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ABSTRACT. The multidrug resistance efflux pump P-glycoprotein (Pgp) couples drug export to ATP binding
and hydrolysis. Details regarding drug trajectory, as well as the molecular basis for coupling, remain
unknown. Nearly all drugs exported by Pgp have been assayed for competitive behavior with rhodamine123
transport at a canonical “R” drug binding site. Tetramethylrosamine (TMR) displays a relatively high
affinity for Pgp when compared to other rhodamines. Here, we present the construction and characterization
of a library of compounds based upon the TMR scaffold and use this set to assess the determinants of
drug binding to the “R” site of Pgp. This set contained modifications in (1) the number, location, and
conformational mobility of hydrogen-bond acceptors; (2) the heteroatom in the xanthylium core; and (3)
the size of the substituent in the 9-position of the xanthylium core. Relative specificity for coupling to the
distal ATP catalytic site was assessed by ATPase stimulation. We found mark6aQ-fold) variation

in the ATPase specificity constant within the library of TMR analogues. Using established methods
involving ADP-Vi trapping by wild-type Pgp and ATP binding by catalytic carboxylate mutant Pgp,
these effects can be extended to ATP hydrolysis transition-state stabilization and ATP occlusion at a
single site. These data support the idea that drugs trigger the engagement of ATP catalytic site residues
necessary for hydrolysis. Further, the nature of the drug binding site and coupling mechanism may be
dissected by variation of a drug-like scaffold. These studies may facilitate development of novel competitive
inhibitors at the “R” drug site.

P-glycoprotein (Pgp,also known as MDR1 or ABCB1) resistance (MDR) in cancer chemotherapy. Pgp is also the
(1—3), a mammalian plasma membrane protein, is a membermost studied of a growing family of proteins known to confer
of the ATP-binding cassette (ABC) superfamily and was the MDR (3). Related efflux pumps are associated with resistance
first efflux protein identified and associated with multidrug in the treatment of AIDS, bacterial, parasitic, and fungal
diseases4—7). The reversal or inhibition of MDR is a
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Chart 1: Structures of Various Rhodamine Dyes and analogues of TMR with respect to ATPase stimulation, drug
Tetramethylrosamine (TMR) binding, and drug transport. Herein, we have used the library
of TMR analogues shown in Chart 2 to probe the binding

O © of TMR analogues to Pgp in order to give insights into the

COR' c COE fundamental molecular recognition properties in TMR ana-

o Me Me i indi
O \ O \ o logues that allow tight binding to Pgp.
RoN o ,E,DRZ EtHN 0 NHEt

R6G MATERIALS AND METHODS
R123, R =H, R = Me

R R e R i o Materials. All chemicals and reagents were purchased
(for hydrolyzed dyes, R’ = H) from Sigma Chemical Co. (St. Louis, MO) unless otherwise
RhB R=E,R=H Me,N 0 NMe, noted. Elemental analyses were conducted by Atlantic
MR Microlabs, Inc. (Norcross, GA). The compounds TMR-S,
TMR-Se,1, 2,4, 5,9-12, 14, 15, 19, and20 were prepared
(16—19), as well as biochemical data with Pgp, indicate that from chalcogenoxanthon&8—26 (Chart 3) as previously
transport results from the formation and collapse of a “closed described 43, 44). Xanthone23 was prepared according to
conformation” in which the NBDs form an interdigitated ref 45, Chalcogenoxanthone24 and 25 (Chart 3) were

dimer with ATP bound at two site20—24). Formationand  prepared according to réb. Thioxanthone26 was prepared
collapse of this intermediate would be governed by ATP according to ref7.

binding, hydrolysis, and product release. A key point is that Synthesis of 3,6-Bis(dimethylamino)-9-(3-methoxyphenyl)-
drugs stabilize the closed ATP-bound NBD dimer conforma- xanthylium Hexafluorophosphatg)( A mixture of 1-bromo-
tion. In addition, binding of drugs to Pgp appears to elicit 3-methylbenzene (1.53 g, 8.0 mmol) and ground magnesium
asymmetry in the ATP catalytic sites. where one becomestumingS (0.34 g, 14 mmol) in 8 mL of anhydrous THF was
tightly bound and poised for hydrolysi&g, 24). heated at reflux fo 1 h and then cooled to ambient
Greater mechanistic understanding will come from studies temperature. The resulting solution of Grignard reagent was
of drug binding site(s), trajectory of transport, and residues then added to a solution of 3,6-bis(dimethylamino)-9-
involved in coupling TMD and NBD. This may be chal- xanthenoneZ3, 0.10 g, 0.40 mmol) in anhydrous THF (3
lenging since unlike NBDs, which are highly conserved and mL). The reaction mixture was heated at reflux foh and
share catalytic residues with a wide variety of nucleotide cooled to ambient temperature and then t€0Then, acetic
binding proteins, the TMDs of ABC transporters are not well- acid (0.5 mL) was added. Hexafluorophosphoric acid (10%
conserved. Transport assays performed using Pgp andoy-weight solution in water, 25 mL) was added dropwise
fluorescent dyes indicate a minimum of two nonoverlapping until a color change (blue to yellow) was observed. The
binding sites termed “H” and “R” for Hoechest 33342 and resulting solution was poured into ice water (200 mL), and
Rhodamine 123 (R123, Chart 1), respectiveBp,(26). the resulting solid was recrystallized from gEN/ether to
Nontransporting allosteric drug binding sites have also beengive 0.100 g (55%) o8 as a green crystalline solid, n¥p
revealed by these assays. The “H” site has been well-studied260°C; 'H NMR (500 MHz, CDQCl,): 6 7.60 (dxd, 1 H,J
and modeled to include many of the effective inhibitors of = 7.5, 8.5 Hz), 7.48 (d, 2 H] = 9.6 Hz), 7.23 (ckdxd, 1
Pgp @7—29). Pgp—drug interactions have also been exam- H, J= 1.0, 1.5, 8.5 Hz), 7.02 (ddxd, 1 H,J = 1.0, 1.5,
ined by radioligand binding3Q), electron paramagnetic 7.5 Hz), 6.98 (m, 1 H), 6.96 (m, 2 H), 6.86 (d, 2 8i= 2.7
resonance spectroscof81y, photoaffinity labeling 82, 33), Hz), 3.91 (s, 3 H), 3.34 (s, 12 H}3C NMR (125 MHz,
fluorescence spectroscoB4, covalent attachment of MTS-  CDCl): ¢ 159.6, 159.0, 134.7, 133.5, 131.8, 123.3, 117.2,
derivatives (thiol-reactive) of drugs to mutants containing a 116.9, 115.7, 115.1, 98.1, 57.1, 42Max (H20) 552 nm €
single cysteine 35, 36), and structure activity studies of 1.2 x 10° Mt cm™); high-resolution mass spectrometry
compounds that either stimulate ATP hydrolysis or are (electrospray ionization) [HRMS (El)}jvz 373.1900 (calcd
competitive for transport3y7). Although structure-activity for CosHzsNO,: 373.1911). Anal. Caled for £H2sN,O-
studies of drug interactions provide reliable biochemical data, PR;: C, 55.60; H, 4.86; N 5.40. Found: C, 55.75; H, 5.10;
they often involve comparison of highly diverse compounds N, 5.37.

gnd are limited in that.the changes are not systematic; that Synthesis of 3,6-Bis(dimethylamino)-9-(3,4-dimethoxyphe-
is, only broad conclusions may be drawn. nyl)xanthylium Hexafluorophosphates)( 1-Bromo-3,4-
Rhodamine dyes have been used as mimics of chemo-dimethoxybenzene (2.11 g, 9.74 mmol), ground magnesium
therapeutic drugs to assay Pgp-mediated transport. Effluxturnings (0.22 g, 8.86 mmol), and 3,6-bis(dimethylamino)-
of R123 from cells was used to define Pgp transport 9-xanthenonez3, 0.25 g, 0.89 mmol) in 10 mL of anhydrous
substrates/antagonists in a cross-correlation of drug resistanc@HF were treated as described for the preparatior8.of
patterns in the NCI 60 set of cells with the NCI Drug Screen Product yield was 0.32 g (66%) 6fas a dark red solid, mp
Database of compound8§, 39). Among the rhodamine > 260°C; 'H NMR (500 MHz, CQ.Cl,): 6 7.58 (d, 2 H,J
derivatives of Chart 1, tetramethylrosamine (TMR) has been = 9.5 Hz), 7.16 (d, 1 HJ = 8.5 Hz), 7.04 (¢kd, 1 H,J =
described as the best transport substrate for Pgp both in viablel.5, 8.0 Hz), 6.99 (¢d, 2 H,J = 2.5 Hz), 6.97 (¢kd, 2 H,
MDR cells and in reconstituted Pgpd—42). In evaluating J= 25, 8.5 Hz), 6.85(d, 1 Hl = 2 Hz), 4.01 (s, 3 H),
the transport of this set of rhodamines, the rate constant for3.90 (s, 3 H), 3.34 (s, 12 H}3C NMR (125 MHz, CRCl,):
outward pumping by Pgp was similar for most of the ¢ 158.7, 157.9, 157.2, 151.2, 149.4, 132.1, 123.8, 123.0,
rhodamines, but was 5- to 10-fold higher for TMR2J. 114.0, 113.6, 113.0, 111.5, 96.4, 56.1, 56.0, 40,4x (H-0)
Surprisingly, there has been no systematic investigation of 520 € 3.95 x 10* Mt cm™%), 550 nm ¢ 8.51 x 10* M~

T
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Chart 2: Library of Chalcogenoxanthylium Analogues of TMR and Their Xanthone Precursors

OMe OMe OMe
Q Q
Br
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Et ©
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16 Me,N
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Chart 3: Chalcogenoxanthone Precursors to TMR MHz, CD:Cl,): ¢ 7.68 (d, 2 H,J = 2.8 Hz), 7.57 (d, 2 H,
Analogues J=9.8 Hz), 7.22 (d, 1 HJ = 8.2 Hz), 7.11 (ckd, 2 H,J

0 o =2.8,9.8 Hz), 7.04 (d, 1 H} = 2.2 Hz), 6.92 (ckd, 1 H,
J=12.2,8.2 Hz), 3.96 (s, 3 H), 3.84 (s, 3 H), 3.56 (s, 12 H);
13C NMR (125 MHz, CDCH): 6 161.8, 152.9, 149.7, 148.9,
N N s NMe, 146.1,138.6, 128.9, 121.9, 120.1, 114.7, 112.5, 111.1, 108.8,
24E=S 26 56.1, 56.0, 40.54max (H20) 580 nm € 1.01 x 10° M1
25,E=Se cm3); HRMS (El) m/z 467.1233 (calcd for §Ha7N,0,5
Se: 467.1232). Anal. Calcd for8H,7N,0.SePFk: C, 49.11;
cm 7). HRMS (EI) m/z 403.2012 (caled for €HxN2Os: 4.5, N, 4.58. Found: C, 48.97; H, 4.46; N, 4.58.
403.2016). Anal. Calcd for £Ha7FeNOsP: C, 54.75; H, Synthesis of 3-Dimethylamino-9-(3,4-dimethoxyphenyl)-
4.96; N, 5.11. Found: C, 54.31; H, 4.75; N, 5.11. thioxanthylium Hexafluorophosphatd 3. A mixture of
Synthesis of 3,6-Bis(dimethylamino)-9-(3,4-dimethoxyphe- 1-bromo-3,4-dimethylbenzene (1.8 g, 8.0 mmol), ground
nyl)thioxanthylium Hexafluoro-phosphat®(1-Bromo-3,4-  magnesium turnings (0.20 g, 8.1 mmol), and 3-(dimethy-
dimethylbenzene (1.8 g, 8.0 mmol), ground magnesium |amino)-9-thioxanthenone26, 0.10 g, 0.40 mmol) in 10 mL
turnings (0.20 g, 8.1 mmol), and 3,6-bis(dimethylamino)-9- of anhydrous THF was treated as described for the prepara-
thioxanthenone 26, 0.20 g, 0.67 mmol) in 10 mL of  tion of 3. Product yield was 0.050 g (25%) &8 as a green
anhydrous THF were treated as described for the preparatiorcrystalline solid, mp 256251 °C; *H NMR (500 MHz, CD-
of 3. Product yield was 0.323 g (85%) af as a green  Cl,): ¢ 8.03 (dxd, 1 H,J = 0.6, 8.2 Hz), 7.84 (m, 3 H),
crystalline solid, mp 255256°C; *H NMR (500 MHz, CD- 7.59 (dxdxd, 1 H,J=1.0,1.5,8.2Hz),7.35(d, 1 H,=
Clp): 67.56 (d, 2HJ=9.5Hz), 7.09 (m, 3 H), 6.94 (dd, 2.7 Hz), 7.22 (ckd, 1 H,J = 2.7, 10.0 Hz), 7.13 (d, 1 HJ
2H,J=25,85Hz),6.88 (dd, 1 H,J=2.0,8Hz),6.82 =8.2Hz),6.93 (kd, 1 H,J=1.8, 7.9 Hz), 6.87 (d, 1 H,
(d, 1H,J=2.0Hz),3.97 (s, 3H), 3.83(s,3H),3.28 (s, 12 J= 1.8 Hz), 3.99 (s, 3 H), 3.84 (s, 3 H), 3.44 (s, 6 HC
H); °C NMR (125 MHz, CDC}): ¢ 161.3, 154.0, 150.8, NMR (75 MHz, CD.Cl,): ¢ 156.0, 150.3, 150.0, 140.1,
149.8, 145.0, 137.4, 128.1, 122.7, 120.0, 115.7, 113.4, 111.9,136.2, 135.4, 130.6, 129.9, 128.4, 127.6, 124.8, 124.2, 120.5,
105.9, 56.6, 41.1max (H20) 576 nm € 7.5 x 10* M~! 114.7, 113.2, 107.7, 57.7, 57.6, 43.3 (3 overlapped peaks);
cm™); HRMS (EI) m/z 419.1787 (calcd for &H2/N20;S: Amax (H20) 562 nm € 6.5 x 10* M~ cm™1); HRMS (EI)
419.1788). Anal. Calcd for £H7N20,SPFR: C, 53.19; H,  nvz 376.1365 (calcd for §H.,NO,S: 376.1366). Anal.

4.82; N, 4.96. Found: C, 53.02; H, 4.71; N, 5.14. Calcd for GsH2oNO,SPFR: C, 52.98; H, 4.25; N, 2.69.
Synthesis of 3,6-Bis(dimethylamino)-9-(3,4-dimethoxyphe-Found: C, 53.33; H, 4.39; N, 2.44.
nyl)selenoxanthylium Hexafluoro-phosphadg @ mixture Synthesis of 3,6-Bis(dimethylamino)-9-ethylthioxanthylium

of 1-bromo-3,4-dimethylbenzene (1.8 g, 8.0 mmol), ground Hexafluorophosphatelg). Ethylmagnesium bromide (2.1
magnesium turnings (0.20 g, 8.1 mmol), and 3,6-bis- mL of a 1.0 M solution in ether, 2.1 mmol) was added
(dimethylamino)-9-selenoxanthenora,(0.10 g, 0.40 mmol) dropwise to a solution of24 (0.16 g, 0.53 mmol) in

in 10 mL of anhydrous THF was treated as described for anhydrous THF (10 mL). The resulting mixture was heated
the preparation 08. Product yield was 0.100 g (43%) 8f at reflux for 2 h, cooled to ambient temperature, and poured
as a green crystalline solid, mp 25856°C: 'H NMR (500 into acetic acid (3.0 mL). Hexafluorophosphoric acid (60%



Tetramethylrosamine Analogue Stimulation of P-Glycoprotein Biochemistry, Vol. 45, No. 26, 20068037

weight solution in water) was added dropwise until a color was added to a stirred solution of 5-bromo-2-thiophene-
change was observed. Water (50 mL) was added, and thecarboxylic acid (1.0 g, 4.8 mmol) in 25 mL GBI, at 0°C.
solution was cooled te-10 °C. The resulting precipitate was  Diethylamine (3.0 mL, 29 mmol) was added dropwise, and
collected by filtration, and the solid was washed with water the resulting mixture was stirred for 0.5 h af©O, warmed
(10 mL) and diethyl ether (10 mL). The crude product was to room temperature, and stirred for 1 h. The reaction was
recrystallized from CHCN and a small amount of ether to  slowly qguenched with saturated NaHg@00 mL). The CH
give 0.13 g (71%) ofiL6 as a green crystalline solid, nmp Cl, layer was separated, and the aqueous layer was extracted
260°C; ™H NMR (500 MHz, CyOD): 68.33(d, 2 HJ= with CH,CI, (2 x 50 mL). The combined organic extracts
9.5 Hz), 7.20 (ckd, 2 H,J = 2.0, 9.5 Hz), 7.15 (d, 2 H] were washed with brine, dried over Mgg@nd concen-
= 2.0 Hz), 3.52 (g, 2 HJ) = 7.0 Hz), 3.21 (s, 12 H), 1.35 trated. The resulting yellow oil was purified via chromatog-
(t, 3 H,J = 7.0 Hz); Amax (H20) 565 nm € 7.1 x 10* M1 raphy on SiQ eluted with 2:1 EtOAe-hexanes R = 0.8)
cmY); HRMS (El) m/z 311.1575 (calcd for GH23N,S: to give 1.0 g (75%) of the amid27 as a clear oil. IR (NaCl
311.1576). Anal. Calcd for 8H23N.SPFK: C, 50.00; H, 5.08; plate); *H NMR (500 MHz, CDC}): 6 7.07 (d, 1 H,J =
N, 6.14. Found: C, 50.03; H, 4.99; N, 5.98. 4.0 Hz), 6.97 (d, 1 HJ) = 4.0 Hz), 3.51 (9, 4 HJ = 7.0
Synthesis of 3,6-Bis(dimethylamino)-9-(3-phenoxypropyl)- Hz), 1.23 (t, 6 H,J = 7.0 Hz); 3C NMR (126 MHz,
xanthylium Hexafluorophosphat&®). A mixture of 3-phe- CDCly): 6 199.5, 129.7, 128.5, 128.4, 33.7, 27.7. HRMS
noxypropyl bromide (0.84 g, 3.90 mmol) and ground (El) m/z 260.9817 (calcd for @4,;,NOS®Br: 260.9823).
magnesium turnings (0.10 g, 4.25 mmol) in 4 mL of Anal. Calcd for GH1.BINOS: C, 41.23; H, 4.61; N, 5.34.
anhydrous THF was heated at reflux for 0.5 h and then Found: C, 41.41; H, 4.64; N, 5.30.
cooled to ambient temperature. The resulting solution was 2. Addition of N,N-Diethyl 2-Lithio-5-thiophenecarboxa-
added to 3,6-bis(dimethylamino)-9-xanthenog8, 0.10 g, mide. A solution of tert-butyllithium (tert-BuLi, 4.5 mL of
0.35 mmol) in anhydrous THF (2 mL). The reaction mixture a 1.6 M solution, 7.2 mmol) was added dropwise to 5-bromo-
was heated at reflux for 0.5 h and cooled to ambient N,N-diethylthiophene-2-carboxamid27, 0.90 g, 3.5 mmol)
temperature and then to . Acetic acid (0.5 mL) was  dissolved in freshly distilled anhydrous THF (5.0 mL) cooled
added. Hexafluorophosphoric acid (10% by-weight solution to —78 °C. After 1 min, the resulting solution was added
in water, 10 mL) was added dropwise until a color change via cannula to a solution of 3,6-bis(dimethylamino)-9-
was observed. The resulting solution was poured into ice selenoxanthenon%, 0.173 g, 0.50 mmol) in THF (10 mL)
water (200 mL), and the crude product was collected by at —78 °C. After 5 min, the reaction mixture was poured
filtration. The crude product was purified via chromatography into acetic acid (3.0 mL). HRFH60% weight solution in
on SiG eluted with MeOH/EtOAC/CHLCI, (1:2:7). The pink water) was added dropwise until a color change (blue to gold)
fractions were collected and recrystallized from ethyl acetate was observed. Water (50 mL) was added, and the solution
to yield 20 mg (10%) ofL7 as a dark red solid, mp 260 was cooled to-10 °C. The resulting mixture was extracted
°C; 'H NMR (400 MHz, CDBCly): 6 8.06 (d, 2 HJ = 9.6 with CH,CI, (3 x 100 mL) and concentrated. The crude
Hz), 7.35 (t, 2 HJ = 8.0 Hz), 7.06-7.09 (m, 3 H), 6.95 (d,  product was purified by chromatography on g&uted first
2H,J=80Hz),6.78 (d,2H)J=2Hz),4.12 (t, 2HJ = with MeOH/EtOAC/CHCI; (1:2:7) to separate unreact2d
6 Hz), 3.60 (t, 2 HJ = 7 Hz), 3.33 (s, 12 H), 2.31 (quint,  from the dye mixture. The chromatography was then repeated
2H,J=7H2); Amax(H20) 542 nm £ 1.14 x 1P M1cm™); eluting with MeOH/EtOAC/CHCI, (1:2:7) to separate three
HRMS (EI)m/z401.2237 (calcd for &H2oN2O,: 401.2224). distinct dye bands. The desired product was the low Rf band.
Anal. Calcd for GgH29N202(H20)025 C, 56.68; H, 5.40; N, The upper two dye bands were identified as containing
5.08. Found: C, 56.68; H, 5.42; N, 5.09. The 0.25 water of multiple thiophene units from self-condensation of the
hydration integrates appropriately in theé NMR spectrum 5-lithio-2-thiophenecarboxamide. The desired product band
of 17 relative to the background water in CRCI was recrystallized from acetonitrile/EtOAc to gi28 as dark
Synthesis of 3,6-Bis(dimethylamino)-9-(3-phenoxypropyl)- purple needles (0.034 g, 11%), mp260°C; *H NMR (400
thioxanthylium Hexafluorophosphat&g). 3-Phenoxypropyl MHz, CD.Cl): 6 7.72 (d, 2 HJ = 2.2 Hz), 7.70 (d, 2 H,
bromide (2.16 g, 10.1 mmol), ground magnesium turnings J = 9.8 Hz), 7.49 (d, 1 HJ = 3.7 Hz), 7.17 (d, 1 HJ) =
(0.33 g, 13.4 mmol), and thioxanthenoB4 (0.20 g, 0.67 3.7 Hz), 6.94 (ckd, 2 H,J = 2.2, 9.8 Hz), 3.65 (s, broad, 4
mmol) in 50 mL of anhydrous THF were treated as described H), 3.33 (s, 12 H), 1.39 (s, broad, 6 H)ax (H20) 597 nm
for the preparation ot7. Product yield was 0.088 g (23%) (e 8.0 x 10* Mt cm™!), HRMS (El) m/z 512.1268 (calcd
of 18as a dark red solid, mp 260°C; *H NMR (400 MHz, for CoeH3oN:0S Se: 512.1269).
CD.Cly): 68.35(d,2HJ=9.6 Hz), 7.32 (t, 2 HJ = 8.0 Synthesis of 3,6-Bis(dimethylamino)-9{h\diethyl-5-
Hz), 7.09 (&d, 2 H,J= 2.8, 9.6), 7.02 (d, 2 H) = 2.8 thiophene-2-carboxamide)thioxanthylium Hexafluorophos-
Hz), 6.978 (t, 3HJ =8 Hz), 4.14 (t, 2 HJ = 7 Hz), 3.70 phate @1). 5-Bromo-N,N-diethylthiophene-2-carboxamide
(t, 2 H,J =8 Hz), 3.28 (s, 12 H), 2.27 (quint, 2 B,= 7 (27, 0.70 g, 2.7 mmol), 3,6-bis(dimethylamino)-9-thioxan-
Hz); 13C NMR (125 MHz, CDC}): ¢ 162.2, 159.1, 153.8,  thenone 24, 0.150 g, 0.50 mmol), and 0.97 Kkért-BuLi
144.7,133.8, 130.1, 121.6, 119.2, 116.4, 115.0, 105.9, 66.9,(5.6 mL, 5.4 mmol) in freshly distilled anhydrous THF (10
41.0, 31.9, 30.2; HRMS (Elynwz 417.2001 (calcd for  mL) were treated as described for the preparatio@2fo
CogH29N,0S: 417.1995)Amax (H20) 542 nm € 1.14 x 10° give 0.027 g (11%) o21 as a green crystalline solid, np
M~ cm). 260°C; 'H NMR (400 MHz, CBQCly): 6 7.68 (d,2 HJ =
Synthesis of 3,6-Bis(dimethylamino)-9i{N\diethyl-5- 9.6 Hz), 7.46 (d, 1 HJ = 3.6 Hz), 7.15 (d, 1 H) = 3.6
thiophene-2-carboxamide)selenoxanthylitlexafluorophos-  Hz), 7.06 (d, 2 HJ = 2.4 Hz), 6.98 (ckd, 2 H,J=2.4,9.6
phate @2). 1. Preparation of 5-Bromo-N,N-diethylthiophene- Hz), 3.60 (s, broad, 4 H), 3.28 (s, broad, 12 H), 1.39 (s,
2-carboxamide Z7). Thionyl chloride (1.1 mL, 15 mmol)  broad, 6 H);Amax (H20) 594 nm € 8.0 x 10* M~ cm™Y);
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HRMS (EI) m/z 464.1836 (calcd for §gH3Nz:0S: 464.1825). less protein was chosen for the initial ATPase screening due
Determination of n-Octanol/Water Partition Coefficients. to the fact that it displays wild-type ATPase activity7],
The octanol/water partition coefficients were all measured and DTT, which is necessary to activate wild-type Pgp, was
at pH 6 (phosphate-buffered) using bVis spectrophotom-  found to reduce some of the compounds. DMSO was 2%
etry. The measurements were done using a ‘shake flask’final concentration in all reactions. Each mQ-reaction
direct measuremend8). Mixing for 3—5 min was followed contained 40 mM Tris-HCI, pH 7.4, 0.1 mM EGTA, 10 mM
by 1 h ofsettling time. Equilibration and measurements were NaATP, 12 mM MgSQ, 3 mM PEP, 1.5 mM NADH, and
made at 23°C using a Perkin-Elmer Lambda 12 spectro- pyruvate kinase and lactate hydrogenase (each at a final
photometer. concentration of 0.1 mg/mL). Reactions were kept on ice
X-ray Diffraction Data.X-ray diffraction data on TMR-S  and in the dark until placed in the plate reader. Kinetics of
and TMR-Se were collected at 90(1) K using a Bruker NADH oxidation was followed at 37C by a decrease in
SMART APEX2 CCD diffractometer installed at a rotating absorption at 340 nm, and this was converted into a specific
anode source (Mo & radiation,A = 0.71073 A), and activity for moles ATP hydrolyzed. Control reactions con-
equipped with an Oxford Cryosystems nitrogen gas-flow taining DMSO alone or 15@&M VER were performed in
apparatus. The data were collected by the rotation methodparallel for comparison. Assays were performed in a Spec-
with 0.3° frame-width v scan) and 20 s exposure time per tramax Gemini Plate reader and analyzed with SOFTmaxPro
frame. Four sets of data (600 frames in each set) weresoftware. Initial stimulation of ATPase activity for drug
collected for each compound, nominally covering complete titrations were fitted with an activity-partitioning model as
reciprocal space. The data were integrated, scaled, sorteddescribed earlierl3, 52) using SigmaPlot 2000 software.
and averaged using the SMART software packd@ (The In this model, P-glycoprotein partitions its activity between
structure was solved by direct methods using SHELXTL NT an uncoupled basal activity cycle or a coupled activity cycle
Version 6.14 $0). The structure was refined by full-matrix ~ depending on drug concentration. The steady-state ATPase
least squares against. activity was fitted by the following equation:
Non-hydrogen atoms were refined anisotropically. Posi-
tions of hydrogen atoms were found by difference electron y = {Vg + ((V,, — VB)[drug]/(KMD +
density Fourier synthesis. The @Hydrogens were treated _
as part of idealized Cigroups withUis, = 1.9Ueq while [drugD)H{1 = ([drug(K; + [drug]))} (1)
the remainder of the hydrogen atoms were refined with the
“riding” model with Uiso = 1.2U¢q
Crystallographic data are compiled in Table 1S in Sup-
porting Information. Atomic coordinates, anisotropic dis-
placement parameters, bond lengths, and angles are give
in Tables 254S, respectively, for TMR-S and Tables-5S
7S, respectively, for TMR-Se, in Supporting Information.
Expression, Purification, Quantitation, and Awtion of
Pgp. Strains of yeastPichia pastorisexpressing mouse
MDR3 wild-type or Cys-less Pgp were grown in fermentor
culture and purified as describe@3 51). We note that
Mouse MDR3 Pgp is 87% identical to human MDR1 Pgp
in sequence §1). Pgp concentration was determined by
quantitation after SDS-gel electrophoresis on 10% gels and
Coomassie Blue staining. Several dilutions of unknown Pgp
were resolved alongside a similar series of a reference
preparation whose concentration had previously been ac-
curately determined by amino acid analysis. Protein bands
were quantified with Scion Image software (Scion Corpora- o )
tion, Frederick, MD). Pgp was stored in aliquots-at0°C ~ The kinetic constant&y®, Ve, andVy were obtained by
with excellent retention of activity. Just prior to each fitting drug titration data with this equation using SigmaPlot
experiment, Pgp was activated by incubation with a 2:1 (w/ 2000 software, and data are compiled in Table 1.
w) equivalent ofEscherichia colilipids (Avanti; acetone/ The maximal drug-induced ATPase activityu"™", is
ether-precipitated) for 20 min at room temperature followed "ePorted in two ways in Table 1: as a specific activity in
by sonication for 30 s at 4C in a bath sonicator. For wild-  Units of (nmol/min)ig of protein and as a molar turnover
type protein, 10 mM TCEP (Tris(2-carboxyethyl)phosphine nhumber based_ on Cys-less MDR3 Pgp as a nonglycosylated
hydroch'oride) was inc|uded during the 20_min incubation 140 kDa proteln. The |atter Value haS the dlmenSionS Of (m0|
in order to reduce the inhibitory disulfide between P-loop ATP/s)/mol Pgp orst. The molar turnover number fy”™
cysteines. was used to give the catalytic rate constant for each drug
ATPase AssaysATP hydrolysis was determined by the ~With
spectrophotometric-coupled assay performed in microplate
format in 96-well plates§1). Each reaction contained.& k(ATPase)= V,,"T"/K,," 3)
of lipid-activated Cys-less MDR3 Pgp with the indicated
amount of VER, Rh 123, R6G, or TMR analogue added in in units of M~* s™1. Unitless comparisons of values kf
1-uL volume from concentrated DMSO stock solutions. Cys- (ATPase) are given as valueslgf in Table 1.

where,V is the ATPase activity, [drug] is the concentration
of VER, Rh 123, R6G, or TMR analogu¥s is the maximal
basal ATPase activity (apparewiiay) in the absence of drug,
Vv is the maximal drug-stimulated ATPase activity (apparent
rQ/max) in the presence of drugim® is the Michaelis constant
for drug activation, and is the inhibition constant for drug
inhibition (see below).

At higher concentrations, drug-stimulated Pgp ATPase
activity can be inhibited by binding of the drug to a second
allosteric site 13, 52). However, solubility limitations
prevented drug titration curves at concentrations approaching
millimolar or higher. Consequently, inhibition was not
observed at the highest concentrations of drug employed in
these studiesK; was assumed to be 1000uM in these
studies, and eq 1 reduces to

v= Vg + (Vy — Vp)ldrugl/(K,,° + [drug]))  (2)
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Table 1. Maximal ATPase Activity\(u"'F), Associated Values dfuP, and Catalytic Rate Constark,(ATPase)] for VER, R123, R6G, TMR,
TMR-S, TMR-Se, andl—222

slope VATP, VAP, 571 k(ATPase),

compd logP Vu KwP, uM (nmol/min)jug ((mol/s)/mol) M-1st Krel

basal - 12+ 2 NDP 0.40+ 0.07 0.94+ 0.16 - -
VER 51 125+ 3 20+ 4 4,174+ 0.10 9.78+ 0.23 49x 10° 6.4
R123 1.06+ 0.06 87+ 15 231+ 111 2.90+ 0.50 6.81+1.17 0.29x 1P 0.4
R6G 2.37+0.02 103+ 6 26+ 8 3.43+0.20 8.06+ 0.47 3.10x 1P 4.0
TMR 0.05+ 0.02 64+ 3 64+ 13 2.13+0.10 5.01+ 0.23 0.78x 10° 1.0
TMR-S 0.07£ 0.02 68+ 3 70+ 15 2.27£0.10 5.32+0.23 0.76x 1P 1.0
TMR-Se —0.09+ 0.09 28+ 6 74+ 19 0.93+0.20 2.19+ 0.47 0.30x 10° 0.4
1 —0.094+ 0.02 55+ 3 78+ 22 1.83+0.10 4.304+ 0.23 0.55x 1P 0.7
0.18+ 0.09 48+ 5 70+ 30 1.60+ 0.17 3.76+ 0.39 0.54x 10° 0.7
3 0.084+ 0.01 64+ 6 74 2.13+0.20 5.01+ 0.47 7.2x 10P 9.1
4 0.14+ 0.01 68+ 2 20+3 2.27+0.07 5.32+ 0.16 2.7x 10° 34
5 0.20+ 0.03 74+ 3 28+ 6 2.47+0.10 5.79+ 0.23 2.1x 1P 2.6
6 0.62+ 0.03 97+ 4 54+9 3.23+£0.13 7.59+ 0.31 1.4x 1 1.7
7 0.28+ 0.05 59+ 2 26+ 6 1.97+ 0.07 4.62+ 0.16 1.8x 1° 2.2
8 0.18+ 0.05 45+ 2 36+ 10 1.50+ 0.07 3.52+ 0.16 0.98x 1P 1.3
9 0.94+0.01 54+ 12 392+ 219 1.80+ 0.40 4.23+0.94 0.11x 1C° 0.1
10 1.134+0.02 58+ 5 131+ 52 1.93+0.17 4.54+ 0.39 0.35x 10° 0.4
11 0.20+ 0.02 45+ 2 20+ 6 1.50+ 0.07 3.52+ 0.16 1.8x 1¢° 2.2
12 0.05+ 0.02 58+ 8 18+ 14 1.93+ 0.27 4.54+ 0.63 2.5x 1P 3.3

13 0.62+ 0.03 16+ 2 NDP 0.53+ 0.07 1.25+ 0.16 - -
14 1.80+ 0.05 25+ 2 68+ 24 0.83+ 0.07 1.96+ 0.16 0.29x 10° 0.4

15 1.80+ 0.05 11+ 2 NDP 0.37+ 0.07 0.86+ 0.16 - -
16 0.054+ 0.02 108+ 5 54+ 40 3.60+ 0.17 8.45+ 0.39 1.6x 1C° 2.1
17 2.20+ 0.05 59+ 3 30+ 8 1.97+0.17 4.62+ 0.23 1.5x 1 2.1
18 2.154+0.05 78t 5 9+3 2.60+ 0.10 6.10+ 0.39 6.8x 10P 8.8

19 —0.49+ 0.03 12+ 4 NDP 0.40+ 0.13 0.94+ 0.31 - -
20 —0.31+0.04 28+ 2 30+23 0.93+ 0.07 2.19+0.16 0.73x 1P 0.9
21 —0.39+ 0.08 120+ 4 4+1 4.00+ 0.13 9.39+ 0.31 23.5x 10° 30.2
22 —0.39+ 0.08 151+ 8 6+1 5.03+ 0.27 11.82+ 0.63 19.7x 1¢° 25.3

a All values + standard deviatior?. ND, not determined.

ADP-Vi Trapping.Drug stimulation of ADPVi trapping Vi inhibited complex. Briefly, 10ug of lipid- and DTT-
in the absence of hydrolysis was performed as described inactivated wild-type Pgp was incubated in a /d0volume
ref 20. This method relies on the measurement of residual with 40 mM TrisHCI, pH7.4, 0.1 mM EGTA, 20(:M
ATPase activity to detect stoichiometry of ABR trapping [0-*2P]ATP, 2.2 mM MgSQ, 200uM Vi, and the indicated
(inhibited form). In this approach, an initial inhibited fraction amount of drug added from concentrated DMSO stocks. In
of Pgp exists as a PghDP-Vi complex in the absence of all cases, DMSO was 2% final concentration. Samples were
drug. Drug enhancement is detected as an increase in thencubated for 10 min at 37C and then placed on ice for 10
fraction of PgpADP-Vi inhibited complex. Briefly, 10ug min. All manipulations were performed in the dark. Next,
of lipid-activated wild-type Pgp was incubated in a &0- 50 uL of ice-cold TE buffer (40 mM TrisHCI, pH 7.4,
volume with 40 mM TrisHCI, pH7.4, 0.1 mM EGTA, 100 0.1mM EGTA) was added, and the samples were passed
uM ADP, 2.1 mM MgSQ, 200uM Vi, and the indicated  through centrifuge columns. Retained-{?P]JADP-Vi com-
amount of drug added from concentrated DMSO stocks. In plex was quantitated by Cerenkov counting.
all cases, DMSO was 2% final concentration. Samples were  ATp Occlusion Assayrug stimulation of ATP occlusion

incubated in polypropylene 96-well microplates wrapped in by E552A/E1197A double “catalytic carboxylate” mutant
alumi_num foil far 2 h at 37°C and then placed on ice for Pgp was performed as describe2B,(24). Similar to the

10 min. Next, 5Q/£L of ice-cold TE buffer (40 mM TI’ISHCl, [(I-SZP]ADP'V| trapping studies above, this method relies
pH 7.4, 0.1 mM EGTA) was added, and the samples were gn the measurement obfP?P]JATP retained by E552A/
passed through centrifuge columns to remove free ADP, Vi, E1197A Pgp after passage through a centrifuge column
and drug. Next, residual ATPase was determined for the containing G-50 sephadex. Assays were identical to above,

eluted samples by the microplate method described abovegycept that Vi was omitted, and 1@y of E5S52A/E1197A
with 150uM VER added to all samples. All samples were pgp replaced wild-type Pgp.

handled in the dark in order to prevent photoinactivation of

Pgp by some of the TMR derivatives. Loss of ATPase RESULTS

activity as a function of drug concentration was fit to an

equation with a single exponential using SigmaPlot 2000 Library of TMR-Related Structure$he basic scaffold for

software. TMR derivatives and the numbering scheme used in describ-
Drug stimulation of ADPVi trapping after hydrolysis (and  ing the structures is shown in Chart 4. We prepared the

release of phosphate) was performed as describ@d2g, focused library of TMR-related structures shown in Chart 2

24). This method relies on the measurementoef{P]ADP- which includes thioxanthylium (TMR-S) and selenoxanthy-

Vi complex retained by Pgp after passage through a lium (TMR-Se) analogues of TMR as well as derivatives
centrifuge column containing G-50 sephadex. Drug enhance-1—22 bearing a variety of different substituents in the
ment is detected as an increase in the fraction of RDp- 9-position. This library was designed to examine the effect
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Chart 4: Numbering Sequence in the TMR Scaffold a) ci
the "9-subtituent”

4

R
1 9 8
2 S 7
+ Bri
MeN"3™" "E” "6 NMe, (]

the "heteroatom substituent"

of single-substituent changes in the TMR scaffold including i " 923

621
the following: (1) heteroatom substitution in the xanthylium (l\‘
core; (2) the impact of the number and placement of \Q ‘\ / 01\\12 \? N2

hydrogen-bond donors and acceptors in substituents at the J c18 l
9-position; and (3) the size limitations of substituents at the <
9-postion on ATPase activity in lipid-activated mouse MDR3 c20 cz2

Cys-less PgpH1). TMR, TMR-S, and TMR-Se and deriva-
tives 1—22 have no ionizable groups and, consequently,
always bear a formal positive charge at physiological pH.
Experimental values of the-octanol/water partition coef-
ficient, log P, were measured for each of these derivatives
and are compiled in Table 1. The majority of values of log
P fall in the —0.5—1.0 range with the 9-dimethylaminophenyl

derivativel0, the 9-(1-naphthyl) derivatives4 and 15, and ' .
S . Ficure 1: ORTEP plot and label scheme for TMR-S. Displacement
the phenoxypropy! derivatives/ and 18 representing more ellipsoids are drawn at the 50% probability level viewed (a) from

hydrophobic derivatives outside this range (lBgf 1.13, the top and (b) edge down the SC7 axis. Hydrogen atoms are
1.80, 1.80, 2.20, and 2.15, respectively.) Values offldg omitted for clarity.

Table 1 for R123 (1.06) and R6G (2.37) were taken from
the literature $4). The value of logP in Table 1 for as photosensitizergl8, 44). Consequently, all interactions
verapamil was calculate8%9). All of the compounds in Chart  of these derivatives with Pgp were conducted in the dark.
2, with the exception of verapamil, are accessible to both We determined th&yP, the apparent MichaelisMenten
the aqueous and lipid environment. constant for the stimulating drug, the drug-induced stimula-
Structures of TMR-S and TMR-Sgpatial relationships  tion of maximal ATPase activitu”™") for TMR-S, TMR-
among hydrogen-bond donors and acceptors are importaniSe,1—22, and the rhodamines TMR, R123, and R6G using
for binding of substrates and inhibitors to Pdj 28, 53). lipid-activated, mouse MDR3 Cys-less Pgp (Table 33)(
Introduction of the larger chalcogen atoms S and Se into Mouse MDR3 Pgp is 87% identical to human MDR1 Pgp
the xanthylium core might impact the planarity of the insequence. Verapamil (VER) was also included as a control
xanthylium core as well as distances between the hydrogen-compound in Table 1. ATP hydrolysis was determined via
bond accepting N atoms of the 3,6-diamino substituents anda spectrophotometric-coupled assay, Kpfl andVyA™" were
the heteroatom of the xanthylium core. X-ray crystal determined using an activity-partitioning model as described
structures of R6G and R123 (Chart 1) have shown that theearlier 62). In this model, P-glycoprotein partitions its
xanthylium ring is planar and that the-NN distance between  activity between an uncoupled basal activity cycle and a
the 3,6-diamino substituents is 10.0 A and the®l distance coupled activity cycle depending upon drug concentration.
is 5.0 A (56). Stock solutions of VER, rhoadamine, or TMR analogues
Crystals of TMR-S and TMR-Se were characterized by were prepared in DMSO. Basal activity in the presence of
X-ray crystallography as shown in the Oak Ridge thermal DMSO alone (2 vol %, control samples performed in parallel)
ellipsoid plot (ORTEP) drawings of Figures 1 and 1S was routinely~0.40 (nmol/min)tg (~0.70 s*). Control
(Supporting Information), respectively. The xanthylium core VER-stimulated ATPase activity was routinei4.2 (nmol/
of both molecules is planar, and the N2 distances are  min)jug (~7.3 s'%).
10.007 A for TMR-S and 10.155 A for TMR-Se, while the At higher drug concentrations, binding to a second
N—S and N-Se distances are approximately 5.04 and 5.13 allosteric site can inhibit drug-induced stimulation of Pgp
A, respectively. The NN and N-heteroatom distances are ATPase activity 13, 52). As shown in Figure 2 and in the
quite similar to those of R6G and R1235] despite the long ~ ATPase stimulation figures found in the Supporting Informa-
C—S (1.73 A) and CGSe (1.88 A) bonds in TMR-S and tion, our measurements were made below the inhibitory
TMR-Se. Dihedral angles between the xanthylium plane and concentrations. Consequentl,for inhibition was assumed
the 9-phenyl substituents are 68f@r TMR-S and 86.9 to be large £ 1000uM) and the [drug]/Ki + [drug]) term
for TMR-Se, which are similar to the dihedral angles of 83.3 becomes vanishingly small in eq 1 reducing to eq 2
and 88.0 observed for R6G and R123, respectivebp)( (Materials and Methods). We find a variation Kf° of
The dimethylamino substituents at the 3- and 6-positions areapproximately 2 orders of magnitude for this set of analogues
also coplanar with the xanthylium core with considerable (from aKyP of 392uM for 9 to aKyP of 4 uM for 21) and
double-bond character to the-®! bonds to the ring. VAP variation between 0.9 and 5.0 (nmol/mjag/ which
Pgp ATPase Actity. We note that many of the thio- and is somewhat larger than VER stimulation (generally con-
selenoxanthylium analogues of Chart 2 have shown activity sidered relatively robust).
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30 little impact on values oKyP if one compares TMR, TMR-

S, and TMR-Se as one series {624 uM), compounds8—5

as a second series{28 uM), and compound$—8 as a
third series (2654 uM, Table 1). The one exception is
compound3 with KyP of 7 uM, while 4 and5 haveKyP's

of 20 and 28uM, respectively. In general, Se-containing
derivatives appear to have higher valueKgP relative to

O- and S-containing derivatives. Within these same series,
heteroatom substitution had little impact on value¥gf™,

with the exception that ATPase stimulation is somewhat more
robust for6 relative to7 and8 (Table 1).

Another focus of the library of TMR analogues in Chart
2 was the impact of substituent size in the 9-position. A
comparison of the phenyl substituent in TMR-S with the
1-naphthyl substituent id4 indicated a negligible change
T T T in KuP with one-third of the maximal stimulation of ATPase
0 200 400 600 800 with the larger substituent (Table 1). Replacement of the
TMR-Se (uM) phenyl substituents of TMR-S and TMR-Se with 2-thienyl
FIGURE 2: ATPase activity for various concentrations of TMR-Se. Substituents ii9 and20 gave derivatives that showed little
The line is the partition fit of the data to giv&,P of 74 4+ 19 uM stimulation of ATPase activity at concentrations up to 500
and VyATP of 0.934 0.20 (nmol/min)kg. uM. A decrease in the size of the 9-substituent from phenyl
. ) ) in TMR-S to an ethyl group in6 reducedky® by 25% and
Thermodynamic analysis of ATP hydrolysis and drug gave a 60% increase iWyA™ leading to a doubling of
transport has shown that stimulation of Pgp ATPase activity ATpase specificity (Table 1).
is strongly coupled to drug transport through a common, rate- The major focus of the library of TMR analogues in Chart
limiting transition state, and that drugs transported at a higher2 was the impact of the number and placement of hvdrogen-
rate require fewer conformational rearrangements to acmevebond-accept&g groups. Both of tﬁe 3 6-dimeth§lam§i;no
L b . . . ,
the transition state;@). I.t fO.HOWS thatKy for.the. stimula substituents appear to be important for TMR derivatives to
tion of ATPase activity is directly related to binding for drug stimulate ATPase activity in Pgp. The 3-dimethylami-
_transport. _The SpGCIfICIty constaﬂt_a(A_'l' Pas_e), for drug- . nothioxanthylium derivativel3 showed no stimulation of
induced stimulation of ATPase activity is defined by the ratio ATPase activity at concentrations up to 50d. In contrast

ATP, D _ _
\1@ 22/2“4 q tr\mlealrl;i?jaﬁliﬁ(eAsT':’Dl\?sF‘ee)ngsT'\a/lnF\zj 262'—5Ma§ v?eel'l a5 IS 3,6-bis(dimethylamino)thioxanthylium analogliéke of
’ ’ ' 2.2) gave &KuP of 26 uM and VyAT? of 2.0 (nmol/min)kg.

their relative valuesk., which were determined with,- ] ) )
(ATPase) for TMR set ak. of 1.0, are also compiled in The introduction of hydrogen-bond acceptors in the 9-aryl
Table 1. substituents gave a 200-fold range of value&0ATPase)

Rhodamine Stimulation of Pgp ATPase Aitfi The as shown in Table 1. The introduction of a 4-methoxyphenyl
rhodamine derivatives TMR, R123, and R6G have been 9roup gave no change iiy° for both 1 and2 relative to
previously examined 40) for their ability to stimulate ~ TMR-Sand TMR-Se, respectively, and, for selenoxanthylium
ATPase activity in reconstituted Pgp and were evaluated in derivative2, a 70% increase iWy"™. In contrast, 3-meth-
our study as control derivatives. ValuesKy§i® and Vi TP oxyphenyl substituents gave large reductlonsKua.D for
are compiled in Table 1. Both R123 and TMR were similar derivatives3—5 (Ky® of 7, 20, and 28M, respectively),
with respect toKy® and VAT, while R6G was roughly althqugh ATPase stimulation was increased only for
3-fold more stimulating. relative to TMR-Se ‘{MATP of 2.5 and 0.9 (nmol/minjg,

In the earlier study40), Pgp ATPase stimulation with respectively). .Interestmgly, the_ introduction of 3,4-dimethox-
TMR, R6G, and R123 was measured with Pgp as proteoli- YPhenyl substituents showed little synergy, and valuégSf
posomes (without detergent), while Pgp in our study was for 6—3 were higher than for the corresponding analogue in
activated withE. coli lipids (with detergent). Levels of the series—5 (although less thath and?2), althoughVy"™
stimulation are quite different in the two studies1-fold was somewhat higher fd relative to3 (Table 1).
above basal in refl0, >6-fold above basal in our study), The introduction of 3- or 4-dimethylaminophenyl substit-
which suggests that absolute comparisons are inappropriateuents in TMR-S gave an increaseKgP and a decrease in
Despite this difference, qualitative results are similar. Our ATPase stimulation (Table 1) with valueslogfATPase) of
results indicate an order fafyA™F of R6G > R123> TMR, only 10% and 40% fo® and 10, respectively, relative to
which is qualitatively identical to the earlier study in which that of TMR-S. In contrast, the introduction of 3- or
values ofVyATP were on the order R6G TMR ~ R123 4-aminophenyl substituents gave a reductioki® (20 uM
(40). Values ofKyP also followed similar trends where R6G  for 11, 18 uM for 12) relative to TMR-S, and even though
< TMR < R123 in the earlier studylQ), which is identical both11 and12induced poorer ATPase activity than TMR-
to our observed order of R66G TMR < R123 (Table 1). S, values ok (ATPase) were 2- and 3-fold larger, respec-

TMR-Analogue Stimulation of Pgp ATPase Aityi. The tively, than for TMR-S. Interestingly, placing the hydrogen-
first focus of the library of TMR analogues was the impact bond acceptor in the 3-position gave better specificity than
of heteroatom substitution on ATPase stimulation. Substitu- placing the hydrogen-bond acceptor in the 4-position, as was
tion of S and Se for O in the TMR analogues of Chart 2 had observed with 3-methoxy- and 4-methoxyphenyl derivatives.

25 +

20 +

15

ATPase (A OD,,,nm)

10
® TMR-Se A OD,,,nm

—— Partition fit
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Ficure 3: Effect of compound®?2 on Pgp catalytic site. (a) Effect @ on ADP-Vi trapping in the absence of hydrolysis; (b) effect of

22 on [a-3?P]ADP-Vi trapping after hydrolysis and phosphate release; (c) effe22ah [0-32P]ATP occlusion by E552A/E1197A double

catalytic carboxylate mutant Pgp. The data represent the average of two experiments performed with two different Pgp preparations (for
both wild-type and E552A/E1197A mutant). Data showed excellent agreement with less than 10% standard error in each case. For the
experiments with radioactivity, 100% on the scale represents a stoichiometry of 1:1. Detailed descriptions of methods are provided in

Materials and Methods.

The differences in activity between hydrogen-bond ac- combination of ADP and vanadate anion (VBOf. Drugs
ceptors in the 3- and 4-positions of the 9-phenyl substituent that bind (stimulate) to Pgp greatly accelerate the rate of
suggest that small changes in atomic distances in a singleinhibition of Pgp by ADP and Vi. This effect was attributed
substituent can have large influences on catalytic activity to stimulation of a slow isomerization step following ADP
with TMR-related structures. The phenoxypropyl group in binding that allowed the AD®/i complex to mimic closely
derivativesl7 and18 places the hydrogen-bond acceptor the the transition state of hydrolysis. In this scenario, the effect
same number of bonds away as in the 3-methoxyphenyl of drugs was pronounced, since they allow Pgp to overcome
substituent in derivative§—5, but the 3-phenoxypropyl a large activation energy barrier associated with reaching
substituent has much greater conformational mobility. Both the transition state from the reverse direction of the normal
17 and 18 were more effective than TMR with respect to hydrolysis reaction. It was argued that the slow isomerization
ki(ATPase). In comparing the thioxanthylium analogdes step involved the formation of a properly coordinated NBD
and18, values ofvyA™ are comparable and somewhat larger dimer where ADPVi is tenaciously trapped within the
than the ATPase stimulation observed wtiHowever Ky° catalytic site 20). Importantly, the concentration of VER
is significantly smaller forl8 relative to4, andki(ATPase)  required to stimulate Pgp ATPase activity was similar to the
is greater forl8 (ke of 8.8) relative to4 (ke Of 3.4) and is  amount required to stabilize the AD# trapped conforma-
comparable fod8 and3 (ke of 9.1). tion. This is consistent with the proposal that the primary

In all of the compounds examined, the proper location of effect of drug on Pgp catalysis is to stabilize a transition
a single alkoxy group as a hydrogen-bond acceptor was ablestate-like conformation.

to stimulate ATPase activity at lower concentrations of drug  |f correlation between drug activation of ATPase and
relative to TMR, TMR-S, and TMR-Se. The 2-thienyl App-vi trapping were a general phenomenon, differences
sqbsutugnt in19 and 20 gave fjer|vat|ves that gave little specificity conferred by the TMR analogues (sge Table
stimulation of ATPase activity, and any enhancement 1) would be expected to correlate with their ability to
observed upon the introduction of a hydrogen-bond acceptortacilitate ADP Vi trapping. To test whetheke values

on this scaffold should primarily reflect substituent effects. ¢qrrelate with stabilization of AD®i trapping, two well-

The 2-thienyl carboxamide derivativeZl and 22 were  established complementary assays were performed. The first
prepared to introduce a hydrogen-bond acceptor at ap-assay measures ABW trapping from the reverse direction

proximately the same location as those foundirb, 17, of the normal catalytic pathway and does not involve
and 18. Both 21 (ke of 30) and 22 (ke of 25) gave  nhygrolysis. Lipid-activated wild-type MDR3 PgfsT) was
surprisingly robust stimulation of ATPase activity\(*'” incubated with ADP, Vi, and various concentrations of VER,
of 4.0 and 5.0 (nmol/min()/g, r_espectively) with the lowest TMR-S, or22 TMR-S and22were chosen since they display
values ofKy® observed in this study (4 and&v for 21 significantly differentky® values (70 versus M, respec-
and22, respectively). tively), and VER was a control. Following passage through

The>200-fold differences observed k(ATPase) among  centrifuge columns to remove free ADP, Vi, and drug,
the library of TMR derivatives described in Chart 2 allow residual ATPase activity was determined for the eluted
structure-activity relationships to be examined with much samples. As shown in Figure 3A and data in the Supporting
greater sensitivity than has been possible in studies with |nformation, loss of ATPase activity as a function of drug
commercially available rhodaminetd). As described below,  concentration was fit to an equation with a single exponential
our focused library allows us to address some binding from which values of I, the concentration of drug to give
requirements at the “R” site of Pgp and determine potent 509 inhibition of residual ATPase activity, were extracted.
stimulators of ATP hydrolysis for Pgp. The 1G5 for VER was measured at 79 1.6 uM (Figure

Enhancement of ADPVi Trapping or ATP Occlusion by  3S, Supporting Information), which is not significantly
Drugs. Pgp ATPase activity is slowly inhibited by the different than its value foKyP of 20 4 4 uM. The ICs for
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TMR-S was measured at 1G9 19 4M, which is similar to
its value forKy® of 70 &+ 15 uM (Figure 4S, Supporting
Information). Importantly, analogu22, which conferred a
robust ATPase stimulatio’V(A™* ~ 5 (nmol/min)kg and observable ATPase stimulation with, while replacing the
KwP of 6 + 1 uM), displayed an I of 2.4 4 0.7 uM. phenyl substituent of TMR with a smaller ethyl substituent

A second complementary assay was next employed to testn 16 gave a doubling ok{(ATPase). Whiler-interactions
the correlation of drug stimulation of ATPase and ADP  With a cation may be important, effective drug transport at
trapping. In this case, hydrolysis is permitted (Vi binds after the “R” drug-binding pocket (as measured by stimulation of
the release of phosphate, Pi), and trapping is directly ATPase activity) appears to have steric constraints, as well,
ascertained by quantitation aff?PJADP-Vi retained by Pgp  at the 9-position of the TMR structure. Both N atoms in the
after passage through a centrifuge column. Similar relative 3:6-dimethylamino substituents appear to be critical to
correlations were found. Appareki,° values for stimulation ~ Stimulate ATPase activity. Derivativé3, which has only
of [0-32P]ADP-Vi trapping were 2.2 0.54M for 22 (Figure one dimethylamino substituent on the xanthylium core (and,
3B), 19.2 + 3 uM for TMR-S (Figure 4S, Supporting thus, only one Seelig Type Il unit) shows no stimulation of
Information), and 1.0+ 0.2 uM for VER (Figure 3S,  ATPase activity at concentrations as high as A60
Supporting Information). . Values pf ka(ATPas_e) can be further enhanced by the

Recently, by analysis of a “catalytic carboxylate” double incorporation of additional hydrogen-bond acceptors at

mutant Pgp (MDR3 E552A/E1197A), it was argued that, in appropriate places. The introduction of 4-methoxy substit-

; ; ts in derivativesl and 2 had a modest impact on
the normal catalytic pathway, drugs promote the formation uen ) .
of an NBD dimer where ATP is occluded and poised for ki(ATPase) relative to TMR-S and TMR-Se, respectively,

; ; : : but the introduction of 3-methoxyphenyl substituent8+b
hydrolysis at a single site28, 24). We next examined . :
whether effects noted bigyP for ATPase stimulation and ~ 93V€ 3- to 9-fold increases k(ATPase) relative to TMR,

for TMR-Se. Replacing the phenyl substituent of TMR with
the larger 1l-naphthyl substituent ib4 and 15 gave a
reduction ink(ATPase) forl4 (40% of TMR-S)and no

ADP-Vi trapping described above would display a similar TMR-S, and TMR-Se, respectively.
effect on ATP occlusion by E552A/E1197A mutant Pgp.

This was indeed the case. Similar experiments using retentio
of [a-32P]ATP through centrifuge columns revealed apparent

n

As shown in Figures 1 and 1S (Supporting Information),
the 9-phenyl substituents are nearly orthogonal to the plane
of the xanthylium ring in TMR-S and TMR-Se as was
observed with R6G and R1286). Interactions of thertho-

KwuP values for stimulation ofd-*?P]JATP occlusion to be
2.1+ 0.4uM for 22 (Figure 3C), 10.5+ 2.4uM for TMR-S
(Figure 4S, Supporting Information), and H30.3 uM for
VER (Figure 3S, Supporting Information).

hydrogen atoms of the phenyl group with theri-hydrogen
atoms of the xanthylium core prevent these two groups from
being coplanar. In addition, the TMR scaffold is a fairly rigid
structure. Substituents added to the 4-position of the phenyl
ring as found in derivatives such asand2 (4-methoxy),9
(4-dimethylamino), and.1 (4-amino) are “fixed” in space
Structure-Activity Studies of the Stimulation of ATPase with little conformational mobility. Substituents added to the
Activity. The basic structure of TMR consists of three 3-position of the phenyl ring such &-5 (3-methoxy),10
hydrogen-bond acceptors in the form of the two dimethy- (3-dimethylamino), and.2 (3-amino) have more mobility
lamino nitrogen atoms at the 3- and 6-positions of the in space, but will be confined to the arc of minimal steric
xanthylium core as well as the xanthylium oxygen atom. The interactions between the phenyl ring and xanthylium core.
9-phenyl substituent serves as a hydrophobic group and/or The introduction of a Seelig Type | unit in the form of
as az-electron donor. Seelig discusses the importance of the 3,4-dimethoxyphenyl substituent gave valueskgf
tight-binding between a substrate and its transporter and the(ATPase) that were somewhere between the activity of the
importance both oft-electron interactions with a cation and 4-methoxy derivativedl and 2 and the 3-methoxyphenyl
hydrogen-bonding interactions between a substrate and itsderivatives3—5. No synergy was observed by adding the
transporter §, 58, 59). For hydrogen-bonding interactions second group. One might suggest that the 3,4-dimethox-
with the substrate, these can be defined as so-called Type lyphenyl substituent has unfavorable steric interactions or that
and Type Il hydrogen bond-acceptor units, which interact the rigid nature of the xanthylium core and the lack of spatial
with a high density of hydrogen-bond donor groups in the mobility in the 4-methoxy substituent may prevent this Seelig
transmembrane sequences of Pgp. The Type | units have twal'ype | unit from achieving a proper orientation.
hydrogen bond-acceptor atoms located 9.5 A apart The 9-(4-dimethylaminophenyl) substituent 9ngave a
(such as the two O atoms of an ester or carboxylic acid, the 7-fold reduction ink,(ATPase) relative td, while the 9-(3-
N and O atoms of an amide, or the two O atoms obetho- dimethylaminophenyl) substituent it0 gave an 8.5-fold
dimethoxyphenyl substituent) while the Type Il units have reduction inkyATPase) relative to4. Even though the
two hydrogen bond-acceptor atoms located4 .6 A apart dimethylamino substituent should be a better hydrogen-bond
(such as the amino N atom and the xanthylium O atom of acceptor than the methoxy substituent, the greatly reduced
TMR or another rhodamine derivative). The-® distances  specificity/activity observed witl® and 10 again suggests
in TMR are roughly 5.0 A%6), which constitute two Seelig  that steric interactions are important in the 9-substituents with
Type Il units in the basic TMR structure. The substitution respect to ATPase stimulation.
of S and Se for O in the TMR core has very little impacton  Since alkyl groups are tolerated at the 9-position as
the N—chalcogen-atom distances, which are 5.04 in TMR-S demonstrated by the enhanced activity of the 9-ethyl deriva-
and 5.13 A in TMR-Se. The order of hydrogen bond-acceptor tive 16, the 9-(3-phenoxypropyl) substituent was evaluated
strength is O> S > Se, and relative values &f(ATPase) as a flexible tether for the hydrogen-bond acceptor. Even
reflect this withk of 1.0 for TMR, 1.0 for TMR-S, and 0.4  though increased entropic demands with a flexible tether may

DISCUSSION
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reduceAG for binding, the enthalpic gains lead to a 2.5- between the two processes. Recent data from the Gadsby
fold increase irk(ATPase) forl8relative to4, primarily by lab demonstrated that ABC proteins likely behave similarly
lowering KyP. (62, 63). In this case, coordinated coupled conformational
The enhanced activity with a conformationally mobile changes were measured in the intact CFTR channel (an ABC
hydrogen-bond acceptor in the 9-position bf and 18 protein homologue of Pgp). When ATP hydrolysis and
reaffirmed that the Seelig Type | acceptors (the 3,4- associated NBD dimerization were prevented or probed by
dimethoxyphenyl group) ir6—8 might not be capable of  mutation, patch-clamp recordings revealed that the channel
adopting a favorable orientation. Althoud® and 20 with remained open for greatly extended periods if NBD dimer-
9-(2-thienyl) substituents show little ATPase stimulation at ization was stabilized. This clearly illustrated that tight ATP
concentrations up to 5Qa\, the introduction of the 5N, N- binding at the NBDs elicited a coordinated change at the
diethylcarboxamide group on the thienyl substituent gave the TMDs, that is, channel opening. By analogy, in the case of
two most active stimulators of ATPase of this stuey26— Pgp, the chemical nature of the “drug” should dictate the
30-fold increase irk(ATPase) relative to TMR). In these efficiency of drug efflux by effective communication to the
derivatives, the carboxamide group (a Seelig Type | group) distal NBDs and vice versa. That is, drug binding and efflux
can be oriented in roughly the same place as the methoxymust elicit conformational transitions that productively
group of the 3-methoxyphenyl substituenBin5. While the influence distal NBD ATPase cycles. Reciprocally, as the
2-thienyl-5-carboxamide group was chosen for ease of ATP is bound and hydrolyzed, and Pi and/or ADP is released,
synthesis, other 3-carboxamide-substituted phenyl derivativesthe availability of the drug binding site and/or trajectory must
may behave similarly. be influenced by coordinated shared conformational transi-
The library of TMR derivatives described here validates tions.
the presence of the “R” binding site in Pgp first described = We have demonstrated that the “R”-site, drug-dependent,
by Shapiro and Ling 45, 26) and also illustrates the trigger mechanism for hydrolysis activation and coupling to
importance of hydrogen bond-accepting groups in promoting the distant NBDs can be systematically probed by variation
tight binding of the substrate with the transporter. In TMR- of a scaffold. Our designed library of TMR-related structures
related molecules (including rhodamine derivatives) that bind has produced a range kif,° values for binding in the TMDs
to the “R” site and stimulate ATPase activity, both hydrogen that stimulate the hydrolysis of ATP in the NBDs. A strong
bond-accepting amino groups at the 3- and 6-positions of acorrelation between the concentrations required to stimulate
chalcogenoxanthylium core are critical structural features. ATPase activity (turnover) and to promote ABWi trapping
While a 9-phenyl substituent in TMR and TMR-S is (forming the closed conformationku® and 1Gy, respec-
sufficient to stimulate ATPase activity with increasing tively, was observed for VER, TMR-S, ar&R. Similarly,
concentrations of drug, enhanced binding to the “R” site and Ky° correlated with the concentration of drug required to
enhanced stimulation of ATPase relative to TMR are enhance the rate of ADPVi trapping when hydrolysis is
observed if a hydrogen bond-accepting group is placed permitted (starting with ATP) as well as with ATP occlusion
roughly 5-6 A away from the 9-position of the xanthylium  when hydrolysis is attenuated (with E552A/E1197A mutant
core and even greater binding is observed if the hydrogen protein). Thus, by employing the set of compounds described
bond-accepting group has conformational mobility to be out herein, we have demonstrated that discrete effects on catalytic
of the xanthylium plane. Enhanced stimulation of Pgp efficiency correlate well with discrete effects at the ATP
ATPase activity relative to TMR is also observed if the catalytic site. It follows that the shared coupled conformation
9-phenyl substituent is replaced with a smaller alkyl group. involves drug binding to trigger NBD closure and asymmetric
The TMR analogues of Chart 2 interact with Pgp to give involvement of catalytic site residues to initiate hydrolysis.
a >200-fold range ok, (ATPase) resulting from fairly minor These data are consistent with mounting evidence that a
structural changes and an even greater range if one considerkey conformational transition associated with coupling, and
the “inactive” compounds. One can reasonably ask the common to the acceleration of each of these activities, is
guestion whether all of these structures bind to the same sitethe formation of an asymmetric closed NBD dimer inter-
and whether the various structures follow the same mecha-mediate where ATP is occluded at a single site and catalytic
nistic path for coupling of ATP binding and hydrolysis with  site residues are properly engaged for hydrolysis. Structural
drug export. Below, we discuss in much greater detail the data of full-length homologous ABC transport proteins
coupling of ATP binding and hydrolysis with the apparent clearly indicate that an intracytoplasmic loop/extension of
KwP for TMR-S and compoun@2, which differ by 26-fold TMD helices could communicate drug binding to the NBDs

in ky(ATPase). and vice versal6—19). Moreover, a recent structure of the
Binding of TMR Analogues and the Transition State for full-length lipid flippase MsbA fromSalmonellademon-
ATP-Hydrolysis and Implications for Mechanisihermo- strates a lipid substrate-bound form that is asymmetric with

dynamic analysis of the transition state of Pgp has shown ADP—Vi retained tightly at a single NBD1@). Electron
that ATP hydrolysis and transport are couplé&8)( but the microscopy studies indicate that ATP binding and/or hy-
communicative mechanism between the TMDs and the drolysis elicits conformational changes in the TMDs of Pgp
NBDs that allows coupling between domains is not well- that appear to facilitate drug transpd#). Since a structure
understood. A heuristic example illustrating the molecular of Pgp is unavailable presently, our data will provide testable
basis for coupling is found in crystallographic studies of the predictions with regard to structural models of Pgp and the
nitrogenases where ATP hydrolysis is coupled to an electron-molecular details of coupling and drug trajectory.

transfer reactiongQ, 61). In this case, it was demonstrated Accumulated data indicate that Pgp binds drugs from the
through crystal structures of intermediates that effective inner (cytoplasmic) leaflet of the plasma membrane (vacuum
coupling is contingent upon shared conformational transitions cleaner model) &5, 66). Next, there are two possible
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trajectories that have been proposed, which involve move- REFERENCES

ment of TMD helices. In the flippase mechanism, coupled
conformational changes in the protein will elicit movement
of the drug to the outer leaflet of the membrane with

concomitant reduced affinity and expofi7j. In this case,

the need for an aqueous vestibule as an intermediate may
be obviated. In contrast, other schemes involve conforma-
tional changes (likely rotation of TMD helices) in which the
drug moves from the high-affinity site to an aqueous-
accessible lower affinity site, whereby efflux occurs by

diffusion from the chamber?2@, 38, 68). It has been

hypothesized that the drug must pass through “gates”

comprised of TMD helices. The nature of druBgp interac-

tions at the “R” site required for coupling described herein
may shed insight on the trajectory of drugs during the
catalytic cycle and may discriminate between these models

as structural data become available.

Drug stimulation of ATPase activity and coupling to the
ATP catalytic site appear tunable (not a simple all-or-nothing
relationship; sedk, values, Table 1) depending upon the
nature of the molecular interactions. Using a focused library
of TMR analogues to probe a biological process, our

observations extend the notion thatinteractions and

hydrogen bond-acceptor availability are critical criteria for
evaluating Pgpdrug interactions as well as eliciting the
conformational transitions that facilitate coupling. Another
key tenet is that, for coupling to be effective, the shared
conformations must be productive and not dissipate, since
this will lead to futile cycles. One possible outcome that a
continued analysis may permit is for drug binding to be
competitive, yet nonproductive, causing a futile or aborted
cycle. In this case, if tight binding is allowed without
triggering hydrolysis or conformational transitions necessary
for drug movement, and these effects can be predicted, it
may be possible to design more efficient TMR-related

inhibitors of Pgp efflux.
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