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Bivalent Probes of the Human Multidrug Transporter P-Glycoprotein
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ABSTRACT:. A small library of bivalent agents was designed to probe the substrate binding sites of the
human multidrug transporter P-glycoprotein (P-gp). The bivalent agents were composed of two copies of
the P-gp substrate emetine, linked by tethers of varied composition. An optimum distance between the
emetine molecules of approximately 10 A was found to be necessary for blocking transport of the known
fluorescent substrate rhodamine 123. Additionally, it was determined that hydrophobic tethers were optimal
for bridging the bivalent compounds; hydrophilic or cationic moieties within the tether had a detrimental
effect on inhibition of transport. In addition to acting as probes of P-gp’s drug binding sites, these agents
were also potent inhibitors of P-gp. One agent, EmeC5, hggvigues of 2.2«M for inhibiting transport

of rhodamine 123 and approximately 5 nM for inhibiting the binding of a known P-gp subst&ik, [
iodoarylazidoprazosin. Although EmeCS5 is an inhibitor of P-gp and was shown to interact directly with
P-gp in one or more of the substrate binding sites, our data suggest that it is either not a P-gp transport
substrate itself or a poor one. Most significantly, EmeC5 was shown to reverse the MDR phenotype of
MCF-7/DX1 cells when co-administered with a cytotoxic agent, such as doxorubicin.

The successful treatment of cancer and AIDS is to a to the two transmembrane domains. In one proposed model,
large degree dependent upon the effectiveness of therapeuti®-gp reduces intracellular drug concentrations by acting as
drugs. Unfortunately, most cancers either are intrinsically a “hydrophobic vacuum cleaner”, effectively increasing drug
resistant to any initial treatment with such therapeutics or efflux and decreasing drug influx by the recognition and
acquire resistance to a broad spectrum of these agents overemoval of compounds from the membrane before they reach
time. Additionally, anti-AIDS therapeutics that target the the cytosol to elicit their cytotoxic effects (Figure ¥) (7).
protelln HIV-1 protease have been found to be substrates for  p_q; confers resistance to a wide range of structurally and
P-gp; thereby leading to drug resistance with this class of ,nctionally unrelated compounds. The list of drugs that are
molecules as ngllc 2).ltis Well—gstabl|shed that this broad- ¢ pstrates of P-gp includes a large majority of current
based drug resistance results in large part from the over-pn.maceyticals, including the anticancer compounds dauno-
expression of a plasma membrane polypeptide known as the, in doxorubicin, paclitaxell), and imatinib (Gleevec)
multidrug transporter or P-glycoprotein (P-gi—6). In (19), the immunosuppressant cyclosporin 20{22), and
addition, gndogenous expression of I_D-gp n t.he gqt ar)q theagents that target HIV proteask ). Data from numerous
blood—brain barrier can lead to the limited bioavailability groups support the hypothesis that there are at least two, if
(()7f_ml%;1y drugs, further impeding successful chemotherapy not more, substrate binding sites within the transporter

Hum.an P-gp is a member of a large superfamily of ATP- domain _Of P-gp23-27). o o
dependent proteins known as ABC (ATP-binding cassette) The pivotal role of P-gp in limiting drug accumulation in
transporters. P-gp uses the energy of ATP hydrolysis to pumpdiseased cells suggests that inhibition of this drug transporter
drug molecules out of cells so that they cannot elicit their May be an attractive mode for reversing drug resistance and
cytotoxic effects 4—6, 11-13). The P-gp transporter is an  increasing the bioavailability of chemotherapeutic agents. To
integral membrane protein comprised of two homologous date, many inhibitors exist for P-gp, but most of these are
halves each containing a cytosolic ATP binding site. ATP @also substrates and are transported. Asmgll class of inhibitors
binding and hydrolysis are essential for the proper function- has been reported, and they are believed to be weak
ing of P_g|ycoprotein, induding drug transpo%l@_ The substrates, or not substrates at all, including GF120288 (
drug binding sites in P-gp, on the other hand, are localized 8g§3;3529)7?_|g% ?'35985;23?%52?322?2%120 ;Sgeggéﬁtt o

* To whom correspondence should be addressed. E-mail: chml@ probing and inhibiting P-gp by taking advantage of the
ggadlllgéesdl(lJ(é-)an%ng ggcggf%pzuzfcége:gu) (CF;Q'-H&GE)'"ZSE:O%%S)m“'“p'e binding sites within the transporter domain with

! Abbreviations: P-ap. P-alvcoprotein: HATU. 2Hi7-azabenzo. . Pivalent agents. There are numerous examples in nature and
triazol-l-yl)-l,1,3,3—tet?§r’netr?y)lluro%ium hiexaﬂuo‘ropﬁqosphate; DMso, designed systems where polyvalency is used to promote tight
dimethyl sulfoxide; DIEA, diisopropylethylamine; TFA, trifluoroacetic  binding that would otherwise not exist in a monovalent

acid; MALDI-TOF, matrix-assisted laser desorption ionization time of ;
flight; THF, tetrahydrofuran; RPMI, Roswell Park Memorial Institute; system g3, 36). We have developed a novel bivalent agent

PBS, phosphate-buffered saline; IAAP, iodoarylazidoprazosin; R123, based on monomericlemetine that is an inhibitor of P-gp
rhodamine 123; CsA, cyclosporin A; MDR, multidrug resistance. transport in the low micromolar range.
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<3 After 10 min, the reaction flask was covered with aluminum
foil and emetine dihydrochloride (0.1018 g, 0.21 mmol) was

added. The mixture was allowed to stir for 2 h, and the

solvent was removed in vacuo. The residue was dissolved

out Jl,

r!ﬁnﬂ%ﬂﬂﬂ)z[ﬂn” TR in ethyl acetate and washed with a saturated NagiCO
A e e solution. The organic solvent was removed in vacuo, and
i et iigdintn =it the residue was dissolved in DMSO and filtered. The desired
_‘[ material was purified to homogeneity by reverse phase HPLC

using a Vydac C8 column as described above. HRLE

@ 38.0 min. The compound was characterizeddyand 13C

FiIGURE 1: Model demonstrating how P-gp in the cell membrane NMR and MALDI-TOF mass spectrometry.
can limit the accumulation of therapeutic agents within cells. Alloc-protected EmeBA3 (30.0 mg, 0.024 mmol) was
dissolved in a solution of dry MeOH and DCM (1:2, 5 mL),
and the reaction flask was covered with aluminum foil. A
MATERIALS AND METHODS catalytic amount of Pd(RJy (13.86 mg, 0.012 mmol) was
Materials.Emetine hydrochloride and cyclosporin A were added to the mixture with morpholine (0.1220 g, 1.4 mmol).
purchased from Fluka. Rhodamine 123 was purchased fromThe reaction mixture was stirred for 2 h, and the solvent
Molecular Probes, Inc. (Eugene, OR). Doxorubicin hydro- was removed in vacuo. The residue was dissolved in DMSO
chloride was obtained from Oakwood Products (West and filtered. The desired material was purified to homogene-
Columbia, SC). JH]Daunamycin and *f9]iodoarylazido- ity by reverse phase HPLC using a Vydac C8 column as
prazosin were purchased from Perkin-Elmer Life and described above. The compound was characterizetHby
Analytical Sciences (Boston, MA). All other chemicals were and*3C NMR and MALDI-TOF mass spectrometry.
purchased from Sigma-Aldrich (St. Louis, MO) and used  Cell Culture.All cell lines were cultured at 37C with
without purification. 5% CQ.. MCF-7 cells (breast adenocarcinoma) were grown
Typical Synthesis of Balent Emetine Compounds in RPMI 1640 medium supplemented with 10% fetal bovine
(EmeC4-C10 and EmeBE)To a solution of the com-  serum (Cambrex Bio Science Walkersville, Inc.), 2 mM
mercially available diacid (0.07 mmol) in dry DMSO (5 mL) L-glutamine (Cellgro, Mediatech), and 50 units/mL penicillin
at room temperature were added HATU (0.28 mmol) and and 50ug/mL streptomycin (Cellgro, Mediatech). The MCF-
DIEA (0.28 mmol). After 10 min, the reaction flask was 7/DX1 cell line overexpressing P-gp was maintained in the
covered with aluminum foil, and emetine dihydrochloride same medium as the parental MCF-7 with the addition of 1
(0.21 mmol) was added. The mixture was allowed to stir «M doxorubicin to the culture medium.
for 2 h, and the solvent was removed in vacuo. The residue Flow Cytometry AssaySubstrate accumulation assays
was dissolved in ethyl acetate and washed with a saturatedvere performed as described previously with minor modi-
NaHCG; solution. The organic solvent was removed in fications 84). For substrate accumulation studies using cell
vacuo, and the residue was dissolved in DMSO and filtered. suspensions, 500 000 cells were incubated with either 0.5
The desired material was purified to homogeneity by reverse ug/mL rhodamine 123 alone or in the presence of varying
phase HPLC using a Vydac C8 column with an eluent concentrations of standard inhibitors or synthesized com-
consisting of solvent A (kD and 0.1% TFA) and solvent B pounds for 45 min at 37C. The cells were harvested by
(CHsCN and 0.1% TFA) with a 60 min gradient consisting centrifugation at 30§and resuspended in fresh medium with
of 10 to 70% A, a flow rate of 8 mL/min, and monitoring at  or without inhibitor and incubated for an additional 45 min
214 and 280 nm. Each compound was characterizetiHby  at 37°C. The cells were harvested by centrifugation at00
andC NMR and MALDI-TOF mass spectrometry (see the the medium was removed, and the cells were resuspended
Supporting Information). in 400uL of PBS. The cells were kept on ice until analysis.
Synthesis of Alloc-Protected Bis-Amine DiacR).(To a For assays performed in a 24-well plate, each well was
solution of bis-amine diacid (1.76 g, 10 mmol) in a 1:1  evenly seeded and the cells were allowed to grow until they
THF/H,O mixture (20 mL) at ®C were added allylchloro-  were 76-80% confluent and assayed under similar condi-
formate (3.62 g, 30 mmol) and NaOH (1.60 g, 40 mmol). tions except that the cells remained adhered to the plate. After
The mixture was allowed to come to room temperature and the incubations, the cells were trypsinized gently, resus-
stirred for 1 h. Additional NaOH (0.80 g, 20 mmol) was pended in culture medium, and kept on ice until analysis.
added, and the mixture was stirred at room temperature forAll cells were analyzed using a FACSCalibur flow cytometer
an additional 1 h. The reaction mixture was washed with (BD Biosciences, San Jose, CA) equipped with a 488 nm
diethyl ether (twice) and acidified to pH3 with concen- argon laser and a 530 nm band-pass filter (FL1) for
trated HCI. The mixture was extracted with ethyl acetate rhodamine 123. Ten thousand (10 000) cells were counted
(three times), and the combined organic layers were driedfor each data point. The fluorescence data are expressed as
over MgSQ. The drying agent was filtered off, and the the mean of arbitrary fluorescence units derived from
solvent was removed in vacuo. The compound was charac-histogram plots of the 10 000 cells that were examined. All
terized by'H and3C NMR and MALDI-TOF mass spec- assays were performed in triplicate, andd®alues were

trometry (see the Supporting Information). obtained by fitting the concentration-dependent data using
Synthesis of Alloc-Protected EmeB3).(To a solution of SigmaPlot.
alloc-protected bis-amine diac’l(0.0240 g, 0.07 mmol) in Radioactve Substrate AssayrRadioactive substrate ac-

dry DMSO (5 mL) at room temperature were added HATU cumulation assays were performed as described previously
(0.1064 g, 0.28 mmol) and DIEA (0.0362 g, 0.28 mmol). except that 24-well plates were used and seeded with 100 000
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cells on the day prior to the assa$4j. All assays were
performed in triplicate, and I§ values were obtained by
fitting the concentration-dependent data using SigmaPlot.
Membrane PreparatiorMCF-7/DX1 cells were harvested
by scraping 48 h after plating. Crude membrane extracts were
prepared as described previouslg@4) except that the
membrane fraction was harvested by centrifugation at
30000@ for 40 min at 4°C. The membrane pellet was col-
lected, and the membranes were assayed for total protein
concentration, aliquoted, frozen on dry ice, and kept at Emetine Homodimers

—80 °C until they were used. H
N A N
ATPase AssayCrude membranes derived from MCF-7/ R= % \H/\/ 7

DX1 cells were analyzed for both vanadate-sensitive basal n=1 EmeC4 EmeBA
and drug-stimulated ATP consumption in the absence and n=2 EmeC5

presence of increasing concentrations of EmeC5. Activity 223 Eng? f\o/\/o\;
was measured by the colorimetric detection of inorganic n=2 EmeC8 EmeBE
phosphate release at 880 nm, as described previoddly ( n=7 EmeC10

Verapamil-stimulated activity was assayed in the presenceFicure 2: Structures of the designed bivalent emetine compounds
of 30 uM verapamil with or without increasing concentra- Wwith varying cross-linking moieties.
tions of EmeC5. All assays were performed in triplicate. _ _

IAAP Photoaffinity Labeling[24]lodoarylazidoprazosin ~ @n optimum tether length of approximately 35 A. To more
([*23]IAAP) (specific activity of 2200 Ci/mmol) was used fully probe the P-gp transporter, we sought a more universal
to label P-gp as described previousd), The reaction scale ~ Substrate of P-gp, with features in common with larger
was reduced to a total volume of 5@L. The crude classes of su_bstrates that. could be easily dimerized with
membranes (3@g) were incubated at room temperature in tethers of varied composition.

50 mM Tris-HCI (pH 7.5) with IAAP (18 nM) for 5 min Initially, our search for an appropriate P-gp substrate
under subdued light. The samples were then illuminated with focused on compounds that contained the bicyclic recognition
a UV lamp assembly fitted with two black light UV-Along  element found in many of the strongest P-gp inhibit&s (
wave tubes (365 nm) for 20 min on ice. Membrane protein 37—39). The compound emetine appeared to complement
(10ug) was subjected to SDFPAGE on a 7.5% Tris glycine  our needs the most. Emetine is a known substrate of P-gp
gel, fixed, dried overnight, and exposed to Bio-Max MR film  (40), and it contains a secondary amine for cross-linking but
(Eastman Kodak Co.) at80°C for 12-24 h. To determine  also contains a tertiary amine, an important recognition
the amount of 3]IAAP photo-cross-linked to P-gp, each  element of P-gp, that would remain unmodifi@®), Emetine
band was quantified from the dried gels using SigmaScan. s used in the treatment of human amoebiasis and is one of
Values were expressed either in arbitrary units or as athe few antiparasitic compounds availabil) Emetine
percentage of a control experiment. suffers from poor intracellular accumulation in resistant

Persistence of Inhibition of P-gp-Mediated Efflthe day parasites because it is a substrate for a parasitic form of P-gp
prior to the assay, 100 000 cells were seeded in a 12-well (42). Therefore, novel emetine-based inhibitors may be useful
culture plate. The following day, the cells were washed three for the treatment of amoebiasis, in addition to proving useful
times with PBS and incubated with 0.5 mg/mL rhodamine for studying the pharmacophore of P-gp.

123 with the inhibitor at the desired concentration af@7 One of the more important design features for bivalent
After 40 min, cells were washed three times with room- a4ents is the tether linking the ligands. In an attempt to
temperature PBS and incubated with culture medium not

- _ o produce an unbiased small library, the character of the tether
containing either R123 or the inhibitor. The efflux phase was

; X was diversified (Figure 2). Among the characteristics that
carried out at 37C. The medium was removed, and the \yere varied were length, degree of hydrophobicity, and
cells were removed by mild trypsinization and d|Iu.ted' with charge. The library of emetine homodimers was designed
400 mL of cold PBS. Cells were analyzed at the indicated y, o,ntain nine different compounds that should provide data
time points using flow cytometry. A minimum of 10 OOO_ about the distances between binding sites in P-gp and the
events were collgctgd per data point, and each data POINGature of the functionality between these sites. One series
was determined in triplicate. of compounds contains methylene-based tethers of varying
RESULTS AND DISCUSSION lengths. Compounds_Emeec_lo have maximum distan_ces
between the cross-linked, nitrogen atoms on emetine of
Numerous studies have pointed to the existence of at least@pproximately 9-16 A. These distances were chosen on the
two spatially distinct substrate binding sites within the basis of the finding of Loo and Clarke that the binding pocket
transmembrane domain of P-gp that function in transport or of the P-gp is 9-25 A long ¢43). We chose to keep the tethers
regulation of transpor@—27, 35). This multiplicity of bind- flexible in this initial study, but the results that were obtained
ing pockets provides the opportunity to both probe and inhibit should assist in the design of more rigid moieties in further
P-gp transport with multivalent agents. Along these lines, defining the spatial arrangement of the binding sites. Little
Sauna et al.36) elegantly designed stipiamide homodimers is known about the environment between the different
capable of inhibiting P-gp. They evaluated dimers that were binding sites of P-gp, but recently, the drug binding pocket
cross-linked with hydrophilic PEG-based tethers and found of P-gp has been shown to be accessible to wa®r These
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Scheme 1: Synthesis of EmeBA

o o
H Alloc
HOkNwN/YOH allyl chloroformate, NaOH Ho)k/N\/\N OH
H o THF/H,0 (1:1) Alloc ]
1 2

emetine, HATU, DIEA
DMSO

3
N
Pd(Pha), (cat), morpholine ~ ”u
CHoClo/MeOH (2:1)
ocH H3CO
EmeBA

data imply that perhaps a more hydrophilic tether would be (Figure 3, DMSO), demonstrating that P-gp is effluxing the
better accommodated in the emetine homodimers. Thereforecompound out of the cells.
we chose to synthesize compounds containing amino groups To determine the efficacy of our designed agents, R123
and ether moieties in the tether as well (Figure 2). accumulation was assayed in the presence and absence of
The bivalent emetine derivatives were prepared starting €ach of the library members (1M). The known P-gp
with emetine and the required bis-carboxylic acids, with modulator cyclosporin A (CsA) was used as a positive
HATU and DIEA. Commercially available diacids were control. Anincreased level of cellular fluorescence associated
used for compounds Eme€€£10, EmeBA, and EmeBE.  with the MCF-7/DX1 cell line is indicative of inhibition of
Prior to the synthesis of EmeBA, the bis-amino diacid P-gp transport. The parental MCF-7 cell line was also
(Scheme 1) was alloc-protected, thereby necessitating aassayed with and without the designed compounds, and the
deprotection step after the coupling reaction. All final
compounds were purified to homogeneity by reverse phase 3000 ;
HPLC and analyzed byH and3C NMR spectroscopy and
mass spectrometry. o 2500 1
To assess the function of P-gp and the effectiveness of &,
our designed agents as inhibitors, we employed two human g 2000 -
carcinoma lines. An MCF-7 human breast cancer parental §
cell line was used as a negative control because it does notg 1500
express detectable levels of P-gp. A second multidrug-
resistant (MDR) subline derived from MCF-7 cells, MCF-
7/DX1, was used because it is 200-fold more resistant to
doxorubicin than the MCF-7 cell line and has been shown

1000 A

Mean Fluol

500 A

to overexpress P-gp by immunoblot analysis (data not

shown). Furthermore, the MCF-7/DX1 cells did not express |

detectable amounts of ABCG2, as determined by immunoblot S &L ECEON
analysis (data not shown). To assess function, a fluorescent N @<-° & & & & & &

substrate of P-gp, rhodamine 123 (R123), was incubated with .
. Ficure 3: Flow cytometry data for MCF-7/DX1 cells treated with
both cell lines and flow cytometry was used to assess the g 53 (0.5ug/mL), DMSO, emetine, each of the bivalent emetine

aCCLJmu|ati0n Of f|u0rescence within the Ce||S (Figure 3) The agents with hydrophobic tethersy and Cyc|osp0rin A (CSA)‘L(WD
MCF-7/DX1 cells that express P-gp do not accumulate R123 each).
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] Table 1: Chemical Properties of Emetine and Emetine Dimers
2500 1
-~ ] molecular weight  tether length (&) charge logP
3 2000 ] emetine 481 — +2 548
g ] EmeC4 1071 8.7 +2 8.37
g ] EmeC5 1085 10.0 +2 8.40
2 1500 7 EmeC6 1099 11.3 +2 8.42
g ] EmeC7 1113 12.5 +2 8.43
2 1000 EmeC8 1127 13.8 +2 8.46
= h EmeC9 1142 15.1 +2 8.48
§ EmeC10 1156 16.3 +2 8.49
= 500 EmeBE 1103 10.8 +2  7.64
EmeBA 1101 10.9 +4 4.56
0 T T L 1 aDistance between the amide nitrogeh€alculated logP.
EmeCé6 EmeBE EmeBA
Ficure 4: Flow cytometry data for MCF-7/DX1 cells treated with 3000 600

R123 (0.5ug/mL) and bivalent emetine agents with hydrophobic ® a

(EmeC6), hydrophilic (EmeBE), and charged (EmeBA) tethers (10 _ <09 & | 5008

= & 03

uM each). 5 =
: : - e ¢ E=
data confirmed that accumulation of R123 was significant 8 *** We g
and remained unaffected by the addition of the library & 1500 woi 8
members (data not shown). For the MCF-7/DX1 cells, we § s
found that the addition of library members with a hydro- £ |0, 208 &
phobic tether resulted in accumulation of R123 and thus § RS

increased cellular fluorescence (Figure 3). When the emetines  spo L1005

homodimer EmeCS5, for example, was co-administered with =

0

R123, a higher level of cellular fluorescence was observed 0 1 . . . .
as with the positive control, cyclosporin A (Figure 3). Similar 0 5 oo n 20
results were also obtained with the fluorescent substrates EmeC5 Concentration (LM)

in- Ny i Ficure 5: Dependence of EmeC5 concentration on accumulation
calcein-AM and bodipy-prazosin (data not shown). These of the fluorescent substrate R1284xis, left, O) and the radio-

data demonstrate that our inhibitors are blocking R123 ;0104 substratéfiJdaunomycin y-axis. right,®) with MCF-7/
efflux from the MCF-7/DX1 P-gp-expressing cells. These px1 cells.

data also indicate that the bivalent compounds are more
potent than the emetine monomer. For example, EmeC5 isTable 2: Comparison of Efflux Inhibition of R123

12-fold more potent than emetine at a concentration of 10 ICod? (M) ICos® (M)

uM, thereby supporting the hypothesis that both halves of ,

the homodimeric agents are interacting with P-gp binding Er;it'cnf 23& (1):;' E?:CG 5335£ (1):31

sites. Likewise, EmeC5 was found to be 26-fold more potent  Emecs 2.9+ 0.2

t,han emetine at a concentration of M with a KB cell aThe maximal cellular fluorescence for each compound was used
line that expresses P-gp (data not shown). to calculate the I value.

The extent of P-gp inhibition was also found to be de-
pendent on the length of the tether and its hydrophobic emetine moieties for interaction with the P-gp transporter is
nature. Relatively equivalent cellular fluorescence was ob- approximately 10 A, and the functionality in the region
served with 1Q«M of compounds EmeC4C7, with the best ~ spanning the two binding sites can accommodate hydropho-
potency found with EmeC5 (Figure 3). Further lengthening bic moieties. These results are interesting when compared
the tether chain beyond C7, however, led to a decreased leveto the data obtained by Sauna et al., as they found that much
of retention of R123 in the MCF-7/DX1 cells, indicating longer (35 A) and hydrophilic (PEG) tethers linking stipi-
weaker inhibition of P-gp. Although a length dependence is amide monomers provided optimal inhibitioB6]. It is
observed, it should be noted that even compounds with possible that the stipiamide homodimers occupy binding sites
nonoptimal tether lengths still had modest inhibition activity. orthogonal from that of the emetine homodimers and that
These data provide further evidence that the two emetinethe location of these sites and the functionality bridging these
moieties are being recognized by P-gp. Also, addition of sites is significantly altered from the emetine binding pockets.
hydrophilic ether or charged amino groups to the tether led To further support the fluorescence data, experiments with
to diminished (EmeBE) and minimal (EmeBA) cellular aradiolabeled substrate of P-ggH[daunomycin, were also
fluorescence as compared to that of EmeC6 (Figure 4). Theseperformed with the MCF-7/DX1 cell line. The extent &]-
data may be due to a disfavored interaction between EmeBEdaunomycin retention in cells as a function of an increase
and EmeBA with the transporter or a disinclination of the in EmeC5 concentration was investigated (Figure 5). An
compounds to partition into the membrane as compared toincreasing level of accumulation ofH]daunomycin was
the carbon-based tethers. There is little difference in the observed with EmeC5 in a concentration-dependent manner,
molecular weights of the dimers that have been studied confirming the inhibition of P-gp in these cells. There is
(Table 1), but logP values are severely reduced for EmeBA. excellent agreement in the concentration-dependent data with
Therefore, it is possible that the reduced lipophilicity of EmeC5 using both fluorescent and radioactive substrates
EmeBA is precluding membrane partitioning. Overall, our (Figure 5). Therefore, |6 values were obtained for emetine
data indicate that the optimal spacing between the two and EmeC4C6 using the fluorescence assay with R123
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Ficure 6: Extent of photoaffinity cross-linking of IAAP with P-gp as a function of increasing EmeC5 concentration. The inset shows the
autoradiography of the SBSPAGE analysis of the reaction mixtures (cyclosporin A was added as a positive control).

(Table 2). The homodimers were found to-b&0-fold more is a weak substrate of P-gp and actually inhibits the basal
potent than emetine itself. level of P-gp ATPase activity that is thought to result from
As further evidence that the homodimeric emetine deriva- endogenous substrates. EmeC5 was also able to inhibit
tives are binding to the transporter region of P-gp, photo- verapamil (3QuM)-stimulated ATPase activity in a concen-
affinity cross-linking experiments were performed. In these tration-dependent manner. A EmeC5, the level of ATP
experiments, we chose to use one of the best agents fromhydrolysis with verapamil was returned to basal levels.
the R123 screen, EmeC5, to probe mechanistic issues of To further probe if EmeC5 is a substrate of P-gp, R123
inhibition. A photoactive azido analogue of the known P-gp retention experiments were performed using GF120918 and
substrate prazosin, containing &M label ([**1]IAAP), was CsA as positive and negative controls. GF120918 is an
incubated with crude membrane extracts of P-gp in the known inhibitor of P-gp that is not considered to be a
presence and absence of increasing concentrations of EmeCSubstrateZ8), whereas CsA is known to be both an inhibitor
and the mixture was exposed to UV light (365 nm). SDS and a substrate4f). Each of these molecules was co-
PAGE analysis of the resulting mixture (Figure 6) demon- incubated with R123 in MCF-7/DX1 cells; the compounds
strated that EmeC5 competed for tR&I[IAAP binding site were removed from the media, and the amount of R123
in a concentration-dependent manner and suggests thatetained in the cells was monitored by flow cytometry as a
EmeC5 does, in fact, interact with P-gp in the substrate function of time. As previously describe®8), R123 is
binding site(s). Upon quantification using SigmaScan, we retained well in GF120918-treated cells, indicating that
found that EmeC5 inhibits prazosin cross-linking with an GF120918 is not transported out of the cells during the course
ICso value of approximately 5 nM. Although it is tempting of the experiment. The opposite trend is observed with CsA.
to attempt to correlate the igvalues of EmeCS5 for transport  In CsA-treated cells, R123 is poorly retained, presumably
and binding, it is important to keep in mind that the due to transport of CsA out of the cells along with R123 by
concentrations of substrate in each of these experiments aré>-gp. Interestingly, EmeC5 is intermediate in its ability to
significantly different (18 nM and 1.8M, respectively), and  allow cells to retain R123 as compared to GF120918 and
thus, direct comparisons are not appropriate. CsA, suggesting that EmeC5 may be a weak substrate of
As previously discussed, most P-gp inhibitors are also P-gp. Similar data have been obtained for other P-gp
substrates of P-gp and are transported out of the cell. Toinhibitors, such as OC144-0933), LX335979 @9), and
determine if EmeCS5 is also a substrate of P-gp, two assaysXR9576 B0). With these inhibitors, retention of the substrate
were employed. The ability of a drug to stimulate the ATPase upon removal of inhibitor was also observed, suggesting that
activity of P-gp is generally regarded as a good measure ofthe inhibitor itself is not being efficiently transported.
whether the compound is transportetb,(46). Therefore, As a final set of experiments, we were interested if it
using crude membrane preparations derived from MCF-7/ would be possible to reverse the drug-resistant phenotype
DX1 cells, we assessed the ability of EmeC5 to stimulate of the MCF-7/DX1 cell line with EmeC5 and return
the basal ATPase activity of P-gp in a concentration- doxorubicin cytotoxicity to that observed in the parental
dependent manner. We also assessed the ability of EmeC3MCF-7 drug-sensitive cells. Co-administration of noncyto-
to inhibit ATPase activity when the transporter is already toxic levels of EmeC5 (85 uM) and increasing amounts
stimulated by a known substrate, in this case, verapamil of doxorubicin to both the MCF-7 parental cell line and the
(Figure 7). We demonstrated that in the presence of increas-MCF-7/DX1 subline was performed, and fCvalues for
ing concentrations of EmeC5 alone, the basal ATPase activitydoxorubicin cytotoxicity were determined using a MTT assay
was not stimulated and, in fact, was inhibited by EmeC5. (Table 3). EmeC5 had no effect on thesjCralue of
This trend suggests that EmeC5 either is not a substrate odoxorubicin in MCF-7 parental cells but dramatically
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Ficure 7: Extent of ATP hydrolysis by crude membrane extracts derived from MCF-7/DX1 cells overexpressing P-gp. Increasing

concentrations of EmeC5 alon®)and verapamil (3@M) with increasing concentrations of EmeG5)(

—
I
=]

100

Remaining Rhodamine 123 in Cells (%)
- = 00
< (=] (=]

w2
IS
)

0 T T T Y
0 50 100 150 200
Time (min)

Ficure 8: Retention of R123 in MCF-7/DX1 cells in the presence
of known inhibitors and EmeC5. After a 40 min incubation of MCF-
7/DX1 cells with R123 and EmeC5 at 1M (O), CsA at 10uM

(¥), or GF120918 at aM (@), the cells were washed and incubated
in fresh medium without R123 or inhibitors for the indicated times.

Table 3: 1Go Values for Doxorubicin with Co-Administration of
EmeC5

OuMEmeC5 2.5MEmeC5 5uM EmeC5
MCF-7 0.18+0.01uM 0.24+0.01uM 0.27+ 0.02uM
MCF-7/DX1 49.7+1.7uM  82+03uM 1.2+ 0.1uM

enhanced the effect of doxorubicin on the DX1 subline in a
dose-dependent manner. A 50-fold increase in the cytotox-
icity of doxorubicin was observed with BM EmeC5, a
concentration that was found to be noncytotoxic (data not
shown). These data suggest that bivalent inhibitors of P-gp
transport can effectively block drug resistance pathways
involving P-gp and can restore the effectiveness of cytotoxic
agents to P-gp-overexpressing cells.

We have demonstrated that bivalent agents containing the
P-gp substrate emetine and a variety of cross-linking agents
can provide useful information concerning the separation of
substrate binding sites within the P-gp transporter and the
nature of the environment between these sites. In addition

to acting as biochemical probes of P-gp, these agents were
also potent inhibitors of P-gp. One agent, EmeC5, hagd IC
values of 2.uM for inhibiting transport and approximately
5 nM for inhibiting the binding of a known P-gp substrate.
Although EmeC5 is an inhibitor of P-gp and was shown to
occupy a known substrate binding site, our data suggest that
it is only a weak substrate of P-gp itself. Most importantly,
EmeC5 was shown to reverse the MDR phenotype of MCF-
7/DX1 cells when co-administered with a cytotoxic agent
such as doxorubicin. These experiments bode well for future
design efforts with multivalent agents in further probing the
binding sites of P-gp and enhancing the efficacy of inhibitors.
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