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Introduction 

Resistance of neoplastic cells to the cytotoxic action of 
multiple chemotherapeutic agents is a major obstacle in 
clinical cancer treatment. Some tumors are intrinsically 
resistant to multiple drugs, whereas other neoplasms ac- 
quire multidrug resistance (MDR) following exposure to 
cytotoxic agents. The molecular basis for MDR is start- 
ing to be unraveled. The discovery of p-glycoprotein, a 
170 kD plasma membrane protein that functions as an 
ATP-driven chemotherapeutic drug efflux pump in can- 
cer cells, was a major advance in the field of drug resis- 
tance. Biochemical investigations revealed that p-glyco- 
protein-mediated drug efflux could be inhibited by a 
number of agents. Clinical scientists were quick to ini- 
tiate clinical trials combining chemotherapeutic agents 
with reversing agents to treat drug refractory neoplasms. 
Basic scientists, intrigued by the finding that p-glycopro- 
teins are present in normal tissues, have sought to define 
a role for these proteins in normal cellular physiology. 

The p-glycoproteins are actually a family of pro- 
teins. One group mediates MDR while the function of 
another group, which has no role in MDR, is unknown. 
Recent evidence suggests these p-glycoproteins may be 
involved in membrane phospholipid transport. 

Progress in p-glycoprotein research has been rapid 
and the subject of several reviews [68, 77, 81, 82, 145, 
146]. This review will focus on the biology and bio- 
chemistry of the p-glycoproteins. 
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The Multidrug Resistance Phenotype is Defined in 
Cell Culture 

The development of MDR has been extensively studied 
in cancer cell lines. MDR clones of these cancer cell 
lines developed by sequential selection in increasing 
concentrations of lipophilic cytotoxic drugs were resis- 
tant, not only to the selecting agent, but also to a number 
of structurally and functionally unrelated drugs [17, 
126]. Cross resistance was seen between the Vinca  al- 
kaloids, anthracyclines, epipodophyllotoxins, actinomy- 
cin D and taxol (Table 1). Drug resistance was associ- 
ated with decreased intracellular drug accumulation 
which was maintained by energy-dependent, enhanced 
drug efflux. The MDR phenotype in these cells could be 
reversed by a structurally diverse group of drugs (Table 
2) including verapamil, cyclosporine, progesterone and 
trifluoperazine [75, 103, 1841. Concurrent administra- 
tion of these chemosensitizers with chemotherapeutic 
drugs restored drug sensitivity in MDR cells, but l)ad no 
effect  on drug sensitivity in parental cell lines. 
Chemosensitization was associated with enhanced intra- 
cellular drug accumulation and decreased drug efflux. 

MDR cell lines were found to overexpress a 170 kD 
plasma membrane glycoprotein [98, 1431. The level of 
expression of this protein, called p-glycoprotein, corre- 
lated with the degree of drug resistance and the magni- 
tude of drug accumulation defects in MDR cells [17, 
126]. Photoactive analogues of chemotherapy drugs, 
chemosensitizing agents and ATP were shown to bind to 
p-glycoprotein in MDR cell plasma membranes [18, 52, 
123]. Kinetic analysis suggested that chemotherapeutic 
agents and MDR chemosensitizers were bound to a com- 
mon site on p-glycoprotein. ATP binding was not 
blocked by chemotherapeutic drugs or chemosensitizers 
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Table 1. Chemotherapeutic agents associated with the multidrug re- 
sistance phenotype 

Vinca a l k a l o i d s  Epipodophyllotoxins 
Vincristine Etoposide 
Vinblastine Teniposide 
Colchicine Taxol 

Anthracyclines 
Doxorubicin Actinomycin D 
Daunorubicin 
Mitoxantrone 
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Fig. 1. Schematic diagram of p-glycoprotein structure. Reproduced, 
with permission, from Advances in Pharmacology 21, c1990, by Ac- 
ademic Press. 

Table 2. Chemosensitizing agents which reverse the multidrug resis- 
tance phenotype 

Calcium channel blockers Antibiotics 
Verapamil Cephalosporins 
Diltiazem Bafilomycin 
Azidopine Erythromycin 
Dihydroperidines Calmodulin inhibitors 

Hormones and steroids Trifluoperazine 
Progesterone Chlorpromazine 
Tamoxifen 
Cortisol Lysosomotrophic agents 

Monensin 
Hydrophobic peptides Chloroquine 

Cyclosporine Miscellaneous 
Valinomycin 
Gramicidin Reserpine 

Yohimbine 
Detergents Quinidine 

Tween 80 Staurosporine 
Triton X-100 Dipyridamole 
Nonidet P-40 FK 506 

suggesting separate ATP and drug binding sites on p-gly- 
coprotein. 

P-Glycoproteins Are Members of the ABC 
Transporter Superfamily 

P-glycoprotein genes have been cloned from mouse [61, 
83, 85], human [73, 109, 142, 147, 189], hamster [127] 
and rat [60, 169] tissues. P-glycoprotein is encoded by a 
small multigene family. There are three gene products in 
rodents [60, 83, 85, 127] and two in man [145, 189]. 
The mouse genes are termed mdrl (or mdrlb), mdr2 and 
mdr3 (or mdrla) [83, 85]. The human genes are MDR1 
and MDR2 (or MDR3) [145, 189]. Transfection studies 
with full-length cDNAs divide the p-glycoprotein gene 
family into two groups. When transfected into drug- 
sensitive cells the Group 1 gene products, MDR1, mdrl 
and mdr3, confer the MDR phenotype [61, 83, 160, 185]. 
Transfection of Group II gene products, MDR2 or mdr2, 
however, does not confer drug resistance [61, 85, 157]. 

The full-length cDNA sequence for p-glycoprotein 

encodes a 1280 amino acid protein with significant ho- 
mology between C and N terminal halves [40, 80, 83]. 
Hydrophobicity plots are most consistent with a topology 
which includes six transmembrane domains within each 
half of the protein (Fig. 1). The hydrophilic cytoplasmic 
portion of each half contains an approximately 200 
amino acid consensus sequence common to all members 
of the ATP binding cassette (ABC) superfamily of mem- 
brane transport proteins [90]. This consensus region 
contains the ATP binding motifs known as the Walker A 
and B domains. 

The majority of ABC proteins are involved in active 
membrane transport [90]. Approximately 50 prokaryotic 
members of the ABC superfamily have been identified 
[71]. These bacterial cell membrane proteins are in- 
volved in the ATP-dependent transport of a variety of 
substrates including proteins, peptides, amino acids, sug- 
ars, inorganic anions and polysaccharides. Homology of 
these prokaryotic proteins with p-glycoprotein resides 
primarily in the region surrounding the nucleotide bind- 
ing domains. Several eukaryotic ABC transporters have 
been identified in yeast. The STE 6 gene product in 
Saccharomyces cerevisiae, which shares homology to 
p-glycoprotein in both the nucleotide binding region and 
within the transmembrane domains [105, 117], is respon- 
sible for the secretion of " a "  mating pheromone across 
the yeast plasma membrane. The PDR5 and SNQ2 
genes in S. cerevisiae [108, 128] and the pmd 1 + gene 
in Schizosaecharomyces pombe [161], which share less 
homology with p-glycoprotein than STE 6, are associ- 
ated with fungal drug resistance. In S. pombe a gene 
associated with cadmium resistance, HMT 1, is involved 
in ATP-dependent transport of phytochelatins, small 
peptides equivalent to mammalian glutathione, across the 
yeast vacuolar membrane [130; D. Ortiz, personal com- 
munication). The pfmdrl gene in Plasmodium falcipa- 
rium shares a high degree of homology to p-glycopro- 
tein. The protein product of this gene has been localized 
to the trophozoite digestive vacuole where it may func- 
tion in drug resistance [53, 541 74, 102]. In Leishmania 
sp, several p-glycoprotein gene homologues have been 
identified in drug-resistant parasites [30, 49, 88, 131]. 
P-glycoprotein homologues have also been cloned from 
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Entameoba histolytica [152], Caenorhabditis elegans 
[156] Drosophila [195] and marine sponges [107]. The 
demonstration of p-glycoprotein gene homologues 
across phylogenic lines suggests that p-glycoprotein is an 
ancient protein associated with fundamental cellular 
functions. 

Several mammalian homologues of p-glycoprotein 
have been identified. The TAP1 and TAP2 proteins 
present on the endoplasmic reticulum of T lymphocytes 
are involved in the ATP-dependent transport of cytosolic 
peptides derived from internalized antigens into the lu- 
men of the endoplasmic reticulum [62, 165]. A hepatic 
peroxisomal membrane protein, PMP 70, has sequence 
homology to p-glycoprotein [100]. When this protein is 
mutated, a fatal cerebro-hepato-renal dysfunction known 
as Zellweger syndrome develops [76]. The cystic fibro- 
sis transmembrane conductance regulator protein, 
(CFTR), which is an ATP-dependent, cAMP-regulated 
chloride channel, also shares homology with p-glycopro- 
tein [144]. 

Although the 12 transmembrane domain model for 
p-glycoprotein topology is supported by antibody local- 
ization data [198], recent studies suggest an alternative 
topographical model. Evaluation of the murine mdrl or 
human MDR1 gene products translated in a cell free 
system or expressed in Xenopus oocytes revealed a gly- 
cosylation site in the second half of p-glycoprotein, as 
well as the previously reported sites in the first extracell- 
ular loop [173, 202]. This second glycosylation site 
links transmembrane domains 8 and 9 in the traditional 
model of p-glycoprotein topology suggesting that they 
are located extracellularly. The authors propose a model 
for p-glycoprotein topology with 10 transmembrane do- 
mains. 

The functional unit of p-glycoprotein in the plasma 
membrane has not been established. Recent studies have 
isolated oligomeric complexes of p-glycoprotein from 
detergent extracts of human and hamster MDR cells 
[135]. These oligomers were derived from the noncova- 
lent association of p-glycoprotein monomers and were 
able to bind ATP. 

P-Glycoproteins Are Present in Normal Tissue 

Examination of mdr mRNA expression [55, 73, 157, 
187] and immunomorphometric localization of p-glyco- 
protein [28, 157, 176, 181] revealed the presence of 
p-glycoprotein in normal tissues. P-glycoprotein is 
found on the apical surfaces of many secretory epithelial 
cells. The human MDR1 gene product is found on the 
brush borders of the intestinal epithelial cells and renal 
proximal tubule cells [181]. It has also been localized to 
cells of the adrenal cortex [181], trophoblastic cells of 
the placenta [176], capillary endothelial cells in the brain 
and testis [51] and on the surface of lymphocytes [38] 

and hematopoietic stem cells [39]. Small amounts of 
MDR 1 are found on the hepatic biliary canalicular mem- 
brane and on the apical surface of the small biliary and 
pancreatic ductules [73, 181]. In mice, the mdrl gene 
product has a distribution similar to MDR1 in the adrenal 
gland, kidney, pregnant uterus and placenta [10, 55].The 
murine mdr3 gene product is found primarily in the in- 
testine with small amounts in the brain and on the hepatic 
biliary canalicular membrane [27, 55]. The murine mdr2 
gene product is the predominant p-glycoprotein on the 
biliary canalicular membrane with small amounts found 
in the adrenals, heart, muscle and B lymphocytes [27, 
55]. Human MDR2 mRNA has been localized to the 
liver and adrenals [43, 157]. 

P-Glycoproteins Are Membrane ATPases 

P-glycoprotein ATPase activity was investigated in 
plasma membrane fractions and partially purified and 
reconstituted protein preparations from MDR cells. The 
initial purification of p-glycoprotein from MDR hamster 
cells did not preserve ATPase activity [143]. P- 
glycoprotein purified from MDR human leukemia cells 
had low ATPase activity (1.2 nmol/min/mg protein) [86, 
87]. Four groups have subsequently reported p-glyco- 
protein ATPase activity in partially purified soluble 
plasma membrane fractions derived from human or ham- 
ster MDR cells. In these preparations, p-glycoprotein 
ATPase activity ranged from 0.37-3.4 pmol/min/mg 
protein [4, 9, 65, 162]. In the most highly purified (90% 
pure) preparation, hamster p-glycoprotein [162] had an 
ATPase activity of 0.321 gmol/min/mg protein. P- 
glycoprotein ATPase activity has also been associated 
with plasma membranes from Sf9 cells transfected with 
human MDR1 cDNA, (0.03 gmol/min/mg protein) [153] 
and with a beta-galactosidase p-glycoprotein fusion pro- 
tein expressed in and purified from fibroblasts (0.18 
gmol/min/mg protein) [166]. In all preparations, p-gly- 
coprotein ATPase activity was magnesium dependent 
and substitution with calcium supported little, if any, 
activity. ATP was the prefen'ed substrate although GTP 
and ITP were hydrolyzed to some extent. The K m for 
ATP ranged from 0.5 to 1.4 mM. lnhibitors of other 
known membrane ATPases, such as sodium azide, oli- 
gomycin, ouabain and EGTA, had no effect on p--glyco- 
protein enzyme activity. Vanadate, which acts as a tran- 
sitional state analogue for the phosphate release from the 
P-type ATPases, inhibited p-glycoprotein ATPase activ- 
ity, but at concentrations [1-12 gM) greater than those 
required for inhibition of the P-type ATPases (50-500 
nM). The mechanism of vanadate inhibition of p-glyco- 
protein is unknown. No phosphorylated intermediate has 
been demonstrated for p-glycoprotein and the aspartyl- 
phosphate site conserved in the P-type ATPases is not 
present in p-glycoprotein. A different site for covalent 
enzyme phosphate complex formation may be present. 
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Sulfhydryl reagents, such as N-ethylmaleimide and 
HgC12, inhibited p-glycoprotein ATPase activity [4, 65, 
162, 166] implying the presence of an important cysteine 
residue in the p-glycoprotein catalytic and/or nucleotide 
binding domains. N-ethylmaleimide inhibition of p-gly- 
coprotein ATPase activity in hamster MDR plasma 
membranes was protected by ATP and was not reversible 
with dithiothreitol [5]. The important sulfhydryls were 
shown to be localized in both the C and N terminal 
halves of the molecule. 

Substrate-stimulated P-glycoprotein ATPase activity 
was demonstrated in plasma membrane fractions pre- 
pared from transfected Sf9 insect cells [153] or MDR 
hamster cells [4]. In partially solubilized membrane 
fractions from MDR human or hamster cells, drug- 
stimulated activity could not be demonstrated until the 
preparations were reconstituted into proteoliposomes [9, 
162, 164]. Apparently, p-glycoprotein requires stabiliza- 
tion of its transmembrane domains in a lipid environment 
for optimum ATPase activity [66]. ATPase activity of 
partially purified reconstituted human p-glycoprotein 
was stimulated three- to fourfold by doxorubicin, dauno- 
rnbicin, vinblastine, actinomycin D and verapamil [9]. 
None of these drugs changed the affinity of the ATPase 
for ATP. Drug-stimulated ATPase activity was inhibited 
by vanadate. In proteoliposomes containing partially pu- 
rified hamster p-glycoprotein, ATPase activity was stim- 
ulated 50% by verapamil, trifluoperazine, progesterone 
and colchicine, whereas daunorubicin and vinblastine 
paradoxically inhibited ATPase activity [164]. ATPase 
activity in a highly purified hamster p-glycoprotein prep- 
aration was stimulated tenfold by verapamil and fourfold 
by vinblastine with lesser stimulation by other MDR ac- 
tive agents [162]. In this preparation, verapamil de- 
creased the apparent affinity of ATP for the transporter 
as evidenced by an increase in the K m for ATP from 0.5 
to 2.76 mu. Differences in the degree of basal and drug- 
stimulated ATPase activity in these preparations could 
reflect differences in the lipid composition of the pro- 
teoliposomes used for reconstitution, effects of detergent 
solubilization, contamination with other membrane 
ATPases or differences in ATPase activity between hu- 
man and hamster p-glycoprotein. 

Group I P-Glycoproteins Mediate Drug Transport 

Several groups have attempted to characterize p-glyco- 
protein-mediated drug transport in intact cells, plasma 
membrane vesicles or reconstituted proteoliposomes. A 
note of caution is advised in evaluating p-glycoprotein 
transport studies since a number of factors can compli- 
cate the generation of accurate kinetic data in these ex- 
periments. Since p-glycoprotein substrates are hydro- 
phobic, they tend to partition into or bind to internal and 
external membranes. P-glycoprotein transport of hydro- 

phobic substrates must be separated from membrane 
binding by demonstrating temperature dependence, inhi- 
bition by detergent permeation and/or sensitivity to os- 
motic collapse of the vesicular space. ATP-dependent 
transport of hydrophobic substrates must be differenti- 
ated from the diffusion of these compounds through 
membranes. Kinetic data must be calculated using initial 
rates of drug uptake and not steady-state levels of accu- 
mulation. At high concentrations, hydrophobic sub- 
strates tend to self-associate and complicate the genera- 
tion of saturation curves necessary to make these calcu- 
lations [58]. 

Plasma membrane vesicles from MDR human [95] 
and hamster [64] cells have been used to demonstrate 
ATP-dependent transport of chemotherapeutic drugs. 
In vesicles from human MDR cells, accumulation of vin- 
blastine was osmotically sensitive and temperature and 
ATP dependent [95]. The Km for ATP was 38 gM. Non- 
hydrolyzable ATP analogues did not support transport. 
Vanadate, verapamil and MDR active chemotherapeutic 
agents inhibited vinblastine accumulation. Colchicine 
and vinblastine accumulation in hamster MDR plasma 
membrane vesicles was saturable, osmotically sensitive, 
ATP dependent and disrupted by membrane detergent 
permeation [64]. Transport was inhibited by MDR ac- 
tive agents, vanadate and N-ethylmaleimide. Drug trans- 
port has been demonstrated in partially purified hamster 
p-glycoprotein reconstituted into proteoliposomes [164]. 
Uptake of colchicine into proteoliposomes was ATP and 
temperature dependent, osmotically sensitive and satura- 
ble. Transport was inhibited by daunorubicin, vinblas- 
fine and verapamil. 

Apical membrane vesicles from normal rat tissues 
show p-glycoprotein-mediated drug transport. ATP- 
dependent daunorubicin and vinblastine transport was 
reported in inside-out rat biliary canalicular membranes 
vesicles (CMV) [101, 171]. Transport was osmotically 
sensitive and saturable with a K m of 49 gM for dauno- 
rubicin and 26 gM for vinblastine. The Km for ATP was 
80 gM. GTP stimulated daunorubicin transport slightly, 
but nonhydrolyzable ATP analogues did not. Transport 
was sensitive to vanadate, but was unaffected by oua- 
bain, sodium azide and N-ethylmaleimide. Other p-gly- 
coprotein substrates inhibited daunorubicin transport. 
Rat intestinal brush border membrane vesicles also had 
ATP-dependent p-glycoprotein-mediated daunorubicin 
transport [167]. 

The kinetics of daunorubicin transport has been 
studied in intact MDR cells [175]. Saturable p-glycopro- 
tein-mediated accumulation of daunorubicin with a Km of 
approximately 1.5 gM was demonstrated. In these stud- 
ies, substrate self-aggregation was monitored by fluores- 
cent microscopy and values for the passive permeation of 
daunorubicin were determined so that diffusion, as well 
as p-glycoprotein-mediated pump activity, could be con- 
sidered. In cell lines with low levels of p-glycoprotein, 
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the passive efflux rate of daunorubicin made a significant 
contribution to the total daunorubicin efflux rate. Only 
in cell lines with high levels of expression of p-glyco- 
protein did the contribution from passive efflux become 
negligible. Maximal transport velocities for daunorubi- 
cin correlated with the amount of p-glycoprotein in the 
cell lines. 

P-glycoprotein-mediated drug transport has been 
studied in cell lines which form polarized epithelial sur- 
faces when grown on porous supports. Net basal to api- 
cal transepithelial transport of vinblastine was demon- 
strated in the Madin Darby canine kidney cell line and in 
the human intestinal adenocarcinoma cell lines, CaCo-2, 
T84 and HCT-8 [94, 97]. P-glycoprotein was immuno- 
localized to the apical surface of these cells. Transepi- 
thelial flux of vinblastine in these cells was inhibited by 
other MDR active agents and by monoclonal antibodies 
to p-glycoprotein. 

The murine mdr genes have been expressed in secre- 
tory vesicle membranes in S. cerevisiae sec 6-4 mutants 
[148]. In these mutants, a temperature-sensitive defect 
in the final step of the vesicular secretory pathway allows 
the accumulation of large amounts of secretory vesicles 
containing newly synthesized plasma membrane proteins 
when the yeast are grown at the permissive temperature. 
Yeast sec 6-4 mutants transfected with either the murine 
mdrl or mdr3 gene exhibited verapamil-sensitive vin- 
blastine and colchicine accumulation [148]. 

Is There an Endogenous Substrate for Group 
I P-Glycoproteins? 

Group I p-glycoproteins can function as ATP-dependent 
drug transport pumps in cancer cell lines and in some 
normal tissues. Although it is unlikely that chemother- 
apy drug transport is the primary function for p-glyco- 
protein in normal tissue, the search for an endogenous 
substrate for the protein has been elusive. Its polarized 
distribution on secretory epithelia and role in drug effiux 
suggest that p-glycoprotein may function in excretion of 
naturally occurring toxins or commonly encountered xe- 
nobiotics. 

Recently, mdr3 knockout mice were shown to have 
an increased sensitivity to the toxic effects of vinblastine 
[158]. When the same dose of vinblastine was given to 
normal mice and mdr3 knockout mice, the knockout 
mice had higher vinblastine concentrations in many tis- 
sues at several time points after drug administration. The 
knockout mice also had a striking sensitivity to the neu- 
rotoxic effects of the hydrophobic antiparasitic com- 
pound, ivermectin. Large increases in the brain concen- 
tration of this drug were documented in the knockout 
mice most likely due to lack of p-glycoprotein-mediated 
drug transport across the cerebral endothelial cells of the 
blood-brain barrier. 

Known substrates for p-glycoprotein represent a 
structurally and functionally diverse group of com- 
pounds, many of which are natural products of fungal, 
bacterial or plant origin [75]. The structures of some 
typical MDR substrates are shown in Fig. 2. Three- 
dimensional analysis of over 120 compounds known to 
interact with p-glycoprotein suggests that a p-glycopro- 
tein substrate is a cationic, hydrophobic molecule with at 
least two planar rings and a molecular weight of 400- 
1500 [12, 132]. A number of naturally occurring com- 
pounds that share these characteristics have been tested 
in rat CMV for their ability to inhibit daunorubicin trans- 
port. To date, neither sterols, reduced or oxidized gluta- 
thione, epinephrine, various amines, sphingosine or pros- 
taglandins El,  B1 and E2 have proven to be substrates 
[121. 

Several observations suggest an interaction between 
progesterone and p-glycoprotein. Progesterone photoaf- 
finity labels p-glycoprotein, inhibits the binding of che- 
motherapy drugs to p-glycoprotein and reverses the 
MDR phenotype in MDR cell lines [136]. Progesterone 
is not a substrate for the transporter, since steady-state 
levels of progesterone accumulation were the same in 
resistant and sensitive cells and no enhanced effiux of 
progesterone was demonstrated in MDR cell lines [197]. 
Levels of the mdrl gene product increase dramatically 
on the luminal surface of the secretory epithelium of the 
mouse uterus under the influence of progesterone [10, 
11]. Progesterone has also been shown to regulate the 
activity of the murine mdrl promoter [133]. 

Since high levels of p-glycoprotein are found in the 
adrenal cortex where extensive steroidogenesis occurs, 
the role of glucocorticoids as endogenous substrates for 
p-glycoprotein has been explored. MDR cell lines show 
reduced accumulation and increased ATP-dependent ef- 
flux of cortisol [190]. Exposure to dexamethasone in- 
creased mdr3 and mdrl mRNA expression in murine 
hepatoma cells [203]. In mouse Y1 adrenocortical car- 
cinoma cells, increased steroidogenesis induced by ad- 
renocortical hormone was accompanied by increased 
p-glycoproteiu mRNA levels [3]. P-glycoprotein revers- 
ing agents disrupted steroid secretion in Y1 ceils [44]. 
A null mutation in one allele of the murine mdrl gene in 
Y1 cells inhibited steroid secretion [3]. 

When transfected with a human adrenal MDR1 
cDNA, a porcine renal proximal tubule cell line, LLC- 
PK1, which forms a polarized epithelial surface when 
grown on a porous support, had verapamil-sensitive 
transepithelial flux of vinbtastine, cortisol, aIdosterone 
and dexamethasone, but not progesterone [186]. In these 
cells, cortisol and dexamethasone did not inhibit azido- 
pine photoaffinity labeling of p-glycoprotein whereas 
progesterone did. Slight differences in the structure 
among these steroids may determine whether a particular 
compound is transported by p-glycoprotein or simply 
competes for drug binding. 
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Fig. 2. Structure of some 
representative p-glycoprotein 
substrates. Reproduced, with 
permission, from the Annual 
Review of Medicine 42, c 1991, 
by Annual Review. 

P-glycoprotein is present on the capillary endothe- 
lium of the brain [51] where it may play a role in main- 
taining the blood-brain barrier. Lipophilic chemotherapy 
agents, such as those involved in the MDR phenotype, 
cannot enter the brain. The mdr3 gene product is the 
predominant p-glycoprotein expressed in the murine 
brain [158]. When mdr3 knockout mice and normal 
mice are given comparable doses of vinblastine, the 
knockout mice have profound increases in the brain con- 
centration of this cytotoxic agent when compared to the 
brain concentration in normal mice [158]. Mouse brain 
capillary endothelial cell lines that stably expressed 
p-glycoprotein were established to study the role of 
p-glycoprotein in the blood brain barrier [177]. When 
grown on a porous filter, these cells demonstrated polar- 
ized p-glycoprotein expression and had verapamil- 
sensitive, unidirectional transepithelial transport of vin- 
blastine. No transepithelial flux of fluorouracil, a non- 
MDR chemotherapy agent that is also excluded from the 
brain, could be demonstrated. 

MDR hamster ceils manifest verapamil- and vin- 
blastine-sensitive, energy-dependent accumulation of 
morphine and binding of morphine to plasma membrane 
fractions [29]. Synthetic opiates including meperidine, 
pentazocine and methadone, increased vinblastine accu- 
mulation in MDR cells and inhibited photoaffinity label- 
ing of plasma membranes with a doxorubicin analogue. 

Homology of p-glycoprotein with several eukaryotic 
ABC transporters suggests a role for p-glycoprotein in 

peptide transport. P-glycoprotein is highly homologous 
to the STE6 gene product in yeast which is responsible 
for the secretion of " a "  mating factor, a hydrophobic 
dodecapeptide [105]. Expression of a cDNA for mouse 
mdr 1 [139] or human MDR1 [82] in yeast strains that 
lack the STE 6 gene product restored the ability to se- 
crete the pheromone. P-glycoprotein shares a high de- 
gree of homology with the hyl B gene product in Es- 
cherichia coli that is responsible for the ATP-dependent 
secretion of the protein, hemolysin [71]. In S. pombe, a 
p-glycoprotein homologue transports phytochelatins, 
small gamma-glutamyl-cysteine-glycine tripeptides (D. 
Ortiz, personal communication). The TAP1 and TAP2 
gene products, which transport cytosolic peptides into 
the endoplasmic reticulum, share homology with p-gly- 
coprotein [62, 165]. P-glycoprotein expression and mul- 
tidrug resistance were induced in tissue culture by expo- 
sure of hamster cells to the cytotoxic synthetic hydro- 
phobic tripeptide, N-acetyl-leucyl-leucyl norleucine 
[163]. Cyclosporines, cyclic hydrophobic peptides, bind 
to and may be substrates for p-glycoprotein [150, 184]. 
Hamster MDR cells display verapamil-sensitive resis- 
tance to the toxic hydrophobic peptides, gramicidin D 
and valinomycin [113, 124, 149]. Since the liver nor- 
mally functions to extract a variety of small peptides 
from the circulation, a number of synthetic and naturally 
occurring hydrophobic peptides, including insulin, 
cholecystokinin, neurokinin A and RNase-S-peptide, 
were tested for their ability to inhibit ATP-dependent 
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daunorubicin transport in rat CMV. Inhibition was not 
observed at peptide concentrations as high as 200 mM 
[12]. 

Group I P-Glycoproteins Interact with a Diverse 
Group of Lipophilic Compounds 

How does p-glycoprotein interact with such a large va- 
riety of substrates? Substrate specificity has been ad- 
dressed by examining the effect of sequence differences 
among cloned p-glycoprotein genes on drug resistance 
phenotypes and drug binding. Although the murine 
mdr3 and mdrl gene are highly homologous (92% iden- 
tity), when transfected into cells they resulted in different 
MDR phenotypes [61]. Cell clones transfected with the 
mdrl gene were less resistant to doxorubicin, colchicine 
and mitoxantrone than were those transfected with the 
mdr3 gene. Cell clones with mdr3 were more resistant to 
actinomycin D than were mdrl clones. Both the mdrl 
and mdr3 genes are homologous to the mdr2 gene (74% 
identity), yet the mdr2 gene product is not associated 
with the MDR phenotype [85]. Examination of a series 
of chimeras, constructed throughout the whole length of 
mdrl with segments of mdr2, revealed that only the 
highly homologous ATP binding sites and the highly 
divergent linker regions were interchangeable enough to 
produce a functional molecule [28]. Similar results have 
been demonstrated with human MDR1 and MDR2 [82]. 
Another MDR1/MDR2 chimera, which had an 89 amino 
acid region of MDR2 including the first cytoplasmic 
loop and parts of the third and fourth TM domains sub- 
stituted into MDR1, did not confer MDR, but when four 
amino acids in the cytoplasmic loop were changed back 
to those found in MDR1, biological function was re- 
stored [56]. This suggests that the first cytoplasmic loop 
is important for p-glycoprotein function. 

Investigation of several point mutations or deletions 
in p-glycoprotein suggests that the predicted transmem- 
brane domains play an important role in determining 
substrate binding and transport activity. A naturally oc- 
curring mutation of glycine to valine at position 185 in 
transmembrane domain 3 of human MDR1 changed the 
specificity of the transporter so that colchicine and etop- 
oside resistance were enhanced while resistance to vin- 
blastine, vincristine and actinomycin D was decreased 
[48, 104, 150]. Despite this resistance pattern, the mu- 
tant protein showed increased binding of vinblastine and 
decreased binding of colchicine. This discrepancy be- 
tween the observed phenotype and drug binding sug- 
gested that the glycine to valine substitution did not af- 
fect initial drug binding, but instead altered the efficiency 
of dissociation of drugs from p-glycoprotein. Mutation 
of glycine 338 to alanine and alanine 339 to proline in 
transmembrane domain 6 in hamster p-glycoprotein de- 
creased resistance to several drugs while maintaining 

normal resistance to actinomycin D [63]. When serine 
941 in transmembrane domain 11 of murine mdrl was 
mutated to phenylalanine, cell clones transfected with the 
mutated gene acquired resistance to vinblastine while 
colchicine and doxorubicin resistance was decreased 
[84]. 

Progress has been made in identifying the drug bind- 
ing site on p-glycoprotein by examining proteolytic frag- 
ments of azidopine or azidoprazosin photoaffinity- 
labeled human MDR1 and murine mdrl [24, 82]. Both 
the amino terminal and carboxy terminal halves were 
labeled. Photoaffinity binding has been localized to two 
regions: (l) transmembrane domains 5 and 6 or the cy- 
toplasmic domain immediately following TM6 and (2) a 
region within the transmembrane domain 12 or the cy- 
toplasmic region immediately following TM 12 [82]. 
This labeling pattern is consistent with the presence of 
two different drug binding sites or the presence of one 
binding site which is formed by two homologous halves 
of the molecule. 

Point mutations in either of the two conserved gly- 
cine and lysine residues residing within the A fold of the 
Walker consensus sequence in the mdrl gene resulted in 
loss of biological function despite persistent binding of 
azido ATP [13]. This result agreed with vesicle studies 
in which ATP hydrolysis, and not simply binding, was 
necessary for p-glycoprotein function. Amino terminal 
human MDR1 b-galactosidase fusion proteins expressed 
in fibroblasts were capable of ATP hydrolysis [166]. 
Expression of cDNAs encoding the amino or carboxy 
terminal half molecules of human MDR1 in Sf9 cells 
revealed that each half molecule had basal ATPase ac- 
tivity [114]. Drug-stimulated ATPase activity, however, 
was not present until both half molecules were expressed 
together. In separate studies, deletions of either the car- 
boxy- or amino terminal half of p-glycoprotein resulted 
in loss of transport [57]. These results suggest tlhat cou- 
pling of ATPase activity to drug binding and transport 
requires cooperative interaction between the two halves 
of p-glycoprotein. 

Post-Translational Modification May 
Regulate P-Glycoprotein 

P-glycoprotein is post-translationally modified by phos- 
phorylation and glycosylation. Glycosylation does not 
appear to be necessary for protein function although it 
may play a role in the trafficking or stability of the pro- 
tein [16, 110, 156]. 

Phosphorylation may have a role in regulating p-gly- 
coprotein function. P-glycoprotein is phosphorylated by 
protein kinase C (PKC) [33, 34], protein kinase P [172] 
and protein kinase A(PKA) [118]. PKC inhibitors re- 
duced the phosphorylation of p-glycoprotein and re- 
versed the drug accumulation defect in MDR cells [32, 
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72, 115]. Cotransfection of a PKC-deficient breast car- 
cinoma cell line with cDNAs for p-glyeoprotein and 
PKC resulted in increased resistance to vinblastine and 
doxorubicin and increased phosphorylation of p-glyco- 
protein when compared to cells transfected with p-gly- 
coprotein cDNA alone [199]. Basal levels of cAMP- 
dependent PKA were necessary to maintain p-glycopro- 
tein mRNA levels in MDR cells [1, 44]. In vivo, 
p-glycoprotein was rapidly phosphorylated and dephos- 
phorylated in MDR cells [115]. PKC phosphorylation 
sites in the human MDR1 gene product were mapped to 
multiple serine residues clustered in the linker region of 
the molecule [35]. Analysis of phosphorylation in the 
murine mdrl gene product mapped phosphorylation sites 
to the linker region, specifically on serine 669 for PKC 
and serine 681 for PKA [129]. The authors postulate that 
the mdr linker region is structurally equivalent to the R 
domain of the CFTR protein. Phosphorylation of the R 
domain by PKA regulates chloride permeability by 
CFTR. Although much smaller than the R domain (55 
vs .  241 amino acids), the linker region in p-glycoprotein, 
like the R domain in CFTR, is encoded by a single exon, 
has several highly charged alternating basic and acidic 
amino acids and contains several PKA and PKC phos- 
phorylation consensus sites [129]. 

Group I P-Glycoproteins Mediate Clinical Tumor 
Drug Resistance 

There is strong evidence implicating p-glycoprotein as a 
clinically important mediator of multidrug resistance in 
human tumors. P-glycoprotein is frequently present in 
tumors derived from tissues normally expressing p-gly- 
coprotein including hepatic, renal, intestinal and adrenal 
tumors [42, 73, 79, 96]. In general, these tumors tend to 
be intrinsically resistant to chemotherapy. Cancer cells 
derived from tissues that do not normally express p-gly- 
coprotein acquire p-glycoprotein either as a result of ma- 
lignant transformation [80] or after exposure to chemo- 
therapeutic agents [31, 41, 59, 121]. In breast carcinoma 
[192], neuroblastoma [36], rhabdomyosarcoma [37], 
esophageal carcinoma [140], multiple myeloma [111], 
ovarian carcinoma [92], small cell lung cancer [92] and 
leukemia and lymphoma [134, 151, 154] the presence of 
p-glycoprotein in biopsy samples correlates wtih a poor 
response to chemotherapyl 

Therapeutic strategies to circumvent p-glycoprotein 
action may influence the success of chemotherapeutic 
drug protocols. A large group of chemosensitizers inter- 
act with p-glycoprotein to reverse drug resistance in 
MDR cell lines [75, 103, 184]. This structurally diverse 
group of compounds (Table 2) includes calcium channel 
blockers, calmodulin antagonists, steroids and hormones, 
hydrophobic peptides, lysosomotropic agents and 
nonionic detergents. Some reversing agents including 
verapamil [200] cyclosporine [149, 184] and progester- 

one [136, 197] appear to be competitive inhibitors that 
interact with p-glycoprotein at a common drug binding 
site. A note of caution, however, since kinetic analysis 
of these interactions is complicated by the hydrophobic 
nature of these compounds. Verapamil and cyclosporine 
may also be substrates for the transporter [149, 200]. 
Other agents, such as bile acids [116], are noncompeti- 
tive inhibitors interacting with p-glycoprotein at a site 
other than the drug binding site. 

The growth of murine tumor xenografts derived 
from MDR cells can be inhibited by the administration of 
chemosensitizers along with chemotherapeutic agents 
[75, 77, 103]. Human clinical trials using p-glycoprotein 
chemosensitizers have been conducted [19, 168]. Some 
drug-refractory leukemias and myelomas responded to 
chemotherapy regimes when either verapamil or cyclo- 
sporine was added to the protocol [59, 112, 121]. Clin- 
ical trials with solid tumors, such as ovarian and colonic 
carcinoma, have met with limited success [193, 196]. 
Most of these clinical trials have been complicated by 
systemic toxicity. The maintenance of serum verapamil 
concentrations in the range associated with MDR rever- 
sal in vitro predictably led to dose-limiting cardiotoxicity 
[59, 121]. Patients given cyclosporine as a chemosensi- 
tizing agent developed hyperbilirubinemia [192, 196], 
consistent with this peptide's ability to inhibit ATP- 
dependent bile acid and nonbile acid organic anion trans- 
port in hepatocytes [99]. Clinical trials with trifluoper- 
azine were limited by extrapyramidal side effects [120]. 
Progesterone, quinidine and tamoxifen have also been 
evaluated as chemosensitizing agents in clinical trials 
[19, 50, 168]. 

Expression of P-Glycoproteins Is Modulated by 
Environmental Stimuli 

The regulation of p-glycoprotein gene expression in nor- 
real and neoplastic tissues is an area of active investiga- 
tion. The liver serves as a good model system to study 
p-glycoprotein regulation since normal hepatic p-glyco- 
protein levels can be influenced by a number of environ- 
mental stimuli and the liver normally expresses both the 
Group I and II p-glycoprotein gene products which en- 
ables concurrent investigation of the effect of various 
factors on the expression of both gene products. 

The induction of p-glycoprotein expression has been 
studied in hepatocarcinogenesis. Increased p-glycopro- 
tein expression has been detected in clinical biopsy sam- 
ples from human hepatocellular carcinoma (HHC) [42, 
96]. In mice, overexpression of mdr3 occurred in four 
models of HCC [106, 178], chemical carcinogenesis in- 
duced by dimethylhydrazine and diethylnitrosamine in 
C57BL/6N mice, spontaneous carcinogenesis in C3H/ 
HeN mice and in tumors arising in transgenic mice car- 
rying either the human hepatitis B virus large envelope 
polypeptide or the SV40 large T antigen. The mdr3 gene 
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was activated in the latter stages of carcinogenesis in 
these models. Increased mdrl mRNA levels were occa- 
sionally seen, but mdr2 ndtNA levels did not change. 
In experimental models of HCC in rats, increased p-gly- 
coprotein mRNA levels were detected in neoplastic tis- 
sue [23, 69, 182]. P-glycoprotein expression appeared to 
be associated with tumor progression rather than with 
tumor initiation in these rodent models. Several experi- 
mental observations support such a hypothesis. The hu- 
man MDR1 gene promoter is a target for the Ras onco- 
gene and the p53 tumor suppressor gene [47], both of 
which are associated with tumor progression. P- 
glycoprotein is usually heterogeneously expressed in 
clinical tumor sanaples, but was found in high concen- 
trations in the invasive edges and distant metastases in 
colonic carcinoma samples [194]. 

Rat liver cells transfected with v-H-Ras or v-Raf 
have increased p-glycoprotein expression and increased 
resistance to doxorubicin and vinblastine [25]. These re- 
suits suggest that cellular transformation is sufficient to 
induce increased p-glycoprotein and that selective pres- 
sure from cytotoxic drugs is not necessary. 

Hepatocyte p-glycoprotein expression can be influ- 
enced by other environmental factors. Hepatic regener- 
ation induced by partial hepatectomy in rats was accom- 
panied by increased expression of hepatic mdrla and 
mdrlb RNA [125, 182]. These increases were noted 
within 24 hr and correlated with the previously described 
pattern of DNA replication seen in regenerating liver. 
In contrast, mdr2 RNA levels were increased at 48 hr 
post hepatectomy after the major wave of cell prolifera- 
tion had already occurred [125]. These results suggest 
differential regulation of the two gene products. In mice, 
mdrla and mdr2 mRNA levels were also increased in 
regenerating liver [179]. Cholestasis in rats, induced by 
bile duct ligation or exposure to alpha-naphthyliso- 
thiocyanate, increased mdrla and mdrlb mRNA levels 
[159]. In monkeys, alpha-naphtylisothiocyanate chole- 
stasis induced both MDR1 and MDR2 mRNA expres- 
sion in the liver [159]. Rodents fed various cytotoxic 
xenobiotic agents, including aflatoxin, acetyl-ami- 
nofluorene, dioxin, phenothiazide and isosafrole, have 
increased mdrla  and mdrlb RNA expression [26]. 
Acetyl-aminofluorene induction of mdrla and mdrlb in 
rats was associated with a verapamil-sensitive increase in 
biliary excretion of vinblastine [159]. In rat primary he- 
patocyte cultures, increased p-glycoprotein expression 
occurred upon exposure of cells to cytotoxic agents [45]. 
Induction of hepatic p-glycoprotein expression second- 
ary to a variety of environmental insults may represent 
part of a coordinated hepatic cytoprotective response 
which has already been shown to include induction of 
metallothioneins, cytochrome p450 enzymes and phase 
II drug conjugating enzymes such as glutathione-S- 
transferases and UDP glucuronyl transferases. 

P-glycoprotein gene activation has been correlated 

with cellular differentiation. Exposure of several human 
colonic carcinoma cell lines to the differentiating agents, 
sodium butyrate and dimethylsulfoxide, increased 
MDR1 mRNA levels [119]. These agents, however, did 
not alter p-glycoprotein gene expression in primary rat 
hepatocyte cultures [70]. Increased p-glycoprotein 
mRNA levels occurred in human colonic carcinoma cells 
exposed to verapamil and cyclosporine [89]. Concomi- 
tant with verapamil treatment were electron microscopic 
and biochemical changes consistent with increased dif- 
ferentiation. In human renal, colonic and gastric carci- 
nomas, MDR1 expression has been histologically corre- 
lated with the degree of tumor differentiation [14, 15, 
122]. 

Two heat-shock consensus elements have been iden- 
tified in the major MDR1 promoter [47]. Exposure to 
heat shock or heavy metals increased MDR1 gene ex- 
pression in human kidney cell lines, but not in liver, 
adrenal, cervical or colonic cell lines [46]. 

Little is known about the developmental regulation 
or expression of p-glycoprotein. MDR1 has been iden- 
tified in human fetal tissues [191]. Recently, p-glyco- 
protein was detected in mouse oocytes and early cleav- 
age embryos [67]. In embryo cultures, p-glycoprotein 
expression was associated with a verapamil reversible 
increase in daunorubicin accumulation. Treatment of 
pregnant female mice with verapamil increased the tox- 
icity of doxorubicin toward the developing zygote. 
These results suggest p-glycoprotein may play a protec- 
tive role in early embryogenesis. 

Group II P-Glycoproteins May Function in 
Phospholipid Transport 

The mdr2 gene product is not capable of chemothera- 
peutic drug binding or transport [27,85], although its 
nuclear binding domain is capable of ATP hydrolysis 
[28]. In mice, this gene product is primarily localized on 
the hepatic biliary canalicular membrane [27]. Homozy- 
gous disruption of the mdr2 gene in mice resulted in the 
absence of phospholipid in bile and the development of 
liver lesions [174]. By 6-12 weeks of age, mdr2 knock- 
out mice had scattered hepatocyte necrosis, proliferation 
of bile ducts and mild portal inflammation. Bile analysis 
showed an absence of phospholipid. Heterozygous mice 
had bile phospholipid values 50% of those of normal 
mice and developed no hepatic pathology. Biliary phos- 
pholipid is normally incorporated into mixed micelles 
with bile acids, the major component of bile. It was 
hypothesized that in the absence of phospholipid solubi- 
lization, bile acids, by virtue of their detergent action, 
damage the biliary canalicular membrane and the apical 
membranes of the biliary ductules, giving rise to the 
pathology seen in the mdr2 knockout mice [174]. 

These studies suggest that the mdr2 gene product 
may be involved in phospholipid transfer from hepato- 
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cytes to the bile. The protein could function by facili- 
tating the entry or exit of phospholipids from the cana- 
licular membrane. Alternatively, it might be involved in 
the movement of phospholipids across the canalicular 
membrane. The latter function could be accomplished if 
the mdr2 gene product functioned as a flippase, translo- 
cating phospholipids from the inner to the outer leaflet of 
the canalicular membrane where they can then gain ac- 
cess to bile. The functional activity of a phosphatidyl- 
choline flippase has been described in rat endoplasmic 
reticulum [21] and in CMV [20]. The relationship of the 
latter translocator to the mdr2 gene producthas not been 
investigated. 

A Number of Phenomena Associated with 
P-Glycoprotein Suggest Different Models of Action 

Higgins and Gottesman hypothesized that the multidrug 
transporter might actually function as a "hydrophobic 
vacuum cleaner" which removes drugs from the plasma 
membrane before they reach the cytoplasm [82, 
91]. This model of transport, they claim, would explain 
some puzzling aspects of the MDR phenotype. First, the 
broad substrate specificity of the transporter might be 
accounted for. In their model, the primary determinant 
of substrate specificity is the ability of a drug to interact 
with the lipid bilayer and secondarily to interact with the 
binding site of the transporter. This fits with the finding 
that all p-glycoprotein substrates are lipophilic com- 
pounds and that the major determinant of the ability of a 
given substance to be transported by p-glycoprotein is its 
relative hydrophobicity [201]. Second, the discrepancies 
in the kinetics of p-glycoprotein transport might be ex- 
plained. These kinetic aberrations include an inability to 
correlate initial rate of drug efflux with p-glycoprotein 
concentration in MDR cells, differences between the 
level of drug resistance and the magnitude of drug accu- 
mulation defects seen in MDR cells and differences be- 
tween the affinity constants determined in vesicle sys- 
tems with the actual concentrations of cytotoxic agents 
that the transporter is able to protect cells from. In the 
Gottesman and Higgins model, drugs first partition into 
the lipid bilayer and then interact with p-glycoprotein. 
The actual drug concentration seen by the transporter 
would not correspond to the concentration of drug used 
in the experiment, but would depend on the ability of the 
drug to partition into the lipid bilayer, as well as on the 
lipid composition of the membrane. Changes in mem- 
brane fluidity have been shown to alter drug transport in 
rat CMV [171]. 

Several observations support the Gottesman and 
Higgins model. Doxorubicin photoactivates a highly li- 
pophilic iodinated naphthalene azide membrane probe in 
MDR cells, but not in their sensitive counterparts [138]. 
In MDR cells, photosensitization was associated with 

exclusive localization of doxorubicin to the plasma 
membrane. MDRl-transfected fibroblasts extrude the 
hydrophobic acetoxy methyl ester derivatives of several 
fluorescent dyes [93]. The free acid forms of these dyes, 
rapidly formed by the action of cytoplasmic esterases, 
are not extruded by the transporter. The free acid forms 
fail to accumulate in MDR cells, suggesting that the in- 
tact dye may interact with p-glycoprotein before it ever 
enters the cytoplasm [93]. 

Chloride channel activity was demonstrated in 
MDRl-transfected cells [6, 7, 188]. Another ABC pro- 
tein, CFTR, has already been shown to be a chloride 
channel. MDRl-associated chloride currents exhibited 
rectification and were activated by changes in cell vol- 
ume [188], whereas CFTR is a linear, small conductance 
channel activated by PKA-dependent phosphorylation in 
response to elevated cAMP levels [144]. In situ hybrid- 
ization experiments showed complementary patterns of 
MDR1 and CFTR gene expression in epithelial tissues 
[183] suggesting that the two genes may be coordinately 
regulated. Epithelial cells that expressed CFTR lacked 
MDR1 and vice versa. In some tissues, different cell 
subpopulations preferentially expressed one of the gene 
products. For example, intestinal crypt cells expressed 
CFTR, whereas the apical villus cells expressed MDR1. 

The electrophysiological properties of MDR1- 
associated chloride channel activity are similar to the 
volume-regulated chloride channels present in many ep- 
ithelial ceils, suggesting that MDR1 chloride channel ac- 
tivity may have a physiologic role in cell volume control. 
Recent studies in MDRl-transfected human breast can- 
cer cells, which have p-glycoprotein-like chloride chan- 
nel activity, failed to show that these channels were in- 
volved in volume regulation in these cells [6]. 

Chloride channel activity and multidrug transport 
appeared to be separate functions of p-glycoprotein. 
Agents which inhibited chloride channel activity in 
MDRl-transfected fibroblasts had no effect on multidrug 
transport [78]. in fibroblasts transfected with a MDR1 
gene containing mutations in the ATP binding site, drug 
resistance was abolished, but chloride channel activity 
was maintained [78]. Hyposmotic solutions activated 
chloride channels in MDRl-transfected human breast 
cancer cells, but did not disturb p-glycoprotein-mediated 
efflux of the fluorescent dye, rhodamine [7]. Recent 
studies have cast doubt on p-glycoprotein's role as a 
chloride channel [137]. These experiments failed to 
show a quantitative correlation between p-glycoprotein 
expression and the activity of volume-sensitive chloride 
channel activity in four epithelial cell lines. 

ATP channel activity has been ascribed to p-glyco- 
protein [2]. Channel activity was spontaneous and not 
associated with changes in cell volume. The authors 
suggest that the driving force for drug extrusion via 
p-glycoprotein might be an electrochemical gradient of 
ATP rather than ATP hydrolysis. 
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Many MDR cell lines have elevated intracellular pH 
[22, 170, 180]. In a series of myeloma cell lines which 
were sequentially selected for different levels of MDR1 
expression, a linear relationship between intracellular pH 
and the initial rate of chemotherapeutic drug effiux was 
demonstrated [141]. In contrast, the initial rate of drug 
effiux was not associated with the level of p-glycoprotein 
expression. The authors postulate that p-glycoprotein is 
involved in intracellular alkalinization and is only indi- 
rectly involved in drug transport possibly by mediating a 
pH-dependent alteration in either membrane drug parti- 
tioning in the membrane or intracellular/extracellular 
distribution of cationic drugs. 

P-glycoprotein's role in altering intracellular pH in 
MDR cell lines has been challenged. Some studies have 
failed to document consistent changes in intracellular pH 
in MDR cells [8]. In hamster and human MDR cell 
lines, experimental manipulation of the intracellular pH 
failed to effect p-glycoprotein-mediated drug efflux [8]. 
In yeast secretory vesicles expressing mdr3, vinblastine 
accumulation was independent of proton movements and 
unaffected by the presence or absence of a steep proton 
gradient [148]. 

Conclusions 

The initial discovery of p-glycoprotein in the plasma 
membrane of MDR cancer cell lines was followed 
quickly by the cloning of its gene. Sequence analysis of 
cloned cDNAs revealed that p-glycoprotein was a mem- 
ber of the ABC family of membrane transporters. Sub- 
sequent biochemical characterization demonstrated the 
binding of chemotherapeutic drugs and ATP to p-glyco- 
protein. P-glycoprotein-mediated drug transport and 
drug-stimulated ATPase activity were documented in 
plasma membrane vesicles and in proteoliposomes con- 
taining the partially purified protein. P-glycoprotein was 
shown to be phosphorylated and the effect of this mod- 
ification on the protein's biological function was ex- 
plored. P-glycoproteins were found in many normal tis- 
sues and their overexpression was documented in numer- 
ous cancers. An important role for p-glycoprotein in 
intrinsic and acquired drug resistance in clinical oncol- 
ogy was established. Despite all that has been learned 
about p-glycoprotein over the last few years, additional 
studies will be necessary to address the many questions 
that have been left unanswered. Determination of p-gly- 
coprotein structure and membrane topology should help 
elucidate the nature of chemotherapeutic drug binding 
sites and the mechanism whereby drug movement is cou- 
pled to ATP hydrolysis. Complete purification and func- 
tional reconstitution of p-glycoprotein into defined lipid 
vesicles will permit further characterization of drug 
transport and ATPase activity and give us the means by 
which p-glycoprotein' s apparent dual function as a trans- 

porter and a channel can be clarified. Structural and 
functional studies on p-glycoprotein will also provide 
information needed to develop specified inhibitors that 
can be used clinically to overcome MDR in cancer pa- 
tients. Further study of the mechanisms whereby p-gly- 
coprotein expression is induced and regulated during ma- 
lignant transformation is indicated. The development of 
biliary phospholipid deficiency in mdr2 knockout mice 
and xenobiotic hypersensitivity in mdr3 knockout mice 
have given us the first clues into the normal physiologic 
roles for the p-glycoproteins. The search for endogenous 
substrates for the p-glycoproteins will continue to be an 
area of active investigation. 

Continued investigation of p-glycoprotein's func- 
tions should result in better understanding of an impor- 
tant class of prokaryotic and eukaryotic membrane trans- 
porters. The potential of exploiting the knowledge gar- 
nered from these studies in the treatment of neoplastic, 
parasitic and inherited and acquired liver disease may be 
greater than we can now imagine. 
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