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Summary

Resistance of tumor cells to multiple cytotoxic drugs
is a major impediment to cancer chemotherapy. Mul-
tidrug resistance In human cells is determined by the
mdr1 gene, encoding a high molecutar weight mem-
brane glycoprotein (P-glycoprotein). Complete primary
structure of human P-glycoprotein has been deter-
mined from the cDNA sequence, The protein, 1280
amino acids long, consists of two homologous parts
of approximately equal length. Each halt of the protein
includes a hydrophobic region with six predicted trans-
membrane segments and a hydrophilic region. The
hydrophilic regions share homology with peripheral
membrane components of bacterial active transport
systems and include potential nucleotide-binding
sites. These results are consistent with a function for
P-glycoprotein as an energy-dependent efflux pump
responsible for decreased drug accumulation in multi-
drug-resistant celis. T

Introduction

Multidrug-resistant mammalian cells are characterized by
cross-resistance to many lipophilic cytotoxic compounds,
including various plant alkaloids and anti-tumor antibiot-
ics. The widespread occurrence of multidrug resistance in
tumor cells represents a major impediment to successful
cancer chemotherapy, since it involves resistance to some
of the most commonly used antineoplastic agents. Analy-
sis of different multidrug-resistant celi lines has indicated
that this phenomenon is due to decreased drug accumu-
lation in the resistant cells (reviewed by Riordan and Ling,
1985). Studies of drug transport in different multidrug-
resistant cell lines have suggested that decreased drug
accumulation in the resistant cells results at least in part
from an increased rate of drug efflux occurring by an
energy-dependent mechanism, since drug accumulation
is enhanced by metabolic inhibitors (Dano, 1973; Skovs-
gaard, 1978; Inaba et al., 1979; Fojo et al., 1985; Willing-
ham et al., 1986). These studies have led o the concept
of an efflux pump responsible for the removal of vari-

ous lipophilic compounds from multidrug-resistant cells
(Dano, 1973). Other mechanisms for multidrug resistance
have been proposed, including decreased drug influx
(Skovsgaard, 1978; Ling et al., 1983) and altered drug bind-
ing in the resistant cells (Beck et al., 1983).

The most common biochemical characteristic of
multidrug-resistant cells is the increased expression of a
membrane glycoprotein with a molecular weight of ap-
proximately 170 kd, termed P-glycoprotein {Juliano and
Ling, 1976; Kartner et al., 1983). In some studies, high
molecular weight glycoproteins appear as a heteroge-
neous group in multidrug-resistant cells (Peterson et al.,
1883), but it is unknown whether this heterogeneity re-
fiects different proteins or variations in the oligosaccha-
rides attached to the same P-glycoprotein. The size of
P-glycoprotein in the absence of N-glycosylation has been
estimated as approximately 140 kd (Ling et al., 1983).
Using cDNA clones for the hamster P-glycoprotein, sev-
eral investigators have shown that the P-glycoprotein
gene is amplified in multidrug-resistant cell lines, and that
gene amplification is accompanied by increased expres-
sion of 45-6.0 kb P-glycoprotein mRNA. Differential am-
plitication of DNA sequences hybridizing to P-glycopro-
tein clones has suggested that P-glycoproteins may be
encoded by a muitigene family (Riordan et al., 1985; van
der Bliek et al., 1986; Scotio et al., 1986). The P-glycopro-
tein gene has been mapped to the human chromosome
7 (Trent et al., 1985). It has been speculated that P-glyco-
protein may be directly involved in drug transpert in muiti-
drug-resistant cells, either as an efflux pump or by chang-
Ing permeability of the lipid bilayer (Riordan and Ling,
1985). Studies using photoaffinity-labeled analogues of
vinblastine have provided direct evidence for drug binding
by P-glycoprotein (Cornwel! et al., 1986; Safa et al., 1986).

We have previously used the in-gel DNA renaturation
procedure (Roninson, 1983) to cione a Chinese hamster
gene, designated mdr,'w'_hich spans approximately 80 kb
of DNA and is amplified in two independently derived mul-
tidrug-resistant Chinese hamster cell lines (Roninson et
al., 1984; Gros et al., 1986a). Using the hamster mdr gene
as a probe, we have cloned segments of two cross-hybrid-
izing human genes that wera amplified in multidrug-re-
sistant derivatives of KB epidermoid carcinoma cells
(Roninson et al., 1986). One of these genes, designated
mdr1, is amplified and/or overexpressed in human cell
lines of different origins, selected with different cytotoxic
drugs (Shen et al., 1986a), as well as in certain normal
and tumor tissues (A. Fojo, K. Ueda, D. J. Slamon, D. G.
Poplack, H. R. Keiser, M. M. Gottesman, and |. Pastan,
submitted). The human mdr1 gens is transferred and am-
plified in multidrug-resistant transfectants of mouse NIH
3T3 cells, transfected with DNA from multidrug-resistant
human cells (Shen et al., 1986¢). Recently Gros et al.
(1986b) have demonstrated that the expression of a full-
length mouse mdr cDNA clone confers a complete
multidrug-resistant phenotype onto sensitive cells.
Several properties of the mdr1 gene suggest that it is a
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member of the P-glycoprotein gene tamily. These proper-
fies include the size of mdrt MRNA (4.5 kb; Roninson et
al., 1986; Shen et al., 19862), its localization on chromo-
some 7 (Fojo et al., 1986), and amplification of mdr in the
coll lines that have ampiified the P-glycoprotein gens of
overpraduced P-glycoprotein (Roninson et al., 1984; Rior-
dan et ah., 1985; Shen el al., 1986a, 1986b). identification
of mdr! as a human P-glycoprotein gene has been re-
cently confirmad by cross-hybridization between P-glyco-
protein and mdr1 cONA clonas (K. Ueda, M. M. Gottes-
man, I. Pastan, i. B. Roninson, V. Ling, and J. R. Riordan,
unpublistied).

in the present communication, we report the complete
cDNA sequence of the human mdr1 gene. The protein en-
coded by the mdr1 gene consists of two approximatesly
equa) parts that are homologous to each other. Both parts
contain a hydrophabic and a hydrophilic domain. Each
hydrophobic domain includes six potential transmem-
brane sagments, whereas the hydrophilic domains share
sequence homalogy with peripheral membrane compo-
nants of bacterial periplasmic transport systems and in-
clude potential nuclectide-binding sites. The predicted
membrane orientation of the protein and homology with
bacterial active transpart proteins are consistent with the
function of P-giycoprotein as an efflux pump responsible
for decreased drug accumulation in multidrug-resistant
cells.

Resulis and Discussion

mdr1 cDNA Sequence

Construction of the cDNA fibrary trom multidrug-resistant
KB-C2.5 cells and isolation of marl ¢cDNA clones will be
described in detait elsewhere (K. Usda, D. P. Clark, C-J.
Chen, . B. Roninson, M. M. Gottesman, and 1. Pastan,
submitted). Briefly, a cDNA library inthe Agti1 phage vec-
tor (Young and Davis, 1983}, prepared from multidrug-
resistant KB-C2.5 cells (Akiyama et al., 1985; Shen et al.,
1986b), was screenad with a prabe (pMDR1) containing &
0.8 kb Pvuli fragment of the mar genomic clone pHOR4.4
(Honinson et al., 1986). cDNA clones containing the
longest inserts were designated AHDRGB9A, AHDRZ2E,
AHDR10, and AHDRS (Figure 1). Restriction enzyme map-
ping has indicated considerable sequence heterogeneity
among different clones hybridizing with pMDR1, even
though all the clones contained the same 267 bp Pvull
fragment, which hybridized to the genomic probe. Partial
DNA sequencing has shown that clones AHDR10 and
AHDRS, as well as several other clones {not shown), con-
1ain identical overlapping sequences, and therefore most
likely reprasent the major species of mdrt mRNA. The
clones AHDRESA and AHDR28, on the other hand, appear
to represent rare variants, which in the case of AHDRE9A
have resulted from aberrant RNA splicing (J. E. Chin, and
. B. Roningon, unpublished). The rest of the mdr! cDNA
sequence has been isolated by screening the library with
a 638 bp terminal fragment of AHDR5 (indicated with a
striped bar in Figure 1). The resulting clones AHDR103,
AHDR104, and AHDR105 showed no divergence from
each other or from clone AHDRS either in their restriction
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Figure 1. Restriction Maps of mdri cDNA Clones

Restriction sites: A, Acct: E, EcoRl; H, Hindltl; P, Puull; S, Stul; V, Aval;
X, Xmn). The solid bar indicates the region hybridizing to the gencmic
pMDF1 probe (Roninson et ai., 1986), the striped bar corresponds to
the fragment of clone AHDRS that was used as a pfobe to isolate the
clonas containing 3 terminal sequences. Positions of the translation
initiation {ATG) and transtation termination (TER) sites are indicated.

maps or in partial DNA sequences, except fora variant 12
bp sequence at the 5’ end of cione AHDR105, which could
result from a cloning artifact. Clones AHDR10, AHORS,
and AHDR104 were saguenced in their antirety on both
strands, providing a nearly full-tength cDNA sequence for
mdri. It should be noted that since this sequance was de-
termined from three different overlapping clones and not
from a single cDNA molecule, there is a formal possibility
that the 5' and 3 parts of this sequence have nol neces-
sarily bean derived from the same mRNA,

The 4669 bp sequence of mdrl cDNA is shown in Fig-
ure 2. The sequence contains a long open reading frame
between positions —177 and 3840, where position 1 has
been assigned 1o the first ATG codon in the cDNA se-
quence. This codon is preceded by a purine nucleotide
at position -3, found at atmost all functional initiation
codons in eukaryotic mANA (Kozak, 1584). The size of the
protein encoded by the open reading frame is 1280 amino
acids, with a calculated molecular weight of 141,475 dal-
tons, which is in good agreement with the estimated size
of the polypeptide moiety of P-glycoprotein (Ling et al.,
1983).

To confirm that the cDNA clones were in fact derived
from madr1 and not from another member af the mdr gene
family, the mdri genomic clone pHDR4.4 has been se-
quenced in the region that thybridized to the cONA clones.
Figure 3 shows that the genomic and cDNA clones con-
tain two identical exon sequences, corresponding to resi-
dues 339-530 and 531-702 of the cONA. The 808 bp Pwull
fragment, corresponding to the pMDR1 clone used in ear-
lier studies (Shen et at., 1986a) as a probe for mart mRNA
expression, includes 267 bp of exon sequences and a 541

bp intron.
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Human mdr1 (P-glycoprotein) cDNA Sequence
383

=424 CCTACTCTATTCAGATATTCTCCAGATTCCTAAAGATTAGAGATCATTTCTCATTCTCCTAGGA -361
GTACTCACTTCAGGAAGCAkCCAGATﬁAAAGAGAGGTGCAACGGAAGCCﬂGA#CATTCCTCCTEGAAATTCAACCTGTTTCGCAGTTTCTCGAGGAATCAGCATTCAGTCAATDCGGGCC -241

GGEAGCAGTCATCTGTGGTGAGGCTGATTGGCTGGGCAGGAﬂCAGCGCCGGGGCBTGGGCTGAGCA
TTCCAABCTCAAAGAAGCAGAGGCCGCTGTTCGTTTCCTTTAGGTCTTTCCACTAA&GTCGGAGTA

CAGCGCTTCGCTCTCTTTGCCACAGGAAGCCTBAGCTCATTEGAGTAGCEOETE  — 121
TCTTCTTCCAAGATTTCACGTCTTGGTEECCGTTCCAAGGAGCOCGABG TCOGE -1

1

ATGGATCTTGAAGGGGACCGCAATGGﬂGGAGCAHAGAAGAAGAACTTTTTTAAACTGAACAATAAAAGTGAﬁAAAGATAAGAAGGAAAAGAAACCAACTGTCAGTGTATTTTCAATBTTT 120
CGCTATTCAAﬂTTGGCTTGACARGTTGTﬁTATGGTGGTGGGAACTTTGGCTGCCATCATCCATGGGGCTGGACTTCCTCTCATGATGCTGGTGTTTGGAGAAATGACAGATATCTTTGCA 240
AATGCAGGAAATTTAGAAGATCTGATGTCAAACATCACTAATﬂGAAGTGATATCAATGATACAGGGTTCTTCATGAATCTGGﬁGGAﬁGACATGACCAGGTATGCCTATTATTACRGTGGA 360
ATTGGTGCTGGGGTGCTGGTTGCTGCTTACATTCAGGTTTCATTTTGGTGCCTGGCAGCTGGAAGACAAATACACAAAATTAGAAAACAGTTTTTTCATGCTATAATGCGACAGGAGATA 480
BGCTGGTTTG&TGTGGACGATGTTGGGGAGCTTnACACCCGACTTACﬁGATGATGTCTCTAABATTAATGhﬁGTTATTGGTGACAAAATTGGAATGTTCTTTCAGTCAATGGCAACATTT 600C
TTCACTGGGTTTATAGTAGBATTTACACGTGGTTGGAAGCTAACCCTTGTGATTTTGGCCATCAGTCCTGTTCTTGGACTETCAGCTGCTGTCTGGGCAAAGATACTATCTTCﬁTTTﬂCT 1290
GATAAAGAACTCTTAGCGTATGCAAAAGCTGGAGCAGTAGCTGAAGAGGTCTTGGCAGCAATTAGAACTGTGATTGCATTTGGAGGACAAAAGAAAGAACTTGAAAGGTAChACAAAAAT 840
TTAGAAGAABCTAAAAGAATTGGGATAAAGAAAGCTATTACAGCCAATATTTCTATAGGTGCTGCTTTCCTGCTGATCTATGCATCTTATGCTCTGGCCTTCTGGTATGGGACCACCTTG 960
GTCCTCTCAGGGGAATATTCTATTGGACAAGTACTCACTBTATTCTTTTCTGTATTAATTGGGGCTTTTAGTGTTGGACAGGCATCTCCAAGCATTGAAGCATTTGCAAATGCAAGAGGA 1089
GCAGCTTATGAAATCTTCAAGATﬁATTGATAATAABCCAAGTATTGACAGCTATTCGAAGAGTGGGCACAAACCAGATAATATTAAGGGAAATTTGGAATTCAGAAATGTTCACTTCAGT 1200
TACCCATCTCGAAAﬁGAAGTTAAGATCTTGAAGGECCTGAACCTGAAGGTGCAGAGTGGGCAGACGGTGGCCCTGGTTGGAAACAGTGGCTGTGGGAAGAGCACAACAGTCCAGCTGATG 1320
CAGﬁGGCTCTATGACCCCACAGAGGGGATGGTCAGTGTTGATGGACAGGATATTHGGACCATAAATGTAAGGTTTCTACGGGAAATCATTGGTGTGGTGAGTCAGGAACCTGTATTGTTT 1440
GCCACC&CGATAGCTGAAAACATTCGCTATGGCCGTGAAAATGTCACCATGGATGAGATTGAGAAAGCTGTCAAGGAAGCCAATGCCTATGACTTTATCATGAAACTGCCTCATAAATTT 560
GACACCCTGGTTGGAGAGAGAGGGGCCCAGTTGAGTGGTGGGCﬂGAAGCAGAGGATCGCCATTGCACGTGCCCTGGTTCGCAACCCCAAGATCCTCCTGCTGGATGﬂGGCCACGTCAGCC 1680
TTBGﬁCACAGAAAGCGABGCAGTGGTTCABGTGGCTCTGGATAAGGCCAGAAAAGGTCGGACCACCATTGTGATAGCTCATCGTTTGTCTACAGTTCGTAATGCTGACGTCATCGCTGGT 1800
TTCGATGATGGAGTCATTGTGGAGAkﬂGGRAATCATGATGAACTCATGAAAGAGAAAGGCATTTACTTCAAACTTGTCACAATGCAGACﬂGCﬁGGAAATGAAGTTGAATTAGAAAATBCA 19279
GCTGATGAATCCAAAAGTGAAATTGATGCCTTGGAAATGTCTTCAAATGATTCAAGATCCAGTCTAATAkGAAAAAGATCAACTCGTﬂGGAGTGTCCGTGGATCACAAGCCCAAG&CAGA 2040
AAGCTTﬂGTACCAAAGﬁGGCTCTGGATGAAAGTATACCTCCﬁGTTTCCTTTTGGAGBATTATGAAGCTAAATTTAACTGAATGGCCTTATTTTGTTGTTGGTGTRTTTTGTGCCATTATA 2150
ﬁATGGAGGCCTGCﬁRCCAGCATTTGCﬂATAATRTTTTCAAAGATTATAGGGGTTTTTACﬁAGAATTGATGATCCTGAAACAAAACGACAGAATAGTAACTTGTTTTCACTATTGTTTCTA 2280
GCCCTTGGAATTATTTCTTTTATTACATTTTTCCTTCAGGGTTTCACATTTGGCAﬁAGCTGGAGAGATCCTCACCAﬂGCGGCTCCGATACRTGGTTTTCCGATCCATGCTCAGACAGGAT 2400
GTGAGTTGGTTTGATGACCCTAAAAﬁCACCACTGGAGCATTGACTACCAGGCTCGCCAATGATGCTBCTCARGTTAﬁAGGGGCTATAGGTTCCAGGCTTGCTGTAATTACCCAGAATATA 2520
GCAAATCTTGGGACAGGAATAATTATATCCTTCATCTATGGTTGGCﬂACTAACACTGTTACTCTTAGCRATTGTACCCATCATTGCA&TAGCAGGAGTTGTTGAAATGkAARTGTTGTCT 2640
GGACAAGCACTGAAAGHTAAGﬁAAGAACTAGAAGGTGCTGGGAAGATCGCTACTGAAGCRATﬁGﬂAAACTTCCGAACCGTTGTTTCTTTGACTCAGBAGCRGAAGTTTGAACATATGTAT 27640
GCTCﬁGAGTTTGCAGGTACCATACAGAAACTCTTTGAGGAAAGCACACATCTTTGGAATTACATTTTCCTTCACCCAGGCAATGATGTATTTTTCCTATGCTGGATGTTTCCGGTTTEGA 2880
GCCTACTTGGTGGCACATAAACTCATGAGCTTTGAGGATGTTCTGTTAGTﬁTTTTCAGCTGTTGTCTTTGGTGDCATGGCCGTGGGGCAAGTCAGTTCATTTGCTCCTGACTATECCAAA 3000
GCCAAAATHTCAGCAGCCCACATCATCATGATCATTGAAAAAACCDCTTTGATTGACAGCTACAGCACGGAAGGCCTAATGCCGAACACATTGGAAGGAAATBTCACATTTGGTGAAGTT 3120
GTATTCAACTATCCCACCCGACCGGACATCCCAGTGCTTCAGGGACTGAGCCTGGAGGTGAAGﬁAGGGCCAGACGCTGGCTCTGGTGGGCAGCAGTGGCTGTGSGRAGAGCACAGTGGTC 3240
CAGCTCCTGGAGCGGTTCTACGACCCCTTGGCAGGGAARGTGCTGCTTGATBGCAAAGAAATAAAGCGACTGAATGTTCAGTGGCTCCGAGCACACCTGGGCATCGTGTCCCAGGAGCCC 3360
ATCCTGTTTGACTGCAGCATTGCTGAGAACnTTGCCTATGGAGACAACHGCCGGGTGGTGTCACAGGAAGAGATCGTGRGGGCAGCAAAGGAGGCCAACATACATGCCTTCATCGAGTCA 3480
CTGCCTAATAAATATAGCACTAAAGTﬂGGAGACAAAGGAACTCAGCTCTCTGGTGGCCAGAAACAACGC&TTGCCATAGCTCGTGCCCTTGTTAGACAGCCTCATATTY1GCTTTTGGﬁT 3600
GAAGCCACGTChGCTCTGGATﬁCAGAAAGTGAAAAGGTTGTCCAAGAAGCCCTGGACAAAGCCAGAGAAEGCCGCACCTGCATTGTGATTGCTCACCGCCTGTCCACCATCCAGAATGCA 3720
GACTTAATAGTGGTGTTTCAGAATGGCAGAGTCAAGBAGCATGGCACGCATCAGCAGCTGCTGGCﬂCAGAAAGGCATCTATTTTTCAATGGTCﬁGTGTCCAGGCTGGAACAAAGCGCCﬁG 3840

HEX

TGAACTCTGACTGTﬂTGAGATGTTAAATACTTTTTAﬂTATTTGTTTAGATATGACATTTATTCAAAGTTAAAAGCAAACRCTTACAGAATTATGAAGAGGTATCTGTTTAACATTTCCTC 3960
AGTCAAGTTCﬁGAGTCTTCAGAGACTTCGTﬁATTAAAGGAACAGAGTGAGAGACATCATCAAGTGGAGAGAAATCﬂTkGTTTAAACTGCATTATAAATTTTATAACAGAATTAAAGTAGA 4980
TTTTAﬁAAGATAAAATGTGTAATTTTG1TTATATTTTCCCATTTGGACTGTAACTGACTGCCTTBCTAAAAGATT&T&GAAGTAGCAAAAAGTATTGﬂAATGTTTGCATAAAGTGTCTAT 4200

AAIAAAACTAAACTTTCATGTGﬁﬁAAAAARAAAAAAAAAAAAARA 4255

Figure 2. mdr1 cDNA Sequence

Asterisks indicate the termination codons delineating the longest open reading frame. The sequence is numbered from the first ATG codon. The
complete ¢DNA sequence has been determined from clones AHDR10 (from —424 to 1176), AHDRS {from 25 to 2555) and AHDR104 (from 1346 to

4256), as described in Experimental Procedures.

Pyvull
lnfron&excn L 3
pHOR4 ., 4 TTICTTTTTCA ThTGCCTATTATT&CAGTGGAATTGGTGCTGGGGTGCTGGTTGCTGCTTACATTCﬁGGTTTCATTTTGGTGCCTGGCAGCTGGAAGACAAAT#CACAAAATTAGAAAA
cONA GACATGACCAGGTATECCTATTATTACAETGGAATTGGTGCTGGGGTGCTGGTTGCTGCTTACATTCAGGTTTCATTTTGGTGCCTGGCAGCTGGAAGACAAATACACAAAATTAGAAAA
330 340 350 360 370 390 400 410 420 430 440
exon § Intron
pHOR4 . 4 CAGTTTTTTCATGCTATAATGCGACAGGAGATAGGCTGGTTTGATGTGCACG#TGTTGGGGAGCTTAAC&CCCGACTTACAG TAAGTATTTAGTTTTATGTTGAACTTGGGTGTCGTT
cDNA CAGTTTTTTCATGCTATAATGCGACnGGAGATAGGCTGGTTTGATGTGCACGATGTTGGGGAGCTTAACACCCGﬁCTTACAGA*-- B e it
A50 460 470 480 430 310 520 530

pHDR4 , 4 CTTATCCTT\GTAAAATGAAATAGATGTCATCACATCTGTTAGGAGGTETTAATGTATCATTCAAAGGTACTTATGAGACAAAATTCCTTCTAAGCAGCAACAATGTCGTGTBCATCCTT
<DNA [ fmmmmmemmmam - B L g T T I,
pHOR4 . 4 TTGTTCCCAGTGCCTTGACAGGGTATGGGGGGACCTGCATGACTRGCATTAAATGAAGGACTGBGCTTTCCAGﬂATGAAGAAATDCTCTGAGAATGTGCIGTAGAGCAAAACA&GATACT
<DhA e e e mmmmmm e mamm—am B T T T T Mmmmmmmmeeem s [

pHOR4 .4 TTCTGAGGAAATTTCTGAGCAATTTGAAATTCCTAGGTTGAATACTTCTTGTGTACACGATGTCCATTTCCTGGGGCCATGTGGCTATGGATTTTTGTTGTTAATGACAAATATCCIAGT
CDNA  mmeemmmam N m e At e mmmmmee oo me e mmmmeec oo Ammmmmmmemeo Ammmmmmme—mao e e
pHDR4 . 4 AGAAACTTCTACCCTGCTAAATAAﬁACﬁAAGCﬁTAGGCACAAAATACTCTAGCCATAAACTACCCTACACTCAAAACAGGC Al
CONA e —mmam At emmmmmmaemean Ao on oo e mmmcmm o .

Intron p exon
pHORE , 4 TTCTAACACTATCTGTTCTTTCAdTGATGTCTCTAAGATTAATGAAGTTATTGGTGACAAAATTGGAATGTTCTTTCAGTCAATGGCﬁACHTTTTTCACTGGGTTTATAGTAGGATTT#C
CONA  eeemmaem Rt e TGATGTCTCTAAGATTAATGAAGTTATTGGTGACAﬁAATTGGAATGTTCTTTCAGTCAATGGCAAC#TTTTTCACTGGGTTT!TAGTAGGATTTaC
540 350 570 580 3590 600 610 620
Pywull
. exon p Intron

pHOR4 .4 ACGTGGTTGGAAGCTAACCCTTGTGATTTTGGCCATCAGTCCTGTTCTTGGACTGTCAGCTGCTGTCTGGGCAAA TAGGTGAAGCCTGTGAATCCAGATTTTGAACTGCACETTCTED
cDNA ACGTGGTTGGAAGCTAACCCTTGTGATTTTGGCCATCAGTCCTGTTCTTGGﬁCTGTCAGCTGCTGTCTGGGCAAAGATACTATCTTCATTTACTGﬁTAﬁAGAACTCTTAGCGTATGChAA

630 640 630 660 670

690 700 EAR] 720 730 740

Figure 3. Sequence Comparison of the Genomic pHDR4.4 and cDNA GClones
The first intronfexon boundary is shown three residues 3' from the start of sequence homology, on the assumption that the actual boundary occours
at the conventional AG/GT splice site. Pvull sites flanking the previously described pMDR1 subclone (Roninson et ai., 1986) are indicated with arrows.

Internal Homology and Transmembrane Domains

Analysis of the primary structure of the mor1 gene product
reveals that this protein consists of two approximately
equal parts sharing considerable aminc acid sequence
homelogy with each other. An alignment of the N-termi-
nai (residues 1-637) and C-terminal {residues 638-1280)
haives of the protein is shown in Figure 4. For an optimal

alignment, two large gaps {11 and 19 residues) and four
small gaps {1-2 residues) had 1o be introduced. Of the
amino acids afigned, 43% (263 out of 613} are identical.
Another 215 (35%) represent pairs of functionally similar
residues, defined as having a “relative rate of acceptance
of point mutations” (Dayhoff et al., 1972) larger than 20, At
the DNA level, the homology is 52%, using the same
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Figure 4. Primary Structure of the madrt Gene Product and Alignment of the NTerminal and C-Terminal Halves

The standard single-letter amino acid code is used. Colons indicate identical residues. Potential N-glycosy'ation sites (Asn-X-Ser/Thr) are underlined,
the sites localized in the predicted extracytoplasmic region {see Figure 7) are underlined twice. Potential transmembrane segments (1-6 and 1a-8a),
predicted by the algorithm of Eisenberg et al. (1984}, are enclosed in thin boxes. Potential nucteotide-binding sites (NB-1 and NB-2) are enclosed

in thick boxes.

alignment as for the protein sequences. The ievel of ho-
moiogy is considerably higher in the Cterminai than in the
N-terminal parts of the aligned sequences. Two pairs of
segments have a particularly high homology level. These
include residues 528-591 and 1174-1236 (56 identical
residues out of 62), as well as residues 419-446 and
1061-1088 {21 out of 27 identical residues). These seg-
ments contain the potential nucleotide-binding sites, NB-1
and NB-2, which are described below. The internal homo!-
ogy in the mdr cDNA sequence suggests that the mort
gene has likely arisen as a consequence of an imernat
dupiication.

The similarity of the N-terminal and C-terminal haives
of the protein is aiso obvious from theair hydropathy plots
{Kyte and Daolittle, 1982; Figure 5). Based on the hydropa-
thy plots, sach half of the protein can be subdivided into
a short hydrophilic region at the N-terminus, & long hydro-
phobic region and a long relatively hydrophilic region near
the C4erminus. These regions are referred to as the
N-terminus (residues 1-48), hydrophobic region 1 {resi-
dues 49-350), and hydrophilic region 1 {residues 351-
837) in the N-tarminal hali, and as the linker {residues
638-708), hydrophabic region 2 (residyes 703-993), and
hydrophilic region 2 (residues 994-1280) in the C-terminal
half. The protein sequence of mdr! was further analyzed
for the presence of potential transmembrane domains
using the algorithm of Eisenberg et al. (1984), which can
distinguish membrane-spanning regions from hydropho-
bic cores of giobular proteins. This analysis has predicted
six 21 amino acid long transmembrane domains within

each hydrophobic region of the mdr1 protein. The trans-
membrane segments are designated 1-6 and 1a-6a in
Figure 4 and Figure 5. The imprecise alignment ot the
transmembrane segments between the N-terminal and
C-terminal halves (Figure 4) suggests that this assay does
not provide exact delineation of the membrane-spanning
domains. The assignment ot the termini of transmem-
brane segments in our mode! should therefore be viewed
only as approximate. The average hydropathy of these
segments according io the scale of Eisenberg et al. (1984}
ranges from 055 (segment 3) to 0.81 (segments 2a and
4a), well above 042, the minimum value of hydropathy
for transmembrane segments. The predicted transmem-
brane localization of the mdr1 gene product is consistent
with its identification as the human P-giycoprotein. Analy-
sis of the amphiphilicity of the transmembrane segments
by a hydrophobic moment plot (Eisenberg et al., 1984) has
indicated that most transmembrane segments of madr1 arg
more amphiphilic than the corresponding segments in
proteins that span the membrane only once {data not
shown). However, simiiar vaiues of amphiphiticity have
been observed in other proteins containing multiple trans-
membvrane segments, including some channet-forming
proteins (Eisenberg et al., 1984).

Homology to Bacterial Transport Proteins

The National Biomedical Research Foundation (George-
town University) database was used to search for homol-
ogy between mdr and other protein sequences. The se-
quences of hydrophilic regions 1 and 2 were found to
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Figure 5. Hydropathy Plots of the N-Terminal and C-Terminal Halves of
Human P-Glycoprotein
The plots were derived using the algorithm of Kyte and Doolittle (1982).
€ach paint correapands to an average of the hydropathic indices of 9
consecutive amino acids. Positions of potential transmembrane seg-
mants (1-6; 1a-8a), identified as described by Elssnberg at al. (1984),
are indicated., The joined boxes depict the hydrophilic: and hydrophobic
domains in each half of the protein (see text for detailed description}.

share significant homolagy with bacterial proteins hisP of
Salmonella typhimurium (Higgins et al., 1982) and ma/K
of E. coli (Glison et al., 1982). These proteins are periph-
eral membrane components of periplasmic active trans-
port systems for histidine, lysine, arginine, and ornithine
(hisP; Higgins et al., 1982) or maltose and maltodextrins
{malK; Gilson et al., 1982). Homology with mdr1 has also
been found in racently published sequences of two gther
bacterial proteins with similar transport functions: oppD
protein of the oligopeptide permease complax of Salmo-
nella (Higgins et al., 1985) and pstB protein of the phos-
phate-specific transport complex of E. coli {Surin et al.,
1985). Different bacterial periplasmic transport systerns

are characterized by a similar organization (Ames and

Higgins, 1983). Within these multicomponent systems,
hisP. maiK, oppD, and pst8 proteins correspond 10 refa-
tively hydrophilic peripheral membrane components.
These proteins interact with periplasmic substrate-bind-

ing proteins (hisJ or LAQ in the case of hisP), as well as
with hydrophobic integral membrane proteins (hisQ and
hisM in the case of hisP). The interaction with integral
membrane proteins is apparently required for membrane
association of the paripheral membrane compenents (Shu-

" man and Silhavy, 1981). hisP, ma/K, and oppD have been

tentatively identified as the energy-coupling components
in their respective active transport systems. This identifi-
cation has been made on the basis of their capacity o
bind ATP and from the presence of a congensus nuclec-
tide-binding sequence in these proteins (Hobson et al.,
1984; Higgins et al., 1985). As shown below, the same
nucieotide-binding sequence is also present in the pstB
protein.

A pairwise alignment of the h/sP and mdr1 proteins {not
shown) has indicated that approximately 33% of all resi-
duas of the hisP protein ¢an be matched with identical
residues of mdrl, and another 28% match with function-
ally similar residues. Similar levels of homology were ob-
served with ma/X, oppD, and pstB proteins. To identify the
most highly conserved ragions between bacterial trans-
port proteins and mdr1, we have prepared a muitiple align-
ment of the amino acid sequences of hydrophilic regions
1 and 2 and all four bacterial proteins (Figure 6). The
highast level of homology is observed in the regions
daesignated NB-1 and NB-2. These regions correspond o
two parts of the nucleotide-binding fold (Walker et al.,
1982), which has been previously detected in the hisP,
maiK, and oppD protains (Higgins et al., 1985}, In Figure
8, NB-1 and NB-2 regions have been aligned with the
corresponding sequences of several known nucleotide-
binding enzymes. Tha sequences of NB-1 and NB-2 are
in agreemant with the consensus sequence of a nucleo-
tide-binding site, as identified by Walker st al. (1982).
TRough the highest homology between mdri and bac-
terial periplasmic transport proteins is observed within the
nucleotide-binding sites, the homology is not limited to
these sites. On the other hand, no significant homology
outside of NB-1 and NB-2 reglons could be detected be-
tween mdr! and any other nuclectide-binding proteins,
suggesting that the homoiogy of mdr1 with periptasmic
transport proteins indicates additional functional similari-
ties aside from the potential nucleotide-binding prop-
arties.

Figure 7 shows a hypothetical model for membrane
arientation of the human P-glycoprotein. This model is
based on the predictions of transmembrane segments
1-8 and 1a-8a by the algorithm of Eisenberg &t al. {1984).
The protein is oriented so that the potential nucleotide-
binding folds are located on the cytoplasmic side. This
orientation is in agreement with the results of Kartner et
al. (1985), who have usad antihodies against the C-termi-
nal region of hamster P-glycoprotein to show that the
C-tarminus is located inside the cell. The protein se-
quence of mdrt contains ten potential N-glycosylation
sites, Asn-X-SerfThr (Kornfeld and Kornfeld, 1985). Seven
of these sites are, according to our madel, located on the
cytopiasmic side of the membrane, and therefare are not
expected to be glycosylated. The remaining threa sites,
corresponding to residues 91-93, 94-96, and 99-102, are
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pst8
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oppD
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Adenylate kinase
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ma ik
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maik
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Bovine ATPase g
E. coll ATPase ¢
Adenylate kinase
ATP/ADP translocase
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mdri
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hisP
mati
oppl

mailk
oppD
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351-415
994-1058
1=-31
=27
1-24
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416-465
1059-1108

32-88
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2574
43-08

148~-169

160~180
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88-145
75-125
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523-583
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146-205
146-206
126=187
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265=-290
102-~126
275-300
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1229-1280
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207-258
188-244
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313~370
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Figure 6. Alignment of Amino Acid Sequences of Twa Hydrophfic Regions of mdr and Bacterial Transport Prateins pstB, AisF, mafK, and appD
in ihe regions of consansus nucleotide-binding sites (NB-1 and NB-2), ihase ssquences have also been alignad with several known nucleatide-
binding proteins. The sequences and alignment of hisP, malK, and oppD are from Higgins ef al. (1985). The sequence af psiB is from Surin et al.
{1985). The saquences and alignment of nuciectide-binding proteins {axcept for K-ras), as well as the consensus nucleotide-binding sequence are
from Walker et al. (1982}, The amino acid sequencs of viral K-+as is from Tsuchida et al. {1982). Amino acids identical in three o more of the proteins,
including at loast one of mdr sequences, are boxed. h in the consensys seguence indicates a conserved hydrophabic residue.

all clustered in one pradicted extracytoptasmic domain. sible for the removal of drugs from the cell by an
These three sites are tentatively shown as glycosylated in ATP-dependent mechanism. Since genetic evidence has
Figure 7. implicated mdr1 as the gene responsible for the multi-

Functional Considerations

drug-resistant phenotype, analysis of the P-glycoprotein
sequence, together with the data on increased drug efflux

The predicted transmembrane localization, the presence in multidrug-resistant cells and the sensitivity of the afflux
of potential nucieotide-binding sites, and homology of the to inhibitors of energy metabolism provides a strong argu-
hydrophilic regions of the mdrl gene product with bae- ment that active drug efflux is the main machanism of mul-
terial transport proteins are consistent with the hypothesis tidrug resistance.

that P-glycoprotsin functions as an efflux pump respon- While homology of mdr1 with hisP, maK, oppD, and
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Figure 7. Model for the Transmembrane Oriantation of P-Glycoprotein
The transtmembrane segmants, predictad by the algorithm of Eisen-
baig ot al. (1984), are as foliows: 1, residues 52-72; 2, tesidues 120—
140; 3, residues 189-209; 4, rasidues 216-236; 5, residues 297-317: 6,
residues 326-346; 1a, residues 711-731; 2a, residues 757-777; 3a,
residues 833-853; 4a, residues 854-874; 5a, residues 937-957; and
68, residues 974--994. The predicted giycosylation sites are marked by
chains. The predicted nucigotide-binding folds are circied.

pstB indicates either a common evolutionary origin for the
P-glycopratein and bacterial periplasmic transport sys-
tems or functional similarities in their transport mecha-
nisms, there are clear structural and functional ditfer-
ences between these systems. Structurally, #isP, malk,
oppD, and pstB are separate proteins that form a quarter-
niary complex with the binding protein and hydrophobic in-
tegral membrane components, whereas the hydrophilic
regions of P-glycoprotein are parts of a larger protein,
which includes its own hydrophobic membrane-spanning
domains. No significant homology has been observed be-
tween the hydrophaobic regions of P-glycoprotein and the
integrat membrane components of bacterial peripiasmic
transport systems (data not shown). it should be noted,
however, that the sequences of integral membrane pro-
teins are not highly conserved even amnong differemt
bacterial transport systems (Ames and Higgins, 1983). The
most obvious funclional difference between P-glycopro-
tein and the bacteriat complexes concerns the direction of
the transport, since P-glycoprotein is presumed to pump
its substrates out of the cell, whereas the bacterial trans-
porl systems function to deliver the substrate from the
periplasmic space into the cell. Another important func-
tional ditference concerns the limited substrate specificity
of the bacterial transport systems, as opposed 10 a very
broad range of lipophilic compounds transported by P-gly-
coproteins. In the bacterial systems, the specificity is
achiaved primarily through the recognition of the sub-
strate by specialized peripiasmic binding proteins, which
then transmit the substrate to the membrane componants.
The substrate specificity in the histidine and maftose
transport systerns, however, can also be affected by muta-
tions in the integral membrane components (Payne et al.,
1985: Shuman, 1982). Furthermore, mutations in the inte-
gral membrane components of the maltose transport sys-
tem may resuit in direct binding and translocation of mal-
tose by the membrane complex, even in the absence of
the periplasmic binding protein (Shuman, 1982; Treptow
and Shuman, 1985), A similar observation has been
reported for the methylgalacioside transport system of E.
coli (Robbins and Rotman, 1975). In the P-glycoprotein
systam, biochemical evidence indicates that the P-glyco-
protein itself is capable of substrate binding (Cornwell et
al., 1986), but the axistence of additional drug-binding

cytoplasmic protein(s) cannot be excluded by the avail-
able data. Future studies will indicate whether heteroge-
neity of P-glycoproteins, observed in different cell lines,
cantributes to the broad substrate specificity of this trans-
port system.

To understand the significance of the internal duplica-
tion in the P-glycoprotein, it will be important to determine
whether all tweive predicted transmembrane segments in-
teract to form a single transmembrane channel or whether
each hydrophobic region forms a separate channel com-
posed of six segments. At present, we cannot distinguish
betwean these possibilities. Each half of the protein con-
tains a potantial nucteotide-binding site. if the function of
these sites involves hydrolysis of ATP or a related nucleo-
tide, P-glycoprotain would represent the first known exam-
ple of a single protein with two ATPase sites. It is possible,
however, that nucleotide binding at either one or both sites
does not lead to hydrolysis of ATP but rather plays a
regulatory role. 1t would alsc be important to determine
whether the function of the potential nucieotide-binding
sites is differentially atfected by phosphorylation of P-gly-
coprotein (Carisen et al., 1977). With regard 1o the drug-
binding properties of the P-glycoprotein, it is tempting
to specutate that internal duplication in the P-glycopro-
tein structure gives rise to two different drug-binding sites,
thereby increasing the range of substrates for the P-glyco-
protain system. Thera is presently no information regard-
ing the location of drug-binding sites in P-glycoprotein.

The availability of mdrt cDNA clones and the complets
amino acid sequence of the human P-glycoprotein make
it possible now to initiate detailed biochemical and genetic
analysis of the mechanisms by which normal and tumor
cells protect themselves against potentially cytotoxic
lipophilic compounds. The predictions of the transmem-
brane orientation and structural organization of the hu-
man P-glycoprotein also provide a convenient working
model for designing new chemical and immunological ap-
proaches to the problem of drug resistance in cancer
chemotherapy.

Experimental Procedures

DNA Sequencing

Prior 1o sequencing, ¢cDNA inseris from Agt11 phage clones were
recloned into the EcoRi sites of plasmid vectors pUC18 or pGEM4
(Promaga Biotec). Clone AHDRS, containing an internat EcoRl site,
was subcloned as two separate fragments, designated pHDR5A (3
end) and pHDRASB (5 end). The ganomic clone pHOR4 4 (Roninson et
al., 1988) was mapped with several restriction enzymes, and individual
200-1000 bp fragments were subcloned into pUCT8. DNA was se-
quenced uging modifications of the enzymatic chain-termination tech-
nique (Sanger et al., 1977). A part of the cDNA sequence was dater-
mined by subcloning the inserts into an M13 vector (Messing, 1983)
and generaling a series of overlapping deletion subictones {Henikoff,
1984). Most of the sequence was cbtained by using supercoiled plas-
mid DNA as a template {Zagursky et al., 1985) and synthesizing &
serios of specific oligonucleotide primers with a DNA synthasizer
{Applied Biosysiems). Ail the seguences were determined on both
strands, with a minimum of two gel readings per sequence.

Sequence Analysis
Homology search and initia) ailgnments of aming acid and nucleotide

saquences ware done by the program of D. J. Lipman and W. R. Pear-
son based on the atgorithm of Wilbur and Lipman {1983). The hydropa-
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thy plots {Kyte and Dooittie, 1982) were obtained using sequence anal-
ysis software from International Biotschnologies, Inc. The hydropathy
and nydrophobic moment analysis was done by the algorithm of Eisen-
berg et a1, (1984).
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