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It has been proposed that microbial proteinase inhibitors, which are present in abundance in cereal
grains, protect the seed against plant pathogens. So far, however, very little is known about the
interactions of those inhibitors with the proteinases of phytopathogenic microbes. The increased
alkaline proteinase activities of Fusarium head blight (FHB) diseased wheat and barley grain imply
that the Fusarium fungi synthesize those enzymes during the colonization of the kernel. To study
which barley proteins can inhibit Fusarium proteinases, and hence, possibly protect the seed from
FHB, the proteins of a grain extract have been separated and tested for their abilities to inhibit two
alkaline serine proteinases that we previously isolated from F. culmorum. The proteins were separated
by size exclusion, ion exchange, and reversed-phase-HPLC chromatographies. The purified inhibitors
were identified by their molecular masses and N-terminal amino acid sequences. The proteins that
inhibited the subtilisin-like Fusarium proteinase were the chymotrypsin/subtilisin (Cl) inhibitors 1A,
1B, and 2A and the barley a-amylase/subtilisin inhibitor (BASI). Only one of the purified proteins
inhibited the trypsin-like proteinase, the barley Bowman—Birk inhibitor (BBBI). No novel inhibitors
were detected.
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INTRODUCTION embryos (BBBI) strongly inhibited the bovine and microbial
(Pronase) trypsins and, to a lesser extent, bovine chymotrypsin

defend them against pathogens and pelstnl the references (5). Proteins that are closely related to BBBI have been isolated
therein). These proteins have generally been detected and"©M Wheat, rice, and several other grasses and leguimeg)(
characterized by their abilities to affect bovine trypsin or @ndanimmunologically cross-reacting protein has been detected
a-chymotrypsin, bacterial subtilisin, or thespergillus oryzae N TYe (5). The bifunctionala-amylase/subtilisin inhibitor
proteinase (oryzin). However, their interactions with the en- Strongly inhibited bacterial subtilisin and weakly some fungal
zymes of plant pathogenic fungi have scarcely been stugied ( (ASPergillus spp.) proteinases (6). It did not inhibit bovine
4). To establish whether the proteinase inhibitors play any role Chymotrypsin or trypsin®), even though it belongs to the Kunitz
in seed protection, it is important to identify the proteins that YPSin inhibitor family (.3). Similar inhibitors occur in several
inhibit the plant pathogen enzymes that occur in infected grain Other cerealsl 14-16). These proteins inhibit endogenous seed
and to then characterize their interactions in Vitro. o-amylases, but their inhibition of m[crob|al amylases has not
The proteinase inhibitors that may protect the cereal seedsP€en detected. CI-1 and CI-2, which belong to the potato
against proteolysis by pathogenic microbes are the Bowman inhibitor | family (17, 18), inhibit the activities of chymotrypsin,

Cereal seeds contain serine proteinase inhibitors that may

Birk type trypsin inhibitors §), the a-amylase/subtilisin inhibi-  €lastase, bacterial subtilisin and certain other microbial pro-
tors (6,7), and the chymotrypsin/subtilisin inhibitor8, @), all teinases (89, 19). An .|nh|b|tor that is very similar to CI-2A is

of which have been shown to inhibit microbial proteinases. In Présent in wheat grain endosperm £9).

addition, a trypsird-amylase inhibitor from barley had anti- Fusarium head blight (FHB, scab) of wheat and barley is a

fungal properties (10), but it did not inhibit certain microbial worldwide problem in agriculture. This disease has caused
proteinases (11). The Bowman—Birk inhibitor from barley drastic yield and quality losses in both of these cereals, es-
pecially during the past decade in North Ameri@4 énd the
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the growing mycelium, so it is possible that inhibitors that affect that inhibited the TL proteinase, &/mL of bovine serum albumin
these proteinases could restrict the fungal growth in the kernel. (BSA, Pierce, Rockford, IL) was added to the enzyme preparation to
Previously, we have purified and characterized the two alkaline Stabilize its activity. A 10uL sample of each fraction or of 50 mM
serine proteinases that are synthesizedrbgulmorumin the NH, acetate buffer (control) was mixed with 4@ of each enzyme
presence of grain proteins and in infected grain (23—25). The solution and incubated on ice for 30 min. The SL or TL activities of

aim of this study was to determine which barlev proteins. if these mixtures were then measured at°@8with 3 min assays, as
y yp ’ described previously (24). The substrate solutions used were 5.0 mM

any, can inhibit thes&. culmorumserine proteinases. N-succinyl-Ala-Ala-Pro-Phe-nitroanilide for the SL and 0.5 mM
N-benzoyl-Val-Gly-ArgpNA for the TL. The enzymes and inhibitors
MATERIALS AND METHODS were diluted 10-fold when mixed with the substrate solution. The

substrates were dissolved in 175 mM Na citrate, pH 6.0, that contained
Purification of the Inhibitors. Extraction and Size-exclusion 494 dimethyl sulfoxide (DMSO). The chromatography fractions were
chromatographyBarley (Hordeumwulgare L. cv. Morex) grain was diluted, when necessary, with the NEcetate buffer.
ground with a Retsch ZM1 (Brinkmann, Haan, Germany) mill to pass  sps-PAGE. Samples of the RP-HPLC separated inhibitor prepara-
a 0.5 mm screen. An extract was prepared by mixing 30 g of the ground tions were separated with High-Density PhastGels (Amersham Phar-
grain with 90 mL of 50 mM NH acetate, pH 5.0, buffer for 30 min at  macia Biotech, Uppsala, Sweden) under denaturing and reducing

22°C. The mixture was then centrifuged at 12,pfor 10 min at 5 conditions according to manufacturer’s instructions. A mixture of

°C, and the supernatant was filtered through six layers of cheesecloth,trypsinogen (24.0 kDa), lysozyme (14.3 kDa), cythochrome ¢ (12.4

divided into 20 mL aliquots, and stored &20 °C until used. kDa) and aprotinin (6.5 kDa), all purchased from Sigma, was used for
An aliquot of the barley extract was thawed, centrifuged as above, calibrating the gels. The gels were stained with 0.1% Coomassie

and 15 mL of the supernatant was applied to a:2.64 cm Bio-Gel Brilliant Blue R-250 (Sigma) dissolved in 40% methanol and 1% acetic

P-30 (Bio-Rad, Hercules, CA) size exclusion column that had been acid and destained in the same solution without CBB.

equilibrated with pH 5.0, 50 mM, Ni-acetate buffer. The column was Protein Identification. The molecular masses of the purified proteins

eluted with the same buffer, and the absorbances of the collected 5.2-were determined by MALDI-TOF mass spectrometry on a Bruker Biflex
mL_frac_ti_o_ns were _m_easured at 280 nm. T_he fractions were tested for ||| (Bruker Daltonics, Billerica, MA) instrument at the University of
their abilities to inhibit the previously describe2; 25) F. culmorum Wisconsin Biotechnology Center, Madison, WI. The N-terminal amino
subtilisin-like (SL) and trypsin-like (TL) proteinases using the assay acid sequences of the proteins were analyzed using the Edman
described below. The fractions that inhibited were combined into two degradation method with an ABI 420/H Amino Acid Analysis System
pools, F18—23 and F24—31. The corresponding fractions from three at the Protein Chemistry Laboratory of the University of Texas Medical
identical separations were combined and diluted 2.5-fold for cation Branch Cancer Center, Galveston, TX.

exchange chromatography. A Comparative Measurement of the Inhibition Activities. The
lon Exchange Chromatographyhe inhibitors from each of the size  purified inhibitor preparations were filtered through 0481 PTFE
exclusion column pools were applied to ax18 cm carboxymethyl filters, and their absorbances were measured at 280 nm. The extinction

cellulose (CMC, CM52, Whatman, Maidstone, U.K.) column that was coefficients (eso) of the inhibitors were estimated from their tyrosine
equilibrated with 20 mM NH acetate, pH 5.0. The same buffer was (Tyr) and tryptophan (Trp) compositions, (MM—'cm™ = 1.4 x nTyr
used to wash any unbound proteins from the column. For both pools, + 5.6 x nTrp) (26). To compare the abilities of the various inhibitors
the proteins were first separated with a linear gradient that ran from to inactivate the~. culmorumproteinases, the inhibitor samples were
20 to 150 mM, pH 5.0, NHacetate (130 mL of each buffer). When  diluted with water to concentrations between 0.2 and®6 To relate
the proteins of the F2431 pool were being purified, a second linear the inhibition due to the purified barley inhibitors with that of
gradient that ran from 150 to 500 mM buffer (100 mL of each) was commercial class-specific inhibitors, 0.2—1/M of chymostatin
applied to the column after the 20—150 mM one had finished. (Sigma) or 1-10uM of soybean Bowman—Birk inhibitor (Sigma)
The majority of the inhibitors in the F1&3 pool did not bind to solutions were prepared in water (the chymostatin solutions contained
the CMC column, and this unbound protein was collected and subjectedless than 0.01% DMSO). The. culmorumproteinases were purified
to anion exchange chromatography. The pH of the sample was adjusteddy cation exchange-HPLC (24). The enzyme concentrations were
to 8.3 with NH,OH, and it was applied to a & 7.5 cm quaternaryam- calculated from their approximalex values (33 st for the SL and 45
monium cellulose (QAC, QA52, Whatman) column that had been s*for the TL enzyme) after their maximal velocities were measured
equilibrated with 20 mM NBFHCO;, pH 8.5. The inhibitors were eluted (24, 25). Twenty-microliter samples of each inhibitor solution were
with a linear, pH 8.5, NlHCG; buffer gradient that ran from 20 to incubated on ice with either 200 nM SL or 90 nM TL proteinase in a
200 mM (150 mL of each). During all of the ion exchange steps, 4.2- total volume of 50ulL. All of the incubation mixtures contained 50
mL fractions were collected and their inhibitory activities were tested «g/mL BSA to stabilize the enzymes. The activities were measured as
as described below. The fractions that contained inhibitors were pooled above, after 30 and 40 min of incubation.
and stored at-20 °C.
Reversed-Phase-HPLC Separatiofihe inhibitors were further RESULTS
urified by reversed-phase (RP)-HPLC on a Zorbax-€RB8 4.6 mm . . . -
I[>)<7.5 cm)(l:olumn (MAF\)C-MOI(D Ar)1alytical, Inc., Chadds Ford, PA) that Separation of the Fusarium Proteinase Inhibitors. A
was eluted with gradients made with water and acetonitrile, each of Scheématic diagram of the purification procedure is presented
which contained 0.1% TFA. The thawed samples were filtered through in Figure 1. A Bio-Gel P-30 size exclusion column separation
PTFE 0.45um filters and 2-10-mL aliquots were applied to the  resolved the SL proteinase inhibitors into two fractions that were
column, which was washed with 2 mL of the equilibration buffer ata denominated F18—23 and F24—31 (Figure 2). The TL pro-
flowrate of 1 mL/min. The linear water-acetonitrile gradients differed teinase inhibitor(s) eluted together with the second SL-inhibitor
slightly and were between 25% and 50% as showhRigure 3. The  fraction. The majority of the inhibitors in F1&3 did not bind
28_0 nm—apsorblng _fractlons that eluted were collectt_ed,_ fr(_ae_ze—dned to a cation exchange column at pH 5.0 (chromatogram not
twice, redissolved in 300 or 500L of water, and their inhibitory hown), but four inhibitory fractions were separated from+18
aCtI'V;:!E_S WeAre tESterH When neceisary’ the RP(;HPI&C StEphwa_Sr:%Peate 3 by anion exchange chromatography at pH 8.5 (fractionBA
nhibitor Assay. The enzymes that were used to detect the Inhibitors of Figure 3A). Application of the 20 mM buffer wash lowered

during the chromatograpy steps were purified fronf.aculmorum . . : P
culture medium preparation by CMC, as described previo@y The the elution pH 'F0.~6.2, which eluted the fraction A inhibitors.
The other inhibitors eluted at buffer (pH 8.5 NHCO;)

enzyme preparation was diluted with pH 5.0, 50 mM, Nidetate buffer )
to make solutions that contained approximately 270 nM SL or 180 concentrations of 85, 105, and 130 mM. The RP-HPLC

nM TL proteinase. These concentrations yielded activities of about 5 separations of the ion exchange fractions B and C are shown in
nkat/mL of sample under the assay conditions. When testing fractions Figure 4A,B. The proteins that eluted in the peaks indicated
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(cv. Morex)
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Figure 1. A schematic diagram of the inhibitor purification procedures.
The chromatography methods are indicated beside the arrows at each
step. The inhibitors that occurred in multiple size-forms are indicated with
an asterisk (*), and the superscript numbers refer to the original articles
in the list of references.
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Figure 2. A Bio-Gel P-30 size exclusion separation of barley extract
proteinase inhibitors. A 15 mL sample of barley extract was applied to a
2.5 x 64-cm column, and the eluted proteins were collected as 5.2-mL
fractions. (—) Protein, absorbance at 280 nm, (O) inhibition of the SL
proteinase activity (fractions 14—36 were diluted 2-fold before the analysis),
and (@) inhibition of the TL proteinase.
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Figure 3. lon exchange separations of barley proteins that inhibit Fusarium
proteinases. (—) Protein, absorbance at 280 nm; (---) molarity of the
NH4HCO; gradient; (O) inhibition of the SL proteinase activity; and (®)
inhibition of the TL proteinase. (A) Anion exchange chromatography with
QAC at pH 8.5. Fractions 1-5 and 6—7 contained the nonbound sample
and a 20mM NHHCO; wash, respectively. (B) Cation exchange
chromatography at pH 5.0. Fractions 1-22 contained the nonbound sample
and a 20mM NH, acetate wash. Fractions, 4.2 mL each, were collected,
pooled as indicated by the bars, and designated as A-I.

proteinases were measured by MALDI-TOF mass spectrometry
(Table 1), and the N-terminal amino acid sequences of selected
inhibitor proteins were analyzed and compared with those stored
in the SWISS-PROT database (Table 2).

The QAC-Separated InhibitorBraction B contained several
inhibitor forms that separated with RP-HPLEIdure 4A). The
molecular mass and N-terminal amino acid sequence of Bl
indicated that it was a fragment of CI-1A whose N-terminus
started with residue Lys (27). The mass of Blwas identical
to that of the complete molecule of CI-1A (27). However, no
amino acid sequence data was obtained from this fraction,
because its N-terminus was apparently blocked. The mass
spectrometric data indicated that the,Bjreparation was
homogeneous, but it still gave two bands, of 5.7 and 7.3 kDa,

by the heavy lines all inhibited the SL enzyme and were purified on an SDS—PAGE gel (Figure 5, lane 2). The two major
further by repeating the RP-HPLC step (not shown). When the proteins in By were CI-1B protein fragments whose N-termini
components of the pool F24—31 fraction were separated with started with the residues Lyssand Gly (Tables 1and2) (27).
cation exchange chromatography, the SL inhibitors eluted at Small amounts of other proteins whose masses corresponded
buffer concentrations of 50, 75, 110, and 370 mM (fractions to various CI-1B fragments were also present, &intained a
E—H, Figure 3B), and the single TL proteinase inhibitor eluted major protein with a mass of 8657 Da and traces of other
at 400 mM buffer (1). The RP-HPLC separations of the proteins proteins. Because preliminary studies indicated that the 8657
in fractions E, F, and | are shown kfigure 4C—E, respectively. Da protein might be N-terminally blocked, it was digested with
The RP-HPLC separated fractions were called barley inhibitor trypsin and the amino acid sequences of two of the resulting
numbern (Bl,) and were numbered in the order of elution, as peptides were analyzed. Both of these peptides had sequences
indicated on each chromatogram. that were identical with portions of the CI-1B molecule. On

Identifying the Inhibitors. The masses of all of the RP- the basis of its molecular mass, this protein was apparently a
HPLC fraction components (BJlthat inhibited either SL or TL CI-1B fragment that started with Ser
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A Table 1. The Molecular Masses of the RP-HPLC-Separated Inhibitors
= 100 4 (Bl,), as Measured by MALDI-TOF Mass Spectrometry (Mg)?
80 1 ’ 2
E 60 40 & Bl, Mq (Da) M. (Da) inhibitorsa
2 40 - - 38 ;“c:; 1 7963 7960 Cl-1A10
o |36 & 2 8795 88820 Cl-1A;
< 204 @ 3 7990 7988 Cl-1By
0 34 8331 8329 Cl-1Bg
8186 8185 Cl-1Bg
9 11 13 15 17 19 21 23 8273 8272 Cl-1B,
B 4 8657 8676 Cl-1B3
100 14 5 7961 7960 Cl-1A1
2 80 4 e 8447 8446 Cl-1As
E I L0 © 6 7831 7832 Cl-1Ay,
E,’ P g 8793 88820 Cl-1A;
& 404 [1.-- sme [% 3 7 8458 8458 Cl-1Bs
2 994 7 b3 5 7989 7988 Cl-1Byo
< 8328 8329 Cl-1Bg
0 A 34 8 9291 9250° Cl-2A;
9 11 13 15 17 19 21 23 9 7399 7400 Cl-2A19
7285 7286 Cl-2A
C 100 50 9290 9250° Cl-2A
=) L’ - 10 7397 7400 Cl-2A19
< 801 % b6 11 7865 7865 Cl-2As
E 60 : Py 12 13851 13823 BBBI;
2 404 . r42 8 13 19886 19879 BASls
N . 2
£ 204 4 . 1o 38 S a ' i
< Nig The calculated masses (Mc) were acquired from the SwissProt database. The
0 1T - 34 number listed after the inhibitor name indicates the amino acid (aa) located at the
13 5 7 9 11 13 15 17 N-terminus of each protein. ® Reported by Williamson et al., 1988, as 8790 Da.
D ¢ The mass of the protein with N-terminus Ser;. The calculated mass of the protein
. 100 —r 50 that begins at the Met residue is 9380 Da (Williamson et al., 1987).
2 80+ 7 bae § AT i
E 604 ’ 11 g Table 2. The N-Terminal Amino Acid Sequences of Selected Purified
% 40 4 P F 42 _g Inhibitors (Bl,)2
;‘? 2041]..-" . r38 5 Bl, amino acid sequence inhibitor
0 — T 34 1 (L0)KYPEPTEGSIGASSAKTSWPEVVGMSAEK Cl-1A
1 3 5 7 9 11 13 15 17 3 (10)KYPEPTEGSIGASGAKRSWPEVVGM Cl-1B
(6)GSVPKYPEPTEG
E 100 4 (27)SWPEVVGMSAEK Cl-1B
=) 13 .01 44 (46)DKPDAQIEVIPVDAMVPLDF
é 80 4 Phd 40 ;\5‘ 6  (11)YPEPTXGSIXAXSAKT CI-1A
& 604 12 et = 9  (20)LKTEXPELVGK Cl-2A
2 10 L. -36 5 (19)NLKTEXPELVGK
N ] R 32 3 10 (19)NLKTEWPELVGKSVEEAKKVILQDKPEAQIIVLPVGTIVT Cl-2A
2 20 4 Lt L o8 3 11 (15)GDRHNLKTEWPELVGKSVEEAKKVILQDKPEAQIIVLP Cl-2A
< 0 4=z s . ' i 24 12 (1) AGKKRPWKXXDQAVXTRSIPPIXT BBBI
. 3 5 . N 13 (23)ADPPPVHDTDGHELRADANY BASI

R Lo . : : :
etention time (min) @ Two sequences were sometimes observed that started from different locations

within a single protein. The residue number of the N-terminal amino acid, as listed
in SwissProt, is indicated in brackets.

Figure 4. Reversed-phase-HPLC separations of the Fusarium proteinase
inhibitors. (A and B) QAC pools B and C; (C—E) CMC pools E, F, and |,
respectively. (—) Absorbance at 280 nm; (---) % acetonitrile in gradient.
The inhibitor fractions are indicated by the heavier lines. These were

individually collected and designated Bl -
-24.0

- . . - -124
Inhibitors from the QAC-fraction C were separated into three -l 65

peaks with the RP-HPLCHgure 4B). Bls and Bk both
contained fragments of CI-1A, the most prevalent of which
started with residues Lysand Tyr; (Tables 1and 2). The
masses of the proteins that were present indBtresponded to 1 2 3 4 5 6 7
fragments of CI-1B that started with Gland Lyso. The RP- Figure 5. SDS-PAGE separations of selected purified inhibitors. Lane
HPLC separations of QAC-pools A and D (not shown) were 1 Bj, Cl-1Ay g (0.6 ug); lane 2, Bly, Cl-1A; g3 (1 ug); lane 3, Blyy,
very similar to those of B and C. The molecular masses of the ¢|.2a; g (0.8 ug); lane 4, Bls, CI-2A;_g; (0.3 ug); lane 5, Bly,, BBBI1_12
major proteins from QAC A were 7957, 7984, and 8325 Da, (0.7 ug); lane 6, Blys, BASlzs 203 (0.8 «g); and lane 7, molecular weight
indicating that they were various forms of CI-1A and -1B that gtandard.

also occurred in Bland Bk. The molecular mass (8456 Da)
and N-terminal amino acid sequence of the inhibitor in QAC
fraction D indicated that it was CI-1B that started with &lu
(not shown).

CMC-Separated InhibitorsAs shown inFigure 4C,D, the
major inhibitors in fractions E and F eluted from the RP-HPLC
column at essentially the same positionsg Bhd Bh; each
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contained single proteins, whose molecular masses corresponded A
to a complete molecule (B and a fragment (Bh) of CI-2A 100 |
(Table 1). As shown inTable 2, its N-terminal amino acid 804 R g O r
sequence analysis confirmed thatBlas identical to CI-2A, 9
starting from residue Gly (17, 28). As found previously with =604 W g
Bl,, the Edman N-terminal sequence analysis of B&s not =
successful, indicating that its N-terminus was blocked (see ref. % LU ™ 7GR [
17). The Serin the N-terminus of CI-2A may be acetylated, oo lpe® L
because the observed molecular mass gfils about 40 kDa ; ; § :
higher than the calculated mass of Cl-2Aable 1). The 0 ; 3 ;
molecular masses of Bland Bk on SDS-PAGE analysis were 0 40 80 120 160 200
5.2 and 7.3 kDa, respectivelyigure 5, lanes 3 and 4). The Inhibitor concentration (nM)
minor fractions, B§ and Bhg, contained CI-2A fragments that
started with residues Legland Asng, respectively, (Tables 1 B 100 -
and2). The proteins of the CMC fraction G were also separated
with RP-HPLC (not shown), and the purified preparations 80
contained small amounts of proteins with molecular masses of S
8849 and 7693 kDa, which corresponded to CI-2A fragments g 90 1
that began with residues Lysnd Argy, respectively. g 40

Because the last two fractions, H and I, overlapgedyre £
3B) and both contained the same inhibitors, although in different " 20
proportions, only the | RP-HPLC separation is showig(re : | | :
4E). The molecular masses and amino acid sequence data for 0 ' f f
Bl12 and Bhs showed that they were comprised of BBEI9) 0 40 80 120 160 200
and BASI (3, 30), respectively. Their molecular sizes, when Inhibitor concentration (nM)
analyzed with SDS—PAGE, were 14.2 and 19.5 kDa respec- Figure 6. The inhibition of the Fusarium proteinases by the various
tively (Figure 5, lanes 5 and 6). inhibitors. (A) SL enzyme (20 nM in the reaction mixture) inhibited with

Inhibitor Yields. After the compositions of each of the Cl-1A;_g; (®), Cl-1Ay_g35 (), CI-2A;_g3 (A), CI-2A15-g3 (2); BASI (M,
inhibitor fractions were determined, their yields were calculated, and chymostatin (®). (B) TL enzyme (9 nM) inhibited with BBBI (@) or
using the LambertBeer Law. The absorbance of each sample soybean Bowman-Birk inhibitor (O).
was measured and its concentration was calculated from its
molar extinction coefficient (which in turn was computed from of the TL activity, while the effect of the 8-kDa soybean
its Tyr + Trp composition, as determined from its published inhibitor was much weaker. The soybean inhibitor never
amino acid sequence). When the amounts of all of the CI-1 inhibited more than~80%, even when its concentration was
fractions (homogeneous samples or mixtures) were totaled, theirincreased to 400 nM (not shown).
yield was~8 ug per g of ground grain. Nearly equal amounts
of CI-1A and -1B were recovered, as would be expected on the DISCUSSION
basis of their respective mRNA levels in the developing
endosperm (27). CI-1B occurred as several different fragments
while the majority of the CI-1A was present in two forms that
started with the residues Metr Lys;o. BASI, BBBI, and the
major forms of CI-2A yielded 35, 13, and 18 per g of ground
grain, respectively.

Two F. culmorumalkaline serine proteinase activities were
used to monitor the HPLC and open column chromatographic
separations of a barley protein extract in order to identify the
various inhibitors of these enzymes that it contained. The SL
proteinase activity was inhibited by the proteins CI-1, CI-2, and
BASI. All of these proteins have been previously shown to

Comparison of the Inhibitory Activities. Inhibitors of the inhibit proteinases from various nonpathogenic microt2es (

SL ProteinaseTo determine which proteins were the most 9, 19, 31). Mikola and Suolinna2) showed that an alkaline
potent inhibitors of theFusariumproteinases, enzyme assays proteinase inhibitor, which was later called C148),(inhibited
were carried out in the presence of varying concentrations of 5 proteinase from the phytopathog&lternaria tenuissima. To
the purified inhibitors. The inhibition 0f~20 nM SL proteinase our know|edge, the interaction of either Cl-2A or BASI| with a
was carried out with ChymOStatil’l, BAS', and the different CI- p|ant pathogen proteinase has never been demonstrated previ_
1A and CI-2A forms at concentrations that varied from 4 to oysly. Only a single protein, BBBI, inhibited the TL proteinase.
~250 nM (Figure 6A). BASI and CI-2A were equally strong  Thijs inhibition may be related to that in which a trypsin inhibitor
inhibitors and inactivated the enzyme almost tota”y at concen- from k|dney beanwhaseo|usju|garis) inactivated the trypsin_
trations of 46-60 nM, while over 200 nM solutions of CI-1A  |ike activity of Fusarium solani(32). None of the endosperm
were required to reach 90% inhibition. The effect of CI-1A was trypsin/a_amy|ase inhibitors’ also called CM_protei@I’ were
similar to that of ChymOStatin, which is a class SpeCiﬁC inhibitor detected, |mp|y|ng that these proteins are not strong inhibitors
of chymotrypsin and subtilisin. The abilities of the CI-1A and  of the Fusariumproteinases. Although these are called chloro-
2A proteins to inhibit the SL proteinase differed only little, form-methanol soluble proteins, they have also been purified
whether they were complete proteins or fragments whose from acidified aqueous solutiond ), so it seems likely that
structures started at residues Lyer Glyis. they would have been detected if they inhibited Ehesarium

The TL Proteinase InhibitorsThe abilities of 3-200 nM enzymes.
concentrations of purified BBBI and 40—200 nM soybean  Various methods for purifying all of these inhibitors have
Bowman—Birk inhibitor to inhibit 9 nM solutions of the TL  been described previously (3-8, 11, 18, 29). Using the
proteinase were measured. As shownFigure 6B, an ap- Fusarium proteinases to monitor the purification procedures
proximately 3-fold ratio of BBBI to proteinase inhibited 90% allowed us to screen and collect all of the possible inhibitors
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from the entire buffer-soluble barley protein fraction. No
completely novel inhibitors were detected during this study,
indicating that it is unlikely that there are other inhibitor classes
that play a part in controlling the activities of theBasarium

proteinases. It also allowed us to purify several inhibitors at

J. Agric. Food Chem., Vol. 51, No. 6, 2003 1715

shoots and leaves that is related to, but not identical with, that
of CI-2A (28). The synthesis of the inhibitors (or their mMRNAS)
has been detected 2 weeks after anthesis in the endosperm tissue
(27, 30, 38—40). CI-1 and CI-2 were synthesized in both the
aleurone layer and starchy endospe38, (@1, 42), but they

the same time. Pure protein preparations were obtained for allhave not been detected in embry88)(In several studies, BASI

of the inhibitors except CI-1B, whose various fragments were
particularly difficult to separate. However, even when the

MRNA has been detected in the starchy endosperm of seeds
and in cultured aleurone cells, but not in the developing aleurone

fragments were not separated, only very small amounts of other(30, 42, 43). However, in other studies the BASI protein has
proteins were present in those fractions. A third homologous been detected in the aleurone layers of various cultivars (40,

CI-1 protein, CI-1C, has been co-purified with the other two
ClI inhibitors by others (18), but it was neither recovered or

44). These variant findings may be due to differences in the
detection techniques that were used. Alternatively, the synthesis

detected during this study. Either the method does not work of BASI in aleurone layers may vary in different cultivars, eg.

for this protein or there was little or no CI-1C protein in Morex

BASI mRNA has been extracted from both the starchy endo-

barley. The fragmentation of ClI-1 and CI-2 has been reported sperm and aleurone layer of Bomi, but was not present in the

previously @7, 18), but the physiological functions of these
modifications, if any, is not known. At least part of the cleavages

aleurone layer of its high-lysine mutant, Risg 15@8)( The
BASI protein was also present in the embryos of several

occurred during the extraction and purification steps becausecultivars (40,44).

the various forms were obtained in different proportions when
the entire extraction procedure was repeated (not shown).

CI-2A, BASI, and BBBI eluted concomitantly from the small

Bifunctional Bowman-Birk inhibitors, which inhibit both
bovine trypsin and chymotrypsin, have been detected in cereals
and legumes (112). A Bowman—Birk-type trypsin inhibitor

scale size exclusion column, but these proteins were totally has been purified from barley embryds) (and rootlets Z9)
separated when the purification scale was enlarged by using aand there are indications of its presence in the aleurone layer

5 x 77 cm column (not shown). However, in that case the BASI
and BBBI eluted later than CI-2A. The Cl-proteins reportedly
tend to form di-, tri-, and tetramer8)( which may have affected
their elution rates. However, the observed inhibitor elution
patterns seem to indicate that BASI and BBBI probably
interacted with the column.

Williamson et al. showed that despite the fact that CI-2 has

(5). Two BBBI isoforms have been isolated from Risg 1508
barley (5), but only one form was detected in Morex. BBBI

contains two homologous domains and can bind two bovine
(5, 29, 35) or microbial (Pronase) (5) trypsin molecules

simultaneously. A similar inhibitor has been purified from wheat
embryos, together with a homologous protein that had a
molecular mass of about 7 kD4R).

a slightly larger calculated molecular mass (9250 Da, starting  The only previously known physiological functions of CI-1

with Ser) than CI-1 (8790 Da), it migrated faster in urea/SbS
PAGE than CI-1 (27). In our SDS—PAGE analysis (30%
ethylene glycol, no urea), all of the different inhibitor forms

and CI-2 were to serve as storage proteins, although it has been
presumed that they may confer resistance to grains against
microbial pathogens and insec##6]. A seed-protective role

migrated slightly faster than expected on the basis of their has also been proposed previously for BBB).(This was
calculated molecular masses, but the previously reported supported by studies in which two BowmaBirk-type inhibitor

anomalous separation of CI-1 and CI-2 did not occur.

CI-2A and BASI were more potent inhibitors of the SL
proteinase than CI-1A. Both CI-1 proteins also inhibited bovine
chymotrypsin and bacterial subtilisin more weakly than CI-2A
(19). BBBI was a stronger inhibitor than its soybean relative.
The soybean inhibitor has only a single binding site for trypsin
(34), whereas the double domain BBBI can bind two trypsin
molecules simultaneously (85). However, the difference
between the inhibitory activities of the soybean and barley
inhibitors was not proportional to their numbers of binding sites,
implying that theF. culmorumTL proteinase binds more tightly
to the barley inhibitor. As seen with CI-1 and -2, which inhibit
microbial proteinases more strongly than bovine chymotrypsin
(19, 31), BBBI inhibited a microbial proteinase (Pronase) more
effectively than it did bovine trypsirb]. Previous studies with
bovine chymotrypsin and bacterial subtilisin have shown that
Cl-1 and CI-2A are slow-binding inhibitors19, 31). Our
preliminary inhibition studies (not shown) have indicated that
Michaelis—Menten kinetic analysis was not applicable to any
of the purified inhibitors, so more detailed studies are being
carried out to define the kinetic properties of these inhibitors
with the Fusariumproteinases.

CI-1, CI-2, and BASI all are seed-specific protei2y (28,
30, 36). Inhibitors of chymotrypsin and\spergillus oryzae

forms from barley and one from wheat endosperm apparently
had antifungal properties in vitro (4,0). A trypsin inhibitor
from corn, which differs from BBBI, has been shown to inhibit
the sporulation and growth of plant pathogenic fungv)(
However, this effect was not necessarily due to the proteinase
inhibition properties of this protein, but could be due to its effect
on the fungali-amylase (48). It has been proposed that BASI
may regulate the release of sugars from starch, prevent preco-
cious germination and protect the seed from invasion by
pathogens because it inhibits both endogencasylase 2 and

the microbial proteinase subtilisin (Z, 30, 49, 50).

In summary, the inhibition of microbial proteinases by CI-1
and -2, BASI and BBBI, and their abundances in the grain have
encouraged researchers to presume that they protect the seed
from pathogen and pest attacks. Our results strongly support
this hypothesis, as we have shown that these proteins inhibit
the two alkaline serine proteinases of a potent phytopathogenic
fungus in vitro. We have found that these proteinases were
synthesized in heavily infected developing barley kern2®.(
However, the inhibitors apparently cannot fully prevent the
fungal invasion, because it has been shown Ehatulmorum
andF. graminearuntan grow into the endosperm tissues where
most of these inhibitors are locate@2(and the references
therein). Our future research will focus on localizing the fungal

alkaline proteinase(s) have been detected in young barley leavesproteinases in infected seeds with immunohistochemical meth-
rootlets and embryos, but they were different from those that ods, to establish when and where they are synthesized. This

were present in the endosperd7]. The presence of these
inhibitors is supported by the finding of a mRNA in barley

should give a good indication of whether the proteinases may
interact with the inhibitors inside the seed.
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Proteins. SwissProt (http://www.expasy.ch) entry: BASI,
P07596; BBBI, P12940; CI-1A, P16062; CI-1B, P16063; CI-
1C, P01054; CI-2A, P01053. Enzymes: chymotrypsin (E.C.
3.4.21.1), trypsin (E.C. 3.4.21.4), subtilisin (E.C. 3.4.21.62),
oryzin (E.C. 3.4.21.63).

Abbreviations. BASI, barleyo-amylase/subtilisin inhibitor;
BBBI, barley Bowman—Birk inhibitor; CI, chymotrypsin/
subtilisin inhibitor; CMC, carboxymethyl cellulose; DMSO,
dimethyl sulfoxide; FHB, Fusarium head blight; QAC, quater-
naryammonium cellulose; SL, subtilisin-like; TL, trypsin-like.
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