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ABSTRACT 

The mechanisms underlying heavy metal accumulation, toxicity and 

tolerance in higher plants are poorly understood. Since subcellular 

processes are undoubtedly involved in all these phenomena, i t  is. of 

interest to study the extent of, subcellular site of and nature of 

intracellularly accumulated cadmium in higher plants. Whole plants 

supplied 1°9cdc12 or l12cdso4 accumulated Cd into roots and aerial 

tissues. Preparation of protoplasts from aerial tissue followed by 

.subcellular fractionation of the protoplasts to obtain intact 

vacuoles, chloroplasts and cytosol revealed the presence of Cd in the 

cytosol but not in vacuoles or chloroplas,ts. Particulate materials 

containing other cell components were also labeled. 'Of the lo9cd 

supplied to plants, 2 to 10% was recovered in both cytosol 

and in particulatg materials. ~ytosol contained 

proteinaceous-Cd complexes, free metal and low molecular weight Cd ., 

complexes. Labeling of protoplasts gave similar results. No evidence 

was obtained for the production of volatile Cd complexes in tobacyo. 



INTRODUCTION 

The main p o r t a l  of en t ry  of the toxic  metal Cd i n  animals and man 

is  through the consumption of vegetable foods. Inha la t ion  of tobacco 

smoke c o n s t i t u t e s  a second major source of Cd in take  f o r  those who 

smoke (7).  Perhaps the  p r inc ipa l  reason f o r  these  f a c t s  is t h a t  

p lan t s  accumulate and concentrate many tox ic  metals  ( inc luding Cd), 

o f t e n  i n t o  t i s s u e s  consumed by man. Despite these r e a l i t i e s ,  f o r  

p lan t s ,  the mechanisms 'of Cd accumulation, and a l s o  of t o x i c i t y ,  

to lerance  and growth i n h i b i t i o n  a r e  not well understood, While c e l l  

wall  polymers undoubtedly play an important r o l e  i n  Cd accumulation i n  

c e r t a i n  p l a n t s , .  the ex ten t  o f ,  subce l lu la r  s i t e  of and nature  of 

i n t r a c e l l u l a r  Cd a c c u a d a t i o n  i n  p lan t s  is not e s tab l i shed ,  There 

e x i s t s  i n  the  l i t e r a t u r e  much information on the  uptake of Cd by 

various p lan t s ,  the  e f f e c t s  of s o i l  composition and chemistry on 

uptake and the t i s s u e  d i s t r i b u t i o n  of t h i s  metal i n  whole p lan t s  

(1,8,18) and references  there  in) .  Mechanisms of t o x i c i t y  have been 

s tud ied  using i s o l a t e d  ch lo rop las t s  (9) and mitochondria (21, whole 

1 
p l a n t s  (4) t i s s u e  homogenates (1'1) and plant  exudates (18). I n  

r e l a t i o n  t o  metal to lerance ,  the subce l lu la r  loca t ion  of accumulated 
- .  

Zn (a geochemical. r e l a t i v e  of Cd) i n  roo t  and shoot t i s s u e  has been 

s tud ied  i n  Zn-tolerant and non-tolerant c l o n e s , o f  Agrost is  (16,201, 

In these l a t t e r  s t u d i e s  pect ins  of the  c e l l  w a l l  were implicated i n  Zn 

tolerance.  ~l though the vacuole. has 8 e e n  suggested as  a poss ib le  

i n t r a c e l l u l a r  s i t e  f o r  seques t ra t ion  of heavy metals o r  organolneta l  . 



c h e l a t e s  ( 181, t he re  e x i s t s  no' d i r e c t  evidence f o r  , t h i s  notion, To 

t e s t  t h i s  hypothesis ,  the  poss ib le  involvement of the. vacuole and 

o t h e r  s u b c e l l u l a r  f r a c t i o n s  i n  Cd accumulation was d i r e c t l y  s tudied.  

I n t a c t  vacuoles,  "enriched cytosol"  and ch lo rop las t s  were i s o l a t e d  
I 

from pro top las t s  which had been prepared from a e r i a l  t i s s u e s  

contaminated with Cd and were analyzed. Results  of these  s t u d i e s  and 

of  prel iminary inves t iga t ions  i n t o  the  na ture  of the  cytosol  Cd 

observed a r e  reported. 



MATERIALS AND KETEODS 

Tomato (c.v. New ~ o r k e r ) ,  pea (c.v. 17461, l e t t uce  (c.v. oak 

l e a f ) ,  barley.  (c.v. moore) tobacco (hybrid g . .g lauca x & 

l angsdor f f i i )  and cabbage (c.v. red danish) were germinated. in  s o i l  

and. t ransplanted as  young seedlings. to  Hogland's solution,  The 

concentrat ion of Cd and Zn i n  the  medium -were <lppb and 25 ppb,. . 
. 

respectively.  I r o n  was added (40 ppm) a s  Sequestrene 330 Fe (Geigy 
. , 

Agric, . Co. 1. cul tures-  were. then maintained i n  the greenhouse' a t  

23°C.. To labe l  t i s sues  with ' l o g ~ d ,  approximately 2 t o  3 week old 

p lan t s  were removed from Hogland's so lu t ion  and held  i n  water f o r  1 .  

hour p r io r  t o  exposure of the  roots  to 15 @, 109cdc12 i n  10 m l  of 

0.2 mM HC1, Final  Cd concentrat ion was made lppm. For Rippeastrum, 

l abe l  w a s  supplied through the stem of a detached flower, After  

uptake (3  t o  7 hours), p lan t s  were returned t o  hydroponic growth. 

After  4 t o  20 days, labeled leaves were removed and exposed to fungal .. 
enzymes t o  i s o l a t e  protoplas ts  - es sen t i a l l y  as  previously described 

(22). For most t i s sues  digest ion was with 1.5 t o  2% c e l l u l y s i n  
1 

(Calbiochem Co.), 0.5% pectinase (Sigma-from & niger)  i n  0 . M  

mannitol f o r  10 t o  15 hours a t  19°C. Barley and pea leaves wete 

digested with a 0.5%/0.5% enzyme mixture. - Unlabeled protoplas ts  were 

prepared and mixed with labeled ones t o  achieve approximately 0.4. m l  

of packed ce l l s .  This mate r ia l  was washed twice with 80 ml of 0.7 M 
h 

mannitol, 25 mM Na-citrate, pH 5.5 as*'previous ly described (3). 

The monitoring of washes indicated tha t  media was removed. Washed 

protoplas ts  were f ract ionated to prepare i n t a c t  vacuoles, 



"enriched cytosol" , ch lo rop las t s  and o the r  f rac t ions  as  previous l y  

described (3,221 and as diagramed i n  Figure 1. Leaf vacuoles were 

p u r i f i e d  as  described i n  (21). A l l  glassware used i n  isotope 

experiments was s i l a t e d ,  t o  reduce binding of Cd, by treatment with 

0.5% dichlorodimethyls i lane  i n  CHC13. 1 0 9 ~ d  was counted in a Beckman 

Gamma 8000 c o u n t e r . a t  40% ef f i c iency .  Sol ids  were ex t rac ted  with 2 N 

H C l  and so lu t ions  were made 5% with H C l  f o r  counting. Extrac ts  of 

p l a n t s  supplied 6 o r  60 ppm Cd as  CdS04 were prepared by grinding 

leaves i n  0.025 M KPO4, pH 7.4 conta in ing 2 mM d i t h i o t h r e i t o l .  

~ o m o ~ e n a t e s -  were cent r i fuged a t  100,000 xg f o r  60 minutes a n d  the,  

supernatants  f rac t iona ted  on Sephadex G-50 f i n e  columns (2.5 x 61 - 

cm). Lysates from 1°9cd labeled  p ro top las t s  were s i m i l a r l y  t r ea ted .  

Elut ion was a t  4*C with 0.025 M KPO4, pH 7.4 a t  40 ml/hour. In l12cd 

experiments, f r a c t i o n s  ( 4  ml) were analyzed f o r  absorption a t  280 and 

255 nm, and then made 10% with HC1 and d i r e c t l y  analyzed by atomic 

absorption spectrophotometry. Paper e lec t rophores i s  w a s  e s s e n t i a l l y  

a s  described by T i f f i n  (19). Uptake of Cd by p ro top las t s  was s tud ied  

using the  following procedure. Pea o r  tobacco p r o t o p l a s t s  ( 5  x lo6)  
1 

were labeled with 35 C I C i  of 1°9cdc12 (1-5 Ci/gm Cd) i n  3.5 m l  of M 3  

p ro top las t  regenerat ion medium (15) lacking FeEDTA. To determfne 

uptake from the medium, 100 w l  a l i q u o t s  were removed with time, 

cent r i fuged a t  100 xg t o  p e l l e t  p ro top las t s  and the  supernatant  . 

sampled. To determine uptake in to .  cytosol ,  500 ~1 a l i q u o t s  were 

t, 
'removed and d i l u t e d  with 12 m l  of M3. m e d i k  and the  p ro top las t s  

recovered by centr i fugat ion.  P ro top las t s  were lysed with water and 

the  l y s a t e s  centr ifuged a t  10,000 xg f o r  30 minutes. 
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. RESULTS' AND DISCUSSION. . . . 

.. . .  

Poss ible  r o l e s  in. heavy metal accumulation of two major 

compartments. within p lant  c e l l s ,  the vacuole and cytosol ,  have been 

s tud ied  d i r e c t l y  a f t e r  i s o l a t i o n  of these  compartments from Cd laden 

l e a f  protoplas ts .  Whole p lan t s  labeled  with 1°9cd a c c k a t e d  2 t o  '10 

percent  of the  l a b e l  supplied i n t o  l e a f  mesophyll c e l l s .  The l a b e l  
. . 

was equal ly  d i s t r i b u t e d  between "enriched cytosol" and p a r t i c u l a t e  

f r a c t i o n s  (Table I ) .  I n t a c t  vacuoles lacked. label .  Recent 

experiments (unpublished) i n d i c a t e  t h a t  the i n t r a c e l l u l a r  s i te ,  of 

so lub le  Zn i n  l ea f  cells is, l i k e  Cd, the  cy toso l . .  Barley (not s h o v )  

gave s i m i l a r  r e s u l t s  t o  t h a t  shown f o r  l e t tuce .  Recovery of washed 

mesophyll p ro top las t s  from l e a f  t i s s u e  was est imated t o  be 50 percent  

and t h a t  of cytosol  during p ro top las t  f r a c t i o n a t i o n  t o  be about 95 

percent.  Thus, s ince  h a l f  the  p r o t o p l a s t s  were l o s t  during 

I prepara t ion f o r  f rac t iona t ion ,  cy toso l  and p a r t i c u l a t e '  values a re  

I est imated t o  be double those a c t u a l l y  observed and shown. Data 

I presented were obtained by ana lys i s  of p lan t s  4 days a f t e r  labeling.  

I Similar  r e s u l t s  were obtained with pea and tobacco leaves f r a c t i o n i t e d  

I 20 days a f t e r  labeling..  Therefore, no evidence f o r  vacuolar 

accuwrlat ion w a s  observed even where Cd w a s  present  i n  leaves f o r  over 

20 days. Control  expeirments showed t h a t  s u b c e l l u l a r  f r a c t i o n a t i o n  

methods d i d  not  'leach organo-Cd f rom p a r t i c u l a t e  mate r i a l s  i n t o  the  

cy toso l  f r ac t ion .  Also, p ro top las t  t y s a t e s  - - not prepared by 

treatment with 0.2 M K2HP04 used t o  osmotical ly shock p ro top las t s  t o  



r e l e a s e  vacuoles and cytosol  - gave e l u t i o n  pa t t e rns  s i m i l a r  t o  

cytosol  pa t t e rns  when separated by g e l  f i l t r a t i o n .  P a r t i c u l a t e  

m a t e r i a l s  recovered during prepara t ion of vacuoles conta in  unlysed 

p ro top las t s ,  broken c e l l  debr i s  and c e l l  organel les  o t h e r  than 

vacuoles' Fig. 1. The l a b e l  recovered with the  p a r t i c u l a t e  mate r i a l s  

may r e s i d e  i n  organel les  and membranes o r m a y  be associa ted  wi th  

r e s i d u a l  c e l l  wall. Ch lorop las t s .o f  pea and l e t t u c e  p ro top las t s  . . .  

recovered as  descr5bed i n  (221, 'however, contained only a  n e g l i g i b l e  

amount of l a b e l  (Table I ) .  The p ro top las t  d iges t ion  medium is thought 

I t o  conta in  s o l u b i l i z e d  c e l l  wal l  ol igosaccharides re leased dur ing 

d iges t ion  of c e l l  walls.  About 80-90% o f  the l a b e l  i n  the  medium - .' 
a f t e r  removal of p ro top las t s  and d e b r i s  - was p r e c i p i t a t e d  by add i t ion  

of EtOH . . t o  80% (v/v). This l a b e l  accounted f o r  about 70% o f  the  label. 
. , 

i n  leaves. This r e s u l t  is cons i s t en t  with c e l l  wall  being a major . '  . . 

s i t e  of Cd accumulation i n  a e r i a l  t i s sues .  Future expeiments using 

s p e c i f i c  carbohydrases w i l l  examine the  nature  of the  Cd complexes i n  
. 

t h i s  f rac t ion.  It should be noted t h a t  t h e  "enriched cytosol" 

f r a c t i o n  may conta in  the  leachates  of o t h e r  o rgane l l es  (21). Future 
. . 

1 .  

experiments w i l l  examine various organel les  o the r  than vacuoles and 

ch lo rop las t s  ind iv idua l ly  while a ssess ing  the r e t e n t i o n  of 'solqble 

contents  in the i s o l a t e d  organelles.  

Evidence i n  support of the  p u r i t y  and r e t e n t i o n  of contents  o f  

i s o l a t e d  vacuoles is given i n  Table 11. These d a t a  were obtained 

using Hippeastnun and Tulipa p e t a l  an;f.Tulipa l e a f  p ro to las t s .  Recent 

experiments (unpublished) i n d i c a t e  t h a t  vacuoles i s o l a t e d  from bar ley  



and l e t t u c e  leaves r e t a i n  nuclease,  l ack  chlorophyll  contamination and 

lack  c e r t a i n  cytosol  hydrolases.  Also, the  r e t e n t i o n  o f  K+ and Ca++ 

i n  pea vacuoles i s o l a t e d  as  described has been determined by proton 

induced x-ray emission spectroscopy (unpublished). Since Ca++, ~ g + +  

I and o t h e r  ions and small  mo'lecules a r e  r e t a ined  i n  i s o l a t e d  vacuoles 
. . 

Cd, i f  present ,  would be expected t o  be re ta ined, '  

I I n  view of the.  f ind ing  t h a t  p l a n t s  form v o l a t i l e  Hg compounds 

I froin elemental  Hg ( 6 ) .  we examined the  p o s s i b i l i t y  t h a t  v o l a t i l e  Cd . . 

compounds might a l s o  be formed. Tobacco p l a n t s  were suppl ied  1 o g ~ d ~ 1 2  

and allowed t o  accumulate the  l a b e l  f o r  10 days while being maintained 

i n  a  closed system equiped with a cold f inger  t r a p  (-70°C) and a 0.5M 

H C l  gas-bubbler t rap .  No evidence was found f o r  the  production o f  

' v o l a t i l e  Cd. . .Diges t ion  of labeled leaves to  prepare p ro top las t s  using 

a s i m i l a r  closed system ind ica ted  no release. of v o l a t i l e  Cd during'  

hydrolys is  of c e l l  wa l l s  t o  r e l e a s e  protoplas.ts.  

The nature  of ~ ~ t o s o l - ~ ~ ~ ~ d  was s tud ied  using g e l  f i l t r a t i o n  on 

I Sephadex G-50, fine. "Enriched cytosol"  and so lub le  c o a s t i t u t e n t s  

I from pro top las t  l y s a t e s  of tobacco had s i m i l a r  p r o f i l e s  ( p r o t o p l a s t  

l y s a t e  shown i n  Fig. 2). Tobacco, pea and tomato a l l  contained Cd' 

complexes having apparent mol w t s  of  >50,000 dal tons  and about,l0,000 

dal tons .  The l a r g e  Cd peak i n  the  region of small molecules was s p l i t  

(not  shown) suggest ing the  presence of seve ra l  components. With 

tomato, paper e l ec t rophores i s  suggested the  presence of f r e e  metal and 

s e v e r a l  c a t i o n i c  complexes.. . ~ x t r a c t s h f '  p l a n t s  g t o m  in the  presence 

of 60 ppm 1 1 2 ~ d  were examined a f t e r  ge l  f i l t r a t i o n  by atomic 



. absorpt ion  spec t ropho t~mete ry ,  Fig. 3. These high l e v e l s  of Cd were 

used t o  e l e v a t e  l e v e l s  of  Cd complexes. S imi lar  but  less prominant 

organo-Cd complexes were found when p lan t s  were exposed t o  6 ppm Cd. 

P r o f i l e s  s i m i l a r  t o  t h a t  shown i n  Fig ... 3 f o r  tobacco were obtained 

with cabbage and tomato but not  with l e t t u c e  and barley. Cadmium 
. . 

conta in ing peaks 'occured a t  the  void volume, a t  approximately 8 t o  

12,000 da l tons  and a s p l i t  peak i n  t h e  region of f r e e  metal and smal l  

molecules. Analysis of A280 revealed a s t rong  absorbance a t  255 

nanometers a s soc ia ted  wi th  the  peak ( ~ i g .  3 - tube 54)- e l u t i n g  a f t e r  

f r e e  metal. The appoximately 8000 d a l t o n  peak was degraded.by 

t h e m o l y s i n  a t  pH. 7.5 i n d i c a t i n g  the  p r o t e i n  na ture  of t h i s . m a t e r i a 1 . .  . 

Both the  8000 moi wt,complex and the  low mol w t  f r a c t i o n s  a r e  being . 

f u r t h e r  s tudied.  

The uptake of  Cd by pea 'and tobacco p r o t o p l a s t s  was s tudied  t o  

e l u c i d a t e  the  mechanism of uptake a t  the  c e l l  level .  Figure 4 shows 

the  r e s u l t  of l a b e l i n g  pea p ro top las t s  i n  M3 medium with lo9cd a t  lppm 

Cd. Label was removed from. the  medium rap id ly  f o r  the  f i r s t  few 

minutes and more slowly the rea f t e r .  Direc t  a n a l y s i s  of uptake i n t o  

p r o t o p l a s t  so lub le  ( cy toso l )  ma te r i a l s  showed a very rapid uptake 

a f t e r  which some l a b e l  appeared t o  r e t u r n  ' t o .  the  medim o r  accumylate 

i n t o  i n t e r n a l  p a r t i c u l a t e  mater ia ls .  I n t e r n a l  p a r t i c u l a t e  m a t e r i a l s  

continued t o  inc rease  i n  a c t i v i t y .  The rap id  but  l imi ted  uptake i n t o  

t h e  cytosol  was observed in various l a b e l i n g  media a t  pH 5.5 and 7.0 

and is i n t e r p r e t e d  as a pass ive  e q u i l i l k a t i o n .  Zinc is thought t o  be 

accumulated by a passive process not  r equ i r ing  metabolic energy (5) .  



Toabacco (GGLL) p r o t o p l a s t s  prepared and cu l tu red  according t o  (17) 

showed s i m i l a r  k i n e t i c s  when uptake was t e s t e d  two days a f t e r  

i s o l a t i o n  ( p r i o r  t o  c e l l  wall  formation). Af te r  4  days, some. 

p ro top las t s  i n  the c u l t u r e  began t o  d i v i d e  and.were the re fo re  v iable .  

However, these  p ro top las t s  were incapable of phosphate uptake when 

t e s t e d  according t o  the  procedure used by Met t ler  and Leonard (14) t o  

measure .phosphate uptake i n  tobacco suspension c e l l  p ro top las t s .  

However,it should be pointed out  t h a t  ion  t r anspor t  in  l ea f  der ived 

p r o t o p l a s t s  has not ye t  been demonstrated. The a c t i v i t y  in the  

p a r t i c u l a t e  and cy toso l  f r a c t i o n s  do not account f o r  the  Cd removed by 

p ro top las t s .  This is undoubtedly due t o  the  l o s s  of p ro top las t s  

during washing t o  remove medium. Control experiments i n  which broken 

and i n t a c t  p ro top las t s  were t r e a t e d  a l i k e  showed t h a t  i n t a c t  

p ro top las t  l y s a t e s  contained the  organo-Cd complexes described while 

t h e  i n d e n t i c a l l y  t r e a t e d  broken p r o t o p l a s t  con t ro l ' con ta ined  only f r e e  

metal. G e l  f i l t r a t i o n  p r o f i l e s  obtained f o r  p ro top las t s  t r e a t e d  f o r  

30 minutes with lppm Cd conta in ing lo9cd were s i m i l a r  t o  t h a t  shown i n  

Fig. 2 f o r  p ro top las t s  derived from labeled  p lants .  

I 



CONCLUSIONS 

The d a t a  presented show t h a t  p lan t s  exposed t o  1,6 o r  60ppm Cd 

accumulate small amounts of the metal i n t o  the cytosol  of  l ea f  

mesophyll c e l l s .  The vacuole, a major compartment f o r  sequester ing 

c e r t a i n  endogenously produced and exogenously acquired toxic  

metabol i tes  i n  p l a n t s ,  does not appear t o  be involved i n  Cd 

accumulation. Cytosol Cd is i n  the  form of low molecular weight 

cdmplexes, f r e e  metal and pro tease-sens i t ive  complexei of . 

approximately 10,000 daltons.  MetallothLoaeins a r e  approximately t h i s  

s i z e  and a r e  thought t o  r e s i d e  i n  the cytosol  i n  animal c e l l s  (12). 

The prel iminary nature of the c h a r a c t e r i z a t i o a  of the 10,000 d a l  ton 

complexes makes specula t ion about t h e i r  r o l e  d i f f i c u l t ,  however, 

severa l  points  may be made about t h e i r  occurrence. F i r s t ,  f inding 

these  complexes i n  the  cytosol  of. p ro top las t s  exposed t o  l o g ~ d  and . 

f rac t iona ted  30 minutes t h e r e a f t e r  suggests  a normal presence f o r  

these  cons t i tu ten t s .  It is poss ib le  t h a t  they serve  a r o l e  in metal 

homeostasis and normally bind Zn, a required micronutrient  iq  plants .  

Second, the complexes, l i k e  meta l lo th ioneins ,  occur i n  g r e a t e r  ambunts 

where p lan t s  'are exposed t o  higher concentrat ions of metal. Although 

extens ive  s t u d i e s  of induction have ye t  t o  be done, the r e s u l t s  

obtained a r e  cons i s t en t  with induction. It is emphasized, however, 

t h a t  the  nature  and r o l e  of the  cy toso l  Cd complexes observed must 

awa&t extens ive  chemical. c h a a c t e r i z & , ~ i o n  and f u r t h e r  s tudy which w i l l  

undoubtedly requ i re  ' the..comparative analys is of Cd. and Zn e f f e c t s  . 
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Table 1 

SUBCELLULAR DISTRIBUTION OF lo9cd IN LEAF MESOPHYLL CELLS 
OF WHOLE PLANTS SUPPLIED LABEL 

TISSUE Tomato Pea Le t'tuce Tobacco Hippeas trum 

Percent of Label Supplied 

FRACTION 

"Enriched Cytoeol" 0.91 
*sr 

Particulate 0.79 

Vacuole + 0 

~ h l o r o ~ l a e t  - negl. , ' negl. - 



Table I1 

EVIDENCE THAT ISOLATED VACUOLES LACK CONTAMINATION 
AND HAVE RETAINED THEIR CONTENTS. 

Evidence f o r  P u r i t y  I Re ten t ion  of Contents 1 

Containment - Marker percent  l Reference Vacuolar C o n ~ t i t u e n t  percent  l Reference I 
Mitochondria  - Cyt. c  oxidase . <0.2 , (21) , 1 ~ o n a s ~ c c h a r i d e s  - &-glucose 80 (21 1 

Chlo rop la s t s  - ch lo rophy l l  <Om 5 (21) 

ol 
'"~icroeomes"', e t c .  - 

Anthocyani'n 96-100 (21 1 

NADH cy t .  c r educ t a se  <0.6 (21) 

DNA 1.0 (21) 

RNA . . 1.0 (21) 

Cytoeol  . . - c e r t a i n  hydro lases  n.d. (3)  
antho. s y n t h e t i c  enzymes n.d. (10) 

I Amino a c i d s  

c e r t a i n  p r o t e i n s ,  i.e. 
RNase (16,000. da l t one )  

a Ions - K, Na, Mg, Ca, C1 

lpe rcen t  of con ten t s  o f  1 t o  5 x lo6 p r o t o p l a s t s  o r  p ro toples t -cy toso l  e q u i v a l e n t s  found i n  the  sap o f  1 t o  
- . 5 -  x lo6 vacuolea.  I n  a l l  Bxperiments p r o t o p l a s t s  and vacuoles  were counted us ing  a  0.2 mm deep we1 type 

s l i d e .  E r ro r  i n . c o u n t i n g  is es t imated  t o  be  - + 10 t o  15%. n.d. - not  de tec ted .  
.a 



FIGURE LEGENDS 

Fig. 1. Upon exposure t o  0.17 M K2HP04, pH 8.0 protoplas ts  undergo 

g e n t l e  osmotic shock. I n t a c t  vacuoles emerge from protoplas ts  a t  one- 

point  on the  periphery while cytosol  escapes i n t o  the medium. 

P a r t i c u l a t e  mate r i a l s  (composition noted on diagram) a r e  shed l a rge ly  

a s  an aggregate which under prepara t ive  condit ions is re leased from 

the  emerged vacuole and aggregates with l i k e  mate r i a l  from o ther  

p ro top las t s ,  unlysed p ro top las t s  and debr is .  The p a r t i c u l a t e  mate r i a l  

is  then f i l t e r e d  ( p a r t i c u l a t e  f r a c t i o n ) .  Vacuoles a re  recovered by 

sedimentation (22) o r  f l o t a t i o n  from sucrose-phosphate medium (21). 

Remaining so lub le  mate r i a l  comprises the  "enriched cytosolt '  f r ac t ion .  

F i g .  2. ' Sephadex G-50 p r o f i l e  (lo9cd vs. e l u t i o n  volume) of a 

tobacco protoplas t  l y s a t e  obtained from leaves of p lants  .supplied 

1 0 9 ~ d  (lppm Cd). The molecular weight of the organo-Cd complex 

following. the  void volume was .estimated by c a l i b r a t i n g  the  column with 

chymotrypsinogen (25,000 d a l t o n s ) ,  myoglobin (17,800 da l tons ) ,  RNAse A 

.(13,700 da l tons ) ;  cytochrome. c (12,400 da l tons )  Baci t rac in  (1400 : 

d a l  tons ) and lo9cdc12. 

Fig. 3. Sephadex. G-50 p r o f i l e  of a l e a c  e x t r a c t  from tobacco grown i n  

the  presence of 60ppm l12cd. . Molecular weight es t imat ion of t h e  8100 

i daltoa. peak was determined as  described in. the legend of'  Fig. 2. 
.4. 

Fract ion,  vollrmes were 4 m l .  



. . 

Fig. 4. Uptake of lo9cd (lppm Cd) by pea protoplasts in M3 medium. 

See ~ethodi.and Results. 



SUBCELLULAR FRACTION AT ION 
OF PROTOPLASTS 

CHLOROPLAST 2x WASHED 
'Oscd PROTOPLASTS 

PROTOPLAST 

t I 

PARTICULATE - CYTOSOL' VACUO LE 

UNLYSEO PROTOPCASTS NUCLEI ' , 6 - .. 
UNDIGESTED CELLS M I TO. LYSEO VACUOLES 
CHLOROPLASTS - CYTOSOL 

ETC. 



135 "* 225 315 360 
VOLUME (m i )  



FRACTION NUMBER 




