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SUMMARY

An iodinated derivative of forskolin, 6-O-{[2-{3(4-azido-3-['*I]
iodophenyl)propionamidojethyljcarbamyi}forskolin ([‘”I]G-AIPP-
Fsk) photolabels the multidrug efflux pump P-glycoprotein in

preparedfrommemmdng-feslstantoeﬂlmKB-
V1 and KB-C1. The labeling site for ['?*]6-AIPP-Fsk was local-

ized by immunoprecipitation of tryptic fragments of P-glycopro-
tein labeled in KB-C1 membranes. A 6-kDa, photolabeled, tryptic

fragment was by antiserum raised against
residues 348-419 of P , PEPG9, but not by antisera
raised against flanking regions PEPG7 and PEPG11. A peptide

that corresponds to residues 343-359 of P-glycoprotein inhibited
immunoprecipitation of the 6-kDa fragment by antiserum against
PEPGSY but had no effect on the immunoprecipitation of photo-

labeled fragments by antiserum against PEPG7. A second pep-
tide, corresponding to residues 360-376, had no effect on the
immunoprecipitation by antiserum against PEPG9. ['1]6-AIPP-
Fsk labels the carboxyl-terminal half of P-glycoprotein, because
low molecular mass tryptic fragments were immunoprecipitated

by three carboxyl-terminal antisera. Therefore, ['2*1]6-AlIPP-Fsk
labels both halves of P-glycoprotein, and labeling in the amino-
terminal half can be localized to residues 291-359, which span
proposed transmembrane regions 5 and 6. KB-V1 membranes
photolabeled with ['2%1]6-AIPP-Fsk and ['*lJiodoarylazidoprazo-
sin were digested with either Staphlyococcus aureus V8 protease
or chymotrypsin and had similar digestion pattemns, suggesting
that the two drugs label the same sites on P-glycoprotein.

P-glycoprotein is a membrane-bound glycoprotein that acts
as an energy-dependent efflux pump by transporting drugs out
of cells (1). This protein is responsible for conferring MDR, a
phenomenon in which tumor cells acquire resistance to a vari-
ety of structurally and functionally unrelated cytotoxic drugs
(2-6). Most of the drugs that interact with P-glycoprotein are
amphipathic with a planar aromatic ring structure, but the only
feature found in all of the drugs is that they are hydrophobic
(6). In addition to many anticancer drugs, such as doxorubicin,
vinblastine, and etoposide, peptides are also substrates for the
multidrug transporter (7). P-glycoprotein has a reported molec-
ular mass of 130-180 kDa, and the predicted structure of P-
glycoprotein, based on its amino acid sequence, consists of two
similar domains, each containing six transmembrane regions
and an ATP binding site (8-10).

There are a number of different photolabeled analogs of
drugs that bind to P-glycoprotein, including vinblastine (10,
11), azidopine (12), verapamil (13, 14), prazosin (15, 16), col-
chicine (17), and daunomycin (18, 19). The ability of different

drugs to compete with the binding of these photolabels to the
P-glycoprotein is consistent with the ability of these drugs to
be transported. Different photolabeled derivatives of drugs that
bind to P-glycoprotein have been used to elucidate the locations
of drug binding sites on the human and mouse P-glycoprotein.
In these studies P-glycoprotein was photolabeled and digested
either enzymatically or chemically into peptide fragments, and
the radiolabeled peptide fragments of the protein were identi-
fied using antisera raised against specific regions of P-glyco-
protein. These studies have been carried out with [*H]azidopine
(20-22) and ['*I)iodoarylazidoprazosin (15, 23) and demon-
strate that drug binding sites are found on both halves of the
protein. The binding of ['*I}iodoarylazidoprazosin to the car-
boxyl-terminal half of P-glycoprotein has been hypothesized to
be in close proximity to transmembrane domains 11 and 12
(23) and has more recently been localized to a 4-kDa region
within, or immediately carboxyl-terminal to, transmembrane
domain 12 (24). The binding of [*H]azidopine to the amino-
terminal half of P-glycoprotein has been localized to a 25-kDa

ABBREVIATIONS: MDR, multidrug resistance; ['*1]6-AIPP-Fsk, 6-O-{[2-{3-{4-azido-3{"*{}iodophenyi)propionamidojethyljcarbamyilforskolin; PBS,
phosphate-buffered saline; PMSF, phenyimethyisulfonyl fluoride; SDS, sodium dodecyl sulfate.
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cyanogen bromide fragment including transmembrane regions
3-6 and the associated cytoplasmic regions (21).

Regions of the protein that affect drug binding have been
identified. Studies of naturally occurring mouse P-glycoprotein
mutants suggest that transmembrane domain 11 is a putative
drug binding site. Serine to phenylalanine substitutions at
amino acids 941 and 939 in mouse mdrlb and mdr2, respec-
tively, had little effect on vinblastine resistance but strongly
modulated resistance to colchicine and Adriamycin (25). Mdrla
and mdrlb are also known as mdr3 and mdr1, respectively (4).
Further studies suggest that these mutations result in reduced
drug transport by decreasing the initial drug binding to the
protein (26). Site-directed mutagenesis, changing prolines to
alanines in transmembrane domains 4 and 11 in mouse NIH/
3T3 cells, significantly reduced the ability of the protein to
confer resistance to colchicine, Adriamycin, or actinomycin D
but had no effect on vinblastine transport (27). These results
suggest there are differences in the requirements for the binding
of different substrates to P-glycoprotein.

Forskolin, a natural product diterpene, interacts with differ-
ent membrane proteins including adenylyl cyclase (28), the
glucose transporter (29, 30), the voltage-gated potassium chan-
nel (31), and ligand-gated ion channels (32, 33). The predicted
structures of these proteins are similar to that of P-glycoprotein
in that all of the proteins are composed of domains of six
transmembrane regions. Wadler and Wiernik (34) first dem-
onstrated that forskolin could affect drug transport in MDR
cell lines. Forskolin and 1,9-dideoxyforskolin were shown to
partially reverse Adriamycin resistance in a human MDR ovar-
ian cancer cell line (SKVLB) but not in its parental cell line
(35). An iodinated derivative of forskolin, ['*°I)6-AIPP-Fsk,
photolabeled P-glycoprotein in SKVLB membranes (35).
Labeling of P-glycoprotein by ['%*1)6-AIPP-Fsk was effectively
competed with 1,9-dideoxyforskolin, verapamil, diltiazem, ni-
fedipine, and vinblastine and was partially competed with
forskolin, colchicine, and cytocholasin B. This work has now
been extended to localize the labeling of forskolin on P-glyco-
protein. Data are also presented that compare the labeling site
of ['?*1)6-AIPP-Fsk with that of ['*I}iodoarylazidoprazosin.

Experimental Procedures

Materials. ['*1)6-AIPP-Fsk was prepared as described previously
(36). ['*I])Iodoarylazidoprazosin (specific activity, 2200 Ci/mmol) was
obtained from DuPont-New England Nuclear. N-Tosyl-L-phenylala-
nine chloromethyl ketone-treated trypsin, Stephylococcus aureus V8
protease, 1,9-dideoxyforskolin, and PMSF were obtained from Sigma.
Aprotinin and soybean trypsin inhibitor were obtained from Boehringer
Mannheim. Protein A-Sepharose was obtained from Pierce. *C-labeled
high and low molecular weight standards were obtained from GIBCO-
BRL.

Cell lines. KB-C1 and KB-V1 cells, which overexpress P-glycopro-
tein, were derived from a parent cell line, KB-3-1, and have been
described previously (37, 38). The KB-C1 cells overexpress a form of
the protein with a valine in place of glycine at position 185. KB-C1
and KB-V1 cells were selected with colchicine and vinblastine, respec-
tively, and are maintained with 1 ug/ml drug.

Antisera. Six antisera were prepared using fusion proteins between
Pseudomonas exotoxin and specific regions of the P-glycoprotein, i.e.,
PEPG7, PEPGS, PEPGY, PEPG10, and PEPG11 (39). The P-glyco-
protein amino acid residues from which these fusion proteins were
derived are 231-296, 874-939, 348-419, 991-1062, and 436-529, respec-
tively. The 4007 antiserum was raised against amino acid residues 919-
1280 of P-glycoprotein (40).

Peptides. Two peptides corresponding to different regions of the
fusion protein for PEPG9 were synthesized. Peptide 1 and peptide 2
correspond to amino acids 343-359 (FSVGQASPSIEAFANAR) and
360-376 (GAAYEIFKIIDNKPSID), respectively. The sequence of a
control peptide, peptide 3, is CHARQVDVKLRLD. Peptide 1 and
peptide 3 were synthesized using N-t-butoxycarbonyl chemistry and
peptide 2 was synthesized using 9-fluorenylmethoxycarbonyl chemis-
try, with an Applied Biosystems 430A peptide synthesizer. Peptides
were purified using reverse phase high performance liquid chromatog-
raphy and their purity was confirmed by amino acid analysis and mass
spectrometry.

Membrane preparations. KB-C1 and KB-V1 cells grown in sev-
eral T-150 flasks to produce 107 to 10° cells were harvested with trypsin
and then rinsed with growth medium. The cells were centrifuged at
1000 rpm and washed three times with PBS. The cells were rinsed at
107 cells/ml in ice-cold hypotonic lysis buffer (10 mM Tris-HCI, pH
8.0, 10 mM NaCl, 1 mm MgCl;, 1 mM PMSF, 1 ug/ml aprotinin) and
then resuspended in the same buffer for 20 min before homogenization
(20 strokes) in a Dounce homogenizer. The extract was transferred to
an ice-cold centrifuge tube and centrifuged for 10 min at 2000 rpm in
a Sorvall SS34 rotor. The supernatant was centrifuged for 30 min at
16,000 rpm. The supernatant was discarded and the membrane pellet
was resuspended to 10 cell equivalents/ml in ice-cold PBS. The protein
concentration was 2-5 mg/ml.

Photolabeling of membranes with ['*°I]6-AIPP-Fsk and sub-
sequent digestion with trypsin. Membrane samples (45-56 ug) in
100 ul of PBS were incubated on ice in the dark with 2 X 10° cpm of
['*1)6-AIPP-Fsk and were photolabeled in a UV Stratagene Stratal-
inker as described previously (35). One modification to the protocol
was that the photolabeling was not quenched with $-mercaptoethanol,
to prevent interference of the 8-mercaptoethanol with the immunopre-
cipitation experiments. Membranes were centrifuged and the pellets
were resuspended by vortex-mixing in 18 ul of 50 mm Tris, pH 8.5.
Trypsin (2 ul of a 0.5-2 mg/ml solution dissolved in 1 mM HCI; final
concentration of trypsin, 0.05-200 xg/ml) was added to each membrane
sample and samples were incubated at 37° for 2.5 hr. The samples were
prepared for either gel electrophoresis or immunoprecipitation.

Electrophoresis. For electrophoretic separation of the radiolabeled
protein fragments, an equal volume of 2X NOVEX sample buffer (3.0
mM Tris- HCI, pH 8.45, 24% glycerol, 8% SDS, 4% S-mercaptoethanol)
was added to each sample, and the samples were heated for 10 min at
37°. The samples were applied to a 10% NOVEX tricine gel and run at
a constant 95 V. The gels were stained with Coomassie blue according
to the NOVEX protocol and dried, and the radiolabeled proteins were
detected by autoradiography using Kodak XAR-5 film. The “C-labeled
molecular mass standards were myosin (200 kDa), phosphorylase b
(97.4 kDa), bovine serum albumin (68 kDa), ovalbumin (43 kDa),
carbonic anhydrase (29 kDa), S-lactoglobulin (18.4 kDa), lysozyme
(14.3 kDa), and bovine trypsin inhibitor (6.2 kDa).

Immunoprecipitation. An immunoprecipitation protocol de-
scribed previously was followed, with some modifications (41). Briefly,
the trypsin-digested membrane samples were diluted with 20 ul of 2%
SDS, 2 mg/ml bovine serum albumin, 50 mM Tris, pH 8.5, and then
diluted with 5 volumes of 1.25% Triton X-100, 190 mM NaCl, 50 mM
Tris, pH 7.4, with the inhibitors PMSF, aprotinin, and soybean trypsin
inhibitor. The samples were incubated overnight with 5 ul of antiserum
and then for 2 hr with 65 ul of a 50% solution of Pierce Protein A-
Sepharose that had been resuspended previously in PBS. The samples
were washed and the bound protein was eluted with 35 ul of 2X NOVEX
sample buffer, with 15 min of rapid shaking. The samples were micro-
fuged for 1 min and the supernatants containing the radiolabeled
protein fragments were removed, heated for 10 min at 37°, and applied
to 10% NOVEX tricine gels as described above.

Competition experiments with 1,9-dideoxyforskolin. KB-C1
membranes were incubated in the presence and absence of 100 uM 1,9-
dideoxyforskolin for 30 min on ice. The samples were photolabeled
with ['*]]6-AIPP-Fsk and digested with 0, 1, 5, or 10 ug/ml trypsin as
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described above. The samples were then immunoprecipitated with
antiserum against PEPG9 and were resolved on gels after the procedure
described above for immunoprecipitation.

Competition experiments with peptides. KB-C1 membranes (50
ug) were photolabeled and digested with 10 ug/ml trypsin as described
above. Immunoprecipitation buffers (10 ul) of peptide (0-10 ug/ml)
dissolved in 0.5% acetic acid and 5 ul of antisera were added to trypsin-
digested samples. The samples were then treated as described above
for immunoprecipitation.

Photolabeling of KB-V1 membranes with [***I}6-AIPP-Fsk
and ['**IJiodoarylazidoprazosin. KB-V1 membranes were prepared
by differential centrifugation and sucrose gradient separation according
to previously published methods (41). The membranes (100 ug) were
incubated with 10° cpm of ['*I]iodoarylazidoprazosin or 10° cpm of
[**1)6-AIPP-Fsk for 1 hr at room temperature in the dark, as described
previously for ['*[Jiodoarylazidoprazosin (15). The samples were irra-
diated with UV light for 5 min at 4°. The proteins were solubilized in
Laemmli buffer (42) and resolved on a 10% Laemmli gel in a Hoeffer
gel apparatus run at 20-mA constant current. The gels were dried and
exposed to Kodak XAR-5 film with an intensifier screen for 1 hr.

Digestion of photolabeled KB-V1 membranes with either S.
aureus V-8 protease or chymotrypsin. The membranes were pho-
tolabeled with [*1])6-AIPP-Fsk and [**I}iodoarylazidoprazosin as de-
scribed above and the proteins were resolved on 10% Laemmli gels.
The gels were immediately dried, with no fixation, and were exposed
to X-ray film. The radioactive fragments were identified on the gel and
cut from the gel, and the fragments were sliced into about eight pieces.
The sliced fragments were coelectrophoresed with 0, 0.02, 0.2, 2, or 20
ug of S. aureus V8 protease or 0, 0.2, or 2 ug of chymotrypsin on gels
prepared according to the method of Cleveland et al. (43). The resultant
digests were detected by autoradiography of the Cleveland gels.

Results

Labeling of P-glycoprotein in KB-C1 and KB-V1
membranes. KB-C1 and KB-V1 are MDR cell lines that
overexpress P-glycoprotein and are derived from the KB-3-1
drug-sensitive KB (HeLa) human carcinoma cell line. KB-C1
and KB-V1 cell lines were selected with colchicine and vin-
blastine, respectively, and are maintained with 1 ug/ml drug
(38). KB-C1 cells have a single point mutation in the amino
acid sequence of the P-glycoprotein, with a valine in place of a
glycine at amino acid residue 185 (44).

KB-C1 and KB-V1 membranes were digested with 0-200 ug/
ml trypsin to determine the overall pattern of digestion. The
membranes were photolabeled with ['**1)6-AIPP-Fsk, digested
with trypsin, and separated on tricine gels as described in
Experimental Procedures. Photolabeling of P-glycoprotein in
membranes that were not treated with trypsin is represented
in Fig. 1, lanes 0. The major protein photolabeled in these lanes
was a 170-kDa protein, similarly to photolabeling of the P-
glycoprotein in SKVLB membranes (35). Forskolin also com-
peted for labeling of the 170-kDa protein in both KB-C1 and
KB-V1 membrane preparations (data not shown). The diges-
tion patterns of radiolabeled fragments from the two cell lines
were very similar and were reproducible, with the major frag-
ments being initially generated at 1 ug/ml trypsin (Fig. 1).
Neither digestion went to completion; however, the major frag-
ment generated in both was a 6-kDa fragment.

Immunoprecipitation of photolabeled tryptic frag-
ments by amino-terminal P-glycoprotein antisera.
Membranes from KB-C1 cells were photolabeled with [**I]6-
AIPP-Fsk and digested with trypsin, and the photolabeled P-
glycoprotein fragments were immunoprecipitated with different
P-glycoprotein antisera to either the amino-terminal or car-

Forskolin Labeling Sites on P-Glycoprotein 331

boxyl-terminal half of the protein. The locations of the peptide
regions of P-glycoprotein used to prepare antisera are shown
in Fig. 2. Two amino-terminal antisera, those against PEPG7
and PEPGY, immunoprecipitated similar photolabeled frag-
ments (Fig. 3). Two fragments that were immunoprecipitated,
of 97 and 70 kDa, were similar to the major amino-terminal
digestion fragments previously reported in mouse mdrib-ex-
pressing cells (23) and KB-C1 cells (20), respectively, using
different amino-terminal antisera. There was some immuno-
precipitation of a 55-kDa fragment at all concentrations of
trypsin. However, there were no major fragments detected
between 43 and 18 kDa with either antiserum. A major fragment
of about 14 kDa and two minor fragments that migrated be-
tween the 14.3-kDa and 18.4-kDa markers, produced by trypsin
concentrations of >1 ug/ml, were immunoprecipitated by both
antisera (Fig. 3). The major difference between anti-PEPG9
and -PEPG?7 antisera was the ability of the anti-PEPG9 anti-
serum to immunoprecipitate a 6-kDa fragment (Fig. 3). The
gels in Fig. 3 were overexposed to show that antiserum against
PEPG?7 did not immunoprecipitate even small amounts of a 6-
kDa fragment. The 6-kDa fragment is the same size as the
major photolabeled fragment produced in the tryptic digest of
the KB-C1 and KB-V1 membranes in Fig. 1. Preimmune serum
for PEPG9 did not immunoprecipitate any small tryptic frag-
ments after digestion of KB-C1 membranes with 1, 5, or 10 ug/
ml trypsin (data not shown).

A similar immunoprecipitation experiment was carried out
with antiserum against PEPG11, which contains part of the
first ATP binding region of the P-glycoprotein and is adjacent
to PEPGY. Antiserum against PEPG11 immunoprecipitated
97-, 70-, and 55-kDa fragments at all concentrations of the
trypsin digestion (Fig. 4). Minor fragments were detected be-
tween the 43- and 29-kDa markers. However, there was no
evidence of a 6-kDa fragment even when the gel was overex-
posed.

A drug competition experiment was performed to demon-
strate that the 6-kDa fragment immunoprecipitated by
antiserum against PEPG9 was a proteolytic fragment of P-
glycoprotein labeled specifically by ['*I]6-AIPP-Fsk. KB-C1
membranes were pretreated with no drug or with 100 umM 1,9-
dideoxyforskolin before incubation with ['*I]6-AIPP-Fsk. The
membranes were then digested with 0, 1, 5, or 10 ug/ml trypsin
and the samples were immunoprecipitated with antiserum
against PEPG9. 1,9-Dideoxyforskolin competed for the labeling
of intact P-glycoprotein and most of the 6-kDa fragment (Fig.
5). In a similar drug competition experiment, vinblastine (55
uM) also inhibited labeling of P-glycoprotein and the 6-kDa
fragment (data not shown).

Peptide competition experiments were performed to localize
the 6-kDa photolabeled fragment on P-glycoprotein. A 7.2-kDa
fragment is predicted to be produced by complete tryptic diges-
tion of P-glycoprotein. This fragment would be generated by
digestion at Lys®' and Arg®*® (Fig. 6). A 17-amino acid peptide,
peptide 1, that corresponds to amino acid residues 343-359 of
P-glycoprotein was synthesized. Peptide 1 corresponds to the
carboxyl-terminal 17 amino acids of the 7.2-kDa fragment,
which overlaps the amino-terminal 12 amino acids of PEPG9,
residues 348-359 (see Fig. 6). KB-C1 membranes were photo-
labeled and digested with 10 ug/ml trypsin. Photolabeled tryp-
tic fragments were immunoprecipitated with antisera against
PEPG?7 and PEPGS in the presence of increasing concentra-
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Fig. 2. Structure of P . A predicted structure of P-glycoprotein is shown, and the regions of the protein from which the fusion proteins

for the antisera were produced are highlighted.

tions of peptide 1 (Fig. 7). Peptide 1 did not inhibit the
immunoprecipitation of intact P-glycoprotein or any photola-
beled tryptic fragments by antiserum against PEPG?7. In con-
trast, peptide 1 inhibited the immunoprecipitation of the 6-
kDa fragment, fragments between the 14- and 18-kDa markers,
and intact P-glycoprotein at concentrations of peptide 1 of
>0.016 ug/ml. Peptide 2, generated against amino acid residues
360-376 of P-glycoprotein (see Fig. 6), did not compete with
the immunoprecipitation of the 6-kDa or 14-18-kDa fragments
by antiserum against PEPG9 at the same concentrations of
peptide tested for peptide 1 (data not shown). In addition, a
control, unrelated, 13-amino acid peptide, peptide 3, also failed
to compete with the immunoprecipitation of P-glycoprotein or
any photolabeled fragments by antiserum against PEPG9 (data
not shown).

Immunoprecipitation of photolabeled tryptic frag-
ments by carboxyl-terminal P-glycoprotein antisera.

Antiserum 4007 was prepared against a very large carboxyl-
terminal peptide that extends from amino acid 919 (just before
transmembrane domain 11) to amino acid 1280 of the carboxyl
terminus of P-glycoprotein (see Fig. 2). KB-C1 membranes
were photolabeled and digested with 0-200 ug/ml trypsin (Fig.
8). At all concentrations of trypsin a 55-kDa fragment was the
major fragment immunoprecipitated. Minor radiolabeled frag-
ments that migrated between the 14- and 18-kDa markers were
immunoprecipitated in addition to fragments of 40 and 30 kDa.
Even at a very high concentration of trypsin (200 ug/ml), a 6-
kDa photolabeled fragment was not detected. Similar results
were observed with antisera generated against peptides from
the carboxyl-terminal half of P-glycoprotein, PEPG8 and
PEPGI10, that correspond to the amino-terminal peptides
PEPG7 and PEPGS9, respectively (see Fig. 2). Digestions with
these two carboxyl-terminal antisera were carried out with 0-
10 ug/ml trypsin (data not shown).
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Fig. 3. immunoprecipitation of photolabeled, trypsin-digested KB-C1
membranes by antisera PEPG7 and PEPG9. KB-C1 membranes
(50 wg) were incubated with 2 x 10°® cpm of ['*1)6-AIPP-Fsk, photola-
beled, and digested with 0-10 ug/mi trypsin. The samples were incu-
bated with antisera and then Protein A-Sepharose and were washed as
described in Experimental Procedures. The proteins were eluted from
the Sepharose with NOVEX sampie buffer and applied to 10% NOVEX
tricine gels. The gels were stained, dried, and exposed to Kodak XAR-5
fim.

0.06.2 12565 10
pug/mi Trypsin
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0 0626 1256 10

ug/mi Trypsin
Fig. 4. immunoprecipitation of photolabeled, trypsin-digested KB-C1
membranes by antiserum against PEPG11. The KB-C1 membranes (50
ug) were photolabeled and digested with 0-10 xg/mi trypsin, and the
radiolabeled fragments from P-glycoprotein were immunoprecipitated as
described for Fig. 3.

Comparison of the ability of [**°I]6-AIPP-Fsk and
[***I}iodoarylazidoprazosin to photolabel the P-glyco-
protein in KB-V1 membranes. [**I]lodoarylazidoprazosin
is a photoactive drug that has been shown to photolabel both
halves of P-glycoprotein in mouse and human cell lines (15,
23). The abilities of ['**I}iodoarylazidoprazosin and ['**I]6-
AIPP-Fsk to label the P-glycoprotein in KB-V1 membranes
were compared. Membranes were photolabeled with 10° cpm of
[**1)6-AIPP-Fsk or 10° cpm of [***I)iodoarylazidoprazosin, fol-
lowing the protocol for photolabeling of P-glycoprotein with
[**I}iodoarylazidoprazosin described previously (15). The in-
tensity of the labeling of P-glycoprotein by [*I]6-AIPP-Fsk
(10° cpm) was similar to that produced by a 10-fold higher
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Fig. 5. Immunoprecipitation of photolabeled, trypsin-digested KB-C1
membranes by antiserum against PEPGY after competition with 1,9-
dideoxyforskolin. KB-C1 membranes (50 xg) were incubated with either

PBS or 100 um 1,9-dideoxyforskolin (7,9 DD Fsk) for 30 min before
incubation with ['Z1)6-AIPP-Fsk. The samples were photolabeled and
digested with 0-10 xg/mi trypsin. The digested fragments were incu-
bated with antiserum and immunoprecipitated as described for Fig. 3.

concentration of ['*I]iodoarylazidoprazosin (10® cpm) (Fig. 9).
This suggests that ['*1]6-AIPP-Fsk was about 10 times more
efficient at photolabeling P-glycoprotein than was ['*I)iodoar-
ylazidoprazosin and that ['?*1)6-AIPP-Fsk labeled fewer non-
specific proteins (Fig. 9).

KB-V1 membranes were photolabeled with both photolabels
and then digested with either S. aureus V8 protease or chy-
motrypsin. Fragments of 45 and 35 kDa were generated for
both photolabels with 0.02 ug of S. aureus V8 protease and
were further digested to a 6-kDa fragment with higher concen-
trations of protease (Fig. 10). Similar results were observed for
both photolabels using chymotrypsin. At low concentrations of
chymotrypsin (0.2 ug), there were several digested fragments
similar to those generated from the S. aureus V8 protease
digestion, with major fragments being detected at 35 and 6
kDa. There was no further digestion of these fragments with 2
ug of chymotrypsin. These results suggest that forskolin and
prazosin label the same site.

Discussion

A photoactive derivative of forskolin, ['*I]6-AIPP-Fsk, was
previously shown to photolabel P-glycoprotein in a human
carcinoma cell line that overexpresses P-glycoprotein. Several
drugs known to bind to P-glycoprotein inhibited the ability of
forskolin to label P-glycoprotein (35). Forskolin is a natural
product diterpene that is hydrophobic, a common characteristic
of all drugs that interact with P-glycoprotein; however, it has
no charge at neutral pH and does not have any aromatic rings,
making it relatively unique among P-glycoprotein-interacting
agents. We employed this photolabel to localize the drug bind-
ing site(s) of forskolin on P-glycoprotein and to determine
whether the drug binding site was similar to that identified
with other labels. Our results detect labeling sites for a forskolin
photaffinity label in both halves of P-glycoprotein, localize an
amino-terminal labeling site to a 6-kDa fragment between
amino acid residues 291 and 359, and demonstrate equivalent
labeling sites for forskolin and prazosin photoaffinity labels.

[**I]6-AIPP-Fsk photolabels P-glycoprotein in both KB-V1
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Fig. 6. Portion of P-glycoprotein from amino acid 210 to amino acid 450; verﬂcdlkm,potenﬁdtrypshdeav sites. Locations of peptide 1 and
peptide 2 in relation to this sequence of P-glycoprotein and the overlap of PEPG7 and PEPG9 peptides are shown. A72-kDairagmemdP-
glycoprotein is predicted from a trypsin limited digest at amino acids 291 and 359. Peptide 1 overiaps the carboxyl-terminal 17 amino acids of this
7.2-kDa fragment and the amino-terminal 12 amino acids of PEPGY. Peptide 2 starts immediately carboxyl-terminal to the 7.2-kDa fragment and
overiaps 17 amino acids of PEPG9
6. .5
kDa A cpm: 10 10
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z 18.4
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Fig. 7. Peptide competition with the immunoprecipitation of 5 68 -
1 membranes by antisera against PEPG7 and
PEPGY. KB-C1 membranes (50 ug) were photolabeled with ['21}6-AlPP-
Fsk and then digested with 10 ug/mi trypsin. The digested fragments
were incubated with 0-10 xg/mi peptide 1 and 5 ul of antiserum and
then immunoprecipitated as described for Fig. 3 43 —
29 —
kDa 18.4 -‘__
97.4 Fig. 9. pruismoftheabltyd[‘”l]&AlPP-Fskand['”lmyh-
66 zidoprazosin to photolabel -gyeoproteh KB-V1 membranes. KB-V1
43 membranes (100 ug) prepared by differential centrifugation and sucrose
gradient centrifugation were incubated with 1 x 10° cpm of ['**1)6-AIPP-
29 Fsk (Fsk) or 1 x 10° cpm of ['*fjiodoarytazidoprazosin (Pz) for 1 hr and
iradiated under a UV lamp as described in Experimental Procedures.
18.4 — The proteins were solubiiized in Lasmmii sample buffer and resotved on
10% Laemmili geis. The geis were dried and exposed to Kodak XAR-5
14.3 - fim. TD, tracking dye.
6.2 —

0 055 1 5 10 50 200
ug/ml Trypsin

Fig. 8. immunoprecipitation of photolabeled, trypsin-digested KB-C1
membranes by antiserum 4007. The KB-C1 membranes (50 ug) were
photolabeled and digested with 0-200 ng/mi trypsin, and the radiolabeled
WMPWM as described

and KB-C1 membranes. The trypsin digestion patterns of these
photolabeled membranes were very similar, suggesting that
forskolin labels similar regions of the protein regardless of the
point mutation of P-glycoprotein from KB-C1 membranes. In
another study, similar results were observed with KB-V1 and
KB-C1 cells that were first photolabeled with [*H]azidopine
and then chemically digested with CNBr (21). However, when
vinblastine was present during the photolysis with [*H)azido-
pine, the azidopine labeling of the P-glycoprotein was inhibited
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Fig. 10.CaFuwmofKB-V1 membranes photolabeled by ['**1J6-AlPP-
Fsk (Fsk) or ['*1}lodoarylazidoprazosin (Pz) and then digested with either
V-8 protease or chymotrypsin. KB-V1 membranes (100 xg) were incu-
bated with the photolabeis and resoived on gels as described for Fig. 9.
After the geis were exposed to X-ray fim the radioactive bands were
identified

coslectrophoresed with either V-8 protease or chymotrypsin on geis
prepared according to the method of Cleveland et al. (43). The gels were
dried and exposed to Kodak XAR-5 fim.

in KB-C1 cells but not in KB-V1 cells, suggesting that the KB-
C1 mutation at residue 185 can affect the interaction of P-
glycoprotein with some drugs (21).

A putative labeling site for ['*°I)6-AIPP-Fsk has been local-
ized to amino acid residues 291-359 in the amino-terminal half
of P-glycoprotein. This was determined by immunoprecipita-
tion experiments with trypsin-digested fragments using several
gite-direcied antibodies and peptide competition experiments.
Antiserum against PEPG9 was raised against a fusion protein
containing the peptide corresponding to amino acid residues
348-419 of the P-glycoprotein, a region immediately following
transmembrane domain 6. This antiserum immunoprecipitated
a 6-kDa radiolabeled tryptic fragment. This 6-kDa fragment
was not immunoprecipitated by two other antisera against
regions that closely border PEPG9, i.e., PEPG7 and PEPG11.
Photolabeling of the 6-kDa tryptic fragment was substantially
decreased when labeling was carried out in the presence of 1,9-
dideoxyforskolin, consistent with this fragment being derived
from forskolin labeling of P-glycoprotein.

A 7.2-kDa fragment, Lys®' through Arg®®, is predicted to be
generated in the amino-terminal half of P-glycoprotein by
trypsin cleavage. This fragment spans transmembrane domains
5 and 6 and contains no other tryptic cleavage sites (see Figs.
2 and 6). This fragment potentially is the 6-kDa radiolabeled
fragment that is specifically immunoprecipitated by antiserum
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against PEPGY, because the fusion protein used to generate
antiserum against PEPG9 contains a peptide sequence that
overlaps the 7.2-kDa fragment by 12 amino acids, from residue
348 to residue 369. Two peptides were synthesized to help
determine the identity of this immunoprecipated fragment. The
sequence of peptide 1 corresponds to the carboxyl-terminal 17
amino acids of the 7.2-kDa fragment, residues 343-359, and the
amino-terminal 12 amino acids of the P-glycoprotein peptide
sequence PEPG9, residues 348-359 (see Fig. 6). This peptide
inhibited the ability of antiserum against PEPG9 to immuno-
precipitate the 6-kDa photolabeled tryptic fragment and other
photolabeled fragments migrating between the 14- and 18-kDa
molecular mass markers. This inhibition was essentially com-
plete, suggesting that the sequence of peptide 1 represents the
only epitope of the 6-kDa fragment that overlaps PEPG9. The
fragments migrating between the 14- and 18-kDa markers
overlap a larger portion of the P-glycoprotein that is recognized
by antisera against PEPG9 and PEPG?7, because both antisera
can immunoprecipitate these fragments. Peptide 1 had no effect
on the ability of antiserum against PEPG7 to immunoprecipi-
tate P-glycoprotein or any other radiolabeled fragments, in-
cluding the fragments migrating between the 14- and 18-kDa
markers. A second peptide corresponding to residues 360-376,
carboxyl-terminal to peptide 1, did not inhibit the immunopre-
cipitation of the 6-kDa fragment by antiserum against PEPG9.
Therefore, a fragment is photolabeled that migrates with a
molecular mass of approximately 6 kDa and is immunoprecip-
itated by antiserum against PEPG9 but not by antisera against
PEPG7 or PEPG11, and this immunoprecipitation is specifi-
cally inhibited by peptide 1 but not by peptide 2. These results
suggest that this 6-kDa photolabeled fragment is the postulated
7.2-kDa fragment, Lys*' through Arg®”. In support of this
conclusion, a major 6-kDa fragment was produced when radi-
olabeled KB-C1 membranes were solubilized with SDS to un-
fold membrane proteins and were then digested with trypsin
(data not shown). This fragment was immunoprecipitated by
antiserum against PEPGY, similar to the immunoprecipitation
of the 6-kDa radiolabeled fragment from membrane-digested
P-glycoprotein presented in this paper.

The localization of a forskolin labeling site in the amino-
terminal half of P-glycoprotein is consistent with the labeling
sites of other drugs in this same region. Antisera against
PEPGY9 immunoprecipitated a 5-kDa tryptic fragment from
mouse mdrlb P-glycoprotein that was photolabeled with [**]]
iodoarylazidoprazosin (24). A 25-kDa CNBr fragment from
KB-C1 cells was photolabeled by [*H]azidopine and was im-
munoprecipitated by antisera against PEPG7 and PEPG9 (21),
suggesting that the [*H]azidopine labeling site was located
between amino acid residues 198 and 440. [*H]Azidopine bind-
ing to this 25-kDa fragment represented 60% of the total
binding to P-glycoprotein, with the remaining [*H)azidopine
binding to the carboxyl-terminal half. It was also shown by
functional analysis of chimeric genes that replacement of do-
mains from the amino-terminal (transmembrane domains 5
and 6) or carboxyl-terminal (transmembrane domains 7 and 8)
half of mdrlb by the homologous mdr2 regions destroyed the
activity of mdr1b (45).

We were unable to localize the carboxyl-terminal labeling
site of ['*°I)6-AIPP-Fsk to a specific region, even though three
different carboxyl-terminal antisera immunoprecipitated simi-
lar low molecular mass trypsin-digested fragments. Antisera
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against PEPG8 and PEPG10 and antiserum 4007 immunopre-
cipitated radiolabeled fragments of 55 kDa, 40 kDa, and 30
kDa. Fragments with these molecular masses have previously
been associated with a carboxyl-terminal drug labeling site
(20). This indicates that part of a forskolin labeling site is
associated with the carboxyl-terminal half of the molecule. A
more specific proposal for the location of the forskolin labeling
site can be obtained by comparison with data on the prazosin
binding site on the mouse mdrlb form of P-glycoprotein. The
carboxyl-terminal labeling site of ['*I]iodoarylazidoprazosin on
the mouse mdrlb form of P-glycoprotein was localized to a 4-
kDa fragment that is either within or immediately carboxyl-
terminal to transmembrane domain 12 (24). The data in our
paper demonstrate that ['*I]6-AIPP-Fsk and [**I}iodoaryla-
zidoprazosin label the same peptide fragments after proteolysis
with V8 protease and chymotrypsin. This suggests that the
forskolin labeling site may be localized near transmembrane
domain 12, as described by Greenberger (24).

Both ['?1)6-AIPP-Fsk and ['*I)iodoarylazidoprazosin la-
beled P-glycoprotein in KB-V1 membranes; however, [**I]6-
AIPP-Fsk was about 10 times more efficient than [***I}iodoar-
ylazidoprazosin. Identical radioactive peptide profiles were pro-
duced by Cleveland mapping of photolabeled P-glycoprotein
fragments from membranes made from J7.V1-1 mouse macro-
phage-like cells with [*H)azidopine and ['*I}iodoarylazidopra-
zosin (15). Therefore, the three photolabels, i.e., ['?°I]6-AIPP-
Fsk, ['*I}iodoarylazidoprazosin, and [*H]azidopine, probably
label the same site or closely related sites on P-glycoprotein.
These sites are closely associated with transmembrane domains
6 and 12. Drug binding to these regions represents either two
distinct binding sites or a single drug binding site with inter-
actions from both halves of the protein.

The results from inhibition studies of [*H]azidopine labeling
of P-glycoprotein by vinblastine suggest that P-glycoprotein
has a single drug labeling site for azidopine and vinblastine
that is composed of both halves of the protein (21). Studies
using deletion and insertion mutations of P-glycoprotein have
also concluded that both halves of the protein are important
for drug binding and neither half can function alone (46). Our
results with ['?°I]-6-AIPP-Fsk are consistent with the conclu-
sion that both halves are important. Although most substrates
for P-glycoprotein appear to inhibit both photolabeling by a
vinblastine analog, N-(p-azido-3-['*I]-salicyl)-N’-8-aminoe-
thylvindesine (47), and transport of vinblastine (48, 49), some
kinetic studies suggest that azidopine and vinblastine might
have distinct binding sites on P-glycoprotein (50). The present
results and those of Greenberger et al. (23) suggest that azido-
pine, prazosin, and forskolin share the same binding site, but
they do not address the binding site for vinblastine.

Labeling sites for other drugs on membrane proteins have
been determined using protocols similar to those described in
this paper. The binding site of another photoactive derivative
of forskolin has been localized to transmembrane domain 10 of
the glucose transporter (51). This protein contains two domains
of six transmembrane regions and has two cytoplasmic loops,
similarly to P-glycoprotein. The al subunit of the L-type
calcium channel consists of four domains. The covalent binding
site of a drug, LU49888, has been localized to transmembrane
region 6 of the fourth domain (52). Although the exact locations
of these drug binding sites are slightly different, they all appear
to be closely associated with the transmembrane segments,

either within the membrane or carboxyl-terminal to the mem-
brane.

Photolabeling experiments are difficult to interpret with
respect to quantitation of the absolute levels of labeling at
individual sites on a protein. This makes it difficult to deter-
mine unambiguously the number of interaction sites for drugs
on a protein using only data from photoaffinity labeling exper-
iments. However, it should be possible to identify the specific
amino acid residues that are labeled by photoactive derivatives,
thus providing better defined locations for drug interaction
sites. The present study and others (24, 21) do demonstrate
that at least three drugs, i.e., forskolin, prazosin, and azidopine,
label similar peptides associated with the carboxyl- and amino-
terminal halves of P-glycoprotein.
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