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ABSTRACT 

A large increase inphytochela t in  (PC) synthesis 
occurred when cell  cultures of different  plant species 
were t ransferred from spent medium to fresh standard 
media. Phytochelatin accumulat ion corre la ted  with the 
initial concentrat ion of zinc ions in the nutrient 
solution. After  reaching s tat ionary growth phase, 
phytochelatins had almost disappeared from the cells 
which indicates a high turnover of these molecules 
under normal conditions. No significant formation of 
the heavy-metal  complexing phytochelatins was observed 
if the microelement  ions zinc and copper were omit ted 
from the nutrient solutions for plant cell  cultures. 
Both the induction and degradation phenomena of these 
peptides indicate that  phytochelatins are involved in 
metal ion homeostasis in plants. 

INTRODUCTION 

Inoculation of plant suspension cells from 
logari thmic or s tat ionary growth phases into fresh cell 
culture media causes considerable changes in the meta -  
bolism of the cultured cells. For instance, the act iv-  
ation of protein synthesis (Verma and Marcus, 1974), 
induction of n i t ra te  and ni t r i te  reductases (Filner, 
1966; Chroboczek-Kelker and Filner,  1971), specific 
increase of enzymes of the phenylpropanoid pathway 
(Hahlbrock and Wellmann, 1973) and degradation of 
starvation related proteins (Walter and Hahlhrock, 
1985) have been reported. 

One of the general features  which occur during the 
cell t ransfer  process from spent to fresh medium is the 
exposure of the c2e+lls to a fresh supply of micro-  z+ nutrients such as Zn and Cu . These heavy metals are 
essential for plant metabolism and are contained in 
various amounts in every cell  culture medium. We have 
shown previously that addition of sublethal, quantit ies 

Z +  Z,+ Z +  Z +  Z +  of~many metals  such as Cd , Pb , Zn , Hg , Cu , 
. Z +  

N1 , etc.  to cell  suspension cultures resulted in the 
synthesis of a new class of heavy metal-binding 
peptides with the general s t ructure [ ~ - G l u - C y s ] n - G l y  
(n = 2-11), the PC's, or the homo-PC's  [ ~ t - G l u - C y s ]  
-g-Ala  (n = 2-8) (Grill et al., 1985, 1986). The occur n 

rence of these peptides in metal -exposed cell  cultures 
has been independently verified by Steffens et al. 
(1986) and Scheller et al. (1987). The function of PC's 
was assumed to be detoxif icat ion and homeostasis of 
heavy metal  ion~ in plant~ (Grill et al., 1987). Metal 
ions such as Cu z+ and Zn z+ can ~er-Tere  with sulf-  
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hydryl groups of proteins, therefore ,  these reactive 
metal ions should be physiologically inactivated in the 
cell to allow undisturbed metabolism in plants. This 
could be achieved by the sequestration of the metals  with 
specific organic molecules within the cell. These 
molecules must play a dual role, firstly they have to 
complex and thus store the metals  and secondly they 
have to transfer  the essential metal  to newly synthe-  
sized apoenzymes which require Cu or Zn ions for 
cata lyt ic  activity. As part of our current studies on 
metal  metabolism in plants we report in this communic-  
ation that  the homeostasis of essential heavy metal  
ions seems to be fulfilled by formation and degradation 
of PC's. The synthesis of these heavy metal-binding 
peptides is induced by the tow concentrat ions of zinc and 
copper ions present in standard media for plant cell  
culture.  

MATERIAL and METHODS 

Plant material  Cell cultures were provided by our cell 
culture laboratory. These strains had been kept for at 
least the past 10 years in culture in the media 
indicated in Table 1. The cells were grown (300 ml 
Erlenmeyer flasks, 75 ml medium) on a gyratory shaker 
(100 rpm) at 23°C in continuous light (650 lux), and 
inoculation into fresh medium was performed at late 
stat ionary phase using approximately a 20% inoculum 
(fwt).  

Media The media used were as compiled in Street  
-(-f9ff3). In the experiments indicated, cells were grown 
in the same media but omitt ing both Cu and Zn salts. 

Assay for phytochelatins Suspension ceils were separa-  
ted from media by suction fi l trat ion.  Aliquots  (0.4 g 
fwt) were suspended in a solution (0.4 ml) containing 1 
N NaOH and 1 mg of NaBH. per ml. After  sonication 
and centr i fugat ion (5 min, ~1 000 x g) of the sample, 
the supernatant (0.5 ml) was acidified with 3.6 N HC1 
(100 M). Precipitating material  was sedimented again, 
and the cleared extract  was separated by HPLC (Nucleo- 
sil C-18, flow rate 2.0 ml/min) at pH 2.7 (0.05% phos- 
phoric acid in 0 to 20% ace ton i t r i l e -H20) .  Detect ion of 
the sulfhydryl-containing PC's was performed by post-  
column derivatization with 75 laM 5 ,5 ' -d i th io -b i s - (2 -  
nitrobenzoic acid), El tman's  reagent,  in 50 mM potas-  
sium phosphate buffer (pH 7.6) at a flow rate of 2 
ml/min and detect ion at 410 nm. Zn and Cu ions were 
detected by atomic absorption (Perkin-Elmer f lame mode 
and graphite furnace technique, respectively).  
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RESULTS and DISCUSSION 

The f i rs t  indicat ion t ha t  PCWs were involved in heavy 
meta l  ion homeostas is  was the  observat ion t ha t  plant  
suspension cells grown in s tandard  medium lacking zinc 
and copper ions conta ined  no de t ec t ab l e  or very low 
levels of PC's. However, inoculat ion of these  cells 
into the  unmodif ied medium providing 'physiologicaP 
concen t ra t ions  of essent ia l  heavy meta l  ions led to an 
immedia te  rise in PC concen t r a t i on  which reached  i ts  
maximum in mid log to la te  log phase. Subsequent ly the  
level of meta l -b inding  pept ides  declined. This is 
exemplif ied by Fig. 1. 

Rauvolfia se rpen t ina  cells were grown for one growth 
cyc]~ in a Cu- and Zn - f r ee  medium to deple te  PC's. 
Transfer  of the  cells  into the  comple te  nu t r ien t  solu- 
t ion of Linsmaier  and Skoog resul ted in an at  
least  i00 - fo ld  increase  in the  to ta l  amount  of the  
me ta l - che l a t i ng  pept ides on the  6th day a f t e r  inocu la t -  
ion. This PC induction was not observed in cells 
cul t ivated in the  absence  of zinc and copper ions. 
Omission of the  heavy metal  ions for one or two growth 
cycles did not inf luence cell  mass product ion on a dry 
weight basis.  During s t a t iona ry  phase a s trong decrease  
of the  to ta l  amount  of the  me ta l - che l a t i ng  pept ides  in 
the  cells  was observed. Since no PC's could be iden t i -  
fled in the  cul ture  medium, this  finding c lear ly  
indica tes  tha t  PC's  are degraded,  probably to the i r  
amino acid cons t i tuents .  
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Fig. 1 Time course for growth (as dry weight (e))  
and to ta l  phy toche la t in  synthesis  ( B )  of Rauvolfia 
se rpen t ina  cells upon dilution of cells into  f resh . 

• . . - ]_  
comple te  L,nsmaler-Skoog medmm (80 g fwt x 1 ). 
The d isappearance  of zinc (A-zX ) and copper (KI . , . r n  
ions from the  medium was moni tored by a tomic  absorp-  
t ion spectroscopy.  The cells  were previously grown in 
modified Linsmaier-Skoog medium for one growth cycle  
in the  absence  of copper and zinc ions to  deple te  endo-  
genous phytochela t ins .  Ceils t r ans fe r r ed  into medium 
without  these  heavy meta l  ions revealed no reduced 
growth ra te  and showed a phy toche la t in  level below 0.3 
l~mol Glu-Cys units  per l i ter  of cul ture  throughout  the  
cul t ivat ion period. 

The loss of Zn and Cu ions from the  medium showed a 
biphasic course.  Af te r  inoculat ion of Linsmaier  and 
Skoog medium with ceils the re  was a rapid d isappearance  
of bo th  meta ls  from the  medium. About 40% of Zn and 
70% of the  Cu ions present  in the  medium were most 
likely adsorbed to the  cell walls within half  an hour 
a f te r  t r ans fe r  of the  cells. This phase was followed by 
a slower, probably metabol ic  phase in which the  copper 
and the  zinc ions were deple ted from the  medium within 
2 days and 6 - 8 days, respectively.  The f resh medium 
conta ined  0.1 gM copper ions and 37 I~M zinc ions. 
Concomitant  with the  drop in heavy meta l  ions in the  
medium, an increase  in PC's  in the  cells occurred.  The 
highest  in t race l lu la r  PC concen t ra t ion  in the  cul ture  
was observed at the  t ime  when the  Zn ion had almost  
comple te ly  disappeared from the  medium. This induction 
of the  fo rmat ion  of heavy-me ta l  chela t ing  pept ides in 
the  R___:. se rpen t ina  cell suspension cul ture  was not 
r es t r i c ted  to a specif ic  medium. As shown in Fig. 2, 
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Fig. 2 Induction of phytoche la t ins  a f t e r  t r ans fe r  of 
R__ t. se rpen t ina  cells  into various plant  cell cul ture  
media. Cells were deple ted in phytochela t ins  (<0.05 
l~mol/g dwt)  by cul t ivat ion in heavy m e t a l - f r e e  Lins-  
maier-Skoog medium for one week. Phytochela t in  
level was analyzed 6 days a f t e r  inoculat ion into f resh 
comple te  (shaded bars)  and z inc-  and coppe r - f r ee  (open 
bars)  medium. Growth in all cases was 14 g dwt x 1-1. 
S tandard  media employed: LS = Linsmaier  and Skoog, MS 
= Murashige and Skoog, NN = Nitsch and Nitsch,  GMO = 
Gamborg,  Miller and Ojiama, B1 = Blaydes, He = Heller.  
Heavy meta l  concen t ra t ions  in these  media are indica ted  
below the  h i s t o g r a m .  



the  induction of heavy meta l - seques t e r ing  pept ides  was 
observed in cells cul t iva ted  in all f requent ly  used 
media for plant  cell  cul tures .  The zinc and copper ions 
present  in the  media were responsible for PC induct ion 
since omission of these  ions resul ted  in negligible PC 
levels. Cobalt  ions, which are also present  in the  
nu t r ien t  solution, are not able to  induce PC's(Gri l l  et  
al:, 1987). Thus PC fo rmat ion  co r re l a t ed  with the-  
concen t r a t i on  of the  heavy meta ls  zinc and copper in 
the  various media.  The highest  pept ide  induct ion was 
observed in Murashige-Skoog medium which conta ins  37 
laM heavy metals ,  the  smal les t  induct ion in He l l e r ' s  
medium with 2.1 laM ZnSO a and no Cu ions. Invariably, 
however, Murashige-Skoog ~nedium gave a higher pept ide 
yield than  Linsmaier -Skoog medium which is surprising 
since both  media conta in  the  same levels of zinc and 
copper ions and may ref lec t  a d i f fe rent  uptake  or 
turnover of the  meta l  ions. The dependence  of PC 
fo rmat ion  on the  concen t r a t ion  of zinc ions in the  
medium is c lear ly  shown in Fig. 3. Supplementa t ion  of 
heavy m e t a l - f r e e  Linsmaier  and Skoog medium with 
varying amounts  of zinc ions leads to  a l inear  r e l a t -  
ionship be tween  PC accumula t ion  and zinc ion c o n c e n t r -  
a t ion in the  medium. 

3 7 7  

Format ion  of heavy meta l -b ind ing  pept ides  a f t e r  
t r ans fe r  of cells into f resh medium is not conf ined to 
Rauvolfia serpent ina .  Exposure of several plant  species 
to the  low concen t ra t ions  of zinc and copper ions 
present  in Linsmaier  and Skoog or Murashige and Skoog 
medium, indica ted  a general  phenomenon of PC induction 
by 'physiological '  concen t r a t ion  of zinc and copper 
ions (Table 1). Cells in the  s t a t ionary  growth phase were  
t r a n s f e r r e d i n t o  fresh cu l ture  medium. The PC con ten t  of 
the inoculum was without  except ion  very low (<50 nmol 
per gram dry weight) .  During the  logar i thmic  growth 
phase (day 6) the  PC level of the  cul tures  increased by 
a fac tor  of 10 to 30, and then  decreased  at the  
s t a t ionary  phase (day 12) general ly  4 to  10-fold. 
Analysis of the  spent medium gave no indica t ion  t ha t  
pCvs, e i ther  in the  me ta l - complexed  or in the  me ta l -  
free form, were exc re ted  by the  cells. This t r ans ien t  
rise and decline in PC concen t r a t ion  corresponded to 
the metabol ic  meta l  uptake  and, possibly, to  the  
release of micronut r ien ts .  It will be of in t e res t  to 
inves t igate  the  f a t e  of the  heavy meta l  ions in the  
s ta t ionary  phase as to whe the r  these  ions are t r ans fe r r ed  
from the  PC complex to meta l  requiring proteins or are 
released into vacuoles or cell walls for s torage.  
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Days of 0 6 12 0 6 12 
cu l t i va t i on  

Culture Phytochelatin content Cell mass 
(~Mol Glu-Cys w i th in  (g dwt x I - I  ) 
phytochelat in x I - I  ) 

Agrostis 0.42 4.30 0.30 10.8 20.5 18.8 
tenuis 

Beta 0.22 5.28 1.78 4.8 9.9 12.4 
vu--~aris 

Lupinus 0.03 0.90 0.23 2.4 7.1 16.6 
vulgar is  

Minuart ia 0.17 1.34 0.79 5.7 14.6 18.8 
verna 

Rauvolfia 
serpentina 

0.08 6.43 0.78 3.4 7.4 14.7 

Rosa 0.61 6.20 1.17 5.9 16.7 15.6 
canina 

Silene 0.10 2.20 0.98 1.5 3.6 12.5 
cucubalus 

Table  1 Phytochela t in  concen t r a t ion  and growth 
(as dwt) of d i f fe rent  plant  species inocula ted from 
la te  s t a t iona ry  phase (in comple te  medium) into fresh 
media.  Analysis was per formed 0 ( inoculum),  6 and 12 
days a f t e r  inoculat ion into fresh medium. B__: vulgaris 
cells were grown in Murashige-Skoog medium, all 
o thers  in Linsmaier-Skoog medium. 

Fig. 3 Dependence of phy toche la t in  induct ion on the  
concen t r a t ion  of zinc ions in the  medium. Rauvolfia 
se rpen t ina  cells cul t iva ted  for one growth cycle in 
medium lacking zinc and copper ions were t r ans fe r r ed  
to coppe r - f r ee  Linsmaier  and Skoog medium supple-  
mented  with varying concen t r a t ions  of zinc ions. Af te r  
5 days of cul t ivat ion the  phy toche la t in  level was 
de te rmined .  Arrow indica tes  the  normal  concen t r a t i on  

Z +  . . . .  of Zn m the  Lmsmaler  and Skoog medmm. 

In view of these  findings, we can assume tha t  zinc 
and copper ions seques t ra t ion  by phytoche la t in  pept ides  
invariably occurs  if cells are t r ans fe r r ed  into f resh 
plant cu l ture  media. This is a general  phenomenon which 
has escaped a t t e n t i o n  up to now. Phytochela t ins  under 
these  condit ions are t r ans ien t  metabo l i t e s  and show 
considerable  turnover.  They could fulfill  the  requi re -  
ments  of meta l  homeos tas i s  by complexing the  cel lular  



378 

surplus of heavy metal ions which are rapidly taken up 
from the culture media. In this form the metal ions are 
stored and prevented from interfering with metal-sens- 
itive functional groups of enzymes and structural 
proteins. In the course of the growth process, the 
metals are probably released from the phytochelatin 
complex by transfer to the apoforms of metalloproteins 
and also to a final storage site within the cells. 
Thus the metal-free phytochelatin peptides are sub- 
sequently degraded. Phytochelatins therefore play not 
only a role in the detoxification of metal ions such as 
Cd z+, Hg z+, Pb z+, Ag +, but are part of normal reactions 
involved in the homeostasis of essential metals, the 
microelements Zn, Cu and probably Ni (Brown et al., 
1987). 
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