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ABSTRACT. Human multidrug resistance (hu MDR 1) cDNA was fused B ahermanitranscarboxylase
biotin acceptor domain (TCBD), and the fusion protein was heterologously overexpressed at high yield
in K*-uptake deficienSaccharomyces cersiae yeast strain 9.3, purified by avidirbiotin chromatog-
raphy, and reconstituted into proteoliposomes (PLs) formed Esttherichia colilipid. As measured by

pH- dependent ATPase activity, purified, reconstituted, biotinylated MIDEBD protein is fully functional.
Dodecyl maltoside proved to be the most effective detergent for the membrane solubilization ef MDR
TCBD, and various salts were found to significantly affect reconstitution into PLs. After extensive analysis,
we find that purified reconstituted MDRTCBD protein does not catalyze measurable plimping in

the presence of ATP. In the presence of physiologic [ATP}/NG@" diffusion potentials monitored by
either anionic oxonol or cationic carbocyanine are easily established upon addition of valinomycin to
either control or MDR-TCBD PLs. However, in the absence of ATP, although control PLs still maintain
easily measurable KNa" diffusion potentials upon addition of valinomycin, MDR'CBD PLs do not.
Dissipation of potential by MDRTCBD is clearly [ATP] dependent and also appears to bedépendent,

since replacing Clwith equimolar glutamate restores the ability of MBRCBD PLs to form a membrane
potential in the absence of physiologic [ATP]. The data are difficult to reconcile with models that might
propose ATP-catalyzed “pumping” of the fluorescent probes we use and are more consistent with electrically
passive anion transport via MDRITCBD protein, but only at low [ATP]. These observations may help

to resolve the confusing array of data related to putative ion transport by hu MDR 1 protein.

The 170 kDa human multidrug resistance protein (hu MDR resistant to the selecting agent or treatment and also typically
1 or p-glycoprotein, p-gp)has been studied extensively for exhibit cross-resistance to a wide variety of cytotoxic drugs
over 15 years. It is localized predominantly to the plasma and other forms of stress including withdrawal of growth
membrane of a variety of cell types and is homologous to factors () and complement-mediated cytotoxicit?, (3).
other ATP-binding cassette (ABC) proteins such as the cystic Transfection of hu MDR 1 cDNA without any drug selection
fibrosis transmembrane conductance regulator (CFTR) andof resultant clones confers variable levels of resistance to
sulfonyl urea receptor (SUR) ion channels. The normal drugs or cytotoxic stresgl(5) that (depending on the drug)
physiological function of hu MDR 1 has not yet been fully is frequently lower than that observed in drug-selected or
determined, but some clues are gathered by noting that thedrug-conditioned cell lines.
highest endogenous expression of the protein is typically It is likely that hu MDR 1 protein acts as a transporter,
within polarized epithelia. When any of a variety of cell types and many investigators have suggested that there may be
are selected with any of a variety of cytotoxic compounds, several classes of transported substrates and even multiple
or exposed to radiation, differentiation agents, and/or other thermodynamic and kinetic modes of transpo8). (A
forms of stress, hu MDR 1 protein is frequently overex- frequently championed model for hu MDR 1 function is that
pressed. Cells overexpressing the protein are typically it acts as an ATP-dependent nonspecific drug pump that
expels a plethora of hydrophobic compounds from inside
" E.M.H. was a Clare Boothe Luce Fellow during the course of this  the cell and/or the cell plasma membrane to outside the cell.

work. ; ;
* To whom correspondence should be addressed. Telephone: (202)ThIS model has been challenged since net outward movement

687-7300. Fax: (202) 687-6209. E-mail: roepep@georgetown.edu. Of any putative substrate by hu MDR 1 protein (against a
! Abbreviations: MDR, multidrug resistance; TCBD, transcarboxy- substrate gradient and with a rate constant faster than that

lase biotin acceptor domain; PLs, proteoliposomes; p-gp, p-glycoprotein; of sy pstrate passive diffusion) has never been unequivocally

ABC, ATP-binding cassette; CFTR, cystic fibrosis transmembrane con- .
ductance regulator; SUR, sulfonyl urea recepto¥/, membrane poten- observed and because the energetics of such a process would

tial; DIOCs(3), 3,3-dipentyloxacarbocyanine iodide; DiSBAE), be extremely surprisingf. Another model is that the protein
bisoxonol or bis(1,3-diethylthiobarbituric acid)trimethine oxonol; LPC,  flips one or more lipids between membrane leafl&)s énd

lysophosphatidylcholine; DM, dodecyl maltoside; SC-ura, synthetic i i ; ;
complete media lacking uracil; SUV, small unilammelar vesicles; a third is that it performs some type of ion transp&t10).

ISOVs, inside-out plasma membrane vesicles; OG, gewlucoside; Earl){ suggestions that the protein catalyzes ttansport,
AO, acridine orange; VPL, verapamil. possibly as a volume-regulated Gthannel, proved highly
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controversial. A variety of studies were reported using widely There have also been a few reports of drug transport
different cell systems (many reviewed in &f leading to a measured with purified reconstituted MDR proteins, but these
series of revised ion transport models that culminated in the do not in general control for altered passive transport due to
general idea that hu MDR 1 may either (1) regulate possible electrochemical driving forces or volume effects.

endogenous cell volume-regulated”@hannels or (2) be a For these reasons, we have purified a biotin acceptor do-
phosphorylation- and ATP-dependent €hannel. Regard-  main—hu MDR 1 fusion protein without using Rfi chelation

less, in whatever form, this putative ion transport function chromatography, have reconstituted the protein into proteo-
could in theory confer resistance to various forms of stress |iposomes, and have analyzed the ion transport properties

(drugs, immunological agents, induction of apoptosis, etc.) of these preparations using pH aA®¥ responsive probes.
because when hu MDR 1 is overexpressed it would then

perturb normal maintenance of cellular and subcellular MATERIALS AND METHODS

volume, pH, and/or membrane potentidll), as well as ] ) )
various signaling pathways that are controlled in part by ion ~ Materials. The anti hu MDR 1 C219 monoclonal antibody
transport 1). The magnitude and regulation of pH gradients Was from Signet Laboratories. StreptavidiiRP, biotiny-
and electrical membrane potentials across various cell!ated molecular weight markers, and ECL detection re-
membranes control passive diffusion and accumulation of @gents were from Amersham. Immobilized monomeric avidin
amphipathic drugs, are involved in regulating assembly of esin was from Pierce. Yeast and bacteria growth media
pores necessary for complement-mediated cytotoxi@y (  components were from Difco. Oligonucleotides were cus-
and are involved in the signaling associated with induction tom synthesized by Gibco-BRL. Nigericin, valinomycin, bis-

of apoptosis 1, 12).

(1,3-diethylthiobarbituric acid)trimethine oxonol [bisoxo-

In general support of the ion transport models, LR73 cells N0, DISBAG,(3)], 3,3-dipentyloxacarbocyanine iodide

stably transfected with hu MDR 1 cDNA were found to

[DiOCs(3)], and bis(3-phenyl-5-oxoisoxazol-4-yl)pentameth-

exhibit a more alkaline cytosolic pH and decreased electrical in® 0xonol (oxonol V) were from Molecular Probes. Purified

membrane potentiaW¥) (4) and to perform unusual ClI
gradient-dependent Htransport 10). However, another

Escherichia colilipid extract and lysophosphatidylcholine
(LPC) were from Avanti Polar Lipids. Dodecyl maltoside

recent study observed that hu MDR 1 protein overexpression(PM) was from Calbiochem. All other reagents were of

did not alter AW in MCF7 cells but might alter the
intramembraneous dipole potentidl).(Along with earlier
conflicting data both in support of and arguing against ClI
channel function of hu MDR 1 protein (reviewed in 1@f

it is therefore currently unclear exactly what type of ion
transport hu MDR 1 protein might perform, under what
conditions this might occur, and how this might efféct
and ApH. Much of the complexity in interpretation arises

reagent grade or better and were purchased from Sigma.

Bacterial Strain.The E. coli strain NM522 hsdA 5 A
(lac-pro)F lacl lacz AM15 pro supl was used in all
bacterial work.

Construction of Plasmid pYKMDRBio®& 3' 494 bp
fragment of the 4.3 kbp hu MDR 1 cDNA and a 346 Bp
shermaniitranscarboxylase biotin acceptor domain (TCBD)
cDNA fragment were PCR amplified from pYKM77 (kindly

from the fact that many of the studied systems have beenprovided by Drs. K. Kuchler and J. Thorner, University of
mammalian cells that are not true transfectants but are ratherCalifornia, Berkeley) and YEp352/BIO6 (kindly provided
cells selected for overexpression of hu MDR 1 via exposure by Dr. A. Tzagoloff, Columbia University), respectively.
to various cytotoxic drugs. We now know that there are many Oligonucleotides were designed to be complementary to both
alterations in these cells that are due to drug selectionthe stop codon region of hu MDR 1 cDNA and theehd

conditions but not to MDR protein and that these greatly
complicate analysis7j.

Thus, several groups have purified hu MDR 1 protein from
various cell types including yeast¥—17) with the obvious
goal of better defining molecular level function in a system
of reduced complexity. However, to our knowledge, no

of the relevant fragment of TCBD cDNA. The MDR 5
primer sequence (bTCC TGT TTG ACT GCAGCATTG
CTG AG (3) was complementary to hu MDR 1 cDNA near
aPst site (in bold). The MDR 3primer sequence (BGAG
CTC GAA GCT TG5 CGG CCG dT TGT TCC AGC
CTG GAC AAT G (3) destroyed the stop codon, included

laboratories have yet performed ion transport studies with additional nucleotides complementary to theefd of the
purified reconstituted systems. Several groups have heter-TCBD fragment, and containeHindlll (underlined) and
ologously expressed MDR genes fused to a polyhistidine engineeredNotl (in italics) restriction sites. The TCBD'5

codon tag and have purified the fusion proteins vid"Ni
chelation chromatographyl4, 18, 19). Recently, Gros and

primer sequence (PAAA GCG GCC GG AGG CTT CGA
GCT CGG TAC CCG GGG ATC C (3included a 5tall

colleagues combined this approach with the addition of a fully complementary to the MDR fragment, and the TCBD

biotin acceptor domain to mouse mdr3 proteil8)(and
purified it with two-step Nit chelation and streptavidin
affinity chromatography. As far as we are aware, no

3' primer sequence (PGGC CAG TGC CAA GCT TGC
ATG CTT GCA GGT (3) destroyed an endogeno&st
site, but aHindlll site (underlined) was retained. Isolated

laboratories have published purification of heterologously plasmids pYKM77 and YEp352/BIO6 were PCR amplified
expressed MDR protein from yeast in the absence of theindividually, and the fragments were then gel purified,

reducing conditions associated with?Nichelation chroma-
tography.

combined to act as template, and PCR amplified in the
presence of excess MDR and TCBD 3 primers. The

Data obtained with these purified preparations have definedresultant in-frame 807 bp gene fusion was trimmed \Rif
drug, pH, and lipid phase effects on the ATPase activity of andHindlll, inserted into partially digested pYKM77, and

hu MDR 1 and provide a wide range of observed catalytic
activity [0.11-2.1 umol of B (mg of hu MDR 1)* min—1].

transformed intoE. coli NM522, and the recombinant
plasmid was colony purified. The resultant construct encodes
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full-length hu MDR 1 protein fused in-frame (at the very C
terminus) to an efficient 83 amino acid biotin acceptor
domain (TCBD).

Howard and Roepe

For experiments using the lipophilic cation 3dpentyl-
oxacarbocyanine iodide [DiQQ3)], the excitation and
emission wavelengths were 475 and 496 nm, respectively.

Yeast Strains and Growth Conditions. SaccharomycesPLs were diluted into transport buffer [10 mM Tris, pH 7.5/

cerevisiae9.3 (Mat a leu2 ura3 trpl ade? trkA trk2A enal::
His3::enag was kindly provided by Dr. Alonso Rodriguez-

70 mM sucrose/l mM EDTA/1 mM DTT/4 mM Mggl
(MgSQ, for Cl -free experiments)/140 mM salt] in the

Navarro, Universidad Politechnica, Madrid, Spain. 9.3 yeast presence or absence of fgATP and 100 nM DiOG(3)

harboring pYKM77, pYKMDRBI06, or pVT101 were se-
lected for growth in synthetic complete media lacking uracil
(SC-ura) supplemented with 100 mM KCI.

Preparation of Yeast Plasma Membranebhe acid
precipitation method of Goffeau and Dufo@Qj with some
modifications 1) was used to purify yeast plasma mem-
branes.

Purification and Reconstitution of Biotinylated MDR
Protein. Purified plasma membranes from 9.3 harboring
pYKMDRBI06 were resuspended to a protein concentration
of 1 mg/mL in solubilization buffer [0.75% DM/500 mM
NaCl/50 mM Tris-HCI, pH 7.5/250 mM sucrose/20% (v/v)
glycerol/l mM MgATP/1 mM MgC§/6.5 mM DTT] and
mixed gently fo 1 h at 4°C. The unsolubilized material
was removed by centrifugation (100@)Q h, 4°C). DM
extracts were loaded on immobilized monomeric avidin resin
which had been preequilibrated in column wash buffer [0.1%
DM/250 mM NaCl/50 mM Tris-HCI, pH 7.5/250 mM
sucrose/20% (v/v) glycerol/l mM Mg&6.5 mM DTT]. The
column was washed with 6 bed volumes of column wash
buffer, and biotinylated MDR protein (VDRTCBD) was
eluted with 5 mL of elution buffer (2 mMb-biotin in the
column wash buffer). Purified protein was pooled and
reconstituted by first incubating the column fractions with
1.4%E. colitotal lipid extract for 30 min on ice. The protein/

(see Results). After equilibration for 500 s, typically¥!
valinomycin was added followed by 1/8M gramicidin D
at 1000 s (see Results).

We also calibrated membrane potential more precisely
using oxonol V, the predictions of the Nernst equation, and
adapting a method previously described for small unilam-
melar vesicles (SUVs) harboring purified Kkhannel protein
(23). PLs with high K inside (140 mM KCI) were
equilibrated in buffer containing high Nand low K" (126
mM NaCl/14 mM KCI) with 8«M oxonol V in the presence
and absence of kM valinomycin and/or+£2 mM ATP.
When valinomycin is present, th®W is clamped at-60
mV (see Results). By including additional KCI in the
medium, AW is clamped to different values and can be
calibrated by measuring the fluorescence response of oxonol
V(see Results and ref3).

RESULTS

Expression and Purification of the hu MBR CBD Fusion
Protein.We fused a transcarboxylase biotin acceptor domain
(TCBD) to the carboxyl terminus of hu MDR 1 and purified
detergent-extracted fusion protein via streptavidin affinity
chromatography (Figure 1). The addition of the TCBD
increased the mass of hu MDR 1 protein by 12 kDa, and
biotinylated MDR-TCBD protein was easily detected in the

detergent/lipid mixture was then dialyzed overnight against plasma membrane @. cereisiae using HRP-conjugated

500 volumes of dialysis buffer [L0 mM Tris, pH 7.5/70 mM

streptavidin (Figure 1A). High levels of biotinylated MBR

sucrose/l mM DTT/1 mM EDTA/140 mM salt (salt was TCBD migrating near 155 kDa were detected in strain 9.3
varied for different preparations; see Results)]. If necessary, plasma membranes whereas the native hu MDR 1 protein
[salt] was decreased and [sucrose] was increased to maintaiexpressed in yeast migrates near 140 kER. (A variety of
osmotic balance. The protein/lipid mixture was centrifuged detergent conditions were attempted, and we found that hu
(20000@®, 1 h, 4 °C), and proteoliposomes (PLs) were MDR—-TCBD protein was almost completely and yet
resuspended in dialysis buffer, snap frozen in dry ice/ethanol, selectively solubilized with DM in the presence of 500 mM
and stored at-80 °C. Before use in activity assays, the PLs NaCl (lanes 2, Figure 1A,B). The DM extract was loaded
were sonicated for exagtl’ s in aRacker bath sonifier. From  onto monomeric avidin and eluted with 2 mibiotin (see
10 mg of purified plasma membrane protein, we regularly Materials and Methods). Some MBRCBD protein that
obtained approximately 100g of purified MDR-TCBD was not efficiently biotinylateéh vivo did not adhere to the
protein. Control PLs were made in identical fashion, but with column since an immunoreactive (but not well biotinylated)
column fractions not containing eluted MBR'CBD com- band was detected in the flow-through fraction (lane 3, Figure
bined with lipid instead of fractions harboring eluted MBR 1A vs 1B). MDR-TCBD was eluted with free biotin and
TCBD. Western blot with the monoclonal antibody C219 was reconstituted i. colilipid extract via slight modifica-
verified that control PLs did not contain MDRTCBD. tions to a previously reported dialysis methd®)( Silver-
ATPase Actiity Assays.The ATP-dependent release of stained SDSPAGE revealed that the heterologously ex-
inorganic phosphate was measured using the method ofpressed MDR TCBD protein was purified at least 1000-
Chifflet et al. 2) with some modificationsa1). When the fold via this protocol (Figure 1C).
protein was in detergent/lipid solutions, these were included While optimizing conditions for purification, we noticed
in background experiments to control for any artifacts from some intriguing effects of detergent solubilization. For
the detergent or lipid. example, although octyi-glucoside (OG) proved the most
Transport Assayslransport experiments were performed effective detergent for solubilizing native hu MDR 1 protein
in 3 mL methacrylate disposable cuvettes in a PTI Alphascan from 9.3 yeast membranes, it proved much less effective for
fluorometer. The temperature was maintained at@using the MDR-TCBD fusion protein (data not shown). MDR
a water-jacketed cuvette holder. To measure changes in pH,TCBD was nearly completely solubilized by DM pla250
a previously described acridine orange (AO) based assay wasnM NacCl, similar to previous observation$4).
employed 21). Transport buffer was adjusted to preserve  Reconstitution of MDRTCBD.To examine ion transport
isotonicity as required (see Results). with reconstituted MDRTCBD PLs, we first examined
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Ficure 2: Reconstitution of MDR TCBD. Purified MDR-TCBD
protein was reconstituted into PLs via dialysis in the presence of

B different salts, PLs were collected, approximately 2¢bof lipid
- was loaded per lane, and streptavidiiRP detection revealed the
o level of purified MDR-TCBD associated to lipid in each sample.
(A) Samples reconstituted with"Ksalts. (B) Samples reconstituted

c with Na* salts. Lanes: (1) 2g of unreconstituted MDRTCBD

protein eluted from the monomeric avidin resin; (2, 4, 6) MBR
TCBD PLs in the presence of 140 mM{i.e., lane 2 in panel A
is KClI, lane 2 in panel B is NaCl), 140 mM glutamatel40 mM
acetate, respectively; (3, 5, 7) similarly treated negative control
-— PLs (no MDR-TCBD) formed in the presence of the same salts,
respectively. (C) The orientation of MDRTCBD in sonified PLs
was determined by incubating MDRTCBD PLs with mono-
meric avidin resin in the presence of 0 (lanes3), 0.1% (lanes
4—6), or 1.0% (lanes #9) DM and detecting MDRTCBD in
various fractions via streptavidirtHRP. The avidin beads were
, centrifuged, and the supernatant was collected (unbound MDR
'ji' TCBD PLs, lanes 1, 4, and 7), the beads were washed with the
same buffer and recentrifuged, and the wash was collected (lanes
2, 5, and 8), and the beads were then eluted with 2 pabotin
and recentrifuged, and supernatants were collected once again (lanes
3, 6, and 9).

against buffer of various salt compositions, keeping all other
factors (i.e., pH, volume, time) constant, and the efficiency
of incorporation was then determined by HR&reptavidin
FIGURE 1: Expression and purification of biotinylated hu MDR 1  detection of MDR-TCBD within a fixed amount of lipid in
(MDR—TCBD) protein. (A) Biotin detection blot using streptavi-  the collected PLs (Figure 2). When we varied diazylate salt
din—HRP: (lane 1) 10@g of 9.3/MDR-TCBD plasma membrane  omposition to incorporate different salts inside the PLs, we
protein; (lane 2) 5@g of DM solubilized extract from 9.3/MDR . e -

TCBD plasma membranes; (lane 3) 2§ of protein flow-through noticed that reconstitution was salt dependent (Figure 2). For
from the monomeric avidin column during solubilized extract €xample, while KCl was the most effective of the Kalts
application; (lane 4) 109 of protein washed from the column with  examined (Figure 2, lane A2), NaCl was the least effective
column wash buffer after sample application; (lane 5) column wash of the Na salts examined (Figure 2, lane B2) and did not

buffer; (lane 6) 2ug of protein eluted with 2 m\b-biotin. The : :
arrow indicates 150155 kDa; in yeast, hu MDR 1 protein is not yield Ieve[s of Inqorporated MDRTCBD comparable to
those achieved with KCI.

glycosylated, migrating at a molecular mass of 140 kP8, (but ; . L . .
the addition of the TCBD increases the mass to 155 kDa. (B) The  Prior to functional analysis, it was important to determine
biotin blot in (A) was stripped and reprobed with mouse monoclonal the orientation of MDR-TCBD in PLs. Taking advantage
antibody C219 and anti-mouse IgGIRP. Note that in lane 3 vs  of the TCBD, PLs formed by sonificationif@ s in aRacker

lane 2 the immunoreactive band is more intense in the western blot e - . . I~
relative to the ratio seen in the biotin blot. This is because all bath sonifier were incubated with monomeric avidin beads

MDR—TCBD is not biotinylatedn sizo, the nonbiotinylated protein N the presence of 0, 0.1%, or 1.0% DM (Figure 2C). The
does not adhere to the column, and the biotinylated species adheredeads were centrifuged, washed with incubation buffer, and
very well. (C) Silver-stained SDSPAGE. The lanes correspond  then eluted withp-biotin. PLs with MDR-TCBD in the

to the same samples as in (A) and (B). However, lare$ dontain - jnsjde-out orientation relative to the cell plasma membrane

5 ug of protein each, and lane 6 containgd.of protein. Lanes 5 . 1 L .
arl:c?G w%re run with the other four Ianesﬁo% thg same gel but were 2dhere to the avidin resin in the absence of detergent (Figure

separated from the rest of the gel and developed for 20 min rather2C, lanes +3). At 1.0% concentration, DM partially
than 5 min. solubilizes the PLs, allowing additional MDRICBD that

is in the right-side-out orientation to also bind to the
reconstitution in the presence of various salts to verify that monomeric avidin beads; thus, in the presence of 1% DM
ion concentration inside the PLs could be manipulated al MDR—TCBD adheres to the monomeric avidin as
without severely compromising MDRTCBD:lipid ratios in expected (Figure 2C, lanes-B). The majority of MDR-
the reconstituted PLs. Thus, purified MBRCBD was TCBD adhered to the resin in the absence of detergent and
mixed with purifiedE. coli lipid and the mixture dialyzed  was specifically eluted witb-biotin (Figure 2C, lanes-13),
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Ficure 3: pH-dependent ATPase activity of reconstituted MBR
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preparations are highly purified and, to the best of our ability
to ascertain, retain full ATPase activity.

Is hu MDR 1 Protein a H-ATPasePrevious experiments
from our laboratory with LR73/hu MDR 1 transfectants (
and yeast inside-out plasma membrane vesicles (ISOVSs)
harboring hu MDR 1 protein(l, 26) were consistent with
hu MDR 1 performing H transport either directly (e.g., as
some type of active Htransporter) or indirectly (e.g., via
influencing membrane potential or volume that then sec-
ondarily affected H transport). Under a variety of conditions,
we extensively tested whether reconstituted MBIRCBD
PLs performed direct ATP-driven'Hransport, but we never
observed formation of a measurald@H (Figure 4).

MDR—-TCBD Collapses Diffusion Potential in Reconsti-
tuted PLs.If PLs are formed in the presence of KCl and at
a given pH and then diluted into equimolar NaCl at the same
pH, a Kf/Na" diffusion potential across the PL membranes

TCBD PLs. The vanadate-inhibitable ATP-dependent release of (negative inside) should be generated upon the addition of

P, was measured over a range of pH (590) for MDR—TCBD
PLs (top) and compared to purified 9.3/MBHCBD plasma

membranes (bottom). Reported is the average of six experiments

from two different preparations in each casehe standard error.
The pH profile for purified, reconstituted protein is similar to data

the K'-specific ionophore valinomycin. This is because
internal K" diffuses out (down the chemical concentration
gradient) via valinomycin, but Naand CI cannot passively
diffuse across the membrane at a sufficient rate to electrically

reported previously and actually corresponds to among the highestcompensate this rapid movement of ssociated charge.
specific activity yet recorded (see text). Depending on pH, most of The diffusion potential can be monitored and even calibrated

the plasma membrane ATPase activity is due to the endogenou
plasma membrane ATPase (PMAL), with an estimated 5% due to

MDR—TCBD in these membranes at pH 6.B.0. If specific

Susing a variety oAW-dependent probes. For example, with

the cationic membrane potential probe D&}, control PLs

activities are ratioed, and this conservative estimate is used, thewith KCI in/NaCl out display an obvious quench in probe

fold enrichment in MDR-TCBD ATPase activity is at least 300-
and 600-fold at pH 7.68.0. Based on western blot intensities
(Figure 1) our fold purification is nearer 1000-fold.

showing that the biotin acceptor domain (hence the C
terminus and ATP hydrolysis domains) was oriented pre-
dominately on the outside surface of the PL. Preincubation

of hu MDR 1-TCBD PLs with free avidin in the absence

of detergent abolished binding of the PLs to the avidin beads

(not shown). After densitometry of Figure 2C we calculate

that approximately 75% of the protein is oriented inside out

(see also ATPase activity data below).

ATPase Actiity of Purified, Reconstituted MDRTCBD.
To test whether reconstituted MBR CBD protein was fully

functional, and to further test orientation, we measured pH-

fluorescence when valinomycin is added as the cationic probe
accumulates inside in response to the generated negative
inside AW (Figure 5 A, bottom trace, first arrow). An
increase in fluorescence (return to intial baseline) is observed
upon the subsequent addition of thé Knd Na ionophore
gramicidin D (Figure 5A, bottom trace, second arrow)
because Nais now able to rapidly diffuse inward in response
to the initial outward movement of Kand thereby collapse
the electrical potential difference. A similar experiment
wherein the same PLs are diluted into symmetrical KCI
(Figure 5A, top trace) does not yieldW since there is no
K™ gradient driving outward K diffusion.

Control PLs behaved as predicted under the conditions of
this assay in either the presence (Figure 5A) or absence
(Figure 5C) of 2 mM ATP. However, MDRTCBD PLs

dependent, vanadate-inhibitable ATPase activity (Figure 3). with KCI inside and NaCl outside only form a diffusion

The specific activity at pH 7.5 was 3.880.9 and 0.334
0.13umol of B (mg of protein)* min~* for MDR—TCBD
PLs and 9.3/MDR-TCBD plasma membranes (which con-

tain both MDR-TCBD and endogenous yeast ATPases),

potential upon addition of valinomycin in the presence of 2
mM ATP (Figure 5B). At 2 mM external ATP, the amplitude
of the diffusion potential that is formed is similar to that
formed by control PLs. However, in the absence of ATP,

respectively. Since only (at most) 5% of the yeast plasma MDR—TCBD PLs no longer form a measurable diffusion
membrane ATPase activity at pH 7.5 can be attributed to potential upon addition of valinomycin (Figure 5D). In

MDR—-TCBD, by this approximate measure purification
enhanced the specific activity of MDRTCBD by (at least)
300-600-fold. Calculating fold purification via integrating
the intensity of immunoreactivity vs total protein applied to
a western gel (Figure 1C) yields approximately 1000-fold
purification. The pH profile of purified MDR protein ATPase
activity (Figure 3) is consistent with previous resuli®)

contrast, interestingly, when control and MBRCBD PLs
are fabricated in the absence of @ut diluted such that
similar Kt and Na gradients exist prior to addition of
valinomycin (i.e., potassium glutamate inside, sodium
glutamate outside), diffusion potentials are formed for both
in the absence of ATP (Figure 6C vs Figure 6D).

To further visualize this effect of ATP on diffusion

and the specific activity we measure is on the high end of potential, the experiments were repeated for both control and
the range of values previously reported in the literature (see MDR—TCBD PLs in the presence of increasing amounts of

Figure 3 caption). Other purified hu MDR 1 protein

ATP (Figure 7). While the ATP concentration did not affect

preparations are reported to have a specific activity of the behavior of the control PLs (Figure 7A), increasing [ATP]

0.11-2.1 umol of B (mg of proteiny! min~! (e.g., refsl5,
16, 19, 24, and25). Thus, our reconstituted MDRTCBD

clearly increased the magnitude of the potential generated
by MDR—TCBD PLs (Figure 7B). At a concentration of
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Ficure 4: pH gradient formation assayed by acridine orange partitioning. (A) Control (top trace) or-NIDBD PLs (bottom trace)

formed at pH 7.5 were diluted into buffer at pH 9.0 containing\2 AO to verify that the presence of a proton gradient (acid inside) could

be monitored via AO quenching. The first arrow indicates addition of PLs, and the second arrow indicates the addition of 1Q@M NH

to collapse the pH gradient. (B) Control (top) or MBRCBD (bottom trace) PLs formed at pH 7.5 in 140 mM KCI diluted as in (A)

except the external pH was 7.5. Upon addition of ATP (first arrow) no measurable pH gradient was established under isotonic and symmetrical
KCI conditions. Similar negative results were found with symmetrical potassium glutamate and symmetrical NaCl or in the presence of
outward-directed Naor CI~ gradients (data not shown). Due to the practical limits of this assay, pH gradien8.®funit are formally

possible, but we have no evidence that pH gradients of appreciable magnitude are formed upon addition of ATP under any easily surveyed
(see Figure 2) ionic conditions for MDRTCBD PLs.

0.1 mM ATP, MDR-TCBD PLs displayed a potential that lipid composition may modulate hu MDR 1 activity as
was approximately one-third of the potential formed by previously suggested (ré&fs8, and15 and references cited
control PLs. In the presence of physiologic ATP (2 mM), within), but cholesterol does not appreciably block apparent
the potential formed by MDRTCBD PLs was similar to ion transport via hu MDR 1 in the absence of ATP (Figure
control. Addition of variable concentrations of ATP (up to 9B, top) or, in the presence of ATP, stimulate ion transport
2 mM) did not affect the amplitude of the potential formed capable of competing with valinomycin-mediated #ans-

in the absence of Clfor either sample (data not shown). port (Figure 9B, bottom).

To test that this effect is indeed due to hu MDR1 protein,  We next tested whether a flat response via the carbocya-
the carbocyanine experiments were performed in the presencaiine assay necessarily indicated a diffusion potential of zero.
of hu MDR 1 inhibitors (Figure 8). While verapamil (VPL) Since PLs have small internal volume, we suspected that
did not affect control PLs (Figure 8A), it inhibited the MDR- low values of AW might be difficult to measure with this
mediated dissipation oAW in a dose-dependent manner method. Indeed, a potential 6f15—-20 mV can exist for
(Figure 8B). In addition, 1«M VPL stimulated ATPase  our PLs even if the carbocyanine response is essentially flat
activity for MDR—TCBD PLs as expected (not shown; see (not shown). However, great&¥' is easily measured with
refs13, 16, and17). Similarly, 4uM cyclosporin A partially our assay. Thus, in the presence of low levels of ATP,
inhibited MDR-TCBD in the absence of ATP (not shown) MDR—TCBD PLs are substantially depolarized, but they are
but did not affect the control. not necessarily completely depolarized.

We also tested the effects of the nonhydrolyzable ATP  Calibration of AW with Oxonol V.To further quantify
analogue AMP-PNP and of cholesterol on membrane po-the depolarization effect, we adapted the JC-1 method
tential formation for MDR-TCBD PLs (Figure 9). In the  employed for SUVs reconstituted with the Khannel 23).
presence of Cl, 2 mM AMP-PNP stimulated formation of  PLs reconstituted with 140 mM KClI inside were equilibrated
a potential that was identical in magnitude to the potential with oxonol V in buffer containing 126 mM NaCl and 14
stimulated by 2 mM ATP (Figure 9A), demonstrating that mM KCl in the presence and absence qfMl valinomycin.
binding of nucleotide, but not hydrolysis, is necessary to The valinomycin and 10-fold K gradient clampsAW in
close MDR-TCBD. When cholesterol was added to MBR ~ control PLs to—60 mV. As increasing amounts of KCl are
TCBD PLs in either the absence (top two traces, Figure 9B) added AW is clamped to lower values, and the fluorescent
or presence (bottom two traces, Figure 9B) of 2 mM ATP, probe responds in a Nernstian fashion (Figure 10). As
the PLs appeared slightly “leaky”, which could signify either predicted from the carbocyanine experiments, in the presence
modulation of ion transport by hu MDR 1 or altered diffusion of Cl~ and the absence of ATP MDRICBD PLs cannot
of the carbocyanine probe. Nonetheless, in the absence ohold the potential predicted by the Nernst equation (Figure
ATP, appreciable membrane potential was still not formed 10B, solid squares). However, again as predicted by the
(top), and in the presence of cholesterol and ATP a potential carbocyanine assays, in the presence of 2 mM ATP (Figure
of similar magnitude was formed initially (bottom). Thus, 10B, solid triangles) or in the absence of Qfubstituting
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Ficure 5: Membrane potential monitored by Di@@). (A) The formation of a K/Na*/valinomycin diffusion potential (see text) is easily
observed in our PL preparations via monitoring the fluorescence gilM.DiOCs(3) (475 nm excitation, 496 nm emission). Control PLs
reconstituted with KCI were diluted into KCI (A, top trace) or NaCl (A, bottom trace) buffer in the presence of 2 mM AMPvalinomycin

is added at the first arrow and 1:B8M gramicidin D at the second. (B) The same experiments were repeated with-NIDRD PLs
reconstituted with KCI and diluted in KCI (B, top trace) or NaCl (B, bottom trace). (C) The same experiments were repeated with the same
control PLs in the absence of ATP. (D) The same experiments were repeated with the sameTWIBR PLs in the absence of ATP.
Similar data were obtained in dozens of experiments with at least three PL preparations.

Cl~ with glutamate (Figure 10C)] MDR-TCBD PLs
behave similarly to controls. From calibrating the oxonol
response at (predicted)60 mV vs (predicted) 0 mV, the
percent change in oxonol fluorescence for MBRCBD PLs

in the presence of Cland the absence of ATP is consistent
with a potential of about-15 mV existing initially (i.e.,
conditions under which &60 mV potential exists for control

with sodium glutamate at pH 7.5, fluorescence of fApH
probe AO remains stable (Figure 11A, trace a), indicating
no ApH. However, when the same experiment is performed
with external buffer at pH 9.0 (Figure 11A, trace bApH

is easily observed. Upon addition of valinomycin at sym-
metrical pH (trace c, first arrow), ApH forms secondary
to the establishedW. Performing the additive experiment

PLs). Thus, the carbocyanine assay (Figure 5D) does notwherein a 1.5 unit initialApH plus a valinomycin-induced
necessarily illustrate a collapse of potential to zero for AW are present (trace d) produces an additiveH as

MDR—TCBD PLs+ CI7/—ATP but a collapse to<—20
mV as measured by the oxonol calibration (Figure 10).
Since the partition coefficientP) for valinomycin is
approximately 7.5¢< 10° (27), when the concentration in the
transport buffer is kM, the effective concentration in lipid
is approximately 7.5 mM. As a Kcarrier, the turnover
number is 3x 10 ions s (molecule of valinomycin)! (27).
To effectively compete with valinomycin-mediated® K

predicted (Figure 11A, trace d; that is,#bc = d). While
the control PLs can hold this largé&pH for at least 200 s,
MDR~—TCBD PLs cannot hold\pH of this magnitude under
conditions wherein an apprecialdV exists (Figure 11B,
trace d). They can do so in the absence\& (see Figure
4). That is, under these conditions (no ¥;lwhere MDR-
TCBD PLs do form a diffusion potential (see above), they
become very leaky to ¥s. Not coincidentally, this is similar

transport and thus manifest these depolarization effects, huto one proposed scenario from a recent study showing

MDR 1 protein (approximately 1.26M in our experiments)
would need to transport approximately®1Gl~ ions s*
(molecule of hu MDR 1). Such kinetics are consistent with
ion channel function but not with carrier or pump function.
Formation of a Passie ApH. By forming a K'/Na'/
valinomycin diffusion potential (negative inside) in control
PLs, it is expected that &pH (acid inside) will form

increased rates of external cellular acidification due to hu
MDR 1 (28).

DISCUSSION

An obvious general effect of exposing tumor cells to any
of a variety of structurally diverse toxic anticancer drugs is
a significant change in cellular metabolism. This typically

simultaneously. As shown for control PLs reconstituted with includes significant changes in the utilization and synthesis
potassium glutamate, pH 7.5 inside and diluted into buffer of cellular ATP. Also, cells that become resistant to these
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Ficure 6: DiOGCs5(3) response is Cldependent. (A) As in Figure 5 except control PLs reconstituted with potassium glutamate were diluted
in KGlut (A, top) or NaGlut (A, bottom) buffer in the presence of 2 mM ATP. The addition @M7valinomycin followed by the addition

of 1.5 uM gramicidin D are again indicated with arrows. (B) The same experiments repeated with-WIOBD PLs reconstituted with

KGlut and diluted in KGlut (B, top) or NaGlut (B, bottom) in the presence of 2 mM ATP. (C) The same experiments were repeated with
control PLs in the absence of ATP, and in (D) the same MORBD PLs were diluted in the absence of ATP. MBRCBD PLs form
membrane potential in the presence of @hd presence of ATP (Figure 5B), in the presence or absence of ATP whénabisent (panels

B and D) but not in the presence of Gind absence of ATP (Figure 5D). Similar data were obtained in dozens of experiments with at least
three PL preparations.
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Ficure 7: Membrane depolarization is ATP dependent. (A) Control and (B) MDRBD PLs reconstituted in 140 mM KCI were diluted

into isotonic buffer containing 140 mM NaCl containing increasing [ATP] (from the top: 0, 0.1, 0.2, 0.5, 1.0, and 2.0 mM). Valinomycin
and gramicidin D were added at the arrows. At all concentrations of ATP, control PLs displayed membrane potential of similar magnitude.
In contrast, MDR-TCBD PLs showed a steady loss of potential as [ATP] was decreased.

drugs over time almost always exhibit one or more significant chemotherapeutic drug exposure. Although historically this
perturbations in the signal transduction related to apoptosis,defense has been envisioned to be via a mechanism that
a process that normally culminates in dissipation of mito- directly alters intracellular levels of the toxic drugs, it is now
chondrial membrane potential and hence additional profoundclear that this explanation is insufficient to explain all hu
effects on cellular ATP. Drug-resistant cells also frequently MDR 1-related resistance phenomena, some of which do not
exhibit overexpression of hu MDR 1 protein, which affords involve drugs at all (e.g., ref& and 2). Hence, models
some level of protection against the repercussions of wherein activation of protective hu MDR 1 function is linked
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Ficure 8: Verapamil (VPL) inhibits hu MDR 1. Control PLs (A) or MDRTCBD PLs (B) reconstituted with KCI inside were diluted in
transport buffer containing NaCl in the absence of ATP and (from top in each case) 0, Jylr\IBL. Formation of a membrane poten-
tial was monitored via DiO€3) fluorescence quenching as in Figure 5. The arrow indicates the additionMfvhlinomycin. Increasing
[VPL] did not affect potential for the controls but increased the potential observed in-MI@WD PLs in a dose-dependent fashion.

A 2, 20E+05 - B 220E+05 -
2, 10E+05 4 J’ 2.10E+05 4 J’
[:F] w
Y 200E+05 A .,WF_._-.‘... 2 Z.O0E+DS
[F] N Praad,
(%] [£]
g 190E+05 - i B 1O0EH06
b L o
5 1E0EHDS L"‘"“MM _3 1.20E+05
i ™
170E+05 4 1.70E+05 -
1.B0E+05 . . r ' r , 1.60E+05 T T T T T )
0 200 400 0 S0 1000 1200 0 200 400 60 200 1000 1200
Time (sec) Time (sec)

Ficure 9: (A) 2 mM AMP-PNP (second trace from top) stimulates formation of membrane potential for-MBD PLs in the presence

of CI~ as well as does 2 mM ATP (third trace from the top). In the absence of nucleotide, the same PLs do not form a membrane potential
(top trace). (B) Effect of 5% (weight percent of total lipid) cholesterol added to PLs formed by Racker sonification. Cholesterol was added
to the purifiedE. coli lipid mixture via a concentrated stock made in chloroform. The top two traces are-MGBD PLs minus ATP

with KCl inside, and the bottom two are the same PL preparations plus 2 mM ATP (in both comparisons, the light-tictoaldsterol,

and the dark trace is-cholesterol). In both (A) and (B), the #Na*/valinomycin diffusion potential is measured as in Figure 5.

in some other way to changes in ATP levels that accompanystudy, the cationic carbocyanine probe is quenched as it
drug exposure or apoptosis are attractive. They offer a way diffuses into PLs in response to generation of a negative
to connect apoptotic signaling and metabolic effects linked interior potential caused by valinomycin-induced outward
to changes in ATP to the activation of hu MDR 1 and to diffusion of K down its chemical gradient. We observe very
thereby (in theory) explain facets of hu MDR 1 protection little accumulation of probe (little diffusion inward) for the
that clearly cannot be due to drug transport. MDR—TCBD PLs in the completabsenceof ATP. Loss

We find that, in the presence of relatively high levels of of probe accumulation in the presence of inevitable diffusion
ATP, MDR-TCBD protein does not appear to pump a of K* via valinomycin cannot be explained by outward
significant number of protons, nor does it appear to signifi- pumping of the probe, since ATP (the energy source for the
cantly affect generation of membrane potential byMa'/ suggested probe-pumping process) is absent.
valinomycin. However, as ATP is reduced, and in the Regulation of AW is connected to a number of cell
presence of Cl, MDR—TCBD dissipatesAW caused by biological phenomena. The most well studied examples are
diffusion of K in the presence of valinomycin. This signal transduction in muscle cells and neurons, but changes
dissipation is not reversed by addition of cholesterol but is in AW for other cell types directly affect passive diffusion
reversed by verapamil and cyclosporin A (two compounds of charged drugs, the efficiency of complement-mediated
known to reverse the cellular effects of MDR protein at cytotoxicity, regulation of cytosolic pH, regulation of apo-
similar concentrations) in a dose-dependent fashion. In theptosis, and other phenomena that have been observed in drug-
absence of ATPAW is not dissipated to zero but to near resistant tumor cells overexpressing hu MDR 1 prot&)n (
—15 to —20 mV under conditions where control PLs Reported observations of perturbations due to hu MDR
easily hold potentials of-60 mV or greater. This effect is 1 overexpression have been controversial, but much of this
strikingly dependent on the concentration of ATP and the controversy is likely due to the variety of very complex
presence of Cl. model systems that have been inspected. To our knowledge,

Some previous measurements of alteré#f caused by only two reports have examinetll for “true” hu MDR 1
hu MDR 1 protein (e.g., refl) have been challenged and transfectants created without any exposure to chemothera-
suggested to perhaps be due to ATP-dependent “pumping”peutic drugs that are known to cause a variety of epiphe-
of the fluorescent probes used to monitor potential. In this nomena. One4 clearly showed thaAW was depolarized
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A ETTT in fibroblasts expressing high levels of hu MDR 1. Another
T e A e study 6) argued that hu MDR 1 overexpression did not
Z50E05 | changeAW but might perturb intramembranous potential
za5E05 | (29). However, in this study a possibly hu MDR 1-specific

§ 240605 AW depolarization was indeed seen when ATP was elimi-
g IR nated from the pipet used to measw¥, but the data were
B 23085 not of sufficiently low statistical deviation to make the con-
g2 EE clusion unequivocal. Nonetheless, the potential correspon-
?Eﬁ dence between these previous results and those presented in
2 10606 . . . . . . this paper is intriguing, as are other facets of what we
] 500 1000 1500 2000 00 1000 observe.
Time [sec) Via the simplest molecular model that can be generated
from these data, purified hu MDR 1 protein performs passive

B 14 - CI- transport in the presence of significapt-{60 mV) AW
g 1z ] ; and in the presence of relatively low concentrations of ATP.
g 10 - This passive Cl movement acts to dissipatéV dominated
e by K* flux. A variety of additional extensive studies are
2 8 needed to determine precisely how loss of ATP stimulates
< 5 the apparent Clconductance. Also, we note that, topologi-
£ cally, MDR—TCBD protein is oriented primarily “inside out”

5 *1 while the membrane potential formed for the PLs is negative
£ I inside. This means that MDRTCBD is exposed to a
0 & . : : . membrane potential of opposite polarity relative to the
0 20 40 60 80 situation that is expected for MDR protein within a cell
Fredicted Change in Membrare Potertial [m/) plasma membrane. Most voltage-regulated ion channels
conduct ions under either polarity but typically have higher

C - 7 current for one polarity vs the other. More detailed studies
E 6 with these and other model systems should eventually
E 5 guantify the precise current/voltage relationship for apparent
o 4 Cl~ permeability via MDR protein.

"_E 1 We also note that these studies are performed with a hu
s ¥ MDR 1 biotin acceptor domain fusion protein. Although we
E’g i feel it is highly unlikely based on ATPase and VPL data,
& ;] formally, it is possible that the TCBD domain influences
# the function of hu MDR 1 or that it might even promote
0 ' T ' ' “carryover” of some trace contaminant during purification
6 40 50 &0 that is not visible on our gels.
Predicted Change in Membrane Potential
(M) Regardless, our ATP-regulated Gtansport model con-

nects to previous well-known but controversiat €hannel

Ficure 10: Calibration of membrane potential with oxonol V. (A) hypotheses for hu MDR 1 in rather interesting ways. That
g?ﬁ%iéﬁg??n?ggtﬁw 't“;élo gaﬂdKﬂWﬁﬁ ?éqg&brlateﬁ/lwnh is, many previous electrophysiological studies examining

U Y : .
valinomycin. Each arrow corresponds to the addition of KCl such Putative ion transport via hu MDR 1 protein reported unusual
that the final external concentration was 19.6, 29.4, 64.4, 95.2, andClI™ transport in cells with hu MDR 1 vs without hu MDR

140 mM, respectively. Shown is the difference between the 1, put other studies were unable to reproduce this reSult (

experiment done in the presence vs absence of valinomycin. (B) 30) | the studies that reported Clransport via hu MDR
The experiment described in (A) was repeated at least three times . . . .

with control (open symbols) and MDRTCBD (closed symbols) 1 [either direct transport or perhaps st|mulat|0n of an
PLs in either the presence (triangles) or absence (squares) of 2 mmendogeneous Cltransporter in phosphorylation-dependent
ATP. The percent change in fluorescence upon each addition of fashion @1)], the method used to elicit the measured ClI
KCl was plotted vs the calculated changeNH computed viathe  conductance was, invariably, hypotonic shock. Perhaps not

Nernst equation. (C) Same as (B) except PLs were reconstituted . : - ;
with potassium glutamate and glutamate salts outside. When Cl coincidentally, hypotonic shock drops cellular ATP levels,

was no longer present, MDRTCBD PLs behaved identically to ~ PUt in @ cell-specific fashior3e, 33). Studies that failed to
controls, whereas in the presence of @hd the absence of ATP  observe conductance invariably kept constant (and relatively
(panel B, closed squares) a much smaller changéh (ap- high) levels of ATP fixed within the pipet used in the
proximately 15 mV) was measured. Thus, we estimate that under electrophysiologic experiments. For example, one study that

conditions where control PLs maintair60 mV potential (and under . P
conditions where MDRTCBD PLs in the presence of ATP did not observe Clconductance maintained constant 4 mM

maintain—60 mV potential), MDR-TCBD PLs in the absence of ~ATP in the pipet 84); hence similar high [ATP] would be
ATP are only able to maintain potentials approximately one-fourth within the cell expressing hu MDR 1 at all times.

as large. Knowing the concentration of valinomycin, its lipid There is some homology between hu MDR 1 and prokary-
partitioning coefficient, the rate at which it catalyzes Hiffusion otic transporters implicated in small molecule solute trans-

down a 10-fold concentration gradient, and the [MPRCBD] in .
these PLs, the results are C(?nsistent with Mﬂ[R:BD prolein port; however, two perhaps more relevant homologues of

functioning as a Cl channel in the presence of membrane potential hu MDR 1 are the hu CFTR and hu SUR ion channels.
and at low [ATP]. Perhaps not coincidentally, ion transport by both is regulated
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Ficure 11: Passivé\pH. Control (A) or MDR-TCBD (B) PLs reconstituted with 140 mM potassium glutamate, pH 7.5, were diluted into
isotonic buffer containing acridine orange and 140 mM sodium glutamate at pH 7.5 (top trace of each panel, labeled a), at pH 9.0 (second
trace, b), pH 7.5+ 1 uM valinomycin (trace c, solid line), or pH 9.6 1 uM valinomycin (trace d). Also shown (trace c, dashed line)
is the symmetrical pH experiment plusuM valinomycin but using KCI and NaCl salts. The presence dfpd (trace b) is easily dis-
tinguished from the absence (trace a). Also, the presence dfildak/valinomycin diffusion potential stimulates passive Fhovement
(trace c, solid line) as expected. Since the baseline forthid looked less flat for MDR TCBD PLs vs control (compare panel A, trace

¢, solid, to panel B, trace c, solid trace), we repeated experiment ¢ under conditions where Apitgeould be present (e.g., trace d).
Under these conditions, control PLs stably held theH (in the presence of membrane potential), whereas MDBBD PLs were
conspicuously leaky. In the absence&¥ but the presence of a similar magnitudeAyH (e.g., see Figure 4A, bottom trace) MBR
TCBD PLs do not leak H. We suggest that, in the presence &¥, MDR protein allows the passive movement of #own its concentration
gradient.

by ATP binding and ATP hydrolysis, but in different ways In summary, biotinylated hu MDR 1 protein was purified
for each channel. Monomeric CFTR functions as an ATP- and reconstituted in fully functional form. ATPase activity
dependent Cl channel 85), whereas SUR appears to exhibited the same pH dependency as has been measured
function as a multimeric complex with;Kproteins to form previously (6), and specific activity was similar to other
an ATP-gated K channel 86). In the case of CFTR, ATP  reports of very active purified MDR protein. ATP hydrolysis
positively regulates channel activity, whereas depletion of was not accompanied by measurablé ptimping for PLs
ATP activates the SUR. ATP regulation of SUR/&hannel under the conditions of our assay. However, MBRCBD
complexes is complex, with ATP binding at both l&nd protein has clear and significant Gland ATP-dependent
SUR subunits apparently involved. Regardless, these ex-effects onAW formed by the inevitable passive diffusion of
amples show that ATP can regulate ion transport by ABC K™ via valinomycin in the presence of a'yradient. These
proteins in both positive and negative fashion. The point is, effects are inhibited by VPL and CsA and may be further
although perhaps initially surprising, the model we propose influenced by lipid composition (e.g., cholesterol content).
is entirely consistent with the very well studied behavior of More detailed analysis of lipid composition effects is
close hu MDR 1 homologues, as well as earlier Channel warranted. Finally, under conditions that mimic those at
observations promoted by hypotonicity. which there is optimum collapse a&f¥ via hu MDR 1, we

It is not entirely clear to us what role putative hu MDR 1 also.note a_passive transport of idown its poncentration
mediated CI conductance promoted by reduced [ATP] might gradient. Thl$ result may help to further eIumdatg .o.ther_ recent
play in cell physiology, but perhaps this transport represents results showing faster ratgs of extracellular aC|d|f|cat|9n for
a “partner’ to ubiquitous ATP depletion stimulated*k hu MDR 1 overexpressing cells2® and, along with
conductance in instances where cell volume regulation is Meémbrane potential effects, help to explain altered leaflet
imperative. For example, cells induced to apoptose show disposition of some lipids via MDR proteins (e.g., réfs
reduced cellular ATP and pronounced cell volume changes.2nd9 and references cited within).
In cells attempting to avoid apoptotic signaling (i.e., cells
that have developed chemotherapeutic drug resistance), théA‘CKNOWLEDGMENT
presence of hu MDR 1 might help to modify the cell volume  We thank Drs. A. Tzagoloff (Columbia University) and
or cell pH changes that are normally initiated at the beginning R. Wadkins (Johns Hopkins University) for plasmid YEp352/
of the apoptotic cascade. Indeed, such a possibility is BIO6 and helpful discussions, respectively, and our labora-
consistent with previous work that examined delayed apo- tory colleagues V. Ovchinnikov, H. Zhang, L. M. B. Ursos,
ptosis in hu MDR 1 overexpressing transfectad)sas well T. N. Bennett, S. Freitas, S. Dzekunov, and C. T. Santai for
as altered volume regulation by hu MDR 10}. experimental help.
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