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ABSTRACT. Human P-glycoprotein (Pgp) is as an ATP-dependent efflux pump for a variety of
chemotherapeutic drugs. The aim of this study is to evaluate whether Pgp modulators can be engineered
to exhibit high-affinity binding using polyvalency. Five bivalent homodimeric polyenes based on stipiamide
linked with polyethylene glycol ethers in the range of 3 A were synthesized and quantitatively
characterized for their effect on Pgp function. The stipiamide homodimers displ&&iddoarylazi-
doprazoin (IAAP), an analogue of the Pgp substrate prazosin. A minimal spacer of 11 A is necessary for
inhibition of IAAP labeling, beyond which there is an inverse correlation between the length of the spacer
and the |G, for the displacement of IAAP. ATP hydrolysis by Pgp on the other hand is stimulated by the
dimers with spacers of up to 22 A, whereas dimers with longer spacers inhibit ATP hydrolysis. Finally,
the homodimers reverse Pgp-mediated drug efflux in intact cells overexpressing Pgp, and 11 A is a threshold
beyond which the effectiveness of the homodimers increases exponentially and levels off at 33 A. We
demonstrate that dimerization and identification of an optimal spacer length increase by 11-fold the affinity
of stipiamide, and this is reflected in the efficacy with which Pgp-mediated drug efflux is reversed. These
results suggest that polyvalency could be a useful strategy for the development of more potent Pgp
modulators.

P-Glycoprotein (Pgp)belongs to the ATP binding cassette is a significant issue in drug development, considering the
(ABC) superfamily of transport proteins, characterized by importance of Pgp in cancer chemotherapg)(
two homologous halves containing six transmembrane helices A ynique approach to developing Pgp modulators involves
and one nucleotide binding site in each hdlf ). Pgp  expjoiting a known MDR modulator as a molecular scaffold
confers drug resistance to tumor cells by extruding cytotoxic 5,4 generating a large pool of potential modulators using
natural product hydrophobic drugs using the energy of ATP solid-phase combinatorial chemistrg2—14). The fungal

hydrolysis 8, 4). Pgp interacts with a diverse set of other o inintic stipiamide was first described as a natural product
lipophilic compounds, and the only feature common to-Pgp _modulator of Pgp15). Subsequently, stipiamide was chemi-
dr_ug substrates appeared to be that they are all hydrophoblq:a”y synthesized as was a more potent and less toxic
with a molecular mass of 362000 kDa B). A more .40 6 7-dehydrostipiamidd@. A solution-phase

dﬁtailed s_tu_dy b); ISDeeIig abnd co-workers of éheh biophysical -, mpinatorial library of dehydrostipiamide compounds was
characteristics of Pgp substrates suggested that Sy generated and was screened to identify several potent

interactions may be a function of the spatial separation of compounds 12—14). Finally, a series of five bivalent

electron donor group$( 7). In addition, other studies have homodimeric polyenes based on stipiamide were generated

demonstrated that the number and strength of hydrogen bonds _:
also contribute to the interaction of Pgp and drug substrateszsz ﬁéﬁ?:y:)efnz\?alﬁgtlis;h%r;)(,s;g'ni?e;? :S;?;?g; (for

(8). Although there have been several generations of ngenhancin the efficacy of Pap modulators
modulators in development, reversing Pgp-mediated MDR 9 y 9p ) o

are at least two, and plausibly several, drug binding sites
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% Natiognal Institutes of Health. (e.g., vinblastine) is best described by a Hill number of 2.
8 Brigham Young University. This observation led them to postulate that pairs of vinblas-
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lazidoprazosin; NBD, nucleotide-binding domain; PAGE, polyacryla- tine molecules cooperate at the active site of PR £3).

mide gel electrophoresis; PEG, polyethylene glycol: Pgp, P-glycopro- 1Nere is considerable_ p(.)ter_ltial in augmenting the interactions
tein; Vi, orthovanadate. of such a molecule with its ligand by introducing polyvalency
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in the ligand 24, 25). Both the theoretical basi®, 27) mixtures were incubated at 3T for an additional 40 min
and application of the polyvalency in drug desi@8)(have in the dark. All assays were carried out in a reaction mixture
been studied. Essentially, polyvalency exploits cooperativity of 4.5 mL. At the end of the 40 min incubation, the cells
effects during molecular recognition and binding, wherein were centrifuged for 10 min at 5@(nd transferred to ice.
numerous weak interactions operate simultaneously. ThisThe cells were resuspended in PBS containing 0.1% BSA
results in a polyvalent ligand binding more tightly than the and analyzed on a FACSort flow cytometer using CellQuest
equivalent monovalent system. The most spectacular practicasoftware (FACS system from Becton Dickinson, San Jose,

applications of polyvalency have been the polyvalent deriva-
tives of vancomycinZ6, 27). Using an artificial vancomycin
D-Ala-p-Ala system, the binding was not only significantly
tighter than that of the monovalent equivalent but also 25
times tighter than the biotinavidin affinity, the gold standard
for small molecule tight binding26). Though several groups

CA) as described previoush32—34).

Preparation of Crude Membranes from High:EiInsect
Cells Infected with Recombinant Bacuilws Carrying the
Human MDR1 GeneHigh Five insect cells (Invitrogen,
Carlsbad, CA) were infected with the recombinant bacu-
lovirus carrying the humaNIDR1 cDNA with a six-histidine

have attempted to elucidate the thermodynamic, kinetic, andtag at the C-terminal end [BWADR1 (H6)] as described

structural basis of these high-affinity syster2§,(30), they

previously B5). Crude membranes were prepared as de-

are not completely understood. Empirical evidence moreover scribed previously35) and stored at-70 °C.

suggests that in addition to multivalenpgr seother factors

Photoaffinity Labeling with IAAPThe crude membranes

such as the length of the spacer between the monomers an@0 ug of protein) were incubated with increasing concentra-

the rigidity of the ligand play a significant role in the
development of high-affinity polyvalent ligands.

In this study, we have evaluated the five bivalent ho-
modimers of stipiamide vis-ais their affinity for Pgp, their

tions of the stipiamide monomer, and each of the dimers
was incubated for 3 min at room temperature in 50 mM Tris-
HCI (pH 7.5). IAAP (8-10 nM) was then added followed

by incubation for an additional 5 min under subdued light.

ability to stimulate Pgp-mediated ATP hydrolysis, and their The samples were then illuminated with a UV lamp assembly
capacity to reverse drug efflux by Pgp. We show that (PGC Scientifics, Gaithersburg, MD) fitted with two black
dimerization coupled with the insertion of a spacer of the light (self-filtering) UV-A long wave-F15T8BLB tubes (365
appropriate length can enhance the affinity of stipiamide nm) for 10 min at room temperature (223 °C). SDS-
almost 70-fold. The effects on the other functional charac- PAGE sample buffer was added to each sample, and the
teristics of Pgp are consistent with the change in affinity. samples were incubated at room temperature for 30 min and
Finally, our results indicate that the series of stipiamide electrophoresed on an 8% Tris-glycine gel at a constant
dimers can be used to understand the molecular dimensiongoltage. In some experiments (as indicated in the figure
and nature of the human Pgp drug binding site. legend), intact NIH-3T3 cells expressing Pgp were also
labeled with IAAP; 200 000 cells in IMDM containing 5%
FBS were incubated with IAAP (10 nM) for 5 min under
subdued light, and exposed to UV light (365 nm) for 10 min
at 21-23°C. The cells were centrifuged at 59fr 5 min,

and the supernatant was discarded. Cells were then resus-
pended in 10QL of TD buffer [10 mM Tris-HCI (pH 8.0),
0.1% Triton X-100 (v/v), 10 mM MgS@Q 2 mM CaC}, 1%

(v/v) aprotinin, 2 mM AEBSF, 1 mM DTT, and 20g/mL
micrococcal nuclease], incubated at 37 for 5 min, and
quick-frozen in dry ice. The samples were then thawed and
sonicated thrice in a bath sonicator (1 min per sonication);
gel loading buffer was added to the cells, and the cells were
electrophoresed. Gels were dried and exposed to Bio-Max

EXPERIMENTAL PROCEDURES

ChemicalsBodipy-FL-prazosin was purchased from Mo-
lecular Probes, Inc. (Eugene, OR). Cyclosporin A was
purchased from Calbiochem (San Diego, CAJ]lodoary-
lazidoprazosin (IAAP, 2200 Ci/mmol) was obtained from
Perkin-Elmer Life Sciences (Boston, MA)x{3?P]-8-Azi-
doATP (15-20 Ci/mmol) and 8-azidoATP were purchased
from Affinity Labeling Technologies, Inc. (Lexington, KY).
All other chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO).

Synthesis of the Stipiamide Monomer and Homodimers.
We generated bivalent homodimers of stipiamide linked with MR film (Eastman Kodak, Rochester, NY) at70 °C for
PEG ethers as described previously)( PEG ethers were  12—24 h. The radioactivity incorporated into the Pgp band
used to generate five different dimers. As the monomer was estimated using the STORM 860 phosphorimager system
control, we used the stipiamide monomer with a polyethylene (Molecular Dynamics, Sunnyvale, CA) using ImageQuaNT.
tail, and the homodimers had spacers of 0, 2, 5, 8, and 12|n phosphorimage analyses, radioactivity was obtained as
ethyl ethers which correspond to 3, 11, 22, 35, and 50 A, arbitrary units.
respectively. The chemical linkage for the homodimer with  ATPase Assayhe Vi-sensitive ATPase activity of wild-
no spacer was a simple ethyl group. type and mutant Pgps was determined by using thel@ase

Drug Accumulation Assays by Flow Cytometijhe assay as described previousBb{37).
fluorescent drug accumulation assay was performed in intact Binding of [0—23%P]-8-AzidoATP to PgpCrude membranes
NIH-3T3 cells or in NIH-3T3 cells transfected with the (1 mg/mL) were incubated in the ATPase assay buffer
humanMDR1 gene 81). The human Pgp-expressing cells containing 10uM [a-32P]-8-azidoATP (containing 1QCi/
do not overexpress mouse Pgp. Control or Pgp-expressingnmol) in the dark at 4C for 5 min in the presence or absence
cells (250 000 per assay) were suspended in IMDM contain- of 25 uM stipiamide monomer and each of the stipiamide
ing 5% FBS. Cells were untreated or exposed to the dimers. The samples were then illuminated with a UV lamp
modulators at the concentrations indicated in the figure assembly (365 nm) as described above for 10 min on ice (4
legends for 5 min at 37C. Bodipy-Prazosin was then added °C). Ice-cold ATP (12.5 mM) was added to displace excess
to the samples at a final concentration of @4, and the noncovalently boundd-3?P]-8-azidoATP. Following SDS
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A CHy CHy increase the binding and efficiency of drugs when the target
H N protein has multiple binding site2%, 28, 40, 41). Loose
o T %Oﬁv interactions occur because the enthalpy of the pretegand
5 interaction (the sum of the favorable bond interactions) can
B CHyCH, CHaCHq be countered by the entropy arising out of the residual motion
H{Aojvﬂ in the molecule 26). By generating a polyvalent ligand for
o N O a protein with multiple binding sites, we aimed to overcome
FIGURE 1: Structures of the stipiamide monomer and the dimers. this entropy by allowing numerous weak interactions to occur
(A) Structure of the stipiamide monomer with a PEG ether tail used simultaneously. The low affinity of Pgp for modulators has

as a control in all the experiments. (B) Structure of the stipiamide peen an impediment to the development of clinical interven-

homodimeric dimers, wher refers to the number of PEG ether .
groups used as spacers between the two monomers. For thesdONS 0). In recent years, several modulators of Pgp that have

studies, five homodimers were synthesized with linkers of 3, 11, high potency and specificity such as XR 9572)( LY
22,35, and 50 A, 335979 43), and GF 1209184d) are in clinical trials. The
) ) evidence of the existence of several drug binding sites
PAGE onan 8% Tns-glycme_gel at a constant voltage, gels gssociated with Pgp suggests that polyvalency may be an
were dried and exposed to Bio-Max MR film &0 °C for valuable approach to enhancing the efficacy of Pgp modula-
12-24 h. tors. In this study, we have used bivalent homodimers of
RESULTS stipiamide as a strategy for increasing the affinity of Pgp
modulators. Besides polyvalenpgr se the length and nature
Synthesis of Stipiamide Dimer3hough the precise of the linker between the monomers are critical for the
number and organization of the drugubstrate binding sites  success of this approach. Thus, we used a set of six molecules
of Pgp are unclear, there is a general consensus that Pgjn this study which were synthesized as described previously
has multiple binding sites18—21, 38, 39) and that two (17). As a control, we used a stipiamide monomer with a
molecules of some modulators may exhibit cooperativity polyethylene tail (Figure 1A) and five dimers which differ
(22). Several groups have successfully used polyvalency toonly in the length of an ethylene glycol ether (Figure 1B).
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Ficure 2: Effect of the stipiamide monomer and dimers on the binding of IAAP to Pgp. The binding of IAARQ®M) to Pgp was
monitored as described in Experimental Procedures to determine the effect of increasing concentrations (ranging fromN)tof16e

stipiamide monomer and the homodimers separated with 3, 11, 22, 35, and 50 A linkers. (A) The autoradiogram depicts the Pgp band in
the presence of the increasing concentrations of the stipiamides. As the stipiamides displaced IAAP with different affinities, different
concentrations were used, and these are depicted in the grap@).(8B—G) Following SDS-PAGE, the gels were dried and the radioactivity
incorporated into the Pgp band was quantified using the STORM 860 phosphorimager system and ImageQuaNT. The graphs depict the
percent inhibition of J2° IJIAAP incorporation in the Pgp band as a function of increasing concentrations of the stipiamide monomer and
dimers (the individual dimers are identified on the plot). The data represent the mahesstandard deviatiolN(= 3). The IG, values

were obtained by fitting the data to the Henklichaelis—-Menten equation using the curve fitting software GraphPad Prism (version 2.0).
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Ficure 3: Effect of the stipiamide monomer and dimers on the ATP hydrolysis by Pgp. Vi-sensitive ATP hydrolysis was assessed in
Pgp-containing crude membranes prepared from High Five insect cells as described in Experimental Procedures. The graphs show ATP
hydrolysis [meant the standard deviatioN(= 3)] in the presence of increasing concentrations of the stipiamide monomer (A) and the
dimers separated by 3 (B), 11 (C), 22 (D), 35 (E), and 50 A linkers (F).

We used a stipiamide monomer with the polyethylene tail single-site model best described the d&t@).(Moreover, it
as the control in these experiments as our previous workwas demonstrated that this rapid equilibrium approach was
has shown that the addition of this group increases the deemed appropriate for determining the binding constants
efficacy of stipiamide 17). The spacers had 0, 2, 5, 8, and Ky andBnax as the basic assumptions of the approach were
12 ethylene glycol ether groups which correspond to satisfied. (a) The protein and ligand were allowed to interact
distances of 3, 11, 22, 35, and 50 A, respectively, betweenin the dark, whereby equilibrium conditions existed until the
the two amide nitrogens. photo-cross-linking step (considered analogous to termination
Effect of Stipiamide Dimers on the Binding of IAAP to of the reaction). (b) Sufficiently low concentrations of Pgp
Pgp.IAAP, the ?3-labeled azido analogue of the Pgp drug were used to ensure that the ligand, IAAP, was always in
substrate prazosin, is an excellent reagent for directly probingan approximately 100-fold excess. (c) It is necessary to show
interactions at the drug substrate site of Pgp. IAAP can be that the binding is specific at all substrate concentrations.
photo-cross-linked to the drug substrate site of Pgp and canWe have determined that cyclosporin A at both low and high
be visualized as a radioactive band on an SP3GE gel. concentrations of IAAP (600 and 5 nM, respectively) shows
IAAP is a radiolabeled photoaffinity analogue of the Pgp equivalent inhibition of IAAP binding. We have also
substrate prazosin. The radiolabeled IAAP is transported by demonstrated that cyclosporin A inhibits IAAP in a concen-
Pgp @5); we have previously demonstrated that IAAP shows tration-dependent manner which is independent of the time
saturation binding to Pgp, and the Herlkichaelis—Menten of irradiation (Z. E. Sauna and S. V. Ambudkar, unpublished



2266 Biochemistry, Vol. 43, No. 8, 2004 Sauna et al.

100

b A B Stipiamide, dimer, N=12
Stipiamide, dimer, N=8

70

6:0
80

Stipiamide, dimer, N=12

P . Stipiamide, mgnomer
Stipiamide, dimer, N=8

50

7 CONTROL

40

Stipiamide, monomer

Counts

20 30

10

(=]
100

100 10! 102 104

Fluorescence Intensity

101 102 104

Ficure 4: Effect of the stipiamide monomer and selected dimers on Pgp-mediated drug efflux. The effect of the stipiamide monomer and
selected dimers (with 35 and 50 A linkers) was monitored in huM&R1-expressing NIH-3T3 cells by using Pgp substrates bodipy-
FL-prazosin (A) and calcein AM (B) in transport assays. The transport assays were performed ugilgh@8ipy-FL-prazosin or 0.25

uM calcein AM and analyzed by flow cytometry as described in Experimental Procedures. The histograms show untreated cells (gray,
filled histogram) and those treated with 28 stipiamide monomer or dimers. Individual histograms are labeled in the figure. This figure

is representative of three independent experiments.

observations). These properties of IAAP can be exploited and 22 A all stimulate ATP hydrolysis, with the longer
in computing the relative affinities of compounds for Pgp spacers exhibiting increased fold stimulation (Figure-3B
(47). To compare the relative affinities of the stipiamide D). Dimers with spacers of 35 and 50 A, on the other hand,
analogues for Pgp, constant amounts of Pgp and IAAP werestrongly inhibit ATP hydrolysis (Figure 3E,F). The effect
allowed to interact in the presence of increasing concentra-of spacer length on Pgp-mediated ATP hydrolysis reflects
tions of the stipiamide dimers in the dark so that equilibrium the changes in affinity (see Figure 2 and Discussion).
conditions exist until the photo-cross-linking step (see above). Effect of Stipiamide Dimers on the Efflux of Bodipy-
The samples were then UV irradiated and electrophoresed.Prazosin and Calcein AM by NIH-3T3 Cells Expressing Pgp.
Figure 2A shows that when equal amounts of the protein Pgp-mediated efflux of drugs can be monitored using
were loaded on the gel, the autoradiogram shows a decreasinjuorescent derivatives of drug substrates. Thus, for example,
radioactive signal associated with the Pgp band. The relativethe NIH-MDR-G185 cells show significantly reduced levels
intensities of the radioactive signals were quantified using a of accumulation of fluorescent analogues of Pgp drug
phosphorimager, and the percent inhibition was plotted as asubstrates compared to the parental untransfected NIH-3T3
function of either the stipiamide monomer or stipiamide drug-sensitive cells32—34). To distinguish overexpression
dimer concentration (Figure 2BG). The fact that the data  of human and mouse Pgps in NIH-MDR-G185 cells, Western
for each stipiamide dimer fit the HerrMichaelis—Menten blots were probed with the C219 monoclonal antibody that
equation suggests direct competition for the IAAP binding reacts with both mouse and human Pgp and the polyclonal
site at a single site rather than an allosteric interaction. Thus,antibody PEPG 13 that recognizes only human Pgf}). (
it appears to be reasonable to conclude that the stipiamideThe signals with both antibodies were comparable in the
dimers displace IAAP from the drug binding pocket. Though NIH-MDR-G185 cells, suggesting that these cells do not
the stipiamide monomer and all five stipiamide dimers inhibit overexpress the mouse Pgp. In the presence of agents such
IAAP binding, the 1G, values vary considerably (Figure 2B as cyclosporin A that inhibit Pgp function, the Pgp-
G). Thus, there is a direct correlation between the relative overexpressing cells accumulate fluorescent analogues of Pgp
affinity of the dimer and the length of the PEG ether spacer. substrates at levels comparable to those in the parental cells.
The 1G5, for the monomer was 1.4M, and that for the We have investigated the effect of the stipiamide monomer
stipiamide dimer Nl = 12) was 0.1uM, a 11-fold increase  and dimers on the efflux of fluorescent drug substrates from
in affinity. More importantly, at saturating concentrations, Pgp-overexpressing cells. We demonstrate in Figure 4 that
the monomer elicits an approximately 50% inhibition of the stipiamide monomer and select dimers increase the level
IAAP binding whereas the dimer inhibits75% of the IAAP of accumulation of bodipy-prazosin as well as calcein in Pgp-
binding. expressing NIH-3T3 cells. It, however, is apparent that while
Effect of Stipiamide Dimers on the Vi-SenstiATP both the monomer and the dimers show reversal of Pgp-
Hydrolysis by PgpAs ATP hydrolysis and drug transport mediated drug efflux there are quantitative differences. To
by Pgp are obligatorily linked, several laboratories have systematically study the influence of length of the PEG ether
demonstrated that the interaction of drug substrates with Pgpspacers on reversal of drug efflux, we used bodipy-prazosin
can be monitored via their effect on the ATP hydrolySi6, because the previous experiments that estimated the IC
48, 49). We therefore assessed the ATP hydrolysis by Pgp values for the displacement of drug were performed with
in the presence of increasing concentrations of the stipiamidelAAP, which is a photoaffinity analogue of prazosin. Some
dimers. The stipiamide monomer inhibits ATP hydrolysis of the stipiamide dimers showed a dose-dependent reversal
(Figure 3A), while the dimers with spacer lengths of 3, 11, of bodipy-prazosin, while others had little or no effect. Thus,



Dimerization Increases the Efficacy of a Pgp Modulator Biochemistry, Vol. 43, No. 8, 2002267

g 24001 A o 24000 B
c Q
Q T~ c ~
2 2 1800- 3 2 1800-
o C 0w c
55 gs
5 o
T 51200— 2 ?1200—
™ - Py —9 | T
£ oo—o . c s o ° ° _
- o 4 g
B & 6004 5 8 goo-
2 & 600 2 < 600
= s
O T T T T 1 O T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Stipiamide monomer [uM] Stipiamide dimer, N=0 [uM]
2400+ 2400+
[] C [] D
2~ 2~
g *g 1800 §§ 1800
25 25
g g
5 i 3 N
Eg 1200‘ "',_Z g 1200.
8 g L.—_.\% PY K] g
EV 600 EV 600+
O T T T T 1 O T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Stipiamide dimer, N=2 [uM] Stipiamide dimer, N=5 [uM]
2400+ 24001
2 E ) F
2 2
ow ow
‘w’ ‘;;:' 18004 8 “;:' 18004
25 25
82 s
=] =]
= & 12004 = & 12004
L = [T
£35 [ c3 )
8 ST
B L 600+ B L 600+
= =
O T T T T 1 O T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25
Stipiamide dimer, N=8 [uM] Stipiamide dimer, N=12 [uM]

Ficure 5: Dose-dependent effects of the stipiamide monomer and dimers on the transport of drug substrates by NIH-3T3 cells expressing
the MDR1 gene. The effect of the stipiamides was monitored in huMBR1-expressing NIH-3T3 cells by using Pgp substrate bodipy-
FL-prazosin in a transport assay. The transport assay was performed usirld Bdslipy-FL-prazosin and analyzed by flow cytometry as
described in Experimental Procedures. After the flow cytometric assay had been performed, the median fluorescence at each concentration
of the modulator was determined from histogram plots similar to the ones depicted in Figure 4 using Cell Quest. The plots depict the
median fluorescence as a function of the increasing concentration of the stipiamide monomer (A) and the dimers with 3 (B), 11 (C), 22 (D),
35 (E), and 50 A linkers (F). One of three independent experiments is depicted.

in Figure 5, we depict the median fluorescence in a not given). These results confirm earlier reports that stipi-
population of Pgp-overexpressing cells as a function of amide analogues interact with Pgp4( 17, 51) and suggest
increasing concentrations of the stipiamides. We observedthat dimerization with a spacer of the optimal length can
that the stipiamide monomer and the dimers with the short augment the reversal of Pgp-mediated drug resistance.
spacers [3 and 11 AN(= 0 and 2)] had a negligible effect Effect of Stipiamide Dimers on the Binding of-{2P]-8-

on the accumulation of bodipy-prazosin in Pgp-overexpress- AzidoATP to PgpThe results depicted above indicate that
ing NIH-MDR-G185 cells (Figure 5AC). Spacers longer  the homodimers of stipiamide interact with the drug binding
than this threshold appeared to increase the level of ac-site and affect drug transport and ATP hydrolysis as a
cumulation (Figure 5D,E) of bodipy-prazsion. However, this consequence. There, however, does exist the possibility that
increase in the level of accumulation of the fluorophore these dimers interact directly with the ATP site(s) of Pgp.
appeared to plateau with spacers larger than 35 AN.e, To test this possibility, we monitored the binding of the
8 (Figure 5E,F). Control NIH-3T3 cells exhibit accumulation photoaffinity analogue of ATP of-32P]-8-azidoATP, in the

of bodipy-prazosin which is not affected by cyclosporin A presence of a saturating concentration (28) of each of

or any of the stipiamide derivatives tested in this work (data the dimers. Figure 6 shows that while ATP completely
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Ficure 6: Effect of the stipiamide monomer and dimers on the
binding of [0-32P]-8-azidoATP to Pgp. The binding oft{3?P]-8-
azidoATP (10uM, 10 u«Ci/nmol) was assessed as described in
Experimental Procedures af@ (under nonhydrolysis conditions),

in the presence of monomer and stipiamide dimers with 3, 11, 22,

35, and 50 A linkers. All the modulators were used at a concentra-

tion of 25uM. The experimental conditions are depicted on the
autoradiogram. The data from a representative autoradiogkam (
= 3) were quantified using a phosphorimager and are plotted in
the bottom panel.
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FiGure 7: Inhibition of IAAP binding and bodipy-prazosin efflux
in intact cells. The effect of the stipiamide dimeéd & 12) was
monitored in humaVDR1-expressing NIH-3T3 cells by measuring
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Pgp in intact cells with an 1§ of 1.2 uM and inhibits
reversal of bodipy-prazosin efflux with an 4€of 5.2 uM
(which are comparable). The increasegolfor the inhibition

of IAAP binding in intact cells (0. kM vs 1.2uM) probably

is related to the delivery of the stipiamides and/or hydro-
phobic proteins and organelles in intact cells providing a sink
for these compounds.

DISCUSSION

The decreased influx and or increased efflux of chemo-
therapeutic agents from cancer cells, mediated by molecular
pumps powered by ATP hydrolysis, is responsible for MDR
(52). Overexpression of Pgp is a negative prognostic marker
during cancer chemotherapy, and the pharmacological re-
versal of Pgp function has been a major focus of research
for more than 15 years58, 54). However, success in
overcoming MDR has been limited (for a review, seeQef
Many of the problems associated with the development of
effective agents for combating Pgp-mediated MDR may be
traced to a lack of specificity and a low affinity for the drug
binding site(s) of Pgp, and several new drugs in clinical trials
address some of these probler@s §3). In this study, we
have used dimers of stipiamide that differ in the length of a
PEG ether to investigate whether polyvalency is a viable
strategy for enhancing the biological activity of Pgp modula-
tors. We have characterized these dimers wssaPgp-
mediated transport, ATP hydrolysis, and their ability to
displace the photoaffinity analogue of the Pgp drug substrate
IAAP.

Flow cytometry using fluorescent analogues of Pgp drug
substrates offers a rapid means of monitoring the effect of
modulators on Pgp-mediated transp@2<34). The NIH-
MDR-G185 cells expressing th&DR1 gene show a
significantly reduced level of accumulation of bodipy-
prazosin due to efflux of the drug by Pgp. This can be
reversed by the addition of cyclosporin A (a reversal agent)
to obtain a maximal level of bodipy-prazosin accumulation
(data not given). The stipiamide monomer alone shows a
modest increase in the level of accumulation of calcein or

both the efflux of bodipy-FL-prazosin in a transport assay and the bodipy-prazosin (Figures 4 and 5A). Similarly, dimerization
binding of IAAP. The transport assay was performed as described per sedoes not reverse the drug efflux (Figure 5B). This

in the legend of Figure 5, and the effect on IAAP binding was
assessed as described in Experimental Procedthiegesults were
guantified and analyzed as described in the legends of Figures
and 5 and depict the inhibition of IAAP bindin®@} and bodipy-
prazosin efflux Q).

abolishes the cross-linking ofif?P]-8-azidoATP to Pgp,
none of the stipiamides has a significant effect. It is thus
unlikely that either the monomer or the dimeric stipiamides
directly bind at the ATP binding sites of Pgp.

Stipiamide Dimers Inhibit both the Binding of IAAP to
Pgp and Fluorescent Drug Efflux in Intact CellEhe results

observation also argues against the idea that the increased

ohydrophobicity of the compounds as a result of adding the

PEG ethers could explain the increased activity of the dimers.
As depicted in Table 1, there is a sharp increase in the
calculated LogP value on dimerization. The homodimers,

however, all have comparable LogP values in the range of
10—-12. Increasing the length of the spacer between the two
monomers on the other hand significantly enhances the
accumulation of bodipy-prazosin in the MDR resistant cells

by inhibiting the efflux (Figure 5). There is also a decrease

in the K., for the reversal of drug efflux with an increase in

depicted above indicate that the stipiamide dimers inhibit spacer length. To quantify these effects, we plotted the extent

the binding of IAAP, the photoaffinity analogue of the Pgp

of reversal as a function of spacer length (Figure 8). Such a

drug substrate, prazosin in crude membrane preparationglot shows that a spacer of up to 11 W€ 2) has no effect
(Figure 2) and also reverse Pgp-mediated drug efflux in intact on reversal of bodipy-prazosin efflux BDR1-expressing

cells (Figure 5). However, the kgfor the reversal of drug
efflux is considerably higher than that for the inhibition of

cells. Increasing the spacer length beyond 11 A increases
the capacity of the dimer to inhibit drug efflux in a

IAAP binding. We therefore assessed both these phenomenaoncentration-dependent manner. Longer spacers in excess
in intact cells under identical conditions for a more accurate of 35 A (N = 8) do not increase the effectiveness of the
comparison. The results depicted in Figure 7 show that the dimer. We obtained similar results when we used the calcein
stipiamide dimerl = 12) inhibits the binding of IAAP to ~ AM instead of bodipy-prazosin (Figure 4B), suggesting that
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Table 1: Effect of Spacer Length in the Stipiamide Dimers on Pgp-Mediated ATP Hydrolysis, Inhibition of IAAP Binding, and
Bodipy-Prazosin Efflux

ATP hydrolysi$

molecular calculated spacer fold fold IAAP binding, drug efflux
weight LogP length (Ap stimulation inhibition ICso (uM)© (A)
monomer control 679 4.7 - 1.08 - 11 103
stipiamide dimerl = 0) 857 11.7 3 1.84 - >100 88
stipiamide dimerl = 2) 944 11.3 11 2.37 - >100 0
stipiamide dimerl = 5) 1076 11.2 22 1.88 - 12.3 689
stipiamide dimer{l = 8) 1208 105 35 - 0.58 0.9 1179
stipiamide dimerl = 12) 1384 10.2 50 - 0.54 0.1 765

a Distance between the amide nitrogens of the stipiamide monohiEne. Vi-sensitive ATPase activity was determined as described in Experimental
Procedures. The fold stimulation or inhibition over basal activity was determined at the steady state. The maximal fold stimulation or inhibition by
the stipiamide dimer is giveri.The IG5 values for the inhibition of IAAP binding by the stipiamide dimers were determined as described in the
legend of Figure 2¢ Bodipy-Prazosin efflux was determined in NIH-3T3 cells as described in the legend of Figure A alae refers to the
increase in the median fluorescence as a result of the addition of the stipiamide analogue at a saturating concentration.

1.2 Figure 2 and Table 1 show that the stipiamide monomer and
all the stipiamide dimers inhibit the binding of IAAP to Pgp
in a concentration-dependent manner. However, thg IC
values vary from> 100 to 0.1uM. Consistent with the results
depicted above, there is a linear decrease i V@lues as
the spacer length increases from 11 to 35 A (fidns 2 to

N = 12, respectively), after which the decrease levels off.
Finally, the effect of spacer length on Pgp-mediated ATP
hydrolysis can be explained on the basis of the relative
affinities of the dimers.

As one increases the length of the spacer from 11 to 35 A
(from N = 2 toN = 8, respectively), there is an exponential
increase in the affinity of the stipiamide dimers for Pgp. The
effect of these dimers on ATP hydrolysis is a little more
complex; one initially observes an increase in the fold
stimulation over basal activity followed by a decrease in the
extent of stimulation. This is consistent with the notion that

0.0+—= ' T T T J modulators that are bulky or bind too tightly to Pgp are not
0 10 20 30 40 50 : P w gt o
easily transported from the “on” to the “off” site and thus
Spacer Length (Angstroms) inhibit ATP hydrolysis. These observations are for example
Ficure 8: Influence of the spacer length in the stipiamide Ccomparable with what has been reported vidsacyclosporin
homodimers on IAAP binding, ATP hydrolysis, and drug efflux A (57). Finally, we see that increased affinity of the dimers
by Pgp. The following parameters were plotted as a function of s qualitatively reflected in the reversal of Pgp-mediated drug

the length of the spacer (in angstroms). (i) For IAAP binding, the it
maximal inhibition of binding of IAAP to Pgp®). (ii) For ATP efflux. Moreover, when we compare both inhibition of IAAP

hydrolysis, the fold change (stimulation or inhibition) over basal Pinding and drug efflux in intact cells, the 4gvalues are in
ATPase activity of Pgp at saturating concentrations of the stipiamide the same range (Figure 7). Thus, when we plot reversal of

(a). (iii) For efflux of bodipy-prazosin, the increase in the median  drug efflux, ATP hydrolysis, and inhibition of IAAP binding

fluorescence of bodipy-prazosin in Pgp-expressing NIH-3T3 cells ; ;
expressing theMDRL gene in the presence of the indicated as a function of the length of the PEG ether spacer (Figure

stipiamide dimersHM). Each of the three sets was normalized to 8)' we ob_serve a_ consistent pattern. The I_argest change_s in
facilitate comparison on a common scale. The meatise standard ~ diverse biochemical parameters that define Pgp function
deviation (N = 3) were determined after normalizing the data. Al occur when the spacer length is increased from 11 to 35 A
three parameters exhibit a linear relationship for spacers between(from N = 2 to N = 8, respectively), the area that has been

11 and 35 A (shaded area). See the text for an interpretation. shaded in Figure 8. How do these findings relate to our

the stipiamide analogues have equivalent effects regardles€UTent understanding of the drug binding site(s) of Pgp?
of the nature of the fluorescent substrate used to track Pgp- Several authors have proposed that there are at least two
mediated efflux. and possibly several overlapping drug binding sites in Pgp
To obtain a comprehensive understanding of the effect of (18, 19, 21, 58) and that some modulators may operate more
spacer length in stipamide dimers at the biochemical level, efficiently as pairs 2, 23). What is not clear is whether
we studied ATP hydrolysis and drug substrate binding. The these are distinct sites or part of a single drug binding pocket.
effects of the stipiamide monomer and dimers on Pgp X-ray crystallographic studies with bacterial multidrug
function are summarized in Table 1. IAAP, a radiolabeled binding proteins favor the latter scenario. Thus, the structure
photoaffinity analogue of the Pgp substrate prazosin, has beerof QacR, a soluble regulatory protein frataphylococcus
extensively used to study the drug binding sites of Pigp ( aureus indicates the presence of two separate potentially
46, 55, 56). Modulators that compete for the drug binding overlapping binding sites within a single pockBg). More
site of Pgp inhibit the photoaffinity labeling of IAAP by Pgp. recently, the X-ray crystallographic structures of the trimeric

o
s

Normalized Activity

o
E Y
L
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AcrB transporter fromEscherichia colihave been obtained
with four structurally diverse ligand$(). The structures
show that three molecules of ligands bind simultaneously to
the extremely large central cavity and each ligand uses a
slightly different subset of AcrB residues. Our finding that
dimerization of stipiamide using spacers of a defined spacer
length increases the affinity more than 25-fold would support
such a drug binding site for Pgp. Multiple binding sites are
necessary for polyvalency to succeed. However, that dimer-
ization per sedoes not increase the affinity of stipiamide
suggests that the dimer requires structural flexibility to
associate with the multiple binding sites within the drug
binding site of Pgp. Such a view is supported by a recent
report that demonstrates the simultaneous binding of two
different drugs in the binding pocket of the human P8®) (
Moreover, the critical spacer length of-435 A (see Figure

8 for a comparison of the effect of spacer length on different
biochemical parameters) is also consistent with the emerging
insights into the Pgp drug binding site. Using a series of
methanethiosulfonate cross-linkers with spacer arms-Gf722
atoms in conjugation with cysteine mutagenesis, Loo and
Clarke have estimated the drug binding site of Pgp is funnel-
shaped, and is-925 A in length 9). This is consistent with
our results where we observe improved binding, with spacers
of 11-35 A. Shorter spacers either do not allow the
stipiamide dimer sufficient flexibility or do not permit the
interactions between both the stipiamides and the requisite
amino acid residues in the drug binding site. Very large
spacers¥35 A), on the other hand, increase the bulk of the
molecule to the extent that it no longer fits in the drug
binding site.

Our results thus support the emerging postulate that Pgp,
akin to multidrug transport proteins from bacteria, may
possess multiple drug binding sites within a common pocket
(59, 60). Where such proteins are the targets of clinical
intervention, polyvalency would offer a powerful means of
designing more efficient drugs. We provide a proof of
principle for this approach by demonstrating>d 0-fold
increase in the affinity of stipiamide for Pgp achieved by

generating dimers separated by an optimal spacer length.

Increasing the potency of MDR modulators is fundamental
to generating effective modulators while keeping side effects
manageable9d). Though significant strides in achieving this

objective have been made in recent years, there are no

modulators of MDR available for clinical use. This work

characterizes polyvalency as a general strategy for increasing

the potency of MDR modulators and provides an important
new tool for addressing this significant clinical problem.

ACKNOWLEDGMENT

We thank Dr. Michael M. Gottesman for encouragement
and for comments on the manuscript and Dr. Wilfred D. Stein
for help with data analysis and discussions. We are grateful
to Carol Cardarelli for providing us with cells, In Wha Kim
for help with flow cytometry, and Jen McCulley for technical
help.

REFERENCES

1. Gottesman, M. M., Pastan, I., and Ambudkar, S. V. (1996)
P-glycoprotein and multidrug resistan€yrr. Opin. Genet. De.
6, 610-617.

2

Sauna et al.

.Sauna, Z. E., Smith, M. M., Muller, M., Kerr, K. M., and
Ambudkar, S. V. (2001) The mechanism of action of multidrug-
resistance-linked P-glycoproteih,Bioenerg. Biomembr. 3381~
491.

. Gottesman, M. M., and Pastan, |. (1993) Biochemistry of multidrug
resistance mediated by the multidrug transporfemu. Re.
Biochem. 62385-427.

. Ambudkar, S. V., Dey, S., Hrycyna, C. A., Ramachandra, M.,
Pastan, I., and Gottesman, M. M. (1999) Biochemical, cellular,
and pharmacological aspects of the multidrug transpofteny.
Rev. Pharmacol. Toxicol. 39361—398.

. Ford, J. M., and Hait, W. N. (1990) Pharmacology of drugs that
alter multidrug resistance in cancé&harmacol. Re. 42, 155—
199.

. Seelig, A. (1998) How does P-glycoprotein recognize its sub-
strates?nt. J. Clin. Pharmacol. Ther. 3660-54.

. Seelig, A. (1998) A general pattern for substrate recognition by
P-glycoproteinEur. J. Biochem. 251252-261.

. Ecker, G., Huber, M., Schmid, D., and Chiba, P. (1999) The
importance of a nitrogen atom in modulators of multidrug
resistanceMol. Pharmacol. 56 791—-796.

9. Gottesman, M. M., Fojo, T., and Bates, S. E. (2002) Multidrug

11.

12.

13.

14.

15.

16.

17.

resistance in cancer: Role of ATP-dependent transporas,
Rev. Cancer 2 48—58.

0. Gottesman, M. M. (2002) Mechanisms of drug resistaAcau.

Rev. Med. 53 615-627.

Persidis, A. (1999) Cancer multidrug resistaridat. Biotechnol.

17, 94—95.

Andrus, M. B., Lepore, S. D., and Turner, T. M. (1997) Total
synthesis of stipiamide and designed polyenes as new agents for
the reversal of multidrug resistancé, Am. Chem. Soc. 119
12159-12169.

Andrus, M. B., Turner, T. M., Asgari, D., and Li, W. K. (1999)
The synthesis and evaluation of a solution-phase indexed com-
binatorial library of non-natural polyenes for multidrug resistance
reversal,J. Org. Chem. 642978-2979.

Andrus, M. B., Turner, T. M., Sauna, Z. E., and Ambudkar, S. V.
(2000) The synthesis and evaluation of a solution phase indexed
combinatorial library of non-natural polyenes for reversal of
P-glycoprotein mediated multidrug resistandeQrg. Chem. 65
4973-4983.

Kim, Y. J., Furihata, K., Yamanaka, S., Fudo, R., and Seto, H.
(1991) Isolation and structural elucidation of stipiamide, a new
antibiotic effective to multidrug-resistant cancer cellsAntibiot.
44, 553-555.

Andrus, M. B., and Lepore, S. D. (1997) Synthesis of stipiamide
and a new multidrug resistance reversal agent, 6,7-dehydrostipi-
amide,J. Am. Chem. Soc. 119327-2328.

Andrus, M. B., Turner, T. M., Updegraff, E. P., Sauna, Z. E., and
Ambudkar, S. V. (2001) Synthesis and analysis of polyethylene
glycol linked P-glycoprotein-specific homodimers based 6 (
stipiamide, Tetrahedron Lett. 423819-3822.
. Dey, S., Ramachandra, M., Pastan, |., Gottesman, M. M., and
Ambudkar, S. V. (1997) Evidence for two nonidentical drug-
interaction sites in the human P-glycoproteitpc. Natl. Acad.

Sci. U.S.A. 9410594-10599.

19. Shapiro, A. B., and Ling, V. (1997) Positively cooperative sites

20.

21.

23.

24,

25.

for drug transport by P-glycoprotein with distinct drug specificities,
Eur. J. Biochem. 250130-137.

Shapiro, A. B., and Ling, V. (1997) Extraction of hoechst 33342
from the cytoplasmic leaflet of the plasma membrane by P-
glycoprotein,Eur. J. Biochem. 250122-129.

Shapiro, A. B., and Ling, V. (1998) Transport of LDS-751 from
the cytoplasmic leaflet of the plasma membrane by the rhodamine-
123-selective site of P-glycoproteiyr. J. Biochem. 254181—

188.

. Ayesh, S., Shao, Y. M., and Stein, W. D. (1996) Co-operative,
competitive and non-competitive interactions between modulators
of P-glycoprotein Biochim. Biophys. Acta 1318—18.

Litman, T., Zeuthen, T., Skovsgaard, T., and Stein, W. D. (1997)
Competitive, non-competitive and cooperative interactions be-
tween substrates of P-glycoprotein as measured by its ATPase
activity, Biochim. Biophys. Acta 136169-176.

Matrosovich, M. N. (1989) Towards the development of antimi-
crobial drugs acting by inhibition of pathogen attachment to host
cells: a need for polyvalencfEBS Lett. 2521—4.

Crabtree, G. R., and Schreiber, S. L. (1996) Three-part inven-
tions: Intracellular signaling and induced proximityrends
Biochem. Sci. 21418-422.



Dimerization Increases the Efficacy of a Pgp Modulator

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Rao, J. H., Lahiri, J., Isaacs, L., Weis, R. M., and Whitesides, G.
M. (1998) A trivalent system from vancomyemAla-pD-Ala with
higher affinity than avidirbiotin, Science 280708-711.

Williams, D. H., Maguire, A. J., Tsuzuki, W., and Westwell, M.
S. (1998) An analysis of the origins of a cooperative binding
energy of dimerizationScience 280711-714.

Sundram, U. N., Griffin, J. H., and Nicas, T. I. (1996) Novel
vancomycin dimers with activity against vancomycin-resistant
enterococciJ. Am. Chem. Soc. 118310713108.

Schafer, M., Schneider, T. R., and Sheldrick, G. M. (1996) Crystal
structure of vancomycirStructure 4 1509-1515.

Cooper, A., and McAuleyhecht, K. E. (1993) Microcalorimetry
and the molecular recognition of peptides and protefts|os.
Trans. R. Soc. London, Ser. A 345—35.

Cardarelli, C. O., Aksentijevich, |., Pastan, ., and Gottesman, M.
M. (1995) Differential effects of P-glycoprotein inhibitors on
NIH3T3 cells transfected with wild-type (G185) or mutant (V185)
multidrug transportersCancer Res. 551086-1091.

Hrycyna, C. A., Ramachandra, M., Pastan, I., and Gottesman, M.

M. (1998) Functional expression of human P-glycoprotein from
plasmids using vaccinia virus-bacteriophage T7 RNA polymerase
system,Methods Enzymol. 29256-473.

Ramachandra, M., Ambudkar, S. V., Gottesman, M. M., Pastan,
I., and Hrycyna, C. A. (1996) Functional characterization of a
glycine 185-to-valine substitution in human P-glycoprotein by
using a vaccinia-based transient expression systah Biol. Cell

7, 1485-1498.

Gribar, J. J., Ramachandra, M., Hrycyna, C. A., Dey, S., and
Ambudkar, S. V. (2000) Functional characterization of glycosy-
lation-deficient human P-glycoprotein using a vaccinia virus
expression systend, Membr. Biol. 173203—-214.

Ramachandra, M., Ambudkar, S. V., Chen, D., Hrycyna, C. A.,
Dey, S., Gottesman, M. M., and Pastan, I. (1998) Human
P-glycoprotein exhibits reduced affinity for substrates during a
catalytic transition stateBiochemistry 375010-5019.

Sarkadi, B., Price, E. M., Boucher, R. C., Germann, U. A., and
Scarborough, G. A. (1992) Expression of the human multidrug
resistance cDNA in insect cells generates a high activity drug-
stimulated membrane ATPask, Biol. Chem. 2674854-4858.
Sauna, Z. E., and Ambudkar, S. V. (2001) Characterization of
the catalytic cycle of ATP hydrolysis by human P-glycoprotein:
The two ATP hydrolysis events in a single catalytic cycle are
kinetically similar but affect different functional outcomdsBiol.
Chem. 27611653-11661.

Loo, T. W., Bartlett, M. C., and Clarke, D. M. (2003) Simultaneous
binding of two different drugs in the binding pocket of the human
multidrug resistance P-glycoproteih,Biol. Chem. 27839706~
39710.

Loo, T. W., and Clarke, D. M. (2001) Defining the drug-binding
site in the human multidrug resistance P-glycoprotein using a
methanethiosulfonate analog of verapamil, MTS-verapadil,
Biol. Chem. 27614972-14979.

Rao, J. H., Yan, L., Lahiri, J., Whitesides, G. M., Weis, R. M.,
and Warren, H. S. (1999) Binding of a dimeric derivative of
vancomycin ta.-Lys-p-Ala-p-lactate in solution and at a surface,
Chem. Biol. 6 353—-359.

Kanai, M., Mortell, K. H., and Kiessling, L. L. (1997) Varying
the size of multivalent ligands: The dependence of concanavalin
a binding on neoglycopolymer lengti, Am. Chem. Soc. 119
9931-9932.

Mistry, P., Stewart, A. J., Dangerfield, W., Okiji, S., Liddle, C.,
Bootle, D., Plumb, J. A., Templeton, D., and Charlton, P. (2001)
In vitro and in vivo reversal of P-glycoprotein-mediated multidrug
resistance by a novel potent modulator, XR95Z&ncer Res. 61
749-758.

Dantzig, A. H., Law, K. L., Cao, J., and Starling, J. J. (2001)
Reversal of multidrug resistance by the P-glycoprotein modulator,
LY335979, from the bench to the clini€urr. Med. Chem. 8
39-50.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

Biochemistry, Vol. 43, No. 8, 2002271

Polli, J. W., Baughman, T. M., Humphreys, J. E., Jordan, K. H.,
Mote, A. L., Salisbury, J. A., Tippin, T. K., and Serabjit-Singh,
C. J. (2003) P-Glycoprotein influences the brain concentrations
of cetirizine (Zyrtec (R)), a second-generation non-sedating
antihistamine,J. Pharm. Sci. 922082-2089.

Maki, N., Hafkemeyer, P., and Dey, S. (2003) Allosteric modula-
tion of human P-glycoprotein: Inhibition of transport by prevent-
ing substrate translocation and dissociatidnBiol. Chem. 278
18132-18139.

Sauna, Z. E., and Ambudkar, S. V. (2000) Evidence for a
requirement for ATP hydrolysis at two distinct steps during a
single turnover of the catalytic cycle of human P-glycoprotein,
Proc. Natl. Acad. Sci. U.S.A. 92515-2520.

Sauna, Z. E., Peng, X. H., Nandigama, K., Tekle, S., and
Ambudkar, S. V. (2003) The molecular basis of the action of
disulfiram as a modulator of the multidrug resistance linked ABC
transporters MDR1 (ABCB1) and MRP1 (ABCCMol. Phar-
macol. (in press).

Ambudkar, S. V., Lelong, I. H., Zhang, J., Cardarelli, C. O.,
Gottesman, M. M., and Pastan, I. (1992) Partial purification and
reconstitution of the human multidrug-resistance pump: Charac-
terization of the drug-stimulatable ATP hydrolysRroc. Natl.
Acad. Sci. U.S.A. 88472-8476.

Scarborough, G. A. (1995) Drug-stimulated ATPase activity of
the human P-glycoproteinl. Bioenerg. Biomembr. 2B7—41.
Ambudkar, S. V. (1998) Drug-stimulatable ATPase activity in
crude membranes of human MDR1-transfected mammalian cells,
Methods Enzymol. 29504-514.

Andrus, M. B., Turner, T. M., Sauna, Z. E., and Ambudkar, S. V.
(2000) Synthesis and preliminary analysis of a P-glycoprotein-
specific H-3-benzophenone photoaffinity label based e1)- (
stipiamide,Bioorg. Med. Chem. Lett. 1@275-2278.

Gottesman, M. M. (2002) Mechanisms of cancer drug resistance,
Annu. Re. Med. 53 615-627.

Tan, B., Piwnica-Worms, D., and Ratner, L. (2000) Multidrug
resistance transporters and modulati@uyr. Opin. Oncol. 12
450-458.

Stein, W. D. (2002) Reversers of the multidrug resistance
transporter P-glycoproteirCurr. Opin. Irvest. Drugs 3 812—
817.

Greenberger, L. M. (1993) Major photoaffinity drug labeling sites
for iodoaryl azidoprazosin in P-glycoprotein are within, or
immediately C-terminal to, transmembrane domains 6 and.12,
Biol. Chem. 2681141711425.

Sauna, Z. E., Smith, M. M., Muller, M., and Ambudkar, S. V.
(2001) Evidence for the vectorial nature of drug (substrate)-
stimulated ATP hydrolysis by human P-glycoproteih, Biol.
Chem. 27633301-33304.

Kerr, K. M., Sauna, Z. E., and Ambudkar, S. V. (2001) Correlation
between steady-state ATP hydrolysis and vanadate-induced ADP
trapping in human P-glycoprotein. Evidence for ADP release as
the rate-limiting step in the catalytic cycle and its modulation by
substrates). Biol. Chem. 2768657-8664.

Shapiro, A. B., Fox, K., Lam, P., and Ling, V. (1999) Stimulation
of P-glycoprotein-mediated drug transport by prazosin and proges-
terone. Evidence for a third drug-binding siteyr. J. Biochem.
259, 841-850.

Schumacher, M. A., Miller, M. C., Grkovic, S., Brown, M. H.,
Skurray, R. A., and Brennan, R. G. (2001) Structural mechanisms
of QacR induction and multidrug recognitioBgience 2942158—
2163.

Yu, E. W., McDermott, G., Zgurskaya, H. I., Nikaido, H., and
Koshland, D. E. (2003) Structural basis of multiple drug-binding
capacity of the AcrB multidrug efflux pumpScience 300
976-980.

BI035965K



