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ABSTRACT: The multidrug efflux pump P-glycoprotein (Pgp) couples drug transport to ATP hydrolysis.
Previously, using a synthetic library of tetramethylrosamine (TMR) analogues, we observed significant
variation in ATPase stimulation (V;,P). Concentrations required for half-maximal ATPase stimulation
(KmP) correlated with ATP hydrolysis transition-state stabilization and ATP occlusion (ECs(P) at a single
site. Herein, we characterize several TMR analogues that elicit modest turnover (ke < 1-2 s™!) compared
to verapamil (VER) (ke ~ 10 s™!). Apparent ATPase activities manifest as nearly equivalent to basal
values. In some cases, Ki,” parameters for drug stimulation of ATPase could not be accurately determined,
yet these same TMR analogues promoted ATP occlusion at relatively low concentrations (~0.4-40 uM).
Moreover, the TMR analogues competitively inhibited VER-dependent ATPase activity at concentrations
similar to those required for ATP occlusion. Finally, the TMR analogues facilitated uptake of calcein-
AM into CR1R12 and MDCK-MDRI1 cells and are actively transported by Pgp in monolayers of MDCK-
MDRI cells at similarly low concentrations (~1-20 uM). ADP-V; release kinetics were identical in the
presence of the TMR derivatives, VER, or in the absence of drug, suggesting that slow turnover is not
likely due to slow release of the ATP hydrolysis products ADP and P;. These data support the partition
model in which drug site occupancy converts residual basal ATPase activity to a drug-dependent mechanism
even in cases where stimulation appears to be exactly compensatory to basal values. It is noteworthy that
when compared to previously reported TMR analogues, subtle modification of the TMR scaffold can

confer large differences in ATP turnover.

P-Glycoprotein (Pgp,' MDR1, or ABCBI) is a plasma
membrane-located efflux pump that confers multidrug re-
sistance (MDR) against a variety of diverse chemotherapeutic
drugs. Cancers that display drug resistance are refractory to
treatment. Excellent reviews of Pgp biology, drug design,
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and current thoughts regarding mechanism are available (/-9).
Although efforts to study Pgp have generated more than
10000 published papers (current Medline search), the lack
of a high-resolution structure, the lack of a precise mecha-
nism of transport, and the failure to develop potent, clinically
useful inhibitors have spawned a jaded attitude for future
progress by drug companies (/0). Yet, a growing number of
ATP binding cassette (ABC) transporters (of 48 total in
humans) confer drug resistance in cell culture. Although their
clinical relevance remains uncertain (/I, [2), they are
homologous to Pgp. Thus, Pgp studies will likely have broad
relevance clinically. Similarly, understanding of other ABC
transporters that serve diverse physiological functions (other
than MDR) and whose clinical relevance is well-established
due to hereditary disease may also be advanced (13, 14).
Several models derived from an early “alternating-sites
model” (15) have been proposed in an effort to explain how
Pgp couples binding and hydrolysis of ATP at the two
nucleotide binding domains (NBDs) to drug export by the
transmembrane domains (TMDs) (4, 5, 16—18). Several key
aspects remain unclear. How is the chemical energy derived
from ATP binding and hydrolysis at NBD catalytic sites
coordinated with conformational changes in the TMDs to
permit transport of drugs? How does Pgp transport a diversity
of drugs? Drugs with diverse structures are transported at
different rates, yet the process occurs through a common
transition state (/9). This begs the following question: What
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is the pharmacophore (or catalog of molecular descriptors)
that enables drug transport at a particular rate? This is a
complicated question given the diversity of drugs transported
by Pgp and the fact that competitive and noncompetitive
interactions within the drug pocket exist (9, 20, 21), as well
as allosteric sites that appear to reside outside the common
pocket (22, 23). Many attempts to answer these questions
using computational approaches have been made, yet there
is no clear consensus for an algorithm for predicting
substrates and inhibitors (7, 24, 25).

An interesting property of many drugs that bind to Pgp is
that they initially stimulate hydrolysis (with concomitant
transport) yet, at very high concentrations, become inhibitory
to ATPase activity (and transport slows) (26, 27). Half-
maximal values for ATPase stimulation and inhibition are
K.P and KiP, respectively. Pgp reconstituted into inside-out
vesicles establishes drug transport gradients, the value being
the ratio of Ki’/K,,P (19). EPR spectroscopy studies of spin-
labeled VER indicate that K,,P reflects affinity at “ON” sites
(28). In their “solvation exchange model”, Omote and Al-
Shawi (/8) bolster the idea that ON sites are points of initial
recognition located on the outside of TMD helices. Consistent
with the “vacuum-cleaner” model for drug transport (29),
molecular dynamics simulation of drug movement through
a model bilayer predicts that ON sites are located at points
of contact with the inner leaflet of the membrane (/8). As
noted by Seelig (7), H-bonding and charge interactions
between Pgp and drugs will be enhanced due to the
electrostatic environment of the bilayer. Seelig’s group
generated a pharmacophore model for Pgp—drug interactions
suggesting that affinity is strongly influenced by the number
of H-bonding donor/acceptor pairs and that the rate of
turnover increases as the number of H-bonding groups
increases until a certain threshold, beyond which the rate of
turnover decreases (7, 30). At very high concentrations of
drugs, release from OFF sites may affect turnover. Experi-
mental evidence and modeling efforts prompted Omote and
Al-Shawi to suggest that at very high drug concentrations,
KP reflects affinity at OFF sites located within an inner cavity
or “vestibule” (18).

An important goal is to develop an atomic-detail model
of Pgp drug transport that will integrate rate data with
structural changes. Several elegant approaches, including
EM (31-34), cross-linking (35, 36), H/D exchange (37), mAb
binding to the unique epitope UIC2 (38, 39), fluorescence
quenching (40, 41), and fluorescence resonance energy
transfer (FRET) studies (42), support coordinated confor-
mational changes during the catalytic cycle. Excellent recent
reviews on this topic and their relationship to mechanism
are available (4, 5, 43). For example, cross-linking studies
indicate drugs that stimulate Pgp ATPase activity elicit
conformational changes that “engage” the catalytic sites by
bringing Walker A residues of NBDI1 closer to LSGGQ motif
Ser residues of the neighboring NBD2 and vice versa (36).
Reciprocally, ADP-V; trapping at catalytic sites causes a
change in MTS cross-linking at TMDs, suggesting that
during ATP hydrolysis, TM helices rotate perhaps altering
the affinity of drug sites from high to low (35). We have
provided evidence that drugs elicit the transition to an
asymmetric occluded nucleotide conformation (ONC) and
that this intermediate normally occurs transiently during the
catalytic cycle (44—46). Support for the ONC as a genuine
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state was bolstered recently by Sauna et al. (47), who
demonstrated that the relatively nonhydrolyzable ATP ana-
logue, ATPyS, is occluded by wild-type human Pgp.

Our aim is to generate pharmacophore models of drug-
binding sites that determine kinetic parameters of ATP-
coupled transport and correlate the occupancy of these sites
with the conformation of Pgp during the catalytic cycle. This
kind of knowledge will likely reveal the trajectory of drug
during the transport process and will permit a clear under-
standing of the physical basis for coupling. A corollary is
that elucidation of the pharmacophores that determine these
sites may enable the design of a tightly bound drug that slows
the rate of turnover to very low levels (near zero) while
competitively excluding other chemotherapeutic drugs from
binding to Pgp.

In a previous manuscript, we presented a library of
analogues of the rhodamine-related tetramethylrosamine
(TMR, Chart 1) that displayed 2—3 order of magnitude
differences in their ability to promote ATP turnover (48).
For this reason, and since almost all drugs have been assayed
for competitive transport with rhodamines in the NCI
screen (49, 50), further development of TMR analogues to
pursue questions related to ATPase (and transport) rate
enhancement was initiated. Herein, we examine a smaller
set of TMR analogues with a limited apparent ability to
stimulate ATPase, yet their abilities to promote ATP occlu-
sion, competitively inhibit verapamil-dependent ATPase
activity, and be transported in cells reveal their true affinities
for Pgp.

EXPERIMENTAL PROCEDURES

General. All chemicals and reagents were purchased from
Sigma Chemical Co. (St. Louis, MO) unless otherwise noted.
Elemental analyses were conducted by Atlantic Microlabs,
Inc. (Norcross, GA). TMR-S and TMR-Se were prepared
according to ref 5/. Dye 1-S was prepared according to ref
48. Selenoxanthylium dyes 2 and 4 were prepared according
to ref 52. Selenoxanthone 7 was prepared according to ref
53. Chalcogenoxanthylium dyes 5 and 6 were prepared
according to ref 54.

Synthesis of 3,6-Bis(dimethylamino)-9-(4-N-morpholi-
nophenyl)selenoxanthylium Hexafluorophosphate (3). A so-
lution of 4-(4-bromophenyl)morpholine (1.0 g, 4.3 mmol)
in 2 mL of anhydrous THF was added to a stirred mixture
(0.110 g, 4.4 mmol) of ground magnesium turnings in 10
mL of anhydrous THF. The resulting mixture was heated at
reflux for 2 h, cooled to ambient temperature, and then added
dropwise via cannula to a stirred solution of 3,6-bis(dim-
ethylamino)-9H-selenoxanthen-9-one (7, 0.150 g, 0.43 mmol)
in anhydrous THF (3.0 mL). The resulting mixture was
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Table 1: Summary of Data for TMR-Se and Compounds 2-6“

ATPase” Vy ATPase ATP occlusion ATPase inhibition ATPase inhibition CAM uptake
([111’101 min~! lLtg_l) KmD (‘LLM) EC5[)D (ﬂM) IC5()€ (/,lM) K; (‘LLM) EC5()CAM (/,tM)
compd (MDR3 CL) (MDR3 CL) (MDR3 A/A) (MDR3 CL) (MDR3 CL) (CHO MDRI)
TMR-Se 0.93 +0.20 74+ 19 14+7 - - -
2 1.16 £ 0.16 288 £ 115 43 £+ 37 21+1 8+ 1 -
3 0.62 4+ 0.13¢ ND 20+ 11 23+8 10£2 7+5
4 0.37 £ 0.07¢ ND? 04+02 30+7 10£2 16t£12
5 1.10 £ 0.20 100 £ 58 9+4 0.28 £+ 0.07¢ 20+04 0.8+0.3
6 0.83 £0.10 78 + 34 7+5 15+4 7+2 1.0+0.5

“ Data include maximal ATPase activity (Vir), as well as the concentration of drug required to confer half-maximal ATPase activity (K,”) by mouse
MDR3 Cys-less Pgp. Vi and Ki,° parameters were obtained by fitting the data to a partition function as detailed in Experimental Procedures. For
comparison, basal and VER-stimulated ATPase activities were 0.35 £ 0.05 and 3.9 & 0.2 nmol min~! ug~!, respectively. Also shown are values for the
concentration of analogue required for half-maximal ATP occlusion (ECs®) by E552A/E1197A mouse MDR3 Pgp, and values for inhibition of
VER-dependent ATPase activity (ICso and Kj). The concentration of the TMR analogue required for half-maximal uptake of CAM (ECs5c“AM) into the
Chinese hamster ovary CR1R12 cell line is indicated. Details for methods are provided in Experimental Procedures, and figures show original data.
® ATPase values were from the spectrophotometric coupled microplate assay where NADH oxidation was assessed. Original data for these values are
shown in the figures. ¢ Inhibition in the presence of a fixed concentration (200 uM) of VER. ¢ Vy values for compounds 3 and 4 were the maximum
activity displayed at a single point, and K, values are not determined since fitting the entire data set to the partition model failed to yield reliable
values. ¢ This value is the midpoint of the first exponential phase of inhibition after data were fit to two exponentials (see Figure 3a).

heated at reflux for 0.5 h, cooled to ambient temperature,
and poured into acetic acid (3.0 mL). Hexafluorophosphoric
acid (60% weight solution in water) was added dropwise
until a color change was observed. Water (50 mL) was added,
and the solution was cooled to —10 °C. The precipitate was
collected by filtration, washed with water (10 mL) and diethyl
ether (10 mL), and then recrystallized from acetonitrile and
a small amount of ether to give 0.085 g (53%) of 3 as a
dark green solid: mp 270-271 °C; 'H NMR (400 MHz,
CDyCl,) 6 7.61 (d,2 H, J=9.5Hz),7.58 (d,2 H, J = 2.5
Hz), 7.22 (d, 2 H, J = 8.4 Hz), 7.12 (d, 2 H, J = 8.4 Hz),
6.89(d xd,2H,/=12.5,9.5Hz),3.93 (t, 4H,/=4.4,5.1
Hz), 3.34 (t, 4 H,J = 4.4, 5.1 Hz), 3.30 (s, 12 H); 3*C NMR
(126 MHz, CD,Cly) 6 155.4, 142.4, 132.5, 131.2, 128.5,
127.4, 126.0, 119.0, 114.9, 114.2, 104.1, 65.0, 46.3, 38.9;
Amax(CH;0H) = 581 nm (¢ = 5.9 x 10* M~! cm™!); HRMS
(ESI) m/z 492.15546 (calcd for CosHayON38Se, 492.1549).
Anal. Calcd for C,sH,0ONsSe-PFq: C, 50.95; H, 4.75; N,
6.60. Found: C, 50.56; H, 4.66; N, 6.43.

Expression, Purification, Quantitation, and Activation of
Pgp. Strains of yeast Pichia pastoris expressing mouse mdr3
wild-type, E552A/E1197A, and Cys-less Pgp were grown
in a fermentor culture and purified as described previously (44,
55, 56). The Pgp concentration was determined by quanti-
tation 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 (Scion Corp.). Pgp was
stored in aliquots at —70 °C with excellent retention of
activity. Just prior to each experiment, Pgp was activated
by incubation with a 2:1 (w/w) equivalent of Escherichia
coli lipids (Avanti Polar Lipids; acetone/ether-precipitated)
for 20 min at room temperature followed by sonication for
30 s at 4 °C in a bath sonicator. For wild-type and ES52A/
E1197A proteins, 5 mM DTT was included during the 20
min incubation to reduce the inhibitory disulfide between
P-loop cysteines.

ATPase Assays. ATP hydrolysis determined by the spec-
trophotometric coupled assay was performed in microplate
format in 96-well plates as previously described (48). Each
reaction mixture contained 4-5 ug of lipid-activated Cys-

less mouse mdr3 Pgp with the indicated concentration of
drug or TMR analogue added in a volume of 1 uL from
concentrated DMSO stock solutions. Cys-less protein was
routinely used for ATPase measurements for consistency and
to avoid DTT, which is necessary for activation of wild-
type Pgp but was found to reduce some of the compounds.
DMSO was at a final concentration of 2% in all reaction
mixtures. Each 50 uL reaction mixture contained 40 mM
Tris-HCI (pH 7.4), 0.1 mM EGTA, 10 mM NaATP, 12 mM
MgSO4, 3 mM PEP, 1.5 mM NADH, and pyruvate kinase
and lactate dehydrogenase (each at a final concentration of
0.1 mg/mL). Reaction mixtures were kept on ice and in the
dark until they were placed in the plate reader. Kinetics of
NADH oxidation was followed at 37 °C by a decrease in
absorption at 340 nm, and this was converted into a specific
activity for moles of ATP hydrolyzed. Control reactions that
included DMSO alone or 150 uM VER were performed in
parallel for comparison. Assays were performed in a Spec-
tramax Gemini plate reader and analyzed with SOFTmaxPro.
ATPase parameters were determined by fitting activities for
drug titrations to the modified Michaelis—Menten equation
that incorporates an initial basal activity which disappears
as drug-binding sites are occupied [partition equation (/9)]
using SigmaPlot 2000 as previously described (48). Studies
of the inhibition of VER-stimulated ATPase (for ICsy and
K; values) activity were essentially identical except that each
reaction mixture contained 2 g of lipid-activated Pgp. ICsy
values were determined in the presence of 200 uM VER.
For K; values, the indicated concentration of VER was
present. Just as the modified Michaelis—Menten equation was
used to fit activation data, K; values were determined by
fitting the data to a modified partition equation for competi-
tive inhibition (eq 1; see ref 57) using SigmaPlot2000.

v=V,"+{(vV,," = V.D)d/[d+ K,”(1 +c/K)]} (D)

This equation incorporates a basal ATPase rate (V,,?) that is
subtracted from the maximal ATPase activity in the presence
of drug (V,P). In this case, v is the ATPase activity at a
particular concentration of VER (d) and, if present, a
particular concentration of the inhibitor TMR analogue (c).
K.\ signifies the concentration of VER required for half-
maximal activity, and V,," signifies the maximal activity. K;
is the competitive inhibition constant for the TMR analogue
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FIGURE 1: Effect of compounds 2, 3, 5, and 6 on Pgp ATPase using the spectrophotometric coupled assay. The effect of compounds 2, 3,
5, and 6 on Pgp activity was determined as described in Experimental Procedures. Data represent the mean of three separate experiments.
Data sets showed excellent agreement with a standard deviation of less than 10% at each point.

being measured. For clarity, K; values presented in Table 1
are distinct from the K® term used previously to describe
the inhibition phase of drugs that display biphasic effects
on Pgp ATPase. ATPase activity was also measured by the
release of [*?P]P; from [y-3?P]ATP using the charcoal (Norit)
adsorption assay as previously described (44, 58). Briefly,
each 50 uL reaction mixture contained 40 mM Tris-HCI (pH
7.4), 0.1 mM EGTA, 2 mM [0-*?P]ATP (~0.02 Ci/mmol),
4 mM MgSO,, and 0.4 ug of activated Pgp as well as the
indicated concentration of TMR analogue (or DMSO alone).
The final level of DMSO was 2% in all reaction mixtures.
Immediately prior to each set of assays, a cocktail containing
all components except drug was prepared and kept on ice.
Reactions were initiated by adding 49 uL of cocktail to 1
uL of each drug (or DMSO), and samples were incubated
at 37 °C for either 10 min (VER) or 1 h (TMR analogues).
Next, samples were placed on ice, and 400 uL of an ice-
cold suspension consisting of 10% charcoal (acid-washed)
and 10 mM EDTA was added. Tubes were vortexed and
kept at 4 °C overnight. After centrifugation to pellet the
charcoal, two 100 uL aliquots of the supernatant were
removed, and the amount of [*?P]P; was determined by
Cerenkov counting.

ADP-V; Trapping and Release. Drug stimulation of
ADP-V; trapping after hydrolysis (and release of phosphate)
was performed as described previously (58) using lipid-
activated mouse mdr3 wild-type Pgp (87% identical to
human Pgp). This method relies on the measurement of the
amount of [a-*P]JADP-V; complex retained by Pgp after it
passes through a centrifuge column (tuberculin) containing
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FIGURE 2: Promotion of ATP occlusion by compound 5. The effect
of compound 5 on ATP occlusion by A/A mutant Pgp was
determined as described in Experimental Procedures. Data represent
the mean of two separate experiments using two different prepara-
tions of A/A Pgp. Data sets showed excellent agreement with a
standard deviation of less than 10% at each point.

Sephadex G-50. Drug enhancement is detected as an increase
in the fraction of Pgp+ADP-V; inhibited complex. Briefly,
10 ug of lipid- and DTT-activated wild-type Pgp was
incubated in a volume of 50 uL. with 40 mM Tris-HCI (pH
7.4),0.1 mM EGTA, 200 uM [a-*P]ATP, 2.2 mM MgSOy,
200 uM V;, and the indicated concentration of drug added
from concentrated DMSO stocks. In all cases, the final
concentration of DMSO was 2%. Samples were incubated
for 10 min at 37 °C and then placed on ice for 2 min. All
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FIGURE 3: Inhibition of VER-dependent ATPase by compound 5. (a) Inhibition of VER (200 xM)-dependent ATPase by compound 5 was
assessed as described in Experimental Procedures. The dotted line is the nonlinear least-squares regression fit of the data to a single-
exponential parameter which gave an ICsp of 3.8 £ 0.9 uM (R? = 0.95). The dashed line is the nonlinear least-squares regression fit of the
data using two exponential parameters where the midpoints of each slope were 0.28 £ 0.07 and 41.8 £+ 6 uM (R? = 0.98). Data represent
the average of three separate experiments which showed excellent agreement (a standard deviation of less than 10% for all points). Maximal
ATPase activity (100%) corresponds to the VER-dependent V,,° value (3.9 & 0.2 nmol min~! ug™!). (b) Classic competitive analysis for
inhibition of VER (200 uM)-dependent ATPase by analogue 5 was conducted as described in Experimental Procedures. The lines represent
the nonlinear least-squares regression fits of the data to eq 1 (see the text) and give a K;° of 2.0 =+ 0.4 uM (see also Table 1). Data represent
the average of two separate experiments which showed excellent agreement (a standard deviation of ~10% for all points).

manipulations were performed in the dark. Next, 50 uL of
ice-cold TE buffer [40 mM Tris-HCI (pH 7.4) and 0.1 mM
EGTA] was added, and the samples were passed through
centrifuge columns. Retained [a->P]ADP-V; complex was
quantitated by Cerenkov counting. Release of the Pgp-[o-
32P]ADP-V; complex was assessed as previously described
(58) except that all manipulations were performed in the dark.
Briefly, 120 ug of lipid- and DTT-activated wild-type Pgp
was incubated in a volume of 400 L. with 40 mM Tris-HCl
(pH 7.4), 0.1 mM EGTA, 200 uM [a-*P]ATP, 2.2 mM
MgSO4, 200 uM V;, and 200 uM drug added from concen-
trated DMSO stocks for 30 min at 37 °C. After being placed
on ice for 10 min, samples were divided into four 100 uL
portions and passed through centrifuge columns to remove
free [a-3?P]ADP. Eluted fractions were pooled, and 1 mL
of ice-cold TE buffer with 200 4M drug was added to ensure
that release of the [0-*?P]JADP+V; complex was assayed in
the presence of drug. Next, samples were divided into 12 x
100 uL aliquots and incubated at 37 °C to allow for release
of the [a-?P]ADP-V; complex. At the indicated time,
samples were placed on ice for 1 min and then passed
through centrifuge columns. The [a-3?P]ADP-V; complex
was quantitated by Cerenkov counting. Release kinetics was
determined by nonlinear regression fitting of the data to a
single-exponential decay process using SigmaPlot.

ATP Occlusion Assay. Drug stimulation of ATP occlusion
by E552A/E1197A (A/A) double “catalytic carboxylate”
mutant Pgp was performed as described previously (48).
Similar to the [a-*?P]ADP-V; trapping studies mentioned
above, this method relies on the measurement of the amount
of [0-*P]ATP retained by E552A/E1197A Pgp after it passes
through a centrifuge column containing Sephadex G-50.
Assays were identical to those described above, except that
Vi was omitted and 10 ug of ES52A/E1197A Pgp replaced
wild-type Pgp.

Enhancement of Uptake of Calcein-AM into CRIRI2 Cells
by TMR Analogues. CRI1R12 cells were maintained in
o-MEM medium supplemented with 10% fetal bovine serum
(FBS) and penicillin/streptomycin and grown at 37 °C with

5% CO, as previously described (54). Uptake of calcein-
AM (CAM) was performed as described previously (59)
except that uptake was followed kinetically for up to 2.5 h.
One day prior to uptake experiments, ~5—-10000 cells (in a
volume of 200 uL) were seeded per well on 96-well sterile
tissue culture plates (Corning). After 24 h, medium was
replaced and incubation continued for an additional 2 h. Next,
medium was removed, and 100 4L of 0.9% NaCl containing
1 uM CAM (Invitrogen/Molecular Probes) and either DMSO
or TMR analogue at the indicated concentration were added.
The final DMSO concentration was 0.2% in all cases, and
this did not affect the ability of CR1R12 cells to exclude
CAM. Kinetics (every 3 min for 3 h) of CAM uptake were
determined by measuring the level of conversion to the
fluorescent calcein. Measurements were performed directly
in the microplate with Aex and Aen set to 485 and 530 nm,
respectively, using a SpectraMax Gemini fluorescence plate
reader. EC5(P values represent relative half-maximal values
for enhancement of CAM uptake obtained by fitting the raw
fluorescence data to a single-exponential increase (simple
hyperbolic curve) by nonlinear least-squares regression using
SigmaPlot2000.

Enhancement of Uptake of Calcein-AM into MDCK-MDRI1
Cells by TMR Analogues. MDCK cells transfected with wild-
type MDR1 (ABCB1) were obtained at passage number 12
from P. Borst at The Netherlands Cancer Institute (Amster-
dam, The Netherlands). Cell growth was maintained in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin,
and 100 ug/mL streptomycin in 75 cm? flasks. Cultures were
passaged by trypsinization 1:10 twice a week and used at
passage number 16-42. Cells were seeded at a density of
40000 cells/well in 96-well flat bottom plates (Falcon) using
a medium volume of 200 uL, which was replaced on day 3
prior to their use on day 4.

Cells were washed once with Dulbecco’s phosphate-
buffered saline containing 10 mM Hepes buffer at pH 7.4
(DPBSH) (Gibco) and incubated with solutions of the TMR
analogue in DPBSH at 37 °C under room atmosphere. ECs
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Chart 2: Structure of Selenoxanthone 7
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values were calculated from 1:1 serial dilution series. After
30 min, the test compound was replaced to include 0.5 ug/
mL CAM and incubated for an additional 20 min. Calcein
fluorescence was read on a Cytofluor series 4000 multiwell
plate reader (PerSeptive Biosystems) with Adex and Aen set to
485 and 530 nm, respectively. Negative (0.25% DMSO in
DPBSH) and positive (2.5 uM LSN335984, a specific Pgp
inhibitor) controls were included in each plate. ECsy values
were calculated from the serial dilution curves using Graph-
Pad PRISM, version 4.03. Briefly, the compound concentra-
tion was plotted as log micromolar concentration versus
relative fluorescence units (rfu), and a sigmoidal dose-re-
sponse (variable slope) analysis with no weighting or
restrictions was applied.

Studies of Transport of Pgp across MDCK-MDRI Mono-
layers. MDCK-MDRI cells that were seeded at a density of
50000 cells/cm?® onto 12-well (1.13 cm? surface area)
Transwell polycarbonate filters (Costar) were fed on days 3
and 5 and used on day 6. The upper and lower chamber
volumes were 0.5 and 1.0 mL, respectively. Cells were rinsed
for 10 min in DPBSH at 37 °C with mixing on a nutator
(Clay Adams). Cells were preincubated with 4.3 mg/mL
bovine serum albumin (BSA) in DPBSH with or without
2.5 uM LSN335984. After 30 min, 5 uM test compound in
BSA/DPBSH with or without inhibitor was added to the
donor chamber (0.5 mL upper or apical, 1.0 mL lower or
basolateral). Initial donor samples were taken at time zero.
For apical-to-basolateral (A—B) flux, Dy was taken from the
mixing tube before addition to the cell monolayer. For
basolateral-to-apical (B—A) flux, this sample was taken from
the 12-well plate 10 min after transfer, but before cell wells
were added. Samples were taken from both the donor and
receiver chambers following a 1 h incubation at 37 °C with
constant mixing by nutation. Cell monolayers were rinsed
briefly two times using cold DPBS and extracted with 500
uL of methanol for 3 min. All sample volumes were 200
uL, and samples were transferred directly to a black-wall,
flat bottom 96-well plate (Costar). The plate was centrifuged
for 5 min at 1500 rpm to reduce bubbles and then analyzed
using a Spectromax M2 fluorescent plate reader (Molecular
Devices) at individually optimized excitation and emission
wavelengths. For TMR and TMR-S, Aex and Aenm were set
to 554 and 590 nm, respectively. For 1-S (Chart 1), 5 (Chart
3), and 6 (Chart 3), A¢x and Aep,, were set to 584 and 612 nm,
respectively.

RESULTS

Synthesis of Novel TMR Analogues. Recently, we exam-
ined a small library of chalcogenoxanthylium analogues of
TMR for their ability to stimulate Pgp ATPase activity (48).
Importantly, using occlusion of ATP by A/A Pgp, a strong
correlation between K,,,P for stimulation of ATPase activity
and the concentration of drug (ECsP) required to promote
ATP occlusion at a single catalytic site was found for the
parental analogue TMR-S (K,,® ~ ECs5,® ~ 100 uM), as

Chart 3: Structures of Chalcogenoxanthylium Analogues of
TMR Used in This Study

NMe; o
@ O .
o PFeg N
Br o
X AN © PFg
@ @
Me;N E NMe, MeoN Se NMe,
TMR-S, E =S 2 O \ ®
TMR-Se, E =
Se, E =Se MeN sé NMe,
QO 3
o ©
PFs PFg
®
AN
O ® NMe,
Me,N Se NMe,
5 E=Se
4 6, E=5S

well as derivative 1-Se with a 2-thienyl-5-(diethylcarboxa-
mide) group at the 9-position of the xanthylium core [Chart
1, compound 22 in a previous study (48); K,® ~ ECsoP ~
3-6 uM], and verapamil (VER; K,,° ~ EC5® ~ 10 uM).
These data suggested that binding parameters that determine
KPP for ATPase stimulation may represent the transition to
the occluded nucleotide conformation. In addition, slight
modification of TMR analogues greatly influenced K, as
well as turnover, suggesting that the TMR scaffold may
provide a useful starting point for a pharmacophore.

To test the generality of these conclusions, herein we
examine several analogues of TMR that either displayed a
relatively high K., or showed relatively weak stimulation
of ATPase in the first study (48) as well as newer derivatives
that also fail to elicit robust ATPase activity. The structures
of the TMR analogues used in this study are shown in Chart
3. Our earlier work demonstrated that subtle changes in
substituents at the 9-position of the TMR scaffold produced
large differential effects in stimulatory capacity. The results
also indicated that 4-dialkylaminophenyl and large hydro-
phobic groups such as the I-naphthyl substituent in the
9-position elicited little stimulation of ATPase activity (48).
Herein, in addition to the 9-(4-dimethylaminophenyl)sele-
noxanthylium derivative 2, we have also examined the 9-(4-
N-morpholinophenyl)selenoxanthylium derivative 3 as a
modification of the alkyl groups on the dimethylamino
substituent. The selenoxanthylium analogue TMR-Se has a
9-phenyl substituent as a hydrophobic group. We also
examined the 9-(1-naphthyl)selenoxanthylium derivative 4
as an analogue of TMR-Se with a larger hydrophobic group
at the 9-position. We were able to increase the hydrophobic-
ity of TMR-S and TMR-Se through propano bridges that
tie the amino alkyl substituents to the xanthylium core with
pentacyclic selenoxanthylium derivative § and pentacyclic
thioxanthylium derivative 6.

Effect of TMR Analogues on Pgp ATPase Activity. Table
1 summarizes the effect of structural modifications of the
TMR analogues on Pgp ATPase activity, occlusion of ATP
by E552A/E1197A mdr3 Pgp, and apparent inhibitory
effects, which will be presented below. ATPase values listed
in Table 1 were determined using the spectrophotometric
coupled assay, and profiles for derivatives 2, 3, 5, and 6 are
found in Figure 1. Typical profiles for ATPase stimulation
by VER, TMR-Se, and derivative 4 may be found in a
previous study (48). Derivative 2 displayed the most robust
stimulation among the group as the ATPase value was
approximately 4 times the basal value. Derivatives 3 and 4



3300 Biochemistry, Vol. 47, No. 10, 2008

displayed the weakest ATPase stimulation among the group
with ATPase activities that manifest at near-basal levels. In
these cases, K,,P values could not be accurately ascertained
and a partition model fit of the data is not likely to be reliable.
Derivatives 5 and 6 displayed ATPase activities that manifest
as approximately twice the basal value. In general, all of
the derivatives displayed significantly less activity compared
to VER or other TMR analogues that were characterized
previously (48) whose activities are relatively robust and
manifest as values approximately 10-fold higher than basal
levels. This ratio was consistent in this study since the basal
ATPase activity was ~0.35 nmol min~! ug~!, and in the
presence of 200 uM VER, ATPase activity was routinely
~3.9 nmol min~! ug~!. Several wells containing basal and
VER controls were included in each microplate assay to
ensure relative values. Since the spectrophotometric coupled
assay is relatively insensitive to turnover rates that are less
than 1-2 s™!, we also employed a more sensitive charcoal
adsorption assay (Norit) for TMR analogues whose turnover
values fell below this threshold and for which K, could
not be accurately determined by the coupled assay (44, 58).
An additional motivation was to employ a separate assay to
examine the derivatives whereby phosphate production was
directly assessed. Basal and VER-induced (200 uM) ATPase
activities were ~0.15 and ~0.9 nmol min~! ug™!, respec-
tively. Derivatives 3—6 (which displayed near-basal ATPase
activity in the spectrophotometric assay) all failed to display
ATPase activities that were significantly greater than the
basal level (data not shown). These data further suggest that
these TMR derivatives display ATPase activities which are
nearly compensatory to basal values.

Effect of TMR Analogues on Pgp ATP Occlusion. Using
a “catalytic carboxylate” mutant A/A (mdr3 E552A/E1197A)
Pgp defective in hydrolysis, we provided evidence in earlier
studies that the occluded nucleotide conformation (ONC) is
(1) likely to occur transiently during the normal catalytic
cycle and (2) a key conformation involved in the coupling
of drug binding at TMDs with NBD catalytic sites (44—46).
The likely scenario is that drugs elicit engagement of a NBD
dimer similar to NBD dimers seen in crystal structures of
bacterial ABC proteins (60—-63). One distinction that we
emphasized previously is that the engaged NBD dimer
(ONC) is asymmetric in intact Pgp due to interdomain
communication between the TMDs and NBDs (46). More-
over, this scenario contrasts cases of isolated NBDs in which
such communication is absent. A molecular dynamics
simulation of ATP binding by the bacterial vitamin B,
uptake transporter (BtuCD) (64) suggests that all intact ABC
transporters may progress to an asymmetric state during
catalysis.

Interestingly, many TMR analogues that appear ineffective
at promoting robust ATP turnover are, in fact, relatively
proficient at promoting ATP occlusion. Among the first
analogues examined for stimulation of ATP occlusion was
TMR-Se. While the K,° (74 £ 19 uM) for TMR-Se was
not dramatically different from the K,° for TMR-S, turnover
was significantly slower [0.93 £ 0.20 nmol min~! ug™!,
Table 1, and previous data (48)]. Unlike results with TMR-S
where K,° ~ ECsoP ~ 100 uM, the concentration required
to promote ATP occlusion with TMR-Se appeared to be
lower (ECs5o® = 14 & 7 uM, Table 1, and Figure S1 of the
Supporting Information). The 9-[4-(dimethylamino)phe-
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nyl]selenoxanthylium derivative 2 displayed a relatively
higher value of K,,° (288 & 115 uM) with modest ATPase
stimulation [1.65 £ 0.24 nmol min~! ug~' (Table 1)].
Derivative 2 also promoted ATP occlusion by A/A Pgp
effectively (ECso® = 43 4 37 uM, Table 1, and Figure S1).
Next, derivatives 3 and 4, which displayed relatively weak
ATPase stimulation with values of K,,° that could not be
accurately ascertained (or not measurable due to concentra-
tions of available stock solutions), were tested for their ability
to promote ATP occlusion by A/A Pgp. 9-(4-N-Morpholi-
nophenyl)selenoxanthylium derivative 3 and 9-(1-naphth-
yl)selenoxanthylium derivative 4 were also effective in
promoting ATP occlusion with ECsoP values of 20 £ 11 and
0.4 £+ 0.2 uM, respectively (Table 1 and Figure S1). The
ability of the pentacyclic xanthylium derivatives S and 6 to
elicit ATP occlusion in A/A was also examined. Derivatives
5 and 6 were also effective at promoting ATP occlusion by
A/A Pgp with ECso® values of 9 + 4 and 7 + 6 uM,
respectively (Table 1, Figure 2, and Figure S1).

For all of the derivatives, apparent ECs,® values for
promoting ATP occlusion were determined by fitting the data
to the partition equation used previously to determine K,,”
values (19, 48). This formula incorporates a basal value that
disappears as the drug site(s) becomes occupied. In this case,
the basal value was the amount of ATP occlusion that occurs
in a manner independent of drug and is ~0.4-0.5 mol/mol.
Apparent ECs,P values for stimulation of ATP occlusion are
based upon earlier studies in which we demonstrated that
drugs can dramatically affect the rate of ATP occlusion (46).
Although the eventual stoichiometry of ATP occlusion
always approaches one molecule of ATP per Pgp, the 7,
values for reaching saturation were ~1 and ~30 min in the
presence and absence of drug, respectively (44, 45). It may
be notable that in most cases, the concentration of TMR
analogue required to facilitate ATP occlusion (ECsoP values)
appeared to be lower than the concentration required to
confer ATPase stimulation. While these differences may be
due to the assays employed or the type of Pgp utilized (wild-
type vs A/A mutant), the data suggest that ATP occlusion is
a more sensitive indicator of coupling.

Competition of Analogues of TMR with VER As Assessed
by ATPase Activity. An ability to promote ATP occlusion
effectively indicates that these derivatives occupy a drug
pocket that communicates the transition to the engaged NBD
dimer (ONC). Since this conformation is likely to be a critical
intermediate in the catalytic pathway (44, 45, 47) and other
drugs such as VER promote this conformation, we wanted
to determine if binding by these analogues is competitive
with VER. First, we tested the ability of the TMR analogues
to inhibit VER-dependent ATPase activity. Since the ana-
logues fail to elicit robust ATPase activity whereas VER
elicits an approximate 10-fold rate enhancement above the
basal level, we expected that this differential would permit
reliable measurements and that the contributions from the
TMR analogues to the observed ATPase activity might be
effectively ignored. The effect of increasing concentrations
of the TMR derivative on Pgp ATPase activity in the
presence of a fixed, saturating concentration of VER (200
uM) was examined. These experiments revealed significant
inhibition of VER-dependent ATPase activity, and all ICs,
values were in the low micromolar range (Table 1). Ad-
ditionally, except for the 1-naphthyl derivative 4, which
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displayed a very high propensity for ATP occlusion (ECs,®
~ 0.4 uM) and less ability to inhibit VER-stimulated ATPase
activity (ICsp ~ 30 uM, Table 1, and Figure S2), all ICs
values for inhibition of VER-dependent ATPase activity
correlated reasonably well with ECs)® values for ATP
occlusion (Table 1). Figure 3a shows the inhibition pattern
for the pentacyclic derivative 5, and others are available in
Figure S2 of the Supporting Information. This derivative was
particularly notable since a best fit of the data suggests that
the inhibition pattern may occur in two phases, with ~10
uM being the cutoff between the two phases. Midpoint values
for the phases were ~0.3 and ~40 uM, respectively (Figure
3a).

Importantly, we found that there was no lag in reactivation
of Pgp ATPase activity after full inhibition by any of the
TMR analogues. In this experiment, Pgp was preincubated
with the TMR analogue at a concentration that displayed
full inhibition. Next the samples were passed through
centrifuge columns to remove unbound material, and VER-
dependent ATPase activity was measured. In all cases, full
activity was recovered (data not shown). This indicates
reversibility of the interaction upon dilution (65) and
demonstrates that the apparent decrease in activity is not due
to permanent inactivation of Pgp by denaturation or by
photoinactivation as previously described (54).

Since ICsy values merely demonstrate that Pgp activity
can be slowed in the presence of these analogues but do not
reveal if the TMR analogue is binding competitively with
VER, we performed classical competitive analysis to address
this question. All of the TMR analogues displayed apparent
competitive inhibition patterns with VER. Figure 3b shows
the apparent competitive inhibition pattern for compound 5,
and others are available in Figure S3 of the Supporting
Information. All K; values for the apparent competitive
inhibition of VER-dependent ATPase by the TMR analogues
are provided in Table 1. Competitive analysis is a well-
established approach in general enzymology and has also
been used to establish relationships between drugs in Pgp
(20). In the case of Pgp, competitive effects of drugs on
ATPase activity were reinforced by the fact that V; displayed
clear noncompetitive inhibition versus VER in this type of
assay (20). Moreover, given that all of the TMR analogues
that were examined displayed apparent competitive inhibition
versus VER, it is likely that their binding sites at least
partially overlap. However, we cannot entirely exclude the
possibility that the inhibitory TMR analogues bind at
multiple sites or that cooperative interactions between TMRs
and VER may negatively affect turnover.

Effect of TMR Analogues on ADP-V; Trapping and
Release. Since this group of TMR analogues appears to be
effective at promoting ATP occlusion yet confers relatively
weak ATPase activity compared to VER, it is formally
possible that a later step in the catalytic cycle may be slow
or blocked. To address this possibility, we next assayed their
ability to promote ADP-V; trapping as well as the kinetics
of ADP-V; release. Evidence that the ADP-V; trapped
species closely mimics the ATP hydrolysis transition state
comes from an X-ray crystal structure of myosin with
ADP-V; retained within its catalytic site (66) as well as
biochemical studies with Pgp itself (67, 68). Effective
ADP-V; trapping may reveal a capacity to stabilize the
transition state of hydrolysis per se (one step beyond ATP

DMSO -

0 20 40 60 80 100
[-32P]JADP-Vi trapped (relative % of VER)
FIGURE 4: Effect of TMR analogues on ADP-V; trapping. The effect
of TMR analogues on ADP-V; trapping was determined as
described in Experimental Procedures. Data are the average of four
experiments performed in duplicate using two different preparations
of Pgp, and values showed excellent agreement (a standard deviation

of less than 10% in all cases). One hundred percent trapping for
VER represents ~1 mol of ADP-Vi/mol of Pgp.

occlusion). To explore these possibilities, each analogue of
TMR (final concentration of 200 uM) was included in
standard ADP-V; trapping reactions and passed through
centrifuge columns to measure the amount of nucleotide
retained after a 10 min incubation at 37 °C. All of the
analogues effectively trapped ADP with V; (Figure 4), and
in no case were they able to promote tight nucleotide binding
in the absence of V; (data not shown). These data indicate
that the TMR analogues elicit the interactions required to
stabilize the transition state and that release of P; appears to
be normal. Next, we assessed the release of the ADP-V;
trapped complex in the presence of compounds 3 and 5 and
compared the rates to those from experiments performed in
parallel containing either VER or DMSO (no drug). In all
cases, the rate of release of the ADP-V; trapped complex
was nearly identical with a 7, of ~40 min (Figure 5). These
data suggest that the relatively slower turnover seen in the
presence of this set of TMR analogues is not due to an
alteration of the rate of ADP release.

TMR Analogues Are Transported by Pgp. Efflux of
rhodamines has been used to define substrates and/or
antagonists of Pgp (49, 50). Among the rhodamines and
closely related analogues, TMR has been described as the
best transport substrate for Pgp in viable MDR cells and
using Pgp reconstituted in proteoliposomes (69-71). We
examined the transport of 5 uM solutions of TMR, TMR-
S, 1-S (Chart 1), 5, and 6 in monolayers of MDCK-MDR1
transfected cells, which overexpress Pgp (or ABCB1) (72).
To evaluate the role of Pgp in the transport of the compounds
of this series, we assessed transport in the absorptive (apical)
and secretory (basolateral) transport direction of the cell
monolayer and then calculated an efflux ratio (Pga/as) (73).
We determined that addition of BSA to the buffer was
required because a marked fraction of mass added to the
donor equilibrated with the cell monolayer for some of the
compounds, and this resulted in gross underestimation of
the permeability constant (74). The assay was repeated in
the presence of 2.5 uM LSN335984 (ICso = 0.4 uM), which
is structurally related to the Pgp-specific inhibitor LY335979
or zosquidar (7). The ratio Pgaap can be normalized by
dividing by the secretory/basal ratio observed in the fully
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FIGURE 5: Effect of compounds 3 and 5 on the kinetics of ADP-V; release. The effect of compounds 3 and 5 on the release of the ADP+V;
trapped complex was determined as described in Experimental Procedures. Data represent the mean of two separate experiments. Data sets
showed excellent agreement with less than 5% error at each point. Dotted lines are the nonlinear least-squares regression fits of the data to
single-exponential parameters, and in all cases, R ~ 0.99. Calculated ¢,,values are shown in the insets.

Table 2: Studies of TMR Analogues with MDCK-MDRI1 Cells®

normalized ratio,

ratio (without

Pag Pga Ppa/aB (WithOut Ppmsivec inhibitor/with
Compd (x107®em s™!)  (x107®cm s™!)  Pgaap  inhibitor/with inhibitor)” (x107® cm s™!) % cell associated inhibitor)

TMR 0.30 £0.01 101 £1 338 217 1.7+ 0.5 145+0.9 4.3
TMR with inhibitor 1.44+0.1 2.14+0.2 1.6 63+2

TMR-S 0.60 £+ 0.01 90 + 12 149 114 3.44+0.7 14+1 5.1
TMR-S with inhibitor 3.0+0.1 394+0.2 1.3 71+2

1-S 0.67 £0.03 48 £4.5 71 45 1.6 0.5 2.14+0.2 3.8
1-S with inhibitor 1.2 £0.01 1.94+0.2 1.6 8.0+ 0.1

5 1.6 1.0 25+4 15 17 1.23 £0.08 32.00 &+ 0.03 2.0

5 with inhibitor 1.30 = 0.08 1.2£0.1 0.9 64 +3

6 0.08 4+ 0.01 36 +5 450 132 0.7+£0.6 3042 2.1

6 with inhibitor 0.33 £0.01 1.14+03 34 64 +3

“Values of transport in the absorptive (Pag) and secretory (Pga) mode in the absence or presence of inhibitor, the ratio of secretory to absorptive

transport (Ppa/ap) in the absence or presence of inhibitor, the normalized ratio [Pga/ap(no inhibitor)/Pga/ag(with inhibitor)], the percent cell-associated
TMR analogue in the absence or presence of inhibitor, and the ratio of cell-associated TMR analogue in the presence or absence of inhibitor. Details of
the methods are provided in Experimental Procedures. Error limits represent the standard deviation. ” The normalized ratio represents the Pga/ap ratio in
the absence of inhibitor divided by the Pga/ap ratio in the presence of inhibitor. © Ppsive represents the mean of Pag and Pga in the fully inhibited
system. ¢ Percent cell associated is the fraction of mass extracted from the cell monolayer by a methanol wash after flux for 1 h in the AB direction.

inhibited system. Large efflux ratios are assumed to be due
to high Pgp-mediated efflux of the compound. Values of
transport in the absorptive (Pap) and secretory (Pga) mode
in the absence or presence of inhibitor, the ratio of secretory
to absorptive transport (Pga/ap) in the absence or presence
of inhibitor, the normalized ratio [Pga/ag(no inhibitor)/
Pga/ap(with inhibitor)], the percent cell-associated TMR
analogue in the absence or presence of inhibitor, and the
ratio of cell-associated TMR analogue in the presence or
absence of inhibitor are compiled in Table 2. (Additional

examples of TMR analogues from ref 48 are shown in
Figures S4 and S5 of the Supporting Information.)

As observed in earlier work (69-71), TMR was actively
transported by Pgp in the MDCK-MDRI cells with a
normalized ratio (Pgasag) of 217. The other TMR analogues
gave normalized ratios (Ppa/ap) that were smaller (114 for
TMR-S, 45 for 1-S, 17 for 5, and 132 for 6) but still quite
large, suggesting active efflux by Pgp. The percent of cell-
associated TMR analogue increased in each case in the
presence of inhibitor. For TMR, the ratio of cell-associated



ATP Occlusion by P-Glycoprotein as a Surrogate Measure for Drug Coupling Biochemistry, Vol. 47, No. 10, 2008 3303

8001 @ +50Mcmpd6
o +DMSO

700 -

600 |

500

fluorescence (relative units)

400 +

0O 20 40 60 80 100 120
time (min)
FIGURE 6: Kinetics of uptake of calcein-AM by CRI1RI12 cells.
Persistent exclusion and enhanced uptake in the presence of
compound 6. Typical kinetic experiment demonstrating the robust

enhancement of uptake of calcein-AM by TMR analogues. The
calcein-AM assay is described in Experimental Procedures.

dye was 4.3 in the presence relative to absence of inhibitor.
For TMR-S and 1-S, this ratio was quite similar (5.1 and
3.8, respectively). For both 5§ and 6, the percent of cell-
associated dye in the absence of inhibitor (30 & 2 and 32 +
0.3, respectively) was significantly larger (p < 0.01) than
for TMR, TMR-S, or 1-S. Furthermore, the increase in the
percent of cell-associated dye in the presence of inhibitor
for 5 and 6 was smaller with values of 2.0 and 2.1,
respectively.

TMR Analogues Facilitate Uptake of Calcein-AM into
CRIRI2 and MDCK-MDRI Cells. CR1R12 cells are highly
drug resistant Chinese hamster ovary cells that were derived
from CH'CS cells for the purpose of generating high levels
of plasma membrane Pgp for purification (26). CRIR12 cells
have been used to demonstrate transport of both TMR-S and
TMR-Se (59). The biochemistry described above suggests
that TMR-S, TMR-Se, and TMR derivatives 2—-6 bind to
Pgp at a drug transport site and that these compounds are
actively transported by Pgp. To test the idea that the TMR
analogues affect drug transport in cells, we employed a
calcein-AM (CAM) uptake assay. Extracellular CAM does
not fluoresce; however, upon cellular uptake, cleavage of
the four acetoxy methyl esters by intracellular esterases yields
highly fluorescent calcein. CAM uptake (and exclusion) has
been used extensively to probe Pgp activity in cells and is
an accepted strategy for rapidly assessing Pgp inhibition (75, 76).
We found that all of the analogues facilitated uptake of CAM
in CR1R12 cells, and Figure 6 shows a typical kinetic uptake
experiment comparing compound 6 to a control containing
2% DMSO without 6 added. In the absence of 6, essentially
zero CAM was converted to calcein, indicating that Pgp
expression in the CR1R12 cells resulted in complete exclu-
sion of CAM.

Values of EC5,““M for CAM uptake in CR1R12 cells in
the presence of the TMR analogues were determined for
TMR-S and derivatives 3—6. The pentacyclic derivatives 5
and 6 were the most potent of these compounds, with data
for these two compounds shown in Figure 7. (The slight
decrease in fluorescence at higher concentrations shown in
Figure 7 reflects increased absorption of calcein fluorescence
by the dye chromophore at higher concentrations of 5 and

6.) Uptake of CAM was followed kinetically, and relative
fluorescence values obtained after a 2 h incubation at 37 °C
were plotted as a function of the concentration of TMR
derivative. In all experiments, the rates of CAM uptake were
linear over the 20 min to 2 h interval, and any time point
within this interval reflects the overall rate of CAM uptake.
The apparent half-maximal concentration of the TMR
analogue required to facilitate saturation of CAM uptake
(ECs0®AM) was determined by fitting the data at the 2 h time
point (where calcein fluorescence was maximal in each assay)
by nonlinear least-squares regression to a single-exponential
increase. Compound 5 exhibited an ECs,““M of 0.8 £ 0.3
uM, and compound 6 exhibited an EC5“M of 1.0 & 0.5
uM; in both cases, the maximal relative fluorescence units
(rfu) for saturation of apparent uptake were very similar. Both
9-(4-morpholinophenyl)selenoxanthylium (3) and 9-(1-napth-
yD)selenoxanthylium (4) derivatives displayed an ECs5,“AM
of ~10 uM (Figure S6 of the Supporting Information), and
interestingly, TMR-S displayed only modest enhancement
even at 65 uM (data not shown).

Compounds 5 and 6 also facilitated the uptake of CAM
into MDCK-MDRI1 cells. Again, uptake of CAM was
followed, and relative fluorescence values obtained after a
20 min incubation with CAM at 37 °C were plotted as a
function of the concentration of the TMR derivative. In
MDCK-MDRI1 cells, compound 5 displayed an EC5,“*M of
4.9 £ 0.6 uM and compound 6 displayed an EC5,“AM of 4.7
£ 2.0 uM. In both cases, the maximal rfu for saturation of
apparent uptake were very similar (~1300 rfu) and were
similar to the relative fluorescence values for CAM uptake
in the fully inhibited system (in the presence of 2.5 uM
LSN335984, it gave an ECs5c“*M of 0.22 uM, and ~1400
rfu).

These data demonstrate that the TMR analogues facilitate
CAM uptake and that a hierarchy in their effectiveness exists
even among this small set. Taken in context with the
biochemical data presented previously, CAM uptake will be
an effective cellular assay for analyzing future derivatives
of TMR.

DISCUSSION

The goal of this study was to build upon structure—activity
relationships (SARs) for the recognition of TMR analogues
by Pgp and to use the SARs to probe catalytic mechanism.
The basic TMR scaffold was modified, and the new
analogues were used to probe Pgp’s drug binding pocket(s).
The intention was to probe specifically the ability of TMR
analogues to promote ATP occlusion compared to ATP
hydrolysis. The most interesting finding was that many of
the novel TMR analogues presented herein appear to be
capable of eliciting ATP occlusion at concentrations where
stimulation of ATP hydrolysis appears to be nearly com-
pensatory to basal levels. Compared to other TMR analogues
that confer robust ATP hydrolysis (even exceeding VER in
some cases), they appear to be quite ineffective, yet their
ability to promote ATP occlusion appears to be similar to
that of the TMR derivatives that confer robust turnover. In
these cases, ATP occlusion likely reveals the true affinity
of the TMR analogue for the ATP-coupled drug binding site.
These results further support the idea that the apparent affinity
of a drug does not correlate with turnover. Further, in cases
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FIGURE 7: Enhancement of uptake of calcein-AM into CR1R12 cells by compounds 5 and 6. Experiments were performed as described in
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after 2 h is plotted. ECs,° values for enhancement of calcein-AM uptake were 0.79 + 0.43 and 0.95 + 0.42 uM for compounds 5 and 6,

respectively (see also Table 1).

where ATPase appears exactly compensatory to basal values,
an ability to promote ATP occlusion is a sensitive indicator
of the transition to the coupled form.

Previously, we found a few TMR analogues which
conferred turnover as high as VER (~4-5 nmol min~! ug™")
with relatively lower K,,P values [~5 uM; see compounds
21 and 22 in ref 48 labeled as 1-S and 1-Se, respectively, in
this study). This suggested that the TMR scaffold is
intrinsically capable of eliciting robust turnover given the
correct modification. What are the properties of the inhibitory
TMR analogues that distinguish them from those that confer
robust turnover? It is notable that a modification as subtle
as tying the amine alkyl groups back to the xanthylium core
through propano bridges or conversion of the phenyl moiety
at the 9-position of TMR to a naphthalene group could
dramatically impact turnover. Since a high-resolution X-ray
structure of Pgp is unavailable, an exhaustive analysis is not
reasonable. However, in the literature, many suggestions for
molecular descriptors that confer inhibitory properties exist
and may prove to be informative (77). First, in cases that
are otherwise equivalent for H-bonding, overall size, surface
area, and hydrophobicity may be contributing factors,
especially since modeling predicts that the vestibule is largely
hydrophobic (78). In addition, an increased potential for 71—
or cation—s interactions may also contribute to a slower
overall turnover rate (78). Relative to TMR-S, 9-(1-naph-
thyl)selenoxanthylium derivative 4 and pentacyclic derivative
5 have increased overall size and surface area, which will
contribute to hydrophobicity (log P, the n-octanol/water
partition coefficient, values of 1.80 and 2.4 for 4 and 5,
respectively, vs a log P value of —0.07 for TMR-S).
Furthermore, the Se atoms in the core do not form strong
H-bonds relative to O and S atoms, which further weakens
H-bonding in 4 and 5. Finally, the 9-(1-naphthyl) substituent
of 4 can contribute to an increased number of m—m
interactions, while the julolidyl fragment of 5 and 6 is more
electron rich from the two additional alkyl substituents, which
will also contribute to an increased number of s7—m or
cation—Jr interactions.

Given the lack of competition for cross-linking sites by
MTS derivatives of VER and rhodamine previously reported
by the Clarke laboratory (79), is it legitimate to think of these
TMR analogues as binding competitively with VER? In fact,
in their pharmacophore model for rhodamines, Pajeva and

Weise (25) suggest that VER and rhodamines display
compatible features. Namely, the hydrophobic site H2 in the
VER pharmacophore is positioned between two H-bond
acceptor sites, Al and A2. The same arrangement is found
in the TMR analogues with a benzo-fused ring (H2) of the
xanthylium core situated between the chalcogen atom of the
core (A1) and the amino substituent at the 3- or 6-position
(A2). The VER pharmacophore has a second hydrophobic
aromatic group, HI, that is essentially orthogonal (88°
dihedral) to the first, while the 9-aryl substituents of the TMR
derivatives (H1) are held orthogonal to the xanthylium core.
With regard to the MTS—VER cross-linking data presented
by the Clarke laboratory, constitutive activation of turnover
after drug cross-linking at a high-affinity site would be
somewhat surprising if the system is tightly coupled and drug
release from OFF sites is required for turnover. Thus,
constitutive activation after cross-linking may reflect a certain
degree of permissiveness to vestibule occupancy and suggests
that drug release may not be required for turnover or that
multiple drug binding sites exist within the “vestibule”.
Considering these possibilities, the TMR analogues presented
herein will be useful reagents for testing competitive drug
site occupancy.

The Pgp transport studies with MDCK-MDRI1 cells
indicated that both TMR and TMR-S, which confer modest
ATP hydrolysis, compound 1-S with a high rate of turnover
for ATP hydrolysis, and compounds 5 and 6 with minimal
turnover for ATP hydrolysis (Table 2) are all substrates for
Pgp. These data indicate that all of the compounds bind to
transport sites even if they confer ATPase activities that
manifest at near-basal levels. ECs,“M values (CAM uptake)
in the CRIR12 cells and ECso® (ATP occlusion in the A/A
mutant) are similar for these compounds with values of ~100
uM for TMR-S and values on the order of 1 uM for 5 and
6. Collectively, these data suggest that compounds 5 and 6
modulate Pgp to allow more of themselves or other drugs to
enter the cell relative to TMR-S. It is important to recognize
in these data that the primary structural difference between
TMR, TMR-S, and TMR-Se and 5 and 6 is the two propano
bridges linking one of the dimethylamino substituents in
TMR, TMR-S, and TMR-Se back to the rosamine core in
5 and 6. This subtle difference has striking implications for
the response of Pgp both as the isolated protein and in Pgp-
expressing cells. The effectiveness of the TMR analogues
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in cells also reinforces the idea that these compounds display
a relatively high affinity for Pgp in a native membrane
environment. This is critical since lipid composition and
fluidity may greatly influence interaction of drugs with
Pgp (7, 9, 18). The combined biochemical and cellular data
suggest that these TMR derivatives are tightly bound in a
substrate (drug) binding pocket.

The study of cooperative effects (both positive and
negative) by multiple drugs within a common pocket is a
current topic of interest among ABC transport proteins,
including Pgp (80-82). The case of ABCCl or MRP-1 is
particularly intriguing since it appears that reduced glu-
tathione (GSH) may stimulate transport of other drugs by
facilitating the conformational transition that engages the
catalytic sites, and presumably the carrier reorientation event
(83). The results presented herein may prove to be informa-
tive in terms of understanding rate-determining parameters
for transport since the drug site chemistry that allows Pgp
to properly engage its catalytic sites has not been forthcom-
ing. Our long-term goal is to build a pharmacophore model
for drug binding that disentangles parameters that lead to
affinity as well as turnover.
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