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Abstract A fungal strain, Penicillium chrysogenum A096,
was isolated from an Arctic sediment sample. Its culture super-
natant inhibited mycelial growth of some plant pathogenic
fungi. After saturation of P. chrysogenum A096 culture super-
natant with ammonium sulfate and ion exchange chromatogra-
phy, a novel antifungal protein (Pc-Arctin) was purified and
identified by matrix assisted laser desorption ionization-time of
flight-time of flight-mass spectrometry (MALDI-TOF-TOF-
MS). The gene encoding for Pc-Arctin consisting of 195 nu-
cleotides was cloned from P. chrysogenum A096 to confirm the
mass spectrometry result. Pc-Arctin displays antifungal activity
against Paecilomyces variotii, Alternaria longipes, and
Trichoderma viride at minimum inhibitory concentrations
(MIC) of 24, 48, and 192 ng/disc, respectively. Pc-Arctin was
most sensitive to proteinase K and then to trypsin but insensi-
tive to papain. Pc-Arctin possesses high thermostability and
cannot be antagonized by common surfactants, except for
sodium dodecyl sulfate (SDS). Divalent ions, such as Mn>",
Mg”*, and Zn*", inhibited the antifungal activity of Pc-Arctin.
Hemagglutination assays showed that Pc-Arctin had no
hemagglutinating or hemolytic activity against red blood cells
(RBC) from rabbits, rats, and guinea pigs. Therefore, Pc-Arctin
from Arctic P. chrysogenum may represent a novel antifungal
protein with potential for application in controlling plant path-
ogenic fungal infection.
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Introduction

To date, about 300 species of fungi have been reported to
display pathogenic or allergenic potentials (Gupte et al.
2002). Fungal infections of humans and animals have
become a severe problem around the world. Until now,
the number of drugs for efficient treatment of fungal
invasion has been very limited, and there is an increasing
need for new antifungal agents (Chen and Sorrell 2007).
The side effects of the currently available antifungal
drugs, such as nephrotoxicity, fever, and taste disturbance,
have caused widespread concern (Chen and Sorrell 2007;
Denning 2003; Lemke et al. 2005). Therefore, it is crucial
for the research community to find new sources of anti-
fungal drugs. Natural products from microbial sources
from less-exploited environments are emerging as attrac-
tive options.

A tremendous challenge in agricultural industry is to
control plant diseases caused by pathogenic fungi (Meyer
2008). Currently, chemical pesticides are the preferred
options for suppressing growth of fungi in the agricultural
industry. However, broad use of chemical pesticides can
cause harmful effects on the environment and human
health. Therefore, new substitutes for these chemical fun-
gicides that are less harmful to the environment and to
humans are urgently needed.

Antimicrobial proteins that are ubiquitous in nature
are suitable fungicide candidates because of their natural
origin and reduced side effects (Lay and Anderson
2005; Woo et al. 2002; Zasloff 2002; Zhang et al.
2008). Antimicrobial proteins function as the first de-
fensive system against microbial invasion and display

@ Springer



10382

Appl Microbiol Biotechnol (2013) 97:10381-10390

strong growth-inhibitory activities against many patho-
gens, including bacteria, fungi, and viruses (Lehrer and
Ganz 1999; Marx et al. 2008). Several proteins derived
from the imperfect filamentous fungi Aspergillus and
Penicillium have broad-spectrum antifungal properties (Gun
Lee et al. 1999; Marx et al. 1995; Skouri-Gargouri and
Gargouri 2008; Wnendt et al. 1994). Most of these proteins
are small molecules rich in lysine and cysteine residues that
form disulfide bridges that are postulated to contribute to their
high stability against high temperatures and protease degrada-
tion (Marx 2004; Rodriguez-Martin et al. 2010; Skouri-
Gargouri and Gargouri 2008). Recent data revealed that such
an antifungal protein Penicillium antifungal protein (PAF)
could interfere with calcium homeostasis in sensitive fungi
and certain types of chitin synthases are critical for fungi
sensitive to antifungal protein (AFP) (Binder et al. 2010;
Ouedraogo et al. 2011). Indeed, expression of some antifungal
proteins in transgenic plants has enhanced resistance against
pathogens, indicating a promising means for plant protection
(Coca et al. 2004; Mitsuhara et al. 2000; Moreno et al. 2005;
Sharma et al. 2000).

The Arctic represents an extremely cold and uncharted
environment, where large numbers of diverse biological
resources remain to be exploited. Here, we report purifica-
tion and characterization of a novel antifungal protein, Pc-
Arctin, from the fungal strain Penicillium chrysogenum
A096 that was isolated from a sediment sample of Arctic
origin. Antifungal activity and physicochemical properties
of Pc-Arctin were studied, and its hemagglutinating and
hemolytic activities against red blood cells (RBC) from
several animals were also analyzed. These results suggest
that Pc-Arctin may have a good potential for application in
controlling plant diseases caused by pathogenic fungi.

Materials and methods
Tested strains

Antifungal activity was assayed against different species of
fungi, including Paecilomyces variotii (CGMCC 3.776,
China General Microbiological Culture Collection Center),
Colletotrichum gloeosporioides (ACCC 31200, Agricultural
Cultural Collection of China), Fusarium oxysporum (ACCC
31352), Aspergillus niger (ACCC 31856), Penicillium
expansum (ACCC 30898), Trichoderma viride (ACCC
30902), Rhizoctonia solani (ACCC 36316), Alternaria
longipes (ACCC 30002), Sclerotinia sclerotiorum (ACCC
36081), and Pythium aphanidermatum (ACCC 31412). All
fungi were purchased from the Agricultural Cultural
Collection of China, except for P. variotii, which was
obtained from CGMCC, Institute of Microbiology Chinese
Academy of Sciences.
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Isolation and identification of an antifungal strain

The specimen used for strain isolation was collected from an
Arctic sediment (N 78°57'09.2"”, E 12°00'02.3"). The spec-
imen was diluted with sterilized seawater, and approximate-
ly 50 pL of the diluted sample was sprayed on plates
containing different types of medium such as SGY (1 %
soybean meal, 1 % glucose, 0.5 % yeast extract, and 0.25 %
NaCl), YEM (1 % yeast extract, 1 % malt extract, and 0.4 %
glucose), and YTM (0.5 % yeast extract, 0.3 % tryptone,
and 2.5 % mannitol). Plates were incubated at 28 °C for
growth. A total of 18 strains were purified based on their
morphological feature and inoculated into corresponding
liquid media for further growth to evaluate their antifungal
potential. Supernatant of the strain A096 cultured in SGY
liquid medium showed remarkable inhibitory activity
against several pathogenic fungi. Spores of this strain,
grown on SGY agar plates, were washed with 40 % glycerol
and preserved at —80 °C. This strain has been deposited at
the China Center for Type Culture Collection with preser-
vation number M2010270 (Wuhan, China).

To further identify the strain A096 in terms of the ribosomal
internal transcribed spacer (ITS) gene sequence, its ITS
gene was amplified using the primers ITSS5
(GGAAGTAAAAGTCGTAACAAGG) and ITS4
(TCCTCCGCTTATTGATATGC) (White et al. 1990). The
polymerase chain reaction (PCR) program included an initial
denaturation at 95 °C for 4 min, followed by 36 cycles of 95 °C
for 1.5 min, 52 °C for 1.5 min, and 72 °C for 1.5 min, with a
final extension at 72 °C for 10 min. The amplified ITS products
were sequenced at Sangon Biotech (Shanghai, China). A
BLASTn search on the National Center for Biotechnology
Information (NCBI) web was performed to analyze the
obtained sequences. The ITS sequence has been submitted to
the NCBI GenBank with accession number JQO015265.

Antifungal activity detection

The bioactive strain A096 was cultured in shaking incubators
at 28 °C, 180 rpm for 7 days. Culture supernatant was col-
lected by vacuum filtration and further sterilized by filtering
through an aseptic 0.22-ppm filter membrane. Antifungal
activity was estimated by a paper disc diffusion assay. Fungi
were grown on potato dextrose agar (PDA) plates. One 0.65-
cm diameter piece of cylinder agar with fungal growth was
placed on the center of a PDA plate until the mycelium
developed at 28 °C. Sterile paper discs of 0.65-cm diameter
were placed 0.8 cm from the rim of the growing mycelium.
Approximately 40 ppL of culture supernatant from strains
being tested for antifungal activity were was loaded onto each
paper disc, with culture medium as the negative control. Plates
were sealed with Parafilm (Sangon Biotech, Shanghai, China)
and incubated at 28 °C until the mycelium enveloped the
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blank control discs and formed a crescent shape around discs
containing culture supernatant (Wong and Ng 2003) .

Purification of antifungal protein

For large-scale culture, strain A096 was primarily inoculated on
SGY plates. Spores were precultured in 200-mL SGY liquid
medium in 1-L Erlenmeyer flasks at 28 °C in a shaker for 1 day.
Seed cultures were transferred to 4.5-L SGY liquid medium in
a BIOSTAT B plus fermenter (B. Braun, Germany) and cul-
tured at 28 °C with agitation at 200 rpm for 3 days. Supernatant
was collected by vacuum filtration, fully saturated with ammo-
nium sulfate, stored at 4 °C overnight and centrifuged at 14,000
g at 4 °C. Precipitates were harvested, dissolved in distilled
water, and dialyzed against distilled water. The solution was
centrifuged at 10,000g for 10 min at 4 °C to remove the
insoluble components. After concentration by lyophilization,
the remaining components were redissolved in a small volume
of distilled water to prepare a crude protein extract.

The crude proteins and fractions separated by ion exchange
chromatography were tested for antifungal activity against P,
variotii. Ton exchange chromatography was performed with
an AKTA FPLC system (GE Healthcare, USA). The crude
protein solution was loaded onto a DEAE Sepharose Fast
Flow column (GE Healthcare) that was preequilibrated with
starting buffer A (pHS8.1, 20 mM Tris—HCI) for the primary
purification step. The unabsorbed fraction A was washed with
starting buffer A and subsequently with elution buffer B (pH
8.1, 20 mM Tris—HCI, 1 M NaCl) to desorb the absorbed
fraction B. The bioactive fraction A was concentrated by
ultrafiltration in a Vivaspin 15R (molecular weight cutoff
5000, Sartorius, Germany). Subsequently, fraction A was sep-
arated on a CM Sepharose Fast Flow column (GE Healthcare)
preequilibrated with starting buffer A. The unabsorbed frac-
tion C (washed with starting buffer A) and absorbed fraction
D (eluted with a 0-100 % linear gradient of elution buffer B)
were pooled, respectively. The results indicated that the
absorbed component D was the active fraction. Purity of the
active component was determined by 15 % sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
silver nitrate staining.

Mass spectrometry identification of the active protein

The active protein band was extracted from the stained SDS-
PAGE gel; washed three times with sterile, distilled water; and
treated with trypsin before matrix assisted laser desorption
ionization-time of flight-time of flight-mass spectrometry
(MALDI-TOF-TOF-MS) identification of the purified protein
at Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences. The protein was identified by database
search on Mascot server (http://www.matrixscience.com/
search_form_select.html) with MALDI-TOF-TOF data.

RNA extraction and Pc-Arctin gene cloning

The spores of P. chrysogenum A096 were inoculated into
SGY liquid medium and cultured at 28 °C, 180 rpm for
3 days. Then, fungi mycelium was collected by vacuum
filtration. The mycelium was grinded into powder and total
RNA was extracted with TRIzol Reagent (Invitrogen,
USA) according to the manufacturer’s instruction. Total
RNA was then dissolved in diethypyrocarbonate (DEPC)-
treated water and preserved at —80 °C.

First-strand cDNA was synthesized from 0.5 pg of total
RNA above using oligo-dT-adaptor primer (TaKaRa, Dalian,
China) and used as the template for PCR amplification of Pc-
Arctin gene. Primers were designed based on the nucleotide
sequence encoding the predicted mature peptide of the hypo-
thetical protein Pc21g12970 (CAP96194): forward primer: 5'-
GACACCTGCGGAGGCGGCTAT-3'; reverse primer: 5'-
CTAGCATCTGGCTCCCCCCTGG-3'". PCR was performed
with an initial denaturation step of 3 min at 95 °C and then
30 cycles were run as follows: 30-s denaturation at 95 °C, 30-s
annealing at 56 °C, and 30-s extension at 72 °C, followed by a
cycle of 72 °C for 5 min. The PCR product was purified and
cloned into pMD18-T vector (TaKaRa, Dalian, China). The
obtained positive clone was sequenced by M13+/— sequenc-
ing primers. Sequence similarity analysis was performed
using BLAST program (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Signal peptide prediction was made using SignalP
4.1 Server (http://www.cbs.dtu.dk/services/SignalP/).
Multiple sequence alignment was carried out using the
DNAMAN program (Lynnon Biosoft).

MIC determination of Pc-Arctin

Minimum inhibitory concentration (MIC) of Pc-Arctin against
different pathogenic fungi was determined by paper disc dilu-
tion method (Woo et al. 2002). Twofold serial dilutions of the
active protein solution ranging from 76.8 to 0.6 ng/ulL were
prepared, and 40 uL of each diluted solution was added onto
paper discs placed 0.8 cm from the growing mold on a PDA
plate. The plates were placed at 28 °C for several days,
depending on the tested pathogen. The MIC was determined
as the lowest concentration of active protein that could inhibit
visible mold growth and calculated as the total protein added
on each paper disc (nanogram per disc). Starting buffer A
without active compound was used as blank control.

Effect of proteases on the antifungal activity of Pc-Arctin

To understand sensitivity of Pc-Arctin to proteases, the puri-
fied protein was subjected to treatment with 1 mg/mL protein-
ase K (BBIL, USA), papain (Worthington, USA), and trypsin
(Worthington, USA) at 55 °C for 2 h, at 37 °C for 24 h, and at
25 °C for 24 h and 48 h, respectively. The treatment effect was
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analyzed by observing the residual antifungal activity of Pc-
Arctin, where Pc-Arctin without treatment with the proteases
was used as positive control. The proteases and starting buffer
A were used as blank controls.

Effect of surfactant on the antifungal activity of Pc-Arctin

For surfactant-resistant test, several surfactants including
0.05 % SDS, 0.05 % Triton X-100, 8 % urea, and 1 %
Tween 20, were dissolved in starting buffer A. These sur-
factants were all purchased from Sangon Biotech (Shanghai,
China). Pc-Arctin was mixed with each surfactant solution
at room temperature for 1 h and tested against P. variotii to
determine whether the surfactants negatively affected its
antifungal function. The active protein without added sur-
factant was used as the positive control, and starting buffer
A and the surfactant solutions were the negative controls.

Effect of metal ions on the antifungal activity
of Pc-Arctin

To examine the effect of metal ions on Pc-Arctin activity,
selected metal ions such as K', Ca®", Co*", Ni**, Cu*",
Zn**, Mg”*, and Mn”" were dissolved in starting buffer A
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Fig. 1 Purification of active protein by ion exchange chromatography
and detection of its purity and antifungal activity using P. variotii as the
sensitive fungal species. a Chromatographic profile of P. chrysogenum
A096 crude protein extract on a DEAE Sepharose Fast Flow column
using an AKTA FPLC system. 4 unabsorbed fraction, B absorbed
fraction. b Chromatographic profile of unabsorbed fraction A on a
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at each different concentration. The Pc-Arctin protein was
treated with different ion solutions at room temperature
for 1 h before testing for antifungal activity. The Pc-Arctin
protein without ion solution treatment was used as the
positive control, and starting buffer A and ion solutions
were used as blank negative controls.

Effect of heat treatment on the antifungal activity
of Pc-Arctin

To evaluate thermostability of the antifungal protein, the
Pc-Arctin protein was heated at 50°C, 60 °C, 70 °C, 80 °
C, 90 °C, and 100 °C for 30 min, 100 °C for 1 h, and
autoclaved (121 °C for 20 min). After cooling the protein
samples, the residual antifungal activity of the pure pro-
tein was tested against sensitive fungi. Pc-Arctin without
heat treatment and starting buffer A were used as the
positive control and blank control, respectively.

Detection of hemagglutination activity
To evaluate the hemagglutinating activity of the Pc-Arctin,

twofold serial dilutions of the protein solution (25 pnL) in buffer
C (pHS.10, 20 mM Tris, 0.1 M NaCl) were mixed with equal
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CM Sepharose Fast Flow column using an AKTA FPLC system. C
unabsorbed fraction, D absorbed fraction. ¢ Detection of inhibitory
activity of peak D (disc 1) against P. variotii with buffer C (disc 2) as
blank control. d 15 % SDS-PAGE profile of Pc-Arctin. Lane I standard
protein markers, lane 2 purified antifungal protein Pc-Arctin
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Table 1 Identification of Pc-
Arctin by MALDI-TOF-TOF GenBank accession Protein Species Protein Peptide Peptide
number description score  mass sequences
CAP96194 Pc21g12970 Penicillium chrysogenum 245 951.359 HFCGCDR
Wisconsin 54-1255 1,284.5269 DTCGGGYGVDQR
1,539.636  WTEIQDCGGASCR

volumes of 2 % RBC suspensions from rabbits, rats, and
guinea pigs on an agglutinating board. The results were eval-
uated when RBCs in the negative control (buffer C without
active protein) were fully sedimented. Then, whether RBCs of
different origins respond to Pc-Arctin is to be judged.

Fig. 2 a Nucleotide and a
deduced amino acid sequences 1
of Pc-Arctin gene. Three- 1

peptide sequences of Pc-Arctin

Detection of hemolytic activity

The procedure used here was the same as for hemaggluti-
nation activity detection, except that serial dilutions of the
protein were mixed with equal volumes of 4 % RBC

GACACCTGCGGAGGCOGC TATGG TG TTGATC AMAGACGTACAAACAGCCCTTGCCAGGCC
PECNCICNCI NGV PNONRI R T N S P C Q A
A

A

identified by MALDI-TOF- 61 TCCAACGGAGACAGACACTTCTGCGGTTGTGACAGGACCGGTATTGTCGAGTGCAAAGGC
TOF are shown with red 21 S NGDREIFNCGICINRT 6 I VECKG
background, filled triangle A A
indicates cysteine residues in 121 GGAAAGTGGACAGAGATTCAAGATTGTGGCGGGGC TTCTTGCCGCGGTGTTAGCCAGGGG
th? deduced Pc-Arctin. b 41 ¢ X WEFpgiphchchchaNseNR 6 v s Q 6
Alignment of the deduced Pc- A A

Arctin amino acid sequence 181 GGAGCCAGATGCTAG
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and five other antifungal
proteins. Five antifungal b
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suspensions originating from different animals species. The
mixtures were incubated at room temperature until all RBCs
were lysed by 0.05 % Triton X-100 (dissolved in buffer C
and used as the positive control). The effect of the Pc-Arctin
protein on erythrocyte membranes was estimated by calcu-
lating the amount of hemoglobin released from disrupted
erythrocytes, which was determined spectrophotometrically
at A540 nm (Wong et al. 2008).

Results
Strain identification and detection of antifungal activity

Aerial mycelium of the fungal strain A096 did not develop
well, but many green spores were produced that finally turned
gray-brown. A light yellow substance was produced on PDA
plates. Based on the morphological and molecular informa-
tion, this fungal strain was assigned to P. chrysogenum A096

55C,2h 37C,24h

" —

Fig. 3 Antifungal activity of 0.2 ug Pc-Arctin treated with 1 mg/mL
proteinase K, trypsin, and papain at various temperatures for different
time points. a/—a4 Antifungal activity of 0.2 pg Pc-Arctin treated with
1 mg/mL proteinase K at 55 °C for 2 h, at 37 °C for 24 h, and at 25 °C
for 24 h and 48 h, respectively. b/—b4 Antifungal activity of 0.2 ug Pc-
Arctin treated with 1 mg/mL trypsin at 55 °C for 2 h, at 37 °C for 24 h,
and at 25 °C for 24 h and 48 h, respectively. c/—c4 Antifungal activity
of 0.2 pg Pc-Arctin treated with 1 mg/mL papain at 55 °C for 2 h, at
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and has been deposited at the China Center for Type Culture
Collection in Wuhan, China. The preservation number of this
strain is M2010270.

The supernatant of P. chrysogenum A096 was added on
paper discs at a distance of 0.8 cm from the rim of each
growing mycelium of P. variotii, T. viride, and A. longipes.
The appearance of crescent mycelium rim around paper
discs indicates the mycelium inhibitory activity of the su-
pernatant of P. chrysogenum A096. Preliminary analysis of
its antifungal components revealed that the precipitate
obtained by saturating the culture supernatant with ammo-
nium sulfate exerted antifungal activity. The crude extract
was then used for further purification.

Purification of Pc-Arctin

Further purification of the bioactive protein was performed
using ion exchange chromatography and was monitored
with the antifungal assay. The precipitate with antifungal

25C,24h

c3 cd

37 °C for 24 h, and at 25 °C for 24 h and 48 h, respectively. Numbers in
each picture refer to samples loaded on each corresponding paper disc.
1 refers to proteinase K, trypsin, and papain as control, respectively; 2
refers to Pc-Arctin treated with 1 mg/mL proteinase K, trypsin, and
papain, respectively; 3 refers to Pc-Arctin without treatment with 1 mg/
mL proteinase K, trypsin, and papain but incubated at various corre-
sponding temperatures, respectively; 4 refers to Pc-Arctin stored at 4 °©
C as positive control; 5 refers to starting buffer A as blank control
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activity was first loaded onto DEAE Sepharose Fast Flow
column, and only fractions A and B were isolated (Fig. 1a),
of which only fraction A possessed antifungal activity.
Subsequently, the partially purified fraction A was loaded
onto a CM Sepharose Fast Flow column, and two major
peaks, C and D, were generated (Fig. 1b). The results of
antifungal assay indicated that only fraction D contained a
bioactive component (Fig. 1c). The active component
showed only a single band on a SDS-PAGE gel (Fig. 1d).
This protein band was excised from the silver-stained gel
and treated with trypsin for mass spectrometry analysis.
Three-peptide sequences of this protein were identified by
MALDI-TOF-TOF and an online search (Table 1). This
bioactive protein was designated Pc-Arctin. The sequences
of these three peptides of Pc-Arctin were all contained in
a hypothetical protein Pc21g12970 (CAP96194), which
function has not been known (van den Berg et al. 2008).

Pc-Arctin gene cloning

To clone the gene encoding Pc-Arctin, RT-PCR was performed
with primers designed based on the predicted mature peptide
of the hypothetical protein Pc21g12970. The sequencing result
showed that the obtained Pc-Arctin gene is 195 nucleotides
long, encoding a peptide of 64 amino acids (Fig. 2a). The
deduced Pc-Arctin contained eight cysteine residues, which
are required for the formation of disulfide bond. The three
peptides identified by mass spectrometry were all included
in the deduced Pc-Arctin (Fig. 2a), indicating that the gene
cloned here encodes Pc-Arctin. Homology comparison re-
vealed that Pc-Arctin shares 100 % sequence identity to
the mature peptide of hypothetical protein Pc21g12970
(CAP96194), while it shares only 10.77 % and 18.46 %
sequence identities to PAF from P chrysogenum (Batta et
al. 2009) and AFP from Aspergillus giganteus (Wnendt et
al. 1994), two known typical basic antifungal proteins from
filamentous fungi. By searching the Antimicrobial Peptide
Database (http://aps.unmc.edu/AP/main.php) with the de-
duced Pc-Arctin, only five antimicrobial peptides Ee-CBP
(Antimicrobial Peptide Database ID AP00915), Slalphal
(AP01528), Divercin V41 (AP00842), Halocin C8
(AP01193), and Cathelicidin-AL (AP01898) were found
to have low sequence similarities to Pc-Arctin, ranging
from 20.3 to 27.7 % (Fig. 2b).

MIC determination of Pc-Arctin

The purified Pc-Arctin protein was tested against different
pathogenic fungi in a plate diffusion assay. Pc-Arctin showed
the strongest antifungal activity against P. variotii, followed
by A. longipes and T. viride with MIC of 24, 48, and
192 ng/disc, respectively, indicating that different pathogenic
fungi exhibited different sensitivity against Pc-Arctin.

Physiochemical properties of Pc-Arctin

To estimate the application potential of Pc-Arctin, the purified
protein was treated with proteases, surfactants, ions, and high
temperatures. Pc-Arctin was sensitive to proteinase K, since it
exhibited no antifungal activity against P. variotti when treated
with 1 mg/mL proteinase K at 55 °C for 2 h, at 37 °C for 24 h,
or at 25 °C for 48 h, but it can retain remarkable residual
activity when treated with proteinase K at 25 °C for 24 h
(Fig. 3al—a4). When treated with trypsin at a concentration of
1 mg/mL at 37 °C for 24 h or at 25 °C for 48 h, Pc-Arctin could
not keep all of its antifungal activity (Fig. 3b2-b4). However, it
was able to stand stable no matter if it was treated with
1 mg/mL trypsin at 55 °C for 2 h or with 1 mg/mL papain at
different temperatures for 48 h (Fig. 3b1, cl—4).

Pc-Arctin remained active when treated with surfactants,
such as 0.05 % Triton X-100, 8 % urea, and 1 % Tween 20.
However, 0.05 % SDS reduced the antifungal activity of Pc-
Arctin (Fig. 4). The antifungal activity of Pc-Arctin remained
intact in the presence of different ions (0.5 MK", 0.5 M Ca*",
and 0.01 M Cu®", Co*", and Ni*") but was impaired when
incubated with 0.5 MMg”*, 0.5 M Mn*", and 0.03 M Zn**
(Table 2). Pc-Arctin is thermostable and maintains undamaged
activity when heated at 100 °C up to 1 h or autoclaved at 121 °©
C for 20 min (Fig. 5).

Finally, cytotoxicity of Pc-Arctin was assessed by hemag-
glutination and hemolysis assays. Neither hemagglutination
nor hemolytic activities were observed when different con-
centrations of Pc-Arctin (0.3 to 20 pg/mL) were incubated

Fig. 4 Negative effect of 0.05 % SDS on the antifungal activity of
Pc-Arctin against P variotii. 1 untreated Pc-Arctin, 2 0.05 % SDS, 3
Pc-Arctin treated with 0.05 % SDS, 4 starting buffer A
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Table 2 Effect of metal ions on the antifungal activity of Pc-Arctin

Tons Zn* Mgt Mn?* K" Ca** cu* Co** NiZt
Concentration (M) 0.03 0.5 0.5 0.5 0.5 0.01 0.01 0.01
Effect + - - - - -

+ Impaired effect on the antifungal activity of Pc-Arctin, — no effect on the antifungal activity of Pc-Arctin

with RBCs from rabbits, rats, and guinea pigs (data not
shown).

Discussion

In the process of pursuing novel antifungal compounds from
strains isolated from Arctic sediment samples, P. chrysogenum
A096 was identified to have distinct antifungal activity.
Further analysis revealed that a protein, named Pc-Arctin,
was secreted into the culture supernatant and exhibited anti-
fungal activity. Pc-Arctin was identified as a homologue of the
hypothetical protein Pc21g12970 (CAP96194) by MALDI-
TOF-TOF analysis. The gene encoding for Pc-Arctin was then
cloned from P. chrysogenum A096 to confirm the mass spec-
trometry result. Although Pc-Arctin shares 100 % sequence
identity to the mature peptide of hypothetical protein Pc2lg
12970 with an unknown function (van den Berg et al. 2008), it
exhibits rather low sequence identities to two known typical
basic antifungal proteins from filamentous fungi, PAF from P,
chrysogenum and AFP from A. giganteus, and to five antimi-
crobial peptides Ee-CBP (AP00915), Slalphal (AP01528),
Divercin V41 (AP00842), Halocin C8 (AP01193), and
Cathelicidin-AL (AP01898). Based on the results from antifun-
gal activity assays and amino acid sequence alignment, we
suggest that Pc-Arctin may represent a novel antifungal protein
from species P. chrysogenum.

The MICs for Pc-Arctin were as low as 24, 48, and
192 ng/disc against P. variotii, A. longipes, and T. viride,
respectively. The antifungal activity of Pc-Arctin remained
after treatment with several surfactants, except for 0.05 %
SDS that slightly decreased Pc-Arctin activity. Moreover, Pc-

Fig. 5 Analysis of Pc-Arctin
stability following exposure to
high temperatures. a / Pc-Arctin
without heat treatment, 2—7 Pc-
Arctin treated at 50, 60, 70, 80,
90, and 100 °C, respectively, for
30 min, 8 Pc-Arctin treated by
autoclaving (121 °C for 20 min),
9 starting buffer A as negative
control. b / Pc-Arctin without
heat treatment, 2—5 Pc-Arctin
treated at 100 °C for 30, 40, 50,
and 60 min, respectively, 6
starting buffer A as negative
control

@ Springer

Arctin was tolerant to several ions, but 0.5 M Mn>", 0.5 M
Mg?*, and 0.03 M Zn?" decreased the antifungal activity. One
possible reason is that certain types of ions may interact with
specific receptors that are targeted by antifungal proteins, and
the saturation of these receptors with ions could reduce the
interaction between the receptors and the proteins (Kaiserer et
al. 2003; Skouri-Gargouri et al. 2010; Theis et al. 2003). The
investigation of stability of Pc-Arctin against proteases is of
great interest, which may be helpful for evaluating its applica-
tion potential in plant protection. Our results showed that Pc-
Arctin was most sensitive to proteinase K followed by trypsin,
but insensitive to papain (Fig. 3). The different sensitivity of
Pc-Arctin to the proteases may be due to the specific digestion
character of these proteases.

Studies have revealed that AFP from A. giganteus and PAF
from P. chrysogenum contain eight and six cysteine residues,
respectively, which are involved in the formation of disulfide
bridges contributing to the heat stability of each antifungal
protein (Marx et al. 2008; Meyer 2008). Moreover, the disul-
fide bridges in PAF have been considered to be indispensable
for its antifungal action (Batta et al. 2009). Here, the purified
Pc-Arctin is also thermostable and remains antifungal activity
after high-temperature treatment (Fig. 5). The deduced Pc-
Arctin contains eight cysteine residues, which may form four
pairs of disulfide bridges (Fig. 2a). It is, therefore, supposed
that the high thermostability of Pc-Arctin might be attributed
to the formation of disulfide bridges. However, further studies
are needed to determine whether these eight cysteine residues
in Pc-Arctin are involved in its thermostability and antifungal
action.

Pc-Arctin did not show hemagglutinating or hemolytic
activity against RBCs from several animal species. Testing

b
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these activities is a fundamental strategy for analyzing safety
and selectivity of proteins showing application potential (Theis
and Stahl 2004). A protein with no cytotoxicity against RBCs
can be preliminarily regarded as safe (van’t Hof et al. 2001).

In summary, a novel antifungal protein, Pc-Arctin, was
identified from a fungal strain, P. chrysogenum A096, isolated
from a sediment sample of Arctic origin. Pc-Arctin displays
antifungal activity well against P. variotii, A. longipes, and T.
viride, and its antifungal activity is not affected by some metal
ions and common surfactants (except for SDS). It was able to
keep its antifungal activity by treatment with trypsin and
papain, more or less, except for proteinase K. Pc-Arctin also
possesses high thermostability and displays no cytolytic ac-
tivity against RBCs with the concentrations tested. The good
stability and antifungal activity of Pc-Arctin indicates that the
supernatant of the culture of P. chrysogenum could be directly
applied for control of pathogenic fungi in field. Therefore, Pc-
Arctin characterized here may represent a novel antifungal
protein with potential for application in controlling plant
pathogenic fungal infection.
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