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A novel antifungal peptide (termed as Anafp) was
solated from the culture supernatant of the filamen-
ous fungi, Aspergillus niger. The whole amino acid
equence of Anafp was determined and the peptide
as found to be composed of a single polypeptide

hain with 58 amino acids including six cysteine resi-
ues. The peptide shows some degree of sequence ho-
ology to a cysteine-rich antifungal peptides reported

rom the seeds of Sinapis alba and Arabidopsis thali-
na or the extracellular media of Aspergillus gigan-
eus and Penicillium chrysogenumsome. Cysteine-
pacing pattern of Anafp was similar to that of the
ntifungal peptide from Penicillium chrysogenum.
he Anafp exhibited potent growth inhibitory activi-

ies against yeast strains as well as filamentous fungi
t a range from 4 to 15 mM. In contrast, Anafp did not
how antibacterial activity against Echerichia coli
nd Bacillus subtilis even at 50 mM. © 1999 Academic Press

The rapid emergence of fungal pathogens that resis-
ant to currently available antibiotics has triggered
onsiderable interest in the isolation of new antifungal
eptides with no cytotoxicity against mammalian cells
n recent years. Numerous antifungal peptides with
nter-disulfide bonds such as a-, b-defensins, prote-
rins, IB-AMPs, thanatin, Hs-AFP1 and Rs-AFP2 have
een identified from a variety of sources, including
ammals, insects, and plants (1–10). However, only

wo antifungal peptides with disulfide bonds were
haracterized from the fungi until now (11–15). The
ntifungal peptide purified from Aspergillus giganteus
onsists of 51 amino acid residues with four disulfide
ridges (11–14), whereas the antifungal peptide from
enicillium chrisogenum possesses 55 amino acid res-

dues with three-disulfide linkages (15). These antifun-
al peptides are thought to play an important role in
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opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ysteine-rich antifungal peptides had not been discov-
red from the filamentous fungi, Aspergillus niger.
ere, we report the isolation of a novel endogeneous
ntifungal peptide with 58 amino acids containing six
ysteines from the culture supernatant of A. niger. This
eptide exhibits potent antifungal activity against fil-
mentous fungi and yeast and shows sequence homol-
gy to a cationic cysteine-rich antifungal peptides iso-
ated from the seeds of Sinapis alba and Arabidopsis
haliana and the culture supernatant of Aspergillus
iganteus and Penicillium chrysogenum.

ATERIALS AND METHODS

Materials. Trypsin and endopeptidase Glu-C were purchased
rom Sigma Chemical Co. (St. Louis, MO). Acetonitrile (analytical
rade) was from Burdick & Jackson Inc. (Muskegon, MI). Yeast
xtracts, Bacto peptone, and dextrose were from Difco Inc. (Detroit,
I). Other chemicals and reagents were analytical grade.

Bacterial and fungal strains. Echerichia coli (KCTC 1682), Ba-
illus subtilis (KCTC 1918), Aspergillus flavus (KCTC 1375), As-
ergillus fumigatus (KCTC 6145), Aspergillus niger (KCTC 2025),
usarium oxysporum (KCTC 6076), Fusarium solani (KCTC 6326),
accharomyces cerevisiae (KCTC 2805), Candida albicans (KCTC
940) and Trichosporon beigelii (KCTC 7251) were obtained from the
orean Collection for Type Cultures (KCTC), Korea Research Insti-

ute of Bioscience & Biotechnology (KRIBB), Taejon, Korea.

Purification of antifungal peptide. A. niger conidia was innocu-
ated in to a 2 liters YPD medium (2% glucose, 1% peptone, 0.5%
east extract, pH 5.5), and incubated at 30°C for 72–96 h in a
haking incubator (140 rpm). After incubation, the culture superna-
ants were collected by filtering through 3-layers of cheesecloth and
djusted to pH 7.0 by adding 1 M Tris solution. After filtering the
olution by ultrafiltration using Amicon YM-30 membrane (MW
0,000 cutoff). Basic proteins from the culture supernatant were
solated by loading the filter onto a CM-Sepharose column (Pharma-
ia Biotech, Uppsala, Sweden) (2.3 3 20 cm) preequilibrated with
00 mM Tris-HCl buffer (pH 7.0). The basic proteins were then
luted by a 500 ml linear gradient from 0 to 1 M NaCl in 100 mM
ris-HCl buffer (pH 7.0) and 6 ml fractions were collected. The peak

ractions were pooled and assayed for antifungal activity. The pooled
eak fractions were concentrated and desalted by ultrafiltration
sing YM3 membrane (MW 3,000 cutoff) with several changes of 100
M Tris-HCl buffer (pH 7.0). The solution was then applied to an
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us 0.05% trifluoroacetic acid (TFA) and eluted with a linear gradi-
nt of 0 to 80% acetonitrile in aqueous 0.05% TFA. Each peak
ractions was collected and assayed for antifungal activity. The peak
raction showing the highest antifungal activity was lyophilized and
tored at 220°C until use.

Reduction, S-carboxyamidomethylation and enzymatic digestion.
he native peptide (20 mg) was dissolved in 50 ml of 0.2 M ammonium
icarbonate, pH 8.0 containing 4 M guanidine hydrochloride mixed
ith 5 ml of 45 mM dithiothreitol. The mixture was flushed with
itrogen gas and then incubated at 50°C for 30 min. The reduced
rotein was treated with 5 ml of 100 mM iodoacetamide at 37°C for
2 h. Sixty ml of H2O was added to the solution of S-carboxy-
midomethylated peptide and then digested with trypsin (enzyme:
rotein 5 1:25, w:w) at 37°C for 24 h. Also, S-carboxyamido-
ethylated peptide was digested with endopeptidase Glu-C as de-

cribed above. The reaction was stopped by freezing on dry ice.
eptide fragments resulting from enzymatic digestions were purified
y a Microbore HPLC system ABI 172 (Applied Biosystem, USA)
quipped with Perkin Elmer Brownlee C18 reversed phase column
Spheri-5 RP-18, 5 mm, 0.2 3 220 mm) equilibrated with buffer A
0.1% trifluoroacetic acid). Peptides were eluted from the column
ith a linear gradient (15%–80%, 1.083%/min, 60 min) of buffer B

80% acetonitrile containing 0.1% trifluoroacetic acid) at a flow rate
f 210 ml/min at 25°C. Absorbance at 214 nm was measured, and
eptide fragments were collected manually for amino acid sequence
nalysis. Peptides were numbered according to the order of the
lution from the HPLC column. Peptides derived from trypsin and
ndopeptidase Glu-C were designated as T and G, respectively. The
eptide fragments were sequnced by Edman degradation.

Amino acid microsequencing. Automated Edman degradation of
he S-carboxyamidomethylated peptide and detection of phenylthio-
ydantion derivatives were performed on an automatic protein se-
uencer (Applied Biosystems, Model 476A).

Molecular weight determination of antifungal peptide by matrix-
ssisted laser desorption ionization mass spectroscopy (MALDI-MS).
o determine the molecular weight of the purified native peptide,
ml of the peptide (6.5 mg/ml) in aqueous 0.1% TFA was mixed with
ml sinapinic acid (70 mg/ml). The peptide mixture was loaded onto
flat inert metal (e.g., silver, platinum) probe and the solvent was

emoved by warm airflows. The sample was then transferred to a
acuum chamber. The molecular weight of the peptide was deter-
ined by matrix-assisted laser desorption ionization mass spectrom-

try (MALDI-MS) (16).

Antibacterial activity. The bacteria were grown to the midlog
hase in a medium (g/l) [10 bactotryptone/5 yeast extract/10 NaCl
pH 7.0)]. Peptide solution diluted with 1% bactopeptone was added
o the well of a 96-microtiter plate (100 ml per well), and the well
ere serially diluted twofold. The final concentrations of the peptide
ixtrure ranged from from 1.56 mM to 50 mM. To this, 100 ml of the

acterial strains suspended in the growth medium (final bacterial
uspension: 2 3 106 CFU/ml). The plates were incubated for 18 h at
7°C. Assays were performed in triplate for the peptide. The minimal
nhibitory concentration (MIC) was defined as the lowest concentra-
ion of peptide which gave no visible growth on the plate.

Antifungal activity. The fungal strains were grown at 28°C in YM
edium (1% glucose, 0.3% malt extract, 0.5% peptone, and 0.3%

east extract). The fungal conidia were seeded on the well of a
6-microtiter plate of YM media at a density of 1 3 102 spores (100
l per well). Ten ml of the serially diluted-peptide solution were
dded to each well, and the cell suspension was incubated for 24 h at
8°C. Ten ml of a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
etrazolium bromide (MTT) solution [5 mg/ml MTT in phosphate-
uffered saline (PBS), pH 7.4] was added to each wells, and then the
lates were incubated further at 37°C for 4 h. Thirty ml of 20% (w/v)
DS solution containing 0.02 M HCl was added, and then the plates
647
ere incubated at 37°C for 16 h to dissolve the formazan crys-
als that had formed. The turbidity of each well was measured at
70 nm using a microtiter ELISA reader (Molecular Devices, Sunny-
ale, CA).

ESULTS

Purification of antifungal peptide. The small molec-
lar weight peptides secreted to the A. niger culture
edia were filtered through Amicon YM-30 membrane

MW cutoff; 30,000) and applied to a CM-Sepharose ion
xchange column (2.3 3 20 cm) pre-equilibrated with
00 mM Tris-HCl, pH 7.0. Peptides were eluted by 500
l linear gradient from 0 to 1.0 M NaCl and peak

ractions were pooled (Fig. 1). The pooled fractions
ere concentrated and desalted using an Amicon YM-3
embrane (MW cutoff; 3,000), and then the antifungal

ctivity of each fraction was measured. The fractions
ith antifungal activity were purified by analytical C18

everse phase (RP)-HPLC. As shown in Fig. 2A, the
oncentrated peptide solution was resolved to two ma-
or peaks of which the first major peak, designated as
eak 1, showed antifungal activity (data not shown).
he peak 1 was then purified by an analytical C18

P-HPLC (Fig. 2B). The purity of peak 1 was also
onfirmed by Tricine-SDS-polyacrylamide gel electro-
horesis (Fig. 3). The purified peptide, designated as
nafp showed a molecular weight of 6582.63 by
ALDI mass spectroscopy (Fig. 4).

Amino acid sequence analysis. Following reduction
nd S-carboxyamidomethylation of Anafp direct se-
uencing gave 46 amino acid residues (Fig. 5). Only one

FIG. 1. Elution profile of CM-Sepharose the concentrated culture
upernatants. The column (2.3 3 20 cm) was eluted with a linear
radient of 0–1.0 M NaCl containing 100 mM Tris-HCl buffer (pH
.0). The solid bar indicates the fractions with antifungal activity.
he dotted line indicates a linear salt gradient from 0 to 1.0 M NaCl.
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mino acid sequence was found in amino acid sequenc-
ng of the carboxyamidomethylated peptide indicating
hat this peptide was indeed composed of a single
olypeptide chain. The total sequence was confirmed
y overlapping the peptide fragments obtained by ei-
her trypsin or endoproteinase Glu-C digestion. When
-carboxyamidomethylated Anafp was digested with

FIG. 2. (A) RP-HPLC profile by Ultrasphere C18 column (4.6 3 250 m
eak 1 with antifungal activity was pooled and subjected to RP-HPLC. (
urified Anafp. After an initial 4 min wash in 0.05% tirfluoroacetic acid
f 20–60% (by vol.) acetonitrile containing 0.05% trifluoroacetic acid, a

FIG. 3. Tricine gel electrophoresis of the purified Anafp. Lane 1:
olecular size marker (66 kDa, Bovine serum albumin; 45 kDa,
valbumin; 29 kDa, Carbonic anhydrase; 20 kDa, Trypsin inhibitor;
4.2 kDa, a-Lactalbumin). Lane 2: 1 mg of purified Anafp.
648
ndoproteinase Glu-C followed by separation of the
eptides with Perkin Elmer Brownlee C18 reversed
hase HPLC column, the four peptide fragments (G1,
2, G3, and G4) were obtained. Tryptic digestion pro-
uced nine peaks (T1 T9). All fragments were se-
uenced by Edman degradation. The whole amino acid
equence of Anafp with 58 amino acid residues is
hown in Fig. 5.

Antifungal and antibacterial activities. The anti-
ungal and antibacterial activities of the native peptide
gainst two bacterial, five filamenteous fungal and two
east strains were measured using growth inhibition
ssay (Table 1). The peptide displayed potent antifun-
al activity against A. flavus (MIC 5 8 mM), A. fumiga-
us (MIC 5 4–8 mM), F. oxysporum (MIC 5 8–15 mM),
. solani (MIC 5 8 mM), and T. beigelii (MIC 5 8–15
M). Furthermore, it was found to be active against
wo yeast strains, C. albican (MIC 5 8–15 mM) and S.
erevisiae (MIC 5 8 mM). In contrast, this peptide did
ot display antibacterial activity against E. coli and B.
ubtilis even at 50 mM.

ISCUSSION

A new antifungal peptide with six cysteines desig-
ated as Anafp was successfully isolated from the cul-

of the desalted fractions 30–35 separated from CM-Sepharose column.
P-HPLC profile by Ultrasphere C18 column (4.6 3 250 mm) of the final
ter, the proteins were eluted with a linear gradient (1% increase/min)
flow rate of 1 ml/min. The effluent was monitored at 214 nm.
m)
B) R
/wa
t a
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ure medium of A. niger and its complete amino acid
equence of 58 amino acid residues was determined by
irect sequencing and enzyme-mapping using trypsin
nd endopeptidase Glu-C. The Anafp was rich in pos-

FIG. 4. MALDI mass spectra of the purified Anafp. The arrow s
onfirmed to be correct. The result was calculated from amino acid s

FIG. 5. Complete amino acid sequence of S-carboxyamidomethyl
egradation without fragmentation. T(T1 – T9) and G(G1 – G4)
igestions of S-carboxyamidomethylated Anafp, respectively.
649
tively charged residues including five Lys, three Arg
nd six His, and contained six cysteine residues. The
ass (6582.63) observed by MALDI-MS analysis was

onsistent with the calculated mass (6583.0) of Anafp

s the molecular weight (6582.6) of purified Anafp. This value was
uence analysis.

d Anafp. The direct sequence was determined by automated Edman
ote the peptides derived from trypsin and endoproteinase Glu-C
how
eq
ate
den



(Fig. 4). A protein sequence homology search using the
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wiss-Prot data base indicates that Anafp isolated
rom A. niger is a novel sequence and possesses some
omologies with several antifungal peptides from
lants, Sinapis alba (17) and Arabidopsis thaliana (18)
nd filamentous fungi, A. giganteus (14) and P. chry-
ogenum (15) (Fig. 6). Anafp also possesses six cysteine
esidues. In particular, its six cysteinyl spacing pattern
-C-X6-C-X12–13-C-X7-C-X6-C-X10-C-) was most similar to
hat of the antifungal peptide derived from P. chryso-
enum (15). The topology of three disufude bridges of
nafp will be determined in further studies. The anti-

ungal peptide isolated from A. giganteus showed no
ffect on the yeast growth even at 200 mM (14),
hereas, Anafp displayed the potent antifungal activ-

ty against the yeast strains tested as well as the
lamentous fungi (Table 1).
a-, b-defensins from mammals neutrophil and Agafp

rom A. giganteus are predominantly b-sheet confor-
ation stabilized by three or four disulfide bonds and

orm highly amphipathic structure (9, 10, 14). They
lectrostatically bind to target cell membranes, caus-
ng the formation of multimeric pores and the leakage
f essential minerals and metabolites (9). In contrast,
he other antifungal peptide, IB-AMPs with two disul-
de bonds derived from seeds of Impatiens balsamina,
o not cause ion channel/pore formation on cell mem-
ranes and have a different antibiotic mechanism of
NA synthesis inhibition by the interaction with the

arget protein (19). Whether Anafp, the novel antifun-
al protein isolated from A. niger in this study inter-
cts directly with cell membranes or whether it has a
arget protein will be evaluated in the further studies.

In conclusion, a novel antifungal peptide with 58
mino acids including six cysteines, Anafp, was newly
solated from A. niger. Cysteine-spacing pattern of
nafp was similar to that of the antifungal peptide
erived from P. chrysogenum. This novel antifungal
eptide might be useful for the understanding of the

TABLE 1

The MIC Values of Anafp against Different Microorganisms

Microorganisms MIC (mM)

Bacteria
E. coli .50
B. subtilis .50

Filamentous fungi
A. flavus 8
A. fumigatus 4–8
F. oxysporum 8–15
F. solani 8
T. beigelii 8–15

Yeast strains
C. albicans 8–15
S. cerevisiae 8
650
iological function and mechanism of endogeneous an-
ifungal peptides secreted from fungi.
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