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The overexpression of the P-glycoprotein, the M D R I  gene product, has been linked to the 
development of resistance to multiple cytotoxic natural product anticancer drugs in certain 
cancers and cell lines derived from tumors. P-glycoprotein, a member of the ATP-binding 
cassette (ABC) superfamily of transporters, is believed to function as an ATP-dependent drug 
efflux pump with broad specificity for chemically unrelated hydrophobic compounds. We 
review here recent studies on the purification and reconstitution of P-glycoprotein to elucidate 
the mechanism of drug transport. P-glycoprotein from the human carcinoma multidrug resis- 
tant cell line, KB-VI, was purified by sequential chromatography on anion exchange followed 
by a lectin (wheat germ agglutinin) column. Proteoliposomes reconstituted with pure protein 
exhibited high levels of drug-stimulated ATPase activity as well as ATP-dependent 
[3H]vinblastine accumulation. Both the ATPase and vinblastine transport activities of the 
reconstituted P-glycoprotein were inhibited by vanadate. In addition, the vinblastine transport 
was inhibited by verapamil and daunorubicin. These studies provide strong evidence that the 
human P-glycoprotein functions as an ATP-dependent drug transporter. The development of 
the reconstitution system and the availability of recombinant protein in large amounts due to 
recent advances in overexpression of P-glycoprotein in a heterologous expression system should 
facilitate a better understanding of the function of this novel protein. 
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tion; proteoliposomes; ATPase: drug transport: verapamil; vinblastine. 

I N T R O D U C T I O N  

T u m o r  cells in vivo and cultured cells in t,itro can 
develop simultaneous resistance to a wide variety of  
cytotoxic, natural product,  anticancer agents such as 
vinblastine, colchicine, doxorubicin, and actinomycin 
D (Endicott and Ling, 1989: Got tesman and Pastan, 
1988: Roninson, 1991: Got tesman and Pastan, 1993: 
Ambudka r  et al., 1995). These drugs have little in 
common  structurally, except for hydrophobici ty and 
a tendency to be positively charged at neutral pH. 
Although there are other mechanisms of  resistance 
involving topoisomerase II (Glisson et al., 1986) and 
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glutathione S-transferase (Moscow and Cowan,  
1988), the cells which are resistant to natural  product  
cytotoxic agents accumulate much less drug than 
parental drug-sensitive cells. This is most likely due 
to the presence in these cells of  an energy-dependent 
drug extrusion system (Fojo et al., 1985: Willingham 
et al., 1986). Cells with a high level of  drug resistance 
express large quantities of  a 150-170-kDa membrane  
phosphoglycoprotein,  referred to as the P-glyco- 
protein (Pgp), or the multidrug t ransporter  (Juliano 
and Ling, 1976). In many drug-resistant cells includ- 
ing human  KB carcinoma cells, the levels of  Pgp and 
its m R N A  are directly proport ional  to the degree of  
resistance (Ueda et al., 1986; Got tesman and Pastan, 
1993), suggesting that the expression of  this protein is 
the major  means by which these cells develop multi- 
drug resistance. Moreover,  transfection experiments 
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have demonstrated that expression of the human or 
the mouse mdrl cDNAs in drug-sensitive cells is 
sufficient to confer the drug resistance phenotype 
(Gottesman and Pastan, 1993: Childs and Ling, 1994). 

The mammalian mdr gene family is composed of 
two members in humans and three members in 
rodents (Ng et al., 1989). In humans only one gene 
( M D R I )  confers drug resistance while in rodents two 
genes (mdrla and mdrlb: also called mdr3 and m d r l ,  
respectively: Ueda et al., 1987; Gros et al., 1986) con- 
fer resistance. Recent work with mdr2 knock-out mice 
indicates that Pgp-encoded by mdr2 gene mediates 
phosphatidylcholine secretion into bile (Stair et al., 
1993). In addition, the function of mdr2-encoded 
Pgp as the ATP-dependent phosphatidylcholine 
transporter has been demonstrated by its expression 
in yeast secretory vesicles (Ruetz and Gros, 1994). The 
human M D R 1  cDNA encodes a 1,280 amino acid 
protein, and hydropathy profiling of the deduced 
amino acid sequences has led to a secondary structure 
model of Pgp which contains 12 putative transmem- 
brane segments with two ATP (nucleotide) binding 
domains on the cytoplasmic surface of the membrane 
(Chen et al., 1986: Gottesman and Pastan, 1988). 
Each half of the protein contains a hydrophobic 
region with six transmembrane helices and a hydro- 
philic region with one nucleotide-binding fold: the N- 
terminal half of the molecule exhibits 43% identity 
with the C-terminal hall suggesting that the two 
halves of the molecule might have evolved indepen- 
dently or undergone a major rearrangement ofintrons 
after a duplication event (Chen et al., 1990). 

The regions of greatest identity in the two halves 
of the Pgp molecules are also homologous to similar 
sequences in the ATP-binding domains of the ABC 
(ATP-binding cassette) superfamily of transporters 
(Hyde et al., 1990; Higgins, 1992, Childs and Ling, 
1994). This superfamily, also known as the "solute 
ATPases'" or "'traffic ATPases" (Shyamala et al., 
1991: Doige and Ames, 1993), or "M-type ATPases" 
(Pedersen and Amzel, 1993) now includes over 50 
members (Higgins, 1992; Childs and Ling, 1994). 
The eukaryotic members of this family include Pgp 
(also a protozoan PfMDR--which is linked with 
chloroquine resistance in P l a s m o d i u m  f a l c i p a r u m  
[Foote et al., 1989]), M R P ,  multidrug resistance-asso- 
ciated protein (Cole et al., 1992), CFTR-- the  cystic 
fibrosis transmembrane conductance regulator 
(Riordan et al., 1989), STE-6, the yeast a pheromone 
transporter (McGrath and Varshavsky, 1989), TAP 1 / 
TAP2 (also known as RING-4, HAM1, and 

HAM2)-- the human and mouse MHC-linked trans- 
porters (Trowsdale et al., 1990: Monaco et al., 1990), 
and peroxisomal proteins such as PMP70 (Gartner et 
al,, 1992) and adrenoleukodystrophy protein (ALDP; 
Mosser et al., 1993). The prokaryotic members 
include binding protein-dependent permeases for 
amino acids, e.g., histidine permease (Bishop et al., 
1989: Doige and Ames, 1993), ions, and sugars, etc., 
and others involved in the export of toxins (Hy/B, 
L k t B )  and glycans ( C h v A ,  N d v A ) .  The substrates 
transported by this superfamily members include 
ions, solutes, peptides, proteins, phospholipids, and 
cytotoxic natural product drugs. However, Pgp 
alone is known to interact with and, in many cases 
transport, a broad range of structurally heterogenous 
substrates (e.g., anticancer drugs, reversing agents, 
hydrophobic peptides, steroids, and detergents 
(reviewed in Gottesman and Pastan, 1993). Among 
ABC transporters only CFTR has been shown to 
function as a channel (Bear et al., 1992). 

Currently available data strongly suggest that 
the M D R 1  gene product-Pgp catalyzes the ATP- 
dependent extrusion of natural cytotoxic drugs from 
multidrug-resistant cells. Recently, Pgp has also been 
proposed to function as volume-regulated chloride 
channel (Valverde et al., 1992: Gill et al., 1992), an 
ATP channel (Abraham et al., 1993), and as modula- 
tor of membrane potential/pH gradient (Roepe et al., 
1993; Luz et al., 1994). However, neither the drug 
transport function nor the channel activities have 
yet been conclusively established, and several basic 
questions are as yet unanswered. For example, what 
defines the broad substrate specificity of the Pgp and 
how is energy transduced by the transporter for active 
efflux? Similarly, very little is known about the 
mechanism underlying the drug efflux mediated by 
Pgp. To address these questions and to prove con- 
clusively that the M D R 1  protein is the multidrug 
transporter, the protein will have to be purified to 
homogeneity in a functional form and reconstituted 
into proteoliposomes. The availability of purified bio- 
logically active protein and the development of an in 
vitro artificial membrane system will also help to elu- 
cidate the regulatory role of kinase-mediated phos- 
phorylation of Pgp (see Germann et al., this issue) 
and to assess various other functions ascribed to this 
protein. Such studies will contribute toward under- 
standing the function of Pgp and provide an insight 
into its role in the development of multidrug resis- 
tance in cancers. In addition, since Pgp is a prototype 
of the ABC superfamily of transporter, these data will 
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also be potentially applicable to understanding the 
function of other members of this class of proteins, 
such as CFTR (Riordan, 1993), peroxisomal proteins, 
PMP 70 (Gartner et al,, 1992) and ALDP (Mosser et 
al., 1993), and MHC-linked transporters TAP1 and 
TAP2 (Monaco et al., 1990) which have been asso- 
ciated with manifestation of a disease in humans. 

PURIFICATION AND RECONSTITUTION OF 
HUMAN P-GLYCOPROTEIN 

For purification studies we used the multidrug- 
resistant human carcinoma cell line, KB-V1, as a source 
of Pgp. These cells have been shown to overexpress the 
M D R 1  gene, but not the M D R 2  gene (Schoenlein, P.V., 
and Gottesman, M.M., unpublished data). In humans, 
two closely related M D R I  and M D R 2  genes encode 
proteins which are about 76% identical in their amino 
acid sequence, but only the M D R  1 gene has been shown 
to confer drug resistance (Ueda et al., 1987; Gottesman 
and Pastan, 1993). In addition, the M D R 1 - M D R 2  
chimeric protein containing M D R 2  ATP-binding 
folds is functional as a ATP-dependent drug effiux 
pump (Dhir and Gros, 1992; Germann, U. A., Wu, 
P., Currier, S. J., Aksentijevich, I., Pastan, I., and 
Gottesman, M. M., unpublished data), strongly indi- 
cating that the M D R 2  protein can function as an 
ATP-dependent transporter. Thus, with the use of 
KB-V1 cells as the starting material we are certain 
that the purified preparation will not be con- 
taminated with M D R 2  gene product. 

The degree of success during solubilization and 
reconstitution of membrane transport proteins very 
much depends on the steps taken to preserve the nor- 
mal activity of the protein as it is moved from its 
natural membrane to the artificial one. Toward that 
goal, we have developed a protocol, by combining 
traditional methods (Racker et al., 1979; Newman 
and Wilson, 1980) with the use of a class of protein- 
stabilizing agents, osmolytes, that allows the rescue of 
functional protein (Ambudkar and Maloney, 1986a,b; 
Maloney and Ambudkar, 1989). Several transport 
proteins such as bacterial anti- and symporters (Mal- 
oney and Ambudkar, 1989; Ambudkar et al., 1990; 
Ruan et al., 1992), F-, P-, V-, and M-type ATPases 
(Ambudkar et al., 1986; D'Souza et al., 1987; Bishop 
et al., 1989; Davidson and Nikaido, 1990), and water 
[aquaporin-CHIP-28] (Zeidel et al., 1992) and calcium 
channels (Lockwich et al., 1995) have been recon- 
stituted by using this protocol. 

Purified plasma membrane vesicles of KB-VI 
cells, which exhibit ATP-dependent [3H]vinblastine 
transport (Horio et al., 1988), were solubilized with 
the nonionic detergent, octylglucoside, in the presence 
of lipid and an osmolyte protectant (20% glycerol). 
With these extraction conditions almost all (> 90%) 
of the Pgp content of plasma membranes was recov- 
ered in the detergent solution (Ambudkar et al., 1992). 
A similar protocol has subsequently been used suc- 
cessfully for solubilization of Pgp from Chinese 
Hamster ovary cells (Urbatsch et al., 1994) and rat 
liver (Eytan et al., 1994) and also of PDR5 (pleio- 
tropic drug resistance) protein (a homolog of mam- 
malian Pgp) of yeast (Decottignies et al., 1994). The 
detergent extract was chromatographed on anion ex- 
change (DEAE Sepharose CL-6B) resin, and the Pgp 
enriched 0.1 M NaCI eluate was subsequently sub- 
jected to lectin-affinity chromatography. Thus, with 
just two steps, homogeneously (>90%) pure Pgp 
was obtained and two proteolytic fragments of Pgp 
were the major contaminants in the purified fraction 
(Ambudkar, S. V., Lelong, I. H., Zhang, J., Cardarelli, 
C. O., and Park, G., unpublished data). Urbatsch et al. 
(1994) have purified Pgp by single-step chromatography 
on Reactive Red 120 agarose of an octylglucoside 
extract of membranes of highly colchicine-resistant 
Chinese Hamster ovary cells that contain 20-30% 
(w/w) Pgp as a percent of total membrane protein. 
However, the above procedure was not useful for 
the purification of Pgp from b a c c u l o v i r u s - M D R 1 -  
infected insect (Sf9) cell membranes (Ambudkar, S. V., 
Chen, D., Pastan, I., and Gottesman, M. M., unpub- 
lished data). This anomalous behavior may either be 
due to the alteration in posttranslational modifica- 
tion(s) of recombinant Pgp or the lipid composition 
of insect call membranes, or both (Germann et al., 
1990). A combination of anion exchange and immuno- 
affinity chromatography has also been used for the 
isolation of Pgp from Chinese Hamster ovary cells 
(Shapiro and Ling, 1994). Purified human Pgp was 
reconstituted into proteoliposomes prepared from a 
lipid mixture of Escherichia coli bulk phospholipid, 
phosphatidylcholine, phosphatidylserine, and choles- 
terol (60:17.5:10:12.5), either by the detergent- 
dilution method (Ambudkar et al., 1992) or by the 
detergent dialysis followed by Sephadex-G50 chro- 
matography. In proteoliposomes, prepared by either 
method, >90% of Pgp is reconstituted with an 
inside-out orientation (i.e., ATP-binding and cyto- 
plasmic domains exposed to extravesicular medium). 
Thus, these proteoliposomes are most suitable for the 
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characterization of drug-stimulatable ATPase as well 
as ATP-dependent drug transport activities of Pgp. 

P-GLYCOPROTEIN-ASSOCIATED DRUG- 
STIMULATABLE ATPase ACTIVITY 

Earlier studies, following the identification of the 
multidrug resistance phenomenon, indicated that 
treatment with azide resulted in accumulation of 
drugs in multidrug-resistant cells, suggesting the 
involvement of an energy-dependent process (Dano, 
1973). The molecular biological studies including the 
mutational analysis of conserved residues in the 
nucleotide-binding domains further demonstrated 
that the drug efflux is mediated by an ATP-driven 
pump. In recent years the Pgp-associated ATPase 
activity has been biochemically characterized. Crude 
membranes of Sf9 (insect) cells infected with baculo- 
virus-MDR1 (Germann et al., 1990) exhibit high levels 
of vinblastine- or verapamil-stimulated ATPase acti- 
vity ( 3 - 5 # m o l / m i n / m g  Pgp) (Sarkadi et al., 1992). 
The ATPase activity of Pgp in plasma membranes 
from highly drug-resistant Chinese hamster ovary 
cell lines, which overexpress Pgp so that it constitutes 
5-30% by weight of total plasma membrane protein. 
has been characterized (Doige et al., 1992; AI-Shawi 
and Senior, 1993). These cells were selected for resis- 
tance to colchicine at very high concentrations (5- 
30#g/ml) and this might result in the overexpression 
of various mdr genes (i.e., mdrl, mdr3,  and mdr2). 
Thus, the observed ATPase activities may be due to 
Pgps encoded by one or more mdr genes. 

Due to the very high level of P-type ATPases such 
as Na+/K+-ATPase and alkaline phosphatase in 
human carcinoma KB-V1 cells, the Pgp-associated 
ATPase activity could not be measured in the plasma 
membrane vesicles. Thus, we initially separated Pgp 
from other ATPases and phosphatases by anion 
exchange chromatography (Ambudkar et aL, 1992) 
in order to characterize the ATPase activity. The 
partially purified Pgp was reconstituted into proteo- 
liposomes prepared from a lipid mixture of E. coli 
bulk phospholipid, phosphatidylcholine, phosphati- 
dylserine, and cholesterol (Ambudkar et al., 1992). 
Pgp-associated ATPase activity was stimulated only 
by drugs which are known to be its substrates. Purified 
Pgp when reconstituted into proteoliposomes exhibits 
verapamil- or vinblastine-stimulated high levels of 
ATPase activity ranging from 5 to 25 #mol/min/mg 
of protein. The stimulation of ATP hydrolysis by 

the substrate vinblastine is due to an increase in the 
maximal velocity of ATP hydrolytic activity without 
affecting the apparent Km for ATP. These studies 
demonstrate that Pgp can be purified without sig- 
nificant loss of activity and that it exhibits a high 
level of ATP hydrolytic activity similar to other ion- 
translocating ATPases. One of the unexpected find- 
ings is that unlike many ion-translocating ATPases, 
the stimulation by substrates (cytotoxic drugs and 
reversing agents) of ATPase activity of Pgp is not 
observed when the protein is in soluble form in the 
detergent solution. Thus, even though the basal 
ATPase activity of Pgp is preserved in the detergent- 
solution, the stimulation by reversing agent, vera- 
pamil, is not (Fig. 1). This is consistent with the 
observations that the Pgp-ATPase activity in native 
membranes is inactivated by low concentrations of 
detergents (Sarkadi et al., 1992: AI-Shawi and Senior, 
1993). The lack of effect of the hydrophobic agents may 
be due to an interaction of hydrophobic detergent with 
the drug-substrate binding site(s) on Pgp. Alterna- 
tively, the conformation of soluble Pgp may not be 
suitable for substrate-induced activation. The require- 
ment of a membrane environment for the substrate- 
induced stimulation has also been reported for Pgp 
purified from Chinese Hamster ovary cells (Shapiro 
and Ling, 1994: Urbatsch et al., 1994) and other mem- 
bers of the superfamily of ABC transporters such as 
histidine and maltose permeases (Bishop et al., 1989; 
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Fig. l. Drug-stimulated ATPase activity of soluble and reconsti- 
tuted purified P-glycoprotein. Purified human P-glycoprotein was 
reconstituted into proteoliposomes by the detergent-dilution 
method. P-glycoprotein-ATPase activity in detergent solution and 
proteoliposomes, in the presence and absence of 0.1 mM vanadate, 
was measured (Ambudkar et al., 1992). DMSO, dimethylsulfoxide, 
vehicle control; VER, 100 ItM verapamil, Only the vanadate-sensi- 
tive activities are shown. 
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Davidson et al., 1992). It is tempting to postulate that 
this property may turn out to be the diagnostic feature 
of these transporters. 

Several cytotoxic drugs, such as vinblastine, vin- 
cristine, and daunorubicin, and reversing agents such 
as verapamil, and quinidine, stimulate the ATPase 
activity of purified Pgp in a dose-dependent manner. 
However, colchicine is only marginally effective as a 
stimulator of Pgp-ATPase activity even in Chinese 
Hamster cells, which are selected in high concentra- 
tions of this drug (Ambudkar et al., 1992; Sharom et 
al., 1993; Shapiro and Ling, 1994). The reason for this 
discrepancy is not presently known. There is a wide 
variation in the concentrations of drugs required for 
half-maximal stimulation of ATPase activity of 
human or rodent Pgp (Table 1 in Shapiro and Ling, 
1994). As most of the drugs are highly lipid soluble 
and due to the high lipid-to-protein ratio (300-1500) 
of proteoliposomes, a significant portion of drugs may 
be bound to the lipid. Thus, the concentration 
required for half-maximal stimulation may be much 
lower than the observed value. The half-maximal 
stimulation of human Pgp ATPase by verapamil in 
native membranes of NIH3T3 transfectants and in 
proteoliposomes with lipid-to-protein ratios of 
400:1 and 1400:1 is observed at 1, 15, and 35#M, 
respectively (Ambudkar, unpublished data). In addi- 
tion, the properties of Pgp-ATPase may be influenced 
by the nature of lipid composition as well as its 
association with lipid, i.e., whether it is associated 
with membrane fragments or integrated in "transport- 
competent" sealed vesicles. 

The basal or vinblastine-stimulated ATPase 
activity of Pgp is not affected by cations such as K +, 
Na +, N-methyl-D-glucamine, or anions such as CI-, 
SO4-, up to 150mM concentration. However, the 
divalent cation, Mg 2§ is required for the ATPase 
activity and the maximal activity is observed at an 
ATP/Mg 2+ molar ratio of 1:2. The ATPase activity 
and the drug transport by Pgp is inhibited by vana- 
date (Ambudkar et al., 1992; Urbatsch et al., 1994). 
The mechanism of vanadate inhibition of Pgp is not 
clear at present. Sulfhydryl reagents, such as N-ethyl- 
maleimide, also inhibit the Pgp-ATPase activity and 
Mg-ATP protects from such inactivation (Urbatsch et 
al., 1994). This suggests that the sulfhydryl groups 
may be located within the catalytic site. The analysis 
of primary structure indicates that the cysteine residue 
in the Walker A region of both ATP binding domains 
is conserved in all mammalian Pgps encoded either by 
M D R 1  or M D R 2  genes and also in some of the other 

ABC transporters (Chen et al., 1986; Gros et al., 1986; 
Doige and Ames, 1993; Higgins, 1992; and Hyde et 
al., 1990). It is not clear at present whether cysteine(s) 
play a direct role in Pgp function or whether the 
inhibition by maleimides is due to introduction of 
bulky groups in the ATP binding pocket. Directed 
mutagenesis of these cysteines will help to elucidate 
their role in Pgp function. Although it is known that 
the ATP-binding domain alone is sufficient for ATP 
binding, it is not clear whether other parts of the 
molecule, such as the transmembrane region(s), are 
also required for ATP hydrolysis. The availability of 
large quantities of pure ATP-binding domains by 
overexpression in a heterologous expression system 
(see Evans et al., this issue) may help resolve some 
of these issues. 

TRANSPORT OF [3HIVINBLASTINE BY 
PROTEOLIPOSOMES RECONSTITUTED WITH 
PURIFIED P-GLYCOPROTEIN 

During reconstitution, Pgp is incorporated in the 
artificial membrane with inside-out orientation (see 
above). Hence, it is convenient to assay transport 
function by following ATP-dependent accumulation 
of [3H]vinblastine in the proteoliposomes [this is 
equivalent to the efflux of vinblastine from cells]. 
We initially used proteoliposomes prepared by 
the detergent-dilution method (lipid:protein, 1200- 
1500: 1). Although, the drug-stimulatable ATPase acti- 
vity could be measured, we failed to detect ATP- 
dependent vinblastine accumulation, most likely due 
to the high level of nonspecific binding of hydro- 
phobic vinblastine to the phospholipid vesicles. 
Recently, we have used proteoliposomes prepared 
by detergent dialysis followed by Sephadex-G50 
chromatography. By this method the lipid-to-protein 
ratio in proteoliposomes is significantly reduced to 
300-400:1. Proteoliposomes reconstituted with puri- 
fied Pgp accumulated 4 to 5-fold more [3H]vinblastine 
in the presence of ATP and this accumulation is 
totally blocked by vanadate, indicating that the 
hydrolysis of ATP is required for transport. In addi- 
tion, omission of 5 mM MgCI2 from the assay med- 
ium also gave similar results. The radioactivity 
associated with liposomes is not affected by ATP. 
The ATP-dependent drug accumulation reaches a 
steady-state level within 10 min. Vinblastine accumu- 
lation is inhibited significantly by verapamil and 
daunorubicin and only marginally by cholchicine, 
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Fig. 2. Effects of selected drugs on vinblastine transport by 
proteoliposomes. Proteoliposomes containing human pure P-glyco- 
protein were prepared by detergent-dialysis followed by Sephadex- 
G50 chromatography. The ATP-dependent [3H]vinblastine accu- 
mulation by proteoliposomes in the absence or presence of 5ILM 
drug was determined. At steady state in control (DMSO treated) 
protcoliposomes the ATP-dependent vinblastine accumulation level 
was 120 pmol/mg protein. VE R, verapamil: DA UN, daunorubicin: 
COL. colchicine: CAM, camptothecin. 

but not  by camptothecin ,  which is not a substrate for 
Pgp (Fig. 2, A m b u d k a r ,  S.V., et  al., unpublished 
data). This pat tern o f  inhibition is similar to that 
observed with the plasma membrane  vesicles o f  
KB-V1 cells (Hor io  et  al. ,  1988). These proteo-  
l iposomes also exhibited vinblastine-stimulated 
ATPase  activity a l though at a reduced level (3 -  
5 /~mol/min/mg o f  protein). This is p robab ly  due to 
loss o f  activity due to pro longed (18h) incubat ion 
dur ing dialysis. Thus,  these experiments provide com-  
pelling evidence that the purified protein retains its 
biological activity and that Pgp, the M D R  gene pro- 
duct,  functions as a mul t idrug t ransporter .  Similarly, 
Sharom and coworkers  have demons t ra ted  ATP-  
dependent  [3H]colchicine t ranspor t  in proteol ipo-  
somes reconsti tuted with partially purified Pgp f rom 
Chinese Hams te r  ovary  cells (Sharom et  al., 1993). In 
these proteol iposomes about  50% o f  Pgp molecules 
are reconsti tuted with an inside-out orientat ion.  The 
ATP-dependen t  [3H]colchicine t ranspor t  is osmoti-  
cally sensitive and also inhibited by vinblastine, vera- 
pamil, or  daunomycin .  

The detailed kinetic analysis o f  the drug trans- 
por t  process as well as the s toichiometry  o f  A T P  
hydrolysis  and vinblastine t ranspor t  have not  yet 
been determined.  In general, the hyd rophob ic  nature  
o f  Pgp substrates leads to increased nonspecific 
binding to lipid due to the high l ipid-to-protein ratio 
in proteol iposomes.  Thus,  the drug t ranspor t  rate 
in pro teo l iposomes  is significantly underest imated.  In 

addit ion,  the yield o f  pure human  Pgp is quite low at 
present, which makes it difficult to reduce the lipid-to- 
protein ratio in proteol iposomes.  The availability o f  a 
large quant i ty  o f  pure recombinant  Pgp by using a 
heterologous expression system (see Evans et  al., this 
issue) will greatly help to overcome these obstacles 
and to assess the mechanisrn o f d r u g  t ranspor t  by Pgp, 
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