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Optimization of Acryloylphenylcarboxamides as Inhibitors
of ABCG2 and Comparison with

Acryloylphenylcarboxylates
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ABCG2 belongs to the superfamily of ATP binding cassette
(ABC) proteins and is associated with the limited success of an-
ticancer chemotherapy, given its responsibility for the cross-re-
sistance of tumor cells, known as multidrug resistance (MDR).
Several classes of ABCG2 inhibitors were developed for increas-
ing the efficacy of chemotherapy. A series of chalcones cou-
pled to an additional aromatic residue was synthesized and in-
vestigated for their inhibition of ABC transporters. In our previ-
ous work we determined the preferred position of the linker
on the A-ring to be ortho, and found several substitution pat-
terns at the additional ring that improved potency. In this
study we investigated whether a methoxy group that im-
proved the inhibitory activity of chalcones would also be bene-

Introduction

Chemotherapy often fails due to tumor cell cross-resistance to
anticancer drugs. Various mechanisms behind multidrug resist-
ance (MDR) have been postulated and often lead to the same
consequence: the intracellular decrease of cytotoxic agents.
One extensively studied mechanism generating MDR is the
overexpression of membrane efflux pumps belonging to the
family of ATP binding cassette (ABC) proteins.""? These pumps
catalyze the transport of substrates across membranes against
their concentration gradient by ATP hydrolysis. They can
behave as importers, bringing nutrients into the cell, or as ex-
porters, transferring toxins, drugs, and lipids out of cells. Pres-
ent in both prokaryotes and eukaryotes, these transport pro-
teins perform diverse functions.*™ While export proteins are
found in both types of organism, import proteins appear to
exist exclusively in prokaryotes.

The 48 human ABC proteins are divided into seven subfami-
lies: ABCA through ABCG.® ABC transporters possess a charac-
teristic architecture that minimally consists of four domains to
generate a functional unit: two transmembrane domains
(TMDs) embedded in the membrane and two nucleotide bind-
ing domains (NBDs) located in the cytoplasm that are responsi-
ble for the hydrolysis of ATP to ADP and P.”’ Three ABC trans-
porters are well-recognized to play a major role in the emer-
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ficial for the acryloylphenylcarboxamide scaffold. Indeed, this
modification led to highly potent ABCG2 inhibitors. To support
the hypothesis of a beneficial effect of the amide linker, six
acryloylphenylcarboxylates were synthesized and investigated
for their inhibitory activity. Replacement of the amide linker
with an ester group resulted in decreased inhibition. Molecular
modeling showed that the conformational preference of both
series differs, thereby explaining the positive effect of the
amide linker. Several compounds were characterized in detail
by investigating their intrinsic cytotoxicity and capacity to re-
verse MDR in MTT assays and their effect on vanadate-sensitive
ATPase activity.

gence of MDR: ABCB1 (P-glycoprotein, P-gp), ABCC1 (multi-
drug resistance-associated protein 1, MRP1), and ABCG2
(breast cancer resistance protein, BCRP).2'% A common strat-
egy to overcome MDR is the development of potent and selec-
tive inhibitors of ABCB1, ABCC1, and ABCG2. Blocking the
efflux mechanism should result in higher intracellular accumu-
lation of anticancer drugs and an increased efficiency of che-
motherapy.

ABCG2 is the most recently characterized ABC transporter
implicated in MDR and was first discovered in 1998."%" While
ABCB1 and ABCC1 act as full transporters, ABCG2 was de-
scribed as a half transporter containing only one TMD and
NBD, requiring at least dimerization to function as an efflux
pump.'*™ |t was recently proposed that the functional trans-
porter is formed by tetramerization." The protein is present in
various organs with a barrier function, and is overexpressed in
several tumor cells as well."® The structural diversity of sub-
strates extends from anticancer drugs such as mitoxantrone
over tyrosine kinase inhibitors to fluorescent dyes such as
Hoechst 33342."" Fumitremorgin C (FTC) was the first identi-
fied selective inhibitor of ABCG2, completely reversing mitox-
antrone resistance in ABCG2 cells. This natural product was iso-
lated from Aspergillus fumigatus, but turned out to be clinically
useless owing to its neurotoxicity."’'® Based on the indolyl di-
ketopiperazine moiety, several structurally related analogues
were developed, especially the less toxic and more potent in-
hibitor Ko143, the clinical use of which is limited by metabolic
instability due to its Boc-ester group.?®?" Furthermore, new
specific and highly potent ABCG2 inhibitors were developed
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from other structural classes such as quinazolines, chromones,
and chalcones.?>%¥

Amide groups are present in a number of ABCG2 inhibitors
such as Ko143 and its derivatives, and the dual ABCB1 and
ABCG2 inhibitors elacridar and tariquidar. As reported in our
previous study, we combined the chalcone scaffold with an ad-
ditional aromatic residue by an amide linker leading to acryl-
oylphenylcarboxamides as new class of ABCG2 inhibitors in-
cluding structural modifications at positions 2’, 3', and 4’ on
ring A and positions 3 and 4 on ring B of the chalcone.”™ We
examined the best position of the amide linker and found the
ortho position to be highly preferable over para and meta. On
ring B of the chalcone, a dimethoxy substitution was beneficial.
The most potent compound, bearing a 2-thienyl substitution
connected to the chalcone moiety, had an IC;, value in the
high nanomolar range and was found to be almost exclusively
selective toward ABCG2 and also nontoxic.

To optimize the acryloylphenylcarboxamide moiety, we in-
vestigated whether a 4-methoxy group would further improve
inhibitory activity, as this substituent had been proven benefi-
cial in the case of simple chalcones.”? For this purpose, we
synthesized 20 methoxy-substituted acryloylphenylcarboxa-
mides. To investigate the contribution of the amide linker, it
was replaced by an ester group in six acryloylphenylcarboxy-
lates. All new compounds were tested for their inhibitory po-
tencies toward ABCG2 by Hoechst 33342 assay using MDCK Il
BCRP cells. Furthermore, ABCG2 selectivity was determined by
screening for ABCB1 and ABCC1 inhibition using the calcei-
n AM assay. To determine the feasibility of these compounds in
future in vivo studies, their intrinsic cytotoxicity was examined
by MTT assay.
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Results and Discussion

Chemistry

The synthesis of target compounds 7-32 is illustrated in
Scheme 1. For 4-methoxy-substituted acryloylphenylcarboxa-
mides, the synthesis starts with a Houben-Hoesch reaction (a
special Friedel-Craft acylation) to yield 4-methoxy-2’-aminoa-
cetophenone.”® For this purpose, 3-anisidine was treated with
acetonitrile in the presence of boron trichloride and aluminum
trichloride. All other acetophenones were commercially avail-
able. In the following step, a Claisen-Schmidt condensation
between the ketone and variously substituted benzaldehydes
gave the key intermediate chalcones. Afterward a solution of
chalcone and selected acid chloride in tetrahydrofuran was
stirred overnight at room temperature in the presence of trie-
thylamine to form the amide linker. The title compounds were
characterized by NMR spectroscopy and their purity was con-
firmed by elemental analysis.

Biological investigations
Inhibition of ABCG2

The inhibitory activity of the compounds toward ABCG2 was
investigated by Hoechst 33342 assay using the MDCK Il BCRP
cell line. The fluorescent dye Hoechst 33342 is a bisbenzimida-
zole derivative and was found to be transported by ABCG2.*”
This assay was performed as previously described with minor
modifications.”*>% Calculated ICs, values of methoxy-substitut-
ed acryloylphenylcarboxamides 7-26 are listed in Table 1, and

a7 TNH O #~7 2" NH : « 7 ;
0”7 R 07 R O)\R1
7-23 24-26 27-32

Scheme 1. General synthesis of the methoxy-substituted acryloylphenylcarboxamides and acryloylphenylcarboxylates 7-32. Reagents and conditions: a) BCl,,
AlCl,, acetonitrile, CH,Cl,, 0°C, reflux, 80°C, 20 h, cooling to 0°C, 2N HCl, stirring 30 min at 80 °C; b) substituted benzaldehyde, LiOH, MeOH, ultrasonic bath,

4-8 h; ¢) acid chloride, triethylamine, THF, RT, overnight.
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Table 1. Inhibitory activities of methoxy-substituted acryloylphenylcar-
boxamides (7-26) against ABCG2 determined by Hoechst 33342 assay
using MDCK Il BCRP cells.

¢ 9 2 & o 2
5 A~ 3 0S¢ = 3
SO INH 8 4 D0 TN 8 T4
3 5 3 5
07 "R! 0”7 "R!
7-23 24-26

Compd R R? ICso [um]®
7 phenyl 3,4-dimethoxy 0.219£0.033
8 3-chlorophenyl 3,4-dimethoxy -
9 2-chlorophenyl 3,4-dimethoxy 0.660 + 0.088
10 3-bromophenyl 3,4-dimethoxy -
1 2-methoxyphenyl 3,4-dimethoxy 0.285+0.033
12 3-pyridyl 3,4-dimethoxy 1.17+0.05
13 2-pyridyl 3,4-dimethoxy 1.36+£0.16
14 1-naphthyl 3,4-dimethoxy 0.422+0.083
15 3-quinolinyl 3,4-dimethoxy e
16 2-thienyl 3,4-dimethoxy 0.320+0.032
17 2-furanyl 3,4-dimethoxy 0.714+0.061
18 2-thiazyl 3,4-dimethoxy 1.01+0.13
19 phenyl 3,5-dimethoxy 0.2924+0.030
20 2-methoxyphenyl 3,5-dimethoxy 0.595 +0.062
21 2-chlorophenyl 3,5-dimethoxy 0.358+0.025
22 2-thienyl 3,5-dimethoxy 0.26840.058"
23 1-naphthyl 3,5-dimethoxy 0.359+0.076"
24 phenyl 3,4-dimethoxy 0.754+0.105
25 2-methoxyphenyl 3,4-dimethoxy 0.832£0.111
26 2-thienyl 3,4-dimethoxy o

[a] Values are the mean=+SD of at least three independent measure-
ments. [b] Compound was too insoluble and precipitated. [c] Maximum
inhibition reached decreased to 60-70% relative to the standard Ko143
(100%).
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different series. The first series (7-18) of 4’-methoxy-substitut-
ed acryloylphenylcarboxamides contain a 3,4-dimethoxy substi-
tution on ring B of the chalcone, and varies in the R' group on
the amide linker. Compound 7, bearing an unsubstituted
phenyl ring, turned out to be the most potent ABCG2 inhibitor,
with an 1Cs, value of 0.219 um. Therefore, it is the most promis-
ing derivative of all investigated acryloylphenylcarboxamides.
The halogen-substituted compounds 8 (3-chlorophenyl) and
10 (3-bromophenyl) could not be examined for their inhibitory
activity due to poor solubility. However, moving the chloro
substituent to the ortho position yielded a compound with
good activity (9: ICs,=0.660 pm). Roughly similar inhibitory po-
tencies to that of the best compound 7 were reached by rep-
resentatives bearing a 2-methoxyphenyl (11: 1C;,=0.285 um)
or 2-thienyl residue (16: IC5,=0.320 pum). Our previous studies
demonstrated the benefit of thienyl substitution, showing ICg,
values in the sub-micromolar range. To examine the necessity
of a sulfur atom within the five-membered ring system, we
synthesized two further derivatives by replacing the sulfur with
oxygen or by adding nitrogen. In comparison, compound 17
containing a 2-furanyl group (IC5,=0.714 um) and 18 with a 2-
thiazyl group (IC5,=1.01 um) showed good but lower activity
in ABCG2 inhibition. For the phenyl (7) and these three five-
membered ring compounds (16-18), there is a very good cor-
relation between plCy, and logP (R*=0.90) pointing to parti-
tioning as an additional contribution. The pyridyl derivatives
12 (meta: IC5,=1.17 um) and 13 (ortho: 1C5,=1.36 um) were
less potent than the unsubstituted phenyl derivative. In sum-
mary, the synthesis of 4’-methoxy-substituted acryloylphenyl-
carboxamides resulted in highly potent ABCG2 inhibitors.

In the second series of 4-methoxy-substituted acryloylphe-
nylcarboxamides (19-23) we replaced the 3,4-dimethoxy sub-
stitution with 3,5-dimethoxy groups. Therefor, five
different derivatives were synthesized containing

carboxamide analogues.

Table 2. Inhibitory potencies of synthesized acryloylphenylcarboxylates 27-32 deter-
mined by Hoechst 33342 assay using MDCK Il BCRP cells and comparison with their

amide residues that had been proven to yield highly
potent derivatives in the 3,4-dimethoxy series. Com-
pound 19 (phenyl: 1C5,=0.292 um) showed similar
and 20 (2-methoxyphenyl: 1C5,=0.595 um) slightly
decreased activity relative to their counterparts from
the first series. In contrast, compound 21, bearing
a 2-chlorophenyl group, reached ~2-fold higher in-

RS0 hibitory potency toward ABCG2 than the counterpart

27-32 with an IC,, value of 0.358 um. Both compounds 22

Compd R R? ICso % SD [MM][a] Amide ICy, [MM][B] (|C50:0268 I.LM) and 23 (|C50:0359 IJ/M) showed

27 phenyl 34dimethoxy  0.879+0.125 7 0219 similar activity as well. However, bF)th representatlves

28 2-thienyl 34-dimethoxy  2.08-£0.35 16 0.320 showed decreased fluorescence intensity (60-70 %)
29 2-methoxyphenyl  3,4-dimethoxy ~ 1.4440.17 1 0.285 relative to the standard (Ko143: 100 %).

;‘1’ Fz’hf]f‘y' I ilg‘jfmetﬁ"xy 2)22:302?69 ;z gizg Members of the third series of acryloylphenylcar-

-thieny ,5-dimethoxy . . .. . _ A~ H CP

32 2-methoxyphenyl  3,5-dimethoxy  1.70-£0.21 20 0.595 boxamides (24-26) bear a 4'5-dimethoxy substitu

[a] Values were determined from at least three independent experiments.

tion instead of 4'-methoxy on ring A of the chalcone
moiety. Three derivatives were synthesized to evalu-

IC5, values of acryloylphenylcarboxylates 27-32 are provided
in Table 2.

According to their substitution pattern, the methoxy-substi-
tuted acryloylphenylcarboxamides can be divided into three
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ate the influence of an additional methoxy group.

Compound 24 (phenyl: IC5,=0.714 um) und 25 (2-
methoxyphenyl: IC;,=0.832 pum) showed good inhibitory activ-
ity, but were less potent than in the other two series. For the
2-thienyl derivative 26, no ICs, value could be determined due
to low solubility.
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To investigate the importance of the amide linker a series of
six acryloylphenylcarboxylates was synthesized, containing an
ester function instead of the amide group. All investigated
compounds possess a 4-methoxy substituent on ring A and
contain either a 3,4-dimethoxy or 3,5-dimethoxy substitution
on ring B of the chalcone substructure. In relation to the inhib-
itory effect toward ABCG2 there was no significant difference
between these two groups. A comparison of the acryloylphe-
nylcarboxylates with their carboxamide analogues showed 3-
to 6-fold lower ICg, values for the latter group, pointing to
a beneficial effect of the amide function for inhibitory activity.
Priority ranking within the 3,4-dimethoxy (27-29) and 3,5-di-
methoxy series (30-32) consistently demonstrated the same
effect on activity as obtained for the acryloylphenylcarboxa-
mides. In the 3,4-dimethoxy series the phenyl derivative (27:
IC5,=0.879 um) demonstrated the best inhibitory potency, fol-
lowed by 2-methoxyphenyl (29: IC;,=1.44 um) and finally
ending with 2-thienyl (28: 1C;,=2.08 um). In the 3,5-dimethoxy
series compound 31 (thienyl, IC5,=0.865 um) showed the
highest activity followed by the phenyl and 2-methoxyphenyl
derivatives.

The decreased activity despite higher lipophilicity of the
esters could be due to different preferred conformations. To in-
vestigate this possibility, we performed conformational analysis
of compounds 7 and 27 independently using the low-mode
molecular dynamics method in MOE.®" The low-mode search
method generates conformations using a short run of molecu-
lar dynamics at constant temperature (300 K) followed by an
all-atom energy minimization. The method was initially intend-
ed for large and complex structures such as macrocycles and
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protein loops, but it was found to be very efficient for detailed
small-molecule analysis as well. It generates a table with
a number of conformations ranked by potential energy. For
compound 7 a planar arrangement of the chalcone carbonyl
and the amide group was observed in all low-energy confor-
mations. The planar conformation is stabilized by an intramo-
lecular hydrogen bond between the amide linker and the car-
bonyl oxygen atom as shown in Figure 1A, while in the case of
the esters electrostatic repulsion leads to a V-shaped confor-
mation as seen in Figure 1B. In Figure 1C the overlay of both
compounds is shown for better comparison. We further investi-
gated whether the compounds could be better overlaid per-
forming a fully flexible alignment. This yielded a perfect match
of the molecules as shown in Figure 1D; however, the poten-
tial energies of both compounds were 9.1 (7) and 6.8 kcal
mol™' (27) above the global minimum found in the conforma-
tional search, making this superposition rather unlikely. Thus, it
could be concluded that both series of derivatives adopt differ-
ent conformations in solution and upon binding.

A graphical description of structural features influencing the
activity of acryloylphenylcarboxamides is given in Figure 2.
During the process of optimization in this new class of ABCG2
inhibitors we established four important facts related to the
acryloylphenylcarboxamide moiety and thus for activity: 1) An
amide linker in the ortho position of the chalcone moiety, 2) 4'-
methoxy substitution on ring A, 3) dimethoxy substitution on
ring B, and especially 4) phenyl or 2-thienyl substitution at the
amide substructure increased potency.

Figure 1. Lowest-energy conformations of A) compound 7 with an amide linker and B) compound 27 containing an ester group. C) Both conformations are
superimposed for better comparison with compound 27, shown in green. D) The perfect match from a fully flexible alignment. However, the potential ener-
gies of both molecules are 9.1 (7) and 6.8 kcalmol™ (27) above the global minima shown in panels A)-C), making these conformations unlikely. Note that the
hydrogen bond between the amide group and the carbonyl oxygen atom is missing, which is present in the low-energy conformations of compound 7.
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Figure 2. Structural features of the methoxy-substituted acryloylphenylcarboxamides as potent ABCG2 inhibitors. +: good activity, + +: very high activity.

Determination of ABCB1 and ABCC1 inhibition

For extensive characterization of methoxy-substituted acryloyl-
phenylcarboxamides and acryloylphenylcarboxylates, calcei-
n AM assay was performed as previously described with minor
modifications.?*3>* This provides insight into the behavior
toward the two other major ABC transporters, ABCB1 and
ABCC1. For this purpose, ABCB1-overexpressing A2780adr cells
and ABCC1-overexpressing H69 AR cells were used. Cyclospori-
ne A (CsA), a well-known inhibitor of both ABC transporters,
served as standard. In the first instance, all compounds were
screened for their ability to inhibit ABCB1 and ABCC1 at a fixed
concentration of 10 um. For comparison, the effect of inhibi-
tion was calculated as percentage response at 10 um relative

1001

to CsA (10 pm, 100% inhibition). The resulting data are shown
in Figures 3 and 4. As can be seen from the figures some com-
pounds showed notable inhibition of ABCB1 (Figure 3), where-
as for ABCC1 almost no inhibitory effect was observed
(Figure 4).

For compounds showing an inhibition response >25%, ICs,
values were determined (Table 3). Except for compounds 7, 11,
12, 13, 17, and 20, no significant affinity (<25%) toward
ABCB1 was observed in the series of 4'-methoxy-substituted
acryloylphenylcarboxamides. It is known that methoxy substi-
tution plays a major role in ABCB1 affinity.** Both the number
and position of these residues affect the inhibitory potential.
Compound 11, bearing an additional 2-methoxy group at the

4' 5'-dimethoxy-substituted
acryloylphenylcarboxamides

< 751 4'-methoxy-substituted acryloylphenylcarboxamides acryloylphenyl-
< carboxylates
§ 501
o
0
i
PLE S ANNEEEE N\ ENV AN\ FERREEE \ e N\ IN N [y XErEeee

NN N N I T B S . . . o A - SR A

Figure 3. Effect of acryloylphenylcarboxamides 7-26 and analogues 27-32 on the calcein AM assay in the ABCB1-overexpressing A2780adr cell line at a con-
centration of 10 pm. Data were obtained from three independent experiments and are given as percentage of the positive control (cyclosporine A, CsA,

10 pum).

-
~ o
[&)] o
1 1

Response / %
3

4'-methoxy-substituted acryloylphenylcarboxamides

acryloylphenylcarboxylates

Figure 4. Effect of acryloylphenylcarboxamides 7-23 and analogues 27-32 on the calcein AM assay in the ABCC1-overexpressing H69 AR cell line at a concen-
tration of 10 um. Data were obtained from three independent experiments and are given as percentage of the positive control (cyclosporine A, CsA, 10 um).
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Table 3. Inhibitory activities of selected compounds against ABCB1-over-
expressing A2780adr cells determined by calcein AM assay.

Compd ICso [um]™ e [961%"
7 1.134+0.10 3249
1 0.848+0.130 58+5
12 1.37+0.10 4142
13 0.777 £0.066 36+2
17 1.64+0.26 39+6
20 0.250+0.032 29+4
24 3.51+0.44 31+4
25 1.45+0.03 57+6
29 2.16+0.32 40+4
32 2.0+0.26 27+4
CsA 0.862+0.059 100

[a] Data are the mean £SD of at least three independent measurements.
[b] Maximum inhibition relative to the standard inhibitor cyclosporine A

(CsA; lnax=100%).

phenylcarboxamide, showed the highest effect toward ABCBT,
with a maximal response of 58% inhibition and an IC;, value
of 0.848 um. The pyridyl derivatives 12 (IC5,=1.37 um) and 13
(IC5,=0.777 pm) were found to possess similar potency, but
with reduced maximal response. Compound 20 had the lowest
IC5, value of 0.250 um. However, it only reached a maximum
inhibition of 29% relative to CsA.

The acryloylphenylcarboxylates with an ester linker behaved
similar to the amides. Only compounds 29 (IC;,=2.16 um) and
32 (IC5,=2.0 pm) bearing a 2-methoxyphenyl group showed
noteworthy affinity toward ABCBI1.

MTT assay

The yellow tetrazole MTT (methylthiazolyldiphenyltetrazolium
bromide or 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium
bromide) is reduced to purple formazan in living cells by mito-
chondrial reductases. The formation of formazan depends on
the cellular metabolic activity due to NAD(P)H flux and is
therefore specific for living cells. This property can be used for
the determination of cytotoxic effects. Formed formazan crys-
tals that are insoluble in water can be dissolved in DMSO and
measured spectrophotometrically.

MTT cytotoxicity assays were performed for selected 4-me-
thoxy-substituted acryloylphenylcarboxamides using MDCK II
BCRP and MDCK Il wild-type cells.®? The compounds were in-
vestigated up to a final concentration of 100 um. Obtained Gls,
values are summarized in Table 4. Furthermore, the therapeutic
ratio was calculated from the IC, values obtained in the
Hoechst 33342 assay and the Glg, values, which is an important
parameter for further in vivo studies.”® Among the investigat-
ed modulators, compound 7, which is most potent in the
Hoechst 33342 assay, showed only very low intrinsic cytotoxici-
ty with a Gls, value of 78 um (concentration-response curve is
given in Figure 5), yielding the highest therapeutic ratio. The
other derivatives possessed 4-fold higher cytotoxicity with Gls,
values of ~20 pum. However, these concentrations are much
higher than the IC, values for ABCG2 inhibition.

ChemMedChem 2016, 11,1-13 www.chemmedchem.org

Table 4. Intrinsic cytotoxicity of selected methoxy-substituted acryloyl-
phenylcarboxamides determined by MTT assay using MDCK Il BCRP and
MDCK Il wild-type cells.

Compd ICso [um]e Gls, [pm]@ TRY
BCRP wild-type

7 0.219 78+9 80+9 356

n 0.285 21+4 18+3 74

16 0.320 21+2 17+2 66

19 0.292 22+4 17+3 75

22 0.268 18+3 18+2 67

[a] Compounds were investigated up to a concentration of 100 um for
72 h. [b] Hoechst 33342 assay. [c] Values are the mean=+SD of at least
three independent experiments. [d] Therapeutic ratio: Glsy gcgp/ICso-

100+

50+

Cell viability / %

—® -7 -6 -5 -4
Concentration / log M

Figure 5. Representative concentration-response curve of compound 7 ob-
tained in the MTT assay using MDCK Il BCRP (o) and MDCK Il wild-type cells
(0). The compound was investigated up to a final concentration of 100 um
after 72 h incubation time (Gls,=78 pum). Data are given as mean =+ SD.

The MTT assay was also used to determine the ability of 4'-
methoxy-substituted acryloylphenylcarboxamides to sensitize
MDCK Il BCRP cells toward cytotoxic agents. Therefore, the cy-
totoxicity of the cytostatic SN-38 (active metabolite of irinote-
can) was investigated in MDCK Il cells, in the presence or ab-
sence of selected compounds (Table 5).

Representative dose-response curves of compound 7
(Figure 6) illustrate the shift of SN-38 cytotoxicity in MDCK Il
BCRP cells toward the viability of MDCK wild-type cells, show-
ing the capacity of compound 7 to reverse MDR in ABCG2-
overexpressing cells.

Table 5. The ability of selected compounds to reverse resistance toward
SN-38 in MDCK Il BCRP and MDCK Il wild-type cells.

Compd Glso [um]®
BCRP BCRP+0.1 um  BCRP+0.5 um wild-type
inhibitor inhibitor

7 245+0.24 0.732+£0.043 0.356 £ 0.055 0.209+£0.028
1 2.52+0.34 1.01+£0.13 0.428 +0.059 0.2114+0.034
16 2.88+0.41 0.684+0.104 0.352+0.035 0.215+£0.032
22 2.37+0.31 0.586 +£0.092 0.376 £0.015 0.225+£0.042
average  2.56+0.23 0.215+0.007

[a] Values are the mean+SD of at least three independent experiments.
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Figure 6. Representative dose-response curves of SN-38 cytotoxicity ob-
tained in MTT assay using MDCK Il BCRP and MDCK Il wild-type cells. Arrows
illustrate the dose-dependent sensitization of MDCK Il BCRP cells by com-
pound 7 toward SN-38. MDCK Il wild-type cells + SN-38 without inhibitor
(positive control: 0), SN-38+0.1 um 7: o, SN-38+0.5 um 7 and MDCK |l
BCRP cells: A, MDCK Il BCRP cells + SN-38 without inhibitor: e.

Vanadate-sensitive ATPase activity assay

For the characterization of acryloylphenylcarboxamides in
greater detail, we examined their effect at a concentration of
1 um on the vanadate-sensitive ATPase activity using ABCG2-
containing cell membranes from Sf9 cells infected with an
ABCG2-containing baculovirus. The assay was performed as de-
scribed previously.** All investigated compounds showed stim-
ulation of ATPase activity relative to basal activity (Figure 7).
However, there are clear differences between the four series.
The first two series vary by the substitution at position 4’ of
the chalcone moiety and showed similar ATPase activity. In
comparison, derivatives from series three (19 and 22) bearing
a dimethoxy substitution in position 3,5 instead of 3,4 on ring
B demonstrated a high increase of stimulation beyond the
level of the well-known activator quercetin. The two represen-
tatives from the last series, containing the 4,5-dimethoxy-sub-
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stituted acryloylphenylcarboxamide scaffold (24 and 26), re-
sulted in slightly less stimulation but still higher than the first
and second series. This result highlights the structural depend-
ence of ATPase stimulation by the presence and position of
methoxy groups. Our previous studies on quinazoline-chal-
cones demonstrated the influence of methoxy substitution in
relation to a stimulating effect on ATPase activity, without indi-
cation of being a substrate.®” In the MTT cytotoxicity assay no
significant difference between ABCG2-transfected and control
cells was observed, proving that the substances are not effec-
tively transported by ABCG2. Although acryloylphenylcarboxa-
mides stimulate vanadate-sensitive ATPase activity, they were
found to be inhibitors of ABCG2.

For flavonoids, the biosynthetic successors of chalcones, nu-
merous docking and 3D QSAR studies demonstrated that they
target the NBD of ABCB1.5%*® With regard to ABCG2 no com-
prehensive studies have been published. Chalcones have not
been investigated that intensively, but they were shown to in-
teract with the NBDs of ABCB1 by Bois et al.***” Though noth-
ing definite is known for ABCG2, but due to the highly con-
served NBD structures, an analogous interaction can be as-
sumed, as for flavonoids. This is substantiated by the finding
that chalcones can interact with the ATP binding site of tyro-
sine kinases.*"*? However, more and detailed investigations
are necessary to prove the mode of interaction of these com-
pounds with ABCG2.

Conclusions

In the present work 20 new acryloylphenylcarboxamides and
six acryloylphenylcarboxylates were synthesized and investigat-
ed for their influence on ABC transporters, especially ABCG2.
Four important conclusions could be drawn by analyzing the
structure-activity relationships.

First, a 4'-methoxy substitution on ring A of the chalcone
moiety leads to an increased inhibitory activity toward ABCG2

4'-methoxy-substituted
acryloylphenylcarboxamides

3',5"-dimethoxy
on ring B 4' 5'-dimethoxy-
substituted
acryloylphenyl-
carboxamides

3',4'-dimethoxy
onring B

Figure 7. Vanadate-sensitive ATPase activity of selected acryloylphenylcarboxamides in isolated ABCG2 containing Sf9 membranes at a fixed concentration of
1 um. Data were obtained from three independent experiments and are depicted as mean & SD. Compounds 7a, 8a, 15a and 16a correspond structurally to
compounds 7, 8, 15, 16 but lack the 4-methoxy group. These compounds were synthesized previously (corresponding compound numbers in Kraege et al.:

26, 27, 33, 37).
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and was therefore characterized as beneficial structural feature.
In comparison, the 4',5-dimethoxy substitution resulted in
slightly decreased potencies of the compounds. Furthermore,
we observed only weak affinity toward ABCB1, except for com-
pounds bearing an additional methoxy group at the benza-
mide. The data indicate that most of the investigated deriva-
tives are almost exclusively selective ABCG2 inhibitors. There
was no significant difference between chalcones substituted
with 3,4- or 3,5-dimethoxy groups on ring B, as well as compa-
rable 4-methoxy-substituted acryloylphenylcarboxamides and
benzoates. As expected, an increased number of methoxy
groups led to increased ABCB1 affinity.

Second, for the substitution pattern on ring B of the chal-
cone moiety, 3,4-dimethoxy groups were confirmed as the
most efficient pattern among those investigated. While 3,5-di-
methoxy groups partially yielded a slightly increased potency
(9 versus 21 and 14 versus 23), the maximum inhibition was
less.

Third, we investigated the influence of an amide linker by re-
placing it with an ester function. The acryloylphenylcarboxy-
lates showed moderate but decreased inhibitory effects
toward ABCG2. This might be the result of lost donor-acceptor
behavior by switching nitrogen to oxygen and/or the different
preferred conformation. As before, shifting one methoxy
group to the second meta position on ring B of the chalcone
resulted in comparable ICs, values.

Fourth, we demonstrated the effect of methoxy groups on
the vanadate-sensitive ATPase activity. All investigated com-
pounds stimulated the ATPase above the level of basal activity,
but to various magnitudes. While the variation of methoxy
substitution on ring A had no relevant consequences, the ex-
change of 3,4-dimethoxy by 3,5 dimethoxy groups on ring B
resulted in a large increase in stimulation of ATPase activity
(compounds 19 and 22), actually higher than reached by quer-
cetin, a well-known substrate of ABCG2. Despite the activation
of ATPase activity, the acryloylphenylcarboxamides were found
to be inhibitors of ABCG2.

In conclusion, within this new series of acryloylphenylcar-
boxamides several highly potent and nontoxic ABCG2 inhibi-
tors were identified, showing only weak affinity toward ABCB1
and ABCC1. Compound 7 turned out to be the most active de-
rivative, containing the most important structural features for
high potency: ortho position of the amide linker, 4-methoxy
substitution on ring A, 3,4-dimethoxy groups on ring B, and an
unsubstituted phenyl ring as additional residue.

Experimental Section
Chemistry

Materials: Reagents were purchased from Acros Organics, Sigma-
Aldrich, or Alfa Aesar and were used without further purification.
For examination of reaction progress, thin-layer chromatography
(TLC) was performed. Aluminum sheets coated with silica gel
60 F,s, (Merck) and cyclohexane/ethyl acetate (2:8) as eluent was
used. Melting points were measured on a Stuart melting point ap-
paratus model SMP3 (Barloworld Scientific Limited Stone, Stafford-
shire, ST15 0SA, UK). All structures of target compounds were ap-
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proved by NMR. '"H NMR and "®C NMR spectra were processed on
a Bruker Advance 500 MHz NMR spectrometer at 500 MHz ('H) or
126 MHz ("*C), or a Bruker Advance 600 MHz ('H, 600 MHz/"C,
151 MHz) NMR spectrometer. Exclusively [DJDMSO was used as
solvent at 303 K. The chemical shifts were reported as parts per
million [ppm] relative to [DJDMSO, 'H, 6=2.54 ppm; *C, 0=
40.45 ppm. Coupling constants (J) are given in Hertz, and spin mul-
tiplicities are reported as s (singlet), d (doublet), doublet of dou-
blets (dd), triplet of doublets (td), t (triplet), doublet of triplets (dt),
g (quartet), and m (multiplet). >C NMR signals were assigned with
the aid of distortionless enhancement by polarization transfer
(DEPT) and attached proton test (APT). The purity of all target com-
pounds was determined to be >95% by elemental analyses on
a Vario EL V24 CHN elemental analyzer; all determined values were
within +0.4% of the theoretical values, if not indicated otherwise.
Spectral data of all compounds together with other physicochemi-
cal characteristics are given in the Supporting Information.

General procedure for the preparation of 1-(2-amino-4-methoxy-
phenyl)ethan-1-one. A solution of 3-methoxyaniline (21.48 mmol)
in 15 mL 1,2-dichloroethane was added to a solution of boron tri-
chloride (23.63 mmol) in dichloromethane at 0°C. Aluminum chlo-
ride (23.63 mmol) and acetonitrile (21.48 mmol) were added, and
the mixture was held at reflux at 80°C for 20 h. After completion
of the reaction, the mixture was cooled to 0°C, and 2N HCl was
added and then stirred for 30 min at 80°C. The solution was ex-
tracted with dichloromethane and the organic layer washed with
1N NaOH and brine. After drying over anhydrous MgSO,, the sol-
vent was evaporated under reduced pressure to yield the product.

1-(2-amino-4-methoxyphenyl)ethan-1-one (1). The title com-
pound was synthesized from 3-methoxyaniline and acetonitrile to
yield white crystals (39 %).

General procedure for the preparation of substituted chalcones.
Chalcones 2-6 were synthesized by Claisen-Schmitt condensation.
A mixture of selected aminoacetophenone (1 equiv) or 2'-hydroxy-
4'-methoxyacetophenone and variously substituted benzaldehyde
(1 equiv) and LiOH (7 equiv) as base catalyst in 25 mL methanol
were treated in an ultrasonic bath for 4-6 h. After the reaction was
complete the mixture was poured onto crushed ice. During the
acidification with diluted HCl precipitation of the compounds oc-
curred. The precipitate was filtered off and washed with water. The
obtained solid was recrystallized from EtOH/H,0 (1:1).

(E)-1-(2-amino-4-methoxyphenyl)-3-(3,4-dimethoxyphenyl) prop-
2-en-1-one (2). The title compound was synthesized from 1 and
3,4-dimethoxybenzaldehyde to yield a yellow solid (79 %).

(E)-1-(2-amino-4-methoxyphenyl)-3-(3,5-dimethoxyphenyl) prop-
2-en-1-one (3). The title compound was synthesized from 1 and
3,5-dimethoxybenzaldehyde to yield a yellow solid (73 %).

(E)-1-(2-amino-4,5-dimethoxyphenyl)-3-(3,4-dimethoxyphenyl)-
prop-2-en-1-one (4). The title compound was synthesized from
4',5"-dimethoxy-2'-aminoacetophenone and 3,4-dimethoxybenzal-
dehyde to yield an orange solid (50%).

(E)-3-(3,4-dimethoxyphenyl)-1-(2-hydroxy-4-methoxyphenyl)-
prop-2-en-1-one (5). The title compound was synthesized from 2'-
hydroxy-4-methoxyacetophenone and 3,4-dimethoxybenzaldehyde
to yield a yellow solid (55 %).

(E)-3-(3,5-dimethoxyphenyl)-1-(2-hydroxy-4-methoxyphenyl)-
prop-2-en-1-one (6). The title compound was synthesized from 2'-
hydroxy-4-methoxyacetophenone and 3,5-dimethoxybenzaldehyde
to yield a yellow solid (30 %).
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General procedure for the preparation of substituted acryloyl-
phenylcarboxamides and acryloylphenylcarboxylates. A solution
of selected chalcone (0.25 mmol) and substituted acid chloride
(0.25 mmol) in 15 mL tetrahydrofuran was treated with an excess
of triethylamine. The mixture was stirred overnight at room tem-
perature. After completion of the reaction the precipitated triethyl-
amine hydrochloride was filtered off and the solvent concentrated
in vacuo. The obtained oily residue was recrystallized from ethanol.

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)-
benzamide (7). The title compound was synthesized from 2 and
benzoyl chloride to yield a yellow solid (58 %).

(E)-3-chloro-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxy-
phenyl)benzamide (8). The title compound was synthesized from
2 and 3-chlorobenzoyl chloride to yield a yellow solid (35 %).

(E)-2-chloro-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxy-
phenyl)-benzamide (9). The title compound was synthesized from
2 and 2-chlorobenzoyl chloride to yield a yellow solid (33 %).

(E)-3-bromo-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxy-
phenyl)-benzamide (10). The title compound was synthesized
from 2 and 3-bromobenzoyl chloride to yield a yellow solid (49 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)-2-
methoxybenzamide (11). The title compound was synthesized
from 2 and 2-methoxybenzoyl chloride to yield a yellow solid
(42%).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)ni-
cotinamide (12). The title compound was synthesized from 2 and
nicotinoyl chloride to yield a yellow solid (27 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)pi-
colinamide (13). The title compound was synthesized from 2 and
picolinoyl chloride to yield a yellow solid (22 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)-1-
naphthamide (14). The title compound was synthesized from 2
and 1-naphthoyl chloride to yield a yellow solid (32 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)qui-
noline-3-carboxamide (15). The title compound was synthesized
from 2 and quinolone-3-carbonyl chloride to yield a yellow solid
(30%).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)th-
iophene-2-carboxamide (16). The title compound was synthesized
from 2 and thiophene-2-carbonyl chloride to yield a yellow solid
(51%).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)fur-
an-2-carboxamide (17). The title compound was synthesized from
2 and 2-furoyl chloride to yield a pale-yellow solid (46 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)th-
iazole-2-carboxamide (18). The title compound was synthesized
from 2 and thiazole-2-carbonyl chloride to yield a yellow solid
(72 %).

(E)-N-(2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)-
benzamide (19). The title compound was synthesized from 3 and
benzoyl chloride to yield a yellow solid (41 %).

(E)-N-(2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)-2-
methoxybenzamide (20). The title compound was synthesized
from 3 and 2-methoxybenzoyl chloride to yield a yellow solid
(309%).
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(E)-2-chloro-N-(2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxy-
phenyl)benzamide (21). The title compound was synthesized from
3 and 2-chlorobenzoyl chloride to yield a yellow solid (34 %).

(E)-N-(2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)th-
iophene-2-carboxamide (22). The title compound was synthesized
from 3 and thiophene-2-carbonyl chloride to yield a yellow solid
(74%).

(E)-N-(2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl)-1-
naphthamide (23). The title compound was synthesized from 3
and 1-naphthoyl chloride to yield a yellow solid (53 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-4,5-dimethoxyphe-
nyl)benzamide (24). The title compound was synthesized from 4
and benzoyl chloride to yield a yellow solid (79 %).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-4,5-dimethoxyphen-
yl)-2-methoxybenzamide (25). The title compound was synthe-
sized from 4 and 2-methoxybenzoyl chloride to yield a yellow solid
(89%).

(E)-N-(2-(3-(3,4-dimethoxyphenyl)acryloyl)-4,5-dimethoxyphe-
nyl)thiophen-2-carboxamide (26). The title compound was syn-
thesized from 4 and thiophene-2-carbonyl chloride to yield pale
orange solid (57 %).

(E)-2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl  ben-
zoate (27). The title compound was synthesized from 5 and ben-
zoylchloride to yield a yellow solid (60 %).

(E)-2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl  thio-
phene-2-carboxylate (28). The title compound was synthesized
from 5 and thiophene-2-carbonyl chloride to yield a yellow solid
(57 %).

(E)-2-(3-(3,4-dimethoxyphenyl)acryloyl)-5-methoxyphenyl 2-me-
thoxybenzoate (29). The title compound was synthesized from 5
and 2-methoxybenzoyl chloride to yield a yellow solid (53 %).

(E)-2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl  ben-
zoate (30). The title compound was synthesized from 6 and ben-
zoylchloride to yield a yellow solid (70 %).

(E)-2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl  thio-
phene-2-carboxylate (31). The title compound was synthesized
from 6 and thiophene-2-carbonyl chloride to yield a yellow solid
(62 %).

(E)-2-(3-(3,5-dimethoxyphenyl)acryloyl)-5-methoxyphenyl 2-me-
thoxybenzoate (32). The title compound was synthesized from 6
and 2-methoxybenzoyl chloride to yield a yellow solid (66 %).

Biological investigations

Chemicals: The reference compounds cyclosporine A and Ko143
were purchased from Tocris Bioscience (Bristol, UK). Calcein AM,
the non-fluorescent acetomethoxy ester derivative of calcein, was
delivered by Merck KGaA (Darmstadt, Germany). Cell culture mate-
rial was supplied by Sarstedt (Newton, USA), and all other chemi-
cals were purchased from Sigma-Aldrich (Taufkirchen, Germany)
unless otherwise specified.

Cell culture: MDCK Il BCRP and MDCK II wild-type cell lines were re-
ceived as a generous gift from Dr. A. Schinkel (The Netherlands
Cancer Institute, Amsterdam, The Netherlands). Cells were generat-
ed by transfection of the canine kidney epithelial cell line MDCK Il
with the human wild-type cDNA of ABCG2 C-terminally linked to
the cDNA of the green fluorescent protein (GFP). MDCK Il cells
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were cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS), 50 pgmL™~' streptomy-
cin, 50 UmL™" penicillin G, and 2 mm L-glutamine. The doxorubi-
cin-resistant human ovarian carcinoma cell line A2780adr was fur-
ther used for calcein AM assays. This ABCB1-overexpressing cell
line was purchased from the European collection of animal cell cul-
tures (ECACC, 93112520, UK) and cultured in RPMI-1640 medium,
supplemented with 10% FCS, 50 ugmL™" streptomycin, 50 UmL™"
penicillin G, and 2 mm L-glutamine. H69AR, the small-cell lung
cancer cell line, expressing ABCC1 (multidrug resistance-associated
protein 1) was obtained from American Type Culture Collection
(ATCC, CRL-11351). These cells were grown in RPMI-1640 medium
with 20% FCS, 50 ugmL™' streptomycin, 50 UmL™" penicillin G,
and 2 mm L-glutamine. Cell lines were incubated in a 5% CO, hu-
midified atmosphere at 37°C and harvested for sub-culturing with
0.05% trypsin and 0.02% EDTA.

Hoechst 33342 accumulation assays: To analyze the inhibitory effect
of title compounds on ABCG2, the Hoechst 33342 accumulation
assay was performed as described earlier with small modifica-
tions.”*3%3 Various dilutions of each compound were prepared in
Krebs-Hepes buffer (KHB). The highest concentrations (10 um) were
prepared from a 107>m stock solution in DMSO, methanol, and
KHB. A volume of 20 pL from each dilution was placed into black
96-well plates (Greiner, Frickenhausen, Germany). For further prep-
aration, cells were harvested after reaching a confluence of 80-
90% by gentle trypsination (0.05% trypsin/0.02% EDTA). Following
the addition of culture medium, cells were transferred into 50 mL
tubes and centrifuged (266 g, 4°C; 4 min). Obtained cell pellets
were resuspended in fresh culture medium and cells were counted
using a CASYT model TT cell counter device (Schaerfe System
GmbH, Reutlingen, Germany). After three washing steps with KHB
by centrifugation, ~30000 cells per well were placed in a volume
of 160 pL. In all assays the highest concentration of DMSO was not
>0.1% and of methanol not >4%. The plates were incubated for
30 min under 5% CO, at 37°C. Furthermore 20 uL of a 10 um
Hoechst 33342 solution (protected from light) was placed in each
well and the fluorescence was measured at constant time intervals
(60s) for a period of 120 min at an excitation wavelength of
355 nm and an emission wavelength of 460 nm at 37 °C. For mea-
surement a BMG POLARstar microplate reader (BMG Labtech, Of-
fenburg, Germany) was used. The average of fluorescence values
in the steady state (100-109 min) was calculated for all concentra-
tions. From these data concentration-response curves were gener-
ated by nonlinear regression using the three- or four-parameter lo-
gistic equation, whichever was statistically preferred (GraphPad
Prism, version 5.0, San Diego, CA, USA). From the plC,, values and
their standard deviations, ICs, values and standard deviations were
calculated according to the equation for log-normal distributed
values.">*¥

Calcein AM assays: To evaluate the compounds for their selectivity
toward ABCB1 and ABCC1 inhibition, calcein AM assays were per-
formed as described previously with minor modifications.3%32
The procedure for dilution series and preparation of cell suspen-
sion was identical to the Hoechst 33342 assay. The dilution series
were pipetted into colorless 96-well plates (Greiner, Frickenhausen,
Germany) in a volume of 20 uL. A2780adr cells for ABCB1 and
H69 AR cells for ABCC1 were then placed into the plates at a densi-
ty of ~30000 cells per well to reach a total volume of 180 pL. Fol-
lowing a 30 min pre-incubation under 5% CO, at 37°C, 20 uL of
a 3.125 um calcein AM solution (protected from light) was added
to each well. Immediately, the fluorescence was measured at con-
stant time intervals (60 s) for a period of 60 min at 37°C at an exci-
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tation wavelength of 485 nm and an emission wavelength of
520 nm. For measurement the BMG POLARstar microplate reader
(BMG Labtech, Offenburg, Germany) was used. From the plCs,
values and their standard deviations, 1Cs, values and standard devi-
ations were calculated according to the equation for log-normal
distributed values.">**

MTT assays for determining cytotoxicity: Intrinsic cytotoxicity of se-
lected compounds was analyzed by MTT colorimetric assay using
MDCK Il BCRP and MDCK Il wild-type cells.?®**] Based on mitochon-
drial dehydrogenases of viable cells MTT is reduced to purple for-
mazan, which is quantified spectrophotometrically. The assay was
performed as described previously with minor modifications. Cells
were harvested as described above and seeded into 96-well tissue-
culture treated plates (Starlab GmbH, Hamburg, Germany) at a den-
sity of ~3000 cells per well in a total volume of 180 L. The plates
were kept under 5% CO, atmosphere and 37 °C for 6 h, for attach-
ment of cells. Various concentrations of selected compounds were
prepared in culture medium. Then 20 uL of each dilution was
added to reach the final concentration in a volume of 200 pL. The
highest concentration of DMSO used in the assay was not >0.1%
and of methanol not >4%. Furthermore, two wells per row were
prepared with either 10% (v/v) DMSO (positive control) or pure
culture medium (negative control). For reducing the evaporation
of solvent during the incubation time of 72 h, phosphate-buffered
saline (PBS) was added to the interspaces of the plates. After three
days a solution of MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenylte-
trazolium bromide) in PBS (5 mgmL™") was added to each well in
a volume of 20 pL. During the incubation of 1 h, MTT is reduced to
purple formazan. The liquid was removed to stop the reaction and
the cells were lysed by adding 100 uL DMSO to each well. Absorb-
ance was measured at 570 nm and background correction at
690 nm using a Multiscan Ex microplate photometer (Thermo
Fisher Scientific, Waltham, MA, USA). The obtained data sets were
normalized, and Gls, values calculated by nonlinear regression
analysis, assuming a sigmoidal concentration-response curve with
variable Hill slope (GraphPad Prism, version 5.0, San Diego, CA,
USA).

MTT assay for determining the ability of MDR reversal: Besides the
detection of cytotoxicity, the MTT assay was also used to evaluate
the effect of inhibitors on the reversal of resistance against cyto-
toxic compounds like SN-38 (active metabolite of irinotecan). For
this purpose, the cytotoxic effect of SN-38 in the absence or pres-
ence of various concentrations of selected inhibitors was mea-
sured. MDCK Il wild-type and MDCK Il BCRP cells were seeded into
96-well tissue-culture treated plates in a total volume of 160 L
with a density of ~3000 cells per well. Subsequently plates were
incubated under 5% CO, atmosphere and 37°C for 6 h. From pre-
viously prepared dilution series of SN-38 in culture medium, 20 pL
of each concentration was added to the cell containing wells. Af-
terward 20 pL of culture medium (negative control) as well as
1 and 5 pm test compound were added to the wells containing
MDCK Il BCRP cells. Thereby was accomplished the final concentra-
tion in a total volume of 200 pL. As positive control, 20 uL of cul-
ture medium was added to the MDCK Il wild-type cells. The subse-
quent steps were performed as described above. From the plCs,
values and their standard deviations, I1Cs, values and standard devi-
ations were calculated according to the equation for log-normal
distributed values."***

ATPase assays: ATPase activity was measured as described previ-
ously with slight modifications by a sensitive colorimetric detection
of inorganic phosphate.®” The isolated Sf9 cell membranes were
obtained after three days infection with a recombinant baculovirus
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with the human wild-type ABCG2 cDNA and a cholesterol-loading
step membrane preparation, as described.">** The membrane
suspensions (10 ug of the prepared membrane protein) were incu-
bated in assay mixture containing 40 mm 3-(N-morpholino)propa-
nesulfonic acid-Tris (pH 7.0), 50 mm KCl, 2mm dithiothreitol,
0.5 mm EGTA-Tris (pH 7.0), 5 mm sodium azide, 1T mm ouabain. The
test compounds were added in DMSO. The final DMSO concentra-
tion was < 1%, and had no effect on ATPase activity. The reaction
was started by adding 10 pL of 50 mm Mg-ATP. The incubation
time was 20 min at 37 °C. After stopping the reaction by addition
of 5% sodium dodecyl sulfate (SDS), the samples were supple-
mented with the Pi reagent (containing 2.5m H,SO,, 1% ammoni-
um molybdate, 0.014% antimony potassium tartrate), 20% acetic
acid and 1% freshly prepared ascorbic acid. The optical density
was measured at a wavelength of 880 nm. The calibration line was
determined with K,HPO, and was used for determination the
amount of phosphate from the absorbance values.

Molecular modeling

Molecular modeling was performed with MOE 2014.09."” The com-
pounds were built and energy minimized using the MMFF94x
force field. Then a conformational search was performed by apply-
ing the low-mode MD algorithm with standard settings. The low-
mode MD search algorithm generates conformations using a short
~1 ps run of molecular dynamics at constant temperature (300 K)
followed by an all-atom energy minimization. Initially intended for
large, possibly disconnected, and complex structures like macrocy-
cles and protein loops, the method is also very efficient for de-
tailed small-molecule analysis. The key to the efficiency of the
method lies in the specification of the initial MD velocities: random
kinetic energy is given mainly on the low-frequency vibrational
modes of the molecular system causing rapid and more realistic
conformational transitions. The resulting conformations are saved
to the output database provided they meet the energetic and geo-
metric criteria. Ten conformations with lowest energy were visually
inspected and found to be very similar in shape in both cases.
Therefore, the conformations with lowest energy were selected
and superimposed. For comparison a flexible alignment of both
compounds (7 and 27) was performed and the potential energies
calculated.

Notes

This manuscript was written through contributions of all authors.
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