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ABSTRACT

We previously described the purification and characterization
of a 37,000 Mr cysteine proteinase, designated EP-A, from gib-
berellic acid (GA3)-induced barley (Hordeum vulgare L.) aleurone
layers (S Koehler, T-HD Ho [1988] Plant Physiol 87: 95-103). A
second, more abundant protease has now been purified from this
tissue. This protease, designated EP-B, has an apparent M, of
30,000 on 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). It resolves into two bands during native
isoelectric focusing with pi of 4.6 to 4.7. The analysis of hemoglo-
bin digestion products by both gradient SDS-PAGE and Bio-Gel
P2 chromatography, the inhibition of protease activity by E-64,
leupeptin, iodoacetate, and p-hydroxymercuribenzoate, and N-
terminal amino acid sequence analysis all indicate that EP-B is a
cysteine proteinase. The first 22 amino acids at the N terminus
of EP-B have been determined, and their sequence is 90% similar
to that of EP-A. EP-B has properties similar to EP-A; however,
EP-B is much more sensitive to high pH during gel electrophoresis
and therefore is not detectable on native activity gels used to
detect EP-A. Its pH optimum against azocasein and hemoglobin
is 4.5 to 4.6. Both of these proteinases digest hordeins enriched
for the B and D fractions into similar peptides of 25,000 to 2,000
M, as determined by gradient SDS-PAGE.

Barley aleurone layers have been used as a model system
to analyze the hormonal regulation of endosperm mobiliza-
tion to support early seedling growth. Gibberellic acid (GA3)
induces the synthesis and/or secretion of several hydrolytic
enzymes from isolated aleurone layers including a-amylase
isoenzymes (14), nuclease (7), f3-1,3;1,4-glucanase (29), and
proteases (10). GA3 increases the steady-state mRNA levels
of f3-1,3;1,4-glucanase (29), a putative cysteine proteinase
designated aleurain (26), and a-amylase isoenzymes (8, 21,
25), and at least for a-amylase this is mainly due to an increase
in the rate of a-amylase gene transcription (13). In most cases,
ABA antagonizes most of the effects of GA3 on the level of
steady-state mRNA, protein synthesis, and secretion (12).
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In contrast to a-amylase, 3-amylase, which is also necessary
for starch degradation, is present in the endosperm of dry
seeds primarily in a protein-bound form (28). The hydrolysis
of bound ,B-amylase into a more active, soluble form by
endosperm extracts from germinating grains is inhibited by
cysteine proteinase inhibitors. In this case, GA3 may regulate
13-amylase activity by inducing the synthesis and secretion of
cysteine proteinases, which can account for up to 95% of
proteinase activity in the starchy endosperm (28). The GA3-
induced cysteine proteinases are probably also responsible for
the extensive proteolysis of seed storage proteins, hordeins,
into small peptides (24). These can then be utilized by an
active peptide transport system in the scutellar epithelium
(1 1), or alternatively hydrolyzed by carboxypeptidase whose
secretion into the endosperm is also GA3-enhanced (10).
Aleurain has not been observed to be secreted from the
aleurone layer (B. Holwerda, JC Rogers, personal communi-
cation); therefore, other cysteine proteinases are candidates
for these functions. Cysteine proteinases (29,000-30,000 Mr)
recently purified from green malt of the barley cultivars
Schooner and Clipper (22) and Morex (23) are capable of
hydrolyzing hordeins.

In our quest to identify these secreted proteinases in the
barley cultivar Himalaya, we purified to homogeneity a
37,000 Mr GA3-induced cysteine proteinase designated EP-A
(15). In the course of purification of this enzyme another
protease activity even more abundant was observed. We now
report the purification and characterization of this second
GA3-induced cysteine proteinase with an approximate Mr of
30,000 designated EP-B. The activity ofboth proteases against
hordeins is also demonstrated.

MATERIALS AND METHODS

Materials

Barley (Hordeum vulgare L. cv Himalaya) seeds from the
1985 harvest were purchased from the Department of Agron-
omy and Soils, Washington State University, Pullman, WA.
Fungizone, Thimerosal, azocasein, bovine hemoglobin, Bio-
Rad low mol wt protein standards, Bio-Gel P-2, Sephadex G-
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Table I. Purification of EP-B from Incubation Media of Barley Half-Seeds
The media from barley embryoless half-seeds incubated in the presence of 1 AM GA3 according to

"Materials and Methods" were collected and protease activity was followed during enzyme purification
using azocasein as the substrate.

Purification Step Total Activity Total Protein Specific Activity Yield Purification

unitsa mg units/mg % -fold

1. Crude medium 6,300 243 25.9 100 1.0
2. 50% (NH4)2SO4 pptn 2,737 101 27.0 43 1.0
3. Gel filtration (G-1 00) 1,373 28 49.0 22 1.9
4. SP-HPLC (pH 4.5) 901 1.00 900 14 34.7
5. DEAE-HPLC (pH 6.0) 364 0.36 1,020 5.8 39.4

a One unit for protease activity is one AA3w/3 h.

100, and the protease inhibitors pHMB3, IAc, aprotinin, STI,
pepstatin, 1, l0-phenanthroline, E-64, leupeptin, and PMSF
were purchased from suppliers as indicated previously (15).
Acrylamide was either the ultrapure grade from Schwartz
Mann Biotech, Cambridge, MA or electrophoresis grade from
Fisher Biotech, Pittsburgh, PA. Antibiotic/Antimycotic lOOx
solution was purchased from Sigma Chemical Co., St. Louis,
MO. Carrier ampholines were from LKB-Pharmacia, Pisca-
taway, NJ.

Tissue Incubation

Batches of 1000 embryoless half-seeds were surface steri-
lized and incubated aseptically in medium containing 1 Mm
GA3 as previously reported (15). To prevent media contami-
nation, Antibiotic/Antimycotic diluted 1:100 was sometimes
used instead of Fungizone and chloramphenicol.

Protease Assays

Assays with azocasein in 20 mM Na-succinate (pH 5.0) were
used to follow protease activity during purification as previ-
ously described (15). Assays with hemoglobin as substrate
were also used in some protease characterization studies. The
assays were conducted as previously described (15) except the
buffer pH was approximately 4.5, and the reactions were
incubated at 40°C prior to TCA precipitation for determina-
tion of ninhydrin reactive a-NH2, or for analysis by Bio-Gel
P2 chromatography or urea SDS-PAGE (15).

Determination of Mol Wt and Enzyme Purity

Protein samples during purification were analyzed by SDS-
PAGE followed by silver staining as previously described (15).

Ammonium Sulfate Fractionation

Medium harvested from nine flasks of half-seeds between
72 and 96 h of incubation was adjusted to 0.1% (v/v) I3ME

'Abbreviations: pHMB, p-hydroxymercuribenzoate; lAc, iodoac-
etate; STI, soybean trypsin inhibitor; E-64, L-trans-epoxysuccinyl-
leucylamido(4-guanidino)butane; ,BME, ,B-mercaptoethanol; NIEF,
native isoelectric focusing; TEMED, N',N',N',N'-tetramethylethyl-
enediamine; PVDF, polyvinylidene difluoride; PTH, phenylthio-hy-
dantoin; Na-BZ-DL-Arg-3Nap, Na benzoyl-DL-arginine-/3 naphthy-
lamide; UWGCG, University of Wisconsin, Genetics Computer
Group.

and precipitated with (NH4)2SO4 to 50% saturation on ice.
Protein precipitated at 50% saturation was resuspended in
H20, dialyzed extensively against 50 mm Na-acetate (pH 5.0),
and centrifuged at l0,OOOg for 15 min to remove particulates.

Gel Filtration

The ammonium sulfate fraction was chromatographed on
a G-100 Sephadex column, and fractions were assayed for
protease activity against azocasein as previously described
(15). The protein profile was estimated by the A280. Fractions
containing protease activity were combined, adjusted to 0.5
mM DTT, and precipitated with ammonium sulfate to 80%
saturation on ice. The precipitate was resuspended and di-
alyzed extensively in 20 mM Tris acetate (pH 4.5), 0.25 mM
DTT, and then centrifuged l0,OOOg for 15 min to remove
particulates.

Cation Exchange HPLC

The G-100 fractions containing protease activity were fil-
tered through a 0.45 Mm nylon Acrodisc and chromato-
graphed on a 7.5 cm x 7.5 mm Waters 5PW HPLC-SP cation
exchange column at room temperature. The sample was
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Figure 1. Gel filtration chromatography on Sephadex G-1 00. The
50% ammonium sulfate fraction (total volume 44 mL) was chromat-
ographed on a 100 x 5 cm column of G-1 00 Sephadex and aliquots
(40 AL) of every third fraction beginning at the void volume (V0 = 556
mL) were assayed for protease activity against azocasein (El) as
described previously (15). The protein profile was estimated by the
A280 ( ). Fractions 153-192 (total volume 325 mL), designated by
the bar, were pooled for further protease purification.
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injected at initial conditions of 20 mM Tris acetate (pH 4.5),
0.25 mm DTT with a flow rate of 1 mL/min. One mL
fractions were collected. The protein profile was monitored
by the A280. When the A280 was near the base line again, a
linear gradient of 20 to 900 mM Tris acetate (pH 4.5), 0.25
mM DTT over 30 min was used to elute proteins from the
column. Fractions were assayed, and those containing pro-
tease activity were pooled.

Anion Exchange HPLC

The pooled cation exchange fractions were adjusted to 20
mM Tris acetate (pH 6.0), 0.25 mM DTT, and chromato-
graphed on a Waters 5PW HPLC-DEAE anion exchange
column equilibrated in the same buffer as previously de-
scribed (15). The column was eluted following 10 min at the
initial conditions by employing a more shallow, linear 20 to
900 mm Tris acetate gradient (pH 6.0) in the presence of 0.25
mM DTT for 1 h. Fractions were assayed, and those containing
protease activity were pooled and concentrated using Centri-
con 10 microconcentrators according to the manufacturers
instructions (Amicon Division, W. R. Grace and Co., Dan-
vers, MA). Protease samples were adjusted to 10% glycerol
and 0.5 mM DTT and stored in small aliquots at -20°C.
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Figure 3. Electrophoretic analysis of samples from each step during
EP-B purification. A, 12% SDS-PAGE. Lane numbers designate steps
during purification (see Table I). Lane 5 contains 2.0 ug of purified
EP-B. The migration of Bio-Rad low mol wt markers is indicated on
the left. B, Ten to 20% linear gradient SDS-PAGE of 2.0 ,Ag of purified
EP-B. The migration of Sigma molecular mass standards from MW-
SDS-70L and MW-SDS-1 7 kits are indicated on the right. The two
bands between the 66 and 45 kD molecular mass are artifacts
frequently observed in silver stained gels (7).

Native Isoelectric Focusing

NIEF was performed according to Barrett (3) except the
concentration of the acrylamide stock was 30/0.8% acrylam-
ide/bis-acrylamide and an equal portion of the carrier am-
pholines pH 3.5 to 5.0 and 4.0 to 6.0 were used. Purifed EP-
B protease (20 ,g) in 1.66 mL was mixed with 0.83 mL of gel
solution and polymerized in 12 cm long glass tubes (5 mm
i.d.) with riboflavin and TEMED using an 8 W fluorescent
lamp for 30 to 45 min. The gels were run under conditions
described by Wrigley (30), and 1 mA per gel was maintained
by gradually increasing the voltage up to 350 V, and then the
gels were maintained at 350 V. Total running time was 5 h.

Figure 2. DEAE-anion exchange HPLC. A 17 mL portion of the
pooled cation exchange fractions was injected on a Waters 5PW
HPLC-DEAE anion exchange column and eluted at a flow rate of 1
mL/min with 20 mm Tris acetate (pH 6.0), 0.25 mm DTT for 10 min,
followed by a linear 20 to 900 mm Tris acetate aradient (pH 6.0) in
the presence of 0.25 mm DTT for 1 h. A, The A280 profile of this run
was measured using a Spectroflow 757 Absorbance Detector, and
the peaks were integrated using a Hewlett-Packard model 3392
Integrator. No peaks were detected past 40 min. B, Equal aliquots (3
ML) of fractions 1 to 40 were assayed for protease activity against
azocasein as before (15). Fractions 30 to 32 contained purified
protease.

Inhibitor Studies

All inhibitors, except pHMB, were preincubated with EP-
B (0.26 Mg) in 20 mm Na-succinate (pH 4.5), 10 mM f#ME in
a final volume of 0.747 mL at 4°C for 1 h. Then, 53 uL of
2% (v/v) azocasein in the same preincubation buffer was
added, and the assays were carried out at 40°C for 3 h. The
inhibitor, pHMB, was preincubated and assayed in the ab-
sence of fME, and leupeptin was preincubated in the absence
of ,ME; however, f3ME was added to 10 mm during substrate
addition. PMSF was dissolved in isopropanol and E-64 was
dissolved in DMSO.
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N-Terminal Sequence Analysis

Twenty-five Mg of EP-B was subjected to 10% SDS-PAGE
and electroblotted for 3.5 to 5 h at 4°C at 400 mA constant
current onto PVDF membrane (Immobilon) according to the
procedure by Matsudaira (17) for N-terminal sequencing.
Coomassie blue staining of the gel and Immobilon after
blotting indicated the transfer was complete. The N-terminal
amino acid sequence of the protease was determined by
Edman degradation using an automated sequencer. The re-

spective PTH-amino acid derivatives were identified by re-

verse phase HPLC analysis. The analysis was performed by
Monsanto Corporate Research, Chesterfield, MO.
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Figure 4. Native isoelectric focusing of purified EP-B. A, Protease
activity and pH profile. Following NIEF, a control gel containing no

protease was cut into 5 mm serial sections which were equilibrated
in 3 mL of H20 in order to determine the pH profile (U). A duplicate
gel containing 20 Mg of EP-B was similarly cut into 5 mm serial
sections, each of which was equilibrated in 0.8 mL of 20 mm Na
succinate (pH 5.0), 10 mM #ME for 1.5 h at 40C. This buffer was then
decanted, 0.50 mL of fresh buffer was added, and the gel slices were
pulverized with a glass rod. These were stored ovemight at 40C.
Duplicate aliquots (150 AL) from each tube were assayed for protease
activity against azocasein for 6 h (0). B, Two-dimensional NIEF/SDS-
PAGE. A NIEF gel containing protease (8 ug) was cut in half length-
wise; one-half was silver stained (20) and is shown above with the
basic end on the right and the acidic end on the left. The other half
was subjected to 12% SDS-PAGE and then similarly silver stained.
Bio-Rad mol wt markers were used to determine M,.

Figure 5. Effect of pH on EP-B activity against hemoglobin. Protease
activity was assayed at different pH values in reaction mixtures that
were 0.11% (w/v) hemoglobin, 33 mm Na-succinate, 10 mM ,BME.
EP-B was added at 0.43 Mg/mL and the reactions incubated at 400C
for 3 h. TCA-soluble, ninhydrin-reactive a-NH2 released was deter-
mined. Activity is expressed as percent of maximum which was 238
,umol a-NH2 released * mg enzyme h-'1.

Hordein Extraction and Digestion

Hordeins were extracted using a protocol modified from
Shewry et al. (27). Himalaya barley seeds were ground and
passed through a 0.5 mm sieve. Twenty-five g of meal was

extracted twice with 200 mL of 0.5 M NaCl for 1 h and
centrifuged 20,000g for 30 min at room temperature. This
pellet was then frozen at -20°C and lyophilized. The meal
was then extracted twice with 15 mL/g of 50% propanol at
60°C on a shaker and centrifuged as above. The pellet was

then extracted three times with 50% propanol as above, but
in the presence of 2.0% ,3ME. Supernatant from the propanol
extractions plus and minus fME were dialyzed extensively
against water to precipitate hordeins. The hordein fractions
were centrifuged as above, lyophilized, ground to a fine pow-
der, and stored at -20°C. Hordeins extracted in the presence

of 3ME were resuspended at 200 ,ug/200 ,uL of 20 mm Na-
succinate buffer, 10 mm ,3ME, and digested for 2 h either at
pH 4.5, 40°C in the presence of 1.0 ,ug of EP-B or at pH 5.0,
45°C in the presence of 1.5 Mg of EP-A. Aliquots of 12 ,uL
were removed at intermittent times and analyzed by 10 to
20% linear gradient SDS-PAGE described previously for the
analysis of CNBr cleavage products of EP-A (15).

RESULTS

Protease Purification

During purification of the EP-A proteinase it became evi-
dent that a significant portion of the initial protease activity
was due to another protease fraction which eluted prior to
EP-A during DEAE-anion exchange HPLC (15). Our initial
observations indicated that this activity was also sensitive to
cysteine proteinase inhibitors. Ammonium sulfate fractiona-
tion experiments revealed that two- to threefold more of this
activity could be recovered from protein precipitating at 50%
saturation compared to 50 to 75% saturation. In addition,
little if any EP-A precipitates at 50% ammonium sulfate
saturation; therefore, this was used as the first step in the
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purification of EP-B. The steps used in a typical purification
of EP-B are summarized in Table I.
Gel filtration of Sephadex G-100 of the ammonium sulfate

fraction resulted in a single peak of activity (Fig. 1). Generally
50 to 75% ofthe activity loaded on the column was recovered
in the peak fractions after ammonium sulfate precipitation in
preparation for the subsequent cation exchange HPLC (Table
I, step 3).
During sulfopropyl cation exchange HPLC, the protease

did not bind to the column at 20 mM Tris acetate (pH 4.5)
and therefore eluted before the gradient began. This step
resulted in the largest increase in specific activity. Approxi-
mately 66% of the activity injected on the cation exchange
column was recovered (Table I, step 4). The proteins normally
contaminating this fraction were approximately 17,000 Mr or
less, and appear to have been either degraded or unretained
when this sample was concentrated using a Centricon 10
microconcentrator for SDS-PAGE.
DEAE anion exchange HPLC at pH 6.0 was used as a final

step to remove the remaining minor contaminants. A single

MW

a-0.
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Figure 6. Separation by urea/SDS-PAGE of hemoglobin digested by
EP-B. Hemoglobin was incubated as described in Figure 5 at pH 4.5
in the presence of 0.21 Mg/mL EP-B and at 0, 2, 4, 6, 12, and 24 h
(lanes 2-6, and 8, respectively), 10 ,uL aliquots of the digests were

added to 10 gL of urea/SDS sample buffer, heated for 15 min at
600C, and the proteins separated by urea/SDS-PAGE. Nondigested
hemoglobin incubated in the absence of EP-B for 0, 12, and 24 h
was also analyzed (lanes 1, 7, and 9, respectively). Band a represents
hemoglobin monomers. New bands generated by hemoglobin diges-
tion are indicated by arrows. Myoglobin fragments, last lane, were

used to calibrate the gel, and the mol wt of each is indicated on the
right.
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Figure 7. Separation by Bio-Gel P-2 chromatography of hemoglobin
digested by EP-B. Hemoglobin was incubated in the absence (U) or
presence of (E0) EP-B as in Figure 6 for 12 h. One mL aliquots,
together with 25 nCi of [3H]-proline, were chromatographed on a Bio-
Gel P-2 column and 100 ,L aliquots of effluent were assayed for a-
NH2 by ninhydrin and for radioactivity as described previously (15).
The bar indicates where the peak of [3H]-proline eluted.

peak of protease activity was detected and corresponded to
the largest and final protein peak eluting from the column

[kD] (Fig. 2). This peak consisted of protein which migrated as a
single band with an Mr of 30,000 following 12% SDS-PAGE
(Fig. 3A, lane 5) or with an Mr of approximately 27,000
following 10 to 20% linear gradient SDS-PAGE (Fig. 3B)
performed as previously described (15). The specific activity

16.9 of the purified EP-B was 1,020 units/mg protein and was
-14.4 purified at least 40-fold (Table I, step 5). The final yield was

5.8%. Apparently some protease inactivation occurs during
- 8.2 DEAE HPLC or during the subsequent concentration step.
- 6.2 Inactivation is a common problem when purifying cysteine

proteinases. Barrett and Kirshke (4) found that their homo-
geneous preparation of cathepsin B contained 50% inactive
protein based on active-site titration by E-64. Simply adjusting

2.5 the SP HPLC protease fraction from pH 4.5 to 6.0 did not
result in a loss of activity. Purified EP-B can be stored in 10%
glycerol, 0.25 mM DTT, about 50 mm Tris acetate (pH 4.5 or
6.0) for up to 46 h at 4°C with no change in activity, and it
was stable at pH 6.0 at -20°C following five freeze and thaw
cycles.

Characterization

Purified EP-B had an apparent pl of approximately 4.6 to
4.7 based on native isoelectric focusing (Fig. 4A). The protease
activity comigrated with two very tightly spaced bands, one
approximately two- to threefold more abundant than the
other. Both forms had the same relative mobility following
SDS-PAGE (Fig. 4B). This could be due to the presence of
two EP-B isozymes with very similar pls and/or limited
autoproteolysis.
The optimum temperature for EP-B activity against azo-

casein was 40°C (data not shown). The pH optimum against
azocasein was determined at the optimum temperature
(40°C), over a pH range from 4.1 to 6.6. The optimum pH
was 4.5, EP-B was similarly assayed against hemoglobin over
a pH range from 3.3 to 6.4, and the optimum pH was
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Table II. Effects of Inhibitors on EP-B Activity
EP-B activity is expressed as the percent of controls (100%) in

which no inhibitors were added. In the presence of ,BME, 100%
activity was 1159 units-mg enzyme-'-h-1 using azocasein as sub-
strate at pH 4.5 and 40°C. All mixtures were preincubated for 1 h at
40C prior to addition of the substrate, during which time the inhibitor
concentration was 1.07 times higher than the final concentration
listed below.

Treatment Concentration EP-B Activity

E-64 10 AM 8
lodoacetate 1 mM 1
pHMB 100 AM oa

Leupeptin 1O,MM 0
Deletion of ,BME 69
PMSF 5 mm 72
Aprotinin 320,ug/mL 57
STI 10,ug/mL ill
Pepstatin 1 Ag/mL 90
1,1 0-phenanthroline 100 ,4M 89
EDTA 10mM 90

a Activity was assayed in the absence of 3ME and compared to
the control without ,BME.

approximately 4.6 (Fig. 5). This is slightly lower than the pH
optimum of EP-A, which is 5.0 (15).
The time course of hemoglobin digestion by EP-B for up

to 24 h was followed by the ninhydrin assay and urea/SDS-
PAGE. The assay was linear up to at least 6 h with the release
of 378 ,umol a-NH2 released.mg enzyme-h-'. Hemoglobin
incubated in the presence of EP-B was rapidly digested.
Within 1 h, at least five new bands resulting from digestion
were detected which increased then decreased in intensity
with time (Fig. 6). By 24 h no more undigested hemoglobin
subunits were detected.
To confirm the endoproteolytic activity of EP-B, hemoglo-

bin digested for 12 h was subjected to Bio-Gel P2 chromatog-
raphy, and the fractions were assayed for ninhydrin-reactive
aNH2 (Fig. 7). The products were distributed in a slope

descending from the void volume, and very little product
accumulated which coeluted with [3H]-proline. EP-B was also
capable of hydrolyzing the artificial endoprotease substrate
Na-Bz-DL-Arg-(3Nap at pH 5.0 using an assay described by
Barret and Kirschke (4) (data not shown).

Inhibitors specific to each class of proteinase were assayed
for their ability to inhibit EP-B activity against azocasein at
the optimal pH and temperature (Table II). As for EP-A, only
the cysteine proteinase inhibitors E-64, lAc, pHMB, and
leupeptin inhibited EP-B activity by at least 90%. The exclu-
sion of#ME also reduced EP-B activity. These results together
with the analysis of the products of hemoglobin digestion
indicate that this protease belongs to the class of cysteine
proteinases.
The N-terminal amino acid sequence of EP-B was deter-

mined up to 22 amino acids (Fig. 8). The sequence further
confirms the classification of EP-B as a cysteine proteinase
since this sequence is highly homologous to other plant cys-
teine proteinases. Compared to other GA3-induced cysteine
proteinase (or putative cysteine proteinase) sequences de-
scribed in Himalaya barley, it is 95% similar to the deduced
amino acid sequence of a cDNA (pHV14) encoding a GA3-
induced putative cysteine proteinase (L Huiet, and P Chan-
dler, personal communication), 90% similar to EP-A, yet only
59% similar to aleurain. The proteins encoded by the cDNA
clones for pHV14 and aleurain have not yet been purified
from barley. A cysteine proteinase designated SH-EP purified
from cotyledons of germinating Vigna mungo seedlings (2,
18) is 90% similar to the N terminus of EP-B. It is one of the
major enzymes responsible for storage protein degradation in
cotyledons of V. mungo seedlings (19). SH-EP is synthesized
on membrane polysomes as a 45 kD precursor which is
cotranslationally cleaved to a 43 kD intermediate. In vitro
assays indicate that the 43 kD intermediate can be cleaved in
a multistep fashion to produce the mature, active 33 kD form
(18). We have evidence indicating that EP-B, as well as EP-
A, are synthesized as larger proenzymes which are subse-
quently processed in vivo to produce the mature form (16).

Since both EP-B and EP-A are secreted from the aleurone
layer, it is presumed that one of their major functions would

Cysteine Proteinast

30 kD EP
pHVY4
37 kD EP
Aleurain
V. aungo SH-EP
Papain

Sequence of Amino Acid Overlap Similarity
(X)
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.,,,, .| ,,,, .., ...,,,,, .,,,,, ,., ......!.-139- ....... r . ........ :............
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Figure 8. N-terminal amino acid sequence of EP-B compared to other cysteine proteinases. The N-terminal sequence of EP-B was optimally
aligned to other plant cysteine proteinase sequences using the GAP program of the UWGCG Package (9; and as previously described, 15) to
find the maximum similarity between any two sequences. Amino acids are shown as identical (shaded) or similar (capital letters) to EP-B based
on comparison values >0.5, and the percent similarity is shown on the right. Amino acids that are not similar are shown in lower case. There
were no gaps in the alignments. The sequences for pHV1 4 (P Chandler, personal communication) and aleurain (26) were deduced from cDNA
clones and the N-termini of the mature proteins have not been determined. The N-terminal sequence for V. mungo SH-EP was determined by a
combination of amino acid sequence analysis of purified protein and from a cDNA clone (18) The 'x' in the sequence of EP-A indicates this
position was undetermined due to low yields (15).
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Figure 9. Hordein digestion by barley EP-B and
EP-A analyzed by SDS-PAGE. Hordeins ex-
tracted with propanol in the presence of ,BME
were incubated in the presence of EP-B (lanes
1-7) or EP-A (lanes 1 1-17) as described in "Ma-

-C terials and Methods.' Equal aliquots were re-
I C

moved after 0 min (lanes 1 and 11), 5 min (lanes
2 and 12), 15 min (lanes 3 and 13), 30 min (lanes

B 4 and 14), 60 min (lanes 5 and 15), 90 min (lanes
6 and 16), and 120 min (lanes 7 and 17) and
analyzed by 10 to 20% linear gradient SDS-
PAGE. The same hordein extract incubated 2 h

] in the absence of protease at pH 4.5 (400C) or
A pH 5.0 (450C) is shown in lanes 8 and 18,

respectively. Sigma low molecular mass protein
standards (MW-SDS-70L) and Bio-Rad low mol
wt protein standards are shown in lanes 9 and
10, respectively, with the molecular mass indi-
cated on the left. Total undigested hordeins ex-
tracted with propanol alone are shown in the last
lane, and hordein classifications (A-D) are indi-
cated on the right.

be the degradation of hordeins in the endosperm. The hor-
deins we extracted with propanol plus ,BME were enriched for
the B and D hordeins. Both proteinases were capable of
digesting these hordein species into at least 10 distinct smaller
peptides of 25,000 Mr to as low as approximately 2,000 Mr as
visualized by gradient SDS-PAGE (Fig. 9). EP-B appeared to
have a higher specific activity under these conditions than did
EP-A, however, both produced similar sized fragments.

DISCUSSION

Of the proteases secreted between 72 to 96 h from barley
embryoless half-seeds incubated in the presence of GA3, EP-
B accounts for the vast majority of the activity as assayed
against azocasein (pH 5.0). This protease accounts for greater
than 50% of the activity recovered from the 50 to 75%
ammonium sulfate fraction during EP-A purification (15),
and it is two- to threefold more abundant in the 50% am-
monium sulfate fraction. This protease, however, is not active
in the activity gel assay used to characterize EP-A. The specific
activity of EP-B at pH 5.0 against azocasein (1,020 units/mg)
is similar to that of EP-A (912 units/mg).

It is possible that EP-B exists as two closely related isozymes
since two tightly spaced protein bands were resolved by NIEF,
both of which comigrated with protease activity and had the
same Mr of 30,000 following SDS-PAGE. N-terminal se-
quence analysis of this protein band electroblotted from the
SDS gel resulted in a single signal. Based on periodic acid
Schiff staining and endoglycosidase H digestion ofEP-B (data
not shown), the protein does not appear to be glycosylated.
Characterization of cDNA clones which represent members
of the EP-B family support this hypothesis, and none of the
clones contain potential N-linked glycosylation sites in the
mature protein coding region (16). The putative cysteine
proteinase encoded by the cDNA clone, pHV 14 (P Chandler,
personal communication), might represent another isozyme

of this EP-B family based on sequence similarity. The 29,000
Mr cysteine proteinase (MEP-1) purified from green malt of
the cultivars Schooner and Clipper also exists in two forms of
pl 4.2 and 4.3 based on isoelectric focusing (22).
The analysis of hemoglobin digestion products by both

gradient SDS-PAGE and Bio-Gel P2 chromatography, the
results of inhibitor studies, and N-terminal sequence analysis
provide concrete evidence that EP-B, like EP-A, belongs to
the cysteine endoprotease (proteinase) class (EC 3.4.22). Pu-
rified or partially purified cysteine proteinases have been
implicated in the degradation of seed storage proteins in
several species including rice (1), mung bean (5), Phaseolus
vulgaris (6), and Vigna mungo (19). In general, their low mol
wt (about 22,000-33,000 Mr), low pl, and relatively acidic pH
optima are similar to both EP-B and EP-A of barley. A
cysteine proteinase, also 30,000 Mr, purified from green malt
of the barley cultivar Morex was capable of hydrolyzing
hordein rapidly, especially B and D hordein, into peptides
which were so small that they ran off a 13% acrylamide SDS
gel (23). When this protease was used to analyze C and D
hordein hydrolysis specifically, some 45,000 to 32,000 Mr
peptides were seen, but again, most of the products migrated
off the gel. We have been able to show that both the barley
EP-B and EP-A proteinases were also capable of rapidly
hydrolyzing B and D hordein. Similar size discrete peptides
from 25,000 to 2,000 Mr were observed by gradient SDS-
PAGE following digestion by both proteases. Since no N-
terminal sequence was reported for either of the green malt
cysteine proteinases, i.e. the 30,000 Mr protease described by
Poulle and Jones (23) or the 29,000 Mr MEP-1 protease
described by Phillips and Wallace (22) the relationship be-
tween these proteases and EP-B reported here is uncertain;
however, the proteases do have either different pH optima
against hemoglobin or different pls. It is probable that EP-B
and EP-A, as well as the green malt cysteine proteases, rep-
resent the GA3-induced proteases suggested by Rastogi and
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Oaks (24) to be responsible for the extensive proteolysis of
hordein into peptides of 15,000 Mr or less. Antibody prepared
against both EP-B and EP-A have been used to demonstrate
their de novo GA3-induced expression (16).

In addition to hordein hydrolysis, both EP-B and EP-A are

capable of modifying 13-amylase (B Svensson, S Koehler, T-
HD Ho, unpublished observation). It is possible that these
cysteine proteinases represent those proteases which are

thought to be responsible for releasing f3-amylase from a

protein-bound, less active form to a soluble, more active form
(28). This remains to be examined.
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