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ntifungal Protein from Inner Shoots
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From the inner shoots of the chive Allium tubero-
um, a single-chained protein with a molecular
eight of 36 kDa and an N-terminal sequence mani-

esting resemblance to chitinases but lacking in cys-
eine residues characteristic of a cysteine-rich do-
ain present in chitinases of other Allium species,
as purified. The isolation procedure entailed affin-

ty chromatography on Affi-gel blue gel, ion-
xchange chromatography on DEAE-cellulose and
ono S, and gel filtration on Superdex 75. The pro-

ein was unadsorbed on DEAE-cellulose and ad-
orbed on Affi-gel blue gel and Mono S. It exhibited
ntifungal activity against Rhizoctonia solani,
usarium oxysporum, Coprinus comatus, Mycospha-
rella arachidicola, and Botrytis cinerea. The IC50

or its antifungal effect against Botrytis cinerea was
.2 mM. The antifungal activity was stable after 1 h at
H 1.6 and 12.3, and up to 60°C for 5 min. Incubation
f the protein with trypsin or chymotrypsin at an
nzyme:substrate ratio of 1:100 and pH 7.6 up to 150
in did not affect its antifungal activity. The protein

id not exhibit antibacterial activity. The protein
nhibited cell-free translation in a rabbit reticulo-
yte system with an IC50 of 0.8 mM, but did not affect
he proliferation of mouse splenocytes. It exerted
ome cytotoxic effect on breast cancer cells and
as inhibitory toward HIV-1 reverse tran-

criptase. © 2000 Academic Press

Key Words: antifungal protein; chive; chitinase.

Several types of proteins play a defensive role in plants
nd counteract assaults from pathogens. They comprise
ntifungal proteins (1), ribosome-inactivating proteins
2), lectins (3) and protease inhibitors (4). The first three
ypes of proteins may manifest antifungal activity (4, 5).
74006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
ntiviral activity (6, 7). Lectins may evince an anti-insect
unction (8).

Antifungal proteins consist of chitinases (9), glu-
anases (10), miraculin-like protein (11), thaumatin-
ike proteins (12), cyclophilin-like proteins (13) and
thers. These proteins differ in amino acid sequence
ut have in common an antifungal attribute.
We report herein the purification of an antifungal

rotein, with structural analogy to chitinases albeit
ith some distinctive features, from inner shoots of the

hive Allium tuberosum.

ATERIALS AND METHODS

Isolation of antifungal protein. Fresh inner shoots of chive (Al-
ium tuberosum) were obtained from a local market. The cylindri-
al inner shoots are more tender compared with the flattened
uter shoots. The extract was applied on a column of Affi-gel blue
el which had previously been equilibrated with 10 mM Tris-HCl
uffer (pH 7). After elution of the unadsorbed proteins, the column
as washed with 1.5 M NaCl in the starting buffer. The adsorbed
eak BG2 was dialyzed and then applied on a column of DEAE-
ellulose in 10 mM Tris-HCl buffer (pH 7). The unadsorbed ma-
erial (DE1) was collected and chromatographed on a Mono S
olumn in 10 mM NH4OAc (pH 5.2) by FPLC. After elution of the
nadsorbed peak named MS1, the column was eluted with a 0 – 80
M NaCl gradient in the starting buffer to yield two peaks MS2

nd MS3 which were eluted by 30 and 50 mM NaCl, respectively,
nd subsequently with a 80 –1000 mM NaCl gradient to yield peak
S4 which was eluted by 600 mM NaCl. MS3 represented the

urified antifungal protein. Its homogeneity and molecular weight
ere estimated by FPLC-gel filtration on a Superdex 75 column
hich had been calibrated with molecular weight markers from
mersham Pharmacia Biotech including phosphorylase b (94
Da), bovine serum albumin (67 kDa), ovalbumin (43 kDa), chy-
otrypsinogen A (25 kDa) and cytochrome c (12.4 kDa).
-terminal sequencing was carried out using a Hewlett-Packard

HP) Edman degradation unit and an HP HPLC System. Sodium
odecyl sulfate–polyacrylamide gel electrophoresis was conducted
ccording to the method of Laemmli and Favre (14).
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Assay of antifungal activity. The assay for antifungal activity
oward Rhizoctonia solani and other fungal species was carried
ut in 100 3 15 mm petri plates containing 10 ml of potato
extrose agar. At a distance of 0.5 cm away from the rim of the
ycelial colony were placed sterile blank paper disks (0.625 cm in

iameter). An aliquot (6 ml) of the test sample was added to a disk.
he plates were incubated at 23°C for 72 h until mycelial growth
ad enveloped disks containing the control and had formed cres-
ents of inhibition around disks containing samples with antifun-
al activity (15).
For a quantitative assay, three doses of the antifungal protein (0.1

M, 0.66 mM and 2.4 mM) were added separately to three aliquots
ach containing 4 ml potato dextrose agar at 45°C, mixed rapidly,
nd poured into 3 separate 6-cm petri dishes. After the agar had
ooled down, a small amount of mycelia, the same amount to each
late, was inoculated. Buffer only without antifungal protein served
s a negative control. After incubation at 23°C for 72 h, the area of
he mycelial colony was measured and the inhibition of fungal
rowth determined.

Assay of antibacterial activity. The assay for antibacterial ac-
ivity was conducted using sterile petri plates (90 3 15 mm)
ontaining 10 ml LB agar (1.5% agar). Three milliters of warm
utrient agar (0.7%) containing the bacterium was poured into the
lates. A sterile blank paper disk (0.625 cm in diameter) was
laced on the agar. The Allium tuberosum antifungal protein (10
l of a 15 mg/ml solution) in 10 mM Tris-HCl buffer (pH 7.4) was
dded to one of the disks. Only Tris-HCl buffer was added to the
ontrol disk. The plate was incubated at 30°C for 20 –24 h. A
ransparent ring around the paper disk signifies antibacterial
ctivity. Penicillin (5 mg/ml) served as a positive control. The
acteria tested included Staphylococcus aureus, Pseudomonas
eruginosa, Proteus vulgaris, Aeromonas hydrophila, Bacillus
ubtilis, and Escherichia coli.

Assay of HIV reverse transcriptase inhibitory activity. Reverse
ranscriptase activity was measured by ELISA as described by Col-
ins et al. (16) using a nonradioactive kit from Boehringer Mannheim

FIG. 1. Affinity chromatography on an Affi-gel Blue Gel column (
he column. Unadsorbed material BG1 was eluted from the column i

NaCl in the starting buffer to elute adsorbed materials BG2 and
75
Germany). The inhibition assay was performed as described in the
rotocol included with the kit.

Assay of mitogenic activity (17). Four C57BL/6 mice (20–25 g)
ere killed by cervical dislocation and the spleens were aseptically

emoved. Spleen cells were isolated by pressing the tissue through a
terilized 100-mesh stainless-steel sieve and resuspended to 5 3 106

ells/ml in RPMI 1640 culture medium supplemented with 10% fetal
ovine serum, 100 units penicillin/ml, and 100 mg streptomycin/ml.
he cells (7 3 105 cells/100 ml/well) were seeded into a 96-well
ulture plate and serial concentrations of Allium tuberosum
hitinase-like antifungal protein and Con A in 100 ml medium were
dded. After incubation of the cells at 37°C in a humidified atmo-
phere of 5% CO2 for 24 h, 10 ml methyl [3H]-thymidine (0.25 mCi,
mersham, Pharmacia Biotech) was added, and the cells were incu-
ated for a further 6 h under the same conditions. The cells were
hen harvested with an automated cell harvester onto a glass filter,
nd the radioactivity was measured with a Beckman Model LS
000SC scintillation counter. All reported values are the means of
riplicate samples.

Assay of antiproliferative activity (18). Human breast carcinoma
MDA-MB-231) cells were seeded at a density of 2 3 104 cells/100 ml
n 96-well plates for 24 h, at 37°C, in an atmosphere of 5% CO2.
erials concentrations of Allium tuberosum chitinase-like antifungal
rotein (100 ml/well) were added before further incubation for 48 h.
t the end of the incubation, the medium was removed and the plate
as washed with phosphate-buffered saline. MTT (3-[4,5-Dime-

hylthyazol-2-yl]-2,5-diphenyltetrazolium bromide) solution (100 ml/
ell) was then added followed by further incubation for an hour.
bsorbance at 540 nm was measured after incubation with dimethyl
ulfoxide (100 ml/well) for 30 min. Reagent and control were included
ith the absence of cells or Allium tuberosum chitinase-like antifun-
al protein respectively (18).

iability (%) of tumor cells

5 OD540 nm (sample)/OD540 nm (control) 3 100%.

3 16 cm). Crude powder of Allium tuberosum shoots was applied to
0 mM Tris–HCl (pH 7.2). Changes of buffer by addition of 1 and 1.5
3, respectively, are indicated.
2.5
n 1
BG
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Assay of ribonuclease activity (19). Yeast tRNA was used as sub-
trate. Allium tuberosum chitinase-like antifungal protein was incu-
ated with 200 mg tRNA in 150 ml 100 mM Hepes buffer (pH 7) before
50 ml ice-cold 3.4% perchloric acid was added to terminate the
eaction. After standing on ice for 15 min, the reaction mixture was
entrifuged and the absorbance of the supernatant was measured
fter suitable dilution. One unit of ribonuclease activity is defined as
he amount of enzyme which produces an absorbance increase of one
er minute in the acid-soluble supernatant per ml of reaction mix-
ure under specified conditions.

Assay of cell-free translation inhibiting activity was based on the
bility to inhibit protein synthesis from [3H]leucine in a cell-free
abbit reticulocyte lysate system. It has been described previously
20, 21).

ESULTS

Affinity chromatography of the crude extract of
llium tuberosum shoots on Affi-gel Blue Gel yielded
large unadsorbed peak BG1 containing the bulk of

roteins without antifungal activity. Adsorbed pro-
eins were desorbed with 1 M NaCl and then with 1.5

NaCl in 10 mM Tris-HCl (pH 7.2) to yield fractions
G2 and BG3 respectively (Fig. 1). BG2 with anti-

ungal activity was then fractionated on DEAE-
ellulose in 10 mM Tris–HCl (pH 7.2) into an unad-
orbed DE1 peak containing antifungal activity and
n adsorbed DE2 peak devoid of activity (Fig. 2).
hen DE1 was chromatographed by FPLC on a
ono S column, a small unadsorbed inactive peak

MS1) appeared, followed by two small adsorbed
eaks (MS2 and MS3) and a large adsorbed peak
S4 which were eluted by 30 mM, 50 mM and 600
M NaCl in 10 mM NH4OAc (pH 5.2) respectively

Fig. 3). Only MS3 possessed antifungal activity, and

FIG. 2. Ion exchange chromatography of BG2 on a DEAE-
ellulose column (2.5 3 36 cm). Unadsorbed material DE1 containing
ntifungal activity was eluted from the column in 10 mM Tris–HCl
pH 7.2). Change of buffer by addition of 1 M NaCl in the starting
uffer to elute adsorbed material DE2 is indicated by an arrow.
76
t appeared as a single band with a molecular weight
f 36.8 kDa in SDS-PAGE (Fig. 4). Hence it repre-
ented purified antifungal protein. The yield of the
urified antifungal protein was about 0.65 mg/kg
resh inner shoots (Table 1). N-terminal sequence
nalysis revealed that it was a chitinase-like protein
lthough it was lacking in cysteine residues present

FIG. 3. Ion exchange chromatography of peak DE2 derived from
EAE-cellulose on Mono S HR 5/5 column (1 ml). The column was
reequilibrated with 10 mM NH4OAc (pH 5.2). Two peaks eluted
ith a 0–80 mM sodium chloride gradient were named MS2 and
S3, respectively, and the peak eluted with a 0.08–1 M sodium

hloride gradient was named MS4 (600 mM). MS2, MS3, and MS4
ere eluted by 30, 50, and 600 mM NaCl, respectively.

FIG. 4. Sodium dodecyl sulfate–polyacrylamide gel electrophore-
is of purified Allium tuberosum chitinase (MS3). Lane 1, Pharmacia
olecular weight markers, from top downward: phosphorylase b (94

Da), bovine serum albumin (MW 67 kDa), ovalbumin (MW 43 kDa),
arbonic anhydrase (MW 30 kDa), and lactalbumin (MW 14.4 kDa);
ane 2, purified Allium tuberosum chitinase.
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n other chitinases (Table 2). The antifungal activity
f the chitinase-like protein against Botrytis cinerea,
oprinus comatus and Rhizoctonia solani is shown in
ig. 5. Antifungal activity was also observed against
usarium oxysporum and Mycosphaerella arachidi-
ola (data not shown). The protein inhibited mycelial
rowth of Botrytis cinerea with an IC50 of 0.2 mM
Fig. 6). The antifungal activity was unaffected after
reatment with 0.025 M HCl (at pH 1.6) or 0.025 M
aOH (at pH 12.3) for 1 h. Incubation of the anti-

ungal protein at 20°C, 40°C and 60°C for 5 min had
o effect on its antifungal activity while incubation
t 70°C, 80°C and 100°C for 5 min abolished the
ctivity. Incubation of the antifungal protein with
ither trypsin or chymotrypsin at an enzyme: sub-
trate ratio of 1:100 for 1 h or 150 min in 0.1 M Hepes
uffer (pH 7.6) did not affect its antifungal activity
gainst Botrytis cinerea (Fig. 7). The antifungal pro-
ein did not inhibit any of the bacteria tested (data
ot shown).

Protein Yields of Different Fractions at Different Stages of
urification of Allium tuberosum Chitinase-like Antifungal
rotein

Chromatographic fraction Yielda (mg)

Crude extract 7247.5
BG1 487.5
BG2 164.6
BG3 11.7
DE1 19.3
DE2 99.1
MS1 1.1
MS2 0.5
MS3 1.1
MS4 6.1

a Protein obtained from 1.7 kg starting material. MS3 was the
urified antifungal protein.

TAB

N-Terminal Sequence Comparison between Allium tuberos

Residue

ATC 1 EQHGSQAGGAL
BLC 27 EQCGRQAGGALCP
GP 1 EQCGTQAGGALCP
APC-Dr 1 EQCGRQAGGALCP
APC-D 1 EQCGRQA
APC-F 1 EQCGRQAGGAL
CHITAS1 1 QQCGSDAGGALCS
CHITAS2 1 QQCGSDGSGALCS

Note. Residues identical those of Allium tuberosum chitinase are u
hitinase isoform Dr; APC, Allium porrum chitinase isoform D; CHIT
; BLC, bean PCH18 chitinase; GP, pea A2 chitinase. The sequences
nd CHITAS2 from Ref. (24), and those of BLC and GP from Ref. (2
77
nhibited translation in rabbit reticulocyte lysate
ith an IC50 of 850 nM and it exerted a low RNase
ctivity of only 1.63 U/mg toward yeast tRNA (data
ot shown). It displayed cytotoxic effect against
reast cancer (MDA-MB-231) cells. Cell viability was
7.54 6 5.67 and 44.20 6 3.08 percent (n 5 3,
ean 6 SD) at a dosage of 15 mg and 30 mg antifun-

al protein respectively per culture well. In contrast
o Con A, it did not demonstrate mitogenic activity.
he protein was inhibitory toward HIV-1 reverse
ranscriptase. The % enzyme inhibition achieved at
.5 and 5 mg protein/ml was respectively 32.59 6
.32 and 84.97 6 3.53 (n 5 2, mean 6 SD).

ISCUSSION

The antifungal protein isolated in this study was a
hitinase-like protein as judged by its N-terminal
equence. Its cell-free translation-inhibiting and
Nase activities were higher than those of previ-
usly isolated antifungal proteins including sativin,
he miraculin-like antifungal protein from Pisum sa-
ivum var. macrocarpon (11), dolichin, the chitinase-
ike protein from the field bean Dolichos lablab (21),
nd mungin, the cyclophilin-like antifungal protein
rom mung beans (13). The IC50 value for the cell-free
ranslation-inhibiting activity of the A. tuberosum
hitinase-like antifungal protein was slightly under

mM whereas those for the other aforementioned
ntifungal proteins lay in the range 10 –25 mM.
Nase activity was detectable in the A. tuberosum
hitinase-like antifungal protein but not so in the
ther cases. The inhibitory activity of A. tuberosum
hitinase-like antifungal protein toward HIV-1 re-
erse transcriptase was more potent than those of
olichin (22) and mungin (13). The anti-mitogenic
ctivity of mungin (13) and the lack of mitogenic

2

Chitinase-like Antifungal Protein and Other Chitinases

Sequence % identity

GXLHYSKYGGYGGTTPDYYGDGQQ 100
NCCSQFGWCSGYTTDYCGPGCQ 56
LCCSQFGWCSGTI z DKGPGCQEYCGDG 53
LC 70

70
81

LCCSKFGYCGSTDPYCGTGCQS 46
LCCSQYGYCGNGGPYCGTGCQS 40

erlined. ATC, Allium tuberosum chitinase; APC-Dr, Allium porrum
1, Allium sativum chitinase 1; CHITAS2, Allium sativum chitinase

APC-Dr and APC-D are taken from reference 23, those of CHITAS1
um

HP
GG
GG
GG

NR
NG

nd
AS
of
5).
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78
ctivity of A. tuberosum chitinase-like antifungal
rotein suggest that these antifungal proteins may
ot be stimulatory toward the immune cells. The
ytotoxic activity of A. tuberosum chitinase-like an-
ifungal protein on breast cancer cells was not very
igh in potency. It did not possess antibacterial ac-
ivity.

A. tuberosum chitinase-like antifungal protein re-
embled sativin (11), dolichin (22), mungin (13) and
he thaumatin-like antifungal protein from Phaseo-
us vulgaris (15) in that they were adsorbed on
ffi-gel Blue Gel and CM-Sepharose/Mono S. The
olecular weight of A. tuberosum chitinase-like an-

ifungal protein was close to that of sativin (11) and
hose of other chitinases including chitinases from
he leek Allium porrum (23) and the garlic Allium
ativum (24), but larger than those of dolichin (22),
ungin (13) and the thaumatin-like protein from P.

ulgaris (15).
Antifungal proteins have been isolated from mono-

ot species related to A. tuberosum including the leek
. porrum (23) and the garlic A. sativum (24). The

eek antifungal protein exists in several isoforms.
ome of these isoforms have a blocked N-terminus
hile the remainder has the same N-terminal se-
uence. The garlic chitinase also exists in two forms
24). The N-terminal sequences in leek and garlic
hitinases are strikingly similar to that of A. tubero-
um chitinase-like antifungal protein. The latter is
istinctive in the lack of cysteine residues which are
onserved in leek, garlic and other chitinases. The

FIG. 6. Determination of IC50 value of antifungal activity of
llium tuberosum chitinase-like antifungal protein toward Botrytis
inerea. Left (L): control. Right (R): 2.4 mM Allium tuberosum
hitinase-like antifungal protein. Responses to 0.1 mM and 0.66 mM
llium tuberosum chitinase-like antifungal protein are not shown
ere. IC50 was estimated to be 0.2 mM.
FIG. 5. Inhibitory activity of Allium tuberosum chitinase-like
ntifungal protein toward (i) Botrytis cinerea, (ii) Rhizoctonia solani,
nd (iii) Coprinus comatus. (A) control (0.1 M Hepes, pH 7.6), (B) 200
g Allium tuberosum chitinase, and (C) 60 mg Allium tuberosum
hitinase.
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urification of leek and garlic chitinase isoforms de-
ended on the use of a chitin column (23, 24), a man-
ose-Sepharose column (24), a phenyl-Sepharose col-
mn (24) and a Mono Q column (23) or a Mono S
olumn (24). A different isolation procedure was
dopted for purifying chive antifungal protein in the
resent investigation. It is perhaps noteworthy that
eek chitinases were adsorbed on Mono Q in 20 mM
thanolamine (pH 9.7) (23), garlic chitinases were
dsorbed on Mono S in 20 mM sodium formate (pH
.8) (24) while chive chitinase-like protein was ad-
orbed on Mono S in 10 mM NH4OAc (pH 5.3). The
oots and outer leaf sheaths of salicylate-treated leek
ere used for the isolation of leek antifungal protein

23), the bulbs and leaves were employed for prepar-
ng garlic chitinase (24) while the inner shoots of
ntreated chive were utilized for the purification of
hive antifungal protein. The yield of the chive anti-
ungal protein was 0.65 mg/kg, lower than the value
f 10 mg/kg for the garlic leaf chitinase (24).
The garlic chitinases were characterized with regard

o their endochitinase activity but not with reference to
heir antifungal activity (24). The chive antifungal pro-
ein was more potent than leek chitinase (23) in anti-
ungal activity. Fusarium oxysporum and Botrytis ci-
erea, which were not affected by leek chitinases (23),
ere inhibited by the chive antifungal protein. The

hive antifungal protein was a fairly hardy protein
ecause it was able to withstand relatively high tem-
eratures, extreme pH and protease digestion. On the
ther hand, the activity leek chitinase isoforms dwin-

FIG. 7. Effect of protease digestion on antifungal activity of
llium tuberosum chitinase-like antifungal protein against Botrytis
inerea: (A) control (0.1 M Hepes, pH 7.6), (B) chitinase (160 mg)
retreated with chymotrypsin (enzyme:substrate ratio 5 1:100) for
h, (C) chitinase pretreated with chymotrypsin for 150 min, (D)

ntreated chitinase (160 mg), (E) chitinase (160 mg) pretreated with
rypsin (enzyme:substrate ratio 5 1:100) for 1 h, (F) chitinase pre-
reated with trypsin for 150 min.
79
t pH 5–6 (23).
In this study a chitinase-like protein from the in-

er shoots of the chive was isolated. Although it
ossessed a sequence grossly similar to those of two
elated monocot species, the garlic Allium sativum
nd the leek Allium pornum, its sequence was
nique in the sense that it was deficient in cysteine
esidues in the N-terminal region which is cysteine-
ich in other chitinases. The chive protein retarded
rowth in fungal species against which leek chiti-
ases were ineffectual. Its antifungal activity was
cid-stable, alkali-stable, protease-resistant and
airly thermostable.
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