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SUMMARY 

The inhibitory effect of the Cd 2 + in the electron transport  of  the isolated 
chloroplasts has been observed by measuring the oxygen uptake from the solution and 
the fluorescence induction. Cd 2÷ is found to be an inhibitor on the donor side of  
Photosystem II  and its action site, as determined by experiments using hydroxylamine 
and exogenous Mn, is supposed to be on the water-splitting enzyme itself. Moreover,  
physicochemical and physiological studies indicate that  only the ionic form of Cd is 
acting at the level of  the manganoprotein. It is not possible, from this work, to define 
precisely in which form Cd is taken up through the thylakoid membranes. 

INTRODUCTION 

Elements like cadmium, lead and nickel, although not known to be involved in 
any metabolic process, are taken up by plants [1] and affect the metabolism. In 
organelles like mitochondria, Cd was found to uncouple the oxidative phosphoryla- 
tion at low concentrations and to produce a significant inhibition of  the oxidative rate 
at higher concentrations [2, 3]. The present report describes the effects of Cd upon the 
light reactions of  photosynthesis in isolated chloroplasts. 

METHODS 

Fresh spinach leaves (Spinacea oleracea L, cultivar verbeterd breedblad) were 
obtained from plants grown on a Steiner solution [4] in climate-controlled rooms. The 
deveined leaves were macerated in an omnimixer at 5 °C. The juice was filtered 
through 4 layers of  nylon cloth and centrifuged at 4000 × # for 4 min. 

The resulting pellet was resuspended in a grinding medium containing at pH 
7.6 : 0.05 M TES, 0.35 M sucrose, 0.01 M MgC12, 0.035 M KC1. The same medium 
was later used in the experiments. The chlorophyll concentration was diluted to 30 
#g/ml as described by Bruinsma [5]. All the assays were performed at 20 °C, with an 
incubation time of 5 min in darkness. 

Abbreviations: TES, N-tris (hydroxymethyl)-2-aminoethanesulphonic acid; DPIP, 2,6-di- 
chlorophenol indophenol; loxynil, 3,5-diiodo-4-hydroxybenzonitrile. 
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The electron transport was measured with a modified Mehler reaction [6], 
using 35 pM methyl viologen (paraquat; l, l'-dimethyl-4,4'dipyridilium dichloride)as 
terminal electron accept0r and 0,01 M NaN 3 as inhibitor of the hydrogen peroxide 
catalase. The oxygen uptake from the solution was measured with an YSI Clark-type 
oxygen sensor. 

The fluorescence induction was excited at 475 nm and observed at 680 r~m~ The 
chloroplasts Were illuminated for 4 s. 

A stock solution of cadmium nitrate (15 mM), diluted in the grinding medium 
and maintained at pH 7.6, was used. The extent of C d  2 ÷ complex formation with the 
different components of this medium was measured with a C d  2 + - a c t i v i t y  electrode 
Orion, Model 94-48. 

R E S U L T S  

Cd complex formation 
Cd in aqueous solution is known to form a number of complex'species (partic- 

ularly with hydroxide and chloride anions and ammonia) ~ [7]. BecauSe Of CdCO3 
precipitation at pH 7.6, it was impossible to use a concentration higher than 15 raM. 
The stock solution contained also 0.05 M TES and 0.055 M CI-, which complexed the 
Cd at 35 %4-5 and 60 % 4-5, respectively (Fig. 1). The complete medium eomplexed 
approx. 75 % ~5  of Cd. The effect of this Cd complex formation has also been 
observed in some physiological measurements. The fluorescence intensity a t  the 
steady-state level [8] has been measured on isolated chloroplasts incubated in two 
reaction media, differing only in the CI- concentration (3 mM in a and 55raM in b, 
Fig. 3). A shift of 70-80 % along the concentration axis was observed, due to the Cd • 
CI complexes. A C1 deficiency is known to decrease the electron flow from Photo- 
system II into the quencher; the chlorine functions as a cofactor in the electron 
transport chain and its action site is near the water-splitting step [9]. In the present 
experiment, the C1- concentrations were chosen in a range which disturbed the C! 
function, in the absence of Cd, to a very small extent (about 10 %). In order to 
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]Fig. ]. Cd complex format ion wi th the different components o f  the medium: O, salts; A,  salts+ 
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KCI. 



i 66  

eliminate the possibilities of  a lower sensitivity of the chloroplasts due to an eventual 
CI deficiency, the electron transport  was measured again with a CdC12 stock solution 
instead of Cd(NO3)2" 4H20.  Nearly identical results were obtained when using 
CdCI 2. 

Electron transport 
At pH 7.0, the Cd oxidoreduction potential is (--0.40 V) quite comparable to 

the methyl viologen potential (--0.47 V) [I0]. Thus, Cd could be expected to function 
as an electron acceptor. To control this possibility, the modified Mehler reaction was 
measured, applying Cd instead of methyl viologen as an electron acceptor. No oxygen 
consumption or evolution was observed in the light. 

When methyl viologen was used, Cd effects on the rate of 02 consumption 
were observed (curve a, Fig. 2). Within the total range of Cd concentrations ( i -  
10 mM),  a double effect was obvious. Low Cd concentrations brought about an 
increase of  oxygen consumption which could be explained by an uncoupling of the 
photophosphorylation resulting in an increase of  the electron transport  [11 ]. Maxi- 
mum uncoupling was obtained at 4 mM total Cd. Higher Cd cor~centrations caused a 
decrease of  oxygen consumption which should be due to a blockage of  the electron 
transport chain since Cd does not act as an electron acceptor. In fact, the curve (Fig. 
2a) was the result of  opposite additive effects: uncoupling and inhibition by Cd. 

In the following part  of  this paper, Cd inhibition has been emphasized. When 
preincubating isolated chloroplasts with a known uncoupler of  the photophosphoryla-  
tion (20 mM CH3NH3C1), only the inhibitory effect of Cd was observed (Fig. 2b). 
Within the total Cd concentration range observed, (1-10 mM),  the electron transport 
chain has never been completely inhibited. 

In oxygen consumption measurements, with ascorbate-reduced DPIP (10/~M) 
as electron donor of  Photosystem 1 and methyl viologen as electron acceptor [12], 
absolutely no Cd effect could be observed. Therefore, Cd inhibition must be localized 
on Photosystem II. 
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Fig. 2. Rate of 02 uptake by the chloroplasts at different Cd concentrations: (a) effect of cadmium 
nitrate in the absence of any uncoupler; (b) Cd inhibition obtained in chloroplasts uncoupled with 
CH 3NH 3C]; (c) Cd effect bypassed by hydroxylamine; (d) Cd effect partially reversed by exogenous 
Mn 2+ in uncoupled chloroplasts. 
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Fig .  3. E f f e c t  o f  d i f f e r e n t  c a d m i u m  n i t ra t e  c o n c e n t r a t i o n s  o n  t h e  F ~ ( Q / Q - )  r a t i o :  

r e s p e c t i v e l y  at  t o t a l  C1 c o n c e n t r a t i o n s  o f  3 m M  a n d  55 m M  in  t h e  m e d i u m .  

(a)  a n d  (b)  

Fluorescence induction 
When the light is turned on, the fluorescence is known to increase in a biphasic 

manner, from an initial level F o to a steady-state level F~, which reflects the reduc- 
tion of the Q pool, primary electron acceptor of Photosystem II, into Q-  [8, 13 ]. The 
first phase did not change in the presence of Cd except that F o was slightly increased. 
The second phase was strongly affected by the Cd concentrations; the second rise 
phase, as well as F~ ,  were decreased (Fig. 3). That meant that the first photo- 
chemical steps of O2 evolution were still present, but Cd considerably affected the 
quantity of electrons that were able to reduc: the Q pool. The same experiment was 
done in the presenc~ of Ioxynil (5 #M) which is an inhibitor of Q reoxidation by 
Photosystem I [14]. When Ioxynil is present, the total Q pool is supposed to become 
reduced, at saturating light intensities, and the fluorescence induction rate is very fast. 
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F i g .  4. E f f e c t  o f  d i f f e r e n t  c a d m i u m  n i t ra t e  c o n c e n t r a t i o n s  in the  p r e s e n c e  o f  I o x y n i l  o n  t h e  f l u o -  

r e s c e n c e  i n d u c t i o n  ra te  ( a )  a n d  o n  t he  s t e a d y - s t a t e  l eve l  F ~  (b) .  
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When Cd was added, this induction rate was decreased as well as the F~ level 
(Q/Q- )  (Fig. 4). These fluorescence experiments suggested that Cd inhibits the elec- 
tron transport chain at the donor side of Photosystem II. 

In the presence of Ioxynil or DCMU, the reduced Q pool can be reoxidized 
during dark incubation of the preilluminated chloroplasts in a reaction between Q-  
and Y1 + [15, 16]. In the presence of Cd, this back-reaction was still possible. There- 
fore, Cd could not have its inhibition site on the first electron donor. Hydroxylamine 
(50 mM) is known to give electrons to Photosystem II, preventing the splitting of 
water [17, 18]. With oxygen measurements, it has been shown that hydroxylamine 
bypassed the Cd effect (Fig. 2c). Since this compound gives electrons to Y2 [15], the 
second electron donor of Photosystem II, it was concluded that Cd was acting before 
Y2. 

Mn 2+ is most often proposed to be an electron donor at the level of the 
manganoprotein required for the oxidation of water [15, 19]. It was of particular 
interest to see how Cd could act in the presence of uncoupled chloroplasts incubated 
with Mn nitrate (10 mM) (Fig. 2d). Mn could not suppress the Cd effect. But the 
inhibition percentage, at all Cd concentrations, was significantly lower in presence of 
Mn (see Figs 2b and d). 

DISCUSSION 

Our results have shown Cd to be an inhibitor of  the electron transport chain at 
the water side of  Photosystem II, which can be described by the following model 
based on several works [15, 20, 21]: 

A ~ Q ~ Y 1  

Mn e" donor 

Cd inhibitor 

In the experiments with Ioxynil and Cd, a decrease in the steady-state level F~ 
was observed, less electrons reaching the Q pool from the water-splitting site. Hydro- 
xylamine (50 mM), electron donor to Y2, completely bypassed the Cd effect. Other 
tests done with added Mn instead of Cd confirmed that hydroxylamine also bypassed 
the Mn effect in the electron transport. Cd and exogenous Mn, respectively, as 
inhibitor and electron donor, were assumed to act on the same electron donor Ya 
required for the oxidation of water. This could be supported by the fact that exogenous 
Mn could not bypass the Cd effect, but only partially reversed the Cd inhibition. 

Hg, Cu and Pb have been described to have at least one inhibition site on the 
donor side of Photosystem II [22-24]. Because the electron donors of Photosystem Il 
are localized either inside or on the inner surface of the thylakoid membranes of the 
grana [25, 26] these divalent cations have to penetrate the membranes to act. The Cd 
inhibition or the transport through the membranes or both were dependent on the 
physicochemical form of Cd. Considering the physiological experiment (Fig. 3), the 
shift of the curve, when Cd was not in ionic form, suggested that the electron transport 
chain was more sensitive to Cd 2 + than to some Cd complex. The uncoupling effect of 
Cd will be discussed in more detail later on. 
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