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Abstract: Fungal infections are a main reason for the high mortality rate worldwide. It is a
challenge to design selective antifungal agents with broad-spectrum activity. Lanosterol 14o.-
demethylase is an attractive target in the design of antifungal agents. Seven compounds were
selected from a number of designed compounds using a rational docking study. These compounds
were synthesized and evaluated for their antifungal activity. In silico study results showed the
high binding affinity to lanosterol 14o.-demethylase (—24.49 and —25.83 kcal/mol) for compounds
V and VII, respectively; these values were greater than those for miconazole (—18.19 kcal/mol)
and fluconazole (—16.08 kcal/mol). Compound V emerged as the most potent antifungal agent
among all compounds with a half maximal inhibitory concentration of 7.01, 7.59, 7.25, 31.6, and
41.6 ug/mL against Candida albicans, Candida parapsilosis, Aspergillus niger, Trichophyton
rubrum, and Trichophyton mentagrophytes, respectively. The antifungal activity for most of the
synthesized compounds was more potent than that of miconazole and fluconazole.
Keywords: design, broad antifungal, molecular modeling

Introduction

Fungi are eukaryotic organisms with cellular functions that resemble those of animals
and plants. They can cause many diseases such as invasive candidiasis, with high
mortality rates of up to 75%. Oral candidiasis is associated with many problems
especially in AIDS patients.! Other fungal infections like Aspergillosis caused by the
Aspergillus species can affect the ear, brain, and lungs. The inhalation of Aspergillus
spores will result in severe pulmonary disease and a high mortality rate. The incidence
of life-threatening fungal infections is considered a real problem all over the world,
especially in the USA. Candida species infections in hospitals are the fourth cause of
infections.? The development of a selective antifungal agent is a real challenge. Most
of the available antifungal drugs have severe side effects, for example, amphotericin B,
which is used for the treatment of invasive mycosis, is nephrotoxic, while miconazole
has oral bioavailability problems.> The antifungal resistance for azole-containing
drugs is a real problem that occurs in AIDS patients.* In addition, the lanosterol 140.-
demethylase (L140DM) enzyme is involved in the biosynthesis of lanosterol, which is
the main component of the fungal cell membrane.’ L14¢DM is a member of the CYP
450 enzymes and is encoded by the ERG11 (CYP51) gene in fungi. Azole antifungal
drugs exert their antifungal effect via the inhibition of L14aDM, thus preventing the
biosynthesis of ergosterol.®
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The mechanism of action of azole antifungal drugs
depends on the coordination of their azole moiety (imidazole
and/or triazole) with the heme that is present as a cofactor in
L140DM in the form of the heme—porphyrin complex. The
azole moiety resembles that of the histidine amino acid in
its binding to heme.”® To date, the replacement of the azole
heme-coordinating moiety with other heme chelator groups
has not been attempted previously.

Recent advances in in silico structure and ligand-based
drug design approaches have a great importance in the
process of drug design, discovery, and optimization. These
approaches were very successful in designing selective
inhibitors of some enzymes as targets for the treatment
of important diseases.” Molecular docking is one of the
widely used methods that is used in the prediction of bind-
ing modes, binding free energy, and affinity of the designed
compounds.'® The main aim of this study was to design new
L140DM inhibitors that contain a heme chelator group other
than the azole ring and features unique binding geometry.
Finally, the in vitro antifungal activity against different fungal
strains was also tested.

Materials and methods

Chemistry

Chemicals were purchased from Sigma Aldrich (St Louis,
MO, USA). Monitoring of chemical reactions was done
by analytical thin layer chromatography with Merck 60
F-254 silica-gel plates (Merck Millipore, Billerica, MA,
USA) and visualization was carried out with AKRUSS
OPTRONIC Gmbh (Hamburg, Germany) ultra violet light.
Stuart SMP11 Melting Point apparatus (Bibby Scientific Lim-
ited, Staffordshire, UK) was used to check melting points.

o Os_H
O\)kOH
+
Cl Cl R

Nuclear magnetic resonance (NMR) spectra (‘"H and *C)
were recorded in dimethyl sulfoxide (DMSO)-d, solvent
using tetramethylsilane as internal standard, with a 400 MHz
Bruker spectrometer. Chemical shifts were expressed in ppm
downfield from tetramethylsilane and splitting pattern is
abbreviated as s, singlet; m, multiplet; and d, doublet. Infra-
red (IR) spectra were recorded using Shimadzu FTIR-8400S
infrared spectrophotometer (Shimadzu Corp., Kyoto, Japan).
Elemental microanalysis was carried out for determination of
the C, H, and N percentages. It was done in the microanalyti-
cal center, faculty of science, Cairo University.

Molecular Operating Environment (MOE) 2014.09
package license was purchased from Chemical Comput-
ing Group Inc, Montreal, QC, Canada'' and Leadit 2.1.2
software license was purchased from BioSolvelT GmbH,
Sankt Augustin, Germany.'? The synthetic strategy employed
to produce the targeted compounds is illustrated in Figure 1.
Synthesis of all compounds was performed as per the reported
procedures.'?

General procedure employed in the preparation of
(2)-2-(2,4-dichlorophenoxy)-3-substituted phenyl-2-
propenoic acid derivatives

A mixture of 5 mmol of 2,4-dichlorophenoxy acetic acid,
5 mmol of appropriate substituted aromatic aldehydes,
5 mmol of triethylamine, and 4 mL acetic anhydride was
heated with stirring at 105°C—110°C for 36 hours. The reac-
tion mixture was cooled to 60°C, and 3 mL of water was added
to decompose the excess acetic anhydride. The mixture was
poured on ice and was extracted with ether. The ether layer
was washed with water and then extracted with three portions
of 5% sodium carbonate solution. The combined sodium

o OH
Et3N m@o o
AC20 : L, N

vi| ¢ HcN
v —Q NO,
oN

Figure | Synthetic pathway employed to produce the target compounds.
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carbonate extracts were neutralized with hydrochloric acid,
heated to 70°C—80°C. The mixture was filtered, acidified, and
the formed product was recrystallized from ethanol.

(2)-2-(2,4-dichlorophenoxy)-3-phenyl-2-propenoic
acid (1)

Yellowish white solid. Yield: 35%, mp 130°C-135°C. 'H
NMR (DMSO-d,) &: 7.06 (d, J =8.8 Hz, 1H, Ph), 7.35 (d,
J=8.9 Hz, 1H, Ph), 7.57 (s, 1H, Ph), 7.30 (m, 5H, Ph), 7.95
(s, 1H, =CH), 12.90 (s, 1H, COOH). *C NMR (DMSO-d,)
5:169.47, 152.25, 140.29, 128.75, 129.52, 128.11, 128.36,
126.91,126.02,126.5,125.92,124.25,and 117.21. IRy cm™!
(KBr): 3,030, 2,850, 1,685, 1,650, 1,540, 750. Anal. Calcd
forC, . H CLO, (M :309.15): C, 58.27%; H, 3.26%. Found:

157710

C, 58.11%; H, 3.09%.

(2)-2-(2,4-dichlorophenoxy)-3-(4-chlorophenyl)-2-
propenoic acid (ll)

White solid. Yield: 32%, mp 110°C-115°C. '"H NMR
(DMSO-d,) &: 7.06 (d, J=8.8 Hz, 1H, Ph), 7.35 (d, J=8.9
Hz, 1H, Ph), 7.57 (s, 1H, Ph), 6.4 (d, J=8.4 Hz, 2H), 6.90 (d,
J=8.4Hz, 2H), 7.89 (s, IH,=CH), 12.95 (s, |H, COOH). *C
NMR (DMSO-d,) 6:165.11,152.36, 142.46,140.91, 134.82,
130.89, 129.81, 129.45, 129.37, 129.17, 127.32, 122.30, and
118.51.1Ry cm™ (KBr): 3,032,2,845, 1,735, 1,660, 1,550,
750. Anal. Calcd for C ;H,CLO, (M_: 343.59): C, 52.43%;

15779

H, 2.64%. Found: C, 52.40%; H, 2.50%.

(2)-2-(2,4-dichlorophenoxy)-3-(4-bromophenyl)-2-
propenoic acid (lll)

Pale brown solid. Yield: 35.3%, mp 120°C-125°C. 'H NMR
(DMSO-d,) 6: 7.06 (d,/=8.8 Hz, 1H, Ph), 7.35 (d,/=8.9 Hz,
1H, Ph), 7.57 (s, 1H, Ph), 6.99 (d, J =8.5 Hz, 2H), 7.93(d,
J=8.3 Hz, 2H), 7.83 (s, IH,=CH), 13.03 (s, lH, COOH). '*C
NMR (DMSO-d,) 8: 160.66, 151.60, 142.50, 136.12, 133.25,
132.55,129.95,129.52,128.95, 127.45, 126.82, 126.62, and
119.51. 1Ry, em™ (KBr): 3,035, 2,865, 1,734, 1,660, 1,550,
750. Anal. Caled for C HBrCLO, (M_:388.04): C, 46.42%;

15779

H, 2.33%. Found C, 46.39%; H, 2.15%.

(2)-2-(2,4-dichlorophenoxy)-3-(4-fluorophenyl)-2-
propenoic acid (V)

White solid. Yield: 31.25%, mp 115°C-120°C. 'H NMR
(DMSO-d,) 8: 7.06 (d,./=8.8 Hz, 1H, Ph), 7.35 (d,/=8.9 Hz,
1H, Ph), 7.57 (s, 1H, Ph), 7.46 (d, J =8.4 Hz, 2H), 7.93 (d,
J=8.4Hz, 2H), 7.86 (s, |H, =CH), 12.94 (s, 1H, COOH). *C
NMR (DMSO-d,) 8: 170.66, 165.47, 160.35, 150.37, 142.42,
133.21, 132.50, 130.55, 129.25, 127.95, 127.65, 126.52,

119.60, 117.85,and 116.75. IR y__em™ (KBr): 3,035, 2,865,

1,737, 1,665, 1,570, 770. Anal. Calcd for C, H,CLFO, (M_:

15779

327.14): C, 55.07%; H, 2.77%. Found C, 54.98%; H, 2.63%.

(2)-2-(2,4-dichlorophenoxy)-3-(4-nitrophenyl)-2-
propenoic acid (V)

Yellow solid, Yield: 37%, mp 105°C-110°C. 'H NMR
(DMSO-d,) &: 7.06 (d, J=8.8 Hz, 1H, Ph), 7.35 (d, J=8.9
Hz, 1H, Ph), 7.57 (s, 1H, Ph), 8.06 (d, J =8.5Hz, 2H, Ph),
7.30 (d, J =8.5Hz, 2H, Ph), 7.80 (s, 1H, =CH), 13.2 (s, 1H,
COOH). “C NMR (DMSO-d,) 6: 161.52, 152.11, 150.24,
142.25, 140.02, 129.95, 129.53, 129.37, 129.24, 127.85,
126.41,124.25,and 119.42. IR y,_em' (KBr): 3,040,2,955,
1,735,1,665, 1,570, 775. Anal. Calcd for C,;H,CL,NO, (M _:
354.15): C,50.87%; H, 2.56%, N, 3.95%. Found C, 50.64%;
H, 2.51%, N, 3.72%.

(2)-2-(2,4-dichlorophenoxy)-3-(4-cyanophenyl)-2-
propenoic acid (VI)

White solid. Yield: 32%, mp 143°C-148°C. 'H NMR
(DMSO-d,) 8: 7.06 (d, J =8.8 Hz, 1H, Ph), 7.35 (d, J =8.9
Hz, 1H, Ph), 7.57 (s, 1H, Ph), 7.51 (d, J =8.5 Hz, 2H, Ph),
7.65 (d,J=8.5 Hz, 2H, Ph), 7.55 (s, |H, =CH), 13.03 (s, 1 H,
COOH). “C NMR (DMSO-d,) 6: 160.23, 150.35, 142.37,
138.70, 133.36, 130.21, 130.12, 129.23, 127.73, 127.55,
126.45, 119.70, 119.55, and 115.80. IR y__cm™ (KBr):
3,045, 2,840, 1,730, 1,665, 1,550, 765. Anal. Calcd for
C,H,CLNO, (M, :334.16): C,57.51%; H, 2.71%, N, 4.19%.

16779

Found C, 57.32%; H, 2.47%, N, 4.05%.

(£)-2-(2,4-dichlorophenoxy)-3-(2,4-dinitrophenyl)-2-

propenoic acid (VII)

Yellow solid. Yield: 35.4%, mp 152°C-157°C. '"H NMR
(DMSO-d,) &: 7.06 (d, J =8.8 Hz, 1H, Ph), 7.35 (d, J =8.9
Hz, 1H, Ph), 7.57 (s, 1H, Ph), 8.05 (d,/=8.9 Hz, 1H, Ph), 8.5
(d,J=9.1Hz, 2H, Ph), 8.3 (s, 1H, Ph), 7.85 (s, IH,=CH), 13.2
(s, IH, COOH). “C NMR (DMSO-d,) 6: 160.56, 153.45,
152.35, 149.39, 142.85, 135.12, 132.73, 130.09, 129.85,
128.51,127.82,127.50,126.41,120.75,and 119.53.1Ry__cm™
(KBr): 3,055, 2,940, 1,734, 1,655, 1,540, 740. Anal. Calcd
for C, .HCLN,0. (M. : 399.14): C, 45.13%; H, 2.02%, N,

15778

7.01%. Found C, 45.02%; H, 1.96%, N, 6.89%.

Molecular modeling

Sequence similarity search

The PDB (protein data bank) search module provided in
MOE 2014.09 was used for searching for the best template.
Gap start was used as default (—12), gap extent (—2), E-value
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cutoff (10) E-value accept (1e-012), Z iterations (100), and
Z-cutoff (6).

Molecular alignment

Molecular alignment was done using Clustalo tool pro-
vided in Uniprot server. The alignment was done between
the lanosterol 14o-demethylase of Candida albicans
FASTA sequence (uniprot ID: P10613), strain (SC5314/
ATCC MYA-2876), and Saccharomyces cerevisiae FASTA
sequence (uniprot ID: P10614). Both sequences were from
the same ERGI1 gene. The length of C. albicans was 528
residues, while that of S. cerevisiae was 530 residues.

Homology modeling

The crystal structure of S. cerevisiae L140.DM (PDB entry
code 4LXJ) was used as a template with 62.82% sequence
identity.'* S. cerevisiae L140DM was used as template chain
A, and C. albicans L140DM sequence was used as query.
AMBERY99 was used as a forcefield, and all settings were
kept as default in which strain cutoff 1.5 and distance cutoff
1.2 were used. Heme—porphyrin complex was kept in the
new model.

Molecular docking studies with MOE 2014.09
All the compounds were built and saved as moe files. Rigid
receptor was used as a docking protocol. Both receptor-solvent

Compound |

Heme-porphyrin complex

Thr 130

Figure 2 (Continued)

were kept as a “receptor”. Triangle matcher was used as a
placement method. Two rescorings were computed, rescoring
1 was selected as London dG and rescoring 2 was selected
as affinity. Force field was used as a refinement.

Molecular docking studies with Leadit 2.1.2

All compounds were built and saved as mol2 files. The
homology model of C. albicans L140-DM was used for
docking. The protein was loaded into Leadit 2.1.2 and the
receptor components were chosen by selection of chain A
as a main chain, which is complexed with heme—porphyrin
and azole inhibitor. Binding site was defined by choosing
azole inhibitor as a reference ligand to which all coordinates
were computed. Amino acids within a radius of 6.5 A were
selected in the binding site. All chemical ambiguities of
residues were left as default. Ligand binding was driven by
enthalpy (classic Triangle matching). For scoring, all default
settings were restored. Intraligand clashes were computed by
using clash factor =0.6. Maximum number of solutions per
iteration =200. Maximum number of solution per fragmenta-
tion =200. The base placement method was used as a docking
strategy. Docking results are tabulated in Figure 2.

Antifungal screening

The antifungal screening, minimum inhibitory concentrations
(MICs), and IC,; (half maximal inhibitory concentration)

Compound Il

Heme-porphyrin complex

Phe 134

| Phe 236
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Compound Il Compound IV

Heme-porphyrin complex

Heme-porphyrin complex )<
e -

/\/\

Phe 236

Phe 236

Thr 130

Compound V Compound VI

Heme—porphyrin complex Heme—porphyrin comx

_

— Phe 236

Thr 130 oy

Figure 2 (Continued)

Drug Design, Development and Therapy 2015:9 submit your manuscript 4505

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Khedr

Dove

Compound VII

Miconazole

Heme-porphyrin complex

Thr 130

-

Heme—porphyrin complex

Fluconazole

Heme-porphyrin complex

Phe 134

Figure 2 Possible binding modes of the designed compounds within the Candida albicans L140.DM homology model.

calculation for the synthesized compounds was done at the
Regional Center for Mycology and Biotechnology, Al-Azhar
University, Cairo, Egypt. Eight synthesized compounds and
three references standards (miconazole, fluconazole, and
amphotericin B) were evaluated for their in vitro antifungal
activity against five fungal strains; C. albicans (RCMB 05036),

Candida parapsilosis (RCMB 05064), Aspergillus niger
(RCMB 02568), Trichophyton rubrum (RCMB 010162), and
Trichophyton mentagrophytes (RCMB 010173). MTT micro
dilution assay was used for the evaluation of their antifungal
activity.” MIC was determined by using 0.49, 0.98, 1.95, 3.9,
7.81,15.63,31.25,62.5, and 125 pug/mL concentrations.
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Results and discussion
The first discovery of azole drugs was after the in vitro screen-
ing of 1-phenethyl imidazole derivatives (Figure 3A) against
a large number of fungal species. They revealed broad-spec-
trum antifungal activity. Since then, this scaffold was used to
develop more potent antifungal agents.'® Further modifica-
tions of the 1-phenethyl imidazole scaffold resulted in the
common structure of azole antifungal drugs (Figure 3B).
They share common structural features like the azole heme-
coordinating group, a halo-substituted aromatic ring that is
separated by two carbon atoms from the azole moiety, and
a hydrophobic side chain that may be a halo-substituted aro-
matic ring as well. Most of the well-known antifungal drugs
share these common structural features (Figure 4).

In this work, a stepwise design approach was used.
Five steps were used to obtain the final proposed design as
described in the following sections.

Selection of the heme-coordinating group
L140DM contains a heme—porphyrin complex in its active
site. The azole ring of the antifungal drugs was selected due
to its similarity to the imidazole ring of histidine;'” the bind-
ing of azole antifungal drugs to L14aDM was reported to
be achieved through coordination with the heme—porphyrin
complex, such as the binding of econazole (Figure 5).'%

It was reported that the carboxylic group could form
bidentate coordination with metals like iron. The carboxylic
acid group acts as iron chelator, with the following three
features: the coordinating atom is an oxygen atom, which is
very selective for iron chelation; the bidentate iron-complex
is a neutral complex with a favored partition coefficient; and
finally, it does not form any polymeric complexes, which can
cause problems in crossing cell membranes.!*?° The first aim
of this work was to replace the azole moiety in the general

A

HO

1-Phenethyl imidazole scaffold

structure of the azole antifungal agent (Figure 3B) with
another group. Here, the carboxylic group was selected for
that purpose due to the features previously mentioned.

Selection of the side chain

The diversity in the structure of the side chain in all azole anti-
fungal drugs encouraged the investigation of the effect of this
side chain. Most of the azole drugs have a halo-substituted
benzyloxy side chain, such as econazole, isoconazole, and
miconazole. The para-substituted halo phenoxy acetic acid
moiety was successful in the case of omoconazole. Recently,
the 2,4-dichloro phenoxy moiety was reported to have anti-
fungal properties.?' The 2,4-dichloro phenoxy side chain is
considered to be a new moiety with promising antifungal
activity and it was selected to be in the side chain of the
proposed design.

Selective geometry of the inhibitor

Most of the azole antifungal drugs were found to be a (R and S)
racemic mixture. Heme coordination is achieved using the
(R) isomer.?2 By observing the binding of the (R) isomer, we
can conclude that both substituted aromatic rings must be
oriented in one direction, away from the azole moiety. Some
trials were performed to obtain a rigid conformation in which
one isomer with the required geometry was present. One of
these trials used an oxime group in the structure of micon-
azole to obtain oxiconazole (Figure 4) with broad-spectrum
antifungal activity.” It is worth noting that the (Z)-isomer
of oxiconazole was superior to the (£)-isomer in terms of
antifungal activity.

According to these findings from the literature, a proposed
structure for an L140DM inhibitor was designed in which
a carboxylic group was used for heme-coordination; the
2 4-dichloro phenoxy moiety was selected as a main side chain,

B Heme coordinating moiety

@N
LS

<‘,:I Two-carbon linker

Halo-substituted
aromatic ring

Figure 3 (A) Chemical structure of the first |-phenethyl imidazole scaffold. (B) General structure of azole antifungal drugs.
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Omoconazole N
/
(Y
Cl
Cl

Cl

Figure 4 Structures of some azole antifungal drugs.

in addition to a substituted aromatic ring. The final selection
of the substituted aromatic rings was achieved after a rational
docking study for selection of the top ranked compounds for
synthesis. The geometry was fixed to the Z-configuration
by adding C=C in the two carbon linker between the heme-
chelator group and the substituted aromatic ring (Figure 6).

Chemistry discussion

The synthesis of the proposed structures was achieved using
Perkins reaction, which is a reaction between phenylacetic
acids or phenoxy acetic acids and appropriate aldehydes.'>

Econazole

Figure 5 Econazole—heme coordination.

Isoconazole

N N

{3 LY
N Cl N
o o)
Cl cl Cl
Cl cl

Oxiconazole K\N

N—7/
Cl
Vs
O\ N
Cl
Cl
Cl

Here, the 2,4-dichloro phenoxy acetic acid and different
aromatic substituted aldehydes were refluxed together in the
presence of triethyl amine and acetic anhydride (Figure 1).
The reaction resulted in the formation of C=C with respect

OH
(0]
Cl (0]
o] R

Compound Proposed “R” group
| R=H
1l R = p-Cl
1l R = p-Br
\% R =p-F
\Y R=p-NO,
\ R =p-CN
VI R =2,4-dinitro
Vil R =p-OCH,
IX R =3,5-dimethoxy
X R =3,4,5-trimethoxy
Xl R = p-(N,N-dimethyl)
Xl R = p-OH
X R = p-methyl

Figure 6 Proposed design for antifungal agents with carboxylic heme chelator.
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to the two aryl groups from both the 2,4-dichloro phenoxy
acetic acid and the substituted aldehydes in a low yield.
The configuration of the product was confirmed by many
X-ray crystallographic studies and was reported to be in
the Z-configuration.?>** All compounds showed IR spectra
with absorbance bands at 1,685—1,737 for carbonyl group,
1,550-1,600 for C=C phenyl. The most characteristic feature
in the '"H-NMR spectra was the C=CH proton as a singlet
at 8 7.8-7.95.

Homology modeling

Unfortunately, the crystal structure of L14aDM for
C. albicans and most of the fungal species are not available.
Many studies reported the homology model of C. albicans
L140DM.”” However, in all previously reported models,
the template that was used was from Mycobacterium tuber-
culosis, and it shared a low percentage of identity with the
query sequence. Recently, the crystal structure of S. cerevi-
siae L140DM (PDB entry code 4L.XJ) was resolved;* the
sequence alignment of both C. albicans and S. cerevisiae
L14aDM appeared to share 62.82% identity (Figure 7).
In this work, a homology model of C. albicans L140DM
was built in order to predict the orientation and binding of
the designed compounds to heme within the active site, as
compared to miconazole and fluconazole.

Model validation

Ramachandran plot

The Ramachandran plot of the built model was generated and
analyzed. Residues in the phi-psi core were 90%. Residues in

P10613 CP51_CANAL 1
P10614 CP51_YEAST 1

P10613 CPS1_CANAL
P10614 CES1_YEAST 6

Pl0613 CP51 CANAL 113
Pl0614 CPS1_YEAST 121

P10613 Ck“');_CAIVA.‘. By e
Pl0614 CPS1_YEAST 181

13 CP51_CANAL 29:
1614 CES1TYEAST 300

13 CP51_CANAL 353
P10614 CP51_YEAST 357

Pl0613 CpP51_CANAL

P1l0614 CPS1_YEAST

613 CP51_CANAL
P10614 CpP51_YEASY

the phi-psi enabled region were found to be 7%. Residues in
omega core were found to be 96%, and in the omega enabled
region, they were 3%. Conversely, residues in the omega
generous region were 0%. The free energy of protein folding
was computed and found to be —508.68 (Figure 8).

Molecular docking

Upon building of the model of C. albicans L140DM, the
heme—porphyrin site was identified. All surrounding residues
were found to be hydrophobic, such as Tyr 126, Tyr 140,
Phe 134, Phe 241, Phe 236, and Thr 130 (Figure 9).

The binding site of the azole-containing antifungal drugs
is a hydrophobic site, which contains a number of hydropho-
bic residues such as Phe 134, Phe 236, Tyr 126, Tyr 140,
and Phe 241. All well-known L140DM inhibitors (Figure 4)
have two halo-substituted aromatic rings. The main reasons
for using these halo-substituted aromatic rings is to produce
an electron poor ring that will be stabilized by m—r interac-
tions with the hydrophobic residues in the binding pocket.
These hydrophobic interactions will facilitate the fixation of
the inhibitor within the pocket and enhance its coordinating
with heme—porphyrin complex.

The molecular docking study was performed for a variety
of compounds with different substitutions of aromatic ring B
as shown in Figure 6. Both electron donating groups and
electron withdrawing groups were used. The aim was to
study the binding modes of the designed compounds and to
compute the binding affinity, binding free energy, lipophilic
contribution score, clash penalty score, and the ligand entropy
conformation score for all compounds. The docking study

EXIREEIRNYEVT 172
BESTALENMYKYERD 18

BRI N IVELE
KOMUMPNL S YMIPAG

Figure 7 The similar residues are in grey color, hydrophobic residues in blue color, and the metal binding site at position 470 of in template and query.
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Figure 8 Ramachandran plot for the homology model of Candida albicans L140DM.

enabled the prediction of those compounds with high scoring
when compared to miconazole and fluconazole, to select the
top-ranked compounds, and to correlate that to the observed
activity (Table 1).

For example, the docking results revealed some interesting
insights and interactions that could be used in the prediction

— Heme-porphyrin complex

Phe 134

Figure 9 Identification of the hydrophobic binding site for docking.

of binding modes and biological activity. Compounds VIII,
IX, X, XI, XII, and XIII, with all electron donating group
substitutions (4-OCH3, 3,5-dimethoxy, 3,4,5-trimethoxy,
4-(N,N-dimethyl)-, 4-hydroxy, 4-methyl, respectively),
showed high ligand entropy conformation values than those
with halo substitution and electron withdrawing substitu-
tion (Compounds [-VII). This score was the main reason in
decreasing the docking scores of compounds VIII-XIII that
ranged from —18 to —17.01 kcal/mol (Table 1).

On the other hand, the calculated affinity score was very
high for compound VII (-25.83 kcal/mol) and compound V
(—24.49 kcal/mol). The affinity values for compounds [-VII
were higher than those of miconazole (—18.19 kcal/mol) and
fluconazole (—16.08 kcal/mol). Compounds I-VII showed
the same ligand entropy conformation score (2.80), which
was much lower than that of miconazole (7.00) and flucon-
azole (8.40), which indicates favored binding, as shown in
Table 1.

The higher value of the ligand entropy conformation score
in both miconazole and fluconazole was inversely propor-
tional to the binding affinity. The best value for the lipophilic
contribution was found to be —12.60 and —12.44 for the most
active compounds (VII and V, respectively). By analysis of
the interactions, we can conclude that the Z-configuration of
the synthesized compounds was successful in enabling the car-
boxylic group to chelate with the heme in the heme—porphyrin

4510 submit your manuscript
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Table | Docking results using Leadit 2.1.2

Compound Docking score Lipo Clash Rot Main residues involved in the interactions
(Kcal/mol) score score score

I —22.35 —-14.23 4.71 2.80 Phe 134, Tyr 140, Phe 241, Phe 236

I -23.23 —-13.37 5.27 2.80 Tyr 126, Phe 134, Tyr 140, Phe 241, Phe 236

1] -19.76 —-13.39 5.82 2.80 Tyr 126, Phe 134, Tyr 140, Phe 241, Phe 236

v -21.46 —15.04 5.70 2.80 Tyr 126, Phe 134, Tyr 140, Phe 241, Phe 236

\ —24.49 —12.44 5.25 2.80 Tyr 126, Thr 130, Phe 134, Tyr 140, Phe 241, Phe 236

M —22.26 —11.85 4.82 2.80 Tyr 126, Phe 134, Tyr 140, Phe 241

Vil —25.83 —12.60 5.38 2.80 Tyr 126, Thr 130, Phe 134, Tyr 140, Phe 241, Phe 236

Vil —-17.01 -9.45 6.97 7.15 Phe 134

IX -17.79 -10.32 6.66 5.60 Phe 134, Phe 236

X -16.39 -9.67 6.62 7.00 Phe 134, Phe 236

Xl -18.21 -9.85 7.46 5.45 Phe 134, Phe 236

Xl —=17.11 -9.61 6.75 5.60 Phe 236

Xl —17.31 -10.47 5.98 5.60 Phe 134, Phe 236

Miconazole —18.19 —13.98 6,41 7.00 Tyr 126, Thr 130

Fluconazole —-16.08 -11.97 8.27 8.40 Tyr 140

complex. The 2,4-dichloro phenoxy moiety in all compounds,
in addition to the halo and/or an electron-withdrawing aromatic
substituted rings, resulted in an electron-poor phenyl ring,
and that was the cause of m—r interactions with neighboring
hydrophobic residues such as Tyr 126, Tyr 140, Phe 134,
Phe 241, and Phe 236. The presence of the para nitro group in
compounds V and VII showed an extra hydrogen bond with
Thr 130 (Figure 10). The possible binding mode for the top
selected compounds is summarized in Figure 2.

By comparing the binding of compound V and miconazole,
we can conclude that miconazole does not form any hydrogen
bonding with Thr 130. Also, it has weak r— interactions with all

Heme—porphyrin

Figure 10 Mode of binding of compound V in the azole binding site of LI40DM.

hydrophobic residues at the site, as compared to compound V.
The orientation of the carboxylic group was at exactly the
same position as C=N of the imidazole ring, which means that
they are competing for heme coordination (Figure 11).

When measuring the distance between N3 of imidazole
and the first carbon in the C—C linker, it was found to be
3.55 A. Conversely, in the case of compound V, the distance
between the oxygen atom and the C=C linker was 2.4 A. This
finding can introduce a new structural feature for the design
of a potent antifungal drug (Figure 12).

Antifungal in vitro screening
In this study, two azole antifungal drugs (miconazole and flu-
conazole) were used as lanosterol 14a-demethylase inhibitor

Heme—porphyri
complex

Figure 11 Comparison between miconazole (blue color) and compound V (element
color) in their binding modes.
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Figure 12 Comparison between the distance of heme-chelator group and the first carbon in C—C linker in both miconazole and compound V.
Notes: (A) Measuring the distance between the C-C linker and heme chelator group in Miconazole. (B) Measuring the distance between the C—C linker and heme chelator

group in the compound V.

standards to which all the synthesized compounds were com-
pared. In addition, the gold antifungal drug amphotericin B,
which is a well-known, broad-spectrum antifungal agent,
was also used as a third standard to be used for comparing
the spectrum of these synthesized compounds. According
to the results of the in vitro antifungal screening, most of
the tested compounds showed potent and broad-spectrum
antifungal activity against five different fungal strains. For
activity against C. albicans, compounds II, V, and VII were
the most active, with IC, values of 8, 7.01, and 7.91 pug/mL,
respectively, which were more potent than miconazole,

fluconazole, and amphotericin B. Compound V was the most
active against C. parapsilosis withan IC_ value of 7.59 ug/mL,
and it was also more potent than the reference drugs.
Compounds II, V, and VII showed the highest activity
against 4. niger with IC_ values of21.4,7.25,and 16.6 ug/mL,
respectively. On the other hand, antifungal activity against
T. rubrum was expressed by compound V (IC,: 31.6 ug/mL)
and compound VII(IC, : 33.3 ug/mL). All of these compounds
were more potent in their activity against 7. rubrum than
miconazole (IC, : 36.4 ug/mL), fluconazole (IC,: 72.7 ug/mL),
and amphotericin B (IC,: 44.6 ug/mL). Only compound V

Table 2 In vitro antifungal screening results of the synthesized compounds against different fungal strains

C. albicans® C. parapsilosis® A. niger* T. rubrum? T. mentagrophytes®
(RCMB 05036) (RCMB 05064) (RCMB 02568) (RCMB 010162) (RCMB 010173)
MIC IC,, MIC IC,, MIC IC,, MIC IC,, MIC IC,,
(ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (pg/mL)  (ug/mL)  (ug/mlL)
| 125 >125 125 >125 125 >125 125 >125 125 >125
I 0.98 8.83 0.98 8.38 1.95 214 39 422 7.81 48.8
1 31.25 120 15.63 89.4 15.63 65 7.81 423 15.63 934
v 39 34 39 32.6 15.63 68.2 7.81 455 7.8l 52.7
\% 0.98 7.01 0.98 7.59 0.98 7.25 39 316 39 41.6
Vi 7.81 307 1.95 17 39 358 39 422 39 537
Vi 0.98 791 1.95 18.3 1.95 16.6 39 333 39 43.9
Miconazole 1.95 20.2 1.95 16.5 39 339 7.8l 36.4 7.8l 38.1
Fluconazole 15.63 79 7.81 51 7.81 328 15.63 72.7 31.25 11
Amphotericin B 1.95 10.2 0.98 6.99 1.95 15 7.8l 44.6 7.8l 31.6

Notes: *Candida albicans; *Candida parapsilosis; Aspergillus niger; “Trichophyton rubrum; <Trichophyton mentagrophytes.
Abbreviations: MIC, minimum inhibitory concentration; ICSO, half maximal inhibitory concentration.
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showed the highest activity against 7. mentagrophytes (IC_;:
41.6 ng/mL), which was almost the same as that of miconazole
but more potent than fluconazole (Table 2).

Conclusion

Seven compounds with the (Z)-substituted propenoic acid
scaffold were designed by a rational design approach. The
compounds were synthesized, and tested for their in vitro
antifungal activity. All compounds showed potent antifun-
gal activity in the submicromolar range against five fungal
strains, including dermatophytes. Compound V was the most
active with IC, s of 7.01, 7.59, 7.25, 31.6, and 41.6 ug/mL
against C. albicans, C. parapsilosis, A. niger, T. rubrum, and
T. mentagrophytes, respectively. The use of the carboxylic
group was successful in obtaining potent broad-spectrum
activity. The use of the Z-configuration was site specific in
terms of achieving a unique binding geometry. These agents
may be a good start for further biological studies in vivo.
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