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ABSTRACT: The modulation of P-glycoprotein by protein kinase Ca (PKCa) was examined in a baculovirus 
expression system. PGP was phosphorylated in membrane vesicle preparations in vitro only when coexpressed 
with PKCa, and phosphorylation was Ca2+-dependent and inhibited by the PKC inhibitor Ro 3 1-8220. 
PGP and PKCa were tightly associated in membrane vesicles and were coimmunoprecipitated with antibodies 
against either PGP or PKCa. Photoaffinity labeling of membrane vesicles with [3H]azidopine indicated 
that drug binding to PGP was slightly increased in the presence of PKCa. In contrast, PGP ATPase activity 
was increased by PKCa  as well as by verapamil, but only PKC-stimulated activity in the presence of 
verapamil was inhibited by Ro 31-8220. Mutation of serine-671 to asparagine in the linker region of PGP 
abolished PKCa-stimulated ATPase activity, and also inhibited to a lesser degree verapamil-stimulated 
ATPase activity. These results indicate that PKCa in a positive regulator of PGP ATPase activity and 
suggest that this mechanism may account for the increased multidrug resistance observed in MDR1 - 
expressing cells when PKCa  activity is elevated. 

The hallmarkof multidrugresistance (MDR)' is the reduced 
intracellular accumulation of structurally unrelated natural 
product anticancer drugs such as the anthracyclines, Vinca 
alkaloids, actinomycin D, and epipodophyllotoxins (Beck, 
1987; Gottesman & Pastan, 1988). The MDR phenotype is 
most often associated with the elevated expression of a plasma 
membrane-associated ATP-dependent unidirectional drug 
transporter, P-glycoprotein (PGP) (Hamada & Tsuruo, 1986, 
1988; Kamimoto et al., 1989; Naito et al., 1989). PGP is the 
product of the MDRl gene, a highly conserved multigene 
family that includes two genes in man termed MDRl and 
MDR3 (also called MDR2) (Croop et al., 1988; Ng et al., 
1989; Chinet al., 1989). In MDRcell lines, MDRl expression 
is increased as a result of gene amplification or increased 
transcription (Fairchildet al., 1987; Fojoet al., 1985; Riordan 
et al., 1985; Roninson et al., 1986; Scotto et al., 1986), and 
overexpression of the MDRl gene, but not the MDR3 gene, 
confers MDR (Schinkel et al., 1991). Several studies have 
shown that expression of either the genomic or the cDNA 
sequence of MDRl confers the MDR phenotype to the 
recipient cells (Ueda et al., 1987; Croop et al., 1987; Debenham 
et al., 1982; Gros et al., 1986; Shen et al., 1986; Sugimoto & 
Tsuruo, 1987), although the degree of resistance is generally 
less when compared to drug-selected MDR cells. 

Another phenotypic characteristic of all human MDR cell 
lines is an increase in PKC activity (Aquino et al., 1988,1990; 
Fineetal., 1988;Leeetal., 1992;Melloniet al., 1989;O'Brian 
et al., 1989; Palayoor et al., 1987; Posada et al., 1989a,b). 
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This attribute has been found for PKCa (Lee et al., 1992; 
Posadaetal., 1989a;Blobeetal., 1993;Yuetal., 1991;O'Brian 
et al., 1991), PKCP (Fan et al., 1992), and PKCy (Aquino 
et al., 1990). Since PGP is phosphorylated in several MDR 
cell lines (Carlsen et al., 1977; Center, 1983, 1985; Mellado 
etal., 1987;Myersetal., 1989;Schurret al., 1989)andphorbol 
esters stimulate PGP phosphorylation in intact cells (Yu et 
al., 1991; Bates et al., 1992; Hamada et al., 1987; Chambers 
et al., 1990a,b) and reduce drug accumulation (Chambers et 
ai., 1990a, 1992), it may be inferred that PKC is involved in 
this process. PGP serves as a substrate for PKC in vitro 
(Chambers et al., 1992), and overexpression of PKCa (Yu et 
al., 1991), but not PKCy (Ahmad et al., 1992), increases 
MDR, decreases drug accumulation, and increases phorbol 
ester-dependent phosphorylation of PGP. In contrast, anti- 
sense expression of PKCa in MDR MCF-7/ADR cells reduces 
MDR (Ahmad & Glazer, 1993). Therefore, a substantial 
body of data supports the thesis that PKCa is involved in 
modulating PGP, but the mechanism for this effect has not 
been determined. To investigate the possible modulatory role 
of PKCa on PGP function, a baculovirus expression system 
was developed in which we could examine the interaction of 
these proteins in the absence of other pleiotropic changes which 
occur in MDR cells. 

MATERIALS AND METHODS 

Baculovirus Expression of PGP and PKCa in Sj9 Cells. 
The human MDRl cDNA was generously provided by Dr. 
Merrill Goldsmith, National Cancer Institute, as plasmid 
pMTAdr (Fairchild et al., 1987), and consists of the 3.84 kb 
open reading frame and 424 bp of 5'-untranslated and 382 bp 
of 3'-untranslatedsequences. TheMDR1 cDNA was isolated 
from plasmid pMTAdr by digestion with BamHI followed by 
gel purification. Baculovirus transfer vector pVLl392 (kindly 
provided by Dr. Max Summers, Texas A&M University) was 
digested with BamHI and the MDRl insert ligated into the 
vector with T4 ligase. The orientation of the MDR1 insert 
downstream from the polyhedrin promoter was confirmed by 
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FIGURE 1: Time course of the expression of PGP and PKCa in Sf9 cells. At 12-48 h after infection, Sf9 cells were disrupted by nitrogen 
cavitation, and membrane vesicle and cytosol fractions were prepared by differential centrifugation. Membrane vesicle (20 pg) and cytosol 
(20 pg) fractions were separated by SDS-PAGE, and immunoblotting was carried out as described under Materials and Methods. (A) PGP 
levels in the membrane fraction; (B) PKCa levels in the membrane fraction; (C) PKC levels in the cytosol fraction. PGP and PKCa were 
visualized with monoclonal antibody C219 or with a polyclonal antibody against PKCa, respectively. 

restriction enzyme analysis. The resulting plasmid, pVL- 
MDRl, and linearized mutated proviral DNA from Au- 
tographa californica multiply enveloped nuclear polyhedrosis 
virus (BaculoGold, Pharmingen) were used to cotransfect Sf9 
cells by lipofection (Lipofectin, BRL). Recombinant plaques 
expressing PGP were identified by their occlusion-negative 
morphology and by immunoblotting with monoclonal antibody 
C219 (Centocor). Immunoreactive bands werevisualized with 
the alkaline phosphatase/BCIP/NBT detection system. A 
recombinant bacuiovirus expressing PKCa was prepared as 
described previously (Goswami & Glazer, 199 1). 

Site-Directed Mutagenesis. Plasmid pVL-MDR 1 was 
mutated by the procedure of Deng and Nickoloff (1 992) using 
the protocol supplied with the Transformer size-directed 
mutagenesis kit (Clontech). Codon 67 1, AGT, was mutated 
to AAT to produce a Ser-Asn mutation using the oligo- 
nucleotide 5'-TCC-ACG-GAC-AAT-CCT-ACG-AGT-3'. 
Plasmid selection was based on mutation of the unique Not1 
site, GCGGCCGC to GCTGCCGC, with oligonucleotide 5'- 
TGG-AGC-GGC-AGC-TGC-AGA-TCT-3'. Mutations were 
confirmed by double-stranded sequencing using Sequenase 
(USB). 

Membrane Vesicle Preparation. Cells (2 X lo7) were 
infected with each recombinant virus at 2.5 pfu/cell in 10 mL 
of SF900 medium (Gibco/BRL), and after 1 h, an additional 
10 mL of medium was added. After 48 h, cells were suspended 
in 5 mL of hypotonic buffer (10 mM Tris-HCI, pH 7.5, 10 
mM NaCI, 1.5 mM MgC12, and 2 mM PMSF) and incubated 
on ice for 30 min. Cells were pressurized at 800 psi under 
nitrogen in a Parr cell disruption bomb for 10 min and after 
decompression were centrifuged for 10 min at 500g at 4 "C. 
The supernatant was centrifuged at 1 OOOOOg for 1 h, and the 
cell pellet containing the membrane vesicle fraction was 
suspended in the same buffer containing 0.25 M sucrose, 
divided into aliquots, and kept at -80 "C. 

Phosphorylation of PGP. Membranevesicles were prepared 
from Sf9 cells infected with MDR1 or MDR1 and PKCa. 
Phosphorylation assays were carried out in vitro as described 
by Yu et al. (1991), except that exogenous substrate was 
omitted. In some experiments, the staurosporine analog Ro 
31-8220 (kindly provided by Dr. Geoffrey Lawton, Roche 
Products, Ltd., England) was used to inhibit PKC activity 
(Davis et al., 1992). 

Immunoprecipitation of PGP and PKC. After in vitro 
phosphorylation, the reaction was terminated by the addition 
of 500 pL of immunoprecipitation buffer [ 10 mM Tris-HC1 
(pH 7.4), 150 mM NaCI, 5 mM EDTA, 10% glycerol, and 

1% Triton X- 1001. Immunoprecipitation was carried out with 
the following antibodies: 5 pg of PGP rabbit polyclonal 
antibody 4007 (kindly provided by Dr. Michael Gottesman, 
National Cancer Institute), 1 pg of PGP monoclonal antibody 
MRK16 (kindly provided by Dr. Takashi Tsuruo, Japanese 
Foundation for Cancer Research, Japan), 5 pg of PKCa/f? 
rabbit polyclonal antibody C4 (Aquino et al., 1987) and 1.25 
pg of PKCa rabbit polyclonal antibody (BRL). Immuno- 
conjugates were adsorbed with 20 pL of Protein G-Plus/ 
Protein A-agarose (Oncogene Science) at 4 "C for 1 h on a 
rocking platform,centrifuged at 12000gfor 2 min, and washed 
3 times with immunoprecipitation buffer. Adsorbed immu- 
nocomplexes were suspended in Laemmli sample buffer 
without boiling and separated by SDS-PAGE in an 8% minigel 
(Novex). Samples were transferred to nitrocellulose by 
electroblotting, and antigens were visualized by autoradiog- 
raphy. 

ATPase Activity. ATPase activity was measured by the 
procedure of Sarkadi et al. (1 992) in the presence and absence 
of 10 pM verapamil. In order to determine only PGP- 
associated ATPase activity, the assay mix contained 2 mM 
EGTA (an inhibitor of Ca2+-dependent ATPase), 5 mM 
sodium azide (an inhibitor of F1,F2-ATPase), and 1 mM 
ouabain (an inhibitor of Na+,K+-ATPase). 

Photoaffinity Labeling with [ 3 H j  Azidopine. Membrane 
vesicles were incubated in a buffer containing 10 mM Tris- 
HCI (pH 7.4), 10% PBS, 0.3 mM MgC12, and 3 mM ATP 
containing 4% DMSO and 0.25 pM [3H]azidopine (specific 
activity 44 Ci/mmol; Amersham Corp.) in a final volume of 
0.05 mL as described previously (Safa et al., 1990). The 
reaction mixture was preincubated for 30 min at 25 "C in the 
absence or presence of 50 pM nonradioactive competing ligand 
and then irradiated for 20 min with a UV lamp equipped with 
two 15-W self-filtering 302-nm lamps. Photolabeled mem- 
branes (75 pg of protein/lane) were analyzed directly by SDS- 
PAGEon a 5-1 5% gradient gel containing 4.5 M urea, followed 
by fluorography. 

RESULTS 

Time Course of Expression and Translocation of PGP and 
PKCa. PGP was distributed exclusively in the membrane 
fraction at 12-48 h after infection (Figure 1A). PKCa was 
also distributed in the membrane fraction 24 h after infection 
when expressed either alone or with PGP (Figure lB), but 
PKCa was present mainly in the cytosol at 48 h after infection 
(Figure 1C). PKC activity 48 h after infection was 99.3% 
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Table 1 : Protein Kinase Ca Activity and Distribution in Insect Cells Expressing P-Glycoprotein4 
cytosol membrane 

protein total act. sp act. protein total act. sp act. 
virus (mg of protein) (nmoI/min) [nmol min-’ (mg of protein)-’] (mg of protein) (nmol/min) [nmol min-’ (mg of protein)-’] 

PKCa 5.2 (81.3%) 615 (99.7%) 118 (100%) 1.2 (1 8.7%) 4.3 (0.7%) 3.6 (100%) 
PKCa + PGP 3.8 (82.6%) 189 (97.4%) 50 (42%) 0.8 (1 7.4%) 5.0 (2.6%) 6.3 (175%) 

Baculovirus infection of Sf9 cells and PKC assays are described under Materials and Methods. 
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FIGURE 2: Effect of PKC cofactors and Ro 31-8220 on PGP and 
PKCa phosphorylation in uitro in membrane vesicles. (A) Phos- 
phorylation assays were carried out with 20 pg of protein in the 
presence (+) or absence (-) of either PKC cofactor. An autorad- 
iogram of thedried gel is shown. The arrowhead and arrow represent 
the 1 40-kDa phosphorylated PGPand the 80-kDa autophosphorylated 
PKCa, respectively. (B) Inhibition of PGP phosphorylation by 
inhibitor Ro 3 1-8220. Membrane vesicles were prepared from cells 
infected with PGP and PKCa, and phosphorylation in vitro was 
determined in the presence of Ca2+ and varying concentrations of Ro 
31-8220. The arrowhead and arrow represent the 140-kDa phos- 
phorylated PGP and the 80-kDa autophosphorylated PKCa, re- 
spectively. 

cytosolicand 0.7% membrane-bound (Table 1); however, when 
PKCa was coexpressed with PGP, PKC activity was 97.4% 
cytosolic and 2.6% membrane-bound. Whether this change 
in PKC distribution resulted from PGPexpression or the lower 
expression of PKCa when coexpressed with PGP is uncertain. 

Cofactor Dependence of Phosphorylation and Inhibition 
by PKC Inhibitor Ro 31-8220 in Membrane Vesicles Con- 
taining PCP and PKCa. The requirements for PGP phos- 
phorylation in vitro were examined in membrane vesicles 
containing PKCa and PGP or PGP alone (Figure 2A). No 
phosphorylation of PGP was observed in membranes in the 
absence of PKCa, but PGP phosphorylation as well as PKCa 
autophosphorylation was readily observed in membranes 
containing both proteins. Autophosphorylation of PKC or 
PGP phosphorylation was dependent only on calcium, and 
may reflect membrane integration of PKC and PGP and the 
elimination of a requirement for exogenous phospholipid. In 
order to substantiate that PGP phosphorylation is mediated 
through PKC, in vitro phosphorylation was carried out in the 
presence of the selective PKC inhibitor Ro 3 1-8220 (Figure 
2B). PGP phosphorylation as well as PKC autophosphory- 
lation was inhibited in a dose-dependent fashion. Metabolic 
labeling of Sf9 cells expressing PGP with H332P04 for 3 h 
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FIGURE 3: Immunoprecipitation of PGP or PKCa after phospho- 
rylation in vitro. Membrane vesicles from Sf9 cells infected with 
either PGP (P) or PGP and PKCa (PP) were incubated in vitro with 
[y3*P]ATP and calcium and immunoprecipitated with either 
monoclonal (MRK16)  or polyclonal (4007) antibodies against PGP 
or with polyclonal antibodies against PKCa (PKC)  or the catalytic 
domain of PKC (C4). Samples were separated by SDS-PAGE in 
8% gels and detected by autoradiography. The upper and lower 
bands represent PGP and PKCa, respectively. 

produced low levels of PGP phosphorylation which was greatly 
enhanced in cells expressing both PGP and PKCa (results not 
shown). 

To determine whether PGP and PKCa were tightly 
associated in membranevesicles, membrane vesicles containing 
PGP and PKCa and phosphorylated in vitro were immuno- 
precipitated either with PGP antibodies MRK16 or 4007 or 
with two polyclonal PKC antibodies (Figure 3). MRK16 
and the PKCa antibody (“PKC”) were more effective than 
antibody 4007 and PKC antibody C4 for immunoprecipitating 
PGP-PKCcomplexes, and may be due, in part, to thedifferent 
epitopes recognized by each antibody. Neither MRK16 nor 
the PKCaantibody nonspecifically immunoprecipitated PKCa 
and PGP in membranes expressing either PGP or PKCa, 
respectively (results not shown). These results suggest that 
baculovirus-expressed PGP is a native protein that is tightly 
associated with PKC in membrane vesicles. 

Photoaffinity Labeling of Membrane Vesicles with Azi- 
dopine. To determine whether PKC affected drug binding to 
PGP, PGP was photoaffinity-labeled with [3H]azidopine 
(Figure 4). Membrane vesicles containing both PGP and 
PKC were photolabeled to a slightly greater extent than 
membrane vesicles containing PGP alone (Figure 4). Pho- 
tolabeling in both preparations was completely inhibited by 
unlabeled azidopine, and less effectively by vinblastine, 
doxorubicin, and colchicine. It was also noted that PKC was 
labeled by [3H]azidopine, but this effect could not be 
completely eliminated with unlabeled azidopine, suggesting 
nonspecific binding. Immunoblotting of membrane vesicles 
containing either PGP or both PGP and PKCa indicated that 
the levels of PGP were similar in both instances (results not 
shown). 

A TPase Activity in Membrane Vesicles Containing PCP. 
ATPase activity was measured in membrane vesicles contain- 
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FIGURE 4: Photoaffinity labeling of membrane vesicles containing 
PGP and PKCa with [3H]azidopine. Membrane vesicles were 
preincubated for 30 min at 25 O C  in the absence (-) or presence (+) 
of 50 pM competing ligand before photoaffinity labeling with [3H]- 
azidopine as described under Materials and Methods. Photolabeled 
membranes (75 pg of protein/lane) were analyzed directly by SDS- 
PAGE on a 5-15% gradient gel containing 4.5 M urea, followed by 
autoradiography. Membrane vesicles contained PGP (PGP) or PGP 
and PKCa (PGP+PKCa) or were from KB-V 1 cells (KB-VZ). Large 
arrowhead, PGP; small arrowhead, PKCa. 
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FIGURE 5: Effect of verapamil and Ro 3 1-8220 on ATPase activity 
in membrane vesicles from Sf9 cells expressing either PGP or PGP 
and PKCa. Membranevesicles were prepared by nitrogen cavitation 
and assayed for ATPase activity as described by Sarkadi et al. (1 992). 
Assays were carried out under linear kinetics for 20 min at 37 "C 
with 10 pg of membrane vesicle protein in the presence or absence 
of 10 pM verapamil and varying concentrations of Ro 31-8220. 

ing PGP alone or both PGP and PKCa (Figure 5 )  in the 
presence of sodium azide, ouabain, and EGTA, inhibitors of 
F,,F,-ATPase, Na+,K+-ATPase, and Ca2+-dependent AT- 
Pase, respectively. PGP-associated ATPase activity was 
increased approximately 2-fold when coexpressed with PKCa 
compared to membrane preparations containing PGP alone. 
Moreover, Ro 31-8220 inhibited only verapamil- and PKC- 
stimulated ATPase activity in a concentration-dependent 
manner, but did not affect ATPase activity when stimulated 
by either verapamil or PKC alone. 

To directly determine the dependence of PGP ATPase 
activity on PKC-mediated phosphorylation, Ser67 1 was 
mutated to Asn within a PKC consensus phosphorylation 
sequence in the linker region of PGP (Figure 6). The 
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FIGURE 6: Effect of mutating Ser671 in PGP on PKCa- and 
verapamil-stimulated ATPase activity. Membrane vesicles were 
prepared from Sf9 cells expressing either PGP or PGP and PKCa, 
and assayed for ATPase activity as described in Figure 5. Assays 
were carried out for 30 min in the presence and absence of 10 pM 
verapamil. ATPase activity [nmol min-I (mg of protein)-'] was 108 
for wild-type PGP and 99 for the PGP Ser67 1 mutant, and is expressed 
as a percentage of the activity of wild-type PGP. 

Ser67 1 Asn mutant exhibited a similar level of ATPaseactivity 
as wild-type PGP; however, mutant PGP was resistant to the 
stimulatory effect of PKCa on ATPaseactivity, and exhibited 
an attenuated response to verapamil compared to wild-type 
PGP. 

DISCUSSION 

In the present investigation, a recombinant baculovirus 
expression system was developed in which the effect of PKC 
on two functional properties of PGP could be measured, viz., 
ATPase activity and drug binding. Sf9 insect cells contain 
no endogenous PKC activity or other proteins associated with 
pleiotropic drug resistance and, therefore, represent an ideal 
system in which to evaluate the effects of protein phospho- 
rylation in theabsenceof other interfering factors. Membrane 
vesicles containing PGP alone exhibited verapamil-stimulated 
ATPase activity that was comparable to the activity reported 
by Sarkadi et al. (1 992). However, in addition, we have found 
that ATPase activity is stimulated by PKCa in the presence 
or absence of verapamil and that the effect of PKC is abolished 
by mutation of Ser671 in PGP. The internucleotide linker 
region of PGPcontains several consensus PKC phosphorylation 
sites (Chen et al., 1986). Ser671 is thesiteidentified in human 
PGP that is phosphorylated by PKC in vitro (Chambers et 
al., 1992), and is equivalent to Ser669 identified as the major 
phosphorylation site in murine mdrl b (Orr et al., 1993). Our 
results indicate that Ser671 appears to be crucial for both 
drug-stimulated and PKC-stimulated ATPase activity since 
mutation of Ser67 1 completely negated the stimulatory effect 
of PKCa and partially inhibited the effect of verapamil. In 
addition, the PKC inhibitor Ro 31-8220 abolished PKC 
stimulation of ATPase activity in the presence of verapamil, 
suggesting that the pathways involved in ATPase activation 
by PKC and verapamil are not mutually exclusive despite the 
appearance of additivity. This possibility is further supported 
by the study of Hamada et al. (1 987), who found that verapamil 
stimulated phosphorylation of PGP as much as phorbol esters. 
Since drug transport by PGP is an energy-dependent process 
(Skovsgaard & Nissen, 1982), it is likely that activation of 
ATPase is coupled to drug transport. These results provide 
an explanation for the increased multidrug resistance that is 
accompanied by increased PGP phosphorylation and decreased 
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drug retention in MCF-7 breast carcinoma cells overexpressing 
MDRl andPKCa(Yuet al., 1991),andfor thepartialreversal 
of resistance by antisense PKCa (Ahmad & Glazer, 1993). 

Several studies have used PKC inhibitors to reverse MDR 
(O’Brian et al., 1989; Posada et al., 1989a; Sampson et al., 
1993; Dong et al., 1991), but these effects have been difficult 
to interpret since all of these inhibitors are known to interact 
with PGP and prevent drug binding (Miyamoto et al., 1992; 
Sato et al., 1990; Wakusawa et al., 1992). In addition, 
inhibitors such as staurosporine and H-7 lack PKC selectivity 
(Meyer et al., 1989) and produce cytotoxicity that may be 
unrelated to inhibition of protein kinase activity (Smith et al., 
1988). Despite the fact that inhibitors such as Ro 31-8220 
show greater PKC isoform selectivity (Dieter & Fitzke, 1991), 
their ability to serve as substrates for PGP may pose an 
insurmountable limitation to studies trying to dissect out the 
role of PKC in regulating PGP function. Therefore, the major 
advantage of the baculovirus system is that it permits the 
assessment of the drug binding and ATPase functions of PGP 
independently of its transport function and the influence of 
other pleiotropic factors associated with MDR. 

PGP phosphorylation by PKCa in membrane vesicles was 
Ca2+- but not phospholipid-dependent. This is not an 
unexpected finding since other studies have shown that the 
cofactor requirements of PKC for catalytic activity and 
substrate binding vary considerably depending on the substrate 
(Bazzi & Nelsestuen, 1987; Hyatt et al., 1994) and that 
membrane-associated PKC exhibits changes in its cofactor 
requirements (Bazzi & Nelsestuen, 1988, 1990). Our data 
also indicate that PGP strongly associates with PKCa, and 
although this has not been demonstrated previously in MDR 
cells, PGP was found to cofractionate with an uncharacterized 
phospholipid-dependent protein kinase with the characteristics 
of Ca2+-independent PKC isoforms (Staats et al., 1990). 
Whether this occurs in MDR cells remains to be established. 

Our data suggest that PKC has a slight stimulatory effect 
on substrate binding as measured by photoaffinity labeling 
with azidopine. Germann et al. (1990) reported that Sf9 cell 
membranes containing PGP exhibited less azidopine binding 
than KB-V1 cells, and that vinblastine and vincristine were 
less effective competitors of binding in insect cell membrane 
vesicles compared to KB-V1 cells. We did not observe 
differences in the ability of vinblastine, doxorubicin, or 
colchicine to compete with azidopine in Sf9 cell membranes 
containing either PGP or PGP and PKCa, although they were 
less effective competitors than azidopine. The relative order 
of competition of these drugs for azidopine binding to 
membranes containing PGP and PKCa was azidopine > 
vinblastine > doxorubicin > colchicine, a result that is similar 
towhat was observed previously (Safa et al., 1990). Although 
azidopine binding was lower in Sf9 membrane vesicles than 
in membranes from KB-V1 cells, this effect may be a result 
of either membrane lipid composition or hypoglycosylation of 
PGP in insect cells. A recent study by Schinkel et al. (1993) 
indicated that hypoglycosylation of PGP did not affect its 
ability to confer MDR in mammalian cells, and therefore the 
lipid composition of insect cell vs mammalian cell membranes 
is the most likely cause of the differences observed in drug 
binding (Higgins & Gottesman, 1992). 

Thus, the additive effects of verapamil and PKC suggest 
that PGP can be activated by two, but not necessarily, mutually 
exclusive processes: substrate binding and PGP phosphory- 
lation. Although the mechanism for these effects has not 
been determined, it is likely that PGP phosphorylation results 
in a conformational change in PGP in the linker region which 
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results in enhanced ATP hydrolysis and energy-dependent 
drug transport. We have, in fact, observed increased vin- 
blastine accumulation in vitro using membrane vesicles from 
Sf9 cells phosphorylated by PKC (unpublished results). There 
is precedent for this model for another member of the ATPase 
binding cassette (ABC) protein family, the cystic fibrosis 
transmembrane regulator (Ames & Lecar, 1992), where PKC 
phosphorylation of the R domain (analogous to the linker 
region in PGP) activates its C1- conductance activity (Hwang 
et al., 1989; Picciotto et al., 1992). Thus, PGP becomes the 
second ABC protein to be modulated by PKC. 
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