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We fused P-glye D in with B-gal idase at the C-terminus aiming to study the mechanism of drug binding of P-glyco-
pmlcm in i cxpcrimcn E jon of the fusion protein in NIH 3T3 cclls conferred a multidrug-resistant

S ting that B- se fusion at lhc C-terminus does not dfrccl the functlons of P glycoprmcm The fuqon
protein was partially punl’:cd by lnmplc ion with anti-g-gal ihody, and its [*Hlazid
binding oroperty was d in the § of various iti of 1 Thc purified P-glycoprotein, after
reconstitution inio liposomes, was capable of binding [*H]azidopine. When the chol 1 content of K was increased 10
a weight ratio of 20%, the specific binding activity of the partially purified fusion protein was stimulated, and when the
cholesterol content was increased higher, ilic binding activity dccrcmcd The binding was ificatly di d by iti
with vinblastine. Stigmasterol was less effective, and ergosteral was the Ieast cffeetive in stii ing the specifie binding.
Introduction ferent molecules that share no obvious structural or

functional similarity.

P-glycoprotein, which is invalved in the typical mul- We previously reported that human P-glycoprotein
tidrug resistance of cancer cells, binds structurally and expressed in yeast cells did not function as a drug
functionally varying anticancer .irugs [1~3], and pumps transporter, although some of the molecules seemed to
them out of the cells [4-6). A photoaffinity dihidropyri- be inscrted correctly in the yeast plasma membrane
dinc analog azidopinc specifically binds to P-glyco- [12). We studied the effects of membrane components
protein and competes with anticancer drugs in binding of yeast cells on the activity of P-glycoprotein, and
to P-glycoprotein {7}, suggesting that azidopine and found that ergosterol, a major sterol component of
anticancei drugs share a common binding site in P- yeast plasma membrane, competed with azidopine in
glycoprotein. [*H)Azidopine photoafiinity labels two binding to P-glycoprotein in membrane vesicles of mul-
different regions of P-glycoproteiin corresponding to tidrug resistant cells, while cholesterol, a main sterol
transmembrane domains 1-6 and 7-12 [8,9], suggcsting component in the animal plasma membrane, had little
that P-glycoprotein contains cither two binding sites cffect.
for azidopine or a single site formed by the two homol- To understand the mechanism of drug binding, re-
ogous halves of the protein. It is also reported that one constitution cxperiments with purified P-glycoprotein
amino acid substitution at position 185 {which is be- are nccessary, Herc we roport azidopine binding of
tween transmembrane domains 2 and 3) affects the partially purified P-glycoprotein fised with 8-galacto-
drug-binding site and alters the relative resistance to sidase. Specific binding was dependent on the choles-
drugs, especially to colchicine [10,11]. The drug-hinding terol content of the liposomes in which the fusion
site affected by the amino acid substitution at position protein was expected to be reconstituted.

185 is proposed not to be the initial binding site but

another site, associated with release of bound drug to Experimental procedures

the outside of the cell. These results, however, still do

not describe how P-glycoprotein recognizes many dif- Maierials. Anti-luman P-glycoprotein monoclonal

antibody MRK16 was kindly provided by Dr. Takashi

Tsuruo. Anti-B-galactosidase polyclonal antibody was

K. Ueda, L of Biochemistry, Department from Advance and protein A-Scpharosc CL-4B was

ur Agmulmml Chemistry, Kyoto University, Kyoto 606-01, Japan. from Pharmacia. Anti-P-glycoprotein monoclonal anti-
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body C219 was from Centocor. L-a-Phosphatidyl-
choline prepared from fresh turkey egg yolk (approx.
60%) was from Sigma. An immunostaining kit using
alkaline phosphatase-labeled avidin biotin was from
Dako. [*H]Azidopine (specific activity 1 pCi/ul) was
obtained from Amersham. 9-8-p-Xvlofuranosyl ade-
nine and 2'-ucoxycoformycin were obtained from the
National Cancer Institute, USA.

Plasmid and transfection. The plasmid pSKMgal,
which is directed to express human P-glycoprotein fused
with B-galactosidase at the C-terminus [13), was intro-
duced into NIH 3T3 cells along with pSV2neo by the
caleium phosphate coprecipitation method, Trans-
fected cells were first selected in medium containing
0.8 mg/ml G418, G418-resistant cells were pooled and
selected for the expression of the adenosinz deaminase
(ADA) gene which is on pSKMgal as another tran-
scriptional unit in medium containing 9-B8-p-
xylofuranosyl adenine and 2'-deoxycoformycin (dCF).

X-gal staining. Cells were fixed with 2% formal-
dehyde and 0.2% glutaraldehyde in PBS at 4°C for 5
min, then washed three times with PBS. Fixed cells
were reacted with 1 mg/ml 5-bromo-4-chloro-3-in-
dolyl-B-p-galactoside (X-gal), 5 mM potassium ferri-
cyanide, S mM potassium ferrocyanide, and 2 mM
MgCl; in PBS at 37°C for more than 3 h, and washed
with tap water.

I precipil and r Membrane
vesicles prepared as reported previously [1] corre-
sponding to 1 mg of protein were suspended in 1 ml of
solubilizing buffer (50 m:4 Tris-HCI (pH 7.5), 250 mM
NaCl, 0.5% CHAPS, 2 mM DTT, 5% glycerol) for 1 h
at 4°C with continual inversion, then insoluble materi-
als were removed by centrifugation at 15000 % g for 10
min. Solubilized proteins were reacted with rabbit anii-
B-gal polyclonal antibody on ice for 1 h, and then with

Fig. 2. Photoaffinity labeling of NMgal-C800 membrane vesicles.
Membrane vesicles of NMgal-C800 (upper panel) and KB-Cl (lower
panel} corresponding to 20 ug protein was photoaffinity labeled with
[*Hluzidopine, and the effects of 1000-fold excess of various com-
petitors werce incd. Lane 1, no i lane 2, vi i
fane 3, ik fane 4, fane 5, ci
size standards are indicated in kDa a1 the left,
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Fig. 3. Purification of the fusion protein. The fusion protein was

purified by il ipitation with anti-g-gal; it

antibody from the membrane vesicles of NMgal-C800 cells. The

imntune complex was separated by SDS-PAGE and imntur.oblotted

with anti-P-glycoprotein  monoclonal antibody C219 (A) and
Coomassie brilliant blue staining (B).

100-200 p! of protein A-Sepharose (50% v /v in solu-
bilizing buffer) at 4°C for 1 h with continual inversion.
Immune complex was precipitated by centrifugation
and was washed four times with solubilizing buffer, and
twice with solutilizing buffer containing various com-
positions of liposomes,

Photoaffinity lubeling. Photoaffinity labeling was
done as described previously [7] with minor medifica-

TABLE 1

Relative resisiance of the
galacrosidase fusion protein

IC4, for NMgal14-40 and NMgal-CB00 cells against colchicine (Col),
vinblastine (Vbl), vincristine (Ver), and doxorubicin (Dox) measured
hy MTT assay were compared with those for NIH 3T3 cells, and
indicated by taking those for NIH 373 cells as 1,

Relative resistance

Cal Vbl Ver Dox
NIH 3T3 1 1 i 1
NMgal14-40 28 3 £Ss 1.8
NMgul-C800 483 204 36.5 28
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amide gel electrophoresis (SDS-PAGE). When im-
munoprecipetated samples were used, 20 ul of the
immune complex suspension (50% v/v) was reacted
with [*Hlazidopine in vesicle buffer.

Results

Expression of P-glycoprotein fused with B-galactosidase
NIH 3T3 cells were transfected with the expression
vector that was directed to express P-glycoprotein fused
with p-galactosidase, along with pSVZreo to select
tiansfected cells initially with G418. Because the ex-
pression vector contains the ADA gene as another
transcriptional unit, the G418-resistant cells were then
selected with 10 nM deoxycoformycin (dCF). Expres-
sion of the fusion protein was monitored by staining
the cefis with X-gal, and one clone (NMgal14-40)
ing a large amount of the fusion protein was

Specific drug binding (@+—e)
Relative drug binding (bars)

2 4
x 1000 vinblasine - + - + - + - + - 4
! ] i I [ ]
PG : cholestero! 1:0  9:1 8:2 7:3 6:4

Fig. 4. Effects of cholesterol on azidopine binding of the paniatly
purificd fusion protein. (A) anmmnm labeling of the panmlly
purificd fusion protein J in I

cholesterol (lanes 1 and 2), weight ratio of PC/chotesterol :'):I
(lunes 3 and 4). PC/cholesterol = 8:2 (lanes § and 6),
PC/cholesterol = 7:3 (Janes 7 and 8} and PC/cholesterol = 614
{lancs 9 and 10). Odd bered lanes, with no i even-
numbered lanes. in the presence of « 1KH-fold excess of vi i

xsolated To amplify the exptression of the fusion gene,
NMgall4-40 cells were then cultured with increasing
concentrations of dCF. After selection with 40 nM
dCF, expression of the fusion gene was examined by
staining the cells with X-gal (Fig. 1B), and by immuno-
staining with the monoclonal antibody MRK16 against
human P-glycoprotein (Fig. 1E). Because MRKI16 rec-
ognizes the extracellular region of P-glycoprotein, this
result indicates the presence of the fusion protein in
the plasma membrane of transformants, NIH 3T3 host
cells were not stained by X-gal (Fig. 1A} nor did they
react with MRKI16 (Fig. 1D).

The fusion protein functioned as a multidrug transporter
in NIH 3T3 cells

Transfected cells became 1.8-6.5-fold resistant to
drugs after selection with 40 nM dCF (Table I). Be-
cause dCF does not relate to the MDR phenotype or
induce endogenous mouse P-glycoprotein (Ueda, K.,
unpuhllshcd data), human P-glycoprotein fused with

{B) The X-ray film was scanned by densitometer (Pharmacia, UL-
TROSCAN XL, LKB 2222-020) and intensities of the bands were
calculated by taking fane 1 of each film as 1000 (bars). Each bar is the
average of duplicate measurements. Specific binding was calculuted
hy subtracting drug binding in the presence of vinblastine from that
in the absence of vinblustine and indicated as O Q. The
numbers of each bar correspond to the lane numbers of A,

tions. Bricfly, vesicles cor diug to 20-
40 pg of protein were reacted with 0.2 uM [*Hlazido-
pine in vesicle buffer (50 mM Tris-HCl (pH 7.5), 250
mM suerose) at a final volume of 50 1 in the presence
or absence of 1000-fold excess of competitors at room
temparature for 20 min, The reaction mixture was then
irradiated with a UV lamp (Ultra-Violet Products,
Blak Ray Lamp Type XX-15L} for 30 min on ice.
Labeled proteins were separated by SDS-polyacryl-

is supposed to function as a multidrug
lrnnsporter But because selection with dCF gave a
limited level of expression of the fusion protein, we
proceeded to further selection with increasing concen-
trations of colchicine. NMgal-C800 cells that were se-
lected with 1000 ng/ml colchicine and maintained with
800 ng/ml colchicine overexpressed the fusion protein
(Figs. 1C and F), and became more resistant to drugs
(Tablc 1). Membrane vesicles of these transfectants
were prepared and photoaffinity labeling with
{*HJazidopinc was done. The fusion pratein in mem-
brane vesicles prepared from NMgal-C800 cells was
labeled by [*Hlazidopine as efficiently as the authentic
P-glycoprotein of KB-Cl (Fig. 2), and photoafinity
labeling competed with various substrates for P-glyco-
protein in a similar pattern (Fig. 2). Thesc data suggest
that the fusion with B-galactosidase at the C-terminus
does not affect the functions of P-glycoprotein.



Chol I-dependent specific azid
tially purified fusmn protein

The overexpressed fusion protein was partially puri-
fied by immunoprecipitation with anti-B-galactasidage
polycional antibody (Figs. 3A and B), and azidopine-
binding activity of the partially purified fusion protein
was examined. The fusion protein was washed twice
with solubilizing buffer containing liposomes of egg
yolk phosphatidylcholine (PC) after immunoprecipita-
tion. In this step, spontaneous reconstitution was cx-
pected, The partially purified fusion protein in PC
liposomes was weakly photoaffinity labeled by

binding of par-
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[*Hlazidopine (Fig. 4A lanc 1). But only 50% of azi-
dopine binding was competed with excess vinblastine
(Figs. 4A and B lane 2). Because our previcus study
suggested the invalvement of membrane sterol in the
function of P-glycoprotein {12}, we examined the ef-
fects of cholesterol :n azidupine binding of partially
purified fusion nrotein. When the cholesterol content
of liposome was increased to a PC/cholesterol weight
ratio of 8:2, both of the total binding and the specific
binding increased (Figs. 4A and B). When the choles-
terol content was 7: 3, the total binding v.as still high
but the specific binding decreased. When the choles-

Fig. 5. Eﬂects of sngmasteml {A and C) and ergoslerol {B and D) on mdopmc binding of the pdﬂld“y purified ﬁmon proh.m (A and B)

Photoaffinity labeling of the partiaily purified fusion protein

1o sterol {lanes 1 and 2), weight ratio of

PC/sterol =9:1 (lanes 3 and 4), PC/steral = 8:2 (lanes § and 6), PC/slcml 7:3 (lanes 7 and 8), and PC/sterol = 6:4 (lanes 9 and 10}
Odd-numbered lanes, with no competitor; even-numbered lanes, in the presence of a 1000-fold excess of vinblastine. (C and D) Relative drug

binding (bars) and specific drug binding (01

D) were calculated as described in the legends for Fig. 4. Each bar is the average of duplicate

measurements.
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terol content was 6:4, both the total binding ani the
specific binding decreased to the leve! without choles-
terol.

Effects of stij | and erg ! on [3H]azid
binding
We ined if sti ol or erg I, which

are the main sterols of plant and yeast plasma mem-
brane, respectively, could substitute for cholesterol,
Stigmasterol stimulated azidopine binding of the par-
tially purified fusion protein, although less effectively
than cholesterol. The highest total and specific bind-
ings were observed when the stigmasterol content was
a PC/stigmastero! weight ratio of 9:1 (Figs. 5A and
). Ergosterol was the least effective in stimulating the
azidopine binding of the partially purified fusion pro-
tein (Figs. 5B and D).

Discussion

In this report, P-glycoprotein was expressed as a
fusion protein with B-galactosidase at the T-terminus.
After dCF selectlon transformed cells showed a mul-
tidrug-resi pe. Bi dCF selection does
not induce endogenous mouse P-glycoprotein, human
P-glycoprotein fused with g-galactosidase is supposed
to be functioning as a multidrug transporter. The fu-~
sion protein in membrane vesicles was efficiently la-
beled by [*H]azidopine, and the pattern of competition
by various drugs was similar to that of the authentic
P-glycoprotein of muitidrug-resistant KB-Cl1 cells.
Moreover, the partially purificd fusion protein has
ATPase activity [13). Thus, B-galactosidase fused at the
C-terminus does not affect the functions of P-glyco-
protein.

The fusion protein was partially purified by simple
immunoprecipitation with anti-B-galactosidase poly-
clonal antibody. The photoaftinity labeling of the par-
nally purified fusmn protein reconstituted in liposomes
by [*Hlazid d: P of ct '
in drug binding of P-glycoprotein. Cholesterol stimu-
lated specific azidopine binding of the fusion protein
when the PC/cholesterol weight ratio was 8:2. This
ratio may be significant because cholesterol comprises
20-30% of the membrane lipids in the plasma mem-
brane of human cells. Stigmasterol was less effective at
stimulating the specific binding, and ergosterol scarcely
stimulated the specific binding. These results are con-
sistent with our previous report that P-glycoprotein
expressed in yeast cells does not function as a mul-
tidrug transporter, probably due to the difference of
the sterol component of the plasma membrane [12],

The mechanisia of the stimuiatory effect of choles-
terol is not clear. One possibility is the influence of
cholesterol on the motional order of liposomes. An-
other possibility is that cholesterol may interact directly
with P.glycoprotein as an essential positive effector. It
was recently reported that the membrane cholesterof
content affects the activities of Na*/K*-ATPase (14]
and UDP-glucuronosyltransferase {15). In the former
case ergosterol was the least effective at supporting the
activity. These structural specificities for the sterol to
be cffective may suggest a direct interaction with the
enzyme. Because P-glycoprotein directly interacts with
progesterone at the drug binding site {16) and trans-
ports cortisol and aldosterone (Ueda, K., unpublished
data), cholesterol may directly interact with the drug
binding site of P-glycoprotein and assist the specific
drug binding.
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