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Donor substrate UDP-GIcNAc Novel scaffold with chitin synthase

inhibitory activity and antifungal activity
According to the structure of chitin synthase donor substrate, UDP-GIcNACc, as well as the modelled structure of the bacterial
chitin synthase NodC, a novel scaffold with chitin synthase inhibitory activity and antifungal activity was developed.

ABSTRACT

Chitin is a structural component of fungal cell walls but is absent in vertebrates, mammals, and humans. Chitin synthase is thus an attractive
molecular target for developing fungicides. Based on the structure of its donor substrate, UDP-N-acetyl-glucosamine, as well as the modelled
structure of the bacterial chitin synthase NodC, we designed a novel scaffold which was then further optimized into a series of chitin synthase
inhibitors. The most potent inhibitor, compound 13, exhibited high chitin synthase inhibitory activity with an 1Cso value of 64.5 umol/L. All of the
inhibitors exhibited antifungal activities against the growth of agriculturally-destructive fungi, Fusarium graminearum, Botrytis cinerea, and
Colletotrichum lagenarium. This work presents a new scaffold which can be used for the development of novel fungicides.
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1. Introduction

Fungal infections are a worldwide threat to human health and food security [1,2]. However, drug resistance risks are on the rise.
Thus, there is a substantial and constant need for novel antifungal agents.

Chitin, a polymer of $-1,4 conjugate N-acetylglucosamine, is an essential structural polysaccharide found in the cell wall and
septa of all pathogenic fungi but not in plants and vertebrates [3]. Thus, chitin synthase (CHS), the key enzyme responsible for
catalyzing chitin biosynthesis, is an attractive target for new fungicides [4,5].

CHS (EC 2.4.1.16) belongs to the glycosyltransferase family 2 (GT2) and is responsible for catalyzing the transfer of a N-acetyl-
D-glucosamine (GIcNAc) residue from UDP-N-acetyl-D-glucosamine (UDP-GIcNAC) to nascent chitin chain [6]. This reaction is
presumed to include the formation of a donor-acceptor intermediate (Scheme 1) [7-9]. A recent crystallographic study of the GT2
bacterial cellulose synthase (BcsA) resolved both the donor UDP-sugar binding site and the acceptor nascent cellulose chain binding
site [10]. Base on this structure of BcsA, the structure of a chitin synthase (NodC) from the bacteria Rhizobium leguminosarumi
was modelled. The structure-function analysis of NodC indicates that CHS has a similar catalytic pocket as BcsA [11]. Thus, this
conserved catalytic pocket structure can be used for designing new CHS inhibitors.

Previous inhibitors against fungal CHS have been isolated from natural sources or obtained from large chemical libraries [12-
16]. Polyoxins and nikkomycins are potent inhibitors isolated from Streptomyces genus, which show high structural similarity with
the donor UDP-GIcNAc. These competitive inhibitors were derived from the scaffold of a peptide linkage between an UDP analogue
and a sugar mimicry moiety [17]. Structural optimization of these nucleoside-peptide compounds were performed in all the three
parts: uridine moiety, peptide linkage, and sugar mimicry moiety. The isopropylidene modified uridine derivatives were synthesized
and showed similar activity with nikkomycin Z [18]. Interestingly, Jean-Bernard Behr et al. used a series of diphosphate bioisosteres
to mimic the presumed diphosphate-M?* intermediate formed in the active site, but only weak CHS inhibition activity was obtained
[19]. However, optimization of the sugar mimicry moiety can improve the inhibitory activity. When a phenanthrene group was
added to the terminal amino acid of nikkomycin Z, CHS inhibitory activity was slightly increased [20]. Furthermore, using an alky
chain to replace the sugar mimicry moiety of polyoxin L, a well-known CHS inhibitor, to increase its hydrophobicity enhanced its
antifungal activity [21]. Moreover, an additional hydrophobic group added either to the peptide linkage or the sugar mimicry moiety
increased binding affinity [22-25]. Taken together, modification of the donor UDP-sugar is a feasible strategy for developing novel
CHS inhibitors.

In this work, we designed and synthesized a series of compounds, by modifying all three parts of the donor substrate UDP-
GIcNAC: sugar, di-phosphate, and uridine moieties. Based on the modelled CHS structure, novel UDP-sugar analogues with an
extra hydrophobic chain on the linkage between the sugar mimicry and the N-acylhydrazone moiety were designed. These newly-
designed molecules exhibited both high inhibitory activities against CHS and antifungal activities against the plant-parasitic fungi,
F. graminearum, B. cinerea, and C. lagenarium. Thus, we provide a promising scaffold for developing novel fungicides.

2. Results and discussion
2.1 Modification of the UDP-GIcNAc scaffold

To develop a novel scaffold, we designed, synthesized and evaluated a series of substrate donor analogs, which were modified in
both their UDP and sugar moieties. The UDP moiety is composed of one di-phosphate and one uridine. Based on the crystal structure
of BcsA (pdb code: 4P00), the di-phosphate group of UDP likely binds the magnesian ion, necessary for the catalytic process. In
light of this, an N-acylhydrazone group, which has the ability to bind to metals, was designed to replace the di-phosphate moiety
[26]. For the uridine moiety, we introduced an isopropylidene to bridge the 2- and 3- hydroxyl groups of ribose in accordance to a
CHS inhibitor design by Chaudhary et al [18]. To optimize the sugar moiety, a benzene was chosen to mimic the GIcNAc moiety
that might have stacking interaction with the enzyme. Assembling and synthesizing all of these optimized moieties led to the
compound 1. Inhibitory activity assays indicated that compound 1 exhibited a weak activity of 25.2% against CHS at 500 pg/mL.
To enhance the interaction between the benzene moiety and the enzyme, further optimization on the linker between the benzene and
N-acylhydrazone moieties were performed (Table 1). This strategy was successful and the most potent compound, compound 3
(67.3%), exhibited a 2.7-fold inhibitory activity improvement at 500 pg/mL. The broad range of activities for compounds 1-5 further
supported the importance of the linker between the benzene and N-acylhydrazone moieties for inhibitory activity. Thus, compound
3, containing an ethylene residue linker, was selected as a starting point for further modifications.

2.2 Design of the novel branched scaffold

As indicated in the modelled structure of CHS, the acceptor binding site is in close proximity to the donor sugar binding site of
CHS [11]. Thus, the addition of groups to the sugar mimicry moiety of the substrate donor analogs of CHS might interact with the
acceptor binding site and improve the inhibitory activity. The acceptor binding site is a narrow hydrophobic channel in the homo-
structure of CHS (BcsA), thus a flexible slender hydrophobic moiety would be better suited for binding this site. Based on this
inference, alkyl chains were introduced to the linker between the benzene and the N-acylhydrazone moieties of compound 3 and a
series of branched substrate mimicries were synthesized (compounds 6-11). These branched compounds all exhibited inhibitory
activities toward CHS, with the longer alkyl chains having higher inhibitory activity, except for compound 1 (Table 2). Compound



10, with an 1Cs value of 58.2 umol/L, was the most effective CHS inhibitor. However, the antifungal activities of compound 10,
against all three tested plant-parasitic fungi, were significantly lower than compound 9, which exhibited a similar CHS inhibitory
activity (ICso = 78.9 umol/L) with compound 10. Thus, compound 9 was chosen for further optimization.

Based on the structure of compound 9, the benzene moiety was further optimized by introducing substitution groups on the
benzene moiety (Table 2). Compounds 12 and 13 were the most potent with 1Cso values of 65.0 umol/L and 64.5 umol/L, respectively.
Compared with these two inhibitors, the inhibitory activity of either bromine or methoxyl substitution decreased, suggesting that
these oversize groups might introduce steric effects, which influence the benzene moiety binding (compounds 14-15). Thus, a
smaller substitution moiety on the benzene moiety benefits inhibitory activity. Interestingly, the substitution with a para-bromine
(compound 14c) or an orth-methoxyl (compound 15a) group on the benzene moiety of compound 9 slightly enhanced its inhibitory
activity. This suggests that finding a suitable substitution position for these oversize groups may decease this steric effect, and that
these improvements might mainly be the result of orientation effects. Furthermore, halogen substitution on the orth- or para-
position, except for compound 14a, enhanced the binding affinity (compounds 12-14). Meanwhile, substitution with bromine atom
on the meta-position was adverse to inhibitory activity (compound 14b).

2.3 Antifungal activity of CHS inhibitors 6-15

As chitin synthases are essential for fungi survival, we deduced that these chitin synthases inhibitors can inhibit fungi growth.
All of these branched CHS inhibitors exhibited antifungal activities against growth of the destructive fungi, F. graminearum, B.
cinerea, and C. lagenarium. Compound 8, with 58.9£3.0% growth inhibition of F. graminearum, had similar effectiveness as the
commercial fungicide, polyoxin B (57.4+2.5%) at 100 pg/mL. Some other compounds (compounds 7-9, 12, 14a, and 14c) also
inhibited the growth of F. graminearum more than 50%. Furthermore, B. cinerea was also sensitive to these synthetic compounds
with most compounds (compounds 7, 8, 12, 13, 14a, 14b, and 15a-c) exhibiting even stronger growth inhibition against B. cinerea
than F. graminearum. However, this series of compounds was less effective against C. lagenarium.

Interestingly, high hydrophobicity of compounds 9-11, with a cLogP value more than 3.7, adversely affected antifungal activity.
This inference was also observed in the compounds with a bromine substitution. Compound 14a (orth-Br, 1Csp =122.1 umol/L,
cLogP=4.4) exhibited a higher antifungal activity than the more hydrophobic compound 14b (meta-Br, ICs,=87.0 umol/L, cLogP=
5.1) even though it possessed a lower inhibitory activity towards CHS. This could potentially be due to solubility of the compounds
or inability to penetrate the cell wall. Moreover, 14c (para-Br, 1Cs= 71.9 umol/L, cLogP= 5.2) had a similar antifungal activity as
14a, despite having nearly twice the inhibitory activity, further demonstrating the importance of hydrophobicity.

3. Conclusions

The donor substrate UDP-GIcNAc of CHS is a good starting point for CHS inhibitors development. Based on the structure of
UDP-GIcNAc, as well as the modelled CHS structure, we developed a novel scaffold of CHS inhibitors. All inhibitors bearing this
novel scaffold exhibited antifungal activities against growth of destructive fungus F. graminearum, B. cinerea and C. lagenarium.
Altogether, the scaffold developed in this work shows promise for the development of novel fungicides.

4. Materials and methods
4.1 Instruments and reagents

Melting points were measured on a Cole-Parmer melting point apparatus, and the thermometer was uncorrected.*H NMR spectra
were obtained using a Bruker Advance DPX (300 MHz) (Switzerland) with tetramethylsilane and hexadeuterodimethyl sulfoxideas
as the internal standard and solvent, respectively. Elemental analysis was performed on a Vario EL 11l Flash EA 1112 elemental
analyzer by the Analytical Center of the Institute of Chemistry, Chinese Academy of Science. Infrared spectra were recorded using
a PerkinElmer Spectrum 100 FT-IR. Chemical reagents used for CHS activity assays were purchased from Sigma Co., and all other
solvents and reagents were purchased from the Beijing Chemical Reagents Co., China.

4.2 Chemical synthesis

General procedure for the synthesis of target compound 1. Compound 5'-O-carbazoyl-2',3'-O-isopropylidene (compound IV) was
prepared in a three steps synthesis from uridine (compound 1) according to the published procedure [27] (Scheme 2). Compound
1V (2.50 mmol), phenyl aldehyde (2.75 mmol), and 30 pL acetic acid were added into 50 mL ethanol, and the reaction mixture was
stirred at room temperature for 0.5 h. Crude products were purified by flash chromatography (V petroteum ether/ Vethyl acetate = 1:1) t0 obtain
the compound 1.

Compounds 2-5 were obtained according to the synthesis procedure used to synthesize compounds 1 and their structures were
confirmed by IR, *H NMR, and elemental analysis. The data of their yields, melting points, and elemental analyses are listed in
Table S1 (Supporting information) and the *H NMR and IR data are listed in Table S2 (Supporting information).

General procedure for the synthesis of compounds a-alkyl-aromatic-acroleins (V11). 20 mmol Aromatic aldehyde, 20 mmol
Cs,CO3, and 10 mmol benzyltriethylammonium chloride were added to a sealed 50 mL kolle flask. Then 15 mL DCM was added
under N, (using Schlenk line technology). The reaction mixture was stirred at 25 °C and 30 mmol alkyl aldehyde was added
dropwise into the reaction mixture over 3-5 h. The reaction progression was monitored using GC, and stirred at 25 °C until



completion. After reaching completion the reaction mixture was diluted with 50 mL DCM, washed twice with 20 mL water and
once with 10 mL brine. The organic phase was collected, dried over MgSO,, filtered, and then evaporated under vacuum. The
resulting crude product was used without further purification.

General procedure for the synthesis of compounds VI11. The synthesis procedure used to synthesize compounds 1 was performed
to obtain compounds V111 by using a-alkyl aromatic acroleins (Scheme 3). The structures of compounds 6-15 were confirmed by
IR, *H NMR, and elemental analysis. The yields, melting points, and elemental analyses are listed in Table S1(Supporting
information) and the *H NMR and IR data are listed in Table S2 (Supporting information).

Physical and elemental data of compounds V and V111 are listed in Table S1.*H NMR and IR data of compounds V and V111
Are listed in Table S2.

4.3 Inhibitory activity assay

The chitin synthase inhibition assay was performed using yeast (Saccharomyces cerevisiae) cell extracts according to the method
described by Ke et al. [28]. Briefly, yeast cells were harvested at 1500 g for 10 min after growing overnight in yeast extract peptone
dextrose (YPD) media at 30 °C. Then the harvested cells were disrupted by grinding with glass beads in liquid nitrogen. After
digestion by 0.08 mg/mL trypsin at 30 °C for 30 min, 0.12 mg/mL soybean trypsin inhibitor was added to the cell extracts. All test
samples were dissolved in DMSO. Chitin synthase assays were performed in pretreated WGA-coated (wheat germ agglutinin coated)
96-well microtiter plates using 48 pL trypsin pretreated cell extracts, 2 uL test sample or DMSO as control, and 50 pL premixed
solution (80 mmol/L GIcNAc, 8 mmol/L UDP-GIcNAc, and 3.2 mmol/L CoCl, in 50 mmol/L Tris-HCI buffer, pH 7.5). Plates were
incubated on a shaker at 30 °C for 3 h. Then plates were immediately washed 5 times with double distilled water, followed by the
addition of 100 phL WGA-HRP (horseradish peroxidase conjugated wheat germ agglutinin) solution (1 pg/mL WGA-HRP and 20
mg/mL BSA in 50 mmol/L Tris-HCI buffer, pH 7.5). After incubation for 30 min at 30 °C, plates were washed again for 5 times
with double distilled water. After adding 100 pL fresh tetramethylbenzidine reaction reagent (0.8 mmol/L tetramethylbenzidine and
1.8% H,0, in 100 mmol/L sodium acetate buffer, pH 3.7), the optical densities (OD) at 600 nm were detected every 2 min for 40
min. Then the reaction rates were calculated based on these ODggo Values. The ICs, values were calculated by using reaction rates
at seven different inhibitor concentrations with 5% DMSO. Each value was performed in duplicates.

4.4 Calculation of LogP values

The LogP values were calculated using CISOC-LOGP (version 1.0, developed by the Shanghai Institute of Organic Chemistry,
CAS).

4.5 Fungicidal activity assay

Antifungal activity was screened against three main plant-parasitic fungi F. graminearum, B. cinerea and C. lagenarium according
to the method described by Miao et al [29]. All test compounds were dissolved in DMSO. A mycelial plug (0.5 cm in diameter)
taken from the edge of a 4-day-old colony of strains was grown at 25 °C on the potato dextrose agar (PDA) plates containing either
1% DMSO with 100 pg/mL test compound or 1% DMSO for a negative control. For each plate, the colony radial growth diameter,
from the edge of the plug to the edge of the colony, was measured in two perpendicular directions and averaged. Each test repeated
four times. The antifungal activity was calculated as follow: Antifungal activity = (control growth diameter — test growth
diameter)/control growth diameter.
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Table 1. Inhibitory activities of compounds 1-5 toward CHS

Inhibition percentage (%)?
500 pg/mL 100 pg/mL

1 @@5 25.2 101

2 @” > 6.1 0
N~

3 @Aﬁ‘ 67.3 172

4 @ /@ 21.9 12.2
O
5 @Ao@% 37.0 100

2 Average of two replicates;




Table 2. ICs values, cLogP values, and antifungal activities of compounds 3 and 6-15.

o}
: ; ﬁNH
' H ' N/&O
RS N §§N‘N\[(O\; o

T

s RN

oS
Antifungal activity (%)°
Compd. Ry R, 1Cs0 (umol/L)? cLogP
Fg° B.c. C.l

3 H H 617.4 20 41.0£4.0 36.3+3.2 41,7455
6 CH; H 1280.0 2.7 33.3+x1.5 32.8+1.7 33.4+15
7 (CH,)sH H 4338 32 50.5+2.1 55.0+2.6 38.0+1.0
8 (CHy)H H 119.8 3.7 58.9+3.0 64.4+5.7 37.7£2.5
9 (CHp)sH H 78.9 41 54.9+1.2 53.3£1.6 31.3£1.2
10 (CHy)-H H 58.2 51 45.242.0 27.3+4.6 25.3+1.5
11 (CHz)oH H 111.2 6.0 31.0+6.0 27.0£2.0 19.2+4.0
12 (CHy)sH orth-F 65.0 4.2 50.4+1.2 55.2+0.6 31.3£15
13 (CHy)sH para-Cl 64.5 4.9 49.0+1.0 50.0+2.0 29.0+£1.0
l4a (CHp)sH orth-Br 1221 44 50.0£1.0 63.7£3.5 34.0£2.0
14b (CHy)sH meta-Br 87.0 51 43.445.2 56.0+2.0 29.6+2.0
l4c (CH2)sH para-Br 71.9 5.2 50.3+6.5 48.048.0 45.3+3.5
15a (CH)sH orth- methoxyl 68.2 4.0 43.0£1.0 63.7+1.5 45.3+2.5
15b (CHy)sH meta-methoxyl 113.4 4.2 45.3+2.1 62.3+1.5 40.0£3.0
15¢ (CH2)sH para-methoxyl 146.2 4.2 42.743.6 64.3+2.1 32.3+25

2 Average of two replicates.
® Antifungal activity at 100 ug/mL calculated from triplicates; All results are expressed as the mean + SD

¢F.g., B.c. and C .l. represent F. graminearum, B. cinerea, and C. lagenarium, respectively.



