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We have purified a 22 kDa protein from maize seeds to homogeneity by 
a m m o n i u m  sulfate precipi tat ion,  chit in extract ion and Mono-S column 
chromatography. The purified protein inhibited the growth of the agronomically 
important pathogens of potato wilt (Fusar ium oxysporum)  and tomato early blight 
(Al ternaria solani).  Sequence analysis of the purified protein showed that  it has 
52% homology with the sweet protein thaumat in  (Edens, L., Hselinga, L., Klok, 
R., Ledeboer, A. M., Maat, J., Toonen, M. Y., Visser, C., and Verrips, C. (1982) 
Gene 18, 1-12), 57 % homology with the pathogenesis-related protein (Cornelissen, 
B. J. C., Huijsduijnen, R. A. M., and Bol, J. F. (1986) N a t u r e  321, 531-532) and 99 
% homology with the 22 kDa trypsin/a-amylase inhibitor (Richardson, M., Valdes- 
Rodriguez, S., and Blanco-Labra, A. (1987) Nature  32"/, 432-434). © 1992 Academic 
Press, Inc. 

Plants do not contain an immune system and thus  must  rely on other 
mechanisms to defend themselves from infection by a variety of pathogens. In the 
case of fungal infection, these mechanisms include synthesis of inhibitory 
compounds such as phenols,  melanins ,  t ann ins  or phytoalexins and an 
accumulation of proteins which have the capability of acting directly on fungi to 
inhibit  growth (1-2). These proteins are called pathogenesis-related proteins, 
often protease inhibitors or pathogen targeted hydrolases (1-2). In addition to the 
unique defense mechanism of these pathogenesis-related proteins, much of the 
current  interest  followed the concept tha t  transgenic plants which have been 
tranfected with proteins with antifungal properties will be resistant  to fungal 
infection. As an approach to this concept, recently we have isolated and 
characterized a chit inase from A r a b i d o p s i s  t h a l i a n a  (3). In the present  
communication, we describe the isolation and characterization of a 22 kDa protein 

1To whom correspondence should be addressed. FAX: 314-537-7264. 
The abbreviations used are: HPLC, high performance liquid chromatography; 

TPCK, L-l-tosylamido-2-phenylethyl chloromethyl ketone and SDS-PAGE, 
sodium dodecyl sulphate polyacrylamide gel electrophoresis. 
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with antifungal properties against the agronomically important pathogens of 
tomato early blight (A. solani)  and potato wilt (F. oxysporum)  from the seeds of 
maize. The purified protein showed 52% of sequence homology to a sweet protein 
thaumatin (4), 57% of homology to the pathogenesis-related protein from tobacco 
(5) and a near perfect 99% of sequence homology to the maize 22 kDa trypsin/a- 
amylase inhibitor (6). 

MATERIALS AND METHODS 

M a t e r i a l s  - Seeds of maize (Zea m a y s  L.) were obtained from the Illinois 
Foundation Seed Co. T P C K - t r e a t e d  trypsin and cyanogen bromide were 
purchased from Sigma Chemicals. Colloidal chitin was prepared from 
acetylation of chitosan as described by Hirano et al., (7). The Mono-S column (HR 
5/5) was from Pharmacia LKB Biotechnology. Plant pathogens F. oxysporum,  A. 
solani  were provided by Monsanto Agricultural Company. The other reagents 
used were of the highest grade commercially available. 

Pur i f i ca t ion  o f  a 22 kDa A n t i f u n g a l  Prote in  - All purification procedures 
were carried out at 4°C unless otherwise noted. Two kg of maize seed was 
extracted in 2 liters of 10 mM sodium acetate buffer, pH 5.0. The precipitate from 
the extract was discarded by centrifugation and solid ammonium sulfate was 
added to the supernatant to 60% of saturation. After stirring overnight, the 
precipitate was collected by centrifugation and extensively dialyzed against 20 mM 
sodium bicarbonate buffer, pH 8.4. The dialyzed fraction was then incubated with 
200 g of colloidal chitin in 200 ml of 20 mM sodium bicarbonate buffer, pH 8.4 for 1 
hour at room temperature to separate antifungal chitinases and other possible 
chitin binding proteins. The fraction which was not bound to chitin was collected 
by centrifugation, dialyzed against a 20 mM sodium acetate buffer, pH 5.0 and 
fractionated on a Mono-S column equilibrated with the above buffer. All fractions 
were collected and assayed for antifungal activity. A fraction which eluted at 120 
mM NaC1 showed strong antifungal activity. SDS-PAGE and subsequent amino 
acid sequencing of this fraction showed that it contained a homogeneous protein 
which has a molecular weight of about 22 kDa. 

A s s a y  o f  A n t i f u n g a l  Ac t i v i t y  - Antifungal activity was carried out using a 
hyphal extension-inhibition assay as described by Roberts and Selittennikoff (10). 
Fungal mycelium were harvested from actively growing fungal plates and placed 
into the center of Petri dishes containing the nutrient agar. After incubation of 
these dishes for 20 to 24 hrs at room temperature to allow for mycelial growth, 
sterile filter paper discs were laid on the agar surface in front of the advancing 
fungal mycelium and then 35 pl of the protein solutions were applied to the discs. 
The plates were then further incubated at room temperature for 20 hrs. In this 
manner, if the protein being tested is an antifungal protein, a crescent shaped 
zone of inhibition is observed around the disc. 

Other  Me t hods  - The procedures for carboxymethylation, tryptic digestion, 
cyanogen bromide cleavage, peptide isolation by HPLC, amino acid analysis and 
peptide sequencing were described in our previous papers (3, 11-13). Protein 
concentration was determined by the method of Bradford (14). Purity of the 
purified protein was confirmed by SDS-PAGE (15) with silver staining and by 
amino acid sequencing. The isoelectric point of the purified protein was 
determined as described by Righetti and Drysdale (16). 

Details of this work will be reported elsewhere. 

RESULTS AND DISCUSSION 

In the present study, we purified an antifungal protein from maize seed to 
homogeneity by ammonium sulfate precipitation, chitin and Mono-S column 
chromatographies. The purified protein has an isoelectric point of about 9.3 and 
exhibited a molecular weight of about 22 kDa as determined by SDS-PAGE (Fig. 1) 
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Fig. 1. SDS-PAGE of the purified antifungal protein. As indicated: lanes 1 and 
6, molecular weight standards; lane 2, maize seed extract; lane 3, ammonium 
sulfate fraction; lane 4, chitin unbound fraction and lane 5, purified protein 
after Mono-S column chromatography. 

and gel fil tration on a Sephadex G-75 column (data not shown). From 2 kg of 
maize seed, about 27 mg of the protein was obtained. The purified protein strongly 
inhibited the growth of A. solani (tomato early blight) and F. oxysporum (potato 
wilt) at  the amount  below 10 ~g per disc (Fig. 2), indicating tha t  the gene for this 
protein may  be a promising candidate for the genetic engineering of fungal 
res is tant  crops. 

To obtain sequence information for gene cloning purposes, the purified 
protein was subjected to sequence analysis and its NH2-terminal amino acid 
sequence of 15 residues was established as shown in Fig. 3. Results  from a 
computer search for homology with other published protein sequences showed 

Fig. 2. In vitro antifungal activity of the purified 22 kDa protein against A. 
solani (A) and F. oxysporum (B). Appropriate amounts (~g) of the purified 
protein in 35 ~1 of 10 mM sodium acetate buffer, pH 5.0 were applied in the discs 
as indicated. See "Materials and Methods" for details of the in vitro antifungal 
assay. 
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AVFTVVNQCP 
AVFTVVNQCP 
ATFE IVNRCS 
ATFDIVNQCT 

FTVWAASVPV ..... GGGRQ LNRGESWRIT APAGTTAARI WARTGCQFDA SGRGSCRTGD CGGVVQCTGY GRAPNTLAEY ALKQFNNLDF 
FTVWAASVPV ..... GGGRQ LNRGESWRIT APAGTTAARI WARTGCQFDA SGRGSCRTGD CGGVVQCTGY GRAPNTLAEy ALKQFNNLDF 
YTVWAAASKG DAALDAGGRQ LNSGESWTIN VEPGTNGGKI WARTDCYFDD SGSGICKTGD CGGLLRCK]~F GRPPTTLAEF SLNQYGK.DY 
YTVWAAASPG ...... GGRQ LNSGQSWSIN VNPGTVQARI WGRTNCNFDG SGRGNCETGD CNGMLECQGY GKPPNTLAEF ALNQPNQ,DF 

FDISLIDGFN 
FDISILDGFN 
IDISNIKGFN 
VDISLVDGFN 

VPMSFLPDGG SGCSRGPRCA VDVNARCPAE LR.QDGVCNN ACPVFKKDEY CCVGSAABNC HPTNYSRYFK GQCPDAYSYP KDDATSTFTC 
VPYSFLPDGG SGCSRGPRCA VDVNARCPAE LR.QDGVCNN ACPVFKKDEY CCVGSAANNC HPTNYSRYFK GQCPDAYSYP KDDATSTFTC 
VPbgIFSPTTR G..CRGVRCA ADIVGQCPAK LKAPGGGCND ACTVFQTSEY CCT..TG.KC GPTEYSP~FFK RLCPDAFSYV LDKPTTV.TC 
IPMEFSPTNG G..CRNLRCT APINEQCPAQ LKTQ.GGCNN PCTVIKTNEF CCTNGPG.SC GPTDLSRFFK ARCPDAYSYP QDDPPSLFTC 

PAGTNYKVVF CP.. 
PAGTNYA'VVF CP.. 
PGSSNYRVTF CPTA 
PPGTNYRVVF CP.. 

Fig. 3. Amino acid sequence of the purified antifungal protein (a) in comparison 
to those of the maize 22 kDa trypsin/a-amylase inhibitor (b), the sweet protein 
thaumatin (c) and the pathogenesis-related protein from tobacco (d). The dots 
denote spaces required for optimal alignment. 

that the purified protein has no homology with any antifungal ~-l,3-glucanase or 
chitinase sequences published to date (20-22) The purified protein, however, 
exhibited a high degree of homology with a sweet protein thaumatin (4) and a 
pathogenesis-related protein from tobacco (5). Furthermore, it showed a perfect 
100% homology with a 22 kDa trypsin/a-amylase inhibitor from maize (6). The 
antifungal acitivities these three proteins have not been reported. To obtain the 
complete sequence, the purified protein was then carboxymethylated, cleaved with 
trypsin and cyanogen bromide. The peptides were isolated by ClS reversed phase 
HPLC and their  amino acid compositions and amino acid sequences were 
determined. Based on the homology to these published protein sequences, 
especially to that of the 22 kDa trypsin/a-amylase inhibitor, the complete amino 
acid sequence of the purified protein was established as shown in Fig. 3. Recently 
the cDNA clone of the purifief protein has been isolated 2 using oligonucleotide 
probes based on the above sequence. The amino acid sequence deduced from the 
nucleotide sequence of the isolated cDNA clone 2 is in complete agreement with 
our sequence (Fig. 3). Comparison of the four sequences indicated that  the 
purified protein has 52% homology with the sweet thaumatin protein (4), 57% 
homology with the pathogenesis-related protein (5) and a near perfect 99% 
homology with the 22 kDa trypsin/a-amylase inhibitor (6) in which Tyr at position 
108 was replaced by Met in our purified protein (Fig. 3). It is worth to noting that 
in preparation of this manuscript, Vigers et al. (23) reported the isolation of a 22 
kDa antifungal protein from maize which has the NH2-terminal 60 amino acids 
identical with that of the maize 22 kDa trypsin/a-amylase inhibitor (6). 

In conclusion, the results in this study provide evidence for the existence of 
a novel class of antifungal proteins which show a high degree of homology with 
the sweet protein thaumatin (4), the pathogenesis-related protein from tobacco (5) 
and especially with the trypsin/a-amylase inhibitor from maize (6). Since the 
maize seeds contain large amounts of this protein, it is likely that  it play a 
significant role in protecting seeds against attack from pathogens during 
germination. 

2Malehorn, D. and Shah, D. M.j Manuscript in preparation. 
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