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Simumary. Thle productiOn of protease by isolated aleurone layers of lbarley in response
to gibberellic acid has beeni examiined. The protease arises in the aleurone layer and is
mostly released from the aleurone cells. The courses of release of amylase and protease
fronm aleurone layers, the dose responses to gibberellic acid and the effects of inhibitors
on tlle Jproduction of both enzymes are parallel. As is the case for amylae.e, protease is
iiade de noxo in responise to the hormiione. Tlhese data give some credence to the hypo-
tlhesis that the effect of gibberellic acid is to promote the siniultalneouis synfthesis and

-cretiom of a grout) of liydrolase>.

The amylase produced by de-enihi -onated endo-
.spern of barley in response to GA is produced pri-
mlarily by the aleurone layer (3, 9, 14) and the bulk
of the amylase is liberated by the aleuronie celils. It
has also been showni that all of the amylase is made
de novo (4). In addition to amnylase. endosperm
tissue (aleurone layers plus starchy endospermi) pro-
duces a variety of hydrolases following GA treatment
(2. 8). If, as seems to be the case at this time, these
also arise froim and are liberated by the aleurone
layers, it is of interest, for the pturpose of further
dlefining the action of GA, to determine whether or
Inot the hydrolases are all synthesized de novo at the
same time under the same control.

In order to approach the aliswer to this quiestioll,
x-e have made a comparison of aniivlase and protease
production folloxx ing GA treatmeint. GA causes a
several-fold increase in protease in the wort of malted
barley (1, 5, 7). in de-embryonated barley seeds
(2, 8, 17) and in isolated barlev aleutrone ti,ssuie
(8, 18). In the latter 2 repor-ts, how-ever. veCry little
of the protease was secreted. Helnce, althoug-Jh it has
bAeen shown that aleurone t>.-sue has the caLpacitv to
produce protease in res;FGnc,e to GA. it has nlot beeli
convincinglv- demonstrated that the aletnrone layaer is
the site of production of a sufficient quLantity of
protease to accotunit for endosperni hydrolysis.

Materials and Methods

Tissue I icitbUtiofl (ald IbPrcparatize I'Procc(lurcs.
BParlev seed; (Hordncm idg(are cv. Hinmalaya) x-ere
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tused for the experiiieintal material. The entire pro-
cedure of preparation of isolate(d aleurone laxyers,
incubation of the tissue an(l preparation of the mcdia
and tissue extracts has been described in detail by
Chrispeels and Varner (3). The only mondification
is that both media and extracts were centrifuged at
12,000 X g for 10 minutes. In some cases (indicated
in the text) halif seeds (aleurone layer plus starchy
endosperm) were used in,stead of aleurone layers.

Encynte Assays. The me(lia were assaved for
amylase using the method of Shuster and (i fford
(13) as modified by Chrispeels and Varner (3), and
the remainder of each solution was used for protease
assay. Cold ethanol was added to the media and
extracts with swirling until tley- Nere 80 % in etlhaniol
at w'hich strength protease precipitation was maximal.
The protein precipitates wvere centri,fuged imnmedi-
ately at 12,000 X g for 15 minlutes. No greater yield
of protease was obtained by allowing the cthaniolic
soltition to stand. The stipernatanits xvere discarded
and the pellets wvere dissolved in 1.6 mil of 1 m-\
acetate buffer (pH 4.8). These solutions were then
imiade 10 IllM in -8imercaptoethanol be2ause this pro-
ceduri-e enhlancedI proteolx tic activity 2 to 3 fold.

(iliadiin (Ntitritionia! Biochenlicals Corporation)
was u.ied as the substrate for protease assay oni the
basi: of its simiiilarity in amlino acid comnpostion to
lhordlein. the storage protein of Narley endosperm
(15. 16). A ScatLirated solution of gliadin ill 50 m11\M
acet-ate buffer pH 4.8 w.as preparedl at r0oom11 temipera-
ture. By Usilng the metlhod of I.oxxvr\ et al. ( 6), it
was (leterminled that this contained 2.8 n-/ il of
protein as compared to bovine serutim albumin as, a
stan(larld. The soltition was filtered before uise.

EIach reaction mixture contained 1 ml of sub-
strate anid 0.5 ml of enzxme. Reactiolns vere runii at
30°. Proteolys s was meastired by determiiinationi of
the relealse of ninhydrin positive miiaterial using the
method oif AMoore anid Stein (10). In-mmediatev aftei
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adding enzynme to substrate, a 0.3 ml aliquot of
reaction mixture was added to 2.0 ml ninhvdrin solu-
tion. Color was developed and 5.0 ml of propanol-
water diluent was added before reading optical densitv
at 580 mu. After 1 hour a second aliquot of the
reaction mixture was assayed and the changre in OD
at 580 my, used as a measure of proteolysis. One
unit of protease actixity was defined as a chang-e of
1 OD un't. Optical densities were nmeasured in a

Coleman Model 6A junior Spectrophotometer using

a path length of solution of 1.4 cnl. Under these
condtons, opt.cal density change was proportional to
the anmount of protease present over the range of
activities encountered.

WA7hen the crude mediuml or extract was used as

the enzyme solution, only a low activity could be
detected. The background of free amino acids was

very high and whether the failure to detect activity
was due to inadequate amounts of ninhydrin reagent
for color development or wvlletller the free amimno
acids were inhibitory to proteolysis as slicAn l)v Oaks
(11) was not determined.

Denionstration of de novo Swnthesis. The den-
sitv--labeling technique of Filner and Varner (4')
was used to delnonstrate de novo svnthesls of protease.
This techin que involxes "labeling" of ncxvlv sy-nthe-
sized prceten with 180 fromn H..10O and subsequent
determination of the degree of heaviness by cesiuiml
chloride density gradient cenitrifugation. To accom-

plisil this, it was necessary to establish the postion of
normal protease (from an H.,160 incubation) on the
gradient in relation to a marker and to repeat the
same procedure for heavy protease (fronm an H11180
incubation). Denmonstration of de novo synthesis re-

lies on a change in relative pos:toons. Use of a

marker is necessary because of small differences in
gradient conmposition from tube to tube whicch makes
fraction number an unreliable index of gradient den-
sity. Amy!ase labeled iwith lysine-3H and purified
from isolated aleurone layers, was used as the mlarker.

For nornmal protease, 2 gradient tubes Nwere pre-

pared, eacli containing 0.5 unit of protease. Crude
centrifug,ed medium was used as the source of enzyme.

Fractions from 1 tube (i.e. those not used for
refractive index measurements or radioactiver count-
ing) were used for protease assay aild corres<pond:ng
fractions from the other for deternlllnation of back-
ground anmino acids. This was necessary because the
amino acidcls (from the mediunlu) ere not distributed
evenly over the cesium cliloride gradlielnt and it was

necessary to subtract background optical densty values
from protease assay- values to ol)serx-e the correct
(and near Gaussian') distribution of prottase activity.

The gradent tubes contained 10 illM sodiumnl ace-

tate (pH 4.8), 1 liNi CaCI., aild enoughl cesium
chloride to make the mean den!ity of the gradient
1.30. These were mixed thorouglly aind then the
enzyme and the marker wvere layered on toip of the
cesium cliloride solution. The final volulile of the
gradient was 3.0 mul. The tubes xvere centrifuged for
65 hours at 100,000 X g to establish the gradient.

Fractions were collected bV puncturing the bottom
of the tube with a needle. Each fraction cons'stedl
of 3 drops. Usually each tenth fraction was used for
determination of refractive index and other fractions
were used alternately for radioactive counting and
proteas-e (or amino acid) assay.

The assay for protease in the gradient fractions
was performed as fol'ows. The gliadin substrate
solution was dialy zed to reduce amiino acid content
and made 10 im in P-mercaptoethanol. Reactfons
were begun by adding 0.2 nml of substrate to each
fraction. After 1 hour and 15 minutes at 300, 1.0 ml
of ninhydrin reagent wN-as added to each tube and the
color developed. The diluent volume was reduced to
0.5 ml. The ninhydrin pos.tive background was de-
termined on the fractions of the duplicate g-radient
by adding the ninhydrin before the substrate and
developing the color inmmediately. In order to mini-
mize variability in all determinatiol.i. alil glassware
was acid waslhed.

H11180 incubations were miiade essenitially as de-
scribed by Filner and Varner. Two aleurone lavers
were inctubated in 0.1 ml of H.,11O nmedium for 24
hours at 250. The medium contained 1 p.,.i gbberellic
acid, 1 ,uM sod.um acetate (pH 4.8), 10 ma\ CaCl..
andl 5 yg/mil of cach of streptomivcin, iiysteclin and
penicillin. At the end of the 24 hlours, 0.3 ml of
water was added to the incubation vessel alnd the total
mod um drawvin off. The 2 aleurone layers were
waslhed with 0.3 ml nmore water. The diluted medium
(about 0.65 ml) was centrifuged and 0.30 ml of the
clear supernatant usedl in each of the 2 gradient tuibeR
(1 for amino acid background anLd 1 for protease
assay as before). Determinations to find the dis-
tribution of protease were made as de.cribed above
except proteolysis was allowed to proceed for 3 hours
because of the very small amount of protease present.
The reaction proceeded at a linear rate over this
period of timiie.

Results

P,-otease Chlracteristics anid Coniditions for Pro-
duction. If the enzyme solution is frozen at pH 4.8.
there is no loss of activity for at least 2 weeks:
howvever even at 2a, activity is lost appreciably.
Samples inctubated at various pH values for 24 hours
at 20 and then titrated to pH 4.8 for assav, lost
twxo-thirds of the activity at pH 4.8 alid even more at
pH values above and below pH 4.8. In the presence
of 3-nmercaptoethanol. the loss at pH 4.8 was reduced
by half. Apparenitly inactivation is not due to oxida-
tion of the enzylme because bubbling oxvyen through
the solution for up to 6 hours had very little effect.
On the ba!sis of enzvme stability and the fact that
release of amino acids froln gliadin proceeded at a
constant rate over the reactioll times uised, reactions
were run at pH 4.8 although this was not determined
to be the pH optilllum.

Whereas amylase productioni is strongly dependenit
on the presenice of calcium during incubation (3),
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Tablc I. Thec Produictiont of PItoatisc by Half Seeds, Aleiuroite Loycrs(aiid StarchyE!lbdosPcr-ll in Rcspollsc to
Gibbci--Ilic Acid anzd Starchy Eni:ldospcr ii

Teni lhalf se(lds or alcuroine lavers w ere incubated for 24 hoturs in buffer containing 10 ii-mM CaCI., witl or withiout
iblberellic aci(i. V'alues are UnitS of protease per 10 half seeds or aleurnne layers.

No GA
MIcditllll Extract

Half seeds
Aleurone layers
Starchv endosperm

0.05;
0.04
0.10

0.23
0.19
0.03

Total

0.28
0.23
0.13

1 8um GA
M\Idlullll Extract

1.60) 1.25
2.30 0.60
0.10 0.00

protease slhoxed relatively smnall and(I variable re-
spoilses to metal ions. At 10 it. (Ca'- enlhalnced
protease productioni to a variable degree (I)-90 %)
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LOG CONCENTRATION OF GIBBERELLIC ACID

FIG. 1. The time courses of releast of amvlase andl
protease by aleuronie layers in tlle presenlce of 1 /Am
g-ibberellic acid.

FIG. 2. The release of amylase and protease by

aleurone layers in response to v-ariotus concenltrationis
of gibberellic acid.

and 1 maI MIn+2 enhlianced protease to the extent of
about 40 %. The effect of the latter was the same
on amvlase production. Only calcium, however, vas
used routinely in the incubation vessels.

The inhibition of barley protease is a problem of
practical importance to the brewing industry. Bro-
mate has been reported to be an effective inhb1bitor
(7) and similar results have been obtained lhere.
Bromate (1 ni) added to the mitediumii sturroLundinig
the aleurone layers during incubation, reduce(l by
85 % the final protease level. TI'his presumably is anl
effect on protease itself because amvlase activit\- w-as
only re(luced by 17 %. This effect is sim11ilar to that
found in endosperm sliceis (9) wvhere bromate inhibits
the GA stimulated release of nitrogenous miaterials
but has very little effect on sugar release or endo-g-
glucanase production. P-CMB and iodoacetamide are
effective inhibitors in vitro but N-ethyl nmae m(de
hiad no effect at pH1 4.8.

P1'oteasc ProdIuction. Aleurone layers procluce as
muclh pretease as half seeds (table I) in the preOence
or absence of GA and starchy endosperm pl-odluces
virtually none. Hence, the aleurone layer is the site
of product.on of all or most of the protease proJuced
by the hallf seed. 'Most (79 %) of the protewas iS
released illto the mediumtii surrounding the a'leurone
layers. Thus, there is no doubt that this is the
enzyme responsible for hyldrolysis of the reserve pro-
teins of the endosperm. Total protease production is
increased almost 12-fold by GA wvhereas released
protease is increased by about 70-fold.

The time courses of appearance of amylase and
protease in the mediumn are very simnilar (f,g 1).
From these data it cannot be said that the producton
of the 2 enzymes was initiated at exactly the same
time but it is clear that there is a very clo-e 'issoc'a-
tion in release.

The production of pr-otease in response to varying
concentrationis of GA is similar to that of amylase
(fig 2). Botlh are linear between 1 jLU/.M and 1 /M
GA.

These data indicate that amylase and protease are
produced as a unit in wlhich case inh ibition of the
production of 1 enzyme should be paralle'ed bx the
inhibition of the otlher. This is verified by the sii-
laritv of the effects of cycloheximide, actincmvcin D
and abscisin II (table II). The unit appear- to be
exclusively under GA control for as in the case of
aniylase, kinetin anld IAA have no effect on protease
production.

Total

2.85
2.90
0.10

amyluse - 4

--- protease

)o 1

'O_/~~~~~
0/ 2-30-

!0 ..gr::??/

l-',
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Density Labeling of Protease. Results of the
density labeling experiments are showvn in fig,ure 3.
Protease induced by GA in the presence of H,160
has a mean band position 3.8 fractions heavier than
amylase (about 0.64 % greater buoyant density),
w-hereas in the presenice of H210.O the protease is
8.3 fractions heavier thain amvlase. The shift in
mean position of the heavy protease fromii normal
protease is 4.5 fractions which corresponds to a
buoyant density change of 0.76 %. Also, using the
width of the curve at half heiglt as a ilmeasure of
enzvme distribution', there is no band broadenng in
the presence of H2.'CSO. These parameters (4) are
sufficient to showv tllat the protease released by the
aleurone lavers is nia(Ld completely de novo in re-
sponse to GA.

Discussion

Because of the selection of gliadin as substrate,
the protease measured is undoubtedly that prGtease
x-hic:h is re-sponsilble for the hydroly-is of endosperm
protein during germ:lnation. All ot the protease of
the endosperll is madle in the aleurolne layer and most
of it is re'eased from the cells. In thiese aspects,
protease and aiyvlase are similar and the activities
measured truly reflect their phv-.nicgical fuinction.
Furthermore, the paralle!isms hetwveen protease and
amylase production suggest that conitrol of the syin-
thesis of these 2 hvdrolases by GA is exerted via the
same mechanism. Admittedly thel-e are several other
enzymies whiich increa;'e in barley endosperm in re-
sponse to GA and which have not yet beel exam:'ned
closely but the sinmilarities of the production cf pro-
tease and am-lase indicate that the effect of GA is

The widtlhs of the 2 amyvlase curves are (lifferent.
Eveni though the amylase solution is stored frozeni, it
uindergoes a chanige wlhich causes its band width to
broadeni. However, the buoyant density of the enizyme
does not change anid its tise as a mark;er is therefore
justified.

4By the use of Gaussiani paper (12) it cani be showni
that the protease distribution deviates soniee-lhat from
lnormality. This is probably due to heterogenieity of
the protease. It is very likely a mi;xture of proteases
with slightly differenit buoyant denlsities. The amylase
distribution is Gaussian.

Q.

-J

100

801-

60 F

40j_

201-

30 40 50 60 70
FRACTION NUMBER

FIG. 3. The (listributions of protease released by
aleurone layers in the presence of H.,160 anid H,180
on cesium chloride gradients. In either case, tritiated
atmylase has been uised as the reference.

to promote the synthesis of a group of hydrolases
wh,ich are destined to be released fromn the aleurone
cells.

Ribonuclease production, however, although con-
forming to the same general principle, has some
aspects which are different from the production of
amylase and protease (3). Total ribonuclease pro-
duction follows the same general trend as amylase an(d
protease but most of the increased ribonuclease is at
first retained in the cells, and appears in the medium
only after about 24 hours of incubation with GA. The

Table IT. E[ffects of Inihibitors o(i Amvlnlsc a id Protease Production by Isoolated 41curonie Layers
Ten aleurone layers xvere incubated for 24 hours in btuffer conltaiiniig 10 ;Mr CaCl.,, 1 -mM gibberellic acid an(d

the inhibitor giv cni.

Amvlase
Units per 10

aleurone layers

Protease
Units per 10

aleurone layersInhib.

Control
Cycloheximide 5 pg/ml
Cycloheximide 1 gg/ml
Actinomycin D 100 jg/ml
Actinomycin D 50 Ag/ml
Abscisin II 10 ,uAm
Abscisin II 1 ,Lm

5-

I..

IL:

FRACTION NUMBER
I

H2'8o protease \ 14-aomyylose
A

0'0/1/ SE~~~~~~~~~~~~~~~~~~
41 I~I

/ \

~~J4~~~~..A

\

109
7.1
7.0

20.2
40.7
28.6
45.5

Inhib.

93
94
81
63
74
58

2.53
0.13
0.15
0.53
1.04
0.92
1.26

. .

95
94
79
59
64
50

v --I r -- *.. .O L-
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.i2ni ficacice of thlis cliffereiice i llot known bhut also
it remains to be seen whethler ribonuclease is mlade
(le novo and whethcr tIme extracted enzymne iS in fact
intracellular.

There is a close simillarit in d stribmltion of pDro-
tease and amvlase after 24 hours of inctu-bation, four-
fifths of the total activity being found in the medium
andcl one-fifth in the tisstie extract. MacLeod et al.

(8) and Yomo and linuma ('18) have demonstrated
similar parallelisms hetween protea.e and amylase in
isolated aleurone tissue, athotigh in botlh cases the
abil tv of the tissue to release the enzymle,s was im-
paired and mnost of the activity was found in aletirone
extracts. Hence, it seemns that amvlase alnd protcase
are made and released by s,ml:lar meclhaniisumis. Fur-

tlhermore, it appears that the synthesis anad r1elease
processes are indepen(lent of each other.

In contrast to our finidings. IMacLeod et al. (8)
found that in'tiation of amlylase piroductioni pir ceeded
proteaise production b)y at least 8 hour. in isolated
aleurone layers, and by 2 hours in en(IoSner-11 slices.
Iu add.tion, at 48 houris of incubatiou. am\1xase pro-

duct,on was still active xxhlle prot-ase production lia(l
es.sent allv stop),ped. Product.ou of endo-,l-o-giican ase
\as initiated even eal-lier than that of anivlase. \I-
thoughl the ability of the alenirone t:..ssue to retea-e the
enzx n ves a; impair-ed, the data still imply that the

timnes of prodtictioln of different hvdroa.se. are not
linike(d in an obligatory maniner. h'l'ere i.; nio C bviotimc
explanat:on for the dlifference in result..

Tlmrotighotit this paper, xx 1 have been speaking- of
amvlase rather tlhain a-amylnae. 'T.his las been (lone

hecauise wve have obtained indications that not all of

the amylase made 1) aetilroine lavers in re.sponse to
GA is a-amvlase. As showx n by agar gel ele ctro-
phores.s, anwvase fromii barley a1etlirone layers cons-sts
of 4 molectiar fornm.. 2 of xvhich have been tenlta-
tivelv identified as a-am1 ase alndI the other 2 as
f8-amvlase. All form,s increase fo'lowivng GA tr at-
inent. This wxill fie the topic clf a ftittilre report.
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