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Abstract

Sterol 14i-demethylase (CYP51) is a key enzyme involved engbirvival and virulence of many
parasite protozoa, such &s/panosomandLeishmaniaspecies, thus representing a valuable drug
target for the treatment of Kinetoplastid diseageset of azole-based compounds selected from an
in-house compound library was vitro screened against different human protozoan peasasit
Several compounds showed selective activity agdinstruzi with compound7 being the most
active (IGo = 40nM). Given the structural similarity betweere tbompounds here reported and
known CYP51 inhibitors, a molecular docking studgsaperformed to assess their binding with

protozoal target and to rationalize the biologmativity data.

Highlights

» A number of azoles with selective activity agaihstruziwere identified.
» The most active compound possesses 40 iy IC

» The biological activity of pure enantiomers waslaated.

» Molecular docking off. cruziCYP51 was assessed to rationalize biological data.
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1. Introduction
Trypanosoma cruzT. cruz) is an intracellular protozoan parasite respoesibt Chagas disease
(CD), considered one of the neglected diseaseslt[i$ transmitted to the mammalian host
primarily by infected faeces of blood-sucking toiaine bugs, also known as “kissing bugs”. Other
modes of transmission include infected blood tnasish, vertical transmission or infected organ
transplantation [2]CD occurs mainly in Latin America, however, the m@nof infections in the
United States of America, Canada, many Europearsame Western Pacific countries continues to
increase because of population mobility [3]. Toed&D treatment includes the nitro-derivatives
benznidazole and nifurtimox [4]. Despite their sigant activity in congenital and adult acufe
cruzi infections, their use presents major drawbacksluding long duration of therapy, poor
efficacy in the chronic phase, different efficag@fated to geographical area and several adverse
reactions [5]These factsnotivate to continue the research and developmené¢w more safe and
effective drugs [6,7].
Sterol 14-demethylase (CYP51) represents a main targetuelale new drugs for the treatment of
CD. This enzyme catalyzes the removal ofi-idethyl group of sterols, an essential step inoster
biosynthesis leading to the formation of choledtarwertebrates, ergosterol in fungi, and a variet
of 24-alkylated ergosterol derivatives in plantsd gorotozoa [8].Unlike mammals that can
accumulate cholesterol from diet, blocking of etgad production in fungi and protozoa is lethal:
it affects cytokinesis, stops cell growth, and @ualy leads to collapse of the cellular membrane
[9]. Due to the similarity in sterol compositioreveral antifungal agents have been tested aghinst
cruzi. Among these, posaconazole and the ravuconazoteyg E1224 have recently terminated
Phase-2 clinical trials for treatment of chronicagGas disease [10]. These studies have led to
disappointing conclusions about their effectiveness chronic CD, mailnly due to poor
pharmacokinetic properties. Moreover, the chenmsgathesis of posaconazole and ravuconazole is

coumbersome and very expensive. Nevertheless robskeat inhibitors specifically designed for the



CYP51 of T. cruzi (CYP5L), less expensive and endowed with optimal pharkiaetc
properties, is still promising [11].

In previous studies [12, 13], we identified promgimidazole derivatives with a high and selective
in vitro activity against intracellular amastigotes Tof cruzi (Tulahuen C2C4). The most potent
among theml(- I11) showed IGg-values in the low nM range and are reported inrChaThese
compounds were found to inhibit tAe cruzisterol 14-demethylase and, as demonstrated by the
co-crystals, they fit into the deepest segmenthef €YP51 cavity and disrupt the heme support
from the protein moiety (compound) or block the entrance into the CYP51 substratess

channel (compound ).
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Chart 1: lead compounds identified in our previous studies

Here, we report than vitro antiprotozoal activity evaluation of eight compdarselected from our
in-house imidazole library; they are structuraltyrelated with already describéd I11 and some
of them possess antifungal activity [14,15].

All selected molecules possess the three pringpatmacophoric features of CYP51 inhibitors: i)
an iron chelating nitrogen containing heterocydlean hydrophobic group quite close to it; iii) a

second hydrophobic group (Chart 1). Furthermore,tnegl to rationalize the biological data by



means of a molecular docking study based on knowystal structures ofT. cruzi CYP51
(CYP5).

Compoundsl and2 (logP 5.963 and 5.662 respectivelygre chosen to verify how the presence of
a halogen atom (chlorine or fluorine) on the fingdrophobic group influences the antiparasitic
activity in comparison to compoundlogP 5.566). Compoun8l (logP 7.236) was chosen in order
to verify the effect of more bulky and hydrophobgroup in the same position. In addition, we have
chosen compound4-8 to evaluate how side chains with different size @olarity in the second
hydrophobic group affect the activity. In partiaylaompound$ (logP 4.405) and (logP 4.138)
possess a more polar piperazine moiety insteadectomatic ring closer to carbonyl link&ragnd

6 vsl); compound4 (logP 3.775) with respect td and6 contains a more polar furoylpiperazine
moiety, present in some compounds with antitrypanas activity [16,17]. Finally, compounds
(logP 4.096) and@ (logP 5.011) have been selected for their singdétwvith compoundll (logP

8.155) but with more polar groups in the terminaition of the side chain

2. Resultsand discussion

2.1 Chemistry

Compoundsl, 2, 4-8 were previously synthesized and evaluated for theirfamgial activities
[14,15].The new compoun8 was prepared as previously reported for compodrasd2 [15]. In

brief, 1-(biphenyl-4-yl)-2-(H-imidazol-1-yl)ethanol was activated as alcoholageng NaH in dry

CH3CN and then the biphenyl-4-carbonyl chloride wageat(Scheme 1).
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Scheme 1: Reagents and conditions 8. a: NaH, CHCN, r.t., 2 hb: biphenyl-4-carbonyl chloride: dry CHCN,

triphosgene, r.t., overnighd; TEA, opportune amine, r.t., overnight.

The synthesis 04-8 was accomplished by the activation of the —OH groi2-(1H-imidazol-1-yl)-
1-phenylethanol with triphosgene in dry ¢EN to obtain the desired chloroformate; then TEA an
the selected amines were added to the chloroforstiateg overnight (scheme 1) [14].
Commercially available amines were used to synteesompoundd-6; otherwise the side chains
of 7 and 8 were prepared as described in the SchemEnh@ synthesis of the aminé& and 12
started by condensation of 1-fluoro-4-nitrobenzenth the appropriate commercial piperazine
refluxed for 2h in CHCN. The obtained nitro compound8 énd 10) were reduced to the
corresponding amined and12) with 50 psi of H for 4h in a Parr apparatus, using Pd/C (5%) as
catalyst. All the selected compounds contain aatldarbon atom and were obtained as racemic

mixtures.
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Scheme 2: Reagents and conditiors. CH;CN, reflux, 2h;b: H,, Pd/C, 50 psi, r.t., 4h.

In order to evaluate if the pure enantiomers pasdédterent biological activity and if this can be
related to the absolute configuration, we syntlezkisome of the selected compounds in the
enantiomerically pure form. The pure enantiomersstérsl and2 and carbamates 6 and8 were
obtained as described for racemates from enantioatigrpure R or S 1-(4-fluorophenyl)-2-(1H-
imidazol-1-yl)ethanol andR or S 1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanol, @seviously

reported [12].

2.2 Antiparasitic activity

All compounds weren vitro testedvs amastigote stage d@f. cruzi Tulahuen CL2pB-galactosidase
strain (nifurtimox-sensitive). In addition the seneng was extended to include the activity of
compoundsl-8 towards the other human protozoan paraditgshmania infantuniMHOM/MA-
BE/67 amastigotes)l. brucei (Squib-427 strain, suramin-sensitive) aRlsmodium falciparum
(Chloroquine-resistanK1-strain). Thein vitro screening was carried out according to the
previously described procedures [18]. The resuktsraported inTable 1. All the racemic azole
derivatives show an anfi- cruzi activity with 1Ge-values ranging from 0.04 to 5.84M. In
particular,1, 2, 5-8 were more active than benznidazole used as referdrug. The most active
compound? showed IG values of 40 nM and it proved to be approximafiély times more active
than benznidazole and eight times less active #zafe reference compound, posaconazole (Table

1).



Table 1. In vitro antiparasitic activity and cytotoxicity of compaigi-8.

Cmp Tc Li° Tb° Pf* MRC-5' SI¢ LogP"
1 0.48 12.7 32.4 1.9 7.2 15.0 5.963
(R)-1 0.20 >64.0 32.4 2.0 7.8 39.0
(Sy1 0.56 32.0 30.1 2.1 8.2 14.6
2 0.71 32.2 32.2 0.6 7.8 10.9 5.662
(R)2 1.80 >64.0 >64.0 2.3 >64 >35.6
(S)y2 0.49 34.6 33.7 2.0 8.0 16.3
3 2.72 8.0 29.1 7.7 8.8 3.2 7.236
4 5.84 >64.0 >64.0 10.7 >64.0 >10.9 3.775
5 0.87 8.0 8.0 2.4 8.2 9.4 4.405
(R)5 1.00 12.7 32.2 2.2 8.7 8.7
(S)5 1.32 12.7 >64 1.5 8.5 6.4
6 1.68 27.2 27.2 2.6 15.5 9.2 4.138
(R)-6 1.23 20.3 32.2 1.2 8.7 7.0
(S)6 5.44 >64 >64 1.3 8.2 1.5
7 0.04 38.0 >64.0 17.2 >64 >1600 4.096
8 0.79 28.9 32.9 4.0 26.4 33.4 5.011
(R)-8 1.72 >64 >64 4.0 26.5 15.4
(S)8 0.13 >64 >64 5.2 37.5 288.5
BNZ 1.95 - - - - -
MIL - 10.4 - - - -
SUR - - 0.02 - - -
CHL - - - 0.14 - -
TAM - - - - 10.9 -
POS 0.005°

Data represent l§gvalues given inuM. a: T.cruzi Tulahuen CL2 amastigote stagle; Ref 13;c: L. infantum
MHOM/MA/67/ITMAP263; d: T. brucei rhodesiens8quib-427 strain, suramin-sensitive, trypomaségsitageg: P.
falciparumK1, Chloroquine-resistant, erythrocytic stagediuman fetal lung fibroblast (MRC-5) cell line ioiy; g:

selectivity index calculated as durc.dICsore; h: LogP were calculated by QikProp ver. #18]; BNZ = benznidazole,
MIL = miltefosine; Sur = suramin; CHL = chloroquind AM = tamoxifen; POS = posaconazole.

The antiparasitic activity and cytotoxicity dataoshthat the imidazole derivativels8 are highly
selective toward3. cruzi In particular, compound possess the highest activiiy. cruzilCso 0.04
KM) and the lowest cytotoxicity (MRC-5 ¥g£> 64 uM and a Sl >1600), making it an excellent
candidate for a new series of anti-Chagas imidadetatives.

Compoundsdl, 3 and5 presented an antileishamial activity similar tdtefosine but they showed a
cytotoxicity on MRC-5 cell line of the same maguli&) thus indicating the lack of selectivity
towardsL. infantum

Furthermore, compoun® showed antiplasmodial activity (460.6 uM), approximately twice than
the reference drug chloroquine, and good selegtagainst. falciparum with an low cytotoxicity

vs MRC-5 cell (MRC-5 1G 7.8 pM).



None of studied azole compounds showed a higheomparable activity than the reference drug
suramine towardsl. brucej which generally demonstrates lower sensitivity thss class of
compounds.

The high selectivity of studied compounds towdrcruzioverT. bruceiandL. infantumcould be
probably due also to the difference in the CYPSivacsite volume and surface area smallerf.in
bruceiandL. infantumthan inT. cruzithat could favour the access of drugs in the acite. [12]

The analysis of the anti-Chagas activity data @& plure enantiomers highlights two significant
aspects: i) in all cases, we found a small diffeeem activity in a pair of enantiomers reaching
maximum one order of magnitude; ii) the most acBmantiomers do not have the same absolute
configuration, for compound, 5 and6 we found that the most active was Renantiomer, on the
contrary, for compound® and8, Sresulted the most active enantiomer. These reatdtsn good
agreement with our previously reported data forilaincompounds [13], which showed that both

enantiomers of are able to bind and inhibit the 6P

2.3 Molecular docking

To rationalize the effect of different side chaors the CYP5%. as the target protein, due to the
high structural similarity to previously reportedYE51 inhibitors [13], a docking study was
performed. Recently, CYP%lwas solved with the compounds LFd), LFS (Ib) and LFD
(111), (PDB ID: 4CK9, 2.74 A resolution; 4CKA, 2.70 Asolution; 4CK8, 2.62 A resolution) [13].
The coordinates of CYP5%dco-crystallized with 11 (PDB ID: 4CK8) were downloaded from the
Protein Data Bank (PDB) because of the highestlugsn, and used for the subsequent docking
studies. The enzyme structure was pretreated bynsnea theProtein Preparation Wizardf
Maestro9.9 suite [20], deleting crystallization aratmolecules, adding hydrogen atoms, filling in
missing side chains, and assigning the correctzation state of the co-crystallized ligands at
physiological pH (7 £ 2.0) usingpik2.9 [21],and the correct amino acids protonation stateeat th

same pH usind’rime [22]. The azole derivatives were designed by means ofstviz®@9 and



pretreated withLigPrep3.1 [23]. Their ionization state was checked at physiologptal (7 + 2.0)
using Epik2.9. Since all compounds have a chiral center, teecular modeling study was
performed considering bothlR and—S enantiomers. Docking studies were performed inaitteve
site of the pretreated CYPRIy means o6Glide6.4 [24],using the Standard Precision (SP) scoring
function. Docking protocol was validated reprodgcthe co-crystal binding pose of the compound
lIl (Supportive information). The protein-ligandt@maction energy (PLIE) was estimated for the
selected docking poses by means of SZYBKI 1.8.25] ising the Poisson-Boltzmann solvation
model.

The only difference between compourdddCso = 0.48 uM) an@ (ICso = 0.71 uM) and the already
tested 2-(H-imidazol-1-yl)-1-phenylethyl biphenyl-4-carboxyaf, ICso = 0.014 uMvs T. cruzi
amastigote stage cells) [12] is the substitutionhef hydrogen atom by a chlorine in compound
and by a fluorine in compourfi Both the halogens are oriented towards a ligldréphobic cavity
formed by A287, F210, Y116 and L127. The lone paygen of Y116 faces the halogens atoms in
both compounds’ poses. Hence, the decrease incthatyaof compounds 1 and 2 with respect to
compound can be ascribed to a little electron repulsioeafbetween F and Cl and the Y116 lone
pair oxygen.

The further decrease df. cruziinhibition exerted by compound (ICso = 2.72 uM) could be
ascribed to a worse coordination at the heme icompared to that of the other more active
compounds (Figure 1), since the coordination abgleveen the lone pair N of the azole ring and
the iron should be perpendicular [13]. In additiba protein-ligand interaction energy (PLIE) is not
so favored: the R-enantiomer shows a PLIE = -5dai/kol and the S enantiomer a PLIE = 0.31
kcal/mol. Since the activity is referring to theeaic mixture, we can consider an average of -2.43

kcal/mol.
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Figure 1: compound(R)-3 docking binding pose (orange stick). The hydrophiadavity surrounding the heme
prosthetic group is shown in gray stick and the HCRurple stick. Cys422 coordinating the heme irepresented in
light green stick and the heme prosthetic groupeiltow stick. Coordination at the heme iron is egEnted as black

dotted lines. Atoms are colored according to them types and non-polar hydrogen atoms are omitted

Compound (1C50=5.84 pM) shows both a Cl inserted in the littlelfgphobic cavity as described
for compounds 1 and 2, and also a furanyl moieth Wane pair oxygen oriented towards the lone
pair S of M360 in thgR)- enantiomer and towards the backbone oxygen of O2alh the(S)-
enantiomer, that can contribute to the decreagts @ctivity due to a repulsive effect (Figure 2).
Indeed, the PLIE for its S enantiomer is in a pesitrange (+3.21 kcal/mol) and for the R
enantiomer is reasonable (-9.91 kcal/mol), but@ig s referring to the racemic mixture, hence we
can consider an average of -3.35 kcal/mol. Compe&r{tCso = 0.87 uM) and (ICsp = 1.68 M)

are characterized by a N@roup that decreases their overall hydrophobieityl hence the
permeability through parasite’s cell membrane, gpanreasonable explanation of the decrease of
activity, even if the docking study indicates a damordination at the heme iron and seem to be
well stabilized in the active site of the enzymehygdrophobic interactions into the hydrophobic
cavity surrounding the prosthetic group, as alsswshby the favored PLIE values (Figure 2, Table
2). In addition, in compoun@, the para-Cl substituent at the phenyl ring idaegd by a para-F
substituent that can further contribute to the ease of the overall hydrophobicity of the

compound.
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Figure 2: docking binding pose of compouifi)-4 (left, cyan stick) andS)-5 (right, pale violet stick). Color code is

according to Figure 1.

The docking pose of the most active compoundmd 8 (Figure 3) shows that their side chain
explores a cavity surrounding the prosthetic grdapned by lle45, Phe48, Gly49, lle72, Pro210,
Ala211, Val213, Phe214 (for convenience thereaftézrred to HC 2), showing a similar binding
mode to that of the co-crystallizéd . This evidence together with their higher hydrdpbiy and

the very low PLIE value could explain their highiaity.
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Figure 3: docking binding pose of the most active compou8)i</ (left, green stick) an¢R)-8 (right, pale cyan stick).
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Color code is according to Figure 1.



Table 2. Protein-Ligand interaction energy values (PLIE}Xod different enantiomers binding poses in CYPZK&
coordinates

Compound PLIE (kcal/mol)
(R-1 -9.34
(9-1 -1.87
(R)-2 -10.30
(9-2 -9.53
(R-3 -5.17
(9-3 0.31
(R-4 -9.91
(9-4 +3.21
(R-5 -6.35
(9-5 -3.96
(R)-6 -4.19
(9-6 -4.63
(R-7 -14.90
(9-7 -22.19
(R)-8 -11.10
(9-8 -25.86

2.4 SAR analysison anti-T. cruz activity

Due to the high structural similarity of the stutlieompounds with known CYP#&linhibitors and
on the basis of our recent publication on X-Raydtires of CYP5& co-crystallized witH I a, I1b
andlll, we judge this enzyme as the target of imidazolevatves 1-8. For these reasons, we
carried out a docking study and a PLIE estimatiorexplore their possible binding orientation
within the catalytic site of CYP3d The results of the modeling study, combined wiile
hydrophobicity of the side chain, let us to propaggossible explanation of the different biological
activity of the studied compounds. From the doclshgly, it is clear that the coordination at the
heme iron is fundamental for the discrimination wetn active, less active and inactive
compounds. Only small hydrophobic groups (chloondluorine) are allowed in the 4 position of
the phenyl ring of 1-(phenyl)-2-(1H-imidazol-1-yd¢thanol derivatives. The replacement of the
chlorine with a fluorine atom1(vs 2 and 5 vs 6) causes only small differences in the
antitrypanosomal activity. In general, chloro- datives were found to be slightly more active than
fluoro- analogues, probably due higher hydrophdfidihe presence of a more bulky phenyl group

was detrimental for the biological activiti s 1 and 2) because of the worst influence on the



heme-iron coordination of the imidazole ring. Othise, the presence of a second aromatic ring in
the lateral side chain appears to be fundamentshasn by comparing compoudd the worse of
the series, with compoun8sand6.

The increase in length of the side chain in compsuhand8 compared tdb and6 leads to an
increase of antf. cruziactivity. Moreover, the side chains B6fand8 are more rigid in the initial
part due to the presence of the aromatic ring, @igl can orient the chain deeper into the

hydrophobic cavity above the heme group.

2.5 Stability studies

Because the synthesized compounds contain estarlmamate functions, potentially susceptible to
hydrolysis, we evaluated the chemical stabilitytioé most active compoundsand 8 in acid
medium. The possible hydrolysis reaction7adnd8 was followed by 1H NMR during 24 hrs at 27
°C in the test tube, dissolving tmol of each compound in 0.6 mL of DCHD (pH 2). The
appearance of the methine and methylene protomlsigxclusively related to the alcohol produced
by hydrolysis were chosen as a prove of the reactor both the compoundsand8, no free
alcohol signals were observed in the experimerdalitions thus demonstrating their stability to
hydrolysis under the described conditions.

Compounds7 and 8 were also evaluated for their metabolic stability tbeatment with liver
microsomal protein. Each compound (M in pH 7.4 phosphate buffer + DMSO 2%) was
incubated at 37°C for 60 min with human liver mewmal protein in the presence of a NADPH-
generating system. The reaction was stopped anpaittent drug and metabolites were determined
by LC-UV-MS (see supportive information). Compourtdand 8 show high metabolic stability,

e.g. 99% of parent drug was not metabolized.



3. CONCLUSIONS

In conclusion, eight imidazole derivatives were laated in vitro against different parasitic
protozoa as racemates and pure enantiomers. Téetestlcompounds showed selective and high
activity towardsT. cruziamastigotes, with the most active of théaving an 1G, of 40 nM and

a low cytotoxicity (MRC-5 IGy > 64 uM). Interesting activity data were also otsed against.
infantumfor the compound4, 3 and5 and againsP. falciparumfor the compoun@ and may be
subject to further investigations.

Furthermore, compound showed a good chemical and metabolic stabilitgt tombined with the
simplicity and low cost of its chemical synthesmake it a good lead for further structural

optimization for the anti-Chagas activity.
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