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We have re cently shown that RLIP76, a ral-bind ing GTPase ac ti vat ing pro tein, me -
di ates ATP-dependent trans port of glutathione-conjugates (GS-E) and doxorubicin
(DOX) (S. Awasthi et al., Bio chem is try 39, 9327, 2000). Trans port func tion of RLIP76
was found to be in tact de spite con sid er able proteolytic frag men ta tion in prep a ra tions
used for those stud ies, sug gest ing ei ther that the re sid ual in tact RLIP76 was re spon si -
ble for trans port ac tiv ity, or that the trans port ac tiv 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 cific ac tiv ity for ATP-hydrolysis than the frag mented pro tein. We have ad dressed
this ques tion by com par ing trans port prop er ties of re com bi nant RLIP76 and hu man
eryth ro cyte mem brane RLIP76 pu ri fied in buff ers treated with ei ther 100 or 500 µM
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serine pro te ase in hib i tor, PMSF. The pu rity and iden tity of re com bi nant and hu man
eryth ro cyte RLIP76 was es tab lished by SDS/PAGE and West ern-blot anal y sis. These
stud ies con firmed the or i gin of the 38 kDa pro tein, pre vi ously re ferred to as 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 in tact RLIP76 from both hu man and re com bi nant
source. In con trast, the sub strate-stimulated ATPase ac tiv ity in pres ence of DNP-SG,
doxorubicin, daunorubicin, or colchicine were un af fected by in creased PMSF; sim i -
larly, ATP-dependent trans port of doxorubicin in proteo liposomes re con sti tuted with
RLIP76 was un af fected by higher PMSF. These re sults in di cated that lim ited pro te ol -
y sis by serine pro teas es does not ab ro gate the trans port func tion of RLIP76. Com par -
i son of trans port ki net ics for daunorubicin be tween re com bi nant vs hu man eryth ro -
cyte RLIP76 re vealed higher spe cific ac tiv ity of trans port for tis sue pu ri fied RLIP76,
in di cat ing that ad di tional fac tors pres ent in tis sue pu ri fied RLIP76 can mod u late its
trans port ac tiv ity.

We have shown that RLIP76, a ral-bind ing
GAP, can be re con sti tuted in ar ti fi cial
liposomes to func tion as an en ergy de pend -
ent, multi-specific trans porter with broad sub -
strate spec i fic ity in clud ing un-metabolized
amphiphilic xenobiotic tox ins, glutathionyl -
ated-metabolites of xenobiotic electrophiles,
and en dog e nous electrophiles gen er ated from
ox i da tive me tab o lism of lipids (i.e. leuko -
trienes) [1–7]. These find ings dem on strated
that RLIP76 is a novel link be tween the
ras-linked cel lu lar sig nal ing path ways [8–15]
and trans port me di ated drug re sis tance, and
sug gests that amphiphilic drug sub strates
could ex ert toxic or ther a peu tic ef fects
through com pet i tive in hi bi tion of efflux of
phys i o logic glutathione-conjugates. Thus, elu -
ci da tion of RLIP76 func tion at a mo lec u lar
level could of fer mech a nis tic in sight into a di -
verse ar ray of in com pletely un der stood bi o -
log i cal, tox i co log i cal and phar ma co log i cal
phe nom ena in which phys i o logic glutathione-
con ju gates par tic i pate [16–19].
RLIP76 was ini tially cloned by Jullien-Flores 

et al. [8] us ing a two-hybrid screen for ral-bind -
ing pro teins [8–11, 20, 21]. RLIP76 binds to
ral-GTP but does not dis play GAP ac tiv ity to -
wards it. How ever, it does dis play GAP ac tiv -
ity to wards cdc42, a ras-fam ily pro tein in the
rho/rac-path way thought to reg u late mem -
brane plas tic ity [8, 9, 12, 13]. Re cent stud ies
by Jullien-Flores et al. [22] sug gest that
RLIP76 par tic i pates in re cep tor me di ated
endocytosis by bind ing AP2, a clathrin adap -
tor pro tein, and ral-GTP in hib its clathrin me -

di ated endocytosis by bind ing to RLIP76.
These au thors also pro posed that RLIP76
func tions as a mod u lar pro tein, an as ser tion
sup ported by our find ing that RLIP76 gives
rise to a num ber of frag ments [1].
RLIP76 con tains nu mer ous serine-protease

cleav age sites, par tic u larly in the N-terminal
re gion [23]. De spite con sid er able proteolytic
frag men ta tion, we ob served ATP-hydrolysis
and ATP-dependent trans port ac tiv ity in
liposomes re con sti tuted with highly pu ri fied
to tal RLIP76 [1, 23]. If in tact RLIP76 were an
ab so lute re quire ment for trans port, ATP-hy -
drolysis and trans port ac tiv i ties would be ex -
pected to in crease sig nif i cantly in prep a ra -
tions en riched for in tact RLIP76. If the op po -
site were true, we could con clude that frag -
ments of RLIP76 can re con sti tute a func tional 
trans porter in ar ti fi cial mem branes. In pres -
ent stud ies we have com pared the ATPase and 
trans port prop er ties of RLIP76 pu ri fied in
buff ers treated with ei ther 100 or 500 µM
PMSF.

MATERIALS AND METHODS

Re agents. Blood was col lected ac cord ing to
a pro to col ap proved by the In sti tu tional Re -
view Board from a healthy adult male.
CNBr-activated Sepharose 4B, CDNB, GSH,
ATP, PMSF, BHT, EGTA, EDTA, soy bean
asolectin, cho les terol, C12E9, and horse rad -
ish-peroxidase-coupled goat-anti-rabbit an ti -
bod ies were pur chased from Sigma Chem i cal
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Com pany (St. Louis, MO). Re agents for
SDS/PAGE and SM-2 BioBeads were pur -
chased from Bio-Rad Lab o ra tories (Her cu les,
CA). DAU was ob tained from Wyeth Lab o ra -
tories (Phil a del phia, PA). Rab bit anti-human
an ti bod ies to ward RLIP76 and eryth ro cytes
DNP-SG-ATPase used in these stud ies were
the same as de scribed pre vi ously [1, 2, 4, 6].
[14C]doxorubicin (spe cific ac tiv ity 57
mCi/mmol) was pur chased from Amersham
cor po ra tion (Arlington Heights, IL).
[3H]daunorubicin (spe cific ac tiv ity 1.7
Ci/mmol) and [32P]ATP (spe cific ac tiv ity
3000 Ci/mmol) were pur chased from
Dupont/New Eng land Nu clear (Boston, MA).
Clon ing and prokaryotic ex pres sion of

RLIP76. The 1968 bp full length open read -
ing frame cDNA of hu man RLIP76, cloned
from a λgt11 hu man bone mar row li brary by
immuno screening us ing anti-DNP-SG ATPase 
an ti bod ies, was subcloned into the pro -
karyotic ex pres sion plasmid, pET-30a(+)
(Novagen), cre at ing the pET30-RLIP76
plasmid free of ex tra ne ous se quences. This
plasmid was transfected into Esch e richia coli
BL21(DE3). De tails of ex per i men tal pro ce -
dures for clon ing of RLIP76 full-length cDNA
and its ex pres sion in E. coli have been pro -
vided pre vi ously [1].
Pu ri fi ca tion of RLIP76. Purifications

were mon i tored by mea sur ing DNP-SG
ATPase ac tiv ity de fined as ATPase ac tiv i ties
mea sured in the ab sence from that ob served
in the pres ence of 120 µM DNP-SG, 10 µM
DAU, 10 µM DOX, and 10 µM 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 sys tem de scribed by Laemmli [26].
DNP-SG was syn the sized, pu ri fied, au then ti -
cated, and used for pre par ing DNP-SG-
Sepharose 4B-affinity resin [2]. Hu man eryth -
ro cyte RLIP76 was pu ri fied from pe riph eral
blood col lected from one 35 year old male do -
nor us ing the DNP-SG Sepharose af fin ity

chro ma tog ra phy [4, 6]. This DNP-SG af fin ity
pro ce dure, with mi nor mod i fi ca tions de tailed
pre vi ously [1], was also used to pu rify RLIP76 
pro tein from E. coli BL21(DE3) transfected
with pET30a(+)-RLIP76 plasmid.
Func tional re con sti tu tion of RLIP76. Re -

con sti tu tion of DNP-SG af fin ity pu ri fied
DNP-SG ATPase and RLIP76 in proteo -
liposomes was sep a rately per formed us ing the 
method pre vi ously de scribed by us [1, 5, 6,
27]. The size of re con sti tuted ves i cles was ex -
am ined by elec tron mi cros copy and
intra-vesicular vol ume was es ti mated by
[14C]inulin trap ping [4, 5]. Con trol ves i cles
were pre pared us ing an equal amount of crude 
pro tein from E. coli not ex press ing RLIP76 or
crude eryth ro cyte ghost pro tein.
Daunorubicin trans port by RLIP76.

DAU trans port mea sure ments were car ried
out as pre vi ously de scribed for DOX, DNP-SG, 
and COL trans port [2, 5, 6]. Re con sti tuted
proteoliposomes were di luted 2–20-fold in 90
µl trans port-buffer con tain ing [3H]DAU (1.2
× 104 c.p.m./nmol) radiolabeled sub strate
and in cu bated for 15 min at 37°C. Mea sure -
ment of ATP-dependent trans port was ini ti -
ated by ad di tion of 10 µl ATP pre pared in
trans port buffer to the ex per i men tal group
and 10 µl equiosmolar NaCl to the con trol.
The fi nal con cen tra tion of ATP was 4 mM. Af -
ter in cu ba tion with ATP for 5 min, aliquots of
the re ac tion mix tures con tain ing 2–400 ng re -
con sti tuted pro tein was fil tered us ing a
Millipore Multiscreen 96 well plate vac uum fil -
tra tion sys tem as de scribed pre vi ously [1, 2, 5, 
6]. The fil tra tion mem branes were in di vid u -
ally cut out of the fil tra tion man i fold and dis -
solved in scin til la tion fluid over night be fore
ra dio ac tiv ity count ing. Back ground bind ing
of the radiolabeled sub strate to the fil tra tion
mem brane was de ter mined for each ex per i -
men tal con di tion and sub tracted to ob tain the
ve sic u lar up take of sub strate. The ef fect of
ATPase on sub strate up take by ves i cles was
stud ied by com par ing up take with or with out
ATP by liposomes re con sti tuted in the ab -
sence or pres ence of RLIP76 or hu man eryth -
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ro cyte DNP-SG ATPase frac tion. Ex per i men -
tal de tails are pro vided in the fig ure leg ends.
Ki netic anal y sis of DAU trans port.

ATP-depen dent DAU trans port ki net ics were
eval u ated at eight DAU con cen tra tions be -
tween 1.5–10 µM with ATP con cen tra tion
fixed at 4 mM to ob tain the Km for DAU. The
Km for ATP was de ter mined with fixed con -
cen tra tion of [3H]DAU at 5 µM. Trip li cate
mea sure ments of up take were per formed in
the ab sence and pres ence of ATP in both con -
trol liposomes and proteoliposomes at each of
eight con cen tra tions of DAU and seven con -
cen tra tions of ATP.

RESULTS

Pu ri fi ca tion of in tact RLIP76

We pu ri fied re com bi nant hu man RLIP76 ex -
pressed in E. coli, and hu man RLIP76 from
eryth ro cytes in the pres ence of ei ther 100 or
500 µM PMSF by the pres ent method as de -
scribed above. West ern-blot anal y sis of DNP-
SG-Sepharose 4B af fin ity pu ri fied RLIP76
frac tion is pre sented (Fig. 1). In tact RLIP76
was ob served as a band at 95 kDa, con firmed
by N-terminal se quenc ing. This anom a lous be -
hav ior of RLIP76 in SDS/PAGE has been de -
scribed by us [1] and shown by other in ves ti -
ga tors for Ral-BP1, the rat homolog of RLIP76 
[21]. No sig nif i cant con tam i nant pro tein
bands were ob served in SDS/PAGE and the
pat tern of bands in West ern-blot was nearly
iden ti cal to that seen in SDS/PAGE. We have
pre vi ously shown that the pres ent pu ri fi ca -
tion method in the pres ence of 100 µM PMSF
yields RLIP76 which is >95% pure as de ter -
mined by amino acid anal y sis [1]. Pu rity of
RLIP76 pro tein ob tained in pres ence of buff -
ers con tain ing ei ther 100 or 500 µM PMSF by
amino acid anal y sis in di cated that the higher
con cen tra tion of PMSF did not sig nif i cantly
in crease pu rity.
Ex clu sion of PMSF from buff ers dur ing pu ri -

fi ca tion of RLIP76 from eryth ro cyte mem -

brane re sulted in de creased yield, sta bil ity
and ac tiv ity of the 38 kDa band (data not pre -
sented). This find ing was at trib uted to high
con cen tra tion of serine pro te ase con cen tra -
tion of blood, and their ac ti va tion dur ing
blood col lec tion and stor age. In or der to over -
come this prob lem, we in cluded PMSF in
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Fig ure 1. SDS/PAGE and West ern-blot anal y sis of
pu ri fied hu man eryth ro cyte and re com bi nant
RLIP76.

DNP-SG-Sepharose-4B af fin ity was used to pu rify hu -
man eryth ro cyte and re com bi nant hu man RLIP76 in
the pres ence of buff ers treated with ei ther 100 or 500
µM PMSF. Coomassie-stained SDS/PAGE of 5 µg pro -
tein aliquots from hu man eryth ro cyte RLIP76 pu ri fied
in pres ence of 100 or 500 µM PMSF (pan els A and B, re -
spec tively), and re com bi nant hu man RLIP76 pu ri fied
in pres ence of 100 or 500 µM PMSF (pan els C and D, re -
spec tively) are pre sented. West ern-blot anal y sis was
car ried out against polyclonal anti-RLIP76 an ti bod ies
raised in rab bit. Horse rad ish peroxidase-linked goat
anti-rabbit an ti bod ies were used as sec ond ary an ti bod -
ies and the blot was de vel oped us ing 4-chloro-1-
naphthol. Re sults of West ern-blot anal y sis of 5 µg pro -
tein aliquots from hu man eryth ro cyte RLIP76 pu ri fied
in pres ence of 100 or 500 µM PMSF (pan els E and F, re -
spec tively), and re com bi nant hu man RLIP 76 pu ri fied
in pres ence of 100 or 500 µM PMSF (pan els G and H,
re spec tively) are pre sented. Lane 1 in all pan els are
broad-range pre-stained mo lec u lar mass mark ers
(Bio-Rad).



blood col lec tion buffer, re sult ing in sig nif i -
cantly in creased yield and ac tiv ity of pu ri fied
pro tein from blood [4, 6] as com pared with
our pre vi ous re sult [2]. Con sis tent with our
pre vi ous find ings [4, 6], DNP-SG af fin ity pu ri -
fi ca tion from hu man eryth ro cyte in buff ers
treated with 100 µM PMSF yielded a ma jor
band near 38 kDa in Coomassie-stained
SDS/PAGE (Fig. 1A, lane 2) and this band
was rec og nized by polyclonal rab bit-anti-hu -
man-RLIP76 an ti bod ies (Fig. 1E, lane 2). In
con trast, SDS/PAGE re vealed a pre dom i nant
95 kDa band from the pu ri fi ca tion of hu man
eryth ro cyte RLIP76 in the pres ence of 500
µM 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 pro tein could still be de tected in this
prep a ra tion (Fig. 1F, lane 2). The higher
PMSF con cen tra tion, thus, par tially pro tected 
RLIP76 from cleav age to yield the 38 kDa
band.
Pu ri fi ca tion of re com bi nant hu man RLIP76

in buff ers treated with 100 µM PMSF with
pres ent pro ce dures showed much less frag -
men ta tion than we have ob served pre vi ously
[1]. The 38 kDa, how ever, could be de tected by 
both SDS/PAGE (Fig. 1C, lane 2) and West -
ern-blot anal y sis (Fig. 1G, lane 2). Pu ri fi ca tion 
of re com bi nant hu man RLIP76 in the pres -
ence of 500 µM PMSF showed vir tual dis ap -
pear ance of the 38 kDa band from the prep a -
ra tion as shown by both SDS/PAGE (Fig. 1D,
lane 2) and West ern-blot anal y sis (Fig. 1H,
lane 2). These re sults show that we can en rich
for in tact RLIP76 by in creas ing the con cen -
tra tion of PMSF used to pre pare pu ri fi ca tion
buff ers and short en ing over all pu ri fi ca tion
time. 

The ef fect of PMSF on re com bi nant-RLIP76 
ATPase ac tiv ity and drug trans port

In or der to de ter mine whether this in creased 
yield of in tact RLIP76 ac tiv ity af fected its ac -
tiv ity, we com pared sub strate-stimulated
ATPase ac tiv ity of re com bi nant hu man

RLIP76 pu ri fied with ei ther 100 or 500 µM
PMSF (Fig. 2). Sur pris ingly, no ef fect was

found on the DOX, DAU or COL stim u lated ac -
tiv ity of RLIP76 with ei ther 100 or 500 µM
PMSF. These find ing strongly sug gested that
the ATPase ac tiv ity of RLIP76 re mains de -
spite lim ited proteolytic cleav age. Sim i larly,
ATP-dependent trans port of DOX was in
proteoliposomes re con sti tuted with RLIP76
was found not be sig nif i cantly af fected by
PMSF (18.8  ± 1.3 vs. 19.5 ± 1.5 nmol/min per
mg, ± S.D., n = 6 , with 100 and 500 µM PMSF, 
re spec tively).

Com par i son of ATPase ac tiv ity of hu man
eryth ro cyte vs. re com bi nant RLIP76

Since higher PMSF did not af fect the func -
tional ac tiv i ties of RLIP76, we per formed the
com par i son of hu man eryth ro cyte vs. re com -
bi nant RLIP76 us ing only RLIP76 pu ri fied in
the pres ence of 100 µM PMSF. DNP-SG af fin -
ity chro ma tog ra phy was mon i tored by mea -
sure ments of basal and sub strate-stimulated
ATPase ac tiv ity (Ta bles 1 and 2). The yield of
24 µg pu ri fied DNP-SG ATPase from 20 ml of
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Fig ure 2. Ef fect of PMSF on ATPase ac tiv ity of re -
com bi nant RLIP76.

The ATPase ac tiv ity of re com bi nant RLIP76 pu ri fied in
pres ence of ei ther 100 (open bars) or 500 (closed bars)
µM PMSF. ATPase ac tiv ity was mea sured by de ter min -
ing the cleav age of [γ-32P]ATP as pre vi ously de scribed
in the ab sence or pres ence 10 µM DOX, DAU and COL
[1]. Sub strate stim u lated ac tiv ity was cal cu lated by sub -
tract ing ATPase ac tiv ity ob served in the ab sence of sub -
strate. Mean val ues  ±S.D. for three ex per i ments are
shown.



blood (Ta ble 1) was con sis tent with our pre vi -
ous stud ies [4, 6]. Basal ATPase ac tiv ity of
DNP-SG ATPase pu ri fied from eryth ro cyte
was 191 nmol/min per mg, which was stim u -
lated 2.7-fold (516 nmol/ min per mg) in the
pres ence of DNP-SG (Ta ble 1). The basal
ATPase ac tiv ity of pu ri fied RLIP76 was 150
nmol/min per mg, which was stim u lated
2.1-fold (321 nmol/min per mg) by DNP-SG
(Ta ble 2). The basal as well as DNP-SG stim u -
lated ATPase ac tiv i ties of DNP-SG ATPase pu -
ri fied from eryth ro cytes were sig nif i cantly
higher (P < 0.01, n = 3) than those of the cor re -
spond ing ac tiv i ties of re com bi nant RLIP76.

Com par i son of trans port ac tiv ity of hu man
eryth ro cyte vs. re com bi nant RLIP76

Proteoliposomes were re con sti tuted with re -
com bi nant or hu man eryth ro cyte RLIP76 pu -
ri fied in the pres ence of 100 µM PMSF. De -
tailed trans port ki net ics of ATP-dependent
DAU-transport were com pared. For trans port
stud ies with re com bi nant RLIP76 (Fig. 3), up -
take of DAU, with or with out ATP, was mea -
sured in proteoliposomes re con sti tuted with
pu ri fied RLIP76. Con trol proteoliposomes
were re con sti tuted in the pres ence of an equal
amount of crude E. coli pro tein. Up take with
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Ta ble 2. Pu ri fi ca tion of re com bi nant RLIP76 from trans formed E. coli

Frac tion To tal stim u lated ATPase 
ac tiv ity (mU) Pro tein

(mg)

Stim u lated
spe cific ac tiv ity
(mU/mg pro tein)

Yield (%) Pu ri fi ca tion
(fold)

DNP-SG DAU DNP-SG DAU DNP-SG DAU DNP-SG DAU

De ter gent
solubilized
frac tion

100.5 76.0 39.5 2.5 1.9 100 100 – –

DNP-SG af fin -
ity chro ma to -
g ra phy

25.7 20.4 0.15 171* 136* 26 27 67 71

Pu ri fi ca tion buff ers were treated with 100 µM 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 tiv i ties de ter mined in the pres ence of 120 µM DNP-SG or 10 µM 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 µM DNP-SG and 10
µM DAU, re spec tively. Re sults pre sented are from a sin gle pu ri fi ca tion with ac tiv ity de t er mi na tions per formed in trip li cate.  
Rel a tive stan dard de vi a tions were < 8% in all cases.

Ta ble 1. Pu ri fi ca tion of RLIP76 from hu man eryth ro cyte

Frac tion

To tal stim u lated
ATPase ac tiv ity
(mU) Pro tein

(mg)

Stim u lated
spe cific ac tiv ity
(mU/mg pro tein)

Yield (%) Pu ri fi ca tion
(fold)

DNP-SG DAU DNP-SG DAU DNP-SG DAU DNP-SG DAU

De ter gent
solubilized
frac tion

16.0 8.9 20.0 0.80 0.45 100 100 – –

DNP-SG af -
fin ity chro -
ma tog ra phy

7.8 5.5 0.024 325* 229* 49 62 406 509

Pu ri fi ca tion buff ers were treated with 100 µM PMSF.  Twenty ml hu man blood 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 tiv i ties de ter mined in the
pres ence of 120 µM DNP-SG and 10 µM 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 120 µM DNP-SG and 10 µM DAU, re spec tively. Re sults pre sented 
are from a sin gle pu ri fi ca tion with ac tiv ity de ter mi na tions per formed in trip li cate.  Rel a tive stan dard de vi a tions were < 8% in all
cases.



or with out ATP in RLIP76 vs. con trol
proteoliposomes are shown for re com bi nant
RLIP76 (Fig. 3 A–F). The pres ence of ATP
caused an in crease in up take of DAU only in

proteoliposomes re con sti tuted with RLIP76
and not in con trol liposomes. ATP-dependent
up take of DAU was lin ear with re spect to the
amount of RLIP76 used for re con sti tu tion of
ves i cles (Fig. 3A). The up take of DAU by
RLIP76 proteo liposomes was time de pend ent
in a man ner con sis tent with up take by a sin gle 
com part ment (Fig. 3B). The trans port was
tem per a ture sen si tive with an op ti mal near
37°C (Fig. 3C), and sen si tive to osmolarity of
ex tra-vesicular me dium (Fig. 3D). Sat u ra ble
ki net ics for the trans port by these proteo -

liposomes were ob served for both ATP
(Fig. 3E) and DAU (Fig. 3F).
All trans port stud ies with re com bi nant

RLIP76 proteoliposomes in di cated that DAU-

up take was iden ti cal in con trol proteo lipo -
somes in the ab sence or pres ence of ATP, and
equal to the up take ob served in proteo -
liposomes con tain ing re com bi nant RLIP76 in
the ab sence of ATP. There fore, the cal cu la tion 
of trans port rates were un af fected by in clu -
sion or ex clu sion of up take re sults of con trol
liposomes. Be cause back ground bind ing of
DAU to the fil tra tion mem branes was un af -
fected by the pres ence of liposomes or nu cleo -
tides, its ex clu sion had no ef fect on cal cu la -
tions of ATP-dependent up take rates (data not 
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Fig ure 3. Trans port of DAU by re com bi nant RLIP76.

RLIP76 pu ri fied us ing DNP-SG af fin ity chro ma tog ra phy was re con sti tuted in ar ti fi cial liposomes and up take was
mea sured in RLIP76 proteoliposomes (cir cles) and con trol proteoliposomes con tain ing an equal quan tity of crude
bac te rial pro tein (squares) in the pres ence (filled sym bols) or ab sence (empty sym bols) of A TP. All trans port stud ies 
were car ried out us ing 250 ng pro tein/as say ex cept when pro tein was var ied (panel A). In cu ba tion time was 5 min
ex cept for time de pend ence stud ies (panel B). Tem per a ture was 37°C ex cept for tem per a ture de pend ence stud ies
(panel C). Ex ter nal su crose con cen tra tion was 250 mM, ex cept for stud ies of osmolar de pend ence stud ies (panel D).
ATP was 4 mM ex cept in ATP-dependence stud ies (panel E). DAU was 5 µM ex cept in DAU-dependence stud ies
(panel F). Mean val ues  ±S.D. for three ex per i ments are shown.



pre sented). We have pre vi ously shown that in
iden ti cal prep a ra tions of RLIP76, es ti ma tion
of COL [6] or DOX [5] trans port rate is un af -
fected by in clud ing or ex clud ing the val ues for
COL or DOX up take by con trol ar ti fi cial
liposomes in the pres ence or ab sence of ATP.

Thus, DAU-transport with hu man eryth ro cyte 
RLIP76 was mea sured by sub tract ing DAU
up take in hu man-erythrocyte RLIP76 lipo -
somes in the ab sence of ATP from that ob -
served in its pres ence (Fig. 4 A–E). Un like re -
com bi nant RLIP76, proteoliposomes re con sti -
tuted with hu man eryth ro cyte RLIP76 con sis -
tently dem on strated ATP-independent DAU-
up take. As with re com bi nant RLIP76, DAU-
trans port by hu man eryth ro cyte RLIP76 was
lin early in creased with pro tein used for trans -

port stud ies (Fig. 4A), was time de pend ent
and con sis tent with up take into a sin gle com -
part ment (Fig. 4B), sen si tive to tem per a ture
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).

Ki netic prop er ties of DAU-transport by hu -
man eryth ro cyte and re com bi nant RLIP76
showed in ter est ing sim i lar i ties and dif fer -
ences (Ta ble 3). ATPase ac tiv i ties of both pro -
tein frac tions were roughly twice of their max -
i mal trans port ac tiv ity (Ta ble 3). Con sidering
that only half of the trans porter is ex pected to
be re con sti tuted in proteoliposomes a trans -
port com pe tent ori en ta tion (out side-to-inside
ori en ta tion), these re sults sug gest a 1:1
stoichiometry of trans port of DAU with
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Fig ure 4. Trans port of DAU by hu man eryth ro cyte DNP-SG ATPase.

DNP-SG ATPase pu ri fied by DNP-SG af fin ity chro ma tog ra phy was re con sti tuted in ar ti fi c ial liposomes and up take
was mea sured in the pres ence (filled cir cles) or ab sence (open cir cles) of ATP. All trans port stud 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). In cu ba tion time
af ter ad di tion of ATP was 5 min ex cept for stud ies where time de pend ent up take was de ter mined (panel B). Tem per -
a ture was 37°C ex cept for tem per a ture de pend ence stud ies (panel C). ATP con cen tra tion was fixed at 4 mM ex cept
for stud ies to de ter mine ATP-dependence of trans port (panel D). DAU con cen tra tion was fixed at 5 µM ex cept for
stud ies to de ter mine DAU-dependence of trans port (panel E). Mean val ues  ±S.D. for three ex per i ments are shown.



ATP-hydrolysis, con sis tent with our pre vi ous
stud ies DOX and DNP-SG trans port [1]. Both
trans port ers had a tem per a ture op ti mum
near 37°C, and the Km val ues for ATP and
DAU dif fered slightly, but not sig nif i cantly.
The Vmax cal cu lated by fit ting a two-substrate
ran dom bi-bi se quen tial ki netic model (120
and 70 nmol/min per mg for the eryth ro cyte
and re com bi nant pro tein) were expectedly sig -

nif i cantly greater than the mea sured ac tiv i -
ties, be cause ATP and DAU con cen tra tions
used for rou tine ac tiv ity as says are sig nif i -
cantly be low sat u rat ing con cen tra tions. How -
ever, the ATPase ac tiv ity as well as cal cu lated
Vmax for DAU-transport was sig nif i cantly
greater for hu man eryth ro cyte as com pared
with re com bi nant RLIP76. These ob ser va -
tions could be ex plained by ei ther the pres -
ence of ad di tional ac ti vat ing fac tors in prep a -
ra tions of DNP-SG af fin ity pu ri fied hu man
eryth ro cyte RLIP76 frac tion, po ten tial in hib i -
tors pres ent in the pu ri fied re com bi nant
RLIP76 frac tion, or lack of some es sen tial
post-translational mod i fi ca tions in RLIP76
from the prokaryotic source. Ad di tional stud -
ies are needed to ad dress this ques tion.

DISCUSSION

We have pre vi ously dem on strated that DNP- 
SG-Sepharose 4B af fin ity chro ma tog ra phy
can be used to pu rify RLIP76 to > 95% ho mo -

ge ne ity from E. coli ex press ing re com bi nant
hu man RLIP76. Ini tial pu ri fi ca tion yielded
prep a ra tions with sev eral frag ments that
were shown to be de rived from RLIP76 and
raised ques tions re gard ing whether in tact
RLIP76 or its frag ments me di ated trans port
and ATP hy dro ly sis [1]. Re fine ment of the pu -
ri fi ca tion pro ce dure by short en ing the time of
pu ri fi ca tion from 8 to 5 days have re sulted in

an over all in crease in re cov ery of in tact RLIP
76, but per sis tence of the 38 kDa pro tein
band, which we have ob served in pre vi ous
DNP-SG af fin ity pu ri fi ca tion from hu man
eryth ro cyte and other tis sues [2, 4, 6, 28–31].
Pres ent stud ies were car ried out to de ter mine
whether treat ment of pu ri fi ca tion buff ers
with 500 µM PMSF, as op posed to 100 µM
PMSF used in all pre vi ous stud ies, would
elim i nate 38 kDa pro tein from the pu ri fied
prep a ra tion.
Our re sults dem on strate that pro te ol y sis is a 

sig nif i cant con trib u tor to the pre vi ously ob -
served vari abil ity in SDS/PAGE pat terns of
pu ri fied DNP-SG ATPase and RLIP76. Using
a higher con cen tra tion of PMSF than in pre vi -
ous stud ies, and a short ened du ra tion of pu ri -
fi ca tion, 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 re com bi nant and hu man eryth ro cyte
source, nei ther its over all ATPase ac tiv ity nor
trans port ac tiv ity was af fected by par tial
proteolytic deg ra da tion. These find ings sup -
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Table 3. Com par i son of ATPase ac tiv ity and trans port by hu man eryth ro cyte DNP-SG ATPase and
RLIP76a

Pa ram e ters Hu man eryth ro cyte
RLIP76 Re com bi nant 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

Vmax of DAU trans port (nmol/min per mg) 120 70

Km for ATP (mM) 1.6 2.7

Km for DAU (µM) 4.4 2.8

Op ti mal tem per a ture (°C) 37 37
aBoth pro teins were pu ri fied with 100 µM PMSF.



port a model in which RLIP76 can con sti tute
an ATP-dependent amphiphilic xenobiotic
trans porter in mem branes ei ther as an in tact
pro tein or as frag ments that can re con sti tute
ATPase and trans port ac tiv i ties. These find -
ings are con sis tent with the as ser tion by
Jullien-Flores et al. [8] that RLIP76 is a mod u -
lar pro tein. Their stud ies have shown that
RLIP76 binds AP2, a clathrin bind ing adap tor 
pro tein [22].
Re mark ably, frag men ta tion of RLIP76 ap -

pears to oc cur sim i larly in both prokaryotic
and eukaryotic cells and is in hib ited by a
serine-protease in hib i tor. The spe cific pat tern 
of proteolytic deg ra da tion ap pears to be a
prop erty in her ent in its se quence. Anal y sis of
RLIP76 se quence shows that the N-terminal is 
very rich in serine-protease cleav age sites,
whereas the C-terminal has only a few of those 
sites. This is per haps the rea son that the
C-terminal pep tide is rel a tively re sis tant to
pro te ol y sis. The lim ited proteolytic deg ra da -
tion does not ap pear to sig nif i cantly im pact
over all ATPase or trans port ac tiv ity of pu ri -
fied RLIP76 frac tions or hu man eryth ro cyte
DNP-SG ATPase frac tions. This would sug -
gest that RLIP76 is a pre cur sor pro tein that
gives rise to mul ti ple pep tides, which can to -
gether re con sti tute a func tional trans port
com plex for struc tur ally di verse amphiphilic
com pounds. This pos tu late is sup ported by
our re cently re ported stud ies show ing that re -
com bi nant N-terminal (res i dues 1–367) and
the C-terminal (res i dues 410–655) when sep a -
rately re con sti tuted in proteoliposomes do
not func tion as trans port ers but when they
are in cor po rated in proteo liposomes to gether
they can me di ate ATP-dependent trans port of
DOX and COL [23]. Fur ther stud ies are
needed to eval u ate the sig nif i cance of the
proteolytic cleav age and the role of each frag -
ment of RLIP76 in its trans port func tion.
Pres ent stud ies val i date our ear lier sug ges -

tion that RLIP76 is iden ti cal with DNP-SG
ATPase and that both un dergo pro te ol y sis to
gen er ate var i ous pep tides. Sub tle dif fer ences
ob served in the frag men ta tion pat tern and

ATPase or trans port ac tiv i ties of DNP-SG
ATPase pu ri fied from eryth ro cyte and
RLIP76 pu ri fied from trans formed E. coli
may arise from their dif fer en tial proteolytic
pro cess ing in eukaryotic and prokaryotic
cells. Al ter na tively, it is pos si ble that es sen tial 
lipids in eryth ro cyte mem brane co-purified
with RLIP76, or the dif fer ences in post-
transcriptional or post-translational pro cess -
ing of RLIP76 in mam ma lian cells ac count for
the ob served dif fer ences. Rea sons for these
ob served dif fer ences in the cat a lytic func tions 
of RLIP76 and DNP-SG ATPase are cur rently
be ing stud ied in our lab o ra tory. Since RLIP76 
is a pro tein in volved ras-linked cel lu lar sig nal -
ing path ways, our find ings im ply that GS-E
trans port func tions in sig nal ling within
ras-linked path ways.
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