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ABSTRACT

We synthesize various substituted triazole-containing flavonoids and identify potent, nontoxic and
highly selective BCRP inhibitors. Acl18Az8, Ac32Az19 and Ac36Az9 possess m-
methoxycarbonylbenzyloxy substitution at C-3 of the flavone moiety and substituted triazole at C-
4’ of B-ring. They show low toxicity (ICso towards L929 > 100 uM), potent BCRP-inhibitory
activity (ECso = 1-15 nM) and high BCRP selectivity (BCRP selectivity over MRP1 and P-gp >
67-714). They inhibit the efflux activity of BCRP, elevate the intracellular drug accumulation, and
restore the drug sensitivity of BCRP-overexpressing cells. Like Ko143, Ac32Az19 remarkably
exhibits 100% 5D3 shift, indicating that it can bind and cause conformational change of BCRP.
Moreover, it significantly reduces the abundance of functional BCRP dimer/oligomer by half to
retain more mitoxantrone in the BCRP-overexpressing cell line and that may account for its
inhibitory activity. They are promising candidates to be developed into combination therapy to

overcome MDR cancers with BCRP overexpression.

Keywords: Flavonoids, Triazole, Breast Cancer Resistance Protein, BCRP inhibitor, Multidrug

Resistance
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1. INTRODUCTION
Multidrug resistance (MDR) is a major obstacle in clinical treatment in which many
cancers develop resistance towards different kinds of drugs and eventually result in
chemotherapy failure. Resistance to chemotherapy has been associated with the overexpression
of ATP-binding cassette (ABC) transporters in tumor cell membranes that actively expel anti-
cancer drugs from the cytoplasm and cause the intracellular drug concentration below the
therapeutic level.

Breast cancer resistance protein (BCRP; ABCG2) is one of three major members of the
ABC transporter protein family besides P-glycoprotein (P-gp; ABCB1) and multidrug
resistance associated protein 1 (MRP1; ABCC1).1* BCRP, unlike dimeric P-gp and MRP1, is a
72 kDa half transporter and consists of only one cytosolic nucleotide-binding domain (NBD) and
one transmembrane domain (TMD).°> BCRP has been reported to form a dimer or oligomer when
it functions as a transporter.6® BCRP is found in various human cancers.®® Its level is associated
with clinical drug resistance and lower survival rate.®26 Since its discovery in 1998,7-1° nhumerous
anticancer drugs including methotrexate,?® mitoxantrone,?! topotecan,? irinotecan®® and its active
metabolite SN-38,2* as well as some tyrosine kinase inhibitors (TKIs)?® have been identified as
BCRP substrates. The approach of co-administration of a potent inhibitor of ABC transporter with
an anticancer drug to overcome MDR has been evaluated in several clinical trials.?5-?° Several
phase I11 clinical trials of P-gp inhibitors®®-3? all ended with negative results. One factor for the
lack of success may be the fact that none of the above clinical trials had patient selection based on
prospective evaluation of the expression of the drug transporters. In the trials that evaluated P-gp
inhibitors in non-small cell lung cancer, for example, transporters such as MRP1 or BCRP rather
than P-gp may have accounted for the drug resistance.®® Inhibitors that targeted P-gp would have
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failed to overcome MDR due to overexpression of MRP1 or BCRP. Additional factors suggested
for the lack of success in this strategy of overcoming MDR are: (1) enhanced toxicity at non-target
site due to the inhibitor, (2) drug-drug interaction of the anticancer drug with the inhibitor leading
to enhanced toxicity and (3) the inhibitor may adversely modify drug distribution in solid tumors.3*
It is suggested that further improvement of inhibitors of ABC transporters should focus on potency,

specificity and safety.®

Fumitremorgin C (Figure 1) was the first identified BCRP inhibitor with effective
concentration (ECso) around 1-5 uM.23 % However, it was neurotoxic and had been precluded from
clinical development.® In later studies, one of the analogues of fumitremorgin C, Ko143 (Figure
1)*® was identified as a potent and selective inhibitor of BCRP with ECso around 10 nM.® It was
not stable in mouse plasma when administered p.o. to inhibit intestinal BCRP. Tariquidar (Figure
1)¥, a potent P-gp inhibitor, has also been reported to inhibit BCRP with ECsp around 100 nM.3®
Recently, 2,4,6-substituted quinazolines (with ECso = 20-71 nM),* 2 4-disubstituted
pyridopyrimidines (with ECso = 37 nM)* and 4-anilino-2-pyridylquinazolines and -pyrimidines
(with ECso = 21 nM)*! have been reported to be highly potent and nontoxic inhibitors of BCRP.
More recently, indenoindole inhibitors of BCRP with ECso of 24 nM*? and 210 nM*? for inhibiting

mitoxantrone efflux have been reported.

Flavonoids are abundant in fruits, vegetables, tea and herbal products. They possess various
beneficial properties including antioxidant, anti-inflammatory, antiviral and anticancer
properties*“® and are commonly regarded as safe substances for human consumption. Many
natural flavonoids have been found to exhibit moderately weak activity in modulating ABC

transporters with ECso in the micromolar regime.*® A structure activity relationship (SAR) study
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of flavonoids as BCRP inhibitors led to the suggestion that the inhibition may involve, in part, the
binding of flavonoids with the NBD of BCRP. In order to potentiate the MDR modulation effect
of flavonoids, we have previously found that flavonoid dimers of general structure | with 4-5
polyethylene glycol (PEG) units (Figure 1) were promising P-gp and MRP1 inhibitors with
nanomolar ECsp values (70 to 170 nM).%1%® Recently, we have successfully employed the copper
(1) catalyzed Huisgen 1,3-dipolar cycloaddition reaction between alkyne (AcN) and azide (AzM)
to efficiently synthesize triazole-linked flavonoid dimers (AcNAzM and AcN(AzM)z2) as potent
MRP1 and BCRP inhibitors.%® " Thus, it was found that compound Ac3Az11 (Figure 1) was
potent MRP1 inhibitor (ECso = 53 nM)*® and compound Ac22(Az8): (Figure 1) was potent BCRP
inhibitor (ECso = 1-2 nM).*" The latter compound was found to inhibit the BCRP-ATPase activity
and block the efflux activity of BCRP thus elevating the intracellular drug accumulation. The
biochemical studies suggested that it bound to the same drug-binding site, consistent with the cryo-

EM structures revealed for BCRP in complex with substrate/inhibitor. -

In the BCRP study,® it was observed that compounds which contained no flavonoid moiety
were essentially nonactive (ECso > 1000 nM). Furthermore, it seemed that flavonoid dimers
derived from Az8 or Az9 were highly potent irrespective of the Ac component to which they were
coupled, with ECso ranged from 1 to 24 nM.>" We are therefore interested to examine monomeric
flavonoids with structural motif analogous to Az8 or Az9 to see if they can exhibit potent inhibitory
activity against BCRP. Such monomeric flavonoids would have the advantage of having lower

molecular weights than the corresponding dimers and are likely to be more druggable.
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Figure 1. Chemical structures of fumitremorgin C, Ko143, tariquidar, GF120918, general

structure I, Ac3Az11 and Ac22(Az8)z2.
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2. RESULTS
2.1 Design and synthesis of flavonoid monomers

The alkynes Acl-Acl3, Acl6, Ac33, Ac35 and Ac42 (Figure 2) and the azides Az1-Az3,
Az5, Az7-Az13, Az17 and Az18 (Figure 3) are conveniently prepared according to the procedure
described in the previous study.®® %" From previous studies, the most potent triazole-containing
homodimers for selectively inhibiting BCRP contain m-methoxycarbonylbenzyloxy modification
at the C-ring of flavone moieties, conjugate the linker at C-4’ of B ring and are longer than 21
atoms in linker length.>” For the present study of monomers, we have maintained the conjugation
at C-4’ of B ring. In some cases, the m-methoxycarbonylbenzyloxy group has been modified to
benzyloxy (Az18) or m-methoxybenzyloxy (Ac35 and Az17) to probe the effect of the m-
methoxycarbonyl group on the activity. Monomers of various R (R1 and R2) substituents (F, Me,
OMOM, OBn...) in the A ring, different linkers (polymethylene, PEG or aminoethoxy) with
different lengths, are conveniently available from previous study®® " and are used as such to
examine the effect of substituents and linkers on activity. For non-flavonoid containing alkynes
(Acl7-27, Ac33 and Ac36) and azides (Az16 and Az19), they are chosen mainly because they are
either commercially available or easily synthesized. Three more novel AcN monomers, Ac32,
Ac4l and Ac43 are synthesized. For Ac32 and Ac41, the intermediates 1a and 2a are alkylated
respectively with the halogenated reagents 1b and 2b to afford the desired compounds (Scheme
1). For Ac43, the hydroxylated flavone 3a is coupled with tert-butyl benzyl(2-
hydroxyethyl)carbamate 3b under Mitsunobu condition and the Boc group of the coupled product
is removed under acidic condition to furnish the desired product (Scheme 1). With one compound

bearing an acetylene group (AcN) and another compound bearing an azido group (AzM), a



128  triazole-containing flavonoid monomers could be easily obtained by employing the CUAAC

129  reaction. (Scheme 2).
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133 Figure 3. Structures of AzM compounds.

134

135  Scheme 1. Synthesis of Ac32, Ac4l, Ac43.2
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137 ® Reagents and condition: (i) H202, KOH, acetone, reflux 6 hr; (ii) methyl 3-
138  (bromomethyl)benzoate, K.COs, acetone reflux 12 hr; (iii) K2COs, Kl, DMF, reflux, 2 hr; (iv)

139  PPhg, DIAD, THF; (v) TFA, DCM.

140



141 Scheme 2. Synthesis of triazole bearing flavonoid monomers.2
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2.2. Biological assay results
2.2.1. SAR of flavonoid monomers and BCRP-inhibitory activity

For screening of BCRP-modulating activity of flavonoid monomers (AcN or AzM), BCRP-
transfected human embryonic kidney cell line HEK293/R2 is used (Table 1). ECso at which
modulator can reduce 1Cso of cell line toward a drug by half, is used to discriminate the BCRP
inhibitory potency. The flavonoid monomers would be considered as potent BCRP inhibitors if
they exhibit ECso values less than 100 nM (Table 1).

In the 25-member of AcN library (Table 1), 19 compounds are found to be nonactive with
ECso values greater than 1000 nM. Of those, six compounds (Acl7-Ac20, Ac27 and Ac33)
containing no flavone moiety do not show any BCRP-modulating activity, indicating that the
presence of flavone moiety is necessary for BCRP inhibition. Secondly, replacing the flavone
structure with a chalcone (Ac6-Acl0) or a quinazolinone moiety (Acll) also show no BCRP
inhibitory potency. Thus, flavone but not chalcone or quinazolinone moiety is an important
pharmacophore for BCRP modulation. In order to understand the SAR for inhibiting BCRP

activity, we have (1) introduced various substituents at C-5, C-6 or C-7 on A-ring or at C-3 on C-
11
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ring of the flavonoid moiety; (2) synthesized different linker length between the flavone and alkyne;
(3) located the linker at either C-4’ of ring B or C-7 of ring A and (4) designed the linker with a
N-atom bearing benzyl substituent. It is found that linker conjugated at C-7 position of A-ring
(Ac2, Acl2, Acl3, Acl6 and Ac43) is not preferred as it results in ECso > 1000 nM as compared
to conjugation site at C-4’ position of B-ring. Moreover, either Ac16 or Ac43 having N-benzyl
substitution at the linker is unfavorable for BCRP modulation. Among the remaining AcN
monomers with both flavone moiety and C-4’ linker conjugation, 5-, 6- or 7-substitutions at A-
ring (Ac3, Ac4, Ac4l and Ac42) or 3-substitution at C-ring (Ac32 and Ac35), they have improved
BCRP-inhibitory activity with ECso ranged from 44 nM to 417 nM as compared to unsubstituted
Acl monomer (ECso > 1000 nM). Moreover, substituent F- at C-6 of A ring such as Ac41 or Ac42
(ECs0 = 240 to 417 nM) is more potent than Ac5 which has CHzs- substitution (ECso > 1000 nM).
Ac32, containing m-methoxycarbonylbenzyloxy substitution at C-3 of C-ring, is the most potent
inhibitor with ECso of 44 nM. When the carbonyl group is removed from Ac32 to become m-
methoxybenzyloxy substituted Ac35 (ECso = 261 nM), a 6-fold decrease in BCRP inhibitory
activity is noted.

In the 15-member AzM library, Az16 and Az19 without flavone moiety are the poorest
inhibitor with ECso > 1000 nM. Thirteen compounds possess ECso ranging from 8.5 nM to 840
nM. Five of them, Az5, Az8-Az10 and Az17, are potent BCRP modulators with ECso < 100 nM.
Like Ac32, Az9 containing m-methoxycarbonylbenzyloxy substitution is the most active one with
ECso less than 10 nM (Table 1). However, when the m-methoxycarbonyl group is removed from
Az9 to become benzyloxy substituted Az5 (ECso = 52 nM), there is a 6-fold decrease in potency.
The same decrease is found for Az8 (ECso = 80 nM) and Az18 (ECso = 169 nM). The m-ester group
at the benzyloxy substituent in C-ring appears to enhance the BCRP inhibitory activity. Other than

12



183  modification at the C-ring, linker length between C-4’ position and the azide moiety also play a
184  role in controlling the BCRP-modulating activity. Az9 (ECso = 8.5 nM) with 2 PEG units shows
185  9.4-fold higher BCRP inhibitory activity than Az8 (ECso = 80 nM) which possesses 1 PEG unit

186  (Table 1).
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187  Table 1. BCRP-modulating activity of flavonoid AcN and AzM monomers.

ECso (nM) for reversing ECso (nM) for reversing ECso (nM) for reversing
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A total of 40 flavonoid monomers are synthesized and their BCRP-modulating activities are
determined. ECso value is used to differentiate the reversal potency of these flavonoid monomers.
ECso value is presented as mean + standard error of mean. N = 3-4 independent experiments.

Ko143 and Ac22(Az8)2 are BCRP-specific inhibitors and used as positive controls.

2.2.2 BCRP-modulating activity and BCRP selectivity of triazole derivatives of Ac32, Az8 and
Az9
Ac32, Az8 and Az9 are promising BCRP inhibitors and possess the important pharmacophore
m-methoxycarbonylbenzyloxy substitution at the C-3 of C-ring. However, they are still not good
candidates for future use. Although Az9 is quite active with ECso of 8.5 nM (Table 1), it causes
moderate toxicity towards L929 (ICso = 28.4 uM, Table 2). Ac32 and Az8 are not potent enough
with ECso of 44 nM and 80 nM (Table 1). Here, using the Huisgen 1,3-dipolar cycloaddition
reaction, we introduce a triazole ring and various side chains to Ac32, Az8 and Az9 to further
study their BCRP modulation in both HEK293/R2 and MCF7MX100 cells. Like their precursor
compounds, these triazole-containing derivatives are all active against BCRP in both cell lines
(ECs0=1.410 160 nM, Table 2). They are all relatively nontoxic as measured by their cytotoxicity
towards the normal mouse fibroblast L929 cells (1Cso = 13.3 to >100 uM, Table 2). They are less
active as P-gp inhibitors (ECso = 298 to >1000 nM, Table 2) and as MRP1 inhibitors (ECso = 865
to >1000 nM, Table 2), indicating that they are all more BCRP-selective (BCRP selectivity over
P-gp > 6-286 and BCRP selectivity over MRP1 > 6-714) (Table 2).
In general, BCRP inhibitory potency of Ac32, Az8 and Az9 derivatives are significantly
improved after introduction of the triazole structure. Thus, Ac32Az16, Ac32Az19, Acl18AzS,
Ac20Az8, Ac27Az8, Ac18Az9, Ac33Az9 and Ac36Az9 are all more potent than their precursors

Ac32, Az8 and Az9 respectively (Table 2), suggesting that the triazole plays a positive role in
15
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enhancing BCRP inhibition. The only exceptions are Ac19Az8 and Ac19Az9. The presence of the
phthalimide structure appears to have a slight negative effect, leading to no overall improvement
in activity over the precursors. Other than phthalimide, other substituents attached to the triazole
structure give highly active BCRP inhibitors. The most potent is Ac36Az9 with ECso= 1.4 and
1.6 nM for the two in vitro assays (in comparison with Ko143, the ECsg are 8.7 and 9.0 nM). Two
other compounds, Ac32Az19 (ECso = 7.0 and 6.0 nM) and Ac18Az8 (ECso= 14.9 and 3.5 nM) are
comparable to Ko143 in potency.

These three triazole-containing derivatives, Ac18Az8, Ac32Az19 and Ac36Az9 are chosen
for further mechanistic characterization because of their high potency. They also show high BCRP
selectivity over P-gp and MRP1 (BCRP selectivity > 67-714 comparable to BCRP selectivity of
Ko143 = 118-224). More importantly, they are nontoxic as their ICso values are greater than 100

UM towards L929 (Table 2) whereas Ko143 shows moderate toxicity (ICso = 31 uM).
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Table 2. ECso (nM) of Ac32, Az8 and Az9 triazole-containing derivatives for reversing MDR

and their BCRP-selectivity.

ECs, (nM) for reversing MDR .
BCRP selectivity
Cpds Structure Cytotoxcity HEK293/R2 MCF7-MX100 LCC6MDR 2008MRP1
(1Cs0, pM) BCRP-mediated BCRP-mediated P-gp-mediated MRP1-mediated Relative to P-gp inhibition Relative to MRP1 inhibition
L929 topotecan resistance topotecan resistance paclitaxel resistance DOX resistance | HEK293/R2 MCF7-MX100 | HEK293/R2 MCF7-MX100
Ac32 >100 438+12.6 33.7+38 820.7 £99.0 1000 + 0.0 19 24 23 30
Ac32A716 133+£25 10.0£45 214+96 606.3 +62.8 >1000 61 22 100 36
Ac32A719 >100 70£02 6.0+34 670.0 £70.2 >1000 96 112 143 167
Az8 67.5+2.0 80.3+24.1 49.7+191  >1000 >1000 12 20 12 20
Ac18AZ8 >100 149+53 35+£10 >1000 >1000 67
Ac19AZ8 >100 46.4 +12.7 96.7 £ 268  >1000 >1000 22 10 22 10
Ac20AZ8 >100 320+8.0 298+112  >1000 >1000 31 34 31 34
Ac27AZ8 >100 26467 443+ 147  >1000 >1000 38 23 38 23
A9 O o 0 284+78 85+13 168+ 4.1 297.5 £50.4 >1000 35 18 118 60
O 0O M
0
o N
Ac18AZ9 | >100 16.2+8.2 282+89 830.0 +114.7 >1000 51 29 62 35
o o NN N
O WL NNV
L0
0, CN o
Ac19AZ9 O OI e NN N >100 160.0 + 61.8 ND >1000 >1000 6 ND 6 ND
O 0/\/0\/\0/\/“% J
o
H
i /
AAD | °v@j°\ S S 378448 189+6.0 382+156  >1000 865.0 + 104 53 26 46 3
NeN
" U o
o. oL 2
Ac36Az9 O | ° M p >100 14+05 16+08 308.5 +25.6 >1000 193
0 N=! N:
O I PN
Ko143 314 +16 87+22 90+15 1060.0 +120.1 1950.0 + 251 122 118
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I 5CRP-selectivity > 200

BCRP-selectivity = 101-200
BCRP-selectivity = 50-100
BCRP-selectivity < 50

Potent monomers including Ac32, Az8 and Az9 are further potentiated by formation of a triazole
with various side chains. The BCRP-, P-gp and MRPI-modulating activities of these new
derivatives are studied using BCRP-overexpressing cell lines HEK293/R2 and MCF7-MX100, P-
gp-overexpressing cell line LCC6MDR and MRP1-overexpressing cell line 2008MRP1. ECs
value is presented as mean + standard error of mean. N = 3-4 independent experiments. Selectivity
index of an inhibitor for transporter A over transporter B as the inverse ratio of ECsg of the inhibitor
for transporter A over the ECso of the same inhibitor for transporter B. The NMR data of these

compounds are shown in Supporting Information.

2.2.3 Ac18Az8, Ac32Az19 and Ac36Az9 selectively reverse mitoxantrone resistance in BCRP-

overexpressed cell line

Mitoxantrone is an overlap substrate among BCRP, MRP1 and P-gp transporters.5! In order
to further confirm the BCRP selectivity of Ac18Az8, Ac32Az19 and Ac36Az9, mitoxantrone
cytotoxicity with or without these inhibitors is determined using BCRP-, MRP1- and P-gp-
overexpressed cell lines. Ac18Az8, Ac32Az19 and Kol143 potently modulate BCRP-mediated
mitoxantrone resistance in HEK293/R2 with ECsp less than 20 nM (Table 3). Ac18Az8 and
Ac32Az19 exhibit relatively weak MRP1- or P-gp modulating activities with ECso ranged from
644 nM to 886 nM and their BCRP selectivity over P-gp and MRP1 range from 38 to 68. Thus,
mitoxantrone sensitization assay demonstrates that Ac18Az8 and Ac32Az19 have higher efficacy

for BCRP than for P-gp and MRP1.
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Table 3. Ac18Az8, Ac32Az19 and Ac36Az9 selectively reverse mitoxantrone resistance in

BCRP-overexpressed cell line but not MRP1- or P-gp overexpressed cell lines.

ECs, (NM) for reversing mitoxantrone resistance BCRP selectivity
ST BCRP- P-gp- MRP1- Relative to P-gp  Relative to MRP1
overexpressed overexpressed overexpressed inhibitory activity inhibitory activity
HEK293/R2 LCC6MDR 2008MRP1

Acl18Az8 17+ 4 644 + 161 681 + 151 38 40

Ac32Az19 13+ 3 673 £ 119 886 + 92 52 68

Ac36Az9 165 + 15 817 + 127 592 + 108 5 4

Ko143 5+x1 943 + 233 1800 + 201 189 360

Mitoxantrone is an overlap substrate among BCRP, MRP1 and P-gp transporters. ECso values of
Acl18Az8, Ac32Az19, Ac36Az9 and Ko143 for reversing mitoxantrone resistance in HEK293/R2,
LCC6MDR and 2008MRP1 are determined. N = 2-4 independent experiments. ECso values are
presented as mean + standard error of mean. Selectivity index of an inhibitor for transporter A over
transporter B as the inverse ratio of ECsg of the inhibitor for transporter A over the ECso of the

same inhibitor for transporter B.

2.2.4 BCRP inhibitors Ac18Az8, Ac32Az19 and Ac36Az9 increase retention of BCRP-substrates
by inhibiting efflux in HEK293/R2 cells

The above results show that these triazole-bridged flavonoids are potent, nontoxic and
highly selective BCRP modulators (Table 2 and Table 3). We determine whether the reversal of
BCRP-mediated drug resistance is associated with an increase in drug accumulation. As shown in
Figure 4, BCRP-overexpressing cell line HEK293/R2 significantly accumulates 5.2-fold
(p<0.005) and 4.4-fold (p<0.005) less topotecan (Figure 4A) and mitoxantrone (Figure 4B) as
compared to its wild type. In the presence of 1 or 2 pM of triazole-containing flavonoids or Ko143,
intracellular topotecan and mitoxantrone levels are significantly increased and comparable to that

observed for the non-BCRP parental cell line, HEK293/pcDN3.1 (Figures 4A and 4B). In contrast,
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Acl18Az8 Ac32Az19 and Ac36Az9 do not affect the intracellular topotecan or mitoxantrone level
in wild type HEK293/pcDNAS3.1 cells. The result suggests that these triazole-bridged flavonoids
inhibit transport activity of BCRP and increase drug retention inside the cells.

We investigate if the triazole-containing flavonoids could block BCRP-mediated drug efflux
in BCRP-overexpressing cells. Both wild type and HEK293/R2 cells are pre-loaded with
mitoxantrone, then the cells are transferred to drug-free media to allow mitoxantrone efflux.
Without Ac32Az19, the intracellular mitoxantrone level of HEK293/R2 cells significantly
decreases to 47% in 150 min (p<0.05) (Figure 4C). In the presence of 2 uM of Ac32Az19,
mitoxantrone efflux is dramatically inhibited. The intracellular mitoxantrone level remains at 94%
after 150 min (Figure 4C). With or without Ac32Az19, no observable change in the efflux rate is
noted in non-BCRP expressing wild type. The above result demonstrates that the reversal of drug
resistance by Ac32Az19 in HEK293/R2 cells is due to the blockage of drug efflux, leading to an
increased drug accumulation and thus restoring the chemosensitivity of BCRP-overexpressing cell

line towards anticancer drugs again.

BCRP is an efflux transporter with broad substrate specificity. In order to study whether
Ac32Az19 is itself a substrate of BCRP, its intracellular level is measured after treating the
HEK293/pcDNA3.1 or HEK293/R2 cells for 2 hr. At 2 or 10 uM of Ac32Az19 alone, intracellular
Ac32Az19 levels in HEK293/R2 cells are the same as that in HEK293/pcDNA3.1 cells (Figure

4D), suggesting that Ac32Az19 is not a transport substrate of BCRP.
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Figure 4. Effect of Ac18Az8, Ac32Az19 and Ac36Az9 on intracellular accumulation of BCRP-
drug substrates in HEK293/pcDNA3.1 and HEK293/R2 cells. HEK293/pcDNA3.1 or HEK293/R2
cells are co-incubated with 1 or 2 uM of modulators and anticancer drugs (A) topotecan or (B)
mitoxantrone for 2 hr at 37 °C. Intracellular levels of drugs are measured by flow cytometer. The
intracellular level of drug after treatment is normalized to wild type HEK293/pcDNA3.1 cells. A
0.1 % or 0.2 % of DMSO is used as a negative control. Student paired t test is conducted relative
to HEK293/R2 cells incubated with 0.1 % or 0.2 % DMSO. *p<0.05, **p<0.01 and ***p<0.005.
(C) To measure mitoxantrone efflux, wild type and HEK293/R2 cells are pre-incubated in
supplemented RPMI1640 containing 5 uM mitoxantrone for 1 hr at 37 °C. Then the cells are
washed and further incubated with or without 2 pM Ac32Az19. At 0, 30, 60, 90, 120 and 150
min, the cells are harvested for measuring the intracellular mitoxantrone level using flow
cytometer at FL-4 channel. Student paired t test is conducted with or without Ac32Az19 at
different time points in HEK293/R2 cells. *p<0.05, **p<0.01 and ***p<0.005. (D) To determine
intracellular Ac32Az19 concentration, 1 x 107 cells are incubated with 2 or 10 uM of Ac32Az19
at 37 °C for 2 hr. Cells are then washed with ice cold PBS. To the cell pellet, acetonitrile is added
to lyse the cells and the supernatant is saved for Ac32Az19 determination using UPLC-MS/MS.

All values in Figure 4 are presented as mean + standard error of mean.

2.2.5 BCRP inhibitors Ac18Az8, Ac32Az19 and Ac36Az9 do not affect BCRP protein expression
levels in HEK293/R2 cells

MDR modulation in cancers can sometimes be due to lowered expression of the
transporter proteins and not to direct inhibition of pumping activity. We investigate if Ac18Az8,
Ac32Az19 and Ac36Az9 could affect BCRP level in HEK293/R2 cells. We characterize the effect

of these triazole-containing flavonoids on cell surface BCRP protein level by flow cytometry
25



313

314

315

316

317

318

319

320

321

(Figure 5A). The cell surface BCRP protein level in HEK293/R2 cells is 91- to 110-fold higher
than the wild type HEK293/pcDNA3.1 (Figure 5B). After incubating with 1 or 3 uM of these
triazole-bridged flavonoids for 24 hr, cell surface BCRP protein level in HEK293/R2 cells is
slightly decreased or increased by -10 % to 30 %, indicating that they do not down-regulate the
cell surface BCRP protein level to chemosensitize the cells towards topotecan or mitoxantrone.
Therefore, the increased drug retention observed in BCRP-overexpressing HEK293/R2 cell line
after triazole-containing flavonoid treatment is not due to the reduction of cell surface BCRP

protein level, but due to the blockage of BCRP efflux activity.
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Figure 5. Effect of triazole-containing flavonoids on cell surface BCRP protein expression level.
HEK?293/pcDNA3.1 and HEK293/R2 cells are treated with or without 1 or 3 puM of triazole
containing flavonoids for 24 hr. Cell surface BCRP protein level is measured by flow cytometer
at FL1 channel. (A) The cell surface BCRP protein level in HEK293/pcDNA3.1 and HEK293/R2
cells is analyzed using BCRP-FITC antibody. 1gG2b-FITC is an isotype control. (B) The surface
BCRP protein level of HEK293/R2 cells is detected after incubating with 1 or 3 uM of tested
compounds for 24 hr respectively. 0.1 % or 0.3 % of DMSO is used as a solvent control.
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2.2.6 Ac32Az19 has weak effect on substrate stimulated BCRP-ATPase activity

In order to study if Ac32Az19 could inhibit ATPase activity of BCRP and then block
transporter efflux, microsome fraction from BCRP-overexpressing cell line SIM180 is purified
and the effect of Ac32Az19 on vanadate-sensitive BCRP-ATPase activity is investigated. In
contrast to Ko143 which is a known inhibitor of BCRP-ATPase, it is found that Ac32Az19 slightly
increases vanadate-sensitive BCRP-ATPase activity from 110 % to 120 % when raising the

concentration from log -1 to log 4 nM (Figure 6).

Basal BCRP-ATPase activity

60-

401 @ Ac32Az19
20| W Ko143

N=3-6 independent expts
0 . . ;
-1 0 1 2 3 4 5

Log [ ] of modulator (nM)

Vanadate-sensitive BCRP-ATPase activity (%)
(00)
et

Figure 6. Effect of Ac32Az19 on vanadate-sensitive BCRP-ATPase activity. SIM180 is a
mitoxantrone selected colon cancer cell line and has BCRP overexpression. Membrane fraction of

S1M180 is collected after sonication and ultracentrifugation. Ouabain (Na*/K*-ATPase inhibitor)
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and sodium azide (F-type ATPase inhibitor) are added to the microsome fraction to inhibit non-
ABC transporter ATPase activities. Sodium orthovanadate inhibits ABC transporter ATPase
activity and is used to calculate vanadate-sensitive activity by subtraction from the total ATPase
activity (without sodium orthovanadate). Ko143 and Ac32Az19 are pre-incubated at 37 °C for 30
min, followed by 1 hr incubation of 2.5 mM ATP. After the reaction is stopped, phosphate level is

determined using colorimetry method. These data are shown as mean * standard error of mean.
2.2.7 Effect of Ac32Az19 on conformation of BCRP using 5D3 monoclonal antibody

5D3 is a conformation sensitive monoclonal antibody and can recognize extracellular CD338
epitope of the human BCRP. Its binding to BCRP (i.e. 5D3 shift) can be increased when BCRP
substrates /inhibitors interacting with BCRP.52 Inhibitors of BCRP are reported to have higher 5D3
shift as compared to those caused by transported substrates.’® Effect of Ac32Az19 on
conformational change of BCRP and 5D3 shift is studied using BCRP-overexpressing cell line
HEK293/R2. Specific BCRP inhibitor Kol43 at 1 uM is used as a positive control and set as a 100
% 5D3 shift relative to untreated DMSO control (Figure 7A). A histogram showing 5D3 shift
caused by BCRP inhibitors/substrates or P-gp inhibitors (PSC833 and verapamil) is presented in
Figures 7B, 7C and 7D. As remarkable as Ko143, Ac32Az19 and another BCRP inhibitor
GF120918 at 1 uM also cause 100 % 5D3 shift, indicating that both of them can interact with
BCRP and cause higher amount of conformational change of BCRP (Figures 7A and 7B). On the
contrary, known BCRP substrates, quercetin and Hoechst 33342 even at 10 uM are found to only
slightly increase 5D3 shift, about 39 % and 19 % relative to Kol143 (Figures 7A and 7C).

Ac32Az19 causing higher 5D3 shift supports that it is not transport substrate but rather inhibitor
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of BCRP. Specific P-gp inhibitors PSC833 and verapamil do not increase 5D3 shift (Figures 7A

and 7D), suggesting that they cannot interact with BCRP.
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Figure 7. Effect of Ac32Az19 on 5D3 labeling in HEK293/R2 cells. (A) % of 5D3 shift caused by Ac32Az19, known BCRP
inhibitors/substrates and known P-gp inhibitors is compared. Kol143 at 1 uM is used as a positive control and set as a 100 % 5D3 shift.
Ko0143 (1 uM), GF120918 (1 uM), Ac32Az19 (1uM), quercetin (10 uM), Hoechst 33342 (10 uM), PSC833 (1 uM) and verapamil (1

M) are present during BCRP-FITC antibody labeling. The values are presented as mean * standard error of mean. Student paired t test
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is conducted relative to Ac32Az19. *p<0.05, **p<0.01 and ***p<0.005. Representative 5D3 shift
histogram caused by (B) BCRP specific inhibitors including Kol143, GF120918 and Ac32Az19,
(C) BCRP substrates including quercetin and Hoechst 33342 and (D) P-gp inhibitors including

PSC833 and verapamil and Ac32Az19.
2.2.8 Effect of Ac32Az19 on the ratio of BCRP oligomer to monomer

BCRP is composed of one NBD and one TMD. A functional ABC transporter like P-gp and
MRP1 requires two TMDs and two NBDs to form a central translocation pathway. It has been
reported that the functional BCRP may exist as a homo-dimer or -oligomer for substrate binding
and transport.®® We investigate if Ac32Az19 could reduce the abundance of functional BCRP
dimer or oligomer. HEK293/R2 cells are pre-treated with 1 uM of Ac32Az19 for 4 days and then
further incubated with or without chemical cross-linking reagent disuccinimidyl suberate (DSS)
with an arm length of 11.4 A. If BCRP dimer or oligomer exists, it can be cross-linked by DSS

and can be separated and detected by the SDS-PAGE and Western blot.

As shown in Figure 8A, two bands of BCRP with protein size greater than that of BCRP
monomer are clearly detected after DSS cross-linking when comparing to the control without DSS.
Their sizes are around 210 kDa and 180 kDa which represent the trimeric and dimeric BCRP,
respectively.5* After treating with Ac32Az19, the abundance of dimer and trimer are obviously
reduced (Figure 8A). When comparing to the untreated DMSO control, the ratio of oligomer to
monomer is significantly decreased to 0.45- (p<0.005) and 0.8-fold (p<0.05) in Ac32Az19 and
Ko143 treated cells, respectively (Figure 8B). Similar to the flow cytometry data (Figure 5B),
Ac32Az19 does not affect the total BCRP protein level (Figure 8C). It has been demonstrated that

dimeric or oligomeric BCRP is responsible for mitoxantrone transport and Ac32Az19 treated cells
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with half abundance of functional BCRP dimers/oligomers results in 3.8-fold (p<0.005) more
mitoxantrone accumulation than the untreated DMSO cells (Figure 8D and 8E). On the contrary,
Kol43-treated cells with 20% BCRP dimers/oligomers reduction results in 2-fold (p<0.05)

increase in mitoxantrone accumulation (Figure 8D and 8E).
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Figure 8. Effect of Ac32Az19 on the ratio of BCRP oligomer to monomer. HEK293/R2 cells are
pre-treated with Ac32Az19 (1 puM), Ko143 (1 uM) and 0.1% DMSO for 4 days and then further
incubated with or without chemical cross-linking reagent disuccinimidyl suberate (DSS) for 45
min. (A) 50 pug of cell lysates from HEK293/R2 cells with or without cross-linking are separated
on the SDS-PAGE and then Western blot analysis. (B) After cross-linking, the protein levels of
BCRP monomer, dimer and trimer in the Western blot are analyzed by ImageJ software. The ratio
of BCRP oligomer to monomer after each treatment = protein level of dimer and trimer / protein
level of monomer. The fold-change in BCRP oligomer/monomer was relative to the solvent control
0.1 % DMSO. N = 3-6 independent experiments. (C) Without cross-linking, the protein levels of
BCRP monomer and (3-actin after each treatment are determined by ImageJ software. 3-actin here
is used as a loading control. The actual level of BCRP is normalized to 3-actin level accordingly.
The fold change in total BCRP level is relative to the solvent control 0.1 % DMSO. N = 3-6
independent experiments. (D) After 4-day treatment with modulator (1 uM) at 37 °C with 5 %

COqy, the cells are harvested to perform mitoxantrone accumulation assay and its level is measured
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by flow cytometry as described previously. Modulator-treated cells contain more mitoxantrone
than the untreated DMSO cells. (E) The intracellular mitoxantrone level in each treatment group
is relative to 0.1 % DMSO. N = 5 independent experiments. The values in this figure are presented
as mean = standard error of mean. Student paired t test is conducted relative to 0.1% DMSO. *p <

0.05, **p < 0.01 and ***p < 0.005.
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3. DISCUSSION AND CONCLUSION

Several clinical trials to overcome MDR by co-administration of an inhibitor of ABC
transporters with an anti-cancer drug had led to disappointing outcomes.®® Further improvement
of inhibitors of ABC transporters should not only focus on potency but also on improving

specificity to minimize potential drug-drug interaction as well as reducing toxicity.>*

In a 40-member flavonoid monomer library, we found that six of them displayed strong
inhibition against BCRP with ECsp less than 100 nM (Table 1). Ac32, Az8 and Az9 with m-
methoxycarbonylbenzyloxy substitution at C-3 of C-ring were found to be potent inhibitors with
ECso value in the range of 8.5 to 80.3 nM, nearly as active as Ko143 (ECso = 9 nM) (Table 1).
Subsequently, we chose Ac32, Az8 and Az9 monomers as the lead fragments and by employing
the CuAAC reaction to form triazole-containing flavonoids. Three compounds, Acl8AzS,
Ac32Az19 and Ac36Az9, were found to be highly active BCRP specific inhibitor with ECso=1 -
15 nM for reversing topotecan resistance vs Ko143 = 9 nM, with high BCRP selectivity over P-gp
and MRP1 (BCRP selectivity over P-gp > 67- 286 vs Ko143 = 118-122 and BCRP selectivity over
MRP1 > 67 — 714 vs K0143 = 217-224) and nontoxic (ICso towards L929 > 100 uM vs Ko143 =
31 uM) (Table 2).

It was demonstrated that they inhibited the mitoxantrone efflux activity of BCRP (Figure
4C), thus elevated the intracellular drug accumulation (Figure 4A and 4B) and finally restored
the drug sensitivity of the BCRP-overexpressing cells (Tables 1 and 2). On the other hand,
Ac32Az19 exhibited similar intracellular level in wild type and BCRP-overexpressing cell line
HEK293/R2 (Figure 4D) suggesting that Ac32Az19 is an inhibitor of BCRP, rather than a

transport substrate of BCRP.
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It is important to understand the possible mechanism by which these flavonoid monomers
exert inhibition on BCRP. They did not down-regulate the surface BCRP protein expression, so
that it could not be the mechanism to enhance the drug retention (Figure 5). In a previous
investigation of various flavonoids as BCRP inhibitors, a SAR study of 25 flavonoids as BCRP
inhibitors led to the suggestion that the inhibition may involve, in part, the binding of flavonoids
with the NBD of BCRP.>® One would expect that such a binding of flavonoid with the NBD of
BCRP should lead to an inhibition of ATPase activity, inconsistent with the experimental
observation that Ae¢32Az19 did not inhibit BCRP-ATPase activity (Figure 6).

Recently, based on cryo-EM structures, a model of drug capture and extrusion by ABCG2 in
the dimeric state has been proposed.”> While Ac32Az19 at 1 pM caused 100 % 5D3 shift,
indicating that it can interact with BCRP and cause conformational change of BCRP (Figure 7),
Ac32Az19 did not inhibit BCRP-ATPase activity whereas inhibitors such as Ko143 did (Figure
6) as expected from the proposed model.>> The binding of Ac32Az19 to the BCRP dimer does not
satisfactorily account for its inhibitory activity.

Unlike dimeric P-gp and MRP1, BCRP is a 72 kDa half transporter and consists of one
NBD and one TMD.®> BCRP forms a dimer or oligomer when it functions as a transporter.®® The
dimer/oligomer could be formed by intermolecular covalent bond formation,%® likely through
cys630%7 or possibly even by non-covalent interaction.®® One plausible approach to inhibit the
function of BCRP is to inhibit its dimerization/oligomerization process. We found that Ac32Az19
reduced the abundance of dimer and trimer (Figure 8 A) when compared to the untreated DMSO
control. The ratio of dimer/oligomer to monomer was significantly decreased to 0.45-fold (p<0.005)
in Ac32Az19 treated cells (Figure 8B). Similar to the flow cytometry data (Figure SB), Ac32Az19
did not affect the total BCRP protein level (Figure 8C). A greater than 50% reduction in the
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abundance of BCRP dimer/oligomer led to 3.8-fold (p< 0.005) more mitoxantrone accumulation
in Ac32Az19 treated cell (Figure 8D and 8E). At this time, we do not know the exact nature of
the inhibition, whether it is by disrupting the covalent disulfide bond formation or simply the non-
covalent interaction. By inhibiting BCRP dimerization or oligomerization, it offers a promising
strategy to reverse BCRP-mediated MDR. This may also explain the observation that Ac32Az19
has higher BCRP selectivity against P-gp and MRP1 due to the structural difference among ABC
transporters. Both P-gp and MRP1 are homodimers, whereas the BCRP is a monomer and can only
function as a transporter when it forms dimer or oligomer. (Tables 2 and 3).

The flavonoid monomers Ac18Az8, Ac32Az19 and Ac36Az9 are nearly half the size of
the dimer (MW of monomer = 674 - 748 vs Ac22(Az8)2= 1230), have lower cLogP value (cLogP
of monomer = 5.10 - 6.64 vs Ac22(Az8)2 = 10.46) and tPSA value (tPSA value of monomer =
99.02 - 140.95 vs Ac22(Az8): = 216.50). The smaller monomers are likely to have better
permeability and druggability than the dimer. All in all, monomeric triazole-containing flavonoids
have the potential to be developed into combination therapy to overcome MDR in cancers with

BCRP overexpression.
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4. EXPERIMENTAL SECTION
4.1. Chemistry

All NMR spectra were recorded on a Bruker Advance-I11 400 MHz spectrometer at 400 MHz
for 'H and 101 MHz for 3C, Varian Unity Inova 500 MHz NMR Spectrometer at 500 MHz for *H
and 126 MHz for *3C or Bruker Advance-111 600 MHz spectrometer at 600 MHz for *H and 151
MHz for BC. All NMR measurements were carried out at room temperature and the chemical
shifts are reported as parts per million (ppm) in unit relative to the resonance of CDCls (7.26 ppm
in the *H, 77.0 ppm for the central line of the triplet in the 3C modes, respectively). Low-resolution
and high-resolution mass spectra were obtained on a Micromass Q-TOF-2 by electron spray
ionization (ESI) mode or on Finnigan MAT95 ST by electron ionization (EI) mode. All reagents
and solvents were reagent grade and were used without further purification unless otherwise stated.
The plates used for thin-layer chromatography (TLC) were E. Merck Silica Gel 60F 254 (0.25 mm
thickness) and they were visualized under short (254 nm) and long (365 nm) UV light.
Chromatographic purifications were carried out using MN silica gel 60 (230 — 400 mesh). The
purity of tested compounds was determined by HPLC, which was performed by using Agilent
1100 series installed with an analytic column of Agilent Prep-Sil Scalar column (4.6 mm x 250
mm, 5 um) at UV detection of 320 nm (reference at 450 nm) with isocratic elution of hexane (50
%)/ethyl acetate (25 %)/methanol (25 %) at a flow rate of 1.0 mL/min. All tested compounds were
shown to have >95 % purity according to HPLC.

The synthesis of 30 monomers have been reported previously including Acl-Acl3, Aclé6,

Ac33, Ac35, Ac42, Az1-Az3, Az5, Az7-Az13, Az17 and Az18.56:%7
4.1.1 Synthesis of 2-(4-(Pent-4-yn-1-yloxy)phenyl)-4H-chromen-4-one (Acl): This compound
was obtained according to the procedure as described.*®
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4.1.2 Synthesis of 7-(Pent-4-yn-1-yloxy)-2-phenyl-4H-chromen-4-one (Ac2): This compound

was obtained according to the procedure as described.*®

4.1.3 Synthesis of 7-Fluoro-2-(4-(pent-4-yn-1-yloxy)phenyl)-4H-chromen-4-one (Ac3): This

compound was obtained according to the procedure as described.*®

4.1.4 Synthesis of 5-(Benzyloxy)-7-(methoxymethoxy)-2-(4-(pent-4-yn-1-yloxy)phenyl)-4H-

chromen-4-one (Ac4): This compound was obtained according to the procedure as described.>®

4.1.5 Synthesis of 2-(4-(Hex-5-yn-1-yloxy)phenyl)-6-methyl-4H-chromen-4-one (Ac5): This

compound was obtained according to the procedure as described.>®

4.1.6 Synthesis of (E)-3-(4-(Hex-5-yn-1-yloxy)phenyl)-1-(2-hydroxyphenyl)prop-2-en-1-one

(Ac6): This compound was obtained according to the procedure as described.*®

4.1.7 Synthesis of (E)-1-(5-Ethyl-2-hydroxyphenyl)-3-(4-(hex-5-yn-1-yloxy)phenyl)prop-2-en-

1-one (Ac7): This compound was obtained according to the procedure as described.*

4.1.8 Synthesis of (E)-3-(4-(Hex-5-yn-1-yloxy)phenyl)-1-(2-hydroxy-5-methylphenyl)prop-2-

en-1-one (Ac8): This compound was obtained according to the procedure as described.>®

4.1.9 Synthesis of (E)-3-(4-(Hex-5-yn-1-yloxy)phenyl)-1-(2-hydroxy-4-methylphenyl)prop-2-

en-1-one (Ac9): This compound was obtained according to the procedure as described.>®

4.1.10 Synthesis of (E)-1-(4-Fluoro-2-hydroxyphenyl)-3-(4-(hex-5-yn-1-yloxy)phenyl)prop-2-

en-1-one (Ac10): This compound was obtained according to the procedure as described.>®

4.1.11 Synthesis of 2-(4-(Pent-4-yn-1-yloxy)phenyl)quinazolin-4(3H)-one (Acll): This

compound was obtained according to the procedure as described.>®
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4.1.12 Synthesis of 7-(Hex-5-yn-1-yloxy)-2-phenyl-4H-chromen-4-one (Ac12): This compound

was obtained according to the procedure as described.*

4.1.13 Synthesis of 2-Phenyl-7-(2-(prop-2-yn-1-yloxy)ethoxy)-4H-chromen-4-one (Ac13): This

compound was obtained according to the procedure as described.*®

4.1.14 Synthesis of 7-(2-(Benzyl(prop-2-yn-1-yl)amino)ethoxy)-2-phenyl-4H-chromen-4-one

(Ac16): This compound was obtained according to the procedure as described.*®
4.1.15 Synthesis of tri(prop-2-yn-1-yl)amine (Ac17): This compound was commercially available.

4.1.16 Synthesis of N-benzyl-N-methylprop-2-yn-1-amine (Ac18): This compound was

commercially available.

4.1.17 Synthesis of 2-(but-3-yn-1-yl)isoindoline-1,3-dione (Acl19): This compound was

commercially available.

4.1.18 Synthesis of N,N-dibenzylprop-2-yn-1-amine (Ac20): This compound was commercially

available.

4.1.19 Synthesis of N-(prop-2-yn-1-yl)aniline (Ac27): This compound was commercially

available.

4.1.20 Synthesis of methyl 3-(((2-(4-(hex-5-yn-1-yloxy)phenyl)-4-oxo-4H-chromen-3-
yhoxy)methyl)benzoate (Ac32): To a well stirred solution of Ac6 (2 mmol, 640 mg) in acetone
(30 mL) was added H20> (1 equiv) and KOH (1.1 equiv). The reaction mixture was further refluxed
for 6 hr. When TLC indicated complete consumption of starting material, the reaction mixture was

poured into a beaker containing water at ice-bath temperature. The white precipitate formed was
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collected by suction filtration. The white solid was washed with n-hexane and subjected to
crystallization from MeOH to afford the desired compound 1b (420 mg, 63 %). A round bottom
flask was charged with 1b (1 mmol, 340 mg), methyl 3-(bromomethyl)benzoate (1.1 mmol, 250
mg), KoCOz (1.2 equiv) and acetone (20 mL). The reaction mixture was stirred at refluxing
temperature for 12 hr. When TLC indicated complete consumption of starting material, solvent
was rotary evaporated to dryness. Purification was performed by flash column chromatography on
silica gel with acetone in DCM as eluent to furnish the desire compound Ac32 (350 mg, 72 %). H
NMR (500 MHz, CDCl3) § 1.72 - 1.81 (m, 2 H), 1.97 (dd, J = 8.54, 6.59 Hz, 2 H), 2.00 (t, J = 2.68
Hz, 1 H), 2.32 (td, J = 6.95, 2.68 Hz, 2 H), 3.90 (s, 3 H), 4.08 (t, J = 6.34 Hz, 2 H), 5.16 (s, 2 H),
6.92 - 6.99 (M, 2 H), 7.36 (t, J = 7.81 Hz, 1 H), 7.42 (ddd, J = 8.05, 7.08, 0.98 Hz, 1 H), 7.50 -
7.55 (m, 1 H), 7.59 - 7.64 (m, 1 H), 7.66 - 7.71 (m, 1 H), 7.91 - 7.97 (m, 1 H), 7.97 - 8.03 (m, 3
H), 8.30 (dd, J = 8.30, 1.46 Hz, 1 H); 3C NMR (126 MHz, CDCls) & 18.0, 24.9, 28.0, 51.9, 67.3,
68.7,73.2,83.8,114.1,117.8, 122.9, 124.0, 124.5, 125.5, 128.1, 129.1, 129.7, 130.0, 130.4, 133.1,
133.1, 137.1, 138.9, 155.0, 156.4, 160.8, 166.6, 174.7; LRMS (ESI) m/z 483 [M+H]" ; HRMS

(ESI) calcd for CaoH2706s [M+H]* 483.1820, found 483.1808.

4.1.21 Synthesis of 4-(hex-5-yn-1-yloxy)benzaldehyde (Ac33): This compound was obtained

according to the procedure as described.>®

4.1.22 Synthesis of 2-(4-(hex-5-yn-1-yloxy)phenyl)-3-((3-methoxybenzyl)oxy)-4H-chromen-4-

one (Ac35): This compound was obtained according to the procedure as described.*®

4.1.23 Synthesis of 2-(benzyl(prop-2-yn-1-yl)amino)ethanol (Ac36): This compound was

commercially available.
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4.1.24 Synthesis of 6-Fluoro-2-(4-(hex-5-yn-1-yloxy)phenyl)-4H-chromen-4-one (Ac4l): A
round bottom flask was charged with corresponding 4’-hydroxyflavone 2a (2 mmol, 512 mg), 6-
chlorohex-1-yne 2b (2.4 mmol, 280 mg), K.COz (3 mmol, 414 mg), KI (0.2 mmol, 33 mg) and
DMF (6 mL). The reaction mixture was stirred at refluxing temperature for 2 hr. When TLC
indicated complete consumption of starting material, the reaction mixture was poured into a
separating funnel containing water. The mixture was continuously extracted with DCM. If the
mixture could not be separated into two layers, a small amount of 1 M HCI was added. The
combined organic layers were dried over MgSOa, filtered, and evaporated to give a brown crude
reaction mixture. Purification was performed by flash column chromatography on silica gel with
acetone in DCM as eluent to furnish desired product (0.57 g, 85 %). *H NMR (400 MHz, CDCls)
§7.77 (dd, J = 8.5, 3.4 Hz, 3H), 7.48 (dd, J = 9.1, 4.1 Hz, 1H), 7.38 — 7.30 (m, 1H), 6.93 (d, J =
8.9 Hz, 2H), 6.64 (s, 1H), 4.01 (t, J = 6.3 Hz, 2H), 2.28 (td, J = 7.0, 2.6 Hz, 2H), 1.99 (t, J = 2.6
Hz, 1H), 1.96 — 1.89 (m, 2H), 1.76 — 1.68 (m, 2H). 3C NMR (101 MHz, CDCl3)  18.1, 24.9, 28.1,
67.6, 68.9, 83.9, 105.5, 110.6 (d, Jcr = 23.5 Hz, C5), 115.2, 119.9 (d, Jcr = 8.1 Hz, C10), 121.7
(d, Jcr = 25.2 Hz, C7), 123.8, 125.1 (d, Jcr = 7.4 Hz, C8), 128.0, 152.3, 159.5 (d, Jcr = 245.1 Hz,
C6), 162.0, 163.6, 177.3; LRMS (ESI) m/z 336.1 base peak: 336.1 [M+H]*; HRMS (ESI) calcd

for C21H17FO3 [M+H]* 336.1161 , found 336.1162.

4.1.25 Synthesis of 6-Fluoro-2-(4-(pent-4-yn-1-yloxy)phenyl)-4H-chromen-4-one (Ac42): This

compound was obtained according to the procedure as described.>®

4.1.26 Synthesis of 7-(2-(benzylamino)ethoxy)-2-phenyl-4H-chromen-4-one (Ac43): The
starting material 7-hydroxylflavone was prepared according to the procedure as described. To a

well stirred solution of 7-hydroxyflavone 3a (2.9 mmol, 0.7 g), tert-butyl benzyl(2-
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hydroxyethyl)carbamate 3b (2.9 mmol, 0.7 g) and PPh3 (0.77 g, 1 equiv.) in THF (10 mL) at room
temperature, was added DIAD (0.58 mL, 1 equiv.) dropwise. The reaction mixture was then stirred
at refluxing temperature for 12 hr. The reaction mixture was evaporated to give a brown crude
reaction mixture. Purification was performed by flash column chromatography on silica gel with
hexane in ethyl acetate (1:10) as eluent to furnish N-Boc protected flavonoid compound (0.84 g,
70 %). A round-bottom flask was charged with N-Boc protected flavonoid compound (1.5 mmol,
0.7 g) and DCM (5 ml). The solution was cooled to 0 °C using an ice bath. An equal volume of
TFA (5 mL) was then added dropwise, and the reaction mixture was stirred vigorously at 0 °C for
1 hr and at room temperature for another 3 hr. After the mixture was stirred, the reaction was
quenched by pouring the mixture into a conical flask containing water. The resultant mixture was
basified to pH 10 by using potassium hydroxide solution. The mixture was continuously extracted
with DCM. The combined organic layers were dried over MgSQyg, filtered, and evaporated to give
the desired product (0.5 g, 90%). *H NMR (400 MHz, CDCls) § 2.05 (br. s., 1 H), 3.06 (t, J = 4.89
Hz, 2 H), 3.88 (s, 2 H), 4.17 (t, J = 4.89 Hz, 2 H), 6.72 (d, J = 1.96 Hz, 1 H), 6.89 - 6.99 (m, 2 H),
7.22-7.28 (m, 1 H), 7.29 - 7.39 (m, 4 H), 7.43 - 7.54 (m, 3 H), 7.85 (dd, J = 5.14, 1.96 Hz, 2 H),
8.09 (d, J = 8.56 Hz, 1 H); *C NMR (101 MHz, CDCls) § 47.6, 53.6, 68.1, 100.8, 107.2, 114.5,
117.7, 125.9, 126.8, 126.9, 127.9, 128.3, 128.8, 131.2, 131.6, 139.7, 157.7, 162.8, 163.2, 177.6;
LRMS (ESI) m/z 372.2 base peak: 372.2 [M+H]"; HRMS (ESI) calcd for C24H22NO3 [M+H]*

372.1600, found 372.1602.

4.1.27 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-4H-chromen-4-one (Azl): This

compound was obtained according to the procedure as described.>®
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4.1.28 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-4H-chromen-4-one (Az2):

This compound was obtained according to the procedure as described.>®

4.1.29 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-6-methyl-4H-chromen-4-

one (Az3): This compound was obtained according to the procedure as described.>®

4.1.30 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-3-(benzyloxy)-4H-

chromen-4-one (Az5): This compound was obtained according to the procedure as described.>®

4.1.31 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-6-fluoro-4H-chromen-4-one (Az7):

This compound was obtained according to the procedure as described.>®

4.1.32 Synthesis of methyl 3-(((2-(4-(2-(2-azidoethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-
yl)oxy)methyl)benzoate (Az8): This compound was obtained according to the procedure as

described.®’

4.1.33 Synthesis of methyl 3-(((2-(4-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)phenyl)-4-oxo-4H-
chromen-3-yl)oxy)methyl)benzoate (Az9):This compound was obtained according to the

procedure as described.>’

4.1.34 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-3-(benzyloxy)-4H-chromen-4-one

(Az10): This compound was obtained according to the procedure as described.%®

4.1.35 Synthesis of 7-(2-(2-Azidoethoxy)ethoxy)-2-phenyl-4H-chromen-4-one (Az11): This

compound was obtained according to the procedure as described.>®

4.1.36 Synthesis of 7-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)-2-phenyl-4H-chromen-4-one (Az12):

This compound was obtained according to the procedure as described.®
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4.1.37 Synthesis of 7-(2-Azidoethoxy)-2-phenyl-4H-chromen-4-one (Az13): This compound was

obtained according to the procedure as described.>®

4.1.38 Synthesis of 2-(2-azidoethoxy)ethanol (Az16): This compound was commercially

available.

4.1.39 Synthesis of 2-(4-(2-(2-azidoethoxy)ethoxy)phenyl)-3-((3-methoxybenzyl)oxy)-4H-

chromen-4-one (Az17): This compound was obtained according to the procedure as described.>®

4.1.40 Synthesis of 2-(3-(2-(2-azidoethoxy)ethoxy)phenyl)-3-(benzyloxy)-4H-chromen-4-one

(Az18): This compound was obtained according to the procedure as described.*®
4.1.41 Synthesis of (azidomethyl)benzene (Az19): This compound was commercially available.

4.2 General procedure for the synthesis of anti-triazole bridged flavonoid monomers

catalyzed by Cu(l)

The Cu(PPhs)sBr catalyst (MW = 929) (0.05 mmol), prepared according to literature,%® was added
to a THF solution (2 mL) containing the azide (0.1 mmol) and the alkyne (0.1 mmol). The reaction
mixture was stirred overnight under reflux condition. The crude residue was purified by flash
chromatography on silica gel using gradient of 10 - 50 % of acetone with DCM to afford the

desired compounds.

4.2.1 Synthesis of methyl 3-(((2-(4-(2-(2-(4-((benzyl(methyl)amino)methyl)-1H-1,2,3-triazol-1-
ylhethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate ~ (Acl18Az8):  This
compound (41.8 mg) was obtained from Acl18 and Az8 in 62 % yield according to the general
procedure described above. *H NMR (500 MHz, CDCls) § 2.23 (s, 3 H), 3.55 (s, 2 H), 3.73 (s, 2

H), 3.82 - 3.86 (M, 2 H), 3.88 (s, 3 H), 3.98 (t, J = 5.12 Hz, 2 H), 4.12 - 4.17 (m, 2 H), 4.58 (t, J =
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5.12 Hz, 2 H), 5.15 (5, 2 H), 6.94 (d, J = 8.79 Hz, 2 H), 7.18 - 7.24 (m, 1 H), 7.24 - 7.37 (m, 5 H),
7.42 (t,J = 7.32 Hz, 1 H), 7.51 (d, J = 8.30 Hz, 1 H), 7.60 (d, J = 7.32 Hz, 1 H), 7.65 - 7.71 (m, 2
H), 7.93 (d, J = 7.81 Hz, 1 H), 7.95 - 8.01 (m, 3 H), 8.29 (d, J = 8.30 Hz, 1 H); *C NMR (126
MHz, CDCl) § 42.0, 50.2, 52.0, 52.1, 61.3, 67.3, 69.6, 69.8, 73.3, 114.3, 117.9, 123.6, 123.7,
124.2, 124.7, 125.8, 127.0, 128.2, 128.3, 129.0, 129.3, 129.8, 130.1, 130.5, 133.2, 133.3, 137.2,
139.1, 155.2, 156.3, 160.4, 166.8, 174.8; LRMS (ESI) m/z 675 [M+H]*; HRMS (ESI) calcd for

C3oH39N407 [M+H]" 675.2819, found 675.2811.

4.2.2 Synthesis of methyl 3-(((2-(4-(2-(2-(2-(4-((benzyl(methyl)amino)methyl)-1H-1,2,3-triazol-
1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate (Ac18Az9):
This compound (53.9 mg) was obtained from Ac18 and Az9 in 80 % yield according to the general
procedure described above. *H NMR (500 MHz, CDCl3) § 2.23 (br. s., 2 H), 3.55 (br. s., 2 H), 3.60
-3.76 (m, 7 H), 3.84 (t, J = 4.64 Hz, 2 H), 3.87 - 3.93 (m, 5 H), 4.17 (t, J = 4.64 Hz, 2 H), 4.55 (br.
s., 2 H), 5.15 (s, 2 H), 6.95 (d, J = 8.79 Hz, 2 H), 7.23 (d, J = 6.34 Hz, 1 H), 7.27 - 7.38 (m, 5 H),
7.41 (t, J=7.57 Hz, 1 H), 7.51 (d, J = 8.30 Hz, 1 H), 7.59 (d, J = 7.81 Hz, 1 H), 7.64 - 7.70 (m, 2
H), 7.93 (d, J = 7.81 Hz, 1 H), 7.98 (d, J = 8.79 Hz, 3 H), 8.26 - 8.31 (m, 1 H); *C NMR (126
MHz, CDClz) 6 42.1,50.2,52.0,52.1, 61.3, 67.5, 69.6, 70.6, 70.7, 73.3, 114.4, 117.9, 123.4, 123.7,
124.2, 124.7, 125.8, 127.1, 128.2, 128.3, 129.0, 129.3, 129.8, 130.1, 130.5, 133.2, 133.3, 137.2,
139.1, 155.2, 156.4, 160.6, 166.8, 174.8; LRMS (ESI) m/z 719 [M+H]*; HRMS (ESI) calcd for

C41Ha3N4Og [M+H]" 719.3081, found 719.3111.

4.2.3 Synthesis of methyl 3-(((2-(4-(2-(2-(4-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-1H-1,2,3-triazol-
1-yhethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate  (Ac19Az8): This

compound (55 mg) was obtained from Acl9 and Az8 in 77 % yield according to the general
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procedure described above. *H NMR (500 MHz, CDCls) § 3.10 (t, J = 7.08 Hz, 2 H), 3.79 - 3.85
(m, 2 H), 3.85 - 3.89 (M, 3 H), 3.91 - 3.98 (M, 4 H), 4.15 (dd, J = 5.12, 3.66 Hz, 2 H), 4.54 (t, J =
4.88 Hz, 2 H), 5.14 (s, 2 H), 6.93 - 6.98 (m, 2 H), 7.34 (t, J = 7.57 Hz, 1 H), 7.38 - 7.43 (m, 1 H),
7.50 (d, J = 8.79 Hz, 1 H), 7.57 - 7.62 (m, 2 H), 7.62 - 7.69 (m, 3 H), 7.73 - 7.77 (m, 2 H), 7.91
(dt, J=7.81, 1.46 Hz, 1 H), 7.96 - 8.02 (m, 3 H), 8.27 (dd, J = 8.05, 1.22 Hz, 1 H); 23C NMR (126
MHz, CDCls) 6 24.7, 37.2, 50.1, 51.9, 67.1, 69.4, 69.6, 73.1, 114.2, 117.8, 122.9, 123.3, 123.9,
124.5, 1255, 128.1, 129.0, 129.6, 129.9, 130.4, 131.8, 133.0, 133.2, 133.7, 137.0, 138.9, 154.9,
156.1, 160.3, 166.6, 167.8, 174.6; LRMS (ESI) m/z 715 [M+H]*, 737 [M+Na]*; HRMS (ESI) calcd
for CaoHasN4Og [M+H]* 715.2404, found 715.2369; calcd for CaoHa4N4OgNa [M+Na]* 737.2223,

found 737.2195.

4.2.4 Synthesis of methyl 3-(((2-(4-(2-(2-(2-(4-(2-(1,3-dioxoisoindolin-2-yl)ethyl)-1H-1,2,3-
triazol-1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate

(Ac19Az9): This compound (62.2 mg) was obtained from Acl19 and Az9 in 82 % yield according
to the general procedure described above. *H NMR (500 MHz, CDCls) § 3.09 (t, J = 7.32 Hz, 2
H), 3.61 - 3.65 (m, 2 H), 3.68 - 3.72 (m, 2 H), 3.84 - 3.89 (m, 7 H), 3.97 (t, J = 7.57 Hz, 2 H), 4.18
-4.22 (m, 2 H), 4.48 - 453 (m, 2 H), 5.13 (s, 2 H), 6.94 - 6.99 (m, 2 H), 7.34 (t, J = 7.57 Hz, 1 H),
7.38-7.43 (m, 1 H), 7.51 (d, J = 8.30 Hz, 1 H), 7.57 - 7.70 (m, 5 H), 7.78 (dd, J = 5.37, 2.93 Hz,
2 H), 7.92 (dt, J = 7.81, 1.46 Hz, 1 H), 7.94 - 7.99 (m, 3 H), 8.28 (dd, J = 8.05, 1.71 Hz, 1 H); 13C
NMR (126 MHz, CDCls) 6 24.9, 29.7, 37.4, 50.2, 52.0, 67.5, 69.6, 69.6, 70.6, 70.7, 73.3, 114.4,
117.9, 123.2, 123.4, 124.2, 124.7, 125.8, 128.3, 129.3, 129.8, 130.1, 130.5, 132.0, 133.2, 133.3,
133.9, 137.2, 139.1, 155.2, 156.4, 160.6, 166.8, 168.1, 174.8; LRMS (ESI) m/z 759 [M+H]", 781
[M+Na]*; HRMS (ESI) calcd for Cs2H39N4O10 [M+H]* 759.2666, found 759.2631; calcd for

Ca2H3sN4O10Na [M+Na]* 781.2486, found 781.2448.
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4.25 Synthesis of methyl 3-(((2-(4-(2-(2-(4-((dibenzylamino)methyl)-1H-1,2,3-triazol-1-
ylhethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate ~ (Ac20Az8):  This
compound (44.3 mg) was obtained from Ac20 and Az8 in 59 % yield according to the general
procedure described above. *H NMR (500 MHz, CDCls) § 3.59 (s, 4 H), 3.74 (s, 2 H), 3.82 (dd, J
= 5.37, 3.90 Hz, 2 H), 3.87 (s, 3 H), 3.97 (t, J = 5.12 Hz, 2 H), 4.08 - 4.13 (m, 2 H), 457 (t, J =
5.12 Hz, 2 H), 5.14 (s, 2 H), 6.88 - 6.92 (m, 2 H), 7.20 (d, J = 6.83 Hz, 2 H), 7.27 - 7.30 (m, 4 H),
7.32-7.40 (m, 5 H), 7.42 (s, 1 H), 7.51 (d, J = 8.30 Hz, 1 H), 7.57 - 7.63 (m, 2 H), 7.68 (s, 1 H),
7.90 - 7.99 (m, 4 H), 8.29 (dd, J = 8.05, 1.71 Hz, 1 H); 3C NMR (126 MHz, CDCl3)  48.2, 50.2,
52.0, 57.7, 67.3, 69.7, 69.9, 73.3, 114.3, 117.9, 123.6, 124.2, 124.7, 125.8, 126.9, 128.2, 128.3,
128.7, 129.3, 129.8, 130.1, 130.6, 133.2, 133.4, 137.2, 139.1, 139.3, 145.5, 155.2, 156.4, 160.4,
166.8, 174.9; LRMS (ESI) m/z 751 [M+H]*; HRMS (ESI) calcd for C4sHasN4O7 [M+H]* 751.3132,

found 751.3105.

4.2.6 Synthesis of methyl 3-(((4-ox0-2-(4-(2-(2-(4-((phenylamino)methyl)-1H-1,2,3-triazol-1-
yl)ethoxy)ethoxy)phenyl)-4H-chromen-3-yl)oxy)methyl)benzoate (Ac27Az8): This compound
(71 mg) was obtained from Ac27 and Az8 in 79 % yield according to the general procedure
described above. *H NMR (400 MHz, CDCls) 6 3.76 - 3.82 (m, 2 H), 3.88 (s, 3 H), 3.91 - 3.99 (m,
2 H), 4.05 - 4.13 (m, 2 H), 4.24 (br. s., 1 H), 4.41 (s, 2 H), 4.54 (t, J = 4.89 Hz, 2 H), 5.15 (s, 2 H),
6.63 (d, J =8.07 Hz, 2 H), 6.69 (t, J = 7.21 Hz, 1 H), 6.93 (d, J = 9.05 Hz, 2 H), 7.13 (t, J = 7.82
Hz, 2 H), 7.35 (t, J = 7.70 Hz, 1 H), 7.42 (t, J = 7.58 Hz, 1 H), 7.51 (d, J = 8.31 Hz, 1 H), 7.60 (d,
J=7.58Hz, 1 H), 7.64 (s, 1 H), 7.65 - 7.72 (m, 1 H), 7.90 - 8.01 (m, 4 H), 8.29 (d, J = 7.83 Hz, 1
H); 3C NMR (101 MHz, CDCl3) § 39.8, 50.2, 52.0, 67.2, 69.6, 69.7, 73.3, 142.4, 113.1, 114.3,

117.9, 117.9, 122.8, 123.5, 124.1, 124.7, 125.7, 128.3, 129.2, 129.2, 129.8, 130.1, 130.5, 133.2,
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133.3,137.1,139.1, 146.1, 147.6, 155.2, 156.3, 160.4, 166.8, 174.8; LRMS (ESI) m/z 647 [M+H]";

HRMS (ESI) calcd for Ca7HssN4O7 [M+H]* 647.2506, found 647.2513.

4.2.7 Synthesis of methyl 3-(((2-(4-(4-(1-(2-(2-hydroxyethoxy)ethyl)-1H-1,2,3-triazol-4-
yl)butoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate (Ac32Az16): This compound
(40 mg) was obtained from Ac32 and Az16 in 85 % vyield according to the general procedure
described above. *H NMR (500 MHz, CDCIs) § 1.88 (br. s., 4 H), 2.79 (br. s., 2 H), 3.51 - 3.59 (t,
J =254 Hz, 2 H),3.70 (t, J = 2.52 Hz, 2 H), 3.83 - 3.90 (m, 5 H), 4.03 (t, J = 3.54 Hz, 2 H), 4.51
(br.s., 2 H), 5.11 (s, 2 H), 6.91 (d, J = 8.79 Hz, 2 H), 7.32 (t, J = 2.43 Hz, 1 H), 7.38 (t, J = 7.57
Hz, 1 H), 7.49 (d, J = 8.30 Hz, 1 H), 7.57 (d, J = 7.81 Hz, 1 H), 7.62 - 7.67 (m, 1 H), 7.90 (d, J =
7.81 Hz, 1 H), 7.95 (d, J = 8.79 Hz, 3 H), 8.25 (d, J = 7.81 Hz, 1 H); 3C NMR (126 MHz, CDCls)
025.2,25.8, 28.6,50.1, 52.0, 61.5, 67.6, 69.3, 72.4, 73.3, 114.2, 117.9, 122.9, 124.0, 124.6, 125.6,
128.2, 129.2, 129.7, 130.0, 130.4, 133.2, 133.3, 137.1, 138.9, 155.1, 156.6, 160.9, 166.8, 174.8;
LRMS (ESI) m/z 614 [M+H]*; HRMS (ESI) calcd for CasHssN3Os [M+H]* 614.2513, found

614.2506.

4.2.8 Synthesis of Methyl 3-(((2-(4-(4-(1-benzyl-1H-1,2,3-triazol-4-yl)butoxy)phenyl)-4-oxo-
4H-chromen-3-yl)oxy)methyl)benzoate (Ac32Az19): This compound (20 mg) was obtained from
Ac32 and Az19 in 82 % yield according to the general procedure described above. *H NMR (400
MHz, CDCl3) & 1.84 - 1.89 (br. s., 4 H), 2.75 - 2.82 (t, = 5.21Hz, 2 H), 3.86 (s, 3 H), 4.04 (t, J =
3.56 Hz, 2 H), 5.13 (s, 2 H), 5.49 (s, 2 H), 6.89 - 6.93 (M, 2 H), 7.23 - 7.27 (m, 3 H), 7.31 - 7.36
(m, 4 H), 7.38 - 7.43 (m, 1 H), 7.51 (d, J = 8.07 Hz, 1 H), 7.59 (d, J = 7.83 Hz, 1 H), 7.67 (ddd, J
=8.44, 6.97, 1.71 Hz, 1 H), 7.92 (d, J = 7.82 Hz, 1 H), 7.94 - 8.01 (m, 3 H), 8.27 (dd, J = 8.07,

1.22 Hz, 1 H); C NMR (101 MHz, CDCls) § 25.3, 25.8, 28.6, 52.0, 54.0, 67.6, 73.3, 114.2, 117.9,
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120.6, 122.9, 124.1, 124.6, 125.7, 127.9, 128.3, 128.6, 129.0, 129.2, 129.8, 130.0, 130.5, 133.2,
133.3, 134.8, 137.1, 138.9, 155.1, 156.6, 160.9, 166.8, 174.9; LRMS (ESI) m/z 616 [M+H]";

HRMS (ESI) calcd for Ca7HsaN3Ogs [M+H]* 616.2419, found 616.2411.

4.2.9 Synthesis of methyl 3-(((2-(4-(2-(2-(2-(4-(4-(4-formylphenoxy)butyl)-1H-1,2,3-triazol-1-
yl)ethoxy)ethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate (Ac33Az9):
This compound (35 mg) was obtained from Ac33 and Az9 in 87 % yield according to the general
procedure described above. *H NMR (500 MHz, CDCl3) § 1.84 (br. s., 4 H), 2.75 (br. s., 2 H), 3.59
-3.66 (M, 2 H), 3.66 - 3.72 (m, 2 H), 3.81 - 3.90 (m, 7 H), 4.01 (t, J = 4.80 Hz, 2 H), 4.17 (t, J =
4.39 Hz, 2 H), 4.50 (t, J = 4.88 Hz, 2 H), 5.13 (s, 2 H), 6.95 (d, J = 8.79 Hz, 2 H), 6.92 (d, J = 8.30
Hz, 2 H), 7.33 (t, J = 7.57 Hz, 1 H), 7.40 (t, J = 7.32 Hz, 1 H), 7.49 (d, J = 8.30 Hz, 2 H), 7.58 (d,
J=7.32Hz,1H),7.66 (t,J=7.81 Hz, 1 H), 7.77 (d, J = 8.30 Hz, 2 H), 7.91 (d, J = 7.32 Hz, 1 H),
7.93-8.02 (m, 3 H), 8.26 (d, J = 7.81 Hz, 1 H), 9.82 (s, 1 H); 3C NMR (126 MHz, CDCls) § 25.2,
25.8, 28.5, 52.0, 67.5, 67.9, 69.5, 69.6, 70.5, 70.7, 73.3, 114.3, 114.6, 117.9, 123.4, 124.1, 124.7,
125.7, 128.3, 129.2, 129.7, 129.8, 130.1, 130.5, 131.9, 133.2, 133.3, 137.1, 139.0, 155.1, 156.3,
160.6, 164.0, 166.8, 174.8, 190.7; LRMS (ESI) m/z 762 [M+H]*; HRMS (ESI) calcd for

C43H1aN3010 [M+H]* 762.8214, found 762.8205.

4.2.10 Synthesis of methyl 3-(((2-(4-(2-(2-(2-(4-((benzyl(2-hydroxyethyl)amino)methyl)-1H-
1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate

(Ac36Az9): This compound (60 mg) was obtained from Ac36 and Az9 in 72 % yield according to
the general procedure described above.H NMR (600 MHz, CDClz) § 2.75 (t, J = 5.14 Hz, 2 H),
3.62 - 3.67 (M, 4 H), 3.69 - 3.73 (M, 4 H), 3.84 - 3.87 (M, 4 H), 3.87 - 3.92 (m, 6 H), 4.16 - 4.20

(m, 2 H), 4.53 - 457 (m, 2 H), 5.15 (s, 2 H), 6.97 (s, 1 H), 6.95 (s, 1 H), 7.24 - 7.28 (m, 1 H), 7.30
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-7.37(m, 5 H), 7.42 (t, J = 7.34 Hz, 1 H), 7.53 (d, J = 8.80 Hz, 1 H), 7.60 (d, J = 7.34 Hz, 1 H),
7.66-7.71 (m, 2 H), 7.94 (d, J = 7.34 Hz, 1 H), 7.99 (d, J = 8.80 Hz, 3 H), 8.29 (d, J = 8.80 Hz, 1
H); 3C NMR (151 MHz, CDCls) § 47.9, 50.2, 52.0, 54.7, 57.8, 58.4, 67.3, 69.4, 69.5, 70.5, 70.6,
73.2, 114.2, 117.9, 123.3, 124.0, 124.0, 124.6, 125.6, 127.4, 128.2, 128.4, 129.1, 129.2, 129.7,
130.0, 130.5, 133.2, 133.3, 137.0, 138.9, 155.1, 156.4, 160.5, 166.8, 174.8. LRMS (ESI) m/z 749

[M+H]*; HRMS (ESI) calcd for C42HasNaOg [M+H]* 749.3211, found 749.3208.

4.3. Materials for Biological Studies

Dimethyl sulfoxide (DMSQO), paclitaxel, topotecan, doxorubicin (DOX), mitoxantrone,
quercetin, PSC833, verapamil, Ko143 and phenazine methosulfate (PMS) were purchased from
Sigma-Aldrich. Disuccinimidyl suberate (DSS) was purchased from Thermofisher. Hoechst 33342
was purchased from Molecular Probes. Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin-
ethylenediaminetetraacetic acid (EDTA) and penicillin/streptomycin were purchased from Gibco
BRL. Roswell Park Memorial Institute (RPMI) 1640 medium and fetal bovine serum (FBS) was
purchased from HyClone Laboratories. 3-(4,5-Dimethylthiazol-2-yl)-5-[3-
(carboxymethoxy)phenyl]-2-(4-sulfo-phenyl)-2H-tetrazolium (MTS) was purchased from
Promega. Phosphate-buffered saline (PBS) was made by dissolving 8 g of sodium chloride, 0.2 ¢
of potassium chloride, 1.44 g of disodium hydrogen phosphate and 0.24 g of potassium dihydrogen
phosphate in 1000 mL of distilled water and sterilized by autoclaving. The human breast cancer
cell lines LCC6 and P-gp transfectant LCC6MDR were kindly provided by Prof. R. Clarke
(Georgetown University Medical School, USA). The human ovarian carcinoma cell line
2008/MRP1 was generous gift from Prof. P. Borst (The Netherlands Cancer Institute, Amsterdam,

Netherlands). The human embryonic kidney cell lines HEK293/pcDNAS3.1, BCRP-transfectant
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HEK293/R2, MCF7-MX100 and S1M180 cells were generously provided by Dr. Kenneth To (The

Chinese University of Hong Kong, Hong Kong). L929 cell line was purchased from ATCC.

4.4. Cell Culture

HEK293/R2, HEK293/pcDNA3.1, MCF7-MX100, 2008/MRP1 and S1M180 cells were
cultured in RPMI 1640 medium with 10 % FBS and 100 U/mL penicillin and 100 pg/mL of
streptomycin and maintained at 37 °C in a humidified atmosphere with 5 % CO>. The L929 and
LCC6MDR cells were cultured in DMEM supplemented with 10 % FBS and 100 U/mL penicillin
and 100 pg/mL of streptomycin and maintained at 37 °C in a humidified atmosphere with 5 %
COz. For each passage of HEK293pcDNAS3.1 or HEK293/R2, 1 mg/mL G418 was added to
culture. The cells were split constantly after a confluent monolayer had been formed. To split cells,
the plate was washed briefly with phosphate-buffered saline (PBS), treated with 0.05 % trypsin-

EDTA and harvested by centrifugation.

4.5. ECso determination

5,000 cells of HEK293/R2 in each well of 96-well plate were incubated with different
concentrations of topotecan (0, 8, 25, 74, 222, 667 and 2000 nM) and modulators (0, 1.6, 8, 40,
200, 1000 nM). 7,500 cells of MCF7-MX100 were incubated with different concentrations of
topotecan (0, 0.41, 1.2, 3.7, 11, 33 and 100 uM) and modulators (0, 1.6, 8, 40, 200, 1000 nM).
4,000 cells of 2008/MRP1 were incubated with various doses of DOX (0, 8, 25, 74, 222, 667 and
2000 nM) and modulators (0, 62.5, 125, 250, 500, 1000 nM). 6,500 cells of LCC6MDR were
incubated with various doses of paclitaxel (0, 1.6, 5, 15, 15, 44, 133 and 400 nM) and modulators
(0, 62.5, 125, 250, 500, 1000 nM). The final volume in each well of 96-well plates was 200 pL.

The plates were then incubated for 5 days at 37 °C.
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The CellTiter 96 AQueous Assay (Promega) was used to measure the cell proliferation according
to the manufacturer’s instructions. MTS (2 mg/mL) and PMS (0.92 mg/mL) were mixed in a ratio
of 20:1. An aliquot (10 pL) of the freshly prepared MTS/PMS mixture was added into each well,
and the plate was incubated for 2 hr at 37 °C. Optical absorbance at 490 nm was recorded with
microplate absorbance reader (Bio-Rad). All experiments were performed in triplicate and
repeated at least twice and the results were represented as mean * standard error of mean. The

ECso value was determined by PRISM software.
4.6. Mitoxantrone sensitization assay

5,000 cells of HEK293/R2, 4,000 cells of 2008MRP1 or 6,500 cells of LCC6MDR cells were
incubated with different doses of mitoxantrone with or without 1 UM triazole-bridged flavonoids
or Ko143 for 5 days. The final volume in each well of 96-well plates was 200 L. For determining
ECso value, the cells were incubated with different doses of mitoxantrone and modulators together.

The % of survival and ECsp values was determined as mentioned previously.
4.7. Topotecan and mitoxantrone accumulation assay

Topotecan or mitoxantorne accumulation assay was done in 1 mL volume. A 5 x 10° cells of
HEK293/pcDNAS3.1 or HEK293/R2 cells were added in an Eppendorf tube and incubated with 50
uM topotecan or 5 UM mitoxantrone and 1 or 2 uM of triazole-bridged flavonoids or Ko143 at 37
°C for 2 hr. A 0.2 % DMSO was used as a negative control. After incubation, the cells were spun
down and washed with cold PBS, pH 7.4 for one time and then resuspended with 200 uL of cold
FACS buffer (1 % BSA and 1 mM EDTA in PBS). The intracellular topotecan or mitoxantrone
levels were analyzed by BD C6 Accuri flow cytometer using FL1 channel and FL4 respectively.

For each sample, a total of 50,000 events was collected.
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4.8. Determination of surface BCRP protein expression

40,000 cells of HEK293/pcDNAS3.1 and HEK293/R2 cells were seeded in a 6-well plate and
incubated with 0, 1 or 3 uM of triazole-bridged flavonoids for 24 hr, respectively. After 24 hr,
the cells were trypsinized and washed once with 1X PBS. After spinning, the cells were
resuspended in 50 pL FACS buffer (1 % BSA and 1 mM EDTA in PBS) and stained with 1 pL
FITC mouse anti-human BCRP antibody (Miltenyi Biotec) at 4 °C for 45 min. After staining,
the cells were washed once with 500 pL cold FACS buffer and resuspended in 200 pL FACS
buffer. 1gG2b-FITC was used as an isotype control. The BCRP-FITC level was analyzed by BD
C6 Accuri flow cytometer using FL1 channel at EX 480 nm and EM 533/30 nm. For each

sample, a total of 50,000 events was collected.
4.9. Mitoxantrone efflux study

To measure the mitoxantrone efflux, HEK293/pcDNAS3.1 or HEK293/R2 cells were pre-
loaded with 5 uM of mitoxantrone for 1 hr at 37 °C. Then, the cells were spun down and washed
once with cold PBS. Then the cells were further incubated in drug-free media with or without
compound Ac32Az19 (2 uM). At 0, 30, 60, 90, 120 and 150 min, 1 x 10°cells in 1 mL volume
were harvested for measuring the intracellular mitoxantrone concentration. The % of mitoxantrone
reduction was calculated = [(mitoxantrone level at final time point / mitoxantrone level at 0 min)
*100%]. The mitoxantrone level was determined by C6 Accuri flow cytometer at FL4 channel as

described previously.
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4.10. Vanadate-sensitive BCRP-ATPase activity

5 x 107 cells of S1IM180 were resuspended in 5 mL homogenization buffer (0.33 M sucrose,
300 MM Tris pH7.4,1 mM EDTA, 1 mM EGTA, 2mM DTT, 100 mM 6-aminocaproic acid, 1mM
PMSF and Ix protease inhibitor (cOmplete™ Protease Inhibitor Cocktail Tablets, Roche) and
lysed using a Branson SFX550 sonicator for 10 cycles at 50 % amplitude with 30 seconds on / 30
seconds off. Lysate was centrifuged at 3,500 x g for 10 min at 4°C. Membrane fraction of cells
was collected by ultracentrifugation of cell lysate at 45,000 rpm using Himac CP70G (Hitachi) for
1.5 hr. Membrane fraction pellet was re-suspended in 300 pL of ATPase assay buffer (50 mM Tris
at pH7.5, 2 mM EGTA at pH 7.0, 2 mM DTT, 50 mM KCI, 10 mM MgCl>, 5 mM sodium azide,
and 1 mM ouabain). Protein concentration was determined by Bradford assay. Membrane fraction
was pre-incubated with or without 0.3 mM sodium orthovanadate and respective tested compounds
for 30 min. Then, 2.5 mM ATP was added to each well and the plate was further incubated for 1
hr at 37°C. Reactions were stopped by adding 200 uL freshly prepared cold stop buffer (0.2 %
ammonium molybdate, 1.4 % sulphuric acid, 0.9 % SDS and 1 % ascorbic acid) and incubated at
room temperature for 15 min. Absorbance of 655 nm was measured by CLARIOstar® microplate

reader (BMG).

4.11. Determination of intracellular Ac32Az19 level using ultra-performance liquid

chromatography-mass spectrometry (UPLC-MS/MS)

1 x 107 cells of HEK293/pcDNA3.1 and HEK293/R2 were incubated with 2 uM or 10 uM
of Ac32Az19 at 37 °C for 2 hr. The final volume is 1 mL in RPMI11640 media. After 2 hr, the cells
were spun down and the supernatant was removed. To cell pellet, 1 mL cold PBS was added to

wash out the Ac32Az19. The cells were then lysed with 400 pL of 100 % acetonitrile and vortexed
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for 1 min at room temperature. After lysing, the cells were spun down at 14,000 rpm for 10 min at
room temperature. The supernatant was saved and passed through 0.22 um filter. The intracellular
Ac32Az19 level was then analyzed by UPLC-MS/MS. UPLC (Acquity Waters) and triple
quadrupole mass analyzer (Quattro Ultrima) with an electrospray ionization source in positive
mode were used to quantify Ac32Az19. Acquity UPLC BEH C8 (1.7 um 2.1 x 50 mm) from
Waters was used to separate Ac32Az19. Mobile phase used for Ac32Az19 analysis included water

and acetonitrile. Ac32Az19 was monitored at m/z 616 = m/z 149.
4.12. 5D3 shift assay

5 x 10° cells of HEK293/R2 were resuspended with 98 puL FACS buffer (0.1 % BSA and 1
mM EDTA in 1X PBS) and pre-incubated at 37 °C (with shaking at 200 rpm) with respective
concentration of Ko143 (1 uM), GF120918 (1 uM), Ac32Az19 (1 uM), quercetin (10 uM),
Hoechst 33342 (10 uM), PSC833 (1 uM) and verapamil (1 puM) for 15 min. After 15 min, 1 uL
diluted FITC mouse anti-human BCRP antibody (Clone 5D3/CD338, Miltenyi Biotec, 130-105-
009) (1:2 dilution) was added and further incubated for 30 min at 37 °C (with shaking at 200 rpm).
At the same time, cells containing only with inhibitors or substrates were included for measuring
FITC background level of compounds. After staining, the cells were washed once with 500 pL
cold FACS buffer and resuspended in 200 pL FACS buffer. The BCRP-FITC level was
analyzed by BD C6 Accuri flow cytometer using FL1 channel at EX 480 nm and EM 533/30
nm. For each sample, a total of 50,000 events was collected. Net 5D3 labeling of compound
was calculated = (FITC level in the presence of compounds and BCRP-FITC antibody) — (FITC
level in the presence of compounds only). 5D3 shift level of compound was calculated = (Net

5D3 labeling of compound — Net 5D3 labeling of untreated DMSO control). The % of 5D3 shift
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relative to 1 uM Ko143 was calculated = [(5D3 shift level of compound / 5D3 shift level of

Ko0143) * 100%].
4.13 Chemical cross-linking of BCRP oligomer

2 x 10° HEK293/R2 cells were seeded into each well of 6-well plate and incubated
overnight at 37 °C with 5% CO». Then, the cells were treated with 1 uM of Ac32Az19, Ko143
or 0.1 % DMSO for 4 days. After 4 days treatment, the cells were further incubated with or
without chemical cross-linking reagent DSS for 45 min at room temperature with shaking.®*
After 45 min, the cross-linking reaction was stopped by incubating the cells with 50 mM glycine
and 20 mM Tris-HCI pH 7.6 for 15 min. Then, the cells were washed twice with KCI/Hepes
buffer (90 mM KC1, 50 mM Hepes, pH 7.5). After washing, the cells were lysed with 200 uL
RIPA buffer for 10 min on ice. The protein amount in the whole cell lysate was determined using
Bradford assay. About 50 pg of whole cell lysate was run on the 10 % SDS-PAGE. The protein
level of BCRP monomer and oligomer were analyzed by Western blot using anti-BCRP antibody
(Santa Crzu, sc-58222, 1:200 dilution). The B-actin level was also determined using anti-p-actin
antibody (Santa Cruz, sc-47778, 1:200 dilution). Finally, the protein amount of BCRP and p-actin
in each sample lane of Western blot was analyzed by ImageJ software. After 4-day treatment with
modulators, the cells were washed 2 times with 8 mL 1X PBS and then harvested to do the
mitoxantrone accumulation assay and its intracellular level was measured by flow cytometry as

described as above.
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