety of tissues from 

several nonmammalian species (Bolger et al., 1985). 

Several lines of evidence suggests that the PBZ and CBZ 

represent two distinct receptor populations. For example, 

Ro5-4864, a compound specific for the PBZ (figures 1), is devoid 
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of the sedative, anxiolytic and anticonvulsant pharmacologic 

properties of the clinically used BZDs. In fact, it was shown to 

be proconvulsant and anxiogenic in several behavioral models 

(Tallman et al., 1980; Seale et al., 1987; Pellow and File, 

1984; Weissman et al., 1985; File and Pellow, 1983; Gee et al., 

1988). Although the involvement of the PBZ in producing these 

adverse effects is currently under question, it is firmly 

established that the anxiolytic and anticonvulsant properties of 

the BZDs are not mediated through interactions of these compounds 

with the PBZ. Secondly, ligands for the PBZs display different 

binding potencies when examined at the central-type 

benzodiazepine receptor. Although diazepam and flunitrazepam 

bind with equal affinity to both the central- and peripheral-type 

of BZD receptors, the rank order of binding potencies for many of 

the BZDs at the PBZ is roughly the reverse of that exhibited at 

the CBZ (Figure 2). Interestingly, subtle changes in the 

chemical structure account for these differences. For example, 

structure activity requirements show that while 1 alkyl and 4' 

halogen substitutions of the BZDs (Figure 1) increase binding 

affinity at the PBZ, 4* halogen substitution inhibits binding to 

the CBZ (Wang et al., 1984). A third difference between the 

peripheral- and central-type receptors relates to the influence 

of GABA and chloride ion concentration on ligand binding 

affinities. While the affinity of the central-type receptor for 



Figure 2. Pharmacological characterization of peripheral- and 

central-type BZD receptors. Selectivity of various BZD receptor 

ligands to compete for binding at the a) peripheral-type BZD 

receptor (Desouza et al.. 1985) and b) central-type BZD receptor 

(McCarthy and Harden, 1981). Note in particular the potencies of 

clonazepam, diazepam and Ro5-486A in the two different tissues 

(i.e. peripheral versus central). 
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BZDs is potentiated by either GABA or chloride ions the binding 

affinity to the PBZ is unaffected by these agents (Tallman 

et al.,1978; Karobath and Sperk, 1979; Olsen, 1987; Speth et al., 

1980; Schoemaker et al., 1983; Marangos et al., 1982; Mori, 

1982). Fourthly, ligand binding at the peripheral- and central-

type receptors differs in stereoselectivity. Although the CBZ is 

stereospecific, both (+) and (-) enantiomers bind with equal 

affinity to the PBZ (Wang et al., 1984). 

Lastly, studies isolating photolabelled peripheral- and 

central-type BZD receptors and estimation of their molecular 

weights suggest, but do not prove, that the receptors are two 

distinct entities. Molecular weights typically cited for the 

solubilized CBZ are 49,000 to 57,000 daltons (Gavish and Snyder, 

1980; Chang and Bernard, 1982; Paul et al., 1981; Doble and 

Iversen, 1982) versus 18,000 to 35,000 daltons for the 

solubilized PBZ (Trifiletti et al., 1987; Paul et al., 1981; 

Beyer et al., 1988; Doble et al., 1985). Beyond the molecular 

weight determinations, there is little known about the physical 

structure or chemical properties of the PBZs. 

Although this receptor receives its name from its 

presence in numerous peripheral tissues it is also found within 

the CNS where it has a different tissue distribution than the 

central-type receptor. The CBZ is localized to the cortex, 

molecular layers of the cerebellum, dentate gyrus, hippocampus 
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and inferior and superior colliculi. The PBZ, however, is 

found in the olfactory bulb, ependymal linings, choroid plexus 

and pineal organ (Benavides et al., 1983b; Anholt et al., 1984; 

Pazos et al., 1986; Sieghart, 1986). Examination of kainate 

lesioned striatum and the basal ganglia from patients with 

Huntington's disease indicates that PBZs associated with CNS 

tissue are due to their localization in glial cells (Schoemaker 

et al., 1982). However, the majority of the PBZs detected in the 

olfactory bulb and the nasal mucosa are associated with bipolar 

olfactory neurons (Anholt et al., 1984). This is the only report 

in which an association between the PBZ and untransformed neural 

tissue has been demonstrated. 

A functional role for these binding sites must be 

demonstrated before they can be considered true receptors. 

However, these binding sites exhibit several properties similar 

to those observed in recognized receptor systems, arguing in 

favor of such a designation for these new binding sites. For 

example, three weeks after removal of the superior cervical 

ganglion the receptor density of PBZs was reduced by 50% in the 

rat pineal gland (Weissman et al., 1984). This down regulation 

led to the suggestion that PBZ numbers are under neural 

regulation. Similar results were demonstrated in the olfactory 

bulb following surgical isolation of this organ or irrigation of 

the nasal mucosa with ZnSO^ (Anholt et al., 1984). In a third 
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study using Friend Erythroleukemia cells the PBZ levels were down 

regulated following incubation with Ro5-4864 (Johnson et al., 

1986). This too suggests that these binding sites are responsive 

to trophic regulation. Thus, these observations support the 

classification of these sites as true physiological receptors, 

not acceptor sites. Functional changes attributed to activation 

of the PBZ (see below) also support this classification. 

The demonstration of PBZs in a plethora of animal tissues 

and, indeed, species suggest that they may participate in basic 

physiological processes common to the wide spectrum of cell 

types in which they are present. Examination of this issue 

resulted in the association of several functional changes with 

this receptor. For example, Ro5-4864 had picomolar efficacy as a 

chemoattractant for human monocytes (Ruff et al., 1985). 

Immunologically, peripheral and mixed type BZDs, but not central-

type BZDs, stimulated the humoral response to sheep red blood 

cells in C57B1 x DBA/2 F1 mice (Zavala et al., 1984). 

Physiologically, Ro5-4864 decreased the intracellular action 

potential duration (APD) in guinea pig papillary muscle (Mestre 

et al., 1985). All three responses- chemotaxis and inhibition of 

the humoral response and APD- were reversed by the PBZ selective 

antagonist PK11195 (Figure 1). Surprisingly, the influence of 

the PBZ on second messenger systems (e.g. guanylate cyclase, 

adenylate cyclase, tyrosine kinase, phospholipases etc.) has not 
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been examined. 

The largest body of evidence supporting a functional role 

for the PBZ derive from its ability to influence numerous 

parameters associated with cellular growth and/or 

differentiation. For example, a series of noncentral-type BZDs 

induced the differentiation of Friend Erythroleukemia cells (Wang 

et al., 1984b). Earlier reports demonstrated that BZDs inhibited 

mitogenesis in Swiss 3T3 cells (Clark and Ryan, 1980) and in 

B16/C3 melanoma cells induced melanogenesis in a pattern 

suggestive of the involvement by the PBZ (Matthew et al., 1981). 

In addition, the binding affinity of the PBZ for a series of BZD 

ligands in a mouse thymoma cell line correlated with the 

inhibition of cellular proliferation (Wang et al., 1984c). 

In vivo, administration of diazepam promoted hepatocellular 

hyperplastic foci and hepatocellular neoplasm formation in mice 

previously treated with the tumor initiating agent 

diethylnitrosamine (Diwan et al., 1986). Furthermore, large 

number of PBZs are found in the nasal epithelium and olfactory 

neurons, tissues which exhibit rapid turnover (the half life of 

olfactory neurons is 4-6 weeks in mice). The presence of the PBZ 

in these tissues suggests involvement of these receptors in this 

unique regenerative capacity. In embryonic chick brain, a high 

affinity Ro5-4864 binding site was demonstrated (Borden et al., 

1987; Faud et al., 1987). The levels of this site remained 
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unchanged between embryonic day 7 and 20 suggesting that they may 

play an important role early in embryogenesis. 

The PBZ has also been implicated in the alteration of 

several nuclear related events associated with cellular growth. 

For example, treatment of rat pheochromocytoma (PC12) cells with 

noncentral-type BZDs stimulated ornithine decarboxylase (ODC) 

activity and inhibited nerve growth factor (NGF) induced neurite 

outgrowth (accompanied by attenuation of cell growth) (Morgan 

et al., 1985). Furthermore, the NGF induced expression of the 

proto-oncogene, c-fos, was potentiated 100 fold in this cell line 

by PBZ specific ligands (Curran and Morgan, 1985). Estradiol-

induced DNA synthesis in the rat anterior pituitary was likewise 

significantly increased by a single injection of Ro5-4864 

(Stepian et al., 1986). Finally, nanomolar (nM) concentrations 

3 
of Ro5-4864 stimulated prolactin (PRL) induced [ H]-thymidine 

incorporation and ODC activity in the PRL dependent Nbg rat node 

lymphoma cell line (Laird et al., 1987). Although many of these 

studies did not attempt to correlate functional changes with 

ligand binding affinities, overall, they do suggest that the PBZ 

can regulate cellular proliferation and/or differentiation. 

The subcellular distribution of the PBZ has been examined 

by a number of groups in attempts to elucidate the involvement of 

the PBZ in particular cellular processes. The first study 

reported that in rat brain a semi-purified nuclear fraction 
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exhibited the highest density of PBZs (Marangos et al., 1982). 

Similar results (i.e. a high concentration of PBZs in a 

semi-purified nuclear fraction) were obtained by other groups 

using rat cerebral cortex (Schoemaker et al., 1983) or the rat 

adrenal gland (Anholt et al., 1986). A particular criticism 

of these studies is the degree of membrane heterogeneity of the 

subcellular fractions. This issue was not addressed in the two 

subcellular distribution studies of the brain but enzymatic 

analysis for membrane markers in the subcellular fractions from 

the rat adrenal gland demonstrated significant amounts of 

cross contamination. However, a trend in the binding and 

enzymatic data in this tissue was detected. The enrichment of 

the PBZ binding activity, compared to the homogenate, correlated 

best with enrichment of mitochondrial enzyme markers but not with 

enzyme markers for other subcellular membranes. Thus, it 

appeared that the PBZ is localized in mitochondria. It is 

important to note that the interpretation of the binding data in 

all three studies is hampered by the lack of a complete 

binding characterization of the PBZ in each of the subcellular 

fractions. 

Subsequent studies of detergent solubilized PBZ from the 

adrenal gland demonstrated that the mitochondrial receptor was 

localized specifically to the outer mitochondrial membrane 

(Anholt et al., 1986; Williams and O'Beirne, 1986). Furthermore, 
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SDS-PAGE molecular weight estimation of mitochondrial PBZs, 

photolabelled with flunitrazepam, revealed major (30,000 dalton) 

and minor (35,000 dalton) peaks of radiolabelled protein 

(Trifiletti et al., 1987). The relationship between these two 

proteins is uncertain. It may be, as some have suggested, that 

the latter protein is the nonselective voltage dependent anion 

channel, porin (Trifiletti et al., 1987; Anholt, 1986; Anholt, 

1988; Nutt, 1988). Clarification of this matter will have to 

await future studies examining the physiochemical properties of 

the PBZ and comparison to those of porin. 

The localization of the PBZ to the mitochondrial membrane 

coupled with the results of whole body autoradiographic studies 

in which the PBZ was associated with areas rich in oxidative 

phosphorylation (Anholt et al., 1985b) led to the hypothesis that 

the receptor is involved in intermediary energy metabolism. 

However, the PBZ modulation of cellular proliferation, NGF-

stimulated proto-oncogene expression and PRL-stimulated 0DC 

3 
activity and I H] thymidine incorporation favors a nuclear site 

of action. It is important to remember that previous subcellular 

distribution studies were performed on tissue models unsuitable 

for studies of cellular proliferation (e.g. brain and adrenal 

gland) and, therefore, may not be appropriate models to address 

the issue of nuclear PBZs. 

Just as with the opioid receptor (which eventually led to 
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the discovery of the endogenous opioids) the existence of PBZs 

naturally led to the supposition of an endogenous ligand for 

these receptors. Among the attempts to isolate such a ligand 

were the detection of a low molecular weight compound (below 500 

daltons) from human urine (Elsworth et al., 1986), low and high 

molecular weight compounds (below 500 and above 15,000 daltons) 

from peripheral tissues (Mantione et al., 1985) and an 

intermediate molecular weight compound (500-10,000 daltons) from 

human urine and plasma (Beaumont et al., 1983). More recently, 

examination of extracts from several rat peripheral tissues led 

to the identification of porphyrins as high affinity (nM) ligands 

for mitochondrial PBZs (Verma et al., 1987). The intermediate 

molecular weight compound reported in human urine and plasma 

(Beaumont et al., 1983) could have been a porphyrin (the 

molecular weight of porphyrins is roughly 600-700 daltons). The 

identity of the low and high molecular weight compounds has not 

been resolved. How any endogenous ligands may be involved in the 

regulation of cellular physiology via the PBZ has not been 

determined. 

Porphyrins are, of coarse, involved in a number of 

important cellular activities. Figure 3 displays the 

biosynthesis of porphyrins. Biochemically, many proteins, 

including cytochromes, catalase, tryptophan pyrrolase, hemoglobin 

and several peroxidases, contain heme as a prosthetic group. 



Figure 3. Biosynthesis of porphyrins, (biosynthesic pathway was 

taken from Bhagavan 78; the structure of cyanocobalamin was 

obtained from Geigy Scientific Tables. 1970). 
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Clinically, hematoporphyrin derivative (HpD), a heterogeneous 

solution of chemically uncharacterized porphyrins (Dougherty 

et al., 1984), is used in the tumor phototherapy of superficial 

metastatic cancers. Recently, the use of hemin (which inhibits 

porphyrin biosynthesis) was advised to terminate acute porphyric 

attacks associated with the menstrual cycle (Facts and 

Comparisons, 1988) or during pregnancy (Bissell, 1985). 

Pathologically, porphyrins produce skin photosensitization, liver 

and neuropsychiatric dysfunction, and contribute to an increased 

risk of liver cancer (Bengtsson and Hardell, 1986; MacDonald and 

Nicholson, 1976; Spikes, 1984). Proposed biochemical mechanisms 

for these insults have included lipid peroxidation and uncoupling 

of oxidative phosphorylation with subsequent mitochondrial 

disruption (Stumpf et al., 1979; Sandberg,1981). 

Under the appropriate assay conditions, protoporphyrin IX 

and hemin can influence cellular growth and differentiation. For 

example, erythrocyte lysate and exogenous hemin selectively 

stimulated colony formation of human bone marrow multipotential 

(CFU,,_._.) and erythroid (BFU„) but not granulocyte-macrophage 
btnn L 

(CFU_U) progenitor cells (Lu and Broxmeyer, 1983). Hemin 
on 

treatment alone stimulated a mitogenic response in human T cells 

while the increased cell number in response to supramaximal Con A 

stimulation was potentiated (Stenzel et al., 1981; Kuvibidila 

et al., 1983). Furthermore, these growth promoting activities 
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are not limited to cells strictly of myeloid origin. Embryonic 

chick fibroblasts, myocytes, and hepatocytes likewise exhibited 

potent stimulation of cell attachment by Co-protoporphyrin and 

increased proliferation by hemin (Verger et al., 1983). These 

cells displayed synergistic mitogenic activity when both 

porphyrins were incubated together. In addition, hemin rapidly 

induced neurite outgrowth in Neuro2a neuroblastoma cells (Ishii 

and Mantiatis, 1978) and stimulated mitogenesis in glioma C6 and 

neuroblastoma Ml and N1E-115 cells (Zwiller et al., 1982). 

Lastly , several reports have demonstrated that hemin deprivation 

decreased and hemin addition increased cellular protein and mRNA 

synthesis (Deutsch and Blumenfeld, 1977; Hoffman and Ross, 1980; 

Hronis and Traugh, 1986; Revel and Groner,1987). 

Although the subcellular distribution of membrane binding 

sites for the naturally occurring porphyrins has not been studied 

directly, there are several reports indicating, albeit 

indirectly, that porphyrins do bind to different subcellular 

sites. For example, porphyrins were shown to bind to 

mitochondrial membranes (the mitochondrial membrane also happens 

to be the locus for the initial and final stages of porphyrin 

biosynthesis (Figure 3)). Mitochondrial sequestration of 

deuteroporphyrin and protoporphyrin IX by an energy dependent 

mechanism begins with membrane binding as part of a two step 

uptake process (Roller and Romslo, 1978, 1980). Recently, the 
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channel protein, porin, was suggested to be the porphyrin 

transporter across the outer mitochondrial membrane (Verma 

et al., 1987). In addition, electron micrographs of rat 

myocardial cells incubated in the presence of hematoporphyrin 

derivative (HpD) exhibited intense fluorescence staining in 

large mitochondria (Berns et al., 1982). Lastly, several 

mitochondrial matrix proteins exhibiting protoporphyrin IX 

binding have been isolated (Tangeras and Flatmark, 1979). Thus, 

these studies point to the existence of a porphyrin binding site 

in mitochondria. 

Other subcellular porphyrin binding sites are also 

implicated. Following 24 hours of in vivo incubation with 

uroporphyrin I, a distinct nuclear fluorescence was detected in 

phytohemagglutinin transformed rat peritoneal lymphocytes 

(Hartmann and Watson, 1970). The intracellular fate of HpD, 

using KK-47 cells (Hisazumi et al., 1984) and rat myocardial 

cells (Berns et al., 1982), was localized to the nuclear membrane 

although little or no fluorescence could be detected within the 

nucleus. Another possible subcellular porphyrin binding site is 

the cell membrane. Examination of the kinetics for the cellular 

uptake of HpD, suggested that these porphyrins initially bind to 

the cell membrane and are then taken up into the cell before 

redistribution to subcellular sites (Dougherty et al., 1977; 

Hisazumi et al., 1984). Finally, protoporphyrin IX inhibited 
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several plasma membrane proteins (i.e. Na+, K+-Adenosine 

+2 
Triphosphatase, Mg -Adenosine Triphosphatase and 

5'-Nucleotidase) (Avner et al., 1983). With the exception of 

perhaps HPD, no physiological response has been associated with 

any of these subcellular porphyrin binding sites-

Our understanding of many of the growth mechanisms 

remains limited, in part due to several properties inherent in 

the regulation of cellular growth. First, for any particular 

tissue, multiple serum factors may be required to stimulate cell 

mitogenesis (O'Keefe and Pledger, 1983). Second, certain 

mitogenic responses are sensitive to growth factors only during 

certain stages of the cell cycle or differentiation (Klaus and 

Hawrulowiex, 1984). Thus, the timing and sequence for the 

addition of growth factors may be important considerations. 

Lastly, there is a heterogeneity of tissue sensitivity to 

different growth factors (Dexter and Moore, 1986). In studies 

examining the regulation of growth, negative results should be 

viewed in this context. 

It is important to remember that the vast majority of 

studies examining growth and differentiation use cell cultures, 

often being transformed cell lines. Thus, whether the 

relationships between growth factors and mitogenic activity 

observed under the controlled and perhaps unphysiological 

conditions of cell culture may be extrapolated to untransformed 
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tissue is uncertain. This is particularly significant if indeed 

in vivo mechanisms for terminating mitogenic responses exist 

(Dexter and Moore, 1986). 

The present study of the subcellular distribution of the 

PBZ in the rat liver was undertaken to define what role the PBZ 

may play in modulating cell growth. The choice of the rat liver 

was two fold. First, previous subcellular distribution studies 

of the PBZ were done in stable (nonreplicating) tissues such as 

the kidney, brain and adrenal gland. The liver is considered a 

labile (i.e. capable of regenerating) tissue and, therefore, a 

more appropriate model for studying the involvement of the PBZ in 

mediating cellular growth. Second, in contrast to earlier studies 

associating the PBZ with cellular growth and/or differentiation 

which utilized cultured cell lines, the liver represents an 

untransformed tissue model. 

Lastly, the fact that both the PBZ and porphyrins appear 

to, first, modulate cell growth and/or differentiation and, 

secondly, bind to similar subcellular sites suggest that these 

agents may exert their effect through a common mechanism of 

action. 

Therefore, as a first step in understanding what 

physiological processes the PBZ might be involved in, the present 

study was performed to examine the subcellular distribution of 

the PBZ in the rat liver. Secondly, since a detailed binding 

characterization of either liver or subcellular PBZs has not been 



28 

reported the present study characterized the binding properties 

of these receptors at subcellular sites in the liver. Finally, 

the ability of various endogenous porphyrin compounds, in 

particular protoporphyrin IX and hemin, to interact with the PBZs 

at various subcellular sites was examined. 
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METHODS 

PREPARATION OF CRUDE MICROSOMAL MEMBRANE 

Male rats (Harlan Sprague Dawley, 250-300 g) were used in 

the preparation of crude liver membranes. Rats were fed a 

standard lab diet (Teklad 4%, Harlan Sprague Dawley) and kept on 

a 12 hour light cycle (6:00 AM to 6:00 PM). All rats were 

allowed to acclimate to the animal facilities at least one day 

following arrival from Harlan Sprague Dawley. In addition, 

irrespective of the membrane preparation, all were killed between 

10;00 am and 1:00 pm. For preparation of crude microsomal 

membranes, each rat was killed by decapitation and the entire 

liver was immediately removed. Distal segments of the liver 

lobes from 4 rats were placed in 50 mM Tris HCl buffer containing 

1 mM MnCl2 and 1 mM phenylmethyl sulfonyl fluoride (PMSF), pH 9.0 

at 4° C (buffer A), minced, and homogenized using a polytron 

homogenizer (near maximal speed for 30 seconds). The homogenate 

was centrifuged at 1,000 x g for 20 minutes at 4° C. The 

supernatant from this low speed centrifugation was spun at 

100,000 x g (rmjn« 43,000 rpm with a Beckman Ty50.2Ti rotor) for 

1 hour and the pellet consisting of crude microsomal membranes 

was resuspended in 50 mM Tris HCl buffer, pH 7.4 at 4° C 

(buffer B). The membrane resuspension was then stored at -70° C 

until used. 
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SUBCELLULAR FRACTIONATION PROCEDURES 

Two different methods for preparing purified nuclear, 

mitochondrial and microsomal subcellular fractions were evaluated 

PREPARATIONS OF SUBCELLULAR FRACTIONS I 

Liver subcellular fractions were prepared using a 

centrifugation procedure modified from that described by Anholt 

et al. (1986) for the isolation of adrenal gland subcellular 

PBZ. Rats (female Harlan Sprague-Dawley, 200-250 g) were 

maintained and handled similar to that previously described. 

Again rats were killed by decapitation and approximately 25 g of 

liver from the medial and left liver lobules was placed in 20 ml 

buffer C (2 mM Hepes buffer, 70 mM sucrose and 0.21 M mannitol, 

pH 7.4). All steps in the subcellular fractionation procedure 

were conducted at 4° C. The liver pieces were minced and the 

mixture was homogenized using a Potter Elvejum homogenizer (4-5 

strokes). An equal volume of buffer C was added to the 

homogenate which was mixed and centrifuged at 600 x g (2100 rpm 

with a Beckman JA20 rotor) for 15 min. The pellet was 

resuspended in buffer C and recentrifuged at 600 x g for another 

15 min. The pellet was resuspended and saved as the nuclear (NC) 

fraction. The combined supernatants were added together and 

centrifuged at 10,000 x g (9,000 rpm with the JA20 rotor) for 20 

min, the pellet was resuspended in buffer C and the solution 
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was recentrifuged at 10,000 x g for 20 min. This pellet was 

resuspended and labelled as the mitochondrial (MT) fraction. 

Finally, the combined supematants were centrifuged at 

100,000 x g (41,000 x rpm with the Ty50.2Ti rotor) for 1 hr, the 

pellet was resuspended and the mixture recentrifuged at 

100,000 x g for 1 hr. The pellet was designated the microsomal 

(MC) fraction. This microsomal fraction (containing elements 

obtained between 10,000 x g and 100,000 x g) should be 

distinguished from the crude microsomal membrane preparation 

which was used to initially examine whether PBZs could be 

detected in the liver. The homogenate (HOMO) and cytosolic 

(CYT0) fractions were also saved for membrane marker enzyme 

assays (see figure A). The washed pellets were resuspended in 

buffer B, assayed for protein content (Appendix A) and frozen at -

70° C until used. 

PREPARATION SUBCELLULAR FRACTIONS II 

In the second fractionation procedure, liver nuclear (NC), 

mitochondrial (MT) and microsomal (MC) fractions were prepared 

from livers obtained from untreated rats (both male and female 

Harlan Sprague-Dawley 90-125 g) using a combination of published 

centrifugation procedures (Widnell and Tata, 1964; Lahav et al., 

1982). Prior to use rats were maintained and handled as 

previously described. Each rat was killed by cervical 

dislocation, an abdominal incision made, the femoral artery was 



Figure U. Preparation of subcellular fractions 1. Abbreviations 

for the subcellular fractions are homogenate (HOMO), nuclear 

(NC), mitochondrial (MT), microsomal (MC) and cytosolic (CYTO). 
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LIVER HOMO PREPARED IN 2 mM HEPES BUFFER. 70 mM SUCROSE. 

AND 0.21 M MANNITOL. pH 7.4 AT 4° C. 

HOMO SPUN AT 600 x 9. PELLET WASHED. RESPUN AT 600 x 9. 

AND RESUSPENDED PELLET LABELLED THE NC FRACTION. 

SUPERNATANT5 SPUN AT 10.000 x g, PELLET WASHED. RESPUN AT 

10,000 x 9 AND RESUSPENDED PELLET LABELLED THE MT FRACTION. 

I 
SUPERNATANT SPUN AT 100.000 x 9, PELLET WASHED. RESPUN AT 

100.000 x 9 AND RESUSPENDED PELLET LABELLED THE MC FRACTION. 

THE 100.000 x 9. SUPERNATANT WAS LABELLED THE CTTO FRACTION. 

Figure A. Preparation of subcellular fractions I. 
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cut, the hepatic portal vein cannulated with a 15 gauge needle 

and the liver was perfused with ice-cold saline at a flow rate of 

30 ml/min until the liver blanched. The livers were excised and 

dissected free of extralobular vascular and connective tissue. 

Pooled livers were placed in 0.32 M sucrose containing 3 mM MgCl^ 

at 4° C (buffer D, 20 ml per 3.25 g liver), minced and 

homogenized using a Tekmar Tissumizer for 1-2 min. (The Tekmar 

Tissumizer was used because it minimizes the rupture of nuclei 

frequently produced by other homogenization techniques.) The 

homogenate was filtered through 3 layers of gauze tissue and 

diluted to approximately 0.25 M sucrose containing 3 mM MgCl^ 

(buffer E), layered on top of a sucrose pad of buffer D and 

centrifuged at 700 x g (2400 rpm with a Beckman JA20 rotor) for 

10 min to obtain a semi-purified nuclear concentrate 

(pellet). Using a dounce tissue homogenizer, fitted with a type 

A pestle, the pellet was resuspended in 2.4 M sucrose buffer 

containing 1 mM MgC^ at 4° C (buffer P, 50 ml per 3.25 g 

liver). A thin translucent pellet, containing unbroken nuclei 

and lining the outermost side of the centrifuge tube, was 

obtained following a 50,000 x g centrifugation of the 

resuspension for 1 hr (rmin' 25,000 rpm with the Ty50.2Ti 

rotor). The supernatant of the 700 x g spin was centrifuged at 

7,000 x g for 20 min (7,000 rpm with the JA20 rotor). A MT 

fraction was prepared by resuspension of the pellet, using a 

dounce tissue homogenizer, in buffer D (no MgClg) and 
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recentrifugation of the fraction at 10,000 x g for 20 min 

(9,000 rpm with JA20 rotor). The supernatant from the 7,000 and 

10,000 x g spins were combined and adjusted to 3 mM MgCl^ and the 

preparation was centrifuged at 20,000 x g for 40 min (13,000 rpm 

with the JA20 rotor) to produce a fraction containing both light 

mitochondria and heavy microsomes. This fraction was not 

examined for binding. The 20,000 x g supernatant was centrifuged 

at 100,000 x g (41,000 rpm with the Ty50.2Ti rotor) to produce a 

light MC fraction (figure 5). Pellets from the NC, MT and MC 

fraction were resuspended in buffer F (NC) or buffer B (MT and 

MC), divided into 1.5 ml aliquots and frozen at -70° C until 

used. An aliquot of the NC fraction was diluted to 

0.3-2x10^ nuclei/ml, stained with toluidine blue and counted 

using a light microscope and hemocytometer. 

SUBNUCLEAR FRACTIONATION PROCEDURE. 

Nucleoli (NCL), extranucleolar chromatin (ENC), and 

ribonucleic acid and nuclear membranes (RNA/NM) fractions were 

prepared from the NC fraction according to the procedure of 

Bhorjee and Pederson (1978). This was accomplished by 

resuspending the nuclei (4 x 10^/ml) in 10 mM NaCl, 1.5 mM MgC^, 

10 mM Tris buffer, and 0.25 M sucrose (pH 7.0) and sonicating for 

several min with a Branson Sonic Power Sonifier to disrupt the 

nuclear membrane. 25 ml of this solution was layered over 

30% sucrose, 10 mM NaCl, 25 mM Tris buffer (pH 7.2) and 



Figure 5. Preparation of subcellular fractions II. Abbreviations 

for the subcellular fractions are nuclear (NC), mitochondrial 

(MT) and microsomal (MC). 
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MINCED UVER HOMOGENIZED IN 0.25 M SUCROSE. Z mM MgCI2. 

SPUN THROUGH A 0.32 U SUCROSE PAD. 

PQUET RESUSPENDED. SPUN AT 50.000 x 9 IN SUPERNATANT5 COMBINED AND SPUN AT 7.000 x 9, 

2.» M SUCROSE. V mM MgCI2. THE PELLET PELLET WASHED AND RESPUN AT 10,000 x 9. THE PELLET 

WAS RESUSPENDED TO OBTAIN THE NC FRACTION. WAS RESUSPENDED TO OBTAIN THE MT FRACTION. 

SUPERNATANT ADJUSTED TO 3mM MqCJ  ̂AND 

SPUN AT 20.000 x 9. THE PELLET WAS 

RESUSPENDED TO PROOUCE A MT/MC FRACTION. 

SUPERNATANT WAS SPUN AT 100.000 x 9. THE PELLET 

WAS RESUSPENDED TO PROOUCE THE MC FRACTION. 

Figure 5. Preparation of subcellular fractions II. 
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centrifuged at 4500 x g for 15 mill to obtain a NCL enriched 

pellet. The supernatant was recentrifuged at 4500 x g and the 

pellet was discarded. Sixteen ml aliquots of the supernatant 

were layered over 10 ml of 60% sucrose, 10 mM NaCl, 24 mM EDTA, 

25 mM Tris buffer (pH 7.2), the upper 4/5 of the total solutions 

stirred and the samples were centrifuged at 131,000 x g 

(49,000 rpm with the Ty50.2Ti rotor) for 90 min to obtain an ENC 

fraction. The pellet representing the NCL and ENC fractions were 

resuspended in buffer B. The supernatant from the 131,000 x g 

contains RNA/NM. All steps in the procedure were performed at 

4° C. Purified rat liver DNA was isolated according to Krieg 

(1983). 

BINDING ASSAYS 

3 
For the binding assays, dilutions of [ H]-Ro5-4864 were 

3 
prepared by diluting stock [ H]-Ro5-4864 (4-20,000 nM) initially 

with 100% DMSO while vortexing and then warm 

buffer B/0.5% bovine serum albumin (BSA) to a final bath 

concentration of 6% DMSO (v/v). Unlabelled Ro5-4864 was 

dissolved in 100% DMSO and subsequently diluted with warm 

buffer B/0.5% BSA to 1.4% DMSO. Membranes were diluted with 

buffer B/0.3% DMSO/0.5% BSA to either 1-2x10^ nuclei or 300 ug 

protein/assay (MT and MC). Final bath concentration of the assay 

buffer was roughly buffer B/ 0.9% DMSO/O.5% BSA. (Volumes of 

solutions are found in Appendix B). Membranes were incubated 
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with [^H]-Ro5-4864 (0.5-05 nM, 77.9 uCi/nmole) for 45 min at 

4° C. 1 uM unlabelled Ro5-4864 or vehicle (see Appendix B) was 

used to determine nonspecific and total binding respectively. 

The reaction was stopped after 45 min of incubation by the rapid 

addition of 5 ml ice cold phosphate buffered saline (PBS) 

followed by filtration of the membranes through glass fiber 

filters (type 32 Scheicher and Schuell) using a Brandel cell 

harvester. The filters were washed twice with ice cold PBS, oven 

dried and dissolved in scintillation counting solution. Membrane 

3 
bound [ H]-Ro5-4864 was then measured in a Beckman LS8100 

scintillation spectrophotometer. 

For competition binding studies stock solutions of 

3 
unlabelled ligands were prepared as with [ H]-Ro5-4864 but were 

diluted instead to 1% DMSO. This concentration (i.e. 1%) was 

chosen so that the final bath concentration of DMSO was similar 

to that used in the saturation experiments (see Appendix B). 

Unlabelled ligands were preincubated with membranes for 45 min or 

3 
less before addition of [ H]-Ro5-4864. To avoid photoactivation 

of porphyrin compounds all porphyrin competition curves were 

incubated in the dark. 

Scatchard analysis and Hill plots were examined using 

linear regression analysis of the transformed binding data 

according to Bennett (1978). Competition binding data was 

analyzed following the procedure described by Limbird (1987) 



38 

using the equation: 

IC50 

1 (1+D/Kd) 

to determine Ki values. IC50 represent the concentration of 

competing ligand which inhibited the binding of the radioligand 

by 50%. 

PORPHYRINS 

A stock solution of approximately 750 uM protoporphyrin IX 

was prepared by initially adding 6.67 ml 0.1 M Tris base (60-

80° C) to 8-11 mg protoporphyrin IX. The solution was thoroughly 

mixed and subsequently sonicated for 2-3 min. Next, 6.67 ml of 

95% EtOH (60-80° C) was slowly added while the solution was 

mixed. The combined solution was sonicated for 2-3 min. Lastly, 

6.67 ml of 50 mM Tris buffer/0.5% BSA (60-80° C) was slowly added 

while the solution was shaken and the combined stock solution was 

then sonicated for 2-3 min. The order of the addition of the 

solvents is important; different results are obtained if EtOH is 

used before Tris base. Approximately 2.5 mM stock hemin was 

prepared by initially adding 6.67 ml of 0.1 N NaOH (60-80° C) to 

30-34 mg hemin. EtOH and buffer B/0.5% BSA are added similar to 

the preparation of protoporphyrin IX. Ten- and fifty-fold 

dilutions of both stock solution were also sonicated before 

making serial dilutions. Porphyrin concentrations were 

determined by spectrophotometry measurement of stock solutions 
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(* of protoporphyrin IX in 1 M HC1 = 241 mM 1 cm *,\=408 run; t 

of hemin in 0.1 M NaOH = 58.4 M * cm *",\=385 nm. Representative 

absorption spectra for hemin and protoporphyrin IX can be found 

in Appendix F. 

ENZYME ASSAYS 

Protein concentrations were determined using a modified 

Lowry Method (Appendix A). Cytochrome c oxidase activity was 

determined by the method of Yonetani (1967; Appendix C). DNA was 

measured using the diphenylamine colorimetric assay (Burton, 

1956; Appendix D). NADPH cytochrome c reductase was determined 

according to Halpert (1985; Appendix E). All enzyme activities 

were assayed over the linear portion of the enzyme curve. 

Reduced cytochrome c was produced via reduction of a 1 mM 

solution by adding 20-60 mg of ^2820,. for several hours followed 

by dialysis against 300 mM phosphate buffer containing 1 mM EDTA 

(3 changes/24 hours). Reduced cytochrome c solution capped with 

^ is stable for several weeks when stored at -20° C. 

DRUGS 

Cytochrome c (oxidized), NADPH, DNA, diphenylamine, hemin, 

protoporphyrin IX and uroporphyrin I were obtained from Sigma 

Chemical Company (St. Louis, MO.). Coproporphyrin III and 

cyanocobalamin were purchased from Porphyrin Products (Logan, 

3 
Utah). [ H]-Ro5-4864 (76-87 uCi/nmoles, radiochemical purity of 
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97-99%) was purchased from New England Nuclear (Boston. MA). 

Unlabelled Ro5-4864 was a generous gift from Roche Laboratories 

(Dr. P. Sorter). PK11195 was generously supplied by Pharmuka 

Laboratories (Dr. Michaud). 
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RESULTS 

The PBZ selective ligand, Ro5-4864, binds to a crude 

microsomal membrane preparation from rat liver (100,000 x g 

pellet). Association binding curves showed that specific binding 

reached equilibrium between 35-45 min and remained stable for 

over 90 min. This binding was reversible; complete 

3 
dissociation of [ H]-Ro5-4864 occurred by 60 min following the 

addition of 1 uM unlabelled Ro5-4864 (Figure 6). Saturation 

isotherms of the crude microsomal membrane demonstrate that 

Ro5-4864 binds with high affinity to a saturable population of 

binding sites (Figure 7). An average dissociation constant (Kd) 

of 5.7 + 0.3 nM (S.E.M.) and receptor density (Bmax) of 758 + 74 

(S.E.M.) fmoles/mg protein were calculated from the Scatchard 

analyses of three independent saturation isotherms. Specific 

binding at the Kd was approximately 64% of the total binding. 

The average Hill coefficient (N=3) was calculated to be 

0.86 + .03 (S.E.M.), which suggests that Ro5-4864 is binding to a 

single population of binding sites. Saturation isotherms 

subsequently performed on other rat liver preparations 

consistently gave Hill coefficients close to unity, supporting 

the one receptor population hypothesis. Furthermore, 

calculation of the Kd using the Hill equation yielded 

values within 3% of those calculated using Scatchard 



Figure 6. Representative association (a) and dissociation (b) 

3 
binding curves for I H]-Ro5-4864 in crude microsomal membranes 

3 
from rat liver. 1 nM and 2 nM [ H]-Ro5-4864 were used for 

association and dissociation binding respectively. For 

3 
dissociation binding [ H]-Ro5-4864 was preincubated with the 

membranes for 45 min. 1 uM unlabelled Ro5-4864 was used to 

determine nonspecific binding and to initiate dissociation. 
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Figure 6. Association and dissociation curves for Ro5-4864 binding. 



Figure 7. Representative saturation isotherm and Rosenthal plot 

3 
(Scatchard analysis) (inset) for [ H]-Ro5-4864 binding in rat 

liver microsomal membrane. Membranes were incubated with 

[^H]-Ro5-4864 at 4° C for 45 min. 1 uM Ro5-4864 was used to 

determine nonspecific binding. Data points were done in 

triplicate. 
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Figure 7. Saturation curve in crude microsomal preparation. 
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analysis. Lastly, competition binding studies revealed that 

3 
selected BZD receptor ligands compete with [ H]-Ro5-4864 for 

binding to this site in a pattern consistent with the PBZ (i.e. 

Ro5-4864 = PK11195 > flunitrazepam > diazepam » clonazepam 

(Figure 8)). 

To address the issue of the subcellular distribution of the 

PBZ, two separate fractionation techniques were employed. The 

first fractionation procedure utilized a centrifugation scheme 

previously used for studying the subcellular distribution of the 

PBZ in the rat adrenal gland. Using this fractionation procedure 

in rat liver the density of the PBZ in the nuclear fraction was 

found to be slightly higher than the Bmax in the mitochondrial or 

microsomal fraction (e.g. Bmax = 1260, 938, and 936 

fmoles/mg protein respectively). Similar results were obtained 

in the study of the subcellular distribution of this receptor in 

the adrenal gland (Anholt et al., 1986). However, when the 

purity of the subcellular fractions was examined, significant 

contamination between the various fractions complicated the 

interpretation of the binding data (Figure 9). Therefore, a 

second subcellular fractionation procedure was evaluated. 

The DNA content and the presence of selected enzyme markers 

were again analyzed to establish the purity of the subcellular 

fractions obtained using the second fractionation procedure. 

Results of these enzyme assays indicated that each fraction 

contained a high concentration of its corresponding subcellular 



Figure 8. BZD competition curves in a crude microsomal 

preparation. Potencies of selected BZD receptor ligands to 

3 
compete with 1 nM [ H]-Ro5-4864 binding to an unfractionated rat 

liver membrane preparation. Membranes were incubated for 45 min 

3 
in the presence of [ H]-Ro5-4864 and increasing concentrations of 

the indicated competing ligands. 1 uM unlabelled Ro5-4864 was 

used to determine nonspecific binding. Numbers appearing after 

the competing ligands indicate the IC50s (nM) from a 

representative competition curve. Abbreviations used are 

flunitrazepam (Flu) and clonazepam (Clon). 
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^ Flu 37 
•Diazepam 63 
°Ro5—4864 4.5 
• Pk11195 5.1 
•Clon 4884 

LOG INHIBITOR CONCENTRATION (M) 

Figure 8. BZD competition curves in a crude microsomal preparation. 



Figure 9. DNA and enzymatic analysis of the homogenate (HOMO), 

nuclear (NC), mitochondrial (HT), microsomal (MC), and cytosolic 

(CYTO) fractions obtained using the first subcellular 

fractionation procedure. Enzymes (with activities) represent 

markers for: • NADPH cytochrome c reductase (nmoles cytochrome 

c reduced/mg protein/min), endoplasmic reticulum; NSSS3cytochrome 

c oxidase (nmoles cytochrome c oxidized), mitochondria; B acid 

phosphatase (sigma units/mg protein), lysosomes; K8& DNA (ug/mg 

protein), nuclei; and 5-nucleotidase (mg P/hr/mg protein), 

plasma membrane. 
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Figure 9. Enzymatic analysis of the first subcellular fractionation 

procedure. 
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marker (i.e. DNA content for the NC fraction, cytochrome c 

oxidase for MT fraction and NADPH cytochrome c reductase for the 

MC fraction) and a negligible amount of cross-contamination from 

other subcellular markers (Figure 10). In particular, based on 

the cytochrome c oxidase assay less than 7% of this 

mitochondrial membrane marker was detected in the NC fraction and 

smaller amounts of DNA were observed in the MT fraction 

suggesting that this procedure resulted in a very good separation 

of the NC and MT components. Electron micrographs were also 

obtained in order to visually inspect the subcellular fractions 

and qualitatively examine the degree of contamination. These 

supported the results of the enzymatic analysis in that 

negligible amounts of contamination were demonstrable. For 

example, the nuclear fraction showed only trace contamination 

with mitochondria (Figure 11). Therefore, both methodologies 

(i.e. enzyme markers and electron microscopy) confirmed that the 

isolation procedure resulted in highly purified subcellular 

fractions. 

3 
Using the second fractionation procedure, [ H]-Ro5-4864 

binding to rat liver was demonstrated in the nuclear (NC), 

mitochondrial (MT) and microsomal (MC) enriched fractions 

(Figure 12). In particular, the results from the enzyme assays 

indicate that the low amount of mitochondrial contamination in 

the nuclear fraction could not account for the high levels of PBZ 

detected in this fraction. Recalculation of the binding value 



Figure 10. DNA and enzymatic analysis of the nuclear (NC), 

mitochondrial (MT) and microsomal (MC) fractions obtained using 

the second subcellular fractionation procedure. Enzymes 

represent markers for: nn NADPH cytochrome c reductase, 

endoplasmic reticulum; cytochrome c oxidase, mitochondria; 

and HH DNA, nuclei. 
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Figure 10. Enzymatic analysis of the second subcellular 

fractionation procedure. 



Figure 11. Electron micrograph of the nuclear fraction obtained 

using the second subcellular fractionation procedure (x 10,660). 
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Figure 11. Electron micrograph of the nuclear fraction 



Figure 12. Representative saturation isotherms and Rosenthal 

3 
plots (Scatchard analysis) (inset) for [ H]-Ro5-4864 binding in 

rat liver a) nuclear. b) mitochondrial and c) microsomal 

fractions obtained using the second subcellular fractionation 

procedure. Membranes were incubated in the presence of 

[^H]-Ro5-4864 at 4° C for 45 min. 1 uM unlabeled Ro5-4864 was 

used to determine nonspecific binding. Data points were done in 

triplicate. 
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for the nuclear fraction yielded approximately 20,000 binding 

sites/nucleus. The various fractions exhibited nearly identical 

affinities for Ro5-4864 binding and significant numbers of 

binding sites were demonstrated in each (Table 1). Again the 

Hill coefficient value supported the presence of a single 

receptor population in each fraction. 

The rank order of potency of BZD receptor ligands in 

3 
competing for [ H]-Ro5-4864 binding was examined in each of the 

three subcellular fractions. These ligands exhibited a similar 

rank order of potency and affinities as that observed in the 

crude (unfractionated) membrane preparation (Figure 13) 

characterizing each of these sites as the PBZ. 

Recently, porphyrins were demonstrated to compete for the 

binding of the PBZ selective ligand, PK11195, to rat kidney 

mitochondrial membranes. The biochemical pathway of porphyrin 

biosynthesis and the chemical structures of the closely related 

porphyrin compounds are shown in Figure 3. Several of these 

porphyrins as well as cyanocobalamin (i.e. vitamin B12), were 

3 
tested for their ability to compete with [ H]-Ro5-4864 binding in 

rat liver subcellular fractions. The results of these studies 

demonstrated that protoporphyrin IX, the immediate biosynthetic 

precursor of heme, and the reduced heme analogue, hemin, were 

3 
able to competed with [ H]-Ro5-4864 for binding at this site in 

all of the membrane fractions (Figure 14). Protoporphyrin IX had 

the highest potency with Ki's of 14.3 and 22.5 nM while hemin 



Table 1. Kd and Bmax values for Ro5-4864 binding in the nuclear, 

mitochondrial and microsomal fractions obtained using the second 

subcellular fractionation procedure. 
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NUCLEAR MITOCHONDRIAL MICROSOMAL 

Kd (nM) 5.5, 4.6 5.7, 4.1 8.9,7.1 

Bmax 
(fMOLES/mg PROTEIN) 

(fMOLES/106 NUCLE) 

284, 241 

36.2, 20.8 

1048,912 351. 295 

Table 1. Ro5-4864 binding values in liver subcellular fractions. 



Figure 13. Potencies of selected benzodiazepine receptor ligands 

3 
to compete with 1 nM [ H]-Ro5-4864 binding to rat liver 

a) nuclear, b) mitochondrial and c) microsomal fractions obtained 

using the second subcellular fractionation procedure. 

Equilibrium binding conditions were as described in Figure 8. 

Numbers appearing after the competing ligand indicates the IC50s 

(nM) from a representative competition curve. 
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Figure 13. BZD competition curves in various subcellular fractions. 



Figure 14. Potencies of protoporphyrin IX and hemin to compete 

3 
with 2 nM [ H]-Ro5-4864 binding to a rat liver a) nuclear and 

b) mitochondrial fraction obtained using the second subcellular 

fractionation procedure. Equilibrium binding conditions were as 

described in Figure 8. Numbers appearing after the competing 

ligand represent IC50s (nM) from a representative competition 

curve. 
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Figure 14. Porphyrin competition curves in various subcellular 

fractions 
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exhibited lower potency with Ki's of 757 and 680 nM in the 

nuclear and mitochondrial fractions respectively. However, 

cyanocobalamin, which contains a porin center (see figure 3), and 

the porphyrin precursors coproporphyrin III and uroporphyrin 1 

3 
did not compete for [ H]-Ro5-4864 binding. 

3 
With nuclear binding of [ H]-Ro5-4864 is suggested a nuclear 

site of action for PBZ ligands. To further characterize the 

nuclear PBZ binding experiments were performed to examine the 

presence of this receptor in different subnuclear fractions. 

3 
Preliminary results show [ H]-Ro5-4864 bound (in a protein 

concentration dependent fashion) to components present in the 

isolated nucleolar (NCL), extranucleolar chromatin (ENC) and 

ribonucleic acid and nuclear membrane (RNA/NM) fractions 

3 
(Figure 15). In particular, specifically bound [ H]-Ro5-4864 in 

the NCL and RNA/NM fraction was 800 fmoles/mg protein or more. 

Although the complete binding kinetics in each of these fractions 

was not examined, the labelled ligand concentration (5nH) used in 

these experiments was most likely below the saturating 

concentration for Ro5-4864. Thus, the large amount of 

3 
[ Hj-Ro5-4864 specific binding in the NCL and RNA/NM fractions 

would seem to represent a significant increase in specific 

binding over other membrane preparations from the rat liver. 

3 
Lastly, [ H]-Ro5-4864 binding directly to purified rat liver 

3 
DNA was examined. Recalculation of the [ H]-Ro5-4864 binding to 

the nuclear fraction from the second fractionation procedure, 



3 
Figure 15. Specific binding of [ Hj-Ro5-4864 in a) nucleolar 

(NCL), b) extranucleolar chromatin (ENC) and c) ribonucleic acid 

and nuclear membrane (RNA/NM) preparations from rat liver. 5 nM 

3 
[ H]-Ro5-4864 was incubated for 45 min with increasing dilutions 

of a stock NCL, ENC or RNA/NM fraction before filter harvesting 

of samples. 1 uM unlabeled Ro5-4864 was used to determine 

nonspecific binding. Data points were done in triplicate. 
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standardized to DNA content, yielded an estimated Bmax value of 

3 
1600 fmoles/mg DNA. However, [ H]-Ro5-4864 binding to DNA was 

only 12 fmoles/mg DNA or less than 100 times than expected. 
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DISCUSSION 

The peripheral benzodiazepine receptor (PBZ) is found in a 

wide variety of cell types both in the periphery and the CNS 

(Braestrup and Squires, 1977; DeSouza et al., 1985; Anholt, 1986, 

Snyder et al., 1987). In contrast to the muscle relaxant, 

anxiolytic and sedative effects attributed to the central-type 

receptor for benzodiazepines (BZDs) the physiological role for 

the PBZ has not been established. However, several laboratories 

have demonstrated that ligands for the PBZ influenced 

3 
[ H]-thymidine incorporation, ODC activity, proto-oncogene 

expression and cellular proliferation (Wang et al., 1984b, 1984c; 

Laird et al., 1987; Curran and Morgan, 1985; Stepian et al., 

1986). These findings suggest that this receptor may be involved 

in regulating cellular growth and/or differentiation. The 

suggestion of an interaction between the PBZ and cellular 

mitogenesis necessitated the characterization of this receptor in 

an untransformed tissue model, such as the liver, suitable for 

the study of normal cellular growth regulation. 

The initial experiments, using a crude microsomal 

preparation from rat liver, revealed a single population of 

3 
reversible high affinity [ H]-Ro5-4864 binding sites. These 

sites were saturable with a total receptor density (Bmax) of 

758 fmoles/mg protein and a dissociation constant (Kd) of 5.7 nM, 

similar to Ro5-4864 binding sites in other tissues (Hang et al., 

1984b; LeFur et al., 1983; Marangos et al., 1982; Schoemaker et 
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al., 1983). The pharmacological characterization of these sites 

gave a pattern for PK11195 and selected BZD ligands to compete 

3 
with [ H]-Ro5-4864 for binding which was identical with that 

reported by DeSouza et al. (1985) and Schoemaker et al. (1983) 

for the PBZ. Therefore, these studies indicate that these high 

affinity Ro5-4864 binding sites in rat liver are PBZs. Although 

other investigators have reported Ro5-4864 binding sites in the 

rat liver (Thomas and Tallman, 1981; Desouza et al., 1985; 

Marangos et al., 1982; Mantione et al., 1985; Anholt et al., 

1984) none of these workers have characterized these sites as the 

PBZ. In the context of recent reports concerning 1) functional 

changes induced by BZD ligands exhibiting neither peripheral-type 

nor central-type specificity (Wang et al., 1984b; Morgan et al., 

1985) and 2) the labelling of multiple Ro5-4864 binding sites in 

tissues from a variety of species (Beyer et al., 1988; Awad 

et al., 1987; Trifiletti et al., 1987) it is important to 

identify these sites. The present study was the first complete 

binding characterization of Ro5-4864 binding sites in the liver 

and it firmly establishes these as the PBZ. 

The detection of PBZs as well as changes in its binding 

characteristics, induced by experimental treatment, at selective 

subcellular sites might be suggestive of their function(s). 

Saturation isotherms of subcellular fractions obtained using the 

first fractionation procedure exhibited a greater density of PBZs 

in the nuclear fraction than in the mitochondrial or microsomal 
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fractions (e.g. B = 1260, 938, and 936 fmoles/mg protein 
max 

respectively). However, analysis of the distribution for various 

membrane markers to assess the purity of the fractions 

demonstrated that this fractionation procedure resulted in poor 

separation of the subcellular components. Other published 

subcellular distribution studies suffer from either similar 

results (Anholt et al., 1986) or omission of purity analysis 

(Marangos et al., 1982; Schoemaker et al., 1983). One group did 

use a similar procedure to demonstrate a parallel enrichment of 

mitochondrial membrane markers with PBZ binding activity, 

suggesting a mitochondrial localization for this receptor in the 

adrenal gland (Anholt et al., 1986). Although the correlation of 

these two parameters was fairly high (r=.87) these investigators 

could not rule out the existence of the receptor at other 

subcellular sites. Therefore, we chose a second fractionation 

scheme to prepare purified subcellular fractions in order to 

address this issue. 

Both enzymatic analysis and visual inspection of electron 

micrographs of fractions obtained using the second fractionation 

procedure demonstrated a much improved separation of the nuclear, 

mitochondrial and endoplasmic reticular components. The 

isolation of fractions containing low levels of contamination was 

due to the use of 2 novel steps not commonly used in other 

fractionation schemes. First, nuclei were isolated in a sucrose 

solution too dense to sediment mitochondria (2.4 M). Second, an 
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intermediate mitochondrial/microsomal membrane fraction was 

obtained containing components of roughly comparable size (i.e. 

light mitochondria and heavy microsomes) which usually 

contaminate the microsomal and mitochondrial fractions obtained 

in other isolation procedures. Thus, the second fractionation 

procedure, contrary to other fractionation schemes which produce 

less efficient separation, can be used to examine the binding 

values of the PBZ in individual subcellular fractions. 

Results of saturation isotherms performed using these 

membrane preparations demonstrated that there are PBZs present in 

NC, MT and MC fractions. In agreement with previous reports, the 

greatest density of PBZs was in the mitochondrial fraction. 

3 
Nonetheless, the detection of [ H]-Ro5-4864 binding sites in the 

NC and MC fractions from the rat liver and the pharmacological 

characterization of these sites as PBZs is the first definitive 

demonstration of PBZs in nuclei and microsomes. 

Estimates of the nuclear PBZ yielded 20,000 binding 

sites/nucleus; these numbers certainly support a nuclear site of 

action for ligands acting on the PBZ. The development of a 

fractionation procedure to examine the distribution of 

subcellular PBZs provides the methodology to study some of these 

questions. Recently, this procedure was used in regenerating rat 

liver to show that 30 minutes after partial hepatectomy there is 

a 2 fold increase in the density of nuclear PBZs (Laird, personal 

communication). 
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In a preliminary study of the subnuclear distribution of the 

PBZ the greatest density of receptors in any subcellular fraction 

was localized to a nucleolar and ribonucleic acid/nuclear 

membrane fraction. It is uncertain what role these receptors 

play at these subnuclear sites. However, it suggests an 

association of the PBZ with RNA, a quality which has not 

previously received attention. Furthermore, if such an 

association is demonstrated it will be exciting to examine 

whether the binding characteristics of these receptor (i.e. RNA 

associated PBZs) are affected by in vivo experimental treatment. 

Little attention has been directed towards identifying the 

mechanism of action for the PBZ. In rat liver, binding kinetics 

indicates only one population of receptors. For example, all 

subcellular fractions had comparable Kd's and Ki's for competing 

ligands. Therefore, it is reasonable to assume that any signal 

transduction mechanisms operable for the PBZ at a specific 

subcellular site might apply to other sites even though different 

biochemical events would be initiated. An early report indicated 

that BZD ligands increased phospholipid methylation in rat glioma 

cells in a pattern suggestive of the PBZ (Strittmatter et al., 

1979). Interestingly, Con A stimulation of murine lymphocytes 

also increased phospholipid methylation and mitogenesis. Both of 

these effects for Con A stimulated lymphocytes were partially 

reversed by the methylation inhibitor S-isobutyl-3-deazoadenosine 

(Toyoshima et al., 1979). Although phospholipid methylation 
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appears to be associated with mitogenesis, at least in murine 

lymphocytes, the ability of PBZ ligands to also stimulate 

mitogenesis in the rat glioma cell study was not examined. It 

would be interesting to determine if inhibition of phospholipid 

methylation could inhibit the mitogenic effects of PBZ ligands. 

Earlier studies from our laboratory indicated that prolactin 

stimulation of ODC activity in Nbg rat node lymphoma cells, an 

event suggested to be mediated through protein kinase C (PKC) 

_9 
(Buckley et al., 1986), was enhanced by 10 M concentrations of 

Ro5-4864 (Laird et al., 1987). Subsequent binding experiments 

were performed to examine whether a mechanism of action for the 

PBZ involved an interaction with the phorbol/diacylglycerol 

binding site on PKC. These experiments revealed that in liver 

membranes from untreated rats phorbol dibutyrate (PDBU) (a 

soluble ligand for the active site on PKC) did not compete for 

[^H]-Ro5-4864 binding nor did Ro5-4864 compete for [^H]-PDBU 

binding (Crowe, personal communication). Therefore, PBZ does not 

appear to be associated with the PDBU binding site on PKC. 

Studies examining the association of the PBZ with other 

signal transduction mechanisms (e.g. adenylate cyclase, guanylate 

cyclase, tyrosine kinase and other phosphorylation pathways, 

phospholipase A or C, etc.) have not been reported. This is 

quite surprising, particularly in the context that one of these 

mechanism (e.g. tyrosine kinase) is intimately involved in the 

transduction pathway for the growth factors PDGF, EGF, IGF-1, and 
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insulin (Czech, 1985). Furthermore, binding studies of receptors 

known to operate via G proteins in general demonstrate a 

reduction in receptor-ligand binding affinity upon incubation in 

the presence of GTP analogues. Studies from our laboratory, 

which examined this issue, demonstrated that T-s-GTP, a 

nonhydrolyzable GTP analogue, had no affect on Ro5-4864 binding 

activity (Parola, personal communication). Therefore, the PBZ 

does not appear to operate via a G protein sensitive mechanism. 

Recent discussion concerning the biochemical characteristics 

of the PBZ has emphasized similarities between it and the 

nonselective voltage dependent anion channel designated porin 

(Anholt, 1986). In addition to the hypothetical role of porins 

in regulating intramitochondrial ADP/ATP stores, it was proposed 

that this protein may also facilitate mitochondrial transmembrane 

transport of tetracarboxylic porphyrins. Based on speculation of 

a porphyrin-porin interaction and the demonstration that 

porphyrins competed for PR11195 binding to adrenal mitochondrial 

PBZ it has been suggested that porin and the PBZ are the same 

protein (Verma et al., 1987). In the present work 

protoporphyrin IX and hemin were found to compete with high 

affinity for binding to the PBZ in NC, MT and MC fractions from 

rat liver. At present, porins are generally considered as 

strictly bacterial or outer mitochondrial membrane proteins. 

However, the outer mitochondrial membrane porin exhibits strong 

sequence homology with two other inner mitochondrial membrane 
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transport proteins. This sequence homology indicates that these 

proteins may be derived from an ancestrally common gene (Manella 

and Auger, 1986). Extending this observation one step further, 

porins may have yet undetected nuclear and microsomal 

correlates. However, an important tenet of this theory is that 

porphyrins bind to porin, an observation which has not been 

demonstrated. It will be interesting to see whether future 

studies can demonstrate porphyrin binding sites or PBZs in 

different subcellular membranes which are biochemically 

identified as porins. It should be pointed out that in the 

present study the effect of porphyrins on the binding of other 

receptor systems was not examined; therefore, it is not possible 

to state whether this competition was specific for binding to the 

PBZ. It would also be instructive to determine if PBZ ligands 

can compete for porphyrin binding. 

Numerous investigators have reported mitogenic effects for 

hemin and protoporphyrin IX both in myeloid as well as non 

myeloid tissues (see introduction). Presently, a convincing 

mechanism of action to explain these events has not been 

proposed. The demonstration that porphyrins competed for 

3 
[ H]-Ro5-4864 binding to the PBZ and that similarities exist 

between these two groups of drugs in influencing proliferative 

events suggest that these compounds might share a common 

mechanism of action. Surprisingly, there are relatively few 

reports on porphyrin binding sites which provide insight to how 
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the porphyrins might be operating to stimulate cellular 

proliferation. None of the reports directly addresses the issue 

of the subcellular distribution of these sites. If the concept 

of a mitochondrial anion transporter is extended to other 

subcellular sites, the mechanism of action of the PBZ might 

simply be a turning on/shutting off of transport for an anionic 

growth factor (e.g. IPg). This theory also remains to be tested. 

Hematoporphyrin derivative (a clinically used solution of 

porphyrins) is frequently used in the treatment of lung, bladder 

and skin tumors (Dougherty et al., 1984). The cytotoxic 

potential of the solution is due to its susceptibility to 

photoactivation. The photoactivatable drugs psoralen, bleomycin 

and acridine are also used in chemotherapy to preferentially bind 

to and damage DNA. Although the precise mechanism for HPD 

cytotoxicity is not understood it is possible that these 

compounds might operate via mechanisms similar to the other 

photoactivated drugs (Brault et al., 1986). This suggestion is 

supported by studies showing that various meso-substituted 

porphyrins and uroporphyrin I bind to DNA (Hartmann and Watson, 

1970; Branville et al., 1986; Fiel et al., 1979; Sari et al., 

1986; Pasternak et al., 1983). Because porphyrins may bind 

directly to DNA and because porphyrins compete for binding to the 

PBZ, it was questioned whether Ro5-4864 might also bind directly 

to DNA and that this binding was responsible for its ligand-

induced functional changes. However, in the present study only 
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low levels of specific binding to purified rat liver DNA were 

detected and it is doubtful that this represents a functionally 

active site. 

Another interesting characteristic of the PBZ has emerged 

recently which perhaps explains the difficulty in establishing a 

functional role for this receptor. Although Ro5-4864 was 

reported to both stimulate and inhibit prolactin-induced ODC 

activity in Nbg node lymphoma cells, it had no intrinsic activity 

when incubated alone (Laird et al., 1987). Likewise, while PBZ 

ligands had no intrinsic activity alone in PC12 cells they 

stimulated NGF-induced c-fos expression to over 100 times that of 

the response to NGF alone (Curran and Morgan, 1985). Thus, it 

seems that the function of the PBZ is not to initiate a response 

but rather to up or down regulate the signal. In this respect, 

the regulation of the transduction for mitogenic signals mediated 

by the PBZ would be similar in operation to the regulation of 

GABA stimulated neuronal CI- fluxes in the CNS by the 

central-type BZD receptor. This modulatory type of regulation is 

currently receiving attention in other receptor systems (e.g. the 

n-methyl-d-aspartate receptor and the substance P regulated 

nicotinic cholinergic receptor (Changeuax et al., 1987; 

Quesenberry, 1986)). As more is learned about these systems it 

might suggest a manner by which the PBZ operates. In order to 

discern more about how this receptor regulates physiological 

events future studies may benefit from examining the effects of 
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PBZ ligands on positive controls. This may be particularly 

important in highly controlled situations, such as in vitro 

studies, where other growth factors may be required to initiate a 

response (e.g. NGF for neural tissues, insulin for the liver, 

etc.). 

In conclusion, using a subcellular fractionation scheme 

producing a much better separation of the subcellular components 

than was previously demonstrated, Ro5-4864 binding sites were 

detected in nuclear, mitochondrial and microsomal subcellular 

compartments in rat liver. These binding sites were 

pharmacologically characterized as the PBZ and exhibited similar 

binding characteristics in the different subcellular 

compartments. These results indicate that in addition to the 

classification of the PBZ as a mitochondrial receptor their 

detection at other subcellular sites suggest that they could 

mediate several physiological processes. The demonstration of 

nuclear PBZs lends credence to the numerous functional studies 

implicating the PBZ with a regulatory role in cellular growth 

and/or differentiation. 



69 

APPENDIX A 

MODIFIED LOWRY PROTEIN ASSAY 

REAGENTS 

Cupric EDTA solution: 
1) Sodium Cupric (ethylenedinitrilo)-tetraacetic acid Copper 
Disodium (Kodak Chemical Company) (250 mg) is dissolved in 
about 200 mis of 0.1 N NaOH. 
2) Sodium Carbonate (20 g) is dissolved in about 500 ml of 
0.1 N NaOH. 
3) Solutions from 1 and 2 are mixed together and made up to 
one liter with 0.1 N NaOH. Solution is stable for several 
months at room temperature. 

Protein Standards: 
Standards are prepared from 1 mg BSA/ml. Standard curve 
should be over the range of 0 to 35 ug BSA (0 to 35 ug 
BSA/100 ul is suggested). 

Folin Ciocalteu's Reagent: 
1 to 1 dilution of 2N Folin Ciocalteu's Reagent (Sigma) with 
water 

PROTEIN ASSAY PROCEDURE 

1) 1 ml of Cupric-EDTA solution is added to equal volumes of 
the protein standards and samples, vortexed and left for at 
least 1/2 hour but not more than one hour. 
2) 100 ul of IN Folin Ciocalteu's Phenol Reagent is added 
to the samples and protein standards, mixed and left for 1 
to 24 hours before measurements. 
3) Samples and standards are measured at 700 nM. The 
standard curve is linear over 0 to 35 ug. Concentration of 
samples can be calculated from the measured amount of 
protein divided by the volume of diluted solution used in 
the assay multiplied by the dilution factor. 

EXAMPLE: 

100 ul of a x50 dilution of stock membrane has 27 ug 
protein. Concentration of the stock is 

(•CT&lfr-sr®)<x50) = 13 •5 °e'ml 
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STOCK SOLUTIONS USED FOR BINDING CURVES 

70 

SOLUTION EQUILIBRIUM AND 

SATURATION CURVES 

COMPETITION 

CURVES 

VOLUME FBC VOLUME FBC 

[H]-Ro5-4864 

unlabelled ligand, — — 

Ro5-4864, or vehicle 30 ul 

20 ul .75-50 nM 

1 uM 

20 ul 

50 ul 

final incubation 
volume 250 ul 

or 10 nuc 

250 ul 

1-2 nM 

varied 

membrane in buffer 200 ul 300 ug pro 180 ul 300 ug pro 

or 10 nuc 

a final bath concentration 

b 50 mM Tris HCl buffer/0.9% DMSO/O.5% BSA, pH 7.4 at 4° C. 
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APPENDIX C 

CYTOCHROME C OXIDASE ASSAY 

REAGENTS 

Potassium phosphate buffer: 
0.2 H. pH 6.0 containing 1 mM EDTA. 

Ferrocytochrome c: 
1.0 mM (reduced), in 0.01 M potassium phosphate buffer, pH 
containing 1 mM EDTA and saturated with N£ to prevent 
autooxidation. 

Membranes. 

ASSAY PROCEDURE 
(described for use with a Beckman DU7 spectrophotometer). 

Once the spectrophotometer has warmed up the screen will list 
several items. For the cytochrome c oxidase assay the light 
source to be used will be visible. Time drive mode should be 
selected using keys in the lower left corner of the instrument 
panel. Another menu will appear with several default values. 
This menu will appear something like below: 

TIME DRIVE #01 

FUNCTION [ABS] 
WAVELENGTH 600 
INTERVAL TIME [30 SEC] 
TOTAL TIME 4 MIN 
# OF CELLS 4 
UPPER LIMIT 3.0 
LOWER LIMIT 0 

The highlighted cursor will appear over #01. Push the down 
arrow once so that the cursor is now highlighting the FUNCTION 
selection. One of the following selections may appear highlighted 
by this cursor: KINETICS, %T, ABS, 1 DER, OR 2 DER. Push the 
[SEL] bottom on the instrument panel until the selection KINETICS 
appears and push the enter button. This should lock KINETICS into 
the menu and shift the cursor down one line. Set the wavelength 
to 550. Push the enter button to lock this selection into the 
program. If the INTERVAL SELECTION is not set to 10 SEC adjust it 
in the same manner as done for the FUNCTION selection. Enter 5 
MINUTES for TOTAL TIME. Enter 2 for # OF CELLS. Enter 0 for the 
UPPER LIMIT. Finally enter -0.1 for the LOWER LIMIT. The menu 
should now look like this: 
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TIME DRIVE #01 

TOTAL TIME 
# OF CELLS 
UPPER LIMIT 
LOWER LIMIT 

FUNCTION 
WAVELENGTH 
INTERVAL TIME 

[KINETICS] 
550 
[10 SSC] 
5 MIN 
2 
0.000 

-0.100 

Push the start button on the instrument panel. This 
procedure should only be done once for the entire experiment. 

The following volumes are suggested to begin the assay; they 
may require adjustment for each set of membranes. Add 1.0 ml of 
buffer, pH 6.0 to a disposable cuvette (path length 1 cm). Add 
10 ul of ferrocytochrome c and qs to 2.0 mis with double distilled 
water. To initiate the reaction, try adding 10 ul of the 
mitochondrial fraction, which should have the highest cytochrome c 
oxidase activity. Invert the cuvette several times and place it 
in the furthermost sample holder in the spectrophotometer. This 
should be done in duplicate for each sample run. It is important 
to measure the reaction as soon after the initiation as possible. 

Push the autozero button and then the run button. Wait 5 
minutes for the sample to complete the run. After 5 minutes the 
screen should show the change in absorbance for each of the two 
samples. The scale on the y axis can be changed if need be by 
moving the cursor over the upper and lower values and entering new 
values. Before doing any calculations for activity check that the 
change in absorbance is linear in the time frame over which the 
calculations are to be done. The change should proceed slowly 
enough so that the rate of change in the absorbance does not 
decrease in less than one minute. It should also show a large 
change. If neither of these occurred then it may be necessary to 
change the volume of cytochrome c or membrane fractions which was 
added and the procedure repeated. If the data looks good move the 
cursor over the display mode selection, select TABULATION and push 
the enter button. 

The cursor can be moved around the TABULATION spreadsheet to 
enter the appropriate values. Remember to reference your curves 
to a blank. The times selected for all of the sample runs should 
be the same. This is also true for the volumes of reagents which 
are used; once the experiment has started try to keep everything 
the same. In theory it should not make any difference in the 
selection of different times and volumes but in practice there are 
often times subtle differences. The factor (see tabulation 
spreadsheet) for each of the preparations should be calculated 
from the following formula: 
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/mmoles/1 cm\ a 4 total final volume \i j* flO^* umoles 
V 19.6 ' Vvolume of membrane addecyyl cny \ mmoles 

51 final volume 

' volume of membrane added 

This factor can then be used to calculate the enzyme activity of 
the sample. The value on the bottom line of the TABULATION 
worksheet is expressed in umoles cytochrome c reduced/ml/min or 
units/ml. This value can then be standardized to protein content. 

1= factor 

= factor 

a Extinction coefficient for cytochrome c is 19.6 mM * cm. 
b for standard cuvette pathlength equal to 1 cm. 

references: Yonetani, T. 1967 Cytochrome c Oxidase: Beef Heart. 
Meth. Enz. 10:332-35 

Wharton, D. C. and Tzagoloff, A 1967 Cytochrome 
Oxidase from Beef Heart Mitochondria. Meth. Enz. 
10:240 

Brautigan, D. L. , Ferguson-Miller, S. and Margoliash, 
E. 1978 Mitochondrial Cytochrome c: Preparation 
and Activity of Native and Chemically Modified 
Cytochrome c. Meth. Enz. 53:128-164 
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APPENDIX D 

DNA DIPHENYLAMINE ASSAY 

REAGENTS 

Acetaldehyde 1.6% 
Stock (99%) acetaldehyde is cooled and using a chilled 
pipette 1 ml is diluted to 50 mis with double distilled 
water. The stock acetaldehyde should be fresh. 
Redistillation maybe necessary if this is not the case. Note 
the safety precautions necessary when working with 
acetaldehyde. 

Diphenylamine reagent: 
1.5 g of diphenylamine is dissolved with glacial acetic acid 
to around 50 mis. 1.5 mis of concentrated sulfuric acid is 
added and the final volume adjusted to 100 mis with glacial 
acetic acid. (This procedure should be done in a fume hood 
and with gloves to protect the hands.) Just before use 
0.1 mis of 1.6% acetaldehyde is added per 20 mis of the 
diphenylamine/ sulfuric acid/acetic acid. This last 
procedure should be done daily. 

Diphenylamine reagent blank: 
Prepared in the same manner as above but without 
diphenylamine. 

DNA standards and DNA blank: 
Suggested concentration range of standards to be used is 
between .01 mg/ml and 0.3 mg DNA/ml dissolved in 5 mM NaOH. 
The stock solution of DNA (in 5 mM NaOH) is stable for 6 
months when frozen (-20 C). 

ASSAY PROCEDURE 

Aliquots (0.25) of either standard DNA or 5 mM NaOH (as the 
standard DNA blank) are mixed with equal volumes of 0.5 N 
perchloric acid. Likewise, for each tissue sample, 0.25 ml of 
perchloric acid is added to each of four test tubes containing 
0.25 ml of sample. Three of the test tubes will be used for 
sample measurement and the fourth for sample blank. Lastly, you 
may like to add a known amount of DNA standard to one of your 
samples (e.g. a nuclear sample) to determine the matrix effect. 
Remember to correct for the volume changes in this sample. All of 
the above solutions are then treated in exactly the same manner. 

Immediately after the addition of the 0.5 N perchloric acid 
incubate all of the solutions for 15 minutes at 70°C. After 15 
minutes add 1.0 ml of diphenylamine reagent to the DNA standards, 
DNA blank, and the three sample positives. This should be done in 
the fume hood. Add 1.0 ml diphenylamine reagent blank to the 
fourth sample (i.e. the sample blank). Vortex all of the 
solutions, cap with parafilm and incubate these for 15-17 hours at 
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25-30°C. 

After incubation the samples may be turbid. Transfer the 
clear colored solution, which is above the sedimented sample, into 
cuvettes and cap with parafilm. The solutions can then be 
measured at 600 nm. For the standard curve the absorbance of the 
standard DNA blank should be subtracted from the values for the 
DNA standards. Likewise, sample blanks (for each sample and 
dilution) should be subtracted from their corresponding sample 
values. 

references: Burton, K. 1956 Determination of DNA Concentration 
with Diphenylamine. Biochem. J. 62:315 

Giles, K. W. and Myers, A. 1965 An Improved 
Diphenylamine Method for Estimation of 
Deoxyribonucleic Acid. Nature 206:93 
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APPENDIX E 

NADPH CYTOCHROME C REDUCTASE 

REAGENTS 

Phosphate buffer: 
300 mM, pH 7.7 at 25° C (15 ml 1 M sodium phosphate, pH 7.9 
to 50 ml with water.) 

cytochrome c (oxidized): 
5 mM (31.25 mg + 500 ul water). Color is so dark it appears 
black. It is stable in the freezer at -20 C. 

NADPH: 
10 mg/ml. This is stable in the freezer for 1 month. If in 
doubt add twice as much the next time and the activity should 
not change. 

Membrane fractions. 

ASSAY PROCEDURE 
(described for use with a Beckman DU7 spectrophotometer) 

This assay has the same principles of operation as the 
cytochrome c oxidase assay; for operation of the spectrophotometer 
and adjustment of the solution volumes see that protocol. The 
difference between the two assays is that in the NADPH cytochrome 
c reductase assay we are measuring the rate of appearance of 
reduced cytochrome c whereas in the cytochrome c oxidase assay we 
are measuring the rate of disappearance of reduced cytochrome c. 

The time drive menu should be set to the following values: 

TIME DRIVE 

FUNCTION 
WAVELENGTH 
INTERVAL TIME 
TOTAL TIME 
# OF CELLS 
UPPER LIMIT 

LOWER LIMIT 

#01 

[KINETICS] 
550 
[10 SEC] 
5 MIN 
2 
0.400 
0.000 

For the first sample the most enriched NADPH cytochrome c 
reductase sample should be used. The following volumes of the 
microsomal fraction are suggested: 

phosphate buffer 1.940 ml 
cytochrome c 20 ul 
membrane preparation 20 ul 



77 

Push the start button on the instrument panel (this should be done 
only once for the entire experiment. 

Mix the above solutions together and add 20 ul of NADPH to 
inititate the reaction (if any of the above volumes are changed 
adjust the phosphate buffer volume such that the final volume is 
2.0 ml If microcuvettes are available then all of the above 
volumes can be cut in half. Invert the cuvette several times and 
place into the furthermost sample holder of the spectrophotometer 
as soon as possible. Push the autozero button and then push the 
run button. Wait for 5 minutes. 

Analyze the data in the same manner as in the cytochrome c 
oxidase assay. In this assay the factor is: 

(mmoles/1 cm total final volume \ / ^ 
19.6 /yvolume of membrane added] 1}. cm J 

/ total final volume \ 
51 x f ) 

Volume of membrane added' 

c = ( A)(b)(0 

This factor can then be used to calculate the enzyme activity of 
the sample. The value on the bottom line of the TABULATION 
worksheet is expressed in umoles cytochrome c reduced/ml/min or 
units/ml. This value can then be standardized to protein content. 

QO3 umolesj = f 
Vnmoles / 

factor 

a Extinction coefficient for cytochrome c is 19.6 mM * cm *. 
b for standard cuvette pathlength equal to 1 cm. 

references: Halpert, J. R., Miller, N. E. and Gorsky, L. D. 
1985 On the Mechanism of Inactivation of the 
Major Phenobarbital-Induced Isozyme of Rat Liver 
Cytochrome c P-450 by Chloramphenicol. J. Biol. 
Chem. 260(14):8397-8403 



APPENDIX F 

SPECTOPHOTOMETRIC ABSORPTION CURVES FOR PORPHYRINS 

Figure 16. Representative absorption curve for approximately 6 uM 

protoporphyrin IX. 1.0 M HC1 was used as the reference solution 

and for preparing dilutions of the stock protoporphyrin IX 

solution. Absorbance maximum and wavelength of the peak is given 

in the lower right hand corner. 
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Figure 17. Representative absorption curve for approximately 

10 uM hemin. 0.1 M NaOH was used as the reference solution and 

for preparing dilutions of the stock hemin solution. Absorbtion 

maximum and wavelength of the peak is given in the lower right 

hand corner. 
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Figure 17. Spectrophotometric absorption curve for hemin. 



APPENDIX H 

ELECTRON MICROGRAPHS 

Figure 18). Electron micrograph of the mitochondrial fraction 

obtained using the second subcellular fractionation procedure 

(x 52,650). 
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Figure 18. Electron micrograph of the mitochondrial fraction. 



Figure 19). Electron micrograph of the microsomal fraction 

obtained using the second subcellular fractionation procedure 

(x 52,650). 



81 

Figure 19. Electron micrograph of the microsomal fraction. 
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