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ABSTRACT: We recently identified a chromone derivative, 5-(4-bro-
mobenzyloxy)-2-(2-(S-methoxyindolyl)ethyl-1-carbonyl)-4H-chromen- |/
4-one, named here as chromone 1, as a potent, selective, nontoxic, and :
nontransported inhibitor of ABCG2-mediated drug efflux (Valdameri |;
et al. . Med. Chem. 2012, S5, 966). We have now synthesized a series |
of 14 derivatives to study the structure—activity relationships con-
trolling both drug efflux and ATPase activity of ABCG2 and to
elucidate their molecular mechanism of interaction and inhibition.
It was found that the 4-bromobenzyloxy substituent at position S and
the methoxyindole are important for both inhibition of mitoxantrone
efflux and inhibition of basal ATPase activity. Quite interestingly,
methylation of the central amide nitrogen strongly altered the high
affinity for ABCG2 and the complete inhibition of mitoxantrone efflux
and coupled ATPase activity. These results allowed the identification
of a critical central inhibitory moiety of chromones that has never been investigated previously in any series of inhibitors.
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B INTRODUCTION

requiring at least dimerization to be functional, whereas P-gp

Anticancer chemotherapy is hampered by cross-resistance of
tumor cells to cytotoxic drugs. The involved mechanisms are
diverse and often lead to an intracellular decrease of the anti-
cancer drugs. One of these mechanisms is attributed to trans-
membrane efflux pumps belonging to the large family of ATP-
binding cassette (ABC) proteins that use ATP hydrolysis as
a source of energy to catalyze the efflux of a large panel of
cytotoxic agents. Among these ABC transporters, three are now
well-recognized to play a key role in the efflux of chemo-
therapeutics from cancer cells: P-glycoprotein (P-gp, ABCB1),"
multidrug resistance protein 1 (MRP1, ABCC1),” and breast
cancer resistance protein (BCRP, ABCG2).>”> One of the
strategies to abolish tumor resistance to chemotherapy is to
develop selective and nontoxic inhibitors of P-gp, MRP1, and
BCRP. The combination of inhibitors with anticancer drugs
should lead to higher accumulation of the drug inside the cell,
allowing for the eflicient antiproliferative action of the
anticancer drugs.

BCRP/ABCG?2, the most recently discovered of the three
multidrug transporters, was described to act as a half-transporter
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and MRP1 act as full-transporters. ABCG2 was reported to confer
resistance to a panel of structurally unrelated chemotherapeutic
drugs, constituting a major hurdle to chemotherapy success. Intense
investigations were therefore aimed at developing ABCG2
inhibitors to be used as reversal agents in combination with
anticancer drugs. Recently, a panel of highly active and selective
inhibitors was reported for which the activity was ascertained by
both accumulation assays and cytotoxicity when combining
inhibitors with anticancer drugs.

The first selective inhibitor of ABCG2 was fumitremorgin C
(FTC),6 which, because of its high neurotoxicity, was found to
be clinically useless. Synthetic analogues, such as Ko143, were
then conceived and allowed the identification of less toxic and
more potent inhibitors.”® The P-gp inhibitors tariquidar and
elacridar were used as templates for designing new and potent
ABCG?2 inhibitors;”** however, no mechanistic data are available
regarding the inhibitory effects.
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Figure 1. Sites of modifications on the previously identified ABCG2 inhibitor chromone 6g/MBLII-141, renamed here as chromone 1.
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“Reagents and conditions: EDC, HOBt, Et;N, DMF, rt.

Very recently, we reported that chromones bearing a
tryptamine moiety were potent, highly selective, and nontoxic
inhibitors of ABCG2. We identified three key structural features
contributing to the inhibition activity: the presence of a
p-bromobenzyloxy group at the A-ring of chromone, the
chromone moiety, and a tryptamine unit linked to chromone
via an amide linkage.13’14 Hence, chromone 1 (Figure 1) was
ranked among the most promising inhibitors of ABCG2 ever
reported. To understand better the structure—activity relation-
ships and their influence on the mechanism of interaction
with ABCG2, we investigated new derivatives of chromone 1
by emphasizing three classes of analogues (Figure 1). The
p-bromobenzyloxy substituent was moved among positions S, 6,
or 7 of the chromone ring in class I, the central linker separat-
ing the chromone and indolic rings was modified in class II, and
the amide linkage was reduced to an amine in class IIL In
addition, the influence of N methylation of the amide
functional group and of the indolic ring was studied within
class I to evaluate the donor—acceptor behavior of the NH
bond. Furthermore, the differential effects produced on ATPase
activity were analyzed.

B CHEMISTRY

The access to class I derivatives is shown in Scheme 1. Sub-
stituted chromone carboxylic acids 2a—c were prepared according
to our previously reported method'*" with a shorter reaction
time (3 h instead of 10 h). Carboxylic acids 2a—c were stepped
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into a peptide-coupling reaction with tryptamine analogues (3)
using hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) as coupling agents in DMF
in the presence of triethylamine (Et;N) to provide final com-
pounds (4) with 11—45% yields.'® Tryptamine analogues were
either commercial (for 5- and 6-methoxytryptamine) or syn-
thesized (for N methylated tryptamine) according to known
procedures.'”'® For methylation of the primary amine of
tryptamine, the methyl group was introduced via an ethyl
carbamate followed by a reduction with lithium aluminum
hydride."” N methylation at the indolic ring was carried out by
starting from N-Boc tryptamine with methyl iodide in the pre-
sence of sodium hydroxide and tetrabutylammonium hydrogen
sulfagg and then removing the Boc group with trifluoroacetic
acid.

The synthesis of derivatives belonging to class II is shown in
Scheme 2. In this series, we maintained the p-bromobenzyloxy
at C-5 of chromone. Hence, carboxylic 2a was reacted with
propargylamine under peptide-coupling conditions (HOBt and
EDC in DMF in the presence of Et;N) to afford amide (5) with
44% yield. Thereafter, the obtained propargylamide (5) was
taken on Huisgen reaction with the corresponding arylmethy-
len azide (6) in DMF at room temperature. The 1,3-dipolar
cycloaddition was catalyzed by copper sulfate and sodium
ascorbate and gave only one isomer for the triazolic compounds
(7) with 10—46% yields.*"*> The azide derivatives used in
the later reaction were either purchased (benzylazide and
4-bromobenzylazide) or synthesized (3-indolylethan-1-azide)
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“Reagents and conditions: (a) propargylamine, EDC, HOBt, Et;N,
DMF, rt; (b) NaN,, DMF, rt; (c) CuSO,-SH,0, sodium ascorbate,
DME, rt.

by reaction of sodium azide with 1-bromo-3-indolylethan by
nucleophilic substitution performed at room temperature in
DMEF.

The class III compounds were obtained by reduction of the
amide junction according to Scheme 3. Hence, the ester of chro-
mone carboxylic acid 2a** was reduced by sodium borohydride
in methanol to provide the corresponding alcohol (8) with 26%
yield. The latter compound was transformed to the tosylate
derivative (9) by means of p-toluensulfonyl chloride and Et;N
in CH,Cl, at 20 °C. Finally, the tosylate (9) was reacted
with tryptamine derivatives in DMF without any base to avoid
potential indolic N alkylation, providing analogues 10 with
31-38% yield.

Bl BIOLOGICAL EVALUATION
Inhibition of ABCG2-Mediated Drug Efflux. The 14

newly synthesized chromone derivatives were analyzed, together
with chromone 1 (Figure 1) as a reference, for their ability to
inhibit mitoxantrone efflux and increase its accumulation in
ABCG2-transfected HEK293 cells relative to ABCG2-negative
control cells. Table 1 (left half) and Figure 2 show that 4a, only
differing from chromone 1 by the methoxy group being located
at position 6 of the indolyl ring instead of position S, displayed
the same potent inhibition as chromone 1 on transfected cells,

with an ECg; of 0.10 uM and a complete maximal inhibition, in
a similar way as reference inhibitor Ko143. As expected, the
p-bromobenzyloxy substituent at position 5 was important for
high-affinity inhibition, as its shift to vicinal positions 6 and 7, in
4f and 4i, respectively, produced 3- (0.29 yM) and 13-fold
(1.27 uM) increases in ECs, versus 4a. The role of the indole
moiety was also confirmed because changing its position through
insertion of a triazole spacer in 7c¢ produced a 5-fold loss in
affinity (ECyy = 0.49 #M), and its replacement by phenyl in 7a
produced a strong additional alteration (1.52 M), whereas an
intermediate effect was observed with bromo-phenyl in 7b
(0.57 uM).

The most original and unexpected effects were obtained upon
modification of the central amide linkage: a simple N methyla-
tion in 4e and 4c¢ produced a 9—11-fold alteration, with respec-
tive ECy, values of 0.96 and 1.11 uM. Such an effect appeared
additive to that produced upon shifting p-bromobenzyloxy to
position 6 because a 21—26-fold alteration was observed in 4h
and 4g, with respective ECy, values of 2.06 and 2.58 yM and
the maximal inhibition being limited to 50—54%. An additional
negative effect was obtained upon the introduction of a positive
charge to the methylated nitrogen in 10a, with a strong
cumulated alteration (ECy, = 1.77 uM and a maximal inhibition
limited to 46%) when compared to 10b for taking into account
the small effect (25% decrease in maximal inhibition) produced
by peptidic carbonyle deletion. Another small effect was
produced upon methylation of the indole nitrogen in 4b
(ECqo = 0.30 uM) versus 4a and chromone 1 (0.10—0.13 uM),
which was not additive to the stronger effect produced by
methylation of the amide nitrogen in 4d (1.00 uM) versus 4c
and 4e (0.96—1.11 uM). Interestingly, similar structure—activity
relationships among inhibitory chromone derivatives were
found in drug-selected H460 lung cancer cells overexpressing
ABCG2 (Table 1, right half) because (i) chromone 1 and 4a
displayed the highest potency (ECs, of 0.05—0.08 yM, even
better than in HEK293 transfected cells) and (ii) structural
modifications of the p-bromobenzyloxy, indole, and amide
functional groups also induced alterations, with the highest
effects resulting from the cumulated modifications in 4g and 4h.

Selectivity toward ABCG2 and Ability to Inhibit the
Efflux of Other Substrate Drugs. The best inhibitory chro-
mones in addition to 1, as identified from Table 1 and Figure 2
(4a—f), were not able to inhibit the efflux activity of either
ABCBI1 or ABCC1 at 5 yM using rhodamine 123 or calcein-AM,
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“Reagents and conditions: (a) NaBH,, MeOH, rt; (b) TsCl, Et;N, CH,CL, rt; (c) DMF.
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Table 1. Efficiency of Chromone Inhibition on Mitoxantrone Efflux in Both Transfected and Drug-Selected ABCG2-

Overexpressing Cancer Cells”

Class 1
Br
5 0
ler | T3
N H
0 “N-R, LR -
o - o7 0 NH
\ ~« o
4a:R, = 6-OMe, Ry = Ry = H R
4b:Ry=H, R, =Me, Ry =H 55 Ri 6 R1
4c:Ry=Ry=H, Ry = Me 4f: R, = 5-OMe, R, R3— 4 MeO
4d: R;=H, R, =R3=Me 4g: R1 Rz—H R3—Me
4e: Ry = 5-OMe, R; = H, R3 = Me 4h:R;=H,R;=R3=Me
Class 11

Class 111
=0 o
Cﬁfd@%@ A ey
N o N
k‘i NH 10b NH
MeO
transfected HEK293 cells drug-selected H460 cancer cells
chromone ECq, (uM) maximal inhibition (%) ECq, (uM) maximal inhibition (%)
Kol43 0.09 + 0.01 106 + 1 0.07 + 0.01 116 + 6
1 0.13 + 0.09 98 + 7 0.05 + 0.01 107 + 11
Class 1
4a 0.10 + 0.03 97 + 30 0.08 + 0.04 89+ 5
4b 0.30 + 0.01 85+ S 0.22 + 0.03 102 + 8
4c L11 + 0.0s° 105 + 29 0.57 + 0.06" 89 +9
4d 1.00 + 028 88 + 11 0.50 + 0.05 84 + 12°
4e 0.96 + 0.03 101 + 20 0.53 + 0.16 96 + 4
4f 0.29 + 0.14 108 + 27 0.10 + 0.02 109 + 9
4g 2.58 + 0.57¢ 54 + 16" 1.67 + 0427 50 + 57
4h 2.06 + 0.517 50 + 157 2.15 + 0.507 61+ 14
4 127 + 0.59° 80 + 5 1.54 + 0204 93+ 8
Class 1I
7a 1.52 + 0.69¢ 78 £ 9 0.50 + 0.13 76 + 13°
7b 0.57 + 0.01 95 + 17 0.71 + 0.04° 76 + 6°
7c 0.49 + 0.03 87 + 17 0.46 + 0.12 86 + 3
Class III
10a 1.77 + 0.467 46 + 10° 111 + 0.17¢ 104 + 12
10b L13 + 0.59° 75+ 8 0.60 + 0.17° 106 + 13

“Mitoxantrone efflux was determined by measuring its cellular accumulation by flow cytometry relative to ABCG2-negative control cells. The
chromone derivatives were added at increasing concentrations up to S—10 M, and ECs, values were calculated as the chromone concentrations
producing half-maximal inhibition. Data are the mean =+ SD of at least three 1ndependent experlments Si dgnlﬁcant differences were determined using
ANOVA followed by Dunnett’s test comparing all compounds to chromone 1. p < 0.05. “p < 0.01. “p < 0.001.

BODIPY-prazosin and pheophorbide A (Figure 4). A similar
inhibition potency was produced for BODIPY-prazosin as com-
pared to mitoxantrone. A slightly lower inhibition was observed

respectively, as specific substrates (Figure 3). This result indi-
cates that chromones are selective inhibitors of ABCG2,
which was further confirmed using other substrates such as
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Figure 2. Concentration dependence of mitoxantrone efflux inhibition by Ko143 and the chromone derivatives in HEK293-tranfected cells. The

curves with standard deviations illustrate the data from Table 1 (left half).
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Figure 3. Inability of chromones to inhibit drug efflux mediated by either ABCB1 or ABCC1. Each chromone was assayed at 1 (left bars) and S uM
(right bars) for its ability to alter the efflux of rhodamine 123 by ABCB1 (A) or calcein by ABCC1 (B) by flow cytometry, as was done for
mitoxantrone in Table 1. The inhibition produced by the two reference inhibitors, S uM GF120918 and 35 yM verapamil, was taken as 100%.

for pheophorbide A, reaching a maximal value of about 80%,
but the order of efliciency, 1, 4a > 4b, 4f > 4c, 4d, 4e, was the
same as for the two other substrates. This indicated a similar
inhibition mechanism of chromones against ABCG2 drug-efflux
activity regardless of drug substrates.

The inhibition produced by 4a at a low concentration on
mitoxantrone efflux from drug-selected H460 cancer cells, as
shown in Table 1, was indeed able to revert multidrug resis-
tance by chemosensitizing the cell growth to mitoxantrone
toxicity in MTT assays: 0.2 uM was sufficient to produce 50%
reversion of the multidrug resistance observed in untreated cells
(Table 2). A lower effect was observed with 4b, which required
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a 1 uM concentration to be efficient, in agreement with its
3-fold lower affinity for inhibition characterized in Table 1
(ECq, value of 0.22 vs 0.08 uM).

Effects on Basal and Drug-Stimulated ATPase
Activities. The effects of chromone derivatives were studied
on ATP hydrolysis by Sf9 insect cell membranes overexpressing
human ABCG?2 that were supplemented with cholesterol to
produce maximal vanadate-sensitive activity. The basal ATPase
activity, 8.6 + 0.9 nmol min™* mg_l, was inhibited, similar to
Ko143, by the first part of class I chromones (4a—e) as well as
chromones from class II (7c) and class III (10a and 10b),
which all contained a p-bromobenzyloxy substituent at position 5,

dx.doi.org/10.1021/jm401649j | J. Med. Chem. 2013, 56, 9849—9860
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Figure 4. Inhibition by chromones of ABCG2-mediated efflux of various substrate drugs. The inhibition produced by each chromone at either 1
(white bars) or 5 uM (black bars) was studied on the efflux of BODIPY-prazosin (A) or pheophorbide A (B) by flow cytometry, as in Table 1. Data
are the mean + SD of at least three independent experiments.

Table 2. Efficiency of Chromones to Sensitize the Growth of ABCG2-Overexpressing H460 Cancer Cells to Mitoxantrone®

ICy, (nM)
chromone concentration (uM)  control H460 cancer cells  drug-selected H460 cancer cells  resistance ratio  reversion of resistance (%)
no inhibitor 3.73 £ 0.79 >100 >26.8
4a 02 213 + 0.68 28.5 + 4.5° 134 >50
1.0 1.61 + 0.14 12.1 + 2.0° 7.53 >72
4b 0.2 2.87 £ 0.89 74.1 + 20.0 25.8 >4
1.0 1.59 + 0.26 16.5 + 2.3° 10.3 >61

“The viability of ABCG2-overexpressing H460 cancer cells and control H460 cells was determined upon cotreatment for 72 h with mitoxantrone (at

0—100 nM) and either chromone 4a or 4b at 0.2 or 1 #uM. The IC, values correspond to the cytotoxic mitoxantrone concentrations producing the

death of 50% of cells. The percent reversion of the resistance was calculated relative to the resistance ratio of the cells not treated, with chromone

inhibitor (26.8) taken as 100%. Data were collected from at least three independent experiments performed in triplicate. The Dunnett’s test

iompared the ICs, values of mitoxantrone in ABCG2-overexpressing H460 cancer cells in the presence of chromones to that of mitoxantrone alone.
p < 0.01. “p < 0.001.

similar to chromone 1 (Figure SA). Interestingly, shifting ATPase activity (Figure SA), although it is unknown whether

p-bromobenzyloxy to position 6 in 4f induced a loss of basal this molecule is indeed transported by ABCG2.

ATPase inhibition, as was also observed for 4g and 4h. Its Modulation of 5D3 Binding. Binding of the human
extended shifting to position 7 in 4i even produced a stimula- ABCG2-specific SD3 monoclonal antibody to an epitope
tion of basal activity, 2.1-fold, similar to the transport sub- located within the ECL3 extracellular loop at the surface of
strates quercetin (4.1-fold), nilotinib (3.2-fold), and prazosin ABCG2-overexpressing intact cells is known to be conforma-

(2.4-fold). The (methoxy)indole was also important for basal tion-dependent. Various conditions can modify SD3 binding, a
ATPase inhibition, which was altered upon substitution by phenomenon called the SD3 shift.** Therefore, the SD3

(bromo)phenyl in 7a and 7b, whereas modification of the binding assay provides a good tool to distinguish between

linker between indole and the chromone core in 7¢, 10a, and transport inhibitors (such as Ko143) and transported substrates

10b was not critical. (quercetin and prazosin), the former giving a maximal SD3 shift
A higher, concentration-dependent inhibition was observed and the latter causing only a partial, 40—70%, increase in SD3

on the coupled or drug-stimulated ATPase activity observed in binding.*’

the presence of the transported substrate quercetin at 2 uM The ability of chromone derivatives to alter 5D3 binding is

(Figure SB). The estimated ICg, values indicated the following shown in Table 3. All tested chromones altered SD3 binding,
sequence in potency: (Ko143), 1, 4a, 7c > 4f, 7a > 4b, 7b, 10b indicating that they interact with ABCG2. Moreover, the SD3
> 4c, 4d, 4e, 4g, 4h, 10a. This confirms that N methylation of shift assay revealed that chromones 1, 4a—f; 7a, 7b, and 10b are
the central amine (in 10b, 4c—e, 4g, 4h, and 10a) was highly potent ABCG2 inhibitors (maximal or almost maximal SD3

detrimental to inhibition of coupled ATPase activity. This shift). A low binding was observed for 4i and 10a at 2 uM,
sequence in potency is the same as that drawn from Table 1 for which might suggest transport of these chromone derivatives.
inhibition of mitoxantrone efflux concerning the best (Kol43, 1, In the case of 4i, the ATPase assay also suggested the
and 4a) and the weakest (4c—e, 4g, 4h, and 10a) inhibitors. transported nature of this molecule (Figure SA). The lowest
The single exception concerns 7a (where both the linker and SD3 binding values were observed with 4h and 4g (40.9—
the indole were replaced). 47.6% at 2 uM and 72.1—79.4% at 5 uM), which correlated to

A derivative that behaved quite differently from the others the low inhibitory ability observed on both drug eftlux, basal
was 44, which inhibited drug-stimulated ATPase much more ATPase, and coupled ATPase. Therefore, these latter
potently (ICso = 0.01 #M). This might possibly be correlated to compounds might be potential transported substrates of
its behavior as a substrate, not an inhibitor, stimulating the basal ABCG2.

9854 dx.doi.org/10.1021/jm401649j | J. Med. Chem. 2013, 56, 9849—9860
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Figure S. Effects of chromones on ABCG2 basal and substrate-stimulated ATPase activity. The effect of the compounds on vanadate-sensitive
ATPase activity of wild-type ABCG2 was tested using 10 pg/sample of ABCG2-containing membrane vesicles (prepared from human ABCG2-
expressing Sf9 cells loaded with cholesterol). (A) Basal ATPase activity was measured with each chromone or Kol43 at 2 uM or different
transported substrates: 2 uM quercetin (Q), 0.1 M nilotinib (N), or 20 #M prazosin (P). (B) Substrate-stimulated ATPase activity, in the presence
of 2 uM quercetin, was inhibited by increasing concentrations of each chromone: 0.01, 0.03, 0.5, and 2 M (from left to right). Data represent the
mean =+ SD of three independent experiments. The estimated ICs, values, corresponding to 50% inhibition of initial activity, are indicated under each

compound.

B DISCUSSION

The 14 new chromones evaluated in this study have allowed us
to detail the mechanism of interaction of inhibitory chromones,
to identify a new critical role of the central peptidic nitrogen in
addition to the lateral p-bromobenzyloxy and (methoxy)indole
substituents, and to obtain new information on the molecular
mechanism of the ABCG2 target toward both drug efflux,
ATPase activity, and conformational changes, as summarized in
Figure 6.

Structure—Activity Relationships of Chromones as
the Best ABCG2 Inhibitors. A first comparison of the dif-
ferent effects produced on drug-efflux activity has strengthened
the important roles played by the p-bromobenzyloxy substi-
tuent previously identified in other chromones" and b}r the
indole identified in both chalcones®® and chromones."*'* The
additional information obtained here concerns the effects of the
p-bromobenzyloxy position on the basal ATPase activity,
which is no longer inhibited when the substituent is shifted
to position 6 and is even stimulated at position 7 (4i), similar to
quercetin or other transport substrates.”” The low $D3 binding
also suggests that 4i behaves as a transport substrate of ABCG2.
However, it cannot be completely excluded that 4i might only
mimic a transport substrate and then stimulate basal ATPase
activity without being itself transported. The incomplete
maximal inhibition produced by some derivatives, such as 4g,
4h, 7a, 10b, and especially the charged 10a (Table 1 and
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Figure 2), does not appear to be due to their lower solubility in
water, as was proposed for Tariquidar derivatives,”® and is
possibly due to different inhibitor binding.

A newly identified critical moiety of inhibitory chromones is
the central amide linkage, which was not previously investi-
gated, even in other series of compounds. It is found here to
play a double role in inhibition: first, toward drug efflux because
both affinity and the extent of maximal inhibition were altered
upon N methylation, with an additional alteration upon reduc-
tion of the amide group; second, toward coupled ATPase
activity, which was much less sensitive to inhibition. Both types
of alterations are consistent with ABCG2 conformational
changes leading to decreased SD3 binding. It is, however,
unknown if this marked deleterious effect of nitrogen
methylation is due to the direct interaction with the ABCG2
binding site or to changes of the inhibitory chromones in either
reactivity or structure. Chromone 1 was previously found to be
among the best ABCG2 inhibitors ever reported because of its
potency, selectivity, absence of transport, and especially low
cytotoxicity'® in contrast with Ko143, a highly potent inhibitor
derived from neurotoxic fumitremorgin C. The high therapeutic
ratio of chromone 1 makes it an excellent candidate for preclinical
assays in mouse models, which is further strengthened here by
the observations that, on one hand, it is at least as active in
drug-selected cancer cells such as the lung H460 cell line and,
on the other hand, the other derivative, 4a, could constitute an

dx.doi.org/10.1021/jm401649j | J. Med. Chem. 2013, 56, 9849—9860


http://pubs.acs.org/action/showImage?doi=10.1021/jm401649j&iName=master.img-009.png&w=484&h=313

Journal of Medicinal Chemistry

Table 3. Modulation of 5D3 Binding by the Different
Chromone Derivatives”

SD3 binding (%)

chromone at 2 uM at S uM
1 100.5 + 1.7 103.5 + 3.8
4a 96.4 + 2.6 101.0 + 9.6
4b 887 + 9.6 98.0 + 8.0
4c 74.6 + 14.4° 959 + 6.1
4d 764 + 5.7° 989 + 7.5
4e 82.8 2.7 974 + 5.8
4f 933 + 2.8 99.9 + 6.9
4g 47.6 £ 197 79.4 + 0.8¢
4h 409 + 6.87 72.1 + 397
4i 64.6 + 11.07 90.1 + 1.5
7a 743 + 6.9° 954 + 3.8
7b 787 + 14.6° 91.8 + 2.5
7c 93.1 + 8.7 1052 + 32
10a 574 + 637 954 + 3.3
10b 82.3 + 10.1 102.5 + 2.7

“The binding of the ABCG2-selective SD3 monoclonal antibody was
measured by flow cytometry on ABCG2-transfected HEK293 cells.
The fluorescence obtained with each chromone was compared with
the maximal value obtained using 2 uM Ko143, which was taken as
100%. Data are the mean =+ SD of at least three independent
experiments. The Dunnett’s test compared all chromones to Ko143.
bp < 0.05. “p < 0.01. “p < 0.001.

alternative. Indeed, similar to chromone 1, the 4a derivative is
also selective for ABCG2 over ABCB1 and ABCC1 and is able

to inhibit the efflux of any drug and to sensitize the cell growth
of ABCG2-overexpressing cancer cells to mitoxantrone.

New Data on ABCG2 Molecular Mechanism. Important
new data about the transporter target has been brought by the
present study. Indeed, basal and coupled ATPase activities appear
to obey different mechanisms and/or to involve different confor-
mations of the transporter, as was also proposed for ABCB1.% For
ABCG2, both types of ATPase activity could be modulated
separately by different modifications of the inhibitory chromones:
by shifting the position of lateral p-bromobenzyloxy or replacing
the indole for the basal ATPase activity and upon N methylation of
the amide for the coupled ATPase activity. The latter, on the basis
of high-resolution crystal structures available for various multi-
drug ABC transporters,®® > is recognized to allow the energy-
dependent inward-facing to outward-facing conformational change
required for drug translocation. The good correlation between
inhibition of drug efflux and inhibition of quercetin-coupled
ATPase, as evidenced by chromones, suggests a strict coupling
between ATP-hydrolysis-driven energy and transmembrane
substrate drug translocation through ABCG2. By contrast, very
little is known about the meaning and mechanism of basal ATPase
activity, which remains a matter of debate, especially because it is
highly variable among ABC transporters and among species; it
might be possibly involved in protein flexibility, contributing to its
polyspecificity toward a wide range of substrates.

B EXPERIMENTAL SECTION

Chemistry. NMR spectra were recorded on a Briikker AC-400
instrument (400 MHz). Chemical shifts (5) are reported in ppm
relative to Me,Si (internal standard). Electrospray ionization ESI mass

Amide linkage

( - high-affinity and complete
inhibition of drug efflux
(strong alterations by N-methylation
and charge introduction)

- inhibition of coupled ATPase
(loss by N-methylation
>> low 5D3 binding)

-

Br

p-Bromobenzyloxy

K high-affinity inhibition of drug efflux \
(altered 3- and 13-fold at positions 6 and 7)

- inhibition of basal ATPase
(complete loss at position 6;
stimulation at position 7 and low 5D3 binding

\ >> transport or uncoupling ?) /

\

J

Methoxyindole

- high-affinity inhibition of drug efflux
{alterations by adding a triazole linker and
replacing the indole with (bromo)phenyl)

- inhibition of basal ATPase
(loss upon replacement by (bromo)phenyl!

Figure 6. Schematic of the structure—activity relationships of inhibitory chromones toward drug efflux, ATPase activity, and conformational SD3 shift.
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spectra were acquired by the Analytical Department of Grenoble
University on an Esquire 300 Plus Bruker Daltonis instrument with a
nanospray inlet. Combustion analyses were performed at the Analytical
Department of Grenoble University, and all tested compounds have a
purity of at least 95%. Thin-layer chromatography (TLC) used
Macherey-Nagel silica gel F-254 plates (thickness 0.25 mm). Flash
chromatography used Merck silica gel 60, 200—400 mesh. Unless
otherwise stated, reagents were obtained from commercial sources and
were used without further purification.

Synthesis of Class | Compounds (4). To a solution of tryptamine
derivative in dry DMF (10 mL/mmol) were added successively the
carboxylic acid (1 equiv) in DMF (10 mL/mmol), HOBt (2 equiv),
triethylamine (S equiv), and EDCI (2 equiv). The mixture was stirred
at room temperature for 24 h. The resulting solution was poured into
1 M HCI (15 mL) and extracted with CH,Cl, (3 X 15 mL).
The combined organic layers were washed with saturated NaHCO,
(15 mL) and H,O (15 mL), dried over MgSO,, concentrated under
reduced pressure, and suspended in diethyl ether to afford compounds
4 as white solids.

5-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(6-Methoxy-1H-indol-3-yl)-ethyl]-amide (4a). Compound 4a was
purified by column chromatography, eluting with a CH,Cl,/EtOAc
(9:1 to 8:2) gradient. Yield 11%. mp 190—193 °C. 'H NMR (400 MHz,
DMSO): 6 2.93 (t, 2H, J = 7.7 Hz), 3.55 (q, 2H, ] = 6.5 Hz), 3.74 (s,
3H), 5.24 (s, 2H), 6.64 (dd, 1H, ] = 2.3 Hz, 8.6 Hz), 6.66 (s, 1H), 6.84
(d, 1H, J = 2.2 Hz), 7.05 (d, 1H, J = 2.2 Hz), 7.10 (d, 1H, ] = 8.0 Hz),
7.25 (d, 1H, J = 8.4 Hz), 7.45 (d, 1H, ] = 8.6 Hz), 7.58—7.63 (m, 4H),
7.76 (t, 1H, J = 8.4 Hz), 9.17 (t, 1H, J = 5.7 Hz), 10.62 (s, 1H). °C
NMR (100 MHz, DMSO): § 24.9, 55.1, 69.2, 94.5, 108.5, 108.9, 110.5,
111.4, 112.0, 114.5, 118.8, 120.6, 1212, 121.6, 1289, 1312, 134.9,
136.3, 136.9, 153.6, 155.5, 157.0, 157.7, 158.8, 176.5. MS (ESI) m/z
545 [M — H]7, 581 [M + ClI]~. Anal. Caled for C,3H,;BrN,Oq: C,
61.44; H, 424; N, 5.12. Found: C, 61.05; H, 4.24; N, 4.91.

5-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(1-Methyl-1H-indol-3-yl)-ethyl]-amide (4b). Compound 4b was
purified by column chromatography, eluting with a CH,Cl,/EtOAc
(95:5 to 9:1) gradient. Yield 19%. mp 177—180 °C. 'H NMR (400 MHz,
DMSO): 6§ 2.99 (t, 2H, ] = 7.6 Hz), 3.57 (q, 2H, ] = 7.0 Hz), 3.75 (s,
3H), 5.26 (s, 2H), 6.69 (s, 1H), 7.03 (t, 1H, J = 7.3 Hz), 7.12—7.17
(m, 2H), 722 (s, 1H), 727 (d, 1H, J = 8.4 Hz), 7.40 (d, 1H, J =
8.4 Hz), 7.60—7.66 (m, SH), 7.79 (t, 1H, ] = 8.4 Hz), 9.24 (, 1H, ] =
5.7 Hz). C NMR (100 MHz, DMSO): § 24.6, 32.1, 69.1, 108.8,
109.5, 110.5, 110.7, 112.0, 114.4, 1182, 118.3, 120.5, 121.0, 127.1,
127.4, 1288, 131.1, 134.8, 136.2, 136.5, 153.5, 156.9, 157.6, 158.8,
176.4. MS (ESI) m/z 553 [M + Na]*. Anal. Calcd for C,gH,3BrN,0,-/,
H,0: C, 61.50; H, 4.55; N, 5.12 . Found: C, 61.49; H, 4.40; N, 5.13 .

5-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(1H-Indol-3-yl)-ethyl]-methyl-amide (4c). Compound 4c was purified
by column chromatography, eluting with a CH,Cl,/MeOH (99:1 to
98:2). 6:4 mixture of rotamers. Yield 32%. mp 148—151 °C. '"H NMR
(400 MHz, DMSO): & 3.02 (t, 2H, J = 7.1 Hz), 3.04 (s, 1.3H), 3.06
(s, 1.7H), 3.71 (t, 2H, ] = 6.7 Hz), 5.23 (s, 1.2H), 5.25 (s, 0.8H), 6.05
(s, 0.6H), 6.31 (s, 0.4H), 6.60~7.76 (m, 12H), 10.81 (s, 0.6H), 10.87
(s, 0.4H). 3C NMR (100 MHz, DMSO): § 15.1, 22.2, 23.8, 32.9, 36.4,
48.1, 50.9, 64.9, 69.3, 109.0, 109.1, 110.1, 110.3, 1104, 110.9, 111.3,
1114, 111.7, 112.0, 114.3, 114.6, 117.5, 118.0, 11822, 1183, 120.6,
120.8, 121.0, 123.0, 123.5, 126.6, 127.2, 1289, 1212, 1344, 1344,
134.7, 136.1, 136.2, 136.3, 136.4, 155.8, 156.2, 156.9, 157.2, 157.6,
157.7, 162.2, 161.6, 175.4, 175.8. MS (ESI) m/z 533 [M + H]*. Anal.
Calcd for C,4H,3BrN,O,: C, 63.29; H, 4.36; N, 5.27. Found: C, 63.45;
H, 4.50; N, $.22.

5-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(1-Methyl-1H-indol-3-yl)-ethyl]-methyl-amide (4d). Compound 4d
was purified by column chromatography, eluting with a CH,Cl,/
MeOH (99:1 to 98:2) gradient. 6:4 mixture of rotamers. Yield 20%.
mp 150—153 °C. 'H NMR (400 MHz, DMSO): & 2.97-3.04
(m, 2H), 3.09 (s, 3H), 3.68—3.77 (m, SH), 5.23 (s, 1.2H), 5.25 (s,
0.8H), 5.95 (s, 0.6H), 6.32 (s 0.4H), 6.64—7.76 (m, 12H). 3C NMR
(100 MHz, DMSO): § 22.0, 23.5, 32.1, 32.2, 32.9, 36.3, 48.1, 51.0,
69.2, 109.0, 109.4, 109.5, 1102, 110.3, 111.8, 112.0, 114.2, 114.5,
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117.7, 118.1, 1184, 120.5, 120.9, 121.1, 126.9, 127.4, 127.4, 127.7,
1289, 131.2, 134.3, 134.7, 136.3, 136.4, 136.6, 155.7, 156.1, 156.8,
1572, 157.5, 157.6, 161.2, 161.4, 175.3, 175.8. MS (ESI) m/z 547
[M + H]*. Anal. Calcd for C,oH,BrN,0,: C, 63.86; H, 4.62; N, 5.14.
Found: C, 63.52; H, 4.47; N, 5.37.
5-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(5-Methoxy-1H-indol-3-yl)-ethyl]-methyl-amide (4e). Compound 4e
was purified by column chromatography, eluting with a CH,Cl,/
MeOH (99:1 to 98:2) gradient. 2:1 mixture of rotamers . Yield 29%.
mp 168—171 °C. '"H NMR (400 MHz, DMSO): § 2.95-3.00 (m,
2H), 3.04 (s, 1.1H), 3.06 (s, 1.9H), 3.43 (s, 2H), 3.69—3.75 (m, 2H),
3.77 (s, 1H), 521 (s, 1.2H), 5.25 (s, 0.8H), 5.67 (s, 0.7H), 6.31
(s, 0.3H), 6.44—7.77 (m, 12H), 10.65 (s, 0.7H), 10.70 (s, 0.3H). *C
NMR (100 MHz, DMSO): § 22.2, 23.6, 32.9, 36.4, 47.9, 50.6, 54.8,
55.3, 69.2, 99.0, 100.2, 108.9, 109.1, 109.7, 110.2, 110.3, 110.6, 111.0,
111.04, 111.7, 112.0, 114.1, 120.5, 123.5, 124.2, 126.8, 127.5, 128.8,
131.1, 131.14, 131.2, 131.3, 134.3, 134.6, 136.3, 136.4, 152.8, 153.0,
155.5, 1562, 156.7, 157.2, 157.5, 157.6, 161.1, 161.5, 175.3, 175.7. MS
(ESI) m/z 563 [M + H]*. Anal. Calcd for C,yH,BrN,Os: C, 62.04; H,
4.49; N, 4.99. Found: C, 61.82; H, 4.55; N, 5.10.
6-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(5-Methoxy-1H-indol-3-yl)-ethyl]-amide (4f). Yield 41%. mp 192—
194 °C. "H NMR (400 MHz, DMSO): 6 2.96 (t, 2H, J = 7.6 Hz), 3.59
(g 2H, J = 7.2 Hz), 3.73 (s, 3H), 5.23 (s, 2H), 6.72 (dd, 1H, ] =
2.4 Hz, 8.8 Hz), 6.81 (s, 1H), 7.08 (d, 1H, ] = 2.3 Hz), 7.17 (d, 1H, ] =
2.2 Hz), 7.23 (d, 1H, ] = 8.8 Hz), 7.46 (d, 2H, J = 8.4 Hz), 7.51 (4,
1H, J = 3.2 Hz), 7.58 (dd, 1H, ] = 3.2, 9.2 Hz), 7.62 (d, 2H, ] = 8.4
Hz), 7.69 (d, 1H, ] = 9.2 Hz), 9.24 (t, 1H, ] = 5.6 Hz), 10.69 (s, 1H).
13C NMR (100 MHz, DMSO): § 24.9, 55.3, 69.1, 100.2, 106.0, 109.5,
111.0, 111.2, 112.0, 120.4, 121.1, 123.4, 124.4, 124.7, 127.5, 129.8,
129.9, 131.4, 135.9, 149.9, 153.0, 155.6, 155.8, 158.9, 176.9, 177.0. MS
(ESI) m/z 546 [M — 1]*. Anal. Calcd for C,gH,3BrN,Os: C, 61.44; H,
4.24; N, 5.12. Found: C, 60.91; H, 4.22; N, 4.89.
6-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(1H-Indol-3-yl)-ethyl]-methyl-amide (4g). Yield 42%. mp 179—180 °C.
6:4 mixture of rotamers. 'H NMR (400 MHz, DMSO): § 2.97—3.06
(m, SH), 3.64—3.71 (m, 2H), 522 (s, 1.2H), 523 (0.8H), 6.16
(s, 0.6H), 6.46 (s, 0.4H), 6.50—7.68 (m, 12H), 10.80 (s, 0.6H), 10.87
(s, 0.4H). 3C NMR (100 MHz, DMSO): 6 22.2, 23.7, 30.7, 32.8, 36.4,
48.1, 50.9, 68.9, 69.0, 106.1, 106.2, 109.2, 109.5, 110.0, 110.9, 111.3,
111.4, 117.4, 118.0, 1182, 118.3, 120.2, 120.3, 120.8, 120.9, 121.0,
123.0, 123.5, 124.0, 124.3, 124.4, 126.6, 127.2, 129.8, 129.9, 131.4,
136.0, 136.1, 126.2, 149.8, 150.2, 155.5, 155.7, 157.9, 158.3, 161.3,
161.7, 1759, 176.3, 206.5. MS (ESI) m/z 532 [M + H]*, 553 [M + Na]*.
Anal. Caled for C,4H,3BrN,O,: C, 63.29; H, 4.36; N, 5.27. Found: C,
62.34; H, 4.87; N, 5.24.
6-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(Methyl-1H-indol-3-yl)-ethyl]-methyl-amide (4h). Yield 3%. mp
127—131 °C. 3:2 mixture of rotamers. 'H NMR (400 MHz, DMSO):
5 2.95-3.10 (m, 2H), 3.05 (s, 1.2H), 3.08 (1.8H), 3.65 (s, 1.8H),
3.66—3.70 (m, 2H), 3.75 (s, 1.2H), 5.22 (s, 1.4), 5.23 (s, 0.6H), 6.03
(s, 0.7H), 6.47 (s, 0.3H), 6.86—7.70 (m, 12H). *C NMR (100 MHz,
DMSO): § 22.1, 23.4, 32.1, 32.2, 32.6, 36.4, 48.1, 51.0, 68.9, 106.1,
109.3, 109.4, 109.5, 109.6, 110.2, 117.7, 118.1, 118.4, 120.1, 120.3,
120.6, 121.0, 121.1, 123.9, 124.0, 124.3, 126.9, 127.4, 127.8, 129.7,
131.4, 136.0, 136.1, 136.4, 136.6, 149.7, 150.2, 155.5, 155.7, 157.8,
158.3, 161.3, 161.6, 175.8, 176.3. MS (ESI) m/z 545 [M + H]*, 567
[M + Nal]* 1111 [2M + Na]*. Anal. Calcd for C,yH,BrN,0,: C,
63.86; H, 4.62; N, 5.14. Found: C, 63.60; H, 4.67; N, 5.37.
7-(4-Bromobenzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid [2-
(5-Methoxy-1H-indol-3-yl)-ethyl]-amide (4i). Yield 45%. mp 227—
229 °C. 'H NMR (400 MHz, DMSO): 6 2.95 (t, 2H, ] = 7.6 Hz), 3.58
(g, 2H, ] = 6.8 Hz), 3.74 (s, 3H), 527 (s, 2H), 6.71 (dd, 1H, ] = 2.0 Hg,
84 Hz), 6.77 (s, 1H), 7.07 (d, 1H, ] = 2.0 Hz), 7.16—7.24 (m, 4H), 7.45
(d, 2H, J = 8.0 Hz), 7.63 (d, 2H, ] = 8.4 Hz), 7.97 (d, 1H, ] = 8.8 Hz),
9.17 (t, 1H, J = 5.2 Hz), 10.68 (s, 1H). *C NMR (100 MHz, DMSO):
524.9,55.3,69.2,100.1, 101.9, 110.5, 111.1, 111.2, 112.1, 115.7, 117.8,
121.3, 1234, 126.5, 127.5, 129.9, 131.4, 131.5, 135.4, 153.0, 155.5,
156.8, 158.9, 163.1, 176.4. MS (ESI) m/z 531 [M — 15]*. Anal. Calcd
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for CygH,BrN,Og: C, 61.44; H, 4.24; N, 5.12. Found: C, 61.68; H,
4.13; N, 5.26.

5-(4-Bromo-benzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid
Prop-2-ynylamide (5). To a solution of propargylamine in dry DMF
(10 mL/mmol) were added successively the carboxylic acid 2a
(1 equiv) in DMF (10 mL/mmol), HOBt (2 equiv), triethylamine
(5 equiv), and EDC (2 equiv). The resulting mixture was stirred at
room temperature for 24 h. The solution was poured into 1 M HCI
and extracted with CH,Cl,. The organic layer was washed with
saturated NaHCOj; and H,O, dried over MgSO,, concentrated, and
suspended in diethyl ether to afford the compound (S) as a white
solid. Yield 44%. mp 234—236 °C. '"H NMR (400 MHz, DMSO): §
320 (t, 1H, J = 2.4 Hz), 4.09 (dd, 2H, J = 2.4, 5.6 Hz), 5.23 (s, 2H),
6.67 (s, 1H), 7.10 (d, 1H, J = 7.6 Hz), 7.26 (dd, 1H, ] = 0.8, 8.8 Hz),
7.60 (m, 4H), 7.75 (t, 1H, ] = 8.4 Hz), 9.54 (t, 1H, ] = 5.6 Hz). *C
(100 MHz, DMSO): § 30.7, 69.2, 73.5, 80.3, 108.9, 110.6, 112.4,
114.5, 120.6, 128.9, 131.2, 135.1, 136.3, 153.0, 157.0, 157.7, 158.9,
176.5. MS (ESI) m/z 412 [M + H]".

General Procedure for the Synthesis of Class Il Compounds (7).
To a solution of acid 2a in DMF (30 mL/mmol) were added azide (6)
(1.2 equiv), sodium ascorbate (0.2 equiv), and CuSO,SH,0 (0.1
equiv). The resulting mixture was stirred at room temperature for 24
h. The solution was poured into H,O and extracted with ethyl acetate.
The organic layers were separated and washed with H,O, dried over
MgSO,, filtered, concentrated, and suspended in diethyl ether to give
the desired compounds as white solids.

5-(4-Bromo-benzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid
(1-Benzyl-1H [1,2,3]triazol-4-ylmethyl)-amide (7a). Compound 7a
was synthesized from 2a and benzyl azide. Yield 46%. mp 202—205
°C. 'H NMR (400 MHz, DMSO): 6 4.69 (d, 2H, J = 5.2 Hz), 5.16
(s, 2H), 5.50 (s, 2H), 6.82 (d, 1H, J = 8.4 Hz), 6.98 (s, 1H), 7.02 (d,
1H, J = 8.4 Hz), 7.29 (m, 2H), 7.38 (m, 3H), 7.50 (m, 4H), 7.56 (m,
1H), 7.66, (s, 1H). *C (100 MHz, DMSO): § 35.0, 54.7, 70.3, 109.0,
1107, 114.0, 115.6, 121.8, 128.38, 1284, 129.2, 129.4, 131.8, 134.2,
134.6, 135.4, 152.6, 157.4, 158.6, 159.5, 177.6. MS (ESI) m/z 567
[M + Na]*. Anal. Caled for C,,H,;BrN,O,: C, 59.46; H, 3.88; N,
10.27. Found: C, 59.00; H, 3.91; N, 10.43.

5-(4-Bromo-benzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid
[1-(4-Bromobenzyl)-1H-[1,2,3]triazol-4-ylmethyl]-amide (7b). Com-
pound 7b was synthesized from acid 2a and 4-bromobenzyl azide.
Yield 34%. mp 211-214 °C. '"H NMR (400 MHz, DMSO): § 4.51 (d,
2H, ] = 5.6 Hz), 5.22 (s, 2H), 5.53 (s, 2H), 6.66 (s, 1H), 7.07 (d, 1H,
J =84 Hz), 7.22 (dd, 1H, ] = 0.4, 8.4 Hz), 7.26 (m, 2H), 7.53—7.61
(m, 6H), 7.73 (t, 1H, ] = 8.4 Hz), 8.08 (s, 1H), 9.60 (t, 1H, ] = 6 Hz).
13C (100 MHz, DMSO): 6 34.7, 52.0, 69.2, 108.9, 110.6, 112.3, 114.5,
120.6, 121.4, 123.4, 128.9, 1302, 1312, 131.6, 135.0, 1354, 1363,
153.3, 157.0, 157.7, 159.0, 176.5. MS (ESI) m/z 647 [M + Na]*. Anal.
Calcd for C,,H,,Br,N,O,: C, 51.95; H, 3.23; N, 8.97. Found: C,
51.81; H, 3.41; N, 9.89.

5-(4-Bromo-benzyloxy)-4-oxo-4H-chromene-2-carboxylic Acid
{1-[2 (1H-Indol-3-yl)-ethyl ]-1H-[1,2,3]triazol- 4-ylmethyl}-amide
(7¢c). Compound 7c was synthesized from acid 2a and 2-(3-indolyl)-
ethylazide. Yield 10%. mp 169—171 °C. "H NMR (400 MHz, DMSO):
5325 (t, 2H, ] = 7.6 Hz), 4.51 (d, 2H, ] = 6.0 Hz), 4.60 (t, 2H, ] =
7.2 Hz), 5.24 (s, 2H), 6.68 (s, 1H), 6.93—6.97 (m, 1H), 7.01-7.05
(m, 1H), 7.09—7.11 (m, 2H), 7.25 (d, 1H, ] = 8.0 Hz), 7.30 (d, 1H, ] =
8.0 Hz), 7.50 (d, 1H, J = 8.0 Hz), 7.57—7.63 (m, 4H), 7.75 (t, 1H, ] =
8.4 Hz), 8.04 (s, 1H), 9.62 (t, 1H, J = 5.6 Hz), 10.85 (s, 1H). *C
(400 MHz, DMSO): § 25.9, 30.6, 34.7, 49.9, 69.1, 108.8, 109.9, 110.5,
1113, 112.2, 1144, 118.0, 1182, 120.5, 120.9, 123.0, 123.1, 126.8,
128.8, 131.1, 134.9, 136.0, 136.2, 153.2, 156.9, 157.6, 158.9, 176.4. MS
(ESI) m/z 598 [M + H]*. Anal. Calcd for C;,H,,BrN;O,: C, 60.21; H,
4.04; N, 11.70. Found: C, 58.62; H, 4.32; N, 11.31.

5-(4-Bromobenzyloxy)-2-hydroxymethyl-chromen-4-one (8).
To a solution of ethyl ester of acid 2a in anhydrous methanol
(25 mL/mmol) was added NaBH, (3.65 equiv). The resulting mixture
was stirred at room temperature for 20 min. The solvent was removed,
and the residue was added to a solution of NaH,PO,-2H,0 (1.1 g in
30 mL of H,0) and extracted with CHCl,. The organic layer was dried
over MgSO,, concentrated, and suspended in diethyl ether overnight
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to give alcohol 8 as a white solid. Yield 26%. mp 144—146 °C.
'H NMR (400 MHz, DMSO): 8. 4.37 (dd, 2H, ] = 0.8, 6.4 Hz), 5.22
(s, 2H), 5.74 (t, 1H, J = 6.4 Hz), 6.17 (s, 1H), 7.03 (dd, 1H, J =
0.4, 8.0 Hz), 7.11 (dd, 1H, ] = 0.8, 8.4 Hz), 7.56—7.62 (m, 4H), 7.65
(t, 1H, J = 8.4 Hz). *C NMR (100 MHz, DMSO): 6 59.4, 69.2, 108.6,
108.9, 110.2, 114.2, 120.5, 128.9, 131.2, 134.1, 136.5, 157.6, 157.7,
166.9, 176.3. MS (ESI) m/z 359 [M — H]*".

Toluene-4-sulfonic Acid 5-(4-Bromobenzyloxy)-4-oxo-4H-chro-
men-2-ylmethyl ester (9). To a solution of alcohol 8 and triethyl-
amine (3.2 equiv) in CH,Cl, at 0 °C was added dropwise a solution of
tosyl chloride (225 equiv) in CH,CL,. The resulting mixture was
stirred for S h, poured into 1 M HCI, and extracted with CH,Cl,. The
organic layers were washed with NaHCO; and H,O, dried over
MgSO,, filtered, and concentrated. The residue was purified by column
chromatography, eluting with a cyclohexane/acetone (9:1 to 8:2)
gradient to provide 9 as a white powder. Yield 45%. mp 133—135 °C.
"H NMR (400 MHz, DMSO): § 2.35 (s, 3H), 5.14 (s, 2H), 5.23 (s,
2H), 6.27 (s, 1H), 6.95 (d, 1H, J = 8.8 Hz), 7.04 (d, 1H, ] = 8.4 Hz),
741 (d, 2H, ] = 8.4 Hz), 7.55—7.68 (m, SH), 7.82 (d, 2H, | = 8.4
Hz).). 3C NMR (100 MHz, DMSO): § 21.0, 67.5, 69.2, 108.9, 110.1,
1134, 120.6, 125.5, 127.9, 1289, 130.1, 1312, 134.6, 136.3, 1454,
157.4, 157.5, 157.6, 176.8. MS (ESI) m/z 517 [M + H]".

Synthesis of Class lll Compounds (10). A mixture of tryptamine
derivative and tosylate derivative 9 was stirred in DMF (10 mL/mmol)
at room temperature for 24 h. The mixture was poured into H,O and
extracted with ethyl acetate. The organic layers were washed with
H,O, dried over MgSO,, filtered, and concentrated. The residue was
purified by column chromatography, eluting with a cyclohexane/
acetone (9:1 to 7:3) gradient to provide compounds 10.

5-(4-Bromobenzyloxy)-2-({[2-(1H-indol-3-yl)-ethyl]-methyI-
amino}-methyl)-chromen-4-one Hydrochloride Salt (10a). Com-
pound 10a was synthesized from N-methyltryptamine and tosylate 9.
White solid. The free base was obtained after purification on column
chromatography. Yield 31%. The hydrochloride salt was formed by
adding hydrochloric acid in ether to a solution of free base in dry
ethanol. Evaporation of ethanol following by precipitation in ether
afforded 10a. mp 159 °C. 'H NMR (400 MHz, DMSO): § 2.38
(s, 3H), 2.72—2.77 (m, 2H), 2.87—2.91 (m, 2H), 3.58 (s, 2H), 5.22
(s, 2H), 6.20 (s, 1H), 6.92 (t, 1H, J = 8.0 Hz), 7.02—7.05 (m, 2H),
7.11 (d, 1H, J = 8.0 Hz), 7.16 (d, 1H, J = 2.0 Hz), 7.31 (d, 1H, ] =
8.0 Hz), 7.48 (d, 1H, J = 7.6 Hz), 7.57—7.66 (m, SH), 10.81 (s, 1H).
13C NMR (100 MHz, DMSO): § 15.2, 19.8, 19.9, 54.7, 55.6, 64.9,
69.3, 1089, 1104, 111.6, 1142, 1183, 118.5, 120.6, 121.2, 123.3,
126.7, 128.9, 131.2, 134.6, 136.4, 136.3, 157.6, 157.7, 175.1, 175.9. MS
(ESI) m/z 517 [M + H]*. Anal. Caled for Cy3H,BrCIN,04-2H,0: C,
57.01; H, 5.12; N, 4.75. Found: C, 57.33; H, 5.11 ; N, 4.52 .

5-(4-Bromobenzyloxy)-2-({[2-(5-methoxy-1H-indole-3-yl)-ethyl]-
methyl-aminoj-methyl)-chromen-4-one (10b). Compound 10b was
synthesized from S5-methoxy-Nb-methyltryptamine and tosylate 9.
White solid. Yield 38%. mp 64—67 °C. 'H NMR (400 MHz, DMSO):
5 2.39 (s, 3H), 2.66—2.75 (m, 2H), 2.84—2.88 (m, 2H), 3.58 (s, 2H),
3.68 (s, 3H), 5.22 (s, 2H), 6.22 (s, 1H), 6.67 (dd, 1H, ] = 2.4, 8.8 Hz),
6.93 (d, 1H, J = 2 Hz), 7.03 (d, 1H, J = 8.4 Hz), 7.10—-7.12 (m, 2H),
7.19 (d, 1H, ] = 8.8 Hz), 7.57—7.60 (m, 4H), 7.64 (t, 1H, ] = 8.4 Hz),
10.60 (s, 1H). 3C NMR (100 MHz, DMSO): § 22.8, 26.3, 29.6, 55.2,
574, 57.8, 69.2, 99.9, 108.6, 110.3, 110.9, 111.7, 111.9, 114.2, 120.5,
123.2,127.5,128.9, 131.2, 131.3, 134.1, 136.5, 152.9, 157.7, 157.8, 164.5,
176.2. MS (ESI) m/z 545 [M — H]". Anal. Calcd for C,oH,,BrN,O,: C,
63.63; H, 497; N, 5.12. Found: C, 63.81; H, 5.00; N, 5.23.

Biology and Biochemistry. Compounds. Mitoxantrone, querce-
tin, Ko143, ouabain, DTT, EGTA, ATP, and sodium orthovanadate
were purchased from Sigma-Aldrich (France). Anti-human ABCG2
(5D3 clone) and anti-mouse IgG2b K isotype control were purchased
from eBioscience. Alexa Fluor 488 goat anti-mouse IgG was purchased
from Life Technologies. All other reagents were commercial products
of the highest available purity grade.

Cell Culture. The HEK293 human fibroblast cell line transfected
with ABCG2 (HEK293-ABCG2) or the empty vector (HEK293-
pcDNA3.1) were obtained as previously described."* The wild-type
human lung cancer H460 cell line and the H460 mitoxantrone-selected
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cells were kindly provided by Drs. RW. Robey and SE. Bates (NCI,
Bethesda, MD). The HEK293 cells and H460 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM high glucose) and
RPMI-1640, respectively, supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and in some cases with
0.75 mg/mL of G418 (HEK293-pcDNA3.1 and HEK293-ABCG2) or
20 nM mitoxantrone (H460-selected).

Inhibition of ABCG2-Mediated Drug Efflux. Cells were seeded at a
density of 1.5 X 10° cells/well into 24-well culture plates. After 48 h of
incubation, the cells were exposed to mitoxantrone (S M), BODIPY-
prazosin (0.2 uM), or pheophorbide A (2 uM) for 30 min at 37 °C in
the presence or absence of compounds at various concentrations
and were then washed with phosphate buffered saline (PBS) and
trypsinized. The intracellular fluorescence was monitored with a FACS
Calibur cytometer (Becton Dickinson) using the FL4 channel, and at
least 10000 events were collected. The percentage of inhibition
was calculated using the following equation: percent inhibition
(C = M)/(C,, — M) X 100, where C corresponds to the intracellular
fluorescence of resistant cells (HEK293-ABCG2 or drug-selected H460)
in the presence of compounds and mitoxantrone, M corresponds
to the intracellular fluorescence of resistant cells in the presence of
only mitoxantrone, and C,, corresponds to the intracellular fluore-
scence of control cells (HEK293-pcDNA3.1 or wild-type H460) in the
presence of compounds and mitoxantrone. The ECs, values corres-
ponding to concentrations producing half-maximal inhibition were
calculated using nonlinear curve fitting (GraphPad Prism$) and a one-
site binding hyperbola.

Effects on ABCB1- and ABCC1-Mediated Drug Efflux. NIH-3T3
cells transfected with ABCBI were cultured in DMEM with 60 nM
colchicine/mL and seeded at a density of 6 X 10* cells/well into 24-well
culture plates and incubated for 48 h at 37 °C in 5% CO,, whereas
HEK293 cells transfected with ABCCI were cultured with 200 ug
hygromycin/mL and seeded at 2.5 X 10° cells/well for 72 h. The cells
were respectively exposed to rhodamine 123 (0.5 M) or calcein-AM
(0.2 uM) for 30 min at 37 °C in the presence or absence of chro-
mones at 1 or 5 uM, then washed with phosphate buffered saline
(PBS), and trypsinized. The intracellular fluorescence was monitored
with a FACS Calibur cytometer (Becton Dickinson) using the FL1
channel, and at least 10 000 events were collected. The percentage of
inhibition was calculated relatively to 5 yuM GF120918 or 35 uM
verapamil, respectively, producing complete inhibition.

ATPase Activity Assay. Vanadate-sensitive ATPase activity was
measured colorimetrically by determining the liberation of inorganic
phosphate from ATP.”” The Sf9 membranes were prepared as pre-
viousty”* and loaded with 2 mM cholestero-RAMEB (Cyclolab Hungary).*
The incubation was performed in 96-well plates. Sf9 membranes
(0.5 mg/mL) were incubated in a 50 mM Tris-HCI and 50 mM NaCl
buffer (pH 8.0) containing sodium azide (3.3 mM), ouabain (1 mM),
DTT (2 mM), EGTA (0.4 mM), and the tested compounds (2 xM)
with or without sodium orthovanadate (0.33 mM). The reaction was
started by the addition of ATP-Mg (3.9 mM), and the plates were
incubated for 30 min at 37 °C. The reaction was stopped with sodium
dodecylsulfate (10%) and revealed with a mixture of ammonium
molybdate reagent and 10% ascorbic acid (1:4). The absorbance was
measured at 880 nm using a reader plate after a 30 min incubation.

5D3 Shift Assay.”® Aliquots of HEK293-ABCG2-transfected cells
(0.5 X 109 cells/tube) were centrifuged at 200g for 5 min at 37 °C.
The pellet was washed and suspended in PBS containing 0.5% BSA.
Aliquots of the suspension were incubated with tested compounds at
2 or S uM and with the SD3 primary antibody (purified antihuman
ABCG2, SD3 clone) or the isotype control (1 ug/mL) for 45 min at
37 °C. After washing, the cells were labeled by anti-mouse Alexa Fluor
488 secondary antibody (3 pug/mL) for 30 min at 37 °C. After
washing, the cells were resuspended in PBS (0.5% BSA), and SD3
binding was determined by flow cytometry. The relative level of SD3
binding was calculated in comparison with the fluorescence measured
in the presence of Kol143, which was taken as 100% of SD3 binding.

Mitoxantrone-Induced Cytotoxicity and Chemosensitization b}/
Chromones. Cell survival was studied using MTT colorimetric assay.>
Control H460 cells and ABCG2-overexpressing H460 selected cells
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were seeded at a density of 1 X 10° cells/well and 3 X 10° cells/well,
respectively, into 96-well culture plates and incubated for 24 h at 37 °C
in 5% CO,. The cells were treated with mitoxantrone (0—100 nM) in
the presence or absence of chromones 4a and 4b at 1 and 5 M for
72 h. Then, 20 uL of MTT solution (5 mg/mL) was added to each
well, and the plates were incubated for 4 h at 37 °C. The culture
medium was discarded, and 100 uL of a solution of DMSO/ethanol
(1:1) was added into each well and mixed by gently shaking for 10
min. Absorbance was measured in a microplate reader at 570 nm, and
the value measured at 690 nm was subtracted. Data are the mean + SD
of at least three independent experiments.
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