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PREFACE

Sonre of the results described, in this thesjs have been published

as f ol I otnts :

"Characterizatìon of peptidase enzymes in the maize root"

J. D. Shannon and W. I,lal I ace

Proc. Aust. Biochern. Soc. ll, 65 (l97iJ)
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NOMËNCI.ATURE AND ABBREVIATIOIìS

The major enzymes mentioned ìn this thesis are ìisted below wÍth

their numbers and systernatic names u, ,..o*tended by the Commission

on Bìochemical l{omenclature (1972).

Tniv.í-a,L Namø 8.C.. Nan¿ ctnd Nunbo-n

Alcohol dehydrogenase Alcohol : NAD+ oxidorecluctase

E.C. l.l.l.l
Al dol ase D-Fructose- l, 6-bi sphosphate

D-91 yceral dehyde-3-phosphate*
ì yase

E.C. 4.1"2.13

Argininosuccìnate ìyase L-Arg i ni nosucci nate arg'i ni ne-lyase

E.C.4.3.2.1

Aspartate ami notransferase L-Aspartate : 2-clxoglutarate
ami notransferase

E.C. 2.6.1.1

Bromel ai n

Carboxypeptidase A

Carboxypeptidase B

Carboxypeptidase C

Cathepsin A

Cathepsin B

Cathepsin D

Chymotrypsi n

El astase

Fici n

E.C.3.4.22.4

Peptidy'l -L-amino-acid hydro'ì ase

E.C.3.4.12.2

Peptidyl -L-lysi ne (L-argini ne)
hydroì ase

E.C. 3.4.12.3

Pepti dy'l -L-ami no-ac i d ( L-prol i ne )
h.ydro'lase

E. C. 3.4. I 2. I

E.C. 3.4..l24.1

E.C.3.4.22.1

E. C. 3 .4.23.5

E.C. 3.4.21 .1

E. C. 3.4.21 . I l

E.C.3.4.22.3



t,

Tniv.i-ct?- Nr,.np-

Fructose 1,6-bjsphosphatase

Gl utamate dehydrogenase

Hydroxymethyl g ì utaryl -CoA
recluctase (NADPtl)

I nvertase

Lactate dehydrogenase

Nitrate reductase (UnOH¡

Nitrate reductase (NAD(P)H)

Nitrate reductase (runuPH)

Nitrite reductase

Orni thi ne decarboxy'l ase

Ornithine transaminase

Papai n

Peps i n

Phaseol us protei nase

Pheny'lalanine ammonia lyase

Ê.C" Nmt¿ and Nunbet''

D-Fructose- l, 6-bi s¡lhosphate
1-phospltohydrol asc

E.C. 3.1.3.11

l--Gl uta.nrate : NAt)
(deami natì ng )

E.C. 1.4.1.2

+ 
oxidoreductase

Meval onate : NADP-F

(CoA-acy]at'ing )

E.C. 1.1..l.34

ox-idoreductase

ß-D-Fructofuranoside fructoh¡,C¡01 ut.

E. C. 3.?.1 .26

L-Lactate : tlAD+ r.¡xi doreductase

E. C. 1 .1 .1 .27

NADþ| : ni trate ox'icloreductase

Ë.c. 1.6.6..|

NAD(P)H : njtrate oxidoreductase

t.c. 1.6.6.2

NADPH : nitrate oxidoreductase

E.C. .l.6.6.3

Nitric-oxide : (acceptor)
oxi do-reductase

t.c. 1.7.99.3

L-Orni th j ne carboxy-ìyase

E.C. 4.1.'l.17

L-Ornithine : 2-oxo-acid
ami notransferase

E.C. 2.6.1.13

E.C.3.4.22.2

E. C. 3 "4.23.1

E.C. 3.4.2.l .13

L.-Phenyl al ani ne amtrroni a-'lyase

E.C. 4.3.1.5

GTP : oxaloacetate carboxy-lyase
(transphosphoryl ati ng )

E.C. 4..l.1.32

Phospho ønct!- pyruvate
carboxyk'inase (ern ¡



Tn í.vittt- Nan¿

Phosphogi ucomutase

Pyruvate kinase

Ribulose 1,5-bjsphosphate
carboxyl ase

RNA polynerase

Subtil isìn

Thronrbi n

Tryps'in

Tryptophan oxygenase

Tryptophan synthase

Tyros i ne ami notransferase

Xanthine oxidase

Yeast proteinase A

Yeast proteinase B

vL

E.C. Nam¿ and Nunben

cr-D'G1 ucose-l ,6-bi sphosphate
c-D*Gl ucose- I -phosphate
phosphotransferase

E.C. 2.7.5.1

ATP : pyru'late 2-0-phospl'rotransferase

E. C. 2.7 .1 .40

3-Phospho-D-g lycerate carboxy-
lyase (clìmerì zi ng )

E.C. 4.1.1.39

Nucleosidetrjphosphate : RNA

nucl eoti clyl transfenase

E"C. 2.7.7.6

E.C. 3.4.21 .14

E.C. 3.4.21 .5

E.C. 3.4.21 .4

L-Tryptophan : oxygen 2 ,3-ox'i do-
reductase (dec.ycl i zi ng )

E.C. ì.13.il.il
L.-Serine hydro-ìyase (adding indole)

E.C. 4.2.1 .20

L-Tyrosíne : 2-oxogìutarate
ami notransferase

E.C. 2.6.1 .5

Xanthine : oxygen oxidoreductase

E.C. 1.2.3.2

E.C.3.4.23.8

E.C.3.4.22.9
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The plants mentjoned in this thesis are listed belolv with the'ir

full binonlial Latin names as recommended in Instruct'ions to Authors for

the Bi ochemi ccrl Journal [Bi ochem. J . (l 973 ) I 69 , 2-271 .

Tnivi.a.,L Nan¿ ßinanwoL Latin Name

bar'ley

cotton

French bean

mai ze

mung bean

mustard

oat

orange

pea

potato

ri ce

Scot's pine

sorghum

soybean

sunfl ower

tomato

watermel on

vrheat

yeast

Hondeum vu.Lgo-nø L.

Go,s's qpiun l,uLuutun L,

Pha'seoLl's vrú-goti's L.

7-en mary L.

Pl+a,tøoLtt s aii",LeLLL Roxb .

SLnaytis a,t-bo. L.

Ãvøna ¿aLLva L.

C,í,tttu.t ,sin¿røi.t (L . ) Pers .

Pi'sun ¿aLLvwn L.

So Lnnun t ttbe,'10.5 un L.

)nqza ,sa.tiva L.

Pínu.t aqI.v e.ttt).t L.

Scsn-ghum bicoLon (1. ) Moench

GLqc.íne ma.x (L. ) Merr.

He,Unnthu,s annuul L.

Lqcoytuuícon e'scu.Lentum I'li I I .

Ci,Ltu,L!-ut Lßnaf.ut (Thunb. ) Mansf .

Tni.ticun a¿aÍivtw, L.

Saechanomqco-,a cuL¿viliae. Mayen ex l-lansen



v/-^.L

The abbreviations for chemicals and symbols in genera'l fojlow

the Instructions to Authors for the Biocheniical Journal (Biochem. J.

169, 2-27 (1978)

Cheniml's

ATEE

N-Ac-Al a-Al a-Al a-
methyl es Ler

BAEE

Cbz-Gl u-Tyr

Cbz-Phe-Al a

DAN

DFP

D[1SO

DTT

NEM

pCMB

pHMB

PMSF

SDS

SH

TAME

TI.CK

TPCK

N-Acety'l -L-tyros'ine ethy'l ester

N-Acetyl -L-al anyì -L-a'l anyl -L-a1 an i ne
methyl ester

a-N-Benzoyl-L-arginine ethy'l ester

Â/- CarboLrenzoxy- L - gl utamy'l - L- tyr^os Í ne

fr/-Carbo benzoxy-L- p henyl a 1 anyl - L - al an i ne

Di azoacetyl -DL-norl euc'i ne methyl ester

Di i sopropyl fì uorophosphate

D'imethyl su'lphoxide

DL-Di thi othrei tol

ñ-ethylmal eimide

p-Chl oromercuri benzoic acid

p-Hydroxymercuri benzoi c aci d

Pheny'lmethyl su1 phonyì fl uoride

Sodium dodecy'l suì phate

Sul phydryl

p-Tosyl -L-argi ni ne methy'l ester

p-Tol uene s u I phonyl ì ys i nechì oromethyl ketr:ne

p-Tol uenesul phony'l phenyl al an i nechl oromethyì
ketone



íx

K
m

SonbctLs and UM,tt

^A
oc

d-

uE

fr
g

mg

u9

h

L

ml

m

cm

mm

M

mM

umol

min

lo

ppt.

sec

vlv

wt

w/v

change in absorbance

degrees Cel si us

day(s)

mi croei nstei n

fresh

gram

milligram

mi crogram

hour(s)

Michael is constant

litre
milìilitre
metre

centimetre

mi I I imetre

mol ar

millimoiar

mi cromol e

mi nute

per cent

preci pi tate

second

'volume per voìume

wei ght

weight per voìume
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SUMM/TRY

1 This thesis reports an investigation oir some properties of

proteìnases, carboxypeptidases ancl an amÌno¡:eptidase in naize roots,

their distribution in maize and wheat tissues and involvement in

the inactivaticn of nitrate reductase. The main steps in the

purification procedure are shown in Fjgure l.

2 The proteases were found in the supernatanb fraction after

centrifuging crude extracis at 95 C00 g for I h. Trea'tments to

remove polyphenols from crude extracts had no benefìcial effect cn

enz.yme acti vi ty or stabi ì i ty. Al I the errz-vmes were preci p'itated

between 35-70% (NH4)rS0O saturat'ion and after subsequent treatment at

pH 4.4 they were recovered in the supernato.nt fraction ancl other than

aminopeptidase, there was 3-4 fold purìfication of the enzymes.

3 The proteases were separated into ùwo fractions, A and B by

eìution from a CM-cellulose column with a pH gradient (5-6) containing
.l30 

mM NaCl.

4 Protease A degraded azocasein, haemoglobìn, inactivated nitrate

reductase and had carboxypeptidase activity. Most of the carboxy-

pept'idase actìvity (carboxypeptidase A) v¡as separated from the other

components on a DEAE-Sephadex column. The remaining carboxypeptidase

activity (carboxypeptidase A') was separated on a Sephadex G-100 colunrn

from an enzyme which degraded azocasein and haemogìob'in and inactivated

nitrate reductase (probeinase A).

5 Protease B, containing haemogìob'in degrading activity (proteinase B),

carboxypeptidase activity (carboxypepiidases BI and BII) and a njti'ate



XLX

reductase inactjvator was resolved on a Biogeì A-0.5m column.

6 Proteinase A, whjch has a molecular weight of 53 000, degnacled

azocasejn and haemoglobin wjth maxjmurn activity at pH 9.0 and 4.0

respec'Liveìy. The pH optimurn for proteinase A with casejrr or root

protein as substrate was 6.0. Azccaseìn degradíng act'ivìty,

haemog'lobin degrading activity and nitrate reductase inactìvatinq

activity could not be separated by a range of techniques namely, ion

exchange procedures , ge'ì f i I trat Í on , hydroxyl apati l"e col umns and

affinity chromatography. Proteinase A was inhfbjted by PMSF and DFP

and appears to be a serine proteinase"

7 Proteinase B degracled haeräoql obin rvi th maxinrurn activity at pH 4.0.

It was inhìbjted by PI4SF (41%) and pCtrlB (70%) and may be an SH-prote'inase.

B. Carboxypeptidases A and A', both with a molecular weight of 97 000,

had a pH opt'imum of about 5.0 when Cbz-Phe-Ala r^ras the substrate. Both

enzymes were inhibited by PMSF and DFP anci appear to have a serine

residue at the actíve site; carboxypeptidase A' was al so 'inhib'ited by

pCMB.

9 Carboxypeptidases BI and BII which were sensitive to both PI{SF and

pCMB had a pH optimum of about 5.0.

l0 The nitrate reductase inactivat'ing act'ivÍty associated with

protease B appears not to be a protease and was inhibited by'1,.lO-phenan-

throline but not by PMSF.

l1 Azocasein degrading and rritrate reductase inact'ivating activities

vrere found majnly in nraize roots. The h'ighest activìties for carboxy-

peptidase ancl aminopeptidase were recorded in leaves of maize and wheat



xx

12 Proteinase, carboxypepbidase and njtrate reductase inactjvating

activity increased wìth age jn maize roots while the solubìe protein

content decreased. The enzymes associated with protease A increased

with age while those assoc'iated with protease B declined.



FIGURE I

FLou¡ d,&gnan ct{ thø ytne-¡ca.ttafion o$ ytttote.a.te.,t $ttom maizø ttoobs
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Inhibited by pCMB and PMS

pll
F.

5.0

Hydroìyses I eucine-p-ni troani I i de
at pH 6.7; a.cid labile.

Inactivates nitrate reductase.
Inhi bi ted by 1 , ì 0-phenanthrol i ne
but not PI4SF or casein.
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I. INTRODUCTION

I "l Review of literature on proteases

I . I . I Cl assi fj cati on of proteases

The classificaton system for proteases presented in this tkresis

is based on that recommended by the Comrnission on Biochemjcal

Nomenclature (1972). Proteases, more conrectìy referred to as peptide

hydrolases, are divided into two groups accord'ing to the position of

the peptide bond hydro'lysed, namely pept-ídases, formerìy exopeptidases,

and proteinases, formerly endopept'idases. l,Jork to be descrjbed jn this

thesis on peptidases will be restricted to 'lhe amjnopeptidases

(ËC 3.4.1.l) whjch hydrolyse sing'le amino acids fronr the N termjnus of

pept'ide chains ancl the carboxypeptidases (EC 3 .4.12) which hydrolyse

single amino acids from the C terminus.

The proteinases (endopept'idases) are further cla.ssifjecl according

to their cataìytic mechanism based on studjes on their active site and

pH optima. This classification'is as fr¡llows:

EC 3.4.21 serine proteinases - a serine and a histid'ine residue

at the active site

EC 3.4.22 SH-prote'inases - a cysteine residue at the actjve sjte

EC 3.4.23 acid proteinases - a pH optimum below 5 because of the

i nvol venrent of an ac i d i c res'idue i n

the catalytic mechanism

EC 3.4.24 metalloplotejnases - require a metal ion for their

cataìytic action

The active s'!te inhibitors most commonly used to classìfy

proteinases are listed ìn Table l. However, care rnust be taken jn



TArìr_t i

Rengøwt'l u'sød t.o chnnac.t¿¡ti¿¿ ctc,tive. ¿iíc¿ o( ytn.otectt"e,s

Reagent Probabl e
site of
acti on

Reference

p-chì oromercuribenzoate (pCMB) Cys, His Kuhn e.t ctL(1974)

HgCl
2

Cys, l-li s Kuhn eic ctt.(197 4)

di -i sopropyl fl uorophosphate (DFP ) Ser Mounter Q,t aI- (l 963 )

phenylmethyìsulphonyìfluoride (PMSF) Ser Fold and Fahrne.y
(1e64)

p-to1 uenesul
ketone (TLCK

honyl ìysinechlor"omethyl Ìlis Shar^r ¿l rt¿ (1955)p

)

p-to1uenesul phony'lphenyl al ani ne-
chl oromethy'l ketone (TPCK)

ethyl enediami netetra-acetì c ac'i d
( EDTA)

I ,1 0-phenanthrol ine

d i azoacetyl -D, L-norl euc j ne
methy'ì ester

His Schoel iman and
Shaw (l 963)

metal ions Martall (1959)

Fe
Cu

2+
2+'

2+
7n Martell and Calvin

(re52)

Lunblad and Stein
(.l969); Bayliss
Q,t tuL (.l969)

Asp
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interpreting the effects of these inhjbitors. PMSF, which reacts

specifically with a sìng1e reactive serjne residue 'in chymotrypsin even

when used 'in tvrenty fold excess (eol¿ and Fahrney, 1964), aiso reacts

with sulphydry'l groups of the active site of the SH-protejnase papa'in

(Whitaker and Perez-Villaseñor, l968). Means and Feeney (197'l) consicler

that nrercurials have a far greater affìnity for SH groups than for other

groups but suggest that insufficient attention has been gjven to the

poss'ib'i'lity of reaction with residues other than cysteine. K.uhn ef. a.L

(1974) list the probable sjte of act,ion of mercurials as c,vsteine or

histidine residues. If mercurials react with histidine residues then

they may inhib'it serÍne proteinases, whjch have a histidjne res'idue at

the'ir active sjte, as welì as SH-proteinases. Proteinase B of yeast

which is inhib'ited by DFP and pCMB (Hata el eL,1967) has been classified

as an SH-proteinase (eC 9.4.22.9). It is difficult however to understand

why it was not classified as a serine pro'|'e'inase as the reaction v¡ith

DFP is genera'lly considered to be a diagnostic test for a serine

proteinase (Kraut, 1977). Possibly sonre proteinases require a free

SH group, which is not part of the cataiytíc mechanism, to bjnd substraies

or to maintain an active conformation. TLCK (p-toluenesulphonyllys'ine-

ch'lorornethyì ketone) and TPCK (p-toluenesulphony'lpheny'lalaninechloro-

methy'l ketone) are inhibitors which have been designed to resemble

substrates of trypsin and chymotrypsin respect'iveìy but possess a

chloronethyl group which alkylates the reactive histidine when these

molecules b'ind to the enzyme (Nleans and Feeney, l97l ). Hor^rever they

have also been shown to react with SH groups at the active site of the

proteinase papain (Whitaker and Perez-Villaseñor, l968). Furthermore,

because of the b'inding specificity of these reagents, they do not react

with all serine proteinases (Shavr, 1970). Means and Feeney (1971 )

conclt¡de that dye sens'itised photochenticaì oxidation of imidazole groups

is a more reliable procedure for checking'for histjdine residues at the
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act'ive si tes of errzymes.

By using the inhibitor DAN (diazoacetyl-D,L-norleucine methyì ester)

wh'ich reacts specifically with one aspartic acid resjdue jn the active

site of pepsin (Lundbìad and Stein, 1969; Bayliss e.t al-o 1969), it is

possible to deternrine whether an acid proteinase is similar to pepsìn.

There are other proteinases with pH opt'ima below 5 which are not jnhjbitecl

by DAN but are affected by N-bromosuccinjmide (Garg and Virupaksha,.l9701

Oda and li'lurac , 1974). N-bronrosucc'inimicle is wjde]y used to cleave

peptìde bonds adjacent to tryptophan residues but'it oxidises cysteirre

more rapidìy (l'leans and Feeney, l97l ). Thus a second group of 'acid

prote'inases', although not aìways inhjbited by pCMB, môV have an essentjal

SH group at their actìve s'ite; a good example is the enzyme from

germinat'ing maize v¡hich is inhib'ited by pCMB but not by DAN (Abe e..t a.L,

1e77).

1.1.2 Plant proteinases

Studres on pìant proteìnases have mainly concerned those involved

in the mobilisation of seed reserves during germ'inatjon. Those of

germinating seeds generaì'ly appear to be SH-proteinases (Abe ef a,L, 1977;

Baumgartner and Chnispeels, 1977; blittenbach, lgi8) and thus differ from

proteinases of vegetative tissues rvhich genera'ìly appear to be ejther

serine or acid proteinases as described below. The enzymes of germinat'ing

seeds normally have acidic pH optima (Abrt e.t a.L, 1977; BaumEartner and

Chrispeeì s, 1977 ; l^littenbach, 1978). From time course studies on the

utilisation of seed reserve prote'ins and on the appearance of proteinases

and their specificity,'it has been concluded that proteinases present'in

seedlíngs mobiìise protein reserves (Preston and Kruger, 1976;

Baumgartner and Chrispeels, 1977; Fujimaki al a.L,1977). It appears

that these enzymes are located withín protein bodies which are thought lo

coalesce to form the central vacuole after depletion of the reserve prof;ein
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(Ashton, .l976). 
The functjon and properties of proteinases of germinating

seeds have been extensiveìy revielved (Ryan,.l973; Mayer and Shaìn,19/4;

Ashton, 1976).

Most of the proteinases in leaf tissue are inhibited by DFP or PMSF

and pCMB or HgC1, (faUt e 2). As mentioned prev'ious'ly (Section l.l.l ),

these enzymes shourld be classified as serine prot.einases. Soybean trypsin

inhibjtor does not affect leaf proteinases aìthough r't appears that the

enzytnes of oat leaves and shoots contaìn an essential histidine residue,

as does trypsin, because they are inhibited by rose benga.l sensitised

photochem'ica'l oxjdation or TLCK (Drivdahl and Thimann, l97B; Pil<e and

Briggs , 1972; I'leans and Feeney, l97l ). The serine proteinases dìsplay

a range of pH opbìma (Tabl e 2). However the pl-l op'b'imum of a proteinase

may depend on the substrate usecj for a proteinase from mung bean seedf ings

has a pH op+.imum of 4.6 on azocoll but 5.7 on gelatin (Chrispee'ls and

Bouiter, .l975); similarl.y a proteinase from wheat seedlìngs has pH optima

of 4.2 and 5.2 with haemoglobin and casein respectively (Wittenbach, j978).

Molecular weights of the serine proteinases of higher plants do not

exceed 1 00 000 (faUl e 2) .

Acid proteinases have been characterised in wheat leaves (fritn ai ctL,

ì97Ba,b,c). 0f the six proteases isolated, three have been shown to be

prote'inases by determìnÍng the ratio of cr-amino N to total t'l in the

products released from haemoglobin (Frith Q.t a.L,1978a); they have a pH

opt'imum of 4. 5 when haemogì obi n i s the substrate (f ri tfi Q,t a.L, 1 97Ba ) .

One of these proteinases was inhibited by DAN and therefore pos'itively

identif ied as a peps'in I i ke acid proteinase (f ritn a,t a.L, 1978b) . PMSF

partially (53%) inhibited this enzyme and an acid proteinase from

P.La..tmod,ian bø,tgllei lvas also inhibited by this reagent (Levy and Chou, 1974).

Such inhibition may be due to the presence of a serine residue in the

active s'ite as has been shot^rn for peps'in (Tang , 1977).
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?noytu.t)-e..t o( prto.teinzlus c( vege.ta.tive. tit¿uø¿ o.[ h,íg|'ten ytLc'nLt

Ti ssue

Agavø aneJútann
I eaves

Phn,s¿aLu¿ vuLganÁ
I eaves

Ze.a ma-qr' I eaves

7en magl roots
and shoots

Av¿na" ¿o.tiva.
s hoots

Avau. ¿a.t Lva.
I eaves

Glt4c.ínø nctx
noot cells in culture

Tnfücun aeltivun
I eaves

Mol ecul ar
wei ght

55 000

I 00 000

62 00c

Inhjbition by

2

pH

optimum
Reference

DFP or
PMSF

+

EDTAC¡4B

Hgc
p or

l

+

+

9

6

8.0 du Toit (1976)

Racusen and Foote (.l970)

Kl e'in' and l-iarpaz (i 965 )

6.4 Pike and BrÍggs (1972)

Drivdahl and
(1977, 1 97E )

6.0 Shargool (1975)

4.5 Frirh 2.t.eL (1978a,c)

0

4

+

+
+

4.2
6.6

000
000

5 .4 Fel I er e.t o..L (l 978 )++

Thimann

+

76
76

+

+89 000
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The presence of acid proteinase activiLy in wheat leaves of all

ages has been interpreted to mean that they function in normal protein

turnover (fritn aÍ qL,.l975) and an jncrease in act'ivity ìn older tjssues

also indicates a role for them in prote'in degradation during senes(:ence.

Dalljng øt a"L (1976) found a significant corr^elation between proteìnase

actjvity in wheat leaves and the rate of n'itrogen transloc:ation from it.
In the same tissue, ribulose-1,5-bisphosphate carbox-v1ase is degraded by

the acid proteinases (Peoples and Dall'ing, l97B) and in barley'leaves

loss of rìl¡ulose-1,5-bisphosphate carboxylase activ'ity is correlated

with an increase in proteo'lytic act'ivity aga'inst azocasein (Peterson and

l-luffaker, 1975). PMS[-, which inhibits two prote"inases found ir¡ oat leaves

(Orivdahl and Th'imann, 1978), retards senescence of the leaves

(Thimann Q,t a,L, 1972) suggesting a ro'le for these enzymes in this process.

Proteinases appear to be located in the central vacucle (Natjle, l968;

Nishimura eÍ eL, l97B); thus these enzymes are located in an acidjc

compartment of the cell as are the proteoiytic'lysosomal cathepsins of

animal cel I s.

Common'ly proteolytic activity in plants is determined wìth non-

physiologicaì substrates, usualìy casein and haemoglob'in, the latter'

being used at acidic pH. Ribulose-1,5-bisphosphate carboxylase has been

descrjbed above as a substrate for endogenous proteinases and Racusen and

Foote (lgZO) have shown that the enzyme of bean leaf degrades denatured

soluble leaf protein. hlhile proteoìytic inactivation of phytochrome

(pitce and Briggs, 1972) and some enzymes descrjbed below has been shovrn,

the extent of the associated proteolysis has not been established.

A nitrate reductase inactivat'ing enzyme has been descrjbed in maize

roots (lnla'l I ace, I 973 ) . Thi s enzyme appears to be a ser''ine protei nase

and is similar to yeast proteinase B (l^lallace, 1978a.; Sectìon 1.1.4).
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SpecifÍcity sturiies shol that this enzyme inact'ivates the NADH-cytochronir c

reductase conrponent of pìant and fungal nitrate reductases but not the

bacterial en;¿yme (lnlaljace, 1975). The rno'lybdenLrrn corrtainìng enzyme

xanthine oxidase from butterm'il k was not inactivated a'lthough this

enzyme can complement the rritrate reductase rnutant nit-l from /'J2¿o,tlr()tLa"

(Ketchum a,t eL, 1970). Tryptophan synthase and fructose-1,6-bisphosphatase

from ¡rs¿5t, r,vl"rjch are al so sensit'ive to yeast proteinase B (Sahef i and

Holzer, 1974; I'lolano and Gancedo, 1974) are the only other enzymes l<nown

to be inactivated by the ma'ize root proteinase (Wallace, 1978b). An

increase in the activit¡r of the inactjvating enzyme occurs t^¡jth root

age (l,lal I ace, I 97Ba ) .

The in vivo significance of proteolyt.ìc systems for jnactivating

nitrate reductase has been questioned by Tjschl er e.t an 0978). These

wc¡rkers found no evidence that a prev'iousìy Cescrìbed pnotease in cotton

cotyìedons (Purvis ef a,L,1976) resulted in a loss of nitrate reductase

activity Ln vi;(no because neither PMSF treatment nor a pH of 7.5 in the

extract of cotton cotyledons whjch would inhibit serine and acid

proteinases respect'ive1y stabil ised njtrate reductase. The inhibjtors

NEM and iodoacetamide were also ineffective, but as these inhibitors do

not a'lways inhibit proteinases sensitive to pCMB or l-lg0'|, (Hata e,t aL,

ì967at Racusen and Foote,1970; Pike and Briggs, 1972; Burger, 1973)

and the absence of proteolytic activity was not checked direcbly, er/Ídence

against proteolytic inactivation of n'itrate reductase in extracts of

cotton cotyìedons is inconclusive.

There are now reports of nitrate reductase inactivating proteìns

which are not proteinases. ()ne such inhibjtory molecule jn the rice

plant, first described by Kadam e,t a.L (igZ+), has been extensively

studied by Yamaya and Ohira (1976, 1977, l97B). Its molecular rveight

has been estinated to be 200 000 and it was sensitive to
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ì ,10*phenanthrol ìne, NaTEDTA and ¡rCMB" suggesting the involvement of a

metal ion and SH groups (Yalnaya and Oh'ira, 1977). It aj so i nactivates

xanth'ine oxidase of buttermilk but not rice niùrite reductase, glutamate

dehydrogenase or the ttlADll-cytochrorne c reductase component of nitrate

reductase (Yamaya and 0hira, 1977). Recently a protein inhibitor of

nitrate neductase has been 'isolated from soybean leaves (¡olly and

Tolbert,1978). It has a molecular weìght of 31 000 and again it dicl not

appear to be;r protease. Eiridence was presented that ihe inhjbitor was

inactivated in light suggest'ing that'i'l may have a role in the ìight-dark

modulation of nitrate reductase activity.

Macrontolecular inhibjtors have been identified for a range of other

plant enzymes including potat.o 'invel tase (Pressey, 1967), sunflower

phenylalartine ammon'ia'lyase (Creasy, 1976), maize alcohol dehyCrogenase

(Ho and Scandalios, 1975) and L¿mna aldolase (Sarawek and Davies, 1977).

In these cases it was shown that a proteol.ytjc action was not involved.

Proteases rnay be involved in the inactjvatìon of argininosuccinate lyase

in cultured soybean cells (ShargooÌ, 'l975), potato phosphoglucomutase

(fant and Gaul, 1975) and phosphoenolpyruvate carboxykinase from

Me,se.nbnqanf.henun cnq,stntl-Lnun (Wlnter and Greenway, I 978) .

.l.1.3 
Peptidases of hjgher plants and fungi

The carboxypeptidases isolated from a range of vegetative tissues

of higher pìants, germinat'ing seeds, yeast and Nøwto,sfrotLa" clL(L^^a are

similar in their propert'ies (fa¡le 3). They are inhibited by PMSF or DFP

and therefore are 'like'ly to contain a serine residue in the active site

(Section 1.1.1). An essentjal free SH group is also suggested in some

cases because either pCMB or HgCl, inhibit. In yeast carbo.xypepticlase Y,

pHMB prevents DFP from reacting with the enzyme, suggesting that the

SH group is close to the serine residue (Hayashi øt aL,1973b). As there
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TABLE 3

o( canboxtlpey:.tida'se's 06 higl+et, p.Larús, qe-cut and fl¿uno^po,ni-

Ti ssue

Hondøun vu.{-ganø
seedì i ngs

?l,n¡øoLu¿ vwLgenil
'leaves

G o,s t Eytfuin h,íluutun

7en mo-q.t all
vegetative tissues

P hø,'s e-a Lu,t eu,Lait/s

seedì i ngs

Nzunoqtonn u7-aÅ,5a.

CLüuts 'sin¿wti,s
I eaves

Mol ecul ar
weì ght

90 000

I 20 000

85 000

42 000

DFP or^

PMSF

Inhibition by

pCl'lB cr EDTA

HgCì,

Esterase
acti v i ty

pH

op+-imum

5,0

+ 5.7

Reference

Vi sur"i e.t aI- (l 969 )

hJells, 1965, 1968;
Shaw and l,'Jells, 1972

Ihle and Dure,
1972a,b

Feller e.t aI (1978)

Chri spee'l s and Boul ter
(re7s)

Siepen Q.t a,[- (I975)

+ + 5.2

5.6

5.8

4. 0-5.4

+

+ +

+

L

+

+

+175 000 + 5.3 Sprössì er e.t al" (1971)

(Cont. )



Table 3 (Cont.)

Ti ss ue

Ana'na,s como,su^
stem

?Lnu's ,sELvufl)'s
seedl i ngs

Lqnoytesuícan
e.¿eu-L¿nfun fru i t
Ci,tnu,{.-Lu.t Inns.tuÁ
sarcocarp

Tni-t i-c-un a-e¡LLv cun

seedl i ngs

Sa,cehalLomL,lcets

cucøvi¿ia¿

Mol ecul ar
wei ght

Inhibitìon by

pCMB or
HSCì,

+

+

Esterase
acti v i ty

pH

opt'irnum

t 5.2 Doi Qf ctl (1974b)
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l4atoba and Do j (l 974b )
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Preston and Kruger
(1e76)

DFP or
PMSF

EDTA

+

+

+

+
+

+

+
+

T

+

5.0-5. 5

5.0-5. 5

5.0-5. 5

4.2
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197 4
I 967
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'is evidence fr¡'r a reactive h'istidine residue (l-layashi at æL, 1975), it
has been concluded that the active site contains a charge relay systenr

in which a histidine residue, aided by a neighbouring aspartic acid

residue, transfers a proton to or from its reactìve serine residue during

pept'ide l¡ond hyclnoìys'is (Kraut , 1977). This rnechanism of action is

simjlar to that of the well known serÍne proteinases trypsín, chymotrypsin

and subtilisin (Kraut, 1977 ) but the arnino acicl. sequence 'in the active

site of the yeast enzyme (Straw and l,lel I s, 197?,; Hayashì e.t a.X,, 1973b)

has been shouin to be d'ifferent from those of the prote'inases (Hartl ey øt cL.L,

1965; Smith øt 0..L, 1966). t'letal ions and chelating agents have no effect

on plant carboxypeptidases (Table 3) and it has been concluded that they

do not have a metal component. Plant carboxypeptidases thus differ fronr

the zinc dependent animal carboxypept'idases A and B (pétra, 1970; Folk,

1970) , but resemble 'lysosomal carboxypeptidases A .and C (Barrett and

Heath , 1977 ) including pig kidney cathepsin A (Doi Qi LL, 1974a). lrlhile

H carboxypeptidase Y from yeast is sinilar to carboxypeptidases from

higher plants (faUte 3), two other yeast carboxypept'iCases have been

described which are inhibited by NarEDl'A but not DFP (félix ancl Brouiliet,

1966; tilolf and l,Jejser , 1977).

Molecular weights of carboxypeptidases range from 61 000 to 120 000

(estimated by geì filtration) (faUle 3), hence they are larger than

pancreatic carboxypeptidases A and B which are 34 000 (Pétra, .l970;

Foì k, 1970) but general ly smaì I er than pig k'idney cathepsin A, vrhose two

forms have molecular weÍghts of .l00 
000 and 500 000 (Doi a-t a.L, 1974a).

Yeast carboxypeptidase Y has been sholn to contain I 5-20% hexose

(Hata QÍ eL, 1967b; Hayashi ef a..(-, 1973a; Kulin eÍ eL, 1974).

Carbobenzoxy dipeptides are normalìy useC as substrates for

carboxypeptìdases and a wide range are hydroìysed, albeit at different

rates (Carey and l^le1 
'l s, 1972; Hayashi e,t aI-, 1972; Preston and
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Kruger, 1977). 0n-ly a snlall number of pept'ide bonds resist hydrolysìs

(Hayashi el a!,, 1970; Visuri Q,t et-, 1969). Sorne stud'ies on purifìed

carboxypeptìdases have shor,rn that these enzymes can degrade po1¡rpeptrdes

from the C terminal end (Hayash'i and t{ata , 1972; S'iepen Q-t e.L, 1975;

Pneston and Kruger, 1977). Several carboxypept'idases are kltown to have

esterase activity (Table 3) and others amjdase activity (Hayash'i and

Hata, 1972; Matoba and Doi, 1975). Failure to find either actjvit¡r may

be due to an inappropriate choice of substrate. For peptidase activitJ",

the pH optimum is genera'l"ly around 5.0 v¡hich is also the range for maxinluln

stabi.lity. Apparent optìmal temperatures fot" carboxypept'idases, which

may be determined by their labi'lity at higher temperatures (Dixon and

Webb, 1964), are often arouncl 50oC.

Aìthough carboxypeptidase act'ivity rises during germinatjon, this

increase does not coinc'ide with the mobil isation of prote'in reserves

suggesting that carboxypeptidases are not involved 'in this process

(Clrrispee'ls and Boulter, 1975; Sa'lmia and Mikola, 'l976b). In maize

p'lants acti vi ty i ncreased duri ng 'l eaf maturati on but decreased duri ng

senescence indjcat'ing that carboxypeptidases are not ìnvolved in protr.:in

degradation in older tissues (fell er ¿t a.L, 1977, 1978). Yeast carboxy-

pepticlase activ'ity stays constant during sporulation when considerable

prote'in degradation occurs (getz and I{eiser, 1976b) although there is an

increase in activity during starva+-ion for gìucose or readi'ly avajlable

nitrogen (Hansen Ql eL, 1977 , Lenney øt a.[-, 1974). tlhjle 'it may be

consjdered that carboxypeptidases degrade peptides released from proteins

by proteinases, the comb'ined action of a proteinase and a canboxypeptìdase

appears to cause little more release of cx-amino groups than the added

effects of the two enzymes act'ing separateìy (Baumgartner and Chrispeels,

1977). Thus an essent'ial role for carboxypeptidases in protein degradation

has not yet been clearly demonstrated.
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Carboxypept.ìdase has heen found in the vacuo'les of majze root'Lips

(Zuber and Matile, 1968), castor bean endospernt (Nishìmura and Beevers,

l97B) and yeast (Lenney Q,t a,L, 1974i Hasil ik Q.t, a..(., 
.l974). In gerniinat-ing

mung bean seedlings, most of the carboxypeptidase activity is found in

protejn bodies (Harris and Chrispee'ls, 1975) which are believed to

coalesce to forrn the central vacuole after depletion of the storage

prote'ins (Ashton, .l976).

Aminopeptidases have been less well st.udied than other p'lant

proteases. Examination of their properties (fanle +) sholvs that generally

they are inhibited by pCMB or HgCl, and thus appear to have an essential

SH group at their active site. As those of higher pla.nts are generally

not inhibited b¡r NarEDl'A they appear not to have a metal constituent

and the lack of inhibit'ion by PMSF and DFP suggests that there is no

active site serjne residue (Section l.l.l). However metal dependent

(l4asuda ei a,L, 1975; S'iepen ef a!-, 1975', Tomomatsu Lt ú, 1973) and

DFP sensitive (CaldwelI and Sparrow, 1976) aminopeptidases have [:een

reported. Inhjb'ition of the enzyme frorn AgauQ- amQ.hicana by d'iethyì

pyrocarbonate was taken to indicate the presence of an essential h'istid'ine

residue at the active site (du Toit and Schabort, l97B). In contrast,

animal amìnopeptidases are metal dependent (De Lange and Smith, l97l).

Comrnon substrates for aminopeptidases are amino acid derìvati,¡es of

p-nitroaniline or ß-napthylamine; each enzyme shr¡ws selectivìty towards

the amino acid derivatives wh jch 'it hydrolyses. Normal'ly pt'l opt'irna for

these reactions are around 7.0. H'igher pì ant am'inopept j dases have mol ect¡l ar

weights of less than 100 000 (l'able 5).

It has been sugEestecl that arnjnopept'idases may contrjbute to the

mobilisation of reserve protein in the endosperm of pine seeds (Salmja

and Mikola, .l976b). 
However other studies have assigned a mìnor role

to aminopept'idases in prote'in turnover jn maize leaves and pea seeds
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TABLE 4

uqie¿ o[ amínopepLLda-aøt o( h'iahen yúnnLt, qøa.tt and Neuno^fro,L0"

Inhibjtion byTi ssue

Agavz amuúecu+ct
I eaves

7e.n rna"qd I eaves

Hot'd¿un vuLganø
seeds

?j.Áwr ¿a.ti-vwn
cotyì edcns

Sacetrattamgeel
e-QlL¿vi-EirLe

l'!zunot'pona
üLß'SLa.

Mol ecul ar
weight

86 000

65 000

58 0C0
74 0C0

20û 000

DFP or
PMSF

pCMB or
HsCl,

Esterase
activity

pH

optimum

7 .2-7 .5
oit ef. (ú. (1978)
oit and Schabort
3)

6 . 5-7 . 0 Fei I er ef eL (1917',

7.2
Kolehmainen and Mìkola
(leil )

El I eman (1974)

Reference

Masuda Q.t a.t- ( j 975 )

Si epen at d.t- (1 975 )

EDTA

duT
duT
(1e7

+

+
+

7.0
7.0

+

+
+

+

+
+

7.6

RÃ

78
000
000

7 .25
8.6
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(fell er e.t a,L, 1977 , 1978; Tolnomatsu Q,t a.L, l97B).

ï.1.4 Proteinases frorn yeast and Newtot¡tona

Observations of the instability of tryptophan synbhase in yeast

extracts led to the jdentification of a macromolecular inact'ivatìng

factor (Manney, l968). Two'inactivases were subsequently isolated

(Katsunuma e,t aL., 1972) and one was shown to have proteolytic act'iv'ity

(Scfrött arrd Holzer, 1974). l,,lhen the two inactjvases were conlparecl with

previously descrìbed yeast proteinases A and B (Hata a.t a,,L, l967a,b).

they were found to be virtually identical (Satreki and Hcìzer, 1974).

Accordingly it has been concluded that th'is inactìvation of trytophan

synthase in yeast extracts js due to proteolytic action.

Protejnase A of yeast appears to be an acid proteinase and

proteinase B, while it has been classified as an SH-proteinase (Sect'ion

l.l.l), appears to also have a serine residue at its active site

(Hayashi Q.t cú, '1967a). 
The molecular weights of proteinases A and B

are 44 000 and 32 000 respectiveìy (1,'tagni Q.t a.L, 1978; Lenney and

Dalbec, 1969) whjch are in the same range as those of proteinases from

higher p'lants (Section .l.1.2). 
Some early determinations of molecular

weights of these proteinases were confounded by the formatìon of a

compìex of equ'itnoìar amounts of proteinases A and B in which both enzymes

retained their activity (Hinze Q,t a!-, 1976). The physiolog'ical

s'ignìf icance of this compl ex i s unknown.

Studies on the specif ic'ity of the two prote'inases show that

proteinase B inactivates a wide range of enzymes in vLL,to while

proteinase A inactivates only sorne of the enzymes jnactivated by

proteinase B (JusÍ c ef a.L, 1976). Some enzyrfles are not inactjvated by

either prote'inase. During sporulatjon of yeast, activities of several

enzymes fell u¿hile at the same tìme activities of the proteinases rose
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(Aetz and l,Jeisern l976a,b). 't'he enzymes whcse activities decl ine are

susceptibje to the prote jnases i.n vifno, but not a'll enz¡,¡s5 so inactjvateij

lose activity durìng spcrulation in yeast, suggestìng that there is sorre

mechan'ism other than the spec'ific'ity of the p.rote'inases responsíble for

the selective ínactivation of enzymes. A role for proteinase A in

protein degradation durjng yeast sporulation '!s suggestecJ by the

inability of a mutant lack'ing proteinase A to sporuìate (Betz and Hartwe11,

1976); it is not clear whether prote'inase B js also essentjal for

sporuì ation (t^lol t and Ehman, l97B) . l^lhi I e the yeast proteinases

inactivate on'ly the apo form of ornithine transaminase, as do the group

specif ic proteinases of rat tjssues (Afting e.t a.L, 1972; Sectjon 1.,!.5),

they are not restricted in thejr action to any one group of enz¡nnes.

Proteinâses in yeast ane located in the central acid'ic vacuole

(Hasilik Q.t a.L, 1974; Lenney e.t aL, 1974) and thus separated from the

enzymes they attack which occur in the cytosol. (ffre role of ìysosomes

and vacuoles in protein degradation is cliscussed in Section 1.2.3.)

Compartmentation of the proteinases also separates them from their

specific inhibitors (Section l.1.6). Five proteases have been isolatetl

from Neano^pohrL u\rL6^& (Siepen a,t a.L, 1975; Table 5). The properties of

the acid and alkaline proteinases are sjmijar to those of yeast prote'inases

A and B respectiveìy. Although it has been classified as an'aikal'ine

proteinase' because 'it has a pH optimum of 9..l, the Neuno^pcÌLa" alkaline

proteinase also has a pH optimum at 6.2. It was shown earlier (Yu e,t a.{-,

1973) that tnyptophan synthase was inactjvated by a protease which has

similar properties to those of the alkaline proteinase. It was also shovrn

that the Nøuno,sytona tryptophan synthase was inactivated by yeast

proteinase B (Tsai a,t a.L, ì 973). Recent studies indicate that two

proteases from Netlto^po,La" uutJs^a" can inactivate nitrate reductase

(Sorger e-t eL, l97B). One of these, referred to as inactivator II, which
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TABLE 5

u o/,J SacchanomAcQ/s cüLøvirsinø and NunoÁponÃ" uL0'Á'5a.

Enzyme

SæccLunomqeU

proteinase A

proteinase B

Netnoa¡cotta

acid proteinase

al kal'ine protei nase

Mol ecul ar
wei ght

44 000

32 000

34 000

24 000

Inhìbítion by

pCMB or
HgCl 2

pH

optimum

2.5

6.2, 9.1

Reference

DFP or
PMSF

ËDTA

++

3

9

Hata el aI (1967a)

Magni e.t oI (1978)
Lenney and Dalbec (1969)

Siepen Q.t a,.t ('1975)

++
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is inhibited by PMSF as is the al kal'lne prote'inase descrjbed above, ís

repressed by anrmon'ia and derepressed by n'itrogen starvation. The othEr'

pro'lease, referred to as jnactivator I, ìs NaTEDTA sensitive and is

invariab'ly present. Inhibitors for the Nøu;to^plrLd. prot.eìnases and

inactivators were also descrjbed by Yu ef a.L (1976) and Sorger e..t ctL (lgi8).

.l.1.5 
Group specific proteinases of rat tissues

Rat t'issues contai n three groups of prol"e jnases which inactivate

only the apo forms of eìther pyridoxal phosphate, NAD or FAD clependent

enzymes (Katunuma at LL,197.la,b,1972) and are induced by defìcjencies

of vitam'in B' niacin and vitamin B, respectively. These mitochondrial

group specific proteinases, which appear to have serine at the act'ive site

and have alkaline pH opt'ima (Katunuma e,t a.[-, 197 5), differ from the

lysosomal cathepsins B and D which are Sl1- and acid prote'inases

respectively (Barrett and Heath, i977). tJhen compared with the well

known serine proteinases trypsin, chymotr"ypsin a.nd elastase, they vrere

inhibited by soybean trypsjn inh'ibitor and ülre chymotrypsin inhibitor

chymostatjn but not by the elastase inhibitor elastatjnal (Katunuma Lt a.L,

1975); the chynrotrypsin substrate ATEE was hydrolysed but not the trynsin

substrate TAME or the elastase substrate N-Ac-Ala-Ala-Ala-methy'l est.er.

Analysis of the amino ac'id sequence of the rat intestine group specific

proteinase shows approximately 30% sequence identity with trypsin,

chymotrypsin and elastase and a common evolutionary origìn for all these

serine proteinases has been suggested (Sanada Ql eL" 1978).

The protejnases acting on pyridoral phosphate dependent enzymes

inactivate their substrates at differing rates and do not inactivate

the pyridoxal phosphate dependent enzymes aspartate am'inotransferase or

tyrosine aminotransferase (Katunuma eÍ a.[-, 1975). As on'ìy pyridoxa]

phosphate dependent enzymes are jnactivated by the group specific
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proteinases, ìt appears that on'ly these enzynrùs in thejr apo foy'ms have

accessible sítes containìng aronratic amino acjd residues, as the

intestjnal crnd muscje Eroup spec'i'f=ic prot.eina.ses mainly cleave peptide

bonds on the carboxy'l s jde of these resiciues (l(obayashi and Katununla,

l97B; Kobayashi ef a.L, 1978). The inactìvatiorr of ornithine transamjnase

results frorn the hydroìys'is of only a few peÌrtjde bonds (Komìnam'i ef a(-o

1975). As the pept'ides produced by the limitecl cìeavage of ornithjne

transaminase do not accumulate ín vi.vo (Korninami and Katunuma, 1976) ,

it appears that attack by a group spec'ific proteinase is the rabe lÍrn'it'ing

step for the inactjvat'ion of some enzymes. From the ljmited data

available, it is not possible to draw conclusions about the spec'ies

specific'ity of the group specÍfic protejnases aìthough it has been

claimed that they lack species specificity (Afting e.L aI-, 1972).

I . ì . 6 Protei nase i nhi bi tors and thei r functíon

Protejnase inhibitors found ìn p'lant t'issues, principalìy'in seeds

and germinat'ing tissueg are small, heat s'Lab'le proteins r^ihjch usual ly cio

not affect endogenous proteinases (Richa.rdson, 1976; Ryan, 1973). It
has been proposed that they protect pla.nts agaìnst microbial and insect

attack and aga'inst degradation in the d'igestìve tract of mammals

(Richardson, 1976; tdeiel and Harper, 1976; Mosolov e,t a.L, 1976). Ryan

(.l978) has described a system for the production of trypsjn'inhibitor

in tomato leaves in response to tissue damage and suggested that this

system is a defence mechan'ism aga'inst insects. In those seeds where

inhibitors are active against endogenous proteinases, they do not appear

to regu'late proteinase activity. In lettuce, inhibitor activ'ity is lost

before proteìnase actjvity reaches a maximum (Snain anri Mayer,1968)

while in mung bean cotyledons, inhibitor ac'biv'ity decreases more rap'id'ly

than proteinase activity increases (Baumgartner and Chrispee'ls, 1976).
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Few inhibitors are known in non-seed tissues. l,lallace (1978a) has

shown that acid treatment of majze roclt extr"acts jncreases prote'inase

activity and concluded that a proteinase inhil¡itor v¡as present. In yeast,

small, heat stable proteins which specífically inhibit yeast proteinases

and carboxypeptìdase have been characterised (getz e.t LL, 1974;

Matern ef. a.[-, 1974a; Saheki e.t trL, 1974). These inh'ibitors were ]ocrated

in the cytoplasm (Lenney e.t a..L, 1974; Matern e.t a,L, 1974b) rvhile the

enzymeÌs they inhibit are found'in the vacuole (Hasilik Q-t a.L, 1974). As

the inhib'itors turn over sìowly (8et2,1975) and rise and fall in concert

with protease activity (Lenney øt a.t-,1974; Betz, 1975), they do not

appear to regulate proteolytic actjvity i.n vi.vo, Possib'ly the inhibitors

protect the cy'uoplasrn agaìns'L the action clf proteases which are be'ing

transported to the vacuole, but it is now knovrn that carboxypeptidase Y

is transported as a zymogen (Hasilik and Tanner, 1978). Another suggested

function of the inhibítors ìs protection of the cytoplasm against

proteoìyt'ic attack in case of rupture of the vacuole (Betz, 1975).

1.2 Protein deqradation

1 .2.1 Functi on

Degradatìon of protein releases amino acids for the synthesis of

new proteins or provision of energy through oxidatjon of their carbon

skeletons and it has an irnportant role during animal starvation

(eoldnerg and St. John, 1976). In seeds, degradatjon of reserve prote'ins

provides amino acids for new tissues during germìnation (Ashton, 1976).

When plant tissues suffer water stress (Arad and Richmond,1976) or

mineral deficiency (Trewavas, 1972), proteins are degradedr poSSibìy to

provide energy.

Numerous experiments have shown that proteins with abnormalitjes

result'ing either from genet'ic mutations or from incorporation of anljno
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acid analogues are degraded niore rap'ict1y than their nov'mal counterparts

(eoldberg and St. John, 1976). It has therefore been suggested that

prot.eins with abnormalities resulting frorn errors in translat'ion,

post-translatjonal damage such as oxidation or from conformational

changes are rapidly rernoved from the cell (Ballard, 1977). There is no

direct evidence to support thjs hypothesis but the finding tha.t some

prote'ins have half-lives of m'inutes (Poole and l,J'ibo, 1973) may indirectìy

substantìate this idea.

A number of enzymes, such as phosphoenolpyruvate carboxykinase

(Hopgood Q.t (rL, I 973 ) , hydroxymethyl gl utaryì CoA reductase (11j gg ins e..t aL,

1973) and njtrate reductase (0aks e.t a.L, 1972) are rapidly synthesìsed

and deEraded so that alterations in the rate of synthesis or deEradation

can lead to rapid changes of the activity of these enzymes (Schjmke and

Doyìe, 1970; Huffaker and Peterson, 1974). Rap'idìy turned over enzymes,

such as those mentioned above v¿hich initiate the reactions of

gìuconeogenesis, cholesterol synthesis and n'itrate assim'ilat'ion, are

often the first enzymes of metabolic pathways (eoldberg and St. Jchn,

1976) and therefore protein degradation can rapid'ly and irreversibly

inactivate a metabolic pathway. Inactivation of unnecessary enzymes by

degradation rather than by some reversible process such as

(de)phosphorylation prevents the accumulation of non-functional

proteins in the cejl.

1 .2.2 Requl ati on

Protein degradatjon in pìants and an'imaìs changes during growth

and in response to external factors. In an'imals, starvation and tissue

differentiation result in altered patterns of protein degradation

(Goldberg and St. John, 1976). Increases in protein degradation in

plants during germ'ination, senescence and stress are described elsewhere
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(Sections 1 .1 .2, 1 .2.1 ). Hormcines riay coirtrcl prote'in degradat jon in

both plants and animals (Tavares and Kende, 'l970; Ballard, 1977).

Several properties of proteins can be correlated with their rates

of degradation, particu'larly in animal tissues and a general observation

(Goldberg and St. John,1976) is that a protein like tyrosine arrimo-

transferase with a haif-life of hours is inactivated rapidìy in vi.ttto

by trypsin while an enzyme witlr a half-ljfe of days,'like arg'inase, is

not so affected (Boncl, l97l).

Large prote'ins are degraded more rapì dl-v bhan smal i ones e. g. RNA

pol¡rmerase I, monomeric molecular weiçlht 83 000, has a half-life of .l.3 
h

while isozyme 5 of lactate dehydrogenase, monolneric molecular weight l8 C00,

has a half-ljfe of 144 h (0jce and Goldberg,1975). Possible reasorrs for

the decreased metabolic stability of 'large proteins are: an increased

number of sites sensitive to degrada'L'ive attack, decreased conformatìonal

stability and an increased probability cf errc¡rs in the amino acid

sequence (Goldberg and Dice, .l974). 
An apparent correlatiorr between

relative turnover rates of solub'le proteins of pea stem and'!heir sizes

has been observed (Oice Qf eL, .l973).

Acidic proteins like ornit.hine decarboxylase, wjth an isoelectric

point of 4.1 and a half-life of 0.2 h, turn oven rapìdly whereas basic

proteins like cytochrome c, with an isoelectric poínt of 9.2 and a half-
'life of 'l50 h, turn over slowìy (Dice and Goldberg,1975). There appears

to be a sinljlar relationship between the isoelectric points of proteins

and their half-lives in mustard cotyìedons (Acton and Gupta, 1978).

Calculation of part'ial correlation coefficients shows t.hat the relation-

ships of size and charge to turnover rate are independent of each other

(Dice and Goldberg, 1975). Possib'ly the effect of charge ís explained

by the findings that short lived prote'ins are generally inactivated
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rap'idly at 1ow pll (Bond, 1976) possib'ly because of' prec'ipitat.ìon of

their uncharged forrns. The ready precipìtation of short livecl proteins

(eohl ey e,t a.L, 1976) is con:;istent wi'bh tl¡is suggestion'

Proteins with high affinìties for hydrophobic surfaces and solvents

are more rapi<11y degraded than other proteins (Bohìey and Riemann,1977);

a related observation is that short l'ived proteins are preferentially

adsorbed on nrembranes (Dean, .l975a). This data may be expla'ined by a

model of enzyme jnactivation on membranes (Section 1.2.3). By examining

the rates of loss of radioactjvity of electrophoret'ica'l'ly separated

proteirrs, it has been found that gìycoprotejns are degraded more rap'iclìy

than rton-glycoproteìns (Gurd and Evans , 1976; Matheurs 8Í aL, 1976;

Kapìarr and Moskowjtz, 1975). This relationshjp is also claìnred to be

indepenclent of the effects of a protein's charge and size on jts turnover

rate (D'ice e,t aX,, 1978).

Binding of 'lìgands can in'tluence the stabiìity of proteìns (Goldberg

and Dice, 1974). In pyridoxal phosphate dependent enzymes, the co-factot'

protects them aga'inst proteolytic attack (Katunuma Øt aL, 1975) vrhjle

administration of tryptophan ín vLv,o decreases the rate of degradation

of tryptophan oxygenase (Schinrke Q,t a.L, 1965). 0n the other hand, bindìnE

of actin to aldolase Ln vifno increases its susceptibility to proteolysis

(Dedman at aL, l9i5).

Phosphorylatable rat liver proteins are more resistant to proteo-

lysis when phosphoryìated than wherr dephosphoryìated (Ekman I't al, lgi8).

However, phosphorylation of histones does not appear to affect their rate

of degradat'ion (Heinrich e,t a,[-, 1976) although these proteins, wh'ich are

tightly bound to DNA, flây not be exposed to t.he same degradative processes

as other cel I ul ar protei ns.

Thermal stabilities and half-lives of prote'ins appear to be

correlated (l'lclendon and Kadany, 1978); thus pyruvate kinase has a half-
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I ìfe of 30 h and a transitjon teinperature of 42oC on its 'rnelting cLlr,re'

while ribonuclease has a half-life of 250 h and a transition tenrperatLrre

of 630C. It is suggestecl t.hat the half-l'ife of a pro',ein is clepencÍi:irt

on the proportion of the protein nrolecules whjch are unfolded, which is

related to its thermal stability, for prcteins are more susceptible t.o

proteoìysis in their unfolded state (Mclenclon, 1977). Unfolding of

prote'ins may also increase their susceptìbi'lity towards cther inactivarl,inçt

reactions (Ballard, 1977). If the thermal stabi'lity of a prote'in is

dependent on its charge, size and content of hydrophobjc amjno acid

residues, tlrese properties may influence the turnover rate by deterrninìn,¡

the a.mount of unfc'lded protein present. It has also been shown that

binding of a subsirate to an enzyme reduces the anrount of unfolded er¡z,vme

(l'anford, l96B) thus exp'laìn'ing the stabìf ising effect of substrates

mentioned above. In addition, Ballard (1977 ) considers that because

amino acid analogues markedly reduce the half-life of proteins, the

conformation of a protein has a crucial role in determjning the rate of

degradati on.

1 .2.3 Mechani sm

In this sectìon mechanisms for protein degradation are described,

partìcuìar'ly evidence that'lysosomes and their proteinases are !"esponsibìe

for the degradation of prote'ins.

Lysosomes of animal cells contain nìany hydrolytìc enzymes (Barrett

and Heath, 1977) and investigat'ions ín vifzct confirm that 'lysosoma'l

proteases are capable of the complete degradation of proteìns (Huisrnan

QÍ ctL, 1974). Plant and yeast vacuoles also contain hydrolytic enzymes

and tnlatile (.l975 , 1976) has presented strong ev'idence tha'b vacuoles are

anal ogous to an'ima.l cel I lysosomes . Vacuol es of yeast (l,Ji emken and

Nurse, 1973) and liver lysosomes (Ward and Mortimore, l97S) coniain
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amino ôcid pooJs; jn the latter case the anrìno acids are derived from

protein degradation. These observat'ions are consistent with prot:e'in

hydroìys'is in lysosomes. More direct evidence that proteinases degrade

proteins Ln viuo has come from inhibitor studies. Pepstatin and

leupeptin, inhibjtors of the lysosoma'l proteinases cathepsin D a.nd

cathepsin B respectiveìy, inhib'it prote'in degr"adatjon in rat ljvev'and

muscle respectiveìy (Dean,1975b; Libby and Goldberg, 1978). In

senescing oat leaves, DFP and Pl,'1SF, jnhjbitors of serine pt'oteinases

(Sect'ion 1.1.1), retard the loss of prote'in (fnimann e,t a.L, 1972) and

it has been shown that oat leaves conta'in proteínases sensit'ive to these

reagents (Drivdahl and Thimann, l97B). Recent'ly it has been shown ihat

vacuoles frorn castor bean endosperm can degrade protein (ruishimur¡¡ and

Beevers , 1979).

l^lhile there is strong evidence that lysosomes are involved in the

hydroìysis of proteins, the processes by wh'ich degladation js injtiatecl

are less well understood. Ballard (1977) has proposed two mechanisrns for

protein degradation, narneìy autophagy and a membrane located inact'ivation

process wh'ich leads to subsequent degradatjon. Autophagy is a process

in which cellular organelles are digested as complete units rvithin

lysosomes; this process has been observed in animal (Dean and Barrett,

1976) and plant cells (Matile, 1975). Digestion of complete organejles

could c.xpìain the lack of effect of size on rates of protein degradatìon

observed in muscle and liver of djabetic rats (Dice Q,t ctL, 1978) and in

some membranes (Tlveto and Doyle, 1976). Short lived enzyínes are thought

to undergo inactivation on cellular membranes, part'icuìar1y the pìasma

membrane (Ba1lard, 1977). In this rnodel (Ballard and Hopgoocl, 1976),

the first step of the degradatìve pa'bhway is for a prote'in to assume an

unstable conformation, react with a thiol exchange enzyrne or undergo

some other process which causes loss of funct.ional activìty and leads

to the formation of a complex of enzyrne rvith a membrane. It has been
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suggested (Baì1ard, 1977) that the sti^ur:turai feal-ur.cs of proteins which

are related to rap'id turnover (Section i.2.2) result in unstable

conformatjons or a tendency to react wjth membi^anes. 'Ihe subsequetrt

steps jn this pathway are poorly understood. Uptake of profeins by

i sol ated lysosomes has been reported (llayashi e,t GL, 1973) and jJ¡sosonral

uptake of i ntracel I ul ar protei ns duri ng prote'in degradati on has r;een

inferrecl (Auricchio e.t a.L, 1972; Haider and Segaì , 1972). 0n the other

hand, proteases i n extra-lysosornaì membranes (l-öt<és and Chambers , i975j

may digest intracellular proteins. Random autophagy is beljeved to l¡e

too slow to account for the rap'id degradatìon of many pt'oteins (Ballarcl,

1977). Other proteoìybic systems wh'ich have been identified are a

sol ubl e system acti ve at neutra'l pl1 ì n reti cuì ocytes (Ëtl i nger and

Goldberg , 1977 ), m'itochondrial group spec'if ic prote'i.nases (SecLìon 1.1.5)

and a cytop'lasmic proiease in muscle (Rev'i1le øt a'L, 1976). The

relationsh'ip of these systems to the autophag jc and membrane located

protein degradatìve paths and to lysosomes is poorly understood.

There are numerous observations (GolOberg and St. John, 1976) tfrat

protein synthesis and an energy supply are required for prctein degradaiion

by ìntact cells but the mechanisms involved are still unclear (Ballard,

1e77 ) .

1.3 Aims of the study

The objectives of the current study were to determine the number

and evaluate the properties of proteases'in maize roots and their relatìon

to the inact'ivation of nitrati: reductase.

The fol I ovri ng top'ics v¡ere i nvesti gated :

Separation of these enzyrlres using a range of chromatograph'ic

procedures.

I
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Sonre of the properties of the pro'leases iilc'iuding their mode

of action on nitrate reductase.

The di stri b,"tti on of proteases i n vari ous +.i ssues of maize

and wheat pìants ìncluding the effects of age.
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2. MATIRIA.I.S AND MTTHOI]S

2.1 lfepgIgljp¡_gl loli¡!l_q¡.f and buffer"s

Double gìass-distilled water was used to prepare all aqueous

solutions. The pl-l of all buffers were adjusf-ed at room temperature

(lS-ZSoC) using a Pye Model 291 pH meter stanciardised at pH 7 before

use. The pH of Tris-HCl buffers used at 37oC was acijustecl at room

temperature and a correction for the change of pll with temperature was

made by reference to Sigma Technicaì Bulletin 106 B.

PMSF and 'l ,10-phenanthroline and l'PCK were dissolved in isopropyl

alcohol and methanol respect'ively to give solutions of 20 ml'1 inhibitor.

The alcoholic solutjons were dìluled to 4 mi4 rvith water before mixing

with enzyme samples. DF['] solutions were prepared 'in ethyìene glycol to

reduce hydroìysis. The concentratjon of pCMB in aqueous solutjon was

determined spectrophotometrically by n¡easuring 4232 and using a molar
4 Iextinction coefficient of 1.69 x l0

Feeney (l 971 ).

M cm as described by Means and

2.?- Biological material s_

2.2.1 Pl ants

l4aize (Ze..a. mag,s L., hybrid variety DSCI ) was supplied by De Kalb

Shand Seed Co., Tamworth, N.S.W., Austra'lia. Wheat (fní*Leun ae,sÍivun L.

variety l,Jarigal ) was obtained from the Department of Agronomy, t,laite

Agricu'ltural Research Institute, G'len 0smond, S.4., Austra'lia.

2.?.2 EIZ"Ues

Alcohol dehydrogenase (from yeast), hexokinase (Type IV from yeast)

and carboxypeptidase A (Type II frorn bovjne pancreas) were suppììed by
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Sigma Chemical Co. (St. Louis, Missour^i, U.S.A.). Trypsin (fronr pancreas)

was suppl'ied by BDH (l'toole, England). Carbonic anh¡,d¡¡¡ss (frorn bovine

erythrocytes) rrras suppf ied by Boehringer Mannheim (Mannhe'im, l{est German¡r).

2.3 Chemicals and other materials

2.3.1 Substrate and nrarker prote'ins

Azocasein, haennog'lob'in (Type II), bovine serum albumin,

o-chymotrypsínogen (Type II from bovine pancreas), soybe.rn trypsìn

inhibitor, ovaì burnin and myog'lobin were supp'lied by Sìgma Chem'ical Co.

(St. Lou'is, Missouv'i, U.S.A.). Cytochronre c was suppìied by Boehringer

Mannheim (Mannheim, I,lest Germany). Pepsin (2 times crysta'llised) was

supplied by Nutrjt'ional Biochemicals (Cleveìand, 0hio, U.S.A.).

Root protein substrate was prepared by the method of Storey and

Beevers (1977). l4aize seedl'ings were grown for" 3.5 d on l% (w/v) agar

conta'ining 5 mM NOr- as described in Secti an 2.4 and the primary roots

(0-20 nrrn ) harvested. The tìssue (9 g) was extracted in a cold mortar

and pestle with 20 ml of the following med'iurn: 0.1M Tris-l'lCl , pH 8.0,

I M NaCl, 0.j% (v/v) SUS, 5 mM mercaptoethanol, I mM NaTEDTA. The extract

was centrifuged at I 000 g for l0 m'in at 2oC. To the supernatant was

added 66 ml of ethanol at -l5oC. After mixìng for I h at 5oC, the mjxture

was allov¡ed to stand overnight at -lsoC, then centrifuged at 8 000 g

for l0 min at ZoC. The pelìet was washerl successiveìy with 'l00 ml each

of 95% ethanol, 100% ethanol, ethanol-ether (3:1, v/v) and 5% (w/v) tri-
chloroacetic acid. The pellet was recovered from each washing by

centrifugation at B 000 g for l0 min at 2oC. The final pelìet was

resuspended in l0 ml of C.5 M Na0H, 0.5 M NaCl , 0.01% SDS and d'ia'lysed

for 65 h against 2 changes of l0 mlvl Na0H, 0.00]% (v/v) SDS.
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2 "3.2 Chrornatographi c mater j al s

CM-cellulose was suppìied by Whatman Biochemicals Ltd.

(Sprìngfield Mjll, Kent, England). , 0fnE-sephadex, Sephadex G-ì0t1,

Sephadex G-25 and Sepharose 48,CNBr actjvated were supplìed by Pharnracia

Fine Chenrical s (Uppsal a, Sweden) . B'ioge1 A-0.5m and Biogel HT (used

for hydroxy'lapatite chromatography of protease B) were srlpplied by

Bio-Rad Laboratorìes (R'ichmond, Caìifornìa). Amberlite XAD-4, IRA 400

and IR-120 were suppl'ied by Rohm and Haas Co. (Phjlade'lphia, Penns,vìvanìa)"

Hypat.'ite C (used for hydroxylapat'ite chromatography of protea.se A) was

supplied by Clarkson Chemical Co. (Ì,'fillíamsport, Pennsyìvania, U.S.A. ).

2.3.3 Other chemi cal s

L-acety'l-L-phenyla'lanyl-L-di'iodotyros'ine, ATEE, ATP, BAEE,

Cbz-Glu-Tyr, Cbz-Phe-Ala, Congo red elastin, cysteine, DAI!, DFP, DTT,

NADH, leucine-p-nitroanjl jde, l,l0-phenanthrol jne, PMSF, protanrìne

sulphate, TAME, TLCK, TPCK and Tris vrere suppìied by Sigma Chemìca'l Co"

(St. Louis, Missouri, U.S.A.). NEM and pCMB were supp'lìed by Calbiochenr

(San Diego, Caìifornia, U.S.A.). Blue dextran was suppìied by Pharmacia

Fìrie Chernicals (Uppsaìa, Sweden). Acetaldehyde, glycerol, mercapto-

ethanol and ninhydrin were supplied by May and Baker Ltd. (Dagenham,

England). Alanine, cresol red, Folin and Ciocalteu's Reagent and

N-(l-napthyl ) ethylenediamine d'ihydrochloride were suppì ied by B.D.H. Ltd

(Poole, England). Polyc'lar AT was suppl ied by Edgar i. l{oble Co.

(Abbotsford, Vic., Australia) and washed as described by Loomis ancl

tsattaile (1966). Ammonium sulphate (Uìtra-pure) was suppl ied by l4ann

Research LaLroratories (New York, N.Y., U.S.A.).

Alì other chenricals were of the highest purity available.
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2.3.4 0ther nraterials

Coarse fìlter paper (V 70) used for germinatjon of wheat was

suppf ied by Industrial Equipment (A/sia) Pty. Ltd. (paa¿ington, I'1.S.hl.,

Australia). Acid washed sand used during the preparation of cell free

extracts rvas supplied by BDH (Poole, Englar¡d). l4iracjoth was suppìied

by Chicopee Mills Inc. (Milltown, New Jersey, U.S.A"). Dialysis tubing

(Visking tubing) was supplied by Scjentific Instrument Centre Ltd.

( l-ondon , Engl and ) .

2 "4 Growth of p'lants

Maize seeds were surface steril'ised by washing brìefìy with '25% (vi v)

ethanol,0.05% (w/v) HgCl, and then four rinses of sterile distilled v¡ater.

The seeds were planted cn sterile agar, ì% (w/v) containìng 0.'l strength

Hoag'land's solution and germinated in the dark for four days at 27oC and

70% relative humidity. They were then supparted on a black perspex plaie

on a black water bath 0.32nt x 0.25m and 0..l3m deep so that the primary

root was immersed ìn 0..l strengbh Hoag'land's solution contain'ing
.l.5 

mM Kl'10, rvh'ich was aerated. The pìants were illuminatecl at an

-t.9intensity of 350 uE m-lior 16 h/day at 21oC and were kept in darkness

for B h at l7oC. When the seedlings were grown for more than 7 days, Lhe

nutrient solutjon was changed on the seventh day.

In one s'budy where maize and wheat plants were grown in sand, 0.1

strength Hoagland's solution containìng .l.5 
mM KNO, and then 0.5 strength

Hoagl and' s sol uti on contai ni ng 1 0 mM N0r- r^ias gÍ ven . Growth condi ti ons

were as described for the liquid cultures. Four day wheat seedlings were

germinated on coarse filter paper mojstened with rvater under the initjal
incubation conditions described for maize abclve.
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2.5 Enz.yme techn'iques

2.5.1 Preparation of cell free extracts

After harvesting, the roots were rinsed with cold distiljed water,

dried with paper and weìghed. They were homogen'ised with either a cold

mortar and pestìe or a cold food blender (14 d maize roots). The

extraction medium was 50 nrM sodium phosphate pH 7 containìng

0.5 mM NaTEDTA, ì mM cysteine and 1% (w/v) polyclar AT used in the

ratio 2 n1/g tissue unless otherwise stated. The extract was filterecl

through 2'layers of ltlìracloth and then centrifugecl at 95 000 g for I h

at ZoC or in some cases at 18 000 g for l5 min at ZoC; in both cases,

the supernatant fraction was reta'ined.

2.5.2 Ammonium sulphate fractjonation

Solid (NH4),SOO was added to the solution wjth stirring at 0-4oC;

the quantities of salt usecl were determjned from the table Çiven b¡r

Dawson Q.t aX- (1969). After stirrÍng for 30 min, the solutiorl was

centrifuged at 8 000 g for l0 nrin at ZoC. If the supernatant was further

fractionated, the pH was readjusted to 7 with 0.1 M KOH and additional

(NH4)rS0O was added to compensate for the dilution before proceed'ing wìth

further fractionation. (NH4)rS0O lpts. were resuspended in about 0.1 of

the starting volume using 20 mM sod'ium phosphate pH 7.0.

2.5.3 pH treatnrent

A dialysed (NH4),SOO ppt. was adjusted to pH 4.4 v,,jth 50 mM HCI

at ZoC, diluted to 'l.5 tirnes the initìal volume w'ith cold water and

centrifuged at B 000 g for l0 min at 2oC and the supernatant fraction

reta i ned .
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2.5.4 Enzymgassays

?.5.4.1 Azocasejn degraCation

0.2 ml of enzyme samp'le, 0.3 ml of I0 mg/ml azocasei n, 0.5 mi of

0.2 M Trjs-HCl pll 8.5 were incubated at 37oC for 2 h. The rcactìon was

stopped by addition of 2 ml of Hagihara protein prec'ipitant (0.3 M acetic

acid,0.l M trichloroacetjc acid,0.2 M sodiun acetate) (Hagihara, l95a);

after standing on ice for ì0 min, the tubes were centrifuged at B 000 g

for l0 min at 2oC. To the supernatant was added 0.2 ml of l0 M NaOH

and AO*O was measured. The non-enzymic jncrease ìn AOOO durjng incubation

was about 0.01.

2.5.4.2 Haemoglobin degradation

(a ) Stanciard procedure

0.1 ml of enzyme v¿as incubated with 0.05 ml of l0 nlg/mj

haemoglobin ancl 0..l ml of 0.25 M soclium acetate pH 4.0 for 2 h at 37oC.

The rea.ction rn¡as stopped with 0.25 ml of 0.7 M HCI0O; after stand'ing

on'ice for l0 min, the tubes were centrifuged at B 000 g for10 mjn at

zoc. 0.I nll of the supernatant was tal<en for determinat jon of free

o-amino N (Section 2.7.6). The reaction was calibrated by addi'Lion of

alan'ine; I ASZO unjt js equ'ivalent to .l.25 
urnol cr-âffijno N. ln some

assays, the vo'lume of the assay was doubled and for such reactions

1 ASZO unit js equ'ivalent to 2.75 umol cr-âmjno N. No non-enzymic

hydrolys'is of haemoglobin was observed.

(b) Modified procedure

In experiments where protease B was el uted fronl

Bíogel A-0.5m colunlns (Section 3.6), a modjfied assay was used. 0.2 ml of

enzyme was incubated with 0.1 ml of 5 mg/m1 haemoglobin in 0.25 M sodiurn

acetate pH 4.0 at 37oC for up to 4 h. -lhe reaction was stopped vrit.h
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0.1 ml of 0.7 t'1 HCIOO arid after stand'ing on jce for 10 m'in, the tubes

were centrifuged at I 000 g for l0 min at 2oC. To 0.3 ml of the super-

natant was adcled 2 ml of ninhydrin reagent containìng .l0.5 ul of 5 M Na¡H

to neutralise the HCl04. The nirrhyc.lr.in reaction was perfornred as descrjbed

in Section 2.7.4 and I ASZO unit js equivalent to 0.45 urnol of o-amino N.

? .5 .4 .3 Carbo e t'idase

0.2 ml of enzyme was incubated with 0.6 ml of I mg/ml Cbz-Phe-

Ala ìn 0,1 M sodium acetate pH 5.? at 37oC for 30 min, I h or 2 h

depending on the activity of the sampìe. Reactions were term'inated by

addjtjon of 2 ml of ninhydrin reagen'L and alanjne released was deterntined

as described in Section 2.7.6. I ASZO unit is equivale¡rt to 0.45 unlol of

alanine. The substrate was dissolved in the buffer at roorn temperature

with stjrring for several hours.

2.5.4.4 Nitrate reductase'inact'ivation

A sampìe of partìa1'ly puri tied n'itrate reduct.ase from maize

scutella, prepared as described in Wallace (.l973), was supplied by

Dr. [,l. l,lailace. This preparation contained approximately 2 mg protein/nr1

and had an act'ivity of about 3.0 umol NOr- procluced/h/ml . In this thesis,

I unjt of nítrate reductase is defined as the amount of enzyme that

produces I nrnol NOZ-/h.

Nitrate reductase inactivatjori was determined by'incubating

0.025 ml of ni'Lrate reductase samp'le (approxinrately 75 units and

0.05 mg protein) with the inactivating sampìe and 25 ml4 potass'ium phosphate

in a total volume of 0.4 ml at a final pH of about 7. After incubating

for 1.5 h at ?ïoC, the fol'lowìng nitrate reductase assay reagents were

added: 0"2 ml of 0.1 M'Iris-HCl pl{ 7.5, 0.1 ml of 0.1 M KNO, and

0..l ml of 2 nrM NADH. After a further incubation for 0.b h at 25oc, the
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nitrate reductase reaction v,¡as stopped ancl excess liADl-l oxidised by adding

0. I rnl of I M acetal dehyde and 0. I ml of 0. 3 nig/rnl al coho'l dehydrogenase

(14 units). Afterl"he react'ion tubes had stoocl at roonr temperalure for

5 nrin, I ml each of l% sulphanilamide in I M tlCl and 0.01% N-(l-napthyl)

ethyì enedi ami ne cf i hydrochl or^ j de nere added to enabl e ni tri te to be

determined. After 30 min, 4540 was deternrjned; an absorbance of I is

equivalent to 60 nrnol N0Z-. Njtrate recluctase inactivating activity was

expressed as units of nitrate reductase lost. There was no loss of

rritrate recluctase activity in the absence of an'inact'ivating spec'Íes

(tlallace, l97Bb)"

2.5.4.5 Anrinopeptidase

'lhe assay for amìnopeptidase is based on that of Chrispeels and

Boulter (1975). 0.1 ml of enzyme was incubated with 2 nll of 2 nll'4 leucine

p-nitroanil ide in 50 nrM potass'ium phosphate pH 6.7 containing ?% (v/v)

DMSO for 30 mjn at 37oC and then AO.,O was read. A.n absorbance of I at

4.l0 nm is equivalent to 0.34 umol p-nitroaniline released.

2.5 .4.6 Hexoki nase

The assay procedure i s essenti a'ì 
'ly that of Darrour and Col ow'ick

(1962). Ëach assay contaíned .ì.9 ml of 0.00'l?l (w/v) cresol red jn

0.3% (w/v) MgC.lr, 4.65 mg ATP in 0.2 ml of 0.1 M NaOH, 0.4 mì of 0.1 M

sodium glycyìglycine pH 9.0 and 0.5 ml of enzyme sample. The reaction

m'ixture was incubated at 25oC in a I cm glass cuvette in a Varian model 635

spectrophotometer and the reaction was started by addit'ion of enzyme.

React'ion rates v¡ere determjned by measuring the change ín AUUO.

2.5.4.7 Esterase

Each assay contained 0.5 ml of 2 mM ester suh¡strate,
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0.4 ml of 50 mM Tris-Cl pH 8.0 containinq l0 mM MgClr. After incubatìng

the reagents for 3 nrin in a I cm quartz cuvette (volume I ml) at 37oC

in the spectrophotometer'the reaction was started try addition of enzynte

(0.1 ml). A cuvette containing the assay mixture but with 0..l ml of the

Tris-Cl buffer instead of enzyme was used as the reference for absorbance

measurements vlh'ich were made for 5 min. To determine wavelengths at

which absorbance changes were measured, trypsin was added to the reaction

mixi,ure and incubated for l0 min to ensure complete hydrolys'is of the

substrate and the wavelength at which maximunr or mininrunr absorbance

occurred was noted.

2.5.4.8 Ël astase

1 mg of Congo red elastin was dispersed'in 0.2 ml of either

50 mM sodium acetate pH 4.0 or 50 mM Trjs-Cl pH 8.5 usjng a trace of

Tween 80 to lower surface tension of the buffer. The react'ion was started

by adct'ition of 0.1 ml of enzyne. After ìncubatjng 2 h at 37oC ìn a shakìng

water bath, the tubes were centrifuged at 8 000 g for l0 mjn. AO,U was

estimated and compared to a reaction in whjch water was added instead

of enzyme.

?.5.5 Determi nat'ion of Mi chael i s-ftlenten constant

Double reciproca'l plots of the data shown in Figures l9 and 23 were

used to estjrnal.e K* as described by l"ineweaver and Burk (1934)"

2.5.6 Determi nat j on of mol ecu j ar vrei qhts

Molecular wejghts of enzymes were estimated from the'ir elutjon

volumes from ge'l filtration columns as detailed by Andrews (.l965).

2.5.7 Dial.ysis

Solutjons þ/ere diaìy5sfl by placìng in dialysìs tubing treated as
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descrjbed in Sectjon 2.7.5. The dia-ìysis tubing was pla.ced in one

litre of clialys'is buffer at 4oC and st'irrec.l. Normally dìa'lysìs l,ras

performed overnight r,rith two charrEes of dìalysis buffer (l ¿) ; the

volume of the dialys'ing buffer was a'lways at least 20 t'imes that of the

solution being dìa1ysed.

2.5.8 Concentration o't e nz.ymes aqa'i n st Se phadex G-25

An enzyme solutjon was ¡rìaced jn a dialysis sac which was covered

with Sephadex G-25 (coarse). After 2-3 h, the sac vras covered urjth

fresh ge1 . lilormal ly this procedure was performed overnÌght and was

always performed at 0-4oC.

2.6 Preparation and elu ti on of chronra1,ccl raphi c col urnns

2.6.1 Cation exchan e chronrato ra

20 g of CM-cellulose were precycled by treatment with 300 ml of

0.5 M Na0ll and 0.5 14 llCl in the following sequence: NaOH 30 m.in;

HCl l0 ¡nin; HCI 30 min; Na0H l0 min; NaOll 30 min; HCI l0 min;

HCI 30 min. The resin was then rvashed w'ith water and fjnes were

removed as described in the Whatman laboratory marrual usíng n = 'l.3.

The res'in was stored in 0.03% (v/v) toluene. A sìurry (1.5 of the

settled volume of the resin) was poured into a g'lass colurnn ancl the

flow started immediately. If more resjn \Á/as added, the addition was

made before all the resin had conrpletely settled. Columns were washed

overnight with 500 ml of 20 mM sodium aceta.te pll 5.0 or other

equi I i brati ng buffer.

2"6.2 Anion exchange chronratography

DEAE-Sephadex was swollen for 24 h aL room temperature in

20 mM sodium phosphate or other equ'ilibrating buffer. A sìurry
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(1.5 x settlea volume of the gel) v¡as poured into a column and allowed

to settl e before washi ng overni ght wi th 500 ml of equ'i I i brat'i ng buf fer

with a pressure head of 2cmlcm gel height.

2.6.3 Gel filtration

Sephadex G-l00 and Biogel A-0.5m were allowed to swell 'in

equilibration buffer for 24 h. A slurry of 1.5 times the settled volume

of gel was poured into the column, running the s'lurry down the side of

the column, and left to settle. If further ge'l was added, thjs was

done before all the gel had compìetely sett'led. Ì,lhen al'l the gel had

settled, the colunrn was washed with one or two column volurnes of

equi'ljbratjng buffer. When not'in use, the columns were equilibrated

wi th 0. 027á sodi um azi de.

2.6.4 H.ydrox.yl apatite chromatoqraph.y

A s'lur'ry of hydroxyìapatite (HypatÌte C for protease A,

Biogeì HT for protease B) was poured into a gìass column, packed under

pressure and washed with several colunrn volumes of buffer before use.

2.6.5 Affinity chromatoqraphy

Phenylalanjne was coupled to CNBr-activated Sepharose essentÍa'lìy

as described by Preston (1978). 3 g of gel was swollen in I mM HCI and

washed wjth 600 ml of this acid. Then the gel u/as v'/ashed with 80 ml of

0.1 M sodium bicarbonate pH 9.0 and mixed with 0.4% (w/v) phenyìalanine

for 24 h at 4oC in a rotating mìxer. The geì was then poured into a

column, washed v¡ith water and then equilibrated with 25 mltl sod'ium

acetate pll 4. 0.

Haemoglobin was coupled by a sjmilar procedure but usìng

25 rng/n1 haemogl obi n.
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2.6.6 Amberjite XAD-A

Arnberlite XAD-4 was sieved to select beads r^rith a diameter of

0.5-l mm vrh'ich were lvashecl several times with methanol tiren vlater.

A s'lurry of beads was then poured into a glass column and equil'ibrated

with 50 mM sodium phosphate pH 7.0 containing 0.5 mM NaTEDTA.

2.6.7 Operatìon clf chromatographic col umns

G'lass tubes were fitted at both ends with rubber bungs with

glass tubing through them and the lower bung was covered v¡'ith tr^¡o layers

of nylon nett'ing" The eluting buffer for gel filtration columns was

suppìied from a Mariotte flask us'ing a head of 0.3 m for the Sephadex G-100

colu¡nn arrd I m for the BÍogeì A-0.5m column. For other columns, the

eluting buffer was pumped on to t.he column usìng an LKB peristajtic

pump. Fractions were collected on an ISCO model 1200 fraction collector

and the absorba.nce of the eluate was measured with an ISC0 type 6

opticai unit and rnodel UA-5 absorbance monitor.

2.7 Generaltechniques

2.7.1 Absorbance spectra and measurements

Absorption spectra were recorded on either a Pye SP 800 or

Varian model 635 spectrophotometer using 1 cm quartz cuvettes.

Absorbance measurements in the range 400-600 nm were made on a Turner

spectrophotometer fitted with a gìass flow through ce11. Measurements

at other wavelengths were made on a Shimadzu QV-50 spectrophotometer.

2.7 .2 Centri fuqati on

Centrifugation at forces less than 30 000 g was performed on a

Sorvall RC-28 centrifuge at ZoC using a SS-34 rotor. A Beckman L2-658
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centr''ifuge with a type 35 rotor was used fur centrifugation at 95 000 g

at ZoC.

2.7 .3 Protei n de'f errni nati on

Protein was deterrnined essentially Lry the method of Lowry Q.t ctL

(1951). To I ml of proteìn sample was added I ml of ?.0% (w/v) trichloro-

acetic acjd. After stand'ing on ice for l5 niìn, the tubes were

centrifuged at 3 000 r.p.m" on a MSE bench centrifuge for l5 niin. To

the pe'llet was added 0.8 ml of 2% (w/v) NarCOU in 0.1 M NaOH wìth

m'ixìng. Af ter 30 min at room ternperature, 4 nrl of freshly prepared

alkaline copper sulphate contain'ing sodìurn potassium tartrate

(50 ml of 2% (w/v) NarCO, jn 0.1 M Na0H; I ml of 0.5% (w/v) CuS0O'SH,O;

I ml of i% (w/v) sodjum potassiunr tartrate) vras added, the tubes were

irrcubated for 20 min at 37oC and 0.5 ml of diluted (l:l with water)

Folin and Ciocalteu's reagent was added. /\Z:O was measured after

30 min. Bovine serum albumin was used as a standard.

2.7.4 Determ'ination of amino acids and soluble cr-amino N

The procedure is based on that of Lee and Takahashi (.l966).

Each tube contained 1.9 ml of the follolìng m'ixture: l4 ml of 0"5 M sod'iui'n

citrate pH 5.5; 0.ì g ninhydrin; 24 n1 gìycerol. After addition of the

sample, the contents of the tube were rnìxed with a Vortex mjxer and the

tube was placed in a boiìing rvater bath for l2 min. After cooling the

tube, AU'O was read. Alan'ine was used to calibrate the reaction.

Sodìum citrate buffer'was prepared by dissolving 44 g of tri-socl'iunr

citrate in water, boì'ling for l0 mjn, cooì'ing, neutralising to pt.l 5.5

with concentrated hydroch'loric ac'íd, and making up to 300 ml with water"

Glycero'l was purif 'led with Amberl ite in exchange resins as

suggested by Jol1y and Tolbert (1978). IR-l20 and IRA-400 ion exchanEe
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resins were prepared as described by the makey's in 'Amber'iite Exchange

Resins - Laboratory Guide'and equal amounts of each resin packed into

a colurnn gcm2 x 47cm.

The glycerol was pumped through the column at the rate of 120 mj/h.

2.7.5 Pre aration of dial sis tubin

Dia'lysis tubing was boiled for l0 min in 2% (w/v) NarC0, and

l.l g/1 NaTEDTA. It was then boiled twice in separate lots of

distilled water and stored in 50% (v/v) ethanol.
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3 . IìESUI- TS

3.1 Exl.ractjon of proteases l"ront nraize roots

3.1..l Use of h'igh speed centri'[ugatíon

A crude extract of majze roots centrifuged at 95 000 g for I h

had higher specjfic activitìes for azocasein clegradìng, haemoglobìn

degrad'ing and carboxypeptidase activities than an extract centrifuged

at l5 000 g for l5 nrin (Tab'ìe 6). As I ittle act'ivity 'is sedirnenietl,

the enzymes appear to be in the soluble f'r^action of the extract.

3.1 .2 Interference by phenol'ic cornpounds

Extracts of maize roots becorne brown on storage ancj show strong

absorpt'ion at 260 nm (Figure 2). It therefore seemed I ike'ly that they

contained phenoìic compounds because ox'idat.ion of bhese compounds results

in brourning of pìant extracts (Loonlis,1969) and most of the absorpl:ion

at 260 nm by pìant extracts is duie to pherrol ic compounds rather tharr

nucleic acids (l-oom'is, 1974). Poiyclar AT, an insolubìe polyvÍny'l-

pyrroìjdone useC to protect proteìns against phenolìc compounds, rna.y

release soluble vinylpyrrolidone, which absor"bs at 260 nm (figure 3)

during homogenisatjon (Loonris, 1974). However this corflpound appears to

make onl.y a small contribution to the absorbance of the extract;

AZOO of a majze root extract prepared with l% (w/v) Polycìar AT, 28.5;

ArUO o-î 10% (w/v) Polyclar AT hornogenate, 0.2; AZO0 of 1% (vt/v)

sol ubl e pol yv'inyl pyrrol i done , 0. 73 (Fi gure 3 ) .

Pherlol ic compounds often have deleter"ious effects on enzyÍì'ìes

(Loomìs, 1974) and in addition io Polyclar AT, the follovring agents

have been used to protect proteins agaìnst these conrpounds: cysteine

(Anderson, l96B), metabisulph'ite (Anderson and Rowan, 1967), protamine

suìphate (Loomis, 1974). These reagents were added in turn to the



TABLE 6

E([øc.t o( l,vLgl'L ,sytøzd cenÍti(uga.tion on tln¿ y:uni(i.ca-Íion and ,Løa-ovuLA o( pn-ote.a'su dnom maizø noof¿

7 day old maize roots urere homogenrsed in a colC mortar and pestìe vlith 2 ml/g fr vrt of 50 mM

potalsÌurn phosphate buffer pH 7.0 contaÍning û.5 mM lla2iDTA, 5 mM c,vstejne,l% (w/v) Pcìyciar AT

at 4"C, filterec through ür¡,0 leyers of Miracloth and then centrifuged as indicated at 2"C.
tnz,vme acii,titjes and the or^otejn contents of each supernatant fraction lvere determined as
described in Sections 2.5.4.1, 2.5.4.2, 2.5.4"3 and 2.7.3.

Fracti on

l8 ûC0 g (lE min)
supe,-natant of
ex-uract

II 95 0û0 g (6û min)
supernatani of I

Azocasei n
degradíng activity

n 4446/mg
proteìn/h)

2.5 (ì OO ¡*

Haemog'lobi n
degr ading activity

(¡rmoì d-amino
N rel eased/rng
protein/h)

4.4

5.r (es¡*

Carboxypept'idase
act'i v i ty

(umol alanine
rel eased/mg
protei n/h )

I

Protei n
(mgl'ml )

c.67 2 8"9

0. 52

* figures in parentheses cienote percentage recovery of enz¡rme activity
relative io fraction I

ro (87)*



FIGURT 2

S¡cøe'fttum o$ a" maiz¿ noctt øxÍttcLc.t

An extract of 7 clay oìd maize roots was prepered as descrjbed

ìn Table 6 and centrìfuqed at lB 000 g for l5 mjn at 2oC.

The spectrum of the supernatant fractìotl, diluted l5 fo1d'

was recorded in a I cm quartz cuvette in a Unicam SP 800

recording spectrophotometer.
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FIGURE 3

S,¡tøc.tttn. o{¡ yto.LqvínqLytqutol'Ldanø and maf.en;aI ne'Lenaørl hq

homo g øtú.ta.ü-o tt o ( PoLqc,U.tt t\T

A l0% (w/v) suspe¡sion of Polycìar AT in 50 ml4 sodium phosphate

pH 7.0 contairrìng 0.5 mM NaTEDTA was homogenised for a fev¡

minutes in a cold mortar and pest'ìe. After centrifuging at

18 000 g for l5 min at ZoC, the spectrum of the supernatant

fraction was recorded in a j cm quartz ceìì usìng a Pye SP 800

spectrophotometer. Soluble polyviny'lpyrrnlidone was dissolved

in water, l% (w/v), and its spectrum recorded as described

above.

supernatant of hornogenised Poìyclar AT

sol ubl e polyvi nyl pyrrol idone
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extractjng buff'er (50 nlM sodiulll phos¡:haie pl-i 7.0 cr:ntainìng 0.5 mM

NaTEDTA) and their effects on uV absorbance and protr:ase activ'ity

determined (fa¡ie 7). None of the treatmen'ts s'ign'ifìcantìy 'incr,ea:;ed

the levels of proteases detectecl or resultetl in a marked reduct'ion in

UV absorbance compared with extracting mecl'ium A while treatment L-

sign'ificantly reduced the amount of carboxypeptidase activity'in
the extract. Treatment A was chosen because it avoicted the addition of

protein to the extract (treatment D) and did not invo'ìve ìarge amounts

of Po]yc]ar A-f (treatment c) which reduced the volume of extract

recovered.

The poìystyrene resin Amberlrte XAD-4 has been useC for the rr:rnoval

o'F phenol ic compounds from plant extracts (Loomìs, tg74). llhen an

lB 000 g supernatant of an extract of maize roots was passed through an

Amberlite XAD-4 colunln a considerable amoun'b of UV alrsorLring material was

removed (AZOO was reduced fronr 36 to 1l). -lhis treatrnent also elii¡rinatecl

material absorbing equal]y at 260 and 280 nm which was present jn the

elution pnofile of a CM-cellulose column loaded w'ith a partia'll.y, purifìed

extract of maize roots (Figure 7). In addition there was less browning,

as indÍcated bY Aqoo values, in the (NH4)2s04 ppt. of an xAD-4 treatecl

extracb than in a similar ppt. of an untreated extract (ranie B). (l,lo

absorbance peaks were found in the spectra of the two (NH4)rS0o pRts.

listed in Table I in the range 400-800 nm so that the absorbance at

400 nnr could be taken as an index of brownìng.)

Treatment with the poìystyrene resin had no benefjcial effect on

the amounts of protease activity or on their stabiìity assessecl after

4 da.ys o't storage (Table B). The metabisulphite used in Lhe preparation

of extracts treated r,¡ith XAD-4 ¡nay aìso reduce browning by restricting

phenolic oxidation (Anderson and Rowan, 1967 ) although thìs reagent d'icl

not reduce UV absorption (Table 7).



TABLE 7

Ed{ze,t od ,zengønf,s wlq.Lclt pnatøcf. agaiwtÍ'¡tlteno.Ue ccnytound's on th¿ a-c,tivifq

a(J p,Latø(tt,u [zom maizø ttocÍ¿

7 day old maize roots were extracted with 2 mì/g fr wt of 50 mM sodium phosphate pH 7.0 conta'in'ing
0.5 hM Na2EDTA with the adciltives shc¡wn in a cojd mortar and pestìe. The extracts were centrjfuged
at l8 000'9 for l5 min at ZoC and the supernatant fra.ctions were dialysed overnight aga'inst two
changes of 20 mM sodium phosphate pH 7.0 at 4"C. The diaìysed supernatant fractions t{ere ana'ìysed
for protease activities as described ìn Sections 2.5.4.1, 2.5.4.2 and 2.5.4.3. UV spectra were
recorCed on a Pye SP 800 spectrophotometer using a ì cm quartz cuvette and the maximum absorbance
(in the range 250-300 nm) and the correspond'ing wavelength are shown.

Reagents added to the
extraction buffer

A 5 rnM cysteìne, 1% iwlv)
Polyclar AT

B l0 mM sodium metabisulphite,
1% (w/v) Poiyclar AT

C 5 rnM cysteine, 10% (w/v)
Polycìar AT

Maximum
absorbance

[,Jave-'length
(nm)

Azocasei n
degrad i ng
activity

(r Aooo/ml/h)

Haemogl obi n

degradì ng
actì vity

(prnoì e-am j no
N released/ml/h)

Carboxypepti dase
activ'ity

(umol alanine
released/ml/h)

6.3

5.5

6.7

D 5 mM cyste'ine, 1%

Poìyc'iar AT, C.2%
protam'ine sul phate

I .83 267

1.74 260

1 .46 265

1.3 2.5

2.4 -

1.3 2.5

2

w/v )
r,¡/v )

I .86 2ç)7 i.4 2.6 7
(Cont. )



Reagents
extract

l0 mM sodjum rnetabisulphite,
10% {w/v) Polyclar AT, A.2%
(w/v) protamine sulphate

TABLE 7 (Cont. )

Wave- Azocasein
I ength degrad'ing
(nm) activity

(r Aooo/mi/h)

Haemcgl obi n
cìegrad i ng
acti vi ty

(umol u-amino
N released/ml/h)

Carboxypept'idas e
activìty

(umol alanine
reieased/mlih)

added to the
ion buffer

Maximum
absorbance

1.29

E

262 1.1 2.2 1.8



TABLE 8

EÁ(:ecf o[ Anrba,t{-í,f.¿ XAD-4 fnøa.tnønf. o( øvitae.Lt o( maLzø nooÍ's on ¡cnotøøt¿ ctc.ti',ti'tA

7 day oiC maize roots u¡ere homogenised in a cold inortar and pestìe w'!th 2 n1/g fr wt of 50 mM

phosphate buffer pH 7.0 contajnìng 0.5 mitl Í'la2EDTA anC l% (w/v) Polyclar AT. For treatmeni i\,
extrêcticn medium aiso contaìnecj 5 ml,i cysteine and the extract was centrjfuged at 95 000 g fo
at 2aC and the supernatant fraction was retained. For treatment B, the extiact'ion meciium als
conta'lned l0 mM sodiu¡¡ nretabìsulphite and the rxüract vras centrifuged at l8 0Q0 g for I min a

the super^nato.nt fract.ion r,ras pass*oci through ayr Arnberlite XAD-4 column (1 .77cmZ x lOcm) equil j
y¡i-uh 5t ml4 sodiun phcsphate iruffer pll 7.C contaìning û.5 ¡'rM Na2tDTA and l0 mtrvl sodium metabisu
at the raie of 65 nrl/h. The eìuate was centrifuged at 95 000 t for I h. A-9A% (Nlle)2S04 ppt
prepared fromthe 95 C0û g^super"natant fracticns frcm treatmenis A and B by adciing the sali (

i00 ml) v¡ith sÈirring at 4"C. Afier 30 niin, the soluticns \dere centrifuged at B 000 g for l0
the supernatant fnactjons Cecanted. The precipitates were resuspended tn 2A.mi4 soclium phosph
buffer (C"i of origina'l volur.re), diaìysed against the same buffer overnight (tt^rc clianges) at
anaìysed for prorease actjvity as described ìn Sections 2.5.4.1, 2-5.4.2 and 2.5.4.3.

S

i
iumn,'l

he
lhr

o
t
b
1
I

s
C
U

a

^¿+

?of -

rated
ph'iie
. were
0.3 g1

mi n and
teoC 

anc

n̂ Azocasein degrad'ing
acti vi ty

(n Aooo/ml/h)

Haemoglobin degrading
acti v i ty

(umol o-am'! no N

rel eased/ml /h )

6.1 (5.9)*

Carboxypeptì dase
ac+-ì vì ty

(umol alanjne
rel eased/ml /h )

l5

''l tr
IJ

400

A-9A% (NH4)2S0a ppt. of
untreated extract
(treatment A)

A-90% (tlHq )2504 ppt. of
Amberiite treated extract
(treatment B)
(figures corrected for
oi I ut-i on cn Amberl i te
coi umn ) 0. 69 3.2 (3.r)"

f
I 3. l (z.g)*

6.l (6.?)*

* figures in parentheses are enzyme activities deterrnined after storage fol^ 4 days at 4oC
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3..l.3 Effect of salt .d eterqent and hiqh pl-l

l\s enzymes may adhere to cel I wal"l fragments (Newcombe, l 963)

and ribosomes (Petc+rrnan, 1964) tne use of detergent, h'igh sa'lt

concentrations ar¡d h'igh pl1 was explored to deterrnine whether additional

enzyme activìty cr-ruld be extracted. Addition of either 0.2 M NaCl or

0.1% (w/v) sodiunr deoxycholate to 50 mM potassium phosphate pH 7.0 djd

noù result in an increased extraction of the azocasein degrading

activjty and nejther did extraction at pll 8.0 or 9.0 (Table 9). it
wili be shown in Sections 3.9.3 and 3.10.3 that some of the proteases

are more labile at pH 8.0 than at pH 6.0.

3.2 Partial purification of proteases from nlaize roots

3.2.1 Arnmonium sulphate fractionation

Between 70 ancl 9A% af the protease activit'ies in an extract of

nraize roots \¡Jey'e precìpitated between 35 and 70% saturation of

(tltio)rsoo (Table ì0) resuìt'ing in a 1.5 fold purification (Table ll ).
This step also concentra+.ed the proteases.

3.2.2 oH treatrnent

þJhen the pH of the dia'ìysed 35-70% (NH4)2s04 ppt. prepared as

descrjhed in Table B was lowered to pH 4.4,75% of tlre protein was

precipitated (Tabìe ll ). All the azocasein degrading activìty was

recovèred and recovery of the haemogìobin degrading activity was 83%,

carboxypept'ido.se actjvity 82% and aminopeptidase activity 37%. Specific

activities increased about 4,3,4 and 1.5 fold respect'ively (values

relative to the 35-707 (NHO)rS0O ROt.).' Losses of aminopept,idase

activjty during thjs step are probably due to the labjlity of such

enzymes at pH 4.4 (Kol emai nen and Mi kol a, I 971 ) .



TABLE 9

E(decLt o[ da.LL, de.ten.genÍ. and ytll on the- ev-tttz"ciiotr cs( ctzoc.a-toi-n

døgnad,Lng ac;bLvi.tq dnom mo-Lz¿ ¡toof,s

Four day old majze roots were homogenised in.a cold mortar and pestle

with the buffers shown (2 m'l/g fr wt) and the extracts were

centrifuged at lB 000 g for l5 min at ZoC. The supernal,ant fractjons

were assayed for azocasein degrad'ing activit¡, ¿s described jn

Section 2.5.4.I except that the reactions b¡ere performed at pll 6.0

and sùopped with I M HCl04.

Extracting buffer (each 50 mM) Azocasein degrading
activity (¡ AOOU/mì/h)

potassium phosphate pH 7.0

potassium phosphate pH 7.0 + 0.2 M NaCl

potassium phosphate pH 7.0 + 0.1% (w/v)

sodium deoxychoìate

Tri s-HCl ptl 7. 0

Tris-HCl pH 8.0

Tris-HCl pH 9.0

0"17

0.lB

0.17

0.?6

0.20

0.21



TA.BLE I O

Ammolti-un tu.Lytho,tø $nncLílnaLLon o[ an øx,Lta.cf o{ mo-Lze nootl

A 95 û0û g supernacant fraction was prepared from 75 g of 7 day oìci maize roots as described for
treatment A i
in Table B an
to the initia
phosphate pH

protease acti
and 2"7 "3.

n Table B. A.mmonìum sulphate fractionation vvas performed by the procedure described
d after each precipitation step, the pH of the supernatant fraction was adjusted back'l pH of 7.0 wjth 0.1 M K0H. The (NHq)2S04 ppts. shown were resuspe¡deci in 20 mM sodium
7.0, dia'lysed overn'ight against two changes of t,he same buffer at 4'C and analysed for
vìty and protein ccntent as describeci in Sections 2.5.4.1, 2.5.4.2, 2.5.4.3, 2.5.4.5

% saturation
wirh (NH4)2s04

Azocasei n
degrading activity

(r Aoooih)

Haemog'lobi n
CegradÌng activity

(pmol o-amino N

rel eased/ h )

Carboxypepti dase
acti vi ty

(umol alanine
rel eased/h)

Ami nopepti dase
act'ivf ty
(umol p-

nitroanil ine
released/h)

Protei n
(nrs )

Crucie extract

0-35
35-50
50-60
60 -70
70-90

121

ll
25

23

ll
12

210

7

65

87

l0

1.3

510

40

150

130

72

4

I 00û

37

,220

180

360

174

530

2

50

300

124

l0



TABLE I I

PMLLoL punL[icail,on a6 ptLotØaÁu dnom mq,Lz¿ noot¿ bu amnowíun au.L¡chaf.ø dr"ac.tiona,tion and pH Í-ne.e.tne.nf

A 35-70% (t\lHa)2s0a Ppt. r^ias prepared frorn the extract of 75 g of 7 day
Table 10. The precip'ltate was resuspencied in 20 mM sodium phosptrate pl-i

against two changes of the same buffer at 4oC" It was then adjusted to
to 1.5 cf the orìginaì volur,'ie with waLer and centrifuged at I C00 g for

old maize roots as ciescribed in
7.C and dÌalysed overnight
pH 4.4 r+ith^50 n¡M HCI , Ciluted
l0 min at 2"C. The supernatant

fractron, hereafter r fel'red to as'pH 4"4 supernatani', was retained. Pr"otease activities and protein
content t¡ere cie'uermined as described in Sections 2.5.4.i, 2.5.4.2, 2.5.4.3, 2"5.4.5 and 2.7.3.

Fracti on

III.Supernatant
fraction after
adjusting Ii to
pt-i 4.4 and
centri fugi ng

Vcl ume
(rnl )

Protein
(ms )

l\zocase i n
decradati on
(r-Aooo/h)

Haemog I obj n
degradatì on

(umoi cx-ami no N

rel eased/h )

Carboxypeptì dase
(urnol alanine
rel eased/h)

Ami nopept i dase
(umol p-

nitroani I ine
rel eased/h )

i. CruCe extract 2AA i21 212 (l.Z)o 515 (q.Z)* r 003 (s.¡)* 525 (4.3)u

rL.35-7A%
(l'lHa)2504 ppt.
of i in
20 ml'{ sc'diun¡
phosphaie pH 7.0 34 58 r59 (2.7)" 354 (6.1 ¡* 761 (r:¡" 470 (8.1)*

50 14 170 (r2)* 294 (21)* 624 (45)* 173 (r2)"

* figures in parentheses denote specific activity (un'its/mg protein)
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3.3 Caticln exchanqe chroniatoqrapli.y of protrrases from maize roots

A protease like species vrhÌch degrades azocasejn ancl inactivates

nitrate reductase has been ísolated. from maize roots (hlal1ace, 1974,

l97Sa). This enzyme was eluted from a CM-cellulose column equìlibratecl

in l0 mM sodjum acetate pH 5.0 by 50 mM NaCl dissolved in the equiìibrating

buffer. In the current study, the supernatant fraction of a 35-70%

(NH4)rS0O RRt. resuspended ín 20 mM sodiunr phosphate pH 7.0 and treated

at pH 4.4 (her'eafter referred to as'pH 4.4 supernatant') (Fractìon III,
Table ll ) was eluted from a similar colunrn with a gracl'ien'b of

0 - 0.4 M NaCl. All the proteases investigated were eluted aL

ì50 mFi NaCl but they were not resolved (Figure 4). A CM-cellu'lose

column loaded w'ith pH 4.4 supernatant (Fraction III, Table ll) was then

eluted with .l50 
mM NaCl in 20 nM sodium acetate pH 5.0 result'ing in scme

resolution of the proteases. By lowering the NaCl concen'bration in the

eiuting buffer to .l30 
mM, the carboxypeptidase was separated into two

fracl;ions, both of which contained haemoglobin degrading activity

(Figure 5). Azocasein degrad'ing activ'ity was elutecl in a p'lateau I ike

fraction containing haemog'lobin degrad'ing acti,rity but aminopeptidase

activity was not clearìy resolrred from the other protease activjtjes.

In an attempt to increase the resolut'ion of the proteases shown in

F'igure 5, the effect of varying the pH of the colunrn equilibrat'ing buffer

was investigated.

A column eluted at pH 4.5 with 150 mM NaCl gave no improveme¡rt in

the resolution presented in Figure 5 while columns equi'librated at pll 5.3

and 5.5 did rrot adsorb all the protease activity. As some of the proteases

were not adsorbed on CM-cellulose above pH 5.0, a gradient of 20 mM

sodiurn acetate pH 5.0 to 50 mM sod'ium acetate pH 5.6 was tested.

Carboxypeptidase activ'ity eluted ahead of the proteinase activities which

were not resolved (F'igure 6). However elution with a gradient of 20 mM



FIGURE 4

Elttion o [ ¡cnatea,tu (¡ttom mo"ize. noot¡ (nom Ct\1-ce'LLttLo¿e

bq a ,sa.(.f. gn.ctdiønÍ.

A 35-70% (NH4)2S04 ppt., prepared as described in Table 10, was

adjusted to pH 4.4 with 50 mM HCl , diluted to 1.5 times 'Lhe

origrna'l volume, centrifuged l0 nlìn at B 000 g at 2oC and the

supernatant fraction (hereafter referred to as 'pl-l 4.4

supernatant') was taken. 5 ml of pH 4.4 supernatant,

containing 3 rng protejn were applied to a CM-cellulose colt¡rnn
o

(0.79cm'x Scm) equìlibrated in 20 mM sodium acetate pH 5.0.

The column, washed with lB nll of the equ'ilibrating buffer' y¡as

then eluted v,rith a 90 ml gradient of 0 - 0.4 M NaCl in 20 mM

sodiurn acetate pl-l 5.0 at the rate of 30 ml/h' ArtO of the

column effluent wa.s monitored and 2 rnl fractions were anaìysed

for proteinase and carboxypept'idase act'ivities as described in

Secti ons 2. 5. 4. I , 2.5 .4. 2 and 2.5.4.3.

Azao

o-o Carboxypept'idase activ'ity, ¡rmo'l
alanine rel eased/ml/h

NaCl concentration

o-D Azocase'i
n AOOO/m

n
1/

degradirrg activity,
h

Haemoglobin degrading actjvit.y,
umol c¿-âu.ìi no N rel ea sed/ml / h
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FIGURE 5

ßateh ø(.ufion ct( ytnotente; $nam maiz¿ ttctot's {nam Clvl-ee,L!-u.Lo,s¿

wi,tln 130 mM NctC.L

21.5 ml of pH 4.4 supernatant (Fraction III, Table 1l)

conta'ining 12 mg protein were prepared frorn 39 g of 7 day o1d

maize roots as described in Table ll. Thís fraction was

appìiecl to a CM-cellulose column (ZcnZ x 1Ocm) equìl'ibrated

wjth 20 mM sodium acetate pll 5.0. UV absorbÍng material ,

similar to that shown jn Figure 4, was eluted from the column

with 66 ml of equìlibrating.buffer; no protease activity was

associated with this material. The colunln was then eluted with
.l30 

mM NaCl 'in equilibrating buffer at the rate of l0 ml/h.

AZSO of the column effluent tn¡as monitored anC 3.3 ml fractions

were ana.lysed for prote'inase, carboxypept'idase and amino-

peptidase act'ivities as described in Sections 2.5.4.1, 2.5.4.2,

2.5.4.3 and 2.5.4.5.

HIRT Azao

E-tr Azocasein degrad'ing activity,
n A,..,O/rnì/h

^-a Haemogì obi n degrad'ing acti vi ty,
umol o-ôfiino N rel easect/ml /h

o._o Carboxypeptidase activity, umol
al ani ne rel easecl/ml /h

Aminopepticlase actjvity, umol
p-nitroani I jne rel eased/ml /h
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FIGURE 6

ELuLLotL o(¡ ytn.oÍ.e.a.te.'s (1nom møLzø noolt¡ (¡non Cl'll-ce'['LuLo¿¿

bq a" gncxliøvtt o{ ¡tH a"nd ionic dÍne,n.gil+

5.4 ml of pl-i 4.4 supernatant (Fracbion III, Table ll)
contain'ing 3 mg protein were loaded on a CM-cellulose column

t
(0.79crn' x 4.Scm) equilibrated with 20 mM sodium acetate

pH 5.0. A'f,ter washing the column rvith equilibrating buffer'

it was eluted at the rate of l4 ml/h with a 40 ml grad'ient of

20 rnt'{ sodiurn acetate pH 5.0 to 50 mM sodium acetate pH 5.6.

After compìetiorr of the gradìent at fraction 21, the column

was eluted l'¡ith 50 nrM sodium acetate pH 5.6. 2 ml fractìons

were analysed for proteinase and carboxypeptidase activities as

descri bed i n Sect'ions 2. 5.4. 1 , 2.5 .4. 2 and Z.S .q .Z . I'lo

absorbance at 280 nnl was detected on a scale of 0 - 0.3.

D-E Azocasei n degrad'i ng act'i v'ity,
t AOOr/m1/h

a-"^ Haemog'l obin degrading activ'ity,
umol q-âffiino N released/ml/h

O.*O Carboxypeptidase ac'Livity, umol
alanìne released/ml/h

EG-T Sodium acetate concentrat'ion



Proteinase and Carboxypept idase Activity

e ?
ct)

o
Å

I
N

o

o

A¡
o

õ'

z
o

o

GI

<D

No

(^)
o

qr
oo

fsooiu- Acetate]l (mM)

oo



41

sodium acebate pl-i 5"0 to 6.0 containfng 130 mÍ'l NaCl rcsolvecl the probease_rs

into two fractions (figure 7). Approximately 307á of the gradìent (125 ml)

was used to elute the proteases. The first fraction, protease A, elr¡ted

at one column volume, conta'ined 84% of 'bhe carboxypeptìclase activ'ity, a1ì

of the azocasein degrading and amínopeptidase actìvjties, 65% of the

haemoglobin degrading activity and 2% of the loaded protein. The enzymes

were purified 20-34 fold with good recovery apart fronr aminopeptjciase

which îs acid labile (Sectjon 3.2.2). The second fraction, protease Bo

eluted after 4-5 column vojurnes, contained on]y haemogìobin degraciing and

carboxypeptidase activities and ?.3% of the loaded protein. lhe specific

activities of these enzyrnes are shown in Table 12. Assays for carboxy-

peptìdase and haemoglobin degrad'ing activ'it'ies in fract.ions prior to the

CM-cellulose column do not distìnguish the relaiive contrjbutions c¡f

proteases A and B so that the recoveries and spec'ific activjties shown

are not absolute values. A third fraction of UV absorbÍng material,

ejuted at fraction ll in Figure 7, did not corr'espond to any peak of

protease activity and was removed by Amberlite XAD-  treatment of the

crude extract (Section 1.1.2). The column equ'il il¡rating buffer

(20 mM sodium acetate pH 5.0) eluted a ìarge amount of UV absorbing

materìaì (absorb.rnce at both 280 nnr and 260 nrn of about 0.4) r^rhich

contained very little proteoìytic activ'ity and approximately 35% of the

loaded protein.

When proteases A and B were rechromatographed on columns icjentical

to those used to separate them, both fractions eluted in the sanìe positions

as on the origina'l column (figure B) suggesting that the two fr^actions are

not related. Th'is expeniment also showed that it is essential to use

ìong coìumns 2cm2 x l3.3cm as used in Figure 7 because the shorter

columns used in F'igure B resulted in sonìe overlap of proteases A and B.

This over'lap accounts for the appearance o'F a small amount of a protease A



TABLE I 2

PatttinL ytuni{íeafion 06 ytnote.a..tes [now maizø noot¡ on a CM-eeI-LuLo¿e coLumn

4l ml of pH 4.4 supernatant (Fraction III, Table 1l), containing 14 irg protein, was chromatographed
on the CM-cellulose column sholn in Fjgure 7. Protease activities and protein content of each
fraction vuere determineC as described jn Sections 2.5.4.1, 2.5.4.2, 2.5.4.3, 2.5.4.5 and 2.7.3.

Fracti on Vol ume
(ml )

Protei n
(ms )

Azocasei n
degradatì on
(r Aooolh)

Haemogl cbi n
ciegradat i on

(umol cr-anli no N

nel eased/h)

Carboxypepti dase
('rmol al ani ne
rel eased/h)

Ami nopepti dase
(umol p-

nitroanil ine
rel eased/h)

pH 4.4
supernatant
(Fraction IiI,
Table ll)

Protease A

Frotease B

41

49

l6

l4 170 (12.2)* ?s4 (2r)" 624 (45)* 1V3 {12.4)*

0.25t

2.6

154 (2e7)*

0

103 (419)*

5s (2i )"

376 (r 530)*

71 (27)"

6 .7 i27 )"

c

* figures in parentheses denote specific activity (un'its/mg prote'in)
f estimated from ArrO



FIGURI 7

Elufiott o$ ¡tttotøalaÁ ()tom mo-í*zø nooT¿ (rum CM-ce.'LLril-o¿e-

bq a ytfl gttnrliønt and ¿a,U

40 ml of pH 4.4 supernatant (Fraction III, Table ll)
conta'in'ing ll mg protein were prepared from 75 g of 7 day maize

roots as described in Table ll. This fraction was loaded on

to a CM-cellulose column (ZcnZ x l3.3cm) equiìibrated rvìth

20 mM sod'ium acetate pH 5.0. After the column had been washed

with 90 nrl of equililr¡¿ling buffer, it was eluted w'ith a 400 ml

gradìent of 20 nrM sodiunt acetate pH 5.0 to 6.0 contaìning

130 rnl'li NaCl at the rate of l0 ml/h. At fraction 3l , the pH of

the buffer entering the cojumn was 5"2. AZSO of the column

effluent was monitored arrd 6.3 ml fractjons were analysed for

prote'inase, carboxypeptidase and aminopept'idase activities as

described in Sections 2.5.4.1, 2.5.4"2, 2.5.4.3 and 2.5.4.5.

Fractions l9-25 were pooled for protease A and fractions 34-37

were ¡rooìed for protease B.

mð Azao

o-o Carbox¡rpepti dase acti v j ty, pmol
alanjne released/ml/h

D-EI

a--^ Haemoglobin degrading actìvity,
ufitol cr-ân'l'ino ll rel eased/ml /h

0-e Aminopeptidase actjvity, umoJ

¡:-n'itroan'i I i ne rel eased/ml /h

Azoca se i
a AOOO/m

n
1/

degrading activity,
h
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A

I- IGURE B

Rechn.omctfogtttt¡chq o[ ytttotøcue-; Å, cLnd B [nom maizo noott

on C!,|-ce.t (,u.t oae-

27 n1 of pH 4.4 supernatant (Frac'Lion III, Table ll)
containing 26 rng protein rvere prepared from 69 g of 7 day

maize root,s as described in Table ll. This fraction was

loaded on a CM-cellulose column (1.32cn? x 6.Bcm)

equilibrated with 20 mM sodium acetate pH 5.0. After the

column had been washed vrith 4l mj of equilibratjng buffer,

it was eluted with a 170 ml gradient of 20 mt'l sodiunr

acetate pH 5.0 to 6.0 containing'130 mM NaCl at the rate

of 10.5 ml/h. AZ'O of the column effluent was monitored

and 4.6 ml fractions were analysed for proteinase and

carboxypeptidase activities as described jn Sections

2"5.4.1 , 2.5.4.2 and 2.5"4.3. The fractions indícated

by bars were pooled for rechromatography.

ffi Azgo

Carboxypeptidase activity, ¡rmol
alanine rel eased/nll /h

n-o Azocasei n degradi ng acti v j ty,
t AOOO/I1/h

umol cv.-ârlìi no N rel eased/ml /h
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FIGURE B

B Fractions 24.-26 (protease tì) from the column shown in A

were dialysed agaìnst two changes of 20 n$l sodium acetate

pH 5"0 overnight at 4oC and loacled on to a CM-cellulose
t

column (1.32cm' x 6.lcm) equilibrated jn 20 mM sodjum

acetate pll 5.0. Elution cond'itions were as descrjbed in

A except that the volume of the gradient was 160 ml and

the fraction size was 4.ï ml.

Azao

O-O Carboxypeptidase activity, umol
alanjne released/ml/h

É

tr-E Azocasei
n Aoorln

degrading activìty,
/h

n
I

^-^ l-laemogìobin degrading activity,
umol o'amino N released/mÏ/h
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C

FIGURE I}

Fractions '16-21 (protease A) {'nom the column shown in A

were dia'lysed overnjght against two changes of 20 rnM

sodium acetate pH 5"0 at 4oC and ioaded on tc a

CM-cellulose colurnn (1 .32cm?' x 5.lcm) equiljbrated in

20 mM sod'ium acetate ptl 5.0. Elution concljtions were

as described in A except thatthe volume of the gradient

was 160 ml and the fract'ion size was 4.1 nli.

lmillRr A284

Carboxypept'i<lase actì v !ty, pmo'l

alanine released/ml/h

tr-tr Azocasei n clegrad'ing act'ivì ty,
a AOOO/m'l / h

a-^ Haemoglobjn degra.dìng actìvity,
umol cr-am"ino N released/ml/h
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ì i ke species on rechromatog.*aphy of proteasc B (Figure BB). ALten'rpts 'Lo

resolve azocasein degrad'ing actìvìty fronr haemoglobin degrad'ing activity
(protease A) and carboxypeptidase actir,íty frorn haenrogì obin degradirrg

activìty (protease Il) by chromatography on'ionger Cl'1-cel'lulose columns

a.nd eluting with salt concentrations less than .l30 
mM NaCl were unsuccessl'ul.

The column shown in Figure 7 vras usecl to prepare proLeases A and B

for subsequent studies.

3.4 Anion exchanqe chromatoqraphy of pro1;eases from nraize roots

Protease A fi"om the CM-cellulose colurnn shov¡n in Fìgure 7 ivas further

resolved on a DEAE-Sephaciex column by eìu-ljon with a gradient of 0 - 0.4 M

NaCl in 20 ml4 sodium ohosphate pH 6.0 (Figure 9). Most of tiie carboxy-

peptidase activity was separated from th+: proteinase activity, a'lthough

some carboxypeptidase activ'ity, subsequent'ly separated on Sephadex G-100,

vúas assocjated with the proteina.se activ'ity. The proteinase fraction

which degrades azocasein and haemog'lobin anci inactivates nitrate reductase

has been named prote'inase A. 'lhe major carboxypept'idase fraction has been

desìgnated carboxypept'idase A while the minor fraction associated with

proteinase A has been desìgnated carboxypeptidase A'. hJhile there was

some varjation in different preparat'ions, generaì ly carboxypept'icìase A

had the h'igher activity. Aminopeptidase activity was ejuted just behind

proteinase A.

All pro'uease activities eluted at thejr orig'inal positions on

rechromatography. l,Jhen the column was eluted at pH 6.0 as described

above, recovery of protease acti v'it j es was 75-l 00%. l^lhen the col umn was

equilibrated with 20 mM Tris-HCl pH 7.8 and eluted with a saìt gradient

in that butfer, the recovery of carboxypeptidase was only 8%, probabìy

due to the instabjfity of thìs enzyme at pH 7.8 (Figure 25) while 74% of

the azocasein degrading activjty vras recovered. It was also found that

on DEAE-Sephadex columns, ni+.rate reductase inactivatìrrg activity eìutecl



FIGURT 9

Fnac.ti.onaLLon a(¡ ytnotøcuø A $n.om møLzø noot's on 0E\L-Seytl'ødøx

Protease A from the Cl4-cellulose column shown'in Fjgure 7 was

dialysed overnight against two changes of 20 mltl sodium phosphate

pH 6.0 at 4oC and appìiecl to a DEAE-sephadex column
t

(2cm' x 4. I cm) ec¡uí I i brated vri th 20 mM sod'ium phosphate

pH 6.0. After the column had been washed w'ith 56 nrl of

equiìjbrating buffer, it was eluted with a 140 ml gradient of

0 - 0.4 M NaCl in equilibratìng buffer at the rate of 9 m]/h'

AZSO of the colurnn effluent was monitored and 2.8 ml fractions

were analysed for prote'inase, carboxypeptidase and amino-

peptidase activities as clescribed in Sectjons 2.5"4.1,2-5-4.2,

2.5.4.3 and 2.5.4.5.

AzgoIEET

n-Etr

a-^

Carboxypeptidase activ'itY, umol
alanine released/ml/h

Azocasei n degrad i ng act'iv'i ty ,
n Ano./ml/h

Haemog'lobin degrading activity,
umol o-amino N reieased/ml/h

il-- 
- NaCl concentration

Aminopeptidase actjvity, umol
p-n'itroani I i ne rel eased/ml /h
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wïth the azocesein ancl haenrogì ob''in dE:qrad'ing act jv jties. Carboxypept jdase

A u/as purified l5 foìd by chromatography on DEAE*Sepharlex rvh'ile there v,ras

onìy a two fold'increase in specifjc activil:y of proteinase A (fanle i3)"

Attempts to use a DEAE*Sephadex colr"¡rnn to further resolve protease B

which was isolated on a CM-cellulose column (Fìgur"e 7) were unsuccessful,

Both the carboxypeptidase and haemoglobin degrading activitjes were

dispersed throughout the gradient and poor'ly separated.

3.5 Gel filtration of proteases from maize roots

When the proteinase fract.ion from the DEAE-Sephadex column sholn in

F'igure 9 was appl'ied t.o a Sephadex G-i00 column, the associated

carboxypeptidase A'eluted ahead o'f, proteìnase A. Azocasein a.nd

haemoglobin degradr'ng act'ivitjes were nob resolved and showed an identical

elution pattern to that of the njtrate recluctase inactivating activity
(Fisure l0). Carboxypepticla.se A (Figure 9) ha.d the same elution profiìe

on Sephadex G-100 as carboxypepticiase A'. Over the range 0 - 0.1 4280,

no absorbing materìa'l was detected during eìution of this column.

After calibration of the column with Blue dextr,an (comp'leteìy

excluded), hexokinase (.l02 000), bovine serum albumjr¡ (Og 000) and

cytochrome c (12 400) as shown in Figure 'lì, mo]ecular weìghts for the

protease species were determined as follows: carboxypept'idase A arrd A'o

97 000; pr"oteìnase A (azocasein and haemoç¡lobin degradìng and nitrate

reductase inactivating activities) 52 000. The omiss'ion of sa.lt from

the eluting buffer did not result in any appreciable effect on the

resol ution.

No am'inopeptidase activÌty was detected in the experiment shown in

Figure 10, probably due to the lor.¡ level of activ'ity (0.92 urnol ¡r-n'itro-

aniline released/h) applied to the column. when a sanrpl e of 35--t0%



TABLE I 3

PaLti.al- ytunL$Lcaiion o{ ytttoteøtø A [nam møLzø nooÍ's on a DEAE-SøpLw.døx coLunn

A sampìe of protease A was prepared from 213 g of l4 day oìd majze roots and isolated on a
CM-cellulose column as shown in Figure 7. The protease A sampie was then chromatographed on a DEAE-
Sephadex column as shown in Figure 9. Fractions conrespondìng to carboxypeptidase A and proteinase A
(Section 3.4) were pooìed. Protease activjties and prctein content were determined as descríbed in
Sections 2.5.4.1, 2.5.4.2, 2.5.4.3, 2.5.4.4 and 2.7.3.

F ract'ion Vol ume
(ml )

Protei n
(ug )

Azocasei n
degr adatì on
(r Aooolh)

Haemogl cbi n
degradat'ion

(umcl c¡-ami no N

rel eased¡ h )

Canbcxypepti dase
(umol alanine
reieaseC¡/h)

Nitrate reductase
i nacti vati cn

(unÌts niirate
reductase

inactivated/h x l0-

r 09 (1 36)*

140 (342)*

J
)

Prcltease A

from CM-cel I ul ose

Proteinase A
and carboxy-
pept'idase A'

Carboxypepti dase
A

9.6 800 144 (l8o)* 45 (So¡* 301 (376)*

tF, 410 161 (3e3)* 52 (127)* 50 (lZs)*

40 0 0 220 (5 soo)*

* figures in parentheses denote specifjc activities (units/mg protein)

048



FIGURE IO

Ge.t- {¡.LtLtabLoyt od ¡cttoi.en'sø A dnom nta-Lze nc;ol-t on Søplradøx G-100

Fractions 38-52 from the DEAE-Sephadex colt;mn shown in F'igure 9

were concentrated to 2 ml by precipitat.ion with 90% saturation

(NH4),S0U as described in Table B anrl resuspended in 2 ml of

20 mM sodjum phosphate pH 6.0 contaìning 0.25 M NaCl. The

enzyme solution u/as appììed to a Sephadex G-100 column

0.qfn? x 1.42m" 203m1) equilibrated with 20 mþl sodium phosphate,À

pH 6.0 contain'ing 0.25 l'¡l NaCl . 2.8 ml fractions were cclllected

at the rate of 4.2 nUh and ana'lysed for proteinase, carboxy-

peptidase and nitrate reductase inactivat'ing activitjes as

described in Sectiorrs 2.5.4.1, 2.5.4.2, 2.5.4.3 and 2.5.4.4.

No absorbance v/as cletected on a scale of 0 - 0.,l AZ,O.

O-O Carboxypepticlase activity, umol
al anine rel eased/nll /h

a-a Nitrate reductase'inactjvatìng
activjty, un'i'bs nitrate reductase
inacti vated/ml /h

Azoce. s e i
n AOOO/m

^_^
Haemog'lob'in degrad'ing activity,
umol cr-ômi no l,l rel eased/ml /h

n degraCìng activÍty,
1/h
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FIGURE I 1

Ca.Líbna.tLon o( a Søphndøx G-|00 co.Lunn

Blue dextran and the proteins shown (l - 2 ng each) were

appl ied s'ingly or Ìn pairs differing markedly 'in mojecular

we'ight to a Sephadex G-100 column (1.43cm2 x l.42rn, 203mì )

equi'librated with 20 nrl4 sodium phosphate pH 6.0 contain'ing

0.25 M NaCl . 2.8 ml fract'ions were collected at the rate

of 4.2 nl/h. The proteìns and Blue dextran rvere detected in

the column effluent by thejr absorbance at 280 nm except

hexokinase which was assayed as described in Sec'bion 2.5.4.6.
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(NFì4)rS0O Rnt.. (Fractjon II, Tab'le ll) vras applied to t.he Sephaciex G."100

column, an¡inopeptidase activity was detected in t.he eluate and the enzymc

was estirn¿¡ted to have a molecular weight of 62 000

Attenrpts to further characterise protease B from the Cttl-cellulose

co'lunrn shown in Figure 7 orr a Sephadex G-100 column were unsuccessful

because of losses of haemoglobin degrading and carboxypcptidase act'ivìties.

When a Biogel A-0.5m column was used with I nrM cysteine in the equiì'ibrating

buffer (20 mt'l sodium phosphate pH 6.0 containing 0.1 M NaCl) to stabilise

the haemoglobin degr"ading actìv'it¡r (Section 3..l0.4), some resolution of

the protease B components was achìeved (Figure l2). Carbo,rypepticlase

actjvjty was ejuted in two fract'ions desìgnated Bi (first eluted) and BII

(second eìutec!). Haerncgìobin degrad'ing actirr jty was el uted in a broad

fraction with maximal activity just after carboxypeptìdase BII and nitrate

reductase inact.i'',¡o.ting activity was eluted in a fraclion between the two

carboxypepticlases. A lovr molecular weight fraction which inactivates

nitrate reclucLase shown in Figure 12 was also cbserved by l,Jallace (1974)

and thought to contajn phenolic compounds.

The fol'lowing proteins vJere used to cal ibrate the colurnn: alcohol

dehydrogenase (150 000), bovine serum ajbumin (09 000), ovalbumjn (44 000),

peps'in (f S 000) , carboni c anh.ydrase (31 000) , pancreatic carboxypept'idase A

(34 000), a-ch-ymotrypsinogen (25 700) , soybean trypsin 'inhibitor (21 500)

and m.yoglob'in (17 000). Hor¡rever proteins of rnolecular wejghts below

35 000, part'icularly the protease carboxypept'idase A and the protease

precursor a-chymotrypsinogen were retarded. All the components of

protease B appear to have molecular weights below 44 000 but in view of

the retardaticn of standard proteins, rlo estimates of the molecular

weights of protease B componerrts have been made"



FIGURT ]2

GøL .(:i,{-ttta,LLon o( ytnotøcctø ß {nom maiz¿ naoLa on ßLogøL A-0,5m

2.8 ml of protease B conta'ining 0.63 mg proteì11 were dialysed

for l2 h against two changes of 20 mM sodium phosphate pH 6.0

contai ni ng 'l mM cysteì ne and 0. I I'l NaCl at 4o0. The sampì e was

appljed to a Biogeì A-0.5m column (l.B6cm2 x l05cm, l95ml)

equi'librated w'ith 20 mM sod'ium phosphate pH 6.[] containing

ì ml'l cysteine and 0.1 M NaCl and eluted at the rate of 23 ml/h.

AZAO of the column effluent was monitored and 3 ml fract'ions

were analysed for carboxypept'idase and nitrate reductase

inactivating actjvjties as described in Sectjons 2.5.4.3 and

2.5.4.4. Haemoglobìn degradìng activity was determined by the

modified, more sensit'ive procedure described in Section 2.5.4.2b.

Azaoæ

o-o

^-^

À-a

Carboxypept'idase acti v j ty, umol
alanine released/ml/h

Haemoglobin degrading activity,
umol q-ârìjno N released/ml/h

Nitrate reductase inactjvatìng activity,
units nitrate reductase jnactivated/mi/h
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FIGURE 
'I3

C0,LLbtú,.tion oÁ ct ßinge,[- A-0.5m co,Lunn

Blue dextran (O.S mg) and the proteins shov¡n (2 mg each) were

applied 'in pairs differing markedly in molecular weight to a

Biogeì A-0.5m column (1.86crn2 x l05cm, l95ml ) equilibrated

wjth 20 mM sodium phosphate pH 6.0 conta'ining 0.1 M IïaCl .

3 ml fractions were collected at the rate of 23 ml/h. The

prote'ins and Blue dextran were detected in the co'lumn eff'luent

by their absorbance at 280 nrn.
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3 " 6 Hydroxyl apati te chrornatoqrai: hy of prot,easers from rnaize roots

Hydroxy'lapatì te chrornatography has been used successful'ly tc separate

yeast proteinases A and B (Saheki and Holzer. 1974) and it was tested for

its possìble r¡se wjth the maize root proteô.ses. A sanrple of pH 4.4

supernatant (Fraction III, Table ll ) lvas appl iecl to a hydroxy'lapat'ite

column equìl ibrated wjth 5 nrM potassiurn phosphate pH 7.0 and elut.^d wjth

a gradjent of 5 to 300 nr['l potass'iunr phosphate pll 7.0. Some separatjon of

carboxypepticlase activ'ity frorn the prcltejnase act'ivities occurred L¡ut the

latter were not t'esolved (Figure l4). Use of a more shallow gradient on

a simjlar column d'id not achieve any resolu'Lion of the proteiíìases.

Protease B from a CM-cellulose colun¡n (Figure 7) was loaded on to a

hydroxylrtpatite column and eluted rn¡ith a gradient of l0 - 400 mM sodium

phosphate over l6 column volutnes. The haemog'lobin degrad'ing and

carboxypeptidase activ'itÌes were nct separatecl and onìy about 25% of both

protease activities was recovered.

3.7 Aff i n'i chnomat ra of roteases from rnaize roots

Affinity chromalography uses the substrate specifìcity of an enzytne

as the basis for separation (L.owe and Dean,1974). To separate the

haemoglobin and azocasein degrading activities of maize root, a haemoglobin

affinity column, which had been successfuì'l"v rr5s¿ to isolate other pìant

proteinases (fritt'r Lt a,t., l97Bc; Drjvdahl and Thimann, 1977; Burger, l973)

vJas tested. In the current study, haemoglobin was coupìed to CNBr

actjvated Sepharose supplied b.y Pharmacia. InJhen a protease sample was

either appìied to a haernoglobin-Sepharose column or mjxed wjth the same

material for up to l2 h, no significant bjnding to the haemoqlobin ligand

occurred. The effect: of coupling Sepharose 'üo haemoglobin in solutions

of high (lB mg/ml Sepharose) and low (.l.4 nrg/ml Sepharose) concentration

was tested; in assocjat'ion with the latter, a partiaì prehydro'lys'is of



FIGURE I4

ELuf,Lon o( ytn-otøa'se's (tom maizø )Loot/s dnom a.

I'tq dno xq La¡c aÍ)f e- co Lumn

5 ml of pH 4.4 supernatant (Fraction III, Table ll) containìng

2.8 mg protein were dialysed overnight aga'inst tlo changes of

5 mM potass'ium phosphate pH 7.0 at 4oC. The sample v/as loacled

on to a hyclroxylapatÌte column (0.79cm2 x B"Scnr) equ'il ibrated

with 5 mM potassium phosphate pl-l 7.0. The colunln was washed

with 20 nrl of equilibrating buffer and eluted at the rate of

B ml/h with a Erad'ient of 5 to 300 mlvl potassium phosphate

pll 7.0 startjng at fraction ll. AZSO of the column effluent

was monitored and 2.8 ml fractions were analysed for proteinase

and carboxypept'idase act'ivjties as descrjbed in Sections

2.5.4.1 , 2.5.4.2 and 2.5.4"3.

re

o_-o

a__^

Azgo

Carboxypept'idase act'iv j ty , umol
al an'ine rel eased/ml /h

Azocase'in degrad'i ng acti vi ty,
n AoOO/ml /h

Haemogìobin degradìng activity,
umol a-ômino N releasedlml/h
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the tNBr act.-ivated Sepharose was perforned as recomrnenCeci by Pharnlacia

in an attenrpt to reduce the nurnlrer of coup'ling sites for hoenrogìobin.

The equ'ilibrating bufl'ei" was usually 50 nrltl soclium acetate pll 4.0 but

50 mM sod'ium acetate pH 5.5 vlas also tested. One attempt to bind rnaize

endospernt proteases to haernog'lob'in-sepharose was also unsuccessful .

Pres'lon (1978) has isolated a lraemoglobjn clegradi ng einzyme from

extracts of gerin'inating wheat with a phenylalanjne affinìty coìumn. A

wheat seedl'ing extract u¡as prepared as descy'ibed by Prestcln and Kruger

(.l976) and used to prepare a 35-70% (NH4)rS0O R¡lt. whjch v¡as dialysed

aga'inst 25 mM sodiunr acetate pH 4.0. When a 2 nrl sample o1'thisfraction

containing 9 mg protein was app'ì'ied to a phenylalanine aff ìnìty colurnn

prepared as clescrjbed by Preston (lgZg), approximately two thirds of both

the haemoglob'in degrac!'ing and carboxypeptidase activitìes appeared to be

adsorbed to the column (Figure'15). A graciient of 25 - 300 rnM sodium

acetate pH 4.0 eluted the haernoglobin degrading activity ahead of t.he

carboxypeptidase actívity but the tlo activ'ities showed some overlap

(F'igure l5); one third of the total amount of each activity ìoaded on't,o

the column was eluted. A similar result was obtained when I ml of diaìysed

35-70% (NH4)2504 ppt. of the wheat extract was loaded on to the column.

Since the pro¡;or''Lions of activity not adsorbed to the column were simiiar

when either I or 2 ml of 35-70% (NH4)2S04 ppt. were loaded on to the co'iurnn,

it is unlikely that the colLrmn was overloaded by the 2 ml sanrpìe" Sirice

the (NH4)rS0O RRt. was brown, jt is possible that phenolic conrpounds

attached to the proteins (Section 3.1.2) prevented their adsorption on

to the aromatjc phenylalanÌne ligand.

The phenylalanine affinity coìumn was tested for its abiìity to
resolve the r:omponents of maize root protease A. All the activÍty appÌied

to the column was adsorbed; elution of the column with a gradient of 25

to 300 mM sodium acetate pH 4.0 gave two fractions of prote'inase activity,



FIGLIRE I5

Elufion o{1 ytnotøa.tes (ttom u'shøat 'søodlingt $non a

ythønglnbwLnø a(¡ (Ln),trtr co Lumn

Wheat seedlìngs germ'inated for 4 days were freeze Crjed and

then extract,ed in a cold mortar and pestle with 5 ml/g fr wt of

25 nrM sodium acetate pH 4.0. The extract was cent.rifuged for

l5 min at lB 000 g at ToC and a 35-70% (NH4),SOO Rnt. prepared

from the supernatant fraction as described jn Section 2.5.2.

The precipìtate was d'ialysed overnìght against two changes of

25 mM socl'ium acetate pH 4.0. 2 ml , containing 9 mg proteìn,

vlere I oaded on to a pheny'lal an j ne a'tf j ni ty co'lumn

c(l.54ci'n'x 4.2cm) equilibrated with 25 mM sodium acetate

pt{ 4.0; preparat'ion of the column is descrìbed in Section

2.6.5. After the column had been washed with 45 ml of

equiìibration buffer, it was eluted with a .l20 ml gradient of

25 - 300mMsodium acetate pH 4.0 at the rate of l0 ml/h. AZSO

of the column effluent was monìtored and 3 ml fractions were

analysecl for proteinase and carboxypept'idase activities as

described in Sections 2.5.4.1, 2"5.4.2 and 2.5.4.3.

Azgo

Carboxypeptidase activity, pmo'l

alanjne released/ml/h

Azocasei n

a AOOO/ml
degrading activ'ity,

/h

Haemoglobin degrading activitY,
umol cr-âmi no N rel eased/ml / h
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both cont:aÍnìng cat'boxypepr;idase ac'L'ivi ty (Figu'r^e 16) . The rat jos of

azocasein degt'adÍng, haemoglobin degrading and nitr¿rte reciuctase

'inactiviit.'ing activ'itjes were approximateÌ¡i the sarne -in both fractions;

however, ilìost of the carboxypeptidase activity was associated w'ith the

first prot.einase fractjon whiIe the greatei' portion of the proteinase

actjvìty was in bhe second fr"action. An apparent sl jght difference 'in

the elut'ion profìles of the azocasein and haenroglobin degrading activities

observed in Irigure'16 was not reproducib'le. Recover'jes of activities were:

azocasein degradìng actìvity, 92%; lraemoglobin degrading act.Ìvìty, 100%;

carbox¡rpept'idase , 64%. when the second prote'inase fraction from the

affinity coìumn t{as rechronratographed on the same coiumn, it was eiuted at

the sarne posit'ion as showtr jn Figure ì6. As this column did not separate

the azocasein degrading, haemoglob'in degrading and njtrate reductase

inar:tivatìng activities of prote'inase A, its use was not further

i nvesti gated .

3.8 Properties of proteinase A frorn majze roots

3. B. I I ntroducti on

Prote'inase A refers to the endopept'idase component of the protease A

fraction initjally isolated on a CM-cellulose column (Figure 7). It was

separated from associated carboxypeptidase activjty by chromatography

on DtA[-Sepl'radc-:x (Figure 9) and gel filtratÍon (F'igure 10). Proteinase A

degracles azocasein and haenroglobin and inactivates nitrate reductase. it
has a mol ecu'lar weight of 52 000 (Section 3.5).

3.8.2 n["] on tiinum of proteinase A

'Ihe actÌvity of prot,einase A 0F¡ âz0casr-''in incr'eases with pH reachirrg

a max'imum at approxinrateìy 9.0 (Figure l7A). Trypsin, which has a pl-l

optimum of 7.6 when act'ing on casein (Hata ef ct-L, 1967b), also iras an



FIGURE 1 6

ELufion o(s p¡t-oÍe-a.¿ø A (nan ma.tz¿ ¡toot'r (,nom ct

ythenqLnlnwLne a"(¡dinifq coLwnn

3 ml of protease A conta'in'ing 0.ì9 mg of protein were dialysed

overnight aga'inst two changes of 25 mM sodiuni acetate pH 4.0

at 4oC. It was then Ioaded on the phenyìalan'ine affinity

column described in Figure l5 and eluted under the same

conditions except that the rate of elutjon was 12 n1/h.

AZSO of the colunn effluent was monitored and 3 nll fractjons

were analysed for prote'inase, carboxypeptidase and nitrate

reductase 'inact j va'Li ng act'ivi t'ies as descri bed i n Secti ons

2.5.4.1, 2.5.4.2, 2.5.4.3 and 2.5.4.4.

'G¡@¡

o-o

A.-A

a-A

"̂280

Carboxypeptidase activity, umol
al an i ne rel eased/ml / h

Concentration of sodium acetate
pH 4.0

Azocase'in degradìng activity,

^ A440/n1/h

Haemog'lobin degradÌng act'iv'ity,
umol a-ârni no ll rel eased/ml / h

Nitrate reductase inactivatìng
act'ivi ty , un'its ni trate reductase
'i nact i vated/ml / h
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A

FIGURE I 7

E(1þct o6 pH on thø dige'stion o( ctioca,sein bq pnotøLn.a.tø A

[tutm vwLzø rcoots and l:q tnqpnin.

Samples of protease A (0f53 mc protein/rnl ) were

incubated with 0.3 ml of l0 mg/ml azocasein and 0.5 ml

of eithev'sodium acetate, sodiunr phosphate, Tris-HCl

or glycine-Na0l-l (each 0.2 M) at the pll values shown

in a total volume of I ml for 2 h at 37oC. The

remainder of the azocasein ciegradat'ion assay procedure

was then performed as described in Sectjon 2.5.4.1.

0.2 ml of 20 mM sodium acetate pll 5.0 was jncr¡batecl

under the same conditions to determjne non-enzymic

hydrolysis of azocasein.

B 3.8 ug of tryps'in vlas assayed as described in A.

E-tr sodium acetate

sodium phosphate

a--a Tri s-HCl

&-6 glycine-NaOH
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apparent pH optìmum of 9.0 lvhen actiirg cn azocaseìn (Figure 178) suggestìng

that l;he apparent pH optìmum of proteinase A cn azocasejn js due to the

effect of pl-l on the substrate. l{he:n proteinase A acts on unsubstituted

casein, the apparent pH optimunr is 6.0 (Figure ìBA) but there js

consiclerable activity at pH 8.0. ì-he apparent pli optimum of proteinase A

actirrg on haenroglobin is 4.0 (Figure 'l88). 
Al kaline denaturation of

haemoglobin, as described by Sch'lamowitz and peterson (.|959), did not

alter the apparent pH optimum of proteìnase A actìng on thjs substrate.

Acid treatnrent of the haenog'lobin below pH 2.0 ciici not alte.i^ its
susceptÌt'i1ity to hydro'lysis by prote.inase A. llhen succinate on citrate
buffer was used in the assay, there was only 75% ancl 44% respec:tively of

the actìvit.y obtained with acetate buffer. The pll optimum of pr.oteinase A

acting on maize rooi protein'is 6.0 (Figure IBC); the low actjvity observed

may be due lo the use of 0.085 mg of protein per assay whereas 0.S mg of

haemoglobin was used to assay haerncglobin degraclat'ion. 11ìgher levels of

maize root protein were shown to increase the activity of proteinase A.

3.8.3 Substrate cc¡ncentration and s pecifjci ty

Proteinase A exhibited normal Michaelis-Menten kinetics r,¡ith both

azocasein and haenroglobin and its activíty on r<lot protein'increased with

substrate concentra'bion. The graphs of the relatjonshjp between

concentration of azocasein and haemoglobrin and enzynre activ'ity are

rectangu'lar hyperbolae (Figure l9) with some inhibjtjon of activity at

the highest I evel of azocasei ¡r. From doubl e reci proca'l pl ots of the data,

values of K, for azocasein and haemogìobin were estimated t.o be ì.8 mg/nrì

a.nd 5.6 mg/ml (0.08 mM) respectiveìy.

In Table 14, jt is sholn that prote'inase A degrades the common proteÌn

substrates azocasein, casein and haemoglobin as well as maize root protein

and zein which is a storage protein of maize. In addition, nitrate
reductase was jnactivated by proteinase A. The follorving substrates u¡ere



TABLË J 4

Sub¿tnc-t¿ rytzeí[iaí.tq o{ pttoteirta.tz A d,tom nta,Lze ttoctÍt

Activity of proteirrase A aEainst the substrates shown was cietermìned as described in Sections 2.5.4.1
(azocaseirr), 2"5.4.2 (haemoglobin, casein, zein, maize root protein), 2.5.4.4 (nitrate reductase
'inactivatìon), 2.5.4.8 (Congo red elastin) " 2.5.4.3 (acetylphenyla'la¡yl-diiodotyrosine) and 2.5.4.7
(TAME, ATEE, BAEE). Zein ('10 mg/mj) was d'issolved in I M NaOH at 50"C for 2 h then d'iaìysed against
wa.t.er overnight and there was 0.085 mg of root protein present in the assay on this substrate.
Activjties are expi"essed relative to azocasein degradation.

Substrate Degraded by Assay
pH

Activi ty

Azocaseì n

Haernogì obi n

Casei n

Tein

many proteinases (Peterson and Huffaker, 1975;
Starkey and Barrett, 1976; l4olano and Gancedo,
1e7 4)

many proteÍnases (Abe e¡ a.L, 1977;
Dr^ìvdahl and Thinrann, 1977; Frith ú ú, 1978a)

many protei nases (1,¡el I s , I 968; du Toi t , 197 6;
Feller ef a,L, 1973

maize enCosperm proteinase (ilarvey and 0aks,
1e7 4)

8.5 A A
_1

440- ¡

4.0 0"53 umol e-amino N

rel eased

6.0 0.3 umol o-amino N

rel eased

4.0 0.1 '¡mol e-ami no N

rel eased

7.0 0.12 umol cr-amino N

l.l x i03 units
nitrate inactivated
reductase

Maize roo*u*
pnotei n

Nitrate reductase ma'ize root .'nact'ivat'ing enzyme (tiallace, 1974) 7.0



Substrate

TABLE l1 (Coni.)

DegraCed by

Congo red elastin elastase (Naughton and Sanger, l96l)

acetyi phenyl -
aì any'l -
dÍ ìodoiyrosine

pepsin (ny'le and Hamilton, 1966)

trypsin, thrombin (Hummel, 1959)
subtijisin (Ottesen and Svendsen, 

.l970)

chymotrypsin, trypsin (i-iummei, ,l959)

tr¡,rpsi n (!(al sh and i,Ji I cox, I 970)
ficìn (Hammond and Gutfreund, 1959)
bromelain (Inagami and Murachi, 1963)

Activity

none detected

5 "2 none detected

none detectedt

none deiecteCt

none detected

4.0
and
8.0

Assay
pH

8.0

8.0

8.0

TAMT

,lTrr
¡'1 I LL

BAEE

* prepara+-i on tjescri bed i n SectÍ on 2 . 3 . 1

t carboxypeptÍdases A and A' aìso present



A

FIGURE IB

E(¡døc.t o{¡ ¡cH on thø digedtLtLn od ca-te'tn, lia-enc'tg'(-obLn o"nd

ntaizø naot. ytnote-.tn bq 'ptr-ctteina,6e.. A $tton mctíze- ttocttÅ

0.ì ml aìiquots of protease A (6.3 ¡rg protein) were

incubated r^¡'ith 0.05 ml of l0 mg/ml casejn arrd 0.1 ml

of either sodìum acetate or sodium phosphate (each 0"25 M)

for 2 h at 37oC. The remainder of the assay was

performed as for the haemoglobin c.iegraCat'ion assay

described in Section 2.5.4.2. Due to the precipitatìon

of casei n , acti v'ity was not determ'ine d bel ow pH 5. 0.

tr-.n Sod j um acetate

O-O Sodi urn phosphat.e

Act'ivity of proteinase A on haemoglobin t^ras determirred

as described for case'in above using sodium citrate and

soclium acetat.e buffers (each 0.25 M).

Sodiunr citrate

E-O Sodiunl acetate

B

o--c sod'ium phosphate
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FIGL'RE 1B

0.1 rnl aliquots of proteinase A (1.6 ug protein)

purified on a DEAE-seplradex column (Figure 9) were

incubated for 2 h at 37oC with 0.05 ml of i.7 mg/ml

root protein prepared as described in Section 2.3.1

and 0..l ntl of acetate-phosphate-borate buffer

(each 50 mM and present as the sodium salt). The

remainder of the assay pnocedure was perfornled as

descri bed i n Secti on ?..5.4 "2 for haemog'lobi n

degradation. (In parts A and B of this figure a

samp'le of protease A purified on CM-cellulose

(63 ug/ml ) was used rather than proteinase A from

DEAE-Sephadex. )
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FIGURE I 9

E$[øcf o1j ,subdÐtaf.e eonc.¿nltta.tion on t[+ø ac.tivi'tq o(¡

pnote'ha.'sø A (1nom naízø nooÍ.¿

0.1 ml aliquots of protease A (6.3 ug proteìn) were assayed with

azocasein as substy'ate at the concentrations shown as described

i n Secti on 2.5. 4. I .

0.1 ml aliquots of protease A (6.3 ug protein) were assayed with

haemoglobin as substrate at the concentrations shown as described

i n Secti on 2.5.4 .2.
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not hydroiysed by proteinase A: Coilgcr red eiastjn whjcir is a subsf.raLe

for the serine proteinase elastase.; acetylphenyìa1an-v'l-diiodotyrosine"

a substrate for pepsin; TAIilt, an es1.êr substrate of the serine proteine.ses

trypsin, throntb'in and subt'ilisin; ATFË:, an ester substrate for the serine

protei nases chynrotrypsi n and tryps'in ; BAE:E, an ester substrate for the

SH-proteinases ficin and bromelain ('laOte l4).

3.8.4 Inhibi'bors of proteinase A

Active sites of proteases operative in the neutral pH range nray

conta'in SH groups, serine residues or require netal ions for actìvity
(Section l.l ). The strong inhibit'ion of proteinase A b.y pMSF impl'ies

that it may ha,¡e a serirre residue at ìts actìve site (ranie ls). NtM,

pcf'18 and Hgc1, did not markedly inhibjt proteinase A, apart from the

inh jb'ition of haemoglobin degradatiorr by HgClr, suggesting that free Sl.l

groups are not essentjal for the action of thjs enzyrne. TLCK and-T'PCK,

which a'lkylate h'istidine residues at. t,he actjve site of trypsin and

chyrnotrypsi n respecti vely (shaw ef ct(,, 1965; schoel lman and Shaw, 1963)

did not inhibì'b, nor did the trypsin inhÍbitor from soybeans. Mercapto-

ethanol, vrhich affects the activity of some proteinases sensitive to

mercurials (pit'.e and Briggs, 1972; Drivdahl and'lhimann, 1917) also had

no effect on prote'inase A.

The azocasein degradinE, haemoglcibjn degracling and nitrate reductase

inactivating activÍties were affected s'imjlarly by the inhibitors testeci

(faUle l5) apart from the effect of HgCl, on haemoglobÍn degradatjon.

Simjlarity betv¡een the azocasein and haenrogìobin cjegrad'ing activit'ies is

further shown in Figure 20 where djfferent levels of inhjbitor were

tested. Both activities wene very sensitjve to PMSF and insensitive to

pCMB. Haemogìob'in degrading actìvity was more sensitjve to [1gC1, than

was the azocasejn degrading activity. PMSF inhibited azocase'in degradation



TABLE I 5

AcLLcn c:( inhib.U-0tù¡ 0rr ptLotQi,tL(^e- A, dnom n¡aíz¿ ttoot¿

Santp'les
at 37"C

a
of prcteasc A (0$
with thc inhib'itbr

ayed for azocasejn
se inactjvat'in-q a.ct ii¡it
and 2 .5 "4 "4. When the

at'ing act.ivity was tr:sù
ixture for n'itrate redu

proteìn/ml ) were 'incubated for 20 mjn
own . /l'l 'iqL;o bs {0. i rn'l ) vrere vli thCrawn
adì ng, harcinog'lobi rr degradì ng and ni trate'ies as descr-ibed i n Ser:ti clns 2. 5.4.1 ,
effect ,-:î pCl,lB on lritrate reductase

êd, ì nrM cyste'ine was 'included in the
ctase.

(azocaseirr degradatjon) ;'in degradation); B 740
(nÍt:rate reduc'Lase

5mg
s sh
ciegr

2.5.4.2

and ass
reducta

inactiv
assay m

Init'ia'l activjt'ics were: a A¿¡¡lnrì/h = 1.65
1.07 rimol a-amjrro ll releaseC/mT/h (ha.einog"lobr
unjts of njtral.e recluctase inactivated/m'i/h
i nact.i vati on ) .

Inhì bi tor Conceiltraii on
of inhi bitor

duri ng
pre* i ncubat'ion

tnz-yme activ'ities expressed as
a percentage of initjal actìvity
Az"clcasei n

degradi ng
acti v ì ty

l-iaeniogì cbi n

deoracii ng
activity

N ii.rate
reducta se

j nacti vati ng
actì vi ty

PMSt (i n 57,j (v/v )
isopropyl alcohol )

DFP* (in 25% (v/v)
ethyl ene glyco-l )
DFP* (in 25% (v/v)
ethy'lene glycol )

ì ,'10-phenanthrol j ne
(in 5% isopropyl
al cohol )

i sopropy'l ai cohol

TLCI(

TPCK (in 5% (v/v)
methanol )

methanol

soybean trypsin
i nh'ibi tor
HgCl,

pCl,{B

NEM

mercapt.oethanol

I rnM

lmM

0.5 nrM

lmM
5% (v/v)

I mlol

lmM

5% (v/v)

t.25% (rv/v )

I nllvl

0. I inl4

I mFl

2 nl4

33

62 6s

l6

0

96

.l09

105

102

B6

ll0
102

126

74

92.

92

90

71

B9

B6

84
OAJ1

rl
26

89

89

104

100

* one experiment. only; results expressed relative to enzyme
incubated v.tiLh 25% (.v/v) ethy Iene glvcoì



FIGURT 20

In(¡Luence o6 d,íú,(:enent cone¿nfhntiont o( Plt4SF, ytCl,lß and. H7CL,

on tl'tø ac,LLvítt1 o$ ¡cnoLeirwse. A 1\nom møízø noott"

Protease A samp'les (0" 6l mg prote'in/ml ) were preincubated for

20 min at 37oC rvith inhìb'itor at the concentration shown and

then assayed for azocasein and haemoglobin degradìng

activities as described in Sections 2.5"4.1 and 2-5.4.2.

Initial activit'ies were n AOOOlml /h = 4.6 (azocasein degrading

activjty and 3.9 umol cr-Íìffiino N released/ml/h respectively.

The concentrations of inhibitor are p'lotted on a logarithmic

scal e.

tr._tr Azocasei n degradi ng acti vi ty

a-^ Haemogl obì n degrad'ing acti v'ity
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by 9B% in the presence of l0 rnM cystqine sugge-sting that PMSF does not

react r^lith Sll groups of pi^oteìnase A.

3.U.5 Stability

No loss of azocasein degrading activity occurred during incubation

for 2 h at 37oC at either pl-i 4.1, 6.0 or 7.8. -ihe haenrogìob'in degraclìng

actjvity was stable at pH 4.ì and 6.0 but lost l5% of its originaì

activity per hour at pH 7.8 (Figure 21). ()ver a 16 day storage period,

the azocaseÌn degrading ac.L'ivity was more stable than the haemogìobin

degrading act'iv'ity, retaining ì00% ancl 92% a'f the or"iginal activ'ity at 4oC

and -l 5oC respect'ively r,vhi I e the corresponcl i ng va I ues for the haemog 1ob'in

degraciing activìty vrere 60% and 69%.

3.9 Properties of carbo x.ypeptjdase A an,J A' frorn maìze roots

3.9.1 Introduction

Carbo.xypeptidase A refers to the carboxypeptidase activity of the

protease A fract'ion separated on a Cþi-cellulose co'lutnn (Figure 7). It
was separated from proteinase activity on a DEAE-Sephadex colunin (Figure 9)

a'lthough a m'inor carboxypept'idase species, des'ignated A' , remained

associated with the proteinase activ'ity. Al I the carboxypeptidase activ'ity

can be separated from proteinase activ'ity by geì filtration (Figure l0).

The molecular weight of the carboxypept'idases was found to be 97 000.

Several propert'ies of carboxypeptidase A have L:een determined ruith a

protease A samp'le of which carboxypept'idase A' is on'ly a minor component;

the properties of the latter enzyme genera'l1y appear io be similar to

those of carboxypeptidase A.

3. 9. 2 pl-l opt. j mum

Both carboxypeptidase A and A' have a broad pH optimum around 5"0



FIGURE 2I

Stabi,l,í,tg o(¡ ytnoteina,s¿ A Ln ttøkúiott to ¡cH

Samples of protease A (0.63 mg protein/ml) in 5 mM sodium

phosphate pH 6"0 were mixed v¡ith either sodium acetate

pH 4.0, sodium phosphate pH 6.0 on d¿-sodium hydrogen

phosphate (each 0.i2 M) (3 volumes enzyme: I volume buffer);

fìnal pH values were 4.1, 6.0 and 7.8 respect'ive'ly. After

incubati6¡r at 37oC for the times shown, aliquots (0.2 and

0".l ml) were withdrawn and assayed for azocasein and

haernoglobin degraclìng activities respectively as described in

Sections 2.5.4.1 and 2 .5 .4.2.

Azocasejn degrad'ing activity, upper panel

Haemoglobin degrading activity, lower panel

tr-tr Sodi um acetate (ti nal pH a . I )

o-_o Sodi um phosphate (f i nal pH 6. 0 )

d¿-Sodium hydrogen phosphate (final
pH 7.8)

a-a
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when Ti"icine-ace'Late huffer was used in the assay (Fìgure 22). A sinlil¿rr.

result lvas obtained tr'hen carbor.ypept'idase A was assayed in sodium acetate

buffer.

3.9.3 Substrate concentration and specificÍtv

lnjhen carboxypeptidase A was assayed with different levels of

substrate, the resultant activities fittecl a hyperbrola predicted by

Michaelis-Menten l<inetjcs (Figure 23). Frorn a double reciprocal pìot cf

activity and substrate concentration, the \n of carboxypept'idase A for

Cbz-Phe-Ala at pl-l 5.2 and 37oC was found to be 5 mM.

Cbz-Glu-Tyr, a substrate for the carboxypepticlases of yeast and

A"t¡cengi.t,(,tu (tlayashi and Hata, 1972; Ichish'ima , '1972), was degradecl at

5% of the rate of Cbz-Phe-Ala. Acety'lphenylalany'l-diiodotyrosine, a

pepsin substrate,uias not affected neither were the esters TAME and ATtt

(Tabl e l4). tiAEE, a substrate of f icin, bromelain and tr,ypsin, was

hydrolysed by carboxypepticiase A at a rate of 0.13 umol BAEE/u¡nol alan'ine

rel eased from Cbz-Phe-Al a. Carboxypept'idase A' hydro'ìysed BAEF. at a rate

of tto more than 0.04 umol BAEE/umol alanine released fronl Cbz-Phe-Ala.

'[hus carboxypept'idase A hydrolysed BAEE more rapidìy than the A' fractìon.

3.9.4 Action of inhibitors

Carboxypeptidase A was inhjbitecl by PMSF and DFP (Tab1e l6)

suggest'ing the presence of a serine resjdue at its active site. 'lhe

chelatjng agent l,'10-phenanthrol ine did not ìnhibit indicating that
ct 2+ ^2+neitl¡er Fe'', Zn-'or Cu"'are required for activity of this enzyme.

HgCl, and pCMB were only slightìy ìnhibitory (?0%) to carboxypeptidase A.

Increasing the concentration of PMSF from I rnM to 5 mM gave little
further inhibition (F'igur"e 24). Use of pr"eincubation tirnes longer than

l5 min or use of a higher pH (7.4 instead of 5.2) during preincubatíon



TABLE I 6

A,cÍictn o[ i.nluLbifntLs on c(tftboxLlfrØ¡tLLda.te- A (n-om nøLz¿ noots

Af iquots of diluted protease A (,l.1 umol alanir¡e released/ml/h;

6.3 ug protein/ml) were incubated with the inhjbitors shown for

20 min at 37oC and then carboxypepticlase activjty was deternrjned as

ciescribed in section 2,5.4.3. A 20% reduction jn the colour yieìd of

the ninhydrin reaction by l1gcì, and pCMIJ has been corrected for by

reference to an alanine standard.

Inhibitor Inh'ibitor
concentrati on

duri ng
pre-'incubation

% acti v'i ty
rema'i n i ng

PMSF (in 5% (v/v) isopropyl
a'l co hoì )

Dt-P (trt 25% (v/v) ethylene glyco'l )

ì ,1 0-phenanthrol i ne ( i n 5% (v/v )
i sopropy'l al cohol )

'isopropy'l al cohol

pCMB

HgCì,

NEM

I mt'il

lmM

lmM

s% (v/v)

0"5 mM

0.5 mM

ìmM

I 00*

ll3
7B

80

100

30*

25+

* compared to enzyrne incubated with equivalent amount
isopropyì alcohol only

t compared to enzynle incubated with 25:/" (v/v) ethyìene
g ìyco'ì



f.IGURE 22

pH o¡ct'trnun o$ ca)Lboxr¡ytøptida'su Ã and At {nom maizø nooÍ's

Samples of carboxypeptidases A and A' were prepared fron a

DEAE-sephadex column (Figure 9). Each assay contafned 0.2 ml

of enzyne sample in 20 mltl sod'iurn phosphate pH 6"0 and 0.6 ml

of 0.1 l,l Triçine-acetate at the pH values shown containing

I mg/ml Cbz-Phe-A1a and 2% (v/v) DMSO. Activity was

determined as described in Section 2.5.4.3.

Carboxypeptidase A, upper pane'l

Carboxypeptidase A', lower panel
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FIGURE 23

E((1øc-t o( ,sub,sÍsrntø concenfltail¡tn on aa,tivi,tt¡ o(1

ca¡LboxApu¡cf.ûJa,Sø A (non maizø rtrLotÁ

Sampìes of protease A (0.ì5 mg protein/nrl) were assayed for

carboxypeptidase activity by incubating with 0.6 ml of

0.1 M sodiunr acetate pH 5.2 containing Cbz-Phe-Ala. at the

final concentrations shown fcr 30 min at 37oC as described

i n Secti on 2.5 . 4. 3.
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FIGURE 24

Ed[oc-t o( did{¡otcen7. conc¿nr.natLowt o( ?MSF ænri pCMß on thø

acf.ívi-tq o(¡ eatboxq¡ceytt'Lda'sø A [n.om mo-Lz¿ noof's

Al ìquots of protease A (tl ug protein) with an jnitjal activ'!ty

of l4 umol al ani ne rel eased/rng protei ii/lr lr,ere i ncubated wi th

eìther PMSF in isopropy'l alcohcl or pCltlB at the concentrations

shown for 20 min at 37oC and ihen assayed for carboxypeptìdase

activìty as described jn Sectjan 2.5.4.3. Activity wìth PMSF

is expressed relative to enz,y'me samples jncubated with

isopropyl alcohol only and the díminutjon 'in colour yield of

the ninhydrìn reaction due to the presence of pCMB was

corrected for by reference to an alanine standard.
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did not increase the degree of inl^ribjt'ion. As shown in F'igure 24,

carboxypeptìdase A was relatively insensitive to pCMB at concentratjons

which are normally inhjL¡itory to Sll-proteinases. Preincubation tirnes

longer than l5 min did not increase the inhibition by pCtrlB.

carboxypept'idase A', the minor species resolved on DEAE-sephadex

was inhibited 100% and 90% by PMSF and Hgc1, respectiveìy v,,hile the

conresponding figures for carboxypeptidase A were 7tt% and ?0% (Table l7).

3.9.5 Stabilit.y

carboxypeptidase A was stable at pH 6.0 but iabile at pti 4..l and

7.8 when incubated at 37oC (Figure 25). However there was no markerl loss

of carboxypeptidase activity at p!1 4.4 at 4oC. Tlre labil'ity at alkaline

pH may account for losses of activity durÍng chromatocraphy at pH 7.8 on

DEAE-Sephadex (Section 3.4). Carboxypept'idase A was less stable than

proteìnase A (Sect'ion 3.8.4).

3. I 0 Pronerti es of Drotease B frorr maize roots

3.1 0.1 Introduction

Protease B was isolated by chromatography on CM-cellulose

(Figrrre 7) and contains a haemoglobin degrading spec'ies (proteinase B),

a nitrate reductase inact'ivating activity and two carboxypeptidases BI

and BII (collectiveìy referred to as carboxypeptidase B) which were

separated by ge] filtration (tigure l2). Due to the relatìve'ly 1ow

actjvity of protease B and jts lack of stabiìity (Sect'ion 3.10.4), this

fraction has not been extensively studied. Studies on protease B have

been conducted on the fraction isolated from a CM-cellulose column

(Figure 7) as the components of protease B have not been compìete'ìy

resol ved.



TABLE ]7

AcLínn o( PI'451 , ¡cClvlß cutci H7C,L, on ca,tt.boxqytepÍ-Ldaae.t A, and A'

(non rnaíz¿ noot¿

Samp'les of carboxypept'idases A (l ug proterin/ml ) and A' ('l6 ug protein/

ml) were prepared on a DEAE-Sephadex column as described in F'igure 9.

Aìiquots were jricul¡ated wìth the inhibitors shor^rn for 20 mjn at 37oC.

In experiment I, 5% (v/v) isopropy'l alcohol was prÈsent 'ìn the pre-

incubation mjxture and the activity with PMSF was conrpared to that of

enzyme incuba'Led r^¡ith isopro¡ry1 alcohol onì.y, In experiment II, a 20%

d'imjnutjon in the colour yield of the ninhydrìn reaction due to the

presence of pCMB and HgCl, has been correc'l-ed for by reference to a.n

alanine standard. Initial acbivities of carboxypeptidase A were 
.l.24

umol alanine released/ml/h (experinrent I ) and L87 umol alan jne

released/ml/h (experiment II); those of carboxypept'idase A' were 0.48

umol alanine released/ml/h (experiment I) and 0.73 urncl alanine

rel easecl/rnl /h (experinrent I I ) .

Experiment Inhibitor and concentration
during pre-incubation

% of initial acttvity
A A'

030I PMSF

pCMB

l-lgC I

lmM

0.5 mM

0.5 mM

II BO

80

21

l0
2



FiGURE 25

Stabi.Irtq ct( catbaxq¡cøyttida.te- A' dnon tnw'cze- tutot's al- díd{enen't

ytH va.Lues

Sampìes of protease A (0.63 mg protein/ml) Ín 5 mM sodium

phosphate pl-l 6.0 vrere nlixed with ejther sodium acetate

plt 4.0, sod jum phosphate pH 6.0 or d.L- sodium hydrogen

phosphate (each 0.12 M) (3 vo]umes enzyme : 1 volume buffer);

f i nal pH were 4. 1 , 6. 0 and 7 .8 respect'ively. Af ter

incubaLion at 37ot for the times shourn, aliquots were

withdrawn arrd a.ssayed for carboxypeptidase activity as

descri beci i n Sec'üi on 2.5.4.3.

E-tr Sodium acetate (f inal pll 4.1 )

c-o
a-a

Sodium phosphate (final pH 6.0)

d¿-Sodium hydrogen phosphate (final
pH 7.8)
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3.10.2 o t^irnrrnr

Protejnase B acting on haernoglobjn:;hows a pll opt'imurn of 4.0

(Figure 26) with B0% rnore actjvìty wjth acet.aLe than cjtrate buffer.

Carboxypeptidose B appears to have a pH opi.imum o'l'about 5.0 a.s for

carboxypepti clase A "

3.10.3 Acticn of inhibitors

Both li,remcglobin degrading activity and carbo>lypeptìdase act'ivity

are i nhi bi ted by PÎ'1SF, DFP, HgCl, and pCl'18 wj th the carboxypeptidase

activÌ Ly beìng nìore sensitive to PMSË and tl¡e haemoglobin ciegradinE

activjty being more sens'it'ive to HoCl, and pCMB (Tab1e lB, Figui"e 27).

Inhibitic¡n of haemogìobin degradìrrg activity b.y pCItlB increased wjth

concentration up to 0.5 ml4 u;hile the inhib'itjon of carboxypepticiclse

activjty was not increasecl by concentratjons of pCtvlB abrove 0.05 ml4

(Figure 27). Hot^¡ever 0.1 mM llgCl, and l nrirl l-igClZ ì,vere almost equaììy

i nhì bi tory (F j gure 27 ) . Both pcl'18 and Hgcl , i nh'itii ted haeniogl obi n

degradatfon about 75% at a concentration of 0.5 mM" The chelating agent

ì,'10-phenanthroline had no effect on carbox¡zpepÈìdase activity and

inhibited haernoglobin degrad'ing activíty onìy l9% (lable ìB). However

the nitrate reductase inactivatìng activit.y of protease B v¡as sensitjve

to 'l 
,'1O-phenanthrol ine and NaTEDTA but insens jtive to PMSF. The nitrate

reductase inactivatìng act'ivity of a protease B fractjon uras not'inhjbited

by casein but was heat labile. In contrast, the nitrate reciuctase

inactjvating actjvity of protease A could not be distinguished frorn

prote'inase activìty and was inh'ibited by casein. DTT, which affects the

activity of sorne mercurial sensitìve proteinases (Pike anci Bríggs, 1972;

l'Jìttenbach, l978) gave some 'inhibition (56%) as did TLCf'. (41%) urhich may

react with Sll groups as well as hjstidine residues (Wnitaker and

Perez-Vi I laseñor, I 968).



TABLE IB

Ac.tion o(¡ Lnh,Lbi.tlhÁ ort fiLotøa,sø ß fnom maiz¿ ttooLt

Sanrpìes of protease B (0..l6 ng/ml) were incubated with the ìnhib'ltors shown fcr 20 min at 37oC and
then assayed for haemoglobin degrading, carboxypeptidase anC nitrate reductase inactjvating
activitíes as described in Sections 2.5.4.2, 2.5.4.3 and 2.5.Ã,.4. In'itial activities were:
21 umol u-amino N released/rng prctein/h (þaemogìcbin degradation),27.2 umol alanine released/mg
protein/h (carboxypeptidase) and j.4 x 103 units njtrate reductase inactivateci/mg pr"oiein/h
(n'itrate reductase jnactjvation). Djminutìon of the colour yield of the ninhycirin'reaction in the
presence of HgCl, and pCMB has been corrected for by reference to an alanine standard.

inhi bitor Enzyme a.ct jro jt'ies expressed as a percentage
of ìn'itìal activity

PMSF (;n SZ (v/v)
isopropyi al cohol )

DFP (¡n zs% (v
ethy'lene glyco

i,i0-phenanthrol ine
(in ¡z
al cohol

v/v) ìsopropyl

Isopropyl alcohol

HgCì,

pCMB

Concentration of
inhjbjtor during
pre- i ncubati on

lmM

lmM

lmM

s% (v/v)

lmM

0. I ml'l

Haeniogl obi n

degrading activity
Carboxypepti dase

acti v'ity
Nitrate reductase

i nacti vati ng
actì v'ity

59*

BI

95

24

30

4l* 9l*

27

/v)
1) 42f 421'

(

) 100

B6

50

51

/ t^nn-l- I



Inhibitor

NEM

d'ith i othrei tol

mercaptoethanol

TLCK

Concentration of
inhibitor during
pre- i ncubati on

lmM

2mM

? nl{r

lmM

Haemogl obin
degrading activity

Carboxypepti dase
acti vi ty

Nítrate reductase
i nactÍ vati ng

acti vity

TABLE jB (Cont. )

Enzyme activities expressed as a percentage
of initial activity

95

44

117

59

t00

128

* relative to enzyme incubated with 5% (v/v) ìsopropyl alcoho'l
t relative to enzyme incubated with 25% (v/v) ethytene glycoì



TIGURE 26

ytí o'¡ttinum o( ytno.t¿Å.na'sø ß dn.om r¡aLzø itctuÍ,s

Pr'otease B (0.2.27 mg/m1) was assayed for haemogiobjn degrad'ing

activity as described in Section 2.5.4.2 usìng eiÈher sodium

citraie or sodjum acetate buf'fers (each 0.25 M) at the pH

values shown.

u-- ü Sod'ium acetate

Sodium citrate
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FIGURI 27

Edþc.t o( di(¡dut¿nt. concørttnaf'í.otu o[ PMSF, ¡tCl,tß and H7C.L,

on th¿ c"c.t-Lvift! od ¡cnotea'sø ß {ttom mai-zØ noot¿

Samples of prol,ease B (0.227 ng/m1) were incubated with the

concentratìons of inhil¡itor shown for 20 min at 37oC and then

assayed for haernog'lobi n degrading and carboxypeptì dase

activities as described in Sections 2.5.4.2 and 2.5.4.3.

Results are expressed relative to the activitjes of enzyme

sample-s incubated r¡rithou'l jnhjbitor wh'ich were l7 umol

cl-ârnino I\,1 released/nrg protein/h (haenroglobin degradation) and

28 ur'¡oi alan'ine released/nrg protein/h (carboxypeptidase

activìty). Inhjbitor concentrations are p'lotted on a

'l ogari thnr j c scal e.

a-A Haernogiobin degrad'ing activity

O-O Carboxypeptidase activìty
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3. I 0. 4 Stahri 'Ì i ty

The haemogìobin degrading component cf protease B lost at learit

30% of its ac'uivity over 2 h when incubated at 37oC at pH 4.1,6.0 or

7.8 (l-'igure 28).

l,Jhen storeC for ì6 days, 61% of the origìna1 haenrogìobin degradìng

activity was lost at 4oC and 44% at -lsoC. Dilution and ge'ì filtration of

protease B resulted in losses of both haemoglobìn degrading and

carboxypept'idase activities (Section 3.5).

Several agents were tested as stabilisers of protease B (fa¡ie l9).

Neither sucrose nor g'lycerol had any effect on either the haemoglot¡in

degrading or carboxypept'idase activity and BSA did not stabilise the

former actìvity. (BSA r,vas not tested on carboxypeptidase because c¡f tl're

reactjon of BSA v¡ith ninhydrin reagent in the standard assay.) Cysteine

enhanced the activjties of both carboxypeptidase and the haemog'lobin

degrading species at a concentration of i mM (Figure 29). Neither

mercaptoethancl nor dithiothreitol produced any marked stimulatjon of

either activity.

3. i 0. 5 Sol ub'il i t.y

When a protease B sample (Figure 7) in 20 mM sodium acetate

pll 5.0 containing 130 mM NaCl was concentrated 5 fold with Sephadex G-'25,

a. precÍpitate containing the three enzyme activities studied was formed.

I'litrate reductase inactivating activity was more soluble than either the

prote'inase or carboxypept'idase (Table 20). After concentration of

protease B by Sephadex G-25, the recovenies of enzyme actjvities were

as follows: prote'inase 42%; carboxypeptidase 65%; nitrate reductase

inactivat'ing activi ty 54% (Tabl e 20) .

To redissolve the precipÍtated proteirrs, a1ìquots of the prec'ipìtate



TABLE I 9

E(¡døc,t od ,stnbi.U-sing agønfs on pnltøa,se, ß dnom maLzø ttoaLt

Sanrples of protease B (C..l69 mç¡/m'l ) tn ZO mM sodium acetate pH 5.0

containìng .l30 
mM NaCl were incubated with the compounCs listed for

2 h at 37oC. Aìiquots were withclrawn and assayed for haemogìobin

degrading and carboxypeptidase activities as described in Sections

2.5.4.2 and 2.5.4.3. Initial actjvities were 7.2 umol a-amino N

rejeased/mg protein/h and lB umol alanine releasedlnrg protein/h

respecti vel y.

Reagent and final concentration
during pre-incubation

% of i ni ti al act'ivi ty
Haemog'lobi n Carboxypepii clase
degrad'ing acti vì ty
activity

25% (w/v) sucrose

5% (w/v) bovine serum albumin

25% (v/v) glycerol

9892

B4

6t

24



TABLE 20

Solubi-U,tg o{ ytnot¿a*ø ß (nom møLz¿ nooÍ,s

l5 ml of protease B (0.225 mg protein/ml) in 20 mM sodium acetate

pH 5.0 containing ,ì30 
mM NaCi vras placed in dialysis tr¡bing and

concentrated with Sephadex G-25 to 3 ml as described in SectÍon 2.5.8.

The concentrated solution was centrifuged at 8 000 g for l0 min at 2oC.

ï'he pe11et, resuspended in I ml of 20 mM sodÍurn phosphate pH 6.0

corr'Laining 0.'ì M NaCl and I mM cyste'ine, was assayed for haemoglobin

deqrading, carboxypeptidase and nitrate reciuctase'inactìvating

activities as described in Sections 2.5.4.2, 2.5.4"3 and 2.5.4.4.

Total amounts of activity prior to concentratjon were 2? pnol cr- amino N

released/h (haemoglob'in degradation), 109 umol alan'ine released/h

(carboxypeptidase) and 27 800 unìts nitrate reductase jnactivated/h

(n'itrate reductase i nacti vati on ) .

Acti v'ity Acti vi ty
recovered

in soluble
fracti on

Acti vi ty
recorrered
'in pel 'l et

Haemogìobin degradatjon (umol a-amino
N rel eased/h

Carboxypeptidase (umol alanine
rel eased/ h )

Nitrate reductase inactivation
(units nitrate reductase inactjvated/h)

5.25

32.1

14 112

3. B6

39. 6

904



A

FI(ìURË 28

Stabi-t ifll o( ¡cnoteøtø ß [nom møLz¿ noot¿ a,t d-L((ute.nt '¡tH va.Lues

Sampìes of protease B (0.227 ng/n1) in 5 mM sodium

phosphate pH 6.0 were ntjxed lvith either sodium acetate

pl1 4.0, sodiurn phosphate pH 6.0 or d¿-sodium hydrogen

phospha'üe (each 0. I 2 14 ) (3 vo1 umes enzyme : 'l vol unre

buffer); final pH values were 4.ì, 6.0 and 7.8

respectively. After ìncubation at 37oC for the tinles

shown, aliquots of 0.1 ml were assayed for haemoglobin

degrading activity as clescribed in Sectjon 2.5.4.2.

Experimenta'l deta'ils are as described in A and 0.05 ml

a'l'iquots were assayed for carboxypeptìdase activity as

described in Section 2.5.4.3.

E--tr Sod'ium acetate (f i nal pH a. 1 )

o-o Sodium phosphate (final pH 6.0)

a-Â d¿-Sodjum hydrogen phosphate (tinal
pH 7.8)

B
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A

FIGURE 29

Ë$.(¡ec.t's o$ tu.t-phqdzq.L tteag¿nts on thø ctc.LLviÍA o( ¡tnatzaaø ß

{nom ma,Lzø nooi's

Sampìes of protease B (0.225 ng/m1) were ìncubated w'ith

either c.ysteÍne, mercaptoethanol or diLhiothreitol

(3 vtllumes enzyme : I volume of sulphydryl reagent) at

the final concentrations shown for 2 h at 37oC. 0.1 rnl

a'liquots lvere then withdrawn and assayed for haemcglobin

degrading activ'ity as descritred in Section 2.5.4.2.

lnitial acùivity was 7.3 umol u-ônìino N released/mg

prote'in/h and the enzyme 'incubated with l,¡ater did not

change jri activìty during incubation.

Experimental details are descrjbed in A. 0.05 ml

aliquots were assa-ved for carboxypeptìdase activ'ity as

described in Section 2.5.4.3. Initial activjty was

19.2 umol alanine released/mg protein/h and the samp'le

jncubated with water increased jn activity by l3%

during incubation.

Cys te i ne

a-^ Mercaptoethanol

B

D-n Dithiothreitol
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fov'rned during ccnceirtratjon lvit.h Sephadex G*2li u¡ere diaiysed agaìnst

either 20 lnM soclium acetate pll 4.0, 20 mlvl socliunr acetate pl-l 5.0 contaÌnì19

0.6 M I'laCi or 2A ml¿l sociiurnr phosphate pll 7.0. The highest y'eccvery of both

the carboxypc+ptìdase and ¡rroteÍnase activities was jn the buffer at

pH 4.0 and bolh enzynjes urere most soluble in thís buffer (fanle 2l). As

the solubilit.y of both the carboxypepùidase and the prcteinase in the

buffer at pH 5.0 containing salt was intermediate betr^reen tirejr

solubilities at pH 5.0 and 7.0, it appears ihat salt does not markedly

af f ect. the sol ubi I 'ity of protease B 
"

3.ll Comparìson of protease actjvjt'ies jn leaf and roo'l t'issues of

maize and v¡heat

In majze and v¡heat seecll ings, the most s"ignificant, f jnding was that

high levels of azocasein degrading act,ìvity and nitrate reductase

inact'ivat'ing act'ivity vrere restricted to primai^y and adventjtious roots

of nra'ize (Tabl e 22). iìelatively 'lovr level s of both act'ivit'ies were

found in leaf anci root tissues and only a trace of azocase'in degraciÍng

activjty was found jn maize leaves. There was less variation in the

distribution of haeuroglobin degrading a.ctivity, the highest levels beìng

found in vlheat leaves and maize roots. Beca.use the numerical ratio of

azocasein degr"adìng activìty to haemoglobin degrad'inç¡ act'ivity of

proteinase A fronl nlaize roo+-s 'is about 2:l (Table l4), approxinrately iia'lf

of the latter acbivit), of maize roorls may be attribul.ed to the action of

the azocasein degradìng specìes. High levels of exopeptidase actirrjtJ, urere

found in leaves of both vrheat and ma'ize; wheat lear¡es had the highest

carboxypept'iclase acti v j ty whì i e maize I eaves had the hi ghest ami no-

peptidase acLìvity. The ciata in Table 22 show that the pabtern of protee,se

activjties jn the prìmary and aCventitior¡s roots of the majze seediings

was virtualìy ident'ica'l .



TABLE 21

R¿&í,s¿oLv Lng,¡tttecí¡lí.taføC,lirLa t¿(L6 e ß

The resuspended pe'llet of protease B described in Table 2û was di'¡ided into 0.25 ml aìiquots rvhich
were diaìysed against the br"¡ffers sholvn far 24 h at 4oC. The dlalysjs tubes were rinsed with 0"1 mi
of dia'lysis buffer after removal of -uhe diaìysis residue. The contents of the diaìysis tubes
(including rinsjr..g so]utions) lvere centritugêd at I000 g for l0 mín at ZaC. The pêllets thus
formed were resuspended ìn 0.25 ml of 20 ml'l sodium acetate pH 5.0. Both the supernatant and pellet
fracticns in each case were ôssâ¡rsd for haemogìobÌn degrading and carboxypeptidase activities as
descnibed in SectÍons 2.5 "4.2 and 2.5"4.3.

Diaìysing buffer Fract f on Carboxyoepti dase
activity in

each fraction*

.29
I

Carboxypepti dase
activity ìn
each buffer*

(total )

Protei nase
activity in.
each buffert

Prctei nase
activity in
each buîferf

(tctal )

20 mM sodium
acetate pll 4.0

20 mM sodium
acetate pH 5.C
containing 0.6 M NaC

20 mM sodjum
phosphate pH 7.0

peì ì et
supernatant

0

I .63
3.9

6.4

0. 02i
0. 54

0.1I
0.43

0. 56

û. 54

0. 33

pe'Ì'let
supernatant

peì 1 ei
supernatant

* pmo'l al ani ne rel eased/h
t pmol o-âmino N reieased/h

1 5.5

0. 84
3.0

0.
0.

032
30

3.8



TABLE 22

ÐiÅf-tr.Lbu.tion 06 WoÍ.¿d.^Q- a.c.tivi.tiøt in Lente.t end ttoofs o( maLze and

wl,Lent a-nd thz ¿óóøef,s o( 'somø íntøLbifon's

l^ihear and rnaize seedlings were grordn Ín sand for l8 days as describeci in Section 2.4. Extracts were
prepared in 50 mM sodium phosphate pH 7.0 conta'ining 0.5 mM Na2EDTA,5 rnM cysteìne and 1% (w/v)
Polycìar AT as describec! jn Section 2.5..I, centrifuged at l8 0û0 g for l5 min and the superna'lant
fractions were retained. 35-7C% (NH+)2S0r¡ ppis., preoared as described jn Section 2.5.2, were
resuspended in and dia'lysed agaìnst 2C mlt'l soCium phosphate pH 7.0. pH 4.4 supernatants wei"e prepareC
from the diaiysed 35-7A% (llH+)2504 pp*"s. as described jn Section 2.5.3. Am'inopeptidase, which is
labile at pH 4.4 (Section 3.2"?), vvas estimated 'in the 35-70% (NHa)2S04 ppts. while all other
determinations lvere rnade on the pH 4.4 supernatant fractions.

Acti vÍ ty
(per g fr" wt/h)

Ami nopepti dase
(umol p-ni troani I i ne
rel eased )

Carboxypepti dase
(umol alanine released)

Azocase'i n degradati on
(n Auoe)

Haemogì cb'in
degradati on
(umol cr-ami no N

rel eased)

Wheat leaves Wheat noots Maize leaves

6.2 1.3 12

l6 2.7 ll

0.18 0.27 0.04

14a i ze
adventi ti ous

roots

4.3

3.0

I

Mai ze
prìmary
roots

1.1

3.6

1.95

l.l 0. 50 0.53 1.3 'l?



Nitrate reductase
i nactí vatì on
(unjts nitrate
neductase inactivated)

% lnhibition of
nitrate reciuctase
inactivation by 'l mM PMSF

% inhibition of
nitrate reductase
inactjvation by
I mM l,ì0-phenanthrojine

protein (mg/g fr wt)

TABLE 22 (Cant.)

hjheat leaves Wheat roots Maize ieaves

?24 173

Acti vi t.v
(per g fr wtlh)

Þla i ze
adventi ti ous

roots

I 5Bl

100

0.12

Maize
primary
roots

1 52787

962200

00

0. 83

0

0.12

39

0.34

0

0.10
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The nitt"ate reductase inactjvat'ing activity of maize roots was

jnhib'ited by Pl'lsl-. Inactiva.tiorr of nitrate reductase by proteases fr'om

other tissues u¡as either insensitive to PitlSF (wheat roots and leaves) or

inhjbited on'ly 22% (rnaize leaves). Nitrate reductase jnactjvat"ing act'ivity

from maÌze leaves was also onìy partìa'lìy inhjbited (39%) by ì,.l0-

phenanthr"ol i ne .

When the data for primary roots are conrpared w'ith those for endosperrns

of rnaize seedi ings r f the same age, azocasejn degradìng act'ivÌty rvas again

predonrinantl-v found in the roots (Table 23). The endosperm sample

contained nitrcrte reductase inactivating activity but it was insensitive

to PMSF. Bc¡th tissues have simi I ar I evel s of carboxypept'idase and

haemogl obí n degrad'ing acti v'i ti es . As di scussed above, the azocasei n

degrading species may be responsible for about one third of the haemog'ìobin

degrad'ing aci'irrity of maize roots.

3.12 Influence of aqe on protease activities and s ol ubl e protei n

content of ma'!ze roots

In Tabl e 24 it can be seen that the protein content of crude extracts

of primary ma'ize roots decreased 50 folC between 7 and l4 days. Between

4 and ì4 days there wa.s a 2l fold jncrease in the specìfic activity of

the azocasein degrading species and a 45 fold jncrease in that of the

nitrate reductase inactivating species. The specific actìvìty for azo-

casein degi^adatjon rose 4 fold between the 4th and 7th days rvhile the

corresportding increases for haemogl ob'in degr^adation and carboxypeptidase

were 2 and 1.6 fold respectivel.y. The specific activity of tlre carboxy-

pept'idase increased almcst 4 fold between the 7th and l4th days while

there was an increase of 1.9 fold jn the specific activity of the

haemoglobìn degrading species. Part of the latter increase may be due

to the action of the azocasein degrading species on haemogiobin.



TABL[ 23

Oi'sÍluLbu.tirtn ct (1 ¡cn.ot ea,s ø ac-tiv ,!n mai.zø noot¡ and ¿ndo.tpQlun^

Primary roots of 4. day nlajze seedl ings grown on I % (w/v ) agar conta'inrng

5 mM KNO, in 0.ì strength l-loa5lland's solution ,were extracted lvith 50 rnlvl

sodiun phosphate pH 7.0 cont.ainìng 0.5 mM NartDTA anc 5 mM cysteìne.

The extract was centrifugec! at 27 000 g for l5 rnin at ZoC al¡d a

40-65% saturation (NH4)rS0r, ppt. h,as prepared i'rom the supernatant

fractiorì as described in Secbion 2.5"2. The (Nti4)2504 ppt. was

resuspended in 20 mM socliunr phosphate pH 7"0 and d'ia'lysed overnight

aga'inst two changes of tlre same buffer at 4oC. A pH 4.4 supernatant was

prepar'ed frcrm the diaìysed (NH4)2504 ppt. e,s described 'in Sectj on 2..5.3.

Endosperms of 4 day maize seedlings grovrn on l% (w/v) agar containing

l0 mM l$0, anct 5 mM ca(N03), in 0".l strength flcagìarrd's solution v,/ere

extracted with 0.2 M sodiurn acetate pH 4.0.

prepared as described above for ma'ize rocts.

The ptl 4.4 supernaLant prepared from roo'Ls and the 35-70% (NH4)rsOo Rot.

prepared from endosperms were analyseci for protease activities as

described in Sections 2.5.4.1, 2.5.4"2, 2.5.4.3 and 2.5.4.4.

A 35*70% (NH4)2504 ppt. \,ras

Acti vì ty
(per g fr wt/h)

P,oots Endosperms

Azocasei n clegradati on
(n Aooo)

Haernogì obi n cjegradat j on
(umol a-ôiTri nc fl rel eased )

Ni trate reductase 'inacti vati on
(units nit.rate reductase inactjvated)

Carboxypepti das e
(trmol al an j ne rel eased )

1.5

)')

0. 0t

2.1

760 ll0

3 1.6



TABLE 24

In(.Luøncz o[ age. on ytttotentø a.r"d ¿ofubn-ø pttotein cont¿ytLt o[ maizø,søe..d.tit'tg,s

Maize seedlings lvere groþrn for 4 clays on 1% (w/v) agar containÍng 0..l strength Hoagìand's solution
and thereafter with the primary root immersed in 0.1 strength Hoagland's solution as described in
Section 2"4. txtracts.I¡iere prepared as described'in Section 2.5.1 and centrifuged at l8 000 g fon
15 min (4 day extracts) or at 95 000 g for ì h (7 and ì4 day extracts). The suþernatants werã
dialysed overtlight agaìnst two changes of ?0 mM sodium phosphate pH 7.0 and anaìysed for protease
activitìes and protein content as described jn Sections 2.5.4.1, 2-5.4.2, 2.5.4.3, 2.5.4.4 anci 2.7.3.

4 day 7 day 14 day

Protein (mg/g fr wi) 2.2 1.8

Azocasein degradation (t AOOO/mg protein/h)

Haemogl obi n degnadati on ('¡rnoì a-ami no N

rel eased/mg protein/h)

piidase (umol alanine reieased/mg
)

0.46

2.1

5.1

1.7

4.2

8.3

0. 36

9.8

7.8

Carboxype
protei n/h

Nitrate reductase inactivation (units nitrate
reductase inacti,¡ated/mg protein/h) 203

3l

9 100
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The effects of age on the components of protease A and B were

inrrestigated a'f,ter the protease fractions had been separated on a

CM-cellulose column (ffgure Z). Azocasein degrading, carboxypeptidase

and nitrate reductase inactivating activities of protease A increased by

.l.4,1.3 
and 6.2 fold between the 7th and l4th days (faUle 25). In

contrast, the total activities of proteinase B and carboxypept'idase B

decreased 2 and 1.2 fold respectl:vely over the same period although the

nitrate reductase inactivating activity of this fraction doubled.



TABLE 25

In,(yLuøncz od a"gø on tl¡ø fr,r-aíe.æ6Q- ac;U-.vi..(ie's o(¡ ytt"oten,se.t A, o.nd B (ttom nøLze ¡toof-,s

Primary roots of 400 maize seedlings were harvesteC at efther 7 days (63 g fr wt) or l4 days (Zl3 g
fr wt). Proteases A anC B were prepared as described Ín Sections 3.1 to 3.9. Protease aciivities-
and protein content of the two fractÍons were determined as described in Sections 2.5.4.1,2.5.4.2,
2 "5.4.3 , 2.5.4.4 and 2.7 .3.

Protease A

Protein (mg)Age of pìants
( days )

7

l4
1.2

2.3

3.6

7.0

2.6
¿?

Azoca se i n
degradati on

(r. Aooo/h)

154

22?

Protease B

Haemogl obi n

deEradat'ion
(unol c-arni no N

rel eased/h )

Carboxypepti dase
(¡rmoì alanine)
rel eased/h)

Carboxypepti dase
(umol ajanine
rel eased/h )

71

59

Nitrate reductase
i nacti yation
(x lC-' units

nitrate reductase
i nacti vated )

Nitrate reductase
i nacti vati on
(x lO-g units

nitrate reductase
j nacti vated )

376

502

39

241

Age of pl ants
(days )

7

Protein (mg)

Ãf

28ì4
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4. DfSCUSSION

4 . I Apprar'saì of techn'i ques used

The rvork ciescribecl in this thesis embodies the first detailed

a.ccount of the separatÌon and character.*satjon of 'the proteases in plant

roots.

The assay of prote'inases has been based on their action on

haetnoglobin and azocasein as substrates. Haemogiobin, a'lthough it'is
not a physioìogicaì substrate, has been shcwn to be degradeci by proteìnâses

froni a range of plants at acidjc pH values (Abe eÍ a.L,1977; Drjvdahl and

Thinrann , 1977; Frith ef. an-, l97Ba). Zein, a storage protein frorn naize,

was dcgraded by a proteinase from maÍze roots in this study buL jt was

not usecj routjnel.,/ as a substrate because of its insolubjl jty 'in aqueous

sol ut j on . Case'in i s al so a subsirate for many pl ant prote'inases (Wel I s

l968; clu Toi'1, 1976, Feller aÍ tuL, l97B) and 'its derivative azocase'in

has been usecl in a convenient assay procedure for a range of proteinases

(ffolarro and Gancedo, 1974; Peterson and Huffaker, 1975; Starkey and

Barrett, 1975; Thornas , 1973) at neutra'l and al kal ine pH. It was found jn

the prr:sent stucly that the assay of degradation produc't.s of haemoglobin

by tlre ninhydrin reagent as modified by Lee and Takahashì (1966) resu'lted

in hjgher absorbance values than nreasurements of 42g0. The reason is that

the ninhydt"'in procedure detecbs a v¡ide range of am'ino acids and peptìdes

whet^eas the UV absorpt'iorr rnethod onìy detects aromat'ic amitlo acjds and

peptìdes contaìnìng such residues. Further, absorbance nteasurements at

280 nm may hre spurious'ly high due to the pr"esence of nucleotides released

fnom nuclejc acids (Marrìnk and Gruber, 1966) as rvel'l as phenoìic conrpcuncis

ancl trjchloroacetjc acicl, the latter is conlmonly used to pr-ec'ipitate

protei ns .

Since the assays used in this study for proteinase and carboxypeptidase
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ac'L'ivities are relatively non-speci l'ìc, jt is likeìy that the nrajority

of pro+.einases and carboxypept.idases jn maize roots have been included

in the current study. In contrasi, other studjes r^r"ith pìant carl.oxy-

peptidases (Vìsuri ef aL, .l969) 
and proteinases (du Toit, 1976) have

tended to concentrate on only one or two enz.ymes.

The most effective separat'ion arrd punifìcation technique for

pro[eases from maize roots in the present study was found to be'ion

exchange chromatography. h'i th CM-ce'i I ul ose col umns , marked changes 'in

the elu'Lion profiles of the proteases resulted from minor charrges in the

pH and salt content of the elut'ing buffer.

4.2 Proteinase A

Proteinase A from maize roo'bs descrjt¡ed in this thes'is appears to

be a serine proteinase with a molecular weight of about 53 000. It has

been assayed by its act'ion ìn degrad'ing azocasein and haemogìobin and in

inact'ivating n'itrate reductase. It was also shown to degrade zejn, a

storage prote'in of ma'ize as well as soluble protejn from maize rooLs.

No resolutjon of the azocasein degrading, haemoglobin degrad'ing and

nitrate reductase inactivat'ing activjties was achjeved with a range of

ion exchange procedures, gel filt.ration, hydroxy'lapatite chrotnatograph"v

or affinity chromatography cn a phenyìalanine substjtuted Sepharose

column. The lack of resolut'ion during the ion exchange stucl'ies is

considered to be very signifjcant since resolution of oxidised and reduced

forms of cytochrome c was achieved using procedures simjla.r to those

employed in the current study (Dixon and Thompson, l968) and jt was

suggested that proteins djfferìng by one cha.rge are separable rvith ion

excharige chr'omatography.

S j nce protei nase A degraded haentogl ob'in , i t woul d be expected to
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bind l-o haenrogiobin coupleci tc Sepha.rose. 'l'hus i1; shculd be possible to

i sol at.e protei nase A by nieans of a haemogì ob in af f i rri ty co1 uilrr , as used

to jscla'Le prcrtejnases fronr wheat l.eaves (Frith Q,l: a,L, 'l97Bc), germìnating

barle.y (Burger, 1973) and oat 'leaves (Drjvdahl and 'thimann, 1977).

Houleven no binclìng of proteinase A from nraize roots to a haentoglobin

affjnity coiunrn lvas observed. Preston (l978) has shown that proteinase:;

bjnci to a phenyìcrlanine substituted Sepharose column and sirch a column

was used in thjs study to bind proteìrrase A and carboxypeptidases A and

A' from maìze roots. The proteinase h'as separated into two fractiorrs but

both had s'irnilar ratios for actjvities on azocasein and haernoglobin and

for njtrate reductase jnact'ivatiorr. Possibly an jnteracijon bet.vleen the

carboxypept'idases and protejnase resulted in the appearance of tlo

proteinase fractions"

Thus it has been concluded that proteinase A degrades azùcasejri and

haernoglobjn and also inactjvates nitrate reductase as these three

actjvities were not separated. Further'nrore, aìl three activit'ies Ìr'ere

affected simjlarly by inhibìiors although haemogìobin degradatjon vias

more sensitive to llgCl, than azocasein degradation. The'inhibition of

haemoglobìn degr'adation by HgC1, coulcj result frorn a reactjon of the

inhibÌ'Lor lvith haemoglobin rendering'it less susceptible to proteo'lvsìs.

It was also observed tha'b haemogìobin degrading activity was less stnl¡le

than the azocase'in clegratling actìvìty after storage at either 4oC or

-lsoC as well as during jncubation at 37oC at pH 7.8 ancl during the

puri f icati on procedure. A protei nase f rom Luytínu.t angusÍi{otiu,s sholved

selective loss of act.'ivjty aEarrnst g'ijacljn dirring purìl"icaiion anCl this

vlas attributed to changes in the cari:ohydrate corrtent of the enzyme

(Íihepard and l4oore, l97B). Th.is suggestjon is sup¡tcrted by observations

that some rate ccnstants of yeast carhroxypeptìdase Y appear to be altered

by the carboh¡rdra'be content of the enzyrne (l'largo'l is e.t al., l97B).
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Inhibit'iott of proteinase A from niaize rocùs by PMSF arrd DFP suqr-jcs-¡,s

that this enz5ime'is a seritte protejnase. Sjnce I nlt'| PMSF inhibjted

azocasein degradation 'in the preser'ìce of l0 rnM cysteine, it 'is un'l ikely

thaL this irihjbitor reacted wjth free SH oroups as it djd rvith the

Sll-proteinase papa'in (hihjtaker and Perez-Villaseñcr, l96B). Prot,einases

fronr bean leaves (Racusen and Foote, 'l970), oat ieaves (Drivdatrl arrd

Thimann, l97B), Neuno,sfrclnu uLa^¿ø (Si epen e;t. a.L, 1975) and yeast

(tlat.a eÍ e[,, 1967a) were also inhjbited by D[:l'or PMSF. Wh'i]e proteinase A

descrjbed herein and the enzymes fronr oat leaves (Drivdahl and Thimann,

l978) were i nsensitive to mercuria'ls, Ll're enzymes I'ront bean I eaves

(Racusen and Foote, 1970) , Nuütctá¡cota" (Sie¡:en e.t nI-, .l975) 
and yeast

(Hata Q,t ctL, 'l967a) lvere inhìbited by tliese compounds. Thus maize root

proteinase A cloes not appear to contain any free SH groups and'it was

not inhibited by TLCK or-I"PCK which are inhibjtors of the serjne

protei nases brypsì n and ch_vmotryps i n respectì vely. Si nce these j nhi b'itors

were designeci as substrate analogues (l4eans and l:eeney, l97l), proteinase A

probably has a. Cifferent substrate specìficity to eìther trypsjn or

chymotrypsì n.

Proteinase A had a pll optìmum of 6.0 when actìng on root proteìn and

casein but the pH optinra for Cegradation clf haernoglobin and azocasein

were 4.0 ancl 9.0 respect'iveìy. Thus i t appears that pH aì ters the

susceptibjlity of proteìns to degradat'ion. S'ince prote'ins are more

susceptible to proteolysis 'in their unfolded st.ate (lr4cLendon, 1977;

Rup'ley and Scherega, 1963), poss'ibly alteraticns in pH changed the degree

of unfolding of the protein substrates useci in this study. When azocasejn

was the substrate, the apparent pH optÍmunr of both p'r'oteinase A of ¡najze

roots a.nd tryprs i n was 9. 0, rrrh'i I e equi val ent tral ues on unsubsti t.uteC

casein were 6" C and 7" 6 (Hata Q,t a.L, lggh) respectively. Thus it
appears that sul phani I arn'irle al ters the suscept'i bì I i ty of casei n to
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hydrcr'lys'is, pos:;ìb1y by faci'litatjrrg unfolding of the proteìn at hìgh

pH. In the current study, treatmen'h of lraenroglob'in at ptl 1.5 djd not

al'Ler its susceptibil'i i;y to degradai:'ion at pH 4.0 and tr.eatnlent at

pll 12"0 did not result jn a change in the pll optinrum of 4.0. A possìble

expìanat'ion coltld be that the treatments used r,lere not suffjciently

vigorous to ensure complete unfold'ing o'f, t.he pr^ctein or that unfclìdÌng

was reversiL''le on changing the pl-i. 0ther worke'r's have oLrserved that 1:he

pl-l optima o't prote'inases fronl wheat seedl ings (1,'lìttenbach, l97B) and

mung bean seedl'ìngs (Cnris¡:ee'ìs and Boul ter, 1975) depended on the

substrate used.

The molecular weight of 53 000 esti¡naùed for protejnase A'in this

s'Ludy d'il'fers from the molecular ureight of 44 000 suggested for it hry

l{allace (1974) when jt was then descriL¡ed as the n'itrate reductase

inactivating enzyme. The Sephadex G-100 column used in ihe present study

yields more accura'le estimates of molr:cular weights around S0 000

(Andrervs, 1965) than the Sephadex G-200 column used-in the earlier study

(I,.Jal I ace, 197 4) 
"

Proteinase A from maize roots has sjmjlar properties to yeast

proteinase B (Hata af a.L, 1967a ) ancl the al kai ine protei nase of Netnoa,¡tonct

uLa^^cL (Siepen Q,t aL, I975). Al I three enzymes vtere sens jtive to PI'ISF.

The maize root enzyme was relatively insensitive to mercurials r¡lhile the

enzyriles of yeast and Neuno^porLcL ulere jnhjbited" Prote'inase A frorn maize

roots had a pll optilnunr of 6.0 when casein was the substrate while

proteinase B from yeast had a pH optimum of 9.0 fr¡r this substrate

(Hata Q,t a,L, .l967a). 
The alkal'ine proteinase of Neuno.s¡cona had two pl-l

opt'ima at 6.2 and 9.1 when acting on casein (Siepen ef. o-t-" 1975)" Maxinral

stab'i'l ity of the yeast enzyrne however was at pll 6.0 (l1ata Qf a.L, 1967a)

while the maize root enzyme lvas stable betureen pl-i 4.0 and 8.0. Molecular

weights of the three erlzymes differ: 53 000 for maize; 32 û00 for yea.st
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(Lerrney and Daìbec, 1969); 24 000 for I'l¿ata^ltotLa (Sìepen e1, aX-" l97il).

The K* of ¡iroteínase A descrjl-;ed in tli'is thesis r,'ihen acting on

haemoglob jn v¡as 0.08 rnM. An ac'id proteinase 'tronr sorghum lrad apparerlb

K-.- values of 0.008 mM and 0.002 ml,l for albumin ancl N.N-di¡ret.hyla'lbunrji-r
n't

respective'ly ((;a.rg and Vi rupaksha, l9i0) rvh j I e tire Kn., of prote'inaEes

from germinatinq barley seeds for N,l'l*cl'imethyìl'raemogìobin was 0"009 r'nl'l

(Burger, I 973) .

4.3 Prote'ina:;c+ B

It is dif ficult to classify pr ote inase [] of niaize roots. Inhib.ition

by pCMB and HgC1, suggests that it js an SH-proteinase. Hor,vever

inhjbjtion by DFP and PMSF'aìso suggeststhat a si¡ríne residue is present

in the actir¡e site although the degree of inh'ibition (41% and 58%

respect'ive1y) l"ias less than that obscrved'f'or" proteìnase A from maize

roots. It 'is poss'ible that PMSF r eact.ec.i wìth Sll groups of proteinase [J

described herein as it does Írr papaìn (tltritaker ancl Perez-Vì'lì'aseñor,

1968) and that impurities jn DFP also reacted with SH groups (Gould and

Ljener, 1965). Sjnce proteinase B has a pH cptìnunr of 4.0, it may be a

pepsin like acìd proteinase which is inhibited by DAN (Lunclblad and

Stejn, 1969). However this jnhibitor requìr'es Cu2+ for a rap'icl, spec'if ìc

reaction with aspartic'acicj residues (Lundbiad and Stein,1969). When

proteinase B lvas incubated v¡ith Cu2+ and DAN uncler conditions similar to

tho.se used by Frith e.t. aL (l97Bb), the Cu2+ irrh'ibited the enzyme. Theref,ore

it was not possible to determine whether DAN inhjbits proteinase B.

Pre.ston and Kruger figlA) isc,lated two carboxypeptìdases fronr wheat

seecllíngs which also degraded haemoglobjn. Prol:einase B of naize roots

wh-ich degr aded haemogìoL¡in d jd not appear to be a carbo.rypeptidase because

haemogìobin degrading actjv'ity ancl carboxypepiidase activity had d j l'ferent.

elution profiles on a Biogeì A-0.5m cojumn. Dissinrilar elution profì1es



64

of the tlr,o acti vi ti es ¡¡ere al so observed iti 1;h DË.AE-Sephadex col u¡nrrs arrd

t he protei nase v/a.q nrore sens i t j ve than the carboxypepti dase to mercurial s ,

gìycerol and possìb1y PMSF.

lJhile proteìttase A and carboxypept'idas<: A' were easììy separated by

gel filtration, some di'ificulty rvas exper"ienced lvìt"h ge'l filtration of

protease B cr:nr¡ronents. At ptl 6.0 in the presence of 0.1 t'l NaCl ,

proteinase B acLivity uras resolved from carboxypeptidase and the associated

nitrate reductase inact'ivating spec'ies. However since scme marker proteins,

parti cul arly ü-chymotr'.ypsì nogen and pancreat j c carboxypeptidase A, \rere

retarded on the Bicgeì column undei^ these concjtions, there is considerable

douht about the val idìty of 'Lhe molecular weight estimates for prol.ease [J

components obtained frorn tl'iis column. At a pH of 4.5, which favoured the

solubi'lit¡, e¡ the protease B cornponents, all protc.ìns tested were aclsorbecJ

to the column everr in the presence of 0.i M NaCl. Thus contrary to the

claims of the manufacturer, Bioge'ì A-0.5m can only be used sat'isfactorì'ly

for ge1 fjltratj0n near neutral pH. Lin ancl CastelI (l9iB) have a'lso

recent'ly reponbeci that agarose geìs shoujcl be used at neutraì pH for

ge'l fjltr,rtjon.

The procedures used to resolve the protease A compc;nents of maize

roots on DEAt-Sephadex were found to be unsatjsfactory for protease B

because both pro'beinase and carboxypepticlase act'iv'ities were dìspersed

throughout the gradìent.. Adsorption of the proteins on the res'in may

have concentrated the enzymes sufficiently to result ìn prec'ip'itotjon as

was the case when protease [3 was concentrated against Sephadex G-25.

The subsequent elutjon of the column v¡ith a sait grariient may have

solut¡ii'ised 'fhe enzymes as welI as clesorbinç¡ thenr fi om the resin. The

lack of resolution may aìso have beren due to the presence of many fornrs

of proteinase B and carboxyoeptidase ts which djffer orrly sìightly jn the

nunthrer of negative charges ava.'ilab'le for interaction with the resin.
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D'if'f,erences jn the number of negatìve chargles carried by a proteiì't ntaì.y

be associated with the a[tachment of diffe'^en'L ¿imount.s of acid sLtgars as

described for cathepsins of animal cel l s (Dean, 1 975b) . Ncurantj nidase

has been usecl to remove such sugars to reduce clifferences ìn charge

(Dean, .l975b) but th'is enzyme cl eaves bonds adjacent to sial'ic ac jd

resjdues whjch have not been found ìn plan'Ls (Jennings, l97B). As it
was not known wh jch carbohydrate residures might be present, rro attenrpt

was made to retnove carbohydrates which may ha'¡e Lleen present in protease []

D'ifferent degrees of anrjdatíon, as in fjcjn (Krarrrer and liJhitaker,1969b),

may aìso result in differences'in the charge carried by suLrspecies of a

protei n.

Autolys'is may result'in the fornration of subs¡recìes of a proteìnase

lvhich djffer in size and charge, as observed in û prielsÍnase from oat

shoots (p'¡t<e and Briggs, 1972). However subspecies of proteinase B

differing'in posit.ive charge or size h/ere not de+-ected by chromatograph¡i

on eiiher CM-cellulose or Bioge'l A-0.5m respect'iveìy. It was claimed

that autolysìs cljd not occur when proteirrases f,rom fjg (Kranrer and

l{hitaker, 1969a) and bar'ley (Burger, 1973) lvere fractionated. Six specìes

which degrade haemoglobin at ac'idjc pl-l harre been jsolated from wheat
Celluiotç

leaves by chromatography on DEAE-@ and t.here r,vas no eviderice that

aut.olysis occurred (l=rittr Q,t s,L, .l978a).

4.4 Carboxypeptidases A ,A' andB

Carbox-vpepticlase A and a m'inor rel ated spec'ies A' descri bed i n th j s

thesis have the characl.eristics of typicaì plant carboxypeptidases as

both are'inhibited by PMSF, have a pl-l opt"imum c;'l'about 5.0 and a molecular

weìght of abouì;97 000" Separai;ion of the twc enzymes on DE/tE-sephaclex,

different sens'itivitjes bo pCMB and HgCì, and djfferent rates of hydrolysis

of BAEt suggest that these two carlioxypepticlases are separate species.
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Carboxypeptidases Ai and A' of ni¿rize root may be compared with t.he

carboxypept'idases from bean leaves and yeas'b (l^lells, 1965; Hata e.t a-(.,

1967b). The presence of a serjne residue in the active site of the

latter tu¡o DFP sensitive enzymes has l¡een confirmed by isolo.tion of

amjno acid sequences conta-ining a serine resiclue which has r'eacted witii

I abel I ed DFP (Hayashi e,t (tl-, 1973b; Shalv arrd l^le1 
'l 

s , 1972). Lysosona'l

carboxypeptidases A and C from an'imal tissues are also inhibited by DFP

(Barrett and lleath, 1977 ) lr,h'i'le panci"eaùjc carboxypept'idases A and B

' -2+requrre a /-n ion for activì ty (petra, I 970;Fol k, 1 970).

Carboxypeptida,se A from maize r'oots was r¡ot a'F'f'ected by pCltîB or

HgCì, unl jke nrost plant carL:oxypeptidases ('ianle 3). However carboxy-

pept.idase A' was sensitive to mercurjal s. Possibì¡r the A enzyme either'

lacks free SH groups or such groups are jnaccessible to the SH inh'ibitot"y

reagents tested.

The molecular weight of 97 000 for both carboxypept'îdases A atrd A'

reported'in th'is thesis falls within the rarìge reported for other plant

carboxypepti dases deternri ned by ge1 f i I trat'ion (Tabl e 3 ) .

The substrate Cbz-Phe-Ala was hydro'lysed aboub twenty times faster

than Cbz-G1u-Tyr by carboxypeptìdase A from majze roots. The former

peptide was also the best substrate for carboxypept'idases of wheat

seedlings, barìey seedlings and water'rnelon sarcocarp (Preston and KruEer,

1977; Visurj Ql cLL, 1969; Matoba ancl Doi , 1975). llowever Cbz-Glu-Tyr

was used as a peptjde subsbrate for the carboxypept'idases of ¡reast and

At,putg.i,Lürs (Hayashi and Hata , 1972; Ichishima , 1972).

Carboxypept'idase A from maize roots has ester^ase activity against

BAEE which was a'ìso hydrolysed by carboxypeptidases of cottottseed and

yeast (Ih1e and Dure, 1972a; Do'i aÍ ú" 1967). In vrork reported in th'is

thesis, carbox,ypeptidase A' had I ittle or no activity tolvards BAEE and
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ne'ither the A nor A' enzyme hydrolysed the esters'IAI'ÍE or ATtt. Poss'ib'ly

carboxypeptídase A' hydrolyses süme other ester s'ince most carboxy-

peptidases f rom pl arrts have esterase activity (-labl e 3) .

The K,n of cat'boxypeptìdase A fronr nraize roots util is'ing Cbz-Phe-Aja

was 5 mÍ4 which is higher than those reported for carboxypeptidases 1'rom

A'sytengi.(lu,s (tcfr'ishjma , 1972) , natermelon sarcocarp (Matoba and Doi,

1975), wheat seedf ings (Pres'Lon ancl Kruger, 1977) and bean leaves

(Carey and Welìs, 1972) whjch are in the range 0.5 - 4 ml4. llowever a

carboxypeptidase from barley seedlings had a K* of 6.7 mM when acting

on Cbz-Phe-Ala (Vìsuri ú eL, 1969).

'l"he labil ity of carboxypeptidase A above pH 6.0 reported 'in this

thesjs is similar to the behaviour of the carboxypeptidases of barley

seedìings (Visuri e-t a.L, .l969) 
and watermelon sarcocarp (Matoba anci Doi,

197 4a) .

Differences between carboxypeptìdases A and A' of maize roots in

their chromatographic beha.viour, sensitivity to mercu'r^ials and action

on BAEE may be explained by the two enzymes having different amino acjd

sequences or carbohydrate contents (Margo'lis at a.l-, 1978). If the two

enzyrnes conbain different amounts of carbohydrate, they wiil differ in

molecular weight but differences of the order of several thousand are

not detected by gel filtration on Sephadex G-100. S'ince carboxypept.idase

A'was eluted from DEAE-Sephadex by a lolver salt concentration than

carboxypeptidase A, it appears to have less negative charges which 'interact

with DEAE-Sephadex. Possib'ly A' has fewer acidic res'idues than A or else

the carbohydrate present in the A' enzyme alters the jnteraction of

negative anlino acid res'idues with the resjn by sh'ielding effects or

changing the shape of the molecule (Margol is ef. a.t., l97B). Differences

between the A and A' enzymes in their sensitivjty to mercurial agents
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and in the'ír v"abes of hyclrol.ysis oi BAtt sugges'f. that ihe actjve sites

of these two enzymes are different. It has recently been shown that

the carbohyclr;rte content of yeast carboxypeþrtjdase Y alters sc¡me of its
kìnetjc properties (Margol is e.t aI,, 1978). .If carboxypept-ìdases A and A,

diffen jn theit' carbohydrate contents, variations in the relative amour¡bs

of the two enzymes ìn clifferent root extracts rnay be due to small changes

in growth conditions of the nraize seecllìngs lvh'ich lead to changes ìn

the amoutrt of carbohydrate attached to the carboxypeptìdases. It has

been shown that d jfferences 'in carbohydrate content o't carboxypeptidase Y

of yeast occur in different batches of the same stra in (l'largcf is oJ c"[-,

ìe7B).

Carboxypept'iciases BI and BII appear to be typ'ica'l p'lant carboxy-

peptidases since both PMSF and SH group reagent.s were inhi'bìtory. The

pH oþtìmum near^ 5.0 js typical of pìant carboxypept'ídases (Section I ".l.3)"

When isolated on Biogeì A-0.5m, the rnolecular weights of the BI and BII

enzymes described herejn appeared to be less than 40 000, but as discussed

earlier (Section 4.3), these estima'bes are unrel'iable. The Iirnitecl

studies performed did not indicate any major differences betvreen the

BI and BII enzymes apart from their size. -lhese two enzymes resemble

carboxypeptidases A and A'described in this thesis in their sensjtivity

to PMSF and in thejr pH optimum near 5.0 but resemble orrly carboxy-

pept'idase A' in their sensitivity to mercurials.

4.5 Nitrate reductase inactivation

It has been shown in this thesis that the nitrate reductase inactivating

activjty of majze root descrjbed by hlaì'lace (1974) is due to prote'inase A.

In Neuno,spotLú a'Lú-'s^a.) tivo protecìytìc specìi:s which inactivate nitrate

reduct.ase have recentìy been described (Sorger ei a.(-, lgTB) and one of

these resernbles maize root proteinase A in its sensjtìvìty to PI4SF.
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Relatjvely ìov¡ l¡:vels cf proteinase A were found in othrrr ¡larts of the

maize or lvheat seedl ìngs conrpared to that of maize root. t'{'itrate

reductase inactivating activity ollserved jn t.'issues othcr tharr nlaize

roots ntay be ciue to the actjon of ot.her prot.eases or to the non-proteoìytic

type of inactivators described in rice seedì ings (Yarna¡r¿ and Oh.ira, 1976)

and soybean leaves (¡olly arrd Tolbert, l97B). A sirnilar jnactivator of

nitrate reducii.ase was also identifjed jn the current study in the

pro l,ease ß f ract ion of nrai ze rocrts . Thi s i nacti vator resembl es that of

rice seedlìngs (Yamaya and 0hira, 1977) beìng insensjtìve to PI4SF ancl

casein but jnhibited by metal chelatirrg agents. As nitrate reductase

has not yet bec'n crystall ised from higher p'lants because of its labì'lit¡,,

it. has not yet been possible to determine whether prote'!nase A from maize

roots öleaves onìy a restricted number of bonds as do the group spec'ific

prote'inases o.t rat tissues (Kobayashi and Katanu¡na, 1978; Kobayash'i ef. ct!,,

l97B). The nitrate reductase inactivating enzyme, whjch now appears

equ'ivalent to prote'inase A clescribed herein, was shown prevìously not to

inactivate nitrite reductase, isocitrate ìyase, 'invertase or glutamate

dehydrogenase from maize (hlallace, l97Bb) but inactivated tryptophan

syntliase ancl fructose-1,6-bisphosphatase from yeast (I^lal1ace, l97Ba).

Thus jt appears to have some spec'ificity in jts act'ion on proteins.

'lhe sens'itivity of nitrate reductase to proteolytic attack ín vil-n.o

tnay be correl ated wi th j ts rel ati ve'ly hi gh turnover rate (ha1f -ì i fe j n
maize roots 2-3 h, Oaks Q,t a.L, 1972) Ì¡ecause enzymes wjth shor.t half-

lives in vívo are usually more susceptible to proteolyt'ic ìnactivation

ín vi'Lno (Bond, 1971). In acjc'ition, iarge, acidìc prote'ins generally

have short half-lives (Section 1.2.2) so that the lability of nitrate

reductase may be correlated rvith its niolecular weight of about 200 000

and isoelectric point belor,r 5 (Nottoi-r a,t 0"1-, 1972). Thus the

susceptibil'ity of nitrate reductase to inactjiration by prcteinase A
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may be due to some s üructu-.al fea't-ule ivhir:h .f,ac'il jtates at.tack by the

proteìnase. N'i'brate reductase was also inact.ivated liy yeast prote'inase B

rvhjch l-rdS siniilanjt.ies to maize rr¡or'. proteìnase A (!'laì1ace, 1978a).

llowever n'itrate reductase was not affected by prote'inase B fronl ma'ize

roo'Ls and appeared less susceptìb1e to at'cack by proteìnases from'leaves

and roots of wheat and from leaves and endospenrs of maize than by

prote'inase A frotn maize root.s. Thus iiitrate re-.ductase may be affectecl

by a ìjniited number of proteìnases.

It is 'l ike'ly tl'rat nitrate reductase is located 'in the cytop'lasm o1=

maize roots (Da'l1tng e-t a"L, 1972) v¡hi le proteinase A is probably found

in the vacuole (as discussed 'later). It has been proposed that erizymes

in the cytoplasm aì e jnact'ivated by srrme non*proteolytÌc ageirt bel'ore

they are degraded [ry protea.ses in the lysosome c¡r' vacuole (Section 1.2.3).

Nìtrate neductase nay be inactivated jn the cytop'lasm by the rrjtrate

reductase'inactivator associated vlith protease B describeci in +.his

thesjs. Inactjve nitrate neductase could ihen be trarrsported ínto the

vacuoje where'it is degraded by proteìna.se A. It wjll however be necessary

to determine the subcellular location of proteinases and other nitrate

reductase inactjvators before th'is hypothesis can be verified.

4.6 Distribution of roteases i n I ants and effect of a e

It would appear fronr this study on ihe maize root and the data in

the I jterature that there is only a l'imited number of proteinases 'in each

organism. Two proteinases vlhich har¡e treen namec.l A and B have been

identified in the current study rvith maize roots and sinriiarly tvro

proteinases have been characterised in bcth yeast and Ne.tuto^lrorLa c,ttJ.r¿Áa

(l-lata ui. a.{-, 1967a, Sìepen ut GX, 1975)" As cliscussed previousìy,

proteinase A crf maize noots is similar to proteìnase B of yeast ar¡d the

alkalÌne prot.eir¡ase of N¿uno¿y:on.ci whiìe proteinase B of maize is sìnlilar
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tcr proterinase A of yeast. ancl the acid proteìn¡.se af î'l¿u¡"o.t¡tcttct in havìr¡q

an acjd pH optimum when actìng on haenroglobin. Bean leaves contaìn twri

prote'inases (l,Jells, l969), one of v;lrich has been identif iecl as a se¡ine

type (Shaw arrd l^le'lìs, 1967) and ti'ro proteinases have also been isolated

from oat leaves (Drivdahl and Thinlann, 1977). S¡x fractions degrad'ing

haemoglobin, of which at ieast three arn ¡lroteinases, !rôve been 'isola'bed

from wheat leaves (Fritli eÅ. al-, l97Ba) but the r^elaL'ionship between thenr

has not yet been fully determined. In rnaize t'issues, Feller ef 6.2 (1978)

have shown that proteinase act.ivit¡r r^ríth casein as substrate was partially

inhibjted by PMSF and pl1MB. The effects of tlrese inhibitors in the st.ucly

of Feller eL ol (1978) are consisLent with the action o'i prote'inases A

and B described herein i^rhich are sensitjve to PMSË and pCMB respectiveì;y.

in a study of endooept"idases of maìze, Me1vil'le and Scandal ios (1972)

found that on'ly or'ìe enzyme hydrolysc.ci BANA (o-N-benzoyl DL-arginine

ß-napthylamide HCI ). Th'is enzynre reseinb'lect probe'inase B described herein

j n that i ts acti v'ity decì i ned w j th pl an b age .

Catheps'itt B , an Sl1-¡lrotei nase , ancl catheps'i n D, an ac Ì d protei nase ,

are found in many an'imal tissues (Barrer:t anci Heath,1977) rr,hile other

catheps i ns appear restri cted to po'lynorphorrucl ear I eu kocy'bes and bone

marrow. Thus it appears that eukaryote cells generaìly contain on'ly two

intracel I ul ar proteinases.

Four carboxypeptÍdase specíes have bee¡n jdentjfieci in maize roots.

As discussed earlìer, carboxypeptidases A and A'may differ on'ly in their

carbohydrate contents. In botil wheat seed'lings (Preston ancl Kruger, 'l976)

and uratermelon (Matoba and Doi, ig74a), two carboxypeptìdases have been

isolated which cliffer only in size. Possibìy more carboxypeptidases

woulcl harre been identifìed by ot.her wr.rrkers had a greater range of

separation techniques been used.
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The proteases dc+scribed Ín thjs the-qis tvere found jn t.he soluble

fraction of maize roots ancl th'is location is consistent with a vocuolal"

location i.n u.r-r"'c' since vaclroles would be ruptured t¡ricier the extraction

conditjons used. Moreover the solubjljty and sLabjlìty of the proteases

(apart fronr aminopep'Lídase) at pH 4.4'is also'in agreemerrt w'ith the

suggestìon that they occur in vacuoles. l4atile ('1968) and Zuber and

Mati'le (1968) have shown tha.t pnoteinase and carboxypeptidase actjvi'Lies

of rooù tip cells of maize are'tound in the vacuo'le. As ciescribed jn

Sect'ion 1..l.2, p'lant proteinases appear'fo be locabed in the cent.rai

vacuole. Proteases of yeast, which are sinrjlar to those of naize roots

as djscussed prev'ious'ly, are found in the central r¿acuo'le ([-e.nney el; sJ-,

1e7 4) .

The increase in the total actjvitjes of proteinase Ä and carlioxy-

peptìdase A per root with age suggests that these enzymes are being

continuously synthesized. In contrast, levels of protease B an'-1 carboxy-

peptidase B pen root decl'ined with age. The activity of an acid proteinase

from rnaize endosperm whjch resembles prote'inase B described herein dec'iined

(per g fr vrt) from the 7th to the l4th day (Harvey and Oaksn 1974).

Feller a,t a.L (1978) reported that between 4 and 7 days the actjvities

(pcr g fr wt) of carboxypeptidase and casein degradation measured at

pH 7.5 in maize roots jncreased but there was no change 'in casr:in

degradation assayed at pH 5.4. The results reported in this ùlresis are

'in general agreement with those of Feller e,t a.L (1978). Low lcvels cf

soluble protein in older roots could have resulted from an increase in

prote'in degradatjon which may be due to the action of protease A described

herein. Decreases in the levels o1'proteinase B and carboxypepticìase B

per p'lant with age suggest that these enzynres ar'e ìnrportant in younger

ti ssues .

Higher actÍvity (per g fr w'L) for proteìnase ìn roots rather than
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in leaves of maize seedì ings has also been re¡ror'ted by Fe'ller e,t aL (igZB).

In work reported in this thesjs, in lB day old wheat seedl'íngs the

specific actìvjties for the degradation of both haenrogìobin and azocasein

were higher jrr roots than jn leaves. A higher specific activ'ity for acid

proteinase in roots than leaves of wheat seecllings was a'lso reported by

Frith ef.0l (1975). In potato pìants, protease activity (per g fr wt)

was higher in roots than leaves (Santarius and Belitz,1978).

The high activity (per g fr wt) for the degraclat'ion of azocasein'in

maize roots is noteworthy since low leveis were found in maize endosperms

and leaves as well as in wheat leaves and roots. Hower¡er the hìghesi

activities (per g fr wt) of carboxypepticJase and anlinopeptidase were

located in leaves of maize and wheat. Feller ef a.L (.l978) also observed

higher levels of aminopeptidase in ma.ize shoots than roots wh'ile levels

of carboxypeptidase in the two tìssues were the sanìe. The significance

of this distributiorr of pept,idase activities is unclear for it is

generô1ly thought that peptidases have a secondary role in protein

degradation (Sectìon 1 .1 .3).

No major differences were found in this study between the types of

proteases found in the primary and adventitious roots of ma'ize seedlings.

Thus senescence of the primary roots did not appear to influence protease

activities in the prìmary roots examined in this thesjs"
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