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P-glycoprotein (P-gp), encoded by the MDRI gene, is a plasma membrane transporter which effluxes a large
number of structurally nonrelated hydrophobic compounds. The molecular basis of the broad substrate
recognition of P-gp is not well understood. Despite the 78% amino acid sequence identity of the MDRI and
MDR?2 transporter, MDR2, which has been identified as a phosphatidylcholine transporter, does not transport
most MDRI1 substrates. The structural and functional differences between MDR1 and MDR2 provide an
opportunity to identify the residues essential for the broad substrate spectrum of MDR1. Using an approach
involving exchanging homologous segments of MDR1 and MDR2 and site-directed mutagenesis, we have
demonstrated that MDR1 residues Q330, V331, and L332 in transmembrane domain 6 are sufficient to allow
an MDR2 backbone in the N-terminal half of P-gp to transport several MDR1 substrates, including bisantrene,
colchicine, vinblastine, and rhodamine-123. These studies help define some residues important for multidrug
transport and indicate the close functional relationship between the multidrug transporter (MDR1) and

phosphatidylcholine flippase (MDR2).

Expression of the multidrug transporter P-glycoprotein (P-
gp) is one of the major causes of multidrug resistance in cancer
cells. P-gp is a 170-kDa membrane protein encoded by the
MDRI1 gene in humans. Based on its sequence and domain
organization, P-gp is classified as a member of ATP binding
cassette superfamily; it consists of two symmetrical halves, each
half containing six transmembrane (TM) domains and a cyto-
plasmic nucleotide binding domain. Although most members
of the ABC transporter family have stringent substrate speci-
ficities, P-gp recognizes many compounds, including anthracy-
clines (e.g., doxorubicin and daunomycin), vinca alkaloids (e.g.,
vincristine and vinblastine), antibiotics (e.g., actinomycin D),
circular and toxic peptides (e.g., valinomycin and gramicidin),
and relatively noncytotoxic agents such as verapamil, azidop-
ine, quinidine, and cyclosporin A. These P-gp substrates have
no common chemical structure. They are all low-molecular-
weight nonanionic hydrophobic or amphipathic compounds
(11).

Although a detailed understanding of the molecular basis of
P-gp substrate specificity must await high-resolution three-di-
mensional protein structure analysis, much information can be
obtained through mutational studies aimed at analyzing the
regions of homology and nonhomology between MDR mole-
cules from the different species. Two MDR homologs, MDR1
and MDR?2, have been identified in humans. Despite MDR2
having a 78% overall amino acid sequence identity and a do-
main organization predicted to be the same as MDR1 (32),
MDR?2 protein is a phosphatidylcholine transporter which rec-
ognizes some other phospholipids (30, 31). However, the
MDR?2 transporter does not confer drug resistance in a broad
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spectrum. Photoaffinity labeling experiments have shown that
the inability of the mouse mdr2 transporter to confer resis-
tance to specific drugs is associated with reduced binding of
these drugs to the mdr2 protein (4). Studies of MDR1-MDR2
chimeric proteins show that exchanging ATP binding domains
between MDR1 and MDR2 results in few changes in the
function of MDRI1; however, exchanging the homologous seg-
ments containing a few TM regions abrogates the capacity of
the MDRI1 transporter to confer multidrug resistance (3, 7,
34). The loss of multidrug transporter function in the chimeric
P-gp can be partially restored through selectively changing a
few MDR?2 residues back to MDRI1 residues, indicating that
not all of the nonidentical residues contribute equally to the
differences in transport function between MDR1 and MDR2
(7). Since MDR1 and MDR?2 proteins have a similar domain
structure and they both transport hydrophobic and amphi-
pathic substrates, their substrate preferences are most likely
determined by some of the nonidentical residues within the
MDR protein transmembrane domains. Identification of these
residues will help reveal the molecular basis of the specific
interaction between P-gp and its substrates.

In this work, we have focused on the residues around TM
domain 6 (TM6) of MDR1 which are conserved in MDR1 P-gp
from different species. Photoaffinity labeling experiments have
suggested that this region directly interacts with the substrates
of MDRI1 (1, 2, 12, 13, 25). In mouse P-gp, replacing TM5 and
TM6 with the homologous mdr2 segment is sufficient to abol-
ish the colchicine and doxorubicin resistance conferred by
mdrl (3). The overall strategy of our work was to construct an
inactive MDR1-MDR?2 chimera and use it as a framework to
reconstruct molecules with MDR1-like function by selectively
replacing MDR?2 residues with MDRI1 residues. Our results
indicate that Q330, V331, and L332 in TM6 of MDR1 P-gp are
crucial for multidrug transporter activity and that with the
exception of these residues, the amino-terminal half of the
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MDR2 backbone, including the first six TM domains, can sup-
port multidrug transport.

MATERIALS AND METHODS

Mutagenesis and vector construction. A silent G-A substitution at bp 1185 was
first introduced into MDR2 to create an EcoRI site at the same position as in
MDR1. The MDR1-MDR?2 chimera was constructed by exchanging homologous
Nsil/EcoRI digestion fragments. Two sets of mutations, (i) N330Q, A331V, and
M332L and (ii) V364E, D367K, N372K, K374S, and E380K, were generated by
a PCR mutagenesis method (17). MDR1, MDR1-MDR2(307-394), and MDRI1-
MDR2(307-394)QVL, as well as MDR1-MDR2(307-394)EKKSK, were insert-
ed into the pHa retroviral vector at SacIl and Xhol sites (27).

Chimera MDR2(1-394)-MDR1 was constructed in the vaccinia virus pTM1
transient expression vector (9) downstream of the T7 promoter and the 5'-
untranslated region, which included an internal ribosomal entry site, of the
encephalomyocarditis virus as previously described (28). To obtain optimum
expression, RNA transcription has to start from the Ncol site at the end of the
5'-untranslated region of encephalomyocarditis virus. The Ncol site in MDR2
was created at the ATG start codon by the PCR mutagenesis method. A three-
way ligation was performed to link MDR2 (Ncol/Sall, a PCR product), MDR2
(Sall/EcoRI), and pTMIMDRI1 (Ncol/EcoRI). In order to detect the expression
of the chimeric protein MDR2(1-394)-MDRI1 on the cell surface, a FLAG
epitope containing octopeptide DYKDDDDK (Kodak) was inserted in the first
extracellular loop between residues F98 and G99 of MDR2. The same FLAG
epitope was also previously inserted in wild-type MDRI1 between N94 and R95.
MDRI1-FLAG had identical characteristics to MDR1 based on fluorescence-
activated cell sorter (FACS) analysis and iodoarylazidoprazosin (IAAP) pho-
toaffinity labeling (17a). A Sacll site was also created by using PCR in the
pTM1IMDR2(1-394)-MDRI1 chimera 37 bp before the MDR?2 starting codon.
Two sets of mutations, (i) N330Q, A331V, and M332L and (ii) V364E, D367K,
N372K, K374S, and E380K were introduced into MDR2(1-394)-MDR1 by re-
placing the BamHI/EcoRI fragment with the corresponding fragment of MDR1-
MDR2(307-394)QVL, or MDR1-MDR2(307-394)EKKSK. The SacIl/Xhol
fragment containing the entire MDR2(1-394)-MDR1 or MDR2(1-394)-
MDRIQVL was inserted into the SacIl/Xhol site of the pHa retroviral vector.
MDRINAM was created by introducing mutations Q330N, V331A, and L332M
into MDRI by PCR mutagenesis. All PCR products were sequenced to confirm
that only the desired mutations were introduced.

Cell culture and DNA transfection. Both transient and stable protein expres-
sion approaches were employed in this work. Transient expression was based on
the method developed by Moss and colleagues (9, 10, 26). cDNA was transcribed
by this method from a T7 promoter by T7 RNA polymerase, which was expressed
by a modified recombinant vaccinia virus (MVA). The cotransfection-infection
procedure was performed as described previously by Ramachandra et al. (28).
Briefly, 15 pg of DNA was mixed with 45 pl of Lipofectin (Life Technology, Inc.)
in 3.5 ml of OptiMem medium and allowed to sit undisturbed at room temper-
ature for 30 min. The mixture was then added to a 75-mm? flask preplated with
1.5 X 10° HeLa cells the night before. MVA was also added to the flask at 10°
PFU/flask. After 4 h of incubation at 32°C, 12 ml of minimal essential medium
containing 10% fetal bovine serum (FBS) was added. The cells were cultured at
32°C for another 18 h before the functional analysis.

Stable expression of MDRI1 and its mutants were achieved by using a well-
established pHa retroviral vector whose promoter is in the long terminal repeat
of Harvey murine sarcoma virus (27). First, 10 pg of pHaMDR1(V185) or
mutant DNA was cotransfected with 0.5 pg of pcDNA3 (Invitrogen) into NIH
3T3 cells by the calcium phosphate transfection method. pcDNA3 confers G418
resistance on the transfected cells through expression of neo. After selection for
7 days with 750 pg of G418 per ml, the surviving cells were pooled and labeled
with anti-human MDR1 monoclonal antibody MRK-16 (14) at a concentration
of 5 pg/5 X 10° cell in a volume of 200 wl at 4°C for 30 min. MRK-16-positive
cells were isolated by using magnetic cell sorting with a miniMACS apparatus
(Miltenyi Biotec GmbH). The MRK-16-positive cells were collected and ex-
panded to 107. The aliquots of the expanded cells were stored in liquid nitrogen
or analyzed either by a cytotoxicity assay or FACS.

FACS analysis of P-gp cell surface expression and fluorescent drug accumu-
lation. The cell surface expression of MDR1 P-gp or its mutants was detected by
using MDR1 monoclonal antibody MRK-16 (14) or, in some cases, M2 mono-
clonal antibody raised against the FLAG epitope (Kodak). About 2 X 10° to 3 X
10° cells were incubated in 200 .l of phosphate-buffered saline (PBS) containing
1% bovine serum albumin and 5 pg of MRK-16 or M2 antibody at 4°C for 30
min. After two washes with ice-cold PBS, the cells were further incubated with
fluorescein isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin G2a
(IgG2a) or IgG1 monoclonal antibody (PharMingen) at 4°C for 45 min. The cells
were then washed and analyzed with a FACSort apparatus equipped with
Cellquest program (Becton Dickinson). The fluorescence intensity at the FL1
channel was plotted to compare the cell surface expression of MDRI or its
mutants.

In a fluorogenic substrate accumulation assay, 3 X 10° cells were incubated in
2 ml of phenol red-free Iscove medium (Life Technology, Inc.) which contained
either 1 pg of bisantrene per ml, 3 uM daunomycin, or 0.5 uM rhodamine-123.
After incubation at 37°C for 60 min, the cells were centrifuged, resuspended in
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ice-cold PBS, and analyzed by FACS. In some cases, after incubation with 0.5
M rhodamine-123, the cells were incubated at 37°C in plain Iscove medium for
40 min before being analyzed by FACS.

Cell toxicity assay. The multidrug transporter activity of MDR1 or its mutants
was also examined by using a cytotoxicity assay. Control NIH 3T3 cells resistant
to G418 and NIH 3T3 cell populations expressing MDR1 or its mutants (positive
for MRK-16 labeling, isolated by magnetic cell sorting) were plated at 10° cells/
well in 96-well plates. On the second day, the cells were cultured in selective
medium containing bisantrene, colchicine, daunomycin, or vincristine at a con-
centrations of 0, 0.3, 1, 3, 10, 30, 100, 300, or 1,000 ng/ml. After 72 h of incubation
at 37°C, cell viability was determined with reagent WST-1 (an MTT analog from
Boehringer Mannheim) according to the manufacturer’s instruction. Triplicates
of each sample were analyzed in this assay. The 50% inhibitory concentration
(ICs0) was defined as the drug concentration required for 50% inhibition of the
maximum WST-1 staining. The percentage of drug transporter activity of the
MDR1 mutants versus the activity of wild-type MDR1 was calculated as 100 X
(ICs¢ [mutant] — ICsq [neo])/(ICs, [MDR1] — ICs, [neo]).

Photoaffinity labeling with ['>*I]IAAP. Aliquots of 5 X 10° HeLa cells tran-
siently expressing MDR1, MDRINAM, MDR2(1-394)-MDR1, MDR2(1-394)-
MDRI1QVL, and MDR2(1-394)-MDRI1EKKSK were washed with ice-cold PBS
and resuspended in 100 pl of PBS containing 7 nM ['**I]IAAP (Amersham) with
or without 5 wM cyclosporin A or vinblastine at the indicated concentrations.
The cell suspensions were incubated in the dark at room temperature for 60 min,
followed by cross-linking under UV light at 366 nm for 30 min on ice. The cells
were then washed once with ice-cold PBS, and the cell pellets were subjected to
immunoprecipitation with anti-P-gp polyclonal antiserum PEPGa-13 as de-
scribed previously (1, 2). The immunoprecipited samples were divided into two
aliquots. One aliquot was analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and used to detect labeled radioactivity; the other
aliquot was subjected to immunoblotting analysis with C219 monoclonal anti-
body.

RESULTS

Sequence alignment of MDR1 and MDR2 between residues
307 and 394. A previous mutational study demonstrated that a
mouse mdrl-mdr2 chimera containing TM5 and TM6 of mdr2
does not confer resistance to doxorubicin or colchicine (3),
indicating that some of the replaced MDRI1 residues are pivo-
tal for multidrug transporter activity. To determine which res-
idues within this region are essential for the multidrug trans-
porter activity, we aligned the amino acid sequences of 10
mammalian MDR proteins (human MDR1 and MDR2; mouse
mdrl, mdr2, and mdr3; rat mdrl and mdr2; and Chinese ham-
ster mdrl, mdr2, and mdr3) by using the Wisconsin Package
software (Genetics Computer Group, Inc.). An alignment of
the segment between residues 307 and 394 is shown in Fig. 1.
Within this segment, 19 residues differ between human MDR1
and MDR2 P-gp (underlined in the MDR1 segment); 12 of
these residues are conserved among the multidrug transporters
(numbered). Based on an MDR1 TM organization model (5,
18, 19), these 12 residues are distributed as follows: two in the
extracellular loop connecting TM5 and TM6 (T318 and S327),
four in TM6 (Q330, V331, L332, and S351), and six in the
cytoplasmic region following TM6 and preceding the N-termi-
nal nucleotide binding domain (E353, E364, K367, K372, S374,
and K380).

Functional analysis of MDR1-MDR2(307-394), MDR1-
MDR2(307-394)QVL, and MDR1-MDR2(307-394) EKKSK.
Our strategy to identify the essential MDR1 residues was to
restore the multidrug transporter activity in MDR1-MDR2
chimeras by reintroducing selected MDR1 residues. The initial
study was focused on the chimeric protein MDR1-MDR2(307-
394). Two sets of mutations, (i) Q, V, and L at positions 330,
331, and 332 in TM6 or (i) E, K, K, S, and K at positions 365,
367,372, 374, and 380, respectively, within the cytoplasmic region,
were introduced into MDR1-MDR2(307-394) to create MDR1-
MDR2(307-394)QVL and MDRI1-MDR2(307-394)EKKSK
(Fig. 2). Functional characterization of the chimeras was per-
formed with stably transfected NIH 3T3 cells. Retroviral vec-
tors containing the gene encoding MDR1(V185), a well-char-
acterized mutant of MDRI1 (6, 28), or the MDR1-MDR2
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-—~ 310 320 330 340
hMDR2 YAS YALAFWYGST LVISKEYTIG NAMTVFFSIL IGAFSVGQAA
mmdr2 YAS YALAFWYGST LVISKEYTIG NAMTVEFSIL IGAFSVGQAA
rmdr2 YAS YALAFWYGST LVISKEYTIG NAMTVFFSIL TGAFSVGQAA
chmdr?2 YAS YALAFWYGST LVISKEYTIG NAMTVFFSIL IGAFSVGQAA
318 327 330-332
hMDR1 YAS YALAFWYGTIT LVLSGEYSIG QVLTVFFSVL IGAFSVGQAS
mmdrl YAS YALAFWYGTS LVLSNEYSIG EVLTVFFSIL LGTFSIGHLA
rmdrl YAS YALAFWYGTS LVLSNEYSIG QVLTVFFSIL LGTFSIGHLA
chmdril YAS YALAFWYGTS LVISKEYSIG QVLTVFFAVL IGAFSIGQAS
mmdr3 YAS YALAFWYGTS LVISKEYSIG QVLTVFFSVL IGAFSVGQAS
rmdr3 YAS YALAFWYGTS LVLSNEYSIG QVLTVFFSIL LGTFSIGHLA
chmdr3 YAS YALAFWYGTS LVLSNEYSVG QVLTVFFSIL FGTFSIGHIA
350 360 370 380 390
hMDR2 PCIDAFANAR GAAYVIFDIT DNNPKIDSFS ERGHKPDSIK GNLEF
mmdr2 PCIDAFANAR GAAYVIFDII DNNPKIDSFS ERGHKPDNIK GNLEF
rdr2 PCIDAFPNAR GAAYVIFDII DNNPKIDSFS ERGHKPDSIK GNLEF
chmdr2 PCIDAFANAR GAAYVIFDII DNNPKIDSFS ERGHKPDSIK GNLEF
351353 364 367 372 374 380
hMDR1 PSTEAFANAR GAAYEIFKITI DNKPSIDSYS KSGHKPDNIK GNLEF
ramdrl PNIEAFANAR GAAYEIFKII DNEPSIDSFS TKGYKPDSIM GNLEF
rodrl PNIEAFANAR GAAYETIFKII DNEPSIDSFS TKGHKPDSIM GNLEF
chmdrl PNIEAFANAR GAAYEIFNII DNEKPSIDSFS EKNGYKPDNIK GNLEF
mmdr3 PNIEAFANAR GAAYEVFKITI DNKPSIDSFS KSGHKPDNIQ GNLEF
rmdr3 PNIEAFANAR GAAYEIFKII DNEPSIDSFS TKGHKPDSIM GNLEF
chmdr3 PNIEVFANAR GAAYEIFKII DNEPSIDSFS TQGHKPDSVM GNLEF

EcCoRT

FIG. 1. Amino acid sequence alignment of mammalian MDR proteins between residues 307 and 394. The residues that differ between MDR1 and MDR?2 are
underlined. The residues in MDR1 differing from MDR?2 but conserved in mdrl and mdr3 are numbered with their position in MDR1. The residues studied in this
work are in boldface. MDR prefixes: h, human; r, rat; ch, Chinese hamster; m, mouse.

chimera were cotransfected with pcDNA3, which confers G418
resistance. After G418 selection, the surviving cell population
was pooled and incubated with monoclonal antibody MRK-16.
The MRK-16-positive cells were isolated by a magnetic cell
sorting method and used for functional studies.

Two approaches were used to compare the multidrug trans-
porter activity of P-gp and its mutants. The first approach was
to test the ability of MDR1-MDR?2 chimeras to confer multi-
drug resistance in stably transfected NIH 3T3 cells. In this
assay, the cells were exposed to cytotoxic drugs by using bis-
antrene, colchicine, daunomycin, or vincristine at various con-
centrations. The surviving cells were detected with the MTT
analog WST-1. This assay scores the viable cells by detecting
the enzymatic activity of functional mitochondria. As summa-
rized in Table 1, MDR1-MDR2(307-394) conferred low-level
bisantrene resistance compared to MDR1(V185), but it did
not confer resistance to colchicine, daunomycin, and vincris-
tine. Reintroducing MDRI1 residues Q330, V331, and L332
into TM6 increased resistance to bisantrene and partially re-
stored resistance to colchicine, daunomycin, and vincristine.
Reintroducing E364, K367, K372, S374, and K380 into the
cytoplasmic loop did not improve drug resistance. Similar re-
sults were also obtained by a direct cell colony formation assay
(data not shown).

The second approach involved analyzing the transporter ac-
tivity by a fluorogenic substrate accumulation assay. This assay
takes advantage of the fact that some P-gp substrates have
intrinsic fluorescence; the accumulation of these substrates can
be determined by measuring the intracellular fluorescence by
FACS analysis. Thus, this assay directly measures P-gp trans-
porter activity. In this experiment we used fluorescent sub-
strates rhodamine-123 and bisantrene. As shown in Fig. 3, the
cells expressing MDR1-MDR2(307-394)QVL accumulated

less bisantrene and rhodamine-123 than the cells expressing
MDR1-MDR2(307-394) or MDR1-MDR2(307-394)EKKSK.
These results indicate that reintroducing MDR1 residues
Q330, V331, and L332 into TM6 of MDR1-MDR2(307-394)
partially restored the transporter activity for bisantrene and
rhodamine-123 but that reintroducing E364, K367, K372, S374,
and K380 into the cytoplasmic region did not produce similar
effects. Identical results were also obtained in an analysis of
transiently expressed MDR1-MDR2 chimeras and wild-type
MDRI1 (data not shown).

The difference in drug transport could be due to a difference
in the amount of P-gp on the cell surface. Therefore, we com-
pared the cell surface expression of MDR1 with the MDR1-
MDR?2 chimeras by using MRK-16. The results indicate that
over 90% of the sorted cells in the mass cell population are
MRK-16 positive. MDR1(V185), MDR1-MDR2(307-394),
and MDR1-MDR2(307-394)EKKSK were expressed on the
cell surface at similar levels, but the expression of MDR1-
MDR2(307-394)QVL was slightly less (Fig. 3). This difference
may partially contribute to the lower transporter activity ob-
served in the cells expressing MDR1-MDR2(307-394)QVL. In
summary, both the cytotoxicity assay and the fluorescent sub-
strate accumulation assays indicated that within the region
containing residues 307 to 394, Q330, V331, and L332 in TM6
play a crucial role in sustaining multidrug transport activity,
while S351, K367, K372, S374, and K380 in the cytoplasmic
loop are less important.

Functional analysis of MDR2(1-394)QVL-MDRI1 and MDR2
(1-394)EKKSK-MDRI. To further investigate the significance
of Q330, V331, and L332 in multidrug transporter activity, we
examined the effects of these mutations in an MDR1-MDR2
chimera containing the entire MDR2 N-terminal transmem-
brane region (TM1-6; residues 1 to 394). Two sets of muta-
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(V364E, D367K, N372K, K374S, E380K)

Neol EcoR|
MDR2(1-394)/MDR1 | |
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MDR2(1-394)/MDR1QVL |
FLAG (N330Q, A331V, M332L,)
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MDR2(1-394)/MDR1EKKSK I m

FLAG (V364E, D367K, N372K, K374S, E380K)
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[

(Q330N, V331A, L332M)
FIG. 2. Diagram of the chimeric MDR proteins. The FLAG epitope was inserted in MDR2 between F98 and G99. Open boxes, MDR?2 segment; shaded boxes,

MDRI1 segment.

tions, (i) N330Q, A331V, and M332L and (ii) V364E, D367K,
N372K, K374S, and E380K, were introduced into MDR2
(1-394)-MDRI1 to generate MDR2(1-394)-MDR1QVL and
MDR2(1-394)-MDR1EKKSK (Fig. 2). Since it was possible
that the MRK-16 epitope would be missing in these MDR2-
MDRI1 chimeras, a FLAG epitope was inserted into the first
extracellular loop of both chimeric and wild-type MDRI1 to
evaluate cell surface expression.

MDR2(1-394)-MDR1 and MDR2(1-394)-MDR1QVL were
stably expressed in 3T3 cells. After G418 selection and mag-
netic cell sorting as described above, the mass population of
MRK-16-positive cells was subjected to cytotoxicity assays. The
results showed that MDR2(1-394)-MDRI1 conferred low re-
sistance to bisantrene and no resistance to colchicine, dauno-
mycin, and vincristine. In comparison, MDR2(1-394)-MDR1
QVL conferred increased resistance to bisantrene and partial
resistance to vincristine and colchicine; no resistance to dauno-
mycin was observed (Table 2). The amounts of MDR1(V185),
MDR2(1-394)-MDR1, and MDR2(1-394)-MDR1QVL pro-
teins expressed on the cell surface were compared by labeling
with monoclonal antibody raised against the FLAG epitope,
followed by FACS analysis. MDR2(1-394)-MDR1QVL was ex-
pressed at a level comparable to wild-type MDR1, but MDR2
(1-394)-MDR1 was expressed at a somewhat lower level (data
not shown).

To correct for the expression difference between MDR2
(1-394)-MDR1 and MDR2(1-394)-MDR1QVL in 3T3 cells,
we transiently expressed both proteins, as well as MDR2(1-
394)-MDR1EKKSK and MDR1, in HeLa cells by using a vac-

cinia virus-T7 RNA polymerase system. In comparison with
other protein expression systems, the vaccinia virus-T7 RNA
polymerase system enables one to achieve a high transfection
efficiency and to produce large amounts of recombinant pro-
tein within a short period of time. The protein expressed on the
cell surface was labeled by using a monoclonal antibody raised
against the FLAG epitope and then detected by FACS. As
shown in Fig. 4, the cells transfected with MDR1 or its mutants
were separated into two populations. One population of cells
was minimally fluorescent and thus similar to the cells trans-
fected with the pTM1 vector, indicating that these cells did not
express the MDR1-FLAG epitope. The other cell population
was more fluorescent and equivalent, indicating that the cell
surface expression of MDR2(1-394)-MDR1QVL and MDR2

TABLE 1. Relative drug resistance conferred by
MDRI or its mutants

Mean relative drug resistance”

+ SE to:
MDRI1 or mutant
Bisan- Colchi-  Dauno-  Vincris-
trene cine mycin tine
neo 1 1 1 1

122+1.2 13501 43%+03 3.8+08
2405 12*x01 1202 14*=03
72*x13 84*x12 23+03 22x0.1
1902 21x03 12*x04 1.1x0.1

MDRI1(V185)
MDR1-MDR2(307-392)
MDR1-MDR2(307-392)QVL
MDR1-MDR2(307-392)EKKSK

“The number represents the ratio of ICs, [MDR]/ICs, [neo].
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3T3/MDR1/MDR2(307-394) 3T3/MDR1
FIG. 3. Expression and function of MDR1-MDR?2 chimeras after stable transfecti

1 Rhodamine 123

Bisantrene

- :.:_. -
TR A

Counts

102 10%

10!
Fluorescence intensity

10
Fluorescence intensity

0

/MDR2(307-394)QVL
/MDR2(307-394) EKKSK
on. (A) The cell surface expression of MDR1, MDR1-MDR2(307-394), and its

mutants on transfected 3T3 cells was determined by using MRK-16 antibody labeling and FACS analysis. The transporter activity of MDR1, MDR1-MDR2(307-394),

and its mutants was analyzed by using a fluorescent substrate accumulation assay. The
1 pg of bisantrene per ml (B) or 0.5 wM rhodamine-123 (C) at 37°C for 60 min. The

3T3 cells expressing MDR1 or its mutants were incubated in medium containing
fluorescence intensity, representing the intracellular accumulated substrate, was

detected by FACS. Key: light gray areas, 3T3/neo; dark gray areas, 3T3/MDR1(V185); dotted line, 3T3/MDR1-MDR2(307-394); heavy line, 3T3/MDR1

(1-394)-MDRI1EKKSE was at a level similar to wild-type P-gp.
However, the expression of MDR2(1-394)-MDR1 was still
slightly less than that of the other proteins.

The transport activities of transiently expressed MDR2(1-
394)-MDR1QVL and MDR2(1-394)-MDR1EKKSK were de-
termined by the fluorogenic substrate accumulation assay.
Rhodamine-123, bisantrene, and daunomycin were used in this
experiment. As shown in Fig. 4, the cells transfected with P-gp
showed two populations. One population of cells, overlapping
with the cells transfected with pTM1 vector, exhibited a high
fluorescence intensity, indicating a lack of multidrug trans-
porter activity. The second cell population had less fluores-
cence and was unique to the cells transfected with MDR1 or its
mutants, indicating that the reduced fluorescence was asso-
ciated with overexpression of MDR activity. MDR2(1-394)-
MDRI1QVL exhibited efflux activity for bisantrene and rhoda-
mine-123 but not for daunomycin. MDR2(1-394)-MDRI1
EKKSK showed low-level efflux activity for bisantrene but no
efflux activity for rhodamine-123 or daunomycin. This result
suggests that substituting residues Q330, V331, and L332 in
MDR2(1-394)-MDR1 can improve multidrug transporter ac-
tivity in MDR1-MDR?2 chimeras, though the transporter effi-
ciency varies with the substrate tested.

Previous studies showed that a mouse mdr2(1-394)-mdrl
chimera does not confer doxorubicin and colchicine resistance
in a stable transfected cell line (3). We obtained similar results
with human P-gp chimeras. However, with either the stable or
the transient expression systems, we were not able to express
this protein on the cell surface at a level equivalent to the wild-
type P-gp or MDR2(1-394)-MDR1QVL. The low-level ex-
pression of MDR2(1-394)-MDR1 observed in this experiment
may be related to an inhibitory effect of the MDR2 coding
sequence on protein expression, since full-length MDR2 P-gp
is also expressed at a lower level than MDRI in either stable or
transient expression systems (4, 35). Because MDR2(1-394)-
MDRI1 was expressed at a lower level than MDR2(1-394)-
MDR1QVL, it is difficult to directly compare their transport

in MDR2(1-394)-MDRI1 can be demonstrated through com-
parison of the transporter activities of MDR2(1-394)-MDR1
QVL and MDR2(1-394)-MDR1EKKSK.

Expression and functional analysis of MDR1NAM. To con-
firm the significance of Q330, V331, and L332 in TM6, we
generated a MDR1 mutant containing the mutations Q330N,
V331A, and L332M. This MDR1 mutant, MDRINAM, was
transiently expressed in HeLa cells by using a vaccinia virus-T7
expression system as described above. The cell surface expres-
sion of MDR1 and MDRINAM were compared by labeling
intact cells with P-gp monoclonal antibody MRK-16. The mul-
tidrug transporter activity of MDRINAM was compared with
MDRI1 by using a fluorogenic substrate accumulation assay.
Bisantrene, rhodamine-123, and daunomycin were tested. We
found that although MDRINAM was expressed on the cell
surface as much as the wild-type MDRY1, its capacity to efflux
daunomycin was almost lost and the activity to efflux bis-
antrene, calcein AM, and rhodamine-123 were also signifi-
cantly reduced but not abrogated (Fig. 5). Similar results were
also obtained with 3T3 cells that stably expressed MDRINAM.
Compared to MDR1(V185), MDRINAM conferred 49% as
much resistance to bisantrene and 22% as much resistance to
daunomycin. These results suggest that Q330, V331, and L332

TABLE 2. Relative drug resistance conferred by
MDRI1 or its mutants

Mean relative drug resistance”

+ SE to:
MDRI1 or mutant

Bisan- Colchi- Dauno- Vincris-

trene cine mycin tine
neo 1 1 1 1
MDRI1(V185) 122+12 135*=01 43=x03 38=x08
MDR2(1-394)-MDR1 2406 12x01 09x02 1.0=*=0.1
MDR2(1-394)-MDRIQVL 7.6*18 45*01 14+03 18=0.1

activities. However, the importance of Q330, V331, and 1332

“The number represents the ratio of ICs, [MDR]/ICs, [neo].
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FIG. 4. Expression and function analysis of transiently expressed MDR2(1-394)-MDR1 and its mutants. MDR2(1-394)-MDR1, MDR2(1-394)/MDR1QVL and
MDR2(1-394)/MDR1EKKSK were transiently expressed in HeLa cells. The cell surface-expressed protein was labeled by using a monoclonal antibody raised against
the FLAG epitope followed by FACS analysis. Transporter activity of MDR2(1-394)-MDR1QVL and MDR2(1-394)-MDR1EKKSK was analyzed by a fluorescent
substrate accumulation assay. The HeLa cells transfected with MDRI1 or its mutants were incubated in medium containing 1 wg of bisantrene per ml, 0.5 uM
rhodamine-123, or 3 pM daunomycin at 37°C for 60 min. The cells incubated with rhodamine-123 were further incubated in rhodamine-123-free medium at 37°C for
another 45 min. The fluorescence intensity, representing the intracellular accumulated substrate, was detected by FACS. To better show the difference between two
cell populations, a zoom-in version of the FACS result is used for the bisantrene and daunomycin panels.

are quantitatively important for overall multidrug transporter
activity of MDRI1.

Photoaffinity labeling of MDR1, MDR2(1-394)-MDR1,
MDR2(1-394)-MDR1 QVL, and MDR2(1-394)-MDR1 EKKSK.
To determine whether the change of multidrug transporter
activity of MDR1-MDR?2 chimeras was related to a change in
their ability to interact with substrate, we performed photo-
affinity labeling experiments with IAAP. The HeLa cells tran-
siently expressing MDR1, MDRINAM, MDR1-MDR2(1-
394), MDR1-MDR2(1-394)QVL, or MDR1-MDR2(1-394)
EKKSK were incubated with 7 nM TAAP, a concentration
below the K,,, of wild-type MDR1, in the presence or absence
of 5 M cyclosporin A. After photoaffinity labeling, P-gp was
immunoprecipitated and separated by SDS-PAGE. The radio-
active label on P-gp was measured by using the STORM sys-
tem (Fig. 6A). We found that MDR1 and all of the MDR1-
MDR2 chimeras could be labeled with IAAP and that this
IAAP labeling was blocked by the MDRI1 reversing-agent cy-
closporin A. After normalization to the relative amount of

P-gp with Western blotting analysis, we calculated a relative
IAAP labeling efficiency for each sample. These data showed
that as compared to MDR1 (100%), the relative specific IAAP
labeling efficiencies of MDRINAM, MDR2(1-394)-MDR1,
MDR2(1-394)-MDR1QVL, or MDR2(1-394)-MDR1EKKSK
were 68, 37, 85, or 90%, respectively (Fig. 6B). Like mouse
mdr2 (4), human MDR2 was only nonspecifically photoaffinity
labeled at low level with IAAP (data not shown). Using IAAP
labeling as an indicator, we also determined whether the
MDR1-MDR2 chimeras could interact with the P-gp substrate
vinblastine by determining if vinblastine would competitively
block IAAP labeling. We found that IAAP labeling of MDR2
(1-394)-MDR1 was blocked by vinblastine in a dose-depen-
dent manner (Fig. 7). Furthermore, MDR2(1-394)-MDR1
QVL and MDR2(1-394)-MDR1EKKSK were even more sen-
sitive than MDRI to a low concentration of vinblastine. These
results indicate a relatively normal interaction between vinblas-
tine and MDR1-MDR2 chimeras.

Our previous work demonstrated that cis-fluopentixol stim-
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bisantrene panel.

ulates IAAP photoaffinity labeling of MDR1 through binding
to the second drug-binding site (8). To determine whether
MDRI1 residues in TM6 are involved in forming the second
drug-binding site, we performed IAAP labeling of various
MDR1-MDR2 chimeras in the presence or absence of cis-
fluopentixol. We found that cis-fluopentixol stimulated IAAP
labeling of MDR1-MDR2(307-394)QVL and MDR1-MDR2
(307-394)EKKSK but not of MDR2(1-394)-MDR1QVL or
MDR2(1-394)-MDRI1EKKSK (data not shown). These results
suggest that MDR1 N-terminal residues 1 to 307 are essential
for the second drug (cis-fluopentixol) binding site.

DISCUSSION

Determination of the residues in P-gp essential for the trans-
port of specific drugs offers the promise of defining substrate
binding domains in this energy-dependent multidrug trans-
porter. Using an approach involving exchanging homologous
segments of MDR1 and MDR2 and site-directed mutagenesis,
we demonstrated that MDRI1 residues Q330, V331, and 1.332
in TM6 were essential for multidrug transporter activity. Sub-
stituting Q330, V331, and L332 with MDR?2 residues could
significantly impair MDR1 activity, while the triple mutation
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FIG. 6. IAAP photoaffinity labeling of MDR1, MDRINAM, MDR2(1-394)-
MDR1, MDR2(1-394)-MDR1QVL, and MDR2(1-394)/MDR1EKKSK. A total
of 500,000 HeLa cells transiently expressing MDR1 and its mutants were incu-
bated with 7 nM ['**T]JIAAP in 100 pul of PBS with or without 5 uM cyclosporine
A at room temperature for 60 min, followed by cross-linking with UV at 366 nm
for 30 min on ice. (A) The P-gps were immunoprecipitated with P-gp polyclonal
antibody PEPGa-13 and analyzed by SDS-PAGE. (B) The radioactivity associ-
ated with the P-gp band was measured and quantitated by using the STORM
system. After normalization to the relative amount of P-gp in each sample, the
relative IAAP specific labeling efficiency is shown. The relative IAAP specific
labeling efficiency of MDR1 P-gp is shown as 100%.

N330Q A331V M332L was sufficient to allow the MDR2 TM
domain (residues 307 to 394 or residues 1 to 394) in the N-
terminal half of P-gp to support multidrug transporter activity.
These results suggest structural and functional similarity be-
tween the multidrug transporter and phosphatidylcholine flip-
pase.

Identification of Q330, V331, and L332 as the critical resi-
dues for the multidrug transporter activity. To identify the es-
sential residues for MDR1 broad substrate specificity, we fo-
cused on the residues conserved only among MDR multidrug
transporters, while omitting residues conserved in MDR1 and
MDR?2. The latter conserved residues are assumed to be struc-
turally or functionally important for both multidrug transport-
er and phosphatidylcholine flippase, but they do not determine
the broad multidrug recognition of P-gp. Construction of MDR1-
MDR2 chimeras allowed us to investigate the role of some
unique residues for multidrug transporter and to determine
the residues responsible for the functional differences between
the multidrug transporter and phosphatidylcholine flippase.

Identification of Q330, V331, and L.332 as the critical resi-
dues for the multidrug transporter was based on two lines of
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evidence. One is that the substitutions Q330N, V331A, and
L332M in MDRU1 significantly decreased overall MDR1 multi-
drug transporter activity. The other is that substituting N330Q,
A331V, and M332L in the MDR2 region of either MDR2
(307-394)-MDR1 or MDR2(1-394)-MDR1 partially restored
the lost MDR1 function in the MDR1-MDR?2 chimeras. Even
though the restored activity was somewhat less than the activity
of MDRI, depending on the individual substrate tested, the
effects of Q330, V331, and L332 on the MDR1-MDR2 chime-
ric proteins are significant, considering they represent less than
16% (3/19) of the differences between MDR1 and MDR2
within the region from TMS5 to TM6 (307 to 394), and 2.5%
(3/121) of the differences within the region from TM1 to TM6
(1 to 394). The ability to restore the multidrug transport ac-
tivity of MDR1-MDR2 chimeras is unique to Q330, V331, and
L.332, since residues E364, K367, K372, S374, and K380 within
the cytoplasmic region did not produce similar effects. In ad-
dition, the introduction of either residues E364, K367, K372,
S374, and K380 or residues T318, L322, G324, and S327 into
MDRI1-MDR2(307-394)QVL did not further improve the
multidrug transport activity, implying that these residues may
not significantly contribute to drug transport (data not shown).
It should be pointed out that N-Q and M-L have very similar
chemical properties and that they are often interchangeable
among proteins with the same biological function. Therefore, it
is possible that the functional difference made by mutations
N-Q, A-V, and M-L is due to their unique structural location
rather than to their chemical differences.

Mutations at residues 330, 331, and 332 produce quantita-
tive effects on multidrug transport activity. Although Q330,
V331, and L332 are important for the broad substrate spec-
trum of P-gp, these results do not exclude the possibility
that other residues, including the residues conserved in both
MDR1 and MDR2, are essential for the interaction with P-gp
substrates. In fact, both MDR1-MDR2(307-394) and MDR2
(1-394)-MDR1 have residual ability to efflux bisantrene but
not enough to support multidrug transport unless Q330, V331,
and L332 are present. On the other hand, residues Q330,
V331, and L332 are not absolutely necessary for multidrug
transporter activity. Substituting Q330, V331, and L332 with
MDR?2 residues in an MDR1 backbone decreased but did not
abolish overall multidrug transport activity. These results sug-
gest that multiple factors may be involved in sustaining multi-
drug transporter activity, and each factor can function inde-
pendently. In addition, earlier mutational studies showed that
replacing Q330, V331, or L.332 individually with Ala or Cys has
no significant effects on MDR activity (20-22). However, by
simultaneously replacing Q330, V331, and L332 with Ala, we
observed an overall reduced MDRI1 activity similar to MDR1
NAM (data not shown). Thus, the triple mutation Q330N,
V331A, and L332M appeared to have a synergistic effect. Sim-
ilar observations have also been made recently in studies on
substitutions of nonconserved MDR1 residues in TM12 (15).
We do not know whether all three residues are important, or
whether any two of them might have the same effect. Taken
together, we believe that the effects of Q330, V331, and L.332
on multidrug transport are quantitatively significant.

Mutations at residues 330, 331, and 332 may cause a change
in P-gp conformation. It is not yet clear why Q330, V331, and
1332 are important for multidrug transporter activity. In an
IAAP photoaffinity labeling experiment, we observed that all
the MDR1-MDR2 chimeras were labeled by IAAP and that
this IAAP labeling was blocked by the P-gp inhibitor cyclo-
sporin A. Although the restoration or loss of MDRI1 activity in
MDR1-MDR?2 chimeras roughly paralleled the increase or
decrease in IAAP binding, the changes in IAAP labeling are
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FIG. 7. TAAP photoaffinity labeling in the presence of various concentrations of vinblastine. IAAP labeling was carried out as described above in the presence of
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and quantitated by using the STORM system. The normalized IAAP labeling is shown. The relative IAAP labeling in the absence of vinblastine is shown as 100%.

not quantitatively correlated with the changes in multidrug
transporter activity. Furthermore, we found that vinblastine
blocked TAAP labeling of all the MDR1-MDR2 chimeras in a
dose-dependent manner, even though MDR2(1-394)-MDR1
and MDR2(1-394)-MDRI1EKKSK displayed little ability to
efflux [*H]vinblastine (data not shown). This finding is similar
to a previous observation that a nonfunctional MDR1 mutant
carrying a mutation in TM6 displays rather normal drug-bind-
ing affinity. In that case the mutated residue, S344, is conserved
in both MDR1 and MDR2 (20).

Taken together, these results suggest that Q330, V331, and
L332 may be involved in the interaction between MDR1 and
its substrates but perhaps not by directly binding substrates.
Based on the finding that substitutions of residues 330, 331,
and 332 in TM6 did not fully eliminate MDR1 function, we
speculate that these three residues are structurally important;
mutations that occurred at these positions may cause a con-
formational change which not only affects MDR1 substrate
interaction but also changes other unknown steps in the drug
transport process. This hypothesis is plausible in light of a
recent study which demonstrates that movement between TM6
and TM12 is essential for drug-stimulated ATP hydrolysis and
drug transport and that interaction between 1332 and L975 is
involved in this process (22). In a recent study, we found that
in the absence of P-gp substrate, MDR1NAM bound to UIC2,
a conformation-sensitive monoclonal antibody against P-gp
(23, 24), less well than wild-type MDR1, but that this difference
was eliminated by the presence of a P-gp substrate (35). Since
the UIC2 epitope depends on a particular P-gp conformation
(24), the decreased level of UIC2 recognition may indicate a
conformational change in MDR1 caused by mutations Q330N,
V331A, and L332M.

Implications for mechanism of action of P-gp. The multi-
drug transporter has been suggested to be a “hydrophobic vac-
uum cleaner” (29) or a “multidrug flippase” (16), owing to its
apparent ability to remove drugs directly from the lipid bilayer.
This concept was reenforced by the discovery that the closely
related MDR2 gene product is indeed a phosphatidylcholine
flippase (31) and that MDRI is also able to translocate short-
chain phospholipids (33). The results presented here show that
the entire amino-terminal TM domain from MDR2 can sup-
port multidrug transport with substitution of only three amino
acid residues, suggesting that structural differences between
MDRI1 and MDR?2 in the N-terminal TM region are much
smaller than the approximately 30% differences observed in
their amino acid sequences. This structural similarity provides
further evidence for the essential mechanistic similarities of
these two transporters. Whether this reflects some association
of hydrophobic drug substrates of the P-gp transporter with
membrane lipid or the direct recognition of drugs intercalated
within the plasma membrane remains to be determined. It
would be interesting to determine if MDR2 residues in MDR1
can confer phosphatidylcholine flippase activity on MDRI.
However, this assay is technically difficult, and we have not
been able to perform it.

The ability of the N-terminal TM domain of MDR2 to sup-
port multidrug transport is even more surprising in light of
previous results that segments of MDR2 in the amino-terminal
TM region cannot support MDR1 function even when MDR1
TMB6 is preserved (3, 7). The current results suggest that MDR2
residues can function in the context of other MDR2 residues,
but not of MDR1 residues, in the amino-terminal TM domain.
The simplest interpretation of these results is that the amino-
terminal TM domain of MDR2 forms a structure capable of
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supporting MDRI1 function if and only if interaction between
MDR?2 residues is possible. Thus, the requirement for the fold-
ing of the amino-terminal TM domains of MDR1 and MDR2
would appear to be more MDR type specific than the require-
ment for interaction of the amino- and carboxyl-terminal TM
domain of the P-gp, except perhaps in TM6.

The results reported here provide important information for
understanding how drugs and inhibitors interact with P-gp and
the molecular basis of the difference between the multidrug
transporter and phosphatidylcholine flippase. These data will
help in the design of new drugs to reverse drug resistance
caused by P-gp. The ability to dramatically modify the sub-
strate specificity of P-gp by substitution of a few amino acid
residues also allows us to design transporters with special prop-
erties for use as selectable markers in human gene therapy

(11).
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