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ABSTRACT:. RLIP76 (RALBP1) is a multifunctional transporter involved in signaling and transmembrane
movement of solute allocrites, which include glutathione conjugates and several natural product
antineoplastic agents [Awasthi, S., et al. (2080)chemistry 399327-9334; (2001)Biochemistry 40
4159-4168]. Our previous studies suggested that the membrane-anchoring domain resides in the N-terminus
of RLIP76, despite the lack of identifiable membrane-spanning domains. Amino acid sequence analysis
indicated that this region of RLIP76 contains sequences that are similar to those of vector peptides. We,
therefore, have studied the effect of a series of deletion mutant proteins on hydrophobicity and transport
activity. RLIP76 or one of its derived deletion mutants was expressé&sdaherichia coli and bacteria

were lysed and extracted in buffer without or with the nonionic detergent polidocanol. The ratio of RLIP76
in the detergent/aqueous extracts was found to be 2.5 for the wild-type protein, but decreased to 0.7 in the
mutant in which amino acids 15219 were deleted. Deletion of only one segment of this region (amino
acids 171-185) alone resulted in a significant decrease in this ratio to 1.0. For the mutants with deletions
within the region from amino acid 154 to 219, loss of hydrophobicity correlated with less incorporation
of mutants into artificial liposomes, and decreased transport activity toward doxorubicin and dinitrophenyl-
S-glutathione. In contrast, deletion of one of the two ATP-binding sites (at amino acié8066r 415-

448) or both sites did not affect hydrophobicity but reduced or abrogated transport activity. NSCLC (H358)
stably transfected with del171185 and del154219 showed that loss of these regions results in a decrease

in the extent of membrane association of RLIP76. Confocal laser immunohistochemistry colocalized amino
acids 171185 with her2/neu on the cell surface. Depletion of wild-type RLIP76 using si-RNA directed

to this region in cells transfected with del}t7185 resulted in the loss of cell surface expression. These
finding demonstrate that amino acids 171185 constitute a cell surface epitope which is necessary for
optimal transport of anthracycline and glutathione conjugates by RLIP76, and that this peptide could be
a novel target for antineoplastic therapy.

RLIP76 (RALBP1)! originally cloned as Ral-binding membrane transport of a broad range of structurally unrelated
protein, is shown to be a Ral-regulated multifunctional xeno- and endobiotics against the concentration gradient, and
protein involved in multispecific transport of structurally its ATPase activity is stimulated in the presence of its
unrelated amphiphilic xenobiotics as well as glutathtene transport substrates (allocrite4y-21). Other investigators
electrophile conjugates (GE) formed from xenobiotics and  have shown independently that RLIP76 is an integral
an electrophilic byproduct of oxidative metabolisir-(14). component of complexes containing Ral, clathrin-adaptor
It is capable of coupling ATP hydrolysis with the trans- protein AP2, POB1 (partner of RALBP1), and epsin which

are involved in the clathrin-coated-pit-mediated receptor
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process of clathrin-dependent receptligand pair endocy- B e 154170 O —
tosis. Even though multiple membrane-associated functions "=+ FOTICIHFARRIKHIR
of RLIP76, including ATP-dependent transpatB(14), its fere7s 143-160 RHKRYKSOLTADVY
role as an effector protein in signaling pathways, mitosis, ™° = F=e=ie —
membrane ruffling, and receptor-mediated endocytaosis ( é%l;g e e 1raes
9, 22—25), along with evidence published by us4] and Puterive spore ooat Like proteln e
others @) indicate that RLIP76 is a membrane-associated Futsive nerbrase procein 204212
protein, definitive proof for this assertion has been lacking. gl izt erosaie 113-12¢

Our previous results have shown that the N-terminus of eswen: prccoin o 654710

Tumor necrosis factor receptor 214-219

RLIP76 (N-RLIP3%7%) is membrane-associated and can be
extracted only with the detergent. In contrast, the C-terminus [P}

A RLIF76 ) ) _203-2}9 MYDGIRLPAVERECID
of RLIP76 (RLIP*%"%%%) was found to be in both the aqueous  J-2eys o 1o oo s, e i i oo S —
and the detergent extract$, (14). Approximately 80% of HeP A carbomTbertsonge. T E [ R

RLIP76 expressed irEscherichia coliwas found in the
particulate fraction in absence of the detergent but could be
extracted with polidocanoll( 13, 14). Earlier studies also  RLIP76
suggest the association of RLIP76 and its mouse and ratdel 65-80
homologues RIP1 and RalBP1 with membranes. It has beenge 154-170
shown that activated Ral, one of the important factors in
signal transduction, translocates RLIP76 to the cell membrane
inhibiting the GAP activity of this protein toward Racl and ~ 9¢1203-219 bosesd
cdc42 @7, 28). The rat and mouse homologues of RLIP76, del 154219
RalBP1 and RIP1, respectively, appear to be membrane- g, 45.448
associated in our studieg, (29—31) as well as studies by
other investigators 7( 8). These results suggested that d’;i‘im — .
RLIP76 contains sequences that are responsible for anchoring,q re 1: sequence homology of regions of RLIP76: with vector
the protein with the membrane. Indeed, our immunohis- peptides penetratin (A) and MAP (B) and with other proteins (C
tochemistry and flow cytometry studies have showed specific and D). (E) Schematic representation of various deletion mutants
cell surface recognition of ligand(s) by anti-RLIP76 antibody ©of RLIP76.
in human lung cancer cell lines, suggesting the existence of ] o ]
transmembrane region&2). soybean asolectin, kanamycin, isopropyb-thiogalactopy-
Sequence analysis of RLIP76 does not reveal classicalranOSIOIe (IPTG), and G418 (Geneticin) were purchased from

transmembrane helices, but hydropathy plot studies haveSigma Chemig?I.COG EcSt' Lzl:jis_, I\I/I_Ot)) Dﬁxqrubignl (adt:ia-
shown two regions of relatively high hydrophobicity, which mycin) was obtained from Adria Laboratories (Columbus,

: . s : ; OH). DE-52 (diethylaminoethylcellulose) anion exchanger
could potentially reside within the membrarig. (Amino acid i .
sequence analysis indicated that RLIP76 has sequences wit as purchag:ed from Whatman International Ltd. (Maldstone;,
some degree of homology to the vector peptides such as ngland). Bio-Beads (SM-2 adsorbent) and Chelex-100 resin
penetratin, Tat, and MAP (Figure 1A). Vector peptides are were purchased from Bio-Rad Labora}torles (Herculeg, CA).
known to reside in membranes and are capable of beingTryptone and yeast_extract for preparing C“'“%re media were
internalized in most cell types. These peptides could trans_purphas_ed from lecq Laboratones. '(De.tror[, MI). P.CR
locate into the cells by endocytosis and direct transport purification, gel extraction, pPDNA purlflcat|on', transfection
through the cell membran@2, 33). Since vector peptides reagent selector, transmessenger transfection reagent, and
can traverse membranes, \;ve reasoned that amino acioo.ne'Step RT3-2PCR Kits were purchased from Qiagen (Valen-
sequences adjacent to vector peptide-homologous sequenc ﬁ' CA). .D"BP]ATE (gQOO C|/mmo’3 Jwastg;g: hased.ff'rom
could be translocated to the outer layer of the plasma lemma. ar'macllca57 |otg(;/ ( |Tcataway, h ngj ; (2pe0| 'ﬁ
To test this hypothesis, we determined the detergent solubil-2ctivity 0 mCi/mmol) was purchased from Amersham

: o tpiag g -« Corp. (Arlington Heights, IL). Bacterial strains [Dld5and
ity, transport activity, and membrane distribution of a series . .
of deletion mutants (Figure 1E) of RLIP76. Our studies BL21(DE3)] were purchased from Invitrogen Life Technol-

indicate that amino acids 17185 promote membrane ©°9Y (Carlsbad, CA). pET30&(, the T7 promoter-based

association, and that this peptide is displayed on the cell €XPression vector, was purchased from Novagen, Inc.
surface. pep Pay (Madison, WI). Restriction enzymes, thermophilic DNA

polymerase (Vent polymerase), and DNA ligase were from
EXPERIMENTAL PROCEDURES New England Biolabs (Beverly, MA). dNTPs were from
Applied Biosystems (Foster City, CA). HPLC-grade oligo-
Materials.RPMI-1640 medium, phosphate-buffered saline nucleotides were synthesized by Biosynthesis, Inc. (Lewis-
(PBS), a penicillin/streptomycin solution (P/S), fetal bovine ville, TX). Polyclonal rabbit anti-human rec-RLIP76 1gG and
serum (FBS), trypsin-EDTA, trypan blue, and agarose were preimmune 1gG were prepared and purified as described
purchased from Gibco BRL Inc. (Grand Island, NY). ATP, previously (L3, 14). Anti-171—185 siRNA was from Dhar-
f-mercaptoethanol (BME), phenylmethanesulfonyl fluoride macon Research (Lafayette, CO). Polyclonal antibodies
(PMSF), polidocanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe- against various regions of RLIP76 were custom-made and
nyltetrazolium bromide (MTT), DMSQ,-glutamine, HEPES,  purchased from Alpha Diagnostics (San Antonio, TX). These
sodium pyruvate, glucose, sodium bicarbonate, cholesterol,peptide antibodies as well as preimmune serum were purified

{E}

1 655

del 171-185
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by DE-52 anion exchange chromatography, followed by DNA was purified from the overnight culture of a single
protein A—Sepharose affinity chromatography to obtain pure colony using the Qiagen DNA purification kit. Techniques
IgG fractions. The immunoreactivity and specificity of these for restriction enzyme digestion, ligation, transformation, and
peptides using their respective purified IgG were checked other standard molecular biology manipulations were based
by dot blot analyses. Human herceptin (her2/neu) antibodieson methods described by Sambrook et a#)( The authen-
were purchased from Genentech, Inc. (South San Franciscoticity of the mutation and the absence of other fortuitous
CA). Human IgG was purchased from Baxter Healthcare mutations were confirmed by DNA sequencing for each of
Corp. FITC-conjugated goat anti-rabbit and FITC-conjugated the deletion mutants.

goat anti-human antibodies were purchased from Vector Distribution of RLIP76 in the Cytosol and Membrane of
Laboratories, Inc. (Burlingame, CA). Rhodamine red x- E. coli Expressing Wild-Type and Mutant RLIPF&llowing
conjugated goat anti-rabbit antibodies were purchased fromverification of the desired deletion, the pET3®a(plasmid
Jackson Immuno Research Laboratories (West Grove, PA).containing the full-length RLIP76 (wt-RLIP76) and its

Cloning and Prokaryotic Expression of RLIP7@/ild-
type construct pET30&()/RLIP76 was available in our
laboratory. It was amplified from the RLIP7&t11 cDNA
clone as described previoushyl3). PCR primers were

deletion mutants (del263219, del154-170, del171185,
del154-219, del65-80, del415-448, and del6580;415-
448) were used to transfori@. coli strain BL21(DE3) in
which the expression of the recombinant protein is under

designed to introduce a BamHI restriction site immediately the control of the lac UV5 promoter. Single bacterial colonies
upstream of the initiator codon, and an Xhol site immediately were inoculated in LB medium containing 3@g/mL
downstream of the stop codon of the RLIP76 open reading kanamycin, and the bacteria were grown at@7overnight

frame. The PCR product was cloned into vector pET30a(

previously cut with the same enzymes, creating pET-30a(
RLIP76 free of extraneous sequences.
In Vitro Site-Directed Mutagenesié series of deletion

with shaking at 225 rpm. The overnight culture was diluted
100 times and grown in LB containing the same antibiotic
at 37°C until the OQyo reached 0.6. This was followed by

addition of 0.4 mM IPTG to induce protein expression and

mutants of RLIP76 were made by PCR-based site-directedincubation at 37C overnight. The bacterial pellet collected
mutagenesis using a clone of the full-length RLIP76 in the by centrifugation at 1409was lysed in lysis buffer [L0 mM
pET30aft) expression vector as a template, upstream primer Tris-HCI (pH 7.4) containing 1.4 mMB-mercaptoethanol,

5-GGCGGATCCATGACTGAGTGCTTCCT (BamHI re-

striction site underlined), and downstream primer 5

CCGCTCGAGTAGATGGACGTCTCCTTCCTATCCC

(Xhol restriction site underlined). The mutagenic primers

were as follows: aa 203219 deletion (del203219), 3-

GTAGAGAGGACCATGGTAGAGAAGTATGGC-3 (with

its reverse complement); aa 15470 deletion (del154170),
5-GAAGAAGTCAAAAGACAAGCCAATTCAGGAG (with

its reverse complement); aa 17185 deletion (del174185),
5'-GAAGAAAAAGAAACTCAAACCCATTTTT-3' (with

its reverse complement); aa 15219 deletion (del154219),
5-GAAGAAGTCAAAAGACGTAGAGAAGTATGGC-3

and its reverse complement; aa 4¥B18 deletion (del415

448), B-GAATTGTTTACATCGACAGGAGTGTGAAACC
(with its reverse complement); and aa-68 deletion
(del65-80), 3-GTGTCTGATGATAGGACTGAAGGC-
TATG 3 and its reverse complement.

100 uM EDTA, 50 uM butylated hydroxytoluene (BHT),
and 10QuM PMSF], sonicated for 30 s at 50 W (three times),
and incubated fo4 h at 4°C with gentle shaking. After
incubation, the mixture was centrifuged at 1059®@r 1 h
at 4°C and the supernatant was termed the cytosol fraction.
The pellet was resuspended in lysis buffer containing 1%
polidocanol (G:Ey). To facilitate the extraction of rec-
RLIP76 and its various deletion mutants, lysates were
sonicated for 30 s at 50 W (three times) and incubated for 4
h at 4°C with gentle shaking. After incubation, the reaction
mixture was centrifuged at 10509€r 1 h at 4°C, and the
supernatant fraction thus obtained was termed membrane
fraction. Since polidocanol interfered with Bradford’s re-
agent, the protein concentration was estimated by the method
of Minamide and Bamburg36).

SDS-PAGE and Western Blot Analysé&sach protein (100
1g) was subjected to SBFAGE, and Western blot analyses

In two separate reactions, the two “halves” of the regions of both the cytosol and membrane fraction of the protein
to be deleted were amplified by PCR under the following were carried out by transferring the resolved protein on
conditions: 500 ng of DNA template, primers (30 pmol 12.5% acrylamide gels to a nitrocellulose membrane using
each), 2.5M dNTPs, Ix thermopol buffer, ¥ BSA, and the method of Towbin et al3@). The membranes were then
2.5 units of Vent polymerase. PCR cycles were as follows: incubated with anti-RLIP76 antibodies as the primary
94 °C for 5 min followed by 30 cycles of 30 s at 9€, 30 antibody followed by horseradish peroxidase-conjugated goat
s at 60°C, and 1 min at 72C and a final extension of 7  anti-rabbit IgG as a secondary antibody. The blots were
min at 72°C. The PCR products were gel purified using the developed using 4-chloro-1-naphthol, and developed bands
Qiagen gel purification kit, and the purified products of both were quantified by scanning densitometry.

PCRs in a 1:1 molar ratio were extended at’@4for 5 min Purification of RLIP76 and Its Various Deletion Mutants
followed by 12 cycles of 30 s at 94, 1 min at 50°C, and by DNP-SG Affinity ChromatographWe have shown that

2 min at 72°C and a final extension of 7 min at PZ. The DNP-SG affinity resin prepared as previously descrildg) (
PCR products were purified by using the Qiagen PCR can be used to purify RLIP76 to near homogeneity from the
purification kit and digested with BamHiXhol restriction total bacterial extracts d&. coli. It was determined that the
enzymes. introduction of deletions specified above in wild-type RLIP76

The BamHHEXhol-cleaved PCR products were gel puri- did not affect the affinity of the protein with DNP-SG, and
fied and ligated into pET304&() previously digested with  all the deletion mutants could be purified by DNP-SG affinity
the same restriction enzymes. The ligated products werechromatography. Thereforg&, coli heterologously overex-
cloned and the colonies screened for mutation, and plasmidpressing RLIP76 or its deletion mutants was lysed in the
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presence of 1% (w/v) GEg in lysis buffer and RLIP76, or  pelleted at 708, solubilized in lysis buffer [LO mM Tris-
its deletion mutants were purified by DNP-SG affinity HCI (pH 7.4) containing 1.4 mM3-mercaptoethanol, 100
chromatography according to the method described previ-uM EDTA, 50 uM BHT, and 100uM PMSF], sonicated
ously (13). The purity of these fractions was ascertained by for 30 s at 50 W (three times), and incubated4d at 4°C
SDS-PAGE, Western blot, and amino acid composition with gentle shaking. After incubation, the reaction mixture
analysis as described previoush3J. All purification steps was centrifuged at 105090for 1 h at 4 °C, and the
were carried out at 4C unless otherwise specified. supernatant containing the cytosol fraction was collected. To
Reconstitution of Purified RLIP76 and Its Deletion Mu- extract the membrane protein, the pellet was resuspended in
tants into Artificial Liposomes and Transport Studies. lysis buffer containing 1% polidocanol (§g), sonicated for
Functional reconstitution of purified RLIP76 frofa. coli 30 s at 50 W (three times), and incubated 4oh at 4°C
for transport studies was performed as described previouslywith gentle shaking. After incubation, the reaction mixture
(13, 15). The degree of incorporation of the wild-type and was centrifuged at 1050Q0for 1 h at 4 °C, and the
mutant RLIP76 into artificial liposomes was assessed by supernatant containing the solubilized membrane fraction was
measuring the amount of RLIP76 in the 1050@@llet and collected.
supernatant of the prepared liposomes by an ELISA using RLIP76 siRNA PreparatiariThe region spanning amino
anti-RLIP76 antibodies. Assessment of the transport of DOX acid residues 172185 (nucleotides 510555 starting from
in these reconstituted liposomes was performed as describedhe 1 AUG codon in the open reading frame) in the
previously (L3, 14), and the rate of ATP-dependent uptake N-terminal region of RLIP76 was chosen as the target region
of [**C]DOX (specific activity of 8.4x 10* com/nmol) was  for designing siRNA. We searched for a 23-nucleotide
determined by subtracting the radioactivity (counts per sequence motif, AA(N19)TT or NA(N21) (N, any nucle-
minute) of the control without ATP from that of the otide), and selected hits with approximately 50% GC content.
experimental containing ATP. The rate of transport of DOX The sequence of sense siRNA corresponds to N21. We
was calculated in terms of picomoles per minute per converted the'3end of the sense siRNA to TT. The rationale
milligram of protein. The rate of transport ciH]DNP-SG for this sequence conversion was to generate a symmetric
(specific activity of 3.2x 10° cpm/nmol) was measured using  duplex with respect to the sequence composition of sense
a similar protocol described previousl¥3 14). and antisense'®verhangs. The selected siRNA sequence
Cell Lines and CulturesHuman NSCLC line H358  was subjected to blast-search (NCBI database) against EST
(bronchioalveolar) was used in these studies. It was a kindlibraries, to ensure that only one gene was targeted. The
gift from A. F. Gazdar at the University of Texas South- chemically synthesized siRNA duplex in thedeprotected
western Medical Center (Dallas, TX). and desalted forms was purchased from Dharmacon. A 23-
Cells were cultured at 37C in a humidified atmosphere  nucleotide scrambled siRNA duplex was used as a control.
of 5% CQ in RPMI-1640 medium supplemented with 10% The scrambled siRNA sequence was not homologous with
(v/v) heat-inactivated FBS, 1% (v/v) P/S solution, 2 mM RLIP76 mRNA in a blast-search against RLIP76. The
L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 targeted cDNA sequence (AAGAAAAAGCCAATTCAG-
g/L glucose, and 1.5 g/L sodium bicarbonate. GAGCC) corresponds to nucleotides 5&8. The corre-
Eukaryotic Expression of RLIP76 and Its Deletion Mu- sponding sense and antisense sSiRNA sequences were
tants. H358 cells were transfected with the eukaryotic GAAAAAGCCAAUUCAGGAGCCTdT and GGCUC-
expression vector alone (pcDNA-3.1), pcDNA-3.1/RLIP76, CUGAAUUGGCUUUUUCTAT, respectively. The se-
and pcDNA-3.1/del174185 using the Effectene Transfec- quences of the scrambled siRNA in the sense and antisense
tion Reagent kit (Qiagen). Stable transfectants were selectedlirections were GUAACUGCAACGAUUUCGAUGTT
in the presence of 60@g/mL G418 for 2 weeks. Several and CAUCGAAAUCGUUGCAGUUACTT, respectively.
G418-resistant stable clones were selected for further char-Transfection of siRNA duplexes was performed using the
acterization and were maintained in medium containing 300 transmessenger transfection reagent kit (Qiagen) and assayed
ug/mL G418. A single clonal stable transfectant was for expression 24 h after transfection.
established by sequential dilution into a 96-well plate, so  Effect of RLIP76 siRNA on Protein Expressi@ells (3
only a single cell was seeded in each well. Expression of x 10°) were placed in six-well plates and, after preincubation
RLIP76 mRNA in lung cancer cell lines was evaluated by for 24 h in the medium, were incubated with RLIP76 or
RT-PCR analysis. The RNA was prepared with the RNeasy scrambled siRNA in transmessenger transfection reagent for
kit (Qiagen) and quantified by measuring the optical density 3 h. After incubation, excess siRNA was washed off with
at 260 and 280 nm. For electrophoresigi2of RNA was PBS and medium was added. Cells were pelleted afy 700
denatured in 50% formamide containing 2.2 M formaldehyde and solubilized in lysis buffer [LO mM Tris-HCI (pH 7.4)
at 65°C for 10 min, chilled in ice for 5 min, and subsequently containing 1.4 mM3-mercaptoethanol, 100M EDTA, 50
subjected to 1% agarose gel electrophoresis in MOPS-uM BHT, 100uM PMSF, and 1% polidocanol]. The mixture
formaldehyde buffer fio3 h at 50 V.RT-PCR was performed  was sonicated for 30 s at 50 W (three times) and incubated
on mRNA isolated from control, vector alone, RLIP76, and for 4 h at 4°C with gentle shaking. After incubation, the
del171-185 transfected clones. RLIP76 gene-specific prim- mixture was centrifuged at 10508@or 1 h at 4°C, and the
ers [1495-1514 bp (upstream primer) and 1948968 bp supernatant containing both the cytosolic proteins and
(downstream primer)] were used for RT-PCR. The one-step solubilized membrane proteins was collected and used for
RT-PCR kit was used according to the manufacturer's SDS-PAGE. Aliquots of this supernatant containing 100
instructions (Qiagen). ug of protein were applied to SDSPAGE; Western blot
Distribution of RLIP76 and Its Various Deletion Mutants analysis was performed according to the method of Towbin
in Detergent and Aqueous Fractions in NSCIC2lls were et al. 36) using anti-RLIP76 1gG as well as IgG against
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peptide 171185, and the bands were quantified by scanning
densitometry using an Alpha Innotech Imager.

Immunofluorescence and Confocal Laser Scanning Mi-
croscopyFor immunohistochemical localization of RLIP76
in cancer cells, aliquots of del1#185-transfected H358
cells (approximately & 1 cells) were grown on sterilized
glass coverslips in a 12-well plate. After 24 h, the coverslips
were blocked with 10% goat serum for 60 min at room
temperature, and anti-RLIP76 1gG was added at a concentra-
tion of 100ug/mL and incubated fo2 h atroom temperature
in a humidified chamber. After the mixture had been washed
with PBS four or five times, FITC-conjugated secondary B
antibodies were added and incubated fio h at room
temperature in a humidified chamber followed by washing
with PBS four or five times. Finally, coverslips were removed
and dried in air and mounted on slides upside down with
Vectashield mounting medium for fluorescence (Vector
Laboratories). Picture were taken using a Zeiss LSM

del 171-185
. del 65-80;
415-448

+!

;
B -
B -
T e

T e

P-actin

-

&

e

in

=
in

=
z
=
=
H
=
E’
z
=
I
&=
=
-
-4
=
=
H

[]
Ficure 2: Partitioning of RLIP76 in detergent and aqueous

510META laser scanning fluorescence microscope.
Immunohistochemical Localization of RLIP7Amuno-
histochemical localization of RLIP76 was performed on
H358 cells transfected with dell#185 by the method
described previously with slight modification2). Trans-

fractions of the extracts dE. coli transformed with wt-RLIP76

and its deletion mutants. (A) The protein (109 each) from the
lysates ofE. coli prepared without and with 1%,¢E¢ was analyzed

by Western blot analyses using anti-RLIP76 antibodfeactin
expression was used as an internal control. Peptide bands in Western
blots were quantitated by scanning densitometry (B). In various

fected cells were grown on coverslips. Nonspecific antibody |anes — and+ indicate the sample extracted without and with 1%
interactions were minimized by pretreating cells with 10% polidocanol, respectively. Details are given in the text.

goat serum in TBS for 60 min at room temperature. The o ) ] )

cells were incubated with primary antibodies, anti-RLIP76 170 was similar to penetratin (Figure 1). The peptides of aa
IgG, anti-del17%-185 IgG, anti-her2/neu IgG, or preimmune  171-185 and 203-219 were found in several membrane
IgG for 2 h atroom temperature in a humidified chamber. Proteins, and the peptide of aa 26219 was highly
After the primary antibody had been washed off with PBS hydrophobic. We dews_ed deletion mutant;, one for each of
(10 times, 3 min each), rhodamine red-x-conjugated goat the three selected peptides, and one covering a!l three—(154
anti-rabbit and fluorescein isothiocyanate (FITC)-conjugated 219). These mutants were cloned into prokaryotic expression
goat anti-human 1gG (1:50 dilution in PBS) as secondary Vector pET30af) and expressed iB. coli. After induction
antibodies for RLIP76 and Herceptin, respectively, were With IPTG, bacteria were lysed, and the lysate was extracted
added and incubated rfal h at room temperature in a with buffer without or with polidocanol, a nonionic detergent.
humidified chamber. The unbound secondary antibodies were\Western blot analysis of these extracts (Figure 2) against
removed by washing with PBS (10 times, 3 min each), and anti-RLIP76 antibodies raised against purified recombinant
coverslips were air-dried and mounted on the slides with full-length RLIP76 showed the same pattern of bands

Laboratories). Slides were photographed atx4@fagnifica-
tions using a LEICA DMLB fluorescence microscope.
Photographs were taken witl s integration.
Immunofluorescence studies with cells treated with siRN
were also examined as described above. For determinatio
of the effect of siRNA, dell74185-transfected H358 cells
were grown on coverslips. After incubation for 24 h with
medium, cells were incubated with RLIP76 or scrambled

siRNA in transmessenger transfection reagent for 3 h. Cells

were then washed with PBS, followed by incubation for 24
h at 37°C in medium before immunohistochemical localiza-
tion studies.

RESULTS

Effect of Various Deletions on the Detergent Solubility in
Bacterial Expression of rec-RLIP7®&sing the IBM Bioin-

as we have previously reporteti3 14). The band at-95
kDa representing full-length RLIP76 was quantified by
scanning densitometry from three separate experiments, and

A 2 ratio of detergent to aqueous soluble protein was calculated

Figure 2). For wild-type RLIP76, this ratio was found to

e 2.5, and for the deletion mutant del2a&L9, this ratio
was not affected (2.6). For the del15470 mutant, this ratio
was reduced slightly (2.0) but significantlp (< 0.05). In
contrast, the del1 71185 mutant had a much stronger effect,
where the ratio was reduced to 1.0. This ratio was further
reduced to 0.7 for the del154219 mutant. As controls, we
also analyzed the effect on the detergent to aqueous extrac-
tion ratio of deletion mutants containing one or both of the
ATP binding sites, aa 6580 and 415-448 (14). The ratios
of detergent to aqueous fraction of these mutants were same
as that for wt-RLIP76, indicating that the observed effect of
deletion of aa 154219 was a specific effect, rather than

formatics Group Multiple Sequence Alignment algorithm, simply due to a nonspecific effect of any deletion. These
we analyzed several selected short peptides from the N-results are consistent with results of our previous studies on
terminus of RLIP76 for sequence similarity with antenna- recovery of the N-terminal (2367) and C-terminal (410
pedia homeodomain homologous peptides (vector peptides)655) peptides of RLIP76 from bacterial extracts with or
as well as other proteins, and selected three candidates, awithout detergent I4) and indicate that aa 15219 of
154-170, 171-185, and 203-219. The peptide of aa 154 RLIP76 significantly affect its partitioning between the
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Ficure 3: SDS-PAGE and Western blot analyses of rec-RLIP76 and its various deletion mutants used for transport studies. (A) The
purified protein (1Qug) was subjected to SDSAGE, stained with Coomassie Brilliant Blue R-250, and subjected to Western blot analyses
using full-length anti-RLIP76 antibodies. (B) The effect of deletion mutations on the incorporation of purified RLIP76 into artificial liposomes
was assessed by measuring the amount of RLIP76 (using an ELISA with anti-RLIP76 1gG as the primary antibody) in the supernatant
(black bars) and pellet (white bars) after 104g@@entrifugation of the prepared proteoliposomes. For these studies, aliquots of proteoliposomes
containing 7ug of protein were subjected to ultracentrifugation. ATP-dependent transport of DOX (C) and DNP-SG (D) by proteoliposomes
reconstituted with purified rec-RLIP76 and its various deletion mutants. The bar graphs in panels C and D represent transport activity of
the corresponding protein in panel A. Purified proteins from transforBhecbli were reconstituted into artificial liposomes as described

in Experimental Procedures. Control liposomes were prepared using equal amounts of protein from the extracts of ndhirdliced
Transport assays were performed using a 96-well plate filtration deti)e Reaction mixtures containing reconstituted liposomes or
proteoliposomes (250 ng of protein) were incubated WitB]DOX or [*H]DNP-SG for 5 min at 37C. The transport reaction was started

by addition of buffer without or with 4 mM ATP. The final concentrations of DNP-SG and DOX were 100 and\B.@espectively.
Transport was assessed for 5 min at°87 after which the reaction mixture was filtered through a Q% membrane in the Millipore

96-well plate manifold. The level of background binding 8J]DOX or [*H]DNP-SG to the filter membrane was estimated by omitting
liposomes from the transport reaction mixtures. The values for ATP-dependent transport presented in the bar graphs represeghemeans
standard deviationn(= 12).

=

@)

cytosol and membranes and that a majority of this effect is was established by SBSPAGE and Western blot analyses.
conferred by aa 171185. Results presented in Figure 3A showed the presence of only
Purification of wt-RLIP76 and Its Deletion Mutant$o two major bands, one at95 kDa representing full-length
study the effect of these deletions on the transport activity RLIP76 and the other near 38 kDa representing a C-terminal
of RLIP76, each of the deletion mutants was purified by fragment beginning at aa 424, as previously observed with
established dinitrophenyd-glutathione/ATP affinity chro- homogeneous preparations of RLIP76 due to its facile
matography which we have shown previously to yield degradationX3). Western blot analysis revealed that both
apparently homogeneous RLIP783]. During the affinity bands were recognized by anti-RLIP76 IgG, indicating that
purifications, each of the deletion mutants was obtained in RLIP76 and its deletion mutants reconstituted in liposomes
a similar yield, indicating that the deletions did not affect for transport measurements were free from any contaminating
binding of the mutants to the DNP-SG affinity resin. The protein.
purity of RLIP76 and its mutants used for reconstitution in  Effect of Deletions on Transport Properties of RLIP76.
artificial asolectin liposomes to determine transport activity Purified full-length RLIP76 and its deletion mutants were
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reconstituted into proteoliposome$3( 14). The effect of
deletion mutants on the efficiency of incorporation of RLIP76
into proteoliposomes was determined by quantifying RLIP76
immunologically in 104000 pellets and supernatants of
aliquots of reconstituted proteoliposomes (Figure 3B). Results
of these studies showed that the vast majority (87%) of total
wild-type RLIP76 was found in the pellet fraction, incor-

porated into the proteoliposomes. Whereas deletion of aa

203—219 or 154-170 decreased the level of incorporation
only slightly (to 83 or 80%, respectively), deletion of aa
171-185 had a significantly greater effect on incorporation
of the protein into proteoliposomes (64%). Deletion of the
entire region from aa 154 to 219 caused a more significant
effect, with only 33% of the total protein found incorporated
into the proteoliposomes. Deletions affecting the ATP-
binding sites had no significant effect on the amount of

protein incorporated into the proteoliposomes. These results

suggested that aa 15219 were an important determinant
of membrane insertion. The effect of these deletion mutations

was also assessed with respect to ATP-dependent transpol

of DOX and DNP-SG. Results presented in panels C and D
of Figure 3 indicate that the DOX and DNP-SG transport
activity of del203-219 was not significantly different from
that of wild-type RLIP76, and a small but significant decrease
(21%) in DOX transport activity was seen for the delt54
170 (27.6 and 21.7 nmol midmg™* for full-length RLIP76
and the deletion mutant, respectivefy< 0.05). A similar
reduction was seen in the transport activity of this mutant
for DNP-SG transport. Deletion of aa 17185 resulted in

an approximately 40% loss of transport activity for DOX
and a similar loss (35%) in transport activity for DNP-SG.
Deletion of the entire region of aa 15219 resulted in a
further significant loss (50%) of transport activity for both
DOX and DNP-SG. Deletion of the ATP-binding sites, which
did not affect partitioning in detergent, affected DOX and
DNP-SG transport differentially as shown previously)(

The deletion mutants, aa 680 and 415-448, had only~13
and~23% residual DOX transport activity, respectively, as
compared to full-length RLIP76 (Figure 3C). Transport
activity of these mutants for DNP-SG was also decreased to
a similar extent (Figure 3D). Deletion of both ATP-binding
sites resulted in near abrogation of transport for both DOX
and DNP-SG [2 and 3% of the control as well as DOX- or
DNP-SG-stimulated ATPase activity of RLIP7B4f]. These
results further confirmed ATP dependence of the transport
as shown in our previous studiek3( 14). Since our results
show that ATP-binding site deletions did not affect partition-
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Ficure 4: Distribution of RLIP76 and its various deletion mutants
in the detergent and aqueous fractions in NSCLC. (A) The protein
(100ug each) from the aliquots of cells without (cytosol) and with
1% C.E9 (membrane) was analyzed by Western blot analyses using
anti-RLIP76 antibodies: lane M, molecular mass markers; lanes 1
and 2, protein from the cytosol and membrane fraction, respectively,
of the control H358 (NSCLC) cells; lanes 3 and 4, protein from
the cytosol and membrane fraction, respectively, of H358 transfected
with vector pcDNA3.1; lanes 5 and 6, protein from the cytosol
and membrane fraction, respectively, of H358 transfected with
del171-185; and lanes 7 and 8, protein from the cytosol and
membrane fraction, respectively, of H358 transfected with detl54
219. -Actin expression was used as an internal control. Sample
in lanes marked with a were extracted without detergent and
with a + with detergent. (B) Bar graph representing the quantifica-
tion of the protein bands from the Western blots by scanning
densitometry.

inhibited in these cells transfected with both deletion mutants
(Figure 4). These findings indicate that aa 249 are a

ing of the mutants between the cytosol and membrane (Figuredeterminant of the membrane association of RLIP76, and it
2), these results also suggested that the observed decreass independent of whether the protein is expressed in

in the transport activity of the deletion mutant aa +24.9
(Figure 3C,D) resulted due to loss of its association with
the membrane as indicated by its weakened partitioning in
the membrane for action.

Effect of Deletions of aa 17185 and 154219 on
Partitioning of RLIP76 between the Membrane and Cytosol
in EukaryotesH358 cells were transfected with the empty
pcDNA3.1 vector or the vector containing either full-length
RLIP76 or its mutants (del17185 or del154-219). Cells
were sonicated in buffer without or with polidocanol, and

eukaryotes or prokaryotes.

Membrane Localization of RLIP78nmunohistochemistry
studies using anti-RLIP76 antibodies raised against full-
length RLIP76 were performed with live, unfixed H358 wild-
type cells and examined by confocal laser microscopy, which
revealed a staining pattern consistent with cell surface
recognition (Figure 5). In additional studies, we examined
colocalization of RLIP76 with another protein, her2/neu,
known to have a cell surface domain. The anti-RLIP76
antibody was detected using a rhodamine red-x-conjugated

equal protein aliquots of extracts were analyzed by Westernsecondary antibody and anti-her2/neu antibody using an
blots. Similar to that observed in the prokaryotic cells, the FITC-tagged secondary antibody. Cell surface epitopes were
membrane association of RLIP76 was also significantly recognized by both anti-RLIP76 (red fluorescence, Figure
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6) in unfixed cells, indicating that, like her2/neu, RLIP76
had cell surface epitope(s).

Cell Surface Localization of aa 171185.Because of the
presence of constitutive wild-type RLIP76, H358 cells
transfected with the deletion mutants must contain the wild-
type and mutant protein in the cell. To examine the effect
of only the deletion mutant, we treated cells with siRNA
directed at the region encoding aa #7185, to silence the
expression of wild-type RLIP76, while leaving the expression
of the aa 171185 mutant unaffected. Appropriate control
SiRNA was used in these experiments as detailed in
Experimental Procedures. Western blot analyses of cell
homogenates treated with either control or experimental
siRNA are shown (Figure 7A,B). siRNA aa 17185
effectively silenced wild-type RLIP76 expression in the
untransfected, empty vector-transfected, or wild-type RLIP76-
transfected cells as indicated by results showing the failure
of the antibodies against peptide 17185 to detect RLIP76
Ficure 5: Localization of RLIP76 on the cell surface. For cell ant!gen_ (F|gurg 7B). On the other hand, as _pred|cted the
surface localization of RLIP76 in H358 NSCLC, cells were grown antibodies against full-length RLIP76 recognized the per-
on glass coverslips and live, unfixed cells were subjected to sistent presence of the residual deletion mutant RLIP76

immunohistochemistry utilizing anti-RLIP76 1gG as the primary (Figure 7A). However, Western blotting against the anti-

antibody and FITC-conjugated goat anti-rabbit IgG as the secondary 4171185 antibody showed no signal in the cells trans-
antibody. DAPI was used as a nuclear counterstain. Slides were

analyzed using a Zeiss LSM 510META laser scanning fluorescence f€cted with the RLIP76 deletion mutant (Figure 7B).

microscope. Together, these results confirmed that the expression of wild-
type RLIP76 was effectively blocked in these cells. After
rabbit IgG establishing that del174185 could be expressed exclusively
+ rabbit pre- in del171-185 overexpressing cells after silencing wild-type

RLIP76, we compared the cell surface expression of RLIP76
in del171-185-transfected cells without or with pretreatment
with siRNA directed at aa 171185. Immunohistochemistry
was performed using the anti-del17185 antibody. Results

of these studies showed that the cells with control siRNA
had a significant cell surface signal consistent with the studies
described above (Figure 7C). However, this signal almost
completely disappeared in cells upon silencing the expression
of wild-type RLIP76 with sSiRNA (Figure 7D). In aggregate,
these studies clearly demonstrate that RLIP76 is an integral
membrane protein, and it has at least one cell surface domain
spanning the region of aa 17185.

DISCUSSION

! Identifying RLIP76 as a multifunctional protein involved
: in transport of amphiphilic chemotherapeutic drugs and
GS—E (1, 2,10-19) as well as in signaling pathway4, ©,
22—25) raises an important question about the subcellular
distribution of this protein. In particular, the question about
anti-RLIP76 IgG anti-her2/neu anti-RLIP76 the nature of its association with membranes is intriguing
+ IgG IgG because of the lack of classical transmembrane domains in
anti-her2/neu IeG its primary structure. In the absence of high-resolution three-
g dimensional structure information for RLIP76, the identifica-
Ficure 6: Membrane localization of RLIP76. Colocalization of tjon of the domains crucial for its functiona”ty has relied

RLIP76 with another protein her2/neu, known to have a cell surface ; ; ; _ ;
domain. The anti-RLIP76 antibody was detected using a rhodamineOn biochemical and genetic analysdsd, 22-25). Despite

red-x-conjugated secondary antibody and an anti-her2/neu antibody,the lack Of, identifiable membrane-sp.ann'ing domains, there
using an FITC-tagged secondary antibody. Cell surface epitopesiS compelling evidence for the localization of RLIP76, at
were recognized by both anti-RLIP76 (red fluorescence) and her2/ least partly, in membranes. Its functions in signaling cascades
neu antibodies (green fluorescence),an_d these epitopes_ colocalizeré4, 9, 22—25) strongly suggest its association with the
(yellow fluorescence) in unfixed cells, indicating that, like her2/ membrane. Likewise, membrane association is a prerequisite
neu, RLIP76 had cell surface epitope(s). . ) ! .

for its transport function, 10—19). It is to be noted DNP-

SG ATPase, a transport protein whose identity has now been
6) and her2/neu antibodies (green fluorescence, Figure 6),established with RLIP76, was characterized and isolated from
and these epitopes colocalized (yellow fluorescence, Figurethe human erythrocyte membrane vesicles free of cytosol

human IgG human IgG

immune I‘G
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Ficure 7: Effect of RLIP76 siRNA on protein expression. The protein (kg0each) from the aliquots of cells was analyzed by Western

blot analyses using full-length anti-RLIP76 antibodies (A) and RLIP76 peptide-183 antibodies (B): lane M, protein mass markers;

lanes 1 and 2, protein from control H358 cells and cells treated with siRNA, respectively; lanes 3 and 4, protein from vector-transfected
H358 cells and cells treated with siRNA, respectively; lanes 5 and 6, protein from full-length RLIP76-transfected H358 cells and transfected
cells treated with siRNA, respectively; and lanes 7 and 8, protein from dell83 RLIP76-transfected H358 cells and cells treated with
siRNA, respectivelys-Actin expression was used as an internal control. Immunohistochemical localization was performed with H358 cells
transfected with del172185 using both anti-del174185-RLIP76 1gG and anti-her2/neu IgG. Panel C shows the cells treated with control
scrambled siRNA, and panel D shows the cells treated with RLIP76 siRNA. Rhodamine red-x-conjugated goat anti-rabbit IgG and FITC-
conjugated goat anti-human IgG were used as secondary antibodies for RLIP76 and her2/neu antibodies, respectively.

(15—-18, 21). The majority of RLIP76 in eukaryotes as well These studies aimed to identify the cell surface domain
as in transformecE. coli is found associated with the of RLIP76 and to determine the role in transport function of
membrane fraction, which can only be extracted by the RLIP76. We systematically made a series of deletion mutants
nonionic detergentl@, 14). We have presented the experi- to identify domains and residues implicated in membrane
mental evidence showing that RLIP76 reconstituted in anchoring to examine how these hydrophobic regions affect
artificial liposomes is necessary and sufficient for ATP- membrane association and the transport properties of RLIP76.
dependent transport of amphiphilic chemotherapeutic agentsSequence alignment (Figure 1) shows that RLIP76 has
as well as GSE (11-15). The rat and mouse homologues several sequences homologous with those of cell-penetrating
of RLIP76 (RalBP1 and RIP1, respectively) have also been peptides such as penetratin, TAT, MAP, and transpo@an (
clearly shown to be membrane-associated in our studies as3g). The region corresponding to aa ¥5470 is rich in lysine
well in studies by other investigators, (7, 8, 29—-31). residues which may interact with the negatively charged
Previous studies strongly suggest the presence of RLIP76phospholipid membranes. The region corresponding to aa
epitope(s) on the cell surface. Its localization on the cell 203-219 is the region of high hydrophobicity; therefore, it
surface has been shown by using the highly specific anti- is a suitable candidate for spanning the membrane and aa
RLIP76 1gG, which blocks the DOX transport in crude 171—-185 region which is rich in proline, and isoleucine
vesicles and also inhibits the transport function of RLIP76 makes it a suitable candidate for being on the surface of the
in intact cells (2, 16). Flow cytometry studies also suggest membrane. It has been shown in vector peptides that the
that a significant percentage of cells can be detected by anti-peptide helicity plays no decisive role in peptide translocation
RLIP76 IgG, indicating that some domain(s) of RLIP76 inthe membranes and that the amphiphilicity of the peptide
recognized by these specific antibodies is present at the cellis much more important. Penetratin peptides interact with
surface 12). Additional evidence for the localization of the cell membrane presumably with the electrostatic forces
RLIP76 on the surface of the cell comes from the immuno- between the positively charged Arg/Lys and negatively
histochemistry studies that suggest localization of RLIP76 charged phospholipids. Another important interaction in-
on the plasma membrane and nuclear enveldge20). cludes the apolar interaction between hydrophobic side chains



16252 Biochemistry, Vol. 43, No. 51, 2004

and the apolar part of the lipid bilayer. Since suitably specific
antibodies could not be raised against the entire peptide
encompassing aa 15219, our findings leave open the
possibility that the cell surface domain is not limited only
to aa 171185. Likewise, because membrane association
could not be completely abrogated by deleting aa-12549,

it is likely that other regions may also be involved in
mediating membrane anchoring of RLIP76.

The results of these studies show that deletion of aa-154
219 markedly inhibits its membrane association and, con-
sequently, its transport activity toward anionic allocrite DNP-
SG as well as amphiphilic weakly cationic allocrite DOX.
Membrane association of a transporter is a prerequisite for
its function, and these studies for the first time show a
correlation between membrane localization and transport
activity of RLIP76. Our immunohistochemical studies using
both confocal laser microscopy and conventional microscopy
demonstrated cell surface localization of RLIP76 and identi-
fied cell surface epitopes. The lack of immunchistochemical
deletion of RLIP76 on the surface of cells which selectively
express the deletion mutant aa 7185 (expression of wt-
RLIP76 was silenced in these cells with aa +185 SiRNA)
provides strong evidence that aa 7185 are a part of a
cell surface domain of RLIP76. Our data for partitioning of
various deletion mutants with membrane and cytosolic
fractions and the transport activity of these mutants also
strongly suggest that aa 17185 make up one of the cell
surface epitopes and the region of aa-+349 in general is
a determinant of its transport function.

We have also demonstrated that deletion of the ATP-
binding sites does not affect membrane association of
RLIP76 but completely abrogates its transport activity. These
results further confirm our previous conclusions that ATP
hydrolysis is coupled with RLIP76-mediated efflux of DOX
as well as DNP-SG. It is to be noted that the deletion of aa
154-219 or 171185 results in the loss of only ap-
proximately half of the transport activity of RLIP76 with a
concomitant decrease in its level of membrane association.
Residual transport activity of the aa 15219 deletion mutant
suggests that additional sequences within RLIP76 may also
contribute to its membrane association and consequently its
transport function. While further studies are required to
identify the presence of any membrane-associated regions,
the results presented in this communication clearly demon-
strate that aa 154219 are determinants for its anchoring to
the membrane and its ATP-dependent transport of anionic
as well as amphiphilic drugs. It is likely that in the absence
of the classical transmembrane domains, certain physico-
chemical properties of these domains (e.g., positive charge,
hydrophobicity, and amphipathicity) may govern them to
associate with the lipid membrane. Further studies are needed
to elucidate the nature of these associations.
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