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SUMMARY

Multidrug-resistant human KB carcinoma cells express a
170,000-dalton membrane glycoprotein (P-glycoprotein) that can
be photoaffinity labeled with the vinblastine analog N-(p-azido-
[3-'2%1]salicyl]-N’{5-aminoethyl)vindesine. Several agents that
suppress the multidrug-resistant phenotype, including N-sola-
nesyl-N,N’-bis(3,4-dimethylbenzyl)ethylenediamine, cepharan-
thine, quinidine, and reserpine, were found to inhibit photo-
labeling of P-glycoprotein at doses comparable to those that
reverse multidrug resistance. However, the phenothiazines chior-
promazine and trifluoperazine, which also effectively reverse

muitidrug resistance, were poor inhibitors of the photoaffinity
labeling of P-glycoprotein. Chloroquine, propranolol, or atropine,
which only partially reversed the drug resistance, also did not
inhibit photolabeling. Naphthalene sulfonamide caimodulin inhib-
itors, W7 and W5, as well as many other drugs that did not
circumvent multidrug resistance, did not inhibit photolabeling.
These studies suggest that most, but not all, agents that phe-
notypically suppress muiltidrug resistance also inhibit drug bind-
ing to a site on P-glycoprotein with which a photoaffinity analog
of vinblastine interacts.

Multidrug-resistant human tumor cell populations pose a
major obstacle to effective cancer chemotherapy (1). Drug-
resistant sublines of human KB carcinoma cells (2, 3) and other
cells (reviewed in Ref. 4) have been established and used to
determine the molecular basis of the multidrug-resistant phe-
notype. Resistance is due to drug efflux (5) resulting from a
membrane glycoprotein of 170,000 daltons (P-glycoprotein) (4)
encoded by the MDR1 gene in human cancer cells (6). The
human (7), mouse (8), and hamster (9) mdr genes have been
sequenced and shown to encode a membrane glycoprotein with
12 transmembrane domains and two nucleotide-binding sites.
Transfer of cloned mouse (10) and human (11) mdr genes
confers multidrug resistance on sensitive cells.

We have previously demonstrated the specific binding of *H-
vinblastine to membrane vesicles from multidrug-resistant cells
and the specific labeling of P-glycoprotein with a photoaffinity
analog of vinblastine; '*I-NASV (12-14). Some drugs that
reverse multidrug resistance, such as the calcium channel
blockers, and quinidine, which is not a calcium channel blocker,
block labeling of P-glycoprotein by '*I-NASV (13, 14). One
possible hypothesis is that agents that reverse multidrug re-
sistance do so by competing with cytotoxic drugs for a binding
site on P-glycoprotein, the drug efflux pump.
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Recent studies have indicated that phenothiazine calmodulin
inhibitors, synthetic isoprenoids, lysosomotropic agents, and
bisbenzylisoquinoline alkaloids also overcome multidrug resist-
ance in multidrug-resistant KB cells (15-18). All of these agents
inhibit the active efflux of anticancer drugs (15-18). Although
the mechanism by which these agents overcome multidrug
resistance is not known, they are all amphipathic, lipophilic
drugs that could react with a site or sites on P-glycoprotein
similar to that with which cytotoxic drugs interact. In this
study, we report that most, but not all of these agents, inhibit
the photoaffinity labeling of P-glycoprotein in membrane ves-
icles prepared from multidrug-resistant human KB cells.

Materials and Methods

Cell culture and cell lines. Human epidermal KB carcinoma cells
were obtained from the American Type Culture Collection (Rockville,
MD). The multidrug-resistant mutant KB-V1 was selected with in-
creasing concentrations of vinblastine and maintained as described
previously (2, 3).

Membrane vesicle preparation. Membrane vesicles from KB-V1
cells were prepared as described (12, 19) from cells grown in 24 X 24
cm dishes (GIBCO) under standard growth conditions (2, 19). Protein
concentrations were determined by the method of Bradford (20).

Photoaffinity labeling. Membrane vesicles were incubated with
3.8 uM "»I-NASV (5 X 10° dpm) (13, 21) for 15 min at room temperature
in the presence or absence of various drugs. After continuous irradiation

ABBREVIATIONS: P-glycoprotein, membrane glycoprotein of 170,000 daltons; '?5I-NASV, N p-azido-[3-'%I]salicyl-N’{8-aminoethyl)vindesine; SDB-
ethylenediamine, N-solanesyl-N,N’-bis(3,4-dimethyibensyl)ethylenediamine; W7, N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide.
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of samples at 366 nM for 20 min at 25°, samples were solubilized in
sodium dodecy! sulfate sample buffer as described by Debenham et al.
(22).

Sodium dodecy! sulfate gel electrophoresis. Samples labeled
with 'I-NASV were fractionated by electrophoresis on an sodium
dodecyl sulfate/polyacrylamide/urea gel using a modification of the
system described by Debenham et al. (22) on a 5% polyacrylamide/4.5
M urea gel, pH 7.6, without a stacking gel. Proteins were stained with
Coomassie blue [0.25% in 50% (w/v) trichloroacetic acid].

Drugs and chemicals. Cepharanthine was obtained from Kaken
Pharmaceutical Co., Ltd. (Osaka, Japan). SDB-ethylenediamine was
synthesized, purified, and used as described previously (13). W7 and
W5 were gifts of Drs. H. Hidaka and T. Tanaka (Mie University).
Other agents were purchased from Sigma Chemical Co. (St. Louis,
MO). Structures of some of these agents are shown in Fig. 1.

Resuits

The 150- to 170-kDa P-glycoprotein in membrane vesicles
from a multidrug-resistant KB cell line, KB-V1, is specifically
labeled with '*I-NASV (Fig. 2, first lane in each panel). This
protein is overexpressed in multidrug-resistant cell lines, and
it is not detectable in drug-sensitive parental or revertant cells
by photolabeling (13, 14). In Fig. 2, we show that cationic and
amphipathic or lipophilic agents, such as SDB-ethylenedia-
mine, cepharanthine, and phenothiazine calmodulin inhibitors,
which can completely overcome multidrug resistance in human
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Fig. 1. Structural formulas of some drugs used in this study.
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KB cells (15-18), inhibit the photolabeling of P-glycoprotein
in KB-V1 vesicles. Cepharanthine and SDB-ethylenediamine
at 10-100 uM almost totally inhibited the photolabeling activ-
ity. The phenothiazine, thioridazine, at 200 uM only partially
inhibited this activity (Fig. 2). The calmodulin inhibitor W7,
which cannot reverse drug resistance, did not inhibit photo-
labeling even at 200 uM.

Reserpine and quinidine are known to reverse drug resistance
in P388 mouse leukemia cells (23, 24). They also inhibited the
photolabeling of P-glycoprotein in KB-V1 vesicles. Quinine, a
stereoisomer of quinidine, inhibited photolabeling about 10-
fold less efficiently than quinidine.

The data were quantitated by cutting out gel slices corre-
sponding to the bands on the autoradiograms to determine
their content of radioactivity (Fig. 3). SDB-ethylenediamine,
reserpine, and quinidine inhibited photolabeling at concentra-
tions similar to that of vinblastine, with half-maximal inhibi-
tion of the labeling between 1 and 10 uM. This concentration
range is similar to the range at which these agents reverse
multidrug resistance (Table 1). In contrast, a phenothiazine
calmodulin inhibitor, thioridazine, inhibited photolabeling to
about 50% at 100 uM, whereas it overcame multidrug resistance
at 5 uM. Chloroquine, a cationic and amphipathic lysosomo-
tropic agent, partially overcomes multidrug resistance at 6 uM
(14), but it did not inhibit photolabeling even at 100 uM (Table
1). Other lysosomotropic agents that partially reverse drug
resistance, atropine, atenolol, and propranolol, also did not
inhibit photoaffinity labeling. Nifedipine, a potent calcium
channel blocker which is a poor reversor of drug resistance, was
also a poor inhibitor of photoaffinity labeling. Colchicine, a
drug to which multidrug-resistant cells are cross-resistant, did
not inhibit photoaffinity labeling at a concentration of 100 uM
(13).

As summarized in Table 2, we also investigated many other
agents that do not reverse multidrug resistance, including dex-
amethasone, amiloride, choline chloride, cyanin 863, probene-
cid, p-aminohippuric acid, epinephrine, and norepinephrine.
None of these drugs showed any inhibition of the photoaffinity
labeling even at 100 uM concentration.

Discussion

In this work we screened a series of agents known to reverse
the multidrug-resistant phenotype in human KB cells for their
ability to inhibit **I-NASV labeling of the 150- to 170-kDa P-
glycoprotein in membrane preparations from multidrug-resist-
ant cells. We had previously shown that verapamil (13, 14),
diltiazem, desmethoxyverapamil, and quinidine (14), which re-
versed drug resistance, efficiently inhibit P-glycoprotein label-
ing by 'I-NASV, and we wanted to determine whether this
was a general phenomenon. The results demonstrate that most
agents that can reverse multidrug resistance also inhibit '*I-
NASYV labeling. The specificity of the inhibition of *I-NASV
labeling was demonstrated by showing that many other com-
pounds that do not reverse drug resistance, including amines
and other hydrophobic agents such as dexamethasone, did not
inhibit labeling (Table 2).

Many agents that reverse drug resistance, such as reserpine,
SDB-ethylenediamine, and cepharanthine, are not calcium
channel blockers. Nifedipine, a potent calcium channel blocker,
is a poor reversor of drug resistance. Thus, the results reported
in the current study support our earlier conclusions that the
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Fig. 2. The inhibition of '**I-NASV labeling of the 150- to 170-kDa P-glycoprotein in KB-V1 vesicles by various agents. KB-V1 vesicles (190 ug of
protein per lane) were incubated with '*I-NASV in the absence or presence of the indicated concentrations of the drugs. Autoradiograms were
developed after a 16-hr exposure. Molecular size markers at the /eft are in kilodaltons.
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abilities to reverse drug resistance and to inhibit 'ZI-NASV
labeling are not directly related to calcium channel blockade
(14). All of the reversing agents have been shown to increase
accumulation of toxic drugs in multidrug-resistant cells. Some
of the drugs that reverse resistance (i.e., verapamil, diltiazem,
and desmethoxyverapamil) have been shown to bind specifi-
cally to membranes from multidrug-resistant cells, presumably
to P-glycoprotein (14). Therefore, it seems likely that the
mechanism of action of some or all of these agents is to bind
to P-glycoprotein and to inhibit binding of the drugs to which
the multidrug-resistant cells are resistant. We presume that
the hydrophobic character of the reversing agents allows them
to bind to P-glycoprotein and inhibit '*I-NASV labeling, per-
haps by competing for the same sites as the drugs that are

100

substrates for this efflux pump. Recently, Safa et al. (25) have
demonstrated directly that *H-azidopine, a dihydroperidine
calcium channel blocker which can reverse multidrug resist-
ance, binds directly to P-glycoprotein, and this binding could
be inhibited by vinblastine and other calcium channel blockers.

Three phenothiazines (thioridazine, trifluoperazine, and
chlorpromazine) and the lysosomotropic agent chloroquine are
moderately effective at overcoming drug resistance but do not
inhibit '*I-NASV labeling at concentrations at which they
reverse resistance. One possibility is that these agents act in
different ways to reverse multidrug resistance, such as by
interacting with a polar lipid (18) and changing the environ-
ment of the membrane in which the P-glycoprotein transport
system is functioning. A second possibility is that these agents
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TABLE 1
Concentration of agents that overcome multidrug resistance and
inhibit photolabeling by **1-NASV
Concentration for 50% inhibition
Agents To overcome To inhibit
multidrug photoaffinity
resistance labeling
uM
SDB-ethylenediamine 18-53 10
Cepharantine 3-5 1-10
Reserpine 10 1-10
Quinidine 3-10 1-10
Thioridazine 3-5 100
Trifluoperazine 3-5 >20
Chiorpromazine 6-9 >20
Chloroquine 3-6 >100
TABLE 2

inhibition of **1-NASYV labeling of P-glycoprotein

Reversing agents that are Agents that do not reverse drug resistance with no effect
effective inhibitors on "31-NASV labeling
SDB-ethylenediamine W7 Cyanm863
Cepharanthine w5
Quinidine Dexametha- p-Ammohappuncaad
sone

Quinine Amiloride Epinephrine
Reserpine Choline chioride  Norepinephrine

interact with P-glycoprotein at a site different from the one
which binds '*I-NASV or that they interact at a P-glycoprotein
site which results in no inhibition of labeling under the condi-
tions of the in vitro labeling assay. The existence of a second
drug-binding site or a site that is not recognized under in vitro
assay conditions is suggested by the observation that colchicine,
to which multidrug-resistant cells are highly resistant, also does
not inhibit **[-NASV labeling or vinblastine binding (12, 13).
Colchicine is presumed to be transported by P-glycoprotein,
since cells into which the cloned mdr1 gene has been transfected
become resistant to colchicine as well as vinblastine (11).

These results suggest that it is possible to screen for agents
that might overcome multidrug resistance by measuring inhi-
bition of '*I-NASV labeling of P-glycoprotein. This assay is
much quicker than tissue culture assays for agents that reverse
drug resistance. Some agents, however, will be missed by this
screen. Other assays, based on inhibition of labeling by photo-
affinity analogs of drugs such as colchicine, may reduce the
false negative rate of this assay.
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