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Abstract

We have synthesized a series of 2-phenyl-3-hydd{gi#)-quinolinone derivatives substituted with
one or more fluorine atoms on the quinolone backbas well as on phenyl ring. The derivatives
bearing more fluorine atoms were subjected to natibn by nucleophilic substitutions by
thiophenol, morpholine, and piperazine derivatiVée have tested the prepared compounds in
cytotoxic activity assay against cancer cell linésur derivatives exhibited micromolar values of
ICs50 against some of the cancer cell lines, and we Isabgected them to cell cycle analysis on
CCRF-CEM. Moreover, most active 7-fluoro-3-hydra2yphenyl-6-(phenylthio)quinolin-4{1)-
one inhibits mitosis progression. Cell cycle analysis,vitro tubulin polymerization assay, and
tubulin imaging in cells indicated that the anticanactivity of thiophenol derivative is associated

with its ability to inhibit microtubule formation.

Keywords. 2-phenyl-3-hydroxy-4(H)-quinolinone, fluorine implementation, cytotoxictiity,

tubulin
1. Introduction

The previous studies of the derivatives of 2-phé&ifilydroxy-4(H)-quinolinone (3-HQSs)
recognized these compounds to exhibit anticand@sitgcin vitro in the native staté or as mixed-
ligand complexes with various mefatd Although these studies described the number of
derivatives to have exciting anticancer activitjlyotwo papers revealed a possible molecular
target. In the first study, Sui et Hl.reported the inhibition of topoisomerase as aneetqul
molecular target. The authors found some derivatwmgh higher activity against mammalian

topoisomerase than ellipticine. Recently publishetraction of other 3-HQs derivatives with



elongation factor eEF1A1 inside the cancer celleated another possible mechanism of anticancer
activity™.

One of the frequently used strategies in the maatitbon of experimental therapeutics to improve
the biological activity and the pharmacological fpeois an implementation of a fluorine atom to
the structur®. The main reason for fluorine employment into aigdiis increasing of the

lipophilicity resulting in enhanced membrane pest@in.. Although this phenomenon is well
known, the literature does not introduce a broastady of the synthesis, transformation, and

biological activity of fluorinated 3-HQs.

Till now, the biological activity was studied ontgr a few 3-HQs substituted by fluorine atoms.
Although the derivativesA-C (Figure 1) bearing fluorine in the 2-phenyl ring inhibited
topoisomerase Il, and derivativBsH (Figure 1) exhibited an activity in the cytotoxicity assays
against cancer cell links the authors did not report an advanced evaluatibrbiological

properties.

Figure 1. Biologically active derivatives of 3-HQs substéd by fluorine

The biological activity of 3-HQ derivatives bearifigorine atoms in the quinolinone benzene ring
was studied only for three derivativds 21, and 23. The derivativel slightly inhibited
Topoisomerase 1f, and even less effectively bacterial DNA gyrasecéhtly, we described the
biological effects of derivative®l and23 on Nd/K*-ATPasé’. However, the anticancer activity
evaluation of fluorinated 3-HQs is still missing.

In this study, we describe synthetic modificationl @reparation of mono and polyfluoro analogs of
3-HQs bearing fluorine atoms in quinolone scaffatdwell as in its 2-phenyl ring and subsequent
study of cytotoxic activity against cancer cellddaed by elucidation of the mode of action for the

most active derivative.



2. Resultsand discussion
21. Chemistry

The synthesis of 3-HQ derivatives follows the orajly developed procedufe based on
cyclization of phenacyl esters of anthranilic acidsl8 (Scheme 1).
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4:R'=4,6-diF 10: R2= 4-F 14:R'=4,6-diF, R2 = H 22:R'=57-diF,R2=H
5:R'=3,4,5 6-tetraF 15:R' = 3,4,5,6-tetraF, R”2=H  23:R'=56,7 8-tetraF, R2 = H
6:R'=H 16:R'=H, R? = 2-F 24:R'=H,R2=2-F
17:R'=H,R2=3-F 25:R'=H,R?=3-F
18:R'=H,R?=4-F 26:R'=H, R2=4-F

i) Na,COs;, DMF, 90min, 50-65 °C; ii) acetic acid, 2-16h,luf
Scheme 1. The synthetic pathways for preparation of desg@aolinonesl9-26.

Final cyclization performed in glacial acetic aaidder reflux afforded quinolinonekd-26 (for

details see Experimental part).

The fluorine substitution comprises monosubstitutBsubstituted, and tetrasubstituted derivatives
in the quinolinone scaffold regarding the commeérenaailability of fluorinated anthranilic acids
and anilines. The fluorine substitution of the 2pW ring was limited to monofluorinated
derivatives due to the cost-efficient availabiliof appropriate acetophenones. As described
previously, the unsubstituted derivative of 3-HQ@ heot exhibited any cytotoxic activity against
cancer cell¥, so it was interesting to explore if the implenaion of fluorine atoms can increase

the anticancer activity.

The present fluorine atoms can allow further maediion of the skeleton via nucleophilic
substitution. We studied this possibility in the@cgon of both monofluorinated derivativés, 20

and 24-26, 6,7-difluoro derivative2l, and 5,6,7,8-tetrafluoro derivativeé3 of 3-HQs with
morpholine, 2-(2-(piperazine-1-yl)ethoxy)ethanotlahiophenol selected as model representatives
of biologically relevant substituefis®:. Monosubstituted fluoro derivative®, 20 and 24-26 did

not undergo any substitution with any nucleophiféhen we used 6,7-difluoro derivativ&l



instead, the substitution was successful with tedl nucleophiles proving the expected activation
role of the second fluorine. Because the reactrocgeds only at a temperature higher than 90 °C,
the substitution with amines proceeded at the fpilemperature of appropriate amine. In the case
of thiophenol, we performed the reactiomubutanol under reflux, but even after several hotlnes
reaction did not proceed. When we used refluxindgNimethyl pyrrolidone (NMP) instead, the
reaction has finished within one hour. According\IR, the substitution proceeded in position 6
(seeScheme 2).

X OH
O e YOr)
reflux
F N F N

21 27:X=3-N O  88%
/
28: X = $—N_ N-CyH4OC,H,OH 89%

29: X = 2780 91%
Scheme 2. Nucleophilic substitution of 3-HQ1 with various nucleophiles

In the case of tetrafluoro derivati28 we obtained a complex mixture in reaction with the
nucleophiles thwarting isolation of the final conupds.

2.2. Biological studies

2.2.1. Cytotoxicity assay
The cytotoxic activity of the prepared compoundaiast human cell lines was investigated using
72-hours MTS cytotoxicity assay. The cell lines glarconsisted of CCRF-CEM (acute
lymphoblastic leukemia), K562 (chronic myelogendeskemia), A549 (lung adenocarcinoma),
colorectal carcinoma cell lines HCT116 with funati p53 protein and p53-deficient cell line
HCT116p53-/-. The panel also included chemoredistabhclones CCRF-CEM-DNR (resistant to
daunorubicine) and K562-Tax (resistant to paclifeggerexpressing P-glycoprotein and possibly
lung resistance-related protein (LRP). To evaluhte toxicity against non-tumor cells, we used
human skin fibroblast cell line BJ. The followingpte [Table 1) summarizes all the results of the
cytotoxicity assay.
Table 1. 1C5o values of the studied compounds against a panéluofan cancer cell lines and

normal human fibroblasts. igvalues (umol/L) from the means of three indepeh@gperiments
with standard deviation typically up to 20% of tneerage value.

CCRF-
compound  CCRF cem. kse2 K902 eri1e HCTIIOP asag By
cem ¢ Tax 53-/-
19 17.8 153 188 203 >50 174 188  >50
20 17.8 175 217 214 50 439 195  >50

21 12.6 12.8 18.9 17.4 15.1 22.6 18.2 >50




22 4.6 18 21.6 19.8 22.5 >50 19.6 >50

23 19.5 >50 >50 16.8 >50 >50 >50 >50
24 17.4 50 33.7 22.2 35.1 34.2 31.7 >50
25 7.3 50 12.9 7.5 27.1 50 13.1 >50
26 2.4 9.4 40.4 8.6 34.0 36.5 18.1 >50
27 >50 11.7 19.3 12.8 5.2 >50 13.6 >50
28 19.8 >50 47.7 >50 >50 29.4 >50 >50
29 3.3 3.7 1.3 29 1.3 4 3.6 >50

Substituted 3-HQs derivativd® and20 with one fluorine atom in the quinolinone skelefmssess
only moderate activity against some cancer cekdinDisubstitution (derivative8l and 22)
increased the activity against CCRF-CEM leukemils cenly for the combination of fluorine
atoms in positions 5 and 7 (derivati2g). The 5,6,7,8-tetrafluoro derivative3 exhibited low
activity against selected cell lines. Derivatig26 containing fluorine in 2-phenyl ring display
moderate activity against cancer cell line pan&lepx acute lymphoblastic leukemia CCRF-CEM
cell line that was slightly more sensitive to 3eita and 4-fluoro substituted compourisand?26.
The substitution of the 6,7-difluoro derivati2d with all three model nucleophiles in position 6
(morpholine, 2-(2-(piperazine-1-yl)ethoxy)ethanaldathiophenol) giving appropriate derivatives
27-29 caused a significant increase of the cytotoxigviagtonly for the last one. We observed
marked sensitivity of all tested human cancer logdls to compoun@9 with the lowest IG value
1.3 pmol/L in HCT116 and K562 cell lines. In compan with other derivatives9 displays a
stable profile of cytotoxic activity against thencar cell line panel. Normal human skin fibroblast
cell line BJ was less sensitive to all tested agiwes with 1Go values above 50 pmol/L, which
indicates an acceptable therapeutic index. The acabe sensitivity of resistant cell lines (CCRF-
CEM-DNR, K562-Tax) and their parent ones (CCRF-CH62) imply low involvement of the
most common cellular mechanisms of drug resistameesponse to the derivativé8-21 and29.

To predict the response of p53-null cancers, wedethe compounds against p53 deficient cell line
HCT116p53-/- and HCT116 cell line with functiondd3 Loss of p53 leads to dysregulation of
spindle assembly checkpoint, tetraploidy and igjfemtly associated with a poor progndsis
While the cell line HCT116p53-/- did not respondedderivatives22 and 27, p53-/- cells were
comparably sensitive towards derivatR@ indicating its promising activity in p53-null cegrs as
well. Also, 29 was the only derivative active in low micromolamcentration against A549. The
overall results hint that the tested set of deivestpossesses low efficacy against cell linesvddri
from solid cancers except compolzfl

2.2.2. Cell cycle analysis

For a more detailed description of the biologiaziaty of studied 3-HQs, we performed cell cycle
analysis of CCRF-CEM after 24-hours treatment vagtotoxic compound®2, 25, 26 and 29



(Table 2). Following incubation with 1xI€ concentrations, CCRF-CEM cells were viable and the
subGo/; populations were comparable to controls, where#Ssaxxoncentration treatment typically
caused an increase &y, phase cells and higher DNA fragmentation exceptctampound22.
Compound22 induced an increase in the S-phase populatiorigvit@atment with derivativezb,

26 caused accumulation of cells in the/l& cell cycle phase. 1xl§ concentration o9 induced
depletion of cells in gphase, increased the/@ population and percentage of mitosis-specific
phosphorylation of histone H3 at Ser10 (%) indicating cell cycle arrest in mitosis.

Interestingly, we did not observe an increase o8%# in cells treated witt25 and 26 which
indicates G arrest. BrdU (5-bromo-2-deoxyuridine) is incorgethinto newly synthesized DNA
and BrdU pulse labeling is therefore commonly useda proliferation marker. High BrdU
incorporation in cells treated wi2 and 1x1Go of 29 reflected S-phase accumulation, whereas the
decrease of BrdU following the treatment By, 26 and 5xIGo of 29 is associated with lower
proliferative potential. Percentage of BrU positivaells incorporating 5-bromouridine is
proportional to the transcriptional activity of CERCEM cells. These values significantly
decreased upon treatment with 53Concentrations d5, 26 and29.

Table 2. Cell cycle analysis, DNA, and RNA synthesis of REECEM cell line following the
treatment by 1xI§? and 5xIGy’ of the compound82, 25, 26 and29 presented as a percentage of

the total cellular population. §z, S, G/M, pH3**™° BrdU, and BrU are calculated as a percentage
from the gated population of viable cells.

Concentration < GO/l GO/l S Q/M pH3Ser10 BrdU Bru

(M)
control 0 2.0 35.2 42.2 22.6 2.0 60.0 52.2
222 4.6 0.8 33.0 48.4 18.6 2.1 65.7 57.2
22° 23.0 1.4 26.6 51.6 21.8 0.9 79.0 53.7
252 7.3 54 34.9 32.6 32.6 1.0 26.7 33.7
25° 36.5 15.9 52.6 19.9 27.5 0.2 22.4 3.8
26% 2.4 4.4 39.6 24.2 36.2 15 355 31.3
26° 12.0 8.4 45.9 135 40.7 1.6 25.2 32.1
29% 3.3 5.8 1.8 56.7 41.5 9.4 74.2 67.4
29° 16.5 29.7 58.2 21.6 20.2 4.9 18.7 114

In addition to leukemia cell line CCRF-CEM, we tabtthe most active derivativé9 against
colorectal adenocarcinoma HCT116 cell lifaalfle 3) used as a model adherent cell line for the
intended microscopic imaging. In agreement with E&FEM data, there was substantial increase
in the G/M phase and mitotic marker pff8-°positive cell population, which strongly suggests t
antimitotic activity of29. In contrast to results obtained for CCRF-CEM, pleecentage of S phase

and BrdU positive HCT116 cell population remainethparable with untreated control.
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Table 3. Cell cycle analysis, DNA, and RNA synthesis of HQ6 cell line following the treatment
by 1xIGs¢® and 5xIGy’ of compound?9 presented as a percentage of the total cellulanlptpn.

Go, S, G/M, pH3**° BrdU, and BrU are calculated as a percentage fremgated population of
viable cells.

Concentration < GO/l Go/l S GE/M pHSSerlO BrduU BruU
(1M)
control 0 1.6 35.3 37.7 27.0 3.4 48.6 54.0
LEM 389 29 1.3 3.4 33.3 33.5 33.2 6.2 421 65.4
LEM 389 29 6.5 8.2 2.7 33.2 64.1 155 41.6 63.9

2.2.3. Effect 0f29 on spindle assembly checkpoint proteins

To gain further insight into the cell cycle arr@stluced by29, we assessed the level of spindle
assembly checkpoint (SAC) and apoptosis regulaoch as cyclin B1, its partner kinase Cdc2,
antiapoptotic and proapoptotic Bcl-2 family membBid-2 and Bax in kinetics over 36 hours. In
parallel, we monitored the cell cycle profile witie use of the same concentration and incubation
time (Figure 2). The 2xIGo concentration allows the manifestation of the cgllle events without
causing severe cytotoxicity during the experimétiter 6 and 12 hours of treatment, there were
elevated levels of mitosis marker pH3° cyclin B1, and the apparent increase in th&M®hase
population that indicates mitotic arrest and SAG@vation (Figure 2B). After 24 hours, the protein
levels consequently decreased, whereas the CdeRriawained stable throughout the incubation.
High cyclin B1 level prevents premature exit frontasis; however, after prolonged incubation, a
small fraction of polyploid cells evolvedFigure 2A). Next, we assessed the level of pro-apoptotic
and anti-apoptotic Bcl-2 family members represertgdax and Bcl-2, respectively. We found a
rapid induction of a pro-apoptotic member Bax, vélasrBcl-2 level increased later due to the arrest
of the entire cell population in 3/.
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Figure 2. Derivative 29 induces mitotic arrest via spindle assembly chetkp (A) Cell cycle
profile of CCRF-CEM cells in different incubationmies after the treatment witB9. The
percentage of polyploid cells was calculated frome gated population of viable cells. (B)
Immunoblots in the corresponding timepoints showatigrations in cell cycle-specific markers
pH3%*"? Cdc2 and cyclin B1 and rapid induction of Bax) (Relative quantification of Cdc2,

cyclin B1, Bcl-2, and Bax protein expression frdm tmmunoblot.
2.2.4. Effect 0f29 on tubulin assembly

To check whetheR9 acts as a microtubule targeting agent (MTA), saniyl to other known

compounds inducing SAC, we subjected it to ianvitro tubulin polymerization assay. We
performed the assay in parallel with the use ofwkmdMTAs that either promote microtubule
assembly such as paclitaxel or inhibit the polymeron of tubulin subunits such as nocodazivie.

vitro, the turbidometric assay revealed a strong inhipiéetivity of 29. Thepolymerization curves



and Vmax values were highly comparable to the #gtiof nocodazole. Next, we used
immunofluorescence and confocal microscopy to Vigeidhe effect of the tested compounds on
the microtubules in HCT116 cells. Following 24 kubation with29, we observed mitotic cells
with aberrant mitotic spindle morphology. The skodd microtubules, similarly, as in nocodazole
treated cells, disable proper alignment and ledd-fuhase cell cycle arre@figure 3).
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Figure 3. Derivative 29 targets mitotic spindle assembly. (&) vitro porcine tubulin (99%)
assembly in the presence of 10 pmol/L compoundg,mo6l/L nocodazole, 10 pumol/L paclitaxel or
corresponding volume of DMSO. (B) Maximal velociyf polymerization values (Vmax)

calculated from appropriate tubulin polymerizatioarves. (C) Immunofluorescence images of



HCT116 colorectal cancer cells after 24 h treatnwaith 5 x 1G, of 29, 1 umol/L nocodazole,
1 umol/L paclitaxel, and DMSO (controly-tubulin was visualized by FITC and nuclear DNA
stained with DAPI, 100 x objective after the fixatiof the cells.

Presented microtubule interaction 24 is in agreement with other quinolone derivativesnid in
the literature. 2-Phenyl-4-quinolone exhibited anparable cytotoxic effect on cancer cell lines,
including A549. Inhibition of tubulin assembiyn vitro andin situ and induction of cyclin B1
expression are in concordance with the resultaiostudy®. Other structurally related inhibitors of
microtubule dynamics 'Fluoro-6,7-methylenedioxy-2-phenyl-4-quinolone (®IH)** and 4-oxo-
2-phenyl-1,4-dihydroquinoline-6-carboxylate (AS1Y¥hable to bind tubulin colchicine binding

site with the induction of mitotic arrest and uprkegion of cyclin B1 expressiéh

Since mitotic dysregulation is characteristic fept&nyl-4-quinolon®&, we can hypothesize that
suitable substitution in the quinolone benzene taggether with the implementation of the hydroxy
group to position 3 and replacing of hydrogen lwpfine atom in the 2-phenyl ring does not affect
the interaction with mitotic assembly. Although viecused in this study primarily on the
antimitotic activity, it brings up a rationale fdurther research. Compouri2l increased the
percentage of cells in S-phase of the cell cyckéthe percentage of cells incorporating BrdU into
replicating DNA. It would be interesting to studyeteffect of this compound on DNA replication
and topoisomerase activity. This evidence is suppgoby a high structural similarity &2 to
previously published topoisomerase inhibitor 2-piéahydroxy-4-quinolone’f. Albeit there is a
growing interest in research of M&*-ATPase as a target for cancer treatment, the atere23
able to inhibit porcine kidney NA*-ATPasé’ showed only weak inhibitory activity against the
panel of cancer cell lines. Nevertheless, we cammxctude stronger effects on other cell lines
expressing different specific & *-ATPase isoenzynié %’

Conclusion

We have synthesized derivatives of 2-phenyl-3-hyg(1H)-quinolinone bearing fluorine atoms
in quinolinone benzene ring or phenyl in position The 6,7-difluoro derivative treated with
morpholine, substituted piperazine, or thiophenslaanucleophile enabled substitution of the
fluorine atom in position 6. The compour@ 25, 26 and29 exhibited micromolar values of ¢
against selected cancer cell lines while stayedtive against normal cells. The most active
derivative 29 exhibited micromolar values of ¥ against all cancer cell lines regardless of
histogenetic origin, p53 status, and chemoresispdr@notype. Our data demonstrate t@t
interfere with microtubules and mitotic spindleesbly and causes cell cycle arrest in mitosis. The

results achieved in this study revealed a new mtdectarget for 3-HQs. Considering their



previously reported target protetfig® ¥’ we can confirm that the change of the 3-HQs suttisin
can cause the change of mode of action.

3. Experimental
3.1. General information

All chemicals and solvents for the synthesis wepeioed from Sigma-Aldrich. Paclitaxel was
purchased from Mylan Pharmaceuticals, nocodazole(4,33dimethylthiazole-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetraaol (MTS), phenazine methosulfate (PMS),

5-bromo-2-deoxyuridine and 5-bromouridine were pased from Sigma-Aldrich.
3.1.1. Structural analysis

NMR spectra were measured in DM$Qusing a Jeol ECX-500 (500 MHz) spectrometer or a
Bruker Avance (300 MHz) instrument. Chemical shi{fisare reported in parts per million (ppm),
and coupling constantd)(are reported in Hertz (Hz). HRMS analysis wasfqrered using an
Orbitrap Elite high-resolution mass spectrometenefimo Fischer Scientific, MA, USA). The
machine was operated at the positive full scan n{@@6 000 FWMH) in the range of 200-900
m/z. The settings for electrospray ionization wasefollows: oven temperature of 300 °C, sheath
gas of 8 arb. units, and the source voltage okV¥.5The acquired data were internally calibrated
with diisooctyl phthalate as a contaminant in mettgm/z 391.2843). Samples were diluted to a
final concentration of 20 umol/l with 0.1% formicid in water and methanol (50:50, v/v). The
samples were injected by direct infusion into thesaspectrometer.

3.1.2. Cell Lines

The cell lines were obtained from American Tissudt@e Collection (ATCC) if not indicated
otherwise. HCT116 and HCT116p53-/- cell lines wgnerchased from Horizon Discovery.
Resistant CEM-DNR bulk and K562-TAX sublines werelested by increasing doses of
daunorubicin or paclitaxel, respectively. The CEM#® bulk cells have been shown to overexpress
the MRP-1 and P-glycoprotein proteins, whereas KBAX cells overexpress only P-
glycoproteirf®. Cells were cultured in the cell culture mediuntading to ATCC or Horizon
recommendations in the humidified incubator unter atmosphere of 95% air and 5% CAD 37

°C. DMEM/RPMI 1640 (Sigma-Aldrich) was supplementedh 10% fetal calf serum (GBCO),
100 U/mL penicillin, and 10@/mL streptomycin.

3.1.3. MTS Assay



Cells were seeded into 384-well microtiter platesivolume of 3QuL. Next day the aliquots of
compounds were transferred by Echo550 acoustiadligandler (Labcyte) to obtain dose-response
curves with dilution factor 4. The experiments wpegformed in technical duplicates and two or
more biological replicates. After 72 h incubatiom & humidified incubator, fouplL of the
MTS/PMS stock solution was pipetted into each wetlllowing an additional 1-4 h incubation
absorbance at 490 nm was measured using EnVisidnlddel Plate Reader (PerkinElmer). The

ICs5o values were calculated from the appropriate despanse curves in Dotmatics software.
3.1.4. Flow Cytometry

The cell cycle analysis, assessment of histone &gitorylation and BrdU/BrU incorporation
analyses were performed as described previoUs§CT116 and CCRF-CEM cells were seeded
into cell culture dishes and after overnight indidratreated with 1 x and 5 x égconcentration of
compounds for 24 hours. Cells were harvested, vebstith cold PBS, and fixed. Following
overnight fixation, cells were subjected to immuaosng for the desired marker, treated with
RNase (0.5 mg/mL) and propidium iodide (0.1 mg/mand analyzed by FACSCalibur (Becton
Dickinson) flow cytometer at 488 nm. For the Brdd/Bincorporation methods, the cells were
pulse-labeled for 30 min with 10M 5-bromo-2-deoxyuridine (BrdU) or 1 mM 5-bromodurid
(BrU) before the harvesting. Anti-BrdU antibody walstained from Exbio, anti-phospho-histone
H3 (Serl0) antibody, and secondary anti-mouse-Fiittbody was obtained from Sigma-Aldrich.
The cell cycle was analyzed in the program ModFiti\erity). The DNA fragmentation was
assessed using the logarithmic model expressingdieentage of the particles with the propidium

iodide content lower than cells in the/G; phase (<@ of the cell cycle.
3.1.5. Western Blot

Anti-cyclin B1 and Cdc2 antibodies were obtainednir Santa Cruz, anti-Bcl-2, and Bax were
purchased from Cell Signalling afidactin from Sigma-Aldrich. The densities of the darwere

assessed using ImageJ and normalizgdactin expression.
3.1.6. Tubulin Polymerization Assay

In vitro microtubule assembly curves were obtaineshg Tubulin Polymerization Assay Kit
(Cytoskeleton) as described previod&lyPorcine brain tubulin (> 99% pure) was dissolved
final concentration 3 mg/mL in Tubulin PolymerizatiBuffer containing 80 mM PIPES pH 6.9, 2
mM MgCl,, 0.5 mM EGTA, 1 mM GTP, 10.2% glycerol. The absonte was measured at 340 nm
using EnVision Multilabel Plate Reader (PerkinEljregr37 °C and recorded every 60 s for 30 min.

3.1.7. Immunofluorescence



The visualization of microtubules was previouslgctibed®. Briefly, the cells grown on coverslips
were incubated for 24 hours with compounds, washdalffer containing 10 mM MES, 150 mM
NaCl, 5 mM EGTA, 5 mM MgGlL 5 mM glucose, pH 6.1 and fixed by 3% solution of
paraformaldehyde with 0.3% Triton X-100 in the sdooéfer. Fixed cells were incubated wiikh
tubulin (DM1A) mouse monoclonal antibody (Cell Sajing) and Alexa Fluor-488-conjugated
anti-mouse antibody (Sigma-Aldrich). Vectashield uvibng Medium with DAPI (Vector
Laboratories) was used for DNA staining and sangpéparation. Images were acquired using a

spinning disk confocal microscope (Zeiss).
3.1.8. Synthesis of the compounds

General methods for the preparation of phenacydrsst

Method A TEA (3.2 mmol) was added to a solution of subsdiuanthranilic acid (3.0 mmol) in
DMF (5 mL) at room temperature. After 3 min, apprafe bromo acetophenone (3.0 mmol) was
added into the reaction mixture. The reaction mtwas stirred at 70 °C. After 40 min, the
reaction mixture was poured to ice-cold water (9. The precipitated product was filtered off
and washed thoroughly with water, dried, and reatlyzed from EtOAc/EtOH.

Method B:Na,CO; (1.7 mmol) was added to a solution of substitaethranilic acid (3.0 mmol) in
DMF (5 mL) and the reaction mixture was stirredn3id at 50 °C. Then it was cooled to room
temperature, and appropriate bromo acetophenof@en®ol) was added into the reaction mixture.
The reaction mixture was stirred at 65-70 °C. Aftee hour, the reaction mixture was poured to
ice-cold water (100 mL) and extracted with EtOAbeTorganic phase was collected, washed with
water, dried over N&O, and evaporated to dryness. The obtained produstonstallized from
EtOAC/EtOH.

Method C:Potassium carbonate (0.14 g, 1 mmol) was add#uktsolution of anthranilic acid (0.14

g, 1 mmol) was dissolved in DMF (5 ml). The mixtwas stirred at 90 °C for 1h. Then it was
cooled to RT, and fluorinated acetophenone (0.22 mymol) was added. The mixture was stirred
1h at RT, and then it was poured to ice-cold wét@rmL). The precipitated product was filtered

off, washed with water and dried.

2-0x0-2-phenylethyl 2-amino-5-fluorobenzoafe TEA (3.2 mmol) was added to a solution of 5-
fluoroanthranilic acid (3.0 mmol) in dimethylformae (5 mL) at room temperature. After 3 min,
2-bromacetophenone (3.0 mmol) was added into thetioen mixture. The reaction mixture was
stirred at 70 °C. After 40 min, the reaction mieuwvas poured to ice cold water (100 mL) and

extracted with EtOAc. The organic phase was catcivashed with water, dried overJS&, and



evaporated to dryness. Obtained product was cliysi@l from EtOAc/ethanol. Yield 770 mg
(94%).*"H NMR (400 MHz, DMSO¢g) & 8.03 — 8.00 (m, 2H), 7.74 — 7.69 (m, 1H), 7.61567m,
2H), 7.52 — 7.48 (m, 1H), 7.27 — 7.21 (m, 1H), 68d,J = 9.5, 4.9 Hz, 1H), 6.57 (bs, 2H), 5.69 (s,
2H). 3¢ NMR (101 MHz, DMSO+dg) 6 193.52, 166.38, 154.0, 151.71, 149.06, 134.574d,= 6
Hz), 129.50, 128.35, 123.23 (¢ = 23 Hz), 118.84 (d)c.r = 8 Hz), 115.42 (dJc.r = 23 Hz),
108.14 (d,Jcr = 7 Hz), 67.25. HRMS (ESI) calcd for [M+H]CisH13FNO; 274.0874; found:
274.0875.

2-o0x0-2-phenylethyl 2-amino-4-fluorobenzoatl?: Prepared from 4-fluoroanthranilic acid
(3.0 mmol) and 2-bromacetophenone (3.0 mmol) aaegrid the general method A. Yield 737 mg
(90 %).*H NMR (400 MHz, DMSOd) & 8.04 — 7.98 (m, 2H), 7.89 (dd= 9.0, 6.9 Hz, 1H), 7.74
— 7.68 (m, 1H), 7.61 — 7.55 (m, 2H), 6.90 (bs, 264%7 (ddJ = 11.9, 2.6 Hz, 1H), 6.43 — 6.38 (m,
1H), 5.67 (s, 2H)**C NMR (101 MHz, DMSOds) 5 193.10, 167.25, 165.90, 164.78, 153.73)(d,

r = 13 Hz), 133.93 (m), 128.91, 127.76, 105.41)(d; = 1 Hz), 102.86 (dJcr = 23 Hz) 101.38 (d,
Jo.r = 24 Hz), 66.46. HRMS (ESI) calcd for [M+HT15H1,FNO; 274.0874; found: 274.0874.

2-0x0-2-phenylethyl 2-amino-4,5-difluorobenzoa8 Prepared from 4,5-difluoroanthranilic acid
(3.0 mmol) and 2-bromacetophenone (3.0 mmol) aaegrid the general method A. Yield 847 mg
(97%).*"H NMR (400 MHz, DMSO¢g) & 8.02 — 7.99 (m, 2H), 7.75 — 7.68 (m, 2H), 7.61557m,
2H), 6.83 — 6.75 (m, 3H), 5.68 (s, 2HJC NMR (101 MHz, DMSQdg) 5 192.88, 165.24 (dlc.r =

2 Hz), 149.76 (dJcr = 12 Hz), 141.21 (dlcr = 14 Hz), 138.88 (dlc.r = 14 Hz), 133.93 (dlcr =

11 Hz), 128.93, 127.78, 118.25 @ = 3 Hz), 118.08 (dJc+ = 3 Hz), 103.81, 103.61, 66.75.
HRMS (ESI) calcd for [M-H] CysH10F2NO3 290.0623; found: 290.0615.

2-0x0-2-phenylethyl 2-amino-4,6-difluorobenzoate Prepared from 4,6-difluoroanthranilic acid
(3.0 mmol) and 2-bromoacetophenone (3.0 mmol) awagrto the general method B. Yield
777 mg (89%)*H NMR (400 MHz, DMSOdg) & 8.03 — 7.99 (m, 2H), 7.74 — 7.67 (m, 1H), 7.58 (t,
J=7.7 Hz, 2H), 7.00 (bs, 2H), 6.46 — 6.32 (m, 25}2 (s, 2H)**C NMR (101 MHz, DMSOds) &
192.95, 166.17 (dlc.r = 17 Hz), 164.27 (dc.r = 3 Hz), 163.71 (djc.r = 18 Hz), 162.58 (dlc.F =

17 Hz), 153.62 (m), 133.93 (d:-.r = 22 Hz), 128.93, 127.83, 97.42 (dd.- = 4, 25 Hz), 96.72 (dd,
Jer = 3, 14 Hz), 91.45 (m), 66.84. HRMS (ESI) calcd fd+H]* CisH1,F,NO5 292.0780; found:
292.0779.

2-ox0-2-phenylethyl  2-amino-3,4,5,6-tetrafluorobmate  15: Prepared from  3,4,5,6-
tetrafluoroanthranilic acid (3.0 mmol) and 2-bros@phenone (3.0 mmol) according to the



general method B. Yield 873 mg (89%H NMR (400 MHz, DMSOdg) 5 8.03 — 8.00 (m, 2H),
7.75 — 7.69 (m, 1H), 7.59 (#,= 7.7 Hz, 2H), 6.78 (bs, 2H), 5.81 (s, 2HjC NMR (126 MHz,
DMSO-ds) 6 192.58, 163.02 m, 136.83, 134.17, 133.63, 128127,88, 100.78, 99.45, 97.15,
67.55. HRMS (ESI) calcd for [M+H]C15H10FsNO3 328.0591; found: 328.0591.

2-(2-fluorophenyl)-2-oxoethyl 2-aminobenzoa& The compound was prepared according to the
general method C. Yield 221 mg (81%%. NMR (500 MHz, DMSOds) § 7.92 (tdJ = 7.5, 1.7 Hz,
1H), 7.80 (ddJ = 8.1, 1.55 Hz, 1H), 7.77 — 7.72 (m, 1H), 7.46.387(m, 2H), 7.31 - 7.27 (m, 1H),
6.81 (d,J = 8.4 Hz, 1H), 6.65 (bs, 2H), 6.57 Jt= 7.5 Hz, 1H), 5.48 (d] = 2.9 Hz, 2H)**C NMR
(126 MHz, DMSO#) 6 191.18 (dJcr = 4 Hz), 166.58, 162.39, 160.37, 151.56, 135.994¢d =9
Hz), 134.36, 130.75, 130.12 (@ = 3 Hz), 125.11 (dJc.r = 3 Hz), 122.35 (dJc.r = 14 Hz),
116.78 (m), 114.76, 108.08, 68.48. HRMS (ESI) cdtwd[M+H]" Cy5H1sFNO; 274.0874; found:
274.0873.

2-(3-fluorophenyl)-2-oxoethyl 2-aminobenzoai#® The compound was prepared according to the
general method C. Yield 213 mg (78%H. NMR (500 MHz, DMSOds) § 7.87 (dtJ = 7.7, 1.2 Hz,
1H), 7.83 — 7.79 (m, 2H), 7.67 — 7.62 (m, 1H), 7-6D.54 (m, 1H), 7.32 — 7.27 (m, 1H), 6.80 (dd,

= 8.4, 0.8 Hz, 1H), 6.63 (bs, 2H), 6.59 — 6.55 (i), 5.67 (s, 2H)**C NMR (126 MHz, DMSO-

ds) 5 192.39, 166.59, 163.15, 151.55, 136.07 Xds = 6 Hz), 134.38, 131.20 (dcr = 8 Hz),
130.75, 124.03 (dlc.r = 3 Hz), 120.83 (dJc.r = 21 Hz), 116.59, 114.80, 114.37 (d.r = 22 Hz),
108.07, 66.47. HRMS (ESI) calcd for [M+HT15H:13FNO; 274.0874; found: 274.0872,

2-(4-fluorophenyl)-2-oxoethyl 2-aminobenzoa& The compound was prepared according to the
general method C. Yield 186 mg (68%){ NMR (500 MHz, DMSOdg) & 8.13 — 8.08 (m, 2H),
7.81 (dd,J = 8.1, 1.5 Hz, 1H), 7.44 — 7.39 (m, 2H), 7.31 277(m, 1H), 6.80 (dJ = 7.9 Hz, 1H),
6.63 (bs, 2H), 6.59 — 6.55 (m, 1H), 5.66 (s, 2&%. NMR (126 MHz, DMSOds) & 191.88, 166.63,
166.36, 164.35, 151.53, 134.35, 130.83 (m), 1161%6,09, 115.92, 114.79, 108.16, 66.26. HRMS
(ESI) calcd for [M+H] CisH1sFNOs 274.0874; found: 274.0873.

The general method for the preparation of 3-HQg\yatization reaction

The solution of phenacyl ester in glacial acetid #&approx. 1 mmol of ester/ 4 ml acid) was stirred
under reflux 3-16 h; the reaction was monitored UG/MS. After the ester consumption, the
reaction mixture was poured onto crushed ice, bactecipitated product was filtered off, washed

thoroughly with water and cold acetone, followeddnying under vacuum. In case the precipitation



was not formed, the product was extracted to EtQiAe,organic phase was dried over theS@

and evaporated to dryness, followed by washingptveder by cold acetone.

6-fluoro-3-hydroxy-2-phenylquinolin-4(1H)-onk9: Yield 568 mg (89%).'H NMR (400 MHz,

DMSO-dg) & 11.95 (s, 1H), 7.93 (bs, 1H), 7.86 — 7.74 (m, 3H$5 — 7.75 (m, 5H)*C NMR (126

MHz, DMSO-dg): 6 = 171.97, 169.17, 158.75, 156.35, 137.55, 134182.11 (d,Jcr = 7 Hz),

129.33, 128.25, 122.56 (&.r = 7 Hz), 121.47 (dJcr = 8 Hz), 119.78 (dJcr = 26 Hz),107.71 (d,
Jcr = 22 Hz). HRMS (ESI) calcd for [M+H]CysH1:FNO, 256.0768; found: 256.0769.

7-fluoro-3-hydroxy-2-phenylquinolin-4(1H)-on20: Yield 478 mg (75%fH NMR (400 MHz,
DMSO-dg) § 11.57 (s, 1H), 8.43 (bs, 1H), 8.21 (dd; 9.1, 6.4 Hz, 1H), 7.82 — 7.77 (m, 2H), 7.61 —
7.48 (m, 3H), 7.42 (dd] = 10.6, 2.4 Hz, 1H), 7.14 (td,= 8.8, 2.5 Hz, 1H)**C NMR (101 MHz,
DMSO-dg) 6 169.83, 164.45, 161.99, 139.40 Jdr = 13 Hz) , 137.85, 132.17, 131.66, 129.20 (d,
Jcr = 19 Hz), 128.32, 127.82 (dg-r = 11 Hz), 119.01, 111.25 (dg-r = 24 Hz), 102.90 (dJcr =

25 Hz). HRMS (ESI) calcd for [M+H]C15H1:FNO, 256.0768; found: 256.0768.

6,7-difluoro-3-hydroxy-2-phenylquinolin-4(1H)-o2@: Yield 656 mg (96%)*H NMR (400 MHz,
DMSO-dg) 6 11.70 (s, 1H), 8.55 (s, 1H), 7.97 (did= 11.0, 8.8 Hz, 1H), 7.77 (s, 2H), 7.66 — 7.48
(m, 4H).C NMR (101 MHz, DMSOdg) & 169.05, 152.83 (dlc.r = 16 Hz), 150.34 (djc.c = 16
Hz), 147.42 (dJc.r = 15 Hz), 144.99 (dlc.r = 15 Hz), 137.69, 134.81 (dzr = 11 Hz), 132.14 (d,
Jor = 23 Hz), 129.26 (dJcr = 28 Hz), 128.34, 118.71 (de.r = 5 Hz), 111.11 (dJc.r = 18 H2z),
106.01 (dJcr = 21 Hz). HRMS (ESI) calcd for [M+H]CisH10F2NO, 274.0674; found: 274.0677.
5,7-difluoro-3-hydroxy-2-phenylquinolin-4(1H)-o28: Yield 649 mg (95%)*H NMR (400 MHz,
DMSO-tg) 6 11.64 (s, 1H), 8.46 (bs, 1H), 7.82 — 7.74 (m, ZH§1 — 7.49 (m, 3H), 7.25 (d,=
10.3 Hz, 1H), 7.06 — 6.96 (m, 1H)C NMR (101 MHz, DMSOds) & 168.59, 163.05 (ddlc.r = 15,
63 Hz), 160.52 (dd])c.r = 15, 77 Hz), 140.31 (m), 138.75, 131.68, 130128.41, 129.06, 128.34,
109.25 (d,Jcr = 2 Hz), 99.17 (ddJcr = 5, 25 Hz), 97.94 (m). HRMS (ESI) calcd for [M+H]
Ci1sH10F2NO, 274.0674; found: 274.0675.
5,6,7,8-tetrafluoro-3-hydroxy-2-phenylquinolin-4(tbhe 23: Yield: 726 mg (94%)*H NMR (300
MHz, DMSO-g): & 7.49-7.58 (m, 3H); 7.70-7.77 (m, 2H). HRMS (ESBlad for [M+H]'
CisH7F4NO, 310.0484; found: 310.0486°C NMR (126 MHz, DMSOds) & 171.97, 138.84 m,
129.39 m, 128.06, 108.85 m.

3-hydroxy-2-(2"-fluoro)phenylquinolin-4(1H)-or4: Yield 130 mg (79%)*H NMR (500 MHz,
DMSO-dg) § 11.79 (s, 1H), 8.41 (bs, 1H), 8.18 {d 8.0 Hz, 1H), 7.69 — 7.56 (m, 4H), 7.45 — 7.36
(m, 2H), 7.32 — 7.23 (m, 1H}*C NMR (126 MHz, DMSOdg) & 169.87, 160.31, 158.33, 138.68,



137.90, 131.87, 131.66 (de.r = 8 Hz), 130.63, 126.88, 124.45 (4, = 28 Hz), 122.18, 121.88,
120.21 (d,Jcr = 15 Hz), 118.18, 115.85 (dc.r = 21 Hz). HRMS (ESI) calcd for [M+H]
C1sH1:FNO, 256.0768; found: 274.0768.

3-hydroxy-2-(3'-fluoro)phenylquinolin-4(1H)-or25: Yield 145 mg (83%fH NMR (500 MHz,
DMSO-dg) & 11.66 (s, 1H), 8.18 — 8.15 (m, 1H), 7.75 — 7.72 i), 7.69 — 7.59 (m, 4H), 7.40 —
7.34 (m, 1H), 7.31 — 7.27 (m, 1HYC NMR (126 MHz, DMSQdg) & 169.77, 162.72, 160.78,
137.95 (dJc.r = 13 Hz), 134.34 (dlc.r = 9 Hz), 130.75, 130.33 (de.r = 8 Hz), 125.46 (dJcr = 3
Hz), 124.37, 122.12, 121.71, 118.51, 116.17d; = 7 Hz), 116.00 (d)c.r = 5 Hz). HRMS (ESI)
calcd for [M+H] CysH11FNO, 256.0768; found: 274.0768.

3-hydroxy-2-(4"-fluoro)phenylquinolin-4(1H)-o12é: Yield 150 mg (84%¥H NMR (500 MHz,
DMSO-tg) 6 11.71 (s, 1H), 8.16 (dd,= 8.2, 1.3 Hz, 1H), 7.90 - 7.84 (m, 2H), 7.72J¢; 8.4 Hz,
1H), 7.64 — 7.58 (m, 1H), 7.45 — 7.39 (m, 2H), 7-32.27 (m, 1H)*C NMR (126 MHz, DMSO-
ds) 6 169.43, 163.44, 161.48, 137.79Jd+ = 34 Hz), 131.63 (dJc.r = 7 Hz), 131.22, 130.64,
128.57 (dJcr = 3 Hz), 124.33, 122.13, 121.69, 118.47, 115.284¢d = 21 Hz). HRMS (ESI)
calcd for [M+H] CysH11FNO, 256.0768; found: 274.0767.

7-fluoro-3-hydroxy-6-morfolino-2-phenylquinolin-4{}-one  27:  Quinolone 21 (150 mg,
0.55 mmol) was added into the solution of morpl®li@.0 mL, 45.9 mmol) inN-methyl-2-
pyrrolidone (NMP, 1.0 mL). The reaction mixture waluxed for 4 h. After that it was poured
onto crushed ice (100 g) and pH was adjusted withedl HCI to pH 7. Precipitated product was
filtered off, washed thoroughly with water and gestalized from 2-methoxyethanol after drying.
Yield 164 mg (88%)*H NMR (400 MHz, DMSOds) § 11.40 (s, 1H), 7.82 — 7.76 (m, 2H), 7.69 (d,
J=13.6 Hz, 1H), 7.59 — 7.47 (m, 3H), 7.23 Jds 7.6 Hz, 1H), 3.82 — 3.76 (m, 4H), 3.15 — 3.08
(m, 4H). *C NMR (101 MHz, DMSOds) & 168.97, 152.93, 150.50, 143.26 (&, = 11 Hz),
137.07, 135.88, 132.33, 130.81, 129.08J; = 12 Hz), 128.26, 116.43 (der = 7 Hz), 108.98
(d, Jcr = 22 Hz), 106.30 (dJcr = 2 Hz), 65.95, 50.22. HRMS (ESI) calcd for [M:-H]
Ci19H16FN203 339.1139; found: 339.1127.

7-fluoro-3-hydroxy-6-(4-(2-(2-hydroxyethoxy)ethypgrazin-1-yl)2-phenylquinolin-4(1H)-on&8:
Quinolone 21 (250 g, 0.91 mmol) was added into the solution Jof2-(hydroxyethoxy)-
ethyl)piperazine (0.78 mL, 4.5 mmol) in NMP (1.0 )nThe reaction mixture was refluxed for 3 h.
After that it was poured onto crushed ice (100 pH was adjusted with diluted HCI to pH 7.
Precipitated product was filtred off, washed thgldy with water and recrystalized from 2-



methoxyethanol after drying. Yield 350 mg (89%) NMR (400 MHz, DMSOsdg) § 11.38 (s, 1H),
7.79 (d,J = 7.1 Hz, 2H), 7.67 (d] = 13.6 Hz, 1H), 7.58 — 7.47 (m, 3H), 7.22 Jc& 7.6 Hz, 1H),
3.57 (t,J = 5.8 Hz, 2H), 3.53 — 3.48 (m, 2H), 3.45 — 3.41 M), 3.13 (bs, 4H), 2.66 (bs, 4H), 2.58
(t, J = 5.6 Hz, 2H)*C NMR (101 MHz, DMSQdg) 5 168.96, 152.97, 150.54, 143.32 g = 12
Hz), 137.02, 135.91, 132.35, 130.69, 129.11, 129128.25, 116.26 (dJc.- = 7 Hz), 108.97,
108.75, 106.35, 72.22, 68.07, 60.23, 57.14. HRMSI)YEalcd for [M+H] CysH,7FNsO3 428.1980;
found: 428.1981.

7-fluoro-3-hydroxy-2-phenyl-6-(phenylthio)quinoliiH)-one29: NaH 80% (90.0 mg, 3.0 mmol)
was added into the solution of thiophenol (308 3.0 mmol) in NMP (5.0 mL). After 5 min of
stirring quinolone2l (400 mg, 1.46 mmol) was added and the reactiotumaxvas refluxed for 1 h.
Cooled reaction mixture was poured into cold w#i€0 mL) and pH was adjusted with diluted
HCI to pH 7. Precipitated product was filtered affished thoroughly with water and recrystallized
from acetone after drying. Yield 483 mg (919 NMR (400 MHz, DMSOdg) & 11.58 (s, 1H),
7.82 (d,J = 10.4 Hz, 1H), 7.71 (ddl = 7.9, 1.3 Hz, 2H), 7.59 — 7.45 (m, 8H), 7.34J¢&; 6.5 Hz,
1H). **C NMR (101 MHz, DMSOdg) 6 168.94, 155.48, 153.09, 137.64, 135.05, 133.60,00/3
131.95, 130.26, 130.03, 129.74 (d,r = 16 Hz), 129.36 (dJcr = 7 Hz), 129.25, 128.27, 120.96
(d, Jcg = 7 Hz), 118.93, 108.37 (dJcr = 22 Hz). HRMS (ESI) calcd for [M+H]
C21H1sFNSQ, 364.0802; found: 364.0801.
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* Fluorine in 2-phenyl-3-hydroxy-4(1H)-quinolinone improves biological activity
» Difluoroderivatives of 3-hydroxy-4(1H)-quinolinone enable nucleophilic substitution
»  2-phenyl-3-hydroxy-4(1H)-quinolinones can inhibit tubulin polymerization
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