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We have re cently shown that RLIP76, aral-binding GTPaseactivatingprotein, me
diates ATP-dependent transport of glutathione-conjugates (GS-E) and doxorubicin
(DOX) (S. Awasthiet al., Biochemistry39, 9327, 2000). Trans portfunctionof RLIP76
wasfoundtobeintactdespiteconsiderableproteolyticfragmentationinpreparations
used forthosestudies, suggestingeitherthattheresidualintactRLIP76 was responst
ble for trans portactivity, or thatthe trans portactiv ity could be re con sti tuted by frag
ments of RLIP76. If the for mer were true, in tact RLIP76 would have a much higher
spe cificac tiv ity for ATP-hydrolysis than the frag mented pro tein. We have ad dressed
this ques tion by com par ing trans portprop er ties of re com bi nant RLIP76 and hu man
erythrocytemembrane RLIP76 purified in bufferstreated with ei ther 100 or 500uM
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(adriamycin); DNP-SG, S-(2,4-dinitrophenyl) glutathione; DNP-SG ATPase, the pro tein frac tion char ac
ter ized by the pres ence of a 38 kDa band pu ri fied by DNP-SG af fin ity chro ma tog ra phy fromhu man tis
sues; SDS/PAGE, reduced denaturing polyacrylamide gel electrophoresis; GAP, GTPase activating
protein; Pgp, P-glycoprotein; MRP, multi-drug resistance associated protein; COL, colchicine; LTC4,
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serineproteaseinhibitor, PMSF. The purity andidentity of re combinantand human
erythrocyte RLIP76wasestab lished by SDS/PAGE and Western-blotanal ysis. These
studiesconfirmedtheoriginofthe 38 kDaprotein, previously re ferred toas DNP-SG
ATPase, from RLIP76. Higher PMSF con cen tra tion re sulted in lower yield of the 38
kDa band and higher yield of intact RLIP76 from both human and recombinant
source. In contrast, the sub strate-stimulated ATPase ac tivity in pres ence of DNP-SG,
doxorubicin, daunorubicin, or colchicine were un af fected by in creased PMSF; sim i
larly, ATP-dependenttrans port of doxorubicinin proteo liposomes re con sti tuted with
RLIP76 was un af fected by higher PMSF. These re sultsindi cated thatlimited pro te o}
ysisbyserineproteasesdoesnotabrogatethetransportfunctionof RLIP76.Com par
isonoftrans portkineticsfordaunorubicinbetweenrecombinant vs humanerythro
cyte RLIP76 revealed higher specificactivity oftrans portfortissuepurified RLIP76,
indicating thatad di tional factors presentintissue purified RLIP76 can mod u late its

transportactivity.

We have shown that RLIP76, a ral-binding
GAP, can be reconstituted in artificial
liposomes to function as an energy depend-
ent, multi-specific trans porter with broad sub
strate specificity including un-metabolized
amphiphilic xenobiotic toxins, glutathionyl-
ated-metabolites of xenobiotic electrophiles,
andendogenouselectrophilesgenerated from
oxidative metabolism of lipids (i.e. leuko-
trienes) [1-7]. These findings demonstrated
that RLIP76 is a novel link between the
ras-linked cellular signaling pathways [8—15]
and transport mediated drug resistance, and
suggests that amphiphilic drug substrates
could exert toxic or therapeutic effects
through competitive inhibition of efflux of
physiologic glutathione-conjugates. Thus, elu-
cidation of RLIP76 function at a molecular
level could of fer mech a nistic in sightinto a d
verse array of incompletely understood bio-
logical, toxicological and pharmacological
phenomena in which physiologicglutathione-
conjugatesparticipate[16—19].

RLIP76 was ini tially cloned by Jullien-Flores
etal. [8] us ing a two-hybrid screen forral-bind-
ing proteins [8—11, 20, 21]. RLIP76 binds to
ral-GTP but does not dis play GAP ac tiv ity to
wards it. However, it does dis play GAP ac tiwv
ity towards cdc42, a ras-family pro teinin the
rho/rac-pathway thought to regulate mem-
brane plasticity [8, 9, 12, 13]. Re cent stud ies
by Jullien-Flores et al. [22] suggest that
RLIP76 participates in receptor mediated
endocytosis by binding AP2, a clathrin adap-
tor pro tein, andral-GTP in hib its clathrin me

diated endocytosis by binding to RLIP76.
These authors also proposed that RLIP76
functions as a modular protein, an assertion
supported by our finding that RLIP76 gives
rise to a num ber of frag ments [1].

RLIP76 contains numerous serine-protease
cleavage sites, particularly in the N-terminal
region [23]. Despite considerable proteolytic
fragmentation, we observed ATP-hydrolysis
and ATP-dependent transport activity in
liposomes reconstituted with highly purified
total RLIP76 [1, 23]. Ifin tact RLIP76 were an
absolute requirement for transport, ATP-hy-
drolysis and trans portactivitieswould be ex
pected to increase significantly in prepara-
tions en riched for in tact RLIP76. If the op po
site were true, we could conclude that frag-
mentsof RLIP76 can re consti tuteafunctional
transporter in artificial membranes. In pres-
ent stud ies we have com pared the ATPase and
transport properties of RLIP76 purified in
buffers treated with either 100 or 500 uM
PMSF.

MATERIALS AND METHODS

Reagents. Blood was collected accordingto
a protocol approved by the Institutional Re-
view Board from a healthy adult male.
CNBr-activated Sepharose 4B, CDNB, GSH,
ATP, PMSF, BHT, EGTA, EDTA, soybean
asolectin, cholesterol, C12Eg, and horserad-
ish-peroxidase-coupled goat-anti-rabbit anti-
bod ies were pur chased from Sigma Chemi cal
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Company (St. Louis, MO). Reagents for
SDS/PAGE and SM-2 BioBeads were pur -
chased from Bio-Rad Laboratories (Hercules,
CA). DAU was obtained from Wyeth Labora-
tories (Philadelphia, PA). Rabbit anti-human
antibodies toward RLIP76 and erythrocytes
DNP-SG-ATPase used in these studies were
the same as described previously [1, 2, 4, 6].
[14C]doxorubicin (specific  activity 57
mCi/mmol) was purchased from Amersham
corporation  (Arlington  Heights, IL).
[3H]daunorubicin (specific activity 1.7
Ci/mmol) and FZP]ATP (specific activity
3000 Ci/mmol) were purchased from
Dupont/New Eng land Nu clear (Boston, MA).

Cloning and prokaryotic expression of
RLIP76. The 1968 bp full length open read-
ing frame cDNA of human RLIP76, cloned
from a Agtll human bone mar row li brary by
immuno screening us ing anti-DNP-SG ATPase
antibodies, was subcloned into the pro-
karyotic expression plasmid, pET-30a(+)
(Novagen), creating the pET30-RLIP76
plasmid free of extraneous sequences. This
plasmid was transfected into Escherichia coli
BL21(DE3). Details of experimental proce-
dures for clon ing of RLIP76 full-length cDNA
and its expression in E. coli have been pro-
vided previously [1].

Purification of RLIP76. Purifications
were monitored by measuring DNP-SG
ATPase activity defined as ATPase activities
measured in the absence from that observed
in the presence of 120 uM DNP-SG, 10 uM
DAU, 10 uM DOX, and 10 uM COL [1, 4].
Since polidocanol in ter fered with Brad ford re
agent, pro tein was es ti mated by the method of
Minamide & Bamburg [24]. West ern blot anal
y sis was per formed by the method of Towbin
et al. [25]. SDS/PAGE was car ried out in the
buffer system described by Laemmli [26].
DNP-SG was synthesized, purified, authenti-
cated, and used for preparing DNP-SG-
Sepharose 4B-affinity resin [2]. Hu man eryth
rocyte RLIP76 was purified from peripheral
blood col lected from one 35 year old male do
nor using the DNP-SG Sepharose affinity

chromatography [4, 6]. This DNP-SG affinity
procedure,withminormodificationsdetailed
previously [1], was also used to pu rify RLIP76
protein from E. coli BL21(DE3) transfected
with pET30a(+)-RLIP76 plasmid.
Functionalreconstitution of RLIP76. Re-
constitution of DNP-SG affinity purified
DNP-SG ATPase and RLIP76 in proteo-
liposomeswas sep arately per formed us ing the
method previously described by us [1, 5, 6,
27]. The size of re con sti tuted ves i cles was ex
amined by electron microscopy and
intra-vesicular volume was estimated by
[14C]inulin trapping [4, 5]. Control vesicles
were pre pared us ing an equal amount of crude
pro tein fromE. colinotex pressing RLIP76 or
crude erythrocyte ghost protein.
Daunorubicin transport by RLIP76.
DAU transport measurements were carried
outas previously de scribed for DOX, DNP-SG,
and COL transport [2, 5, 6]. Reconstituted
proteoliposomes were di luted 2—20-fold in 90
ul transport-buffer containing [3H]DAU (1.2
x 10% c.p.m./nmol) radiolabeled substrate
and incubated for 15 min at 37°C. Measure-
ment of ATP-dependent transport was initi-
ated by addition of 10 ul ATP prepared in
transport buffer to the experimental group
and 10 ul equiosmolar NaCl to the control.
The final con cen tra tion of ATP was 4 mM. Af
ter in cu bation with ATP for 5 min, aliquots of
the reactionmixturescontaining2—400ngre
constituted protein was filtered using a
Millipore Multiscreen 96 well plate vac uum fil
trationsystemasdescribedpreviously[1,2,5,
6]. The filtration membranes were individu-
ally cut out of the filtration manifold and dis-
solved in scintillation fluid overnight before
radioactivity counting. Background binding
of the radiolabeled substrate to the filtration
membrane was determined for each experi-
mentalconditionandsubtractedtoobtainthe
vesicular uptake of substrate. The effect of
ATPase on substrate uptake by vesicles was
stud ied by com par ing up take with or with out
ATP by liposomes reconstituted in the ab-
sence or pres ence of RLIP76 or hu man eryth
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rocyte DNP-SG ATPase fraction. Experimen-
taldetailsareprovidedinthefigurelegends.

Kinetic analysis of DAU transport.
ATP-dependent DAU transport kinetics were
evaluated at eight DAU concentrations be-
tween 1.5-10 uM with ATP concentration
fixed at 4 mM to ob tain theKy, for DAU. The
Km for ATP was determined with fixed con-
centration of [3H]DAU at 5 uM. Triplicate
measurements of uptake were performed in
the ab sence and pres ence of ATP in both con
trol liposomes and proteoliposomes at each of
eight concentrations of DAU and seven con-
centrations of ATP.

RESULTS

PurificationofintactRLIP76

WepurifiedrecombinanthumanRLIP76ex
pressed in E. coli, and human RLIP76 from
erythrocytes in the presence of either 100 or
500 uM PMSF by the present method as de-
scribed above. Western-blot analysis of DNP-
SG-Sepharose 4B affinity purified RLIP76
fraction is presented (Fig. 1). Intact RLIP76
was ob served as a band at 95 kDa, con firmed
by N-terminal se quencing. Thisanomalous be
hav ior of RLIP76 in SDS/PAGE has been de-
scribed by us [1] and shown by other investi
ga tors for Ral-BP1, the rat homolog of RLIP76
[21]. No significant contaminant protein
bands were observed in SDS/PAGE and the
pattern of bands in Western-blot was nearly
iden ti cal to that seen in SDS/PAGE. We have
previously shown that the present purifica-
tion method in the pres ence of 100uM PMSF
yields RLIP76 which is >95% pure as deter
mined by amino acid analysis [1]. Purity of
RLIP76 pro tein ob tained in pres ence of buff
erscontaining ei ther 100 or 500uM PMSF by
amino acid analysisindicated that the higher
concentration of PMSF did not significantly
increasepurity.

Exclusionof PMSFfrombuffersduringpurt
fication of RLIP76 from erythrocyte mem-
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Figure 1. SDS/PAGE and Western-blotanaly sis of
purified human erythrocyte and recombinant
RLIP76.

DNP-SG-Sepharose-4B affinity was used to purify hu-
man erythrocyte and recombinant human RLIP76 in
the pres ence of buff ers treated with ei ther 100 or 500
uM PMSF. Coomassie-stained SDS/PAGE of 5 ug pro-
teinaliquots from humanerythrocyte RLIP76 purified
in pres ence of 100 or 5004 M PMSF (panels Aand B, re
spec tively), and re com bi nant human RLIP76 pu ri fied
in pres ence of 100 or 500« M PMSF (panels Cand D, re
spectively) are presented. Western-blot analysis was
carried out against polyclonal anti-RLIP76 antibodies
raised in rabbit. Horseradish peroxidase-linked goat
anti-rabbitantibod ies were used as second ary an ti bod
ies and the blot was developed using 4-chloro-1-
naphthol. Re sults of West ern-blot anal y sis of 5 ug pro-
teinaliquots from humanerythrocyte RLIP76 purified
in presence of 100 or 500 uM PMSF (panelsE and F, re
spec tively), and re com bi nanthuman RLIP 76 pu ri fied
in pres ence of 100 or 500 uM PMSF (pan els G and H,
respectively) are presented. Lane 1 in all panels are
broad-range pre-stained molecular mass markers
(Bio-Rad).

brane resulted in decreased yield, stability
and ac tiv ity of the 38 kDa band (data not pre
sented). This finding was attributed to high
concentration of serine protease concentra-
tion of blood, and their activation during
blood col lec tion and stor age. In or der to over-
come this problem, we included PMSF in
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blood collection buffer, resulting in signifi-
cantly increased yield and ac tiv ity of pu ri fied
protein from blood [4, 6] as compared with
our previous result [2]. Consistent with our
previousfindings[4,6], DNP-SGaffinity puri
fication from human erythrocyte in buffers
treated with 100 uM PMSF yielded a major
band near 38 kDa in Coomassie-stained
SDS/PAGE (Fig. 1A, lane 2) and this band
was recognized by polyclonal rabbit-anti-hu-
man-RLIP76 antibodies (Fig. 1E, lane 2). In
contrast, SDS/PAGE revealedapredominant
95 kDa band from the purification of human
erythrocyte RLIP76 in the presence of 500
uM PMSF (Fig. 1B, lane 2). West ern-blot anal
y sis re vealed that the 95 kDa band was rec og
nized by anti-RLIP76 an ti bod ies, and that the
38 kDa protein could still be detected in this
preparation (Fig. 1F, lane 2). The higher
PMSFconcentration, thus, partially protected
RLIP76 from cleavage to yield the 38 kDa
band.

Purification of recombinant humanRLIP76
in buffers treated with 100 uM PMSF with
present procedures showed much less frag-
mentation than we have observed previously
[1]. The 38 kDa, how ever, could be de tected by
both SDS/PAGE (Fig. 1C, lane 2) and West-
ern-blotanalysis(Fig. 1G, lane2). Purification
of recombinant human RLIP76 in the pres-
ence of 500 uM PMSF showed virtual disap-
pearance of the 38 kDa band from the prepa-
ra tion as shown by both SDS/PAGE (Fig. 1D,
lane 2) and Western-blot analysis (Fig. 1H,
lane 2). These re sults show that we can enrich
for intact RLIP76 by increasing the concen-
tration of PMSF used to prepare purification
buffers and shortening overall purification
time.

The ef fect of PMSF on re com bi nant-RLIP76
ATPase activityand drugtransport

Inordertode ter mine whether thisin creased
yield of intact RLIP76 ac tiv ity af fected its ac
tivity, we compared substrate-stimulated
ATPase activity of recombinant human

RLIP76 purified with either 100 or 500 uM
PMSF (Fig. 2). Surprisingly, no effect was
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Figure 2. Ef fect of PMSF on ATPase ac tiv ity of re-
combinantRLIP76.

The ATPaseactivityofrecombinantRLIP76 purifiedin
pres ence of ei ther 100 (open bars) or 500 (closed bars)
uMPMSF. ATPase ac tiv ity was mea sured by de ter min
ing the cleav age of [y-32P]ATP as previously de scribed
in the ab sence or pres ence 10uM DOX, DAU and COL
[1]. Substrate stimu lated ac tiv ity was cal cu lated by sub
tracting ATPase activ ity ob served in the ab sence of sub
strate. Mean values +S.D. for three experiments are
shown.

found on the DOX, DAU or COL stim u lated ac
tivity of RLIP76 with either 100 or 500 uM
PMSF. These find ing strongly sug gested that
the ATPase activity of RLIP76 remains de-
spite limited proteolytic cleavage. Similarly,
ATP-dependent transport of DOX was in
proteoliposomes reconstituted with RLIP76
was found not be significantly affected by
PMSF (18.8 +1.3vs. 19.5 £ 1.5 nmol/min per
mg, £S.D.,n=6, with 100 and 500« M PMSF,
respectively).

Com parisonof ATPaseactivity of human
erythrocytevs.recombinantRLIP76

Since higher PMSF did not affect the func-
tional activities of RLIP76, we per formed the
comparison of human erythrocyte vs. recom-
binant RLIP76 usingonly RLIP76 purifiedin
the pres ence of 100 M PMSF. DNP-SG af fin
ity chromatography was monitored by mea-
surements of basal and substrate-stimulated
ATPase ac tiv ity (Ta bles 1 and 2). The yield of
24 ug pu ri fied DNP-SG ATPase from 20 ml of



556 S.S. Singhal and others 2001

Tablel.Purificationof RLIP76 fromhumanerythrocyte

Totalstimulated Stimulated P
) ATPaseactivity Protein  SPecificactivity Yield (%) (Pfglraf)lcatlon

Fraction (mu) (mg) (mU/mg pro tein)

DNP-SG DAU DNP-SG DAU DNP-SG DAU DNP-SG DAU
Detergent
solubilized 160 8.9 20.0 0.80 0.45 100 100 - -
fraction
DNP-SG af-
finity chro 78 55 0.024 325* 229* 49 62 406 509
matography

Purifi cation bufferswere treated with 1004M PMSF. Twenty ml hu man blood was used for pu ri fi cation. One milliunit (mU) of
enzyme catalyzed 1nmol ATP hydrolysisperminat37°C. DNP-SG and DAU stim u lated ac tiv ity was ob tained by sub tracting the
basal ATPase ac tiv i ties of the frac tions de ter mined in the ab sence of DNP-SG and DAU from theactivitiesdeter minedinthe
pres ence of 120uM DNP-SG and 10 M DAU. *Basal ATPase ac tiv ity of this frac tion was 191 nmol/min per mg pro tein, and was
in creased to 516 and 420 nmol/min per mg, in the pres ence of 120uM DNP-SG and 10u«MDAU, respectively. Resultspresented
arefromasinglepurificationwithactivitydeterminationsperformedintriplicate.Rel ative stan dard deviationswere<8%inall

cases.

Comparisonoftransportactivityofhuman
erythrocytevs.recombinantRLIP76

blood (Table 1) was con sis tent with our pre vi
ous studies [4, 6]. Basal ATPase activity of
DNP-SG ATPase purified from erythrocyte
was 191 nmol/min per mg, which was stim u
lated 2.7-fold (516 nmol/ min per mg) in the

Proteoliposomes were re con sti tuted with re
com bi nantor human erythrocyte RLIP76 pu

presence of DNP-SG (Table 1). The basal
ATPase activity of purified RLIP76 was 150
nmol/min per mg, which was stimulated
2.1-fold (321 nmol/min per mg) by DNP-SG
(Table 2). The basal as well as DNP-SG stim u-
lated ATPase activities of DNP-SG ATPase pu
rified from erythrocytes were significantly
higher (P <0.01, n = 3) than those of the cor re
sponding activities of recombinant RLIP76.

rified in the presence of 100 uM PMSF. De-
tailed transport kinetics of ATP-dependent
DAU-transport were com pared. For trans port
stud ies with re com bi nantRLIP76 (Fig. 3), up
take of DAU, with or without ATP, was mea-
sured in proteoliposomes reconstituted with
purified RLIP76. Control proteoliposomes
were re consti tuted inthe presence ofanequal
amount of crude E. coli pro tein. Up take with

Table 2. PurificationofrecombinantRLIP76 fromtransformedE. coli

: Stimulated e L
. Total stimulated ATPase Pre . . Purification

Fraction . v specificactivit Yield (%)

activity(mu) (Pnzcét)eln (mU/mg prote¥n) (fold)

DNP-SG DAU DNP-SG DAU DNP-SG DAU DNP-SG DAU
Detergent
solubilized 100.5 76.0 39.5 25 1.9 100 100 - —
fraction
DNP-SG af fin
itychromato  25.7 20.4 0.15 171* 136* 26 27 67 71
graphy

Purifi ca tion buff ers were treated with 100.«M PMSF. Two hun dred ml of E. coli cul ture was used for pu ri fi ca tion. One
milliunit (mU) of en zyme cat a lyzed 1 nmol ATP hy dro ly sis per min at 37°C. DNP-SG and DAU stim u lated ac tiv ity was ob
tained by sub tract ing the basal ATPase ac tiv i ties of the frac tions de ter mined in the ab sence of DNP-SG and DAU from the
ac tivi ties de ter mined in the pres ence of 12204M DNP-SG or 10uM DAU. *Basal ATPase ac tiv ity of this frac tion was 150
nmol/min per mg pro tein, and was in creased to 321and 286 nmol/min per mg, in the pres ence of 120 M DNP-SG and 10
uMDAU, respec tively. Re sults pre sented are fromasingle pu ri fi cation with ac tivity de t er minations per formed in trip li cate.

Rel a tive stan dard de vi a tions were < 8% in all cases.
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or without ATP in RLIP76 vs. control
proteoliposomes are shown for recombinant
RLIP76 (Fig. 3 A—F). The presence of ATP
caused an increase in uptake of DAU only in

liposomes were observed for both ATP
(Fig. 3E) and DAU (Fig. 3F).

All transport studies with recombinant
RLIP76 proteoliposomes indicated that DAU-
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Figure 3. Trans port of DAU by re com bi nant RLIP76.

RLIP76purifiedusingDNP-SGaffinitychromatographywasreconstitutedinartificial liposomes and up take was
measured in RLIP76 proteoliposomes (cir cles) and con trol proteoliposomes con tain ing an equal quan tity of crude
bacterial protein (squares) inthe presence (filled symbols) or ab sence (empty symbols) of ATP. All trans port stud ies
were car ried out us ing 250 ng pro tein/as say ex cept when pro teinwas var ied (panel A). In cuba tion time was 5 min
ex cept for time de pend ence stud ies (panel B). Tem per ature was 37°Cex cept for tem perature de pend encestudies
(panel C). Exter nal sucrose concentrationwas 250 mM, ex cept for stud ies of osmolar de pendence stud ies (panel D).
ATP was 4 mM ex cept in ATP-dependence stud ies (panel E). DAU was 5 uM ex cept in DAU-dependence stud ies

(panel F). Mean val ues £S.D. for three ex per i ments are shown.

proteoliposomes reconstituted with RLIP76
and not in con trol liposomes. ATP-dependent
uptake of DAU was linear with respect to the
amount of RLIP76 used for reconstitution of
vesicles (Fig. 3A). The uptake of DAU by
RLIP76 proteo liposomes was time de pend ent
inaman ner consistentwith up take byasingle
compartment (Fig. 3B). The transport was
temperature sensitive with an optimal near
37°C (Fig. 3C), and sensitive to osmolarity of
extra-vesicular medium (Fig. 3D). Saturable
kinetics for the transport by these proteo-

uptake was identical in control proteolipo-
somes in the ab sence or pres ence of ATP, and
equal to the uptake observed in proteo-
liposomescontainingrecombinantRLIP76in
theabsence of ATP. There fore, the cal cu lation
of transport rates were unaffected by inclu-
sion or exclusion of uptake results of control
liposomes. Because background binding of
DAU to the filtration membranes was unaf-
fected by the pres ence of liposomes or nu clec
tides, its exclusion had no effect on calcula-
tions of ATP-dependent up take rates (data not
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pre sented). We have pre viously shown thatin
identical preparations of RLIP76, estimation
of COL [6] or DOX [5] transport rate is unaf-
fected by includingorexclud ing the val ues for
COL or DOX uptake by control artificial
liposomes in the pres ence or ab sence of ATP.

port studies (Fig. 4A), was time dependent
and con sis tent with up take into a sin gle com
partment (Fig. 4B), sensitive to temperature
with an op ti mal near 37°C (Fig. 4C), and sat u-
ra ble with re spect to ATP (Fig. 4D) and DAU
(Fig. 4E).
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Figure 4. Trans port of DAU by hu man eryth ro cyte DNP-SG ATPase.

DNP-SG ATPasepurifiedby DNP-SGaffinity chromatographywasreconstitutedinartific ial liposomes and up take
was measured in the presence (filled cir cles) or ab sence (open cir cles) of ATP. All trans portstud ies were car ried out
us ing proteoliposomes con tain ing 80-ng pro tein/as say ex cept when pro tein was var ied (panel A). Incubationtime
afteraddition of ATPwas5minexceptfor stud ieswhere time de pend ent up take was de ter mined (panel B). Tem per-
aturewas 37°Cexceptfortem peraturede pendence studies (panel C). ATP con centrationwas fixed at4 mM ex cept
for stud ies to de ter mine ATP-dependence of trans port (panel D). DAU con cen tra tion was fixedat 5 4 M ex cept for
stud iesto de ter mine DAU-dependence of trans port (panel E). Mean val ues +S.D. for three ex perimentsareshown.

Thus, DAU-transport with hu man eryth ro cyte
RLIP76 was measured by subtracting DAU
uptake in human-erythrocyte RLIP76 lipo-
somes in the absence of ATP from that ob-
served in its pres ence (Fig. 4 A—E). Un like re
combinantRLIP76, proteoliposomesreconsti
tuted with hu man eryth ro cyte RLIP76 con sis
tently demonstrated ATP-independent DAU-
uptake. As with recombinant RLIP76, DAU-
transport by humanerythrocyte RLIP76 was
linearly in creased with pro tein used for trans

Kinetic properties of DAU-transport by hu-
man erythrocyte and recombinant RLIP76
showed interesting similarities and differ-
ences (Table 3). ATPase activi ties of both pro
tein frac tions were roughly twice of their max
imaltransportactivity (Table3).Considering
that only half of the trans porter is ex pected to
be reconstituted in proteoliposomes a trans-
port competent orientation (outside-to-inside
orientation), these results suggest a 1:1
stoichiometry of transport of DAU with
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ATP-hydrolysis, consistent with our previous
studies DOX and DNP-SG trans port [1]. Both
transporters had a temperature optimum
near 37°C, and the Ky, values for ATP and
DAU differed slightly, but not significantly.
The Vax cal cu lated by fit ting a two-substrate
random bi-bi sequential kinetic model (120
and 70 nmol/min per mg for the erythrocyte
and re combi nant pro tein) were expectedly sig

geneity from E. coli expressing recombinant
human RLIP76. Initial purification yielded
preparations with several fragments that
were shown to be derived from RLIP76 and
raised questions regarding whether intact
RLIP76 or its fragments mediated transport
and ATP hydrolysis[1]. Re fine ment of the pu
rificationprocedurebyshorteningthetimeof
pu rification from 8 to 5 days have re sulted in

Table 3. Com parisonof ATPase ac tiv ity and trans port by hu man eryth ro cyte DNP-SG ATPase and

RLIP76°

Parameters Eﬁlmp%leryth rocyte  Recombinant RLIP76
DNP-SG stim u lated ATPase ac tiv ity (nmol/min per mg) 325 171

DAU stim u lated ATPase ac tiv ity (nmol/min per mg) 229 136

Vinax 0f DAU trans port (nmol/min per mg) 120 70

Km for ATP (mM) 1.6 2.7

K, for DAU (uM) 4.4 2.8
Optimaltemperature(°C) 37 37

#Both pro teins were pu ri fied with 100 uM PMSF.

nificantly greater than the measured activi-
ties, because ATP and DAU concentrations
used for routine activity assays are signifi-
cantly belowsaturatingconcentrations. How
ever, the ATPase ac tiv ity aswell as cal cu lated
Vmax for DAU-transport was significantly
greater for human erythrocyte as compared
with recombinant RLIP76. These observa-
tions could be explained by either the pres-
ence of additionalactivatingfactorsinprepa
rations of DNP-SG affinity purified human
erythrocyteRLIP76fraction, potentialinhibi
tors present in the purified recombinant
RLIP76 fraction, or lack of some essential
post-translational modifications in RLIP76
from the prokaryotic source. Ad di tional stud
ies are needed to address this question.

DISCUSSION

We have pre viously dem on strated that DNP-

SG-Sepharose 4B affinity chromatography
can be used to pu rify RLIP76 to > 95% ho mo

anoverallincreaseinrecoveryofintactRLIP
76, but persistence of the 38 kDa protein
band, which we have observed in previous
DNP-SG affinity purification from human
eryth ro cyte and other tis sues [2, 4, 6, 28—31].
Presentstudieswerecar ried outto de ter mine
whether treatment of purification buffers
with 500 uM PMSF, as opposed to 100 uM
PMSF used in all previous studies, would
eliminate 38 kDa protein from the purified
preparation.
Ourresultsdemonstratethatproteolysisisa
significant contributor to the previously ob-
served variability in SDS/PAGE patterns of
pu ri fied DNP-SG ATPase and RLIP76. Using
ahigherconcentrationof PMSF thanin pre vi
ousstudies,and ashortened durationof puri
fication, we were able to show for the first
time that RLIP76 could be pu ri fied in tact. De
spite the greater yield of in tact RLIP76 from
both recombinant and human erythrocyte
source, neitheritsoverall ATPaseactivity nor
transport activity was affected by partial
proteolytic degradation. These findings sup-
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port a model in which RLIP76 can constitute
an ATP-dependent amphiphilic xenobiotic
trans porter in mem branes ei therasanin tact
pro tein or as frag ments that can re con sti tute
ATPase and transport activities. These find-
ings are consistent with the assertion by
Jullien-Flores et al. [8] that RLIP76 is a mod u-
lar protein. Their studies have shown that
RLIP76 binds AP2, a clathrin bind ing adap tor
protein[22].

Remarkably, fragmentation of RLIP76 ap-
pears to occur similarly in both prokaryotic
and eukaryotic cells and is inhibited by a
serine-protease inhibitor. Thespecificpattern
of proteolytic degradation appears to be a
propertyinherentinitssequence. Analysisof
RLIP76 se quence shows that the N-terminal is
very rich in serine-protease cleavage sites,
whereas the C-terminal has only a few of those
sites. This is perhaps the reason that the
C-terminal peptide is relatively resistant to
proteolysis. The limited proteolytic degrada-
tion does not appear to significantly impact
overall ATPase or transport activity of purt
fied RLIP76 fractions or human erythrocyte
DNP-SG ATPase fractions. This would sug-
gest that RLIP76 is a precursor protein that
gives rise to multiple peptides, which can to-
gether reconstitute a functional transport
complex for structurally diverse amphiphilic
compounds. This postulate is supported by
our re cently re ported stud ies show ing that re
combinant N-terminal (residues 1-367) and
the C-terminal (res i dues 410—655) when sep a
rately reconstituted in proteoliposomes do
not function as transporters but when they
areincor poratedinproteoliposomestogether
they can me di ate ATP-dependent trans port of
DOX and COL [23]. Further studies are
needed to evaluate the significance of the
proteolytic cleav age and the role of each frag
ment of RLIP76 in its transport function.

Present studies validate our earlier sugges-
tion that RLIP76 is identical with DNP-SG
ATPase and that both undergo proteolysis to
generate various peptides. Subtledifferences
observed in the fragmentation pattern and

ATPase or transport activities of DNP-SG
ATPase purified from erythrocyte and
RLIP76 purified from transformed E. coli
may arise from their differential proteolytic
processing in eukaryotic and prokaryotic
cells. Alter natively, itispossiblethatessential
lipids in erythrocyte membrane co-purified
with RLIP76, or the differences in post-
transcriptional or post-translational process-
ing of RLIP76 inmam ma lian cells ac count for
the observed differences. Reasons for these
observeddifferencesinthecatalyticfunctions
of RLIP76 and DNP-SG ATPase are cur rently
beingstudiedinourlaboratory.Since RLIP76
isaproteininvolvedras-linked cel lular sig nal
ing pathways, our findings imply that GS-E
transport functions in signalling within
ras-linked pathways.
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