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Abstract

Previous studies have demonstrated that a human glutathione
conjugate transporter, designated as dinitrophenyl-S-glutathi-
one ATPase (DNP-SG ATPase), catalyzed ATPhydrolysis in
the presence of several amphiphilic compounds other than glu-
tathione conjugates (Singhal, S. S., R. Sharma, S. Gupta, H.
Ahmad, P. Zimniak, A. Radominska, R. Lester, and Y. C.
Awasthi. 1991. FEBSIFed. Eur. Biochem. Soc.J Lett. 281:255-
257). Wenow demonstrate that DNP-SG ATPase purified
from human lung and erythrocyte membranes catalyzed the
hydrolysis of ATPin the presence of doxorubicin and its metab-
olites. Doxorubicin-stimulated ATP hydrolysis by DNP-SG
ATPase was saturable with respect to doxorubicin (Km 1.2 and
2.8 MMfor the lung and erythrocyte enzymes, respectively).
Antibodies against DNP-SGATPase immunoprecipitated the
ATPhydrolyzing activity stimulated by doxorubicin, its metab-
olites, and glutathione conjugates. Inside out vesicles prepared
from erythrocyte membranes took up doxorubicin, daunomy-
cin, and vinblastine in an ATP-dependent manner. The uptake
was linear with respect to time and vesicle protein, was depen-
dent on ATP and magnesium, was inhibited by heavy metal
salts or by heating the vesicles, and was sensitive to both osmo-
larity and orientation of the vesicles. The transport had an acti-
vation energy of 13 kcal/mol, was saturable with respect to
both doxorubicin and ATP (K. values of 1.8 ,M and 1.9 mM,
respectively), and was competitively inhibited by glutathione
conjugates as well as by a number of amphiphiles such as dauno-
mycin or vinblastine. Transport was diminished upon coating
the vesicles with antibodies against DNP-SGATPase. Incorpo-
ration of increasing amounts of purified DNP-SGATPase into
the vesicles resulted in a linear increase in transport of doxoru-
bicin. These studies demonstrated for the first time that a mem-
brane protein that catalyzed the transport of anionic amphiphi-
lic molecules such as glutathione conjugates could also mediate
the transport of weakly cationic antitumor antibiotic, doxorubi-
cin. Notably, the Kmof transport was in the range of doxorubi-
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cin concentration achievable in human serum after intravenous
dosing of doxorubicin. (J. Clin. Invest. 1994.93:958-965.) Key
words: doxorubicin * biological transport - glutathione * drug
resistance * ethacrynic acid

Introduction

Doxorubicin hydrochloride (DOX', Adriamycin®; Farmitalia,
Milan, Italy) is an effective cytoreductive agent for chemother-
apy of a variety of neoplasms, but its efficacy is limited by
inherent or acquired resistance to its cytocidal effects in cancer
cells ( 1). Studies of DOXresistance have shown that cultured
malignant cells resistant to DOXfrequently exhibit a multi-
drug resistant (MDR) phenotype associated with the ATP-de-
pendent efflux of a number of amphiphilic cytotoxins such as
DOX, vincristine, and vinblastine (2-7). A number of these
malignant cell lines with the MDRphenotype overexpress the
P-glycoprotein, a 170-kD glycoprotein product of the mdr- 1
gene (5, 8). The P-glycoprotein has been demonstrated to me-
diate the ATP-dependent efflux of DOXand other amphiphilic
drugs (3-8). Several studies have also documented the exis-
tence of an MDRphenotype in malignant cell lines which do
not overexpress the P-glycoprotein (9-13). Increased efflux of
DOXfrom MDRcells which do not overexpress P-glycopro-
tein has also been demonstrated (5, 11-13), suggesting that
efflux mechanism(s) distinct from P-glycoprotein may be in-
volved in the exclusion of DOXor similar amphiphilic com-
pounds.

ATP-dependent transport of oxidized glutathione and con-
jugates of GSHand xenobiotics across human erythrocyte
membrane is known ( 14-16), and ATPases catalyzing hydroly-
sis of ATP in the presence of conjugates of xenobiotics and
GSH( 17) and oxidized glutathione ( 18) have been identified
in human erythrocyte membrane. A transporter of glutathi-
one-xenobiotic (GS-X) conjugates (16, 17) present in the
membrane of human erythrocytes and other cells (19) cata-
lyzed ATPhydrolysis in presence of not only GS-X conjugates
but also in the presence of several structurally unrelated amphi-
philic compounds including estradiol glucuronide, bilirubin
ditaurate, lithocholic acid 3-O-glucuronide, and leukotriene C4
methyl ester (20, 21 ). Wehypothesize that this GS-X conju-

1. Abbreviations used in this paper: DNP-SG, dinitrophenyl-S-glutathi-
one; DOX, doxorubicin, EA-SG conjugate, ethacrynic acid-glutathi-
one conjugate; G3PD, glyceraldehyde-3-phosphate dehydrogenase;
GST, glutathione S-transferase; GS-X conjugate, glutathione-xeno-
biotic conjugate; IOV, inside out vesicle; MDR, multidrug resistant;
ROV, right side out vesicle.
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gate transporter, previously designated as DNP-SG ATPase
because of its routinely used model substrate dinitrophenyl-S-
glutathione (DNP-SG) (16, 17), may be involved in the en-
ergy-dependent efflux of other structurally unrelated amphi-
philic compounds such as DOXand may thus be a contribu-
tory factor in the mechanism(s) for DOX resistance in
malignant cells not overexpressing the P-glycoprotein. This re-
port demonstrates that DNP-SGATPase purified from human
erythrocytes and lung tissue stimulated ATP hydrolysis in the
presence of DOXand its metabolites. Furthermore, we have
demonstrated that DOX, daunomycin, and vinblastine were
taken up by inside out vesicles (IOVs) prepared from mem-
branes of human erythrocytes (which do not express the P-gly-
coprotein) through an ATP-dependent process. The uptake of
DOXwas competitively inhibited by substrates of the GS-X
pump (DNP-SG ATPase) as well as by prototypical substrates
of the P-glycoprotein transporter. The transport of DOXwas
also inhibited by polyclonal antibodies specific to DNP-SG
ATPase. Incorporation of purified DNP-SGATPase into eryth-
rocyte IOVs more than doubled the rate of DOXtransport.
These studies suggest a close similarity between the transport
mechanisms of DOXand GS-X conjugates. Possible implica-
tions of these findings in the mechanisms of drug resistance
and strategies of cancer chemotherapy are discussed in this
report.

Methods

Materials. Use of human tissues was approved by the Institutional
Review Board. Blood collected from normal subjects and stored for < 1
wk was obtained from the Blood Bank, and human lung samples from
adult subjects without known pulmonary disorders deceased < 8 h
were collected from the autopsy service. Sources of reagents used in the
present studies were the same as described previously (21). DOX
(AdriamycinO), doxorubicinone, dihydrodoxorubicinone, deoxydox-
orubicinone, dihydrodoxorubicin, and vinblastine sulfate were gener-
ously provided by Dr. Sergio Penco (Adria Labs, Milan, Italy). Mitox-
antrone and daunorubicin were generously provided by Lederle Labo-
ratories (Pearl River, NY) and by Wyeth Laboratories (Philadelphia,
PA), respectively. [14'4C]Doxorubicin hydrochloride (sp act 57
mCi/mmol) and [G-3H]vinblastine sulfate (sp act 11 Ci/mmol) were
purchased from Amersham Corp. (Arlington Heights, IL). [y-32P]-
ATP and [G-3Hjdaunomycin (sp act 1.7 Ci/mmol) were procured
from Du Pont/New England Nuclear (Boston, MA). (±)-Verapamil
hydrochloride was purchased from Sigma Chemical Co. (St. Louis,
MO). Taurodeoxycholate and taurolithocholate (sodium salts) were
purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA). The
conjugate of l-chloro-2,4-dinitrobenzene and GSH, 2,4-dinitrophenyl-
S-glutathione (DNP-SG), was synthesized enzymatically, purified,
and authenticated according to our previously published method (22)
and was linked to CNBr-activated Sepharose 4B according to a method
described previously (21 ). GSHconjugate of ethacrynic acid (EA-SG)
was synthesized and authenticated as described by us previously (23).
Polyclonal antibodies against human erythrocyte DNP-SG ATPase
and glyceraldehyde 3-phosphate dehydrogenase, raised in rabbits, were
the same as those used in previous studies ( 19). The IgG fractions were
isolated from these antibodies and the preimmune serum by DEAE-
cellulose ion-exchange chromatography and were purified further us-
ing a column of protein A bound to CNBr-activated Sepharose 6MB.

Enzyme assays and purification ofDNP-SGA TPase. ATPase activ-
ity in the presence of DNP-SG, DOX, and other substrates was deter-
mined according to the method used by us previously (21 ). 1 mUof
enzyme activity was defined as 1 nmol ATP hydrolysis/min at 37°C.
Purifications of DNP-SGATPase from human lung were performed at
4VC according to a previously described protocol (21). The details of

purification of DNP-SGATPase from human erythrocytes have also
been reported in our previous studies ( 19). Because of interference by
lubrol PX (Sigma Chemical Co.) used during purification, protein was
estimated by the method of Minamide and Bamburg (24). SDS-
PAGE, Western blot analysis, and immunotitration of DNP-SGATP-
ase were performed by methods used by us previously ( 19, 21 ).

Preparation of IO Vs and right side out vesicles (ROVs) from hu-
man erythrocyte membranes. Preparation of human erythrocyte vesi-
cles was carried out by the method of Steck and Kant (25) in which
human erythrocyte ghosts prepared according to the method of Dodge
et al. (26) were diluted in 40 vol of 0.5 mMsodium phosphate buffer,
pH 8.0, and were allowed to incubate overnight at 4VC. The pellet
obtained by centrifugation at 28,000 g for 1 h was resuspended in the
same buffer, and vesiculation was performed by repeatedly passing the
suspension through a 27-gauge needle. Vesiculation performed in pres-
ence or absence of 250 mMsucrose resulted in vesicles with similar
yield and transport properties. The IOVs were purified either by den-
sity gradient centrifugation at 105,000 g for 2 h over a dextran barrier
( 1.03 g/ml) during which the ROVsand unsealed ghosts pelleted to the
bottom, or by passing the mixture of vesicles over a column ( 1 cm X 5
cm) of wheat germ agglutinin bound to CNBr-activated Sepharose 4B.
In the latter procedure, the ROVswere almost quantitatively retained
by the column, whereas the IOVs were recovered in the flow-through
fraction of the column. The ROVswere eluted from the column with
50 mMmethyl-a-D-mannopyranoside. The purities of the IOVs and
ROVswere estimated by comparing acetylcholinesterase activities in
the erythrocyte ghosts and the vesicles using the assay described by
Ellman et al. (27). Both IOVs and ROVswere finally suspended in
buffer containing 250 mMsucrose in 10 mMTris-HCl, pH 7.4.

Transport studies with DOXand other P-glycoprotein substrates.
For the transport studies, stock solutions of 10 mMMgCl2 and 20 mM
ATP were prepared in buffer containing 250 mMsucrose and 10 mM
Tris-HCl, pH 7.4. The pH of the ATPsolution was adjusted to 7.4 with
0.1 N NaOH. The osmolarity of all solutions was measured using a
microosmometer (model 3MO; Baxter Scientific, McGraw Park, IL).
The reaction mixture consisted of IOV protein (0.5-14 sg), 10 mM
Tris-HCI, pH 7.4, 250 mMsucrose, 4 mMMgCI2, and either 2 mM
ATP or an equiosmolar concentration of NaCl (3 mM). Since ROVs
prepared by wheat germ agglutinin affinity chromatography contained
methyl-a-D-mannopyranoside, the experiments in which the transport
activities of the IOVs and ROVswere compared included equal con-
centrations of methyl-a-D-mannopyranoside in incubation mixtures
containing IOVs. To start the reaction, 20 ,g of radiolabeled [14-'4C]-
DOX(75,000 cpm/nmol) dissolved in Tris/sucrose buffer was added
to achieve a final volume of reaction mixture of 100 zd. The reaction
mixtures were incubated at 370 for 10 min, and free DOXwas sepa-
rated from the vesicles. Because DOXis a freely membrane-permeable
amphiphilic compound, a method for the rapid separation of IOVs
from free DOXto minimize the leakage of DOXfrom IOVs was neces-
sary. Weinitially used Penefsky's method (28) in which the separation
of the IOVs from free DOXwas achieved by Sephadex G-50 size exclu-
sion chromatography in a 1-ml syringe by centrifugation. The results
obtained by this method, however, were not readily reproducible be-
tween experiments and varied significantly probably because of small
differences in filtration times and possibly because of differences in the
packing of the Sephadex beads. Weconjectured that these differences
could arise due to the leakage of DOXfrom vesicles into the surround-
ing medium because as the IOVs are separated from free DOX, the
concentration gradient of DOXbetween the IOVs and surrounding
buffer increased, causing an increased leakage of DOXfrom the IOVs.
To minimize the diffusion of DOXfrom the IOVs, we devised a rapid
membrane filtration method employing a 96-well plate multiscreen
assay system (Millipore Corp., Bedford, MA) in which 0.45-Mm pore
size nitrocellulose membranes are individually attached to the bottom
of each of the wells. Rapid filtration of the incubation mixtures used in
transport studies to separate free DOXfrom the IOVs was achieved by
attaching the plate to a vacuum device. During standardization of this
method, we were able to get complete separation of free DOXand
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Table I. Purification of DNP-SGATPase from HumanLung

Fraction Volume Activity* Protein Specific activity Yield Purification

mU/mg
ml mU/ml Total (mU) mg/ml protein % Fold

Membrane 10 17.4 174.0 10.1 1.7 100
Lubrol extract 9 17.2 154.8 10.2 1.7 89
DNP-SGelute 15 1.5 22.5 0.084 18.0 13 11
G3PDimmunoaffinity

unadsorbed fraction 16 1.3 20.8 0.062 21.0 12 12

40 g human lung as starting material was used for the purification.
* 1 mUof enzyme catalyzed 1 nmol ATP hydrolyzed/min at 370C.

IOVs within 15 s from the incubation mixtures containing up to 140
gg/ml of vesicle protein. Nonspecific binding of DOXto cellulose ni-
trate membrane was minimized by washing the membrane with 3.4
mMDOXbefore experiments and was unaffected by the presence or
absence of ATP. After filtration, the bottoms of the membranes were
blotted dry with filter paper, were punched out and placed in liquid
scintillation counting vials containing 10 ml of scintillation fluid (Hy-
drofluor/Betafluor, 1:1 [vol/vol]; National Diagnostics, Atlanta, GA,
and Manville, NJ, respectively), were vortexed thoroughly, were al-
lowed to stand for 1 h at room temperature, and were counted in a
liquid scintillation counter (LS-6800; Beckman Instruments, Inc., Ful-
lerton, CA). ATP-dependent uptake of DOXwas determined by sub-
tracting the radioactivity (cpm) of the control without ATP from that
of the experimental containing ATP, and the transport of DOXwas
calculated in terms of picomoles per minute per milligram IOV pro-
tein. The transport of daunomycin and vinblastine were performed in a
similar manner using [G-3H]daunomycin (sp act 52,000 cpm/nmol)
and [G-3H]vinblastine sulfate (sp act 46,000 cpm/nmol).

Kinetic studies and inhibition of DOXtransport. The kinetics of
transport of DOX, daunomycin, and vinblastine were measured in
separate experiments at various concentrations of ATP or these sub-
strates keeping the other fixed, and double reciprocal plots of 1/v vs
1 / [S] were generated to determine Kmvalues. The inhibitory effect of
the GSHconjugates (DNP-SG and EA-SG), and of bilirubin ditaurate,
taurolithocholate, taurodeoxycholate, mitoxantrone, daunorubicin, ve-
rapamil, vinblastine, and cyclosporin A on the transport of DOXwas
investigated by comparing its transport in the absence and presence of
different concentrations of these compounds. The reaction mixtures
were preincubated with the inhibitor for 5 min at 37°C before addition
of the substrates. The I50 values (the concentration of the inhibitor
giving 50% inhibition of the rate of DOXtransport) were determined
from the plots of percentage of control DOXtransport vs inhibitor
concentration. The nature of inhibition was determined by double re-
ciprocal plots; the Ki was determined by the replots of the double recip-
rocal plots.

Reconstitution experiments. Erythrocyte IOVs were sonicated in a
sonifier cell disruptor at 40 Wfor 1 min on ice in the presence of
increasing amounts of purified DNP-SG ATPase protein. Equal
amounts of albumin were added to control vesicles and treated simi-
larly. After a 2-h incubation at 4°C, these vesicle preparations were
subjected to wheat germ agglutinin chromatography as described
above. DOXtransport studies were performed as described above on
the IOVs obtained in the unadsorbed fraction of wheat germ agglutinin
chromatography as described in this section.

Results

The results of purification of DNP-SGATPase from human
lung, presented in Table I, indicate that the enzyme could be
purified with an overall yield of 13%, similar to that previously

observed during purification of this enzyme from muscle (21).
A major portion of activity was lost at the affinity chromatogra-
phy step, probably because of enzyme inactivation. Traces of
glyceraldehyde-3-phosphate dehydrogenase (G3PD) which
have previously been found to be associated with DNP-SG
ATPase purified from human erythrocytes ( 19) were removed
by immunoaffinity chromatography using anti-G3PD antibod-
ies linked to CNBr-activated Sepharose 4B. The purified en-
zyme recovered in the flow-through fraction of the immunoaf-
finity column showed a single band on SDS-PAGE(Fig. 1 A)
with a subunit Mr value of 38 kD, which was similar to the
Mr value of human erythrocyte and human muscle DNP-SG
ATPase reported by us previously ( 19, 21 ). In Western blots
(Fig. 1 B), the enzyme was recognized by polyclonal antibodies
raised in rabbits against human erythrocyte DNP-SGATPase.
The specific activity of the purified enzyme from lung towards
DNP-SGwas comparable with that reported for the erythro-
cyte and muscle enzymes ( 19, 21). In parallel experiments,
human erythrocyte DNP-SGATPase was also purified. ATP
hydrolysis catalyzed by the lung and erythrocyte enzymes in
the presence of various S-alkyl- and S-aryl-glutathione conju-
gates (Table II) was similar to that previously reported for hu-
man muscle DNP-SGATPase (21 ). In general, the long alkyl
chain conjugates exhibited higher activity than the conjugates

A

66K-

30K- ..4. .:,Pg

14-4K-
1

B

80K-

32 5K-

18 5K-
2 1 2 3 4

Figure 1. Homogeneity and immunoreactivity of purified human
lung DNP-SGATPase. SDS-PAGEof the purified human lung
DNP-SGATPase (A) with standard protein markers and purified
human lung DNP-SGATPase present in lanes I and 2, respectively.
Immunoreactivity of human lung DNP-SGATPase in Western blot
analysis with prestained standard marker proteins, DNP-SGaffinity
eluate, unadsorbed fraction of anti-G3PD immunoaffinity column,
and crude membrane lubrol extract present in lanes 1-4, respectively.
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Table II. Activity of DNP-SGATPase towards Various Substrates

Specific activity* K. V.

Activators Lung Erythrocytes Lung Erythrocytes Lung Erythrocytes

nmol/min
mU/mgprotein AM per milligram protein

DNP-SG 20.3 23.1 125.2 80.1 33 32
Doxorubicin 25.9 48.4 1.2 2.8 25 48
Doxorubicinone 24.8 29.4 5.9 5.8 40 48
Dihydrodoxorubicinone 27.2 38.7 3.4 5.2 30 51
Deoxydoxorubicinone 22.5 32.5 2.9 7.6 33 63
Dihydrodoxorubicin 18.6 39.0 3.5 2.0 28 53
S-methyl glutathione 8.3 9.4 ND ND ND ND
S-(n-propyl) glutathione 9.0 9.8 ND ND ND ND
S-(n-pentyl) glutathione 12.7 14.2 ND ND ND ND
S-(n-decyl) glutathione 13.9 15.0 ND ND ND ND
S-(p-chlorophenacyl) glutathione 15.9 18.8 ND ND ND ND
S-(p-nitrobenzyl) glutathione 18.1 23.9 ND ND ND ND

* 1 mUof enzyme catalyzed, 1 nmol ATP hydrolyzed/min at 370C. ND, not determined. Values represent mean of n = 3 determinations; the
relative standard deviation was <4% in all cases.

with shorter alkyl chain. These results indicated that the lung
enzyme was similar and probably identical to the DNP-SG
ATPase characterized previously from human erythrocytes
and muscle (19,21).

Catalysis of ATP hydrolysis in the presence of DOX. Puri-
fied human lung DNP-SGATPase not only catalyzed the hy-
drolysis of ATP in the presence of DOXand its metabolites,
but comparatively higher ATPase activity of the enzyme was
observed with these compounds as compared to that with GSH
conjugates (Table II). DOX-stimulated ATP hydrolysis by
DNP-SGATPase purified from both erythrocytes and lung was
linear with the amount of the purified enzyme used and with
the incubation time for at least 60 min. The results of these
experiments with the erythrocyte enzyme are presented in Fig.
2, A and B; similar results were obtained with the lung enzyme.
DOX-stimulated ATPase activity of the enzyme was abolished
when the enzyme was preheated at 90'C for 5 min, a result
consistent with the previously reported heat inactivation of this
enzyme (20).

The DOX- and doxorubicinone-stimulated ATPhydrolyz-
ing activity of the purified erythrocyte enzyme was found to be
immunoprecipitated (77 and 9 1%, respectively) by anti-DNP-
SG ATPase antibodies in immunotitration experiments in
which preimmune serum did not significantly affect the activ-
ity (Fig. 2 C). In parallel experiments, the ATPase activity
stimulated by the GSHconjugate (DNP-SG) used as a positive
control was also immunoprecipitated to the extent of 82%(Fig.
2 C). Similar results were obtained with the purified enzyme
from human lung (data not presented).

ATP hydrolysis by the human lung and erythrocyte DNP-
SGATPase by DOXand its metabolites was saturable at higher
concentrations of these compounds. Linearity of double recip-
rocal plots was observed for both human lung and erythrocyte
enzymes with DOXand its metabolites as substrates (data not
presented). The Kmand Vma. values of the erythrocyte and lung
enzymes for each compound are shown in Table II. The Km
values of the erythrocyte and lung enzymes for these com-
pounds were much lower than those for GS-X conjugates and

ranged from 1.2 to 7.6 gM. It is important to note that the Km
values of the enzymes for DOXand its metabolites were within
the range of peak serum DOXconcentrations achievable with
conventional doses of DOXduring chemotherapy.

Transport of DOX. IOVs prepared from erythrocyte mem-
branes by the method described by Steck and Kant (25) were
- 80% pure as determined by acetylcholinesterase latency
(27). Results of transport studies with the IOVs made in the
absence or presence of 250 mMsucrose were similar, with the
exception that the DOXtransport activity was more stable at
4°C in the IOVs vesiculated in the presence of sucrose. Before
performing transport studies, osmolarity was measured on all

80

°340E A
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Figure 2. Human eryth-
rocyte DNP-SGATPase
activity. DOX-stimu-
lated ATPase activity of
the purified transporter
with respect to varying
concentrations of pro-
tein and with respect to
time of incubation of
the reaction mixture are
presented in A and B,
respectively. DOXcon-
centration used in these
studies was 3.6,uM. The
immunoprecipitation of
DNP-SG(*), doxoru-
bicin (+), and doxoru-
bicinone (o) stimulated
ATPase activity of the
purified enzyme with
anti-DNP-SG ATPase
antibodies and the effect

of preimmune serum (.) on DOX-stimulated ATPase activity are
presented in C. The concentrations of DNP-SG, doxorubicin, and
doxorubicinone used in these studies were 120, 4, and 20 ,uM, re-
spectively.
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Figure 3. ATP-depen-
dent transport of doxoru-
bicin in human erythro-
cyte IOVs. Linear in-
crease in transport rate
with increasing IOV

j5 protein added to the re-

action mixture, time
dependence of doxoru-
bicin accumulation in
IOVs, and magnesium
chloride dependence of
transport are presented

30 in A, B, and C, respec-

tively. Magnesium chlo-
ride and doxorubicin
concentrations were

kept constant at 4 mM
and 3.6,uM, respec-

tively, for studies of
protein and time depen-
dence (A and B). For
studies of protein and

magnesium dependence, transport was measured after a 1 0-min in-
cubation (A and C). Protein concentration was 14.5 ,tg/ 100 ,ul reac-

tion mixture for studies of time and magnesium dependence (B and C).

solutions to ensure that the osmolarity of the blank and reac-

tion mixtures used for transport studies were identical. Using
either NaCl or ADPin the controls to compensate for the os-

molarity of ATP in the experimental reaction mixtures yielded
similar results. Increased ATP-dependent uptake of DOXby
the IOVs, as indicated by the association of [ 14C ] DOXradioac-
tivity with the IOVs, was consistently seen in the presence of
ATP as compared with the IOVs incubated in the presence of
either ADPor NaCl. ATP-dependent uptake of DOXby the
IOVs was linear with respect to the IOV protein concentration
(Fig. 3 A). These results were observed regardless of whether
the Sephadex G-50 column filtration method of Penefsky (28)
or the membrane filtration method developed by us was used
to separate IOVs from free DOXin the reaction mixtures. How-
ever, the precision was significantly better with the nitrocellu-
lose membrane filtration method, and thus, the data presented
in this report are those obtained using the latter method. The
ATP-dependent DOXuptake by the IOVs was rapid and ap-

proximately linear for the first 15 min, with an initial rate of
- 300 pmol/min per milligram of protein (Fig. 3 B). Because

outward diffusion of DOX (a freely membrane-permeable
compound) should start as soon as a concentration gradient of
DOXacross the IOV membrane was generated, the stoichiome-
try between DOXuptake and ATP consumption was difficult
to determine. The results presented in Fig. 3 Cshowed that the
ATP-dependent transport of DOXwas magnesium dependent.
ATP-dependent DOXtransport by the IOVs was inhibited
- 60% by 100,uM HgCl2 and 47% by 100 ,tM CrCl3.

Because DOXis known to have a high degree of affinity for
membranes (29), it is important to rule out that the observed
accumulation of DOXin the IOVs observed during the present
studies did not result because of a nonspecific binding of DOX
to the IOV membrane or to the nitrocellulose filter, even

though the ATPdependence of the process argues against these
possibilities. Transport experiments were therefore performed

to compare the uptake of DOXby ROVsand IOVs. Werea-

soned that if DOXwas transported from inside the erythro-
cytes by ATP-dependent processes then ROVs should not
show the ATP-dependent uptake of DOX. If, on the other
hand, DOXincorporation in IOVs observed in our experi-
ments was because of binding of DOXto the membrane, both
IOVs and ROVsshould accumulate DOX. Taking advantage
of the presence of carbohydrate residues exclusively on the
noncytoplasmic surface of membranes, the ROVsand IOVs
were separated from the mixture of vesicles by wheat germ

agglutinin column chromatography (Fig. 4). Measurement of
acetylcholinesterase activity in the IOVs recovered in the flow-
through fractions of the column and the ROVsobtained by
eluting the column with methyl-a-D-mannopyranoside (1.3
and 5.6 ,mol/min per milligram protein for IOVs and ROVs,
respectively) indicated enrichment of ROVs in the methyl-a-
D-mannopyranoside eluate. Treatment of IOVs and ROVs
with Triton X- 100 resulted in similar acetylcholinesterase activ-
ities in both fractions. IOVs purified by the wheat germ aggluti-
nin column chromatography showed the ATP-dependent up-

take of DOXat a rate of 280 pmol/min per milligram protein
which was similar to that observed with the IOVs prepared by
Steck and Kant's method (25). The ROVs, on the other hand,
showed an uptake rate of 30 pmol/min per milligram ROV
protein. Whenequal amounts of ROVsand IOVs were mixed
and the mixtures were used for transport studies, the ATP-de-
pendent uptake of DOXby the mixed vesicles was found to be
128 pmol/min per milligram protein, which was approxi-
mately half of that seen with IOVs alone. These results, demon-
strating a minimal accumulation of DOXin the ROVsas com-

pared with that in the IOVs, ruled out the possibility that ob-
served ATP-dependent accumulation of DOXin the IOVs was
because of increased nonspecific binding in the presence of
ATP. The intravesicular accumulation of DOXwas further
confirmed by studying the relationship between the intravesi-
cular space of the IOVs and DOXaccumulation. Experiments
were carried out to determine the ATP-dependent uptake of
DOXby the IOVs in the presence of increasing concentrations
of sucrose, which would result in gradual shrinkage of the IOVs
and decreased intravesicular space. The results of these experi-
ments presented in Fig. 5 indicated that ATP-dependent up-
take of DOXby the IOVs decreased with the increasing con-
centration of sucrose in the incubation medium. Extrapolation
to infinite sucrose concentration, i.e., zero intravesicular vol-
ume, indicated that 35%of the observed uptake was because

of nonspecific binding, a reasonable number for a relatively
hydrophobic compound such as DOX.

0.25r

0.20O

E 0.15
-E

o O.10

0.05

Fraction Number

Figure 4. Separation of IOVs and
ROVsby wheat germ agglutinin
affinity chromatography. Frac-
tions of 0.5 ml each were collected
after application of vesicle protein
to a wheat germ agglutinin column
with a constant flow rate of 6 ml /
h. The arrow indicates the time at
which elution with methyl a-D-

mannopyranoside was begun.
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Figure 5. Osmotic sensitivity of
o4 / DOXtransport in erythrocyte

IOVs. Total ATP-dependent up-
3 take of DOXafter 30 min was

measured in the presence of 250-
,,2 / 950 mMsucrose, and the uptake

was plotted vs the inverse of su-
~ 1 crose concentration. Linear regres-

sion was used to extrapolate the
-2 3 4 DOXbinding to the vesicles at in-

1/[Sucrose] (M-') finite sucrose concentration.

The dependence of DOXuptake on ATP and on proper
membrane sidedness indicated that the transport was mediated
by an ATP-dependent pump. This was further verified by de-
termining the activation energy of the transport, which is com-
patible with an enzymatic process, and by establishing the heat
sensitivity of the process. The ATP-dependent DOXtransport
by IOVs was shown to be temperature dependent with rates of
2 1, 127, and 217 pmol/min per milligram protein at 4, 20, and
37°C, respectively, yielding an activation energy of - 13 kcal/
mol. Inactivation of the transporter upon heating was demon-
strated in two separate experiments. IOVs preheated at 45°C
for 1 and 4 h transported DOXat 14.0 and 2.5 pmol/min per
milligram protein, corresponding to 6 and 1% of control trans-
port rate, respectively. In other experiments, IOVs were im-
mersed in boiling water for 5 min, were cooled to room temper-
ature, and were revesiculated by sonication. IOVs were then
separated from the mixture of vesicles using a wheat germ ag-
glutinin column which quantitatively retained ROVs. The
transport of DOXin the heat-inactivated IOVs thus prepared
was completely abolished (< 1%of control). The kinetic char-
acterization of the transport mechanism for DOXduring the
present studies included the determination of the Kmand V,,m
values for its substrates, DOXand ATP(Fig. 6, A and B, respec-
tively). The Kmof the transporter for ATPwas found to be 1.85
mM, which was in the same range as that reported for GSH
conjugate transporter ( 16, 17, 21 ). The Kmof the transporter
for DOXwas found to be 1.7 MM, which was closely similar to
the Km values (Table II) of the ATP-hydrolyzing activity of
DNP-SGATPase for DOXpurified from either erythrocytes or

..-.-, lnp-SG Figure 6. Kinetics of
DOXtransport in hu-

025 0.50 man erythrocyte IOVs.
DOX1 (SM-') Competitive inhibition

of DOXtransport by
DNP-SG (A) and the
Kmof ATP for DOX
transport (B) are pre-
sented. The concentra-
tion of DOXused for

2.0 4.0 determination of the Km
1[ATPJ (mM') of ATPwas 3.6 MM.

lung (1.7 MuM). Furthermore, these Kmvalues were within the
range of peak DOXserum concentrations after conventional
intravenous dosing of DOXin humans (30) during cancer che-
motherapy. In a manner similar to that of DOXtransport, a
saturable ATP-dependent transport by the IOVs was also ob-
served for daunomycin (Km = 3.3 ,M, and Vm. = 200 pmol/
min per milligram protein) and vinblastine (Km = 2.9 ,gM, and
Vma = 212 pmol/min per milligram protein). Since the pres-
ence of DNP-SG ATPase has been demonstrated in all the
human tissues examined so far, these results strongly suggested
that this transport mechanism maybe an important and physio-
logically relevant protective mechanism against the amphiphi-
lic cytotoxins such as DOX, daunomycin, or vinblastine.

Inhibition ofDOX transport by subst rates ofP-glycoprotein,
GSHconjugates, and the antibodies against DNP-SGATPase.
The overlap between the transport mechanism(s) for DOX
and GSHconjugates was corroborated by the results of experi-
ments showing that the ATP-dependent uptake of DOXby
IOVs was competitively inhibited by DNP-SG(Fig. 6 A) and
EA-SG (data not presented). The inhibitory effects of several
classes of amphiphilic compounds including anthracyclines
(mitoxantrone and daunorubicin), vinca alkaloid (vinblas-
tine), calcium channel blocker (verapamil), bilirubin conju-
gate (bilirubin ditaurate), bile acid conjugates (taurolithocho-
late and taurodeoxycholate), and cyclosporin A on the trans-
port of DOXwere also examined. The inhibition constants and
nature of inhibition for these compounds are presented in Ta-
ble III. It is noteworthy that the known substrates of P-glyco-
protein (vinblastine, daunomycin, vincristine, and mitoxan-
trone) and the known substrates of the DNP-SGATPase (bili-
rubin ditaurate, DNP-SG, and EA-SG) were found to inhibit
DOXtransport in a competitive manner. In contrast, the am-
phiphilic bile salts which do not stimulate ATP hydrolysis by
DNP-SGATPase (20) were not inhibitory towards this trans-
porter at concentrations up to 100 MMused in these studies.
Interestingly, cyclosporin A, a compound which can reverse
MDRin cells with or without P-glycoprotein overexpression,
also inhibited this enzyme, albeit in a noncompetitive manner.
Additional evidence for the shared transport mechanisms of
DOXand GSHconjugates was provided by a significant inhibi-
tion of DOXtransport in IOVs preincubated for 5 min with

Table III. Inhibition of DOXTransport by Various Amphiphilic
Compounds

Type of inhibition
Inhibitors I50* K, with respect to DOX

AM AM

Vinblastine 12.0 9.5 Competitive
Verapamil 10.0 8.3 Competitive
Mitoxantrone 15.0 12.0 Competitive
Bilirubin ditaurate 85.0 60.0 Competitive
Daunorubicin 3.0 1.8 Competitive
Cyclosporin A 90.0 75.0 Noncompetitive
Taurolithocholate Not inhibitoryt ,

Taurodeoxycholate Not inhibitory -

* The 10 value is the concentration of inhibitor giving 50% inhibition
of DOXtransport. Details are given in the text. $ Concentrations
of these compounds up to 100 giM were used in inhibition studies.
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polyclonal antibodies against the human erythrocyte DNP-SG
ATPase. Whereas - 45% inhibition of the transport of DOX
was observed in the IOVs coated with anti-DNP-SG ATPase
antibodies, the preimmune serum showed no effect on the
transport of DOXby the IOVs (Fig. 7). Taken together, these
results provided strong evidence that the ATP-dependent trans-
port of GSHconjugates and DOXfrom human erythrocytes,
lung, and possibly other tissues was mediated through shared
mechanism(s) and that DNP-SGATPase was a commoncom-
ponent of this mechanism(s).

Reconstitution studies. The purified DNP-SGATPase pro-
tein used for reconstitution studies was essentially homoge-
neous as seen in SDS-PAGEand was the only protein recog-
nized by anti-DNP-SG ATPase antibodies in Western blot
analysis. This protein was not recognized by the C2 19 antibody
(which recognizes P-glycoprotein) in Western blot analysis
(data not presented). The results of DOXtransport studies in
IOVs reconstituted in the presence of increasing amounts of
purified DNP-SGATPase are presented in Fig. 8. These results
show a linear increase in DOXtransport activity in IOVs re-
constituted in the presence of increasing amounts of the puri-
fied DNP-SGATPase. Activity was unaffected in IOVs recon-
stituted in the presence of increasing amounts of albumin.

Discussion

Although the DNP-SGATPase was initially thought to be a
transporter of GS-X conjugates ( 17), structurally unrelated
anionic compounds were later added to its list of substrates
(20). Present studies indicate a much broader role for the
DNP-SGATPase as a xenobiotic transporter because we now
demonstrate that the weakly cationic compounds (doxorubi-
cin, dihydrodoxorubicin, daunomycin, and vinblastine) and
uncharged compounds (doxorubicinone, deoxydoxorubicin-
one, and dihydrodoxorubicinone) also stimulate ATPhydroly-
sis by DNP-SG ATPase, and that DOX, daunomycin, and
vinblastine are transported across the erythrocyte membranes
(which do not express mdr- 1 gene product P-glycoprotein)
through an ATP-dependent transport mechanism most likely
mediated by DNP-SGATPase. This exceptionally broad sub-
strate specificity and its wide tissue distribution indicate that
this versatile transport mechanism may function normally as
an important efflux mechanism for both xenobiotics and endo-
biotics. Its ability to transport the lipophilic xenobiotics and
the amphiphilic products of phase II detoxification puts it in a
unique position. This is probably the only cellular defense sys-

Figure 7. The effect of anti-
DNP-SGATPase antibodies
on the rate of DOXtransport
in erythrocyte IOVs. DOX
transport rate for the first 10
min at 3.6 jiM DOXand 14.5
jig IOV protein in the presence
of equal amounts of either
preimmune serum (-) or anti-
DNP-SGantibody (+) protein
are shown as the percentage of
control containing neither the
preimmune serum nor the

4o so anti-DNP-SG ATPase anti-
body.

C.

C

E.
W

Er
nw

c

X

10 20 30 40
Purified Dnp-SG ATPase (*g)

Figure 8. Transport of DOXin eryth-
rocyte IOVs reconstituted with puri-
fied erythrocyte DNP-SGATPase.
DOXtransport rate of erythrocyte
IOVs stored for < 1 wk at 4VC and
sonicated in the presence of varying
amounts of the purified DNP-SG
ATPase protein (o) or equal quanti-
ties of albumin (.). DOXand IOV
protein concentrations used in these
studies were 3.6 AMand 14 ,ug/ 100
,Iu reaction mixture, respectively.

tem against toxic compounds characterized so far which may
be involved in the protection against the toxic effects of amphi-
philic toxins as well as their phase I and II biotransformation
products.

The wide tissue distribution ( 19) and ability to transport
DOXwith a Km in the range of clinically achievable serum
DOXconcentrations is particularly interesting, suggesting that
this transport mechanism may be important in protecting nor-
mal or malignant tissues from the toxic effects of DOX. The
cytotoxicity of DOXis closely related to the degree of its intra-
cellular accumulation (31 ). Increased expression of P-glyco-
protein, the best characterized mechanism for decreasing intra-
cellular accumulation of DOX(3-8), has been shown to
confer resistance to DOX(4, 8). The GS-X transport mecha-
nism appears to be similar to the P-glycoprotein and its related
transporters not only because of its ability to transport DOX
with a relatively low Kmand its wide substrate specificity, but
also because, similar to P-glycoprotein, it is present in the cana-
licular membrane of hepatocytes (32). Thus, in a manner anal-
ogous to the P-glycoprotein, the GS-X conjugate transport
mechanism may also function to ameliorate the cytotoxicity of
DOX, daunomycin, vinblastine, and possibly other struc-
turally unrelated amphiphilic compounds. Several malignant
cell lines displaying the MDRphenotype have been described
which appear to actively extrude DOXwithout expressing the
P-glycoprotein (8-13). It is also interesting to note that a re-
cent study (7) comparing the kinetics of DOXefflux between
intact malignant cells with or without P-glycoprotein overex-
pression has shown that although the initial rate of DOXefflux
was greater in malignant cells overexpressing the P-glycopro-
tein, the subsequent steady state rate of DOXefflux was equal
in cells with or without P-glycoprotein expression (7), which
suggests that xenobiotic transport mechanisms distinct from
the P-glycoprotein may also play a role in mediating energy-de-
pendent efflux of DOX. The results of present studies provide
strong support to this contention.

The cytotoxicity of DOXtowards drug-resistant malignant
cells expressing the P-glycoprotein can be enhanced by multi-
ple, structurally unrelated, relatively noncytotoxic com-
pounds, presumably through competitive inhibition of the P-
glycoprotein-mediated effilux of DOX(3-5). Because we have
shown that GS-X conjugates are competitive inhibitors of
DOXtransport by this GS-X conjugate transporter, drugs such
as ethacrynic acid which undergo extensive conjugation with
GSHmay also enhance the cytotoxicity of DOX. The coad-
ministration of DOXwith ethacrynic acid or other relatively
nontoxic drugs which are metabolized to GS-X conjugates can
thus be a novel approach for modulating the antineoplastic
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effects of DOX. Since the relatively high expression of glutathi-
one S-transferases (GSTs) in many malignant tissues (33) may
result in more rapid conversion of certain drugs (such as etha-
crynic acid) to their GS-X conjugates, combinations of such
drugs and DOXmay be effective in selectively enhancing the
cytotoxicity of DOXtowards malignant cells overexpressing
GSTs. This combination could be particularly useful for the
treatment of drug-resistant malignancies overexpressing GST-
ix since ethacrynic acid is a preferred substrate of GST-7r, the
overexpression of which has been shown to decrease the effi-
cacy of ethacrynic acid in enhancing the cytotoxicity of alkylat-
ing agents (34). Further studies are required to explore these
possibilities for enhancing the cytotoxic effects of DOXin
MDRphenotypes.
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