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ABSTRACT: Purified dinitrophenylS-glutathione (DNP-SG) ATPase was reconstituted into artificial
liposomes prepared from soybean asolectin. Electron micrography confirmed the formation of unilamellar
vesicles with an average radius of 0.25µm. Intravesicular volume estimated by incorporation of radiolabled
inulin into the vesicles was found to be 19.7( 1.3µL/mL reconstitution solution. Accumulation of the
glutathione-conjugate of CDNB, DNP-SG, and of doxorubicin (DOX) in the proteoliposomes was increased
in the presence of ATP as compared to equimolar ADP or adenosine 5′-[â,γ-methylene]triphosphate
tetralithium. ATP-dependent transmembrane movement of DOX and DNP-SG into DNP-SG ATPase-
reconstituted vesicles was saturable with respect to time, sensitive to the osmolarity of the assay medium,
and temperature dependent. The energy of activation was found to be 12 and 15 kcal/mol for DNP-SG
and DOX, respectively. Optimal temperature for transport was 37°C. Saturable transport was demonstrated
for DNP-SG (Vmax of 433( 20 nmol/min/mg of protein,KmATP ) 2.4( 0.3 mM andKmDNP-SG ) 36(
5 µM) as well as DOX (Vmax ) 194( 19 nmol/min/mg of protein,KmATP ) 2.5( 0.6 mM andKmDOX

) 2.4( 0.7µM). The kinetic data for both DNP-SG and DOX transport were consistent with a random
bi-bi sequential reaction mechanism. DOX was found to be a competitive inhibitor of DNP-SG transport
with Kis of 1.2( 0.2 µM and DNP-SG was found to be a competitive inhibitor of DOX transport with
Kis of 13.3( 2.6 µM.

Available evidence indicates heterogeneity in mechanisms
mediating energy dependent efflux from mammalian cells
of amphiphilic organic ions such as GS-E1, metabolites of
heme, and various pharmacologic agents (1-15). Previous
studies from our laboratories have characterized a erythrocyte
membrane transporter protein, DNP-SG ATPase, which
catalyzed ATP hydrolysis not only in the presence of GSH
conjugates (16), but also in the presence of chemotherapeutic
drug DOX and its analogues (6). Incorporation of purified
DNP-SG ATPase into inside-out vesicles prepared from
human erythrocyte membranes enhanced the ATP-dependent

uptake of DOX (6). Competitive inhibition of ATP-
dependent DOX transport by glutathione conjugates sug-
gested a shared mechanism for the transport of GS-E and
DOX (6, 14). The presence of common mechanisms for
energy-dependent transport of GS-E and vincristine has
subsequently been suggested in studies (8-10) investigating
the functional properties of MRP (17), a 190 kDa glycopro-
tein belonging to the ATP-binding cassette (ABC) family
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2 The phospholipid composition of asolectin (measured by phos-
phorus determination) is 40 mol % PC, 33 mol % PE, 14 mol % PI, 5
mol % lysol-PC, 4 mol % cardiolipin, and 4 mol % unidentified
phospholipids (19). Under the simplifying assumption that the MW of
all the above phospholipids is the same, PC would make up 40% of
the mass of the phospholipids in asolectin. Thus, if PC constitutes 17%
of the total mass, phospholipids constitute 43% (by weight) of the total.
Since asolectin is soluble in organic solvents, the balance is probably
neutral lipids such as ergosterol (MW) 397) rather than protein, salt,
water, etc. Therefore, 4 mg of asolectin would contain 1.72 mg (2.5
µmol, assuming average MW of 700) phospholipid, and 2.28 mg (5.7
µmol, assuming MW of 400) of ergosterol. The additional 1 mg of
cholesterol equals 2.5µmol. Since 1 molecule of phospholipid occupies
0.7 nm2 and one molecule of cholesterol (and presumably ergosterol),
0.46 nm2, 4 mg of asolectin+ 1 mg of cholesterol (i.e., 2.5× 10-6

mol of phospholipid and 8.2× 10-6 mol of sterol) would occupy 1.05
× 1018 nm2 + 2.27× 1018 nm2 ) 3.32× 1018 nm2 monolayer, or 1.66
× 1018 nm2 bilayer. This is 2.1× 1012 vesicles if the radius is 250 nm.
A similar result (2.0× 1012 vesicles) is obtained under the assumption
that PC makes up 17% of the asolectin, with the balance being other
phospholipids with an average MW of 700.
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with some homology to chloride channel proteins. Conclu-
sive evidence, however, for the shared transport of GS-E
and DOX by a single transporter is lacking due to lack of
transport studies with purified transporter functionally re-
constituted in artificial liposomes. In the preceding article
in this issue, we have reported an improved protocol for the
purification of DNP-SG ATPase to apparent homogeneity
and described its kinetic properties. In this communication,
we report the functional reconstitution of purified DNP-SG
ATPase and demonstrate that reconstituted DNP-SG ATPase
can mediate ATP-dependent transport of DNP-SG as well
as DOX. Kinetic properties of this transporter as determined
in proteoliposomes are described, and the possible physi-
ological role of the protein is discussed.

EXPERIMENTAL PROCEDURES

Reagents.[3H]DNP-SG was enzymatically synthesized,
purified and authenticated as described by us previously (6).
[Carboxyl-14C]inulin was purchased from ICN Radiochemi-
cals (Irvine, CA). Soybean asolectin (17% w/w phosphatidyl
choline, cat. no. P-5638) was purchased from Sigma (St.
Louis, MO). Sources of other chemicals used in these studies
have been described in the preceding article in this issue.
Reconstitution of DNP-SG ATPase into Liposomes.Re-

constitution of DNP-SG ATPase was performed using
methods similar to those previously used by us for functional
reconstitution of rat liver canalicular MOAT (18). Purified
DNP-SG ATPase was dialyzed overnight against a buffer
containing 10 mM Tris-HCl, pH 7.4, 2 mM MgCl2, 1 mM
EGTA, 100 mM KCl, 40 mM sucrose, 2.8 mM 2-ME and
0.025% (v/v) polidocanol (reconstitution buffer). One mil-
liliter of an aqueous emulsion of untreated soybean asolectin
(40 mg/mL) and cholesterol (10 mg/mL) was prepared in
the reconstitution buffer by sonication, and a 100µL aliquot
of this emulsion was added to a 0.9 mL aliquot of dialyzed
DNP-SG ATPase containing 1-10 µg of protein. The
reaction mixture was sonicated for 15 s at 50 W, after which
200 mg SM-2 Biobeads preequilibrated in the reconstitution
buffer (without polidocanol) were added to initiate vesicu-
lation by removal of detergent. After incubation for 4 h at
4 °C, SM-2 Biobeads were removed by centrifugation at
3620g.
Transport Studies.Composition of the transport buffer

was identical to that of the reconstitution buffer except that
polidocanol was omitted. Reconstituted proteoliposomes
were diluted 2-20-fold in 90 µL of transport buffer
containing either [3H]DNP-SG (1.87× 104 cpm/nmol) or
14-[14C]DOX (8.9× 104 cpm/nmol) and incubated for 15
min at 37 °C. DOX concentrations from 2 to 6µM and
DNP-SG concentrations from 14 to 170µM were used.
Measurement of ATP-dependent transport was initiated by
addition of 10µL of ATP prepared in transport buffer to
the experimental group and 10µL of transport buffer alone
to the control. The final concentration of ATP in different
experiments ranged between 1 and 10 mM. After incubation
with ATP for 1-20 min, aliquots of the reaction mixtures
containing 2-20 ng of reconstituted protein were filtered
using a Millipore multiscreen 96 well plate vacuum filtration
system as previously described (6). The filtration membranes
were individually cut out of the filtration manifold and
solubilized in scintillation cocktail overnight before radio-
activity counting.

Background binding of the radiolabeled-substrate to the
filtration membrane was determined for each experimental
condition and subtracted to obtain the vesicular uptake of
substrate. The effect of DNP-SG ATPase on substrate uptake
by vesicles was studied by comparing uptake with or without
ATP by liposomes prepared exactly as described above,
except without addition of DNP-SG ATPase. Possible
nonspecific effects of nucleotides on substrate uptake by the
vesicles were studied by substituting equal concentration of
ADP or methylene-ATP for ATP in the controls. Also, the
possible osmotic effects of ATP addition were investigated
by substituting equiosmolar NaCl solutions for ATP in
controls.

Substrate Kinetics.ATP-dependent DNP-SG transport
kinetics were evaluated at DNP-SG concentrations from 14
to 170µM and ATP concentrations between 1 and 10 mM.
ATP-dependent DOX transport kinetics were performed at
DOX concentrations from 2 to 6µM and ATP concentrations
from 1 to 10 mM. The average ATP-dependent velocity of
uptake obtained from measurement at 5 min after addition
of ATP was taken as the initial velocity since preliminary
studies indicated that the uptake of both DOX and DNP-SG
was approximately linear within this period. Using a quasi-
Newton algorithm for nonlinear estimation in the Statistica
software package, the initial velocity data were analyzed by
fitting the rate equation for equilibrium ordered or random
bi-bi sequential reaction mechanisms (eqs 1 and 2, respec-
tively), whereV is the observed initial velocity,Vmax is the

predicted maximal velocity,A andB are concentrations of
substrates,KmA andKmB are the respectiveKm values, and
KiA is the rate constant for binding of substrate A.

Inhibition Kinetics. Initial velocity measurements for
DOX transport were performed using 14-[14C]DOX concen-
trations from 2 to 6µM and DNP-SG concentrations from
12.5 to 75µM. Initial velocity measurements were per-
formed at [3H]DNP-SG concentrations from 14 to 170µM
and DOX concentrations from 1 to 7.5µM. Using a quasi-
Newton method for nonlinear estimation in the Statistica
software package, the initial velocity data were analyzed by
fitting equations for uncompetitive, competitive, or noncom-
petitive inhibition (eqs 3-5, respectively), whereV is the

V )
VmaxAB

(KmBA) + (KiAKmB) + (AB)
(1)

V )
VmaxAB

(KmBA) + (KmAB) + (KiAKmB) + (AB)
(2)

V )
VmaxS

Km + S[1+ ( IKii
)]

(3)

V )
VmaxS

Km[1+ ( IKis
)] + S

(4)

V )
VmaxS

Km[1+ ( IKis
)] + S[1+ ( IKii

)]
(5)
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observed initial velocity,Vmax is the predicted maximal
velocity,A andB are concentrations of substrates,Km is that
of the transported substrate,I is inhibitor concentration, and
Kis andKii are the binding constants for the inhibitor with
either the enzyme or the enzyme-substrate complex, re-
spectively.

RESULTS

Characterization of DNP-SG ATPase Reconstituted Lip-
osomes.A plot of vesicle associated radioactivity of [14C]-
inulin vs time after initiating reconstitution indicated that
vesiculation was essentially complete after 4 h (Figure 1).
Assuming that the majority of vesicle-associated inulin was
present inside vesicles, the amount of entrapped inulin
indicated an intravesicular volume of 19.7( 1.3 (n ) 3)
µL/mL reaction mixture. Electron micrography of the
104000g pellet of the vesiculation reaction mixture revealed
the formation of primarily unilamellar vesicles with an
average radius of 249( 99 nm [range 61-607 nm, median
242 nm (n ) 100)] (Figure 2). The volume of an average
vesicle calculated from the radius was 6.5× 10-11µL. From
these results, the estimated number of vesicles/mL reaction
mixture was about 3× 1011. These results were in general
agreement with the maximal number of 2× 1012 vesicles
estimated from the amount of phospholipid and cholesterol
used for reconstitution.2 Assuming complete incorporation
of DNP-SG ATPase and assuming that 38 000 Da is an
accurate estimate of its molecular mass, reconstitution with
purified DNP-SG ATPase should yield a maximum of 53
molecules of DNP-SG ATPase/vesicle in a reconstitution that
contains 1µg of protein. For the studies of ATP-dependent
transport of DNP-SG and DOX described below, proteoli-
posomes were prepared in reconstitution buffer containing
1-10 µg of protein, 1 mg of cholesterol, and 4 mg of
phosphatidylcholine/mL. Vesicles prepared under the same
conditions without addition of DNP-SG ATPase (liposomes)
were used as no-protein controls.
Effect of ATP on DNP-SG or DOX Uptake by Liposomes

and Proteoliposomes.Proteoliposomes used for these studies

prepared with a fixed protein/lipid ratio of 3µg of protein/5
mg of lipid (0.6µg of protein/mg of lipid) (Table 1). The
background binding to the filter obtained by omitting
liposomes and proteoliposomes from the transport reaction
mixture was found to be relatively high, but quite reproduc-
ible under present conditions (Table 1). Background binding
of both DNP-SG and DOX was similar when either NaCl,
ADP, met-ATP or ATP was added to the transport buffer.
ATP-independent uptake of DNP-SG and DOX by either
liposomes (without DNP-SG ATPase) or proteoliposomes
(with DNP-SG ATPase) obtained by subtracting the corre-
sponding background was found to be similar in the presence
of NaCl, ADP, or met-ATP (Figure 3). Uptake of DNP-SG
by liposomes was not increased by ATP, whereas uptake of
DNP-SG in proteoliposomes after 5 min in the presence of
ATP, 20.9 pmol/5 min, was more than 10-fold greater than
the average of all other groups, 1.3( 0.3 pmol (p< 0.0001)
(Figure 3A). In contrast to DNP-SG, presence of ATP
significantly increased the uptake of DOX by liposomes as
compared with uptake observed in the presence of either
NaCl, ADP, or ATP (9.3 pmol vs an average of 6.1 for the
other three groups) (Figure 3B). This presumed nonspecific
effect of ATP on DOX uptake by liposomes (3.2 pmol) was
relatively minor (approximately one-fifth) compared to
specific, ATP-dependent DOX transport into proteoliposomes
(20.1 pmol). Specific ATP-dependent rates of uptake of
DNP-SG and DOX were found to 87 and 59 nmol/min/mg
of protein, respectively.
Time dependence of ATP-Dependent Uptake of DNP-SG

and DOX by Proteoliposomes.For these studies, the amount
of protein used for reconstitution was increased 3-fold to 9
µg/mL (protein/lipid ratio of 1.8µg/mg). Uptake of DNP-
SG or DOX by proteoliposomes was measured with respect

FIGURE 1: Time course of vesiculation during reconstitution of
DNP-SG ATPase. The time course of vesiculation was studied by
including [14C]inulin (513( 18 cpm/µL) in the reconstitution buffer
containing 5µg DNP-SG ATPase/mL. Aliquots of the reconstitution
solution were taken at specified times after addition of SM-2
biobeads. Vesicles were separated from free inulin by passing
vesicles over columns of Sephadex G-50 prepared in 1 mL syringes
and collecting the vesicles in the void volume.

FIGURE 2: Electron Micrograph of proteoliposomes reconstituted
with DNP-SG ATPase. Vesicles were prepared as described in
Experimental Procedures. An 18150× magnified electron micro-
graph is presented.
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to time in the presence of either 4 mM ADP, methylene-
ATP, ATP, or 6 mM NaCl (Figure 4,panels A and B,
respectively). ATP-dependent uptake calculated by subtract-
ing uptake observed in the presence of either NaCl, ADP,
or met-ATP are also presented (Figure 4 panels A and B,
inset). Uptake of DNP-SG or DOX by proteoliposomes was
not significantly different whether NaCl, ADP, or met-ATP
was included in the transport buffer. Uptake of DNP-SG
and DOX was significantly greater when 4 mM ATP was
included. ATP-dependent uptake was calculated by subtract-
ing out the uptake in proteoliposmes in absence of ATP
(Figure 4 panels A and B, insets). Nonlinear regression
analysis of ATP-dependent uptake of DNP-SG yielded an

apparent rate constant of 4.8 min-1, and maximal ATP-
dependent DNP-SG uptake of 69.8 pmol were also similar.
The corresponding rate constant and maximal uptake for
DOX were 2.2 min-1 and 38.4 pmol, respectively. ATP-
dependent uptake values for DNP-SG and DOX extrapolated
from regression at 5 min (43.2 and 34.4 pmol) were 2.3 and
2.5-fold higher than specific ATP-dependent uptake observed
in proteoliposomes reconstituted with only 3µg of protein/
mL reconstitution buffer. These results suggested that ATP-
dependent transport was roughly linear with respect to the
amount of protein used for reconstitution.
ATP-Dependent Transmembrane Gradient in DNP-SG

ATPase Reconstituted Liposomes.If we assume negligible

Table 1: Effect of ATP on DNP-SG or DOX Uptake by Proteoliposomesa

[3H]DNP-SG retained by filter (pmol) 14-[14C]DOX retained by filter (pmol)

background liposomes proteoliposomes background liposomes proteoliposomes

NaCl 60.8( 0.2 62.0( 0.8 (1.2)b 62.2( 0.5 (1.4) 14.1( 0.3 20.5( 0.3 (6.4) 19.9( 0.3 (5.8)
ADP 61.1( 0.2 62.3( 0.4 (1.1) 62.2( 0.2 (1.1) 14.5( 0.2 20.5( 0.1 (6.0) 21.2( 0.2 (6.7)
Met-ATP 60.8( 0.8 62.4( 0.5 (1.6) 62.3( 0.4 (1.5) 13.9( 0.1 19.8( 0.3 (5.9) 20.8( 0.5 (6.9)
ATP 60.9( 1.4 62.7( 0.6 (1.8) 81.8( 0.9 (20.9) 13.6( 0.3 22.8( 0.2 (9.3) 33.7( 0.4 (20.1)
a Proteoliposomes were prepared, as described in Experimental Procedures, in the presence of 3µg of purified DNP-SG ATPase and 5 mg of

lipid/mL (protein/lipid ratio of 0.6µg of protein/mg of lipid). Liposomes were prepared in an identical manner except that DNP-SG ATPase was
omitted. The transport reaction mixture, containing 2.5 mg/mL lipid (corresponding to 1.5µg of protein/mL for the proteoliposomes) and either 100
µM [3H]DNP-SG (sp. act. 18.7 cpm/pmol) or 3.6µM 14-[14C]DOX (sp. act. 89 cpm/pmol), was allowed to equilibrate at 37°C for 10 min.
Liposomes and proteoliposomes were omitted for determination of background binding to the filter. Measurement was initiated upon addition of
either 4 mM ADP, 4 mM met-ATP or 4 mM ATP or 6 mM NaCl. Aliquots of reaction mixtures containing 75µg of lipid (corresponding to 45 ng
of protein for proteoliposomes) were filtered. Average( sd of triplicate determinations are presented.bUptake obtained by subtracting the
corresponding background.

FIGURE 3: Background subtracted DNP-SG and DOX uptake by liposomes and proteoliposomes. Uptake by liposomes or proteoliposomes
of [3H]DNP-SG (sp. act. 1.87× 104 cpm/nmol) (panel A), or 14-[14C]DOX (sp. act. 8.9× 104 cpm/nmol) (panel B) was compared in the
presence of NaCl, ADP, methylene-ATP, or ATP. Proteoliposomes used for these studies were reconstituted with 3µg of protein and 5 mg
of lipid/mL reconstitution buffer (protein/lipid ratio 0.6µg/mg). Protein was omitted for reconstitution of liposomes. Liposomes or
proteoliposomes were diluted 2-fold in transport buffer containing 100µM [3H]DNP-SG or 3.6µM 14-[14C]-DOX. After equilibration at
37 °C for 10 min, transport was initiated by addition of either 6 mM NaCl or an equiosmolar amount (4 mM) of each nucleotide. Aliquots
of transport buffer (30µL) were filtered in triplicate after 5 min and radioactivity remaining on the nitrocellulose filter of each well in the
96 well plate was quantified. Background binding of DNP-SG and DOX to the filtration membrane was determined by filtering transport
buffer containing 100µM DNP-SG or 3.6µM DOX without either liposomes or proteoliposomes, and containing NaCl or respective
nucleotide. Data are presented in terms of uptake delta pmol/5 min (n ) 3). Open bars (-P) represent liposomes while shaded bars (+P)
represent proteoliposomes reconstituted with DNP-SG ATPase.
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membrane binding, the average ATP-independent DNP-SG
uptake by vesicles (1.32( 0.22 pmol) corresponds to an
intravesicular concentration of 5.5( 1 µM in the absence
of ATP. However, the amphiphilic nature of DNP-SG
indicates that a significant amount of it may be membrane
associated. We thus estimated the membrane-bound fraction
by measuring ATP-dependent uptake at varying osmolarity
(Figure 5). Membrane-bound DNP-SG was estimated at 1.1
( 2.2 pmol/mg of lipid. An intravesicular DNP-SG con-
centration of approximately 1µM could be estimated from
these results. The intra/extravesicular concentration ratio
near 0.05 in the absence of ATP indicated that the vesicles
used for these studies were relatively impermeable to DNP-
SG. In contrast, intravesicular DNP-SG concentration in
proteoliposomes reconstituted with 3µg of protein/mL after
5 min in the presence of ATP was 76( 9 µM, corresponding
to an intra/extravesicular concentration ratio of 0.76. These
results indicated that although the presence of ATP increased
the vesicular accumulation of DNP-SG, the intra/extrave-
sicular concentration gradient remained less than 1 within 5
min under conditions of these experiments (Figure 3A). The
maximal ATP-dependent uptake of DNP-SG obtained from
studies with proteoliposomes reconstituted with 9µg/mL
purified DNP-SG ATPase (Figure 4A) corresponds to an
intravesicular concentration of 227( 14 µM, an intra/
extravesicular gradient of 2.27-fold. This concentration is
over 40-fold higher than the intravesicular concentration in
the absence of ATP (<5.5 µM). Results of these studies
demonstrate that DNP-SG ATPase can mediate energy
dependent transport against a concentration gradient.

Nonspecific binding of DOX to the proteoliposome (4.7
( 1.1 pmol) was significantly greater than that observed for
DNP-SG (Figure 5B). Subtracting this value from the
average ATP-independent uptake of DOX in liposomes or
proteoliposomes (6.3( 1.1), we obtained 1.6 pmol as the
approximate intravesicular uptake of DOX. This corresponds
to 5 µM, roughly equal to the extravesicular concentration
of 4 µM. The average ATP-dependent maximal uptake from
regression analysis of data for time-dependent DOX uptake
38.4( 2.4 pmol corresponded to an intravesicular concen-
tration of 114µM. The approximate intra/extravesicular
DOX concentration gradient was greater than 20, indicating
the presence of an active transport mechanism for DOX.
Temperature Dependence of DNP-SG and DOX Transport.

ATP-dependent transport was found to be optimal near 37
°C for both DNP-SG and DOX (Figure 6). Decline in
transport activity at higher temperature suggested a heat labile
nature of the transporter. The activation energies for DNP-
SG and DOX transport calculated according to the Arrhenius
equation were 12 and 15 kcal/mol, respectively. Taken
together, these results indicate that at physiologic tempera-
ture, DNP-SG ATPase can transport DNP-SG and DOX
across membranes against a concentration gradient.
Effect of GSH, GS-SG, and NPPB on DNP-SG and DOX

Transport. Because GSH appears to stimulate transport
functions of MRP (9, 20), we examined the effect of GSH
or GSSG on DNP-SG and DOX transport (Figure 7).
Statistically significant, although relatively minor (approxi-
mately 25%), inhibition of DNP-SG and DOX transport was
observed only at 1000µMGSH or GS-SG (n) 3,p< 0.01).

FIGURE 4: Time dependence of DNP-SG and DOX uptake in proteoliposomes. Proteoliposomes reconstituted in the presence of 9µg
DNP-SG ATPase protein/mL (protein/lipid ratio of 1.8µg/mg) were diluted 2-fold in transport buffer containing 100µM [3H]DNP-SG
(panel A) or 3.6µM 14-[14C]-DOX (panel B). After equilibration at 37°C for 10 min, transport was initiated by addition of either 4 mM
ADP (9), met-ATP (2), ATP (1), or 6 mM NaCl (b). Aliquots of transport buffer (30µL) were filtered in triplicate after varying incubation
times and radioactivity remaining on the nitrocellulose filter of each well in the 96 well plate was quantified. ATP-dependent uptake of
DNP-SG (O) and DOX (0) (insets, panels A and B, respectively) was determined by subtracting uptake observed at 5 min after addition
of either ADP, metATP, or NaCl from uptake observed 5 min after addition of ATP. Points are average of three determinations each
performed in triplicate. The regression curves presented were derived by fitting to the Boltzmann equation.

ATP-Dependent Glutathione-Conjugate Transporter (II) Biochemistry, Vol. 37, No. 15, 19985243



These results suggested that GSH at physiologically relevant
concentrations (1-2 mM) would have a weak inhibitory

effect, while GSSG levels prevalent in cells (<50µM) would
have no significant effect on the transport activity of the

FIGURE 5: Osmolar sensitivity of ATP-dependent DNP-SG and DOX uptake. Proteoliposomes reconstituted with 3µg of DNP-SG ATPase
protein/mL (protein/lipid ratio of 0.6µg/mg) were diluted 2-fold in transport buffer containing 100µM [3H]DNP-SG (panel A) or 3.6µM
14-[14C]-DOX (panel B) along with sucrose (between 0.25 and 1 M). After equilibration at 37°C for 10 min, transport was initiated by
addition of either 4 mM ATP or 6 mM NaCl. Aliquots of transport buffer (30µL) were filtered in triplicate after 5 min, and radioactivity
remaining on the nitrocellulose filter of each well in the 96 well plate was quantified. ATP-dependent uptake of DNP-SG and DOX was
determined by subtracting uptake observed at 5 min after addition of 6 mM NaCl from uptake observed 5 min after addition of 4 mM ATP.
Linear regression was used to extrapolate uptake at infinite sucrose concentration. Points represent averages of three determinations performed
in duplicate. Standard deviations were less than 10%.

FIGURE 6: Temperature dependence of DNP-SG and DOX transport by proteoliposomes. Proteoliposomes reconstituted with 3µg DNP-
SG ATPase protein/mL (protein/lipid ratio of 0.6µg/mg) were diluted 2-fold in transport buffer containing 100µM [3H]-DNP-SG or 3.6
µM 14-[14C]-DOX. After equilibration at temperatures ranging from 4 to 90°C for 10 min, transport was initiated by addition of either 4
mM ATP or 6 mM NaCl. Aliquots of transport buffer (30µL) were filtered in triplicate after 5 min, incubation at the respective temperature.
Radioactivity remaining on the nitrocellulose filter of each well in the 96 well plate was quantified. ATP-dependent uptake of DNP-SG and
DOX was determined by subtracting uptake observed at 5 min after addition of 6 mM NaCl from uptake observed 5 min after addition of
4 mM ATP. The points represent means of triplicate measurements in a single experiment with standard deviations less than 5%.
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DNP-SG ATPase. Since increased chloride channel activity
has been observed in MDR transfected cells (7), we
investigated the effect of NPPB, a relatively nonspecific
chloride channel inhibitor on DNP-SG and DOX transport.
No inhibition of DNP-SG or DOX transport was observed
when 100µM NPPB was included in the transport medium
(activity 103( 6% and 108( 4% of control,n) 3). These
results indicated that any chloride channel function of DNP-
SG ATPase (or copurified proteins) was not a significant
contributor to DNP-SG transport.
Kinetic Properties of DNP-SG Transport with Respect to

DNP-SG and ATP.Since time-dependence experiments
indicated approximate linearity of DNP-SG transport rate
within the first 5 min, this time point was chosen for
measurements of initial velocity for kinetic studies. DNP-
SG uptake was determined in proteoliposomes as well as
liposomes at 5 min after addition of ATP with concentration
of DNP-SG varying from 14 to 170µM and of ATP from 1
to 10 mM. ATP-dependent uptake in liposomes was
subtracted from that observed in proteoliposomes. The
observed initial velocities were analyzed by nonlinear
regression fitting equations for equilibrium ordered (eq 1)
or sequential (eq 2) mechanisms. Fitting the equilibrium-
ordered equation yielded a reducedø2 value of 3757, whereas
the sequential equation yielded a reducedø2 of 642. The
observed values and theoretical curves obtained from fitting
the random bi-bi sequential model equation are presented
(Figure 8A). These results demonstrated saturable transport
of DNP-SG with respect to ATP and DNP-SG (KmATP )
2.4( 0.3 mM,KmDNP-SG ) 36 ( 5 µM). The theoretical
Vmax (normalized to milligrams of purified DNP-SG ATPase)
was found to be 433( 20 nmol/min/mg of of protein,n )
25). The maximal velocity of DNP-SG stimulated ATP-

hydrolysis determined at a fixed ATP concentration of 1.6
mM (see Table 2 of the preceding article in this issue) was
416 nmol/min/mg of protein. Using theKm for ATP of 2.4
mM determined in the present studies, maximal velocity of
DNP-SG ATPase activity at infinite ATP concentration
would be 1040 nmol/min/mg of protein. Maximal initial
velocity for DNP-SG transport is expected to be half of this
value, assuming that 50% of the protein is incorporated in
the proper orientation for transport. The observedVmax for
DNP-SG transport in the expected range suggests a 1:1
stoichiometry between ATP-hydrolysis and DNP-SG trans-
port. Assuming that DNP-SG ATPase was the only trans-
porter, an apparent turnover number of 0.27 s-1 was
calculated using 38 kDa as the molecular mass. If a random
orientation of the protein in the reconstituted membrane is
assumed, the turnover number would double to 0.54 s-1.
Kinetic Properties of DOX Transport with Respect to ATP.

DOX uptake was determined in proteoliposomes as well as
liposomes at 5 min after addition of ATP with concentration
of DOX varying from 2 to 6µM and of ATP from 1 to 10
mM. ATP-dependent uptake in liposomes (no DNP-SG
ATPase present during vesiculation) was subtracted from that
observed in proteoliposomes (DNP-SG ATPase present
during vesiculation). Equations for equilibrium ordered or
random bi-bi sequential reaction mechanisms (eqs 1 and 2)
were fitted to initial velocity measurements of ATP-depend-
ent DOX transport. A reducedø2 value of 247 was obtained
from the equilibrium-ordered equation as compared with 72
obtained with the sequential equation. The observed values
and theoretical curves obtained from fitting the random bi-
bi sequential model equation are presented (Figure 8B).
Saturable transport of DOX was observed with respect to
ATP and DOX (KmATP ) 2.5 ( 0.6 mM,KmDOX ) 2.4 (

FIGURE 7: Effect of GSH or GSSG on DNP-SG and DOX transport by proteoliposomes. Proteoliposomes reconstituted with 3µg of
DNP-SG ATPase protein/mL (protein/lipid ratio of 0.6µg/mg) were diluted 2-fold in transport buffer containing 100µM [3H]DNP-SG or
3.6 µM 14-[14C]DOX as well as 0-1000µM GSH (b) or GSSG (9). After equilibration at 37°C for 10 min, transport was initiated by
addition of either 4 mM ATP or 6 mM NaCl. Aliquots of transport buffer (30µL) were filtered in triplicate after 5 min. Radioactivity
remaining on the nitrocellulose filter of each well in the 96 well plate was quantified. ATP-dependent uptake of DNP-SG and DOX was
determined by subtracting uptake observed at 5 min after addition of 6 mM NaCl from uptake observed 5 min after addition of 4 mM ATP.
Points represent average of triplicate measurements in a single experiment.
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0.7µM, andVmax) 194( 19 nmol/min/mg of protein,n )
25). The maximal velocity of DOX-stimulated ATP hy-
drolysis determined at a fixed ATP concentration of 1.6 mM
(see Table 2 of the preceding article in this issue) was 230
nmol/min/mg of protein. Using theKm for ATP of 2.5 mM
determined in the present studies, maximal velocity of DOX-
stimulated ATPase activity at infinite ATP concentration
would be 589 nmol/min/mg of protein. Maximal initial
velocity for DOX transport was expected to be half of this
value, assuming incorporation of half of the protein in the
proper orientation for transport. The observedVmax for DOX
transport in the expected range suggests a 1:1 stoichiometry
between ATP-hydrolysis and DOX transport.
Inhibition of DNP-SG Transport by DOX.Initial velocity

of transport was estimated by measuring ATP-dependent
DNP-SG uptake at 5 min at five concentrations of DNP-SG
between 14 and 170µM and four concentrations of DOX
between 1 and 5µM. Fitting the three variable equation
for uncompetitive inhibition (eq 3) yielded aKii of 2.9 (
0.5 µM and reducedø2 value of 1935, whereas fitting for
competitive inhibition (eq 4) yielded aKis of 1.2( 0.2µM
and reducedø2 value of 806. Fitting the four variable
noncompetitive inhibition (eq 5) yieldedKis of 1.9 ( 0.5
µM, Kii of 12.5( 6.5 µM, and reducedø2 of 503. AnF
test for incremental sum of squares indicated that the
precision of the present studies did not justify the inclusion
of the additional variable in the analysis (21). Eadie-Hofstee
plots of the activity data and the theoretical model for
competitive inhibition are presented (Figure 9A). These
results indicated that inhibition of DNP-SG transport by DOX

was more likely due to its interaction as a substrate rather
than nonsubstrate interaction, but that nonsubstrate inhibition
by DOX could not be definitely ruled out.

Inhibition of DOX Transport by DNP-SG.Initial velocity
of transport was estimated by measuring ATP-dependent
DOX uptake at 5 min at five concentrations of DOX between
2 and 6µM and four concentrations of DNP-SG between
12.5 and 75µM (25 measurements, each performed in
triplicate). Fitting the three variable equation for uncom-
petitive inhibition (eq 3) yielded aKii of 19.0( 3.4µM and
a reducedø2 value of 237, whereas fitting for competitive
inhibition (eq 4) yielded aKis of 13.3( 2.6µM and reduced
ø2 value of 108. Fitting the four variable noncompetitive
inhibition (eq 5) yieldedKis of 16.3( 9.8µM, Kii of 246.0
( 44.6µM, and reducedø2 of 79. AnF test for incremental
sum of squares indicated that the precision of the present
studies did not justify the inclusion of the additional variable
in the analysis (21). Eadie-Hofstee plots of the activity data
and the theoretical model for competitive inhibition are
presented (Figure 9B). This result indicated that inhibition
of DOX transport by DNP-SG was more likely due to its
interaction as a substrate rather than nonsubstrate interaction,
but that nonsubstrate inhibition by DNP-SG could not be
definitely ruled out.

DISCUSSION

Our previous studies have suggested that a single transport
mechanism, designated as DNP-SG ATPase, could mediate
ATP-dependent transport not only of anionic GS-E, but also

FIGURE8: Kinetics of ATP-dependent DNP-SG and DOX transport with respect to varying DNP-SG and ATP. Proteoliposomes reconstituted
with 3 µg of DNP-SG ATPase protein/mL (protein/lipid ratio of 0.6µg/mg) were diluted 2-fold in transport buffer containing 14, 28, 57,
114, and 170µM [3H]DNP-SG (panel A) or 2, 3, 4, 5, and 6µM 14-[14C]DOX (panel B). Final ATP concentrations in the transport buffers
were 1 (b), 2 (9), 3 (2), 4 (1), 6 ([) and 10 (̀ ) mM. After equilibration at 37°C for 10 min, transport was initiated by addition of either
ATP or equiosmolar NaCl. Aliquots of transport buffer (30µL) were filtered in triplicate after 5 min. Radioactivity remaining on the
nitrocellulose filter of each well in the 96 well plate was quantified. ATP-dependent uptake of DNP-SG and DOX was calculated by
subtracting uptake in the presence of NaCl from that observed in the presence of ATP. Points represent average of triplicate determinations
with standard deviations less than 5%. The theoretical lines were generated using a quasi-Newton algorithm in Statistica for nonlinear
regression to fit the equation for a random bi-bi sequential reaction mechanism (eq 2) to the data.
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of weakly basic drugs such as DOX (6), which have been
shown to be substrates for energy-dependent transport by
P-gp (4). Because our previous studies (6) were carried out
in crude erythrocyte membrane vesicles and because the
transport of DNP-SG or its inhibition was not directly
studied, our previous results did not rule out the possibility
that these compounds might be transported by distinct but
interrelated transport mechanisms. In the present studies,
we have shown functional reconstitution of purified DNP-
SG ATPase in artificial liposomes and provided several lines
of evidence indicating that DNP-SG ATPase can mediate
the ATP-dependent transport of GS-E and DOX.
The presence of ATP resulted in an increased uptake of

DOX and DNP-SG in the liposomes reconstituted with active
DNP-SG ATPase; the uptake was linear with respect to
protein concentration in the vesicles and was saturable with
respect to ATP and the other substrate. ADP or methylene
ATP could not substitute the function of ATP. ATP-
dependent uptake of substrates was shown to be sensitive to
temperature with an optimum near 37°C and declined at
higher temperatures, indicating the heat labile nature of the
transporter. These results strongly suggest that the transport
activity observed in the artificial reconstituted liposomes was
due to the presence of a heat labile protein catalyst, rather
than due to some nonspecific effect. Present studies also
demonstrate that DNP-SG ATPase-mediated ATP-dependent
uptake of DOX and DNP-SG in reconstituted vesicle was
against a concentration gradient. Analysis of ATP-dependent
substrate uptake with resepect to time revealed that uptake
could be described reasonably well by a single compartment

model consistent with the idea of drug uptake by vesicles
mainly into the intravesicular space. The observedKm for
ATP (2.4 mM) was in the range previously observed for Pgp
(0.5-1.4 mM) (4) and is in the range of physiologic
concentration of ATP. Mutual inhibition of transport of
DOX and DNP-SG observed during the present studies is
consistent with a competitive inhibition model and strongly
indicates that both compounds are transported by the same
transporter. These lines of evidence strongly suggest that
DNP-SG ATPase is a novel membrane ATPase capable of
mediating transmembrane movement of small structurally
unrelated amphiphilic compounds.
The mutually inhibitory nature of DOX and DNP-SG

transport is difficult to reconcile with the binding studies
(see the preceding article in this issue), which indicate distinct
but possibly spatially related binding sites for DNP-SG and
DOX. The binding studies, however, are not strictly
comparable with the transport studies since the former were
performed in the absence of ATP. Dissimilarity of binding
(and perhaps ATPase activating) site for the two compounds
does not rule out the presence of a channel common for all
substrates into which compounds initally bound at distinct
sites are funneled as a result of conformational changes
caused by ATP hydrolysis. In preliminary studies, we have
obtained a sequence (APAPTPAPAPEXVK) of a peptide
fragment obtained from the LYS-C digest of DNP-SG
ATPase. Proline-rich sequences such as this are known to
be present in channel-formingâ-strand domains of other
proteins including porins (22), R-ketoacid dehydrogenase
complex (23), and photoreceptor cGMP-gated channel (24).

FIGURE 9: Inhibition of ATP-dependent transport of DNP-SG by DOX and of DOX transport by DNP-SG. Proteoliposomes reconstituted
with 3 µg of DNP-SG ATPase protein/mL (protein/lipid ratio of 0.6µg/mg) were diluted 2-fold in transport buffer containing 14, 28, 57,
114, and 170µM [3H]DNP-SG or 2, 3, 4, 5, and 6µM 14-[14C]DOX. The effect of DOX at 0 (b), 1 (9), 2 (2), 3 (1) or 5 ([) µM on
[3H]DNP-SG transport (panel A) and the effect of DNP-SG at 0 (b), 25 (9), 50 (1), 75 (1), or 100 ([) µM on 14-[14C]DOX transport
(panel B) were studied. After equilibration at 37°C for 10 min, transport was initiated by addition of either 4 mM ATP or 6 mM NaCl.
Aliquots of transport buffer (30µL) were filtered in triplicate after 5 min. Radioactivity remaining on the nitrocellulose filter of each well
in the 96 well plate was quantified. ATP-dependent uptake of DNP-SG and DOX was calculated by subtracting uptake in the presence of
NaCl from that observed in the presence of ATP. Data are presented as an Eadie-Hofstee plot (V/svss, whereV is velocity ands is substrate
concentration). Points represent average of triplicate determinations with standard deviations less than 5%. The theoretical model was
derived from parameters of nonlinear regression for a random bi-bi sequential reaction mechanism (eq 2) to the data.
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These preliminary results may suggest that DNP-SG ATPase
could be a pore-forming protein and the random bi-bi
sequential reaction mechanism inferred from kinetic studies
is consistent with such an idea. However, further structural
studies are necessary before definitive conclusions can be
drawn regarding the nature of the transporter and the
mechanisms through which it can mediate ATP-dependent
transport of anionic DNP-SG as well as weakly cationic
amphiphilic compounds such as DOX.
The mechanisms through which a 38 kDa protein, with

apparently a much smaller molecular mass than MRP (17)
or Pgp (4, 25), mediates the transport of structurally diverse
compounds with opposite charges need to be investigated.
It can be postulated that such a transport may be mediated
by as yet uncharacterized channel-forming properties of
DNP-SG ATPase particularly in view of the limited sequence
information suggesting its homology with porin transmem-
brane domains (22). The determination of complete primary
structure of DNP-SG ATPase through its molecular cloning
could provide further insight into the mechanisms of transport
of compounds with diverse charge and structures by this
seemingly unusual transporter and will define its relationship
to known organic compound transporting ATPases belonging
to the ABC family of proteins such as Pgp or MRP.
Competitive inhibition of the transport of genotoxic

amphiphilic xenobiotics by GS-E has some important
implications in the fields of carcinogenesis, drug resistance,
metabolic modulation of antineoplastic chemotherapy, organ-
specific drug toxicity, and idiosyncratic drug toxicity. The
number of pharmacologic agents which have minor GS-E
metabolites has incresed steadily in recent years. Under-
standing of potential drug interactions of drugs which form
GS-E with genotoxic-xenobiotics or electrophilic drugs used
in antineoplastic chemotherapy may offer significant insights
into drug interactions and idiosyncratic toxicities as well as
strategies for biochemical modulation of chemotherapy.
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