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ABSTRACT Cereal Chem. 78(1):55-58

During oat seed germination, the insoluble storage proteins must be solusing SDS-PAGE. Tha-avenins were hydrolyzed at pH 3.8 by cysteine
bilized and transported to the embryo for use by the developing plantigtroteinases from four-day germinated seeds ang-dneenins were hy-
We showed earlier that pH 6.2 active serine and metalloproteinases wetmlyzed by similar enzymes from eight-day germinated seeds. At pH 6.2
the predominant gelatin-hydrolyzing enzymes of oats, while the oat glolsr pH 5.0, the avenins were not degraded by any of the germinated oats
ulins were degraded by pH 3.8 active cysteine proteases. The pH of teadoproteinases. It is probable that some kind of pH compartmental-
endosperms of germinating oats is 6.2. We have continued our charactagation occurs within germinating oat seed. After four days of germination,
zation of the germinated oat proteinases by determining which hydrolyzeither new proteinases form or some preexisting proteinases are activated.
avenins, the oat storage prolamins. Avenins of resting seeds were purifi@tie cysteine proteinases are apparently responsible for the majority of
and hydrolyzed with proteinases that were extracted from oat seeds thhe storage protein hydrolysis that occurs during oat germination.
were germinated for various periods. The peptides released were analyzed

In the resting seed, the storage proteins are generally situated in MATERIALSAND METHODS
the endosperm in an insoluble form. During germination, they o ) )
must be hydrolyzed so that their components can be transported to Hand-hulled seeds of the Finnish oat cultivar Veli were surface-

the embryo for use by the growing plantlet (Bewley and Black 1994). sterilized with 1% sodium hypochlorite for 20 min, followed by
Botanically, germination ends when the rootlet emerges from the ~ one wash each with sterile water (5 min) and M HCI (10 min)

grain embryo, but for this report, the term is used in a broader sense, and eight washes (5 min each) with sterile water. The surface steril-
asit isin the malting industry, to include the early phases of plantlet ~ ized seeds were germinated at 16°C on 0.5% sterile agar for eight

growth (Bewley and Black 1994). days. Seed samples (a minimum of 10 seeds) were removed every

The major storage proteins of oats are globulins (sdt-soluble 24 hr for analysis (Mikola and Jones 2000a). The seed embryos,
proteins). Avenins, the oat prolamins, are present, but in smaller quan- including the plantlet, were excised and the rest of the seeds were
tities than the globulins (Peterson and Brinegar 1986). The alcohol-  frozen until analyzed.

soluble avenins have M, 22-33 kDa. The avenins of Finnish oat Avenins were extracted from untreated commercial whole oat
cultivars were investigated by Jussila et al (1992), who detecte@ieal. The lipids were removed by extracting the meal with acetone
botha- andB-avenins in all of the cultivars that they analyzed. The(1 9/10 mL) for 30 min with vigorous shaking in a laboratory
oat globulins and avenins are both present in the protein bodies $ffaker at 20°C and centrifugation (10,009, 20°C, 30 min). The
the starchy endosperms and aleurone layers of the mature seé@iiyimins were extracted from the resulting pellet with deionized
(Donhowe and Peterson 1983). water (10 mL, 20°C) by shaking for 1 hr in a laboratory shaker.
The proteolytic system of germinated oats has not been welfifter the water-insoluble proteins were removed by centrifugation
defined. Sutcliffe and Baset (1973) showed that, during germind10,000 xg, 20°C, 15 min), the prolamin fraction was extracted from
tion, the casein hydrolyzing activity that occurred at pH 8.0 inthe pellet with 52% aqueous ethanol using the same method that
creased throughout the entire seven-day germination period, byeis used to extract the albumins. Pellets were not dried between
that after the first two days, the rate of the increase declined. Wee extractions. The supernatant from the prolamin extraction was
showed earlier (Mikola and Jones 2000a) that serine and metaacuum-dried and suspended in 0.68 mL of 52% aqueous ethanol.
loproteinases are the predominant gelatin-hydrolyzing enzymes of

germinated oats at pH 6.2, which is the pH of the germinated oat MW 1 2 3 456 78 9
endosperm tissue. It was also evident that the addition of the
reducing agent 8 M cysteine raised the azogelatinase activity by 2.5- 97,400 —
fold when 10 M calcium was also present. Under these conditions
(8 mM cysteine, 10 M Ca&"). the cysteine proteinases were the 66,200 e
predominant activities (Mikola and Jones 2000a). 45.000 =

The oat globulins were hydrolyzed at pH 3.8 by endoprotein- ' .
ases that were extracted from germinated oats (Mikola and Jones ~<==p1-avenins
2000b). The globulins were partially hydrolyzed by endoproteinases 31,000—w® o W T W <=(2-avenins
from four-day germinated oats and were completely hydrolyzed by "

proteinases that were extracted from eight-day germinated seeds.
All of these globulin-degrading proteinases were cysteine-class — 21,300==
endoproteinases (Mikola and Jones 2000b). T P SE—— —
The aim of this study was to continue our characterization of the ’
oat proteolytic system by investigating the germinated oat enzymésg. 1. Effect of pH level on in vitro hydrolysis of oat avenins by endo-
that hydrolyze avenins, the oat prolamins. proteinases of eight-day germinated oats. Avenins were extracted from
resting seeds and incubated for 0 or 24 hr a pH 3.8, 5.0, and 6.2 with
endoproteinase extracts, hydrolysis products were andyzed by SDS-PAGE
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This prolamin fraction was used as a substrate for the endopro- 10% SDS, and a trace of bromophenol blue. Immediately after the
teinases. addition of sample buffer, the sample was incubated in a boiling

The germinated frozen seeds from which the embryos were  water bath for 5 min, and the hydrolysis products were separated
removed were homogenized in microfuge tubes using a glass rod, by SDS-PAGE on 12% homogenous or 8-16% gradient acrylamide
except for the whole resting seeds, which were milled in a labo- gels under nonreducing conditions according to manufacturer’s
ratory mill (Tecator mill, 0.5-mm sieve). Enzyme extracts were instructions (BioRad, Hercules, CA). Sample (10 was applied
prepared from the homogenized seeds according to the method of to each of the 15 electrophoresis unit sample wells. The electro-
Zhang and Jones (1995). The seed homogenates were extracted with phoresed gels were stained overnight with 0.06% Coomassie
1.5 mL of buffer (pH 5.0, 50 mM Na-acetate buffer that contained Brilliant Blue R-250 in 6% trichloroacetic acid, destained with deion-
2 mM cysteing)/g of fresh weight, while the ground resting seeds  ized water until the background was clear, and photographed.
were extracted with the same buffer using a ratio of 4 mL buffer/g To characterize the endoproteinase activity classes, class-
of fresh weight. The amount of nitrogen in the avenin preparation specific proteinase inhibitors were added to the reaction mixtures.
was determined using the standard Kjeldahl method and the protein~ The final concentrations of the inhibitors tested wergOE-64
level wascdculated (N x 5.7). (cysteine proteinase inhibitor); 20M of pepstatin A (aspartic

To study the in vitro hydrolysis of avenins by the oat endoproproteinase inhibitor); 10 M PMSF (serine proteinase inhibitor); 1
teinases, the substrate and enzyme proteins were incubated in ted o-phenanthroline (metalloproteinase inhibitor), and ™M m
tubes at 40°C for various times. The avenin preparation (0.125 mEDTA (metalloproteinase inhibitor). EDTA and E-64 were
containing 1.54 mg of protein) was mixed with 0.5 mL of buffer.solubilized in water and the other inhibitors in methanol.
The enzyme extract (0.375 mL) was added to this mixture simul-
taneously with any necessary additives (class-specific inhibitors, RESULTS
calcium or cysteine). The buffers used were Na-acetate for pH 3.8
and pH 5.0, and Na-citrate for pH 6.2. All buffers were 200, m Seed samples were collected every 24 hr for up to eight days of
and cysteine (2 M final concentration) was included in each germination. Enzyme extracts prepared from an eight-day
reaction mixture. The reactions were stopped by adding an equggrminated sample were used to conduct preliminary experiments
amount of SDS-PAGE sample buffer, which was prepared by mixintp determine the best pH level for studying the avenin hydrolyzing
1.0 mL of 0.3/ Tris-HCI, pH 6.8, 0.8 mL of glycerol and 1.6 mL proteinases. Because the avenins are situated in the endosperm and
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Fig. 2. Appearance of avenin hydrolyzing proteinases in oats during germination. Proteinase extracts from seeds germinated for different periods, incubated at

pH 3.8 with an avenin substrate preparation. Hydrolysis reaction products were andyzed on 12% SDS-PAGE gels. Lane 1: molecular weight standards; lanes

2-19: loaded witheaction mixtures hydrolyzed with enzyme extracts from 0, 1, 2, 3, 4, 5, 6, 7, and 8-day germinated oats, respectivel\béreen num
lanes: hydrolyzed for 0 hr; odd numbered lanes: hydrolyzed for 24 hr. Arrows to right iradicffe, andp2-avenin polypeptide. Arrows in lanes 9,
17, and 19 indicate first hydrolysis @favenins 32-avenins anf1-avenins, respectively.
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Fig. 3. Effects of pH level and addition of calcium and cysteine owmitho hydrolysis of oat avenins by four-day germinated oat endoproteinases.
Hydrolysis reaction products were analyzed with 8-16% acrylamide SDS-PAGE gradient gels under nonredutiowgscangH 3.8, 5.0, and 6.2

with 2 mM cysteine (lanes 1-6) or 8\ncysteine and 10 W calcium (lanes 7-12). Lanes 1 and 7: O hr hydrolysis, pH 3.8; lanes 2 and 8: 24 hr, pH 3.8;
lanes 3 and 9: 0 hr, pH 5.0; lanes 4 and 10: 24 hr, pH 5.0; lanes 5 and 11: O hr, pH 6.2; lanes 6 and 12: 24 hr, pi3:61®)|éamdat weight standards.

B, Lane 1, molecular weight markers; lane 2, proteins (enzyme preparation) extracted from four-day germinated seeds; lanés3hstnata)
preparation extracted from resting seeds. Arrows indicate the positionsdft2-, anda-avenin band

56 CEREAL CHEMISTRY



they have to be solubilized there, the embryo and plantlet were  seeds were analyzed using 12% homogenous gels because these
carefully removed from the seeds before the remaining endosperm gave a better separation of tBeavenins than the 8-16% gels
material was used for preparing enzyme extracts. The avenin  (Fig. 5). As with the four-day germinated grain enzymes, no inhibi-
substrate prepared from whole resting seeds (Fig. 1, lane 8) tion of hydrolysis occurred in the presence of inhibitors other than
contained both a- and B-avenins (arrows, Fig. 1). The a-avenins  E-64 (Fig. 5, lanes 5-6). The addition of E-64 (Fig. 5, lane 6)
migrated just behind the ion front, nearly to the bottom of the gel.

The B-avenins separated into two fractions, the B1-avenins, which MW

gave two distinct bands that migrated to a position near that of the 1 23456789101112131415

31,000 MW marker protein and the B2-avenins, whose major bands
migrated slightly faster than the 31,000 MW marker protein.

Endoproteinases that were extracted from eight-day germinated AN
oats were incubated for O hr (no hydrolysis control) and 24 hr with - == 06,200
the avenin preparation at pH 6.2, 5.0, and 3.8 (Fig. 1). A com- o 45 000
parison of lanes 8 and 9 shows that no avenin hydrolysis occurred Ble= 31 000
in 24 hr in the absence of added enzyme preparation. The hydro- = W W W = : '
lytic activity was very low at pH 6.2 (lanes 6 and 7) and moderate -

a pH 50 (lanes 4 and 5), while amost complete substrate =21,500
hydrolysis occurred at pH 3.8 (lanes 2 and 3). o= - - =—14.400

The activities of proteinases that were extracted from seeds _ - o _
(Fig. 2). None of the avenins were hydrolyzed by the enzymes that avenins by four-day germinated oat endoproteinases. In vitro hydrolyses
were extracted from seeds that were germinated for less than three at pH 3.8; hydrolysis products were analyzed on 8-16% acrylamide

. gradient SDS-PAGE gels under nonreducing d@ws. Class-specific
days (lanes 2-7). Thea-avenins (arrow, lane 9) were hydrolyzed jnninitors were added to the reactions as indicated. Odd numbered lanes

by the endoproteinases that were extracted from seeds germinaigg control samples that were hydrolyzed for 0 hr, even numbered lanes are
for three days or longer (Fig. 2. lanes 8-19). BRevenins were  samples hydrolyzed for 24 hr. Lanes 1 and 2: enzyme controls with no
partially hydrolyzed by proteinases extracted from the five-day germiadded inhibitors; lanes 3 and 4: pepstatin A added to reactions; lanes 5
e 17) bnated sample (lane 11) and almost totally degraded (arroamd 6: E-64 added; lanes 7 ando&henanthroline added; lanes 9 and
lany those prepared from seeds germinated for seven or more dd—)@sl PMSF added; lanes 11 and 12: EDTA added; lane 13 and 14: control
(Fig. 2, lanes 16-19). Finally, tBa-avenins were partially hydrolyzed With 2% methanol; lane 15: molecular weight standards.
(arrow, lane 19) by activities extracted from seven-day germinated
seeds and a_llmost totally hydrolyzed by eight-day germinated see 12345672 9101112131415 MW
enzymes (Fig. 2. lanes 16-19).

Because only the-avenins were hydrolyzed at pH 3.8 by the
endoproteinases from seeds that were germinated for less thi

four days, a more careful study of the endoproteinases extracte et — 97,400
from four-day germinated seeds was conducted (Fig. 3). The hy -— w— 66,200
drolysis products of these experiments were analyzed with 8—16¢ — 45,000
acrylamide gradient gels, because thavenins separated better Bles - 31.000
on these than they did on the standard 12% homogenous acryl P> : *

mide gels (Fig. 3B, lane 3). The protein pattern of the four-day
germinated enzyme extract was also analyzed to make it easier —21,500
compare which proteins present in the reactions originated fror g eg= & —14.400

the enzyme extract (Fig. 3B, lane 2) and which from the substrat. ’

(Fig. 3B, lane 3). The hydrolysis atavenins (bottom arrow, Fig. Fig. 5. Effects of class-specific protease inhibitors hyarolysis of oat

3A) by the four-day germinated seed proteinases was very similatenins by eight-day germinated oat endoproteinases. In vitro hydrolyses
to that catalyzed by the enzymes from eight-day germinated seeds,pH 3.8; hydrolysis products were analyzed on 12% homogenous
hydrolysis occurring at pH 3.8 and 5.0, but not at pH 6.2 (comparacrylamide SDS-PAGE gels under nonreducing itant. Class-specific

Fig. 1 with lanes 1-6 of Fig. 3). Because we have shown earlidphibitors were added to reactions and reaction times were as in

that addition of 8 il cysteine and 10 W calcium raised the

azogelatinase activity of oat endoproteinases 2.5-fold (Mikola and acadas S LR SO L2 B3 MW
Jones 2000a), these compounds were added in the incubation mi
tures, but this did not alter the rate of avenin hydrolysis at these

pH levels (Fig 3A, lanes 7-12 vs. lanes 1-6). i —97,400
The effects of class-specific proteinase inhibitors on the four- — — 66,200

day germinated, pH 3.8-active enzymes were studied (Fig. 4). In = 45,000

the absence of inhibitors (Fig. 4, lanes 1-2),dk&venins were — e - 31,000

readily hydrolyzed, but the addition of E-64, a specific inhibitor of o e &

cysteine proteinases, totally inhibited this hydrolysis (Fig 4, lanes 5-6). —21.500

There was no apparent inhibition when PMSF (serine proteinase
inhibitor, lanes 9-10), pepstatin A (aspartic proteinase inhibitor, @ === __ - w400
lanes 3-4), oo-phenanthroline (lanes 7-8) or EDTA (lanes 11— _ o _ _

12), which are both metalloproteinase inhibitors, were added to tHd9- 6. Time course of in vitro hydrolysis of oat avenins by endo-
reactions. Because the PMSF, o-phenanthroline and pepstatin A wéfgteinases extracted from eight-day germinated oats. Reactions at pH

. . : : for different periods of time with 2 mM cysteine (lanes 1-7) or 8 nM
all dissolved in methanol, a control reaction that contained methan®l .. ... -\ "15" M calcium (lanes 9-15). Hydrolysis products were

- . VS
was included (lanes 13-14). It is apparent that the presence of tlae%alyzed on 12% homogenous SDS-PAGE gels under nonreducing
solvent did not affect the rate of hydrolysis. conditions. Lanes 1 and 9: 0 min; lanes 2 and 10: 15 min; lanes 3 and 11:

The effects of the class-specific proteinase inhibitors on the pHo min; lanes 4 and 12: 45 min; lanes 5 and 13: 1 hr; lanes 6 and 14: 6 hr;
3.8 active proteinases that were extracted from eight-day germinatighes 7 and 15: 24 hr; lane 8: molecular weight standards.
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resulted in a complete inhibition of the otherwise high (Fig. 5,
lane 2) proteolytic activity, indicating that it was the result of
cysteine-class proteinases.

Because the a- and B-avenins were completely hydrolyzed in
24 hr under the conditions used for the uninhibited experiments of
Fig. 5, further studies were conducted with shorter reaction periods
to determine how the hydrolyses proceeded (Fig. 6). Asin the Fig.
5 experiments, hydrolyses were conducted at pH 3.8 using a
proteinase extract prepared from eight-day germinated seeds. Under
these conditions, the a-avenin protein bands disappeared within
15 min (Fig. 6, lane 2). The B2-avenins were almost totally
hydrolyzed within 6 hr (lane 6), whereas [31-avenin bands were
still clearly visible after 6 hr of incubation but were hydrolyzed
within 24 hr (lane 7). The addition of cysteine and calcium to the
reaction mixtures did not affect the hydrolysis rate (lanes 9-15).

DISCUSSION

late in the germination process. Other researchers working with

corn (Mitsuhashi and Oaks 1994) and barley (Weiss et al 1992)

have reported that similar enzyme patterns may also occur in these
species. It appears likely that this phenomenon, whereby the various
proteases that hydrolyze storage proteins become active at dif-
ferent germination times, may be common among the cereals.

CONCLUSIONS

Because good protein hydrolysis occurred in this oat system at
pH 3.8, which is much lower than the measured pH of the endosperm
of germinated oats (pH 6.2), it seems likely that there are areas in
the endosperm where the pH level is considerably lower than pH
6.2, which means that pH compartmentalization occurs during
germination. This could occur, for example, within the protein
bodies where the avenins are situated.

The a-avenins were hydrolyzed by proteinases that formed in the

seed during the early stages of germination, whereds-theenins

The endoproteinases that were extracted from eight-day germieere only hydrolyzed by enzymes that appeared later. These results
nated oat seeds and which hydrolyzed avenins were active at pH #:glicate that thea- and B-avenins are probably hydrolyzed by
and completely hydrolyzed the substrate within 24 hr. Proteolyti€lifferent cysteine-class proteinases formed or released at different
activities that hydrolyzed the-avenins were detected during the stages of the germination and early plantlet growth processes. All of
early stages of germination, which was three days after imbibitiohe avenin-hydrolyzing proteinases were cysteine-class enzymes.

In contrast, thd2-avenins were only hydrolyzed by extracts from
seeds that had undergone five or more days of germination, and
the Bl-avenins were only totally hydrolyzed by enzymes from
eight-day germinated seeds. All of these hydrolyses were inhibitecq
by the addition of E-64, indicating that they were catalyzed by,
cysteine-class proteinases.

Studies on germinated barley endoproteinases have shown that
at least two purified cysteine proteinases can hydrolyze hordeins )
in vitro (Poulle and Jones 1988, Koehler and Ho 1990). Severgle‘""gyé;nﬁ?'r; at"’;’;‘:] %fnﬁmMﬁi%N aSeA;egi:rkPhysology of Development
researchers (Marchylo et al 1986, Poulle_and Jones 1988, Weis howe, E. T.. and Peterson, D. M. 1983, Isolation and characterization
al 1992) h_ave sho_wn that the D hordeins were degraded MOT€sf ozt aleurone and starchy endosperm protein bodies. Plant Phys.
rapidly during malting than the B or C hordeins. When a hordein 71:519.523,
preparation was hydrolyzed in vitro with a cysteine-class endoprqussila, M., Sontag-Strohm, T., and Ulvinen, O. 1992. The identification
teinase that was purified from green malt, the D hordeins were of Finnish oat cultivars by the use of SDS-PAGE of avenins in homogen-
also degraded very quickly (Poulle and Jones 1988). Because theous and gradient gels. Acta Agric. Scand. Sect. B 42:106-110.
in vivo studies were all conducted with malt, which contains manyoehler, S. M., and Ho, T.-H. D. 1990. A major gibberellic acid-induced
proteases, there was no way to know whether the D-hordein hydro-ng'zzyla'z‘éusrone cysteine proteinase, which digests hordein. Plant Phys.
T et o, e AT B, K, 3, Htche,D. 196, Hof e

’ . . . liquid chromatographic and electrophoretic analysis of hordein during
more susceptible than B and C hordeins to the proteinases that wer.,ing of two barley varieties of contrasting malting quality. Cereal
present. In the experiments reported by Poulle and Jones (1988)chem. 63:219-231.
however, only a single enzyme was present. This protease hydnaikola, M., and Jones, B. L. 2000a. Electrophoretic and ‘in solution’
lyzed all of the proteins present in a hordein extract, but the D analyses of endoproteinases extracted from germinated oats. J. Cereal
hordeins were degraded first, indicating that, in this case, they wereSci. 31:15-23.
more susceptible to hydrolysis than the B and C hordeins. Mikola, mu&n% J?nes, Bi LI- %O?Ob- gharalcgf]izati0;70;7(;612?;“6”-

i i i i i ases that nydrolyse oat globulins. Cereal em. . - .
within the frst two days of germmination, with tisand x.seins . Misuhashi, W, and Osks, A 1994. Development of endopepidase
following soon thereafter. The predominanzeins were more stable activities in maize4ea meys L.) endosperms. Plant Physiol 104'401_-497'

. . . . Peterson, D. M., and Brinegar, C. 1986. Storage proteins. Page203 in:
and persisted until after the other zeins were degraded (Mitsuhashinats chemistry and Technology. F. Webster, ed. AACC: St. Paul. MN.
and Oaks 1994). Mitsuhashi and Oaks (1994) also showed that thgulle, M., and Jones, B. L. 1988. A proteinase from germinated barley.
cysteine endoproteinases, which appeared early after imbibition, |. Purification and some physical properties of a 30 kD cysteine endo-
hydrolyzedy-zeins but not-zeins and that the proteinases that proteinase from green malt. Pldtttys. 88:1454-1460.
appeared later preferentially hydrolyzed theeins. Sutcliffe, J. F., and Baset, Q. A. 1973. Control of hydrolysis of reserve

We have previously characterized the oat proteinases that hydro_materials in the endosperm of germinating oat grains. Plant Sci. Lett.
lyzed oat globulins (Mikola and Jones 2000b). Proteinases extracte ;5155\2,8 Postel, W., and Gorg, A. 1992, [ative and quantitative
from four-day germlnated seeds par_tlally hydrolyzed the globulins, cha‘nges‘ in bar]ey éeed protein patterns during the malting process
while _tho_se from_ eight-day germinated seeds hydrolyzed the analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
globulins into peptides that were too small to be detected by SDS ith respect to malting quality. Eleophoresis 13:787-797.

PAGE on 12% acrylamide gels. These results agreed well with théang, N., and Jones, B. L. 1995. Characterization of germinated barley
results obtained in this study, which indicate that a portion of the endoproteolytic enzymes by two dimensional gel electrophoresis. J.
enzymes that hydrolyzed the oat storage proteins appeared rathe€ereal Sci. 21:145-15.
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