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One of the four major basic salt-soluble proteins in barley with a molecular weight of 28,000 Dalton was shown 
to be an endoehitinase. A partial amino acid sequence has been determined, and strong homology to an 
endochitinase from bean (Phaseolus vulgaris) is demonstrated. 

1. INTRODUCTION 
The salt-soluble fraction of  barley endosperm 

comprises about 40 protein components as de- 
termined by crossed immunoelectrophoresis 
(7). Among these, four proteins migrate cathod- 
ically under standard immunoelectrophoresis 
conditions at pH 8.6 and are called "basic 
proteins" K, N, Q, and C (8). Protein K with a 
molecular weight of  30,000 Dalton has been 
shown to be a protein synthesis inhibitor, PSI (2, 
6). The amino acid sequence o fa  10,000 Dalton 
protein (probably the basic protein N) has been 
deduced from a cDNA sequence (14) and in 
part, from amino acid sequencing (22). Its close 
homology with an a-amylase inhibitor isolated 

from ragi (5) was demonstrated, but no biologi- 
cal function as an inhibitor of  amylases or 
proteases has yet been found. Until now, no 
biological function has been determined for the 
60,000 Dalton protein Q. Protein C with a 
molecular weight of  28 kD has recently been 
shown to inhibit the growth of  various fungi 
(17). It was concluded that this protein did not 
function as a translation inhibitor like PSI, 
which also exhibits antifungal activity. Fungal 
growth can be inhibited in other ways e.g. by 
chitinases which attach and destroy cell walls 
(18). Recently, a full-length cDNA sequence 
encoding an endochitinase from Phaseolus vul- 
gaffs was published (4). The deduced amino acid 

Abbreviations: BASI = Badey ct-amylase/subtilisin inhibitor; dpm = disintegrations per minute; FPLC = Fast 
protein liquid chromatography; P-buffer = 50 mM-sodium phosphates, pH 6.0; PSI = Protein synthesis inhibitor; 
SDS-PAGE = Sodium dodecyl-sulphate polyacrylamide gel electrophoresis. 
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sequence of  this bean endochitinase showed 
strong homology to that  of  barley protein C, 
which was being determined. These observa- 
tions prompted us to test the probable endochiti- 
nase activity of  the barley protein C. The present 
paper describes the outcome of  the experiments. 

2. MATERIALS AND M E T H O D S  
2.1. Materials 

CM-Sephadex C-50 was obtained from Phar- 
macia, Uppsala, Sweden. CM-cellulose type 
CM-52 was obtained from Whatman,  Maid- 
stone Kent, U.K. [3H]-Acetic anhydride (296 
GBq x mmol ~) was purchased from Amersham, 
Buckinghamshire, UK,  and chitosan was ob- 
tained from Sigma Chemical Company, St. 
Louis, MO, USA. The reagents used in amino 
acid sequencing were purchased from Ruth- 
burn, UK, or from Applied Biosystems, Cal., 
USA. 

The high lysine Riso mutant  1508 of  barley 
(Hordeum vulgare L.) was used for this study. 

2.2. Methods 
2.2.1. Purification of 28 kD barley protein 

(Protein C) 
Mature barley seeds were ground to a flour in 

an Alpine 100 LU H a m m e r  Mill with a 0.5 m m  
screen. The flour was extracted with six weight 
volumes of 50 mM-sodium phosphates, pH 6.0 
(P-buffer) by continuous stirring for 6 h at 4 ~ 
The suspension was centrifuged at 6500xg for 5 
min and the supernatant was brought to 65% 
saturation with solid ammonium sulphate, 
stirred for 30 rain and then allowed to sediment 
overnight at 4 ~ The precipitate was collected 
by centrifugation, redissolved in a minimal  
volume of P-buffer, desalted by dialysis against 
several changes of  the P-buffer until the conduc- 
tivity was less than twice of  that of  the dialysis 
buffer. Two successive chromatographic purifi- 
cation steps were involved in purification of  
protein C. The initial cation exchange chro- 
matographic step was performed on a CM- 
Sephadex column (55x5 cm) equilibrated with 
P-buffer. As eluant, a linear sodium chloride 
gradient (0 to 0.4 M) in P-buffer for 24 h at room 
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Figure I. CM-cellulose chromatography of the peak 
"III" pooled barley protein fraction. About 200 mg of 
protein dissolved in 20 m120 raM-sodium acetate, pH 
4.75, 1 mM-calcium chloride and 1 mM-13-merca p- 
toethanol was loaded onto a 5x25 cm column of 
Whatman CM-52 (microgranular) previously equili- 
brated in the same buffer. Elution with 500 ml start 
buffer versus 500 ml of the same buffer with 0.4 
M-sodium chloride was performed using an adapted 
gradient former by an LKB 11300 Ultrograd Gradient 
Mixer as indicated on the figure. The flow rate was 30 
mlxh -~ and 6 ml fractions were collected. The peaks 
correspond to the protein C and BASI as indicated. 

temperature was employed. The eluates were 
monitored at 280 nm and the fractions of 
interest were collected, desalted by dialysis as 
above and further purified in a CM-52 cation 
exchange chromatography column (5x25 cm) 
using 20 raM-sodium acetate, pH 4.75, l mM- 
calcium chloride, I mM-l~-mercaptoethanol (15) 
as start buffer. Proteins were eluted by a sodium 
chloride step gradient (indicated in Figure l) 
within the starting buffer. The gel materials were 
pretreated and used in accordance with the 
manufacturers '  instructions. After the final pu- 
rification step, the eluates of interest were com- 
bined and desalted by dialysis prior to 
lyophilization. 
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2.2.2. Analytical techniques 
Sodium dodecyl-sulphate polyacrylamide gel o .os  

electrophoresis (SDS-PAGE) was performed ac- 
cording to NEVILLE (16). Fast protein liquid 
chromatography (FPLC) analyses were per- 
formed by using a Pharmacia (Uppsala, Swe- ~[ 
den) instrument composed of  an LCC-500 liq- o 

c0 
uid chromatography controller, two P-500 high 
precision pumps, a V-7 sample injector and a 
UV-1 monitor. The separation was carried out ~ o.o2s 

m 

in a prepacked cation exchange column, Mono " 
O 

S HR 5/5. 

2.2.3. Endochitinase assay 
Chitin was synthesized from chitosan by 

acetylation with 3H-labelled acetic anhydride as 
described by MOLANO et al. (11). The assay was 
based on the fact that the reaction product, 
diacetyl chitobiose, is soluble in water or 
aqueous trichloroacetic acid, whereas the sub- 
strate chitin is insoluble. The incubation mix- 
ture consisted of  15 ~tmol potassium phosphate, 
pH 6.5, 5 mg [3H]-chitin ( 125,000 dpm/mg) and 
enzyme to a final volume of  300 Ixl. After 
incubation for 1 h at 37 ~ 300 ~tl of  10~ 
trichloroacetic acid was added and the suspen- 
sion was centrifuged for 5 min at 5,000xg. 300 
Ixl of  the supernatant fluid was carefully re- 
moved and transferred to a scintillation vial. 
After addition of  10 ml Ready-Solv HP (Beck- 
mann), the radioactivity was determined by a 
Beckmann Model 7500 LS liquid scintillation 
spectrophotometer. 
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Figure 2. Analysis of purified barley protein C by 
FPLC. 

The mobile phase A contained 50 mM-sodium 
acetate, pH 5.0, whereas the mobile phase B contained 
A with addition of l M-sodium chloride. Elution of 
protein C was carried out by increasing the concentra- 
tion of sodium chloride linearily to 0.35 M over the 
time span indicated on the figure. 

200 i 

Model 470 A, according to the manufacturers' 
instructions. The PTH-amino acids were identi- 
fied by HPLC (21). 

2.2.4. Amino acid analysis 
Acid hydrolysis of  duplicate samples was 

performed in evacuated and sealed tubes at 110 
~ for 24, 48, and 72 h. Cystein was determined 
separately as cysteic acid after oxidation with 
performic acid, and tryptophan was determined 
after acid hydrolysis in methane sulphonic acid 
(19). 

2.2.5. Amino acid sequencing 
Sequencing was done with a Beckmann Mod- 

el 890 C as previously described (9) or with a gas 
phase sequencer from Applied Biosystems, 

3. RESULTS AND DISCUSSION 
3.1. Isolation of barley protein C 

The initial separation of  the salt-soluble 
proteins of an extract of  1 kg grain of  barley 
mutant  1508 was performed by cation exchange 
chromatography at pH 6.0. The elution by a 
linear sodium chloride gradient exhibited 5 
distinct major peaks of  proteins (data not 
shown). Analysis of the protein components of 
these peaks by SDS-PAGE revealed that in one 
peak (called III), at least 80% of  the total amount 
of  the protein C was co-eluted with the barley 
a-amylase/subtilisin inhibitor, BASI (20). This 
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"III" fraction, consisting mainly of  the two 
proteins, was further purified by CM-52 cation 
exchange chromatography as shown in Figure 1. 
Fractions containing protein C (fractions 45 to 
50, see Figure 1) were pooled, desalted by 
dialysis and lyophilized. The degree of purity of  
the protein was determined by FPLC chro- 
matography as well as by SDS-PAGE. Analysis 
by FPLC showed a single peak eluted at 170 
raM-sodium chloride, 50 raM-sodium acetate, 
pH 5.0 gradient step (Figure 2). The SDS-PAGE 
also revealed a single distinct band correspond- 
ing to 28 kD, verifying that the protein C had 
been purified to homogeneity. The yield of  the 
purified protein C was 82 lxg/g grain, which 
agreed with that previously reported by HEJ- 
GAARD et al. (8) and ROBERTS et al. (17). 

3.2. Characterization of  protein C 
Protein C from barley has previously been 

partially characterized by HEJGAARD et al. (5). It 
is a basic salt-soluble protein with an isoelectric 
point of 9.7. Recently it has been shown (13) that 
protein C is synthesized in the starchy en- 
dosperm during the late ( - 30 days post anthe- 
sis) seed development like the protein synthesis 
inhibitor, PSI, described by ASANO et al. (2). 

ROBERTS et al. (17) observed that a barley seed 
28 kD protein and PSI inhibit fungal growth. 
This 28 kD protein (equal to protein C) inhibits 
growth of Tricoderma reesi very efficiently by 

addition of as little as 0.1 Bg of  protein to a 
mycelial invasion-inhibition assay. They sug- 
gested (17) that the biological role of the 28 kD 
protein may be that of  an antifungal agent 
playing an important part in the defence mech- 
anisms of barley seeds against fungal pathogens, 
but the specific enzymatic activity of the protein 
has until now been unknown. A candidate 
would be endochitinase which catalyzes the 
hydrolysis of  the I]-1,4 linkages of  N-acetyl-D- 
glucosamine polymers of  chitin, a major com- 
ponent of many fungal cell walls. Higher plants 
do not contain this substrate for the enzyme, 
thus suggesting that endochitinase functions as 
a defence against chitin containing pathogens 
(1, 3). 

When we incubated an aliquot of protein C 
for 1 h with 3H-labelled chitin polymer, an 
appreciable amount o f  radioactivity was re- 
leased into the soluble fraction (see section 
2.2.3). Ten rtg of  protein C catalyzed the release 
of  diacetylchitobiose with an average count of  
36,000 dpm in three individual experiments 
(Table I). Comparison of  affinity purified endo- 
chitinase from T. aestivum (30 kD) gave similar 
result. As a control, the enzymatic activity of  the 
endochitinase from S. marcescens is also includ- 
ed in Table I. When protein C initially was 
heat-inactivated at 90 ~ for 5 min, only 400 
dpm was found in the soluble fraction. This 
result clearly shows that,protein C has endochiti- 
nase activity. 

Table I. Comparison of endochitinase activities of Hordeum vulgare, Triticum aestivum and Serratia marcescens. 

Source Amount of enzyme dpm a~ 

Hordeum vulgare (barley) 10 lag 36,112 
Triticum aestivum (wheat) b) 10 lag 40,416 
Serratia marcescens (eubacteria) r 1 unit 78,811 
Hordeum vulgare (barley) 10 laga) 41601 

a) 625,000 dpm of 3H-labelled chitin was incubated with the specified amount of enzyme for 1 h at 37 ~ and the 
released amount of radioactivity was determined as described in section 2.2.3. 

b~ Pure endochitinase from T. aestivum was obtained by affinity column chromatography essentially as described 
by MOLANO et al. (12). 

~ Endochitinase from S. marcescens was purchased from Sigma (C-1650). 
d~ As a control, endochitinase from H. vulgare was incubated at 90 ~ for 5 min before incubation with 3H-labelled 

chitin. 
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N-TERMINAL: 
BEAN: NH2-EQCGRQAG GALC P G G N C C S  Q F G W C G S T T D Y C P  G CQSQ CGGP 

BEAN: 
BARLEY: 

BEAN: 
BARLEY: 

S PAPTD L~'IA L I~ST~QFM--C'~KIH RND GA~AAKG FYTYD AF I ~ 
NH2-S V S I V A Q FLL~R MLM_~LIH R N D G A K G F Y T Y D A F V 

F~ K FAI YF~ S F~-I N p--GID T A ~ F~- ~ 
A AL~FL~G FLF_GJR TLT__GJS A D 

CYANOGEN BROMIDE FRAGMENT: 

~ I S P KPS 8 ~D~ITS R~T~S SF'~'IvF~-~R~ILFPTIYF~T ~[T N I I NNI BEAN: 
BARLEY: P P K P S S A A G Q S D G ALA_~R~A A~GLRJV PLLGJF G~JV T N I I 

Figure 3. Comparison of the amino acid sequence of bean (Phaseolus vulgaris) endochitinase deduced from a cDNA 
sequence (4) with two fragments of barley endochitinase. Residues at identical positions are boxed. 

That it is a true endochitinase is further 
demonstrated by the observation that its amino 
acid sequence is homologous to that of an 
endochitinase from bean (Phaseolus vulgaris). 
In Figure 3 is shown the 54 N-terminal amino 
acids of protein C together with 40 residues of 
purified peptide obtained by cleavage with 
cyanogen bromide in 70% formic acid. The 
figure also includes the relevant parts of the 
predicted amino acid sequence of a bean leaf 
endochitinase derived from a cDNA clone by 
BROGLIE et al. (4). Identical positioned residues 
(61 of 104) are boxed in order to visualize the 
expressed homology between the two proteins. 
Several smaller peptides derived from cleavage 
with trypsin show the same degree of homology 
(not shown). One striking difference between the 
two proteins is that the bean enzyme extends 46 
residues beyond the N-terminal of the barley 
protein C. Considering the strong homology 
between the enzymes it appears that these 46 
residues are not necessary for catalytic endo- 
chitinase activity. On the other hand, it has been 
proposed by LUCAS et al. (10) that the N-termi- 
nal 30 residues of bean endochitinase are in- 
volved in the recognition of chitin since this part 
of the molecule is strongly homologous to wheat 
germ agglutinin (23), which binds aminoacety- 
lated aminosugars. The rest of the bean endo- 
chitinase sequence is completely different from 
that of wheat germ agglutinin. 

The amino acid composition of protein C is 

shown in Table II. A comparison was also made 
with the deduced composition of the bean endo- 
chitinase sequence (4) from which the N-termi- 
nal 46 residues extension relative to the protein 
C N-terminal had been subtracted ("BEAN- 
FRAGMENT" in Table II). As expected from 
the sequence homology, there is a reasonably 
close agreement apart from alanine. Thus, the 
half-cystine content of both proteins is eight 
suggesting four disulfide bonds. As seen from the 
sequence comparison in Figure 3 all of these are 
not conserved. 

Endochitinases have not been demonstrated 
in barley before, but an endochitinase from 
wheat germ has been isolated (12). It is a basic 
protein with a molecular weight of about 30,000 
and an amino acid composition close to that of 
bean endochitinase as shown in Table II. The 
amino acid sequence of the wheat germ chiti- 
nase is not known, but the molecular weight and 
amino acid composition indicate that this en- 
zyme may be related to the barley and bean 
enzyme and may contain the extended agglutin- 
in-like N-terminal amino acid sequence which is 
absent in the barley endochitinase. 
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Table II. Amino acid composition of endochitinases from barley (Protein C), bean and wheat germ. 

Amino acid Barley a) Bean-fragment b) Bean (4) Wheat (12) 

Aspartic acid 23.4 27 29 28 
Threonine 13.8 r 19 22 22 
Serine 17.7 c) 22 26 24 
Glutamic acid 18.0 16 22 20 
Proline 17.0 15 20 15 
Glycine 30.7 27 37 52 
Alanine 37.3 23 26 27 
Half-cystine 7.2 d) 8 16 12 
Valine 12.5 10 10 14 
Methionine 1.6 2 2 3 
lsoleucine 10.8 11 11 9 
Leucine 11.3 16 17 13 
Tyrosine 11.9 14 15 14 
Phenylatanine 12.7 12 13 14 
Histidine 4.9 3 3 4 
Lysine 6.9 8 8 8 
Arginine 15.2 15 16 14 
Tryptophan 3.5 6 7 4 

No of residues 259 el 254 300 297 
Molecular weight 27363 e) 27675 32205 29491 

a) This work. 
b) Composition of the bean-fragment is based on the amino acid sequence without the N-terminal 46 residues as 

deduced from (4). 
c) Extrapolated values. 
d) Determined as cysteic acid. 
e) Based on the amino acid numbers derived from nearest integer. 
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