Accepted Manuscript =

2-Substituted 3-methylnaphtho[1,2-b]Jfuran-4,5-diones as novel L-shaped ortho-
quinone substrates for NAD(P)H:quinone oxidoreductase (NQO1) D

Jinlei Bian , Bang Deng , Lili Xu , Xiaoli Xu , Nan Wang , Tianhan Hu , Zeyu Yao ,

Jianyao Du, Li Yang, Yonghua Lei, Xiang Li , Haopeng Sun , Xiaojin Zhang , A
Qidong You

PII: S0223-5234(14)00457-7

DOI: 10.1016/j.ejmech.2014.05.041

Reference: EJMECH 6999

To appearin:  European Journal of Medicinal Chemistry

Received Date: 17 March 2014
Revised Date: 12 May 2014
Accepted Date: 13 May 2014

Please cite this article as: J. Bian, B. Deng, L. Xu, X. Xu, N. Wang, T. Hu, Z. Yao, J. Du, L. Yang, Y.
Lei, X. Li, H. Sun, X. Zhang, Q. You, 2-Substituted 3-methylnaphtho[1,2-b]furan-4,5-diones as novel L-
shaped ortho-quinone substrates for NAD(P)H:quinone oxidoreductase (NQO1), European Journal of
Medicinal Chemistry (2014), doi: 10.1016/j.ejmech.2014.05.041.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2014.05.041

(o]

p-Lapachone merged

(o]
o}

<
o /)

Tanshinone lIA

NQO1 substrate

ACCEPTED MANUSCRIPT

)

Plannar scaffold 1
Metabolic rate = 765 £ 22
{umol NADPH/min/umol NQO1)

ICso (A549) = 7.4 £ 1.6 uM

ICsp (H596) = 10 £ 3.5 uM
Fold = 1.4

designed

0 O
AN
L-Shaped structure 2n @ F

Metabolic rate = 1302 & 180
(umol NADPH/min/umol NQO1)
ICs, (A549) = 6.0 £ 0.3 pM

ICsy (H596) > 50 M

Fold > 8.3




2-Substituted 3-methylnaphtho[1,2b]furan-4,5-diones as novel L-shaped
ortho-quinone substrates for NAD(P)H:quinone oxidoreducise (NQO1)

Jinlei Bian*®*, Bang Dend"®?, Lili Xu ¢ Xiaoli Xu®¢ Nan Wand"¢, Tianhan HU, Zeyu Yac',
Jianyao DU, Li Yang®® Yonghua Lef Xiang Li? Haopeng Suf® Xiaojin Zhang®®*, Qidong
You®"%

& Jiangsu Key Laboratory of Drug Design and Optimization, China Pharmaceutical University, Nanjing, 210009,
China

b Sate Key Laboratory of Natural Medicines, China Pharmaceutical University, Nanjing, 210009, China

¢ Department of Medicinal Chemistry, School of Pharmacy, China Pharmaceutical University, Nanjing, 210009,
China

4 Department of Organic Chemistry, School of Science, China Pharmaceutical University, Nanjing, 210009, China
! These two authors contributed equally to thiswork.

*Corresponding authors. Tel/fax: +86 2583271351 (Q. VY.); te: +86 2583271216 (X. Z). E-mail:
yougidong@gmail.com (Q. You), zhangxiaojin@outlook.com (X. Zhang)

Abstract

A series of L-shapedrtho-quinone analogs were designed by analyzing the
binding mode with NQO1. Metabolic studies demorstighat compoundgm, 2n
and2q exhibited higher metabolic rates thatapachone. The docking studies, which
supported the rationalization of the metabolic ®sid constituted a prospective
rational basis for the development of optimizetho-quinone analogs. Besides, good
substrates Zm, 2n and 2r) for NQO1 showed higher selective toxicity than
B-lapachone toward A549 (NQO1-rich) cancer cellssusrH596 (NQO1-deficient)
cells. Determination of superoxide {Q production andin vitro cytotoxicity
evaluation in the presence of the NQO1 inhibitorodmarol confirmed that the
ortho-quinones exerted their antitumor activity througiQO1-mediated ROS
production by redox cycling. It was suggested that L-shaped quinone substrates
for NQOL1 possessed better specificity and safety fHapachone.
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1. Introduction

NAD(P)H:quinone oxidoreductase-1 (NQO1) is a dimdéavoprotein that contains
a non-covalently bound molecule of flavin adeningudleotide (FAD), and uses the
reduced pyridine nucleotide NADH or NADPH as cofacto catalyze the direct
two-electron reduction of a wide variety of quinerjé-2]. Structural biology studies
have revealed that NQO1 catalytically cycles usinging-pong mechanism. In this
mechanism, NAD(P)H binds to NQO1, reduces the Akactor to FADH and is
then released in its oxidized form NAD(Pllowing the quinone substrate to bind to
the enzyme and to be reduced by FADMNQO1-directed bioreduction can turn
certain quinone substrates into potent cytotoximpounds through the formation of
unstable hydroquinones that are capable of eitleylating DNA or rapidly
generating reactive oxygen species (ROS) througloxrecycling [3]. Due to the
dramatic elevation of NQO1 in many solid tumors &mel little to no expression in
normal tissues [4-7], quinone substrates bioredutgd NQO1 to unstable
hydroquinones could be potent and selective antituagents, which identifies NQO1
as a promising therapeutic target for cancer thef@p Several examples of NQO1
substrates with potent antitumor activity have adyebeen reported in the literature,
including the alkylators mitomycin C (MMC), EO9, RHand AZQ [9-12] and the
redox cycling compounds streptonigrin (STN) [13;14hvendamycin [15],
deoxynyboquinone (DNQ) [12]3-lapachone [{-lap) [16] and tanshinone 1A (TSA)
[17] (Fig. 1). Structurally, these substrates fall into two maipes:para-quinones

(Fig. 1A) and ortho-quinones Fig. 1B). Compared to the structurally diverse



para-quinone substrates [9-15], the reportetho-quinone substrates for NQOL1 are
limited to two natural productg;lap and TSA. Thus, it is urgent to develop novel a
efficient ortho-quinone substrates for NQO1 as potent NQO1-didetetitumor
agents.

B-Lap (Fig. 1B) is a natural tetrahydropyran-fusedho-naphanoquinone isolated
from theBignoniaceae family and is currently in multiple phase Il clai trials for
the treatment of pancreatic adenocarcinoma [18]. likeln conventional
chemotherapeutic agent$;lap has been reported to kill many human cancls ce
selectively through rapid ROS generation mediatgdNIQO1 bioreduction [19].
However, the pyran ring ifi-lap is not considered stable as it tends to bedhyzkd
to form ring-opening metabolic products [20], whaxbuld result in toxicity to normal
tissues and cause side effects. Recently, s (LB), another naturadrtho-quinone
isolated fromSalvia miltiorrhiza (Danshen, in Chinese), has also been reportdukas t
substrate for NQO1 [20]. Its structure featureglatively more stable aromatic furan
ring fused to th@rtho-naphanoquinone scaffold as comparefl-tap. In view of this,
we initially merged the two natural NQO1l substrate®o a new structure of
3-methylnaphtho[1,b]furan-4,5-dione ) that retained the quinone pharmacophore
for NQO1 metabolismKig. 2A). This planar structurgé was then used as a starting
point in the design obrtho-quinone analogs off-lap as novel NQO1 substrates.
Subsequently, by analyzing the X-ray crystal strrestof human NQOL in complex
with its potent competitive inhibitor dicoumarolathobtained from the Protein Data

Bank (PDB ID code: 2F10) [21], we found that theding site for NQO1 substrates



is a L-shaped pocket. Notably, the bound ligandowhecarol also has a L-type
molecular shape that fits well with the L-shapeddimg pocket of NQO1Kig. 2B).
However, the reportedrtho-quinone substrates and the merged compduace all
planar molecules. When docking compouhdhto the binding site of NQO1 using
GOLD 5.1 software [22], it has been shown that itesar scaffold only occupied the
bottom of the pocket parallel to FAD, but missed #$ide binding pocket that formed
by Tyr128, Phe232, Phe236 and His194 residb&s 2C). In view of this, based on
the structural analysis of binding posesloand dicoumarol, we are promoted to
introduce nitrogen-containing side chains at thep@&tion ofl using methylene as a
linker and to develop L-shapedtho-quinone analog2a-2sof B-lap as novel NQO1
substratesKig. 2A). The designed L-shaped substrates are expectedvi® higher
specificity for NQO1 and better drug-like propestithan the planar compouddand
B-lap. Herein, we now report the details of a studyidentify these L-shaped
ortho-quinones2a-2s as efficient NQO1 substrates and examine the tsffet the
introduced side chains on the metabolism by NQE)d. @2A). Molecular docking has
been applied to analysis the binding modes betvlezortho-quinone substrates and
NQO1, and thus to correlate their metabolic rateth wredictions of the key
interactions in the catalytic pocket of NQOL1. Thes#ho-quinone analogs di-lap
have been testdd vitro for their antitumor activity against a pair of NQ@ch and
NQO1-deficient cancer cell lines. In addition, wieempted to confirm whether the
ortho-quinone analogs exerted their antitumor activiptigh NQO1-dependent and

ROS-mediated pathways.



2. Result and discussion

2.1 Chemistry

The designed 19rtho-quinone target compound@a-2swere synthesized in 4-5
steps from commercially available, inexpensive tstgr materials $cheme L
Treatment of 1,4-naphthoquinone with enamirse which prepared from
propionaldehyde3 and morpholine, provided the adduct prodGcin 30% yield.
Compound?7 was obtained by heating intermedid&ein the presence of diluted
hydrochloric acid in 78% yield. Oxidation @fusing the regent Fremy’s salt provided
the keyortho-quinone intermediat& in 80% vyield. The target compoun#a-2i that
substituted with aliphatic amines were obtaineéatly through Mannich reaction by
the treatment of intermediaté with paraformaldehyde and the corresponding
aliphatic amines in the acetic acid. The target moumds2j-2s that substitutedwith
aromatic amine side chains were synthesized bywstep that involved a
chloromethylation of intermediatd to form compound8 and followed by a
nucleophilic substitution with corresponding aromamines. All of the compounds
were confirmed byH NMR, IR and HRMS (ESI) spectra, and some repiasier

structures were also confirmed B¢ NMR spectrum.

2.2 Measurement of metabolic rates of ahio-quinone analogs by NQO1
All the ortho-quinone analogs of-lap were evaluated for their ability to act as

substrates for NQOL1. Although metabolic studiesasfouspara-quinones by NQO1



have been reported, there is little of systematestigation on that ajrtho-quinone
derivatives. To the best of our knowledge, the enirrwork represents the first
detailed study of the metabolism of L-shajetho-quinones by NQOL1. The ability of
NQO1 to process thertho-quinone analogs d§-lap in vitro at the concentration of
10 umol-L™* was assessed. In this assay, the quinone substateoincubated with
both human NQO1 as well as NADPH. It was capablequdntifying NADPH
oxidation to NADP by monitoring the absorbance $Anm) on an enzyme labeling
instrument [12]. This method gave initial ratesrefiuction that could judge directly
whether the compounds were good substrates for N@@1 3). Quinone reduction
was reversible with the decrease of NADPH, so dsaelts Table 1) were reported as
umol-L* NADPH oxidized miffzmol™ NQOL1.

As shown inTable 1, generally, most of the L-shaped quinon2s-29 possessed
moderate to good metabolic rates by NQO1, indigatirat these compounds were
good substrates for NQO1. The planar core scaffbidshowed reduced metabolic
rate (765 + 22zmol NADPH/minfzmol NQO1) as compared flap (1146 + 22:mol
NADPH/minjumol NQO1). It was suggested that the replacemeplycdn ring with
more stable furan ring was disadvantage of elegatie metabolic rate by NQO1.
However, most of the C2 substituted L-shaped comg@gsusuch as compoungs, 2d,
2e 2g and2k-2s, showed substantially increased metabolic rateN@@1 relative to
the merged planar compoutdAmong them, compoundd, 2m, 2n and2q showed
even more rapid metabolic rates thitap. It suggested that the L-shaped quinones

could have higher specificity for NQO1. These reswhlidated our structure-based



design ideas in one aspect. Besides, when compardae aliphatic amine series
(2a-2i) (438-988umol NADPH/minumol NQO1), the aromatic amine seri@s-2s)
(697-1302umol NADPH/minumol NQO1) showed much higher metabolic rates in
general. This phenomenon was possibly due to ttidHat the aromatic group served
as a more appropriate moiety to stabilizetacking interactions with the key amino
acid residues such as Tyr128 and Phe232 in th&ytatsite of NQO1L [23]. Among
these aromatic amine series, interestingly, athefcompound2k-2s with halogen,
methyl or methoxy substitution at the benzene moethibited higher metabolic
rates (930-1302mol NADPH/minimol NQO1) than the compour®j (697 *+ 23
umol  NADPH/minimol NQOJ that without any substitution. Furthermore,
compound®2m and 2g with chloro substitution at thpara or meta of the aromatic
amine moiety, showed higher metabolic rates (1228Xmol NADPH/mingmol
NQO1) than theortho-substituted substratéxs (930 = 95xmol NADPH/mingmol
NQO1). The fluoro-substituted compou@d (1302 + 180umol NADPH/minumol
NQOL1) was slightly better than the correspondinipraa-substituted compourizin
(1248 £ 57umol NADPH/mingzmol NQO1), indicating that fluoro—substitution weas
better choice for NQOL1 substrates. The compokd®I| and 2r with a methyl or a
methoxy group substituted at thertho or para position (1021-1248umol
NADPH/minjumol NQO1) showed better metabolic rates thannie&a-substituted
compounds2o and 2p (938-952umol NADPH/ming/mol NQO1). This is probably
due to the steric interaction effects of the stibstits with the residues of the active

site. The measurement of metabolic rates ofbtiigo-quinone analogs supported our



understanding of the preliminary structure-activiglationships (SAR) of these
L-shaped ortho-quinone substrates. Overall, compound2n  with
para-fluorobenzylamino substitution exhibited the high@&tabolic rate (1302 + 180
umol NADPH/mingimol NQO1) by NQOL1 and thus it ranked as the bdsstsate for
NQO1. Additionally, over the course of the assayN@O1 metabolism, it was also
observed that each quinone substrate utilized grehatan one equiv of NADPH
(Table 1), demonstrating the ability of the reduced hydinguoes to be oxidized back
to quinones. It suggested that these L-shap#w-quninoe analogs d¢f-lap were all
good substrates for NQO1 and had antitumor poleogidrOS generation via redox
cycling (Fig. J).

Representative compoung@s, 2m and2n that showed high metabolic rates at the
concentration of 1@mol-L* were selected to determine their detailed metafates
by NQO1 under various concentrations (0.1:880l- LY. p-Lap was also evaluated
as a comparison group. It was shown that the mktataies of these quinones by
NQOL increased in a concentration-dependent mgiiger4). According to the data
obtained at different concentrations, the corredpanMichaelis-Menten curves for
the four substrates were subsequently gener&igd 4), and their apparent catalytic
efficiencies were calculated. As illustratedFig. 4, it was observed that compound
2n was a highly efficient substrate and redox cycléhwa k./Ky value of 3.0 x 10
M™.s, which was processed much faster tadap (ka/Kym=2.6 x 16 M~1.s?).
While compound2m (keafKm = 2.7 x 1§ M~*.s%) showed a slightly higher rate

reduced by NQO1 thaprlap. However, for compoune (kea/Ky=2.2 x 16 M. s



with an aliphatic substitution, exhibited slightly sloweretabolic rate thafi-lap by
NQO1. Obviously, the trends of metabolic rates lod substrates observed in the
Michaelis-Menten curves were in accord with thaiaoted at one concentration of 10

umol-L*

2.3 Molecular binding pattern study @ftho-quinone substrates with NQO1 by
molecular docking

Although several crystal structures of NQOL1 in ctewpwith its inhibitors or
para-quinone substrates were available [23-24], nonergstal structure of NQO1
complex that containing amrtho-quinone substrate has ever been reported. Thus, we
were prompted to use in silico modeling approachaim insights into the structural
requirements for interactions between ¢hino-quinone substrates and NQOL. In this
work, molecular docking was used to analysis timelinig modes of thertho-quinone
substrates with NQO1. Thartho-quinone compounds were docked into the active
site of NQO1 (PDB code 2F10) using CCDCs softwaé B version 5.1 [25-26].
ChemScore function was explored during the dockexgeriments. The highest
scores represented the best fit for the model.

As shown inTable 2, ChemScore values of the L-shaped compounds waoh m
higher than the planar compourtdandp-lap. Among the L-shaped compounds, the
aromatic amine serie®j(2s) showed higher scores than the aliphatic amineser
(2a-2i). The docking scores were well consistent withrtietabolism data, suggesting

that our model was suitable for the prediction @iding affinities between the



ortho-quinone substrates and NQOL1. All of thestho-quinone compounds could be
docked well into the catalytic pocket of NQOL. itdicated that they were all
potential substrates for NQO1. The binding modesheke substrates with NQO1
were carefully analyzed and the results for repredre compounds2§, 21, 2n and
2p) were shown irFig. 5. All of the ortho-quinones oriented with the quinone ring
above the isoalloxazine ring of the bound cofa¢idbD as for hydride transfer by
n-stacking interaction, which were similar to thgstal structures opara-quinones
or inhibitors in complex with NQOL1 [23-24]. It wdsund that the two carbonyl
groups in theortho-quinone substrates could bind firmly to the Tyrl&&l Tyr128
residues by hydrogen bonding interactions, whicts wdferent from the binding
mode ofpara-quinone substrates [14]. In addition, there exisie additional pocket
formed by Tyrl28, Met 154, Phe232, Phe236 and Hisi® the side chains
occupying. As illustrated ifrig. 5, for compound2a, 2l, 2n and2p, the substituted
amine side chains fitted into the additional pocketl the —NH moiety could form
another hydrogen bond with S of Met154, providing@onale for the better activity
of the L-shaped compounds compared to the planaststel. Furthermore, analogs
with side chains of aromatic amines could fit daem the pocket and make
n-stacking interactions with Tyr128 and Phe232 i ¢ide binding pocket of NQO1.
It explained the fact that the aromatic amine agglexhibited higher metabolic rates
by NQO1 than the aliphatic amine analogs. Amongaitoenatic amine series, all of
the compound£k-2s with halogen, methyl or methoxy substitution ag¢ thenzene
moiety provided better scores than the compoBnthat without any substitution.

10



This could be ascribed to the reduced electrondctiensity of the aromatic ring by
introduction of halogens, which resulted in enhangestacking interaction with
corresponding residues Phe232, Phe236 and Tyrl28orAintroducing the methyl
group or the methoxy group at thpara position of the aromatic amine moiety,
C-H..x interaction with the adjacefhe236 residue was observed for enhancing
n-stacking interaction with surrounding residues|[2oreover, thaneta-substituted
compound0 and2p showed slightly worse metabolic rates than thepmmds2k,

21, 2r and 2swith substitutions at thertho or para position, which was probably due
to the steric interaction effects of the substitaenth the Met154 residue.

Besides of matching for the catalytic binding ©ifeNQO1, the quinone substrates
to be metabolized by NQO1 required an approprigititie donor-acceptor distance
between the substrate (quinone carbonyl) and the Eéfactor (atom N5 which
transfer the hydride) [28]. In the light of thibgetcorresponding distances between the
ortho-quinones and FAD were calculated and analyzedhfsvn inTable 2, all were
within a reasonable distance (abouk)Mfor hydride transfer from the reduced FAD
(FADH,) to quinone substrates. In addition, the hydrogending interactions of
C=04...Tyr1280H and C=05...Tyr1260H were suggestedettuce the electron
cloud density of the carbonyl groups, thus prongptine hydride transfer from the

FADH, to theortho-quinone.

2.41n vitro cytotoxicity evaluation
Cytotoxicity studies were performed on all thr¢ho-quinone analogs d¢f-lap with

11



cell survival being determined by the 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium nide (MTT) colorimetric assay
against the human non-small cell lung cancer (NSGigll lines, A549 (NQO1-rich)
and H596 (NQO1-deficient) cellf-Lap was used as positive control. The MTT assay
was dependent on the reduction of tetrazolium dalt the mitochondrial
dehydrogenase of viable cells to form a blue formnagroduct dissolved in DMSO
and measured at 560 nm. The results of cytotoxigigcin vitro were expressed as
the 1G,, and selectivity ratios were defined assgd@alue for the H596 cell line
divided by 1Gg value for the A549 cell lineTable 3.

As shown inTable 3, it was found that all the compounds excepte®foshowed
moderate to potent cytotoxicity against NQO1-ric4A cell line with IGy values
ranging from 2.2 to 3&amol-L'. Nearly half of the analogs possessed comparative
cytotoxicity to the positive contro-lap with 1Gy values less than 1pmol-L*
against A549 cell line. On the contrary, generaihe compounds showed relative
poor cytotoxicity against NQO1-deficient H596 céhe. It suggested that these
NQO1 substrates were more sensitive to NQO1l-richcera cells. Interestingly,
compoundl with slower metabolic rate by NQO1 compare@dap also exhibited a
poorer selectivity (selectivity ratio = 1.4) thamat of B-lap (selectivity ratio = 4.0).
Nevertheless, most of the L-shaped compounds shde#dr toxic selectivity to
NQO1-rich A549 cell line compared to the planar poomd 1. Furthermore, it was
also observed that the aromatic amine series ggn@@ssessed higher selectivity
ratios than the aliphatic amine series. Especiallypng the aromatic amine series,

12



compounds2m, 2n, 2q and 2r even showed better toxic selectivity to NQO1-rich
A549 cell line versus NQO1-deficient H596 cell lifgselectivity ratio = > 5.3)
compared to the contr@-lap (selectivity ratio = 4.0). It must be emphasizhat
these foumortho-quinones were all efficient substrates for NQOfhwnetabolic rates
more than 100@mol NADPH/minfzmol NQO1. Notably, compoun2n that showed
the highest metabolic rate also afforded the gstatelectivity to NQO1-rich A549
cell line (more than 8.3-fold). Compourith was as potent as the positive control
B-lap against A549 cell line with an 4gvalue of 6.0 + 0.3imol-L*. Meanwhile,
compound2n showed much less toxic against H596 cell line ewatna high
concentration of 5@mol-L*. These results revealed that good substrates @®N
were selectivity toxic towards cell line with higdQO1 activity, which was consistent
with that reported previously in the literature [1B addition, it is worth noting that
the L-shapedortho-quinones including2n, 2m, 2q and 2r, which showed better
selectivity thanp-lap against NQO1-rich cancer cells, were suppdsediave a
superior safety profile since there was little ordMQO1 expressed in normal tissues.
These novel L-shapeartho-quinones could be promising NQO1-directed antitumo

agents for further preclinical studies.

2.5 Determination of ROS production

NQO1 substrates have been suggested to arise ahiumor activity through
rapid ROS generation [20]. We have found that emtio-quinone substrate utilized
greater than one equiv NADPHable 1), demonstrating their ability of the redox

13



cycling. Considering that the redox cycling coudd to ROS generatioffrig. 3), we
thus selected representative compouds, n and2q) with efficient metabolic rates
to further identify their abilities to produce RO®Menadione, a well-studied
para-quinone substrate for NQO1 was used as positineralo[30]. The production
of the superoxide (£), the main constitute of ROS, was measured by a
spectrophotometric assay using cytochraas the terminal electron acceptor [31].
The initial rates gmol cytochromec reduced/min/mg NQO1) were calculated from
the liner portion (0-30 s) of the reduction graphise highest value represented it can
produce maximum amount of ROS. As showrFig.6, the L-shapedartho-quinones
2m, 2n and2qg showed rapid rates of ROS generation, being mumie rfficient than
B-lap. Compound2n with the highest metabolic rate by NQO1 (1302 9 ié&ol
NADPH/minjumol NQO1) also exhibited the highest rate of RO&lpction (1198 +
20 umol cyt ¢/min/mg NQO1) Fig. 6). In fact, the rate of ROS production for
compound2n was comparable to that of the positive control atkéone (1315 + 25
umol cytc/min/mg NQO1). The results indicated that theso-quinone substrates

could generate a high level of ROS via NQO1-dirg¢cezlox cycling.

2.6 Antitumor effect on is NQO1-dependent and ROS-mediated

The best selective compou2a was further tested in the presence of the NQO1
inhibitor dicoumarol (DIC, 25mol-L™) for its rate of ROS production and toxicity
against A549 cell line Hig. 7). DIC has been widely used in studies of
NQO1-mediated cell death, as incubation of cellhwhe inhibitor was effective in

14



blocking the enzymatic activity of NQO1 [12]. Atustrated inFig. 7A, coincubation
with DIC dramatically reduced the rate of ROS pmichn by 2n. Fig. 7B showed
that coincubation with DIC greatly protected A549l€ from the cell deatmediated
by 2n, shifting the 1G, > 12-fold. (The fold is the ratio of the 4€of cotreatment with
qguinone and DIC to the kg of treatment with only quinone, and a higher ratio
indicates greater protection and greater NQOL1 fpieg). At the concentration of 10
umol- L%, 2n killed about half of the cells while scarcely dezalls were observed in
the presence of NQO1 inhibitor dicoumarol. The Itssisuggested that the
ortho-quinone analogs exerted their antitumor activilptigh NQO1-dependent and

ROS-mediated pathways.

3. Conclusion

In summary, a key scaffold of 3-methylnaphthol[tj2+an-4,5-diones was merged
from two naturalortho-quinone productsp-lap and TSA. Based on the scaffold, a
series of L-shapedrtho-quinone analogs with substituted side chains atpibsition
of C2 were designed by analyzing the binding modi#h WNQO1. These
ortho-quinones have been characterized and evaluateeffiagent substrates for
recombinant human NQOL1. The C2-substituted L-shapethpounds showed
substantially increased metabolic rates by NQOadtixed to the planner structufe
(765 £ 22umol NADPH/mingimol NQO1). Compound2m, 2n and2q with halogen
substitution at theneta or para of aromatic amines exhibited higher metabolicgate
(1248 to 1302umol NADPH/minumol NQO1) than the contrd@-lap (1146 = 23

15



umol NADPH/mingimol NQO1). Molecular modeling was used to analyhe t
interactions between thartho-quinone substrates and NQO21. Our docking studies
supported the rationalization of the metabolic gtathd constituted a prospective
rational basis for the development of optinsaiho-quinone analogs. Besides, good
substratesZm, 2n and2r, metabolism rates > 10@@nol NADPH/minimol NQO1)

for NQO1 showed higher selective toxicity thghap toward A549 (NQO1-rich) cell
line versus H596 (NQO1-deficient) cell line. Det@mation of superoxide ()
production andn vitro cytotoxicity evaluation in the presence of the NQi@hibitor
dicoumarol confirmed that thartho-quinone analogs d@i-lap exerted their antitumor
activity through NQO1-mediated ROS production wedax cycling. Compoun@n
(named asrK-01), in which an encouraging improvement of bettexryeme activity,
more selectivity and superior safety profile as pared td3-lap, can be considered as
a lead chemotype worth of further investigationsaal the design and synthesis of
novel NQO1-directed antitumaortho-quinones. These findings encourage further

investigations around this interesting antitumagrobtype.

4. Experimental
4.1 Chemistry

All reagents were purchased from commercial sour@rganic solutions were
concentrated in a rotary evaporator (BuchiRotavapetow 55 °C under reduced
pressure. Reactions were monitored by thin-layesroatography (TLC) on 0.25 mm
silica gel plates (GF254) and visualized under Uyghtl Melting points were
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determined with a Melt-Temp | apparatus. TheNMR and**C NMR spectra were
measured on a Bruker AV-300 instrument using detgdr solvents with
tetramethylsilane (TMS) as internal standard. IRct@ were recorded on a Nicolet
iIS10 Avatar FT-IR spectrometer using KBr film. EISMvas collected on shimadzu
GCMS-2010 instruments. ESI-mass and high resolutiass spectra (HRMS) were
recorded on a Water Q-Tofmicro mass spectrometealydical results are within

0.40% of the theoretical values.

4.1.1 (E)-4-(Prop-1-en-1-yl)mor pholine (5).

To a stirred mixture of morpholine (26 mL, 0.2941jrend anhydrous ¥CO; (2.0
g, 14.7 mmol) was added dropwise propanal (9 mi2®.mol) at 0°C. The
suspension was stirred af® for 2 h and then warmed to room temperature ouab
1 h. The reaction mixture was filtered and washét dimethyl ether (2 x 20 mL).
The filtration was concentrated to give a dark cdiquid, which was purified by
vacuum distillation to give the titled compoundaasolorless liquid (7.0 g, 45%). b.p.
88-90°C/25 mm [32].*H NMR (300 MHz, DMSO): 5.83 (d, 1H,J = 15 Hz), 4.38
(dg, 1H,J = 12 Hz, 9 Hz), 3.58-3.50 (M, 4H), 2.85-2.75 (m,)2R152-2.44 (m, 2H),

1.60-1.53 (m, 3H)mz (EI-MS): 127 [MT.

4.1.2. 3-Methyl-2-mor pholino-5-hydroxy-2,3-dihydronaphtho[ 1,2-b] furan (6).
To a solution of naphthoquinorg (7.3 g, 46.25 mmol) in dry dichloromethane
(150 mL)was added (5.9 g, 46.25 mmolat 0°C. The reaction mixture was then
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warmed to room temperature and kept for 12 h. Teeipitate was filtered, washed
with dichloromethane (2 x 10 mL), and dried to gike titled compound as a while
solid (4.0 g, 30%). m.p. 141-148. *H NMR (300 MHz, DMSO): 9.48 (s,1H), 8.03
(d, 1H,J = 7.8 Hz), 7.76 (d, 1H] = 7.7 Hz), 7.44-7.35 (m, 2H), 6.70 (s, 1H), 5.11 (d
1H, J = 4.8 Hz), 3.54 (s, 4H), 3.43-3.40 (m, 1H), 2.8282(m, 2H), 2.57-2.53 (m,

2H), 1.28 (d, 3H,) = 6.9 Hz).m/z (EI-MS): 285 [MT.

4.1.3. 3-Methyl-5-hydroxynaphthol[ 1,2-b] furan (7).

To a solution of6 (3.5 g, 12.37 mmol) in THF (20 mL) was added ditut
hydrochloric acid (5%, 90 mL). The reaction mixtuvas refluxed for 2 h, and then
cooled and extracted by ethyl acetate (3 x 30 mhg organic layers were combined,
dried over anhydrous N8O, and concentrated to give a light pink solid, whicas
further purified by recrystallization from dichlorethane to give the titled compound
as a white solid (1.9 g, 78%). m.p. 145-P€7 *H NMR (300 MHz, CDC)) o:
8.25-8.22 (m, 2H), 7.61 (t, 1H,= 8.0 Hz), 7.53-7.47 (m, 2H), 6.94 (s, 1H), 5.06 (s

1H), 2.27 (s, 3H)m'z (EI-MS): 198 [MT.

4.1.4. 3-Methylnaphtho[ 1,2-b] furan-4,5-dione (1).

To a solution of7 (400 mg, 2.03 mmol) in acetone (10 mL) was add€déa M
potassium dihydrogenphosphate aqueous solution (00 The reaction mixture
was stirred at room temperature for 12 h. Aftet,ttiee acetone was evaporated under
reduced pressure, giving a red precipitate. Theiptate was then collected and
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purified by recrystallization from ethanol to gitee titted compound as a red solid
(2.2 g, 80%). m.p. 170-17Z. *H NMR (300 MHz, CDCJ) &: 8.09 (d, 1HJ = 7.8
Hz), 7.69-7.62 (m, 2H), 7.47 (t, 18= 9.0 Hz), 2.31 (s, 3H). IR/(cm?): 3134, 1672,
1590, 1539, 1020. ESI-HRMS8vVz [M+Na]" calculated for gHgOsNa: 235.0371,

found: 235.0374.

4.1.5.General procedure for the preparation of compounds 2a-2i.

A mixture of naphthoquinoné& (130 mg, 0.61 mmol), paraformaldehyde (73 mg,
0.244 mmol) and the corresponding aliphatic am{fie22 mmol) in acetic acid (10
mL) was stirred at room temperature until the atiteactantl disappeared by TLC
control. Then, the solvent was vacuum-evaporateidtlaa residue was redissolved in
ethyl acetate. The organic layer was washed withrateed NaHC®@ aqueous and
brine, dried over anhydrous p&O,, filtrated and concentrated to afford a crude

product, which was purified through column chrongaéphy over silica gel.

4.1.5.1. 2-((Dimethylami no)methyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2a).
Following the above procedure, treatmentlafith dimethylamine for 12 h under
reflux, gave the crude product, which was puritigdcolumn chromatography (eluent:
Petroleum ether/EtOAc 10:1) to affoh as an orange solid (51 m81%). m.p.
140-142°C. *H NMR (300 MHz, DMSO)s: 7.89 (d,J = 7.6 Hz, 1H), 7.69 (d] =
10.2 Hz, 2H), 7.51 (d] = 7.5 Hz, 1H), 3.48 (s, 2H), 2.18 (s, 9FC NMR (75 MHz,
CDCl) 6: 180.3, 175.1, 159.1, 150.5, 134.7, 129.8, 1228,3, 128.1, 122.0, 121.1,
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118.8, 52.6, 44.6, 8.4. IR/,(cm’): 2933, 1667, 1581, 1214, 906. ESI-HRM#z

[M+H] " calculated for gH1gNOs: 270.1130, found: 270.1132.

4.1.5.2. 2-((Diethylamino)methyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2b).

Following the above procedure, treatment @fith dimethylamine for 12 h under
reflux, gave the crude product, which was puritigdcolumn chromatography (eluent:
Petroleum ether/EtOAc 2:1) to affob as a red solid (65 m@6%). m.p. 149-151
°C.*H NMR (300 MHz, DMSO): 7.90 (d,J = 7.4 Hz, 1H), 7.72-7.63 (m, 2H), 7.50
(t, J=7.5 Hz, 1H), 3.66 (s, 2H), 2.52 (dii= 6.7, 4.6 Hz, 4H), 2.19 (s, 3H), 1.05-1.00
(m, 6H). °C NMR (75 MHz, CDC)) &: 180.1, 175.1, 159.2, 151.0, 134.8, 129.8,
129.4,128.3,128.1, 121.9, 121.0, 118.8, 58.4,44..2, 8.5. IR\, Cm'l): 2918, 1675,
1581, 1216, 1109. ESI-HRM&Vz [M+H]" calculated for GH2oNOs: 298.1443,

found: 298.1439.

4.1.5.3. 2-((Dipropylamino)methyl)-3-methyl naphtho][ 1,2-b] furan-4,5-dione (2c).
Following the above procedure, treatmenfLafith dipropylamine for 6 h under
reflux, gave the crude product, which was puritigdcolumn chromatography (eluent:
Petroleum ether/EtOAc 4:1) to affoPttas a red solid (54 m@§7%). m.p. 153-158C.
'H NMR (300 MHz, CDCY) §: 8.07 (d,J = 7.7 Hz, 1H), 7.71-7.61 (m, 2H), 7.44 1t,
= 7.5 Hz, 1H), 3.68 (s, 2H), 2.49-2.44 (m, 4H),2(8, 3H), 1.55 (dq] = 14.7, 7.4 Hz,
4H), 0.93 (t,J = 7.3 Hz, 6H).2*C NMR (75 MHz, CDCJ) &: 180.4, 175.1, 159.1,
149.9, 134.8, 129.8, 129.3, 128.3, 128.1, 121.1,212119.3, 55.3, 47.1, 19.5, 11.3,
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8.5. IR §, cm'): 3414, 2959, 1673, 1554, 1216, 1081, 905. ESI-HRNz [M+H]*

calculated for GgH»4NOs: 326.1756, found: 326.1752.

5.1.5.4. 2-(Piperidin-1-ylmethyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2d).

Following the above procedure, treatmeni @fith piperidine for 12 h under reflux,
gave the crude product, which was purified by caluohromatography (eluent:
Petroleum ether/EtOAc 10:1) to affoPd as a red solid (38 mg, 20%). m.p. 154-157
°C.H NMR (300 MHz, CDCY) §: 8.06 (d,J = 7.7 Hz, 1H), 7.76 (d] = 7.7 Hz, 1H),
7.63 (t,J = 7.6 Hz, 1H), 7.44 (t) = 7.6 Hz, 1H), 3.71 (s, 2H), 2.64 (s, 4H), 2.30 (s
3H), 1.85 (s, 6H)*C NMR (75 MHz, CDCJ) §: 180.4, 175.1, 159.0, 150.4, 134.7,
129.8, 129.3, 128.3, 128.2, 122.0, 121.2, 118.9,,%2.4, 25.3, 23.5, 8.6. IR,(Cm'l):
2935, 1669, 1650, 1216, 907. ESI-HRMS m/z [M*Hplculated for @H,oNOs:

310.1443, found: 310.1449.

4.1.5.5. 2-(Morpholinomethyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2€).

Following the above procedure, treatmentlofvith morpholine for 12 h under
reflux, gave the crude product, which was puritigdcolumn chromatography (eluent:
Petroleum ether/EtOAc 4:1) to affoPet as a red solid (57 m§0%). m.p. 170-173C.

'H NMR (300 MHz, CDCY) §: 8.05 (d,J = 7.5 Hz, 1H), 7.73 (dl = 7.2 Hz, 1H), 7.62
(t, = 4.8 Hz, 1H), 7.45 (t) = 7.2 Hz, 1H), 3.73 (s, 4H), 3.58 (s, 2H), 2.544),
2.28 (s, 3H).13C NMR (75 MHz, CDCY) 6: 180.2, 174.9, 159.0, 149.6, 134.8, 129.8,
129.4, 128.2, 128.0, 121.9, 121.1, 119.2, 66.37,522.0, 8.5. IR Cm'l): 3432,

21



2857, 1668, 1578, 1111, 908. ESI-HRM® [M+Na]" calculated for gH;7NOsNa:

334.1055, found: 334.1057.

4.1.5.6. 2-(Pyrrolidin-1-ylmethyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2f).
Following the above procedure, treatmentloWith tetrahydropyrrole for 12 h
under reflux, gave the crude product, which wasfipdrby column chromatography
(eluent: Petroleum ether/EtOAc 4:1) to affdtlas a dark red solid (36 mg0%).
m.p. 150-152C. *H NMR (300 MHz, CDCJ) 6 8.06 (d,J = 7.7 Hz, 1H), 7.76 (d] =
7.7 Hz, 1H), 7.63 (tJ = 7.6 Hz, 1H), 7.44 (t) = 7.6 Hz, 1H), 3.71 (s, 2H), 2.64 (s,
4H), 2.30 (s, 3H), 1.85 (s, 4HYC NMR (75 MHz, CDC)) &: 180.2, 175.1, 159.2,
148.4, 134.8, 129.8, 129.5, 128.3, 128.0, 122.0,11218.8, 53.3, 48.4, 23.0, 8.5. IR
(v, cmb): 3221, 2757, 1678, 1578, 1032, 900. ESI-HRMS fi¥zH] * calculated for

Ci1gH1gNOs: 296.1287, found: 296.1292.

4.15.7. 2-((4-Methylpiperazin-1-yl)methyl)-3-methyl naphthol 1,2-b] furan-4,5-dione
(29).

Following the above procedure, treatmentlofith N-methylpiperazine for 12 h
under reflux, gave the crude product, which wasfipdrby column chromatography
(eluent: Petroleum ether/EtOAc 4:1) to affdtd as a red solid (30 md,5%). m.p.
160-162°C. 'H NMR (300 MHz, CDC}) &: 8.06 (d,J = 8.9 Hz, 1H), 7.74 (d] = 7.0
Hz, 1H), 7.63 (tJ = 7.6 Hz, 1H), 7.44 () = 7.6 Hz, 1H), 3.62 (s, 2H), 2.52-2.39 (m,
4H), 2.32-2.29 (m, 7H), 2.10 (s, 3HJC NMR (75 MHz, CDCJ) &: 180.2, 174.9,
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159.0, 150.0, 134.7, 129.8, 129.4, 128.2, 128.0,90221.1, 119.1, 54.3, 52.1, 51.6,
45.3, 8.5. IR, cmit): 3423, 2795, 1667, 1577, 1292, 1216, 907, 786-HFBVIS nvz

[M+H] " calculated for @H21N-03: 325.1547, found: 325.1553.

4.158.  2-((4-Acetylpiperazin-1-yl)methyl)-3-methyl naphthol 1,2-b] furan-4,5-dione
(2h).

Following the above procedure, treatmentlofvith N-acetylpiperazine for 12 h
under reflux, gave the crude product, which wasfipdrby column chromatography
(eluent: Petroleum ether/EtOAc 4:1) to aff@d as a red solid (54 m@&5%). m.p.
168-170°C. 'H NMR (300 MHz, CDC}) &: 8.07 (d,J = 8.9 Hz, 1H), 7.74 (d) = 6.6
Hz, 1H), 7.63 (tJ = 7.6 Hz, 1H), 7.46 () = 6.6 Hz, 1H), 3.72-3.67 (m, 2H), 3.62 (s,
2H), 3.51 (dJ = 4.5 Hz, 2H), 2.54 (§ = 9.2 Hz, 4H), 2.28 (s, 3H), 2.10 (s, 34
NMR (75 MHz, CDC}) 6: 180.2, 174.9, 168.1, 159.0, 149.9, 134.7, 12923 4,
128.2,128.0, 121.9, 121.1, 119.1, 52.1, 51.6,,44)8, 8.5. IRY Cm'l): 3323, 2935,
1700, 1569, 1216, 979. ESI-HRMSz [M+H] " calculated for gH,:N»O4: 353.1501,

found: 353.1503.

4.1.5.9. 2-((Cyclohexylamino)methyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2i).
Following the above procedure, treatmentlofvith cyclohexylamine for 12 h
under reflux, gave the crude product, which wasfipdrby column chromatography
(eluent: Petroleum ether/EtOAc 4:1) to affdtdas a dark red solid (55 mg38%).
m.p. 163-165C. *H NMR (300 MHz, CDCJ) 6: 8.06 (d,J= 7.2 Hz, 1H), 7.74 (d] =
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6.6 Hz, 1H), 7.63 (tJ = 7.6 Hz, 1H), 7.46 (t] = 6.6 Hz, 1H), 3.87 (s, 2H), 2.50-2.49
(m, 1H), 2.28 (s, 3H), 1.96-1.94 (m, 2H), 1.75-1(67, 4H), 1.26-1.13 (m, 4HJ°C
NMR (75 MHz, CDC4) &: 180.4, 175.1, 159.0, 150.4, 134.7, 129.8, 12928.3,
128.2, 122.0, 121.2, 118.9, 57.3, 43.5, 34.7, 2553, 8.6. IR, cm’): 3233, 2915,
1650, 1759, 1134, 988. ESI-HRMBSz [M+H] " calculated for GH,:NOs: 324.1600,

found: 324.1601.

4.1.6.2-Chloromethyl-3-methyl naphtho[ 1,2-b] furan-4,5-dione (8).

Gaseous hydrogen chloride was filled into a sotutd quinonel (100 mg, 0.47
mmol) and paraformaldehyde (138 mg, 4.7 mmol) inyletacetate (8 mL). The
reaction mixture was stirred at 45-5@C for 5 h. Then, the solvent was
vacuum-evaporated and the residue was redissolvesthyl acetate. The organic
layer was washed with brine, dried JS&, filtered and evaporated till dryness,
affording a crude product, which was purified thgbucolumn chromatography over
silica gel to give 98 mg of the red product. Yi&@%, m.p. 158-158C. *H NMR
(300 MHz, CDC4) d: 8.10 (d,J = 7.7 Hz, 1H), 7.77 (d] = 7.3 Hz, 1H), 7.68 (1) =
7.5 Hz, 1H), 7.50 (tJ = 7.6 Hz, 1H), 4.79 (s, 2H), 2.34 (s, 3H). ESI-HBMVz

[M+H] " calculated for H1¢ClOs: 261.0318, found: 261.0313.

4.1.7.General procedure for the preparation of compounds 2j-2s.
To a mixture of aromatic amines (0.46 mmol),(XK0 mg, 0.06 mmol), KCO;
(50 mg, 0.38 mmol) in DMF (5 mlyas added intermedia8(100 mg, 0.38 mmol).
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The resulting mixture was stirred at 85 for 1-2 h. After being cooled, the mixture
was poured into ice water and the resulting mixtues extracted with EtOAc. The
combined organic layer was washed with brine andddover anhydrous N8O,
fillered and concentrated to afford a crude prodwdtich was purified through

column chromatography over silica gel.

4.1.7.1. 2-((Phenylamino)methyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione (2j).

Following the above procedure, treatmenBafith aniline for 1 h at 55C, gave
the crude product, which was purified by columnochatography (eluent: Petroleum
ether/EtOAc 10:1) to affordj as a dark red solid (60 m&0%). m.p. 178-17%C. *H
NMR (300 MHz, CDC}) &: 8.05 (d,J = 6.2 Hz, 1H), 7.63-7.58 (m, 2H), 7.45-7.39 (m,
1H), 7.25-7.19 (m, 2H), 6.78 @,= 6.6 Hz, 1H), 6.73-6.70 (m, 2H), 4.35 (s, 2HPA.
(brs, 1H), 2.32 (s, 3H)3C NMR (75 MHz, CDCJ) &: 180.2, 175.1, 159.2, 151.0,
147.9, 134.8, 129.9, 129.5, 128.9, 128.3, 128.0,712121.1, 120.5, 118.8, 113.5,
38.9, 8.4. IR ¥, Cm'l): 3232, 2823, 2753, 1665, 1551, 1221, 914, 82&. 77

ESI-HRMSmVz [M+Na]" calculated for goH1sNOsNa: 340.0950, found: 340.0944.

4.1.7.2. 2-(((4-Methoxyphenyl)amino)methyl)-3-methyl naphthol 1,2-b] furan-4,5-dione
(2k).

Following the above procedure, treatmen8aeiith p-methoxyphenylamine for 1 h
at 55°C, gave the crude product, which was purified bijumm chromatography
(eluent: Petroleum ether/EtOAc 10:1) to aff@kl as a dark red solid (29 mg2%).
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m.p. 185-187C. *H NMR (300 MHz, CDCJ) &: 8.06 (d,J = 9.0 Hz, 1H), 7.67-7.62
(m, 2H), 7.46-7.41 (m, 1H), 6.83 (@= 8.1 Hz, 2H), 6.68 (d] = 6.0 Hz, 2H), 5.12 (s,
1H), 4.32 (s, 2H), 3.87 (s, 1H), 3.77 (s, 3H), A823H).°*C NMR (75 MHz, CDC})

0: 180.2, 174.8, 160.4, 158.5, 149.1, 143.0, 13¥28,9, 129.4, 128.3, 128.0, 121.9,
121.6, 118.7, 114.4, 114.1, 55.0, 39.7, 8.9.vl,R:|(n'l): 3466, 2917, 1672, 1579, 1440,
1246, 848, 771, 594. ESI-HRM®vVz [M+Na]® calculated for @Hi/NOsNa:

370.1055, found: 370.1059.

4.1.7.3. 2-(((4-Methylphenyl)amino)methyl)-3-methyl naphthol 1,2-b] furan-4,5-dione
).

Following the above procedure, treatmenB8afith p-methylphenylamine for 1 h at
55°C, gave the crude product, which was purified byimm chromatography (eluent:
Petroleum ether/EtOAc 4:1) to affol@d as a dark red solid (38 m§0%). m.p.
179-181°C. *H NMR (300 MHz, CDCY) &: 8.05 (d,J = 7.5 Hz, 1H), 7.69-7.60 (m,
2H), 7.46-7.41 (m, 1H), 7.05 (d,= 8.4 Hz, 2H), 6.69 (d] = 8.1 Hz, 2H), 4.34 (s,
2H), 2.31 (s, 3H), 2.27 (s, 3HYC NMR (75 MHz, CDC}) &: 180.1, 174.9, 159.0,
150.4, 144.3, 134.8, 130.5, 129.9, 129.4, 129.8.312128.0, 121.7, 121.2, 120.4,
113.4, 39.3, 19.9, 8.3. IR/,(Cm'l): 3308, 2920, 2356, 1655, 1518, 1221, 908, 773,
690. ESI-HRMS nvz [M+Na]® calculated for gHi;NOsNa: 354.1106, found:

354.1111.

4.1.7.4. 2-(((4-Chlorophenyl)amino)methyl)-3-methyl naphthol 1,2-b] furan-4,5-dione
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(2m).

Following the above procedure, treatmen8aifith p-chlorophenylamine for 2 h at 55
°C, gave the crude product, which was purified bigmm chromatography (eluent:
Petroleum ether/EtOAc 4:1) to affo@mn as a dark red solid (33 mg5%). m.p.
183-184°C. 'H NMR (300 MHz, CDC}) &: 8.05 (d,J = 7.8 Hz, 1H), 7.70-7.62 (m,
2H), 7.49-7.41 (m, 2H), 7.22 (d,= 7.5 Hz, 2H), 6.81-6.78 (m, 1H) , 4.37 (s, 2H),
2.29 (s, 3H).13C NMR (75 MHz, CDCJ) 6: 180.6, 174.9, 159.1, 150.3, 144.0, 134.8,
130.0, 129.6, 128.8, 128.3, 128.1, 126.2, 121.0,612118.9, 114.1, 38.9, 8.4. IR (
Cm'l): 3304, 1657, 1597, 1489, 1401, 1262, 908, 826, EBI-HRMSm/z [M+H]"

calculated for GgH15CINOs: 352.0735, found: 352.0734.

4.1.7.5. 2-(((4-Fluorophenyl)amino)methyl)-3-methyl naphthol 1,2-b] furan-4,5-dione
(2n).

Following the above procedure, treatmen8aftith p-fluorophenylamine for 1 h at
55°C, gave the crude product, which was purified byimm chromatography (eluent:
Petroleum ether/EtOAc 4:1) to affoh as a dark red solid (42 m§3%). m.p.
179-180°C. *H NMR (300 MHz, CDCY) &: 8.05 (d,J = 7.5 Hz, 1H), 7.68-7.63 (m,
2H), 7.48-7.42 (m, 1H), 6.97-6.90 (m, 2H), 6.695(fn, 2H), 4.32 (s, 2H), 2.32 (s,
3H). °C NMR (75 MHz, CDC)) &: 180.0, 174.9, 158.9, 156.60¢ = 235.1 Hz),
150.3, 142.8, 134.8, 129.9, 129.5, 128.3, 127.9,62121.2, 117.8, 115.&](;; =
22.5 Hz), 113.9%0ce = 7.6 Hz), 39.3, 8.5. IRv(cm?): 3332, 2924, 2853, 1663, 1511,
1221, 904, 818, 771. ESI-HRM®&vVz [M+Na]" calculated for GyH;4FNOsNa:
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358.0855, found: 358.0862.

4.1.7.6. 2-(((3-Methylphenyl)amino)methyl)-3-methylnaphthol 1,2-b] furan-4,5-dione
(20).

Following the above procedure, treatmenBafith m-methylphenylamine for 2 h
at 55°C, gave the crude product, which was purified biumm chromatography
(eluent: Petroleum ether/EtOAc 4:1) to affdtd as a dark red solid (38 mg0%).
m.p. 174-175C. *H NMR (300 MHz, CDCJ) §: 8.05 (d,J = 7.5 Hz, 1H), 7.68-7.60
(m, 2H), 7.56-7.41 (m, 1H), 7.12 (3 = 7.5 Hz, 1H), 6.64 (dJ = 7.2 Hz, 1H),
6.57-6.55 (m, 2H), 4.35 (s, 2H), 2.33 (s, 3H), A813H).2*C NMR (75 MHz, CDC})
0: 180.2, 175.2, 159.1, 150.9, 145.0, 134.8, 1343D.1, 129.9, 129.5, 128.8, 128.6,
121.7, 121.2, 119.5, 117.5, 114.0, 110.3, 38.99,284. IR ¢, cm'l): 3320, 2922,
2842, 1670, 1589, 1219, 908, 691. ESI-HRMSz [M+Na]® calculated for

C21H17NOsNa: 354.1106, found: 354.1111.

4.1.7.7. 2-(((3-Methoxyphenyl )amino)methyl )-3-methyl naphtho] 1,2-b] furan-4,5-quin-
one (2p).

Following the above procedure, treatmen8afith m-methoxyphenylamine for 2 h
at 55°C, gave the crude product, which was purified bijumm chromatography
(eluent: Petroleum ether/EtOAc 4:1) to affd@p as a dark red solid (44 mg3%).
m.p. 182-183C. *H NMR (300 MHz, CDCJ) &: 8.04 (d,J = 7.5 Hz, 1H), 7.65-7.62
(m, 2H), 7.44-7.42 (m, 1H), 7.12 {,= 7.5 Hz, 1H), 6.34-6.31 (m, 2H), 6.28 (=
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2.4 Hz, 1H), 4.34 (s, 2H), 3.78 (s, 3H), 3.76 (8),12.33 (s, 3H)**C NMR (75 MHz,
CDCl) §: 180.2, 174.9, 161.4, 159.0, 150.7, 149.9, 13¥29,8, 129.4, 128.2, 128.0,
121.9, 121.1, 119.1, 117.5, 117.0, 110.2, 109.13,530.1, 8.5. IR\ cni'): 3388,
2922, 1671, 1597, 1158, 904, 782, 687. ESI-HRM& [M+H]" calculated for

C21H1gNO4: 348.1236, found: 348.1230.

4.1.7.8. 2-(((3-Chlorophenyl)amino)methyl)-3-methylnaphthol 1,2-b] furan-4,5-dione
(20).

Following the above procedure, treatmenBatith m-chlorophenylamine for 1 h at
55°C, gave the crude product, which was purified byimm chromatography (eluent:
Petroleum ether/EtOAc 5:1) to affo2f as a dark red solid (48 m86%). m.p.
180-181°C. 'H NMR (300 MHz, CDCJ) 5 8.06 (d,J = 9.0 Hz, 1H), 7.66-7.62 (m,
2H), 7.46-7.42 (m, 1H), 7.13 @,= 8.1 Hz, 1H), 6.77-6.72 (m, 2H), 6.58 (tx 2.4
Hz, 1H), 5.12 (s, 1H), 4.35 (s, 2H), 2.34 (s, 3HE NMR (75 MHz, CDCJ) §: 179.9,
175.2, 159.1, 149.9, 147.7, 134.8, 129.9, 129.8,612128.3, 128.1, 121.7, 120.9,
118.9, 117.9, 114.4, 112.4, 110.9, 38.3, 8.4. \IRC(n'l): 3323, 2935, 1680, 1569,
1243, 980. ESI-HRMSwz [M+H]" calculated for ggH1sCINOs: 352.0740, found:

352.0737.

4.1.7.9. 2-(((2-Methoxyphenyl)amino)methyl)-3-methyl naphtho[ 1,2-b] furan-4,5-dione

@n).
Following the above procedure, treatmen8avith o-methoxyphenylamine for 1 h
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at room temperature, gave the crude product, whies purified by column
chromatography (eluent: Petroleum ether/EtOAc 2t Bfford2r as a dark red solid
(59 mg,45%).m.p. 180-182C. 'H NMR (300 MHz, CDCJ) &: 8.07 (d,J = 7.5 Hz,
1H), 7.71-7.61 (m, 2H), 7.47-7.42 (m, 1H), 6.94)t 7.5 Hz, 1H), 6.82-6.78 (m,
3H), 4.40 (s, 2H), 3.88 (s, 3H), 3.84 (s, 1H), A833H).1°C NMR (75 MHz, CDC}))

0: 180.2, 175.1, 159.1, 152.4, 150.0, 134.8, 12829.5, 128.3, 128.0, 127.3, 123.3,
121.8, 121.2, 120.8, 119.6, 118.2, 109.5, 55.29,385. IR ¢, Cm'l): 3420, 1641,
1554, 1220, 906, 764, 743, 736. ESI-HRM& [M+H] " calculated for gH:gNOy:

348.1236, found: 348.1232.

4.1.7.10. 2-(((2-Chlorophenyl)amino)methyl)-3-methylnaphthol 1,2-b] furan-4,5-dione
(29).

Following the above procedure, treatmen8a¥ith o-chlorophenylamine for 1 h at
45°C, gave the crude product, which was purified bymmm chromatography (eluent:
Petroleum ether/EtOAc 20:1) to affot as a dark red solid (53 mdg0%). m.p.
182-183C. *H NMR (300 MHz, CDCY) &: 8.07 (d,J = 7.5 Hz, 1H), 7.70-7.60 (m,
2H), 7.48-7.43 (m, 1H), 7.31 (d,= 1.5 Hz, 1H), 7.24 (t) = 6.3 Hz, 1H), 6.98-6.92
(m, 1H), 6.85-6.80 (m, 1H), 4.49 (s, 2H), 2.323H). 1*C NMR (75 MHz, CDC}) &:
180.1, 174.9, 159.1, 149.7, 142.4, 134.8, 129.9.512128.9, 128.3, 127.9, 127.4,
122.0, 121.7, 121.2, 120.8, 118.2, 111.2, 38.5, IR3(v, cm'l): 3398, 1670, 1600,
1400, 1030, 905, 750. ESI-HRMS m/z [M+Halculated for gH;sCINOs: 352.0740,
found: 352.0736.
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4.2 Biology
4.2.1.InVitro NQO1 Assay.

Ortho-quinones (0.1-5@mol- L") were monitored as NQO1 substrates using an
NADPH recycling assay and recombinant NQO1 (DT-dapse, EC 1.6.5.5, human
recombinant, Sigma), in which NADPH oxidation to NR" was monitored by
absorbance (0 nm) on a Varioskan Flash (Thermo, Waltham, MA)nounds in
DMSO stock (2uL) were added to a 96 plate. NADPH (46®0l-L") and NQO1
(1.4 ug/mL) in 50 mmol-*potassium phosphate buffer (pH = 7.4) were added to
each well (198.L). Once the 96-well plate was filled with the assalutions, except
the NADPH solution, it was placed into the instrurnand left to sit for 3 min before
starting the measurements. The enzyme reaction widisted by automated
dispensing of the NADPH solution into the wellsdadata was recorded at 2 s
intervals for 5 min at room temperature (22-25). The linear portion of the
absorbancerss time graphs (the first 20 s to 1 min) were fitteshd the slops were
calculated (velocity). NADPH oxidation rates weampared with reactions lacking
compound. Initial velocities were calculated andadexpressed asmol NADPH
oxidized/min/mol protein. All reactions were carried out at taadriplicate.

Initial velocities were calculated for a variety @incentrations o2e 2m, 2n and

B-lap and Michaelis-Menten curves were generateaguSraphpad Prism 6.

4.2.2. Molecular Modeling.
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A docking study was performed using the crystalcttrre of the human NQO1
complex with dicoumarol (PDB code: 2F10 and resofuR.75 A) and the structure
was editor according to provide a monomer of tragin and protonated use GOLD
5.1. The ligand was then removed to leave the tece&pmplex, which was used for
the subsequent docking studies. For preparatiofigahd structures, the selected
analogs were energy minimized using MOE 2013.0% witMMFF94x forcefield
using gas phase calculations and a cutoff of 0dbarges were then fixed using an
MMFF94 forcefield. For computational docking, GOL®1 software was used in
combination with ChemScore scoring function. Thevacsite was defined as being
any volume within 8 A of the scaffold of dicoumainlits crystal pose in 2F10. The
number of genetic algorithm (GA) run was set to drfiJ scoring of the docked poses
was performed with the ChemScore scoring functitach GOLD run was saved and
the strongest scoring binding pose of each ligawdjéct to a rmsd default distance
threshold of 1.5 A) was compared to that of theneice ligand position observed in
the crystal structure. The best output poses ofigaeds generated were analyzed on
the basis of ChemScore, feasibility of hydride $fan process, and H-bonding to the

enzyme. The best poses were visualized with MOEB 2@&L

4.2.3. Cell Viability Assay.

Growth inhibition was determined by the MTT colodtric assay. Cells were
plated in 96-well plates at a density of 10000 scéfhL and allowed to attach
overnight (16 h)Ortho-quinone solutions were applied in medium for 2dmoved,
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and replaced with fresh medium, and the plates werebated at 37 °C under a
humidified atmosphere containing 5% £fr 72 h. MTT (50ug) was added and the
cells were incubated for another 4 h. Medium/MTTugons were removed carefully
by aspiration, the MTT formazan crystals were dis=th in 100xL of DMSO, and
absorbance was determined on a plate reader atrB6When investigating the effect
of dicoumarol, cells were cotreated with vehicle 25 umol-L* dicoumarol and
compound 2n for 2 h with at least three technical replicatd€sy values
(concentration at which cell survival equals 50%cohtrol) were determined from
semilog plots of percent of control versus con@mn. Selectivity ratios were
defined as Ig, value for the H596 cell line divided by d¢£value for the A549 cell

line.

4.2.4. Superoxide Generation Assays.

The reduction of ortho-quinones and the resulting was monitored by a
spectrophotometric assay in which the rate of redmcof cytochromec was
quantified at 550 nm. Briefly, the assay mixturatained cytochrome (30 zmol-L™),
reduced nicotinamide adenine dinucleotide (NADPE2 thmol-LY), recombinant
human NQO1 (0.1-3.Qug/mL) (DT-diaphorase, EC 1.6.5.5, human recombinant
Sigma), and naphthquinones (@%ol-L™) in a final volume of 1 mL of Tris-HCI (25
mmol- L, pH 7.4) containing 0.7 mg/mL bovine serum alburt®BA) and 0.1%
Tween-20. Reactions were carried out at room teatpex and started by the addition
of NADPH. Rates of reduction were calculated frdme initial linear part of the

33



reaction curve (0-30 s), and results were expressettrms of micromoles of
cytochromec reduced per minute per milligram of NQO1 by usa ofiolar extinction
coefficient of 21.1 mM"-cm* for cytochromec. All reactions were carried out at

least in triplicate.
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Figure captions
Fig. 1. Several examples of antitumor quinone substfareNQO1
Fig. 2. (A). Designing of novel L-shapeattho-quinone substrate24-29 for NQO1
by merging the two planar substratBdap and TSA and introducing the C2
substituted side chains based on binding pose sisalyd). Dicoumarol (pink) in the
crystal structure (2F10). The surfaces of proteid kgand were added, respectively.
(C) Overlapping of the docking pose of compoun¢blue) and the crystal pose of
dicoumarol (pink) (2F10). The key residues arouhé& ligands were shown.
Hydrogen bonds were shown as dashed lines; thegseyues and FAD cofactor were
colored in yellow and green, respectively.
Fig. 3. The principle of the assay for studying quinoneahelism by NQO1.
Fig. 4. Michaelis—Menten curves fd@n, 2m, 2eandp-lap with NQO1.
Fig. 5. Docked conformation of compoun@sa (A), 2| (B), 2n(C) and2p (D) into
active site of NQO1. The interaction mode was olgdithrough molecular docking
(PDB id: 2F10) and depicted using MOE 2013.08 [ZH}e carbon atoms of the
compounds and the key residues in the active $itdQ@O1 were colored in yellow
and green, respectively. The H-bonds were shovintaak dot lines.
Fig. 6. Rate of ROS production of representative compoas 2n and2q), B-lap
and menadione and rates are expressed as meanP<SMO01 versus control (n = 3).
(Spectrophotometric assay with cytochromeas terminal electron acceptor (550
nm)).
Fig. 7. (A) Rate of ROS production @n in the presence and absence of the NQOL1
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inhibitor (DIC, 25umol-LY) with NQO1 and rates are expressed as mean + SD, P
0.001 versus control (n = 3). (Spectrophotometgsag with cytochromec as
terminal electron acceptor (550 nm)). (B) Cell theait A549 cells treated for 2 h with
2nin the presence and absence of the NQO1 inhifitt®, 25umol- LY. ICsq values
and Fold are listed blew the graphs with standardr€n > 3). The Fold is (I&

values with DIC/IGo of quinone alone).
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Table 1. Metabolism by NQO1 abrtho-quinone analogs and the redox cycles of the psoces

0y
o4

2a-2s

Metabolism by NQO1

(wmol
Entry R _ N (Cycles}
NADPH/min/gmol
NQO1)

2a Me,N 438 + 22 7
2b EtN 633 +19 10
2c (n-PrypN 774 £ 65 11
2d Piperidin-1-yl 988 £ 39 9
2e Morpholino 950 £ 40 10
2f Pyrrolidin-1-yl 681 £ 17 11
29 4-Methylpiperazin-1-yl 790 £ 28 7
2h 4-Acetylpiperzain-1-yl 552 £ 47 9
2i Cyclohexylamino 678 £ 27 16
2] PhNH 697 £ 23 15
2k p-MeO-PhNH 1021 +94 15
2l p-Me-PhNH 1213 + 340 15
2m p-Cl-PhNH 1248 + 57 10
2n p-F-PhNH 1302 + 180 16
20 m-Me-PhNH 952 +44 12
2p m-MeO-PhNH 938 £ 83 11
2q m-Cl-PhNH 1232 + 225 9
2r 0-MeO-PhNH 1083 + 108 14
2s o-Cl-PhNH 930 £ 95 13
1 - 765 £ 22 10
B-lap - 1146 + 23 20

 The equiv of NADPH utilized relative to the equif/substrates over the course of the assay

(in 5 min).

42



Table 2. Computational parameters for selectetho-quinone analogs.

O
QA
o4
2a-2s
C=05 C=04... C=05...
Entry R ChemScore ...NH5 Tyr1280H Tyr1260H
(RA) (A) (A)
2a Me;N 79.53 4.00 2.84 2.59
2j PhNH 89.93 4.07 2.77 2.91
2k p-MeO-PhNH 93.49 4.07 2.92 2.61
2l p-Me-PhNH 91.58 4.10 2.73 2.54
2m p-CIl-PhNH 92.78 4.03 2.89 2.92
2n p-F-PhNH 03.88 3.88 2.89 2.73
20 m-Me-PhNH 91.87 4.03 2.76 2.60
2p m-MeO-PhNH 91.40 4.01 291 2.65
1 - 69.68 4.10 2.69 2.89
B-lap - 67.42 4.04 2.80 2.86
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Table 3. Cytotoxicity of ortho-quinone analogs toward A549 (NQOZ1-rich) and H596

(NQO1-deficient) cell lines.

o 1 Selectivity
Cytotoxicity IC so(«mol- L") Ratio
Entry R
IC 50(H596)/
Ab549 H596 IC 5o (A549)
2a Me;N 23+01 3.8+0.6 1.7
2b EtLN 16+1.2 11+0.2 0.7
2c (n-PrpN 20+34 34+4.0 1.7
2d Piperidin-1-yl 12+ 3.7 10+ 05 0.8
2e Morpholino 10+24 30+2.1 3.0
2f Pyrrolidin-1-yl 49+20 21+3.6 4.3
29 4-Methylpiperazin-1-yl 22+04 4822 2.2
2h 4-Acetylpiperzain-1-yl 29+55 14+£0.8 0.5
2i Cyclohexylamino 35+6.6 34+54 1.0
2j PhNH 31+29 > 50 >1.6
2k p-MeO-PhNH 19+35 > 50 >2.6
2l p-Me-PhNH 11+2.6 13+1.0 1.2
2m p-CI-PhNH 49+0.9 28+1.6 5.7
2n p-F-PhNH 6.0+0.3 > 50 >8.3
20 m-Me-PhNH 14+15 49+8.1 3.5
2p m-MeO-PhNH >50 >50 -
2q m-Cl-PhNH 47+0.3 25+2.0 5.3
2r 0-MeO-PhNH 9.2+1.0 > 50 >54
2s 0-CI-PhNH 6.4+22 25+3.6 3.9
1 - 74+1.6 10+35 1.35

B-lap - 57+1.1 23+5.1 4.0
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Highlights

» Nove L-shaped ortho-quinone substrates for NQO1 were designed, synthesized and
evaluated.

* The obtained results were rationalized by means of docking experiments.

* YK-01 (2n) possessed better specificity and safety than p-lapachone.

* YK-01 exerted its antitumor activity through NQO1-mediated ROS production via

redox cycling.
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