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1 GENERAL INTRODUCTION

Th is  s tudy was undertaken  w ith  tw o p r im a ry  objectives in  m ind . The 

f ir s t  objective was to iso la te  several pea seed hydrolases present d u rin g  early  

seed germ ina tion . The second objective was to  perfo rm  an u ltra s tru c tu ra l in 

vestiga tion  o f p ro te in  m o b iliza tio n  in  n o rm a lly  senescing and de-shooted 

cotyledons. I t  has been dem onstrated b iochem ica lly th a t p ro te in  m ob iliza tion  

is delayed in  de-shooted cotyledons (G uard io la  and S u tc liffe  1971; M a lek 

1987). Peas were chosen fo r th is  s tudy due to th e ir  la rge  size, a v a ila b ility  

and the  w ea lth  o f lite ra tu re  th a t was available  as background. Despite the 

la rge  am ount o f study, few pea seed enzymes have been p u rif ie d  to 

homogeneity. Iso la tion , characteriza tion  and loca liza tion  o f pea seed 

proteases w il l  be necessary in  o rder to piece together the puzzle o f p ro te in  

m o b iliza tion  d u rin g  germ ina tion .

Seeds o f legum inous p lan ts  synthesize and accum ulate la rge  am ounts 

o f storage p ro te in  as w e ll as hyd ro ly tic  enzymes in  the  course o f th e ir  

development. In  m a tu re  seeds the storage p ro te ins are present in  p ro te in  

bodies, m em brane-bound organelles m easuring 0.1 to 25 um  in  d iam eter, in  

the storage parenchym a cells o f cotyledons (Bewley and B lack 1978). P ro te in  

bodies o rig ina te  from  the cen tra l vacuoles o f storage parenchym a cells in  

legumes and other d icot seeds a fte r the  deposition o f storage p ro te in  has 

s ta rted  (O p ik  1968; B a in  and M ercer 1966a; H a rr is  and B o u lte r 1976; 

N eum an and W eber 1978; Yoo and Chrispeels 1980; C ra ig  et a l. 1980). The 

appearance o f p ro te in  bodies fo llows the tim e  course o f g lo b u lin  synthesis 

d u rin g  seed developm ent (V arner and Schidlovsky 1963). A na lys is  o f isola ted

1
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p ro te in  bodies shows th a t they conta in  no t on ly storage prote ins and lectins, 

b u t also num erous hyd ro ly tic  enzymes w ith  an acid pH  op tim um , such as 

phosphatase, PC- mannosidase and ribonuclease (Van der W ilden  et al. 1980).

G erm ina tion  o f legum inous seeds is accompanied by  a d ram a tic  in 

crease in  p ro teo ly tic  a c tiv ity  in  the cotyledons ow ing to de novo synthesis o f 

p ro teo ly tic  enzymes (Csoma and Polgar 1984; Chrispeels 1984). D u r in g  seed 

germ ina tion , changes take place in  the fine  s truc tu re  o f cotyledon cells w h ich  

can be re la ted  to the u tiliz a tio n  o f stored reserves w h ich  supp ly  energy and 

b iosynthe tic  in te rm ed ia tes to the g row ing  p la n t (B r ia r ty  et al. 1970; W ilson 

and Tan-W ilson 1987). A fte r  ge rm ina tion , p ro te in  bodies disappear g radu a lly  

over a period o f several days. D igestion  o f cotyledons o f bean is  p ra c tica lly  

completed in  8 days a t 25°C (O p ik  1966), b u t is delayed in  deshooted 

cotyledons o f pea (G uard io la  and S u tc liffe  1971; M a lek  1987). A fte r  the 

reserves are hydrolyzed the storage cells die. Vascu la r bundles and epider

m a l cells survive u n t i l  the  cotyledons abcise (O p ik  1966).

Storage pro te ins are hydrolyzed in to  th e ir  constituent am ino acids by 

p ro teo ly tic  enzymes. These enzymes are classified as e ith e r proteinases or 

peptidases (M iko la  1983). Proteinases are endoproteases th a t cleave in te rn a l 

peptide bonds o f polypeptides. There are fou r m a jo r groups o f proteinases 

based on the ca ta ly tic  mechanisms o f th e ir  active site (Ryan and W alker- 

Sim m ons 1981). These are the  serine proteinases, su lfyd ry l proteinases, 

m eta lloprote inases and acid proteinases. Peptidases are exoproteases th a t 

are fu r th e r  classified as am inopeptidases or carboxypeptidases depending on 

w hether they cleave the  am ino or carboxyl te rm in a l am ino acid residue from  

the  polypeptide chain.

2
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Pea seed storage prote ins are composed o f w a te r soluble a lbum ins and 

sa lt soluble g lobulins. The g lobu lins were classified as legum in  and v ic il in  by  

Osborne and Cam pbell (1898), and the m ethodology was la te r  im proved by  

D anie lson (1951). Since the w o rk  o f Danie lson (1956) on peas, the  

p redom inan t v iew  o f seed enzymes was th a t they belonged exclusively to the  

a lbum in  class and acted upon legum in  and v ic ilin . However, subsequent 

evidence has revealed th a t enzymes are no t confined to the a lbu m in  fra c tio n  

and th a t a lbum ins are ac tua lly  u tilize d  as reserves d u rin g  and a fte r ger

m ina tio n  (i.e. Basha and Beevers 1975; C o llie r and M u rra y  1977).

C onventional biochem ical p ro te in  p u rif ica tio n  techniques were u tiliz e d  

to separate some p ro teo ly tic  ac tiv ities  o f pea seeds. Subsequent studies could 

b u ild  on th is  s tudy by em ploying such methods as a ff in ity  chrom atography. 

Once a homogenous p repa rtion  is  obtained, its  an tibody could be developed 

fo r im m unocytochem ical loca liza tion  o f the enzyme. B y loca liza tion  o f an en

zyme, its  possible movement between organelles can be fo llowed d u rin g  ger

m ina tion . Th is  w il l  he lp to elucidate w he ther i t  is  invo lved in  the breakdow n 

and m ob iliza tion  o f reserve proteins.
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2 C H A P T E R  1

Iso la tion  and p a rtia l characteriza tion  o f pea seed p ro teo ly tic  en

zymes hyd ro lyz ing  a lan ine -p -n itroan ilide , N -benzoyl-D L- 

a rg in ine -p -n itroan ilid e  and ^H-casein a fte r tw o and five  days o f 

germ ination .
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2.1 INTRODUCTION

Storage prote ins o f seeds serve as a store o f am ino acids d u rin g  ger

m in a tio n  and ea rly  seedling grow th. These reserve pro te ins w h ich  are stored 

in  m em brane-hound p ro te in  bodies in  cotyledons o f legum inous seeds, are 

synthesized on the rough endoplasm ic re ticu lu m  (B aum gartne r and 

Chrispeels 1977). P ro teo lytic  enzymes p lay  a centra l ro le in  the  biochem ical 

m echanism  o f ge rm ina tion  by hyd ro lys ing  the storage prote ins. Th is  allows 

fo r m ob iliza tion  o f resu lting  am ino acids to the grow ing  axis o f the develop

in g  p la n t. However, p ro te in  bodies iso la ted from  d ry  seeds do no t conta in  the 

pro teo ly tic  enzymes necessary to digest th e ir  own reserve pro te ins (H a rris  

and Chrispeels 1975). Chrispeels et al. (1976) concluded th a t storage p ro te in  

hydro lys is in  the cotyledons involves de novo synthesis o f the requ ired  

proteinase and its  tran s fe r to and accum ula tion in  the  p ro te in  bodies.

Acid, n e u tra l and a lka line  protease a c tiv ities  have been reported in  

cotyledons o f ge rm ina ting  legume seeds (Yomo and V a rn e r 1973; E llem an  

1974; Basha and Beevers 1975; S torey and Beevers 1977; Shutov et al. 1984; 

M ikkonen  and M iko la  1986; Boylan and Sussex 1987; M a lek  1987). A t  least 

two m a in  groups o f proteases lik e ly  func tion  in  storage p ro te in  hydro lys is  

d u rin g  ge rm ina tion  and seedling grow th. These include a group o f n e u tra l to 

a lka line  peptidases th a t are present in  d ry  seeds a t low  levels and do n o t in 

crease in  a c tiv ity  w ith  germ ina tion  and a group o f acid proteinases th a t in 

crease in  a c tiv ity  d u rin g  germ ina tion  fo llow ing  a lag  period o f one to fou r 

days (N ie lsen and L iene r 1984; M ikkonen  1986; M itsu h ash i et al. 1986).

5
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The acid proteinases belong to the class o f su lfh yd ry l proteases ju d g 

in g  by th e ir  se n s itiv ity  to th io l reactive in h ib ito rs . They have op tim um  

p ro teo lytic  a c tiv ity  in  the range o f pH  5.0 to 5.5 and m olecu lar w eights in  the 

range o f 20 to 30 k iloda ltons (Boylan and Sussex 1987; M itsu h ash i et al. 

1986; Beevers 1968; F e lle r 1979; Vavre inova and T u rkova  1975; Csoma and 

Polgar 1984; N ie lsen and L iene r 1984). These enzymes have broad substra te 

specificity, in c lu d in g  azocasein (Fe lle r 1979; C aldw ell and Sparrow  1976; 

N ie lsen and L ie n e r 1984), haemoglobin (M itsuhash i et a l 1986), ge la tin  

(M itsuhash i et al. 1986) and endogenous reserve prote ins (B aum gartner and 

Chrispeels 1977). The acid protease th a t has been m ost extensive ly studied 

is m ung bean v ic il in  peptidohydrolase w h ich  was iso la ted and characterized 

by  B aum gartne r and Chrispeels (1977) and la te r  localized by B aum gartne r 

et al. (1978). Antibod ies prepared against v ic il in  peptidohydrolase have been 

u tilize d  to determ ine th a t the enzyme is no t present in  leaves or in  develop

in g  seeds b u t is synthesized de novo in  the co ty l e do nary «cytoplasm a fte r the  

f ir s t  tw o days in  the cotyledonary cytoplasm o f seedling g row th  (Chrispeels et 

al. 1976), then  transported  to the p ro te in  bodies (B aum gartne r e t al. 1978).

N e u tra l to a lka line  peptidase enzymes have op tim a l ac tiv ities  in  the 

range o f pH  7 to 10 (N ie lsen &  L iene r 1984; N ish ika ta  1984; C a ldw e ll and 

Sparrow  1976). The a c tiv ity  is present in  d ry  seeds and is m a in ta ined  fo r 

several days fo llow ing  germ ina tion  (Tom om atsu et al. 1978). The m olecu lar 

w eights are la rg e r th a n  fo r the  acid proteinases being in  the  range o f 58 to 

360 k iloda ltons (Sopanen and M iko la  1975; E llem an  1974; M ikkon en  and 

M iko la  1986).

5
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C aldw ell and Sparrow  (1976) reported the  iso la tion  from  pea seeds o f 

two serine peptidases w ith  a requ irem en t fo r a th io l group th a t hydrolyze 

N -benzoy l-D L-a rg in ine-p -n itroan ilide . The two activ ities  were separated by 

ion  exchange chrom atography. O the r a lka line  peptidases th a t hydrolyze syn

the tic  substrates have been reported in  ge rm in a tin g  k idney  bean (M ikkonen 

1986; C rum p and M u rra y  1979), soybean (N ish ika ta  1984) and peas 

(Tomomatsu e t al. 1978). As a group, these enzymes have no t been w ell 

studied, p robab ly because a su itab le  physio log ica l ro le cannot be a ttr ib u te d  

to enzymes w ith  such a h ig h  pH  optim um .

Two o ther groups o f peptidases are recognized as occurring  in  p la n t 

tissues in c lu d in g  the acid carboxypeptidases and the  napthylam idases 

(M iko la  1983). N aphthylam idases occur in  res ting  seeds b u t th e ir  a c tiv ity  

was found to decrease w ith  germ ina tion  in  k idney  beans, whereas 

carboxypeptidase increased du ring  ge rm ina tion  reaching a m ax im um  value 

when the m ob iliza tion  o f n itrogen  was h ighest (M ikkonen  1986).

The purpose o f the present study was to iso la te  p ro teo ly tic  enzymes th a t 

hydrolyze a lan ine -p -n itroan ilide  (AN A), N -benzoyl-D L-arg in ine-p- 

n itro a n ilid e  (BAPN A) and ^H-casein to d is tin g u ish  between physio log ica lly  

d is tin c t groups o f enzymes and as a f ir s t  step in  e luc ida ting  a m echanism  fo r 

the early  hydro lys is  o f p ro te in  in  pea cotyledons. D a ta  is presented on tissue 

th a t has been im bibed fo r tw o and five  days. F ive d is tin c t enzym atic ac

tiv it ie s  were isolated. Some properties o f the  enzymes were investiga ted  and 

th e ir  possible physio logical role is discussed.
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2.2 MATERIALS and METHODS

2.2.1  Plant M aterial and Growth Conditions

Pea seeds (Pisum sativum  L. cv. Spring, Asgrow Seeds, B rad

ford, O nt.) trea ted  w ith  Captan, were sown in  ve rm icu lite , watered to 

fie ld  capacity and covered to prevent dehydra tion.

G erm ina tion  took place in  a C onviron g row th  chamber, model 

CMP 3023 (C ontro lled  E nvironm ents L td ., W innipeg, M an.) set to 

25°C fo r an 8-hour photoperiod provided by fluorescent lig h ts  a t 70- 

100 uE m '^s '^ and 15°C fo r 16-hour n ights. A fte r  48 hours, the grow ing 

peas were uncovered and used fo r analysis (2-day-old seedlings) or 

w atered and le f t  uncovered in  the g row th  cham ber fo r 3 more days (5- 

day-old seedlings).

2 .2 .2  Protein Determ ination

P ro te in  concentration was determ ined u tiliz in g  the B io rad  

(R ichmond, Ca.) Coomasie b r il l ia n t  b lue dye b in d ing  m ethod (B radford  

1976). S tandard  curves were produced u t il iz in g  bovine serum  a lbum in  

a t know n  concentrations. Spectrophotom etric measurements were 

made on a Beckm an model DU-50 spectrophotom eter (Beckman In 

s trum ents Inc., F u lle rton , Ca.) a t 595 nm.

2 .2 .3  Enzyme Purification

2 .2 .3 .1  Preparation of Crude Extract

Seeds o f Pisum sativum  L. th a t were e ith e r d ry  or a t the  desired 

state o f ge rm ina tion  or seedling g row th, were collected. The seed coat, 

hypocotyl and epicotyl were removed. F o rty  seeds were homogenized 

over crushed ice w ith  a m o rta r and pestle in  60 m l p H  5.5, 50 m M

8
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sodium phosphate extraction  bu ffe r con ta in ing  1 m M  m ercaptoethanol 

and 1% sodium  azide fo llow ing  the m ethod o f M a lek  (1987). 10% 

po lyv iny lpo lypyro lidone  (PVPP) was inc luded  here to b in d  the  tann ins. 

A fte r cen trifuga tio n  a t 27,000 g fo r 10 m inu tes in  a re frige ra ted  Sorval 

RC2B centrifuge (Dupont, W ilm ing ton , D elaw are) w ith  a 88-34 ro to r, 

the superna tan t was collected fo r analysis o f h yd ro ly tic  a c tiv ity  and 

fu rth e r p u rifica tio n .

2.2.3.2 Ammonium Sulfate Precipitation

A m m on ium  su lfa te  was added to the crude p repara tion  to an 

80% sa tu ra tion  over a period o f 30 m inu tes. The p repa ra tion  was 

s tirre d  by a m agnetic s tir re r  in  a cold room a t 2° C fo r an add itiona l 30 

m inu tes before being recentrifuged a t 27,000 g fo r 10 m inu tes in  the 

Sorval RC2B. A fte r d iscard ing the superna tan t, the  pe lle t was 

resuspended in  5 m l o f the extraction  b u ffe r w ith o u t PVPP.

2 .2 .3 .3 . D ialysis

The above p repara tion  was loaded in to  d ia lys is  tu b ing  

(Spectrapor m embrane, 6,000-8,000 m olecu lar w e ig h t cut-off. 

Spectrum  M edica l Industries , Los Angeles, Ca.) w h ich  had been 

soaked in  d is tille d  w a te r fo r a t least one hour. The enzyme prepara

tio n  was d ialysed fo r 8 hours in  one l i t r e  o f ex trac tion  bu ffe r w h ile  

being s tirre d  in  a cold room a t 2° C. A fte r cen trifuga tio n  a t 27,000 g 

fo r 10 m inu tes in  the Sorva ll RC2B, the superna tan t was collected and 

saved fo r analysis or fu r th e r pu rifica tion .
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2 .2 .3 .4  Gel Filtration Chromatography

Gel F ilt ra t io n  C hrom atography was perform ed u t il iz in g  an L K B  

(F isher Scientific  Co., W innipeg. M an.) model chrom atography colum n 

of dimensions 1.6 cm x  85 cm and Sephadex G150 gel (Pharm acia 

Chemicals, Upsala, Sweden). F ive m l or about 100 mg o f p ro te in  ob

ta ined from  the superna tan t o f the  centrifuged d ia lysed fra c tio n  was 

loaded on the  gel. A  flow  ra te  o f 15 m l/h r was m a in ta ined  w ith  an L K B  

(F isher S cientific  Co., W innipeg, M an.) or Econo-Colum n-Pum p (Bio- 

Rad Laboratories, R ichmond, Ca.) p e ris ta ltic  pump. The pro te ins were 

e lu ted w ith  extrac tion  buffer. Two hundred  drops per fra c tio n  (9.5 m l 

per frac tion ) were collected w ith  an L K B  model 2111 "M u ltira c " frac

tio n  collector. A  ch a rt trace o f the ru n  was produced on a L in e a r (Can 

Lab, Toronto, O nt.) cha rt recorder by m easuring U V  absorbance a t 

280 nm  in  a L K B  model 2238 "U vicord S II"  U V  detector. The active 

fractions were pooled fo r fu r th e r analysis or applied to an ion  ex

change column.

2.2 .3 .5  Ion Exchange Chromatography

A  L K B  chrom atography colum n o f dim ensions 2.5 cm x 60 cm 

conta in ing  the an ion exchanger Biogel A  (Bio-Rad Laboratories, R ich

mond, Ca.) was employed to perfo rm  ion  exchange chrom atography. 

The gel was equ ilib ra ted  w ith  pH  7.5, 50 m M  T ris -C l b u ffe r conta in ing 

1 m M  m ercaptoethanol and 1% sodium azide.

10
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The th ree  m ost active fractions from  gel f i l t ra t io n  chroma

tography were pooled, loaded on the ion  exchange gel and ru n  a t 40 

m l/h r. The speed was m a in ta ined  as in  gel f i l t ra t io n  chrom atography 

w ith  a p e ris ta ltic  pump. The gel was washed w ith  the  same pH  7.5 

T ris -C l bu ffe r u n t i l  absorbance a t 280 nm  was zero. A  zero to 300 m M  

N aC l g rad ien t con ta in ing  700 m l per side o f pH  7.5, 50 m M  T ris -C l 

bu ffe r p lus 1 m M  m ercaptoethanol and 1% sodium  azide was used to 

elute the  proteins.

Two hundred drop (9.5 m l) fractions were collected as in  gel 

f i l t ra t io n  chrom atography. The gel was regenerated by  w ash ing  w ith  

the same bu ffe r con ta in ing  1 M  N aC l fo llowed by  10 m M  N aO H . Frac

tions were surveyed fo r enzym atic a c tiv ity  and active fractions were 

pooled.

2 .2 .4  Assay for Caseinolytic Activity

^H -m e thy l casein substrate was prepared by reductive  m é thy la 

tio n  o f casein in  the presence o f tr it ia te d  sodium  borohydride and fo r

maldehyde by the m ethod o f Means and Feeney (1968). The tr it ia te d  

casein substrate was d ilu ted  1:1 w ith  d is tille d  w a te r before use to a 

specific a c tiv ity  o f 5 x 10® cpm/mg pro te in . Each assay m ix  (12 x 75 

m m  tube) contained 10 u l o f d ilu ted  ^H -m ethy l casein substrate and 

between 10 u l to 70 u l o f the enzyme. The volum e was made up to 80 

u l w ith  the add ition  o f pH  5.5, 50 m M  sodium  phosphate bu ffe r. M e r

captoethanol (1 m M ) was included in  a ll assay m ixes except fo r the  in 

h ib ito r studies. C ontro l assay m ixes contained 10 u l d ilu te  ^H -m ethy l 

casein substra te and 70 u l pH  5.5, 50 m M  sodium  phosphate buffer.

11
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Fo llow ing  60 m inu tes o f incuba tion  a t 25°C in  an O rb it shaker 

ba th  (Lab-L ine  In s trum en ts , Melrose Park, 111.) a t 100 rpm , 20 u l o f 

10 m g/m l BSA was added as a ca rrie r p ro te in . The reaction  was te r

m ina ted  by adding 80 u l o f cold 10% (WA^) TC A and vortex ing .

A fte r  30 m inu tes, the assay tubes were spun a t h ig h  speed in  an 

lE C  M odel H N  (In te rn a tio n a l E qu ipm en t Co., Needham  H eights, M A .) 

centrifuge, 80 u l o f the superna tan t was soaked onto 2.1 cm W hatm an 

GF/A (W hatm an L td ., M aidstone, Eng land) glass fib re  f i l te r  paper. 

Fo llow ing  a ir  d ry in g  overn ight, the f i l te r  paper discs were counted in  5 

m l toluene con ta in ing  0.5% 2,5-D iphenyloxazole in  a l iq u id  sc in tila tio n  

counter (LK B , model 1211 Rackbeta, T u rku , F in land). Specific enzyme 

a c tiv ity  was calculated using to ta l p ro te in  content m easurem ents, ac

cording to B rad fo rd  (1976), using BSA as a standard.

2 .2 .5  Assay for ANA and BAPNA Hvdrolvsing Activities

Stock solutions o f A N A  and B A P N A  (Sigma Chem ical Co., St. 

Louis, Mo.) were made up to a concentration o f 400 m M  in  d im e thy l 

sulfoxide fo llow ing  the m ethod o f M a lek (1987), then  subsequently 

d ilu ted  to 4m M  in  w ater. Each assay m ix  (12 x 75 m m  tube) contained 

250 u l substrate (fin a l concentration Im M ), 50 u l to 750 u l o f enzyme 

and (pH  7.5), 50 m M  T ris -C l bu ffe r to make up a to ta l vo lum e o f 1.0  

m l. M ercaptoethanol (1 m M ) was included in  a ll assay m ixes except fo r 

the in h ib ito r  studies. Controls d id  no t conta in  the enzyme. Samples 

were ag ita ted a t 100 rpm  fo r 30 m inutes a t 25° C. The reaction was 

stopped by the add itio n  o f 250 u l o f 30% acetic acid and vortexing. 

Colour developm ent was road on a spectrophotom eter (Beckm an D U -

12
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50, Beckm an In s trum en ts  Inc., F u lle rton , Ca.) a t 410 nm . For tu rb id  

samples, 1.25 m l. o f e thy l acetate was added to each sample fo llow ing  

the m ethod o f E rlange r et al. (1961). The assay m ixes were centrifuged 

a t fu l l  speed (JEC -H N ) fo r 5 m inutes. The superna tan t was read in  a 

spectrophotometer a t 385 nm  and corrected fo r com parison w ith  non- 

tu rb id  samples.

2.2 .6  Protein Ultrafiltration

P rio r to electrophoresis, pooled fractions were concentrated by 

u lt ra f i lt ra t io n  in  a 50 m l Am icon u lt ra f i lt ra t io n  cell (Am icon Corpora

tion , Danvers, M A ) u ti liz in g  D ia flow  YM 5 u lt ra f i lt ra t io n  membranes 

(Am icon Corporation, Danvers, M A ) w ith  m olecu lar w e igh t cu t-o ff o f 

5000 daltons. The concentrated fractions were taken  up in  2 m l o f the 

ion  exchange buffer.

2.2 .7  Electrophoresis

Polyacrylam ide Gel E lectrophoresis (PAGE) was perform ed 

u tiliz in g  a H oeffer (Hoeffer Scientific  Ins trum en ts , San Francisco, CA) 

Slab Gel electrophoresis u n it  and fo llow ing  the m ethod fo r the second 

dim ension o f the O’F a rre ll process (O’F a rre ll, 1975).

N a tive  gels were ru n  in  a cold room a t 2° C fo r about 3.5 hours 

a t 40 mA. The fro n t o f the  gel was tracked v isu a lly  u t i l iz in g  m ethylene 

b lue dye. The gels were stained and destained fo llow ing  the  method 

ou tlined  in  the Hoeffer S cientific  Ins trum en ts  Catalogue (1983), then  

photographed and dried  onto b lo ttin g  paper, or used fo r zymograms.

13
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2.2 .8  Zymograms

A  0.5% agarose so lu tion  was prepared by adding 0.1 g agarose 

(Bio-Rad Laboratories, R ichmond, Ca.) to 20 m l pH  7.5, 50 m M  T ris -C l 

bu ffe r p lus 1 m M  m ercaptoethanol and b rin g in g  the so lu tion  to a boil. 

D u rin g  cooling and before the agarose gelled, A N A  or B A P N A  was 

added to the so lu tion  to  a f in a l concentration o f 4 m M . The so lution 

was poured out in to  a f la t  rec tangu la r d ish and allowed to gel.

The na tive  gel was placed over top o f the agarose slab and 

colour development was noted a fte r 1 hour incuba tion  a t room  tem 

perature. The R f values where colour development occurred were com

pared w ith  R f values o f sta ined BSA standards fo r m o lecu lar w e igh t 

de term ination .

2 .2 .9  Proteinase Inhibitors

Proteinase in h ib ito rs  were dissolved in  pH  5.5, 50 m M  sodium  

phosphate b u ffe r except fo r PhM eSuF w h ich  was dissolved in  95% 

ethanol and d ilu te d  w ith  bu ffe r. C ontro l trea tm ents con ta in ing  e ithe r 

bu ffe r or the appropria te  bu ffe r-so lvent m ix tu re  w ith o u t in h ib ito r , 

were included in  each experim ent. The in h ib ito rs  were added to the 

assay tubes ju s t before the add ition  o f the enzyme. Casein assays were 

incubated fo r 60 m inu tes, A N A  and B A P N A  assays were incubated fo r 

30 m inu tes a t 25°C.

In h ib it io n  was expressed as a percentage o f to ta l a c tiv ity  in  a 

control sample. The a c tiv ity  o f the in h ib ite d  sample was d iv ided by  the 

a c tiv ity  o f the contro l and m u ltip lie d  by 100 to give the  "% ac tiv ity ". 

BSA was inc luded in  the analysis to test fo r non-specific in h ib it io n .

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3 RESULTS

2.3.1 Caseinolytic Assay

The effect o f enzyme concentration on the caseinolytic assay is 

dem onstrated in  F igures 1 and 2. A n  op tim um  specific a c tiv ity  (F igure  

2) was obtained when a t least 0.004 mg o f p ro te in  was employed in  the 

assay m ix. C hanging the p ro te in  concentration s ig n ifica n tly  affected 

the specific ac tiv ity .

F igure  3 demonstrates th a t the assay was affected by  added 

pro te in . Low  specific ac tiv ities  were recorded w ith  a h ig h  leve l o f ex

ogenous p ro te in  in  the assay m ix.

Caseinase was also in h ib ite d  by  N aC l as shown in  F igu re  4. The 

effect is  p a r t ia lly  reversib le  (F igure 5). T h is  m ay have consequence to 

the analysis o f the  (NH^lgSO^ frac tiona tion  and in  an ion exchange 

chrom atography, especially in  eva lua ting  the a c tiv ity  in  the  1 N  N aC l 

wash.

2.3.2 Freezing Tolerance

Enzym e prepara tion  p u rif ie d  from  5-day-old cotyledons past the  

gel f i l t ra t io n  stage showed no s ign ifican t loss o f caseino lytic a c tiv ity  

fo llow ing  short-te rm  (7 days) storage a t -20° C. Long-te rm  (75 days) 

storage caused a reduction  in  caseinolytic a c tiv ity  o f about 30% (data 

no t shown).

15
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2.3 .3  Purification

Figures 6 and 7 illu s tra te  typ ica l scans o f gel f i l t ra t io n  

chrom atography runs. A l l  three enzyme activ ités overlap. Tubes 11, 12 

and 13 were ro u tin e ly  collected and combined fo r load ing  onto the 

anion exchange chrom atography column.

F igu re  6 shows th a t the p ro te in  in  2-day-old cotyledons was 

p r im a r ily  comprised o f large m olecu lar w e igh t prote ins. B y  5 days o f 

germ ination , m uch o f the p ro te in  was degraded to sm a lle r pro te ins 

and peptides (F igure  7).

F igures 8 to 11 show typ ica l scans o f anion exchange chroma

tography runs. The num bering  o f proteinases corresponds to th e ir  

respective e lu tion  on the column. B A P N A  hydrolase (BAPNAase) I  

and I I  are c learly  separated from  each o ther (F igure 8 and 9) and A N A  

hydrolase (ANAase) I  and I I  are also w e ll separated (F igure  8 and 9). 

ANAase I  overlaps w ith  BAPNAase I I  (see Figures 8 and 9) b u t on ly 

the shoulders o f each peak were collected, m in im iz in g  cross con

tam ina tion . ANAase I I  and BAPNAase I  e lu ted free o f con tam ina ting  

enzyme a c tiv ity .

16
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Typ ica l p u rif ica tio n  resu lts  are lis te d  in  tables 1 th ro ugh  6. 

ANAase I  and I I  were p u rif ie d  1237 and 668 tim es respective ly from  

2-day-old cotyledons (Table 1) and 864 and 172 tim es respective ly from  

5-day-old cotyledons (Table 2). The y ie ld  o f ANAase I  was fro m  four- 

to-six tim es as g reat as fo r ANAase I I .

BAPNAase I  and I I  were p u rif ie d  52 and 252 tim es respective ly 

from  2-day-old cotyledons (Table 3) and 24 and 125 tim es respective ly 

from  5-day-old cotyledons (Table 4). The yie lds were com para tive ly  low  

fo r BAPNAase compared to ANAase I. The ra te  o f p u rif ica tio n  fo r 

BAPNAase I  was ve ry  low  because i t  e lu ted w ith  the  m a jo r p ro te in  

peak wash on the ion  exchange colm nn (see Figures 8 &  9).

Caseinolytic a c tiv ity  spread th rou gho u t the ion  exchange ru n  

(figures 10 and 11). S ign ifican t caseinolytic peaks appeared in  the 

same position  as B A P N A  activ ities. The same frac tion  labe lled  fo r 

BAPNAase I I  was also used as the basis fo r p u rif ica tio n  Tables 5 and 

6. Caseinase was p u rif ie d  over 190 tim es fo r both  2 and 5-day-old 

cotyledons (Tables 5 and 6).

2 .3 .4  p H Optima of Enzymes

The op tim a l pH  fo r ANAase and BAPNAase was found to  be pH  

7.5. The op tim a l pH  fo r Caseinase was determ ined to be p H  5.5. V a ria 

tions o f a c tiv ity  w ith  pH  fo r a ll 5 enzymes is g iven in  F igures 12 

th rough  16.

17
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2.3.5 M olecular Weights

The positions o f ANAase and BAPNAase ac tiv ities  were deter

m ined by com paring the R f values from  enzyme a c tiv ity  on zymograms 

w ith  the  R f va lue o f standard m a rke r prote ins. The less p u rif ie d  gel 

f i l t ra t io n  frac tion  produced the same m olecu lar weights fo r both  A N A  

and B A P N A  activ ities  (Table 7). Once these enzyme ac tiv itie s  were 

separated by ion  exchange chrom atography, the ANAases were found 

to be sm a lle r th a n  the BAPNAase (see Table 7). BAPNAase I  and I I  

were ide n tica l in  m olecular w eight. ANAase I I  was found to be m uch 

sm a lle r th a n  ANAase I. B o th  BAPNAase ac tiv ities  and ANAase I  were 

found to be sm a lle r in  the 5-day-old cotyledons (Table 7). The 

m olecu lar w e igh t o f ANAase I I  could n o t be determ ined by the 

zym ogram  m ethod fo r 5-day-old cotyledons due to the  sm all y ie ld  and 

low  a c tiv ity  o f th is  enzyme.

2 .3 .6  Inhibitors

The effect o f various proteinase and peptidase in h ib ito rs  on the 

a c tiv ity  o f the p a rt ia lly  p u rif ie d  enzyme prepara tion  is  sum m arized in  

Table 8. D ith io th re ito l and m ercaptoethanol s tim u la ted  the a c tiv ity  o f 

caseinase b u t m ercaptoethanol in h ib ite d  A N A  and B A P N A  activ ities. 

Ovomucoid and soybean try p s in  in h ib ito rs  in h ib ite d  caseinase a t h igh  

concentrations b u t the effect was s im ila r to th a t obtained w ith  BSA. 

In h ib it io n  by pC l-H gB 20 was reversib le  by the  add ition  o f lO m M  mer-

18
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captoethanol fo r a ll enzymes. PhM eSuF was s lig h tly  in h ib ito ry  to  a ll 3 

types o f enzymes. Leupeptin , however, had va ry in g  effects w ith  each 

substrate.

2.3.7 Polvacrvlam ide Gel Electrophoresis

The composition o f the p u rif ie d  extracts o f bo th  ANAases and 

both BAPNAases as w ell as the p repara tion  p u rif ie d  past the  gel 

f i l t ra t io n  stage are illu s tra te d  in  F igure  17. Bovine serum  a lbum in  

(m olecular w e ig h t 66,000 daltons) and its  d im er (m olecular w e igh t 

132,000 daltons) were used as m a rke r prote ins. The data presented is 

fo r 5-day-old cotyledons b u t enzymes from  2-day-old colyledons 

produced the same pa tte rn . PAGE o f the d ia lysed frac tion  and pooled 

fractions fo llow ing  gel f i l t ra t io n  chrom atography dem onstrated th a t 

a ll the  pro te ins sm a lle r th a n  66,000 daltons were removed a t the  gel 

f i l t ra t io n  stage by pooling fractions 10,11 and 12 (data  no t shown).

19
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FIGURE 1

E ffect o f p ro te in  concentration on caseinolytic 

a c tiv ity . Enzym e was p u rif ie d  from  2-day-old 

cotyledons past the gel f i l t ra t io n  stage.

20
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FIGURE 2

Specific a c tiv ity  recalcu lated from  F igure  1.
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FIGURE 3

E ffect o f added BSA on caseinolytic a c tiv ity . Enzym e 

was p u rif ie d  from  2-day-old cotyledons past the gel 

f i l t ra t io n  stage; 0.05 m g enzyme p repa ra tion  added 

per tube.
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FIGURE 4

In h ib it io n  o f caseinolytic a c tiv ity  by NaC l. Enzyme 

was p u rif ie d  from  5-day-oId cotyledons past the gel 

f i l t ra t io n  stage.
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FIGURE 5

Recovery o f caseinase a fte r exposure to 2.5 N  NaC l. 

Enzym e was p u rif ie d  from  5-day-old cotyledons past 

the gel f i l t ra t io n  stage; 0.05 mg enzyme prepara tion  

added per tube.

( .  ) -C ontro l, no N aC l added; (+) 2.5 N  N a C l added;

( v,) -N aC l removed by d ia lysis, enzyme a c tiv ity  

recovered.
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FIGURE 6

Gel f i l t ra t io n  e lu tion  p ro file  o f a p repara tion  from  

2-day-old pea cotyledons.

( 0 ) ANAase a c tiv ity , (absorbance a t 410 nm ) 

BAPNAase a c tiv ity , (absorbance a t 410 nm )

(-^) - C aseinolytic ac tiv ity .

( - ) R ela tive  A 280
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FIGURE 7

Gel f i l t ra t io n  e lu tion  o f a p repara tion  from  5-day-old 

pea cotyledons.

( 0 ) ANAase a c tiv ity , (absorbance a t 410 nm )

(_._) BAPNAase a c tiv ity , (absorbance a t 410 nm )

(_J - Casein ac tiv ity .

( - ) R ela tive  Aggg
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FIGURE 8

ANAase and BAPNAase a c tiv ity  in  D EAE Sephadex 

ion  exchange e lu tion  p ro file  o f 2-day-old pea 

cotyledons.

( - ) re la tive  Aggg:

( 0 ) ANAase a c tiv ity , (absorbance a t 410 nm)

( .  ) BAPNAase a c tiv ity , (absorbance a t 410 nm )
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FIGURE 9

ANAase and BAPNAase a c tiv ity  in  D E A E  Sephadex 

ion  exchange e lu tion  p ro file  o f 5-day-old pea 

cotyledons.

( - ) re la tive  Aggg;

( 0 ) ANAase a c tiv ity , (absorbance a t 410 nm )

( .  ) BAPNAase a c tiv ity , (absorbance a t 410 nm )
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FIGURE 10

C aseinolytic a c tiv ity  in  D EAE Sephadex ion  

exchange e lu tion  p ro file  o f 2-day-old pea cotyledons.

( - ) re la tive  AggQ;

( .  ) caseinolytic ac tiv ity .
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FIGURE 11

C aseinolytic a c tiv ity  in  D EAE Sephadex ion 

exchange e lu tion  p ro file  o f 5-day-old pea cotyledons.

( - ) re la tive  Aggg;

( .  ) caseinolytic a c tiv ity .
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FIGURE 12

Response o f ANAase I  a c tiv ity  to pH . pH  4.5, 100 

m M  c itra te  buffer; pH  5.5 to 6.5, 100 m M  sodium  

phosphate bu ffe r; pH  7.5 to 9.0, 100 m M  T ris -C l 

bu ffe r. 1 m M  m ercaptoethanol was inc luded in  assay 

m ix. Incuba tion  was fo r 30 m inutes.
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FIGURE 18

Response o f ANAase I I  a c tiv ity  to  pH . p H  4.5, 100 

m M  c itra te  bu ffe r; pH  5.5 to 6.5, 100 m M  sodium  

phosphate bu ffe r; pH  7.5 to 9.0, 100 m M  tr is -C l 

bu ffe r. 1 m M  m ercaptoethanol inc luded in  assay 

m ix. Incuba tion  was fo r 30 m inutes.
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FIGURE 14

Response o f BAPNAase I  a c tiv ity  to pH . pH  4.5, 100 

m M  c itra te  bu ffe r; pH  5.5 to 6.5, 100 m M  sodium  

phosphate bu ffe r; pH  7.5 to 9.0, 100 m M  sodium  

phosphate bu ffe r; pH  7.5 to 9.0, 100 m M  tr is -C l 

bu ffe r. 1 m M  m ercaptoethanol inc luded in  assay 

m ix. Incuba tion  was fo r 30 m inutes.
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FIGURE 15

Response o f BAPNAase I I  a c tiv ity  to pH . p H  4.5, 100 

m M  c itra te  bu ffe r; pH  5.5 to 6.5, 100 m M  c itra te  

bu ffe r; p H  5.5 to 6.5, 100 m M  sodium  phosphate 

bu ffe r; p H  7.5 to 9.0, 100 m M  tr is -C l bu ffe r. 1 m M  

m ercaptoethanol inc luded in  assay m ix. Incuba tion  

was fo r 30 m inu tes.
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FIGURE 16

Response o f Caseinase a c tiv ity  to pH. pH  4.5, 100 

m M  c itra te  bu ffe r; pH  5.5 to 6.5, 100 m M  sodium  

phosphate bu ffe r; pH  7.5 to 9.0, 100 m M  tr is -C l 

bu ffe r. 1 m M  m ercaptoethanol inc luded in  assay 

m ix. Incuba tion  was fo r 30 m inutes.
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Figure 17

N on-denaturing , na tive  po lyacrylam inde gel e lectro

phoresis o f pea seed enzymes p u rif ie d  from  5-day-old 

cotyledons past the gel f i l t ra t io n  and ion  exchange 

stage.

Lane 1: Bovine Serum  A lb u m in  (M olecular w e igh t

66.000) and its  d im er (m olecular w e igh t

132.000) used as standard m a rke r p ro te in .

Lane 2: B A P N A a se ll peak, a fte r ion  exchange (B). 

Lane 3: BAPNAase I  peak, a fte r ion exchange (B). 

Lane 4: ANAase I I  peak, a fte r ion exchange.

Lane 5: ANAase I  peak, a fte r ion  exchange (A).

Lane 6: fractions 11, 12, 13 pooled from  gel (B) 

f i l t ra t io n  stage.
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TABLE 1. P urification  of ANAase from  2-day-old Pisum sativum L. cotyledons.

Vol.
(m l)

T o ta l
Protein
(mg)

Total 
Activity  

('^38s) (A 410)

Specific
A ctivity

(Aggs/mg) (A jio /m g)
Yield
(% )

Purificatioi

Crude 42 1776 183.12 0.103 100 1.0

(N H J 2SO4 7 457 60.20 0.132 33 1.3-

Dialysis 9 404 58.86 0.146 32 1.5

Gel F iltra tion  
(fractions 11 to 13)

19 21 43.75 2.084 24 20

Ion Exchange; 
ANAase I
(fractions 89 to 94)

9.5 0.225 26.68 127.45 16 1237

ANAase I I  
(fractions 109-116)

9.5 0.100 6.88 68.78 5 668
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TABLE 2. P urifica tion  of ANAase from  5-day-old Pisum sativum L. cotyledons.

e nen

Vol.
(m l)

T o ta l
Protein
(mg)

Total 
Activity  

(A 385) (A 410)

Specific 
A ctivity  

(Aggg/mg) (A^io/mg)
Yield
(% )

Purificatii

Crude 45 484 144 &298 100 1.0

(N H J 2SO4 7 219 69 0.315 48 1.1

Dialysis 9 157 68 &433 47 1.5

Gel F iltra tion  
(fractions 11 to 13)

19 21 41 1.94 28 7

Ion Exchange: 9.5 0.101 26 257 18 864

ANAase I
(fractions 89 to 94)

ANAase II 
(fractions 109-116) 9.5 0.0973 5 51 4 172
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TA B LE 3. P urification  o f BAPNAase from  2-day-old Pisum sativum L. cotyledons.

Vol.
(m l)

T o ta l
Protein
(mg)

Total 
A ctivity  

(Aggg) (A 410)

Specific 
Activity  

(Agss/mg) (A jio /m g)
Yield
(% )

P urificatii

Crude 42 1776 214.2 0.121 100 1.0

(N H J 2SO4 7 457 62.58 0.137 29 1.1

Dialysis 9 404 59.04 0.146 28 1.2

Gel F iltra tion  
(fractions I 1 to 13)

19 21 28.99 1.38 14 11

Ion Exchange: 
BAPNAase I  
(fractions 31 to 34)

9.5 1.146 7.45 6.49 3 53

BAPNAase I I  
(fractions 81 to 86)

9.5 0.210 6.40 30.48 3 252



-o
I

I
■o
CD

I
(/)

o '3
O

8

(g. TA B LE 4. P urifica tion  o f BAPNAase from  5-day-old Pisum sativum L. cotyledons.
o
3
CD

mc
p .

Vol. To ta l Total Specific
3 "
CD

(m l) Protein A ctivity A ctivity Y ield Purificati(

O (mg) (Aggg) (A 410) (Aggg/mg) (A jio /m g) (% )
■a
o

e n

c - v j

&
o' Crude 45 . 484 113 0.233 100 1.0
■o
o
3 "

(NlijJgSC), 7 ' 219 82 0.374 73 1.6
cf
S-'
Q .

Dialysis 9 157 70 0.446 62 1.9

g
g Gel F iltra tio n 19 21 24 1.156 21 5
o
3 (fractions 11 to 13)
■o
CD

3
in
in

Ion Exchange: 
(fractions 31-34)

9.5 1.091 6 5.50 5 24

o'p BAPNAase II 
(fractions 81-86)

• 9.5 0.171 5 29.3 4 125
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O T A B L E  5. Purification  o f Caseinase from  2-day-old Pisum sativum L. 

cotyledons.

8
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3 "
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CD

Vol.
(m l)

Total
Protein
(mg)

Total
Activity
(C PM )

Specific
Activ ity
(C PM /m g)

Yield
(% )

Purification

CD
"O
O
Q.
C
a
o

00
Crude 42 1776 24,414,600 . 13,747 100 1.0

■o
o
3 "
g (N H jlgSO , 7 457 6,908,300 15,117 28 1.1
CD
Q.

1—H Dialysis 9 404 6,402,600 15,848 26 1.2
O

T3
(D

3
(/)
W

Gel F iltra tio n  
(fracttio ins 11 to 13)

19 21 3,738,657 178,031 15 13

O
3

Ion Exchange 
(fractions 85 to 88)

9.5 .100 269,393 2,693,930 1 196
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T A B LE  6. P u rifica tio n  o f Caseinase from  5-day-old Pisum sativum L. 
cotyledons.

Vol.
(m l)

To ta l
Protein
(mg)

Tota l
A ctivity
(C PM )

Specific
Activity
(C PM /m g)

Yield
(%)

Purification

Crude 45 484 12,601,800 26,037 IQO 1.0

(N H 4)gS04 7 219 6,191,360 28,271 49 1.1

Dialysis 9 157 4,714,200 30,027 37 1.2

Gel F iltra tion  
(fractions 11 to 13).

19 21.0 2,565,543 122,169 20 5

Ion Exchange 
(fractions 85 to 88)

9.5 0.171 850,297 4,972,498 7 191



T A B L E  7. R f values and apparent molecular weights o f N a tive  
ANAase and BAPNAase from  zymograms of 2- and 5-day- 
old pea cotyledons.

2-D av-O ld

Rf. M.W.

5-D av-O ld

M.W.

Gel F iltra tio n ANAase

BAPNAase

.33

.33

115.500

115.500

.28

.28

107.000

107.000

Ion Exchange ANAase I .36 110,000 .31 107,000

ANAase I I .61 64,000 N D * N D *

BAPNAase I .34 114,000 .28 107,000

BAPNAase I I .34 114,000 .28 107,000

E S A ** .60 66,000 .46 66,000

ESA D im er .24 132,000 .17 132,000

* N D  (N o t Detectable)

* *  2-day-old gel run at room temperature 
5-day-old gel run at 2°C.
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T A B L E  8. E f f e c t  o f  I n h i b i t o r s  on E n z y m e  P r e p a r a t i o n s  P u r i f i e d  
P a s t  t he  Ge l  F i l t r a t i o n  Stage .

I n h i b i t o r C one . Ag e  o f
se eds
( da y s )

S u b s t a t e A c t i v i t ’
(%)

D i t h i o t h r c i t o l 1 m M 5 3 H - C a s e i n 231
10 niM 5 3 H - C a s e i n 225

M e r c a p t o e t h a n o l 1 m M 5 3 H - C a s e i n 149
10 111 M 5 3 H - C a s c i n 152

1 riiM 2 A N A 76
10 niM 2 A N A 66

1 m M 2 B A P N A 91
10 m M 2 B A P N A 94

O v o m u c o i d .1 111 g / m l 5 , 3 H - C a s c i n 108
T r y p s i n .5 111 g / m l 5 3 H- C a s e i n 89
I n h i b i t o r 5.0 m g / m l 5 3 H - C a s e i n 84

50.0 m g / m l 5 3 H - C a s e i n 63

S o y b e a n .1 m g / m l 5 3 H - C a s e i n 103
T r y p s i n .5 m g / m l 5 3 H - C a s e i n 97
I n h i b i t o r 5.0 m g / m l 5 3 H - C a s e i n 89

50.0 m g / m l 5 3 H - C a s e i n 69

BSA .5 m g / m l 2 3 H - C a s e i n 93
5.0 m g / m l 2 3 H - C a s e i n 70

50.0 m g / m l 2 3 H - C a s e i n 32

P C l - Hg B j O 1 m M 5 3 H - C a s e i n 41
1 m M D r y 3 H - C a s e i n 53
1 n i M D r y A N A 61
1 m M D r y B A P N A 58
1 m M 2 B A P N A 41

PC I - H g B j O 1 m M 5 3 H - C a s c i n 113
+ M e r c a p t o e t h a n o l 10 m M D r y 3 H - C a s e i n 79

D r y A N A 130
D r y B A P N A 118

P h M c S u F 1 niM D r y 3 H - C a s e i n 92
1 iiiM D r y A N A 80
1 iiiM D r y B A P N A 87

L e u p c p t i n .1 iiiM D r y 3 H - C a s e i n 1
. 1 m M D r y A N A 130
.1 niM D r y B A P N A 34
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2.4  DISCUSSION

Two p h ys io log ica lly  d is tin c t groups o f enzymes fu n c tio n  in  the  g e rm in a t

in g  seed and th e ir  ro les have been considered in  the  m o b iliza tio n  o f stored 

p ro te in  reserves. The f ir s t  group is  present in  d ry  seeds and th e y  are e ith e r 

a lready active  or are activa ted  d u rin g  the  course o f g e rm in a tio n  as suggested 

by H obday et al. (1973) and R yan (1973). These enzymes are located in  the  

cytosol away from  the  stored p ro te in  reserves in  p ro te in  bodies and have 

ty p ic a lly  n e u tra l o r s lig h tly  a lka lin e  pH  optim a. Inc luded  here are the  BAP- 

NAases and ANAases. N is h ik a ta  (1984) and Tom om atsu et a l. (1978) con

cluded th a t s im ila r enzymes d id  n o t p a rtic ip a te  in  the  in it ia l b reakdow n o f 

reserve p ro te ins. The second group is  synthesized de novo d u rin g  th e  f ir s t  

th ree  to s ix  days o f seedling g ro w th  and accum ulates in  the  p ro te in  bodies 

(B aum gartne r and C hrispeels 1977). The group includes caseinase w h ich  in 

creases in  a c tiv ity  fo llo w in g  g e rm in a tion  and has an acid ic pH  o p tim um  

w h ich  corresponds to the  pH  w ith in  p ro te in  bodies. The b u lk  hyd ro lys is  o f 

storage p ro te ins  w ith in  p ro te in  bodies corresponds w ith  the  increase in  ac

t iv ity  o f acid su lfh y d ry l proteases (Basha and Beevers 1975). I t  is  u n lik e ly , 

however, th a t these enzymes are invo lve d  in  the  in it ia l p ro te in  m o d ifica tio n . 

One m ay speculate th a t the  BAPNAases and/or ANAases m ay be invo lved  in  

e a rly  g e rm in a tion  events.

I t  is  d iffic u lt to  in te rp re t th e  re su lts  o f casein assays u tiliz in g  crude o r 

on ly  p a rtia lly  p u rifie d  enzyme prepara tions. The changes in  apparen t 

"specific a c tiv ity " m ay n o t be due to the  changing leve ls o r a c tiv itie s  o f the  

enzyme, b u t a re s u lt o f the  presence o f com petitive  p ro te in  substra tes o r un 

know n in h ib ito rs  (M a lek 1987). F igu res 1 to  3 dem onstrate th a t p o te n tia l ex-
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ogenous substra tes reduce the  e ffic iency o f the  assay. C ase ino lytic  surveys o f 

fra c tio n s  fro m  ion  exchange ru n s  were n e a rly  im possib le to  in te rp re t due to  a 

spreading ou t o f the  a c tiv ity  com bined w ith  an uneven d is tr ib u tio n  o f poten

t ia lly  com peting substra tes (see figu res 11 and 12). A  b e tte r assay, based on 

the  analysis o f casein endopro teo lytic  fragm ents m ay have to  be developed. I t  

is  expected th a t casein is  acted on by m any enzymes and as each one is  

p u rifie d  i t  is  less e ffic ie n t a t p roducing  5% TC A soluble fragm ents. The in 

crease in  p u rific a tio n  o f a caseinase m ay represent a decrease in  com petitive  

in h ib itio n .

The p u rific a tio n  o f m any prote inases fro m  seeds is  com plicated by th e ir  

tendency to  fo rm  co m p a ritive ly  strong  complexes w ith  o th e r seed p ro te ins  

(S hutov et al. 1985). I t  is  possible th a t the  tw o BAPNAases are th e  same en

zyme th a t e lu ted  in  tw o d iffe re n t positions from  the  io n  exchange co lum n due 

to  d iffe re n tia l b in d in g  and iso la tio n  as a com plex. T h is  idea  is  supported by 

the  m o lecu lar w e igh ts w h ich  w ere found to  be the  same fo r bo th  BAPN Aase I  

and BAPNAase I I .  C a ldw e ll and Sparrow  (1976) reported  a s im ila r s itu a tio n  

w ith  tw o BAPNAases be ing  separated from  pea seeds b y  io n  exchange 

chrom atography, b u t o therw ise  w ere v ir tu a lly  id e n tica l. O thers reported  

o n ly  one BAPNAase in  legum e seeds (Tom om atsu e t a l. 1978; N is h ik a ta  

1984).

Two ANAases were separated us ing  io n  exchange chrom atography. The 

leve l o f p u rific a tio n  was considerably h ig h e r fo r the  ANAases th a n  fo r the  

o the r enzymes stud ied  p robab ly because the  ANAases e lu ted  in  reg ions o f 

lo w  co n tam ina ting  p ro te in . A lth o u g h  the  enzyme p re p a ra tio n  was n o t

homogenous, the exoprotease a c tiv ity  was detected in  o n ly  one m a in
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electrophoretic band. The pH  op tim a o f the  tw o enzymes w ere th e  same, b u t 

th e ir  m o lecu lar w eigh ts w ere d iffe re n t. AN Aase I  was collected in  g re a te r 

q u a n titie s , had a h ig h e r a c tiv ity  and is  the  m a jo r ANAase a c tiv ity  in  ger

m in a tin g  pea seeds.

The apparen t m o lecu la r w e igh ts o f ANAase and BAPNAase w ere sm a lle r 

in  the  5-day-old cotyledons th a n  in  the  2-day-old peas. The re la tiv e ly  sm a ll 

change m ay in d ica te  action  by am ino or carboxypeptidases on the  enzymes. 

The decrease o f BAPN Aase a c tiv ity  d u rin g  g e rm in a tio n  m ay be due to 

p ro te in  degradation. The m o lecu la r w eights o f the  BAPNAases w ere found to  

be considerably h ig h e r th a n  w h a t was p rev ious ly  pub lished  (59,000 to  65,000 

daltons, N is h ik a ta  1984; C a ldw e ll and S parrow  1976), The enzym e p re se n tly  

iso la ted  a t 107,000 to  114,000 da ltons m ay represent a new  species o f BA P 

NAase in  pea cotyledons. F ractions o f m o lecu la r w e ig h t g rea te r th a n  66,000 

da ltons w ere collected fo llo w in g  gel filtra tio n  chrom atography and fu rth e r 

p u rifie d . Therefore, the  enzyme species iso la ted  are la rg e r th a n  BAPNAases 

p rev ious ly  iso la ted . These enzymes id e n tifie d  m ay be d im ers. F u rth e r 

e labora tion  o f the  techn ique should inc lude  c u ttin g  o u t o f th e  active  band 

fro m  n a tive  gels, e q u ilib ria tio n  w ith  S DS, th e n  re ru n n in g  u s ing  86 8-PAG E.

I t  is  expected th a t the  ANAases and BAPNAases iso la ted  m ay be s im ila r 

to  the  a lka lin e  d ipeptidase iso la ted  b y  M ikkon en  and M iko la  (1986) fro m  k id 

ney beans w ith  a m o lecu la r w e ig h t o f 105,000 da ltons. The a lk a lin e  d ipep

tidase iso la ted  by Sopanen (1976) from  b a rle y  w ith  a m o lecu la r w e ig h t o f 

130,000 to 175,000 da ltons m ay also be a s im ila r species o f enzyme.
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V arious prote inase and peptidase in h ib ito rs  w ere used to  id e n tify  each 

enzyme class. The case ino lytic  a c tiv ity  was in h ib ite d  by s u lfh y d ry l an

tagon ists and was s tim u la te d  b y  reducing  agents, in d ic a tin g  th e  presence o f 

an essentia l cysteine residue. F u rth e r evidence fo r the  presence o f a cysteine 

residue is  p rovided by the  reversa l o f pC l-H gB 2 0  in h ib itio n  b y  the  a d d itio n  

o f m ercaptoethanol. Thus, th is  enzyme belongs to  the  class o f acid  su fh yd ry l 

proteases also know n as cysteine proteinases (EC 3.4.22) (S torey and W ag

n e r 1986). The n e a rly  com plete in h ib itio n  o f caseinase by le u p e p tin , a non

specific in h ib ito r  o f seryl and cyste iny l proteases, m ay in d ica te  a serine- 

prote inase com ponent in  the  p a rtia lly  p u rifie d  enzyme p re p a ra tio n . T h is  

could no t be sub sta n tia ted  fu rth e r, since the  serine p ro te inase in h ib ito r  

PhM eSuF had m in im a l effect. M oreover, the  proteinaceous ovom ucoid and 

soybean try p s in  in h ib ito rs  produced re su lts  s im ila r to  BSA in d ic a tin g  non

specific o r com petitive  in h ib itio n  (see Table 8).

BAPNAase e xh ib its  cha racte ris tics  o f bo th  se ry l and cyste ine type  en

zymes. I t  is  in h ib ite d  by pC l-H gB gO , leu p e p tin  and PhM eSuF in d ic a tin g  a 

serine-type enzyme w ith  a re q u ire m en t fo r a th io l group. S im ila r p a tte rn s  o f 

in h ib itio n  fo r BAPN Aase have been reported  in  peas by C a ldw e ll and S par

row  (1976), in  soybeans by N is h ik a ta  (1984), in  k id n e y  beans b y  N ie lsen  and 

L ie n e r (1984) and in  peanu t seeds by M a inguy et al. (1972).

F u rth e r p u rific a tio n  w o rk  should concentrate on a ffin ity  chrom atog

ra p h y  m ethods and the  ca re fu l selection o f a lig a n d  m olecule. C e rta in  in 

h ib ito rs  show prom ise as a lig a n d , especia lly pC l-H gB 20. T h is  in h ib itio n  was 

revers ib le  by th io l compounds. U ltim a te ly , m onoclonal an tibod ies could be 

developed fo r im m unocytochem ical lo ca liza tio n  o f pea seed enzymes d u rin g
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several stages o f g e rm in a tio n . T ra c ing  the  sequence o f appearance and loca

tio n  o f pea seed enzymes d u rin g  g e rm in a tion  w ou ld  he lp  e lucida te  a 

m echanism  fo r g e rm in a tion .
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3 CHAPTER 2

A n u ltra s tru c tu ra l s tudy o f p ro te in  m o b iliza tio n  fro m  pea seeds; 

C om parison o f de-shooted w ith  n o rm a lly  senescing cotyledons 

d u rin g  e a rly  seedling g row th .
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INTRODUCTION

D eveloping legum e seeds accum ulate storage p ro te in s  in  p ro te in  

bodies. Iso la ted  p ro te in  bodies o f pea are approx im a te ly  3 u m  in  d iam ete r 

and are oval o r spherica l in  shape (G abara and Konopska 1974), Two types o f 

p ro te in  bodies were d is tin g u ish e d  by G abara and Konopska (1974). The 

p redom inan t type was composed o f am orphous p ro te in . A no the r p ro te in  body 

type conta ined m any e lectron tra n sp a re n t areas, w ith  va rious shapes and 

dim ensions, embedded in  am orphous p ro te in . The e lectron  tra n sp a re n t areas 

p robab ly re su lted  fro m  the  loss o f g loboid crysta ls  d u rin g  p re p a ra tio n  o f the  

tissue fo r e lectron  m icroscopy. L o tt and B u ttrose  (1977) w ere successful in  

dem onstra ting  the  presence o f g loboid crysta ls  in  pea u tiliz in g  a freeze- 

fra c tu re  technique. They de term ined th a t p h y tin  was the  m a jo r com ponent o f 

globoid crysta ls  by  em ploying energy d ispersive x -ra y  analysis.

D u rin g  seed fo rm a tio n  fo u r developm enta l phases are recognized by 

B a in  and M ercer (1966); ce ll fo rm a tio n , ce ll expansion, systhesis o f storage 

reserves, and m a tu ra tio n  and dorm ancy. Reserve p ro te in  is  deposited in  the  

ce n tra l vacuoles o f parenchym a cells. N ew  p ro te in  bodies arise  fro m  the  

ce n tra l vacuole by p in ch in g  o ff sm a ll masses o f reserve p ro te in  surrounded 

by a p o rtio n  o f the  tonop las t (Yoo and C hrispeels 1980). The p ro te in  bodies 

are surrounded by a sing le  m em brane (N ew m an and W eber 1978).

A ccord ing to Greenwood and C hrispeels (1985a,b), phaseolin , w h ich  

accounts fo r a p p ro x im a te ly  50% o f the  to ta l p ro te in  in  m a tu re  bean seeds, is  

synthesized d u rin g  seed developm ent and sequestered w ith in  p ro te in  bodies

d u rin g  cotyledon developm ent. D u rin g  the  stage o f ra p id  synthesis o f reserve
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pro te ins in  pea, Savelbergh and V an  P a rijs  (1971) observed a d is tin c t in 

crease in  the  am ount o f g ra n u la r endoplasm ic re tic u lu m  and polysomes. T h is  

observation is  in  co n tra s t w ith  the  fin d in g s  o f B a in  and M ercer (1966) who 

observed m ore sm ooth endoplasm ic re ticu lu m  w ith  free ribosom es in  develop

in g  pea cotyledons.

D ry in g  o f the  m a tu re  seed fo llow ed by re -im b itio n  d u rin g  ge rm in a tion  

represents the  end o f reserve accum ula tion  and the  beg inn ing  o f reserve m o

b iliz a tio n  respective ly. D egrada tion  and m o b iliza tio n  o f reserve p ro te in s  in  

legum e cotyledons is  expected to invo lve  the com bined a c tiv ity  o f endopep- 

tidases, exopeptidases and peptide hydrolases (N ew m an and W eber 1978). 

S m ith  and F lin n  (1967) described h is to lo g ica l changes w h ich  occur d u rin g  

g e rm ina tion , in  p a rtic u la r, the  d iffe re n tia tio n  o f the  vascu la r system . The 

cotyledon is  a p p a re n tly  p re pa rin g  its  s tru c tu re s  fo r the  ta sk  o f reserve m obi

liz a tio n . T h is  is  fo llow ed by fus ion  o f p ro te in  bodies to  fo rm  a ce n tra l vacuole 

before a ll the  p ro te in  is  hydro lysed (G iffo rd  et al. 1983).

Several seed p ro te in  loca liza tio n  stud ies have been com pleted. B aum 

g a rtn e r et al. (1978) succeeded in  loca tin g  v ic ilin  peptidohydro lase in  the  

cytoplasm  o f cotyledons o f m ung bean, th ree  days a fte r in it ia tio n  o f seedling 

g row th , us ing  im m unofluorescence m icroscopy. Im m unohistochem ica l tech

niques have been m ore w id e ly  app lied  to  the  lo ca liza tio n  o f storage p ro te ins  

lik e  pea seed v ic ilin  (C ra ig  et al. 1979, 1980; C ra ig  and M ille rd  1981; C ra ig  

and G oodchild 1984; C ra ig  and M ille r  1984), bean phaseo lin  (B aum gartne r et 

al. 1980) and bean leg u m in  (N ew m an 1982).

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



D eta ils  o f the  p re p a ra tio n  o f seed tissue fo r e lectron  m icroscopy are 

ra re ly  g iven  in  the  lite ra tu re . Therefore, i t  was necessary to  develop a proce

dure th a t produced acceptable im ages o f the  dense cotyledon tissue. The spe

c ia l problem s o f fix a tio n , em bedding, p e ne tra tio n  o f reagents and s ta in in g , 

had to be ta ke n  in to  consideration. Procedures needed u su a lly  d iffe r 

m a rked ly  fro m  those em ployed in  a n im a l tissue. A lth o u g h  the  techniques 

used in  e lectron m icroscopy o f p la n t tissue w ere o rig in a lly  de rived  fro m  

a n im a l h is to logy, the  r ig id  ce ll w a ll in  p la n t cells m ay p reven t in f iltra t io n  o f 

fixa tive s  and p lastics . T h is  ch a rac te ris tic  o f p la n t cells, as w e ll as the  

presence o f la rge  am ounts o f reserve p ro te in , s ta rch  and lip id  in  seeds, 

m akes seed tissue  p a rtic u la rly  d iffic u lt to  prepare fo r e lectron  m icroscopy. 

P a rt o f th is  section ou tlines a use fu l m ethod fo r the  p re p a ra tio n  o f pea 

cotyledon tissue  a t va rious stages o f im b ib itio n  and senesence fo r observation 

in  a transm iss ion  e lectron  m icroscopy.

P ro te in  bodies begin to  p o rtra y  signs o f degrada tion  a fte r about tw o to  

th ree  days fo llo w in g  im b ib itio n  and are a lm ost com plete ly devoid o f p ro te in  

five  to  tw e lve  days la te r (O p ik  1966; C rum p and M u rra y  \ 1979; M u rra y  

1979; B oylan  and Sussex 1987). A  wave o f endopeptidase a c tiv ity  moves 

p rogressive ly th ro u g h  the  cotyledons, tow ards the  vascu la r bundles, le a v in g  

beh ind  areas devoid o f stored reserves and low  in  endopeptidase a c tiv ity  

(H a rris  and C hrispeels 1975). O bservations on the  m orphology o f p ro te in  

bodies d u rin g  g e rm in a tio n  in d ica te  th a t the  m em brance su rrou n d in g  them  

rem ains in ta c t, w h ile  the  reserves disappear.
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G uard io la  and S u tc liffe  (1971) com pared the  ra tes o f p ro te in  

h yd ro lys is  in  de-shooted and n o rm a lly  senescing cotyledons. They found th a t 

the ra te  o f p ro te in  hyd ro lys is  in  n o rm a lly  senescing cotyledons was fa s te r 

th a n  in  de-shooted cotyledons. These re su lts  are in  agreem ent w ith  the  da ta  

o f M a lek (1987). T h is  s tudy was unde rtaken  to  extend those observations 

u tiliz in g  e lectron  m icroscopy. E le c tro n  m icrographs are presented th a t 

q u a lita tiv e ly  illu s tra te  delayed p ro te in  m o b iliza tio n  d u rin g  e a rly  seedling 

g ro w th  in  de-shooted seedlings.
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3.2 MATERIALS and METHODS

3 .2 .1  Plant M aterial and Growth Conditions

Pisum sativum  cv. S p ring  (Asgrow  Seeds, B rad fo rd , C anada) w ere 

ge rm ina ted  a t 27 C +/- 3 C in  autoclaved ve rm icu lite  m oistened to  fie ld  

capacity. A fte r 3 days o f low  lig h t conditions w ith  100% h u m id ity , the  

seedlings w ere grow n unde r fluo rescen t lig h ts  a t 16.1 W /m ^. Seedlings 

were f ir s t  w ate red  w ith  1 /4 -streng th  H oaglands so lu tion , 7 days a fte r 

p la n tin g  and th e n  every 2 o r 3 days th e re a fte r, as req u ire d . De

shooting was f ir s t  ca rrie d  ou t on day 5, th e n  every 2 o r 3 days th e re 

a fte r. Im b ibed  seeds were rinsed  in  d is tille d  w a te r to rem ove fung ic ide  

w h ich  could a ffect ce ll u ltra s tru c tu re  a t e a rly  stages o f developm ent, 

th en  soaked fo r 24 hours a t room  tem pera tu re .

3 .2 .2  Electron Microscopy: Fixation

Cotyledons from  24-hours im bibed, 7, 14 and 21 day-old  pea see

d lings, o r fro m  14 and 21-day o ld  de-shooted seedlings, w ere dissected 

to about 1 m m ^ over crushed ice in  25 m M  pH  7.1 sodium  phosphate 

b u ffe r co n ta in ing  3% g lu tu ra ldehyde . M ost o f the  tissue  fixe d  was 

parenchym a. O ccasional samples w ere obta ined fro m  th e  ep iderm al o r 

vascu la r regions. A fte r 1.5 hours, the  tissue  was washed in  5 changes 

o f 25 m M  sodium  phosphate b u ffe r fo r 6 m inu tes each. The tissue was 

postfixed  fo r 3 hours in  1% OsO^ (v/v) in  100 m M  sodium  phosphate
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b u ffe r, pH  7.3, th e n  w ashed as above. A t th is  p o in t, tissue  was oc

cas iona lly  stored in  25 m M  sodium  phosphate b u ffe r a t 4° C fo r fu tu re  

dehyd ra tion  and em bedding.

3 .2 .3  Dehydration

C otyledonary tissue was dehydrated in  a graded series o f 25, 50, 

70, and 95% acetone fo r one h o u r per step. The tissue  was th e n  ex

posed to a t lea s t tw o changes o f 100% acetone fo r a to ta l o f th ree  

hours. D eh yd ra tio n  proceeded a t 4°C up to  and in c lu d in g  the  70% 

step, th e n  continued a t room  tem pera tu re .

3 .2 .4  Embedding

Several va ria tio n s  o f em bedding were a ttem pted. The m ost success

fu l m ethod was adapted fro m  O’B rie n  and M cC u lly  (1981). S p u rr’s 

epoxy re s in  was added dropw ise to  the  dehydrated tissue  in  acetone. 

The concen tra tion  o f S p u rr’s was b ro ug h t fro m  0% up to  10% over a 

period  o f tw o  hours. Acetone was a llow ed to  evaporate in  a fum e hood 

lea v in g  the  tissue in  pure  re s in  a fte r about 24 hours. The re s in  was 

exchanged fo r pure S p u rr’s and a llow ed to  in f iltra te  fo r an  a d d itio n a l 

h o u r to rem ove any re s id u a l acetone. T issue was tra n s fe rre d  to  Beem  

Capsules (M arivac L td ., H a lifa x , C an.) and the  re s in  was po lym erized 

a t 70°C fo r 24 hours.
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3 .2 .5  Sectioning and Staining

Tissue was sectioned in  a P o rte r and B lu m  m odel M T2-B  u ltra 

m icrotom e w ith  d iam ond o r glass kn ives and placed on glass slides fo r 

lig h t m icroscopy o r on 300 m esh g rids fo r e lectron m icroscopy. T h ick  

sections (1 to 2 um ) fo r lig h t m icroscopy w ere ro u tin e ly  s ta ined  fo r 30 

seconds w ith  to lu id in e  b lue  a t 50° C o r w ith  am ido b la ck  (10% w /v 

w ith  acetic acid fo r 20 m inu tes a t 50° C; F ish e r 1968). T issue fo r 

e lectron  m icroscopy was sta ined fo r 10 m inu tes in  1% lead c itra te  a t 

room  tem pera tu re . Sam ples w ere view ed in  a P h ilip s  EM 300 tra n s 

m ission  e lectron m icroscope.

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3 RESULTS

A  series o f e lectron m icrographs is  presented in  F igu res 18 to  28. These 

F igures illu s tra te  the  senescence o f pea cotyledons re m a in in g  on a n o rm a lly  

developing seedling fo r im bibed, 7- and 14-day-old tissue, and also fo r those 

cotyledons, taken  fro m  14- and 21-day-old de-shooted seedlings.

Tissue im bibed fo r 24 hours (F ig . 18, 19) shows storage cells th a t are ve ry  

dense w ith  ovoid-shaped p ro te in  bodies, m itochondria , s ta rch  g ra ins  and en

doplasm ic re ticu lu m . B y  day 7 (F ig . 20), m uch o f the  reserves in  p ro te in  

bodies have been m obilized . P ro te in  bodies are be ing replaced b y  la rg e r 

vacuoles. E ndoplasm ic re tic u lu m  is  b reak ing  up in to  vesicles. B y  day 14, a l

m ost a ll the  ce llu la r contents have degraded and on ly  rem nan ts o f c e llu la r 

m a te ria l rem a in  (F ig . 21). I t  should be noted th a t F ig u re  21 represents a 

la rg e r am ount o f m a te ria l in  the  ce ll th a n  was typ ica l. The m a jo rity  o f cells 

were a lm ost com ple te ly devoid o f d iscern ib le  organelles a t th is  stage. A l

though reserves have been m ob ilized  in  figu res 21 and 22, a th in  la y e r o f 

cytoplasm  rem ains in  close association to the  ce ll w a ll in  the  storage 

parenchym a cells. The nucleus is  also surrounded b y  cytoplasm . P las- 

m alem m a o f the  storage parenchym a cells appears in ta c t a t these stages. 

F igures 22, 23 and 24 show h e a lth y  vascu la r cells in  14-day-old m a te ria l. 

V ascu la r tissue re ta ine d  its  in te g r ity  u n til w e ll a fte r the  senescence o f 

storage tissue.

De-shooted tissue showed s im ila ritie s  to  the  contro ls b u t w ere delayed 7 

to 10 days in  senescence. P ro te in  bodies o f 14-day-old de-shooted tissue  (F ig . 

25), are in  a s im ila r state o f degradation  as the  7 day-old co n tro l (F ig . 21).
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In  14-day-old de-shooted tissue  (F ig . 25, 26) e lectron  dense lip id  bodies 

can be seen to be in  close association w ith  endoplasm ic re ticu lu m . E ndoplas

m ic re ticu lu m  was o ften  observed in  an unusua l concentric r in g  s tru c tu re  in  

th is  tissue (F ig . 25). The co n tra s t o f F igu re  25 w ith  F ig u re  27 illu s tra te s  con

tin u e d  degradation  betw een 14 and 21 days.

In  F igu re  28, a ch lo rop last is  ev iden t in  the  ep iderm al la y e r close to  the  

ou te r ce ll w a ll. T h is  developm ent o f ch lorop lasts corresponds to  th e  m acro- 

scopically v is ib le  green ing  o f cotyledons th a t occurs a fte r de-shooting.
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Figure 18

Im b ibed  pea cotyledon storage tissue. The cells a t 

th is  stage are densely packed w ith  p ro te in  bodies 

(PB) and s ta rch  g ra ins  (SG). M a g n ifica tio n  = 8,000. 

B a r = 5 um .
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Figure 19

Same tissue as in  F ig u re  18 show ing p ro te in  bodies 

(PB) a t h ig h  power. Endoplasm ic re ticu lu m  (ER) is  

o ften  in  close association w ith  the  p ro te in  bodies a t 

th is  stage. I t  is  possible th a t synthesis o f h y d ro ly tic  

enzymes fo r tra n s p o rt to  p ro te in  bodies is  occuring. 

M ito ch on d ria  (M ) are present. M a g n ifica tio n  =

23,000. B a r = 1 um .
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Figure 20

Seven-day-old pea cotyledon storage tissue. M ost o f 

the  p ro te in  has been m obilized fro m  p ro te in  bodies 

(PB), b u t th e ir  m em brane rem ains in ta c t a t th is  

stage. E ndoplasm ic re ticu lu m  (ER) m ay be b re ak in g  

up in to  vesicles (V). M itro ch o n d ria  (M ) s t ill re ta in  

m uch o f th e ir  in te rn a l s tru c tu re . M a g n ifica tio n  =

15,000. B a r = lum .
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Figure 21

F ourteen-day-o ld  pea cotyledon storage tissue. A t 

th is  stage, storage cells are a lm ost com plete ly 

em pty. Some vesicles and nuclea r m a te ria l (N u) s t ill 

rem ains. C e ll w a lls  (CW ) rem a in  in ta c t long  a fte r 

th e  cells have com ple te ly senesced. M a g n ifica tio n  =

5,000. B a r = 5 um .
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Figure 22

X ylem  (Xy) fro m  senescent 14-day-old pea cotyledon. 

The vascu la r system  w ith in  pea cotyledons re ta in s  

its  s tru c tu re  u n til a fte r com plete senescence o f the 

cotyledon. M a g n ifica tio n  = 5,0Q0. B a r = 5 um .
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Figure 23

Tissue fro m  vascu la r reg ion  o f 14-day-old senescent 

pea cotyledon. P lasm odesm ata (P I). M a g n ifica tio n  = 

6,500. B a r = 5 um .
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Figure 24

H ig h  pow er photograph o f same tissue as in  F ig u re  

23. M ito ch o n d ria  (M ), C e ll W a ll (CW ), P ro p la s tid  

(P r). M a g n ifica tio n  = 18,600. B a r = 1 um .
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Figure 25

Fourteen-day-o ld  de-shooted pea cotyledon tissue. 

P ro te in  bodies (PB) rem a in  in ta c t. T h e ir contents 

have n o t com ple te ly em ptied. L ip id  vesicles (L ) are 

in  close association w ith  endoplasm ic re tic u lu m  

(ER). M a g n ifica tio n  = 8,000. B a r = 5 um .

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



Figure 26

Same tissue  as illu s tra te d  in  F igu re  25. A  

m em branous r in g  s tru c tu re  has developed and 

seems to  be continuous w ith  the  endoplasm ic 

re tic u lu m  (ER). L ip id  vesicles (L ) and m itochond ria  

(M ) are in  close association w ith  these r in g  

s tru c tu re s . M a g n ifica tio n  = 7,000. B a r = 5 um .
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Figure 27

Tw enty-one-day-old  de-shooted pea cotyledon 

storage tissue. C ells are in  a h ig h ly  senescent 

cond ition  by  th is  tim e . M ost o f th e  m em brane 

system s have broken down. T h is  fig u re  illu s tra te s  a 

m ore th a n  average am ount o f c e llu la r m a te ria l 

com pared w ith  m ost cells a t th is  stage. 

M a g n ifica tio n  = 7,000. B a r = 5 um .
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Figure 28

Tw enty-one-day-old  de-shooted cotyledon tissue. 

T h is  photom icrograph was ta ke n  fro m  a ce ll in  the  

ep iderm al laye r. The ch lo rop last (C h) has developed 

close to the  outside ce ll w a ll (CW ). T h is  developm ent 

corresponds w ith  the greening o f cotyledons in  

de-shooted conditions. A  cu tic le  (C u) surrounds the  

ep iderm al ce ll w a ll. M a g n ifica tio n  = 30,000. B a r = 1 

um .
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3.4 DISCUSSION

The ra te  and sequence o f senscence in  con tro l cotyledons is  ve ry  com

parab le  to th a t described in  the  lite ra tu re . F o r exam ple, M u rra y  (1979) p e r

form ed q u a n tita tiv e  p ro te in  ana lysis on pea cotyledons. He de te rm ined  th a t 

a t 14 days, m ore th a n  90% o f the  a lbum ins and 83% o f the  g lo b u lin s  w ere 

m ob ilized  a t 25° C. T h is  is  in  agreem ent w ith  q u a lita tiv e  observa tion  o f 14- 

day-old tissue (F ig . 21). P ro te in  m o b iliza tio n , as de term ined b y  the  am ount 

o f ce llu la r contents re m a in in g  on day 14, was p robab ly h ig h e r in  th is  experi

m ent th a n  was found by M u rra y  (1979). T h is  w ou ld  be accounted fo r b y  the  

increased grow ing  tem pera tu re .

O p ik  (1966) found a d iffe re n t s itu a tio n  fo r Phaseolus vulgaris. She 

reported  th a t d igestion  o f s ta rch  and p ro te in  reserves was n e a rly  com plete in  

on ly  8 days a t 25° C. Storage cells d ied once the  reserves w ere hydrolysed. 

O p ik  (1966) and B r ia r ty  e t a l. (1970) dem onstra ted th a t vascu la r bund le  and 

ep iderm al cells su rv ive  u n til the  cotyledons abscise. T h is  is  supported here 

by F igures 22, 23 and 24 w h ich  illu s tra te  in ta c t vascu la r cells on day 14 

despite em pty storage parenchym a cells.

A  close association could be seen betw een endoplasm ic re ticu lu m , 

ribosom es and p ro te in  bodies e a rly  in  g e rm in a tion  (F ig . 19). A ccord ing  to  

O p ik  (1966), th is  ribosom e-endoplasm ic re tic u lu m  com plex could secrete the  

h yd ro ly tic  enzymes responsib le fo r d igestion. The cistem ae could also 

provide a channel fo r the  rem oval o f the  products o f hyd ro lys is . H ow ever, 

B r ia r ty  et al. (1970) disagreed w ith  th is  v iew  based on h is  stud ies w ith  Vicia 

faha. F rom  the  cyto log ica l evidence, i t  appeared to  B r ia r ty  et al. (1970) th a t 

pro teo lysis occurred u n ifo rm ly  th ro u g h o u t the  p ro te in  bodies. There was no
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sign th a t breakdow n was fro m  the  outside inw a rd s  as m ig h t be expected i f  

proteases were produced e x te rn a l to  the p ro te in  bodies. I t  is  possible th a t the  

e ffect o f an endoplasm ic re ticu lu m -p ro te in  body association va ries  betw een 

legum e species. H ow ever, no d ire c t evidence has been produced th a t 

dem onstrates p ro teo lys is o f the  p ro te in  body from  the  ou ts ide -in .

D e-shooting g e rm in a tin g  cotyledons delays, b u t does n o t stop, senescence 

o f pea cotyledons (M a lek, 1987). The m o b iliza tio n  o f p ro te in  reserves as a 

fu n c tio n  o f the  degradation  o f p ro te in  bodies was a t least 7 to 10 days beh ind  

th a t o f n o rm a lly  senescing cotyledons. T h is  is  in  agreem ent w ith  G uard io la  

and S u tc liffe  (1971) who found decreased rates o f p ro te in  m o b iliza tio n  in  

cotyledons o f de-shooted seedlings.

I t  w ou ld  be in te re s tin g  to de term ine  w here the  p ro te in  reserves are tra n s 

located to unde r de-shooted conditions. Since new  shoots w ere a llow ed to 

fo rm  fo r up to 3 days before de-shooting (fo llo w in g  the  in it ia l de-shooting 5 

days a fte r p la n tin g ) a s ig n ific a n t am ount o f p ro te in  reserve could have been 

lo s t to  the  g row ing  shoots. I t  is  lik e ly  th a t ro o t g ro w th  accounted fo r the  

greatest d ra in  on p ro te in  reserves. U ltim a te ly , a ll p ro te in  reserve m a te ria l 

w ill be exhausted and transloca ted  e ith e r to  the  c o n tin u a lly  re fo rm in g  shoots 

o r to  the roots. The slow er pace o f reserve tra n s loca tio n  could be accounted 

fo r by a reduced dem and fo r m ob ilized  m a te ria l in  the de-shooted seedlings. 

A lte rn a tiv e ly , i t  is  speculated th a t a b u ild u p  o f cy to k in in s  in  the  cotyledons, 

as a re s u lt o f de-shooting, could suppress p ro te in  m o b iliza tio n .

Some in te re s tin g  c e llu la r developm ents occurred in  de-shooted cotyledons 

th a t were un ique to  them  and have n o t been observed in  n o rm a lly  senescing 

cotyldeons. Some cotyledons e ve n tu a lly  produce ch lo rophyl. T h is  m ay lead to
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p a rtia l a u to tro p h ic  m aintenance o f the  organ. H ow ever, senescence even

tu a lly  occurs. M a le k  (1987) found th a t the de-shooted cotyledon rem ained 

tu rg id  fo r an average o f 58 days. I t  is  possible th a t the  cotyledon a ttem pts 

tw o phys io log ica lly  incom pa tib le  functions. One is  to  m ob ilize  its  reserves fo r 

seedling g row th , the  o th e r is  to  conserve reserves fo r a u to tro p h ic  g row th . Its  

im m in e n t death dem onstrates th a t w h ile  i t  m ay be successful in  m o b iliz in g  

its  reserves, i t  cannot susta in  g row th .

The green ing o f the  de-shooted cotyledon is  exp la ined by th e  fo rm a tio n  o f 

ch lorop lasts in  the  ep iderm al la ye r (F ig. 28). H ow ever, evidence o f s ta rch  

production  was n o t ava ilab le  in  these chloroplasts. The o th e r possible adap

ta tio n  to de-shooted g ro w th  was the  curious fo rm a tio n  o f concentric spherica l 

m em branes, appearing  as "rin g s" in  the  cross sections o f the  cytop lasm  o f 

storage cells (F ig . 26). The "rin g " fo rm a tio n  was ve ry  common in  14-day-old 

de-shooted tissue b u t was n o t observed a t e a rlie r o r la te r stages o f senes

cence. Such rin g s  appeared continuous w ith  the  endoplasm ic re ticu lu m . 

Tanaka et al. (1980) discovered a s im ila r fo rm a tio n  in  iso la ted  p ro te in  bodies 

fro m  rice  endosperm . They were described as h a v in g  a lte rn a te ly  lig h t and 

d a rk  layers and w ere re fe rre d  to as lam ellar structure.

The endoplasm ic re tic u lu m  was observed in  a n e t-lik e  s tru c tu re  d is

cernable a t h ig h e r m a gn ifica tions (F ig . 25). T h is  s tru c tu re  is  s im ila r in  ap

pearance to  the  c is te rn a l endoplasm ic re tic u lu m  th a t fo rm s 12 to  24 hours 

a fte r im b ib itio n  o f m ung bean (Bew ley and B la ck  1985). The c is te rn a l en

doplasm ic re tic u lu m  is  the  s ite  o f synthesis o f proteases th a t are then

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transported  to  the  p ro te in  bodies. The presence o f th is  s tru c tu re  a fte r 14 

days o f de-shooted seedling g ro w th  provides fu rth e r evidence fo r the  de lay o f 

p ro te in  m o b iliza tio n  in  th is  tissue.

L ip id  vesicles w ere u su a lly  present and in  close association w ith  

endoplasm ic re tic u lu m  (F ig. 25). L ip id  vesicles m ay be co n trib u te d  to  by  the  

degredation o f endoplasm ic re ticu lu m . The r in g  and n e t-like  s tru c tu re s  ap

pear to be fo rm in g  in , o r near, degrading p ro te in  bodies. I t  is  speculated th a t 

there  m ay be a h ig h  concen tra tion  o f am ino acids a t th is  loca tio n  th a t could 

be reprôcesed in to  p ro te ins  in  the  parenchym a cells. T h is  possible a tte m p t a t 

au to troph ic  g ro w th  is  unsuccessful since the re  are no rem nan ts o f these 

s truc tu res seven days la te r (F ig . 27).

The m ethodology adopted fo r the  photom icrographs was developed a fte r 

several unsuccessful a tte m p ts  to  embed the  dense tissue u s in g  conventiona l 

methods. T h is  successful procedure could be u tiliz e d  fo r o th e r dense, non- 

porus m a te ria l. D e ta ils  o f the  developm ent o f the  em bedding pro toco l are in 

cluded in  the  appendix.
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3.5 APPENDIX

The cyto log ica l evidence produced fo r th is  thesis was a re s u lt o f te s tin g  

various em bedding techniques on pea cotyledon tissue. The d e n s ity  o f ce ll 

w a lls  and the  re la tiv e ly  dehydra ted  state o f seed tissue, act as b a rrie rs  to  the  

p e ne tra tio n  o f fixa tive s  and p las tics  (M o llenhauer and T o tte n  1971). Conse

quen tly , seed tissues are excep tiona lly  d iffic u lt to  process fo r e lectron  m icros

copy. The problem  o f p re pa rin g  tissue fo r e lectron  m icroscopy could be les

sened i f  d e ta ils  o f de hyd ra tio n  and em bedding w ere pub lished  in  the  p rim a ry  

lite ra tu re . U su a lly , o n ly  a b r ie f m ention  is  made o f such techniques.

Problem s w ith  em bedding caused holes, k n ife  m arks and d iffic u lt sec

tio n in g . F ig u re  20 was produced us ing  a fa s t b u t com m only em ployed embed

d ing  schedule. The tissue  was tra n s fe rre d  from  100% acetone in to  a 2:1 m ix 

tu re  o f acetone:epoxy fo llow ed by 1:1, 1:2, th e n  pure  re s in  fo r one h o u r pe r 

step. The re s u lt was c le a rly  in fe rio r w ith  k n ife  m arks and holes be ing  com

m on (F ig . 20). O the r m ethods, re su lts  o f w h ich  are dem onstrated in  the  

re m a in ing  figu res re su lted  in  b e tte r images.

I t  was d iffic u lt to  ob ta in  e lectronm icrographs fro m  th is  m a te ria l. Even 

sho rte r em bedding and dehyd ra tio n  tim es w ere a ttem pted , schledules com

m on ly em ployed a t th is  in s titu tio n , b u t the  tissue  was so fu ll o f holes th a t i t  

could h a rd ly  even be sectioned. Vacuum  in f iltra t io n  d id  n o t lead  to  an im 

provem ent. The best m ethod was the one used in  p roducing  th e  re m a in in g  

illu s tra tio n s  and invo lve d  the  slow  evaporation o f acetone fro m  a d ilu te  

epoxy:acetone m ix tu re . The concentra tion  o f epoxy in  the  tissue  was in 

creased fro m  0 to  100% over 24 hours.
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D espite the  re la tiv e  success o f the  technique em ployed, th e re  is  room  fo r 

im provem ent, especia lly w ith  the  dense im b ibed  tissue. As can be seen in  

F igures 18 and 19, p inho les w ere common. There are several possible 

reasons fo r th is . The tissue  m ay n o t have been com ple te ly dehydrated, some 

re s id u a l acetone rem ained  in  the  tissue, o r a ir  bubbles w ere p resen t in  the  

tissue.

The presence o f w a te r in  the  tissue w ou ld  have prevented the  in f iltra t io n  

o f S purrs in to  those h yd ra ted  areas. S purrs ’ re s in  is  n o t m iscib le  w ith  w ate r. 

T h is  problem  could possib ly be overcome by increas ing  the  dehydra tion  

schedule fro m  one h o u r pe r step to tw o hours. T h is  is  m uch longer th a n  any 

pub lished schedules. Care should be ta ke n  to  p re ven t e x tra c tio n  o f in tra 

ce llu la r components.

I f  acetone was presen t in  the  tissue d u rin g  the  p o lym e riza tio n  process, i t  

w ou ld  have evaporated lea v in g  holes w ith o u t re s in . T h is  m ay be prevented 

by su b s titu tin g  100% propylene oxide fo r acetone once the  tissue  is  com

p le te ly  dehydra ted  in  acetone. P ropylene oxide, w hen m ixed w ith  S p u rr’s 

re s in  produces a less viscous so lu tion  th a n  an acetone-S purr’s so lu tion . T h is  

w ou ld  a llow  easier im p re g n a tio n  o f the  re s in  in to  dense tissue. In  ad d itio n , 

whereas acetone m ay never com plete ly evaporate from  S p u rr’s res in , 

propylene oxide w ill, and in  a sho rte r tim e .

A ir  bubbles m ay have been present in  the  tissue. T h is  w ou ld  p re ven t com

p le te  re s in  in filtra tio n . Vacuum  in f iltra t io n  is  a techn ique th a t is  used to 

remove a ir  bubbles d u rin g  fix a tio n  and em bedding. T h is  techn ique was used 

in  e a rly  em bedding a ttem pts, b u t d id  n o t show any s ig n ifica n t im provem ent. 

H ow ever, i t  was n o t a ttem pted  w ith  the acetone evapora tion  m ethod and i t  is
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unknow n w he the r vacuum  in f iltra t io n  w ou ld  im prove  em bedding. J . G reen

wood (personal com m unication) recomm ends a b r ie f period  o f vacuum  in 

filtra tio n  d u rin g  the  g lu ta ra ldehyde  p re fix .

The techn ique developed here p rovided adequate tissue  p reserva tion  o f 

pea cotyledons a t va rious stages o f senescence. I t  is  believed th a t the  m ethod 

could be fu rth e r im proved by: (i) us ing  vacuum  in f iltra t io n  a t the  p re fix  

stage; ( ii)  increas ing  the  dehyd ra tion  tim es fro m  1 to  2 hours pe r step, and 

( iii)  s u b s titu tin g  propylene oxide fo r acetone once the  tissue is  com plete ly 

dehydrated. T h is  m ethod should provide exce llent th in  sections o f d iffic u lt 

seed tissue. I t  is  expected th a t th is  procedure w ou ld  be a u se fu l em bedding 

m ethod fo r the  im m unocytochem ica l lo ca liza tio n  o f pea seed p ro te o ly tic  en

zymes.
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