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ABSTRACT: A 30 kDa antifungal protein was purified from red cabbage (Brassica oleracea) seeds. It exhibited a molecular
mass and N-terminal amino acid sequence disinct from those of previously isolated Brassica antifungal proteins. The protocol
used entailed ion exchange chromatography on Q-Sepharose and SP-Sepharose followed by fast protein liquid chromatog-
raphy on Mono S. The protein hindered mycelial growth in Mycosphaerella arachidicola (with an ICso = S uM), Setospaeria
turcica, and Bipolaris maydis. It also inhibited the yeast Candida albicans with an ICsy = 96 uM. It exerted its antifungal action by
permeabilizing the fungal membrane as evidenced by staining with Sytox green. The antifungal activity was stable from pH 3 to
11 and from 0 to 65 °C. It manifested antibacterial activity against Pseudomonas aeruginosa (ICso = S3 uM). Furthermore, after
48 h of culture, it suppressed proliferation of nasopharyngeal cancer and hepatoma cells with ICso = 50 and 90 uM,

respectively.
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B INTRODUCTION

Pathogenic fungi may elicit devastating damage to crops and
produce adverse health consequences in farm animals and
humans. Existing antifungal drugs may not be able to effec-
tively combat emerging re51stant fungal strains. They may also
produce untoward side effects." Hence, there are continuing
efforts to search for new antifungal reagents that may circum-
vent the aforementioned problems.

Antifungal proteins and peptides are produced by a diver-
sity oforgamsms ranging from bacteria® to flowering plants® to
mammals.* The antifungal proteins and peptides reported to
date eXhlblt a variety of amino acid sequences and molecular
sizes.”

Biological activities other than antifungal activity, including
antiproliferative activity toward tumor cells and inhibitory activ-
ity toward HIV-1 reverse transcriptase, have been reported for
these proteins. >~ 01417192223

Previously we have isolated, from plants of the genus Brassica,
antifungal peptides with different N-terminal amino acid se-
quences.”” We undertook the present investigation to isolate
an antifungal peptide from the seeds of the red cabbage (Brassica
oleracea L. var. capitata var. rubra). The characteristics of the
isolated peptide were then compared with those of its previously
reported counterparts from other Brassica species.”>

Bl MATERIALS AND METHODS

Materials. Seeds of the red cabbage Brassica oleracea were obtained
from a seed vendor in Beijing, China. The fungi used were provided by
the Department of Microbiology, China Agricultural University, China.
SP-Sepharose, Q-Sepharose, and Mono S columns were from GE
Healthcare (Hong Kong).

v ACS Publications ©2011 american chemical Society

Isolation of Antifungal Protein. The crude extract of red
cabbage (B. oleracea) seeds (82 g) was prepared by homogenization
in 20 mM Tris-HCl buffer (pH 7.4), followed by centrifuga-
tion (10000g, 4 °C, 30 min) and collection of the supernatant.
The supernatant (650 mL) was chromatographed on a column
(5 x 20 cm) of Q-Sepharose Fast Flow in 20 mM Tris-HCI buffer
(pH 7.4). The column had been equilibrated with the same buffer.
Absorbed proteins were desorbed with 20 mM Tris-HCI buffer
(pH 7.8) containing 1 M NaCl. Chromatographic fractions contain-
ing unabsorbed proteins were pooled and subjected to ion exchange
chromatograpy with a flow rate of 60 mL/h on a column (2.5 X
30 cm) of SP-Sepharose Fast Flow that had previously been equili-
brated with 20 mM Tris-HCl buffer (pH 7.4). After unadsorbed
proteins had come off the column, the column was eluted with a
linear gradient of 0—0.5 M NaCl in 20 mM Tris-HCl buffer (pH 7.4)
to yield peak SP1 (pool of fractions 9—41), peak SP2 (pool of
fractions 47—62), and peak SP3 (pool of fractions 84—100). Peak
SP3 was subjected to a final purification on an FPLC-Mono S HR 5/5
column with a linear gradient of 0—0.7 M NaCl in 20 mM NH,OAc
buffer (pH 4.5). The second peak S2 (pool of fractions 22—26)
constituted purified antifungal protein.

Protein Determination. Protein concentration was determined
according to the dye-binding method (Bio-Rad) using bovine serum
albumin as standard.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electro-
phoresis (SDS-PAGE). SDS-PAGE was conducted according to
the method of Laemmli and Favre.”” After electrophoresis, the gel
was stained with Coomassie Brilliant Blue. The molecular mass of the
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Figure 1. Profile with absorbance (OD 280 nm) following (A) cation exchange chromatography of the proteins (300 mL sample) extracted from red
cabbage seeds and unabsorbed on Q-Sepharose (conditions: column, SP-Sepharose (2.5 X 30 cm); equilibration and elution buffer, 20 mM NH,OAc
(pH 4.5); fraction size, 5.5 mL; flow rate, 0.5 mL/min; antifungal activity was detected in peak SP3 (fractions 82—100) and (B) FPLC cation exchange
chromatography of peak SP3 (conditions: sample, 99 mL; column, Mono S HR $/5 (1 mL volume); equilibration and elution buffer, 20 mM
NH,OAc (pH 4.5); fraction size, 0.8 mL; flow rate, 0.4 mL/min; antifungal, antibacterial, and anti-Candida albicans activities resided in peak S2
(fractions 22—26). The dotted line represents the concentration gradient of NaCl in the elution buffer, which was linear for the Mono S run (from
0 to 0.7 M) and for the SP-Sepharose run (from 0 to 0.5 M) from fraction 0 to fraction 75 followed by a steady state elution (0.5 M) from fraction

76 to fraction 100.

isolated antifungal protein was determined by comparison of its
electrophoretic mobility with those of molecular mass marker
proteins from GE Healthcare including phosphorylase b (94 kDa),
bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic
anhydrase (30 kDa), soybean trypsin inhibitor (20 kDa), and o-
lactalbumin (14.4 kDa).

N-Terminal Amino Acid Sequence Analysis. The N-terminal
amino acid sequence of the purified protein was performed by Edman
degradation using a Hewlett-Packard amino acid sequencer. '

Assay of Antifungal Activity. The assay for antifungal activity
against Mycosphaerella arachidicola was performed in triplicate using
100 x 15 mm Petri plates containing 10 mL of potato dextrose agar.
After the mycelial colony had developed, sterile blank paper disks
(0.625 cm in diameter) were placed around and at a distance of 1 cm
away from the rim of the mycelial colony. An aliquot (8 uL
containing 0.5 or 1 ug) of the purified protein in 20 mM phos-
phate-buffered saline (pH 6.0) was introduced to a disk. The plates
were incubated at 23 °C for 72 h until mycelial growth had enveloped
peripheral disks containing the control (buffer) and had produced
crescents of inhibition around disks containing samples with anti-
fungal activity.'®

To determine the ICs, value for the antifungal activity of the isolated
antifungal protein, five doses (2.5, S, 10, 20, and 40 uM) of the protein
were added separately to three aliquots each containing 4 mL of potato
dextrose agar at 45 °C, mixed rapidly, and poured into three separate
small Petri dishes. After the agar had cooled, a small amount of mycelia,
the same amount to each dish, was added. Buffer without antifungal
protein served as a control. After incubation at 23 °C for 72 h, the area of
the mycelial colony was measured and the inhibition of fungal growth
determined from the following equation: % inhibition of growth = %
reduction in area of mycelial colony = (area of mycelial colony in the
absence of antifungal protein — area in the presence of antifungal protein) <+
area in the absence of antifungal protein x 100%. The concentration of
the isolated antifungal protein that brought about 50% reduction in the
area of mycelial colony is the ICso."”

The tests for themostability and pH stability were performed as
previously described.®”

Assay of Permeabilization of Hyphal Membrane. This assay
was performed by observing the uptake of Sytox Green (Invitrogen),
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Figure 2. SDS-PAGE pattern. Molecular markers obtained from GE
Healthcare (lane 1), including, from the highest to the lowest MW,
phosphorylase b, bovine serum albumin, ovoalbumin, carbonic anhy-
drase, soybean trypsin inhibitor, and ot-lactalbumin, respectively. Lanes
2 and 3 show the peak SP3 with antifungal activity (pool of fractions
84—100) obtained from red cabbage seed extract, which was most
strongly absorbed on SP-Sepharose; lanes 4 and S were loaded with
10 ug of protein from peak S2 with antifungal activity (pool of fractions

22—26) absorbed on Mono S.

a high-affinity nuclear stain that penetrates cells with compromised
membranes, as described by Thevissen et al.** Briefly, yeast (Candida
albicans) cultures were grown in the presence or in the absence
of antifungal protein. Sytox Green was added to the yeast cultures
(at various final concentrations up to 0.5 #M). After incubation for
10 min, yeast cells were observed under a fluorescence microscope
(Nikon TE2000). Purple pole bean defensin was used as a positive
control.

Assay of Chitin Deposition at Hyphal Tips. This assay was
conducted as described by Moreno et al.>* to observe chitin deposi-
tion at hyphal tips of M. arachidicola. Pregermination and incubation
of fungal cultures were performed in 96-well microplates. Following
incubation with the antifungal protein for 12 h, Congo Red was added
until a final concentration of 1 mM was reached. Staining with Congo
Red was allowed to proceed for 5 min with agitation in the dark.

dx.doi.org/10.1021/jf201874j |J. Agric. Food Chem. 2011, 59, 10232-10238
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Figure 3. (A) Inhibitory activity of isolated antifungal protein (fraction S2) toward Mycosphaerella arachidicola: (a) 0 ug, (b) 0.5 ug, (c) 2.5 ug, or
(d) 1 ug antifungal protein was dissolved in 10 4L of 20 mM Tris-HCl buffer (pH 7.2) and applied on a paper disk. (B) Determination of ICs, value of
antifungal activity of isolated antifungal protein toward M. arachidicola: 0 (control), 2.5, or S #M and 10, 20, or 40 #M (from upper left to right and from
lower left to right, respectively) ICs, value was determined to be S uM (upper right). (C) Inhibitory activity of isolated antifungal protein (fraction S2)
toward Setospaeria turcica. (D) Inhibitory activity of isolated antifungal protein (fraction S2) toward Bipolaris maydis.

Fluorescence was examined 10 min later by confocal microscopy
using a Nikonte 2000 microscope with an excitation wavelength of
543 nm and an emission wavelength of 560—63S nm. The tips of
growing hyphae are not stained by Congo Red, whereas hyphal tips
with inhibited growth are stained. Purple pole bean defensin®® was
used as a positive control.

Assay of Antifungal Activity on C. albicans. C. albicans was
incubated in 10 mL of potato dextrose agar in a thermal shaker for 6 h at
37 °C, and then S mL of this yeast suspension was transferred to 50 mL
of potato dextrose agar and incubated for another 6 h to shift yeast
growth to the midlogarithmic phase. The yeast suspension was then
centrifuged at 2000g for 10 min, and the yeast pellet was washed and
resuspended in normal saline. A total of 107 yeasts/mL was obtained
by dilution guided by the optical density at 595 nm. The experiment
was conducted in triplicate. The samples were then incubated in a
shaker for 6 h, and aliquots were obtained, serially diluted with
potato dextrose agar, and spread on agar plates. After 24 h of
incubation at 37 °C, the colonies were counted. The number of
yeasts for each dilution was determined from the average colony
counts for three plates.

Assay of Antibacterial Activity. The assay was performed using
various bacteria, including Bacillus cereus, Bacillus megaterium, Bacillus
subtilis, Proteus vulgaris, Mycobacterium phlei, and Pseudomonas aerugi-
nosa. Each of the bacterial species was inoculated into a 100 mL flask

containing 25 mL of the LB medium and cultured at 37 °C with shaking
at 200 rpm for 24 h. Bacterial growth was measured from the linear
relationship between bacterial concentration and absorbance at 610 nm
(bacterial suspension dilluted to ODg;o < 0.4) measured using a spec-
trophotometer. ICs is the concentration of isolated antifungal protein
required to bring about 50% inhibition of bacterial growth. Precent of
inhibition is calculated from the following equation: (ODg in the
absence of isolated antifungal protein — ODygg in the presence of
isolated antifungal protein) = ODg, in the absence of isolated
antifungal proteint X 100%).

Assay of Antiproliferative Activity on Tumor Cell Lines.
The assay was carried out in view of previous reports that some
antifungal proteins have this activity.”'* Nasoharyngeal cancer NE-1
cell line and hepatoma HepG2 cell line were suspended in RPMI
medium (GIVCO) and the cell density adjusted to 2 x 10* cells/mL.
A 100 uL aliquot of this cell suspension was seeded to a well of a 96-well
plate, followed by incubation for 24 h. Different concentrations of the
antifungal protein in 100 #L complete RPMI medium were then added
to the wells and incubated for 48 h. After 48 h, 20 uL of a S mg/mL
solution of [3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide]
(MTT) in phosphate buffered saline was spiked into each well and
the plates were incubated for 4 h. The plates were then centri-
fuged at 324¢ for S min. The supernatant was carefully removed and
150 uL of dimethyl sulfoxide was added in each well to dissolve the
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Figure 4. (A) Permeabilization of Mycosphaerella arachidicola hyphal membrane caused by the purified antifungal protein (Sytox Green uptake assay):
A, treatment; B, negative control; 1, bright field; 2, green fluorescence; 3, merged; 4, S-fold amplification of a random location indicated by bold arrows
(method in an analogous manner, stained with 1 #M Sytox Green. (B) Inhibitory activity of purified antifungal protein (20 #M) on M. arachidicola by

inducing chitin deposition (Congo Red uptake assay).
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Figure S. Antiproliferative activity on (A) nasopharyngeal cancer NE-1 cells and on (B) hepatoma HepG2 cells after incubation for 24 and 48 h with 0,
30, 60, 90, and 120 M of the antifungal protein extracted from red cabbage seeds. Results are the mean & SD (n = 3).

MTT-formazan at the bottom of the wells. After 10 min, the absorbance
at 590 nm was measured by using a microplate reader.

B RESULTS AND DISCUSSION

The aqueous extract of red cabbage seeds was first fractionated
on Q-Sepharose. Antifungal activity resided in the peak unad-
sorbed on Q-Sepharose. The adsorbed peak was devoid of
antifungal activity. The unadsorbed peak was then resolved by
chromatography on SP-Sepharose to yield an unadsorbed peak

and three adsorbed peaks (corresponding to fractions 9—41,
47—62, and 84—100, respectively) (Figure 1A). Antifungal
activity was detected only in the most strongly adsorbed peak,
SP3 (pool of fractions 84—100). Peak SP3 was subjected to final
purification on an FPLC-Mono S column to yield peaks S1, S2,
and S3 (pools of fractions 9—16, 22—26, and 31—S51, res-
pectively) (Figure 1B). The second peak, S2, from the Mono S
column displayed a single 30 kDa band in SDS-PAGE (Figure 2).
It inhibited mycelial growth in the fungus M. arachidicola

10235 dx.doi.org/10.1021/j201874j |J. Agric. Food Chem. 2011, 59, 10232-10238
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(Figure 3A). The ICs, value of its antifungal activity toward
M. arachidicola was S uM (Figure 3B). It also manifested anti-
fungal activity toward Setospaeria turcica (Figure 3C) and
Bipolaris maydis (Figure 3D). In the assay of Sytox Green uptake,
20 uM isolated antifungal protein could induce membrane
permeabilization when viewed under a fluorescence microscope
(Figure 4A). The hyphal tips of M. arachidicola were stained by
Congo Red after treatment with 20 uM isolated antifungal
protein, indicating inhibition of growth (Figure 4B). The anti-
fungal activity of the protein was fully preserved within the
temperature range 0—65 °C and within the pH range from 3 to
11. The activity was reduced to half at 80 °C and completely
destroyed at 100 °C. At pH 2 and 12 the activity was halved, and
at pH 1 and 14 the activity was undetectable.

The antifungal protein inhibited proliferation of NE-1 cells
(nasopharyngeal cancer) (Figure SA) and Hep G2 (hepatoma)
cells (Figure SB) with ICs, values of 50 and 90 uM, respec-
tively. It also displayed an inhibitory action on the yeast
Candida albicans with ICso of 96 M and manifested anti-
bacterial activity against Pseudomonas aeruginosa with an ICsq
of 53 uM (data not shown). There was no antibacterial activity
toward B. cereus, B. megaterium, B. subtilis, Proteus vulgaris, and
Mycobacterium phlei when the Brassica antifungal protein was
tested up to 170 uM. The yield of the antifungal protein was
2.1 mg from 82 g of seeds (Table 1). The protein did not
resemble other antifungul proteins in N-terminal sequence
(Table 2).

A comparison of antifungal proteins from various Brassica
species is presented in Table.3. It can be seen that they display a
variety of N-terminal sequences (Table 2) and molecular masses
(Table 3), although they exhibit similar chromatographic behav-
iors and antifungal potencies.

The isolated antifungal protein has a molecular mass of
30 kDa, much larger than those of antifungal proteins from
B. juncea (18.9 kDa), B. campestris (9.4 kDa), B. alboglabra
(5.9 kDa), and B. parachinensis (5.7 kDa). Its N-terminal
amino acid sequence is also distinctly different from those of

Table 1. Yields and Activities of Chromatographic Fractions
Obtained during Purification of Antifungal Protein from
Brassica oleracea Seeds

total protein  ICs of antifungal activity
chromatographic yield from 82 g toward Mycosphaerella
fraction of seeds (mg) arachidicola (mg/mL)
extract 2630 93
unadsorbed on Q-Sepharose 720 not tested
SP3 23 2.1
s2 2.1 02 (=5 uM)

its other Brassica counterparts.”> " These results suggest
that the isolated antifungal protein is structurally different
from the other Brassica antifungal proteins isolated to date. Its
N-terminal sequence also differs from other non-Brassica
antifungal proteins reported in the literature.'>" "7~ Its
molecular mass, however, is within the range (from a few
kilodaltons to >60 kDa) observed for other antifungal pro-
teins. It can be isolated by using a protocol composed of ion
exchange chromatography and gel filtration, which has been
utilized for purifying other antifungal proteins. It is unad-
sorbed on the anion exchanger Q-Sepharose and adsorbed
on the cation exchangers SP-Sepharose and Mono S. Hence,
it resemglgs 709t¥17ef9 antifungal proteins in chromatographic
behavior.”> """

The potency of the antifungal activity of the isolated protein
toward M. arachidicola (ICso = S uM) is similar to the potencies
(ICso = 2.4—10 uM) of other Brassica antifungal proteins.
However, its antiproliferative potency toward HepG2 cells
(ICs0 = 90 uM) is weaker than those of other Brassica antifungal
proteins (ICso = 2.7—9.2 uM).>"? It resembles antifungal
peptides from B. aboglabra” and B. parachinensis® in pH stabbility,
albeit slightly attenuated in thermostability.

The isoalted protein exhibits antibacterial activity toward
Pseudomonas sp. However, lipid transfer protein from B.
campestris®® has no inhibitory activity toward B. subtilis. The
other Brassica antifungal proteins® have not been tested for
antibacterial activity. The isolated protein manifests anti-Candida
activity, which has not been shown for other Brassica antifungal
proteins. The mechanism of antifungal activity of the isolated
protein has not previously been demonstrated for other Brassica
antifungal proteins.”*° When taken together, the findings in-
dicate that seeds of different Brassica species produce different
antifungal proteins. This is reminiscent of the observation that
different mushroom species may produce structurally different
antifungal proteins, ribosome-inactivating proteins and lectins.'®"”

Some types of antifunzgal proteins such as defensins®® and
thaumatin-like proteins®>>* are highly homologous in amino
acid sequence, even when proteins from different genera are
compared. On the contrary, antifungal proteins from different
Brassica species display (for example, refs 1—6 and as con-
cluded in this study) dissimilar N-terminal sequences and
molecular masses, indicating that they are distinct proteins.
Despite these differences in characteristics, they demonstrate
antifungal potencies. The different characteristics of these
proteins may lead to different modes of action or interference
at different levels of pathogenesis.

In summary, the isolated antifungal protein from seeds of red
cabbage is distinct from previously reported Brassica antifungal
proteins and peptides. It is effective against C. albicans and P.
aeruginosa.

Table 2. N-Terminal Sequence of Brassica oleracea (Red Cabbage) Antifungal Protein in Comparison with Antifungal Proteins

from Other Brassica Species (Results of BLAST Search)

amino acid amino acid
residue no. N-terminal sequence residue no. ref
B. oleracea antifungal protein 1 RQGPTTGPTRKATGL 15 this study
B. campestris antifungal peptide 1 ALSCGTVSGNLAACAGYV 18 6
B. juncea antifungal protein 1 GVEVTRELRSERPSGKIVTI 20 2
B. alboglabra antifungal peptide 1 PEGPFQGPKATKPGDLAXQTWGGWXGQTPKY 31 4
B. parachinensis antifungal peptide 1 DQFPQEYPGDVQFSEN 16 3
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Table 3. Comparison of Characteristics of Isolated Antifungal Protein with Antifungal Proteins from Other Brassica Species

antifungal chromatographic
protein mol wt (Da) characteristics
B. oleracea antifungel 30000 Q-Sepharose, unadsorbed;
protein Affi-gel blue gel, adsorbed;
SP-Sepharose, adsorbed
B. alboglabra antifungal 5907 Affi-gel blue gel, adsorbed;
protein SP-Sepharose, adsorbed;
Mono S, adsorbed
B. campestris nonspecific 9412 Q-Sepharose, unadsorbed;
lipid transfer protein Affi-gel blue gel, adsorbed;
Mono S, adsorbed
B. juncea antifungal protein 189000 Q-Sepharose, unadsorbed;
Affi-gel blue gel, adsorbed;
SP-Sepharose, adsorbed
Brassica parachinensis 5716 Affi-gel blue gel, adsorbed;

antifungal protein SP-Sepharose, adsorbed;

Mono S, adsorbed

antifungal activity
(ICs0)

M. arachidicola (S uM),
C. albicans(96 uM)

antiproliferative

activity (ICso) ref

Hep G2 cells (90 uM) this study

E. oxyspum (1.3 uM) Hep G2 cells (2.7 uM) 4

H. maydis (2.1 uM)

M. arachidicola (2.4 uM)

V. mali (0.15 uM), stable at 20—80 °C
for 10 min and at pH 2—3
and 10—11 for 30 min

MCF7 cells (3.4 uM)

F. oxysporum (8.3 uM) not tested S

M. arachidicola (4.5 uM)

F. oxysporum (13.5 uM) Hep G2 cells (5.6 uM) 2

H. maydis (2.7 uM)
M. arachidicola (10 uM)

MCEF?7 cells (6.4 uM)

F. oxysporum (3.6 uM) Hep G2 cells (92 uM) 3

H. maydis (4.7 uM)

M. arachidicola (2.6 uM)

V. mali (0.22 uM), stable at
4—100 °C and pH 1-3
and 10—13

MCEF?7 cells (4.8 uM)
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