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SUMMARY
P-glycoprotein is an energy-dependent drug extrusion pump
for a variety of anticancer drugs and is involved in the devel-
opment of multidrug resistance in cancer. Dexniguldipine-HCI
is a potent chemosensitizer for P-glycoprotein-mediated mul-
tidrug resistance in vitro, and clinical phase I/Il trials are under-
way. To investigate the mechanisms of chemosensitization and
to identify the binding sites for dexniguldipine-HCI on target
proteins involved in chemosensitization, rH]B9209-005, an
azido derivative of dexniguldipine-HCI, was synthesized and
used as a photoaffinity ligand. In two models of multidrug
resistance reversal, i.e., sensitization to vincristine and modu-
lation of rhodamine-1 23 uptake, B9209-005 and dexniguldip-
ine-HCI showed identical biological activities. Photoaffinity Ia-
beling experiments with [#{176}H]B9209-005 in cell membranes
from multidrug-resistant CCRF ADR-5000 cells, in comparison
with labeling experiments with [�H]&idopine (an established
photoaffinity ligand for P-glycoprotein), showed that

rH]B9209-005 labeled two proteins, with apparent molecular
masses of 1 70 and 95 kDa. The pharmacological specificity of
labeling was demonstrated by inhibition of photoincorporation
by several cytostatic drugs transported by P-glycoprotein, as
well as by chemosensitizers. Immunoprecipitation of the Ia-
beled proteins with the P-glycoprotein-specific monoclonal an-
tibody C 21 9 and with a site-directed polyclonal antibody to the
amino-terminal sequence of P-glycoprotein (amino acids 389-
406) identified these proteins as intact P-glycoprotein and the

amino-terminal fragment thereof. No specific labeling was ob-
tamed in the drug-sensitive parent cell line CCRF-CEM, which
is devoid of significant P-glycoprotein expression. Maximal
labeling of 1 7 pmol of the 1 70-kDa protein/mg of crude mem-

brane protein was obtained. The affinity of [3H]B9209-005 for
binding to and photoincorporation into P-glycoprotein was
5-fold greater than that of [�H]azidopine, and photoincorpora-
tion of [3H]B9209-005 showed a different photoincorporation
pattern, compared with [�‘H]azidopine, in that the latter corn-
pound was incorporated specifically into the carboxyl-terrninal
55-kDa fragment of P-glycoprotein. In contrast to [3H]azidop-
me, no specific labeling of this fragment was obtained with

rH]B9209-005, indicating different binding sites for or different
photoincorporation of the two dihydropyridine ligands. Be-

cause B9209-005 carries the photoreactive azido group in the
dihydropyridine moiety, whereas the azido group of azidopine
is located in the side chain, these results suggest that the
dihydropyridine moiety of the two compounds probably inter-
acts with the amino-terminal part of P-glycoprotein, whereas
the side chains react preferentially with the carboxyl-terminal
55-kDa fragment. The data clearly show that the chemosensi-
tizing potency of dexniguldipine-HCI is due to direct interaction
of dexniguldipine-HCI with and inhibition of P-glycoprotein.
Furthermore, [‘H]B9209-005 is a valuable ligand for the iden-
tification, at the molecular level, of the dexniguldipine-HCI binding
sites on P-glycoprotein.

Drug resistance is a major problem in the treatment of

cancer. Initially sensitive tumors often develop drug resis-
tance during multiple cycles of chemotherapy, whereas some
tumors are intrinsically resistant to chemotherapy. A variety

of mechanisms can lead to resistance, such as reduced cellu-

lar drug accumulation, increased detoxification, intracellular
vesicularization of drugs, altered enzymatic activities, up- or
down-regulation of targets, and enhanced DNA repair (i-3).

One important mechanism leading to cross-resistance to

chemically unrelated cytostatic drugs is the expression of

P-glycoprotein in the membranes of tumor cells (4, 5). P-

glycoprotein is an ATP-dependent drug efflux pump that

transports a variety of different cytostatic drugs out of the

cells, resulting in low and ineffective intracellular drug con-

centrations and in multidrug resistance (6).

As deduced from the cDNA sequence, human P-glycopro-

tein consists of i280 amino acids (7) and is composed of two

homologous halves with hydrophobic and hydrophilic do-

mains. Structural features derived from hydropathy plots

suggest a membrane topology of i2 transmembrane seg-
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Fig. I . Chemical structures of rH]azidopine (top) and rH]B9209-005
(bottom). Dexniguldipine-HCI carries a nitro group instead of the azido
group in position 3 of the phenyl ring.
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ments (8, 9), although other structures have also been pro-

posed ( 10, 1 1). The amino-terminal half of the protein is

composed oftransmembrane segments i-6, whereas the car-

boxyl-terminal halfincludes transmembrane segments 7-i2.

Each homologous halfofthe protein contains an ATP-binding

cassette. Hydrolysis of ATP provides the energy source for

transport of cytostatic drugs and other compounds such as

rhodamine-i23 and various lipophilic dyes (i2, i3). The sub-

strate specificity of P-glycoprotein is rather broad and in-

cludes Vinca alkaloids, anthracyclines, colchicine, and the

taxanes.

Reversal of multidrug resistance is of major clinical con-

cern, and chemosensitizers, which block P-glycoprotein activ-

ity, are being intensively investigated for clinical use ( i4) (for

review, see Ref. i5). A number of chemically diverse com-

pounds were shown to reverse multidrug resistance in vitro

by blocking the P-glycoprotein pumping function. The hith-

erto best characterized compound is verapamil, with which a
first clinical trial was reported in i984 (i6). Other com-

pounds with promising in vitro activity are cyclosporin A

(reviewed in Ref. i5), SDZ PSC 833 (i7), S9788 (i8), and the

dihydropyridine derivative dexniguldipine-HCI (i9).

Photoaffinity labeling is a valuable technique for the eval-

uation of drug binding sites and the elucidation of the func-

tion of P-glycoprotein. An often used photoaffinity labeling

agent for P-glycoprotein has been 13H}azidopine (20), another

dihydropyridine derivative, which is an effective label for

L-type Ca2 � channels and has shown some affinity for P-

glycoprotein. Azidopine binding sites have been associated

with two distinct regions of P-glycoprotein, with one site

being within the amino-terminal half of the protein, between

amino acids i98 and 440, and the other site being in the

carboxyl-terminal halfofthe protein (2i). An azidopine bind-

ing site on murine P-glycoprotein, encoded by the mouse

mdr-lb gene, was identified near transmembrane segments

ii/i2 (22, 23).

To investigate the mechanism of multidrug resistance re-

versal by the new chemosensitizer dexniguldipine-HC1, and

to identify its binding sites on P-glycoprotein, a photoaffinity

derivative of dexniguldipine-HC1, B9209-005, was synthe-

sized (Fig. i). In this derivative, the nitro group in the phe-

nyldihydropyridine moiety was replaced by the photolabile

azido group. In contrast to azidopine, in which the photore-

active azido group is located in the side chain of the dihydro-

pyridine moiety, B9209-005 carries this group at position 3

of the phenyl ring in the 4-phenyldihydropyridine moiety.

Therefore, comparative photoaffinity labeling with [3Hlazi-

dopine and [3H1B9209-005, two dihydropyridine derivatives

carrying the photoreactive group in two different pharma-

cophores (the dihydropyridine moiety and the side chain), is

expected to provide valuable information for evaluation of

the dihydropyridine binding site on P-glycoprotein.

Materials and Methods

Chemicals and supplies. [3HlAzidopine was from Amersham
(Braunschweig, Germany). The monoclonal antibody C 2i9 was pur-

chased from Centocor (Malvern, PA). Fetal calf serum and Triton

x-100 were from Boehringer (Mannheim, Germany). Adriamycin

was purchased from Farmitalia (Freiburg, Germany). Anti-mouse

IgG-agarose, RPMI 1640 medium, gentamicin, BSA, daunomycin,
vincristine, vinbiastine, methotrexate, campthotecin, taxol, and

verapamil were from Sigma (Deisenhofen, Germany). Ara-C (Alexan)

was purchased from Mack (Illertissen, Germany). All other chemi-

cals were from commercial suppliers and were of the highest avail-

able purity. The structure of B9209-005 [3-[3-(4-[3H]phenyl-4-

phenyl- 1-piperidinyl)propyl]-5-methyl-4(R)-(3-azidophenyl)- 1,4-

dihydro-2,6-dimethylpyridine-3,5-dicarboxylatej is shown in Fig. 1,

together with the structure of [3H]azidopine. 13H]B9209-005 was

prepared by tritium exchange in the precursor compound 4,4-

diphenylpiperidine. A specific radioactivity of 414 GBq/mmol (11.2

Cilmmol) was obtained.

Cell lines and cell culture. The human T lymphoblastoid cell

line CCRF-CEM was obtained from the American Type Culture

Collection (Rockville, MD). The selection of the multidrug-resistant

CCRF-CEM sublines CCRF VCR-i000 and CCRF ADR-5000 has
been reported elsewhere (24). Cells were propagated at 37#{176}in a 5%

CO2 atmosphere in RPMI 1640 medium containing 10% fetal calf

serum, 2 mM glutamine, and 50 j.tg/ml gentamicin. Stock cultures

were grown in the presence of 5000 ng/ml Adriamycin (CCRF ADR-

5000) or 1000 ng/ml vincristine (CCRF VCR-i000).
Preparation of plasma membranes. All steps for membrane

preparation were carried out at 4#{176}.Cells were homogenized with a
Teflonlglass homogenizer in lysis buffer containing 10 mM TrisHCl,

pH 7.4, 10 mM NaCl, and 1.5 mM MgC12, in the presence or absence

of 0.1 mM PMSF. After centrifugation at 300 >< g for 10 mm, the
supernatant was centrifuged twice at 4000 x g for 20 mm and at

35,000 x g for 1 hr. The resulting pellets were resuspended in lysis
buffer containing 50% glycerol, and protein content was determined

by a bicinchoninic acid assay (Pierce, Rockford, IL), using BSA as a

standard.

Cellular proliferation. For monitoring of cellular proliferation,

a modification of the original MTT colorimetric assay was used (25),

by plating 40,000 cells in 80 pJ of medium in microtiter plates.

Chemosensitizers were dissolved in DMSO at a concentration of 10

mM and diluted with medium. Ten microliters of cytostatic agents

and 10 �l ofchemosensitizers were then added to achieve the desired
concentrations in the test solution. All concentrations were assayed
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in triplicate. After a 3-day incubation in a humidified 5% CO2 atmo-

sphere at 37#{176},the plates were analyzed by the MTT test. Ten micro-

liters of tetrazolium dye (final concentration, 0.5 mg/ml) were added

to each well and incubated for 4 hr. After centrifugation for 5 mm at

200 x g, 60 pA of the supernatant were discarded and DMSO was

added to the cells to achieve a final volume of 200 pl After 1 hr of

incubation, the formation of formazan was quantified spectrophoto-

metrically at a wavelength of 540 nm.

Rhodamine-123 accumulation. Cells were centrifuged at 100 x

g for iO mm and resuspended in serum-free RPMI 1640 medium in

the presence of iO mM HEPESINaOH, pH 7.3. Cells (200,000 cells!

sample) were incubated for 30 mm at 37#{176},in a total volume of 1 ml,

in the presence of chemosensitizers or solvent (DMSO). Glass tubes

were used for all experiments, to avoid underestimation of the po-

tency of the lipophilic dihydropyridines (26). Rhodamine-123 was

added to achieve a total concentration of 0.8 mg/liter, and incubation
was continued for 60 mm. Cells were analyzed on an Epics Profile II

fluorescence-activated cell sorter (Coulter, Krefeld, Germany). The

excitation wavelength was 488 nm, and cell-associated rhodamine-
123 fluorescence was measured at 520 nm. Concentration-response

curves were constructed for each chemosensitizer. The concentration

leading to a half-maximal increase of cell-associated rhodamine-i23

(EC50) was calculated by fitting a sigmoidal curve to the data.

Photoaffinity labeling and fluorography. Membranes (0.6

mg/ml) were incubated in phosphate-buffered saline, pH 7.4, for 1 hr

at room temperature in the dark, in the presence of [3H]B9209-005

or [3H]azidopine. Irradiation was performed with a UV lamp (Ca-

mag, Berlin, Germany) at 366 nm for 20 mm at 4#{176},at a distance of 10

cm. For separation of photolabeled proteins by SDS-polyacrylamide

gel electrophoresis (27), 40-s.d aliquots ofthe irradiated mixture were

diluted i/i in sample buffer (0.i25 M TrisHCl, pH 6.8, 5% J3-mercap-

toethanol, 2% SDS, 0.01% bromphenol blue, 50% glycerol) and ap-

plied to 8% SDS-polyacrylamide gels. Gels were cut into i-mm slices,

and radioactivity was eluted by a 3-hr incubation in Biolute S (Zin-

sser, Frankfurt, Germany) at 50#{176}.Radioactivity was quantified by

liquid scintillation counting. When fluorography was used for mea-
surement of photoincorporation, whole gels were incubated with

Amplify (Amersham) for 30 mm and dried on filter paper. Dried gels
were applied to Hyperfllm (Amersham) for iO days at _800. Radio-

activity was quantified by densitometric tracing of the fluorograms.

Production of polyclonal antisera. A peptide corresponding to

amino acids 389-406 of human P-glycoprotein was synthesized by
solid-phase synthesis. After purification by high performance liquid

chromatography, the peptide was characterized by electrospray and

plasma desorption mass spectrometry. The peptide was coupled to

BSA with glutaraldehyde. Rabbits were immunized with 100 nmol of

peptide in complete Freund’s adjuvant and were boosted every 3

weeks. Antibody titers versus solid phase-bound peptides were

tested by enzyme-linked immunosorbent assay. After high titers

were obtained, sera were collected and stored. Specificity of the

antibodies was tested in Western blots with membranes of CCRF

ADR-5000 cells.

Immunoprecipitation. Fifty microliters of photolabeled mem-

branes (30 �.Lg) were solubilized with iO Ml of 2% SDS, heated for 3
mm at 95#{176},and incubated for 30 mm at room temperature. The

mixture was diluted 20-fold with buffer (0.1% Triton X-iOO, 25 mM

ThsHCl, pH 7.8, i50 mM NaCl, 0.5 mg/ml globulin-free BSA), incu-

bated for 30 nun at 4#{176},and centrifuged at 15,000 x g for 30 mm at 4#{176}.

Solubilized membranes were incubated for 2 hr at room temperature

with immobilized antibodies bound to Protein A-Sepharose beads

(Pharmacia, Uppsala, Sweden) (for antibody AB 389) or anti-mouse

IgG-agarose beads (for antibody C 219). Beads were washed twice

with the buffer described above and then three times with BSA-free

buffer. Bound proteins were eluted from the beads by incubation in

electrophoresis sample buffer and were separated by SDS-polyacryl-

amide gel electrophoresis.

Results

Activity of B9209-005 as a chemosensitizer of multi-

drug resistance. Dexniguldipine-HC1 has been shown to

possess strong multidrug resistance-reverting potency in

various in vitro models of multidrug resistance. To obtain the

photoreactive derivative �3H1B92O9-O05, the nitro group in

position 3 of the phenyl ring in the 4-phenyldihydropyridine

moiety was replaced by an azido group, as shown in Fig. i.

Before this compound could be used as a photolabel, it was

necessary to establish that the biological activity was unaf-

fected by the structure modification. The chemosensitizing

potencies of B9209-005 and dexniguldipine-HC1 to sensitize

multidrug-resistant CCRF ADR-5000 cells to vincristine (as

an established substrate for P-glycoprotein) were determined

and compared with that of azidopine. Cellular proliferation

was measured by using a 3-day colorimetric MTT test. For

CCRF ADR-5000 cells and CCRF-CEM cells, dose-response

curves for vincristine were generated in the absence or pres-

ence ofchemosensitizers. In the absence of chemosensitizers,

IC50 values of 0.7 ng/ml and 4.4 �.tg/ml were determined for

vincristine in CCRF-CEM cells and CCRF ADR-5000 cells,

respectively, corresponding to a 6285-fold vincristine resis-

tance in CCRF ADR-5000 cells. Vincristine dose-response

curves in CCRF ADR-5000 cells were then determined in the

presence of B9209-005, dexniguldipine-HC1, and azidopine.

All compounds sensitized CCRF ADR-5000 cells to the cyto-

static effect of vincristine, with a concomitant decrease of

vincristine IC50 values. The chemosensitization was dose

dependent and showed complete reversal of vincristine resis-

tance in the presence of high concentrations of chemosensi-

tizers. Fig. 2 shows the reversal of vincristine resistance in

CCRF ADR-5000 cells by B9209-005, dexniguldipine-HC1,

and azidopine. EC50 values of 1.95, 1.55, and 6.3i �iM were

calculated for B9209-005, dexniguldipine-HCI, and azido-

pine, respectively. Thus, B9209-005 and dexniguldipine-HC1

showed almost identical activities for multidrug resistance

reversal, whereas azidopine was 3-4-fold less effective.

log drug [mci/I]

Fig. 2. Reversal of vincristine resistance in CCRF ADR-5000 cells by
B9209-005 (#{149}),dexniguldipine-HCI (C), and azidopine (A). Reversal of
resistance was calculated as follows. The difference between vincris-
tine log IC50 values in CCRF ADR-5000 cells and in CCRF-CEM cells
equals 100% resistance. The modulator-mediated shifts of the log IC50
values at different chemosensitizer concentrations in the resistant cell
line, toward the values for the sensitive cell line, were taken into relation
to the 100% resistance value and give the percentage of inhibition at
the particular concentration of chemosensitizer.
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The increase in rhodamine-i23 accumulation in P-glyco-

protein-overexpressing and multidrug-resistant cells was de-

termined as a further sensitive test system for evaluating the

potency of chemosensitizing compounds. B9209-005, dcx-

niguldipine-HC1, and azidopine elevated the cellular rhoda-

mine-i23 content in resistant and P-glycoprotein-positive

CCRF VCR-i000 cells in a dose-dependent manner, as shown

in Fig. 3 by the corresponding dose-response curves. Identical

EC50 values of 80 nM were obtained for B9209-.005 and

dexniguldipine-HC1, whereas azidopine yielded a i3-fold

higher EC50 value (i jiM). These results demonstrated iden-

tical biological activities for B9209-005 and the parent com-

pound dexniguldipine-HC1, thus suggesting similar binding

sites. Azidopine was only a weak chemosensitizer in both test

systems.

Photoaffinity labeling of P-glycoprotein. Fig. 4 shows

the photoaffinity labeling pattern of crude membranes de-

rived from multidrug-resistant and P-glycoprotein-positive

CCRF ADR-5000 cells with [3H1B9209-005 and [3H]azido-

pine. After photoaffinity labeling, membrane proteins were

separated by SDS-polyacrylamide gel electrophoresis.

[3H1B9209-005 predominantly labeled four proteins, with

apparent molecular masses of i70 kDa, 95 kDa, 55 kDa, and

38 kDa (i2 experiments) (Fig. 4a). Photoincorporation into

these proteins was quantified by calculating the area under

the peak after subtraction of the background labeling. When

photoaffinity labeling experiments were carried out in the

presence of iO �tM dexniguldipine-HC1, labeling of the i70-

kDa and 95-kDa proteins was reduced to i7 ± 9% (three

experiments), whereas labeling of the 55-kDa proteins re-

mained almost unchanged. A slight reduction of photolabel-

ing to 66 ± i4% (three experiments) was seen for the 38-kDa

protein in the presence of iO j.tM dexniguldipine-HC1. Dcx-

niguldipine-HC1 at 100 �tM completely inhibited photoincor-

poration into the i70- and 95-kDa proteins and reduced

photolabeling of the 38-kDa protein to 5i%. Vinblastine at

concentrations of up to iOO �tM did not inhibit photaffinity
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Fig. 3. Modulation of rhodamine-1 23 accumulation in multidrug-resis-
tant CCRF VCR-1000 cells by B9209-005, dexniguldipine-HCI, and
azidopine. CCRF VCR-1000 cells were incubated with rhodamine-123

in the presence of increasing concentrations of B9209-005 (#{149}),dex-
niguldipine-HCI (0), or azidopine (A). Cellular rhodamine-123 content
was determined at the single-cell level by fluorescence-activated cell
sorting, as described in Materials and Methods. EC50 values of 80 nM
were obtained for B9209-005 and dexniguldipine-HCI. For azidopine
an EC50 value of 1 jiM was obtained.

T�7\:

� p

a

I I I

Fig. 4. Photoaffinity labeling of crude plasma membranes from CCRF
ADR-5000 and CCRF-CEM cells. Plasma membranes (24 �tg) from
CCRF ADR-5000 (0, #{149})and CCRF-CEM (Lx) cells were photolabeled
with I �.tM �H]B9209-005 (a) or 0.3 j�M PHiazidopine (b), in the absence

(#{149})or presence of 10 �tM (a, 0) or 30 jtM (b, 0) unlabeled dexniguldi-
pine-HCI. Plasma membrane proteins were separated on 8% polyacryl-
amide-SDS gels. Gels were cut into 1 -mm slices and radioactivity was
quantified by liquid scintillation counting. Numbers at the top, molec-
ular mass standards (in kDa).

labeling of the 55- and 38-kDa proteins (data not shown). A

ratio of approximately 1: 1 for photoincorporation into the

i70-kDa and 95-kDa proteins was found. The presence of

PMSF during membrane preparation and photoaffinity label-
ing by [3H]B9209-005 increased photoincorporation into the

i70-kDa protein by approximately 42 ± 8%, with a concom-

itant 34 ± 7% (three experiments) decrease in the labeling of

the 95-kDa protein, whereas labeling of the 55-kDa protein

remained unchanged.

Identical experiments performed with [3Hlazidopine

yielded labeling of three proteins, with apparent molecular

masses of i70, 95, and 55 kDa (eight experiments) (Fig. 4b),

whereas the presence of 30 �M dexniguldipine-HC1 com-

pletely suppressed photoincorporation into these proteins. A

ratio of 1:0.1:0.4 for photoincorporation into the 170-, 95-,

and 55-kDa proteins was found. Greater background photo-

labeling was consistantly observed with [3H]B9209-005 in

the lower molecular mass proteins, in comparison with [3H]-

azidopine. The reason for this is not clear but may be related

to the high lipophilicity of B9209-005, resulting in greater

nonspecific photoincorporation. Membranes prepared from

drug-sensitive CCRF-CEM cells were also labeled with

[3H]B9209-.005. Only two proteins, with apparent molecular
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masses of 55 kDa and 38 kDa, were labeled, whereas no

photoincorporation into the 170- and 95-kDa proteins was

found (Fig. 4a). These results suggest specific photolabeling

of the 170- and 95-kDa proteins by [3H1B9209-005.

To further characterize the photoaffinity labeling by
[3H1B9209-005 and {3Hlazidopine, experiments were per-

formed with increasing concentrations of the two photoaffin-

ity ligands. For [3H1B9209-005 this was performed with

higher concentrations of the radioactive photoligand,

whereas in the case of [3H]azidopine isotope dilution with

unlabeled azidopine was used to achieve saturating concen-

trations. Fig. 5 shows the saturation isotherms for photoin-

corporation ofboth compounds into the 170-kDa protein. Fig.

5, inset, represents the results after Scatchard transforma-

tion. The linear Scatchard plots indicate homogeneity of the

target proteins with regard to binding and photoincorpora-

tion. Half-maximal photolabeling with [3H1B9209-005 was

obtained at 0.35 j.tM, with maximal photoincorporation Umax)

of i7.3 pmol/mg of protein. The “affinity” of[3Hlazidopine for

the process of photoaffinity labeling was 5-fold lower, with

half-maximal labeling at 1.62 j.LM. The ‘max value for [3H]-

azidopine was 22 pmollmg of protein, which is in good agree-

ment with the value obtained for [3H]B9209-005.

The pharmacological specificity of[3H]B9209-005 photola-
beling was assessed with experiments in the presence of 10

/.LM vinblastine, vincristine, taxol, daunomycin, and doxoru-

bicin (cytostatic agents known to be transported by P-glyco-

protein). Methotrexate, ara-C, and camptothecin (cytostatic

agents not related to multidrug resistance) were also tested.

Furthermore, dexniguldipine-HC1, the photoaffinity ligands

B9209-005 and azidopine, and verapamil were evaluated in

these experiments. A concentration of 10 �.tM was chosen to

facilitate a comparison of the potencies of these compounds.

Higher concentrations (100 j.tM) led to almost complete inhi-
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Fig. 5. Saturation isotherms for rH]B9209-005 (#{149})and [�H]azidopine
(0) photoincorporation. Plasma membranes (24 �g) from CCRF ADR-
5000 cells were photolabeled with increasing concentrations of radio-
ligands. After UV irradiation and separation of the labeled proteins on
8% polyacrylamide-SDS gels, incorporation of radioligands into the
1 70-kDa band was calculated. A one-binding site saturation isotherm
was fitted to the data, and the concentration leading to half-maximal
photoincorporation (Kd) was calculated. Kd values of 0.34 �M and 1.6
,.tM were obtained for [�H]B9209-005 and rH]azidopine, respectively.
The maximal incorporation values (Im�,,) were 17 pmol/mg of protein
and 22 pmol/mg of protein for rH1B92O9-005 and �H]azidopine, re-
spectively. Inset, transformation of the data according to the method of
Scatchard.

bition of photoincorporation for several compounds, render-

ing a comparison of the potencies of these compounds more

difficult. Most cytostatic agents and all chemosensitizing

compounds significantly inhibited the photoaffinity labeling

of the 170- and 95-kDa proteins (Table 1). Of the cytostatic

agents tested, taxol and vinblastine were most active (74%

and 71% inhibition, respectively), whereas doxorubicin and

daunomycin showed only little inhibition (3% and i i%).

Ara-C, methotrexate, and camptothecin (cytostatic agents

unrelated to P-glycoprotein-mediated multidrug resistance)

did not inhibit photoincorporation. Dexniguldipine-HCI and

B9209-005 at 10 j.tM inhibited [3H1B9209-005 photoincorpo-

ration by 77 and 80%, respectively, whereas verapamil

yielded only 36% inhibition. Azidopine showed intermediate

potency, with 51% inhibition. Complete dose-inhibition

curves for photolabeling were determined for dexniguldipine-

HC1 and B9209-005, yielding similar IC50 values of4.37 and

3.8 �LM (mean oftwo experiments), respectively. These results

were in agreement with the aforementioned data on the

biological activities of both compounds, confirming that the

replacement of the nitro group by an azido group does not

modify the potency for multidrug resistance reversal. Fig. 6

shows the fluorographic determination of dexniguldipine-

HC1 inhibition of photoaffinity labeling. Concentrations var-
ied from 100 j.tM to 22 nM. Parallel decreases in photoincor-

poration ofthe radioligand into the 170- and 95-kDa proteins

were found with increasing concentrations of dexniguldipine-

HC1. In contrast, no change in photoincorporation into the
55-kDa and 38-kDa proteins was found in the presence of

dexniguldipine-HC1, pointing to a nonspecific labeling of the

55-kDa and 38-kDa proteins by �3H1B9209-005.

To assess the identity of the photolabeled proteins, immu-

noprecipitations with the P-glycoprotein-specific monoclonal

antibody C 219 and the polyclonal antibody AB 389 (raised

against amino acids 389-406 of human P-glycoprotein) were

performed. Immunoprecipitated proteins were separated on

SDS gels, which were sliced and assayed for radioactivity.

Control experiments were performed by eluting the solubi-

lized proteins from Protein A-Sepharose or anti-mouse IgG-

agarose without antibody. Only two labeled proteins, with

molecular masses of 170 and 95 kDa, were detected after

photolabeling with [3H1B9209-005 and immunoprecipitation

with C 219 and AB 389 (Fig. 7). When labeling experiments

were performed with [3H]azidopine instead of 13H1B9209-

TABLE 1

Inhibition of photoaffinity labeling with [‘H]B9209-005 by
cytostatic agents and chemosensitizers
All compounds were tested at a concentration of 1 0 �M. Photoincorporation was

determined by fluorography and densitometric scanning of the fluorograms.

Compound Inhibition

%

Vinblastine 71
Vincristine 42
Daunomycin 11
Doxorubicin 3

Taxol 74
Methotrexate 0
Ara-C 0
Camptothecin 0
Verapamil 36
Dexniguldipine-HCI 77

B9209-005 80
Azidopine 51
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Fig. 6. Fluorography of a rH]B9209-005 photolabeling dose-inhibi-
tion experiment with dexniguldipine-HCI. Plasma membranes (18 j.tg)
from CCRF ADR-5000 cells (prepared in the presence of PMSF) were
photolabeled with 1 .7 �M rH]B9209-005 in the absence (right lane) or
presence of increasing concentrations of dexniguldipine-HC1. Dex-
niguldipine-HCI concentrations were (from left to right) 100, 47, 22, 10,
4.7, 2.2, 1 , 0.47, 0.22, 0.1 , 0.047, and 0.022 �M, plus control in the
presence of solvent only. Radiolabeled proteins were separated by 8%
polyacrylamide-SDS gel electrophoresis, and fluorography was per-
formed as described in Materials and Methods. For the experiment
shown, an IC50 value of 4.2 �tM was determined. The concentration (L)
of rHJB9209-005 was 1 .7 �tM. Calculation of an affinity constant (K1) for
dexniguldipine-HCI was performed according to the formula of Cheng
and Prusoff, K, = lC5�1/(1 + L/Kd). A value of 0.35 �iM was taken as the
Kd value (see Results). A K, value of 0.7 �.tM was calculated.

005, an additional 55-kDa fragment was immunoprecipitated

by antibody C 219 (data not shown). These results are in
accord with the identity of the i70-kDa protein as intact
P-glycoprotein and that of the 95-kDa band as the amino-

terminal proteolytic fragment of P-glycoprotein. Immunopre-

cipitations using C 219 and AB 389 with [3H]B9209-005-

photolabeled membranes prepared in the presence of PMSF

demonstrated approximately 40% greater photoincorpora-

tion into the 170-kDa protein and a reduction in the labeling

of the 95-kDa protein by approximately 30%.

Discussion

The present study was performed to characterize the bio-

chemical mechanism ofmultidrug resistance reversal by dcx-

niguldipine-HC1 and to identify binding sites on putative

target proteins. Dexniguldipine-HC1 is a potent new chemo-

sensitizer for P-glycoprotein-mediated multidrug resistance

(28, 29). It was previously shown to reverse resistance in a

number of P-glycoprotein-positive and multidrug-resistant

cell lines (30) and to increase accumulation of rhodamine-

123, a well known substrate for P-glycoprotein, in these cell

lines (31, 32). From these data it was deduced that dexrngul-

dipine-HC1 exerts its effect by an interaction with P-glyco-

protein. Nevertheless, definite proof of a direct interaction

with P-glycoprotein was still lacking. Although it seems clear

that P-glycoprotein is involved in the action of dexniguldi-

pine-HCI, mechanisms other than direct interaction with and

inhibition of P-glycoprotein are possible. For instance, for

tamoxifen, another multidrug resistance modulator, a de-

crease in membrane fluidity was reported and considered to

be relevant for multidrug resistance reversal (33). Similar

Fig. 7. Immunoprecipitation of membrane proteins from CCRF ADA-
5000 cells labeled with [�H]B9209-005, with monoclonal antibody C
21 9 (a, #{149})or polyclonal antibody 389 (b, #{149}).Control precipitations of
Protein A-Sepharose- or anti-mouse lgG-agarose-bound proteins in
the absence of specific antibodies (0) are also shown. Plasma mom-
branes (30 I.Lg) were photolabeled with 0.6 p.r�i rH]B9209-005 and
solubilized with SDS/Triton X-1 00. Precipitated proteins were solubi-
lized in sample buffer and separated on 8% polyacrylamide-SDS gels.
Gels were sliced and counted as described for Fig. 4.

situations were found for Cremophor EL and detergents like

Tween 80, whose chemosensitizing property may be attrib-

uted to membrane perturbations (34).

Therefore, it seemed necessary to address the question of

the molecular mechanism ofmultidrug resistance reversal by

dexniguldipine-HC1. The most suitable way seemed to be the

development of a photoreactive dexnigulthpme-HC1 deriva-

tive and the use of this tool for the identification of target

proteins. The use of photoaffinity ligands bears the problem

that parent compounds must be modified by the addition of

photolabile azido, benzophenone, or diazirine groups. This

often results in a concomitant decrease in biological activity,

which makes the resulting compounds less suitable for this

purpose. However, the biological activity of B9209-005 with

respect to multidrug resistance reversal remained almost

unchanged. In a 3-day colorimetric MTT test monitoring

cellular proliferation and in a short-term rhodamine-123 ac-
cumulation test measuring P-glycoprotein transport func-

tion, B9209-005 had activity similar to that of dexniguldi-

pine-HC1. In addition, the two compounds showed almost

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Photoaffinity Labeling of P-Glycoprotein 27

identical potency in competing with [3H]B9209-005 photo-

labeling in CCRF ADR-5000 membranes, suggesting that a

direct interaction of compounds with P-glycoprotein is rele-

vant for multidrug resistance reversal. These results render

[3H]B9209-005 a highly suitable ligand for the investigation

of the target protein for multidrug resistance reversal.

[3H11B9209-005 specifically labeled two proteins, with ap-

parent molecular masses of 170 kDa and 95 kDa, in P-

glycoprotein-positive CCRF A.DR-5000 cell membranes.

These proteins were not labeled in the drug-sensitive control

cell line CCRF-CEM. The specificity of this labeling pattern

was examined in labeling experiments performed in the pres-

ence of cytostatic agents known to be transported by P-

glycoprotein. Vinca alkaloids, anthracyclines, and taxanes

inhibited the incorporation of the photoligand into the 170-

and 95-kDa proteins. The rank order of potency for vinblas-

tine, vincristine, and doxorubicin to inhibit photoincorpora-

tion was the same as that found in radioligand binding stud-

ies with P-glycoprotein, using [3H]vinblastine as radioligand

(35). In addition, the chemosensitizers dexniguldipine-HC1
and verapamil also inhibited photoincorporation. The low

potency of verapamil is in agreement with the weak activity

of this compound in the rhodamine-123 accumulation assay

in CCRF VCR-1000 cells (32) and with the low potency of

verapamil in inhibiting [3H]azidopine photolabeling of P-

glycoprotein (20, 21). Furthermore, azidopine inhibition of

photoincorporation suggests that B9209-005 and azidopine

interact with the same, or at least overlapping, binding sites.

These pharmacological data strongly suggest that the target

protein of B9209-005 is indeed P-glycoprotein.

The most definitive evidence that the labeled proteins cor-
respond to P-glycoprotein comes from our immunoprecipita-

tion data with the monoclonal antibody C 219 and the site-

directed polyclonal antibody AB 389. C 219 is an established

antibody against P-glycoprotein and recognizes amino- and

carboxyl-terminal intracellular epitopes (amino acids 568-

574 and amino acids 1213-1219) near both ATP-binding cas-

settes (36). Immunoprecipitation with this monoclonal anti-

body yielded two radiolabeled proteins, of 170 and 95 kDa.

The 95-kDa protein was identified as the amino-terminal

fragment of P-glycoprotein by immunoprecipitation with AB

389, which is directed against amino acids 389-406 of P-

glycoprotein. A protein with the same molecular mass (95

kDa) was observed previously and was identified as the ami-

no-terminal tryptic fragment of P-glycoprotein by the same

technique (22, 37).

In addition to the specifically labeled 170- and 95-kDa
proteins, [3H]B9209-005 labeled two other proteins, with

apparent molecular masses of 55 and 38 kDa. The 55-kDa

protein labeling is clearly nonspecific, because high concen-

trations of vinblastine and dexniguldipine-HC1 did not sup-

press photoincorporation of the labeled ligand. Furthermore,

in the drug-sensitive cell line CCRF-CEM (without signifi-

cant P-glycoprotein expression), a protein with the same

molecular mass (55 kDa) was labeled by [3H]B9209-005,

indicating that this protein is nonspecifically labeled and is

not involved in the P-glycoprotein-mediated multidrug resis-

tance phenotype. For the 38-kDa protein the situation is less

clear. Photoincorporation was reduced by 34% (compared

with 83% reduction for the 170-kDa protein) in the presence

of 10 �.tM dexniguldipine. However, no inhibition of photoin-

corporation into this protein was observed with up to 100 j.tM

vinblastine. This finding and the appearance of a similar,

although somewhat smaller, peak in the sensitive cell line

are more compatible with nonspecific labeling. Furthermore,

when low concentrations (30-200 j.�M) of [3H]B9209-005

were used for photoincorporation, this protein was not la-

beled, whereas the 170-, 95-, and 55-kDa proteins showed

prominent photoincorporation (data not shown).

The nonspecific nature of [3H]B9209-005 incorporation

into the 55-kDa protein contrasts with reported results ob-

tamed with [3Hlazidopine (22, 37). It was reported that, after

tryptic cleavage, specific [3H]azidopine incorporation into

two proteins, with apparent molecular masses of 95 and 55

kDa, was observed. These proteins were identified, by using
site-directed antibodies against P-glycoprotein, as the amino-

terminal and carboxyl-terminal halves, respectively, of P-

glycoprotein (37). Therefore, we decided to perform addi-

tional photolabeling experiments with [3Hlazidopine and to

compare the labeling patterns of these two dihydropyridine

photoligands. [3H]Azidopine specifically labeled three pro-

teins, with apparent molecular masses of 170, 95, and 55

kDa, which were identified as P-glycoprotein and the amino-

terminal and carboxyl-terminal proteolytic fragments

thereof, respectively. The appearance of the 95-kDa and 55-

kDa fragments of P-glycoprotein indicates the presence of

some proteolytic activity in our preparation in the absence

of protease inhibitors. Indeed, when high concentrations of

PMSF were included during membrane preparation, the

amount of photoincorporation into the 170-kDa protein was

increased, with a concomitant decrease in the labeling of the

95-kDa and 55-kDa fragments. Taken together, these data

indicate that [3Hlazidopine labels two different sites of P-

glycoprotein, one in the amino-terminal 95-kDa fragment

and the other in the carboxyl-terminal 55-kDa fragment of

P-glycoprotein. These data are in agreement with the litera-

ture (22, 37). In contrast, [3H]B9209-005 is specifically pho-

toincorporated only into the 170-kDa and 95-kDa proteins,

indicating a somewhat different reactivity of this compound

with the molecular structures of P-glycoprotein.

The apparent affinities of [3H]B9209-005 and [3H]azidop-

inc for P-glycoprotein were determined in experiments where

P-glycoprotein was photolabeled in the presence of increasing

concentrations of both photoligands. The concentration of

[3H]B9209-005 necessary to achieve half-maximal photoin-

corporation (Kd value) was 0.35 .tM. A 5-fold higher concen-

tration was necessary with [3Hlazidopine, clearly indicating

the lower affinity of this compound for binding and photoin-

corporation. These data are in accord with the 5-10-fold

lower biological activity of azidopine in the two biological

models of multidrug resistance reversal, i.e., potentiation

of vincristine cytotoxicity in CCRF ADR-5000 cells and mod-

ulation of rhodamine-123 uptake in CCRF VCR-i000

cells. Transformation of the data according to the method of

Scatchard resulted in straight lines, showing homogeneity of

the target proteins with respect to the binding and photoin-

corporation process. Because Scatchard transformation is

normally used for reversible binding under equilibrium con-

ditions, data should not be interpreted as true Kd values but

as apparent Kd values. Nevertheless, these data cleary doc-

ument the greater efficacy of[3H]B9209-005, compared with

azidopine. The maximal incorporation �‘max) values were

similar for the two compounds, and ‘max reached an extrap-

olated value of 17 pmollmg of crude membrane protein for
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I3H)B9209�005. This value is in excellent agreement with a
Bmnx value of 17 pmollmg of membrane protein obtained in

the same cell line with [3H]vinblastine as radioligand for

monitoring reversible binding to P-glycoprotein (38). Our Kd

value of 1.6 �M for [3Hlazidopine is similar to data from

Yoshimura et al. (37), who reported half-maximal [3H]azido-

pine photoincorporation at a concentration of 0.8 �tM, but

contrasts with data from others, who obtained an affinity

constant of approximately 0.1 p.M for [3Hlazidopine in Chi-

nese hamster lung cells selected for resistance to vincristine

(20). The latter difference may be due to the use ofcell lines

derived from different organs (lung versus hematopoietic

cells) or species (hamster versus human). Also, interlabora-

tory differences in the UV irradiation procedures may be

responsible.

Our photoaffinity labeling experiments with [3H]azidopine
are in accord with data obtained by others. Yoshimura et al.

(37) reported predominant incorporation of [3H]azidopine

into the carboxyl-terminal 55-kDa fragment of P-glycopro-

tein. Similar data were reported by Bruggemann et al. (21),

who showed that the compound is incorporated into both

halves of P-glycoprotein. In their work, photoincorporation

into the amino- and carboxyl-terminal halves was inhibited

equally by vinblastine. From those data, those authors con-

cluded that the two halves come together to form a common

binding site for I3Hlazidopine and that the azido group of

azidopine, bound to its binding site, is able to react with both

halves of the protein. Furthermore, those authors speculated

that the amino- and carboxyl-terminal sites labeled by [3H]-

azidopine are confined to transmembrane domains 5/6 and

11/12. Our data obtained with [3Hlazidopine are in accord

with their results. In contrast to azidopine, which carries the

photoreactive moiety in the side chain, B9209-005 contains

the reactive species in the dihydropyridine moiety and is not

incorporated into the carboxyl-terminal half of P-glycopro-

tein, i.e., the 55-kDa fragment. From these data, a refined

model of the dihydropyridine binding site can be deduced, in

which the dihydropyridine moiety interacts with the amino-

terminal half of P-glycoprotein, i.e. , transmembrane seg-

ments 1-6, and the side chain extends to the carboxyl-termi-

nal half, i.e., transmembrane segments 7-12. Depending on

the position of the photolabile group, different labeling pat-

terns are observed for 13H]azidopine and [3H1B9209-005.

The flexibility ofthe side chain, which carries the azido group
in azidopine, may be responsible for the labeling of both the

95-kDa and 55-kDa fragments when this compound is used

as a photoligand. It may well be that transmembrane do-

mains 5/6 in the amino-terminal half and transmembrane

domains 1 1/12 in the carboxyl-terminal half of P-glycoprotein

are involved in the formation of a common binding site for

chemosensitizers. This assumption is also supported by the

data of Greenberger (39), who showed that [125lliodoarylazi-

doprazosin is incorporated into an amino-terminal 5-kDa

fragment and a carboxyl-terminal 4-kDa fragment of murine

P-glycoprotein. The amino-terminal fragment is probably de-

rived from a region near transmembrane domain 6, whereas

the carboxyl-terminal fragment most probably extends from

amino acid 998 to amino acid 1044 and is located carboxyl-

terminally to transmembrane domain 12.

In summary, our data show that the new photoaffinity

ligand [3H1B9209�0o5 possesses high specificity and high

affinity for P-glycoprotein. In comparison with azidopine,

B9209-005 seems to be a more suitable ligand for the eval-

uation of the binding sites for chemosensitizers with dihy-

dropyridine structures, because it possesses a greater chemo-

sensitizing potential for multidrug resistance reversal than

does azidopine. Furthermore, we demonstrated that this

compound is a valuable tool for photoaffinity labeling of P-

glycoprotein and will be useful for the biochemical and mo-

lecular evaluation of the dihydropyridine binding site on

P-glycoprotein.
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