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Abstract: New antibacterial agents with novel target and mmatsm of action are urgently needed to combat Ipnaédtic
bacterial infections and mounting antibiotic remigtes. Topoisomerase |A represents an attractivk wderexplored
antibacterial target, as such, there is a growirigrést in developing selective and potent topo&ase | inhibitors for
antibacterial therapy. Based on our initial biotagiscreening, fluoroquinophenoxazihevas discovered as a low micromolar
inhibitor againstE. coli topoisomerase IA. In the literature, fluoroquinepbxazine analogs have been investigated as
antibacterial and anticancer agents, however, topwisomerase | inhibition was relatively undedergd and there is little
structure-activity relationship (SAR) available.eTfood topoisomerase | inhibitory activitybind the lack of SAR prompted
us to design and synthesize a series of fluorogiienoxazine analogs to systematically evaluateSthie and to probe the
structural elements of the fluoroquinophenoxazmme ¢coward topoisomerase | enzyme target recognitiothis study, a series
of fluoroquinophenoxazine analogs was designedthsgized, and evaluated as topoisomerase | inhébénd antibacterial
agents. Target-based assays revealed that theoduioophenoxazine derivatives with 9-Nldnd/or 6-substituted amine
functionalities generally exhibited good to excellehibitory activities against topoisomerase thiMiCsgs ranging from 0.24-
3.9 uM. Notably, 11a bearing the 6-methylpiperazinyl and 9-amino motifas identified as one of the most potent
topoisomerase | inhibitors (kg= 0.48 uM), and showed broad spectrum antibati@ctavity (MICs = 0.78-7.6 uM) against all
the bacteria strains tested. Compoulith with the 6-bipiperidinyl lipophilic side chain eiiited the most potent
antituberculosis activity (MIC = 2.pM, Sl = 9.8). In addition, CoOMFA analysis was perfodme investigate the 3D-QSAR of
this class of fluoroquinophenoxazine derivativese Tonstructed COMFA model produced reasonablistitat@® = 0.688 and

r? = 0.806). The predictive power of the developedietavas obtained using a test set of 7 compouridiigga predictive
correlation coefficientzpred of 0.767. Collectively, these promising data desti@ted that fluoroquinophenoxazine derivatives
have the potential to be developed as a new ch@maif potent topoisomerase IA inhibitors with aatterial therapeutic

potential.

Keywords: Antibacterial; CoMFA analysis; 3D-QSAR,; fluorogophenoxazine; topoisomerase IA; SAR

Abbreviations:

SAR, structure-activity relationship; HTS, highdhghput screening; QSAR, quantitative structurésdyt relationship;
CoMFA, comparative molecular field analysis; MICinfmum inhibitory concentration; Sl, selectivitydex; 3D-QSAR, three
dimensional QSAR; PA, predicted activity; TLC, thayer chromatography; HPLC, high performance ligcinromatography;

MABA, microplate Alamar blue assay; PLS, partiadesquare; LOO, leave one out.



1. Introduction

DNA topoisomerases maintain the helical and supiegtestructure of DNA and are essential enzymegired for cellular
processes and functions including DNA replicatidgrgnscription, and repair [1, 2]. Therefore, poisonhibitors of
topoisomerase enzymes can lead to the accumulatiothe intermediate topoisomerase-DNA cleavage dexn@and
subsequently result in bacterial or cancer celttdf 3]. Clinically, topoisomerase enzymes reprgésttractive and successful
targets for anticancer and antibacterial chemopyef4, 5]. In contrast, topoisomerase | is undelergul as antibacterial target,
thus potent and selective topoisomerase | inhibittan serve as a promising class of chemotherapagénts toward the
treatment of problematic bacterial infections [p, 7

In our ongoing efforts to discover new topoisomerhgnhibitors as antibacterial agents and to pribleetopoisomerase |
recognition [8, 9], we identified during high-thghput screening (HTS) assay development a comp&®548059 1, Fig. 1)
with low micromolar inhibitory activity (IGo = 0.8-2.0 uM) againsEscherichia colitopoisomerase |. Structurall, is a
fluoroguinophenzoxazine derivative with a uniquarg@lr tetracyclic ring system, belonging to a memiifean extended
chemical class of fluoroquinolone antibiotics. he tclinic, fluoroquinolones including norfloxacima ciprofloxacin (Fig. 1)
represent some of the most successful antibictissels, whose mechanisms of action are to inhibietial DNA gyrase and
topoisomerase IV as well as relaxation of supeedoIDNA and thus to promote breakage of double-dadrDNA [10].
Specifically, fluoroquinophenoxazines such as A®B2and A-85226 (Fig. 1) have been reported as actébial [11, 12] and
anticancer [13-16] agents. For example, A-62176bitdd good activity against several cancer celed with 1Go values
ranging from 0.87-4.34 uM [13]. However, their lwal topoisomerase | inhibition was relatively enekplored and there is
little structure-activity relationship (SAR) of fhuwoquinophenoxazine derivatives available in tterditure [13]. Herein, on the
basis of this HTS hifl, we describe the design, synthesis, and evaluatica series of fluoroquinophenoxazine structural
analogs, probing their SAR toward bacterial topmiemase | and other topoisomerases as well aswheie cell antibacterial
activity. Additionally, we built and developed aamiitative structure-activity relationship (QSAR)dacomparative molecular

field analysis (CoMFA) model in an effort to guifiether design and synthesis of this class of tepoierase IA inhibitors.
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Fig. 1. Chemical structures of clinical fluoroquinolondihiotics and fluoroquinophenzoxazine derivativesluding our topo |
inhibitor 1.

2. Reaultsand discussion
2.1. Chemistry

To validate the initial assay hit, we first yathesized 9-amino-5, 6-difluoro-3-oxd43pyrido[3,2,1-kl] phenoxazine-2-
carboxylic acid {) and retested its biochemical activity agaiBstoli topoisomerase |. Resynthesized fluoroquinophenogaz
hit 1 showed reproducible topoisomerase | inhibitoryigtwith an 1G, of 1.95 pM. The synthesis @fis shown in Scheme 1.
Briefly, commercially available 2,3-difluoro-6-nifphenol was hydrogenated using Pd/C (20 mol %)hascatalyst to the
corresponding amino produ2t which can be used in next step without furthenifigation [17]. Subsequent reaction of the
aniline derivative2 with diethyl 2-(ethoxymethylene)malonate under ambtemperature gavd in 87% yield. For next
nucleophilic displacement cyclization, an improy@dtocol was developed for this intramolecular @ation reaction under
microwave irradiation at 250 °C instead of convamdi heating [11]. Following simple filtratiod,was obtained in 80% yield.
Subsequently4 reacted with 1-chloro-2,4-dinitrobenzersa)(in DMF at 100 °C to give the desired tetracyplioduct6a in 57%
yield. Upon treatment o6a in acidic condition (AcOH/HCI) under reflux for 4, the free carboxylic acid derivativia was
obtained by simple filtration in 91% vyield. Finalljgydrogenation o¥a under H (1.0 bar) using FeS®H,0 as the catalyst
failed to yield the amine produdtafter 14 h. However, when SpQbas used as catalyst and AcOH as the solvengitie

group was smoothly reduced into the amino groupeuneflux for 3 h and the final produttvas obtained in 86% yield.
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Under the optimized conditions, we next expandedstiuctural diversity of to evaluate the effect of various substituents
on the quinophenoxazine skeleton and to explorie 8A&R. First, we used various substrabese in Scheme 2 in an effort to
generate a focused set of quinophenoxazine der@gitb-e. It is worthwhile noting that a dramatic differenwas observed in
terms of the reactivity of the substr&tevith different electronic and/or physiochemicabjperties. For examplép bearing an
electron-withdrawing nitrile group facilitated tleempletion of cyclization in 2 h argb was obtained in 59% yield. On the
other hand5bc with the lipophilic trifluoromethyl group couldrish the reaction by extending the reaction tinfilmrding the
desired produdbc in a lower yield (10%). In addition, when the sinate5d with an acetyl group was trieid was obtained in
38% vyield. However, for the substrate with the esponding fluorine substitution, no reaction ocedreven when the reaction
temperature was raised to 120 °C. Furthermore, ihargh conditions were tried in an attempt to fkaté the reaction by
heating the reaction to 160 °C in a sealed predgbeeor heating the reaction to 200 °C under miake irradiation, but with
not much success. In the caseéefvith additional nitro and chlorine substituents teaction proceeded smoothly &edvas
obtained in 40% vyield. Final ester hydrolysis wasfgrmed in acetic acid/hydrochloric acid underdwef affording free

carboxylic acid productgb-e in 36-95% vyields.
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Scheme 2. Synthesis of fluoroquinophenoxazine derivativbse.

In the course of antibacterial evaluation, wweayved compountl lost 2-4 fold whole cell antibacterial activityteff 4 weeks
of storage, indicating that may have stability and/or solubility issue. Fromr 3H NMR experiments, we also noted tHat
could be easily precipitated outdg-DMSO solvent and no degradation-related evidera® abserved following several weeks
of monitoring1 in both d:-DMSO NMR and HPLC experiments (data not shown)usftto enhance the overall solubility
profile of this class of quinophenoxazine derivesivwe introduced a variety of solubilizing and googroups into the
fluoroquinophenoxazine scaffold by displacing th#u@rine atom of6a, 7a, or 1 with different amine functionalities such as
piperazine, 1-methylpiperazine, and morpholine €l 3) [18]. Specificallyba reacted with 1-methylpiperazine in pyridine
at 110 °C to give® in 53% yield. Accordingly/a reacted with 1-methylpiperazine and piperazingyindine under nitrogen
atmosphere at 90 °C, and both reactions proceededtisly to affordl0a and10b in 45% and 84% vyields, respectively [12]. In
the cases df and some other amine substrates, notably, reatetioperature appeared to play a critical role ia thicleophilic
displacement reaction. For example, when morpheliag used as a nucleophile, the reaction becamplicated under 90 °C,
which is suitable for 1-methylpiperazine and pigéra. In contrast, when temperature was reduc&@ f€, the reaction could
be completed in 16 h to produtid in 71% yield. Other functional amines were alsbjscted to this substitution reaction, and
most of the reactions could lead to the desiredyxts11c-k under 90 °C in moderate yields except for 1-adaylemine. We
found that the reaction dfwith 1-adamantylamine could finish under reflutea# days in 29% yield, presumably due to steric
effect. In addition, to investigate the effect bétfree amine functionality df on topoisomerase inhibition and antibacterial
activity, we next tried to protect the free aminop with acetyl functionality. Th&l-acetyl derivativel2 was synthesized

from 1 and acetic anhydride in pyridine at 80-100 °C twedsolid product was collected by simple filtratio high yield (92%).
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Finally, to evaluate the potential stereospedffect at the 6 position of fluoroquinophenoxeziderivatives on biological
activity, we designed and synthesized several Icfiiraroquinophenoxazine amine derivatives frémor 1 and chiral amine
building blocks [12, 13]. The nucleophilic subdtitimn reaction ofl and §-3-(Boc-amino)pyrrolidine 3a) in pyridine was
completed in 20 h, affordingba in 86% yield. Subsequei-Boc deprotection ol5a producedl7a in 78% vyield upon the
treatment with diluted hydrochloric acid. With reddo the reaction of and the correspondin@R}-3-(Boc-amino)pyrrolidine
(13b), the substituted compourd®b could not be obtained by filtration upon the coatipin of reaction. Therefore, the crude
product15b was used for the following deprotection reactiod ¢he corresponding fluorophenoxazine derivativie (R) was
obtained in 48% yield over two steps. Accordingigmpoundl6 was synthesized frola as the starting material in 32% yield

over two steps (Scheme 4).
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2.2. Biological testing

All the synthesized target molecules were testedhe ability to inhibit the relaxation activity &. coli topoisomerase | in
target-based assay, as well as against a panelctérial strains including the wild-tyge coli MG1655 K12 straing. coli
strain BAS3023 withmp mutation conferring membrane permeability to smadlecules [19, 20], the wild-type Gram-positive
B. subtilis(ATCC 6633) strain, anil. tuberculosi{Hs/Rv). The results are summarized in Table 1.
2.2.1. E. coli topoisomerase | inhibition

Biochemical evaluation for inhibition of the region activity ofE. coli topoisomerase | revealed that the majority of our
synthesized compounds possessed good activitysi@aiooli topoisomerase |. On the basis of these topois@aénahibition
data (Table 1), an illuminating SAR has been oleiand is summarized in Fig. 2. i). The 9 posisabstituent plays a very
important role in topoisomerase | inhibitory adtviAmong the 5,6-difluoroquinophenoxazine derivasi, the hit compound
with the electron-donating 9-NHjroup showed the most potent activityJ€ 1.95 uM) againgk. coli topoisomerase |. Both
free carboxylic acidc and its ethyl ester derivatie with the 9-Ckfunctionality were inactive against topoisomeraséén
tested at 125 pM. In addition, compared1td9-NH,, 1.95 uM), all the other 5,6-difluoro derivativesthvi9-substituted
electron-withdrawing group§4d with 9-NO,, 15.6 uM;7b with 9-CN, 31.25 puMid with 9-Ac, 15.6 uM;7e with 9-NO, and
10-Cl, 31.25 uM ) were 8-16 fold less active wid values ranging from 15.6-31.25 pM. ii). In gengthe basic amine
functionality at the 6 position significantly enlwaal topoisomerase | inhibitory activity. For examphe 6-substituted amine
derivatives 11a with 6-methylpiperazinyl,11b with piperazinyl, 11d with morpholino, 11g with bipiperidinyl, 11h with

morpholinoethyl, as well as the 6-substituted amymomlidinyl derivativesl16, 17a, and17b demonstrated the most potent
9



topoisomerase | inhibitory activity with igvalues of 0.24-0.97 uM; and within this grodgd and11h with the morpholino
group had an I¢; value of 0.97uM. In contrast, all the other 6-substituted aminevdgives with a more lipophilic side chain,
including 11c with methylpiperidinyl,11e with phenethyl 11f with adamantanyllli with cyclohexyl,11j with cyclopentyl,
11k with n-hexyl, and15a with t-Boc-aminopyrrolidinyl, showed weaker topoisomerhsghibition with 1Cs values ranging
from 3.9 to 15.6uM. Notably, both 6-substituted aminopyrrolidir§d andR- stereoisomerd7a and17b exhibited the same
topoisomerase | inhibitory activity (kg= 0.48-0.97 uM), suggesting the stereochemistthatt position is not required for
topoisomerase | inhibition. iii) Esterification dfie carboxylic acid group had little effect on the coli topoisomerase |
inhibitory activity by comparinga and7a (ICso = 15.6 uM),6b and7b (ICsq = 31.25 uM), as well aSc and7c (ICso >125
K1M), indicating the ethyl ester functionality iderated for topoisomerase | enzyme inhibition. Repntative inhibition results

of 11a and11b againstE. colitopoisomerase relaxation activity are shown in Big

o |0
F | OR,
Controls potency:
i). Basic nitrogens enhance topo | activity N
ii). Lipophilic amino substituents are (e}
detrimental to topo | inhibition O
iii). Chirality does not affect topo | activity

@ NH, is the most favorable
NH5 > NO,, Ac> CN > CF3

Fig. 2. SAR towarcE. colitopoisomerase | inhibition.

2.2.2. Selectivity and specificity against otherAMfdpoisomerase enzymes

In addition, to determine the selectivity and sfieity profiles of this class of fluoroquinophenwiae derivatives, selected
compounds were also investigated for the abilitintobit other DNA topoisomerases includifg coli DNA gyrase as well as
human topoisomerase | and. knzymes. Overall, these compounds were more s&dowardE. coli topoisomerase | than
other enzymes tested. Given that this series ofpoomds has close structural similarity to quinolanébiotic class, as such,
inhibition agains€. coli gyrase can be also observed. Specifically, mogtetompounds showed 4-64 fold selectivity toward
topoisomerase | over DNA gyrase except that thearaidly active compounge with the 9-NQ and 10-chloro substituents
showed less specificity with 2 fold selectivity tamd topoisomerase |. With respect to human topoésases | and d
inhibition, these compounds also showed inhibitactivity against both human topoisomerase k{I€ 3.9-31.25 uM) and
topoisomerase dl (ICso = 0.97-250 uM), with approximate 4-32 fold seleityi. Taken together, compoundéa (ICso = 0.48
uM) and1lb (ICso = 0.24 puM) (Fig. 3) bearing both 9-Nlnd 6-piperazinyl motifs exhibited the most potepoisomerase |
inhibitory activity with the more favorable seladty profile (8-64 fold) towardE. coli topoisomerase | against all the other

enzymes tested.
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2.2.3. Cell-based antibacterial activity

In addition to target-based topoisomerase enzyimibition, whole cell antibacterial activities ofetsynthesized compounds
were also assessed against a panel of bacteaaisstiThe results are also shown in Table 1. Ftwsed data, the majority of
these fluoroquinophenoxazine derivatives exhibgedd to excellent antibacterial activity againg thembrane permealie
coli strain BAS3023 and Gram-positi# subtilisstrain, and were inactive against the wide tigpeoli strain. Additionally,
the antibacterial activity of most fluoroquinoph&anine derivatives (e.gl, 7a, 7c, 9, 10a, 11a-d, 11f-i, 15a, 16, and17a-b)
generally correlated witk. coli topoisomerase | inhibitory activity, suggestingttthe antibacterial basis of these compounds
may be in part due to the inhibition of topoisonserh The only type IA topoisomerase preserilirtuberculosishas recently
been validated as an antitubercular target [21¢ Tpoisomerase | activity has been shown to benéas for viability and
infection in a murine model of tuberculosis [21].2Ro further determine the antituberculosis peofibr this chemical class of
fluoroquinophenoxazine derivatives, twelve compauwere selected and evaluated agdihstuberculosisAmong theml11g
with the 6-bipiperidinyl lipophilic side chain aridd with the 6-morpholino heterocyclic ring systemwiad the most potent
antituberculosis activity with minimum inhibitoryoncentration (MIC) values of 2.5 and 318/, respectively.In addition,
compared talld, its corresponding 6-piperazinyl structural analé@ia with tertiary amine and1b with secondary amine
functionality was about 2- and 8-fold less activithvthe MIC values of 7.6 and 29,8V, respectively In contrast, both 6-
substituted aminopyrrolidinyl derivativdga (S and17b (R) with primary amine functionality were not actif®IC > 63.1
puM) againstM. tuberculosisThese data strongly suggest that the decreadedtarhole cell antituberculosis activity of these
compounds are most likely due to their decreageabliilicity and subsequent cell membrane penetratignfortunately,
cytotoxicity evaluation of our tested compoundsimstahealthy normal Vero cells showed that theyegally had narrow
selectivity index, withllg (S| = 9.8) being the most promising compounds laliso worthwhile noting that, one of the most
potent topoisomerase | inhibitorkla (ICsq = 0.48 uM) bearing the 6-methylpiperazinyl andn®ireo motifs, showed broad

spectrum antibacterial activity against all the texcteria strains with MICs ranging from 0.78 t6 @M (S| = 3.8-37).
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Table 1. E. colitopoisomerase | inhibition and whole cell antilegiet activities (M) of fluoroquinophenoxazine iatives

Topoisomerase inhibitory activity (§; uM) Whole cell based antibacterial activity @4IuM)
Compd E.coli E. coli Human Human E. coli E. coli B. subtilis M. Verocell SP
topo | DNA gyrase topo | topo llo Imp4213 (MG1655) (ATCC 6633) tuberculosis I1Cso
(type 1A) (type 11A) (type 1B)  (type lIA) (BAS3023) WT WT (Hs7Rv)
1 1.95 >125 31.3 >500 0.78-1.56 >200 6.25 11.2 75.7 6.8
6a 15.6 50 >200 25
6b 31.25 >200 >200 200
6c >125 >200 >200 >200
7a 15.6 0.78 200 125
7b 31.25 200 >200 >200
7c >125 >200 >200 25
7d 15.6 >200 >200 >200
Te 31.25 62.5 31.25 125 0.39 50 3.12 29 >127 >4.4
9 1.95 25 >200 50
10a 1.95 62.5-125 31.25 250-500 1.56 100 0.78 19 95 0 5.
10b 3.9 >200 >200 >200
1lla 0.48 15.6-31.25 15.6 3.9-7.8 0.78 6.25 0.78 7.6 29 3.8
11b 0.24 7.8-15.6 7.8 1.95-3.9 0.39 >200 25 29.5 >126 >4.3
11c 3.9 3.12 >200 0.78
11d 0.97 7.8 15.6 15.6 0.19-0.39 >200 0.19 35 24.7 1 7.
1le 3.9 50 >200 25-50
11f 3.9-78 3.12 >200 125 38.4 30.7 0.8
11g 0.48 15.6 3.9 1.95-3.9 0.39-0.78 >200 1.56 25 424, 938
11h 0.97 15.6-31.25 7.8-15.6 3.9-7.8 0.78 >200 1.56 621 43.0 2.0
11i 3.9 25 >200 12.5
11§ 3.9 25 >200 12.5
11k 15.6 >200 >200 >200
12 7.8 >200 >200 >200
15a 3.9 12.5 >200 12.5
16 0.48 3.9 7.8 1.95-3.9 1.56 >200 0.78 >50 >50
17a 0.48-0.97 3.9 3.9 0.97-1.95 1.56 >200 6.25 >63.1 63.%
17b 0.48-0.97 3.9 3.9 3.9 6.25 >200 12.5 >63.1 >63.1

#Blank cells indicate Not Determined.
P Selectivity index = cytotoxic I against Vero cells/MIC againkt. tuberculosis.

A) 11a 11b
Noenz. C 195 097 048 024 097 048 0.24 0.12 (uM)

FR+N —
PR
S —

B) 11a 11b
Noenz. C Nor 313 156 7.8 313 156 7.8(uM)

FR+N —

PRI:

S —»

Fig. 3. Inhibition of E. coli topoisomerase relaxation activity by representatiVa and 11b. A) E. coli topoisomerase |

inhibition assays with supercoiled plasmid DNA. B) coli DNA gyrase inhibition assays with relaxed plasbiNA. C:
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DMSO control; Nor: Norfloxacin (125 pM) control; Supercoiled plasmid DNA; N: Nicked DNA; FR: Fuliglaxed DNA;

PR: Partially relaxed DNA.

2.3. CoMFA analysis

To further understand the structural basis for ispoerase | inhibitory activity of this set of fiumuinophenoxazine
derivatives, we subsequently performed three ditoeak QSAR (3D-QSAR) study using CoMFA analysis][2Because of
the relatively rigid core structural feature ofstlilass of fluoroquinophenoxazine molecules, weatly applied core structure
based alignment to build reliable 3D-QSAR modelse ToMFA study was carried out using a total ot@fnpounds (entries
1-21, Table 2). Statistical parameters of the CoM&adel showed a reasonable cross-validated caoelabefficientq’ of
0.688, indicating a good internal prediction of thn@del. The CoMFA model also exhibited a convertiooorrelation
coefficientr® of 0.806. To evaluate the predictive ability ofr aleveloped model, a test set of 7 compounds éngP-28,
Table 2) which was not included in model generati@s subsequently used. The predicative correlaximfrficientrzpred of
0.767 indicates good external predicative abilityhe CoMFA model. The experimental and predictatligs as well as their
residuals from the training and test set molecatedlisted in Table 2. The correlation betweenptelicted and experimental

values of all compounds was plotted and the resgutthart is shown in Fig. 4.

Table 2. Experimental (plG) and CoMFA predicted activity (PA) values and desils for the training and test set compodinds

Entry Compd ICs(uM) plCs, COMFA PA° A°

1 1 1.9t 5.71 5.0¢ 0.6¢
2 6b 31.2¢ 4.51 421 0.3C
3 6¢ 25( 3.6( 4.0C -0.4C
4 7a 15.¢ 4.81 4.63 0.1¢
5 7b 31.2¢ 4.51 427 0.24
6 7c 25C 3.61 4.1t -0.5¢
7 Te 31.2¢ 4,51 4.5¢ -0.0z
8 9 1.9¢ 5.71 5.8¢ -0.17
9 10a 1.9t 5.71 6.0t -0.3¢
10 10b 3.6 5.41 5.9( -0.4¢
11 1l1a 0.4¢ 6.32 6.21 0.11
12 11b 0.2¢ 6.62 6.0¢ 0.5¢
13 11d 0.97 6.01 5.9¢ 0.07
14 1le 3.¢ 5.41 5.8¢ -0.4z
15 11f 5.8¢ 5.2¢ 5.3¢ -0.1¢
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16 11g 0.4¢ 6.31 6.1t 0.1¢

17 11h 0.97 6.01 5.72 0.2¢
18 11k 15.¢ 4.81 5.5(C -0.6¢
19 15a 3.6 5.41 5.7 -0.3¢
2C 16 0.4¢ 6.32 5.8¢ 0.44
21 17b 0.7¢ 6.14 5.8¢ 0.2t
22 6a 15.¢ 4.81 4.5t 0.2¢
23 7d 15.¢ 4.81 4.7 0.04
24 11c 3.6 5.41 5.7¢ -0.3¢
25 11i 3.6 5.41 5.2¢ 0.1¢
26 13j 3.6 5.41 5.4¢ -0.04
27 12 7.8 5.11 4.5¢ 0.5¢
28 17a 0.7¢ 6.14 5.9¢ 0.1¢

2 Entries 1-21 for training set; entries 22-28 festtset.

®Predicted activity.

“Residual of experimental and predicted activityuesl

@ Training set M Test set

6.5 Training set
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Fig. 4. The correlation chart of experimental versus ptedi values for the training and test set compaunds
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The results of the CoMFA model were analyzed armialized using the standard deviation coefficiStDev*Coeff)
mapping option contoured by steric and electrastaintributions. In order to probe the structurivég correlation, the steric
and electrostatic contours were mapped onto thiginead chemical structures of these fluoroquinogtx@zine molecules to
identify the potential regions in which the molezsulvould favorably or unfavorably interact with tepoisomerase | enzyme.
The representative steric and electrostatic contmaps of the most active compoutitb and the least activéc derived from
the CoMFA model are shown in Fig. 5. Briefly, thellgw areas in the steric contour maps indicatéregof steric hindrance
to activity, while the green areas indicating stentribution to potency. From the electrostabatour maps, the regions in
blue indicate positive electrostatic charge pottrissociated with increased activity, with the megions show electronegative

groups with increased activity.

In Fig. 5A and Fig. 5B, one green contour was foumedr the piperazinyl moiety of compouddb indicating that a
moderate steric substituent would be favored atéthmsition of the quinophenoxazine scaffold. Tinigy offer a potential
explanation why the 6-substituted amino derivativese generally more active than the 6-fluoro ageldn addition, two
yellow contours were observed near the 9 positfanaztive 6¢, indicating that a steric bulkiness (e.g., N@6a and7a, CF;

in 6¢, and the acetyl group ifd) would be disfavored for activity in this area.

The CoMFA electrostatic contour maps are displapeeig. 5C and Fig. 5D. A large blue contour wasrfd around the 9
position of compounddlb and 6c, indicating that the presence of electron richcfiomalities and positively charged
environment at this position (e.g., Bids. NG, Ac, CN, and Ck) would be strongly favored for topoisomerase libitbry
activity. It was also observed that a big red contregion was present around the 2 position ofrfiguinophenoxazine
scaffold, suggesting that an electronegative gr@g., COOH and COGJR at this position may be required for activity.
Finally, two red contours were found at both sidéshe fused heterocyclic skeleton Hfb and6c, suggesting that electron

deficient functionalities would be favored in thasgions.
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Fig. 5. Representative CoOMFA steric and electrostaticaantmaps. A). Steric contour maps wity B). Steric contour maps

with 11b; C). Electrostatic contour maps wibh; and D) Electrostatic contour maps wiitb.

3. Conclusions

On the basis of a HTS hit compourg a series of fluoroquinophenoxazine analogs wergigded, synthesized, and
evaluated as topoisomerase A inhibitors and act#ml agents. Among the newly produced fluorogpmmenoxazine
derivatives, compounds with the 9-Blknd/or 6-substituted amine functionalities exleithitgood to excellent inhibitory
activities againsk. coli topoisomerase |IA with I3 values ranging from 0.24 to 3.9 uM. An illuminatiBAR againsE. coli
topoisomerase | has also been obtained. For exathpl&-substituted amino motif significantly enbed the topoisomerase |
inhibition and the 9-NkK functionality was the most desirable comparedoioes other groups evaluated. Notaldl§a bearing
the 6-methylpiperazinyl and 9-amino motifs showadedlent topoisomerase | inhibition @&€= 0.48 uM) as well as broad
spectrum antibacterial activity against all thetbaa strains tested with MICs ranging from 0.787t6 uM (Sl = 3.8-37). In
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addition, compoundlg with the 6-bipiperidinyl lipophilic side chain regsents a promising antitubercular lead with thestmo
potent antituberculosis activity (MIC = 2.8M, S| = 9.8). Finally, CoOMFA analysis was performedreestigate the 3D-QSAR.
The constructed CoMFA model produced reasonabtistata, withg? = 0.688 and? = 0.806. The predictive power of the
developed model was obtained using a test set ofolecules, giving predictive correlation coeffidieriyeq of 0.767.
Collectively, this work has generated valuable SAddd critical understanding for this chemotype clask
fluoroguinophenoxazine topoisomerase | inhibit@aatibacterial agents. Our developed CoMFA modelprovide important
structural insights toward topoisomerase | recaogmitand guide future structure based design andhsgis of bacterial

topoisomerase | inhibitors.

4. Experimental
4.1. General methods for chemistry

All reagents and anhydrous solvents were purch&®sed Sigma-Aldrich and Fisher Scientific, and wersed without
further purification. All reactions were monitoredher by thin-layer chromatography (TLC) or by lgtiaal high performance
liquid chromatography (HPLC) to detect the completof reactions. TLC was performed using glasseplgtre-coated with
silica gel (0.25 mm, 60-A pore size, 230-400 m&rpent Technologies, GA) impregnated with a flsoeat indicator (254
nm). TLC plates were visualized by exposure toamltrlet light (UV). Hydrogenation reactions werefpemed employing
domnick hunter NITROX UHP-60H hydrogen generatoBAJ Microwave synthesis was performed using Biotkuiator 8
Exp Microwave System. Compounds were purified bgll column chromatography on silica gel using ddgje Isolera One
system and a Biotage SNAP cartridyje.and**C NMR spectra were obtained on a Bruker Avance DRB-instrument with
chemical shiftsd, ppm) determined using TMS as internal standaatdipling constantsJf are in hertz (Hz). ESI mass spectra
in either positive or negative mode were providgdMarian 500-MS IT Mass Spectrometétigh-resolution mass spectra
(HRMS) were obtained on an Agilent 6530 AccuratesM®-TOF LC/MSThe purity of compounds was determined by
analytical HPLC using a Gemini, @n, C18, 110 A column (50 mm x 4.6 mm, Phenomenag)aflow rate of 1.0 mL/min.
Gradient conditions: solvent A (0.1% trifluoroacedicid in water) and solvent B (acetonitrile); 0&min 100% A, 2.00-7.00

min 0-100% B (linear gradient), 7.00-8.00 min 10B%JV detection at 254 and 220 nm.

4.1.1. 6-Amino-2,3-difluorophend)(
2,3-Difluoro-6-nitrophenol (700 mg, 4 mmol) wasstived in ethanol (5 mL) and palladium on activatadbon (Pd/C) (84.8

mg, 20%) was added. The reaction was stirred anhrtmperature underHatmosphere (1.0 bar). After 7 h, all starting
17



material was consumed and Pd/C was filtered thratejite. The solvent was evaporated under reduceskpre to afford 6-
amino-2,3-difluorophenol (550.5 mg, 95% yieldi NMR (400 MHz, CDC)): 6 (ppm) 6.59 (dtJ = 9.9, 8.6 Hz, 1H), 6.47-

6.31 (m, 1H), 4.27 (br s, 2HESIHRMS: calc. for GHgF.NO [M + H]*: 146.0412, found: 146.0418.

4.1.2. Diethyl 2-(((3,4-difluoro-2-hydroxyphenyl)ammethylene)malonat&)

6-Amino-2,3-difluorophenol 2) (550 mg, 3.8 mmol) was dissolved in ethanol (15L) mand diethyl 2-
(ethoxymethylene)malonate (819 mg, 3.8 mmol) watedd The reaction was stirred at room temperataté there was no
starting material left. Ethanol was removed andrédsidue was purified by flash column chromatogyaph silica gel (EtOAc /
hexane = 1/ 3to 3/ 1) to give prod@aas a brown solid (1.04 g, 87%MH NMR (400 MHz,ds-DMSO): J (ppm) 10.96 (dJ =
14.0 Hz, 1H), 8.45 (d] = 13.9 Hz, 1H), 7.31-7.22 (m, 1H), 6.98-6.86 (i),14.20 (q,J = 7.1 Hz, 2H), 4.12 (g] = 7.1 Hz, 2H),

1.26 (t,J = 7.1 Hz, 3H), 1.24 (] = 7.1 Hz, 3H). ESI-MS: calc. forgH:4F,NOs [M - H] : 314.3, found: 314.3.

4.1.3. Ethyl 6,7-difluoro-8-hydroxy-4-oxo-1,4-dihgquinoline-3-carboxylated)

Compound3 (445 mg, 1.4 mmol) was added in a microwave seallee. Diphenyl ether (2.5 mL) was added and the tuas
sealed with cap. The reaction was then set up @r@5n a Biotage Microwave Initiator instrument 80 min. Hexane was
added and the solid was filtered and washed wiame The product was then dried and obtained % gi@ld (299.4 mg),
which was used for next step without further pasfion.’H NMR (400 MHz,ds-DMSO): & (ppm) 8.36 (s, 1H), 7.45 (dd,=
10.9, 7.9 Hz, 1H), 4.21 (d}, = 7.1 Hz, 2H), 1.27 (1) = 7.1 Hz, 3H). ESI-MS: calc. for @HgFNO, [M - H]: 268.2, found:

268.2.

4.1.4. Ethyl 5,6-difluoro-9-nitro-3-oxo-3H-pyridof3 1-kljphenoxazine-2-carboxylatéa)

Compound4 (269 mg, 1 mmol) and 1-chloro-2,4-dinitrobenze®@2(mg, 1 mmol) were dissolved in DMF (2 mL). NaHCO
(252 mg, 3 mmol) was added and the reaction wadtat 100 °C until no starting materials wereedietd by HPLC. The
solid base was removed by filtration through Celltiee filtrate was concentrated and the residuepuasgied through Biotage
reverse phase C18 cartridge to give 220ahég as yellow solid (yield: 57%)}H NMR (400 MHz,ds-DMSO): 5 (ppm) 9.01 (s,
1H), 8.15 (d,J = 9.6 Hz, 1H), 8.05-8.01 (m, 2H), 7.60-7.54 (m)1#27 (q,J = 7.2 Hz, 2H), 1.32 (] = 7.2 Hz, 3H);*C NMR
(100 MHz,ds-DMSO): 6 (ppm) 170.4, 163.7, 145.8, 142.7, 138.1, 133.9,4,2124.6, 122.2, 120.8, 117.0, 113.0, 105.4,2105.
60.8, 14.2; ESI-MS: calc. for,@H:0F.N,OgNa [M + NaJ: 411.3, found: 411.2. ESI-HRMS: calc. fogg31:F-N,Og [M + H] ™

389.0580, found: 389.0582. HPLC purity: 100% (284) 1ix: 6.92 min; 100% (220 nmig: 6.92 min.
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Compound$b-e were prepared according to the experimental praeegliove for the preparation @4.

4.1.5. Ethyl 9-cyano-5,6-difluoro-3-oxo-3H-pyridg?3l-kl]phenoxazine-2-carboxylatéh)

Yellow solid. Yield: 59%H NMR (400 MHz,ds-DMSO): § (ppm) 9.04 (s, 1H), 8.11 (d,= 8.8 Hz, 1H), 7.87 (d] = 1.6 Hz,
1H), 7.72 (ddJ = 1.6 and 8.8 Hz, 1H), 7.63-7.59 (m, 1H), 4.28)(g,7.2 Hz, 2H), 1.31 (i) = 7.2 Hz, 3H); ESI-MS: calc. for
CigH10F2N20sNa [M + NaJ: 391.3, found: 391.2. ESI-HRMS: calc. foigd:1FN,04 [M + H]™: 369.0681, found: 369.0684.

HPLC purity: 100% (254 nmjg: 6.73 min; 100% (220 nmig: 6.73 min.

4.1.6. Ethyl 5,6-difluoro-3-oxo-9-(trifluoromethy@H-pyrido[3,2,1-kljphenoxazine-2-carboxylatéc)

Yellow solid. Yield: 10% NMR (400 MHz,ds-DMSO): § (ppm) 9.05 (s, 1H), 8.12 (d,= 8.8 Hz, 1H), 7.71 (d] = 1.6 Hz,
1H), 7.63-7.58 (m, 2H), 4.27 (4,= 7.2 Hz, 2H), 1.32 (] = 7.2 Hz, 3H); ESI-MS: calc. for gH:10FsNO,Na [M + NaJ: 434.3,
found: 434.1. ESI-HRMS: calc. for;gH:1FsNO4 [M + H]™: 412.0603, found: 412.0603. HPLC purity: 100% (254), tr: 7.25

min; 100% (220 nm}g: 7.25 min.

4.1.7. Ethyl 9-acetyl-5,6-difluoro-3-oxo-3H-pyridR, 1-kljphenoxazine-2-carboxylatéd]
Dark yellow solid. Yield: 38%H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.97 (s, 1H), 8.06-7.93 (m, 1H), 7.73J¢ 8.4 Hz,
1H), 7.69 (s, 1H), 7.55 (dd,= 10.2, 8.0 Hz, 1H), 4.27 (4,= 7.1 Hz, 2H), 2.58 (s, 3H), 1.33 {t= 7.1 Hz, 3H). ESI-MS: calc.

for CogH1sF.NNaGs [M + Na]': 408.3, found: 408.1. HPLC purity: 100% (254 ntg)6.62 min; 100% (220 nmig: 6.62 min.

4.1.8. Ethyl 10-chloro-5,6-difluoro-9-nitro-3-oxd43pyrido[3,2,1-kl]phenoxazine-2-carboxylatée]
Dark yellow solid. Yield: 40%'H NMR (400 MHz,ds-DMSO): 6 (ppm) 9.13 (s, 1H), 8.48 (s, 1H), 8.12 (s, 1H$977.60 (m,
1H), 4.30 (q,J = 7.0 Hz, 2H), 1.33 () = 7.1 Hz, 3H). ESI-MS: calc. for,gHsCIF;N,NaQs [M + Na]': 445.0, found: 445.1.

HPLC purity: 98.5% (254 nmjg: 6.92 min; 96.9% (220 nmik: 6.92 min.

4.1.9. 5,6-Difluoro-9-nitro-3-oxo-3H-pyrido[3,2,l}ghenoxazine-2-carboxylic acid4)
Compound6a (180 mg, 0.46 mmol) was dissolved in AcOH (15 mHydrochloric acid (1 N, 2 mL) was added and the
reaction was stirred under reflux for 2 h. Upon ptetion, water was added and yellow solid was pitatied. The solid was

collected by filtration and washed with water, thiied and afforded produ@a (150 mg) as yellow solid in 91% yieltH
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NMR (400 MHz,ds-DMSO): 6 (ppm) 9.36 (s, 1H), 8.42 (d,= 9.2 Hz, 1H), 8.17 (d] = 2.8 Hz, 1H), 8.09 (ddl = 2.4 and 9.2
Hz, 1H), 7.86-7.82 (m, 1H); ESI-MS: calc. fog8/F-N-Og [M + H]": 361.2, found: 361.3. ESI-HRMS: calc. forg8,F:N»0g

[M + H]*: 361.0267, found: 361.0268. HPLC purity: 100% (254, t=: 6.79 min; 100% (220 nmig: 6.79 min.

Compound¥b-e were prepared according to the experimental pitoecabove for the preparation 4.

4.1.10. 9-Cyano-5,6-difluoro-3-oxo-3H-pyrido[3, Xllphenoxazine-2-carboxylic acidlf)

Yellow solid. Yield: 36%H NMR (400 MHz,ds-DMSO):  (ppm) 9.34 (s, 1H), 8.35 (d,= 8.8 Hz, 1H), 7.98 (d] = 1.6 Hz,
1H), 7.82 (dJ = 2.4 Hz, 1H), 7.78-7.75 (m, 2H); ESI-MS: calct @ /H;F.N,O, [M + H]*: 341.2, found: 341.1. ESI-HRMS:
calc. for G/H-F:N,O, [M + H]": 341.0368, found: 341.0378. HPLC purity: 95.1%428n),tz: 6.37 min; 97.7% (220 nmi:

6.37 min.

4.1.11. 5,6-Difluoro-3-ox0-9-(trifluoromethyl)-3Hypdo[3,2,1-kljphenoxazine-2-carboxylic acidd)
Yellow solid. Yield: 95%.*H NMR (400 MHz,ds-DMSO): 5 (ppm) 9.35 (s, 1H), 8.37 (d,= 8.4 Hz, 1H), 7.84-7.79 (m, 2H),
7.65-7.62 (dd,) = 1.2 and 8.8 Hz, 1H); ESI-MS: calc. forA;FsNO, [M + H]": 384.2, found: 384.1. ESI-HRMS: calc. for

C17H/FsNO4 [M + H]™: 384.0290, found: 384.0293. HPLC purity: 100% (254),tz: 7.15 min; 100% (220 nmjg: 7.15 min.

4.1.12. 9-Acetyl-5,6-difluoro-3-oxo-3H-pyrido[3,Zllphenoxazine-2-carboxylic acidd)
Yellow solid. Yield: 62%."H NMR (400 MHz,ds-DMSO): 6 (ppm) 9.36 (s, 1H), 8.30 (d,= 11.2 Hz, 1H), 7.85-7.80 (m, 3H),
2.63 (s, 3H); ESI-MS: calc. forgH10F;,NOs [M + H]": 358.3, found: 358.2. ESI-HRMS: calc. fogg810F,NOs [M + H]™:

358.0522, found: 358.0521. HPLC purity: 97.3% (B54), tz: 6.70 min; 97.2% (220 nmi): 6.70 min.

4.1.13. 10-Chloro-5,6-difluoro-9-nitro-3-oxo-3H-pgo[3,2,1-kljphenoxazine-2-carboxylic acidd)
Brown solid. Yield: 39%H NMR (400 MHz,ds-DMSO):  (ppm) 9.43 (s, 1H), 8.74 (s, 1H), 8.18 (s, 1H377.79 (m, 1H);
ESI-MS: calc. for GeHgCIF:NOg [M + H]™: 394.7, found: 394.9. ESI-HRMS: calc. fogg8sF2N,ClIOs [M + H]™: 394.9877,

found: 394.9879. HPLC purity: 95.4% (254 nita),6.90 min; 97.0% (220 nmik: 6.90 min.

4.1.14. 9-Amino-5,6-difluoro-3-oxo-3H-pyrido[3, Xllphenoxazine-2-carboxylic acid){
Compoundra (150 mg, 0.42 mmol) was added to a mixture of AdCGHCI (1 / 1). SnGl (236 mg, 1.25 mmol) was added and

the reaction was stirred under reflux for 2 h. Narteng material was observed in the reaction dwaah twater was added. The
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large amount of solid precipitated and was colkbdig filtration. Producil was obtained in 86% yield (236 mg) as yellow solid
'H NMR (400 MHz,dg-DMSO): § (ppm) 9.08 (s, 1H), 7.79 (d,= 9.2 Hz, 1H), 7.76-7.73 (m, 1H), 6.48 (dd; 2.4 and 9.2 Hz,
1H), 6.43 (d,J = 2.4 Hz, 1H); ESI-MS: calc. for 1gHsF-N,O4 [M + H]™: 331.3, found: 331.1. ESI-HRMS: calc. for

Ci16HgFoNL,O4 [M + H]™: 331.0525, found: 331.0526. HPLC purity: 100% (28d), tr: 6.47 min; 100% (220 nmig: 6.47 min.

4.1.15. Ethyl-5-fluoro-6-(4-methylpiperazin-1-yba@iro-3-oxo-3H-pyrido[3,2,1-klphenoxazine-2-carhdate Q)

Compoundbéa (159 mg, 0.4 mmol) was dissolved in pyridine (1)nabd 1-methylpiperazine (120 mg, 1.2 mmol) waseddd
The reaction was heated to 110 °C until no stamiaderial was observed. Pyridine was removed urethrced pressure and
the residue was purified by flash column chromatphy on silica gel (MeOH / Gi€l, = 1 / 19), affording produd@ (100.1
mg) in 53% yield as orange solftH NMR (400 MHz,ds-DMSO): § (ppm) 8.87 (d,J = 1.6 Hz, 1H), 8.04-7.97 (m, 2H), 7.87 (t,
J=1.2 Hz, 1H), 7.32 (ddl = 1.2 and 8.0 Hz, 2H), 4.25 (= 7.2 Hz, 2H), 3.34 (s, 4H), 3.27 (s, 4H), 2.273d), 1.32 (tJ =
7.2 Hz, 3H); ESI-MS: calc. for H»,FN,Og [M + H]*: 469.4, found: 469.3. HPLC purity: 100% (254 ntr),5.48 min; 100%

(220 nm) tr: 5.48 min.

4.1.16. 5-Fluoro-6-(4-methylpiperazin-1-yl)-9-nitB3ox0-3H-pyrido[3,2,1-klJphenoxazine-2-carboxydicid (10a)

Compound7a (108 mg, 0.3 mmol) was dissolved in pyridine (4)mband then the reaction was heated to 90 °C. 1-
Methylpiperazine (100 pL, 0.9 mmol) was added drel reaction was stirred under nitrogen atmosphetit there was no
starting material. Upon completion, pyridine wasoged under reduced pressure and the residue ssa\add in ethanol (10
mL) and heated under reflux for additional 30 niihe solid was filtered and washed with water, tdgad to obtain product
10a (60 mg) in 45 % yield as yellow soliH NMR (400 MHz,ds-DMSO): ¢ (ppm) 9.18 (s, 1H), 8.29 (d,= 8.0 Hz, 1H),
8.02-7.99 (m, 2H), 7.53 (d,= 12.6 Hz, 1H), 3.30 (br s, overlapping withkHpeak, 4H), 2.57 (br s, 4H), 2.32 (s, 3H); ESI-MS:
calc. for GiH1gFN4Og [M + H]™: 441.4, found: 441.4. ESI-MS: calc. fop:8:4FN4Os [M + H]™: 441.1205, found: 441.1216.

HPLC purity: 100% (254 nmjg: 5.37 min; 100% (220 nmig: 5.37 min.

Compoundd0b andlla-k were prepared following the similar procedure fa preparation afOa.
4.1.17. 5-Fluoro-9-nitro-3-oxo-6-(piperazin-1-yIH3pyrido[3,2, 1-kljphenoxazine-2-carboxylic acitiop)
Yellow solid. Yield: 84%.H NMR (400 MHz,ds-DMSO): d (ppm) 8.94 (s, 1H), 7.66 (d,= 8.8 Hz, 1H), 7.45 (d] = 12.0 Hz,

1H), 6.43-6.36 (M, 2H), 3.22 (s, 4H), 2.87 (s, 4B$I-MS: calc. for GoH1FN.Og [M + H]": 427.4, found: 427.2. ESI-HRMS:
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calc. for GoH16FN4Og [M + H]™: 427.1048, found: 427.1041. HPLC purity: 100% (26d), tz: 5.36 min; 100% (220 nmjg:

5.36 min.

4.1.18. 9-Amino-5-fluoro-6-(4-methylpiperazin-1-8Hpxo-3H-pyrido[3,2,1-kl|phenoxazine-2-carboxyéicid (11a)

Yellow solid. Yield: 48%.H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.94 (s, 1H), 7.65 (d,= 9.2 Hz, 1H), 7.45 (d] = 12.0 Hz,
1H), 6.43-6.36 (m, 2H), 5.77 (s, 2H), 3.31 (s, 4BR7 (s, 4H), 2.32 (s, 3H); ESI-MS: calc. fon,FNsO, [M + H]™: 411.4,
found: 411.2. ESI-MS: calc. for,@H,0FN,O,4 [M + H]™: 411.1463, found: 411.1466. HPLC purity: 100% (28¥), tr: 5.22

min; 100% (220 nm}g: 5.22 min.

4.1.19. 9-Amino-5-fluoro-3-oxo-6-(piperazin-1-yhpyrido[3,2,1-kllphenoxazine-2-carboxylic acitilp)

Yellow solid. Yield: 97%H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.97 (s, 1H), 7.68 (d,= 9.2 Hz, 1H), 7.48 (d] = 12.4 Hz,
1H), 6.44-6.38 (m, 2H), 5.77 (s, 2H), 3.22 (s, 4%86 (s, 4H); ESI-MS: calc. forgH1sFN,O, [M + H]": 397.4, found: 397.2.
ESI-HRMS: calc. for GoH1gFN4O4 [M + H]™: 397.1307, found: 397.1303. HPLC purity: 100% (264), tz: 5.20 min; 100%

(220 nm) tg: 5.20 min.

4.1.20. 9-Amino-5-fluoro-6-(4-methylpiperidin-1-#joxo-3H-pyrido[3,2,1-kl]phenoxazine-2-carboxydicid (L1c)

Yellow solid. Yield: 33%H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.92 (s, 1H), 7.63 (d,= 8.0 Hz, 1H), 7.43 (d] = 11.6 Hz,
1H), 6.42-6.36 (m, 2H), 5.75 (s, 2H), 3.13Xt 10.8 Hz, 2H), 1.71 (dl = 11.2 Hz, 2H), 1.57 (s, 1H), 1.32-1.26 (m, 2HRD
(s, 3H);*C NMR (100 MHz,d-DMSO): 6 (ppm) 175.4, 166.4, 150.7, 144.6, 138.5, 136.0,7,3125.3, 119.6, 119.5, 117.6,
112.2, 111.1, 107.0, 104.0, 101.2, 51.1, 35.1,,36; ESI-MS: calc. for SH,;FN:O,4 [M + H]™: 410.4, found: 410.2. ESI-
HRMS: calc. for GH»1FN3O4 [M + H]™: 410.1511, found: 410.1510. HPLC purity: 100% (28#4), tz: 6.38 min; 100% (220

nm), tz: 6.38 min.

4.1.21. 9-Amino-5-fluoro-6-morpholino-3-oxo-3H-mia[3,2,1-kl[phenoxazine-2-carboxylic acitild)

Yellow solid. Yield: 71% NMR (400 MHz,ds-DMSO): 5 (ppm) 8.93 (s, 1H), 7.64 (d,= 8.8 Hz, 1H), 7.45 (d] = 12.0 Hz,
1H), 6.43-6.37 (m, 2H), 5.75 (s, 2H), 3.69 (s, 4B1P8 (s, 4H); ESI-MS: calc. forgH17FN;Os [M + H]": 398.4, found: 398.2.
ESI-HRMS: calc. for GH17FN;Os [M + H]*: 398.1147, found: 398.1146. HPLC purity: 100% (28d), tz: 6.38 min; 100%

(220 nm) tg: 6.38 min.
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4.1.22. 9-Amino-5-fluoro-3-oxo-6-(phenethylaminéi43yrido[3,2,1-klJphenoxazine-2-carboxylic acitil€)

Yellow solid. Yield: 55%.H NMR (400 MHz,ds-DMSO): 5 (ppm) 8.90 (s, 1H), 7.61 (d,= 9.2 Hz, 1H), 7.45 (d] = 13.2 Hz,
1H), 7.29-7.18 (m, 5H), 6.43-6.37 (m, 2H), 6.15¢pdH), 5.76 (br s, 2H), 3.68-3.61 (m, 2H), 2.8852(m, 2H); ESI-MS: calc.
for CoH1gFN3O4 [M + H]™: 432.4, found: 432.1. ESI-HRMS: calc. fop810FN:O, [M + H]™: 432.1354, found: 432.1362.

HPLC purity: 100% (254 nmjg: 7.07 min; 100% (220 nmig: 7.07 min.

4.1.23. 6-(((3s,5s,7s)-Adamantan-1-yl)amino)-9-anfirfluoro-3-oxo-3H-pyrido[3,2,1-kl|phenoxazine-arboxylic acid {1f)
Brown solid.Yield: 29%."H NMR (400 MHz,de-DMSO): § (ppm) 9.00 (s, 1H), 7.71 (d,= 9.1 Hz, 1H), 7.54 (d] = 10.7 Hz,
1H), 6.50-6.38 (m, 2H), 5.81 (s, 2H), 4.34 (s, 1RA)09-2.04 (m, 3H), 1.85 (s, 6H), 1.65-1.55 (m, 6B%I-MS: calc. for

CueH23FN5O, [M - H]™: 460.2, found: 460.0. HPLC purity: 85.2% (254 ntg),7.41 min; 91.1% (220 nmig: 7.41 min.

4.1.24. 6-([1,4'-Bipiperidin]-1'-yl)-9-amino-5-fluo-3-ox0-3H-pyrido[3,2,1-kljphenoxazine-2-carboxyécid (L19)

Yellow solid. Yield: 64%H NMR (400 MHz,ds-DMSO): § (ppm) 8.98 (s, 1H), 7.68 (d,= 4.0 Hz, 1H), 7.49 (d] = 9.6 Hz,
1H), 6.45-6.41 (m, 2H), 5.77 (br s, 2H), 3.20-3(df 1H), 1.84-1.82 (m, 3H), 1.64-1.41 (m, 14H),6:2004 (m, 1H); ESI-MS:
calc. for GgHogFN4O4 [M + H]™: 479.5, found: 479.3. ESI-HRMS: calc. fogsB26FN4O4 [M + H]™: 479.2089, found: 479.2093.

HPLC purity: 100% (254 nmjg: 5.53 min; 100% (220 nmig: 5.53 min.

4.1.25. 9-Amino-5-fluoro-6-((2-morpholinoethyl)amjf8-oxo-3H-pyrido[3,2,1-kl[phenoxazine-2-carboxydicid (L1h)

Yellow solid. Yield: 74%H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.90 (s, 1H), 8.55 (s, 1H), 7.46 Jc& 6.0 Hz, 1H), 7.39-
7.34 (m, 2H), 6.42-6.37 (m, 2H), 5.95 (s, 1H), 5(BBs, 2H), 2.57 (s, 2H), 2.44 (br s, 6H); ESI-M&ic. for G,H,,FNOs [M

+ H]": 441.4, found: 441.3. ESI-MS: calc. fop8,,FN,Os [M + H]": 441.1569, found: 441.1579. HPLC purity: 97.2%425

nm), tz: 5.22 min; 99.3% (220 nmig: 5.22 min.

4.1.26. 9-Amino-6-(cyclohexylamino)-5-fluoro-3-d&d-pyrido[3,2, 1-kljphenoxazine-2-carboxylic acitil()

Brown solid. Yield: 74%'H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.86 (s, 1H), 7.58-7.56 (m, 1H), 7.43-7.40 {H), 6.40 (s,
1H), 5.72 (s, 2H), 5.40-5.38 (m, 1H), 1.92 (s, 3HY,3-1.67 (m, 3H), 1.31-1.22 (m, 6H); ESI-MS: cdtw C;H»FN3O4 [M +
H]": 410.4, found: 410.3. ESI-HRMS: calc. fop8,:FNsO, [M + H]™: 410.1511, found: 410.1494. HPLC purity: 100% (254

nm), tg: 7.27 min; 100% (220 nmjz: 7.27 min.
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4.1.27. 9-Amino-6-(cyclopentylamino)-5-fluoro-3-etd-pyrido[3,2,1-kljphenoxazine-2-carboxylic acitilf)

Black solid. Yield: 63%'H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.91 (s, 1H), 7.62 (d,= 8.8 Hz, 1H), 7.47 (d] = 12.4 Hz,
1H), 6.46-6.41 (m, 2H), 5.73 (s, 2H), 5.53 Jd; 2.4 Hz, 1H), 4.30 (s, 1H), 1.93 (br s, 4H), 1(BBs, 4H); ESI-MS: calc. for
C21H1oFN3O4 [M + H]™: 396.4, found: 396.1. ESI-HRMS: calc. fogi8:dFNsO,4 [M + H]™: 396.1354, found: 396.1358. HPLC

purity: 96.7% (254 nmYg: 7.07 min; 96.0% (220 nmfi: 7.06 min.

4.1.28. 9-Amino-5-fluoro-6-(hexylamino)-3-oxo-3Higg[3,2,1-kljphenoxazine-2-carboxylic acid1k)

Yellow solid. Yield: 49%*H NMR (400 MHz,ds-DMSO): 6 (ppm) 8.88 (s, 1H), 7.64 (s, 1H), 7.44 (s, 1H5666.36 (M, 2H),

5.88-5.50 (M, 2H), 1.57 (s, 2H), 1.27 (s, 7H), (844H); ESI-MS: calc. for GHy3FNsO4 [M + H]*: 412.4, found: 412.2. ESI-
HRMS: calc. for GH23FN3O4 [M + H]™: 412.1667, found: 412.1672. HPLC purity: 100% (284),tr: 7.47 min; 100% (220

nm),tg: 7.47 min.

4.1.29. 9-acetamido-5,6-difluoro-3-oxo-3H-pyridd&3.-kljphenoxazine-2-carboxylic acid?)

To the solution ofl. (33 mg, 0.1 mmol) and pyridine (1 mL), acetic ashifige (12.2 mg, 0.12 mmol) was added. The reaction
was stirred at 80 °C for 3 h, then at 100 °C undiktarting material was detected by HPLC. Thealswhs filtered and dried to
give 34.1 mg ofl2 in 92% vield. Yellow solid*H NMR (400 MHz,ds-DMSO): 5 (ppm) 10.31 (s, 1H), 9.20 (s, 1H), 8.054d,

= 9.2 Hz, 1H), 7.78 (1) = 8.0 Hz, 1H), 7.66 (s, 1H), 7.29 @= 7.6 Hz, 1H), 2.06 (s, 3H); ESI-MS: calc. fofg81,FN,O5 [M

+ H]": 373.3, found: 373.2. ESI-MS: calc. fogg8:1F-N-Os [M + H]": 373.0631, found: 373.0638. HPLC purity: 98.6%425

nm), tz: 6.42 min; 99.1% (220 nmik: 6.42 min.

Compoundd4 and15a-b were prepared at 70 °C following the similar pragedor the preparation dDa

4.1.30. (S)-9-amino-6-(3-((tert-butoxycarbonyl)ag)pyrrolidin-1-yl)-5-fluoro-3-oxo-3H-pyrido[3,2, 1{phenoxazine-2-
carboxylic acid {5a)

Yellow solid. Yield: 86% NMR (400 MHz,ds-DMSO): 5 (ppm) 8.77 (s, 1H), 7.49 (d,= 9.6 Hz, 1H), 7.31 (d] = 14.0 Hz,
1H), 7.17 (dJ = 5.6 Hz, 1H), 6.38 (ddl = 2.4 and 9.2 Hz, 2H), 6.29 (@= 2.0 Hz, 1H), 5.67 (s, 2H), 3.82-3.80 (m, SHPZ2.
2.04 (m, 1H), 1.83 (br s, 1H), 1.38 (s, 9H); ESI-MSIc. for GsH2gFN,Og [M + H]*: 497.5, found: 497.3. ESI-HRMS: calc. for

CusHo6FN,Og [M + H]™: 497.1831, found: 497.1831. HPLC purity: 100% (284), tz: 6.94 min; 100% (220 nmi: 6.94 min.

4.1.31. (S)-6-(3-aminopyrrolidin-1-yl)-5-fluoro-9tro-3-oxo-3H-pyrido[3,2, 1-kljphenoxazine-2-carbdixyacid (16)
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Compoundl6 was prepared following the same procedure fosjimhesis of. Brown solid.Yield: 32% (two steps)H NMR
(400 MHz,ds-DMSO0): 6 (ppm) 9.10 (s, 1H), 8.41 (s, 2H), 8.25 Jd&; 9.3 Hz, 1H), 8.09 (s, 1H), 8.01 @ 7.2 Hz, 1H), 7.48
(d, J=13.6 Hz, 1H), 4.07 — 3.74 (m, 5H), 2.28 (s, 1#P8 (s, 1H). ESI-MS: calc. for,gH16FN,Os [M + H]": 427.4, found:

427.1. HPLC purity: 100% (254 nntk: 5.45 min; 100% (220 nmig: 5.46 min.

4.1.32. (S)-9-amino-6-(3-aminopyrrolidin-1-yl)-%Hiro-3-oxo-3H-pyrido[3,2,1-kl|phenoxazine-2-carbbgycid (17a)
Compoundl5a (85 mg, 0.17 mmol) was dissolved in 10 mL of hythloric acid (1 N). The reaction was stirred undeftux
for 2.5 h. The solvent was removed and ethanoh{llPpwas added. The mixture was heated under réfilug0 min. The solid
was collected by filtration and dried to yield 52 wf 17a in 78% yield. Yellow solid'H NMR (400 MHz,ds-DMSO): J (ppm)
8.94 (s, 1H), 8.24 (s, 3H), 7.65 @= 9.2 Hz, 1H), 7.50 (d] = 13.6 Hz, 1H), 6.46-6.40 (m, 2H), 3.99-3.85 (H) 52.34-2.26
(m, 1H), 2.09-1.98 (m, 1H); ESI-MS: calc. fopdH15FN,O,4 [M + H]": 397.4, found: 397.1. ESI-MS: calc. fopd815FN,O4 [M

+ H]": 397.1307, found: 397.1298. HPLC purity: 100% (254), tz: 5.20 min; 100% (220 nmij: 5.20 min.

4.1.33. (R)-9-amino-6-(3-aminopyrrolidin-1-yl)-3#firo-3-oxo-3H-pyrido[3,2,1-kl]phenoxazine-2-carbbgyacid (17b)
Compoundl7b was prepared using the same procedure for th@esistofl7a. Brown solid. Yield: 48% (two stepsH NMR
(400 MHz,ds-DMSO0): § (ppm) 8.88 (s, 1H), 8.31 (s, 3H), 7.59 Jd; 9.2 Hz, 1H), 7.43 (d] = 13.2 Hz, 1H), 6.42 (d] = 9.2
Hz, 1H), 6.38 (s, 1H), 3.98-3.88 (m, 2H), 3.73-3@8, 3H), 2.30-2.25 (m, 1H), 2.06-2.03 (m, 1H); B%S$: calc. for
CaoH18FN4O4 [M + H]™: 397.4, found: 397.2. ESI-HRMS: calc. fosg8:16FN4O4 [M + H]™: 397.1307, found: 397.1302. HPLC

purity: 100% (254 nm)z: 5.24 min; 100% (220 nmig: 5.24 min.
4.2, Target-based biochemical assays
Topoisomerase enzymes

Recombinank. colitopoisomerase | and gyrase expressdgl icoli were purified as described previously [24, 25]nmdm

topoisomerase | and topoisomerasewkere purchased from TopoGen (Buena vista, CO, USA)
4.2.1. E. coli topoisomerase | relaxation activithibition assay

The relaxation activity oE. colitopoisomerase | was assayed in a buffer contait®nignM Tris-HCI, pH 8.0, 50 mM NacCl,
0.1 mg/mL gelatin, and 0.5 mM Mg IHalf microliter from the appropriate stock sotuts of compounds dissolved in the

solvent (DMSO) or the solvent alone (control) waged with 9.5 pL of the reaction buffer containib@ ng of enzyme before
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the addition of 10 pL of reaction buffer contain@@0 ng of supercoiled pBAD/Thio plasmid DNA pueifi by cesium chloride
gradient as substrate. Following incubation at@7or 30 min, the reactions were terminated byatidition of 4uL of a stop
buffer (50% glycerol, 50 mM EDTA, and 0.5% (v/vobnophenol blue), and analyzed by agarose gel efgatresis. The gels

were stained in ethidium bromide and photographeteuUV light.
4.2.2. DNA gyrase supercoiling inhibition assay

DNA gyrase supercoiling assays were carried ounbgng the compounds and the enzyme in a similanmeaas above
(EcTopl relaxation inhibition assay) but in a gwasssay buffer (35 mM Tris-HCI, 24 mM KCI, 4 mM MgC2 mM DTT,
1.75 mM ATP, 5 mM spermidine, 0.1 mg/mL BSA, 6.5gWcerol at pH 7.5), followed by the addition of(Bfg of relaxed
covalently closed circular DNA (New England Biolaligswich, MA, USA) to a final reaction volume 00 21L. The samples
were incubated at 37 °C for 30 minutes before beéarginated by the addition of a buffer containibf SDS, 0.25%

bromophenol blue, and 25% glycerol. The reactioeasewhen analyzed by agarose gel electrophoresis.
4.2.3. Human topoisomerase | relaxation inhibitassay

Human topoisomerase | relaxation assays were daoug with 0.5 U of enzyme in reaction buffer suggl by the
manufacturer. The enzyme was mixed with the inditatoncentration of compound dissolved before 29@fnsupercoiled
pBAD/Thio plasmid DNA was added in the same buffer,a final volume of 20 pL. Following incubatiai 37 °C for 30
minutes, the reactions were terminated with a buffataining 5% SDS, 0.25% bromophenol blue, arh 2fbycerol, and

analyzed by agarose gel electrophoresis.

4.2.4. Human topoisomerase: kiecatenation inhibition assay

Human Topoisomeraseallassays were carried out by adding the compound83ang of kinetoplast DNA (kDNA, from
TopoGen) in the buffer supplied by the manufactbedore the addition of 2 U of the enzyme. The damwere incubated for
15 minutes at 37 °C before the addition of 4 plaaftop buffer containing 5% sarkosyl, 0.25% bronemh blue, and 25%
glycerol. The reactions were then analyzed by mipbbresis in 1% agarose gels containing 0.5 pgathlidium bromide

before being photographed under UV light.

4.3. Céll-based assays
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The minimum inhibitory concentrations (MIC) of tbtempounds were determined agaistcoli andB. subtilisin cation-

adjusted Mueller-Hinton Broth according to standaidrodilution protocol [26].

MICs of compounds again®. tuberculosiswere determined by a modified microplate Alamarebhssay (MABA) [27].

Vero cell cytotoxicity assay was performed as pasly described [27].

4.4. CoOMFA modeling

4.4.1. Dataset

All the synthesized and tested fluoroquinophenmeazierivatives were used for COMFA study. The tepwierase |
inhibitory activity (IG, pM) from biochemical enzyme assay was convexgu @, values for correlation purpose (B —
loglCsp). The total compound set is divided into two stdasa training set of 21 compounds for generatiDg(BAR models
and a test set of 7 compounds for validating thedityuof the model (Table 2). The compound selediof training and test
sets were done manually so that compounds ranging fveak, moderate, to strong topoisomerase | itthnjbactivities were

present in both sets and were in approximately lggropgortions.
4.4.2. Conformational model analysis and molecalagnment

In the 3D-QSAR studies, alignment rule and biolabzonformation selection are two important factorgonstruct reliable
models. For both training and test set moleculesfarmational models representing their availalleformational space were
calculated. All the molecules were subjected tapoe a maximum of 255 conformations within 20 koal/in energy from
global minimum. Due to the relatively rigid strudlfeature of these molecules, the core struafiguinophenoxazine was

used for the alignment.
4.4.3. CoMFA model generation

CoMFA was performed using the QSAR module of SYBXL[28]. The steric and electrostatic field energigere
calculated using the Lennard-Jones and the Coulmstdntials, respectively, with a 1/r distance-deleen dielectric constant
in all intersections of a regularly spaced (0.2 mm)l. The electrostatic fields were computed usBagteiger-Huckel charge
calculation methods. 8p° hybridized carbon atom with a radius of 1.53 A archarge of +1.0 was used as a probe to calculate
the steric and electrostatic energies betweenriblzepand the molecules using the Tripos force fi€hk standard parameters

implemented in SYBYL-X were used. The truncationbioth steric and electrostatic energies was s&d tacal/mol.
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4.4.4. Partial least square (PLS) analysis

PLS methodology [29] was used for 3D-QSAR analyBie cross-validation analysis [30, 31] was perfdrasing the leave
one out (LOO) methods in which one compound is rerddrom the dataset and its activity is then miedi using the model
derived from the rest of the dataset. The crosislataldr? that resulted in the optimum number of components$ the lowest
standard error of prediction were considered fother analysis. To speed up the analysis and redoise, a minimum filter
value of 2.00 kcal/mol was used. A final analysasvperformed to calculate conventionalsing the optimum number of

components obtained from the cross-validation aisly
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A list of captions

Figur e captions

Fig. 1. Chemical structures of clinical fluoroquinoloneihiotics and fluoroquinophenzoxazine derivativesluding our topo |
inhibitor 1.

Fig. 2. SAR towarcE. colitopoisomerase | inhibition.

Fig. 3. Inhibition of E. coli topoisomerase relaxation activity by represengatia and 11b. A) E. coli topoisomerase |
inhibition assays with supercoiled plasmid DNA. B) coli DNA gyrase inhibition assays with relaxed plasrBNA. C:
DMSO control; Nor: Norfloxacin (125 uM) control; Supercoiled plasmid DNA; N: Nicked DNA; FR: Fullglaxed DNA,;
PR: Partially relaxed DNA.

Fig. 4. The correlation chart of experimental versus mtedi values for the training and test set compaunds

Fig. 5. Representative CoOMFA steric and electrostaticaantmaps. A). Steric contour maps wity B). Steric contour maps

with 11b; C). Electrostatic contour maps wibh; and D) Electrostatic contour maps wiitb.

Scheme captions

Scheme 1. Synthesis of 9-amino-5, 6-difluoro-3-oxétyrido[3,2,1-kl] phenoxazine-2-carboxylic acit) (

Scheme 2. Synthesis of fluoroquinophenoxazine derivativbse.

Scheme 3. Synthesis of diverse amino-substituted fluorogpnh@noxazine8-11 and acetyl-protected quinophenoxazl@e

Scheme 4. Synthesis of fluoroquinophenoxazine chiral amiagwétivesl6 andl7.

Table captions
Table 1. E. colitopoisomerase | inhibition and whole cell antilesietl activities (M) of fluoroquinophenoxazine iatives

Table 2. Experimental (plG) and CoMFA predicted activity (PA) values and desils for the training and test set compo@inds
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Highlights

»  Fluoroquinophenoxazines were synthesized as bacterial topoisomerase |A inhibitors.
e Some derivatives showed excellent inhibitory activity against topoisomerase |A.
 CoMFA anaysiswas performed to investigate the 3D-QSAR of this chemical series.

*  The constructed CoOMFA model produced reasonable and good statistics.



