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Abstract Chitin synthases are identified as key enzymes of
chitin biosynthesis in most of the fungi. Among them, chitin
synthase IT has been reported to be an essential enzyme in
chitin biosynthesis, and exists as a membrane-bound form. To
seacch and screen new antifungal agents from natural
respurces to inhibit chitin synthase I1, the assay conditions were
established using the enzyme isolated from Saccharomyces
cerevisiae ECY38-38A(pAS6) that overproduces only chitin
synthase II. This enzyme was activated only by partial
proteolysis with trypsin. Its activity reached the maximum at
80 pg/ml of trypsin and was strongly stimulated by 2.0 mM
Co™, 1.0 mM UDP-["C]-GleNAc, and 32 mM free-GlcNAc.
Under these assay conditions, the highest chitin synthase II
activity was observed by incubation at 30°C for 90 min.
However, an extremely narrow range of organic solvents up

to as much as 25% of DMSO and 25% of MeOH was useful -

Tor determining optimal assay conditions. After a search for
potent inhibitors of chitin synthase 11 from natoral resources,
prodigiosin was isolated from Serratia marcescens and purified
by solvent extraction and silica gel column chromatographies.
The structure of prodigiosin was determined by UV, IR, Mass
spectral, and NMR spectral analyses. Its molecular weight
and formula were found to be 323 and C,H,N,O,
respectively. Prodigiosin inhibited chitin synthase II by 50%
at the concentration of 115 pLg/ml.

Key words: Chitin synthesis, chitin synthase II inhibitor,
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During the last three decades, there has been a dramatic
increase in the frequency of fungal infections, especially that
of disseminated systemic mycoses in the immunodeficient
host [14]. Mycoses in immunocompromised hosts are
mainly the result of opportunistic infections by orgamsms
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that are normally harmless, asymptomatic commensals which
can be, under certain conditions, pathogenic [27]. Species
of Aspergillus, Candida, Coccidioides, Cryptococcus,
Histoplasma, and Sporothrix are all known for their
important causative agents. Presently, treatments for fungal
infections are limited to only a few therapeutic options
[28]. Current drugs include amphotericin B and a variety
of azoles. Unfortunately, amphotericin B is identified to be
toxic to humans, and clinical resistance to azoles is rising
[21, 25].

Chitin, the B-1,4-linked homopolymer of N-acetyl-D-
glucosamine (GleNAc), is an important structural component
of the cell wall of mostly zoopathogenic and phytopathogenic
fungi [5.15]. Because chitin is not found in mammals
and plants, specific inhibitors of chitin synthesis must
show fungal selectivity together with desirable toxicological
and environmental properties, which should be under
consideration for the development of antifungal agents [1].
In Saccharomyces cerevisiae, chitin is synthesized by chitin
synthase I, II, and II1, and their functional and enzymatic
characteristics are quite different [2-5,7, 10,11, 19, 26,
29.32]. Chitin synthase II is an essential enzyme for
primary septum formation and cell division, whereas chitin
synthase [ is responsible for chitin ring formation at bud
emergence and in the lateral cell wall and for the formation
of glucan-chitin linkage. However, chitin synthase I is a
nonessential enzyme that repairs the cell wall. Three chitin
synthases have also been found in Candida albicans. In
this organism, chitin synthase I, an equivalent of chitin
synthase Il from S cerevisiae, is involved in septum
formation [9.21, 24]. Although three chitin synthases
from both S. cerevisiae and C. albicans are located
primarily in the plasma membrane and they are present in
cell homogenates largely as zymogens, they exhibit specific
enzymatic properties in terms of their requirements for
certain factors,

In the present study, we investigated factors affecting
chitin synthase II activity isolated from S. cerevisiae
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ECY38-3BA(pAS6) in a search and development of novel
chitin synthase II inhibitors from natural resources. Using
this assay system. we have isolated 18 samples from
microorganisms and plants with inhibitory activities against
chitin synthase TI, and the isolation, structure determination,
and biological activity of prodigiosin, which was derived
from S. marcescens. is reported in this paper.

MATERIALS AND METHODS

Yeast Strain and Culture Conditions

The sirain used in this study was Saccharomyces cerevisiae
ECY38-38A(MATa chsi-23 chs2::LEU2 call/csd? ura3-
52 trpl-1 leu2-2 pAS6) grown 1n YPG (1% yeast extract,
2% peptone, 2% galactose), which can overexpress only
the chitin synthase II.

Membrane Preparation

Membrane was prepared as described by Choi and Cabib
[11]. Briefly, cells were suspended in 50 mM Tris-HCI
(pH 7.5} containing 5 mM magnesinm acetate, and were
broken by vortex mixing with glass beads (Sigma, 425-
600 microns). Cell walls were sedimented at 4,000 xg for
Smin and the resulting supematant was centrifuged at
130,000 xg for 45 min. The membrane fraction was
resuspended in 50 mM Tris-HCI (pH 7.5) containing 33%
glycerol, to a final volume of 1.6 ml/g (wet weight) of cells
used.

Chitin Synthase IT and III Assay

Chitin synthase activity was measured by the procedure
previously described [11]. To establish optimal enzymatic
assay conditions, we investigated the effects of various
concentrations of factors such as trypsin. divalent cations,
substrate, incubation time, and sclvents which affected
chitin synthase II activity. For proteolytic activation of
chitin synthase II. the reaction mixtures contained 32 mM
Tris-HC1 (pH 8.0), 2.0 mM cobalt acetate, 1.0 mM UDP-
["CJ-GlcNAc (400,000 cpm/pmol, NEN), 2 ul of trypsin
solution (2.0 mg/ml) (Sigma, T-8642), 20 Yl of membrane
preparation, and 14 pl of sample in a total volume of 46 1.
The mixtures were incubated for 13 min at 30°C.
Proteolysis was stopped by adding 2 pl of a soybean
trypsin inhibitor solution (4.0 mg/ml} at a concentration
twice that of the trypsin used, and the tubes were placed on
ice for 10 min. GleNAc was added to a final concentration
of 32 mM and it was further incubated at 30°C for 90 min.
The insoluble chitin formed after adding 10% of
trichloroacetic acid and filtration through a glass fiber filter
(GF/C, Whatman) was assayed by measuring radioactivity.
For chitin synthase III activity, the membrane was prepared
from Saccharomyces cerevisiae ECY38-38A(MATa chsi-
23 chs2::LEU2 call/csd? wra3-52 vpl-1 leu2-2 pWICH),

which can overexpress only the chitin synthase III under
the control of the GALI promoter [10], and the assay was
performed by the same method as chitin synthase I except
that 32 mM Tris-HCI (pH 7.5) and 4.3 mM magnesinm
acetate were used [11]. The concenfration of protein was
measured by the method described by Lowry [22]. Blank
values were measured with the addition of 25% aqueous
MeOH instead of enzyme and sample. Percent inhibition
of chitin synthase IT activity was calculated by substracting
blank values from both control and test sample values.

Sample (cpm)- Blank (cpm)
Control {cpm)- Blank (cpm)

% Inhibition=[1- 1x100

The chitin synthase II and III activities were confirmed
by positive control with polyoxin D and nikkomycin Z
{Calbiochem Co.). Specific activity is expressed as the
nanomaoles of GleNAc incorporated per hour per milligram
protein.

Preparation of Extracts from Natural Resources
Microorganisms isolated from soil in Korea were incubated
at 25- 30°C for 4- 5 days in a medium of actinomyces (2%
starch, 0.4% soytone. 0.3% pharmamedia, 0.2% polypeptone,
0.1% yeast extract, 0.1% K,HPO,. 0.05% MgSO, - TH,0,
0.2% NaCl, 0.3% CaCO,, 0.002% FeSO,, 0.001% MnCL.
0.001% ZnS0,, and 0.0005% CoCL) or in a medium of
fungi (2% starch, 0.4% sovtone, 0.3% pharmamedia, 0.1%
K PO, 0.03% MgSO, - 7TH,0, 0.5% NaCl, 0.3% CaCO,,
20 mg FeSO,, 10mg MnCl,, 0.5 mg ZnSO,, and 5mg
CoCl, in 11 distilled water). After the cultivation, the
fermentation broth was extracted with an equal volume of
ethyl acetate by shaking and the extract was concentrated
in vacuo to dryness. Plants were also extracted with
methanol and then kept at room temperature for 5 days,
and the mixtures were filtered through filter papers
{Whatman No. 2) and the solvent was evaporated to
dryness. All dried extracts were dissolved in 25% MeQOH
or 25% DMSO and were used for assay.

Fermentation, Isolation, and Purification of Chitin
Synthase I1 Inhibitor

A slant culture of . marcescens grown in LB agar was
used to inoculate to a 60-ml test tube contaming 10 ml LB
medium (Difco Co.). and the tube was shaken on a
reciprocal shaker for 2 days at 26°C. One-ml of the
seed culture was inoculated into a 500-ml batfled flask
containing 50 ml LB medium and shaken on a reciprocal
shaker for 2days at 26°C. A 30ml of culture was
transferred into a 5-1 baffled flask containing 11 of
preduction medium {1 % starch, 0.5% pharmamedia, 0.2%
glucose, 0.1% (NH),S0,, 0.1% K,HPO,, 0.05% MgSO,
TH,0, 0.1% CaCl. 0.3% NaCl, 0.0001% FeS0, - TH,0.
0.00019% MnSO, - TH,0, 0.1% L-alanine. (1% L-histidine,
0.1% L-proline, pH 7.0). The fermentation was carried out



for 48h at 26°C on a rotary shaker at 150 rpm. The
fermentation broth was filtered with diatomaceous earth.
The filtrate was extracted with ethyl acetate (2x1 1) and the
cell debris were washed twice with acetone (2x1 1). The
ethyl acetate and acetone eluates were concentrated in
vacuo to yield a red residue (1.29 g). It was dissolved in
chloroform (1 1), filtered, and chromatographed on a silica
gel (Merck. kiesegel 60. 230- 400 mesh) column eluting
with chloroform-methanol (98:2, v/v, 500 ml) to give a
purified red compound (224 mg). The purified compound
was characterized by EI-MS (Hewlett Parkard 5989A) and
nuclear magnetic resonance spectrometry (NMR) (Varian
UNITY 500).

RESULTS

Effect of Trypsin on Chitin Synthase IT Activity

The chitin synthase II from various fungi exists in a
zymogenic form and is converted into an active form by
proteolytic action via protease treatment {3, 10, 11, 26, 29].
The chitin synthase II activity prepared from this strain
was compared with or without trypsin treatment (Fig. 1).
As expected. trypsin treatment of the enzyme increased the
chitin synthase IT activity. The optimal activity was achieved
with 80 ug/ml of trypsin, which represented a 3.7-fold
increase aver the control,

Specificity of Co™ and Mg" on Chitin Synthase II
Activity

Most of the enzyme preparations show a requirement for
divalent cations, especially Mg (chitin synthase L. IIT) and
Co™ (chitin synthase II) [5, 10, 11, 26, 29]. We investigated
the effects of Co™ and Mg” as stimulatory cations for
chitin synthase 1. As shown in Fig. 2, Co* was the best
stimulator of chitin synthase Il from this strain (Fig. 2).
The maximal activity was obtained by adding 2.0 mM
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Fig. 1. Effect of wypsin on the activity of chitin synthase IL.
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Fig. 2. Effects of Co™ and Mg™ on clutin synthase I activity.
Both Co™ and Mg* were added in their acetate form.

Co™, which caused a 5.6-fold increase in the enzyme
activity, Upon treatment with up to 5.0 mM Mg, the
enzyme activity increased only slightly, indicating Co™
to be a definitely better stimulator than Mg* for chitin
synthase IL

Effect of UDP-GIcNAc on Chitin Synthase IT Activity
Because chitin is synthesized by incorporation of GlcNAc
units from UDP-GlcNAc in the reaction catalyzed by chitin
synthases, the chitin synthase II may be allosterically
activated by its substrates, UDP-GlcNAc and GlcNAc [26,
27). Therefore, we examined the effect of UDP-GlcNAc
on chitin synthase II activity (Fig. 3). The optimal activity
was obtained by 1.0 mM UDP-GlcNAc, which produced
about a 1.5-fold increase, and the enzyme was saturated
with substrate over this concentration. Although saturation
was not clearly observed. the addition of 32 mM GlcNAc
in the reaction mixture stimulated the enzyme activity by
only about 1.5-fold (data not showr).
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Fig. 3. Effect of UDP-GIcNAc on chitin synthase 1l activity.

The prepared enzyme was treated with trypsin in the presence of

the Co™ for 15 min at 30°C.
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Effects of Enzyme Concentration and Incubation Time
on Chitin Synthase IT Activity

Because the amount of enzyme and incubation time are
important parameters that affect enzyme activity in vifro,
we have examined their effects on chitin synthase II
activity. In a previous report, the maximun activity of
chitin synthase II was obtained when the reaction mixture
containing 6.4 mg/ml of the enzyme was incubated for
90- 120 min at 30°C [11, 29]. According to our results, the
activity of chitin synthase IT was dependent on the enzyme
concentration of up to 5.25 mg/ml and was saturated with
substrate over this concentration (Fig. 4a). The highest
chitin synthase IT activity was observed when the reaction
mixture was incubated with the enzyme for 90 min (Fig.
4h), This result corresponded well to that of Choi and
Cabib [11] in which they used another recombinant,
8. cerevisine BCY36-3D{MATa chsi-23 call wra3-52
leu2-2 trpl-1), as the enzyme source.

Effects of Solvents on Chitin Synthase IT Activity
Since the activity of chitin synthase II was dramatically
inhibited in the various solvents, selecting an appropriate
solvent system was quite a difficult task.

Under the assay conditions used, 25% of DMSO was
selected to be the best solvent for the enzyme activity {Fig.
3) and 25% of MeOH, on the other hand, was slightly
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Fig. 5. Effects of solvents on the activity of ch1tm synthase II.

inhihitory. As compared with distilled water, inhibition
(%) was almost zero in 25% of DMSO and 13% in 25%
MeOH, respectively, but the other solvents such as hexane,
ethyl acetate, acetone, ethanol, chloroform, acetonitrile,
and (-PrOH were strongly inhibitory to the enzyme
activity.

Effects of Polyoxin D and Nikkomycin Z on Chitin
Synthase II Activity

The polyoxin ) and nikkomycin Z are nucleoside tri- and
di-peptide antibiotics, respectively, and their potent inhibitory
activities against chitin synthase have been extensively
studied [6]. They are analogues of UDP-GlcNAc and thus
are competitive inhibitors of chitin synthases.

Under our assay conditions, both polyoxin I} and
nikkomycin 7 effectively inhibited the enzyme activity. As
shown in Fig. 6, the inhibition by polyoxin I and nikkomycin
Z showed a dose-dependency on concentration up to
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Fig. 6. Effects of polyoxin D and nikkomycin Z on the activity
of chitin synthase I1.
Both polyoxin D and mkomycin Z were dissolved in distilled water.



280 pg/ml with IC,; of 70 pig/ml and 176 pg/ml, respectively.
That is, polyoxin D was more effective than nikkomycin
Z for the inhibition of chitin synthase II activity. This
result confirms the earlier report that polyoxin D is a
powerful and specific competitive inhibitor against chitin
synthase II {6].

Screening and Isolation of Chitin Synthase II Inhibitor
from Natural Sources

In order to search and develop chitin synthase IT inhibitors
from natural sources, we have screened about 2,700
samples of microorganisms and plants in our country using
chitin synthase II of 5 cerevisice ECY38-38A(pAS6H)
{Table 1). Among them, we isolated three candidates from
microorganisms and fifteen candidates from plants, which
showed more than 70% inhibition against chitin synthase IT
at the concentration of 280 pg/ml. A secondary metabolite
of microorganisms that showed strong inhibitory activity

Table 1. Screening of chitin synthase IT inhibitors from natural
resources.

Divisions Samples Candidates*
Microorganisms 2.601 3
Plants 100 15

*The candidates showed more than 70% whibitory activities at the
concentration of 280 Lg/ml.

Table 2. 'H- and “C-NMR spectral data of prodigiosin from 5.
marcescens.

No 'H-NMRY,,, J=Hz) “C-NMR(,, ppm)
1 12.57 (1H, brs)
2 7.21 (1H, m) 126.94
3 6.34 (1H, m) 111.71
4 6.90 (1H, m) 116.99
5 122.25
1 12.71 (1H. brs)
2 147.69
3 6.06 (14, d, 2.0) 92.80
4 165.75
5 120.68
6 6.94 (1H, brs) 116.01
2" 125.13
3" 6.66 (111, brd, 2.4} 128.39
4" 128.49
5" 147.01
6" 2.52 (3H, s) 12.45
7" 2.37 (2L, L, 7.6) 25.31
8" 1.52 (2H, m) 29.79
9 1.30 (2H, m) 31.41
10 1.30 (2H, m) 22.49
11" 0.88 (3IL 1. 7.1) 14.04
OCH, 3.99 (31, 5) 58.70

Measured in CDC,. S: singlet; d: doublet; t: triplet; m. multiplet; brs, broad
singlet, brd: broad doublet.
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against chitin synthase II was isolated from the S.
marcescens culture filtrate through several purification
steps as described in Materials and Methods.

Structure Determination and Biological Activity of
Chitin Synthase II Inhibitor

Based on the El-mass spectrum in combination with 'H- and
“C-NMR spectral data, the molecular weight and formula
of the isolated compound were found to be 323 and
C,H, N0, respectively (Table 2). The structural determination
of the isolated compound was carried out by NMR
spectroscopic analyses including COSY, HMBC, and NOE
{Fig. 7). This compound was proved to be prodigiosin by
comparison of the spectral data with published data
[12. 13]. Prodigiosin inhibited chitin synthase Il in a dose-
dependent manner up to 280 pg/ml. The IC, value of
prodigiosin for chitin synthase II was 115 plg/ml, representing
1.6 times-weaker and 1.6 times-stronger inhibitory activity
than that of the previously identified chitin synthase
inhibitor, polyoxin D (IC,;: 70 plg/ml) and nikkomycin Z
(IC: 176 pg/ml), respectively (Fig. 8). This compound did
not exhibit inhibitory activity against chitin synthase IIT
from 8. cerevisiae ECY38-38A(pWIC6) at the concentration
of 280 lg/ml. Prodigiosin exhibited very weak antifungal
activity against pathogenic fungi (MIC: >400 pg/ml) such

— 'IHCOSY

— :HMBC

Fig. 7. '"H-'H COSY and HMBC experiments of the isolated
compound (CDCL),
Arrows are directing H to C.
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Fig. 8. Effect of prodigiosin on the activity of chitin synthase 1.
Prodigiosin was dissolved m 25% DMSO.
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as Candida albicans, C. krusei, Coccidivides immifis,
Colletorrichum  {agenarium, Fusarium oxysporum, and
Pyricularia oryzae (data not showr).

DISSCUSSION

Chitin has been widely known to be a selective target for
antifungal agents because 1t was not found in mammalian
cells, The chitin synthase of most fungi catalyzes the same
biochemical reaction, using UDP-GIlcNAc as a substrate to
synthesize chitin. In 8. cerevisiae, chitin is synthesized by
chitin synthases I, II, and III, and their functional and
enzymatic characteristics are quite different. However, the
determination of individual activities from wild-type strain
is difficult when all chitin synthases are present [3, 7, 10].
Since each enzymes is differentially affected by several
factors such as pH, types of protease, and divalent cations
[5, 10, 11]. it is possible to examine optimal conditions for
the measurement of each one of the three chitin synthases
in the presence of the others.

In this study, optimal conditions are presented for
assaying the chitin synthase II activity in a genetically
engineered yeast strain, 8. cerevisiae ECY38-38A(pAS6),
that overproduces only chitin synthase II. Previously, Choi
and Cabib [11], Orlean [26], and Sburlati and Cabib [29]
found that the chitin synthase II from the yeast strain
containing a disrupted CHS/ gene was strongly activated
with trypsin treatment and the maximal activity was
obtained in the presence of Co™. The enzyme prepared
from §. cerevisiae ECY38-38A(pAS6) was also activated
by proteolysis with trypsin and it was strongly stimulated
by Co™, indicating that this enzyme is a zymogen with
traditional chitin synthase II properties. The chitin synthase
II activity was significantly affected by the amount of
enzyme, solvents used, and duration of incubation times.
Sburlati and Cabib [29] reported that optimal conditions of
chitin synthase Il from 8. cerevisiae D3B(his chsl::URA3)
were 6.4 mg/ml enzyme at 30°C for 2h, whereas we
obtained slightly different results where the optimal enzyme
concentration and incubation time were 5.25 mg/ml and
90 min. respectively. We suggest the difference was due
to either the process of enzyme isolation or the strain
selected.

In the course of screening chitin synthase 11 inhibitors
from natural sources using our screening system, we found
prodigiosin from S. maicescens. Prodigiosin, a characteristic
red and water-insoluble pigment from S. marcescens also
selectively inhibited chitin synthase I but not chitin
synthase IIT activity. Prodigiosin has been reported to have
antimalarial activity [8] and immunosuppressive activity
[13], however, this is the first report for prodigiosin as a
chitin synthase II inhibitor. Although prodigiosin is not

potent against chitin synthase 1 activity, this compound
may serve as a useful lead compound for development of
antifungal agents through the control of chitin biosynthesis.
In addition, we have recently reported that a new group of
chitin synthase I[ inhibitors, viz.. ursolic acid [18], catechin
[20], gomisin N [16], and chaetoatrosin A [17] were detected
in Crataegus pinnatifida, Taxus cuspidata. Shizandra
chinensis, and Chaetomium airobrunneur, respectively.

According to these results, we are confident that this
enzymatic assay system could be used as a screening
systemn for antifongal agents in natural sources: the choice
of enzymatic assay conditions is important when chitin
synthesizing enzymes are used in screening potential
antifungal agents, since each enzyme from each strain may
have certain distinct enzymatic properties.
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