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Abstract

In the search for new antifungal agents, a novésef fifteen hydrazine-thiazole derivatives
was synthesized and assayed vitro against six clinically importantCandida and
Cryptococcusspecies anéaracoccidioides brasiliensi€ight compounds showed promising
antifungal activity with minimum inhibitory conceation (MIC) values ranging from 0.45 to
31.2 puM, some of them being equally or more actikan the drug fluconazole and
amphotericin B. Active compounds were additionai®sted for toxicity against human
embryonic kidney (HEK-293) cells and none of therhibkited significant cytotoxicity,
indicating high selectivity. Molecular modeling dies results corroborated experimental
SAR results, suggesting their use in the desigreof antifungal agents.
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1. Introduction

Over the last decades, there has been a significantase in the incidence of fungal
infections in humans, mainly affecting immunocompiged patients [1,2]. Among the fungi
of clinical importance, pathogenic yeasts of theuggLandidaandCryptococcusare the most
relevant [3],since candidemia is the third or fourth most comnoawse of healthcare-
associated bloodstream infections in US hospitd]s Also in Brazil, mortality rates of
candidemia can exceed more than half of the climases [5,6]. The main pathogenic species
of the genugandidaareC. albicans C. parapsilosisC. tropicalis C. glabrata C. krusej C.
guilliermondii and C. lusitaniae Among thoseC. albicansis the most frequently isolated
agent of candidiasis, but non-albicans speci€3amididahave also increased their prevalence
and gained clinical significance worldwide in tlast years [7,8].

Cryptococcosis is an infectious disease with woidigwdistribution and a wide array of
clinical presentations caused by pathogenic endafgsliyeasts in the gen@yptococcus
mainly C. neoformansndC. gattii [9]. Cryptococcal meningitis is one of the most orant
HIV related opportunistic infections and it is asisted with significant mortality,
approximately 181,100 deaths per year [10].

Paracoccidioidomycosis (PCM) is a disease mostiitdid to Latin America and is caused by
one of the two known species of the gemasacoccidioids, P. brasiliensisand P. lutzii.
PCM is the highest cause of mortality among systemjcoses in Brazil, causing 1.65 deaths
per 16 inhabitants [11-13].

The treatment of fungal infections is very limit@ghen compared to bacterial infections, with
only a limited number of available drugs. Thisifibutable to the nature of the fungal's cell
that, as eukaryotic organisms, contain few drugets not shared with human hosts [14].
Although much progress has been achieved in thelolgment of therapeutic alternatives for
treatment of these infections, the search for natifulmgal compounds is still mandatory
because of the serious side effects of availahigsdand emergence of resistance [15].
Thiazole heterocycles constitute an interestingsclaf moleculeswhich exhibit a broad
spectrum of biological activity, including antifualgproperties [16-19]. Encouraged by our
previous study that describes the activity of hydre-thiazole derivatives againSt gattii
and C. neoforman$20], we decided to synthesize novel compound$isf ¢lass in order to
investigate their activity against different spsoié fungi.

Additionally, 2D- and 3D-QSAR studies, as well &3 8milarity models, were constructed
for prediction of biological activities and providebasis for the design of novel compounds

having improved potency.



2. Materials and Methods

2.1 Chemistry - All melting points were determined on a Microquimmit1QAPF 301
apparatus. The IR spectra were recorded using &inBémer Spectrum One infrared
spectrometer and absorptions are herein reportedhas numbers (cif). The NMR spectra
were recorded on a Bruker AVANCE DRX200 instrumersing tetramethylsilane (TMS) as
the internal standard. All reagents of analyticehdg were obtained from commercial
suppliers and used without further purificationeTdynthesis and the characterization of the
ketonesl6a[21] and17a[22] and thiosemicarbazoné&§b-22b were previously reported in
the literature [23-29], as well as the synthesithefhydrazine-thiazolek) [26] and11[30].

2.1.1 General procedure for synthesis of hydrazinttiazoles 1-1531]

To a solution of 1 equivalent of thiosemicarbazob@s-22b in isopropyl alcohol was added

1 equivalent of non-substituted qara-substituted 2-bromoacetophenone. The reaction
mixture was kept under reflux and magnetic stirfimgapproximately 90 minutes. After the
completion of the reactiofmonitored by TLC), the mixture was then cooled remm
temperature for precipitation. The precipitate \fitisred and washed with saturated solution
of NaHCQ; followed by cold distilled water.

2.1.1.1 Synthesis of 2-[(2-(hexan-3-ylidene)hydralzd-phenylthiazole (1)

Using the general procedure described above (se2tiol), 1 was obtained as a yellow solid
in 94 % yield. Mp: 105.1-106.5 °C; IR (¢ 2960, 2933, 2869, 1616, 1493, 1450;:NMR
(200 MHz, CDC}), é/ppm: 13.8 (1H, s), 12.8 (1H, s), 7.7 (2H, m), @5, m), 6.7 (1H, s),
2.6-2.3 (4H, m), 1.8-1.6 (2H, m), 1.3-1.0 (6H, M NMR (50 MHz, CDG}), 8/ppm: 170.1,
162.3, 145.0, 130.7, 129.2, 125.8, 102.0, 32.8),3®.2, 14.3, 10.5; HRMS (m/z) 374.1372
[M+H] ", calcd274.1378 GHooN3S'.

2.1.1.2 Synthesis of 2-[(2-(hexan-3-ylidene)hydralzd-(4-methoxyphenyl)-thiazole(2)

Using the general procedure described above (se2tlo]), 2 was obtained as a pale solid in
97% yield. Mp: 106.8-107.4 °C; IR (cHt 3504, 2960, 2934, 1607, 1590, 1508, 1455, 1256,
1188;'H NMR (200 MHz, CDCJ), &/ppm: 13.7 (1H, s), 12.4(1H, s), 7.6(2H, d), 6.9(2H
6.5(1H, s), 3.8(3H, s), 2.6-2.3 (4H, m), 1.7-1.6(2h), 1.3-1.1(6H, m)**C NMR(50 MHz,
CDCl), 8/ppm: 170.0, 165.2, 161.0, 141.8, 127.3, 121.3,9,190.3, 55.5, 38.0, 30.0, 33.3,
24.6, 19.4, 14.2, 13.7, 10.4, 10.1; HRMS (m/z) 3085 [M+H], calcd304.1487
C16H22N30S'.



2.1.1.3 Synthesis of 2-[(2-(hexan-3-ylidene)hydralzd-(4-chlorophenyl)-thiazole(3)

Using the general procedure described above (se2tlo]), 3 was obtained as a pale solid in
99 % vyield. Mp: 148.2-149.1 °C; IR (c'})1 3156, 3108, 2961, 2931, 2871, 1558, 1477, 1457,
731;'H NMR (200 MHz, DMSO-d6)§/ppm: 13.8 (1H, s), 12.4 (1H, s), 7.7 (2H, d), R4,

d), 6.8(1H, s), 2.6-2.3(4H, m), 1.7-1.6 (2H, mB-1.0 (6H, m);**C NMR (50 MHz, DMSO-
d6), 6/ppm: 170.1, 167.3, 139.3, 136.5, 129.9, 127.0,9,2501.8, 38.1, 30.1, 33.6, 25.0,
19.5, 19.4, 14.3, 13.8, 10.3; HRMS (m/z) 308.0943H] ", calcd 308.0988 H1sCINsS'.

2.1.1.4 Synthesis of)-2-[2-(2,2-dimethylpropylidene)hydrazo]-4-phenylthazole (4)

Using the general procedure described above (se2tiol), 4 was obtained as a violet solid
in 90% yield. Mp: 101.2-102.1 °C; IR (¢l 3062, 2959, 2901, 2865, 1626, 1603, 1584,
1576, 1483, 1443H NMR (200 MHz, DMSO-d6)/ppm: 7.8-7.7 (3H, m), 7.4-7.3 (4H, m),
7.2 (1H, s), 1.1 (9H, s)°C NRM (50 MHz, DMSO-d6)s/ppm: 169.1, 154.9, 148.1, 133.5,
128.7, 127.9, 125.7, 103.5, 34.6, 27.3; HRMS (n28D.1216 [M+H], calcd 260.1221
C14H18N3S".

2.1.1.5 Synthesis of)-2-[2-(2,2-dimethylpropylidene)hydrazo]-4-(4-methayphenyl)-
thiazole (5)

Using the general procedure described above ($e2ti0]), 5 was obtained as a pale solid in
94% vyield. Mp: 104.5-105.8 °C; IR (cht 3061, 2960, 2836, 1624, 1574, 1510, 1493, 1462,
1248;'H NMR (200 MHz, DMSO-d6)$/ppm: 7.7 (2H, d); 7.5 (1H, s); 7.1 (1H, s); 6.84(2

d); 3.8 (3H, s); 1.1 (9H, SFC NMR (50 MHz, DMSO-d6)3/ppm: 169.1, 159.3, 155.9,
146.7, 127.2, 125.5, 114.1, 101.6, 55.2, 34.7,;2ARMS (m/z) 290.1322 [M+H] calcd
290.1327 GsH20N30S'.

2.1.1.6 Synthesis of H)-2-[2-(2,2-dimethylpropylidene)hydrazo]-4-(4-chloophenyl)-
thiazole (6)

Using the general procedure described above ($e2ti0]), 6 was obtained as a pale solid in
87 % yield. Mp: 148.5-149.6 °C; IR (¢t 3162, 3116, 3078, 2963, 2863, 1568, 1479, 727;
'H NMR (200 MHz, DMSO-d6)3/ppm: 11.6 (1H, s), 7.8 (2H, d), 7.4 (2H, d), 78(5), 7.2
(1H, s), 1.1 (9H, s)**C NRM (50 MHz, DMSO-d6)3/ppm: 169.0, 152.9, 149.0, 133.6,
131.8, 128.5, 127.2, 103.8, 34.4, 27.3; HRMS (n#9%.0826 [M+H], calcd 294.0832
C14H17CINSS'.

2.1.1.7 Synthesis of H)-3-buten-2-one-4-(4-hydroxy-3-methoxyphenyl)-2-($henyl-2-
thiazolyl)hydrazone (7)



Using the general procedure described above (se2tihl), 7 was obtained as an orange
solid in 76 % vyield. Mp: 155.5-156.5 °C; IR (& 3485, 3069, 2965, 1615, 1574, 1516,
1489, 1282, 1266H NMR (200 MHz, DMSO-d6)3/ppm: 11.1 (1H, s), 9.2 (1H, s), 7.8 (2H,
d), 7.4-7.1 (5H, m), 7.0-6.8 (3H, m), 3.8 (3H,3) (3H, s)*C NRM (50 MHz, DMSO-d6),
o/ppm: 169.2, 150.4, 148.7, 147.9, 147.2, 134.8,3,3228.6, 128.0, 127.4, 125.5, 120.7,
115.6, 110.0, 103.8, 55.6, 12.3; HRMS (m/z) 3669L2pM+H]", calcd 366.1271
CaoH20N30,S".

2.1.1.8 Synthesis of H)-3-buten-2-one-4-(4-hydroxy-3-methoxyphenyl)-2-(44-
methoxyphenyl)-2-thiazolyl)hydrazone(8)

Using the general procedure described above (se2tihl), 8 was obtained as an orange
solid in 82 % vyield. Mp: 188-189.6 °C; IR ((:1r)1 3202, 3113, 2927, 2837, 1609, 1510, 1457,
1256;'H NMR (200 MHz, DMSO-d6)s/ppm: 11.1 (1H, s), 9.2 (1H, s), 7.8 (2H, d), 7.3-7
(2H, m), 7.2-6.9 (3H, m), 6.8-6.6 (3H, m), 3.8 (34, 3.7 (3H, s), 2.1 (3H, s)°C NRM (50
MHz, DMSO-d6), 6/ppm: 169.0, 158.7, 150.2, 148.6, 147.8, 147.1,.2,3228.0, 127.6,
126.8, 125.7, 120.6, 115.6, 113.9, 110.0, 101.66,555.1, 12.2; HRMS (m/z) 396.1378
[M+H] ", calcd 396.1376 £H2oN303S'.

2.1.1.9 Synthesis of H)-3-buten-2-one-4-(4-hydroxy-3-methoxyphenyl)-2-(44-
chlorophenyl)-2-thiazolyl)hydrazone(9)

Using the general procedure described above (se2tihl), 9 was obtained as an orange
solid in 88 % vyield. Mp: 166.2-166.8 °C; IR (& 3487, 2964, 1616, 1591, 1513, 1489,
1280, 1257, 755'*H NMR (200 MHz, DMSO-d6)§/ppm: 11.1 (1H, s), 9.2 (1H, s), 7.9 (2H,
d), 7.4 (1H, d), 7.3 (1H, d), 7.2 (1H, s), 6.98 (I, 6.91 (1H, d), 6.7-6.6 (2H, m), 3.8 (3H,
s), 2.1 (38H, s)!*C NRM (50 MHz, DMSO-d6)/ppm: 169.7, 149.6, 149.2, 148.3, 147.6,
134.1, 132.8, 132.2, 128.9, 128.4, 127.6, 126.0,11215.9, 110.4, 105.0, 50.0, 12.6; HRMS
(m/z) 400.0881 [M+H], calcd 400.0881 £H14CIN:O,S".

2.1.1.10 Synthesis of H)-2-[(2-(heptan-2-ylidene)hydrazo]-4-(4-cyanophenythiazole
(12

Using the general procedure described above (se2tiol), 12 was obtained as a pale solid
in 46 % vyield. Mp: 188.2-192.7 °CH NMR (200 MHz, CDC}), 8/[ppm: 12.2 (1H, s), 7.8
(2H, d,J = 8.4 Hz), 7.7 (2H, d] = 8.4 Hz), 7.0 (1H, s), 2.4 (2H, m), 2.2 (3H, )% (2H, m),
1.3 (4H, m), 0.9 (3H, m)**C NRM (50 MHz, CDC}), &/ppm: 169.8, 163.5, 138.3, 133.2,



131.1, 126.1, 113.7, 104.3, 38.2, 31.1, 25.2, 21821, 13.8; HRMS (m/z) 313.1491 [M+H]
calcd 313.1481 QH21N4S+.

2.1.1.11 Synthesis of H)-4-(4-chlorophenyl)-2-[2-(1-(4-
aminophenyl)ethylidene)hydrazinyl]-1,3- thiazole(13)

Using the general procedure described above (se2tlol), 13 was obtained as a brown solid
in 85 % yield. Mp: 192.8-194.2 °GH NMR (200 MHz, Acetone-d6%/ppm: 7.9 (2H, d), 7.6
(2H, d), 7.4 (2H, d), 7.2 (1H, s), 6.7 (2H, d), Z3H, s); HRMS (m/z) 343.0787 [M+H]
calcd 343.0779 GH1¢CIN4S'.

21.1.12 Synthesis of H)-2-[(2-benzylidenecyclohexylidene)hydrazinyl]-4-
(cianophenyl)thiazole(14)

Using the general procedure described above (se2tlol), 14 was obtained as a red solid in
72 % yield. Mp: 169.7-171.2 °CH NMR (200 MHz, DMSO-d6)/ppm: 8.0 (2H, d), 7.8
(2H, d), 7.6 (1H, s), 7.4-7.2 (6H, m), 7.0 (1H, 8)%6-2.5 (4H, m), 1.7-1.5 (4H, m); HRMS
(m/z) 385.1490 [M+H], calcd 385.1481 5H»1N4S'.

2.1.1.13 Synthesis of H)-2-propenal-3-phenyl-2-[4-(4-chlorophenyl)2-
thiazolyllhydrazone (15)

Using the general procedure described above (se2tiol), 15 was obtained as a pink solid
in 91 % yield. Mp: 194.8-196.6 °CH NMR (200 MHz, DMSO-d6)3/ppm: 8.1-8.0 (1H, dd),
7.9-7.8 (2H, d), 7.6 (1H, s), 7.7-7.5 (2H, m), 7.8-(7H, m), 7.1-6.9 (2H, m); HRMS (m/z)
340.0678 [M+H], calcd 340.0670 H15CINsS'.

2.2. Biological assay

2.2.1 Fungal strains and inoculum quantification

For the antifungal evaluation, the following staifrom the American Type Culture
Collection (ATCC, Rochville, MD, USA) were use@ryptococcus gatti{ATCC32608),C.
neoformans(ATCC24067),Candida albicansATCC 18804,C. krusei(ATCC 20298),C.
parapsilosis(ATCC 22019),C. tropicalis (ATCC 750) andParacoccidioides brasiliensis
(Pb18). All fungi strains were obtained from the&ducollection of the Faculty of Medicine
of the Universidade de Sao Paulo (Sao Paulo, S&,IBrThe fungi strains were maintained
on Sabouraud Dextrose Agar (SDA, Oxoid, Basingstake) for most species, and YPD
(Yeast, Peptone and Dextrose) for brasiliensis All yeast strains were stored frozen at -
80°C.



Final inocula forCandidaand Cryptococcusspecies were of 1.5 x 1@FU/mL and were
prepared using the spectrophotometric dilution ethBroth microdilution testing was
performed in accordance with the guidelines in @51 M27-A3 document [32], with
modifications proposed by Johann et al. [33]. Tacidate the cultures &. brasiliensisyeast
cells were aseptically collected with a bacteriatafjloop and suspended in 5 mL of sterile
saline solution 0.9%. The suspension was homogerbgevortexing for approximately 10
seconds. Suspensions containing larger aggregltetiowere rested before decantation, and
then, only the supernatant was collected. The mnétence was measured at a wavelength of
530 nm and then adjusted to 70%, which corresporidett5 x 16 cells/mL [34]. The
resulting suspensions were diluted in RPMI mediwppsmented with_-glutamine and
buffered to pH 7.0 with 0.165 M morpholine proparienic acid (MOPS) (Sigma, St Louis,
USA), broth (1:10) to obtain a final inoculum with5 x 10yeasts/MI [35].

2.2.2 Determination of minimum inhibitory concentration (MIC)

Broth microdilution testing was performed in acande with the guidelines in the CLSI
document M27-A3 [32]. Susceptibility towards oustteompounds was determined by the
microbroth dilution method, which was performedsterile flat-bottom 96-well microplates
(Difco Laboratories, Detroit, MI, USA). The compalswere dissolved in DMSO (Vetec,
RJ, Brazil) and diluted in synthetic RPMI mediumalmtain a final concentration of 250 uM.
Compounds with activity at this concentration undeEnt a new test in to determine their
potency (MIC values). The antifungal candidatesewtested at concentrations of 0.45-250
1M, with pure RPMI media as growth and sterile cointFluconazole (0.125 a 64 pg/mL),
amphotericin B and itraconazole (0.03 a 16 pg/mejenincluded as the positive antifungal
controls. After inoculation of fungal strains, thlates were incubated at 35 °C during 48 h for
the Candidaspecies, 72 h fa€ryptococcuspp. and 7 days fd?. brasiliensis The endpoints
were determined visually by comparison with thepmdts of the drug-free growth-control
wells. All tests were performed in triplicate. Thalue of the minimum inhibitory
concentration (MIC) was defined as the lowest cammgoconcentration (uM) at which the

well was optically clear.
2.2.3 Cytotoxicity assay in human cells

Human non-tumor embryonic kidney HEK 293 cells wiarally provided by Dr. Marcel Leist,
University of Konstanz / Germany. These cells warkured in high glucose DMEM medium
(Sigma Aldrich, USA) supplemented with both 10%afdiovine serum (GIBCO BRL, Grand
Island, NY) and 1% antibiotic solution (100 IU/mlercillin and 100ug/mL streptomycin



(GIBCO BRL, Grand Island, NY). Cells were maintainea the logarithmic growth phase in
incubator with 5% C@at 37°C.

Cytotoxicity in HEK 293 cells was assessed by thHETMissay as described by Mosmann [36].
Briefly, HEK cells were plated at the density of110" cells per well in 96-well plate and
incubated overnight. After incubation, the cellsrevareated for 72 hours with thiazole
derivatives, amphotericin B, fluconazole and itrzezole using seven serial dilutions between
250-0.016uM. Cell viability was evaluated by the rate of retian of 3-(4,5-dimethylthiazol-
2-yl) -2,5-diphenyltetrazolium bromide (MTT) to fomzan crystals quantified by absorbance
at 570 nM in a spectrophotometer (VersaMax). Thegy I®as calculated by non-linear
regression using GraphPad Prism® Version 5.0lveoé (GraphPad Software Inc., La Jolla,
CA, USA). The results were expressed as the pexgentf viability in relation to the negative
control (DMSO, 0.5%), which was calculated as felo Percentage of cell viability (%) =
[(treated mean OD / negative control) x100] andamied with two independent experiments

performed in triplicate.

2.3 Molecular modeling studies

2.3.1 Dataset compounds

Twenty-two compounds witle. neoformangninimum inhibitory concentration (MIC) were
employed in the 2D- and 3D-QSAR studies. The datasenprises thiazole derivatives
retrieved from the literature [20], and those sgsthed in this work. All dataset compounds
were tested for antifungal activity using the saexperimental conditions, allowing the
construction of QSAR models due to the equivaleoicbiological data. MIC values were
converted into pMIC (-LogMIC) for the inferencetbie statistical models.

Initially, 2D structures of the dataset compound=revconstructed using Discovery Studio
Visualizer [37] and the 3D lowest energy conforrmativas generated by OMEGA 2.5.1.4
[38,39]. After, all compounds were aligned in commmscaffold (hydrazine-thiazole and
benzene ring) using lowest energy conformatiornef()-3-[2-(4-(4-methoxyphenyl)thiazol-
2-yl)hydrazono)]butan-1-ol [20]. Dataset was sefatanto two subsets: a training set (80%
of a total number of compounds) which was employethe model inference and used for
internal validation) and a test set (20% of the plate set) which was used for predictions
and external validation. Three features were usedédnerating individual hierarchical cluster
analysis (HCA): antifungal space (values of pMIC & neoformansnhibition), drug-like
space (represented by molecular weight, ClogP, eunad hydrogen bond donors and
acceptors, fraction of 3pcarbons, and number of rotatable bonds), and 2Mecular
similarity (represented by MACC fingerprints). Atlescriptors from drug-like and 2D
similarity spaces were calculated with PaDEL-Dexori [40]. HCA was performed



considering the incremental-linkage clustering radthnd the normalized Euclidian distance
calculated between each pair. All HCA calculatiamsre performed by using Chemoface
software [41]. After clustering, 20% of compoundsrevrandomly selected for each cluster of
all three HCA, in order to ensure that training aedt set compounds would remain
representative of the total dataset considering bitdlogical activity, physicochemical

properties, and molecular structure.

2.3.2 Construction and validation of HQSAR model

After construction of the 3D molecular structure addtaset compounds and its rational
division in training/test sets, hologram QSAR (H@®Amodels were generated in order to
predict C. neoformansinhibitory activities. All HQSAR models were constted using
training set compounds and Sybyl X 2.1 package.[4#2st, 32 HQSAR models were
constructed using different combinations of fragmatstinction parameters, which
constitutes the parameters employed to generatenthecular hologram: atoms [A], bonds
[B], connections [C], hydrogen atoms [H] and hyd#ngoonds acceptor/donor [DA]. This
initial screening employed fragment size fixed émtain 4 to 7 atoms. The three most robust
HQSAR models (highesi® values among their pairs) were selected to testrtfluence of
fragment size in statistical parameters. At thah{pawenty-seven new HQSAR models were
constructed by fixing the fragment distinction ateén varying the fragment size as 1-4
atoms, 2-5 atoms, 3-6 atoms, 5-8 atoms, 6-9 at@r§, atoms, 8-11 atoms, 9-12 atoms and
10-13 atoms. In both stages of HQSAR model constmuc(fragment distinction and
fragment size variation), models with differentdgrlam lengths were generated (from 53 to

401 bins according to HQSAR default parameters).

2.3.3 Construction of 3D-QSAR models

Comparative Molecular Fields Analysis (CoMFA) andn@parative Molecular Similarity
Index Analysis (CoMSIA) were employed as chosen@BARs approaches. Both studies
were carried out with Sybyl X 2.1 package. Befoe SAR studies, atomic charges were
calculated with the PM3 method using MOPAC softwamplemented in Sybyl X 2.1
package. Then, CoMFA and CoMSIA models were fioststructed using default parameters,
which are energy cutoff set as 30 kcal/mol, & c@bon atom positively charged used as a
probe and grid generated with 2 A of distance betweach grid point. In parallel, COMSIA
models were constructed from different combinati@fssimilarity indexes (electrostatic,
steric, hydrophobic, H-bond acceptor and H-bondoddields). After construction of the first
CoMFA and CoMSIA models, the region focusing tegoei was applied to select most

relevant variables and to obtain more robust modbks distance between grid points was
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varied from 0.5 to 3 A and a standard deviationdiaobtained from first models was applied
to correct calculated fields.

2.3.4 Statistical Validations of 2D- and 3D-QSAR nuels

All HQSAR, CoMFA and CoMSIA models were evaluatet@ding to i) internal validation
coefficient calculated with leave-one-out methqd,(ii) regression coefficient?) and iii) its
respective errors (standard error of validation\f5&nd standard error of estimation [SEE]).
The three most robust models were selected formadte@alidations with test set compounds
and the following metrics were analyzed: i) extéwelidation coefficient s, i) r’m, @
coefficient for comparison between adjusted exiexadidation coefficient and external

validation coefficient forced to pass through thegia (r%), r’., the same coefficient
calculated with inverted axis and it's iii) avera@egr,) and iv) difference4r?,) [43], v)
Q%w) and vi) Qs metrics, and vii) Concordance Correlation Coetiiti (CCC) was
employed for check the correlation between theigi@t (fitting of observed data with fitting
line) and accuracy (how deviated the regressiom ignthe slope 1 when intercepting origin
point) [44]. Error metrics as RMSEP and MAE wersoatvaluated as external validations.
The most predictive HQSAR, CoMFA and CoMSIA modeisre submitted to leave-N-out
internal validation, where N size ranged from 2@groups of compounds. The compounds
of each N sized group were randomly selected bydhdation algorithm and to disregard the
bias, the validation was performed in triplicatewehty runs of progressive-scrambling
validations were also performed to the most pradiainodels to verify chance correlation of
the constructed model. Progressive-scramblingnslai to the Y-scrambling procedure but
performs a scrambling of pMIC values in differentiaties ranges. In this work, we selected
2 distinct ranges of pMIC (complete dataset andtaskt divided into two groups according
to average pMIC values [called 50/50 subset]) tnegate 10 scrambled models for each
subset division. Then, models generated with scieanhctivities of 50/50 subset would

produce better validation metrics than full scramahbinodels [45].

2.3.5 Construction and validation of similarity mockls

In addition to QSAR models, we constructed 3D sanity models for classification of the
studied dataset into active/inactive classes. E@pounds with highest MIC values were
labeled as active, while the other compounds wersidered inactive. Furthermore, 50
decoys (putative inactive compounds) were geneffatedach active compound using DUD-
E web-server [46]. Then, VROCS software [47,48] wagloyed to construct and validate
chemical similarity models. Initially, ROCS modeisere constructed considering all



chemical features of template compounds, which fellsewed by a screening of feature
exclusion and weight applying was performed aimogerify the predictability of models.
After construction of models, 30 conformers of datacompounds (active, inactive and
decoys) were generated with OMEGA software and isodere applied to rank substances
according to similarities, evaluated by shape (nwy and color (chemical features: ring,
hydrogen bond acceptor and donor, a hydrophobiapgrimnizable groups). Similarity was
ranked by the values of TanimotoCombo coefficidi@¢ombo], which is a sum of Tanimoto
coefficient for shape and color). Additionally, taeea under the curve (AUC) and enrichment
factor values were calculated to infer the ability discriminate active from inactive
compounds. Similarity models were also evaluatedhleyso-called confusion matrix, which
considers the number of true positives and negatf¥® and TR] and false positives and
negatives [FP and FR] classifications, togethehiilie true positive and true negative rates
(TPR and TNR, respectively) themselves, accuraayn(sf true positive and true negative
classifications divided by total number of datasempounds), F1 score and Matthews

correlation coefficient (MCC) as illustrated by etjons 1 and 2, respectively [43].

F1score = —t (Eq. 1)
2TP +FP+FN

TP x TN—FP x FN
Mee = J(TP+FP) (TP+FN) (TN+FP) (TN+FN) (Eq. 2)

2.3.6 External blind validation of QSAR and similaiity models

At final of molecular modeling studies, a secondeexal validation was carried using
compoundslO-15for QSAR models and for ROCS model, denominataiidet.Figure 1
presents a flowchart of current work highlightingperimental approaches in blue squares

and computational ones in red squares.
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neoformansnhibition of compounda-m [20].

3. Results and discussion

3.1 Chemistry
The hydrazine-thiazole derivativésl5 (Figure 2) were synthesized using a classical method
as previously reported [31] and briefly describetbtn.
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Figure 2 - Chemical structure of the hydrazine-thiazoles sgsitted.

The ketoned6aandl17awere prepared by crossed aldol condensation betaestone and
4-hydroxy-3-methoxybenzaldehyde or cyclohexanore laenzaldehyde in acidic and basic
conditions, respectively. Reaction of the ketoneghe aldehydes with thiosemicarbazide
under acidic conditions, gave the correspondingstmicarbazone$6b-22h which were

cyclized witha-bromoacetophenone to yield the thiazole heteresyell5 (Scheme 1).
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Scheme 1- General scheme for the preparation of hydrathreezolesl-15

All thiosemicarbazones had already been describddttzeir melting point and spectroscopic
data are in accordance with the reported valuebterature. The structures of the novel
hydrazine-thiazole4-15 were confirmed by spectroscopic methods and highluéon mass
spectra. ThéH and**C NMR data confirmed the formation of the thiazuieiety by presence
of a signal at around 7.0 ppm and 104.0 ppm, whanesponds to the methine proton and
carbon, respectively, of the thiazole ring. Theldaygine-thiazoled-3 were obtained as 1:1
mixture of E and Z isomers (C=N double bond), determined accordingHoNMR signal
integration of N-H at ~ 13.8 and 12.4 ppm. Accogdio Tenchiuet al (2009), the signal
assigned to N-H “appears at 9-12 ppm for Barm, and 14-15 ppm for th&form” [49]. In

all other cases, B)-isomers were obtained predominantly, as evidenbgd'H NMR

spectroscopic data and compared with similar sirast[50].
3.2 Biological assays
All the hydrazine-thiazoles and the thiosemicarlo@sd 6b, 18b and21b were tested fom

vitro antifungal activity against seven clinically impont fungal species, name{yandida

albicans C. krusej C. parapsilosis C. tropicalis Cryptococcus neoforman€. gatti and



Paracoccidioides brasiliensisSome thiosemicarbazones were included for cormpari

purposes. The minimum inhibitory concentration (fM\@lues are shown ihable 1

Table 1 —Minimum inhibitory concentration (MIC) in uM of symesized compounds

Compound C. C. C. C. C. C. P.
albicans krusei parapsilosis tropicalis gatti neoformans bradlienss
18b >250 >250 >250 >250 >250 >250 >250
3.9 3.9 15.6 3.9 3.9 3.9 250
3.9 7.8 15.6 7.8 1.9 3.9 62.5
3 0.9 1.9 1.9 3.9 0.45 0.9 250
21b >250 >250 >250 >250 >250 >250 >250
3.9 5.8 3.9 31.2 1.9 1.9 125
3.9 7.8 3.9 31.2 0.9 1.9 250
1.9 2.9 3.9 250 0.9 1.9 125
16b >250 >250 >250 >250 >250 >250 >250
250 250 250 250 250 250 250
250 250 250 250 250 250 ND
250 250 250 250 125 250 62.5
10 ND ND ND ND 0.76 15 >250
11 15 15 24.2 5.9 0.75 0.75 >250
12 31.2 15.6 125 250 3.9 3.9 250
13 >250 >250 >250 >250 >250 >250 >250
14 >250 >250 >250 >250 81.2 20.3 >250
15 >250 >250 >250 >250 >250 >250 >250
Fluconazole 1.6 104.4 3.2 6.5 12.7 6.2 ND
Amphotericin
B 0.3 0.5 0.5 1.2 0.08 0.09 0.06
Itraconazole 0.7 0.18 0.18 0.09 0.18 0.04 0.06

ND = not determined

From the obtained results, it can be concluded tivatpresence of the thiazole ring was

essential for the activity since the correspondimgsemicarbazones6b, 18b and21b that

lacks such ring were inactive. It is possible tteimalso that the presence of a hydrophobic

aliphatic chain plays a very important role in thatifungal activity. Since, the most

promising compound$-6 and10-12 have an aliphatic substituent in the hydrazine tyoia

general, the presence of the chlorine substitueatamatic ring (Rin Scheme )] was shown

to increase activity with regard to all fungal spsdestedX, 2 vs 3 and4, 5 vs 6), except for

C. tropicalisandP. brasiliensis The active hydrazine-thiazoles showed a broadtspe of
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action against several pathogenic fungi, some @intheing equally or more active than the
positive controls fluconazole and amphotericin Bislworth mentioning that compourgl
showed more activity than fluconazole againstatigial strains. Compound® and11 were
the most potent againg. neoformansand C. gattii and are therefore very promising
antifungal candidates. The antifungal activity ohpound10 against various clinical fungal
isolates ofCandida spp. has previously been described by Carradoal.e(MIC = 2-32
png/mL) [26] and therefore this compound was naetgesgainsCandida sppin the present
work. None of the compounds was sufficiently acagainstP. brasiliensis

The results obtained in our studies are in accaelavith those obtained by other authors that
also reported the an@andida activity of hydrazine-thiazoles with hydrophobieatures
[26,51,52]. However, tdhe best of our knowledge, the activity of thissslaof molecules
againstCryptococcusspecies is still very little studied. The mechanisf action of this class
of compounds has not yet been fully elucidated. el@w, recently, our research group has
shown that the activity of these thiazoles candbated to an increase in intracellular reactive
oxygen species (ROS) such as superoxide, causidgtiwe stress in the fungal cells [53].

In addition, the cytotoxicity of the active compasnwas evaluated in human embryonic
kidney (HEK-293) cells and the results are showiiable 2 All compounds displayed low
cytotoxicity toward human cells with §gvalues higher than at least 50 uM. These results
demonstrate the enormous potential of these hywrahiazoles with regard to both
antifungal activity and selectivity.

Tabela 2 - Cytotoxicity of compounds on HEK cells

Compounds (f M) ‘Goncentration esied
1 > 250* 52.41 + 6.58
2 207.00 £ 12.89 -
3 237.86 £9.71 -
5 > 50* 94.86 + 6.96
6 > 50* 94,96 £ 7.22
10 > 250* 76.23 £7.40
11 > 250* 66.10 £ 6.00
12 184.69 £ 13.72 -
14 > 50* 87.65 +7.83
Amphotericin B 78.62 +£10.93 -
Fluconazole > 250* 99.21 £+ 6.04
Itraconazole > 250* 90.76 £ 6.47

*Highest concentration tested based on the sotytwfi the compound in the assay medium. Data are
presented as mean + standard deviation obtained tfhoee independent experiments performed in
triplicate. Itraconazole and Fluconazole data vedrtained from two experiments.
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3.3 Molecular modeling studies

3.3.1 QSAR Studies

Initially, the dataset division into training anekt set was achieved its main goal: to distribute
training and test set compounds homogeneously @diogpto its biological, structural and
chemical spaces. Supplementary Figure S1 illustrabeat both training and test set
compounds are distributed in the same proportioganfiplete dataset compounds in each
observed cluster of all three analyzed spaces.efdrer, the selected test set compounds were
suitable to perform external validations procedurése molecular alignment was also
achieved with success since all hydrazine-thiazobk#fold and benzene rings are perfectly
aligned (Supplementary Figure S2).

Using selected training set compounds, the firsHQ®AR models were constructed us(g
neoformanspMIC values by varying the fragment distinctiondafixing the fragment size
parameters. The two most robust HQSAR models cersid atoms, connections, and
presence of H-bond acceptors/donogé € 0.792) and atoms, bonds, connections and
presence of H-bond acceptors/donafs< 0.757). Then, these two models were employed to
fragment size variation originating 18 other mode@lse fragment size variation indicated that
larger fragments have better correlation with kgatal activity (in this case, the most robust
model has @ equal to 0.877). All HQSAR models information isadable at Supplementary
Table S1 and the five most robust models which veaitemitted to external validations are

shown inTable 3.

Table 3 -Five most robust HQSAR models using fragment squeals to 4 to 7 atoms.

No. Fsize  Fdist o SEV r’ SEE HL PC

23 8 11  A/C/DA 0.854 0.439 0.966 0.210 61 4
25 10_13  A/C/DA 0.828 0476 0972 0.193 61 4
31 7 10  A/BIC/IDA 0.860 0.429 0974 0187 97 4
32 8 11  A/B/IC/IDA 0.877 0.403 0975 0181 59 4
34 10 13 A/B/C/DA 0.834 0.468 0963 0.221 83 4

Fsize: fragment size (number of atoms); Fdist: fragt distinctiong®: leave-one-out internal validation
coefficient; SEV: standard error of validation® calibration coefficient; SEE: standard error of
estimation; HL: hologram length (bins); PC: numb&PLS principal components.

Then, a standard CoMFA model was generated obtaimiran unsatisfactory resulg’(=
0.531). Therefore, we applied the region focusingtsgy in order to improve the robustness
of CoMFA models. From all 28 generated CoMFA mogdaghteen models presented
acceptable robustnesg (> 0.6) and the five most robust were generatedgusiie original
distance between grid points (2A). The five mosiusi modelsTable 4) indicate that steric
effects have higher contribution than electrostatie, indicating that van der Waals effects
could be slightly more important to antifungal ait$i of studied series. This result
corroborates SAR studies presented in this work @nedented in previous work reporting



part of dataset compounds [20]. Models reporte@ahle 4 were also submitted to external
validations.

Table 4 -Five most robust CoOMFA models using region focggegthnique.

Model W d ¢ SEV PC r? SEE S E

6 0.5 1 0.741 0.604 4 0.979 0.174 0.52D.479
9 0.7 1 0.758 0.584 4 0979 0.173 0.528.472
12 0.9 1 0.762 0.579 4 0.980 0.168 0.55®.447
15 1.1 1 0.752 0.592 4 0.980 0.169 0.589.411

18 1.2 1 0.744 0.601 4 0.979 0.173 0.61D.389
w: weight factor based on standard deviation; dtatice factor applied on distance of grid poinfs;
leave-one-out internal validation coefficient; SEatandard error of validatiom? calibration coefficient;
SEE: standard error of estimation; S: fraction tefis contribution to model; E: fraction of eleddtatic
contribution to model; PC: number of PLS principamponents

After HQSAR and CoMFA model construction, 31 stand@oMSIA models were generated
by combining similarities indexes (steric, electabie, hydrophobic, H-bond acceptor and
donor). In this step, only one model constructethgu$d-bond donor (D) similarity index
presented acceptabt§ value (equal to 0.702). In addition, a second nrosust model
(electrostatic/donory® = 0.656) was also selected to region focusingriegte. In total, 85
CoMSIA models were constructed and compared aaqugrdio their robustness
(Supplementary Table S3 and S4). From this analfrgesmost robust COMSIA models were
selected and submitted to external validatiorab(e 5). All top five CoOMSIA models were
generated using both H-bond donor (D) and electtiosindexes and, in all cases, D
presented a minor contribution to models, indigatithe importance of electrostatic

interactions to explain the antifungal activity.

Table 5 -Five most robust COMSIA models using region focgggchnique.

Model W d ¢ SEV PC re SEE D E

66 0.5 150843 0471 4 0.937 0.298 0.193 0.807
69 0.7 150866 0435 4 0.947 0275 0.181 0.819
72 0.9 150883 0406 4 0.945 0278 0.185 0.815
75 1.1 150.876 0419 4 0.939 0.293 0.184 0.816

78 1.2 150.869 0.429 3 0.936 0.301 0.182 0.818
w: weight factor based on standard deviation; dtagiice factor applied on distance of grid poigfs;
leave-one-out internal validation coefficient; SEtandard error of validation® calibration coefficient;
SEE: standard error of estimation; fraction of H-bond donor contribution to mogdd: fraction of
electrostatic contribution to model; PC: numbePbf principal components.

After generation and comparison of robustness of @l 3D- QSAR models, top five most
robust models were submitted to external validationorder to select the most predictive
model of each technique to continue QSAR studibenT models HQSAR 23, CoMFA 6 and
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CoMSIA 75 showed higher 21, Qxr2, Qursy Fm metrics and CCC values than other
models as well as lower error metrics values (RM&E&®P MAE) (Table 6).

Table 6 - Comparison of external validation metric for topr®st robust models generated with each
QSAR technique.

HQSAR CoMFA CoMSIA

Model 23 25 31 32 34 6 9 12 15 18 66 69 72 75 78

Q’ry 0.957 0.930 0.928 0.927 0.938 0.871 0.855 0.855 0.854 0.853 0.756 0.823 0.865 0.880 0.880
Q%2 0.954 0.925 0.923 0.922 0.934 0.863 0.845 0.845 0.844 0.843 0.740 0.811 0.856 0.872 0.872
Q’r3 0.959 0.934 0.932 0.931 0.941 0.879 0.863 0.863 0.862 0.861 0.770 0.833 0.872 0.887 0.887
P 0.945 0.911 0.889 0.853 0.965 0.714 0.697 0.681 0.632 0.620 0.725 0.789 0.824 0.832 0.827
P 0.931 0.916 0.938 0.902 0.933 0.841 0.821 0.810 0.797 0.790 0.839 0.877 0.905 0.919 0.913

Ar?,  0.014 0.005 0.049 0.049 0.032 0.127 0.124 0.128 0.164 0.170 0.114 0.088 0.080 0.087 0.087
AVGr
- 0.938 0.913 0.913 0.878 0.949 0.777 0.759 0.745 0.714 0.705 0.782 0.833 0.865 0.875 0.870
CCC 0.977 0.962 0.960 0.957 0.967 0.926 0.916 0.914 0.913 0.911 0.874 0.908 0.929 0.937 0.937
RMSE

P 0.203 0.259 0.262 0.265 0.244 0.352 0.373 0.374 0.375 0.375 0.484 0.412 0.360 0.340 0.339

MAE 0.181 0.219 0.232 0.234 0.201 0.237 0.297 0.307 0.317 0.321 0.393 0.318 0.269 0.241 0.232

Q’r1y predictive R ; Q2 Schuirmann et al.”gQ’gs; Consonni et al. [ r°,; Roy parameter to access predictive powa; r

predictive power calculate with inverted axis?,; r’y - P’ AVGr?,: average%, value; CCC: concordance correlation coefficient;

RMSEP: root mean squared error of prediction fet $et; MAE: mean absolute error

Then, these metrics reflect the predictive powemafdel and its capacity to predict the
biological activity of compounds out of pMIC rangeployed in this study. Therefore, the
most predictive models were submitted to leave-N-onwss-validation and progressive-
scrambling as last validations. Those final valmia indicated that both models were not
obtained by chance (scrambled modefslawer than original model standard error of
validation higher than original model), and modais consistent under training set variations
(all leave-N-out validations coefficients were heghthan 0.6) and did not show residual

values higher than 1 logarithmic uritigure 3).
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Figure 3 - Experimental versus predicted pMIC values (A nirag set compounds are

presented in white circles and test set compouredprasented in black square), leave-N-out

internal validation (B) and progressive-scrambl{@g grey square represents original model

and black circles represent scrambled models) esidual values for test set compounds.

Finally, validated models were employed to prediC values for a blind set of compounds
(Table 7). A comparison between residual values of testagdtblind set indicated that 2D
QSAR model outperform 3D ones in prediction of pMi@ compoundsl0-15. We also
estimated the applicability domain of generated @3Aodels by analyzing the percentage of
missing fragments (for HQSAR model) and the pergatof extrapolated variables (for
CoMFA and COMSIA models) of external validations sempounds in relation to training
set compounds. This analysis demonstrate how tesbhnd set compounds are similar to
training set ones according to their respectivenobal spaces used to construct QSAR
models: structural similarity for HQSAR, steric agl@éctrostatic fields similarity for COMFA,
and electrostatic and H-bond donor similarity f@MSIA. We concluded that high errors of
prediction for blind set compounds (in specialdompounds.3-15) could be associated with
the fact of blind set compounds are far from aglility domain than test set ones for
CoMFA and CoMSIA models.
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Table 7 -Internal and external (using blind set) validasidor top10 ROCS models.

HQSAR CoMFA CoMSIA
%

N miss?®

cpds exp?® pred.” res!

c

% miss! pred.” res!

c

% miss® pred” res!

test set

la 4.807 4.969 -0.162 0.00 5.456 -0.649 3.25 5.459 65D. 6.27
1d 6.046 5.716 0.330 0.00 5.832 0.214 25.26 6.199 540.110.36
4 5721 5.800 -0.079 0.00 5822 -0.101 2.28 5.646 79.0 5.06
7 3.602 3447 0.155 0.00 3.731 -0.129 3.83 3.685 8.0 2.41

blind set

10 5.824 5294 0.530 0.00 5371 0.453 14.60 6.282 58.4 28.19
11 6.125 5.284 0.841 1.00 5.715 0.410 10.99 6.398 730.2 26.27
12 5409 5.177 0.232 9.00 5.768 -0.359 25.05 6.336 92/0. 29.64
13 3.602 4.438 -0.836 8.00 5.172 -1.570 31.00 6.188.58& 15.90
14 3.788 4901 -1.113 5.00 5.171 -1.384 30.02 4.270.48D 34.94
15 3.602 3.931 -0.329 0.00 4.847 -1.245 22.31 6.282.4632 32.53

%experimental pMIC valuespredicted pMIC values‘residual of prediction (a-bYpercentage of missing
fragments (HQSAR) of external validation compouridsrelation to training set ones;°percentage of
extrapolated terms from grid points (CoMFA and CdMS of external validation compounds in relatiam t
training set ones.

From HQSAR contribution maps$-igure 4), the hydrazine-thiazole group and the benzene
attached to it as well as an aliphatic substiteéM-R region presented green, blue-green and
yellow contributions, indicating that these grougre important to antifungal activity. In
contrast, an aromatic ring of compountbcated at the hydrophobic region is colored ith re
and orange, indicating that aromatic substituerthigtregion would contribute negatively to

antifungal activity.
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Figure 4 - Contribution maps generated with the best HQSAReho

From CoMFA maps Kigure 5), both substituents at hydrazine group of mosivact
compoundsq and?2) are located at steric favored regions and pyeiding of compoune is
located at a steric impeachment region. Interelstinthe N atom of pyridine ring of
compounde could form electrostatic interactions compensatiregdisfavored bulky region of
this compound. Also, there is a very small greelylpmral located at methoxy substituent of
benzene indicating that bulky groups at these reggicould be slightly more active than
others. There is a negatively charged favored relgicated near the three N atoms of thiazole
ring and hydrazine group indicating that electronel pairs could form an electrostatic
interaction with its molecular target. Furthermdtesre is a positively charged region located

at hydroxyl group of hydrazine substituent of comnnpac.



24

L T
Y e e

E"ﬁ Y .
- ' ="
ST

o

compound ¢
pMIC = 6347

compound 2
pMIC = 6.046
- l"ﬁ:{" -, -“'1""%.... .ﬂ"‘lﬁr«”
g
Cr 1
compound e
pMIC = 3.602
Steric CoMFE4 Contour Maps Elsctrostatic CoMFA Contour Maps
O Disfavored region . Negatively charged
. Favored region . Positively charged

Figure 5 - Contour maps generated with best CoOMFA model

Electrostatic COMSIA contour map§&i@ure 6) corroborates the CoMFA results, with one
exception, the negative similarity region is lochtaly at N atom of hydrazine group. Then,
this finding plus the higher contribution of elexgtatic similarity index for CoMSIA model

could indicate the major contribution of hydrazigeup to electrostatic interactions than
thiazole ring. Finally, NH of hydrazine group iscéded at a favored H-bond donor region

indicating the importance of an H-bond to biologj@etivity.



pMIC = 6.347

)

%‘,[,, .J...\,_IA____}.
4 9 |
,;:7' )‘ {ﬁf i i

.

.,

¥

compound e
pMIC =3.602

H-bond donor CoM5L4 Contour Maps Electrostatic CoM5L4 Contour Maps

Disfavored region '. Negatively charged

O Favored region . Posmively charged

Figure 6 - Contour maps generated with best COMSIA model.

3.3.2. Molecular Similarity Studies

Initially, five active compounds were employed tonstruct 15 models based on 3D
molecular shape, chemical features and the sunotbf Bhe AUC values ranged from 0.736
to 0.987, with no statistical difference betweendeis: all confidence levels of AUC values
were superimposed. Then, 74 new models were catestily applying weight to each of the
chemical features, by excluding chemical featurdsyahe combination of both strategies. In
this step, we did not use compoundue to lowest AUC values presented by models witere
was employed as a template. This strategy allowedouevaluate the importance of the
individual chemical groups to the classificationcoimpounds in active and inactive. All the

89 generated similarity models are reported in &pentary Table S5.

All 89 generated similarity models were reportedSaopplementary Table S5. Then, we
selected 10 models with highest AUC values to adidt by a confusion matrix construction
and calculation of classification metrics. In tetep, we calculated the similarity between all
dataset compounds with a query model and definegta@ff value of TCcombo (to classify

compounds in active or inactive) according to tinst decoy found in the ranking.able 8

displays calculated results.
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Table 8 -Internal and external (using blind set) validasidor top10 ROCS models.
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Models
72 53 24 14 52 70 16 84 60 18 76
AUC 0.988 0.988 0.987 0.987 0.986 0.986 0.986 0.985 0.984 0.984 0.984
- 95% c.I2 0.982 0.975 0.981 0.982 0.977 0.981 0.979 0.977 0.971 0.971 0.947
+95% c.I? 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
EF 0.5%° 9558 44.29 118.92 97.32 95.19 94.97 88.81 82.09 82.87 71.69 62.67
TCcombo cut-off 0.911 1.250 1.172 0.902 1.144 0.911 1.135 1.212 1.397 1.133 1.161
TPR 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
TNR 0.974 0.974 0.956 0.974 0.956 0.974 0.956 0.970 0.967 0.956 0.959
ACC 0.975 0.975 0.956 0.975 0.956 0.975 0.956 0.971 0.967 0.956 0.960
MCC 0.637 0.637 0.530 0.637 0.530 0.637 0.530 0.611 0.588 0.530 0.548
F1 0.588 0.588 0.455 0.588 0.455 0.588 0.455 0.556 0.526 0.455 0.476
TPRex 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.500 1.000 1.000
TNRex 0.000 0.750 0.000 0.000 0.000 0.000 0.000 0.750 0.750 0.000 0.250
ACCeqy 0.333 0.833 0.333 0.333 0.333 0.333 0.333 0.833 0.667 0.333 0.500
MCC o 0.000 0.612 0.000 0.000 0.000 0.000 0.000 0.612 0.250 0.000 0.158
Flex 0.500 0.800 0.500 0.500 0.500 0.500 0.500 0.800 0.500 0.500 0.571

2t = Jower and upper confidence levels values of Atdtulated with bootstrap validation, respectivély;enrichment factor
(actives found / decoys found) at 0.5% of entireabase,, = metrics calculated with blind external validatiset

Comparison of values of the confusion matrix showsstatistical differences among the ten

most robust models. Then, the external validat&ingicompound&0-15was fundamental to

distinguish models due its capacity of to classiiynpounds according to active and inactive.

Only models 53, 84 and 6@igure 8B-D) presented acceptable values of accuracy (> 60%),

while all other seven models could be considerets&dhan a random model, due to low

ACC values for external validation set (< 0.5). Aver important observed characteristic of

those top three models is that they have the high@scombo values defined as cutoff. This

result indicates that active compounds of exteuadidation set are more similar to model

template. From top three models, model 84 is tfs dine to find all active molecules at ROC

curve Figure 8A). Altogether, these findings indicate the impoc&if hydrophobic feature

as hydrozone substituent. For all selected modleéspbenzene and thiazole rings as well as

hydrazone moiety has same features, indicatingtki®ste groups are important to antifungal

activity.

Among the best three models, model 53 has a mettsakgtituent at the benzene ring, which

when exploited during the ROCS model generatiod teanore discriminant models, if an H-

bond acceptor feature was included. This findingl@andicate that this region could not

directly interact with possible molecular targetsdathat only its shape influences the

biological activity.
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From all molecular modeling studies (2D- and 3D-@SModels as well as similarity
models), several features were observed and shawgedrtance to antifungal activity. In
other words, those groups showed mathematical itapoe to pMIC prediction (or
classification) and could be related to interaciavith possible molecular targets. A brief
summary of observed structure-activity relationshipm molecular modeling studies is

shown inFigure 9.
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H-bond donor  structural contribution

Figure 9 -Main observed features from HQSAR, CoMFA, CoMSEl&ROCS models.
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4. Conclusions

Evaluation ofin vitro antifungal activity of novel hydrazine thiazolevealed that several of
them showed potent activity against clinically imgoat Candidaand Cryptococcusspecies,
with MIC values ranging from low micromolar to nanolar. These results demonstrate the
significant potential of this class of compoundsaasifungal agents. In addition, the active
compounds showed low cytotoxicity to human embrgdminey cells.

All generated QSAR and similarity models were rdbarsd have high predictive power in
performed validations. Furthermore, all models wengployed to provide physicochemical
interpretations, which corroborated experimentalRS#tudies and, therefore, they can be
employed in the design of new antifungal agentsthien synthesis followed by molecular
modeling studies will be carried out to increase @mtifungal potency of hydrazine-thiazole
derivatives. In this sense, new QSAR models cagdyerated using compound8-15 in
training set, as well as, planned derivatives ideorto increase applicability domain of
proposed models. Both generated 2D- and 3D-QSARelmqatesented satisfactory internal
and external validations parameters and furthetiesucould increase the accuracy of models

and increase the range of prediction for new comgdsu
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Fifteen hydrazine-thiazole derivatives were synitesh

The compounds were evaluated agaimsihically important Candida and
Cryptococcus species

Eight compounds showed promising antifungal agtiyMIC = 0.45 to 31.2
uM).

Compounds showed remarkable selectivity compacedhuman embryonic
kidney (HEK-293) cells.

Molecular modeling studies were also carried out.



