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a b s t r a c t

Cordymin, an antifungal peptide with a molecular mass of 10,906 Da and an N-terminal amino acid
sequence distinct from those of previously reported proteins, was purified from the medicinal mush-
room Cordyceps militaris. The isolation protocol comprised ion exchange chromatography of the aqueous
extract on SP-Sepharose and Mono S and gel filtration on Superdex 75 by a fast protein liquid chromatog-
raphy system. Cordymin was adsorbed on both cation exchangers. The peptide inhibited mycelial growth
in Bipolaris maydis, Mycosphaerella arachidicola, Rhizoctonia solani and Candida albicans with an IC50 of

50 �M, 10 �M, 80 �M, and 0.75 mM, respectively. However, there was no effect on Aspergillus fumigatus,
Fusarium oxysporum and Valsa mali when tested up to 2 mM. The antifungal activity of the peptide was
stable up to 100 ◦C and in the pH range 6–13, and unaffected by 10 mM Zn2+ and 10 mM Mg2+. Cordymin
inhibited HIV-1 reverse transcriptase with an IC50 of 55 �M. Cordymin displayed antiproliferative activ-
ity toward breast cancer cells (MCF-7) but there was no effect on colon cancer cells (HT-29). There was

ard
d up
no mitogenic activity tow
macrophages when teste

ntroduction

‘Dong Chong Xia Cao’ which belongs to the genus Cordyceps
orms a highly prized traditional medicine for health promotion
nd treatment for some ailments (Li et al. 2001, 2006). In tradi-
ional Chinese medicine, Cordyceps sinensis is used most often while
. militaris is a much cheaper substitute. A hemagglutinin has been

solated from C. sinensis (Hsu et al. 2009) and another hemagglu-
inins from C. militaris (Jung et al. 2007; Wong et al. 2009). An
ntibacterial protein devoid of antifungal activity has also been
eported from C. sinensis (Ng and Wang 2005). In view of the rel-
tively little amount of information available about the protein
onstituents of C. militaris and its much lower costliness in compar-
son with C. sinensis, we undertook the present study to ascertain
f an antifungal protein could be isolated from C. militaris. This

ould reveal whether the medicinal fungus has one more poten-
Please cite this article in press as: Wong, J.H., et al., Cordymin, an antifungal
(2010), doi:10.1016/j.phymed.2010.07.010

ially exploitable activity in addition to the previously reported
ttributes. Although antifungal proteins have been isolated from a
iversity of organisms including animals (King et al. 2000; Morrison
t al. 2002; Tsvetkova et al. 2006), plants (Leung et al. 2008; Lin et

∗ Corresponding author. Tel.: +852 26096872.
E-mail address: b021770@mailserv.cuhk.edu.hk (T.B. Ng).

944-7113/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
oi:10.1016/j.phymed.2010.07.010
mouse spleen cells and no nitric oxide inducing activity toward mouse
to 1 mM.

© 2010 Elsevier GmbH. All rights reserved.

al. 2009; Wong et al. 2006), bacteria (Li et al. 2009; Park et al. 2008;
Wong et al. 2008a) and fungi (Batta et al. 2009; Santos et al. 2009),
very few in the literature are from medicinal fungi. The present
report would furnish additional information.

Materials and methods

Dried fruiting bodies of Cordyceps militaris (100 g), collected
from Guang Dong, Mainland China were homogenized in liquid
nitrogen with a pestle, extracted in distilled water, and centrifuged.
To the resulting supernatant, NH4OAc (pH 4.5) buffer was added
until a final concentration of 20 mM was attained. The sample was
loaded on an SP-Sepharose column (5 cm × 16 cm) (GE, Health-
care). After removal of unadsorbed proteins, adsorbed proteins
were eluted with 1 M NaCl in 20 mM NH4OAc buffer (pH 4.5).
The adsorbed fraction was dialyzed against distilled water and
lyophilized. Then it was dissolved in 20 mM NH4OAc buffer (pH
4.5) and applied on a Mono S column and eluted with the same
buffer using an AKTA Purifier FPLC System (GE Healthcare). After
peptide from the medicinal fungus Cordyceps militaris. Phytomedicine

the unadsorbed fraction had been eluted, the adsorbed protein was
desorbed by using two consecution linear NaCl concentration gra-
dients (0–0.2 M and 0.2–1 M) in 20 mM NH4OAc buffer (pH 4.5). The
fraction containing antifungal activity from the Mono S column was
concentrated with an Amicon filter device before final purification

dx.doi.org/10.1016/j.phymed.2010.07.010
dx.doi.org/10.1016/j.phymed.2010.07.010
http://www.sciencedirect.com/science/journal/09447113
http://www.elsevier.de/phymed
mailto:b021770@mailserv.cuhk.edu.hk
dx.doi.org/10.1016/j.phymed.2010.07.010
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n a Superdex 75 column in the same buffer. The single peak eluted
onstituted purified antifungal protein designated as cordymin.

olecular mass determination by SDS-PAGE and mass
pectrometry

SDS-PAGE was conducted as described by Nielsen and Reynolds
1978). After electrophoresis, the gel was stained with Coomassie
rilliant Blue. The molecular mass of the isolated peptide was
stimated by comparison of its electrophoretic mobility with
hose of molecular mass marker proteins from GE Healthcare.

atrix-assisted laser desorption ionization time-of-flight mass
pectrometry (MALDI-TOF MS) in an Applied Biosystems 4700 Pro-
eomics Analyzer was also utilized for determining the molecular

ass of the purified peptide (Wong et al. 2008b).

mino acid sequence analysis

The N-terminal amino acid sequence of cordymin was ana-
yzed by means of automated Edman degradation using a Hewlett
ackard 1000A protein sequencer equipped with an HPLC system
Wong et al. 2008b).

ssay of antifungal activity in filamentous fungi

The assay of activity toward Botrytis cinerea, Mycosphaerella
rachidicola, Valsa mali, Rhizoctonia solani, Fusarium oxysporum and
spergillus fumigatus (all from China Agricultural University) was
erformed in petri dishes containing potato dextrose agar (PDA).
ach of the fungal species used is pathogenic to a different agricul-
urally important crop. The crops comprise apple, orange, cotton,
nd maize, etc. After the mycelial colony has developed, sterile
lank paper disks were placed at a distance of 0.5 cm away from
he rim of the mycelial colony. An aliquot of a solution of cordymin
as added to individual disks. The dish was incubated at 25 ◦C

or 20–48 h until mycelial growth had enveloped disks containing
he positive control (haricot bean defensin) and had formed cres-
ents of inhibition around disks containing samples with antifungal
ctivity.

To determine the IC50 value for the antifungal activity, five doses
f the protein were added separately to five aliquots each con-
aining PDA, mixed and poured into five separate small dishes.
uffer only served as a control. After the agar had cooled down, a
nown amount of mycelia will be added. After incubation at 25 ◦C
or 20–72 h, the concentration of antifungal protein leading to 50%
ecrease in the area of mycelial colony, defined as the IC50, was
etermined (Wong and Ng 2006b).

ssay of antifungal activity in Candida albicans

The fungal strain tested was Candida albicans ATCC 820. Cells
rom early logarithmic-phase cultures were washed twice in 50 mM
odium phosphate buffer (pH 7.4), and resuspended in culture
edium RPMI 1640, and adjusted to 2.0 × 106 CFU/ml. Cordymin

olutions at different concentrations were then added to the cell
uspensions and incubated in a shaker for 12 h. Then, the mixtures
ere serially diluted with RPMI 1640, and spread on agar plates.
fter incubation at 37 ◦C for 24 h, the colonies were counted. The
umber of fungi for each dilution was determined from the average
olony counts for three plates (Wong and Ng 2005). Defensin was
mployed as a positive control.
Please cite this article in press as: Wong, J.H., et al., Cordymin, an antifungal
(2010), doi:10.1016/j.phymed.2010.07.010

ssay for HIV-reverse transcriptase inhibitory activity

The ability of cordymin to inhibit HIV-1 reverse transcriptase
as assessed by using an ELISA kit from Boehringer Mannheim
 PRESS
ne xxx (2010) xxx–xxx

(Germany) as described by Collins et al. (1997). Defensin was
employed as a positive control.

Assay of antiproliferative activity

Breast cancer (MCF-7) and colon cancer (HT-29) cells were sus-
pended in medium. An aliquot of this cell suspension was seeded
to a plate, followed by incubation overnight at 37 ◦C in an atmo-
sphere of 5% CO2 in air. The antifungal protein was then added
and incubated for 24 h or 48 h. 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) was spiked into each well
and the plates incubated for 4 h. The supernatant was removed
and dimethyl sulfoxide was added to dissolve the MTT-formazan
formed at the bottom of the wells. After 10 min, OD595 nm was
measured. Haricot bean defensin was used as a positive control
(Wong and Ng 2006a).

Assay of mitogenic activity

BALB/c mice (25–30 g) were sacrificed by cervical dislocation
and the spleens aseptically dissected out. Spleen cells were isolated
by pressing the tissue through a sterilized sieve, and resuspended
in culture medium. The cells were seeded into a plate and cordymin
was added. After incubation at 37 ◦C, [methyl-3H]-thymidine was
added, and the cells were incubated for 6 h. The cells were har-
vested onto a glass fiber filter using an automated cell harvester.
The radioactivity was measured in a liquid scintillation counter.
Haricot bean defensin with mitogenic activity, and Con A which
is a lectin with highly potent mitogenic activity, were used as a
sample control and a positive control, respectively (Wong and Ng
2005).

Assay of nitric oxide production by macrophages

The assay was executed as detailed by Wong and Ng (2006a).
Macrophages collected from the peritoneal cavity of mice following
an intraperitoneal injection of thioglycolate were washed, resus-
pended in RPMI 1640, and seeded in a plate for 1 h before incubation
with cordymin for 24 h. Culture medium from each culture well was
allowed to react with Griess reagent for 10 min before OD540 nm
was read. Lipopolysaccharide was used as a positive control.

Assay of protease activity

This assay was conducted in view of the observation that a pro-
tease exhibits antifungal activity (Park et al. 2009). In the assay, a
solution of casein (Sigma) used as substrate was freshly prepared
as described by Wong et al. (2008a). Briefly, to 2 g of casein, 10 ml
of distilled water and 10 ml of 0.2 mol l−1 NaOH were introduced.
Subsequent to addition of 60 ml distilled water, the mixture was
stirred to make a solution. The pH of the solution was adjusted
to pH 7.5 with HCl, and the solution was exposed to 90 ◦C for
15 min before cooling down and dilution with 100 ml of 100 mM
of Tris–HCl buffer (pH 8) containing 40 mM CaCl2. The precipitate
was discarded, and the resulting solution was used. The test sample
(cordymin) or trypsin solution (positive control) (50 �l) was mixed
with 350 �l of the aforementioned casein solution. After incuba-
tion for 25 min, 1 ml of 4% (w/v) trichloroacetic acid was added.
peptide from the medicinal fungus Cordyceps militaris. Phytomedicine

The reaction mixture was left at room temperature for 30 min
prior to centrifugation at 15,000 × g for 15 min. The absorbance of
the supernatant, which indicates the amount of casein fragments
formed by proteolytic action of the test sample, was read at 280 nm
against water as blank.

dx.doi.org/10.1016/j.phymed.2010.07.010
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Fig. 1. FPLC on a 1-ml Mono STM column previously equilibrated with and then
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tumor cells (Fig. 7), but there was no effect on HT 29 colon cancer
luted with 20 mM NH4OAc buffer (pH 4.6) at a flow rate of 2 ml/min. The adsorbed
raction was eluted with one breakpoint linear gradient of 0–0.2 M, followed by
.2–1 M NaCl in the same buffer as shown by the broken line across the chro-
atogram. Only the fraction labeled S showed antifungal activity.

esults

solation and physicochemical characteristics

Cation exchange chromatography of the extract of Cordy-
eps militaris on SP-Sepharose in 10 mM NH4OAc buffer (pH 4.5)
ielded an unadsorbed fraction devoid of antifungal activity and an
dsorbed fraction with antifungal activity which was eluted with
M NaCl in 10 mM NH4OAc buffer (pH 4.5) (data not shown). FPLC
f the adsorbed fraction on Mono S resulted in a small unadsorbed
raction without antifungal activity. Elution of the adsorbed pro-
eins with the two linear NaCl concentration gradients (0–0.2 M
nd 0.2–1 M) in 10 mM NH4OAc buffer (pH 4.5) produced two
ajor adsorbed fractions, S and P (Fig. 1). Antifungal activity was

etected only in fraction S. Fraction S was subsequently resolved
n Superdex 75 into a main fraction C with antifungal activity and
ome tiny fractions without activity (Fig. 2). Fraction C displayed
single band with a molecular mass below 14 kDa in SDS-PAGE

Fig. 3). The purity and molecular mass of fraction C were also
xamined by mass spectrometry. The spectrum shows only one
eak with a molecular mass of 10906.62 Da (Fig. 4). The peptide in
raction C was named cordymin.

The N-terminal sequence of cordymin was AMAPPYGYRTP-
AAQ. It did not show any significant similarity with other known
roteins/peptides in Pubmed database.
Please cite this article in press as: Wong, J.H., et al., Cordymin, an antifungal
(2010), doi:10.1016/j.phymed.2010.07.010

iological characteristics

Cordymin inhibited mycelial growth in a number of fun-
al species including Bipolaris maydis, Mycosphaerella arachidicola

ig. 2. Gel filtration of peak S (from Mono STM column) on a Superdex 75 column in
0 mM NH4HCO3 buffer (pH 9.4) at a flow rate 0.5 ml/min.
Fig. 3. SDS-PAGE results. Right lane S: peak C from Superdex 75 column representing
purified cordymin from Cordyceps militaris. Left lane M: molecular mass standards
from GE Healthcare.

(Fig. 5), Rhizoctonia solani, and planktonic form of the yeast Can-
dida albicans (Fig. 6) with an IC50 of 50 �M, 10 �M, 80 �M, and
0.75 mM, respectively. No inhibitory activity was demonstrated
toward Aspergillus fumigatus, Fusarium oxysporum, and Valsa mali
when tested up to 2 mM. The antifungal activity of cordymin was
stable throughout the temperature range 0–100 ◦C and at pH 4.5,
7.4 and 9.4 (data not shown). The activity was unaffected in the
presence of 10 mM ZnCl2 and 10 mM MgCl2 (data not shown).
Cordymin did not show any protease activity when tested up to
1 mM (data not shown). Its antifungal activity was not eliminated
by trypsin digestion at 37 ◦C for 30 min at a cordymin: trypsin ratio
of 1:1 (w:w).

Cordymin exerted an antiproliferative action on MCF 7 breast
peptide from the medicinal fungus Cordyceps militaris. Phytomedicine

cells when tested up to 1 mM. It was devoid of mitogenic activity
on mouse splenocytes (Table 1) and nitric oxide inducing activ-
ity toward mouse macrophages when tested up to 1 mM (data not

Fig. 4. Molecular mass determination by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS).

dx.doi.org/10.1016/j.phymed.2010.07.010
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ig. 5. Determination of antifungal activity of cordymin toward Mycosphaerella
rachidicola (A: phosphate buffer saline (PBS, pH 7.6); B: 20 �M cordymin in PBS; C:
0 U nystatin in PBS; D: 5 �M defensin (haricot bean) in PBS).

hown). Cordymin also exerted an inhibitory effect toward HIV-1
everse transcriptase with IC50 55 �M.

Cordymin did not reveal protease activity toward casein.

iscussion

Antifungal proteins have aroused the attention of many
esearchers because of their ability to deter pathogenic fungi from
nvading agricultural crops and from causing diseases in animals.
lants expressing the genes encoding antifungal proteins have aug-
Please cite this article in press as: Wong, J.H., et al., Cordymin, an antifungal
(2010), doi:10.1016/j.phymed.2010.07.010

ented resistance against fungal pathogens and huge economic
osses due to deleterious fungal infections can be averted. Anti-
ungal proteins may also protect animals including human from
ebilitating infections.

ig. 6. Determination of IC50 value of antifungal activity of cordymin toward Candida albic

able 1
est of cordymin for mitogenic activity toward murine splenocytes as reflected in uptake

Concentration of cordymin/defensin/Con A (�M) [Methyl-3

Cordymin

1000 323 + 11
500 476 + 12
250 435 + 21
125 332 + 28

62 453 + 16
31 419 + 18
16 440 + 23

8 348 + 10
4 493 + 22
0 228 + 18
Fig. 7. Antiproliferative activity of cordymin and defensin (Haricot bean) towards
breast cancer (MCF-7) cells after treatment for 24 h as indicated by MTT assay results
(data represent means ± SD, n = 3).

Antifungal proteins with different amino acid sequences are
produced by different organisms. For instance, defensins with dis-
tinct structures are produced by humans, other animals and plants
(Wong et al. 2007). In addition to defensins, plants produce a
repertoire of structurally diverse antifungal proteins (Selitrennikoff
2001). Fungi including medicinal fungi and others also produce
a variety of antifungal proteins (Nig 2004). Ganodermin is an
antifungal protein isolated from the renounced medicinal fungus
Ganoderma lucidum (Wang and Ng 2006). The antifungal pro-
tein cordymin isolated from C. militaris in this study differs in
N-terminal sequence from ganodermin and also antifungal pro-
teins/peptides from other edible/non-medicinal fungi (Chu et al.
2005; Wang and Ng 2004a), indicating that it is a protein distinct
from previously reported antifungal proteins.

Cordymin is adsorbed on cation exchangers. This chromato-
graphic characteristic is also encountered in other antifungal
proteins such as juncin (Ye and Ng 2009), protein from caper seeds
(Lam and Ng 2009), and cicadin (Wang and Ng 2002a). The fea-
peptide from the medicinal fungus Cordyceps militaris. Phytomedicine

ture is also consistent with the observation that some antifungal
proteins are unadsorbed on anion exchangers like DEAE-cellulose
(Wong and Ng 2006b). The molecular mass of cordymin is within
the range reported for antifungal proteins/peptides.

ans (A: 0 M cordymin; B: 0.5 mM cordymin; C: 1 mM cordymin, D: 2 mM cordymin).

of [methyl-3H]-thymidine (data represent means ± SD, n = 3).

H]-thymidine uptake (CPM)

Defensin Con A

234 + 23 348 + 23
289 + 14 209 + 29
370 + 25 222 + 22
351 + 10 243 + 12
480 + 20 233 + 12
442 + 14 245 + 28
362 + 13 1236 + 128
287 + 32 12330 + 831

1287 + 89 8736 + 526
332 + 36 250 + 23

dx.doi.org/10.1016/j.phymed.2010.07.010
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Cordymin exerts antifungal activity against several fungal
pecies including B. maydis, M. arachidicola and R. solani, unlike
he antifungal proteins from shallot bulbs (Wang and Ng 2002b)
nd asparagus seeds that inhibit only one out of the several fungal
pecies tested. The antifungal potency of cordymin is higher than
hat of many antifungal proteins. Its antifungal activity is unaffected
y zinc and magnesium ions, unlike defensins which are influenced
y the ambient ionic strength (Wong et al. 2006). Cordymin is also
issimilar from antifungal proteins such as leguminous defensin
Wong et al. 2006) in that it is devoid of mitogenic activity toward
plenocytes and nitric oxide inducing activity toward macrophages.
owever, it is known that not all antifungal proteins/peptides have

hese two attributes (Ye and Ng 2009).
Cordymin elicits a reduction in the proliferation of MCF-7 breast

ancer cells but not that of HT-29 colon cancer cells. This speci-
city of antiproliferative action is reminiscent of the vastly different

nhibitory potencies of ribosome inactivating proteins toward dif-
erent cancer cells (Tsao et al. 1990).

The observation that cordymin inhibits activity of HIV-reverse
ranscriptase reinforces the contention that it is an antipathogenic
r a defense protein. Other antifungal proteins (Samaranayake et al.
001; Wang and Ng 2002a), lectins/hemagglutinins (Li et al. 2008;
e et al. 2001), ribosome inactivating proteins (Jiratchariyakul et al.
001; Lee-Huang et al. 1995), ribonucleases (Wang and Ng 2004b;
ia et al. 2005), and protease inhibitors (Ye and Ng 2002; Zhang
t al. 2008), which are also defense proteins, display similar activ-
ty. The mechanism of inhibition probably involves protein–protein
nteraction, as in inhibition of the retroviral reverse transcriptase
y the homologous protease (Bottcher and Grosse 1997).

Cordymin is a distinct from protein from C. sinensis antibacterial
rotein. This is apparent from a comparison of their N-terminal
equences, molecular masses and biological activities. The latter
acks antifungal activity (Ng and Wang 2005).

Cordymin is distinct in several aspects from the antifungal pro-
ein (CMP) isolated by Park et al. (2009) from C. militaris. The spectra
f antifungal activities of the two peptides are not identical. CMP
xerts a strong antifungal effect against Fusarium oxysporum, but
ordymin does not show antifungal effect on F. oxysporum when
ested up to 2 mM. CMP is adsorbed on anion exchanger DEAE-
epharose, but cordymin is not. CMP shows a molecular mass about
2 kDa, but cordymin is only 10 kDa in molecular mass. The hemag-
lutinin reported by the Korean group of investigators also differs
rom the hemagglutinin purified by us from the same medicinal
ungus (Jung et al. 2007; Wong et al. 2009). The discrepancies
etween the data on Cordyceps militaris antifungal peptide and
emagglutinin from the Korean group and our group suggest the
ossibility that different strains of C. militaris were used in the two
tudies.

The antifungal protein isolated by Park et al. (2009), has not been
ssayed for stability in presence of Zn2+ and Mg2+ ions, HIV-reverse
ranscriptase inhibitory activity, mitogenic activity toward spleen
ells, and nitric oxide inducing activity toward macrophages.

Cordymin is an exploitable peptide in view of its pronounced
hermostability (0–100 ◦C) and relative pH stability (pH 4.5–9.4),
rypsin stability, relatively wide spectrum of antifungal activity
activity in 4 out of 7 fungal species tested), specific antipro-
iferative action on MCF-7 breast cancer cells, and inhibitory
ffect on HIV-1 reverse transcriptase. Cordymin manifests many
f the attributes typical of defense proteins encompassing anti-
ungal, anti-HIV-1 reverse transcriptase, and antiproliferative
ctivities.
Please cite this article in press as: Wong, J.H., et al., Cordymin, an antifungal
(2010), doi:10.1016/j.phymed.2010.07.010
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