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Graphical abstract:

O | IC5,=0.07 nM for CYP1B1
Poor water-solubility (< 5 pg/mL)
° » High selectivity

® ANF, Lead compound

® Potent CYP1 inhibitors

® Poor water-solubility
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Abstract

Cytochrome P450 1B1 (CYP1B1) has been well valdiais an attractive target for cancer
prevention and drug resistance reversal. In coation of our interest in this area, herein, a $et o
forty-six 6,7,10-trimethoxy-naphthoflavone derivatives varying in B ring wasithesized and
screened against CYP1 enzymes, leading to theifidation of fluorine-containing compound
15i as the most potent and selective CYP1B1 inhihiiGgy, value of 0.07 nM), which was
84-fold more potent than that of the template madke@ANF. In addition, the amino-substituted
derivativel3h not only possessed a potent inhibitory effect orPCB1 (1Go value of 0.98 nM),
but also had a substantially increased water ddluleis compared with the lead ANF (311
ug/mL for 13h and < 5ug/mL for ANF). The current study expanded the gtrad diversity of
CYP1B1 inhibitors, and compouriBh could be considered as a promising starting pwittt
great potential for further studies.

Keywords. CYP1 enzymes, CYP1BL1 inhibitors;naphthoflavone derivatives, SARs.

1. Introduction

Cytochrome P450 enzymes (CYPs) belong to a supgyfawmf heme-dependent
monooxygenases that are involved in the metabdlitrdnsformation of a wide variety of
structurally diverse endogenic and xenobiotic cleamsi including many approved drugs [1].
Among them, the cytochrome P450 subfamily 1 enzyf@&d1s) including CYP1A1, CYP1A2,
and CYP1B1 have long been of interest for their idamt roles in the bioactivation of numerous
procarcinogens compounds (such as polycyclic aiomaydrocarbons) to mutagenic and
carcinogenic derivatives [2]. They are expressed fissue-specific manner: CYP1A2 is located
primarily in the liver, while CYP1Al and CYP1B1 amainly expressed in extrahepatic tissues



36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

such as breast, prostate and endometrium [3, 4jo¥a planar aromatic molecules including
7,12- dimethylbenz[a]anthracene (DMBA) and 2,3fé@achlorodibenz@-dioxin (TCDD)
could stimulate the expression levels of CYP1ls mdibg to the aryl hydrocarbon receptor
(AhR), a ligand-activated transcription factor [p-7

CYP1BL1 isoform is the most attractive therapeudigéet among the three CYP1 members
mentioned above for the following reasons: (1) CBPI1s constitutively overexpressed to a
notable extent in tumors (breast, testis, colongjetc. ), although the expression levels of these
enzymes differ between tumor and corresponding abtissues [8], (2) besides its role in the
bioactivation of many exogenous procarcinogens, TP catalyzes the 4-hydroxylation of
endogenic 1f-estradiol (i) leading to the formation of E3,4-quinone, a mutagenic compound
able to bind DNA covalently, thereby contributirggestrogen carcinogenesis, and (3) it confers
drug resistance by metabolically inactivating dstnually diverse anticancer drugs such as
docetaxel, mitoxantrone, doxorubicin and paclite@¢l Therefore, strategy that contributes to
the selective inhibition of CYP1Bdould be therapeutically beneficial for preventingnnmary
tumor formation and countering CYP1B1-associated)desistance [9].

Over the past years, various kinds of compoundtudmg flavonoids,trans-stilbenes,
coumarinsphytoestrogens and alkaloids have been charaaeaig«€YP1 inhibitors [4, 10, 11].
Among them, flavonoids have been extensively stuidisce they have diverse medicinal
applications and are less likely to induce toxig¢it®, 13].a-Naphthoflavone (ANF)a synthetic
flavonoid, has long been determined as one of thst potent CYP1 inhibitors. Shimada et al.
found ANF could considerably inhibit the recombinaonman CYP1B1, CYP1A2 and CYP1Al
with 1Csp values of 5, 6 and 60 nM, respectively [14]. Asoasequence, ANF not only functions
as a chemopreventive agent, but also as a cheniidagsagent to reverse the CYP1B1-
mediated drug resistance [15]. Similar to the nftzsstonoids, ANF possesses a broad safety
profile [16]. All these promising properties of ANF make it agudtal candidate for further study.
Nevertheless, poor water solubility and low selattitoward CYP1B1 over the other CYP1
isoforms (especially CYP1A2 isoform) remain theitations to its applications as both chemical
tools and therapeutics [17].

To this end, our research group recently has maelat gfforts toward the development of
potent and selective CYP1B1 inhibitors with imprdweater solubility by structural modification
of ANF (shown in Fig.1), however, such a compouad hot yet been discovered [11, 17-19]. We
introduced three methoxy groups to the naphthameoety of ANF and found that their CYP1
inhibition ability obviously enhanced compared WwiNF [17]. Notably, compoundc (structure

shown in Fig.1) exhibited strong CYP1B1 inhibitagtivity with an 1Go value as low as 0.043
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nM. Regrettably, its water solubility is much low#or successful use in cell-based study.
Structural modification of the C ring of ANF inclundj introduction of functional groups to the
C3 position, reduction of the C2-C3 double bondjsmsteric replacement of oxygen atom at
1-position with “NH” or “S” led to varying degrees loss of CYP1 inhibition, indicating C ring
is indispensable for maintaining the blocking atyiv[18, 19]. However, incorporation of
substituents into the B ring pronouncedly affebisirtinhibitory capacity and selectivity toward
CYP1B1 [17, 18]. In addition, aromatic heterocyces tolerated for potency in CYP1 inhibition
[18]. Based on these findings, herein we descrilreefforts to identify and characterize novel
aromatic heterocycle substitutednaphthoflavone derivatives as water-soluble, potemd
selective CYP1BL1 inhibitors.

PreV|ous work

____________

X=0orS; Ry= O or N-OH

Structura, ! Eur. J. Med. Chem., 187 (2020) RSC Adv., 8 (2018)
modification

Fig 1. Summary of our previous and current work.

2. Results and discussion

2.1. Chemistry

All the compounds studied were synthesized accgrda the procedures described in
Scheme 1 (the synthetic routes for preparationoofies aromatic acid intermediates were not
shown here). Methylation of commercially availalil®-dihydroxynaphthalenel) followed by
bromination and methoxylation provided 1,4,5,8aetethoxynaphthalend)( Vilsmeier reaction
of 4 with N,N-dimethylformamide and phosphorus oxychloride gave
2-formyl-1,4,5,8-tetramethoxynaphthalen®), ( which was reacted with Grignard reagent
(CH3Mgl) to give the alcohob. Oxidation of6 with active manganese dioxide afforded the
corresponding ketone derivative which was subjected to selective demethylationtha
presence of aluminum chloride to yield the keyrnmtediate8. The ester derivative® obtained

by the esterification reaction 8fwith various aromatic acids in the presence of E@QEHATU)
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and DMAP at room temperature, were treated with NaHundergo Baker-Venkataraman
rearrangement to furnish the corresponding 1,3alerivativeslO. Acid-catalyzed cyclization

reaction ofl0 provided the final compounds in good yields.

o Ar
X R ~ ~ _ ~o o~ OoH
~ o o O OH O o o o
R CCRRN e R
@
0O O
O O O O ~
/O O\ ~ ~ ~ ~ 6
9 8
SO OH O 0 ONQ
| Ar .
@ x 7R Lo )
~ 11a-d 14a-g
5 o 0 12a-1 15a-k
~ ~ 0 O  13a-l

Scheme 1. Reagents and conditions: (a) KOH, (CH),SQ;, rt.; (b) CHCN, NBS, -10°C; (c) CHONa, Cul,
reflux; (d) POC4, DMF, reflux; (e) CHMgl, EL,O, NH,CI, rt.; (f) MnO, DCM, reflux; (g) AICk, CH;CN, 60
°C: (h) EDCI/DMAP or HATU/DMAP; (i) NaH, DMF; (j) 186 H,SOs-EtOH, reflux.

2.2. CYP1 enzymeinhibitory activities

The inhibitory effects of these studied compounds@combinant human CYP1 enzymes
were measured by the EROD (7-ethoxyresorufin Okgéggtion) assays described previously
[17]. In our previous study, we found that introtdon of a piperazine moiety to the B ring of
ANF resulted in a slight decrease of CYP1B1 inloilyitactivity, while morpholine ring was
shown to be tolerated (two- and single-digit nanamtCsy values, respectively). In light of the
importance of nitrogen-containing heterocyclesmpiioving water solubility, hence, at the start
of this study, we attempted to introduce three meghgroups into the naphthalene moiety of
ANF, aiming to increase their CYP1B1 inhibitory goty. The results are presented in Table 1.
Out of our expectation, all of these piperazinessitited derivatives (compound&a-b and11d)
suffered a great loss of inhibitory effects on CYPBdAzymes (I values of > 500 nM).
Consistently, morpholine-substituted derivatiild) was the most potent one among them,
however, compared with ANF or the previously repdrcompound that does not contain three

methoxy groups, analoflc still showed a somewhat loss of activity in blogkiCYP1B1
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enzyme (IGo values of 5.9, 2 and 14.9 nM, respectively) [I8pom these results we speculate
that the introduction of multi-methoxy groups woudéd to unfavorable conformations of these

aliphatic heterocycles within the active sites.

Table 1. Inhibitory activities of 6,7,10-trimethexynaphthoflavone derivatives against CYP1s

ICsovalues (nM) IGoratio
Compd. R 1B1 1A1 1A2 1A1/1B1 1A2/1B1
1la 3-
(4-methyl-piperazi >1000 >1000 >1000 - -
n-1-yl)
b 3-Ck5-(4-methyl-p 519, 51000 51000 1.9 >1.9
iperazin-1-yl)
1ic  3-(4-morpholinyl) 14.9 1325  >1000 8.9 >67.1
11d 4-(4-methyl-plpera >1000 >1000 >1000 ) )
zin-1-yl)
ANF ; 5.9 80.3 18.0 13.6 3.1

Considering that aliphatic heterocycles may notshitable for ANF-based skeleton, we
turned our attention to replacing the phenyl rinthwarious aromatic heterocycles. Herein, we
synthesized a variety of aromatic heterocycle safpstituteda-naphthoflavone derivatives to
determine an optimal one. In this part, an inisat of heteroaromatic fused-ring derivatives
including 12a-h was designed and synthesized to evaluate whetlhégger substituent could
enhance the CYP1BL1 inhibitory activity. As shownTiable 2, all of these analogs, excépt,
exhibited potent inhibition of CYP1B1 with g values ranging from 0.87 to 15.6 nM, while
showing weak or no inhibitory effect toward CYP1AZh ICsy values more than 1000 nM.
Compoundl2a incorporating an indole ring was found to potemtllyibit CYP1B1 with an 1G
value of 0.95 nM. Based on this compound, we oleskthat: (1) reversal of the indole ring
resulted in 4-fold decrease in CYP1B1 inhibitorytggey (compoundl2g, ICso = 4.1 nM),
whereas bioisosteric replacement of the nitrogematf 12g with an oxygen atom afforded
compoundl2h with a comparable activity with2a (ICso = 0.87 nM); (2) addition of a nitrogen
atom to the indole ring yielding compound2b-c and 12f caused a differential decrease in
inhibitory activity toward CYP1B1, especially compw 12f, which showed more than100-fold
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loss in potency against CYP1B1, howewvauj of our expectation, it was able to selectively
inhibit CYP1A1(IGo values of 189.4 and 23.8 nM for CYP1B1 and CYP1#&3pectively); (3)
addition of a carbon atom to the pyrrole ring oflate providing the corresponding quinoline
derivativel2d that showed only a minimal loss of CYP1B1 inhibjtactivity with an 1G, value

of 1.8 nM and, interestingly, the activity was ieased when its quinoline functionality was
reversed (compountRe, ICso = 1.0 nM). Taking these observations togethercadd postulate
that CYP1B1 and CYP1ALl inhibitory efficacies ardeafed by the position and number of
nitrogen atom on the B ring, but, of note, theagen atom is not an essential structural element
for these compounds.

Some single-ring substituted derivatives includi2gl and13a-15a were also synthesized
and evaluated to explore the structure-activitatrehship (SAR) in this series. As presented in
Table 2, all of these five- and six-membered ringssituted derivatives had a potent inhibitory
effect on CYP1B1 with Ig values ranging from sub-nanomole to nanomole seudbwever,
compared with the fused-ring derivatives abovepalihese single-ring derivatives, excédgt,
showed a significant increase in activity againgPCA2, suggesting that CYP1A2 may be more
sensitive to steric hindrance than that of theotlve isozymes. Removal of the phenyl moiety of
compoundlzh led to furan derivativé2i, which showed a comparable potency against CYP1B1
(ICs0 = 1.2 nM). However, replacement of the oxygen atdroompoundl2i with a sulfur atom
was unfavorable for CYP1B1 inhibitiorid], 1Cso = 4.8 nM), but it was able to be partially
restored by introducing a nitrogen atod®K, 1Csp = 2.6 nM), suggesting the importance of
physicochemical properties of aromatic heterocyctesh as electron cloud density and
lipophilicity. To improve water solubility, we furer explored four nitrogen-containing
six-membered ring derivative®2l and 13a-15a. Three pyridine substituted analog3a-15a
showed similar CYP1B1 inhibitory activities with §€values around 1 nM, which was more
potent than pyridazine derivativi2l (ICso = 2.0 nM). In light of their CYP1B1 inhibitory
potency, selectivity and water-soluble potentialy attention was drawn to the development of

pyridine substituted derivatives as CYP1B1 inhitsto

Table 2. Inhibitory activities of heterocyclic risgibstituted 6,7,10-trimethoxy-naphthoflavone

derivatives toward CYP1 enzymes
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ICsovalues (nM) IGoratio
Compd. Ar 1B1 1Al 1A2 1A1/1B1 1A2/1B1
E N
1o \@E/) 095 1419  >1000 149.4  >1052.6
N
- . J@[N; 156 424  >1000 27  >64.1
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e E/@i//\N 20 16  >1000 08  >500
N
Lo E)@Q 18 209  >1000 116  >555.6
12e Q
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12f W
e
§
124 @ 41 165  >1000 40  >2439
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g
1o o 12 138 672 11.5 56.0
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138 N 10 76  117.3 7.6 117.3



172
173

174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

192
193

194

ICsovalues (nM) IGoratio

Compd. Ar 1Bl 1AL A2 1AL/1B1 1A2/1B1
=N
143 <© 12 404  199.8 33.7 166.5
X
15a | ” 0.6 54  107.6 9.0 179.3
ANF - 59 803 18.0 13.6 3.1

A series of pyridin-3-yl substitutegd-naphthoflavone derivatives was first synthesized a
their biological data were shown in Table 3. In pugvious studies, the meta-position of B ring
in a-naphthoflavone scaffold was found to be very caitifor CYP1B1 inhibitory potency.
Therefore, we initially focused our efforts on oducing several substituents into the
meta-position (C-5") of pyridin-3-yl ring. Compound3b-d bearing halogen or methyl group
showed a noticeable potency in blocking CYPM#ih a very high selectivity profile over
CYP1A2, being five-fold more potent than ANF (théiiso values around 1 nM). By contrast,
analogsl3e-g attaching hydrophilic functionalities such as amioarboxyl and hydroxy showed
a drop in CYP1BL1 inhibitory activity, with Kg values at tens of nanomolar concentrations. To
improve their activity against CYP1B1, we movedstdaydrophilic substituents to the C-4’ or
C-2’ positions. To our delight, compourd@h, whose structure was characterized by an amino
substituent at C-4’ position, considerably increbes inhibitory effect on CYP1B1 with andg
value of 0.98 nM. Furthermore, it maintained higHestivity over the other two isozymes.
Surprisingly, a dramatic drop in enzymatic actiwtgs observed when the amino was replaced
by a hydroxy 13i, ICso = 658.3 nM), or was moved to C-2’ positidt8K, ICso = 175.2 nM). Of
note, substitutions on the C-2’ positiolBj-I) were less active than the corresponding C-5' or
C-4’ substituted derivatives in blocking CYP1B1ggasting thasubstitution at the 2’-position
was detrimental to the activity.

Table 3. Inhibitory activities of pyridin-3-yl sutitsited 6,7,10-trimethoxy-naphthoflavone derivatives
toward CYP1s
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ICsovalues (nM) IGoratio

Compd. R 1Bl 1Al 1A2 1AL/1B1 1A2/1B1
13a H 1.0 76 117.3 76 117.3
13b 5-F 098 177 1406 18.1 143.5
13c 5-Br 1.1 80 7420 7.3 674.5
13d 5'-CHs 1.3 6.9 160.7 5.3 123.6
13e 5'-NH., 229 188 6285 0.8 27.4
13f 5-COOH 30.1 858  >1000 2.9 >33.2
13g 5"-OH 103 809  >1000 7.9 >97.1
13h 4-NH, 098 308  108.0 31.4 110.2
13 4-OH 658.3 >1000  >1000 >1.5 >1.5
13 2-OH >1000 151.9  >1000 0.2 i
13k 2-NH 1752 137.1  >1000 0.8 >5.7
13 2-Br 63.9 607 9655 0.9 15.1

ANF . 590 803 180 13.6 3.1

Next, a set of pyridin-4-yl substitute@-naphthoflavone derivatives was carried out to
confirm the effect of the type of pyridine ring @YP1 enzymes. Similarly, we also focused our
optimization efforts on the meta-position (3'-pasi) of B ring ina-naphthoflavone scaffold and
the results are summarized in Table 4. Compareld WNF, halogen group substituted analogs
14b-d were more potent and selective in blocking CYP1Biyee (IGo values ranging from
0.46 to 1.1 nM), while hydroxy- and amino-substtlitierivatived4e and14f were significantly
less potent (I values of 61.5 and 20.6, respectively). Analdg, obtained by removing the
amino to the 2’-positionshowed a slight loss of CYP1B1 inhibitory actividgmpared tdl4f,
which confirmed our hypothesis of the importancestructural modification at 3’-position.
Among them, compoundi4dd attaching a bromine atom at 3’-position was charaatd as the
most potent and selective CYP1B1 inhibitor, withl@g, value of 0.46 nM. Consistent with the
SAR observed in Table 3, hydrophobic-substitutedvegves were generally more potent than
the corresponding hydrophilic ones. It is intemggtito note that a significant reduction in
CYP1A2 inhibitory efficacy was observed as compavath 14a and the other compounds
presented in Table 4, indicating that larger stpsits in the B ring would not be accommodated
by the active site of CYP1A2.
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Table 4. Inhibitory activities of pyridin-4-yl sutitsited 6,7,10-trimethoxy-naphthoflavone derivatives
toward CYP1s

ICsovalues (nM) IGoratio
Compd. R 1Bl 1AL 1A2 1A1/1B1 1A2/1B1
143 H 12 404 1998 33.7 166.5
14b 3-F 093 389 5180 41.8 557.0
14c 3-Cl 1.1 916  >1000 833  >909.1
14d 3-Br 046 269  >1000 585  >2173.9
14e 3-OH 615 232.0 >1000 3.8 >16.3
14f 3-NH, 206 153  >1000 0.7 >48.5
14g 2-NH, 248 316  >1000 1.3 >40.3
ANF i 59 803 18.0 13.6 3.1

With the goal of gaining more potent CYP1B1 inhobit andexploring SAR, we finally
turned our attention to expanding a series of pyilyl substituted a-naphthoflavone
derivatives as CYP1B1 inhibitors. Several meta{pmwsi(3’-position) substituted derivatives
including 15b-f were synthesized and enzyme inhibition data arengin Table 5. Consistent
with the above results, hydrophobic functionalibrtaining analog&5d-f were more active than
the hydrophilic-substituted derivativdsb and15c in suppressing CYP1 enzymes. Particularly,
halogen-substituted compoundSe and 15f were found to have outstanding ability to inhibit
CYP1B1 with 1Gy values of 0.38 and 0.3 nM, respectively. To deteenwhether CYP1B1
inhibitory ability could be improved by modificaticat the other positions of pyridin-2-yl ring,
we synthesized another two compouidflg and15h with chlorine atom incorporated at the 4'-
and 5’-position, respectively. To our surprise, pound15g was found to be more potent than
15h and 15f in inhibiting CYP1B1 enzyme with an g value of 0.14 nM, indicating the
importance of 4’-position in CYP1 enzymes. Keepihig in mind, an attempt has been made to

find out more potent CYP1B1 inhibitors by introdugifluorine and bromine atoms at 4’-position

10



232  of the pyridin-2-yl ring. Gratifyingly, fluorine-sastituted derivativel5i showed two-fold more
233 potent CYP1B1 inhibitory activity thatbg with an IG value as low as 0.07 nM, being the most
234 potent CYP1B1 inhibitor. Analysis of the data prase in Tables 3-5, we can easily conclude
235 that amino-substituted derivatives generally diggthhigher CYP1B1 inhibitory activity than the
236 corresponding hydroxyl-substituted compounds. @itliof the critical roles of amino group in
237 improving water solubility and further chemical nifachtion, herein, we continued to introduce
238 an amino group to the 4’-position. However, theultsg compoundl15k still remained a
239 comparable level of CYP1B1 inhibitory activiky that of ANF.

240
241 Table 5. Inhibitory activities of pyridin-2-yl sutitsited 6,7,10-trimethoxy-naphthoflavone derivatives
242 toward CYP1s
243
ICsovalues (nM) IGoratio
Compd. R 1Bl 1Al 1A2 1A1/1BI 1A2/1B1
ANF - 5.9 80.3 18.0 13.6 3.1
15a H 0.6 5.4 107.6 9.0 179.3
15b 3’-NH 6.5 56.8 >1000 8.7 >153.8
15c 3'-OH 7.7 322.6 >1000 41.9 >129.9
15d 3'-CH3 1.2 19.9 148.2 16.6 1235
15e 3'-F 0.38 2.3 668.4 6.1 1758.9
15f 3'-Cl 0.30 5.7 348.6 19.0 1162
159 4'-Cl 0.14 1.6 208.5 11.4 1489.3
15h 5'-Cl 0.84 9.9 >1000 11.8 >1190.5
15i 4'-F 0.07 16.8 >1000 240 >14285.7
15j 4’-Br 1.3 38.9 622.8 29.9 479.1
15k 4’-NH; 6.0 66.6 >1000 11.1 >166.7
244

245 3. Molecular docking studies
246 In an attempt to gain insight into the probabledimg modes and rationalize the observed
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CYP1BL1 inhibitory efficacy and selectivity of theost potent compountbi, molecular docking
studies have been carried out using GOLD 5.3.0wsoft (Cambridge, UK). The crystal
structures of ANF in complex with CYP1B1 (PDB IDPEI0) and CYP1A2 (PDB ID: 2HI4)
were used for this study. As shown in parts A tm&ig. 2, compound5i snugly fits well into
the active site of CYP1B1 and it is involved in hyohobic contacts with residues F231, L264,
F268, G329, A330, A133, 1399, F134, V126 as well L&©D9. An enhanced-n stacking
interaction between the naphthalene part and phamylof F231 caused by increased electron
density of the naphthalene part provides a stronditg affinity. Also, the methoxy group forms
a hydrogen bond with D333 with a distance of 2.6TAe docked complex was structurally
superimposed on the ligand ANF (Fig 2B), and itveda that the pyridine moiety of compound
15i is closer to heme than that of ANF (distances 6f &d 4.3 A, respectively), which is
unfavorable for formation of the reactive heme ioxo intermediate during catalysis. The
surface map of docked complex indicated that thedmpye moiety of compoundl5i is
surrounded by a hydrophobic region (colored by ¥pwvhich is favorable for hydrophobic
contact with fluorine substituent. Further, it alpoovides an explanatiofor the fact that
compounds incorporating a hydrophobic substituenthe pyridine ring generally showed better
CYP1BL1 inhibitory effects than those with hydrophgubstituents. As can be seen from parts D
and E in Fig. 2, compourtbi docked in the active site of CYP1A2 with a simjase to that in
CYP1BL1. It binds to a hydrophobic pocket formedéamgino acid residues F226, L497, 1386,
T124, A317, G316 and F260, with the pyridine moiegmng closer to heme than that of ANF.
However,it does not form a hydrogen bond (or water-medidtgdrogen bond[20]) with any
residues as compared with ANF (ANF forms a watediated hydrogen bond with Gly316),
which may provide a partial explanation for a lowetivity of compound5i against CYP1A2.
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Fig 2. Molecular docking study of compouti in CYP1B1(A-C) and CYP1A2 (D-E) (compound8i: yellow
stick; ANF: green stick; yellow dash line: hydrogeond; green dash lina:r stacking interaction; cyan dash
line: distance)

Considering that the total score (expressed agklpgincluding crash score and polar score)

generated by Surflex-Dock may directly predict thieding affinity of the ligand-protein
complex, therefore we calculated their parametasiaguanother molecular docking software
SYBYL-X 2.0 (Tripos Inc., St. Louis, USA) to coniir the observed biological results again.
Compoundl5i and the template molecule ANF were docked intcattiere sites of CYP1B1 and
CYP1A2 and the highest scores are presented ineT@bSurprisingly, a high correlation was
found between the total scores and the activitieg)lCso). The total score of compouridi in
CYP1B1 was much higher than that in CYP1A2 withuesl of 8.5969 and 4.1880, respectively,
while ANF possessed similar total scores in CYPHB#l CYP1A2 with values of 6.9669 and
7.1981, respectively. Furthermore, compoull showed a higher total score than ANF in
CYP1B1 with values of 8.5969 and 6.9669, respelstivehereas it displayed a lower total score
than ANF in CYP1B1 with values of 4.1880 and 7.198aspectively. These results are
consistent with experimentally observed trends ¥PC inhibitory potency. It should be noted
that compoundl5i reached a very low crash score of -7.4502, indigatn high degree of
inappropriate penetration by this compound into biveding site of CYP1A2. Based on the
previous finding that the volume of the CYP1A2 ¢avs smaller than that of CYP1B1 (size
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values of 375 and 398 *Arespectively) [21], therefore, it might be spetetl that steric

hindranceis another critical factor for contributing to thkver CYP1A2 inhibitory efficacy of

compoundL5i.
Table 6. Surflex-Dock scores of compouliil and ANF
ICso values (nM) Docking score in CYP1B1 Docking scior CYP1A2
Compd. CYP1BL CYPLAZ Total Crash Polar Total Crash Polar
Score  Score Score Score Score Score
15i 0.07 >1000 8.5969 -2.5712 0.0001 41880 -7.4502 1.1228
ANF 5.9 18.0 6.9699 -0.3755 0.0000 7.1981  -0.3857 0.1418

(Total score, expressed as -logfKrepresent binding affinities; Crash score, degmé inappropriate
penetration by the ligand into the protein and rppg@etration between ligand atoms that are sephiate
rotatable bonds of compounds. c) Polar score, din¢ribution of polar non-hydrogen bonding interant to

the total score)

4. Deter mination of water solubility

A suitable water solubility of a compound (drugprse of the most important properties for
obtaining reliablein vitro andin vivo assay results in early drug discovery and for engu
sufficient concentration in circulation to get asuled therapeutic exposure [22]. ANF is a potent
CYP1 inhibitor, but it has poor water solubilityath may limit its efficacy and further
development [17]. In this study, some of these lmsizeda-naphthoflavone derivatives have
been selected to determine whether their watebgijuwas improved. CompoundSi as the
most potent and selective CYP1B1 inhibitor amorggrttwas first selected to evaluate its water
solubility by a standard HPLC method. Unfortunatedimilar to ANF, the saturated solution
concentration of compound5i in water was undetectable, indicating poor watgulslity
(presented in Table 7). As a result, we transfortedcompound5i to its hydrochloride and
sulfate forms. Regrettably, an enhanced water gijustill cannot be achieved, for its salt forms
were unstable in water and they could restored@tbtotype form immediately.

In light of the fact that the amino-substitutechaphthoflavone derivatives are more potent
than the corresponding hydroxyl-substituted denest in  blocking CYP1B1, and
simultaneously they are more alkaline and less dpluvbic (lower ClogP, calculated by
Chembiodraw Ultra 14.0 ) than compoutfl, in spite of a slight loss of CYP1B1 inhibitoryew
turned our attention to the compoudBh, the most potent CYP1B1 inhibitor among the
amino-substituted series. To our surprise, compo@Bd showed more than 60-fold of

improvement in water solubility as compared with ABnd compound5i (311 ug/mL for 13h,

14



321 < 5ug/mL for ANF and15i). It is interesting to note that a remarkably @ased water solubility
322 was also observed for its salt form, for examgie,water solubility of its sulfate form was up to
323 4910 pg/mL. it suggested that compourd@h may be a promising starting point with great
324  potential for further studies.

325
326 Table 7. Water solubility of the selected compounds
Compd. ClogP Water solubility g/mL)
Free base Salt form
ANF 4.65 <5 /
15i 3.75 <5 <5
13h 2.99 311 4910
327
328 4. Conclusion
329 In this study, structural modification of ANF gaven series of forty-six

330 6,7,10-trimethoxyx-naphthoflavone derivatives, which exhibited vagyilevels of inhibitory
331 potency on CYP1 enzymeSAR analysis indicated that the CYP1 inhibitoryiezf€y was greatly
332 determined by the type and position of the substitsi on the B ring. Among them, the
333 fluorine-containing derivativd5i showed excellent selectivity for CYP1B1 over thben two
334 CYP1 isoforms and was characterized as the mosnpathibitor for CYP1B1 with an 1§
335 value of 0.07 nM, with 84-fold more potent inhibiti than ANF as the lead compound.
336 Molecular modeling study revealed that appropriateding site conformation, hydrophobic
337 interactions and an enhanced stacking interactions were the predominant factorgributing
338 to its high CYP1B1 inhibitory activity. Additiongl] the amino-substituted derivatii8h not
339 only possessed a potent inhibitory effect on CYR1#1 also had a substantially increased water
340 solubility as compared with ANF as determined biylsitity assay, suggesting that it may have a
341 great potential for further study. The follow-upi@y of reversal of drug resistance by compound
342 13hinvitro andinvivo is currently underway and will be reported upomptetion.

343

344 5. Experimental section

345 5.1. Chemistry

346 All starting materials and reagents were eitheraioleid from commercial suppliers or
347 prepared according to literature reported procesduké solvents were used as supplied without
348 further purification unless otherwise indicated. hfdrous solvents were dried according to
349 standard methods. Proton nuclear magnetic reson@Hc8IMR) and**C NMR spectra were
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recorded with Varian Mercury-300 (400 MHz) specteden. Chemical shiftsé(scale) are
reported in parts per million (ppm) downfield frotetramethylsilane (TMS) and coupling
constantsJ) are expressed in hertz (H¥)ultiplicities are shown as the following abbrevess:

S (singlet), brs (broad singlet), d (doublet)rip(et), m (multiplet). Reactions were monitored by
thin-layer chromatography (TLC, silica gel &l and visualized with UV light (254 or 365 nm).
Column chromatography was conducted on silica §6D{300 mesh). High resolution mass
spectrometry (HRMS) were obtained on Agilent 65400 (ESI).

5.2. General procedure for preparation of alldtreaphthoflavone derivatives

The intermediate2-8 were easily prepared from 1,5-dihydroxynaphthal@heccording to
our previously reported procedures[23]. To a dlirre solution of
1-(1-hydroxy-4,5,8-trimethoxynaphthalen-2-yl)ethbwone 8, 2 mmol) in dry DMF (10 mL),
commercially available or laboratory prepared ariienbenzoic acid derivative (2.2 mmol),
condensing agent EDCI/DMAP (3 mmol/3mmol) or HATWBP were added. The resultant
solution was stirred at ambient temperature formmght when TLC showed that the reaction was
complete. The reaction mixture was poured intoceawater solution and extracted with EtOAc.
The combined organic layers were washed with s@dnisaCl aqueous, and dried overSi@,.
The solvent was removeshder reduced pressure and the crude residue Wpestad to silica gel
column chromatography to give intermedifte

NaH was added to a mixture of intermediatel mmol)in dry DMF (5 mL) under Mand
The mixture was stirred at ambient temperatureSfér. After being quenched witkcetic acid
ice-water solution and the precipitate obtained filesed. After drying, the red crude product
can be used directly without further purification.

IntermediatelO (0.5 mmol) was suspended te3D,-EtOH solution (10%, 25 mL) and the
resultant mixture was kept for stirring at temperatof 90 °C till the completion of the reaction
as indicated by TLC. After removing solvents undaecuum, the residue was dissolved in water,
neutralized by NaHC®and extracted with EtOAc. The organic layers werashed with
saturated brine, dried over anhydrous,®@,, and concentrated under reduced pressure. The
residue was purified by column chromatography ussilgca gel to give all the studied
compounds in this work.

5.2.2. 6,7,10-trimethoxy-2-(3-(4-methylpiperazind)phenyl)-4H-benzoh]lbenzopyran-4-one
(11a)

Yellow solid; yield 69%;'H NMR (400 MHz, CDC}) § 7.63 — 7.55 (m, 2H), 7.46 (d,= 6.5 Hz,
1H), 7.36 (tJ = 8.0 Hz, 1H), 7.07 (d] = 8.8 Hz, 1H), 7.02 (d] = 5.7 Hz, 2H), 6.91 (s,1H), 4.01
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(s, 6H), 3.88 (s, 3H), 3.29 — 3.24 (m, 4H), 2.64.56 (m, 4H), 2.33 (s, 3H)3C NMR (101 MHz,
CDCl) & 177.73, 163.59, 154.39, 151.88, 151.75, 151.39.174 133.25, 129.62, 122.35,
121.51, 118.68, 117.78, 114.11, 113.13, 109.70,58)4.07.28, 98.95, 58.20, 57.03, 56.61, 54.98,
49.03, 46.03. HRMS (ESI) calcd for {1,eN,0s+ H]* 461.2076, found 461.20977.

5.2.2. 2-(3-chloro-5-(4-methylpiperazin-1-yl)phen@l7,10-trimethoxy-#-benzoh]benzopyran
-4-one (1b).

Yellow solid; yield 62%:"H NMR (400 MHz, CDCJ) § 7.58 (s, 1H), 7.31 (s, 1H), 7.18 (s, 1H),
6.95 (d,J = 8.8 Hz, 1H), 6.91 — 6.84 (m, 2H), 6.79 (s, 18196 (s, 3H), 3.93 (s, 3H), 3.81 (s, 3H),
3.24 — 3.16 (m, 4H), 2.54 — 2.50 (m, 4H), 2.303(d). **C NMR (101 MHz, CDGJ) & 177.39,
161.62, 154.38, 152.30, 151.46, 151.02, 148.85,6139.34.04, 122.09, 121.31, 118.03, 117.89,
117.38, 112.87, 111.05, 108.72, 106.97, 98.53,15%6.43, 56.28, 54.76, 48.50, 46.04. HRMS
(ESI) calcd for [GsH27CIN2Os + H]™ 495.1687, found 495.17089.

5.2.3. 6,7,10-trimethoxy-2-(3-morpholinophenyhi-benzop]benzopyran-4-onelfc).

Yellow solid; yield yield73%;:*H NMR (400 MHz, CDGJ) 6 7.72 — 7.61 (m, 2H), 7.50 (s, 1H),
7.44 (t,J=7.8 Hz, 1H), 7.17 — 7.02 (m, 3H), 6.96 (s, 1416 (s, 3H), 4.04 (s, 3H), 3.93 (s, 3H),
3.93 — 3.86 (m, 4H), 3.31 — 3.22 (brs, 4HC NMR (101 MHz, CDGJ) & 177.66, 163.33,
154.43, 151.76, 151.54, 151.39, 149.12, 133.34,782922.28, 121.48, 118.63, 118.59, 118.40,
113.89, 112.99, 109.75, 107.28, 98.84, 66.76, 5&1IM1, 56.58, 49.54. HRMS (ESI) calcd for
[C26H25NOg + H]" 448.1760, found 448.17656.

5.2.4. 6,7,10-trimethoxy-2-(4-(4-methylpiperazind)phenyl)-4H-benzoh]lbenzopyran-4-one
(11d).

Yellow solid; yield 65%:*H NMR (400 MHz, CDC}) § 7.84 (d,J = 8.6 Hz, 2H), 7.39 (s, 1H),
6.93 (d,J = 8.8 Hz, 1H), 6.85 (d] = 9.0 Hz, 3H), 6.72 (s, 1H), 3.95 (s, 3H), 3.913M4), 3.81 (s,
3H), 3.35 — 3.22 (m, 4H), 2.54 — 2.45 (m, 4H), 2(883H).*C NMR (101 MHz, CDG)) &
177.43, 163.30, 154.03, 152.88, 151.51, 151.06,784827.56, 121.99, 121.76, 121.24, 118.31,
114.40, 112.49, 108.70, 104.70, 99.00, 57.93, 5664, 54.71, 47.53, 46.07. HRMS (ESI)
calcd for [G7H2gN20s + H]" 461.2076, found 461.20804.

5.2.5 2-(H-Indol-6-yl)-6,7,10-trimethoxy-Hi-benzoh]benzopyran-4-onel@a)
Brown solid; yield 74%*H NMR (400 MHz, DMSOsdg) 5 11.63 (s, 1H), 8.36 (s, 1H), 7.82 (dd,
=8.5, 1.4 Hz, 1H), 7.73 — 7.65 (m, 1H), 7.62 -17(&, 1H), 7.36 — 7.29 (m, 2H), 7.28 — 7.23 (m,
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1H), 7.12 (s, 1H), 6.53 (s, 1H), 4.17 (s, 3H), 3(823H), 3.83 (s, 3H)*C NMR (101 MHz,
DMSO-ds) 5 176.30 , 164.42 , 154.45 , 151.30 , 151.22 , ¥8136.17 , 130.76 , 129.27 ,
124.48 , 121.56 , 121.22 , 120.99 , 118.04 , 117 H(B.46 , 110.48 , 110.40 , 105.74 , 102.16 ,
98.63 , 57.89 , 57.41 , 56.60 . HRMS (ESI) calcd [(02sH:NOs + H]* 402.1341, found
402.13443.

5.2.6. 2-(H-benzof]imidazol-5-yl)-6,7,10-trimethoxy-M-benzoh]benzopyran-4-onel@b)

Brown solid; yield 68%H NMR (400 MHz, DMSOedg) & 13.14 — 12.69 (m, 1H), 8.67 (brs, 1H),
8.42 (brs, 1H), 8.11 (brs, 1H), 7.79 (brs, 1H)87-37.27 (m, 3H), 7.24 (s, 1H), 4.19 (s, 3H), 3.96
(s, 3H), 3.86 (s, 3H). HRMS (ESI) calcd forj8:sN,0s + H]* 403.1294, found 403.12986.

5.2.7. 2-(H-indazol-5-yl)-6,7,10-trimethoxy+-benzoh]benzopyran-4-on€lgc)

Brown solid; yield 45%;H NMR (400 MHz, DMSOds) & 13.34 (s, 1H), 8.66 (s, 1H), 8.26 (s,
1H), 8.10 (dJ = 8.7 Hz, 1H), 7.68 (d] = 8.7 Hz, 1H), 7.30 — 7.15 (m, 3H), 7.09 (s, 1418 (s,
3H), 3.88 (s, 3H), 3.79 (s, 3H). HRMS (ESI) calat {Co3H1gN,Os + H]* 403.1294, found
403.12917.

5.2.8. 6,7,10-Trimethoxy-2-(quinolin-6-yl)Htbenzoh]benzopyran-4-onelgd)

Brown solid; yield 72%:H NMR (400 MHz, CDC}) & 8.95 (d,J = 4.0 Hz, 1H), 8.50 (s, 1H),
8.24 — 8.10 (m, 3H), 7.44 (dd= 8.2, 4.2 Hz, 1H), 7.40 (s, 1H), 7.10 — 7.04 {#d), 7.03 — 6.95
(m, 2H), 4.08 (s, 3H), 4.00 (s, 3H), 3.90 (s, 3HE NMR (101 MHz, CDGJ) § 177.37, 161.69,
154.48, 151.81, 151.43, 151.26, 149.12, 149.00,7634.30.09, 130.07, 127.83, 126.51, 126.17,
122.25,121.98, 121.44, 118.19, 112.99, 109.02,520B8.69, 58.00, 56.53, 56.46. HRMS (ESI)
calcd for [GsH1gNOs + H]™ 414.1341, found 414.13359.

5.2.9. 6,7,10-Trimethoxy-2-(quinolin-2-yl)Htbenzoh]benzopyran-4-on€lle)

Brown solid; yield 69%*H NMR (400 MHz, DMSOdg) & 8.74 (s, 1H), 8.51 (s, 1H), 8.11 (b=
24.7 Hz, 2H), 7.89 (s, 1H), 7.73 (s, 1H), 7.521(d), 7.42-7.26 (m, 3H), 4.17 (s, 3H), 3.96 (s,
3H), 3.86 (s, 3H)}*C NMR (101 MHz, pyridine)}s 176.87, 161.37, 155.11, 151.63, 151.59,
149.88, 149.61, 149.35, 148.87, 148.00, 137.35,423030.07, 128.92, 127.99, 127.92, 122.59,
118.42, 113.40, 109.62, 108.53, 99.12, 57.64, 5&8®7. HRMS (ESI) calcd for pgH10NOs +

H]* 414.1341, found 414.13420.

5.2.10. 6,7,10-Trimethoxy-2-H:-pyrrolo[2,3-b] pyridin-3-yl)-4H-benzoh]benzopyran-4-one
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(12f)

Brown solid; yield 52%H NMR (400 MHz, DMSO#dg) 5 12.55 (s, 1H), 8.57 (d, 1H), 8.41 —
8.37 (m, 2H), 7.37 (s, 1H), 7.34 — 7.30 (m, 1HBO7= 7.25 (m, 2H), 6.92 (s, 1H), 4.05 (s, 3H),
3.95 (s, 3H), 3.86 (s, 3H). HRMS (ESI) calcd fopd@:sN,0s+ H]* 403.1294, found 403.12922.

5.2.11. 2-(H-Indol-3-yl)-6,7,10-trimethoxy-H-benzoph]benzopyran-4-oneleg)

Brown solid; yield 68%*H NMR (400 MHz, DMSOsdg) § 12.00 (s, 1H), 8.22 (s, 1H), 8.04 (d,

= 7.3 Hz, 1H), 7.55 (dJ = 7.3 Hz, 1H), 7.30 (s, 1H), 7.26 — 7.20 (m, 2A)6 (s, 2H), 6.79 (s,
1H), 3.99 (s, 3H), 3.89 (s, 3H), 3.79 (s, 3HLC NMR (101 MHz, DMSQds) & 175.80, 161.41,
154.07, 151.21, 151.10, 148.22, 137.53, 129.61,872322.99, 121.70, 121.40, 120.91, 120.32,
117.84, 113.13, 112.92, 109.94, 108.75, 104.98M®0&7.73, 56.98, 56.49. HRMS (ESI) calcd
for [CoaH1o0NOs + H]* 402.1341, found 402.13442.

5.2.12. 2-(benzofuran-2-yl)-6,7,10-trimethoxi4benzoh]benzopyran-4-onelgh)

Yellow solid; yield 59%:*H NMR (400 MHz, DMSOdg) & 7.92 (d,J = 7.5 Hz, 1H), 7.80 — 7.66
(m, 2H), 7.51 (t) = 7.5 Hz, 1H), 7.39 (1) = 7.2 Hz, 1H), 7.30 (s, 3H), 6.91 (s, 1H), 4.163(d),
3.94 (s, 3H), 3.85 (s, 3H)*C NMR (101 MHz, CDGJ) § 176.74, 155.68, 154.56, 154.55, 151.79,
151.27, 148.83, 148.46, 127.81, 126.69, 123.71,262222.06, 121.57, 118.06, 113.21, 111.78,
109.37, 108.62, 106.68, 98.74, 58.05, 56.87, 56:RRMS (ESI) calcd for [@H1506 + H]"
403.1182, found 403.11872.

5.2.13. 2-(furan-2-yl)-6,7,10-trimethoxy-4H-benkfijenzopyran-4-onelei)

Yellow solid; yield 61%;H NMR (400 MHz, DMSOsg) & 8.00 (s, 1H), 7.18 (d} = 3.3 Hz, 1H),
7.16 (s, 1H), 7.14 — 7.09 (m, 2H), 6.78 (dd; 3.2, 1.6 Hz, 1H), 6.59 (s, 1H), 3.96 (s, 3HRES.
(s, 3H), 3.78 (s, 3H)*C NMR (101 MHz, DMSOdg) 5 175.53, 154.48, 154.31, 151.21, 150.99,
147.91, 147.17, 146.44, 121.39, 121.17, 117.53,621313.40, 113.28, 110.13, 104.41, 98.26,
57.68, 56.96, 56.43. HRMS (ESI) calcd ford8160s + H]* 353.1025, found 353.10283.

5.2.14. 6,7,10-Trimethoxy-2-(thien-2-yl}4benzoh]benzopyran-4-one€lg))

Yellow solid; yield 63%;H NMR (400 MHz, DMSOds) & 8.00 (d,J = 3.7 Hz, 1H), 7.93 (dd] =
4.9, 0.9 Hz, 1H), 7.27 (dd,= 4.9, 3.8 Hz, 1H), 7.24 (s, 1H), 7.21 — 7.16 &H), 7.00 (s, 1H),
4.04 (s, 3H), 3.89 (s, 3H), 3.79 (s, 3HC NMR (101 MHz, DMSOds) 6 175.79, 158.58, 154.56,
151.30, 150.95, 148.10, 135.29, 132.09, 129.38,172921.46, 121.20, 117.55, 113.46, 109.88,
105.31, 98.43, 57.79, 56.80, 56.50. HRMS (ESI) ccdtir [CyoH1605S+ H]" 369.0797, found
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369.08019.

5.2.15. 6,7,10-Trimethoxy-2-(thiazol-4-yl}4benzoh]benzopyran-4-onelgk)

Brown solid; yield 49%*H NMR (400 MHz, DMSO#dg) & 9.33 (s, 1H), 8.33 (s, 1H), 7.31 - 7.19
(m, 3H), 7.00 (s, 1H), 4.10 (s, 3H), 3.92 (s, 3Bi183 (s, 3H)*C NMR (101 MHz, DMSOdg) &
176.17, 158.07, 157.45, 154.65, 151.35, 151.11,504848.32, 122.44, 121.53, 121.39, 117.67,
113.59, 110.33, 107.17, 98.36, 57.81, 57.28, 58S (ESI) calcd for [@H1sNOsS+ H]*
370.0749, found 370.07509.

5.2.16. 6,7,10-Trimethoxy-2-(pyridazin-4-ylJH4benzoh]benzopyran-4-onelgl)

Brown solid; yield 41%*H NMR (400 MHz, DMSOdg) 5 9.94 (s, 1H), 9.55 (d] = 6.1 Hz, 1H),
8.32 (s, 1H), 7.57 (s, 1H), 7.35 — 7.19 (m, 3HPY4(s, 3H), 3.91 (s, 3H), 3.81 (s, 3H). HRMS
(ESI) calcd for [GoH16N2Os+ H]* 365.1137, found 365.11316.

5.2.17. 6,7,10-Trimethoxy-2-(pyridin-3-y)Htbenzoh]benzopyran-4-onel@a)

Brown solid; yield 59%;:H NMR (400 MHz, DMSOds) & 9.45 (s, 1H), 8.79 (s, 1H), 8.61 (d,
1H), 7.74 — 7.66 (m, 1H), 7.41 — 7.26 (m, 4H), 4&03H), 3.96 (s, 3H), 3.86 (s, 3HJC NMR
(101 MHz, CDC}) 6 177.01, 160.14, 154.59, 151.69, 151.46, 151.168,9%4 147.66, 133.18,
128.12, 123.45, 122.23, 121.45, 118.03, 113.09,8408107.47, 98.58, 57.96, 56.45, 56.42.
HRMS (ESI) calcd for [gH17NOs+ H]* 364.1185, found 364.11871.

5.2.18. 6,7,10-Trimethoxy-2-(pyridin-4-y)Htbenzoh]benzopyran-4-onelda)

Brown solid; yield 52%*H NMR (400 MHz, DMSO#dg) & 8.87 (d,J = 5.7 Hz, 2H), 8.16 (d] =
5.6 Hz, 1H), 7.43 (s, 1H), 7.35 — 7.23 (m, 1H).24(d,J = 2.7 Hz, 1H), 3.94 (s, 1H), 3.85 (s, 1H).
13C NMR (101 MHz, CDG)) § 177.22, 159.81, 154.83, 151.57, 151.32, 150.69,04 139.65,
122.40, 121.76, 119.71, 118.17, 113.35, 109.24,57088.54, 58.08, 56.60, 56.55. HRMS (ESI)
calcd for [GiH17NOs+ H]* 364.1185, found 364.11881.

5.2.19. 6,7,10-Trimethoxy-2-(pyridin-2-y)Htbenzoh]benzopyran-4-onelba)

Brown solid; yield 62%*H NMR (400 MHz, DMSOedg) & 8.80 (d,J = 3.6 Hz, 1H), 8.40 (d] =

7.7 Hz, 1H), 8.22 (1) = 7.6 Hz, 1H), 7.69 — 7.61 (m, 1H), 7.36 — 7.14 {id), 4.14 (s, 3H), 3.95
(s, 3H), 3.86 (s, 3H)**C NMR (101 MHz, CDG)) & 177.60, 161.10, 154.37, 151.34, 151.12,
149.94, 149.68, 148.63, 136.66, 125.07, 122.09,882121.01, 118.04, 112.83, 108.86, 107.97,
98.78, 57.91, 56.44, 56.42. HRMS (ESI) calcd fonfG:NOs+ H]* 364.1185, found 364.11897.
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5.2.20. 2-(5-fluoropyridin-3-yl)-6,7,10-trimethoxdH-benzoh]benzopyran-4-onel@b)

Yellow solid; yield 67%:*H NMR (400 MHz, DMSOsdg) 5 9.26 (s, 1H), 8.77 (dl = 2.7 Hz, 1H),
8.41 (d,J=9.7 Hz, 1H), 7.38 (s, 1H), 7.29 — 7.21 (m, 3HD2 (s, 3H), 3.90 (s, 3H), 3.81 (s, 3H).
3% NMR (101 MHz, CDGJ) 6 176.95, 160.77, 158.57, 158.20, 154.84, 151.4%,285 148.99,
143.10, 140.16, 139.92, 129.90, 122.36, 121.62,372120.16, 113.28, 108.98, 108.16, 98.57,
58.05, 56.56, 56.42. HRMS (ESI) calcd fop{B16FNOs+ H]" 382.1091, found 382.10865.

5.2.21. 2-(5-Bromopyridin-3-yl)-6,7,10-trimethoxyd4benzoh]benzopyran-4-onelBc)

Yellow solid; yield 64%:*H NMR (400 MHz, DMSOdg) & 9.36 (s, 1H), 8.89 (s, 1H), 8.80 (s,
1H), 7.42 (s, 1H), 7.32 — 7.23 (m, 3H), 4.08 (s),38191 (s, 3H), 3.82 (s, 3H)*C NMR (101
MHz, CDCk) & 176.96, 158.45, 154.89, 152.48, 151.58, 151.38,114 145.29, 136.23, 129.90,
122.45, 121.68, 121.11, 118.04, 113.53, 108.95,0/088.71, 58.20, 56.62, 56.42. HRMS (ESI)
calcd for [GiH16BrNOs + H]* 442.0290, found 442.02815.

5.2.22. 6,7,10-Trimethoxy-2-(5-methylpyridin-3-yiH-benzoh]benzopyran-4-onel@d)

Yellow solid; yield 63%;'H NMR (400 MHz, DMSOds) & 9.15 (s, 1H), 8.58 (s, 1H), 8.31 (s,
1H), 7.29 —=7.11 (m, 4H), 4.02 (s, 3H), 3.91 (s, 3883 (s, 3H), 2.43 (s, 3H)*C NMR (101
MHz, CDCb) 6 177.20, 160.52, 154.63, 152.21, 151.61, 151.2@,184 144.87, 133.84, 133.23,
127.83, 122.32, 121.57, 118.20, 113.27, 108.94,58)798.74, 58.13, 56.57, 56.46, 18.55.
HRMS (ESI) calcd for [G:H1gNOs + H]* 378.1341, found 378.13487.

5.2.23. 2-(5-aminopyridin-3-y1)-6,7,10-trimethoxy44enzoh]benzopyran-4-onelBe)

Brown solid; yield 54%;H NMR (400 MHz, DMSOsg) & 8.49 (s, 1H), 8.17 — 8.02 (m, 1H),
7.54 (s, 1H), 7.26 — 7.08 (m, 3H), 7.01 — 6.87 1), 5.61 (s, 2H), 3.98 (s, 3H), 3.87 (s, 3H),
3.78 (s, 3H)¥C NMR (101 MHz, DMSQdg) & 176.14, 161.37, 154.55, 151.12, 151.06, 148.54,
145.21, 139.31, 135.38, 128.03, 121.47, 121.20,7817116.68, 113.42, 110.17, 107.25, 98.20,
57.72,57.08, 56.45. HRMS (ESI) calcd for{81sN-Os+ H]" 379.1294, found 379.12887.

5.2.24. 5-(6,7,10-trimethoxy-4-oxd-4benzop]chroman-2-yl) nicotinic acid13f)

Dark brown solid; yield 39%H NMR (400 MHz, DMSOdg) 5 9.57 (s, 1H), 9.21 (dl = 2.2 Hz,
1H), 9.06 (dJ = 2.7 Hz, 1H), 7.47 (s, 1H), 7.41 — 7.12 (m, 3#H)5 (s, 3H), 3.92 (s, 3H), 3.82 (s,
3H). HRMS (ESI) calcd for [§H17NO7 + H]* 408.1083, found 408.14514.

5.2.25. 2-(5-hydroxypyridin-3-yl)-6,7,10-trimethox§H-benzoh]benzopyran-4-onelBg)
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Yellow solid; yield 58%:*H NMR (400 MHz, DMSOdg) & 8.82 (s, 1H), 8.31 (s, 1H), 7.91 (s,
1H), 7.27 — 7.20 (m, 3H), 7.18 (s, 1H), 4.02 (s),3B189 (s, 3H), 3.80 (s, 3HY*C NMR (101
MHz, DMSOg) 6 176.24, 160.51, 154.68, 154.35, 151.15, 151.18,564 140.93, 138.51,
128.78, 121.52, 121.27, 119.72, 117.75, 113.56,3510107.77, 98.21, 57.78, 57.02, 56.53.
HRMS (ESI) calcd for [gH17NOg + H]" 380.1134, found 380.11340.

5.2.26. 2-(6-aminopyridin-3-yl)-6,7,10-trimethoxyddbenzoh]benzopyran-4-onel@h)

Brown solid; yield 48%*H NMR (400 MHz, DMSOdg) & 8.84 (d,J = 2.3 Hz, 1H), 8.11 (dd] =
8.8, 2.4 Hz, 1H), 7.29 (s, 1H), 7.24 (s 2.0 Hz, 2H), 6.93 (s, 1H), 6.78 (s, 2H), 6.57X¢ 8.8
Hz, 1H), 4.02 (s, 3H), 3.90 (s, 3H), 3.81 (s, 3HL NMR (101 MHz, DMSOdg) 5 175.97 ,
162.49 , 162.04 , 154.32 , 151.17 , 151.10, 14813.00 , 121.41, 121.10, 117.87 , 115.58 ,
113.18 , 110.16 , 109.99, 108.16 , 103.68 , 98%A.79 , 57.00 , 56.55. HRMS (ESI) calcd for
[C21H18N20s + H]" 379.1294, found 379.12959.

5.2.27. 2-(6-hydroxypyridin-3-yl)-6,7,10-trimethox§H-benzoh]benzopyran-4-on€elgi)

Yellow solid; yield 59%;H NMR (400 MHz, DMSOs) & 8.63 (s, 1H), 7.75 (d} = 8.8 Hz, 1H),
7.30 (s, 1H), 7.20 (s, 2H), 6.58 (s, 1H), 5.94)(¢,9.6 Hz, 1H), 4.01 (s, 3H), 3.89 (s, 3H), 3.80 (s
3H). HRMS (ESI) calcd for [gH17NOg+ H]* 380.1134, found 380.11406.

5.2.28. 2-(2-hydroxypyridin-3-yl)-6,7,10-trimethoxy+-benzoh]benzopyran-4-onelg))

Yellow solid; yield 53%;'*H NMR (400 MHz, DMSOds) & 12.37 (s, 1H), 8.69 (dd,= 7.5, 2.1
Hz, 1H), 7.90 (s, 1H), 7.73 (d,= 6.0 Hz, 1H), 7.37 — 7.17 (m, 3H), 6.64Jt 6.8 Hz, 1H), 4.05
(s, 3H), 3.90 (s, 3H), 3.81 (s, 3H). HRMS (ESl)cchfor [G1H:7NOg + H]" 380.1134, found
380.11364.

5.2.29. 2-(2-aminopyridin-3-yl)-6,7,10-trimethoxy44enzoh]benzopyran-4-onel@k)

Brown solid; yield 51%*H NMR (400 MHz, DMSOsd) & 12.23 (s, 1H), 10.22 (s, 1H), 8.73 (dd,
J=4.4,1.8Hz, 1H), 8.45 (dd,= 7.9, 1.8 Hz, 1H), 7.38 (dd,= 7.9, 4.5 Hz, 1H), 7.05 — 6.97 (m,
2H), 6.95 — 6.90 (m, 1H), 6.40 — 6.32 (m, 1H), 3(983H), 3.80 (s, 3H), 3.78 (s, 3HJC NMR
(101 MHz, DMSOsdg) 6 177.42, 153.45, 151.52, 151.26, 150.67, 150.49,3¥4 146.75, 134.76,
120.49, 120.10, 119.53, 117.23, 115.41, 110.92,9P09109.39, 107.39, 57.69, 57.56, 57.36.
HRMS (ESI) calcd for [GiH1eN>Os+ H]" 379.1294, found 379.13068.

5.2.30. 2-(2-bromopyridin-3-yl)-6,7,10-trimethoxy44denzoh]benzopyran-4-on€lgl)
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Yellow solid; yield 56%:H NMR (400 MHz, DMSO#) 5§ 8.71 (d,J = 7.2 Hz, 1H), 7.93 (s, 1H),
7.76 (d,J = 4.6 Hz, 1H), 7.34 — 7.25 (m, 3H), 6.67X& 6.7 Hz, 1H), 4.08 (s, 3H), 3.93 (s, 3H),
3.85 (s, 3H).

5.2.31. 2-(2-fluoropyridin-4-yl)-6,7,10-trimethoxdH-benzoh]benzopyran-4-oneléb)

Yellow solid; yield 62%;"H NMR (400 MHz, DMSOe) & 8.40 (d,J = 5.2 Hz, 1H), 7.74 (d] =

5.2 Hz, 1H), 7.64 (s, 1H), 7.40 (s, 1H), 7.33 =77(f, 3H), 4.10 (s, 3H), 3.95 (s, 3H), 3.85 (s,
3H). °C NMR (101 MHz, CDGJ) § 177.34, 164.85, 159.93, 154.70, 151.65, 151.19,04
147.62, 142.14, 122.42, 121.68, 118.13, 113.37,4812108.94, 108.42, 108.31, 98.58, 58.10,
56.54, 56.36.

5.2.32. 2-(2-chloropyridin-4-yl)-6,7,10-trimethoxiy4-benzoh]benzopyran-4-oneléc)

Yellow solid; yield 61%:™H NMR (400 MHz, DMSOeg) & 8.71 (d,J = 5.1 Hz, 1H), 8.35 (s, 1H),
8.22 (d,J = 5.1 Hz, 1H), 7.55 (s, 1H), 7.36 — 7.34 (m, 2ZHR2 (s, 1H), 4.15 (s, 3H), 3.96 (s, 3H),
3.86 (s, 3H). HRMS (ESI) calcd for §¢H:6CINOs + H]" 398.0795, found 398.0793.

5.2.33. 2-(2-Bromo-pyridin-4-yl)-6,7,10-trimethox§4-benzoph]benzopyran-4-oneléd)

Yellow solid; yield 65%:*H NMR (400 MHz, CDC}) § 8.55 (d,J = 5.3 Hz, 1H), 8.41 (s, 1H),
7.76 (d,J = 5.4 Hz, 1H), 7.49 (d] = 10.2 Hz, 1H), 7.17 (dl = 8.6 Hz, 1H), 7.11 (d] = 8.5 Hz,
1H), 7.05 (s, 1H), 4.18 (s, 3H), 4.07 (s, 3H), 3©953H).1°*C NMR (101 MHz, CDGJ) § 177.086,
158.10, 155.06, 151.61, 151.32, 150.76, 149.05,454342.21, 129.69, 124.82, 122.53, 121.86,
118.38, 117.92, 113.64, 109.06, 98.49, 58.17, 56627.

5.2.34. 2-(2-hydroxypyridin-4-yl)-6,7,10-trimethox§H-benzop]benzopyran-4-onelée)

Yellow solid; yield 66%:'*H NMR (400 MHz, DMSOds) § 11.91 (s, 1H), 7.59 (d] = 6.8 Hz,
1H), 7.38 — 7.26 (m, 5H), 6.92 (@= 6.8 Hz, 1H), 4.09 (s, 3H), 3.95 (s, 1H), 3.861¢d). HRMS
(ESI) calcd for [GiH17NOg+ H]" 380.1134, found 380.11428.

5.2.35. 2-(2-aminopyridin-4-y1)-6,7,10-trimethoxy44benzoph]benzopyran-4-oneléf)

Brown solid; yield 54%:H NMR (400 MHz, DMSOdg) & 8.15 (s, 1H), 7.32 (s, 3H), 7.24 (s,
1H), 7.18 (s, 1H), 7.11 (s, 1H), 6.24 (s, 2H), 4(693H), 3.95 (s, 3H), 3.85 (s, 3HJC NMR
(101 MHz, CDC}) & 177.43, 160.49, 159.01, 154.77, 151.65, 151.49,114 148.46, 141.74,
122.45, 121.76, 118.36, 113.39, 110.28, 109.55,5808105.29, 98.66, 58.15, 56.80, 56.60.
HRMS (ESI) calcd for [GiH1gN2O0s + H]* 379.1294, found 379.12943.
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5.2.36. 2-(3-aminopyridin-4-yl)-6,7,10-trimethoxy44enzop]benzopyran-4-onelég)

Brown solid; yield 59%*H NMR (400 MHz, DMSOsg) & 9.08 (s, 1H), 8.41 (d = 5.0 Hz, 1H),
7.89 (d,J =4.9 Hz, 1H), 7.11 — 6.98 (m, 2H), 6.98 — 6.91 1), 6.48 (s, 1H), 3.98 (s, 3H), 3.82
(d, J = 13.4 Hz, 3H), 3.79 (s, 3H). HRMS (ESI) calcd f@1H1gN20s+ H]" 379.1294, found
379.12930. HRMS (ESI) calcd for §@1gN,0s + H]* 379.1294, found 379.12930.

5.2.37. 2-(6-aminopyridin-2-yl)-6,7,10-trimethoxyddbenzoh]benzopyran-4-onelb)

Brown solid; yield 55%*H NMR (400 MHz, DMSO¢g) & 7.76 — 7.64 (m, 1H), 7.57 (d,= 7.5
Hz, 1H), 7.27 (s, 1H), 7.25 (s, 2H), 7.16 (s, 16185 (d,J = 7.9 Hz, 1H), 6.29 (s, 2H), 4.05 (s,
3H), 3.90 (s, 3H), 3.81 (s, 3HYC NMR (101 MHz, CDGJ) & 177.95, 161.84, 158.04, 154.34,
151.78, 151.30, 148.40, 138.27, 122.37, 122.03,511817.98, 113.83, 113.07, 111.80, 110.99,
109.18, 99.15, 58.20, 56.79, 56.60. HRMS (ESI) ddtnr [Co1H1aN205+ H]" 379.1294, found
379.12958.

5.2.38. 2-(6-hydroxypyridin-2-yl)-6,7,10-trimethox§H-benzop]benzopyran-4-onelpe)

Yellow solid; yield 61%:*H NMR (400 MHz, DMSOdg) & 11.00 (s, 1H), 7.80 (s, 1H), 7.53 (s,
1H), 7.34 — 6.96 (m, 4H), 6.72 (@= 7.9 Hz, 1H), 4.00 (s, 3H), 3.85 (s, 3H), 3.7,73(d). HRMS
(ESI) calcd for [GiH17NOg+ H]" 380.1134, found 380.11321.

5.2.39. 6,7,10-Trimethoxy-2-(6-methylpyridin-2-y¥iH-benzoh]benzopyran-4-onelbd)

Yellow solid; yield 64%;:*H NMR (400 MHz, DMSO#dg) & 8.19 (d,J = 7.7 Hz, 1H), 8.07 (1] =

7.8 Hz, 1H), 7.49 (dJ = 7.8 Hz, 1H), 7.36 — 7.26 (m, 4H), 4.12 (s, 38194 (s, 3H), 3.85 (s, 3H),
2.60 (s, 3H).*C NMR (101 MHz, CDGJ)) & 177.76, 161.57, 158.68, 154.32, 151.49, 151.14,
149.17, 148.75, 136.74, 124.85, 122.16, 121.91,191818.06, 112.89, 108.89, 107.88, 98.90,
58.00, 56.52, 56.46, 24.53. HRMS (ESI) calcd forHGsNOs + H]* 378.1341, found 378.13490.

5.2.40. 2-(6-fluoropyridin-2-yl)-6,7,10 trimethoxdH-benzoh]benzopyran-4-onelbe)

Yellow solid; yield 60%:*H NMR (400 MHz, DMSOsg) & 8.43 (d,J = 7.7 Hz, 1H), 8.32 — 8.25
(m, 1H), 7.48 (d,J = 7.6 Hz, 1H), 7.36 — 7.24 (m, 3H), 7.17 (s, 1#)4 (s, 3H), 3.95 (s, 3H),
3.86 (s, 3H).*C NMR (101 MHz, CDG)) & 177.47, 164.07, 161.67, 159.47, 154.57, 151.39,
151.24, 148.64, 141.82, 122.20, 121.96, 118.32,081813.03, 111.78, 111.41, 109.06, 98.75,
57.96, 56.56, 56.46. HRMS (ESI) calcd fop{B16FNOs+ H]" 382.1091, found 382.10968.
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5.2.41. 2-(6-chloropyridin-2-yl)-6,7,10-trimethoxy4-benzoh]benzopyran-4-onelbf)

Yellow solid; yield 56%;"H NMR (400 MHz, DMSO€) & 8.26 (d,J = 7.0 Hz, 2H), 7.74 (d] =
7.0 Hz, 1H), 7.27 (s, 3H), 7.16 (s, 1H), 4.09 (d),33.91 (s, 1H), 3.82 (s, 1H)°C NMR (101
MHz, CDCh) & 177.45, 159.53, 154.61, 151.53, 151.44, 151.20,485 148.69, 139.28, 125.87,
122.04, 119.34, 118.11, 113.11, 109.96, 109.13,7B)®8.79, 58.05, 56.64, 56.50. HRMS (ESI)
calcd for [GiH16CINOs + H]* 398.0795, found 398.080009.

5.2.42. 2-(5-chloropyridin-2-yl)-6,7,10-trimethoxy4-benzoh]benzopyran-4-onelbg)
Yellow solid; yield 57%:*H NMR (400 MHz, DMSOsdg) & 8.86 (s, 1H), 8.42 — 8.30 (m, 2H),
7.34 —7.20 (m, 4H), 4.11 (s, 3H), 3.92 (s, 1H323s, 1H).

5.2.43. 2-(4-chloropyridin-2-yl)-6,7,10-trimethoxy4-benzoh]benzopyran-4-on€lbh)

Yellow solid; yield 49%:*H NMR (400 MHz, DMSOdg) & 8.77 (s, 1H), 8.41 (s, 1H), 7.81 (s,
1H), 7.30 (m, 4H), 4.13 (s, 3H), 3.95 (s, 3H), 3(863H). HRMS (ESI) calcd for gH16CINOs

+ H]" 398.0795, found 398.079109.

5.2.44. 2-(5-fluoropyridin-2-yl)-6,7,10 trimethoxdH-benzoh]benzopyran-4-onelbi)

Yellow solid; yield 56%;:*H NMR (400 MHz, CDC}) & 8.53 (s, 1H), 8.43 — 8.35 (m, 1H), 7.54 (s,
2H), 7.47 (s, 1H), 7.10 (d, = 9.0 Hz, 1H), 7.04 (d] = 8.9 Hz, 1H), 4.05 (s, 3H), 4.01 (s, 3H),
3.89 (s, 3H).*C NMR (101 MHz, CDGJ)) & 177.62, 161.53, 160.41, 158.93, 154.62, 151.58,
151.49, 148.70, 146.38, 138.73, 138.48, 123.37,192322.40, 122.03, 118.37, 113.21, 109.37,
108.14, 99.10, 58.20, 56.84, 56.60. HRMS (ESI)adtr [Cr1H1FNOs+ H]™ 382.1091, found
382.10886.

5.2.45. 2-(5-Bromopyridin-2-yl)-6,7,10-trimethoxyd4oenzop]benzopyran-4-onelpj)

Yellow solid; yield 53%:*H NMR (400 MHz, DMSOdg) & 8.83 (s, 1H), 8.42 (s, 1H), 8.14 (s,
1H), 7.28 — 7.17 (m, 4H), 4.03 (s, 3H), 3.88 (s),3H80 (s, 3H)**C NMR (101 MHz, CDG)) &
177.47, 160.19, 154.53, 151.27, 150.87, 149.77,584848.38, 139.28, 136.71, 122.59, 122.00,
121.03, 117.97, 112.87, 108.98, 108.10, 98.69, 758.52, 56.47. HRMS (ESI) calcd for
[C21H16BrNOs + H]* 442.0290, found 442.02948.

5.2.46. 2-(5-aminopyridin-2-yl)-6,7,10-trimethoxy44denzoh]benzopyran-4-onelpk)
Brown solid; yield 50%:H NMR (400 MHz, DMSOsg) & 8.14 — 8.00 (m, 2H), 7.30 (s, 1H),
7.28 —7.22 (m, 2H), 7.16 — 7.10 (m, 1H), 7.021(3), 6.19 (brs, 2H), 4.07 (s, 3H), 3.91 (s, 3H),
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3.82 (s, 3H)*C NMR (101 MHz, DMSOdg)  176.02, 162.89, 154.43, 151.19, 148.06, 147.77,
137.22, 135.97, 122.65, 121.52, 121.49, 119.31,9017113.21, 110.27, 104.03, 98.73, 57.85,
57.20, 56.59. HRMS (ESI) calcd for {{E1;gN,Os + H]* 379.1294, found 379.12981.

5.3. CYP1 enzymeinhibition assay

The inhibitory activity of these synthesized compads against recombinant human CYP1
enzymes was measured by EROD (7-ethoxyresorufire€diglase) assay according to our
previously reported procedure[l7, 18]. The recombinhuman CYP1 enzymes including
CYP1B1, CYP1Al, and CYP1A2, each equipped with P4&fuctase (Supersomes), were
obtained from BD Genetest (Corning). Substrate Wekgresorufin (7-ER) and Mgglwere
purchased from Sigma-Aldrich. D-glucose-6-phospha{6&-6-P), glucose-6-phosphate
dehydrogenase (G-6-PD) and nicotinamide-adeninaictéintide phosphate (NADP were
purchased from Biosharp Co., Ltd. In brief, a migtwith a final volume of 20QI containing
various concentrations of tested compounds (expepitive and negative control wells), an
enzyme source (20 fmol CYP1B1, 10 fmol CYP1A1 orf®@l CYP1A2), substrate (7-ER, 150
nM) and a NADPH regeneration system (1.3 mM NAD®3 mM G-6-P, 0.5 U/mL G-6-PD and
3.3 mM MgC}) was incubated in a black 96-well flat-bottomectroplate at 37C for varied
time durations (CYP1B1 35 min; CYP1Al 15 min; CYRZLBO min). Then, the reaction was
guenched by addition of 1Q0 of pre-cooled methanol to all wells, and the fiegxence intensity
was determined by FlexStation 3 apparatus withtatton and emission filters at 544 and 590
nm, respectively. Three replicates were used faheezoncentration. The kgvalues were
calculated from the non-linear regression formullmg (inhibitor) vs. normalized

response-variable slope, by the GraphPad Prismv&at(\Version 5.0).

5.4 Molecular docking procedure

The X-ray structure coordinates of ANF bound wittY R1B1 (PDB entry 3PMO0) or
CYP1A2 (PDB entry 2HI4) were achieved from RCSBtenro data bank_(http://www.rcsb.org/).
The modelling experiments described in this studyenperformed by the docking programs of
GOLD 5.3.0 and SYBYL-X 2.0. All water molecules tine crystal structure of CYP1B1 were

removed prior to docking, but water molecules i@ thystal structure of CYP1A2 were retained

for docking study owing to its possible role inrfation of water-mediated hydrogen bond. For
docking with GOLD 5.3.0, the ligands were drawndhemBio 3D Ultra software (2014) and
subjected to energy minimization using the MM2 &field. The docking protocol was validated
by reproducing the pose of ANF at the binding sit€€YP1B1 or CYP1A2. For docking with
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SYBYL-X 2.0, ligands were constructed with Sybyléséh module and optimized applying
Powell's method with Tripos force field with congence criterion set at 0.05 kcal/(A mol), and
assigned with Gasteiger-Huckel method. Hydrogenmaisding atoms of the protein were added
and the co-crystallized ligand (ANF) served asmptate to generate protomol with a threshold
of 0.50 as default setting. Docking calculationgavearried out with Surflex-Dock with other

docking parameters as default.

5.5 Deter mination of water-solubility

A high-performance liquid chromatographic (HPLC)thoal (Eclipse plus C18, 3.pm,
4.6x100 mm (Agilent)) was used to determine theatew solubilities. Briefly, Standard stock
solutions were prepared by dissolving 5 mg of eamhpound in 1 mL of the mixture solvent of
DCM and MeOH. Then, the stock solution was dilutgdvieOH to yield concentrations of 2000,
1500, 1000, 500, 350, 250 and 1&FmL or 5000, 4000, 3000, 2000,1500, 1000 and |EptnL
(for the salt form of compound3h) were injected into HPLC (by dilution if necessagnd
detected at wavelength of 360 nm. Next, a volumel@fuL supersaturated solution of the
compounds (by dilution if necessary) in water wiejected into HPLC for analysis (detection
wavelength at 360 nm). The water solubility wascalated according to the linear regression

equation.

Declaration of competing interest

The authors declare no conflicts of interest.

Acknowledgements

This program was supported by National Natural f8meFoundation of China (Grant No.
21602132 and No. 81673281), the InterdisciplinarygPam of Shanghai Jiao Tong University
(project number: ZH2018QNB15) and Zhejiang Chinbssdical University Startup Funding
(2020ZR12). We also want to express our gratituwledsociate professor Xiaoyan Pan and
professor Jie Zhang in the Xi'an Jiaotong Univgrsir providing molecular docking software.

Reference

[1] D. Lang, M. Radtke, M. Bairlein, Highly VariablExpression of CYP1Al in Human Liver
and Impact on Pharmacokinetics of Riociguat anchiSetron in Humans, Chem. Res. Toxicol.
32 (2019) 1115-1122.

[2] J. Dong, Q. Zhang, Q. Cui, G. Huang, X. PanL&.Flavonoids and Naphthoflavonoids:

27



758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791

Wider Roles in the Modulation of Cytochrome P450niHpa1 Enzymes, ChemMedChem 11
(2016) 2102-2118.

[3] C. A. Piccinato, R. M. Neme, N. Torres, L. Rarfehes, P. B. M. Cruz Derogis, H. F.
Brudniewski, J. C. R. E Silva, R.A. Ferriani, Inased expression of CYP1Al and CYP1B1 in
ovarian/peritoneal endometriotic lesions, Reprodnct51 (2016) 683-692.

[4] R. Dutour, D. Pairier, Inhibitors of cytochront&450 (CYP) 1B1, Eur. J. Med. Chem. 135
(2017) 296-306.

[5] H. Takemura, H. Nagayoshi, T. Matsuda, H. Sabata, M. Morita, A. Matsui, T. Ohura, K.
Shimoi, Inhibitory effects of chrysoeriol on DNA @t formation with benzo[a]pyrene in
MCF-7 breast cancer cells, Toxicology 274 (2010%82

[6] S. Kim, H. Ko, J. E. Park, S. Jung, S. K. L¥eJ. Chun, Design, Synthesis, and Discovery of
Novel trans-Stilbene Analogues as Potent and Sedelduman Cytochrome P450 1B1 Inhibitors,
J. Med. Chem. 45 (2002) 160-164.

[7] K. Endo, S. Uno, T. Seki, T. Ariga, Y. Kusuni]. Mitsumata, S. Yamada, M. Makishima,
Inhibition of aryl hydrocarbon receptor transacioa and DNA adduct formation by CYP1
isoform-selective metabolic deactivation of benhojeene, Toxicol. Appl. Pharmacol. 230 (2008)
135-143.

[8] R. Dutour, F. Cortés-Benitez, J. Roy, D. Pajri8tructure-Based Design and Synthesis of
New Estrane—Pyridine Derivatives as Cytochrome RE€3®P) 1B1 Inhibitors, ACS Med. Chem.
Lett. 8 (2017) 1159-1164.

[9] M. C. E. McFadyen, G. |. Murray, Cytochrome P45B1: a novel anticancer therapeutic
target, Future Oncol. 1 (2005) 259-263.

[10] M. U. Mohd Siddique, T. K. Barbhuiya, B. N.rBia, V. Jayaprakash, Phytoestrogens and
their synthetic analogues as substrate mimic itdnibiof CYP1B1, Eur. J. Med. Chem. 163
(2019) 28-36.

[11] J. Dong, G. Huang, Q. Zhang, Z. Wang, J. Gui\Wu, Q. Meng, S. Li, Development of
benzochalcone derivatives as selective CYP1B1 wung and anticancer agents,
MedChemComm 10 (2019) 1606-1614.

[12] J. Dong, Z. Qin, W. D. Zhang, G. Cheng, A. Yghuda, C. R. Ashby, Z. S. Chen, X. D.
Cheng, J. J. Qin, Medicinal chemistry strategiedisocover P-glycoprotein inhibitors: An update,
Drug Resist. Updates 49 (2020) 100681.

[13] J. Dong, Q. Zhang, Q. Meng, Z. Wang, S. LiCdi, The Chemistry and Biological Effects
of Thioflavones, Mini. Rev. Med. Chem. 18 (2018)1471732.

[14] T. Shimada, H. Yamazaki, M. Foroozesh, N. Bpkins, W. L. Alworth, F. P. Guengerich,

28



792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822

Selectivity of Polycyclic Inhibitors for Human Cytbrome P450s 1A1, 1A2, and 1B1, Chem.
Res. Toxicol. 11 (1998) 1048-1056.

[15] M. C. E. McFadyen, H. L. McLeod, F. C. Jacks@v T. Melvin, J. Doehmer, G. I. Murray,
Cytochrome P450 CYP1B1 protein expression: A nowetchanism of anticancer drug
resistancellAbbreviations: CYP, cytochrome P450; FANalpha-naphthoflavone; MTT,
3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazoliubromide; and 5-FU, 5-fluorouracBjochem.
Pharmacol. 62 (2001) 207-212.

[16] A. Datta, N. Bhasin, H. Kim, M. Ranjan, B. Rid Z. Y. Abd Elmageed, D. Mondal, K. C.
Agrawal, A. B. Abdel-Mageed, Selective targetingF#tK-Pyk2 axis by alpha-naphthoflavone
abrogates doxorubicin resistance in breast camdls; €ancer Lett. 362 (2015) 25-35.

[17] J. Cui, Q. Meng, X. Zhang, Q. Cui, W. Zhou, 9, Design and Synthesis of New
a-Naphthoflavones as Cytochrome P450 (CYP) 1B1 imnid To Overcome
Docetaxel-Resistance Associated with CYP1B1 Oveesgion, J. Med. Chem. 58 (2015)
3534-3547.

[18] J. Dong, Z. Wang, J. Cui, Q. Meng, S. Li, Swtis and structure-activity relationship
studies ofa-naphthoflavone derivatives as CYP1B1 inhibitoray.EJ. Med. Chem. 187 (2020)
111938.

[19] J. Dong, Z. Wang, Q. Meng, Q. Zhang, G. Huahd;ui, S. Li, Development of 2-arylbenzo
[h] quinolone analogs as selective CYP1B1 inhibitRSC Adv. 8 (2018) 15009-15020.

[20] S. Sansen, J. K. Yano, R. L. Reynald, G. Ax@t, K. J. Griffin, C. D. Stout, E. F. Johnson,
Adaptations for the oxidation of polycyclic arontaliydrocarbons exhibited by the structure of
human P450 1A2, J. Biol. Chem. 282 (2007) 14348543

[21] A. Wang, U. Savas, C. D. Stout, E. F. Johns®tnctural characterization of the complex
between alpha-naphthoflavone and human cytochro4®® RB1, J. Biol. Chem. 286 (2011)
5736-5743.

[22] B. Lin, J. H. Pease, A high throughput solitpiassay for drug discovery using microscale
shake-flask and rapid UHPLC-UV-CLND quantificatioh, Pharm. Biomed. Anal. 122 (2016)
126-140.

[23] J. H. Cui, W. Zhou, S. S. Li, A Convenient anHfficient Synthesis of
2-Acetyl-5,8-Dimethoxy-1,4-Naphthoquinone, J. Ch&mas. 36 (2012) 264-265.

29



Table 1. Inhibitory activities of 6,7,10-trimethoxy-a-naphthoflavone derivatives against CY P1s

|Cso values (nM) ICsoratio
Compd. R 1B1 1A1 1A2 1A1/1B1 1A2/1B1
11a 3-
(4-methyl-piperazi >1000 >1000  >1000 - -
n-1-yl)
1b  FCI-S@mehyl-p g 1000 >1000 >1.9 >1.9
iperazin-1-yl)
11c  3-(4-morpholinyl) 149 1325  >1000 8.9 >67.1
11d  A@mehyl-pipera 000 1000 >1000 - ;
zin-1-yl)

ANF - 5.9 80.3 18.0 13.6 3.1




Table 2. Inhibitory activities of heterocyclic ring-substituted

6,7,10-trimethoxy-a-naphthoflavone derivatives toward CY P1 enzymes

| X=N, O, S
(0]
|Cso values (nM) [Csoratio
Compd. Ar 1B1 1A1 1A2 1A1/1B1 1A2/1B1
£ H
\CE/) 095 1419  >1000 1494  >1052.6
12a
H
J@[) 156 424  >1000 27 641
12b % N
N
@;/\N 2.0 1.6 >1000 0.8 >500
12¢ o,
N\
E@ 18 209  >1000 116  >5556
12d
=
12e <
W SN 10 1176  >1000 117.6 >1000
H
\N IN\ 189.4  23.8 >1000 0.1 >5.3
12f P
.
N
@ 41 165  >1000 40  >2439
12g e
/(@ 087 101  >1000 116 >1149.4
12h ¥ 0
E/Q 1.2 13.8 67.2 115 56.0
12i
7\
%/(; 4.8 4.4 40.4 0.9 8.4

12]




|Cso values (nM) ICsoratio

Compd. Ar

1B1 1Al 1A2 1A11B1 1A2/1B1
S
. /[N) 2.6 3.1 29.2 1.2 11.2
12k
Z N
y )g',u 20 1257  >1000 62.9 >500
121
7
g 1.0 76 1173 76 1173
13a
~N
L 1.2 404  199.8 33.7 166.5
14a
X
| - 0.6 5.4 107.6 9.0 179.3
15a

ANF - 5.9 80.3 18.0 13.6 3.1




Table 3.

Inhibitory activities of pyridin-3-yl sutitsited 6,7,10-trimethoxy-naphthoflavone

derivatives toward CYP1s

ICspvalues (nM) IGoratio
Compd. R 1B1 1Al 1A2 1A1/1B1 1A2/1B1
133 H 1.0 7.6 117.3 7.6 117.3
130 5.F 098 17.7 1406 18.1 1435
13¢ 5By 1.1 8.0 742.0 7.3 674.5
134 5'"CH, 1.3 6.9 160.7 5.3 123.6
136 5'-NH. 229 188 6285 0.8 27.4
13f 5-COOH 301 858  >1000 2.9 >33.2
13g 5-OH 10.3 809  >1000 7.9 >97.1
13h 4'NH, 098 308  108.0 31.4 110.2
13i 4-OH 658.3 >1000  >1000 >1.5 >1.5
13] >-OH >1000 1519  >1000 0.2 -
13k 2'-NH, 175.2 137.1 >1000 0.8 >5.7
131 2By 63.9 60.7 9655 0.9 15.1
ANF ) 59  80.3 18.0 13.6 3.1




Table 4. Inhibitory activities of pyridin-4-yl sutitsited 6,7,10-trimethoxy-naphthoflavone

derivatives toward CYP1s

ICsovalues (nM) IGoratio
Compd. R 1B1 1AL 1A2 1A1/1BI 1A2/1B1
14a H 12 404 1998 33.7 166.5
14b 3. 093 389 5180 418  557.0
14c 3.Cl 11 916  >1000 833  >009.1
14d 2'-Br 046 269  >1000 585  >2173.9
e 3-0OH 615 2320  >1000 3.8 >16.3
14f 3-NH, 206 153  >1000 0.7 >48.5
14 2 NH, 248 316  >1000 1.3 >40.3
ANE ] 59 803 180 13.6 3.1




Table 5. Inhibitory activities of pyridin-2-yl sutitsited 6,7,10-trimethoxy-naphthoflavone

derivatives toward CYP1s

Compd.

ICspVvalues (nM)

IGoratio

1B1 1A1 1A2 1A1/1B1 1A2/1B1
ANF - 5.9 80.3 18.0 13.6 3.1
15a H 0.6 5.4 107.6 9.0 179.3
15b 3'-NH, 6.5 56.8 >1000 8.7 >153.8
15¢ 3'-OH 7.7 322.6 >1000 41.9 >129.9
15d 3'-CHj 1.2 19.9 148.2 16.6 1235
15e 3-F 0.38 2.3 668.4 6.1 1758.9
15f 3'-Cl 0.30 5.7 348.6 19.0 1162
15g 4'-Cl 0.14 1.6 208.5 11.4 1489.3
15h 5'-Cl 0.84 9.9 >1000 11.8 >1190.5
15i 4'-F 0.07 16.8 >1000 240 >14285.7
15 4'-Br 1.3 38.9 622.8 29.9 479.1
15k 4'-NH, 6.0 66.6 >1000 111 >166.7




Table 6. Surflex-Dock scores of compound 15i and ANF

ICsp values (nM) Docking scorein CYP1B1 Docking scorein CYP1A2
Compd. Tota Crash Polar Total Crash Polar
CYP1B1 CYP1A2
Score Score Score Score Score Score
15i 0.07 >1000 85969 -25712 0.0001 4.1880 -7.4502  1.1228
ANF 59 18.0 6.9699 -0.3755 0.0000 7.1981 -0.3857  0.1418

(Total score, expressed as -log(Kg), represent binding affinities; Crash score, degree of inappropriate
penetration by the ligand into the protein and interpenetration between ligand atoms that are separated by
rotatable bonds of compounds. ¢) Polar score, the contribution of polar non-hydrogen bonding interactions to
the total score)



Table 7. Water solubility of the selected compounds.

Water solubility (ug/mL)

Compd. ClogP
Free base Salt form
ANF 4.65 <5 /
15i 3.75 <5 <5

13h 2.99 311 4910




(e

ANF O

X=0 or S; Ry= O or N-OH E
Eur. J. Med. Chem., 187 (2020) ~ RSC Adv., 8 (2018) :

Structural
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Bioisosterism

Fig 1. Summary of our previous and current work.



Fig 2. Molecular docking study of compound 15i in CYP1B1(A-C) and CYP1A2 (D-E)
(compound 15i: yellow stick; ANF: green stick; yellow dash line: hydrogen bond; green dash line:
n-nt stacking interaction; cyan dash line: distance)



11a-d 14a-g

12a-1 15a-k
A0 Oy O  13ad

Scheme 1. Reagents and conditions: (a8) KOH, (CH3),SO,, rt.; (b) CHsCN, NBS, -10 °C; (c)
CH3ONa, Cul, reflux; (d) POCl;, DMF, reflux; (€) CHsMgl, Et,O, NH,Cl, rt.; (f) MnO, DCM,
reflux; (g) AICls;, CHsCN, 60 °C; (h) EDCI/DMAP or HATU/DMAP; (i) NaH, DMF; (j) 10%
H,SO,-EtOH, reflux.
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