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Chitin Synthase Inhibitors as Antifungal Agents
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Abstract: Increased risk of fungal diseases in immunocompromised patients, emerging fungal pathogens, limited
repertoire of antifungal drugs and resistance development against the drugs demands for development of new and
effective antifungal agents. With greater knowledge of fungal metabolism efforts are being made to inhibit specific
enzymes involved in different biochemical pathways for the development of antifungal drugs. Chitin synthase is one such
promising target as it is absent in plants and mammals. Nikkomycin Z, a chitin synthase inhibitor is under clinical
development. Chitin synthesis in fungi, chitin synthase as a target for antifungal agent development, different chitin
synthase inhibitors isolated from natural sources, randomly synthesized and modified from nikkomycin and polyoxin are

discussed in this review.
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INTRODUCTION

In recent years, the increase in the number of
immunocompromised hosts such as patients with AIDS,
autoimmune diseases, burns, radiotherapy, chemotherapy
and transplantation has resulted in increase in the fungal
infections [1]. The situation has led to change in epidemiology
and emergence of fungal pathogens which were previously
considered clinically insignificant [2-4]. Most infections are
caused by Candida albicans and Aspergillus sp. (4.
Sfumigatus and A. flavus). However, in the last 2-3 decades,
their percent share has declined due to emergence of
pathogenic fungi which include - Acremonium sp.,
Acremonium terreus, Blastomyces dermatitidis, non-albicans
Candida sp. (C. glabrata, C. parapsilosis, C. krusei),
Coccidioides immitis, Cryptococcus neoformans, Fusarium
sp.,  Histoplasma  capsulatum,  Microsporum  sp.,
Paecilomyces sp., Penicillium marneffei, Rhizopus oryzae,
Trichoderma sp., Trichophyton sp., and Trichosporon sp.,
etc. [5-8]. Apart from the increased number of immuno
compromised hosts, development of resistance against
antifungals has aggravated the situation [9]. Therefore, there
is a constant need for antifungal agents with new target
specificities. Currently, five classes of compounds are in use
to treat systemic mycoses (Table 1).

Intensive use of ergosterol synthesis inhibitors for many
years has resulted in resistance development. Secondly, due
to the drawbacks of existing drugs such as acute and chronic
side-effects, less clinical efficiency, effect on non-targeted
cells; the development of new antifungal agents is of major
importance (For more details on current status of antifungal
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drug development and challenges in the treatment of fungal
infections, please refer [10-12]). To address above-mentioned
issues and challenges, synthesis of different molecules such
as triazole linked P-lactam bile acid conjugates, their
dimmers, tetrapeptide linked cholic acid derivatives, etc. have
also been attempted [13-15]. Alternatively, identification of
molecules which can target enzymes and/or biochemical
processes almost exclusive to fungi could be a useful
approach.

Fungal cell walls are primarily composed of
polysaccharides namely chitin, glucans, mannans and
glycoproteins. Chitin, a B-1,4 linked N-acetyl-D-glucosamine
polymer, is an important constituent of the cell wall. As
chitin is absent in plants and animals, its synthesis is a
promising target for development of antifungal agents.
Present review focuses on various approaches for chitin
synthesis inhibition to develop effective antifungal drugs.

CHITIN SYNTHESIS IN FUNGI

In fungi, the amount of chitin in the cell wall varies from
2% in few yeasts to 61% in some filamentous fungi.
Irrespective of the proportion, chitin appears to be essential
for fungal growth and survival [16]. In chitin metabolism the
enzymes from both carbon and nitrogen metabolism are
involved which synthesize uridine diphosphate-N-acetyl
glucosamine (UDP-GIcNAc) from glucose. Chitin synthase
(CS, EC 2.4.1.16) is crucial as it is involved in the synthesis
of chitin from UDP-GIcNAc (Fig. 1). In the cytoplasm, most
of the zymogenic CS is accumulated in specialized structures
called chitosomes. Chitosomes fuse to the plasma membrane,
active CS is formed by proteolysis and eventually chitin is
synthesized. Crystalline microfibrils have 20-400 -chitin
chains held together by hydrogen bonding [17, 18].
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Table 1. Clinically Used Antifungal Drugs.

Class of Antifungals | Antibiotic Target - Mode of Action

Ergosterol - Polyenes complex with ergosterol in the fungal cell membrane and

Pol Amphotericin B, Nystati . . .
olyenes fpfotericin B, Systatm compromise the integrity of the cell membrane.

Ergosterol biosynthesis - Inhibition of lanosterol 14-a-demethylase (cytochrome P450
dependent) enzyme (EC 1.14.13.70) leading to ergosterol depletion and accumulation
of intermediates in the pathway. It disrupts the structure of the cell membrane, alters
the activities of several membrane-bound enzymes.

Imidazoles (e.g. ketoconazole, miconazole)
Azoles Triazoles (e.g., fluconazole, itraconazole
and voriconazole)

Ergosterol biosynthesis - Inhibit the enzyme squalene epoxidase (EC 1.14.99.7) in the

Allylami Terbinafi
yiammes eromatine ergosterol biosynthesis pathway
Fluoro-pyrimidines S-fluorocytosine (5-FC) Nucleic acid synthesis - Inhibit DNA and RNA synthesis
Echinocandins Caspofungin Szilcan synthesis - Inhibit-(1,3)-glucan synthesis resulting in disruption of the fungal cell
Glucose
Hexokinase
ATP EC2.7.1.1

ADP
Glucose-6-phosphate

Glucose-6-phosphate
isomarase EC 5.3.1.9

Fructose-6-phosphate

Glutamine Glucosamine-6-phosphate 1\{3-({-meth0xyfqmarf>yl)-L -2,3-
Synthase diaminopropanoic acid
Glutamate EC2.6.1.16

Glucosamine-6-phosphate

Glucosamine-6-phosphate-N-acetyl
Acetyl-CoA transferase
CoA EC23.14
N-Acetylglucosamine-6-phosphate

Phosphoacetyl glucosamine mutase
EC5.423

N-Acetylglucosamine-1-phosphate

UTP UDP-N-Acetylglucosamine
phosphorylase
PPi EC2.7.7.23

UDP-N-Acetylglucosamine

Chitin synthase
UDP Afi EC2.4.1.16 Nikkomycin, Polyoxins
Chitin
Chitinase o
EC3.2.1.14 Allosamidin

N-N’-Diacetylchitobiose

N-Acetylglucosaminidase

EC3.2.1.50
N-Acetytlglucosamine
ATP N-Acetylglucosamine kinase
EC2.7.1.59
ADP

Recycled «—— N-Acetylglucosamine-6-phosphate

Fig. (1). Chitin synthesis pathway.



224 Mini-Reviews in Medicinal Chemistry, 2013, Vol. 13, No. 2

CHITIN SYNTHASE

Chitin synthase (CS) is present as isoezyme in fungi; the
number varies from one in Schizosaccharomyces pombe
[19], four in C. albicans [20], eight in Benjiaminella
poitrasii [21] to ten in Phycomyces blakesleeanus [22]. CS, a
glycosyltransferase type enzyme, catalyzes a transglycosylation
reaction in which sugar residues are transferred from UDP-
GIcNAc to the growing chitin chain releasing uridine
diphosphate (UDP, Fig. 2). The different isoenzymes are
involved in chitin synthesis at different sites or different time
points in the lifecycle of the fungus such as repair during
cytokinesis, synthesis of primary septum, lateral cell wall
integrity and hyphal tip growth soon and so forth. Roncero
[23] reviewed different CS in fungi, their functions, genetic
complexity and particularly its regulation in S. cerevisiae.

The universal motif of B-glycosyl transferases - amino
acid residue sequence glutamine-any amino acid-any amino
acid-arginine-tryptophan (QXXRW) is present in CS. Along
with it, CS active site has two conserved domains A and B,
with two aspartic acid residues at domain A and one at
domain B which are required for catalytic activity [24].
Based on the alternating orientation of the GIcNAc residues
within the chitin chain, it was proposed that CS possesses
two active sites. According to the hypothesis, CS is a
processive glycosyl transferase (that adds a number of sugar
residues) which forms two glycosidic bonds simultaneously
by a specific mechanism resulting in the inversion of the
anomeric configuration and release of two UDP molecules
[24].

CHITIN SYNTHASE INHIBITORS

Polyoxin and nikkomycin were the first reported CS
inhibitors isolated from culture filtrates of Streptomyces sp.,
thereafter number of CS inhibitors were isolated from natural
sources like plants, microorganisms. Whereas, synthetic
chitin synthase inhibitors have been designed and prepared
mainly based on diversity-oriented synthesis of UDP-GIcNAc
analogs.

Screening for Chitin Synthase Inhibitors

The potential of antifungal agent is mainly adjudged by
growth inhibition or spore germination inhibition assays. The
assays are performed by disc diffusion method or broth
microdilution technique according to Clinical and Laboratory
Standards Institute (CLSI) guidelines.

Most of the pathogenic fungi (e.g. C. immitis, B.
dermatitidis, H. capsulatum, C. albicans) change their
morphology reversibly between yeast and filamentous

OH
O

HO O {
HO / NH
AcHN o) ,,O_O‘ 0 N—«
'O/P\O/ ~0 o o) Chitin synthase

HO OH
Substrate for CS

Fig. (2). Mechanism of chitin synthesis.

Chaudhary et al.

hyphal form for survival and proliferation in the host, which
in other words, is the change from saprophytic to pathogenic
form. Therefore, the compound which inhibits this reversible
transition may have a potential as an antifungal drug.
Usually in a dimorphic fungus, chitin contents increase
during yeast to hypha transition [25]. Therefore, inhibition of
transition can be used as a test for screening of potential CS
inhibitors [26].

The filamentous fungi grow apically. Usually hypal tip is
plastic, thin walled and a site for the deposition of nascent
chitin. In the presence of specific chitin synthase inhibitor in
osmotically stabilized medium, the hyphal tip bursting can
be observed within few minutes under the microscope [27].

It has been reported earlier that initial chitin synthesis is
essential for protoplast regeneration in B. poitrasii, and
specific CS inhibitors like nikkomycin have been shown to
hamper the process of regeneration [28]. Similarly, Carrano
et al. [29] developed a method to detect CS inhibitors based
on regeneration of C. albicans protoplast using fluorescent
chitin precursor dansyl GIcNAc.

A yeast genome-wide drug induced haploinsufficiency
screen using S. cerevisiae as a model organism has been
developed by Giaever et al. [30]. Lowering the dosage of a
single gene from two copies to one copy in diploid yeast
results in a heterozygote. The resulting mutant strain becomes
sensitive to any drug that acts on the product of this gene as
compared to wild type strain. This haploinsufficient phenotype
thereby identifies the gene product of the heterozygous locus
as the likely drug target [31]. For instance, diploid wild type
S. cerevisiae strain and its mutant (haploid for the targeted
gene Chs2 — chitin synthase 2 gene) are used for the
screening of the CS inhibitors. As the mutant has only one
copy of Chs2, the effect of chitin synthase inhibitors on
growth will be more pronounced on it as compared to the
wild type, whereas other agents will exert similar effect on
both the strains. S. cerevisiae genes essential for growth and
with no homologs in humans may be selected as specific
antifungal target. However, around 30% of the genes
essential for yeast to filamentous transition in C. albicans, a
switch central to its pathogenicity, lack homologs in S.
cerevisiae and thus are better candidate antifungal targets
[32]. Therefore, Roemer et al. [33] employed a pathogen-
focused approach for drug discovery using haploinsufficiency
in C. albicans (termed as CaFT — C. albicans Fitness Test)
and screened 45% of the C. albicans genome for the
molecular targets of growth inhibitory compounds. Using
>2,800 heterozygous deletion strains and known inhibitors
gene function elucidations were done. CaFT as screening test

NHAC NHAc
%O“OH
ACHN ACHN
Chitin
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for drug discovery will confirm the mechanism of action of
new compounds and their therapeutic potential as antifungal
agents. Few such molecular targets are mentioned in Table 2
and except Chs2; other targets are new with no known
inhibitor.

Chitin is present in pure form only in diatoms. The
extracellular B-chitin spines of the diatom, Thalassiosira
Sfluviatilis are completely acetylated. The spines act as
flotation device. Action of chitinase on these B-chitin spines
resulted in increased sinking rate of the cells [34].
Nikkomycin was reported to inhibit the B-spine formation in
exponentially growing diatoms, which resulted in the
sedimentation of treated cells. This sedimentation rate was
found to be dose dependent.

For CS inhibitors screening, in vitro radiometric enzyme
assay is routinely used in which CS activity in presence and
absence of the inhibitor is estimated using radiolabelled
substrate UDP-'*C-N-acetylglucosamine and by measuring
the incorporation of "*C in the formed chitin [35]. CS activity
inhibition can also be estimated by non-radioactive CS assay
using either horse radish peroxidase-WGA conjugate [36] or
Fluorescein isothiocyanate (FITC) labelled WGA.

THE STORY OF POLYOXIN AND NIKKOMYCIN
Polyoxins

Isono et al. [37] reported the protective and curative
effects of the culture filtrates of three strains of Streptomyces
against sheath blight disease of rice caused by Rhizoctonia
solani. Purification of the culture filtrates resulted in isolation
of polyoxins A and B, which showed antifungal activities
against other phytopathogenic fungi Alternaria kikuchiana,
Cochliobolus ~ miyabeanus,  Pyricularia  oryzae and
Pellicularia  filamentosa ~ with  minimum inhibitory
concentration (MIC) in the range of 0.2-12.5 pg/ml [37, 38].
Subsequently, polyoxins A to L (Fig. 3) were isolated and
purified from the culture broths of Streptomyces cacaoi var.
asoensis [39]. Polyoxins were designated as a new class of
peptide nucleoside antibiotics based on the similarity of the
core structure of all active polyoxins with CS substrate UDP-
GlcNAc [39]. Suzuki et al. patented polyoxins A, B (U. S.
patent 3,700,655) and polyoxins J, K, L (U. S. patent
3,625,940) for their use as agricultural fungicides in 1971-
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72. Polyoxins are still an important fungicide group and used
in different compositions for treating plant diseases (U. S.
patent 20110028419A1).

o Polyoxin R1 R2 R3
Ry | NH CO,H
O COR
Q Ry 2N "0 A cmon —~N  oH
N OWE
OH NH,
HO OH B cmon OH OH
D
COOH OH OH
E  cooH OH H
CO,H
Fcoon _ N OH
G CH,0H OH H
CO,H
H  CH; — N OH
7 CHs OH OH
CO,H
K g _ N OH
L H OH OH
HOH,C | iH R
COR
o N O C OH
H,N
I CO,H
HO OH
=N

Fig. (3). Structures of polyoxins.

In vitro enzyme inhibition studies using Saccharomyces
carlsbergensis CS preparation confirmed that the mode of
action of the polyoxins was through competitive inhibition of
the CS enzyme [40]. Further study on the relationship of
structures of polyoxins to P. oryzae CS inhibition indicated
that the oxygen atom at C-1', amino group at C-2', hydroxyl
groups at C-3' and C-4', aliphatic carbon chain and terminal
carbamoyloxy group moiety of polyoxins helps to stabilize
the polyoxin-enzyme complex [41]. pKi (-log dissociation
constant) versus pH plots for polyoxin C and other polyoxins

Table2. Few New* Targets in Yeasts and Filamentous Fungi for the Development of Antifungal Agents.

Name of the Target Biological Role Additional Remarks

TRLI Required fOF tRNA splicing a nd has Ph.o.sphodlesterase, Yeast is not viable due to deletion of the targeted gene.
polynucleotide kinase, and ligase activities

ALRI Plasma membrane Mg®" transporter Yeast is not viable due to deletion of the targeted gene.
Component of the RSC chromatin remodeling complex; . . .

RSCY g Yeast t viable due to delet f the targeted .

s¢ DNA-binding protein involved in the synthesis of rRNA castis notviable due fo deletion of fhe fargeted gene
YPDI Osmo-sensory signaling pathway via two component system Yeast is not viable due to deletion of the targeted gene.
CHS? Chitin synthesis In yeast, CHS2 de‘letlon results in loss of well-defined
septa and growth is arrested.

*except CHS2.
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indicated that the ionized amino group at C-2' position plays
an important role in the binding of polyoxins to CS. Whereas,
the carbonyl oxygen atoms at C-1' and of the carbamoyloxy
group might have participated in the hydrogen bond
formation with the enzyme [42]. Few studies demonstrated
in vivo effects of polyoxin D on cell wall of different fungi
[43-45]. Polyoxin D treatment to S. cerevisiae resulted in
pairs of abnormal cells either consisting two lysed cells from
which the cytoplasm had been extruded at the cell junction,
or consisting of two highly refractile cells joined by a thin
bridge. Electron microscopy showed that secondary septa of
varying thicknesses were laid down in an abnormal pattern
with no primary chitin septum formation in both these cell
types [45]. Though polyoxins were effective in vitro against
CS, they were ineffective in vivo against yeast cells. The
reasons were inability of polyoxins to cross the cellular
membrane and accumulate intracellularly to required
inhibitory concentrations and presence of other peptides in
the growth medium which inhibited polyoxin transport and
action [45]. Though naturally occurring polyoxin D was
completely resistant to degradation by cell extracts, many
other polyoxins were rapidly degraded by intracellular
peptidases to products that were not inhibitors of CS [46].

Nikkomycins

Dahn et al. [47] isolated chemical nikkomycin from the
fermentation broth of Streptomyces tendae Tii 901, which
inhibited the growth of several fungi by affecting chitin
biosynthesis. Its structure was identified as a nucleoside-
peptide antibiotic consisting of uracil, an amino hexuronic
acid and a new amino acid containing a pyridine ring. Bayer
AG first evaluated nikkomycin as fungicide (U.S. Patent
Nos. 4,315,922 and 4,158,608) and then patented a method
for treating fungal infections caused by dermatophytes,
yeasts and dimorphic fungi such as Epidemophyton floccosum,
C. albicans, H. capsulatum, etc. with nikkomycin derivatives
(U.S. Patent 5019560).

Further from the fermentation studies with wild type and
mutant strains of S. fendae Ti 901, 21 biologically active
and six inactive nikkomycins were isolated and purified [48,
49]. Nikkomycins X, Z, pseudo-Z, I, J, N, M, D, E, Bz, By,
Cz, Cx (Fig. 4) are produced by wild type S. tendae Tii 901.
Mutant strains S. fendae Tii 901/395, Tii 901/172 and Tii
901/C37 produced the remaining nikkomycins Oz, Ox, Wy,
Wx, Kz, Kx, Qz, Qx, Rz, Rx, ZT, ZH, JT, Ju (Flg 4) Based on
in vitro Coprinus cinereus CS inhibition, Ki (inhibition
constant) for the nikkomycins were found in the order
Bx>X>Zy>Z1>Bz>0x>7Z>Wyx. The nikkomycins By and X
exhibited better antifungal activity against different fungi
including C. albicans, Yarrowia lipolytica, Paecilomyces
variotii, Mucor hiemalis than nikkomycin Z [50].
Nikkomycin Z also showed poor antifungal activity against
S. cerevisiae as it inhibited only CS 3 and was ineffective
against CS 2 [51]. Whereas in C. albicans, nikkomycin Z
inhibited vegetative growth by inhibiting all three CS with
ICs¢ value for CS 1, CS 2, CS 3 were 7.4, 0.4 and 6.4 pg/ml
respectively. Growth inhibition was accompanied by the
absence of septum and cell wall chitin, which in turn brought
about cell lysis [52]. Microscopic and cytochemical study
indicated that Gigaspora margarita and Glomus intraradices

Chaudhary et al.

CS inhibition by nikkomycin Z induces alterations in hyphal
morphology, changes in the amount or distribution of chitin
oligomers, a reduction in fungal wall thickness, and several
other changes in the hyphal wall structure and organization
[53]. Nikkomycins were most effective against dimorphic
fungi C. immitis, B. dermatitidis due to high CS activity
present in the cells. In the mouse models of coccidioidomycosis
and blastomycosis, nikkomycin Z was found to be more
effective than nikkomycin X and majority of azoles, while
moderately effective in histoplasmosis [54]. The problems
associated with the polyoxins, i.e. transport inside the cell
and degradation by intracellular peptidases were not
significant in nikkomycins. Nikkomycin Z, X and Bx were
resistant to enzymatic hydrolysis, but were unstable at
neutral and alkaline pH, which can be attributed to presence
of hydroxypyridyl residue. Replacement of hydroxypyridyl
residue with hydroxyphenyl ring as in nikkomycins W, Wz,
Bx and By resulted in stability at neutral and alkaline pH.
The B-methyl group of the N-terminal amino acid of
dipeptide nikkomycins might be protecting the molecule
against peptidase activity in crude cell-extracts of different
fungi. All the investigated nikkomycins except Cz and Ox*
were transported via the peptide transport system in Y.
lipolytica with more affinity for dipeptide nikkomycins than
tripeptide [50].

CHO Nikkomycin R, R, Ry Ry
HN/\S
. X A OH CH; OH
Ry N m 0 COR, A= 0O ““
: R,
N N 7 B OH CHy OH
N N o
NH.
OH 2
HO  OH HNJﬁ PseudoZ € OH  CH; OH
B= 07N
| Zr D OH CH; OH
JOL Zn E OH CH; OH
HNTONH 1 A Glu CH;  OH
C= P F
J B Glu CH;  OH
o
o OH H
CH, X A OH
N
D:o)\N Ox” A OH H  OH
|
Oz B
o OH H  OH
CH,0H
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E= 07N
| Kz B OH H H
Ry O COOH
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COOH
Rs. o. Ri Wy A Tyr
N
H
W
HO OH z B Tyr

Fig. (4). Structures of nikkomycins.

SYNTHETIC MODIFICATIONS OF POLYOXINS
AND NIKKOMYCINS

Number of reports are available on modification of
polyoxins and nikkomycins for the improvement of their
properties. Being multifunctional molecules these nucleoside
peptides offers different sites for the modification. General
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structure of the polyoxin and nikkomycin with different
possible sites for modifications is given in (Fig. 5).

Substitution at oxygen atom

Modification at C5' position
Cx\COZH /g— Base modification
Modification of HO OH
peptide bond

Inversion, ;\1bstituti0n
or elimination of hydroxyl group

Fig. (5). Different sites for the modification of the nikkomycins and
polyoxins.

Peptide Derivatives of Polyoxins

A series of amino acyl derivatives of polyoxin C and L
were synthesized and evaluated for chitin synthase inhibitory
activity by Isono et al. [55-57]. Initially, they prepared 5'-
decarboxylated analogs of polyoxins by synthesizing o-
substituted aminoacyl derivatives of 5-amino-5'-deoxyuridine.
No antimicrobial activity was observed for all 7 derivatives
when tested against 15 different human and phytophatogenic
fungi indicating the importance of 5'-carboxyl group for
activity. 5'-carboxyl group was thought to be essential as it
would place a negative charge in a position analogous to that
of the phosphate groups in UDP-GIcNAc [55]. Therefore, N-
aminoacyl derivatives of polyoxin C with amino acids such
as glycine, alanine, ornithine and norvaline as the side chains
were synthesized. Structure activity relationship based on in
vivo inhibition of phytopathogenic 4. kikuchiana, P. oryzae
and C. miyabeanus showed that: 1) the o-L-amino and 5'-
carboxyl group were essential for the activity. 2) The alkyl
chain length and the nature of w-substituent affected the
activity; polar groups such as ureido or carbamoyl increased
the activity, whereas ionic groups such as amino or carboxyl
groups decreased activity. However, these types of synthetic
modifications did not show enhanced CS inhibition than the
natural polyoxins [56, 57].

Polyoxins were ineffective against C. albicans due to
inability of the antibiotic to penetrate the cell. Shenbagamurti et
al.[58] structurally altered the polyoxin molecule by
introducing hydrophobic amino acids in the side chain so as
to enhance the penetration into C. albicans. The most active
derivatives (1-3, Fig. 6) were comparable in activity to
ployoxin D (ICso 0.45 nug/ml). Khare et al. [59] reported the
synthesis and testing of polyoxins containing o-amino fatty
acids (4, Fig. 6). Compound 4 inhibited growth of C. albicans
in culture at 40-80 pg/ml, whereas all other analogs were
found to be less potent than polyoxin D (MIC 320 pg/ml).

Polyoxins found to be unstable in the internal cell
environment, to overcome this problem dipeptide and
tripeptidyl analogs of polyoxins were synthesized [60].
However, these analogs were rapidly metabolized to inactive
form uracil polyoxin C (UPOC), releasing corresponding
amino acids inside the cells. In order to improve metabolic
stability, Ne-Oct-Lys-UPOC and Ne-Oct-GIn-UPOC (5 and
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6, Fig. 6) were synthesized and found to be more resistant to
dipeptidase than above di- and tripeptidyl derivatives. But
their antifungal efficacy against C. albicans (> 525 ng/ml)
was still less than that of polyoxin D (MIC 26 pg/ml) [46].
Emmer et al. [61] synthesized two L-alanine-UPOC analogs
in order to obtain resistant analogs to peptidase hydrolysis.
However, these modified molecules were ineffective in
inhibiting CS activity.

0 coH |
NH, H J\X_Z
HO OH

1. Rl: CH2CH2Ph

2.R= HZCOOH
CH, 8. \)\

\
9.
H HO NH,

4. Rl: CHz(CH2)8CH3

5. Rj= CHy(CH),NHCO(CH,)CH; o co
) NH,
6. R,= (CH,),CONH(CHS,),CHj O

Fig. (6). Peptide derivatives of polyoxin and nikkomycin.

Peptide Derivatives of Nikkomycins

Cooper and coworkers [62] reported a synthetic study of
nikkomycin Z containing different amino acyl groups (7 and
8, Fig. 6). The chitin synthase and growth inhibitory
activities of these derivatives were found to be much lower
than that of nikkomycin Z against Candida strains. Obi et al.
[63] synthesized nikkomycin Z analogs with different groups
at the terminal amino acid moiety, e.g., S-aryl-L-Cys, S-aryl-
L-methyl groups and phenanthrene (9 and 10, Fig. 6).
Among them, compound having phenanthrene group 10 was
found to be a better C. albicans CS inhibitor with ICs, about
0.31 pg/ml (ICsq for nikkomycin was 0.393 pg/ml).

Krainer et al. [64] synthesized nine tripeptidyl and
dipeptidyl analogs of polyoxin and nikkomycin as
anticandidal prodrugs. Inside the cell, these analogs were
expected to release active moiety upon hydrolysis. Out of
these analogs only 11 (Fig. 7) was found to release active
component on hydrolysis inside the cells and act as prodrug.
None of the compounds proved better anticandidal agents
than nikkomycin.

Heteryl Nucleoside Derivatives of Nikkomycin Z

Different heteryl nucleoside derivatives were synthesized
by Behr and co-workers [65] which conformationally mimic
the transition state in presumed glycosyl transfer reaction. In
these derivatives the methyl quinoline and 2-methyl-5-
hydroxypyridine served as the glycopyranosyl surrogate and
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malonic acid, tartaric acid and carbohydrate based non-
hydrolysable linkers were chosen as a surrogate for the
phosphate portion of the nucleoside (12-13, Fig. 8). These
linkers mimic the six membered ring pyrophosphate-M2+
complex formed in the active site of the CS enzyme.
However, all the compounds showed weak S. cerevisiae CS
inhibitory activity as compared to nikkomycin Z.

OHC
7 NH
(@) O CO,H
20 N’«
N N O
H,N H H
HO HO OH
am\
\
11 OH

Fig. (7). Peptidyl analog of nikkomycin and polyoxin as a prodrug.

CS5' Modification of Polyoxin and Nikkomycin

Using combinatorial concept and Ugi 4 Component
Coupling reaction, Suda ef al. [66] synthesized active
antifungal analogs of polyoxins. All the Ugi products
obtained were a mixture of diastereomers at C5' position.
Out of all these compounds diasteriomer 14 (Fig. 9) was
found to be most active against C. albicans CS 1 with 1Cs,
value 3.69 pg/ml (for nikkomycin 4.69 pg/ml). Chaudhary et
al. [26] used the click chemistry approach for the synthesis

NH
HO ~ OH O N
Ao o N
N NN\X—Y
o ouH

Fig. (9). C5' modified nikkomycin derivatives.

Chaudhary et al.

of 1,2,3-triazolyl derivatives of uridine (15, Fig. 9). Two sets
of aryl ether and aryl ester 1,2,3-triazolyl derivatives of
uridine were synthesized. These compounds were tested for
their antifungal activity and in vitro CS inhibition in
Benjaminiella poitrasii, a zygomycetous fungus. All the
tested compounds showed CS inhibition in the range of 70-
95% at 4 pg/ml concentration as compared to 96.5% for
nikkomycin Z.

C-Glycosyl Nucleoside Derivatives

A novel C-glycosyl nucleoside with tartarate as a linker
residue between uridine moiety and GIcNAc was
synthesized [67]. The ICsy value for the CS inhibition by
synthesized compound 16 (Fig. 10) was 12.06x10° pg/ml,
which appeared to be a very poor inhibitor of CS 1. Chang et
al. [68] reported the first synthesis of the Cl-phosphonate
analog of UDP-N-GIcNAc, as C-glycosyl phosphonate are
well-known isostere of corresponding phosphate. Compound
17 (Fig. 10) was weak inhibitor of CS (Ki > 10 mM) with
competitive mode of action.

SYNERGISTIC INTERACTION
WITH OTHER DRUGS

OF NIKKOMYCIN

Nikkomycin Z exhibited additive and synergistic interactions
when used in combination with either fluconazole or
itraconazole against C. albicans, C. parapsilosis, C.
neoformans and C. immitis [69]. Significant synergism was
observed between nikkomycin and itraconazole against A.
Sfumigatus and A. flavus. Powerful synergy for inhibition,
killing, or both between nikkomycin Z and a glucan synthase
inhibitor LY 303366 (semisynthetic analog of echinocandian
B) was observed against A. fumigatus and few other

pathogens [70]. Nikkomycin Z (2 to 32 pg/ml) in
O
% HO | i“
\N| O&Owo o N 0
HO™ on \3_7
13 HO OH
O
KLNH
0 NS0
RN N/\g_z
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o_0
o
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Fig. (10). C-Glycosyl nucleoside derivatives of UDP-N-acetylglucosamine.

combination with echinocandin FK463 (0.03 to 0.5 pg/ml)
caused significant synergistic hyphal damage in filamentous
fungi over a wide range of concentrations [71]. It also
showed synergism with voriconazole and caspofungin
against C. albicans [72]. The therapeutic efficacy of
nikkomycin Z in Candida vaginitis murine model was
enhanced when used in combination with zeamatin, a protein
produced in corn which protects plants against fungal
pathogens [73]. Synergism of nikkomycin with other drugs
indicates that joining of two drug molecules may lead to a
hybrid drug with dual mode of action and better efficacy.

Dimeric Inhibitors

Finney et al. [74] tested the hypothesis of presence of
two active sites in CS by synthesizing dimeric nucleoside
inhibitors with the view that if two adjacent active sites are
present in close proximity, then dimeric inhibitors should
show bivalent inhibition. Dimeric inhibitors were synthesized
by connecting 5'-deoxy-5'-aminouridine fragments by
carbamate linkers of different lengths (18, Fig. 11). It was
found that efficacy of the dimeric inhibitors was dependent
on the length of the spacer used, with shorter spacer (~14 A)
showing better efficacy. In the continuation of this work,
uridine analogs joined by tartarate amide spacer (19, Fig. 11)
were synthesized and evaluated for their CS inhibition [75].
Use of tartarate amide spacer added incentives to the
inhibitory activity with shortest dimer (~12A) showing
significant inhibition of activity. The results indicated the
possibility of presence of two active sites in CS.

HO OH

HO  on
X=(CHa),, (CHy)3, (CHy)4, (CH3),O(CHy),

HO OH

19

Fig. (11). Dimeric nucleoside inhibitors of chitin synthase.

Combinatorial Biosynthesis Approach for Hybrid CS
Inhibitors

Recently, Li et al. [76] used the combinatorial biosynthesis
approach for the generation of new derivatives of polyoxin
and nikkomycin. Since the sturcutre of these two peptide
nucleosides are similar, gene responsible for the biosynthesis
of dipeptide of polyoxin from S. cacaoi was introduced in
the S. ansochromogenes mutant, which produced nucleoside
moiety of nikkonycin X. With this production of two hybrid
antibiotics was achieved, out of which one was identified as
polyoxin N 20 and another named as polynik A 21 (Fig. 12).
These two hybrid antibiotics have better stability at neutral
and alkaline conditions as compared to naturally occurring
nucleosides. These antibiotics showed better antifungal
activity against C. albicans and five different phytopathogenic
fungi including A. kikuchiana and Botrytis cinerea as
compared to polyoxin B.

B cno
O
0 on O COH I//
: N
O
OoH NHy i
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o O COH I,/
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OH NH: .
HO OH
21

Fig. (12). Hybrid derivatives polyoxin N and polynik A.

OTHER NATURALLY
SYNTHASE INHIBITORS

OCCURRING  CHITIN

CS inhibitors isolated from natural sources, their
structure and CS inhibitory activity are given in Table 3.
Modification of few naturally occurring CS inhibitors were
carried out to enhance their antifungal potential. The
phenolic OH groups in Phellinsin A determined the CS
inhibitory activity. The antifungal activity with respect to the
CS inhibition increased with increase in number of phenolic
OH groups with maximum activity for compound having
three phenolic OH groups [77]. Chlorinated compounds
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Table3. Natural Scaffolds for the Possible Development of Chitin Synthase Inhibitors.

Structure and Name of Natural Scaffold Source Chitin Synthase Inhibition

Bacterial Source

I
HOOC\‘/ “NH
o on 9 cooHl BN o
H N/JL\O/\\ 1L ( SN ~ O Streptomyces cacaoi var. asoensis ICs, for C. albicans CS 0.45 pg/ml [39, 58]
’ OH NH; H \E\
HO OH
Polyoxin D
%
Y
HO A~ o cooH {4
CHs N )
T ﬂ L /u\ ,,i\ o/ \\O S tendae Tii 901 1Cs, for C. albicans CS1,CS2 and CS3 - 7.4,
SN TN O - fendae 14 0.4 and 6.4 pg/ml respectively [47, 52].
]
oH NH a
HO OH
Nikkomycin Z
Fungal source
CH,OH
cl cl Submerged cultures of Stropharia sp. 1Cs for Coprinus cinereus CS 51.70 ug/ml [78].
OMe
3,5-Dichloro-4-methoxybenzyl alcohol
HO. 0 OH CH
' 5 CH
HO /L M AN Y ’
DR
HO  ~ O \[/ o
o /L\ Eupenicillium sp. ICs for S. cerevisae CS 2 - 1.27 pg/ml [80].
HO-. L ‘J\
Il T/ "OH
O  oH
Xanthofulvin

OH O\

NH i
OH \ Y ‘OMe Aspergillus fumigatus ICs for C. cinereus CS 31.4 ng/ml [81].
OH
o

Pseurotin A

OMe Oy

NH i
o J\@
= a1
\ OH Aspergillus fumigatus ICs for C. cinereus CS 82.78 pug/ml [81].

OH -

8-0O-demethylpseurotin A

OH

1Cs for S. cerevisae CS 1 and CS 2 - 76 and 28

Cultured broth of Phellinus sp. PL3 ug/ml respectively [77, 82].

OH

OH
Phellinsin A
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(Table 3) contd....

Structure and Name of Natural Scaffold

Source

Chitin Synthase Inhibition

Plant Source

Ursolic acid

Crataegus pinnatifida Bunge leaves

ICs for S. cerevisiae CS 2 0.84 pg/ml [83].

Catechin

Stem bark of Taxus cuspidata

ICso for CS 15 pg/ml [84].

Epicatechin

Stem bark of Taxus cuspidata

ICs for CS 29 pg/ml [84].

OMe
Ji/ ‘OMe
/4\ N NN
I
MeO 7 T
OMe
Palmatine

Phellodendron amurense

ICs for C. albicans CS 137.28 pg/ml [85].

Magnolia obovata

ICs, for S. cerevisiae CS 2 - 10.86 pg/ml [86].

Liverwort Marchantia polymorpha L

ICs for C. albicans CS 2 and 3 - 16 pg/ml
[87, 88].

2-benzoyloxycinnamaldehyde (2-BCA)

OH OH
Plagiochin E (PLE)
H
‘ O
1Cs for CS 2 of S. cerevisiae, 70.8 pg/ml which
0 Aerial parts of Pleuropterus ciliinervis was 2.5 times better than nikkomycin Z (175.6

pg/ml) [79].
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(Table 3) contd....
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Structure and Name of Natural Scaffold Source

Chitin Synthase Inhibition

Stem bark of L. erythrocarpa Makino

ICs for CS 2 S. cerevisiae 23.3 pg/ml [89].

I

N

O-methyl pisiferic acid

(Lauraceae)
MeO
Methyllinderone
OH
\
MeO T - Stem bark of L. erythrocarpa Makino
\'/J%o (Lauraceac) ey P ICso for CS 2 S. cerevisiae 21.4pg/ml [89].
MeO
Linderone
OMe
MeO OMe Q
Ve O — ?{Zfr:féiegfL' erythrocarpa Makino ICso for S. cerevisiae CS 2- 23.8 pg/ml [89].
OH O
Kanakugiol
OMe
HOOC

Leaves of Chamaecyparis pisifera

ICs for CS 2 of S. cerevisiae 1.91 pg/ml [90].

(@)
HO

8,20-dihydroxy-9(11),13-abietadien-12-one

OH Leaves of Chamaecyparis pisifera

ICs for S. cerevisiae CS 2 - 71.99 pug/ml [90].

3,4,8a-trimethyl-4a,7,8,8a-tetrahydro-4a-
naphto[2,3-b]furan-9-one

Whole plant of Chloranthus japonicus SIEB

ICs, for S. cerevisiae CS 2 - 39.6 pg/ml [91].

related to 3,5-dichloro-4-methoxybenzyl alcohol (DCMB)
isolated from a mushroom Stropharia sp. were compared
with DCMB for CS inhibition. Hexachlorophene and
pentachlorophenol showed better CS inhibitory activity than
DCMB [78]. From aerial parts of Pleuropterus ciliinervis, 2-
benzoyloxycinnamaldehyde (2'-BCA) was isolated and its
hydroxy, methoxy and halogenated derivatives were
synthesized. Chloro and bromo derivatives of 2-BCA
exhibited 1.9 and 2.7 fold stronger CS 2 inhibitory activity
than 2'-BCA, respectively [79].

CHEMICALLY SYNTHESIZED CS INHIBITORS

Many chemically synthesized compounds structurally not
related to the UDP-GIcNAc, but possessing antifungal and
CS inhibitory activities have been reported. Ke ef al. [92]
designed and synthesized two series of 1,3,4-oxadiazoline
derivatives C1-10 and C11-20 with the rationale that an
oxadiazole ring improves pharmacokinetic and in vivo
efficacy of drugs due to its higher hydrolytic stability. All
the compounds were found to inhibit CS activity in vitro.
Structure-activity relationship study was done by introducing
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different electron donating (methyl, methoxy, ethyl, etc.) and
withdrawing groups (such as halogen atoms) into the
aromatic ring. Compound CI1 (22, Fig. 13) containing o-
chloro-substituent was most potent with 91% S. cerevisiae
CS inhibition at 250 uM concentration, which may be due to
increased lipophilicity due to the incorporation of halogen
atoms into the aromatic ring. Introduction of acylurea moiety
into 1,3,4-oxadiazolines heterocyclic structure resulted in
lowered activities. Compounds C1 and C15 (23, Fig. 13)
exhibited CS inhibition with ICsq values of 2.66 and 2.85
pg/ml respectively.

Forty one novel chalcone derivatives were synthesized by
Claisen-Schmidt condensation and tested for antifungal
activity against different human pathogens [93]. All these
chalcones were inactive against Candida and Cryptococcus
sp., but found to be active against dermatophytes such as
Microsporum sp., Trichophyton sp. and E. floccosum. For
structure activity relationship study, modification in A, B
ring and enone linkage of chalcones was done. Introduction
of electron donating groups decreased the antifungal activity,
while electron withdrawing group specifically NO, at para
position (24, Fig. 13) increased the antifungal activity
against M. floccosum with MIC value of 0.25 pg/ml.
Replacement of benzene ring A by naphthalene resulted in
loss of antifungal activity, while enone linkage was found to
be important for antifungal activity. The I1Cs, values for CS
inhibition was <220 pg/ml.

Urbina ef al. [94] synthesized a series of new 4-aryl- or
4-alkyl-N-arylamine-1-butenes and converted few of them
into  2-substituted 4-methyl-tetra-hydroquinolines  and
quinolines. Unsubstituted homoallylamines found to inhibit
dermatophytes such as Microsporum sp., Tricophyton sp.
and Epidermophyton floccosum with MIC <50 pg/ml. The
most sensitive species was E. floccosum. When tested for S.
cerevisiae CS 1 inhibition, it was observed that all
homoallylamines were able to inhibit CS acitivity with ICs,
<200 pg/ml. The derivative quinolines (25, Fig. 13) were
more effective with MIC values ranging from 0.75-25 pg/ml
against above dermatophytes. The ICs, of the quinolines for
S. cerevisiae CS were 20-40 pg/ml.

ey

O o «a

N-N

Rl = H, CH3
25

Fig. (13). Chemically synthesized chitin synthase inhibitors.
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Considering the biological activity of the cyanopyridine
derivatives Gholap et al. [95] reported the synthesis of novel
2-amino-5-0x0-4-phenyl-5,6,7,8-tetrahydroquinoline-3-
carbonitrile and its derivatives. Out of all the synthesized
compounds 26 and 27 (Fig. 13) at 4 pg/ml concentration
showed 91-95% B. poitrasii CS inhibition, while other
compounds showed CS inhibition in the range of 60-90%.
All the compounds exhibited antifungal activity against C.
albicans and Mucor sp.

Random Screening of Libraries of Synthetic Compounds

From random screening of chemically synthesized
compound libraries, a chitin synthase inhibitor RO-41-0986
(28, Fig. 14) was obtained. The synthesis and structure
activity  relationship study of RO-41-0986 through
modification of C-5 amino group, enediene side chain,
pyridine-2-one moiety and side chain substituent has been
reported. Derivative RO-09-3143 (29, Fig. 14) showed
maximum and specific inhibition of Candida CS 1 with ICs,
value of 0.000041 pg/mL and in vitro antifungal activity
against C. albicans CY1002 with 1Cs, value 0.07 pg/mL
[96]. RO-09-3143 prevented septa formation in C. albicans
and the cells displayed an aberrant morphology, confirming
the role of the C. albicans CS 1 in septum formation [97].

m - m
N O N O
H H

Fig. (14). Chitin synthase inhibitors from Roche compound library.

FUTURE PROSPECTS

Although nikkomycins were isolated in 1976, only
recently nikkomycin Z is being developed as a specific drug
for the treatment of coccidiomycosis, also known as Valley
fever. The disease is caused by C. immitis and is endemic to
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Southwestern United States. Currently, nikkomycin is in
phase II clinical trials for the treatment of valley fever [12].
The delay in the development of nikkomycin as a drug may
be due to its efficacy essentially confined to highly chitinous
fungi such as C. immitis and B. dermatitidis [98]. One of the
most dreadful fungal pathogen C. albicans is less susceptible
and other Candida sp. are resistant to Nikkomycin Z [99].

The literature review signifies that the research on CS
inhibitors has progressed steadily and many advances have
been made. However, only efforts related to nikkomycin Z
lead to the development of a potential candidate for the
clinical treatment. The limited array and often associated
side-effects of the existing antifungal drugs emphasize the
search for novel antifungal agents with fungus-specific mode
of action. Therefore, research for the development of CS
inhibitors needs to be pursued further. Availability of
different bioinformatics tools and recent report on homology
modeling and molecular dynamics of the Moniliophthora
perniciosa, a causative agent of ‘Witches’ broom disease of
cocoa tree, CS active site [100], indicated the possibility of
complete elucidation of active site of different CSs from
pathogenic fungi. 3D-Quantitative Structure Activity
Relationship (QSAR) studies of enzyme-ligand interactions
could then lead to development of effective CS inhibitors. In
accordance with two active site mechanism of CS, dimeric
molecules of CS inhibiting monomers with different linkers
can be synthesized and explored for improved inhibition.
Synthesis of hybrid molecules with dual activity is an
emerging strategy which involves conjugation of two
separate pharmacological agents into a single molecule.
Recently, the approach was used for the synthesis of hybrid
molecules of two known anti-malarial drugs, chloroquine
(CQ) and the non-sedating H1 antagonist astemizole [101].
The approach may be employed for synthesis of antifungal
agents by joining two inhibitors of enzymes from same or
different pathways using hydrolysable linker molecules. For
instance, a CS inhibitor like nikkomycin can be joined to
glucosamine-6-phosphate  synthase  inhibitor ~ N*-(4-
methoxyfumaroyl)-L-2,3-diaminopropanoic acid or glucan
synthase inhibitor caspofungin. This may tackle the problem
of resistance development against one mechanism.
Synergistic action of nikkomycin Z in combination of
existing drugs indicates its therapeutic potential which needs
to be assessed in different animal disease models. The
combinatorial biosynthesis approach [76] may be further
explored for the development of new hybrid CS inhibitors
with improved characteristics. In the near future, directed
efforts for CS inhibitors development may lead to a group of
safe and effective antifungal drugs.
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