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Abstract

A good balance between hydrophilicity and lipogtitli is a prerequisite for all bioactive
compounds. If the hydrophilicity of a compoundasv] its solubility in water will be meager.
Many drug development failures have been attributegpoor aqueous solubility. ABCG2
inhibitors are especially prone to be insolublesithey have to address the extremely large
and hydrophobic multidrug binding site in ABCG2.rHostance, our previous, tariquidar-
related ABCG2 inhibitor UR-MB108L§ showed high potency (79 nM), but very low aqueous
solubility (78 nM). To discover novel potent ABC@#hibitors with improved solubility we
pursued a fragment-based approach. Substructuréswafre optimized and the fragments
‘enlarged’ to obtain inhibitors, supported by mallec docking studies. Synthesis was
achieved, i.a., via Sonogashira coupling, click nois¢ry and amide coupling. A kinetic
solubility assay revealed thatand most novel inhibitors did not precipitate dgrihe short
time period of the applied biological assays. Tbhilslity of the compounds in aqueous
media at equilibrium was investigated in a thermmagic solubility assay, where
UR-Ant116 40), UR-Ant121 41), UR-Ant131 48) and UR-Ant132 49) excelled with
solubilities between 1 pM and 1.5 uM — an up tofdl@-improvement compared t.
Moreover, these novell-phenyl-chromone-2-carboxamides inhibited ABCG2aitHoechst
33342 transport assay with potencies in the lowe#digit nanomolar range, reversed MDR
in cancer cells, were non-toxic and proved stablblood plasma. All properties make them
attractive candidates for in vitro assays requitimgg-term incubation and in vivo studies,
both needing sufficient solubility at equilibriudl and49 were highly ABCG2-selective, a
precondition for developing PET tracers. The tripfCB1/C1/G2 inhibitor40 qualifies for
potential therapeutic applications, given the caoteckrole of the three transporter subtypes at
many tissue barriers, e.g. the BBB.
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1 Introduction

Water solubility of a compound is indispensable itsr biological activity: undissolved, a
molecule cannot reach its target. This is a sinfgude however often undervalued. There is a
general tendency in drug discovery towards largelgrophilic molecules — such compounds
are more likely to be identified as ‘hits’ in highroughput screenings (in which the
compounds are added ‘pre-dissolved’ in DMSO) [1&t]d during the optimization of the
‘hits’ often additional lipophilic substituents aegtached [3]. The dilemma is that higher
lipophilicity is strongly connected with increasedvitro activity [2,4], because hydrophobic
interactions are the dominant driving forces in Kmmmlecule ligand-protein binding
processes [5,6]. Frequently, drug discovery stratelpad to a substance with high activity
and selectivity but very poor aqueous solubility?]1

This phenomenon causes immense problems, becauseusqsolubility plays an essential
role in virtually every phase of the discovery atelelopment of pharmacological tools and
drugs [3,7]. It already begins in the purificatiprocess, where RP-HPLC is commonly the
method of choice, for which the substance need®etdissolved in a water-containing eluent.
In biological in vitro studies, low solubility leado erratic and erroneous assay results [3]. If
precipitation occurs before the compound can ratcharget, the actual concentration is
lower than intended and the substance appearsatds® [3,8]. Hence, structure-activity
relationship analyses are compromised [9] andaffdt activities may become undetectable
[3]. In vivo, after oral administration, poor watalubility results in inadequate resorption [1-
3,8,10]. Self-evidently, the compound needs to issalved in the aqueous gastrointestinal
fluids in order to cross the intestinal membrarsas] the flux (passive diffusion) is directly
proportional to the concentration gradient of tigerd between the intestinal lumen and the
blood [1]. Poorly soluble compounds are particylaslisceptible to food effects (on drug
absorption) and often special excipients are requiwhich can impair the results of in vivo
studies [3]. Not only oral drug forms, but also graeral formulations depend heavily on
sufficient aqueous solubility, water being the soltvof choice for intravenous administration
[10]. Furthermore, in organisms, poorly solublegirumay precipitate at high concentrations
and cause adverse effects such as phlebitis [BEKe together, sufficient agueous solubility
is of major importance for both drugs and pharmagichl tools and low solubility of drug

candidates has been the cause of numerous faitudesg development [12].



When addressing solubility problems, formulatiooht@logy can help, but this approach is
expensive and there is no guarantee of succes®[1Tderefore, the primary strategy should
be to improve solubility by adequate alterationstied chemical structure of the molecule
[2,9,13]. Such structural changes fall into thre¢egories: they aim either at (I) decreasing
the crystal packing energy, e.g. by disrupting atagy, [2,7,13-15] (Il) increasing the
solvation energy, for example by attaching polaiamizable groups [2,7,13,15] or at (llI)
reducing the cavitation energy [16] — requireddmf a cavity in the water structure in order
to host the solute molecule, which results in acoomtant decrease in entropy — for instance
by reducing the size of the molecule [2,15]. Whetlieese structural changes actually
enhance the solubility is hard to predict, also nvhmesilico methods are applied [2]. In 1997,
Lipinski et al. published their seminal article dme well-known ‘rule of five’ (Ro5) [1].
Using a library of drugs with ‘good’ resorption perties (i.e. drugs that passed clinical Phase
Il selection), the group identified four calculalparameters to estimate resorption by free
diffusion, a process which is dependent on sufficgolubility and permeability. The authors
concluded that resorption problems are more likelgccur, when there are more than five H-
bond donors, ten H-bond acceptors, the moleculaghvéMWT) is higher than 500 Da and
the calculated logP (clogP) is higher than fivd Yalues are five or multiples thereof) [1].
Since then, a couple of drugs that violate one orenRo5 — Ro5-outliers — have emerged
(e.g. the anticancer drug Navitoclax [17]), but thatom line of articles on the subject is
mostly the same: the development of ‘beyond-Robigdris feasible and for some targets
necessary, but extremely difficult, and there Bgh probability of failure [18-20]. Therefore,
medicinal chemists are well-advised to take the Rtd consideration when designing novel
chemical entities.

Ultimately, with the designed compound in handubgity can be assessed experimentally to
find out if the solubility-optimization process wasccessful. Usually a distinction is made
between the kinetic and the thermodynamic (equuibj solubility of a compound (c.f.
section 2.4). What levels of equilibrium solubildye required for pharmacological tools and
drugs is debated, but a range between 1 uM to Omiayl be considered as a drug solubility
window [21]. As a rule of thumb, the solubility afcompound should be at least three times
its 1Csp value [22].

The target we address in this study — ABCG2 — member of the ATP-binding cassette
(ABC) transporter superfamily [23]. It functions @ exporter and is predominantly
expressed in the plasma membrane [24]. InhibitdrABCG2 have been developed as

pharmacological tools to study the patho(physiaalirole of this transporter and as a means



to overcome the blood-brain barrier (BBB) [25] oultidrug resistance (MDR) in cancer
[26]. During the development of ABCG2 inhibitorsetlfiocus has been on optimizing their
potency and selectivity. In a few cases [27,28pr&S have been made to improve some of
their drug-like (i.e. ADME-Tox) properties, mainig increase their stability or decrease their
toxicity. But their physicochemical properties, esially their water solubility, have been
neglected so far. Aqueous solubility has not be@arameter much taken into consideration
and up to now no solubility-driven optimization ABCG2 inhibitors has been reported. The
outcome is that most ABCG2 inhibitors describedfesoare relatively large and lipophilic
molecules. Increasing the aqueous solubility of AZCinhibitors is a great challenge,
because ABCG2, much more than many other targetgjires ligands that show high
lipophilicity and size. In contrast to ligands ofembrane-spanning receptors, an ABCG2
inhibitor must permeate through the cell membrameaetach its target, i.e. the multidrug
binding site, which was recently identified by ciyM studies [29,30]. Moreover, as revealed
in the aforementioned structural studies, the Ipigdiite is comparatively large and markedly

hydrophobic.
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Figure 1. Our previous tariquidar-related ABCG2 inhibitors {4B108 (1) and UR-MB19 2) and rationale of our
fragment-based approach: deconstructio® tof the fragment8 and4.

Previously we reported on tariquidar-related trlagqsuch as UR-MB108L); Figure 1) as
selective and stable inhibitors of ABCG2 [28]. Initdr 1 acted as a potent and effective
ABCG?2 transport and ATPase inhibitor. Accordingtyappeared to stay in solution at least
for the short time span of the transport and ATResay. Unfortunately — preempting one
result of the present study — the equilibrium sibiiybof inhibitor 1 was as low as 78 nM,
neither reaching the level of at least 1 uM memabove, nor fulfilling the rule of thumb,
the IGo value ofl also being around 80 nM. In the present studyseteout to design and

prepare potent and stable ABCG2 inhibitors with iowed equilibrium water solubility,



using our previous inhibitord (and UR-MB19 2); Figure 1) as a starting point. To this end,
we pursued a fragment-based approach, which wedsyed suitable for our predicament
because of the following reasons: high-affinityalgls that are small have been shown to bind
with favorable enthalpy, dominated by optimal pafgeractions [31,32], whereas for larger
ligands entropy changes become increasingly impo(t@ming mainly from the desolvation;
water molecules from the solvation shell are reddaend join bulk water) [31,32]. Therefore,
ligands optimized in a fragment-based approachnaoee likely to be relatively low in
hydrophobicity and small in size [31,32]. Moreovdragments are easier to prepare
synthetically, so this strategy is also time-savifggure 1 shows the rationale of our
fragment-based approach: compouhdvas ‘deconstructed’ to the fragmer8sand 4 for
analysis and optimization. When ‘enlarging’ the nieagments to obtain potent and soluble
inhibitors, we took advantage of the recently pghedd cryo-EM structure of ABCG2 in
complex with inhibitors [29], too, and used molesutiocking studies to optimize protein-
ligand interactions. In addition, we consideredihgki's Ro5 when designing our novel
inhibitors. Furthermore, we established thermodyinaand kinetic solubility assays suitable

for analyzing compounds in the comparatively lowbiity range of ABCG2 inhibitors.

2 Results and Discussion

2.1 Design and Synthesis

We designed fragmedtin a way that it contains a more readily accessdster moiety (like

in 2), instead of a more stable ketone function (ak),rbecause stability was not an issue in
case of the fragments; they merely served as angtguoint for structural optimizations and
‘enlarging’ or merging/linking with other fragments obtain potent inhibitors [33]. The
introduction of a ketone group only gave very lowelgs, whereas the building block
comprising the ester was commercially available.

The synthesis of the fragmerg@snd4 is shown inScheme 1 Compound was prepared in a
copper-catalyzed azide-alkyne cycloaddition (CuAA®glonging to a set of synthetic
procedures termed ‘click’ reactions due to theinvanience, versatility and achievement of
high yields [34]. The azide for the ‘click’ reaatiavas synthesized according to our previous
report [28]. 1-(2-bromoethyl)-4-nitrobenzenB) (was treated with 6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline@) in an N-alkylation reaction to give compouid then the nitro
group was hydrogenated to an amine group (yiel@)rand converted to an azide, resulting in
compound9, which was introduced into a ‘click’ reaction wigihenylacetylenel(Q). In this
variant of the CUAAC we used the polytriazole TB&#&a copper(l)-stabilizing ligand.



Fragment 4 was synthesized by amide bond formation from nletByamino-4-
bromobenzoatel(l) and quinoline-2-carboxylic acid, using TBTU asceupling reagent.
Compoundll is a building block of our previous inhibit@ and was therefore abundantly
available in our laboratory. In pursuit of convenjefast and economic procedures, we used
11 for synthesizing compoundi(and further fragments), which is the reason ier presence

of bromine in the respective substructure.
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Scheme 1(A) Synthesis of fragmer® Reagents and conditions: (a)G0s;, MeCN, 130 °C (microwave), 70 min, 62%; (b)
Pd/C, H (10 bar), EtOH, rt, overnight, 71%; (c) (I) Nab@ M HCI aqg, 0 °C, 1 h; (Il) Naj 0 °C - rt, 2 h; 92%; (d)
CuSQ, sodium ascorbate, TBTA, CHCIreflux, 1 d, 66%.B) Synthesis of the fragments and 12-28 Reagents and
conditions: (a) respective carboxylic acid, TBRTUPEBA, DMF, 80 °C (microwave), 30 min; or respectiarboxylic acid
chloride (carboxylic acid, SOglpyridine, toluene, reflux, 2 h), DIPEA, DCM, 0 °@ernight; 3-78%; (b) HSIG| DIPEA,
DCM, 0 °C- rt, overnight, 13-30%.

Based on the inhibitory potency and efficacy of tiwe fragments3 and4, fragment4 was
selected for further optimization and study. Welaeed the quinoline moiety by 17 different
groups, Yyielding the novel fragmeni2-28 (Scheme 1B. Our strategy for designing the
fragment library derived from compouddwas as follows: we performed structural changes
aiming at improved solubility and/or we introducgdabstructures known to confer inhibitory

potency at ABCG2. In order to gain structural imi@tion, we performed an X-ray analysis of



a crystal of4 (Figure 2). This showed that the molecule was present ilatacbnformation
and that there was a hydrogen bond between the estbonyl oxygen and the amide
hydrogen. The quinoline nitrogen faced the amiddrdgen, probably due to dipole-dipole
interaction. As a trend, the higher the planatigy morer-n stacking is possible, contributing
to crystal lattice stability [4]. The solubility nabe increased by disrupting planarity, thus
decreasing the crystal lattice energy. We impleeghis idea by substituting the quinoline
nitrogen by a carbonl@) (in the hope of decreasing the dipole-dipole retdons with the
amide hydrogen, thereby allowing rotation), by @asing the fraction of &ybridized
carbon 13, 14) and by omitting one aromatic rin@5). Destabilizing the crystal lattice is a
useful approach, when high lipophilicity is requirdgy targets such as ABCG2. We also made
efforts to decrease the logP value by introduciol@mpgroups (substituting one aromatic ring)
(16-23) or by substituting the quinoline nitrogen by ogpg(more electronegative), hence
increasing polarityd4-26). Fragmentd8 and19 bear methoxy groups, which are present in
many known ABCG2 inhibitors [35-39], and compoidcontains a nitro group, also found
in a number of ABCG2 inhibitors [40,41]. Furtherraprchromone is a very prominent
substructure of numerous ABCG2 inhibitors repoifg2t44] and is a structural element of
the fragment27 and28.

Figure 2. Structure of compound] determined by X-ray analysis.

Like their precursod, the fragmentsl2-21 and 24-28 were synthesized froril and the
respective carboxylic acid by amide bond format{®theme 1B. The carboxylic acids
employed were all commercially available, excem torresponding acid for fragmei3.
The acid was synthesized according to literatutg. Bl6,7,8-Tetrahydroquinoline was oxidized
at the nitrogen witt8-chlorobenzoperoxoic acid, yielding 5,6,7,8-teyddoquinoline 1-oxide
(29), then treated withrimethylsilyl cyanide and dimethylcarbamoyl chiigito form 5,6,7,8-
tetrahydroquinoline-2-carbonitrile3Q) and afterwards hydrolyzed with hydrochloric adwl

5,6,7,8-tetrahydroquinoline-2-carboxylic acgil). The fragment22 and23 were obtained by



reduction of the nitro group in compoufd to an amino group (iB82) and a hydroxyl amino
group (in23), using trichlorosilane.

According to the biological results of the noveldments, we chose compou?ig containing

a chromone moiety, for further optimization andcdeating’, yielding a chromone-based
series of inhibitors (comprising two subseéfsheme 2 Aiming at increased solubility, we
introduced solubilizing groups such as basic, acaid hydroxyl moieties.

In a first chromone subset, we introduced soluinigjzgroups via ‘click’ chemistry in meta-
position to the amide moiety (replacing the bromir@alogous to our previous inhibitdks
and 2, which bear a triazole ring in an equivalent gosit For this purpose, we converted
protonatable 2-morpholinoethyl chlorid82] and 2-pyrrolidoethyl chloride3@) into the
corresponding azides34 and 35) (Scheme 2A. Besides, we employed the azi@leand
commercially available azides containing a hydrayyup or a carboxylic acid. For stability
reasons, we also substituted the ester moiety kgtane. The latter was synthesized by
acylating 3-ethynylaniline 36) in ortho-position to the amine group in a variait the
Sugasawa reaction, using GaGls a Lewis acid (formin@7). Then the chromone-2-
carboxylic acid was introduced by amide bond foramgtgiving compound8, which was
treated with the respective azide in a ‘click’ méat to form the inhibitor39-43 (Scheme
2B).

We performed molecular docking experiments witlyfn@nt27, using the recently published
cryo-EM structure of ABCG2 in complex with inhibito (see section 2.2). Based on these
experiments, we created a second chromone sulpsethich we introduced solubilizing
groups (also via ‘click’) in ortho-position to trEmide moiety, substituting the ester group,
and a methyl group meta to the amide group (suwitisigf the bromine). The synthesis started
from 2-iodo-5-methylaniline 44), which was coupled with trimethylsilysacetylene &
Sonogashira reaction (yielding the alky#®, deprotected with potassium carbonatet®p
treated with chromone-2-carboxylic acid to form #mide47 and then submitted to CUAAC

with the respective azide, resulting in the inlols®48-50 (Scheme 2.
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Scheme 2(A) Synthesis of the azide building block4 and35. Reagents and conditions: Nali,O, 130 °C (microwave),
1h, 21-29%.(B+C) Synthesis of the inhibitor89-43 (B) and 4850 (C), bearing a chromone moiety. Reagents and
conditions: (a) (I) propionitrile, Bg| CHCL, 0 °C; (Il) GaC}, 0 °C, 10 min- rt — reflux, overnight; (Ill) 2 M HCl aq, 0 °C

— 70 °C, 2 h; 14%; (b) 4-oxoHtchromene-2-carboxylic acid, TBTU, DIPEA, DMF, 80 f@icrowave), 30 min, 30-57%;
(c) respective azide, CugOsodium ascorbate, TBTA, CHCIlreflux, 2-3d, 14-84%; (d) trimethylsilylacetylen
Pd(PPR),Cl,, Cul, NEg, THF, rt, 90 min, 91%; (e) §COs;, MeOH, rt, 2 h, 75%.

In addition to the compounds derived from fragn&ftwe prepared a second serigsl{eme

3), in which we merged fragments showing activityigr to their precurso, with fragment

3. By analogy with our previous inhibitdr, we also replaced the ester moiety by a ketone
group in order to provide for chemical stabilityhi§ series was synthesized from compound
37, which was treated with the corresponding carhoxatids to form the amidésl-58 and
then introduced into a ‘click’ reaction with theide 9, yielding the inhibitor$9-64, 66 and

58. Compound65 could not be synthesized in this way — the CuA&letl — so65 was
formed by treating37 with 9 under ‘click’ conditions first (resulting ir69) and then
introducing the corresponding carboxylic acid tonfiahe amide bond. By analogy with the
corresponding fragmer22, compound67 was synthesized fror6 by reducing the nitro

group with ammonium formate, using palladium onrcbal as a catalyst.
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Scheme 3.Synthesis of the inhibitors3-68. Reagents and conditions: (a) corresponding catizoagid, TBTU, DIPEA,
DMF, 80 °C (microwave), 30 min; or correspondingbocaylic acid chloride (carboxylic acid, SOLIpyridine, toluene,
reflux, 2 h), DIPEA, DCM, 0 °C, overnight; 5-86% (RuSQ, sodium ascorbate, TBTA, CHCbr THF or DMSO/2-
propanol, reflux, 1-3 d, 12-53%; (c) ammonium fotepdd/C, THF/MeOH, reflux, overnight, 52%.

2.2 Molecular Docking

We performed molecular (induced-fit) docking expents with our most potent fragmeiit
(seeTable 1), using the recently reported cryo-EM structurehaf ABCG2 transporter (PDB
ID: 5NJ3 [30]). Based on our calculations, the nstbable binding site is located between
the two ABCG2 monomers in the center of the tramsbrane domainRigure 3A), which is
in agreement with a cryo-EM structure of ABCG2 anplex with small molecule inhibitors
[29]. Within this cavity, the carbonyl oxygen inettester moiety o7 formed a hydrogen
bond with N436 of the first monomer, and the chramaing structure establishedn
contacts with the phenyl ring of F439 belongingthe second monomerFigure 3B).
Noteworthily, one molecule of compou@d bound to both ABCG2 monomers and connected
them with each other (as did our much larger previmhibitor UR-MB136 in the cryo-EM
structure [29]). In contrast, two molecules of MZ280 rather a small inhibitor, proved [29]
to bind to the ABCG2 transporter. Fragmét served as a starting point for structural
optimization. Retaining th&l-phenyl-chromone-2-carboxamide scaffold, we vabeth, the
nature and the position of the substituents atcdrgral phenyl ring. Thereby we considered
stability as well as solubility aspects, e.g. bybdiiuting the labile ester moiety and
introducing polar groups such as heterocycles amttolyl groups. Guided by a low XP
Gscore, visual inspection of the binding poses amgdthetic feasibility, we selected
compound48 (Figure 3C) for synthesis and characterization. Compou#@sand 50 were
10



derived from48. Compound48 seemed favorable because it showed interactiongasito
those of27, which had already been proven very potent inbilbbéogical assays: there was a
hydrogen bond between the triazole ring and N4Bst (honomer) ana-n stacking between
the chromone ring and the phenyl ring of F439 (sdamonomer). We chose a methyl group
in para position to the triazole ring to optimatigcupy the hydrophobic pocket formed by
F431, F432 and two other residues not depictetierfigure (M549 and L555). The position
of the triazole ring was chosen not only becauséheffavorable hydrogen bond, but also
because the rather spacious morpholine ring, whichttached to the triazole ring via an
ethylene linker, is directed towards the wide,anéllular part of the pore between the two

ABCG2 monomers.

A

Figure 3. Binding poses 027 and48 obtained from induced-fit docking to the ABCG2 spaorter.(A) Ribbon illustration
of the ABCG2 homodimer, with individual G2 monomewdored blue and yellow. Bound ligan2i7(and48) molecules are
colored orange and violet, respectivglB+C) Specific interactions betwee2v (B) or 48 (C) and ABCG2 residues within
the binding pocket are highlighted: the respectesidues are labelled, hydrogen bonds are indicasegellow, andt-n
stacking as green, dashed lines.

2.3 Biological Characterization
2.3.1 Inhibition of the ABCG2, ABCB1 and ABCCL1 Transport Activity

In order to investigate an inhibition of ABCG2-maitid transport activity by our compounds,

we performed a Hoechst 33342 microplate assaygusiBCG2-expressing MCF-7/Topo

11



cells. Hoechst 33342 is a substrate of ABCG2, whictumulates in the cells upon ABCG2
inhibition and can be detected fluorometricallyt¢afDNA-intercalation). In addition, we
analyzed the effect on the transport activity of G and ABCC1 in a calcein-AM
microplate assay, using KB-V1 and MDCK.2-MRP1 celespectively. By analogy with the
Hoechst 33342 assay, the accumulation of the dBCBL/C1 substrate calcein-AM is
determined by measuring the fluorescence aftemadetiular cleavage to calcein, which
fluoresces in complex with €&ions.

The fragments3 and 4, representing partial structures of our previcasiquidar-related
ABCG?2 inhibitors ( and2), showed distinct behavior in the Hoechst 3334&awnsWhereas
compound3 was only 41% effective, fragmendtwas as effective ak and2, namely 86%,
and showed a moderate siCvalue of 1.9 uM Figure 4A and Table 1). Therefore, we
considered4 as a starting point for optimization. The novehgments derived frond
(compounds12-28), in which the quinoline moiety was replaced b¥yest groups, were
analyzed for inhibition of ABCG2, ABCB1 and ABCCfiaconcentration of 10 puMri{gure
4B-D). The highest signal in the Hoechst 33342 assdkisitconcentration was detected in
the case of the chromone-bearing fragn&htWhen analyzed in a concentration-dependent
manner in the Hoechst 33342 assagproved to be as potent as inhibifo(Figure 4A and
Table 1). This is astonishing in so far, as it is a variahonly a part of compountt it has a
much lower MWT thari, hence a much higher ligand efficiency [46]. There, we prepared
a series of ABCG2 inhibitors derived froBY (chromone series, compoung8-43 and48-
50). Fragmentd.2, 16, 18, 19, 20, 22 and25 inhibited ABCG2 to the same extent as fragment
4 (at 10 uM), namely by more than 50%. These fragmes well ad 3, 14 and21, were
selected as a basis for our second series of AB@GIBRitors (compound89-68). Fragments
13, 14 and21, although they inhibited ABCG2 by less than 50%1@&u M), were considered
interesting: the inhibitors derived frot3 and 14 were likely to show higher solubilities
(increase in the fraction of $pybridized carbon, disrupting planarity) agd bears a nitro
group, reportedly conferring activity at ABCG2, whiwe hoped would influence larger
molecules more than the fragments. Fragr2@ntiffering from27 only in the position of the
carboxamido substituent at the chromone moietyeiiout to be instable in aqueous solution
(data not shown), which is most probably the rea®onts inactivity. All fragments were
selective towards ABCG2. They did not show inhdotof ABCB1 and ABCC1 at 10 uM.

12
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Figure 4. (A, B) Inhibition of ABCG2-mediated Hoechst 33342 effluxNtCF-7/Topo cells (A) by our previous tariquidar-
related inhibitorl, the two substructurés and4 and the novel fragmer®7 (derived fromd4) in a concentration-dependent
manner as well as (B) by compourtland12-28 at a concentration of 10 uM. The inhibition is eegsed relative to the
maximal effect in the presence of 10 uM FTC set@6%. (C, D) Inhibition of ABCB1 (C) and ABCC1 (D) -mediated
calcein-AM efflux in KB-V1 (C) and MDCK.2-MRP1 (D) s by the fragmentd and12-28 at a concentration of 10 uM.
The inhibition is expressed relative to the maxiefééct in the presence of 10 uM tariquidar (C) 8aduM reversan (D) set
to 100%. Presented are mean values + SEM fronast teree independent experiments, each performiiplicate.

The results of the transport assays for two sexfdshibitors are depicted iRkigure 5 and
Figure 6, showing exemplary concentration-response cuevas.are summarized Fable 1
The introduction of polar groups into the structwe?27 via ‘click’ chemistry and the
substitution of the methoxycarbonyl moiety by apgonyl group yielded the first subset
(compounds39-43) of a chromone series. CompouB€, which contains a 6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline moiety connectethtriazole ring with a phenylethyl linker
(analogous tdl and 2), was only 65% effective. The comparison with freamt 27 (91%
effective), as well as solubility considerationaggested the introduction of much smaller
moieties. Therefore, we conceived structures withy an ethylene or methylene linker
between a polar group and the triazole ring. ComdoUWR-Ant116 40), containing a
morpholine ring, proved to be very effective (95%6)d potent, showing an 4g¢value of
312 nM Figure 5). Compound UR-Ant12141), bearing a pyrrolidine ring, was even a bit
more potent (I value of 158 nM), but less effective (70%)dure 5). The introduction of a
hydroxyl group (compound?) decreased potency to ans¢Gralue above 1 pM. When a
carboxylic acid (compoundi3) was introduced, the ability to inhibit ABCG2 walsolished. It
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is very probable that the acid moiety, which ondhe hand should increase solubility, on the

other hand prevents the compound from enteringéenembrane.
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Figure 5. Concentration-dependent inhibition of ABCG2-mediattmbchst 33342 efflux in MCF-7/Topo cells by (A) the
chromones40, 41, 48 and49 as well as (B) the compounég, 63, 66 and67. The inhibition is expressed relative to the
maximal effect in the presence of 10 uM FTC set0%. Presented are mean values + SEM from attleest independent
experiments, each performed in triplicate.

With respect to selectivity, the first subset aé #thromone series showed interesting results.
Compound39 was selective for ABCG2. The smaller compoud@sg!3, though structurally
extremely similar, behaved very differently. Whexed, bearing a pyrrolidine ring, was
selective for ABCG2, compoundl, differing from41 in the morpholine ring, was a triple
ABCG2, ABCB1 and ABCG2 inhibitor Higure 6). These two compounds could have
different applications. For pharmacological toaestivity is usually a necessity. For some
clinical uses, however, inhibition of the threensporter subtypes may be advantageous.
Especially ABCG2 and ABCB1 often have a concertifdce Their expression overlaps at
many physiological barriers (e.g. the GBB and tlBBB they share a number of clinically
relevant substrates (such as topotecan), and aofosction of one of these transporter
subtypes can be compensated by an increase imusédn of the respective other subtype
[47,48]. Therefore a dual ABCB1/ABCG2 inhibitor maye necessary to overcome
physiological barriers and MDR. Compourd@ showed low inhibition of ABCB1 and
ABCC1. 43 was not only inactive at ABCG2, but also at ABC&id ABCCL1. This is in

agreement with the assumption that the acid icapable of penetrating the cell membrane.
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Figure 6. Concentration-dependent inhibition of ABCG2-mediatédechst 33342 efflux in MCF-7/Topo cells and of
ABCB1 and ABCC1 -mediated calcein-AM efflux in KB-V1 aMDCK.2-MRP1 cells, respectively, by compou#d The
inhibition is expressed relative to the maximakeffin the presence of 10 uM FTC, 10 pM tariquidad 80 pM reversan,
respectively, all set to 100%. Presented are malres + SEM from at least three independent exgaris) each performed

in triplicate.

The second subset (compoud@s50) of the chromone series features different suligin at
the central phenyl ring and results from moleculicking studies with fragmen27.
Compounds UR-Ant1314@), containing a morpholine ring, and UR-Ant1329) with a
poyrrolidine ring were highly effective (over 100%nd highly potent in the Hoechst 33342
assay (IG values of 188 nM for8 and 109 nM for49) (Figure 5); as was compoun80
(bearing a hydroxyl group), though a bit less santthe other two inhibitors {3 91%, 1Go
447 nM). Also these three compounds showed difteselectivities. Contrary td9 and50,
which were specific ABCG2 inhibitors, compoud8 also inhibited ABCB1 and ABCC1,
though only to a small extent (13% and 22%, respalg). It seems as if a morpholine ring
can confer inhibitory potency at ABCB1 and ABCCihce we observed the same effect —

much more pronounced — in case of compotmd
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Table 1. Inhibitory effects of our previous, tariquidaratgdd inhibitorsl and2, the two substructurésand4 and the novel
fragment27 (derived fromd), as well as of the novel inhibito89-43, 48-50 and59-68 on the transport activity of ABCG2,
ABCB1 and ABCC1.

N=N N=N
N - \N\Q\/\N
Q
/\’(Q/'\/ NS O— \
O HN._O " "\EN HN_O o} HN_\fO
0O o aryl
O (@]
39-43 48-50 59-68

ABCG2 ABCB1° ABCCI°
Compound ICso[MMI®  Iax[%]*C 1Cso [NM]° lmax [%]"" 1Cs0[NM]° e [ %]
1 (UR-MB108J' 795 91+2 inactive - inactive -
2 (UR-MB19Y’ 617 + 179 90+3 inactive - inactive -
3 (UR-Ant74) 3606 + 271 41+5 inactive - inactive -
4 (UR-Ant31) 1918 +482 86+5 inactive - inactive -
27 (UR-ANt56) 140+ 14 91+3 inactive - inactive -
39 (UR-Ant71) 80+25 65+4 inactive - inactive -
40 (UR-Ant116) 312+ 14 95+2 1342 £176 92+3 2@7863 66 +2
41 (UR-Ant121) 158 + 22 70+4 inactive - inactive -
42 (UR-Ant127) >1102 >71 > 2285 > 47 >1963 >33
43 (UR-Ant122) inactive - inactive - inactive -
48 (UR-Ant131) 188 +21 108 +3 > 1601 >13 > 1469 >22
49 (UR-Ant132) 109+ 6 103 +4 inactive - inactive -
50 (UR-Ant133) 447 + 27 91+4 inactive - inactive -
59 (UR-Ant124) 249 + 20 702 inactive - inactive -
60 (UR-Ant115) 180 + 15 63+3 inactive - inactive -
61 (UR-ANt110) 166 + 24 81+6 >997% > 19 inactive -
62 (UR-ANt68) 116 +9 95+2 inactive - inactive -
63 (UR-Ant105) 322+ 32 92+2 inactive - inactive -
64 (UR-ANt108) 116 + 21 68+5 > 277% > 13 inactive -
65 (UR-Ant112) 328 + 48 75+1 > 18450 > 14 inactive -
66 (UR-Ant111) 707 91+2 inactive - inactive -
67 (UR-Ant113) 82+10 75+ 3 inactive - inactive -
68 (UR-AnNt62) 120+ 8 78+1 inactive - inactive -

& Hoechst 33342 microplate assay, using ABCG2-exprgddiCF-7/Topo cells.

P Calcein-AM microplate assay, usiA@CB1-expressing KB-V1 cells.

¢ Calcein-AM microplate assay, using ABCC1-expressingQ¥[2-MRP1 cells.

9 Mean values + SEM from at least three indepeneeperiments, each performed in triplicate.

¢ Maximal inhibitory effect () relative to the response to FTC at a concentratidi® pM (100%).

f Maximal inhibitory effect (},) relative to the response to tariquidar at a cotraéion of 10 pM (100%).

9 Maximal inhibitory effect (l..,) relative to the response to reversan at a coratéat of 30 UM (100%).

_h Data taken from our previous study [28].

" Inactive: responsg 10% up to a concentration of 100 pM.

I No plateau was reached at the kinetic solubilitjtl(3 pM); minimum 1G, values and,l. values were stated.
K No plateau was reached up to a concentration @{\@; minimum |G, values and,l,x values were stated.
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The second series (compourk#s68) originating from the fragment screening, are agslof
compound 1, the quinoline group being substituted with arybieties that compared
favorably in the fragment analysis. They all show@g) values in the two- to low three-digit
nM range. The most effective substances from thiges, with an jax value of over 90%,
were compound62, with a 2-chloropyridine moiety, compound, containing a 2-
methoxypyridine group, and compoulé, featuring 2-nitropyridine, which was the most
potent substance of this series with gg Malue of 70 nM Figure 5). Compound6l,
comprising a 2-methylpyridine moiety, was with 8ty a little less effective. Compounds
59, 60, 64, 65, 67 and68 showed efficacies somewhat below 80%. Compdaifydvith a 2-
aminopyridine group, was the most potent amondatter substances, showing arsd@alue

of 82 nM (and anax value of 75%) Figure 5). All members of this series were highly
selective for ABCG2, except for compourils 64 and65. The latter also inhibited ABCB1,
but only by less than 20% and only at very highcemtrations (100 uM). They showed a
clear preference for ABCG2 and thus are rathecte&

2.3.2 Cytotoxicity and Reversal of Drug Resistance

The cytotoxicity and the ability to reverse theistsce of MCF-7/Topo cells toward the
cytostatic drug topotecan was investigated exenfplara kinetic chemosensitivity assay for
the inhibitors40 and 48 as representatives of the two subsets of the amenseries and
compound63, a member of the second series. As showRiguire 7, against MCF-7/Topo
cells, compound!O was nontoxic up to a concentration of 1 uM andilatéd a cytotoxic
effect only at higher concentrations. Upon incutratwith topotecan at a concentration of
100 nM, the cells were not affected due to thesistance, whereas the addition4ddfat per
se nontoxic concentrations entirely reversed ttsesta@nce. Inhibitod8 did not show any
cytotoxicity, even at a concentration as high asuD Analogous to40, 48 was able to
reverse topotecan resistance; the same was truehibitor 63, when administered at a
nontoxic concentration, which was up to 1 uM. Agher concentration$3 displays a
cytotoxic effect. In sum, this assay disclosed tiint compounds analyzed prevented the
topotecan efflux, which is in accordance with tlesults of the Hoechst 33342 transport

assay.
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Figure 7. (A-C) Antiproliferative activities of the inhibitor40 (A), 48 (B) and63 (C) against MCF-7/Topo cells upon long-
term incubation(D-F) Reversal of ABCG2-mediated drug resistance agaapsitécan on proliferating MCF-7/Topo cells:
effect of 100 nM topotecan (Topo) alone and in coration with different concentrations @0 (D), 48 (E) or 63 (F).
Antiproliferative effects correspond to the lefayes. The growth curves of untreated control delien circles) correspond
to the right y-axes. Data are mean values + SEMvofto three independent experiments, each peridimectuplicate.

2.3.3 Effect on the ATPase Activity

For comprehensive biological characterization, weestigated our most advantageous
transport inhibitors in terms of potency and sdithi UR-Ant116 40), UR-Ant121 41),
UR-ANnt131 @8) and UR-Ant13249), in an ATPase assay, which gives information lom t
type of inhibition. We performed the assay with nbeame preparations of human ABCG2
overexpressing MCF-7/Topo breast cancer cells deroro provide a membrane environment
for native protein structure and function. Transmdrsubstrates by ABCG2 is an alternating
process, whereby the substrate-bound, inward-opefoenation is converted to an outward-
facing state that can release the substrate toutstde [30]. ABCG2 gains the energy for this
process by ATP-hydrolysis to ADP and inorganic fhade. The latter was determined by a
molybdenum blue reaction after incubation of thembmnes for a certain period of time
(with and without a transport inhibitor) as an estie for the ABCG2-associated ATPase
activity, thereby assessing the influence of testgounds on the ATPase activity of ABCG2.
In the absence of an ATPase stimulating agent, AB@ically displays basal ATPase
activity, presumably induced by endogenous sulestrge.g. lipids) [49] present in the
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membrane preparations, which was set to zero imssay. As depicted Rigure 8A, both
compoundst0 and41, belonging to the first subset of the chromonéeseiat concentrations
of 1 uM and 10 pM, suppressed the ATPase activity kevel even below the basal ATPase
activity. This led to the conclusion that these weonpounds are not substrates of ABCG2. It
has been shown that the inhibition of the ATPas# @inthe transport activity are closely
connected. A recent cryo-EM study [29] suggestatl ABCG2 transport inhibitors, including
one member of our preceding tariquidar analogs MB-36), bind to a central multidrug
binding site located in the transmembrane domaick the inward-facing conformation of
ABCG2 and inhibit the ATPase activity through camfational coupling with the
cytoplasmic nucleotide-binding domain. Based orséheesults, it can be assumed that the
inhibition of the ATPase activity by compounéi@and41 contributes to the overall inhibition
of ABCG2 transport. In contrast to the compoud@sand41, the transport inhibitor48 and

49, members of the second subset of the chromonessaisplaying different substitution at
the central phenyl ring, showed a very distinctewdr in the ATPase assay — they did not
suppress, but stimulate the ATPase activity of ABC(@t concentrations of 1 uM and
10 uM) and therefore are most likely substratesthaf transporter rather than ATPase
inhibitors. In order to find out to which degreeyhactivate the ABCG2 ATPase activity, we
determined concentration-response curves of thecommpounds. As shown Figure 8B, 48
and 49 exhibited hax values of 46% and 29%, respectively, and potencfe86 nM and
62 nM, respectively. It is conceivable that theynpete with other substrates, such as
Hoechst 33342, for transport and thereby reducie ttemsport. However, they do not fully
activate the ATPase activity; it can also be supddbat by being transported more slowly,
they occupy the multidrug binding site of the tqamiser, so that it is not at disposal for other

substrates.
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Figure 8. Stimulation or suppression of the ATPase actiintABCG2-expressing MCF-7/Topo membrane preparatigns b
the compounddO0, 41, 48 and49 at a concentration of 1 uM and 10 uM (A) and cotregion-dependent stimulation of the
ATPase activity by the compound8 and49 (B). The effect is expressed relative to the baJdtase activity (0%) and the
maximal stimulatory effect in the presence of 30 glifasalazine set to 100%. Presented are mearsval$EM from at
least three independent experiments each perfoimeglicate.

It is interesting that minor structural changesenauch an impact on the type of inhibition.
This shows that it is possible to modulate thehitlun type according to the needs of the
desired application. ATPase activators and suppressay have different applications.
Whereas ATPase activators deplete the cell of AARpmpelling effect when addressing
resistant tumor cells [50], ATPase suppressorsaldmerfere with the ATP balance of the

cell.

2.3.4 Stability in Blood Plasma

Having analyzed the biological activity and sebdtyi of our inhibitors, investigations on
their drug-like properties were pending. After stimg cytotoxicity we determined the
stability in blood plasma, which is a preconditfonin vivo studies. Chromone is a structural
element quite common in natural products and diaug$ can be considered a privileged
scaffold [51,52] in drug discovery, not least due its synthetic availability, structural
diversity and low toxicity (confirmed in our cytotigity assay, using MCF-7/Topo cells, see
Figure 7). However, chromones may be susceptible to hydiglydepending on the
substitution pattern. 3-Substituted chromones agey weactive towards the attack of
nucleophiles, such as water [53]. We observedadisvior with fragmeni28, a 3-substituted
chromone, which hydrolyzed rapidly in aqueous sofytexplaining the lack of biological
activity. By contrast, fragmer7, a chromone substituted in 2-position, exhibitededent
inhibition of ABCG2 and was the foundation of odrr@amone series. Exemplarily of this
series, compound9 was incubated in human plasma and analyzed viaCHRIith UV
detection at 220 nnF{gure 9A). The peak area @f9 decreased by about 58% over a period
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of 24 hours, yet no additional peaks were detec.the off chance that a possible
degradation product may not be detectable by t@ghad (due to lacking UV-absorption or
retention), the samples were also analyzed by HRISCeoupling (0 h and 24 h). Also with
this hyphenated technique, applying a differendignat, no additional peaks were detected
(data not shown). Therefore, we attributed the e in the peak area to adsorption, either
to the vial surface or to plasma proteins, and kwmled that49 is in fact stable in blood
plasma. Moreover, the main decrease in peak hemgturred in the first five hours and after
that, the peak area remained almost unchangedhwdupports our assumption that the
decrease is due to adsorption, not to hydrolysis.

Furthermore, as a representative of the secondssenhibitor65 was studied in the same
manner Eigure 9B). The situation was the same as with compoifhd the peak area &5
decreased but no additional peaks were detectsnl upbn HRMS analysis (data not shown).

Hence, we again concluded that the compound waslaet to a certain extent.
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Figure 9. Chromatograms illustrating the stability of the campds49 (A) and 65 (B) upon incubation in human blood
plasma at 37 °C over a period of 24 h. RP-HPLC aiglyB/ detection at 220 nm. *Blood plasma constitaen

2.4 Aqueous Solubility

When determining the solubility of chemical enstiat is fundamental to understand the
distinction between thermodynamic and kinetic siiltyb Thermodynamic — or equilibrium —

solubility is defined as the maximum concentratmfna solute in a solvent in a state of
complete thermodynamic equilibrium, i.e. a satutaelution at equilibrium with an excess
of undissolved solid and at a fixed temperature predsure [54,55]. It is usually determined
by the classical shake-flask method (using a solalbuffer) with subsequent HPLC-analysis
[1,8,13,56]. By contrast, in kinetic solubility @ays no equilibrium is reached. Most often the
compound, ‘pre-dissolved’ in DMSO, is added into aqueous buffer and precipitation is
measured turbidimetrically or nephelometricallyeafta short period of time [57-59]. The

concentration of the compound in the buffer at \Wwhacprecipitate appears is termed kinetic
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solubility [1,8,13]. Unlike thermodynamic solubylibssays, kinetic assays can be performed
in microplates in high throughput and they are wis&f verify concentration-response data —
making sure that precipitation does not occur @ntime scale of the biological assay. They
are also used as an early estimate of solubilitgring discovery [1,8,58]. However, the
apparent solubility in a kinetic assay is alwaysometimes dramatically — higher than the
thermodynamic ‘true’ solubility and therefore shibuhot be used for decision-making,
otherwise the optimization process may be drivematds the synthesis of compounds with
the slowest precipitation rather than the highekitslity [1,2,8,60].

Here, we established both a kinetic solubility gssainly to verify our biological data and a
thermodynamic solubility assay in order to rank ABRCG2 inhibitors in terms of solubility
and thereby to assess if our efforts met our obect potent ABCG2 inhibitors with

improved solubility.

2.4.1 Kinetic Solubility

Assay Adaptation.We conducted the kinetic solubility assay in mpdabes under conditions
identical to those in the biological assays. Inoibisolutions in DMSO at increasing
concentrations were diluted 1:100 in the respecagaeous buffer, resulting in a uniform
DMSO concentration (1%) in each well. The platesenacubated at 37 °C for two hours —
the time span of the Hoechst 33342 assay, whittteisnost time-consuming assay among the
ATPase and transport assays. While handling theegqlattention was paid to avoiding
scratches on the plates that might have interfenéd the readouts. Then the extinction was
measured as a function of the inhibitor concermiratiThe extinction of electromagnetic
radiation, when passed through a suspension, isodile processes of absorption, scattering,
diffraction and reflection. When the extinctionneasured at a wavelength at which the test
compound does not absorb any light, a sharp inereashe extinction values at a certain
concentration arises from scattering due to preipn, corresponding to the solubility limit
of the respective compound [57]. At that point, ttlear solution turns into a turbid
suspension containing solid particles.

Since ABCG2 inhibitors show poor solubility, we aste for a detection limit as low as
possible, thus a signal intensity as high as ptessibherefore, we needed to adjust the
changeable assay parameters, namely sample volurde nmeeasurement wavelength,
accordingly. In order to get an estimate for theedon limit we required a substance with
extremely low aqueous solubility as a reference. dWese coronene, a polycyclic aromatic
compound comprising six peri-fused benzene ringgchivshows an aqueous solubility as low
as 0.5 nM [61] (detected fluorometrically). Whenfpeming the assay with this compound, it

22



can be assumed that the concentration at whichsliaep increase in extinction occurs
indicates the detection limit of the assay rathantthe solubility limit of coronene, because
coronene is practically insoluble in water and expents showed that precipitation takes
place quickly — after the addition of the DMSO &t@olution to the buffer the concentration-
extinction curve was measured repeatedly and resda@tmost constant for 24 hours (data
not shown). Using coronene, we explored the effetshe sample volume and of the
wavelength on the signal intensity, thus the deiaclimit of the assay. As expected, the
signal intensity increased with the sample voludetg not shown). Therefore, we employed
the highest volume possible per microplate wellh@ assay, namely 300 puL. For analyzing
the dependence of the signal intensity on the veaggh, we considered the spectral
properties of coronene, DMSO and polystyrene (nplete material). The latter shows
absorption between 200 nm and 290 nm, which deeseapidly above 290 nm [62]. DMSO
exhibits a sharp absorption maximum at a waveleonfjtaround 250 nm and practically no
absorption above 265 nm [63]. The main absorptiamds of coronene are located between
300 nm and 350 nm and there is only very low alismr@bove 350 nm [64]. Therefore, we
performed the experiment at different wavelengémgmg from 380 nm to 830 nm, where the
aforementioned compounds do not absorb radiaiaufe 10A). Light scattering drastically
decreases with increasing wavelength, though ftifestedepends on the particle size and is
more pronounced for small particles [65]. Accordyngvhen measuring the extinction as a
function of the coronene concentration, we foural lighest signal intensity at a wavelength
of 380 nm and the lowest at 830 nm. To find thedstwvavelength compatible, we measured
the UV/VIS absorption spectra of our inhibitors geples thereof depicted Figure 10B)
and found that they have a cut-off wavelength d 88, which we chose as measurement

wavelength for our assay.
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Figure 10. (A) Effect of the wavelength on the signal intensitya kinetic solubility assay: extinction (mainly edtio
scattering) as a function of the concentrationhef insoluble’ standard coronene at different waugths. The data were
normalized to the blank value. Presented are makures + SEM from one experiment performed in odétap.(B) UV/VIS
absorption spectra of the inhibitdts40 and66, revealing a shared cut-off wavelength of 380 nm.
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By analogy with a recently published study [66] eorng the solubility of a detergent (sodium
lauroyl isethionate), we estimated the kinetic boity of the test compounds as the highest
concentration at which more than 95% of the radimis transmitted, i.e. the extinction is
lower than 0.0223, the data having been normaliagde blank value (1% DMSO in buffer).
The threshold is indicated as a dashed lin&igure 10A and Figure 11 In the case of
coronene, the highest concentration below the iotdsvas 1 pM, which we identified as the
detection limit. It should be noted that the detectimit determined in this assay is only
applicable under the assumption that the inhibifmecipitate with particle size and form
similar to coronene.

Assay ResultsWe examined our previous inhibitor UR-MB10B,(fragment27, and all our
novel inhibitors 89-43, 48-50 and59-68) in the kinetic solubility assay, using PBS (pH)7.
as a solvent. We included coronene in every batchssays as a control for precipitation.
Exemplary concentration-extinction curves are depién Figure 11 The estimated kinetic

solubility limits are listed imrable 2
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Figure 11. Concentration-dependent extinction (at 380 nm) tduscattering in a kinetic solubility assay in PBiged by
(A) the chromone inhibitor40, 41, 48 and49 as well as (B) the inhibito®2, 63, 66 and67. The data were normalized to the
blank value. Presented are mean values + SEM fnamd three independent experiments, each perfoimgiplicate.

We compared the concentration-dependent curvekeirfunctional assays with the kinetic
solubility limits in order to decide if the biolamfl data were compromised by precipitation
(c.f. Figure S1 in the Supporting Information). If a curve reachadplateau before the
solubility limit was achieved, we concluded thae tbhurve was unaffected by solubility
constraints and that the values derived from theeclinax and 1Go) are valid. Our previous
inhibitor 1 and fragmen®7 showed a solubility limit of 3 uM and 10 uM, respeely. The
curves of both compounds reached a plateau in dezlt$t 33342 transport assay at around
1 uM, meaning that the biological data are reliablae chromone inhibitors exhibited
solubility limits between 3 uM and 30 uM and alltbém, except for one, achieved a plateau

in the Hoechst 33342 assay before the solubilityitliwas reached. Only the curve of
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compound42, which was less potent than the other chromondsnat reach a plateau; the
values increased up to a concentration of 3 pMthad suddenly dropped. This reflects the
results of the kinetic solubility assay, accordtogwhich the solubility limit was reached at
3 UM. This consistency indicates that the kinewtukility assay is reliable. We marked
insufficient solubility as the cause for the incdetp curve in a footnote tbable 1. We also
investigated some of our chromone inhibitors — conmals40, 41, 48 and49 — in the ATPase
assay. Since the highest concentration employeck thas 10 uM, the ATPase data are
largely not compromised by insufficient solubility.

Our second series of inhibitors, compouB®@%8, showed kinetic solubilities up to 10 uM.
The curves of compoundi®, 63 and65-68 all reached a plateau in the Hoechst 33342 assay
at concentrations lower than the respective kinsiability limit. The curves of compounds
59, 61 and 64 also reached a plateau, although this was at otmat®ns that slightly
exceeded their respective kinetic solubility lintitis possible that with higher solubility, their
Imax Values might be slightly higher. The curve of compd 62 reached a plateau at about
3 uM and this inhibitor exhibited a solubility limof 1 uM, which is around the detection
limit. The first values of the concentration-extina curve coincided with the ones from the
control coronene but a strong increase occurregt ahlhigher concentrations, at around
10 uM. Therefore it is improbable that the biol@jidata of compoun@2 are impaired.

We did not only test our substances for interactath ABCG2, but we also assessed their
selectivity and therefore examined them for inhdnitof ABCB1 and ABCCL1 in the calcein-
AM assay. Most of the inhibitors analyzed were cgte towards ABCG2 or just exhibited
very low inhibitory potency at the other two trangers. At concentrations higher than their
solubility limits — we studied the inhibitors at ramentrations up to 100 uM — they might
appear more selective than they actually are. Sitiée concerns only quite high
concentrations, however, we considered this noy velevant. Three compounds were not
selective, namely the chromon#@ 42 and48. Regarding compound?, the situation is the
same as with the Hoechst 33342 assay; no plateauesghed at the solubility limit (as we
indicated in the footnote tdable 1). The curves of compoundO, which is a triple
ABCB1/ABCC1/ABCG?2 inhibitor, plateaued in both cails-AM assays before the solubility
limit of 10 uM was reached. Compour8 also showed some potency at ABCB1 and
ABCC1, but did not reach a plateau in the calce-Assays at concentrations below the
solubility limit of 10 uM, which we indicated ihable 1

Altogether, with a few exceptions, the biologicatal were not affected much by kinetic

solubility limits.
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Table 2: Estimated kinetic solubility limits of our previsuariquidar analod, fragment27, and the chromone inhibitors
(39-43, 48-50) as well as the second series of inhibit&§8).

Compound

Kinetic Solubility [uMF?

Compound

Kinetic Solubility [pM]

1 (UR-MB108)' 3 5¢ (UR-Ant124) 3
27 (UR-ANt56) 10 60 (UR-Ant115) 7
39 (UR-ANt71) 7 61 (UR-ANt110) 3
40 (UR-ANt116) 10 62 (UR-ANt68) 1
41 (UR-Ant121) 30 63 (UR-ANt105) 7
42 (UR-Ant127) 3 64 (UR-ANt108) 3
43 (UR-Ant122) 10 65 (UR-Ant112) 7
48 (UR-Ant131) 10 66 (UR-Ant111) 10
49 (UR-Ant132) 7 67 (UR-Ant113) 10
50 (UR-ANt133) 68 (UR-ANt62) 7

@ Highest concentration in the kinetic solubilitysag in PBS (data normalized to the blank valueytath transmission was
higher than 95%, i.e. the extinction was lower tB0223.

The buffer used in the transport assays also aoedaerum albumin. Since this can influence
precipitation, we also performed kinetic solubilggsays in a buffer containing bovine serum
albumin (BSA). We found that the addition of BSAddiot change the data significantly,
which is shown exemplarily for compouddn Figure S2in the Supporting Information.

2.4.2 Thermodynamic Solubility

Assay Adaption. To determine thermodynamic solubility the tradiab shake-flask
technique was modified. In the course of the oation of the assay, we repeatedly faced
major challenges due to the high lipophilicity dad solubility range of ABCG2 inhibitors.

We scaled the procedure down in order to facilitetadling and to minimize the amount of
substance required. On downscaling it should be@éan mind that the surface to volume
ratio is larger the smaller the flask. Therefore@gtion of the solute to the vial surface may
have a greater effect on the thermodynamic equilibrbetween the saturated solution and
the undissolved solid. To minimize adsorption watdd different vial materials regarding the
ability to adsorb compounds suchladndeed there were distinct differences. We fotirel
most pronounced adsorption with untreated glasks (imaybe due to ionic interactions
between the negatively charged silanol glass seiréa the positively charged, protonated
heterocycle inl), followed by untreated polypropylene (PP), ‘silitzed’ PP (i.e. PP treated
with a siliconizing agent) and the least with ®iihized’ glass, which we chose for the assay

(graph seé-igure S3in the Supporting Information).
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With respect to in vitro as well as in vivo studiwe used PBS at a pH value of 7.4 as a
solvent. This is the usual pH value in the biolagiassays and the pH value in the small
intestine as well as many other body fluids, suslblaod plasma, lymph, cerebrospinal fluid
and cytoplasm. It is common practice to use an @aaubuffer as a simplistic surrogate of the
intestinal content in solubility studies [2,67]. pigally, the sample is prepared by adding
solid to the buffer. This turned out to be pradhjcampossible with our substances — they
showed very poor wettability and tended to floatloa surface, even after shaking, making it
impossible to take out a homogeneous aliquot foLGiRnalysis without some of the solid
adhering to the pipette tip. This behavior may keibaited to their lipophilicity.
Unfortunately, the lipophilicity also made it im@osle to remove floating substance by
filtration — adsorption to the filter (different rtesials tested) was so pronounced that not only
the floating substance, but also the dissolved @umg was removed from the solution and
after filtration there was no signal detectableHBLC. We solved this problem by adding a
stock solution in DMSO to the buffer instead of addsolid. Of course, the presence of
DMSO influences the solubility of a compound. Isheeen shown that a DMSO content over
5%o0 can distort the results of thermodynamic solupitissays [68]. So we kept the DMSO
content at only %o.

After the sample preparation, we incubated it ishaker at 25 °C. Studies showed that a
thermodynamic equilibrium is usually establisheteaP4 hours of stirring [69]. We shook
our samples for 36-40 hours to make sure an equilibhad been reached and then allowed
sedimentation for another 24 hours. In case a camgbalid not sediment properly, we
centrifuged the sample.

Another challenge associated with the low solup#ihd high lipophilicity of the inhibitors
was the transfer of the samples into the HPLC viafter transferring compount, we did
not detect any peak and found out that the reasmnagdsorption of to the pipette tip. After
pipetting the sample into an HPLC vial containimgtanitrile and rinsing the tip, a peak was
detectable.

Having established a procedure for the thermodyoawiubility assay, we validated it with
haloperidol as a reference substance. The solulofithe latter is referred to as 37 uM in
literature [70]. We determined a solubility of 4A 41 M.

Assay ResultsWe investigated fragme@%, our novel inhibitors39-42, 48-50 and59-68) as
well as our previous tariquidar analtgn the thermodynamic solubility assalaple 3). As
already stated in the introduction, compoun@xhibited an equilibrium solubility of only
78 nM. Furthermore it violates two of the Ro5 daets$ size and high clogP. The first series
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of inhibitors is based on fragmet, a substructure df, containing a chromone instead of a
quinoline moiety. Though much small@7 was equipotent witld. Its solubility, however,
with 109 nM, was not much higher than the solupitift 1, despite its low molecular weight
and conformity with the Ro5. This can probably Iilzuted to the lack of a protonatable
nitrogen. The inhibitors derived from fragme2it all contain a polar or ionizable moiety.
Compounds39-43, the first subset of the chromone inhibitors, thgpvery different
solubilities. Merging27 with fragment3 led to the inhibitoB9, which was only slightly more
soluble thanl (149 nM). However, when far smaller polar moietigre introduced
(compounds40-43), the solubility could be enhanced markedly andcamtrast to39 the
compounds complied with the Ro5, or in caset@falmost complied (only the MWT was
slightly higher than 500 g/mol). Compoundkl and 42 both contain a heterocycle
(morpholine in40 and pyrrolidine in41) and exhibit solubilities of ca. 1 and 1.5 uM,
respectively — 13-fold and 19-fold the solubilitf/iohibitor 1. The introduction of a hydroxyl
group into compound!? increased the solubility to 575 nM. Compou48 containing a
carboxyl group, was not measured because it dithhdiit ABCG2. The second subset of the
chromone inhibitors, compoundk-50, differs structurally from the first subset, theaim
difference being the absence of an acyl moiety. ihh#itors obey the Ro5 and, here again,
the compounds containing an ionizable ring8-and49 — showed high solubilities (1.1 and
1.3 uM, respectively) compared 10 The introduction of a hydroxyl group (in compous(d)
did not increase the solubility.

The second series of inhibitor§%68) is structurally more similar to compourid The
compounds are analogs bf the quinoline moiety being replaced by other rgtgictures.
They have MWTs similar t@ and, therefore, violate at least one Ro5. Howenerwere able
to increase the fraction of $hybridized carbon or decrease the clogP valuespeosa tol,
i.a. by introducing polar groups. The latter stggteof course, also led to an increase in the
number of H-donors or H-acceptors and in some dass5 violations.

Compounds59, containing a naphthalene ring and designed veifard to improved rotation
around the amide bond and reduced planarity, didshow improved solubility. Compound
60 contains a tetrahydroquinoline ring to reduce atieity, thus planarity and-n stacking
and ultimately crystal packing. This substitutiord dhot increase the solubility, either.
However, when the phenyl ring in the quinoline npievas replaced by a smaller group
containing sp-hybridized carbon, namely a methyl group (compo6t) the solubility was
six-fold increased to 445 nM. The introduction @lgr moieties, replacing the phenyl ring,

yielded different results. Compour@R, an organic chloride, did not display increased
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solubility. Though electronegative, chlorine cosfdipophilicity due to its size. Also the
introduction of a methoxy group, attached in deéf@rpositions in compound@S and64, did
not solve the solubility problem; neither did thteaahment of a nitro (i86) or an amino (in
67) group. Here, a general problem of increasing lsliy by introducing polar groups
becomes apparent — on one hand, polarity will iddee increased by this approach and the
heteroatoms can form stabilizing H-bonds with wateut on the other hand also polar
intermolecular interactions may be increased. Thigld lead to enhanced crystal packing,
counteracting the solubilizing effect of the pomoups. Fortunately, this strategy proved
successful, nevertheless. Compoad displaying a hydroxyl group, is over ten timesreno
soluble tharl (855 nM). We find it surprising that the introdiact of an amino group did not
have the same effect. Lastly, the replacementefjithnoline moiety by a slightly smaller and

less lipophilic benzofuran ring (88) did not improve the solubility.

Table 3.Ro5 compliance and thermodynamic solubilities af grevious tariquidar analdy fragment27, and the chromone
inhibitors 39-43, 48-50) as well as the second series of inhibit&%§8).

Compound MWT [g/mol]  ClogP H-Donors H-Acceptors  Ro05 Thermodynamic
Violations ~ Solubility [nM]°

1 (UR-MB108) 666.77 5.42 1 10 2 785

27 (UR-ANt56) 402.20 3.23 1 6 0 109 £ 18

39 (UR-Ant71) 683.75 3.64 1 11 2 149 + 36

40 (UR-ANt116) 501.53 1.75 1 10 (1) 999 + 189

41 (UR-Ant121) 485.53 2.81 1 0 1483 + 383

42 (UR-Ant127) 432.43 151 2 0 575 £+ 144

43 (UR-Ant122) 446.41 1.85 2 10 0 n.%.

48 (UR-Ant131) 459.50 1.71 1 0 1144 + 203

49 (UR-Ant132) 443.50 2.76 1 0 1228 £ 106

50 (UR-Ant133) 390.39 1.47 2 0 <100

59 (UR-Ant124) 665.78 5.63 1 9 2 <100

60 (UR-Ant115) 670.80 5.41 1 10 2 <100

61 (UR-Ant110) 630.74 4.46 1 10 1 445 + 48

62 (UR-ANt68) 651.15 4.47 1 10 1 <100

63 (UR-ANt105) 646.73 5.25 1 11 3 <100

64 (UR-Ant108) 646.73 4.21 1 11 2 119+ 29

65 (UR-Ant112) 632.71 4.30 2 11 2 855 + 242

66 (UR-Ant111) 661.71 4.05 1 13 2 <100

67 (UR-Ant113) 631.72 3.60 3 11 2 <100

68 (UR-ANt62) 655.74 5.04 1 10 2 <100

& Calculated LogP values, using ACD/Structure Designer

® Thermodynamic solubility assay: shake-flask experit in PBS with subsequent HPLC analysis. Meanegali SEM
from at least six independent experiments, eaclopeed in duplicate.

n. d.: not determined.

When comparing the two series of inhibitors it bees obvious that the chromone inhibitors,
which are smaller and structurally more differenaini 1, are superior to the members of the
29



second series in terms of solubility and Ro5 coamge. The fragment-based approach led to
the discovery of fragmerf7, which is a very potent and effective ABCG2 inkobion its
own. Thus it was possible to obtain much smaller more polar inhibitors, which exhibited
up to 19-fold increased solubility. Furthermore,biécame apparent that if a compound
complies with the Ro5 plus contains a protonatabteogen, it is a good predictor for
improved solubility.

As a side note it should be mentioned that in silicethods (we used the ACD/Structure
Designer) failed to predict the solubility of ounbstances. Another common approach to
estimate solubility is to use experimentally easilycessible parameters for guidance. For
instance, the retention time in RP-HPLC analysigiged to the lipophilicity of a compound
[71] and the crystal lattice energy can be estich&tem the melting point [2]. This approach
turned out to be rather productive. For examplegmwltomparing compound9 with
compoundl, marked decreases in retention time (3.8 min \&min) and melting point (ca.
180 °C vs. 219 °C) were observed, in parallel wiig increase in solubility (1.2 puM vs.
78 nM). Another operating experience worth diseigss that adsorption of the substances to
the vial surface can be critical. A case in posntompound5, which showed a 3-fold higher
solubility when ‘siliconized’ PP vials (higher adpton) were used instead of ‘siliconized’
glass vials (2.9 uM vs. 855 nM). Apparently, thegance of a layer of molecules adhering to
the vial surface can influence the equilibriumandr of higher solubility values.

Figure 12 summarizes the properties of the novel inhibitbeg are most promising in terms
of potency and solubility, specifical§0, 41, 48, 49 and 65, in comparison to our previous
inhibitor 1 and fragmen®7. Depicted are 1§ values in the Hoechst 33342 assay and kinetic
and thermodynamic solubility limits. As mentioneefdre, medicinal chemists often face the
dilemma of improving solubility at the expense ahohished biological activity, due to the
positive correlation of lipophilicity and affinitgo hydrophobic binding pockets in drug
targets [31]. The chart shows that by virtue ofragment-based and rational approach we
were able to circumvent this predicament and irsgethe equilibrium solubility of our
compounds while maintaining inhibitory potency. WWéas compound and fragment27
exhibited equilibrium solubilities in the range tbieir potencies, the chromone inhibitd@

41, 48, and49 showed equilibrium solubilities that were threentoe times higher than their
ICs0 values. Compound5, the most soluble compound of the second serlesyed an
equilibrium solubility 2.5 times higher than itssivalue.

As expected, the kinetic solubilities were consatdéy higher than the thermodynamic

equilibrium solubilities. This means that by addemdMSO stock solution to the buffer, a
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supersaturated solution was produced in the coratemt range between the thermodynamic
and the kinetic solubility limit. Here it becomebvious that time is a critical factor. On the
time scale of the biological assays performed is #tudy, namely up to two hours, the
precipitation of our previous inhibitot was slow enough to allow for reliable results.
However, since the thermodynamic (equilibrium) bdity of 1 was in the range of its ig
value, compound is not suited for in vitro assays requiring longé-periods of incubation
and especially in vivo studies can be impaired. &wtrast, the novel inhibitors with
improved equilibrium solubility qualify for such aminations.

Lastly, there was no clear correlation betweentli@emodynamic and kinetic solubility, but

as a tendency, higher kinetic solubility can beetalas a hint to increased equilibrium

solubility.
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Figure 12. Comparison of the I§3 values in the Hoechst 33342 assay and kinetidlamnodynamic solubility limits of our
previous tariquidar analogy, fragment27, the novel chromone inhibito/0, 41, 48 and49 as well as the novel-related
inhibitor 65.

3 Conclusion

Poor aqueous solubility has been reported to cengger problems with purification as well
as in vitro and in vivo studies of biologically st compounds [3]. ABCG2 inhibitors are
especially prone to solubility issues due to theme and lipophilic nature. Our previous,
tariquidar-related inhibitor UR-MB108L) [28] shows high potency (79 nM), but extremely
low equilibrium solubility (78 nM). This study comipes a solubility-driven discovery of
novel ABCG2 inhibitors based dn In a fragment-based approach, we synthesizedesited
substructures ol for inhibitory potency, optimized them and inclddenolecular docking
experiments to grow the most promising fragments inhibitors. The novel compounds
inhibited ABCG2 with 1Gy values in the two- to low three-digit nanomolamgae,

categorizing them among the most potent known AB@tibitors. Their ability to inhibit
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ABCG2 transport was not only assessed in a Hoe8B8%2 transport assay, but also
confirmed by their ability to reverse the drug stsince in MCF7-Topo cells. The most
promising compounds in terms of potency and sdtybitere the inhibitors UR-Ant116&10),
UR-Ant121 @41), UR-Ant131 48) and UR-Ant13249), all of which displayed aN-phenyl-
chromone-2-carboxamide scaffold. Their equilibris@lubility ranged between 1 uM and
1.5 puM, which puts them at the lower edge of thegdiolubility window. Compared th this

is an up to 19-fold improvement of equilibrium dality. As a rule of thumb, the solubility of
a potential drug should be at least three time#C4s value. Compound40, 41, 48 and49
exhibit solubilities of three to nine times the@s$ value — sufficient to exert their maximal
effect. Moreover they do not or, in case4df only slightly, violate Lipinski's Ro5, which
predicts good absorption properties in vivo. Thiegg compounds differ in their biological
profile. Whereasll was a triple ABCB1/ABCC1/ACBG2 inhibitor, compowsd2 and 49
were selective for ABCG2 andB was almost selective — it inhibited the other subtypes
only with very low potency and efficacy. Besiddse substances showed different modes of
inhibition. An ATPase assay revealed that compou#idlsand 41 decreased the ATPase
activity, whereas48 and 49, both differing structurally from the aforementezh two
inhibitors, were partial ATPase activators. As arpquisite for in vivo studies, we
demonstrated the stability of the compounds in ¢hlplasma and their non-toxicity.

Taken together, we offer scientists investigatirgC&2 a set of potent, selective and non-
selective inhibitors that are stable, non-toxic arater-solublex 1 uM). To the best of our
knowledge, this is the first study on ABCG2 inhibbg focusing on improved aqueous
solubility and the first report providing not oryological, but also solubility information on
the compounds. We expect them to be of great Valum vitro examinations requiring long
time-periods of incubation such as structural lgglstudies on protein-ligand interactions
using X-ray crystallography or NMR. Such studiepeated on sufficient equilibrium solubility
of the ligands; insufficient solubility has beeremdified as the cause of crystallography
failures and as limitation to the method [72]. the fight of their stability in blood plasma and
low toxicity, our substances are promising candigdbr in vivo investigations, their aqueous
solubility increasing the chances of success. IRgtance, due to their high selectivity,
UR-Ant121 @1) and UR-Ant13249) should be well-suited as pharmacological toolPBT
studies of ABCG2, e.g. at the BBB, provided thaprapriate radioactive labeling can be
achieved. Up to now, inhibitors of ABCG2 are not c¢hnical use yet [73]. Potential
therapeutic applications were explored in severaivo studies [73,74], for instance as a
means to overcome the BBB and MDR. Since ABCB1 ABE£G2 (and to a lesser extent
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ABCC1l) act in concert at many physiological basier[75], the triple
ABCB1/ABCC1/ABCGZ2 inhibitor UR-Ant11640) is an attractive candidate for therapeutic
studies.

4 Experimental Section

4.1 Chemistry

4.1.1 General Experimental Conditions

Chemicals and solventsvere purchased from commercial suppliers (Signohiéth, Munich,
Germany; Merck, Darmstadt, Germany; VWR, Darmsta@grmany; Thermo Fisher
Scientific, Waltham, MA, USA; TCI, Eschborn, Gernyanand used without further
purification unless stated otherwise. Reactionsliregy anhydrous conditions were carried
out in dry reaction vessels under an atmospheerguin and anhydrous solvents were used.
Millipore water was used throughout for the prepara of buffers and HPLC eluents.
Acetonitrile for HPLC (gradient grade) was obtairiiex Merck.

Microwave reactions were carried out in an Initiator 8 mwawe reactor (Biotage, Uppsala,
Sweden).

Thin layer chromatography was performed on TLC Silica gel 6Qskaluminium plates
(Merck, Darmstadt, Germany). Visualization was agpbshed by UV irradiation at
wavelengths of 254 nm and 366 nm or by stainind wiinhydrin (1.5 g ninhydrin, 5 mL
acetic acid, 500 mL 95% ethanol).

For column chromatography Gedurafi Silica 60 gel (0.040-0.063 mm; Merck, Darmstadt,
Germany) was used.

Automated flash column chromatographywas performed on a 971-FP Flash Purification
System (Agilent Technologies, Santa Clara, CA, U8#ihg pre-packed SuperFlash Silica 50
columns (Agilent Technologies). The crude produwgtse dissolved in a suitable solvent,
mixed with Gedurah Silica 60 gel (0.040-0.063 mm; Merck, Darmstadteri@any),
concentrated under reduced pressure and placeldaa artridge prior to the run.

Melting points were determined with a Blchi B-540 apparatus (Biialbortechnik, Essen,
Germany) and are uncorrected.

NMR spectra were recorded on an Avance 300 instrument (7.054T,300.1 MHz,**C:
75.5 MHz), an Avance 400 instrument (9.40'f; 400 MHz,**C: 101 MHz) or an Avance
600 instrument with cryogenic probe (14.1%H: 600 MHz, **C: 151 MHz) (Bruker,

Karlsruhe, Germany) with TMS as external standard.
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High-resolution mass spectrometry(HRMS) analysis was performed on an Agilent 6540
UHD Accurate-Mass Q-TOF LC/MS system (Agilent Teclugies, Santa Clara, CA, USA)
using an ESI source.

Low-resolution mass spectrometry(MS) was performed on a Finnigan MAT SSQ 710 A
GC/MS system (Finnigan MAT, now Thermo Fisher Stifem Waltham, MA, USA).
Preparative HPLC was performed on a system from Knauer (Berlin,n@gry) consisting of
two K-1800 pumps and a K-2001 detector. A Kin&té8-C18 (5 um, 100 A, 250 mm x
21.2 mm; Phenomenex, Aschaffenburg, Germany) seage®P-column at a flow-rate of
15 mL/min. Mixtures of acetonitrile and 0.1% aq Th¥ere used as mobile phase. The
detection wavelength was set to 220 nm throughbhe. solvent mixtures were removed by
lyophilisation using an Alpha 2-4 LD lyophilisaticspparatus (Christ, Osterode am Harz,
Germany) equipped with an RZ 6 rotary vane vacuwmpp (Vacuubrand, Wertheim,
Germany).

Analytical HPLC was performed on a system from Agilent Technolegtanta Clara, CA,
USA) (Series 1100) composed of a G1312A binary peouipped with a G1379A degasser,
a G1329A ALS autosampler, a G1316A COLCOM thermesta@olumn compartment and a
G1314A VWD detector. A KinetékC8 (2.6 um, 100 A, 100 mm x 4.6 mm; Phenomenex,
Aschaffenburg, Germany) served as RP-column avaifaite of 1 mL/min. Oven temperature
was set to 30 °C throughout. Mixtures of acetdeitffh) and 0.05% aq TFA (B) were used as
mobile phase. The detection wavelength was se2@mnin throughout. Solutions for injection
(40 uM) were prepared by diluting a stock solutionDMSO with a mixture of A and B
corresponding to the composition of the eluenthat start of the gradient. The following
linear gradient was applied: 0-12 min: A/B 30:70%512-15 min: A/B 95:5. Retention
(capacity) factors were calculated from retentiomes (r) according to k = # - to)/to (to =
dead time).

X-Ray analysis. Single clear colorless prism-shaped crystals ofipmund4 were obtained
by recrystallization from CHGI A crystal (0.35x%0.21x0.20) was selected and nexdioh a
MITIGEN holder oil on a SuperNova, Single sourceoffset, Atlas diffractometer. The
crystal was kept af = 123.00(10) K during data collection. Using Olgiiblomanov et al.,
2009), the structure was solved with the ShelXTe(&fick, 2015) structure solution program,
using the Direct Methods solution method. The modes refined with olex2.refine (Bourhis
et al., 2015) using Gauss-Newton minimization.
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4.1.2 Synthesis Protocols and Analytical Data

The synthesis procedures for the intermediate dwdfinal compounds as well as the
appertaining analytical data can be found in thep®tting Information. All compounds were
characterized byH and**C NMR spectroscopy, (HR)MS, and melting point (ifpticable).

In addition, final compounds were characterizedRB+HPLC (purity control). The purity of

the final compounds was95% throughout.

4.2 Molecular Docking

ABCG?2 transporter and ligand preparation. The cryo-EM structure of the human ABCG2
transporter (PDB ID: 5NJ3 [30]) was used as teneplab reconstitute missing N-termini and
loops, Modeller 9.18 [76-78] was used. The ABCGasl@ontained disulfide bridges within
each monomer (Cys592 - Cys608) and between the mmenso (Cys603 - Cys603).
Coordinates of the antibody 5D3-Fab were removechteih and ligand preparation
(Schrodinger LLC, Portland, OR, USA) including assignment of protonation states were
essentially performed as described [79,80] befGmnpound7, 48 and50 were considered
in the unprotonated state.

Induced-fit docking. Compounds27, 48, 50 and further potential ligands were docked
“flexibly” to the ABCG2 transporter using the indectfit docking module (Schrédinger
LLC). The ligands were docked within a box of 4@1& x 46 & around the center of mass
between N436 of the first and the second mononespactively. Redocking was performed
in the extended precision mode. From the indudeddcking results obtained, one pose
(ligand-ABCG2 transporter complex) was selectedetiasn low/minimal XP Gscores and
reasonability of the ligand binding pose. Ligandegtor interactions were analyzed using
PLIP 1.4.2 [81]. Figures showing molecular struetuof the ABCG2 transporter in complex
with 27 or 48 were generated with PyMOL Molecular Graphics systeersion 2.2.0
(Schrodinger LLC).

4.3 Biological Assays

4.3.1 General Experimental Conditions

Materials. Commodity chemicals and solvents were purchasa ftommercial suppliers
(Sigma Aldrich, Munich, Germany; Merck, Darmstadgermany; VWR, Darmstadt,
Germany; Thermo Fisher Scientific, Waltham, MA, USAvitrogen, Karlsruhe, Germany).
Topotecan and vinblastine were obtained from Sigtaich. Hoechst 33342 and calcein-
AM were procured from Biotium (Fremont, CA, USAJT€ was from Merck. Tariquidar was
synthesized in our laboratory according to literat{82] with slight modifications [83].
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Reversan was obtained from Tocris (Wiesbaden-Natddt, Germany). Millipore water was
used throughout for the preparation of buffers,eams reagent solutions and HPLC eluents.
The pH of buffers and aqueous reagent solutions adfgsted with NaOH aq or HCI aq
unless stated otherwise. Acetonitrile for HPLC ¢ieat grade) was obtained from Merck. All
cell lines were purchased from the ATCC (Americapd Culture Collection; Manassas, VA,
USA). Tissue culture flasks were procured from teaits(NUmbrecht, Germany). Dulbecco’s
Modified Eagle’s Medium - high glucose (DMEM/Highith 4500 mg/L glucose, sodium
pyruvate and sodium bicarbonate, without L-glutaenimuid, sterile-filtered, suitable for cell
culture) and L-glutamine solution (200 mM, stefileered, BioXtra, suitable for cell culture)
were from Sigma Aldrich. Fetal calf serum (FCS) amgosin/EDTA and were from
Biochrom (Berlin, Germany). For all assays in mptate format, 96-well plates (PS, clear, F-
bottom, with lid, sterile) from Greiner Bio-One {€kenhausen, Germany) were used. Human
CPD (citrate, phosphate, dextrose) plasma was @ fgifn the Bavarian Red Cross
(Regensburg, Germany). Syringe filters (Phenex-R@m, 0.2 um) used in the chemical
stability assay (in blood plasma) were from PhenmwegAschaffenburg, Germany).

Stock solutions. Topotecan and vinblastine were dissolved in 70@HEto give 100 uM
stock solutions. Hoechst 33342 stock solution (ON8) was prepared in water and calcein-
AM stock solution (100 uM) in DMSO. The test compda and the reference compounds
fumitremorgin C, tariquidar, reversan and sulfasakawere dissolved in DMSO at 100 times
the final concentrations in the transport assaysthe ATPase assay and at 1000 times the
final concentrations in the chemosensitivity asday. the stability assay in blood plasma,
10 mM stock solutions of the test compounds werepg@red in DMSO. If not stated
otherwise, millipore water served as solvent féreotassay reagents.

Instruments. Fluorescence and absorbance measurements in hate®pvere carried out
with a GENios Pro microplate reader (equipped véttXenon arc lamp; Tecan, Grodig,
Austria). Analytical HPLC after incubation in humdmood plasma was performed on a
system from Agilent described above (chemistry negal experimental conditions). The
HPLC conditions were as described, yet with tweralions. The following linear gradient
was applied: 0-12 min: A/B 20:80-95:5, 12-15 min/BA95:5. The injection volume was
100 pL.

Software. All biological data were analyzed with GraphPadsmr5 (GraphPad Software,
San Diego, CA, USA).

36



4.3.2 Cell Culture
All cells were cultured in DMEM/High supplementedtiw 2% (v/v) of a 200 mM L-

glutamine solution and 10% (v/v) FCS at 37 °C iwater-saturated atmosphere containing
5% CQ.

MCF-7/Topo cells, an ABCG2-overexpressing variant of the MCgell line (ATCC HTB-
22), were obtained by passaging the MCF-7 cellb witreasing amounts of topotecan in the
culture medium to achieve a maximum concentratib®5® nM within a period of about
40 d; after 3 passages at the maximum concentr#tiertreated cells expressed sufficient
guantities of ABCG2 [84,85]. Cells were culturedtive presence of topotecan (550 nM) to
maintain overexpression of the ABCG2 transporter.

KB-V1 cells, an ABCB1-overexpressing variant of the k&l ine (ATCC® CCL-17), were
obtained by passaging the KB cells with increasangounts of vinblastine in the culture
medium to achieve a maximum concentration of 330witiin a period of about 90 d; after 3
passages at the maximum concentration the tre&#sl expressed sufficient quantities of
ABCB1 transporter [83,86]. They were cultured wi830 nM vinblastine to maintain
overexpression of the ABCBL1 transporter.

MDCK.2-MRP1 cells were a kind gift from Prof. Dr. P. Borst fmathe Netherland Cancer
Institute (Amsterdam, NL). They were obtained tansfecting MDCK.2 cells (ATCECRL-
2936) with human ABCC1 [87,88]. Due to the strondherence of this cell line,
trypsinization was performed using 2X trypsin/EDTA1%./0.04%) for 30 min.

All cells were routinely monitored for mycoplasmantamination by PCR using the
Veno®GeM mycoplasma detection kit (Minerva Biolabs, BerlGermany) and were

negative.

4.3.3 Inhibition of ABCG2: Hoechst 33342 Transport Assay

The assay was performed as described in our previgport [28], applying the following
modification: cells were seeded into 96-well platdsa density of 18,000 cells per well
(instead of 20,000).

4.3.4 Inhibition of ABCB1: Calcein-AM Transport Assay

The assay was performed as described in our preveport [28].

4.3.5 Inhibition of ABCC1: Calcein-AM Transport Assay

The assay was performed as described in our preveport [28].

4.3.6 Chemosensitivity Assay

The assay was performed as described in our preveport [28].
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Cytotoxic effects were expressed as corrected BlGes according to
T-C,

TIC, . [%] = [100

corr
0

where T is the mean absorbance of the treated €zllse mean absorbance of the negative
controls and gthe mean absorbance of the cells at the time mpooind addition ¢. When

the absorbance of treated cells T was lower thaheabeginning of the experimentgjCthe
extent of cell killing was calculated as cytocidéfiect according to

"% 199

Cytocidal effect [%] =

0

4.3.7 ABCG2 ATPase Assay

Membrane preparation. The protocol is based on the procedure of Sar&adi. [89] and
our previous report [28]. MCF-7/Topo cells were Jemted after trypsinization by
centrifugation at 4 °C and 500 g for 10 min. Thk pellet was re-suspended in Tris mannitol
buffer (50 mM Tris, 300 mM mannitol, 0.5 mM phenythylsulfonyl fluoride (PMSF), pH
7; 100 mL) and centrifuged again. Then the pellas Wysed and homogenized in TMEP
buffer (50 mM Tris, 50 mM mannitol, 1 mM EDTA, 1@(mL leupeptin, 10 pg/mL
benzamidine, 0.5 MM PMSF, 2 mM DTT, pH 7; 60 mL) byPotter Elvehjem tissue
homogenizer. Undisrupted cells and cellular debsse pelleted by centrifugation at 4 °C
and 500 g for 10 min and the supernatant, contgitiie membranes, was removed carefully.
After centrifugation at 4 °C and 100,000 g for thk pellet (containing the membranes) was
re-suspended in TMEP buffer (30 mL), giving a pimtsoncentration of 2.0-3.0 mg/mL, and
homogenized with a Potter Elvehjem tissue homogeniAll procedures during the
membrane preparation were performed at 4 °C amguiats (500-1000 pL) were stored at -
80 °C until use.

Protein quantification was performed by the method of Bradford usingBleRad protein
assay kit according to the manual.

Assay procedure.The assay was performed by analogy with the AB@HPase assay
procedure described by Sarkadi et al. [89] andbtbeedure described in our previous report
[28]. The ATPase activity of the ABCG2 transpones estimated by measuring inorganic
phosphate liberation. It was determined as orthadate-sensitive ATPase activity in the
presence of inhibitors in ABCG2 MCF-7/Topo membraneparations.

Membranes containing 2.0-2.5 mg of total solubletgin were thawed on ice and pelleted by
centrifugation at 4 °C and 16,200 g for 10 min. Mhkey were suspended in assay buffer
(50 mM MOPS-Tris (100 mM MOPS, pH adjusted to 7.@hwi.7 M Tris), 50 mM KClI,
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5mM NaN;, 2 mM EGTA, 2 mM DTT, 1 mM ouabain; 4.2 mL), mixedth 10% (w/w)
CHAPS (42 pL; decreases the high basal ABCG2 ATReasety) and homogenized using a
syringe and a needle (27G). The suspension wasisfali2 portions (2.0 mL each) and one
portion was supplemented with orthovanadate (100 N&yV/O,4, pH 10; 50 pL; final conc.

2 mM), the other with the same amount of purifieatev. The two suspensions (w. and wo.
orthovanadate) were transferred into a 96-well eplan ice (40 pL/well; 20-25 pg
protein/well) and pre-incubated at 37 °C for 3 min.

The ATPase reaction was started by adding thearferand test compounds in assay buffer
containing 20 mM ATP (10 pL/well, giving a final ke of 50 pL/well; final conc. 4 mM)
with a multichannel pipette and the plate was iatet at 37 °C in a microplate shaker for
1 h. For this purpose, an ATP solution (200 mM,/&BP, 400 mM MgCJ, pH adjusted to
7.0 with 1.7 M Tris) was diluted 1:10 (v/v) with sas/ buffer and the test and reference
compounds were added 5-fold concentrated. Sulfzsalat a final concentration of 30 uM
served as reference activator (positive contrb;\tehicle DMSO (1% final content) served
as negative control. Each concentration (w. and wathovanadate) was measured in
duplicate, positive and negative control in quaticagpe each.

The reaction was stopped by the addition of 10%wjwéDS (30 pL/well); background
control (phosphate stemming from the assay bufferland wo. orthovanadate) was stopped
before starting the reaction with MgATP and was snead in duplicate.

Phosphate standards (0, 0.05, 0.1, 0.25, 1.5 @nahl2l. NaHPO, in assay buffer; 50 pL/well;
each concentration measured in duplicate) wereded on each plate for calibration.

The amount of phosphate was determined by addirgplarimetric reagent (1 part of
reagent A (35 mM ammonium molybdate, 15 mM zinctaed mixed with 4 parts of
reagent B (5% (w/w) ascorbic acid, pH 5.0; freghigpared); 200 pL/well) and by incubating
at 37 °C for further 20 min. The absorbance (820 a a parameter proportional to the
phosphate amount was measured, using a GENios iPropate reader.

The data obtained under the treatment with orthadate were subtracted from the data
without orthovanadate to obtain phosphate libematiesulting from ABCG2 activity. The
ensuing data were normalized relative to the alasm® in the absence of an ABCG2
activator (negative control) and the responseteticby the sulfasalazine (positive) control,
which was defined as 100% ATPase activitysol@alues were calculated using four
parameter sigmoidal fits. Errors were expressestaagdard error of the mean (SEM).
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4.3.8 Chemical Stability Assay (in Blood Plasma)

The human CPD (citrate, phosphate, dextrose) bppasina samples were stored at - 80 °C
and thawed before use. Stock solutions of the destpounds (10 mM in DMSO) were
diluted 1:50 with blood plasma, giving a concemtratof 200 uM. The samples were
vortexed briefly and incubated at 37 °C. After eiffnt periods of time, aliquots were taken
and deproteinated by adding three parts of ice-Ma¢€N, vortexing and storing at 4 °C for
30 min. Samples were centrifuged at 4 °C and 16¢0fa 5 min and the supernatants were
diluted 1:1 with 0.05% TFA aq and stored at - 80uh@il analyzed. They were thawed at
room temperature, filtered with syringe filters aarthlyzed with HPLC.

4.4 Solubility Assays

4.4.1 General Experimental Conditions

Materials. Chemicals and solvents were purchased from comahescppliers (Sigma
Aldrich, Munich, Germany; Merck, Darmstadt, GermaryWR, Darmstadt, Germany;
Thermo Fisher Scientific, Waltham, MA, USA). Milbpe water was used throughout for the
preparation of buffers and HPLC eluents. The pHudfers was adjusted with NaOH aq and
HCI aq. Buffers were filtered before use. Acetaldtfor HPLC (gradient grade) was obtained
from Merck. Micro tubes were from Sarstedt (NimhbtedcGermany). 96-Well plates (PS,
clear, F-bottom, with lid, sterile) were acquirem Greiner Bio-One (Frickenhausen,
Germany). Glass vials (with PE plug) were procufien Altmann Analytik (Minchen,
Germany); borosilicate glass centrifuge tubes (@uthplug) from Thermo Fisher Scientific.
Sigmacot®& (Sigma Aldrich) was used as siliconizing agent tfug vials. Parafim (Bemis,
Neenah, WI, USA) was used to cap the centrifugedub

Stock solutions.The test compounds and the reference compoungédradol were dissolved
in DMSO at 1000 times the final concentrationshia thermodynamic solubility assay and for
the calibration curve at 100 times the final conions. Furthermore, the test compounds
and the reference compound coronene were dissalv&d0 times the final concentrations in
the kinetic solubility assay.

Instruments. For incubating and shaking vials an MB-102 ThermibCGnixing block
(BIOER, Hangzhou, China) was used. Analytical HPIOE the samples from the
thermodynamic solubility assay was performed orysiesn from Agilent, described above
(chemistry — general experimental conditions). HRLC conditions were as described with
two alterations. The following linear gradient wagplied: 0-8 min: A/B 30:70-73:27, 8-
9 min: A/B 73:27-95:5, 9-12 min: A/B 95:5, 12-13miA/B 95:5-30:70. The injection
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volume was 100 pL. Absorbance measurements of theoptates were carried out with a
GENios Pro microplate reader (Tecan, MannedorftZasiand).

Software. Data were analyzed with Microsoft Excel and GraghAPrism 5 (GraphPad
Software, San Diego, CA, USA). ClogP values weteutated with ACD/Structure Designer,

version 12 (Advanced Chemistry Development, In€CPALabs), Toronto, Canada).

4.4.2 Kinetic Solubility Assay

UV-VIS Spectra of the test compounds were recorded along withhigh-resolution mass
spectrometry (HRMS) analysis, which was performead the Agilent LC/MS system
described above (chemistry — general experimetadliions); the system was additionally
equipped with a 1290 DAD detector (Agilent Techgi¢s, Santa Clara, CA, USA).

Assay Procedure.The kinetic solubility was determined turbidime#dly. DMSO stock
solutions of the test compound (different conceitng) were diluted 1:100 with the
respective buffer (pH 7.4) at 37 °C in a micro t{b@ pL stock in 1000 uL buffer), giving a
final DMSO concentration of 1%. The sample was exetl and transferred into a 96-well
plate (300 pL/well, 3 replicate wells). DMSO (1%haffer; 300 pL/well, measured 12-fold)
served as vehicle control/ blank value, coronenevese as a highly insoluble control
compound. After incubating the plate at 37 °C fdr, 2he extinction was measured at 380 nm
using a GENios Pro microplate reader. The data wermalized to the blank value and the
kinetic solubility limit was estimated as the higheoncentration at which more than 95% of
the radiation is transmitted (i.e. the extinctisrlawer than 0.0223).

4.4.3 Thermodynamic Solubility Assay

The thermodynamic solubility of the test and refieee compounds was determined by the
saturation shake-flask method. A DMSO stock sotutd the test compound was diluted
1:1000 in PBS (pH 7.4) in a glass vial or glasgrifige tube, both of which had been treated
with a siliconizing agent, giving a final DMSO cent of 240 (e.g. 0.6 pL stock in 600 pL
PBS) According to solubility, stock solutions of diffsit concentrations were used
(compound<i0, 41, 48 and49: 50 mM, compoun®5: 20 mM, all other compounds: 10 mM).
The vial was capped, vortexed and shaken at 29r3&-40 h. Shaking was stopped and the
precipitate was allowed to sediment at 25 °C foth24n the case of poorly sedimenting
compounds, the samples were then centrifuged a&C2ind 2700 g for 30 min. 2 aliquots of
supernatant (100 pL each) were taken carefully femoh vial with a micropipette, anxious
not to swirl up the sediment, and diluted with Me(@9 pL). The micropipette tip was rinsed
thoroughly in the mixture of supernatant and Me©Mlissolve potential residue adsorbed to

the tip surface. The sample was analyzed with HRbG the peak area was determined.
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Standard solutions were produced as follows. DM&®kssolutions (5 concentrations) and
DMSO were diluted 1:100 in PBS (1% final DMSO cartje vortexed and immediately an
aliquot (100 pL) from each solution was taken aidted with MeCN (50 pL) (plus pipette
tip was rinsed). The standards were measured byCH&id the peak areas were used to
construct a calibration curve. Solubility of thestteompound was determined by quantifying
the concentration of the sample using the calibnatcurve. At least 6 independent
experiments were carried out for each reportedtdsuors were expressed as standard error
of the mean (SEM).
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