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Abstract

Cadmium (Cd2+) is a well-known highly toxic element. The molecular mechanisms of the Cd2+ toxicity are not well understood. In

photosynthetic organisms, toxic Cd2+ concentrations are often in the low-AM range. It has been proposed that low-AM Cd2+ concentrations

affect photosynthesis at the level of Photosystem II by inhibiting oxygen evolution. However, in vitro studies on isolated, functional

Photosystem II showed that much higher Cd2+ concentrations (mM range) were needed for inhibition. Here we show that Cd2+ in the low-AM
range inhibited photoactivation (i.e., assembly of the water splitting complex) in Chlamydomonas reinhardtii and in isolated Photosystem II.

Photoactivation is the last step in the assembly of Photosystem II before it becomes functional. The exact Cd2+ concentration necessary for

inhibition depended on the concentration of calcium. It is proposed that Cd2+ binds competitively to the essential Ca2+ site in Photosystem II

during photoactivation. The low Cd2+ concentration needed to inhibit photoactivation suggests that this event is also involved in the Cd2+-

induced inhibition of photosynthesis in vivo. This mechanism is likely to be important for Cd2+ toxicity towards photosynthetic organisms in

general, at least in unicellular like C. reinhardtii where Cd2+ has easy access to the photosynthetic apparatus.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cd2+ is well known as a highly toxic environmental

pollutant that is incorporated and accumulated in large

amounts by all organisms so far tested. Although Cd2+

toxicity has been studied intensively, the molecular mech-

anism of this is not well established.

In photosynthetic organisms, Cd2+ is readily taken up

and affects several metabolic activities in different cell
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compartments. These effects include inhibition of photo-

synthesis, binding to chlorophylls, growth inhibition,

chlorosis (inhibition of chlorophyll synthesis), decrease in

water and nutrient uptake, and root browning (for review,

see Refs. [1–5]). Pietrini et al. [6] showed that the Cd2+

concentration in the chloroplast of Phragmites australis was

0.83 nmol Cd2+/mg chlorophyll when the plants were

treated with 50 AM Cd2+. The Cd2+ concentrations at which

50% of the inhibition is exerted (called IC50 value)

depended on the organism as well as the physiological

conditions, but was found to be mostly in the low AM
(typically 5–30 AM) range (see e.g., Refs. [6–10]). One has

to distinguish between short-term and long-term effects of

Cd2+ exposure, because organisms can adapt to higher Cd2+

concentration by employing resistance mechanisms, such as

inducing the expression of Cd2+-sequestering compounds

(e.g., phytochelatins) or exporters capable of transporting
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Cd2+ out of the cell (reviewed in Ref. [3]). Also, some

mechanism of heavy metal toxicity are slow but never-

theless occur in the low micromolar or even submicromolar

range (e.g., Ref. [11]).

Studies in plants, algae and cyanobacteria have shown

that a sublethal concentration of Cd2+ already inhibits

photosynthesis, for which IC50 values with a low-AM Cd2+

concentration have been reported. In particular, measure-

ments of the inhibition of oxygen evolution by Cd2+ resulted

in IC50 value of 5–10 AM in C. reinhardtii [12–14].

Studies in isolated chloroplasts confirmed that photosyn-

thesis was affected by Cd2+. However, the revealed IC50

values were significantly higher than in the intact organism,

i.e., 1.5–5 mM in chloroplasts isolated from spinach [15]

and 0.2 mM in chloroplasts from Zea mays [16]. The latter

work also indicated that the inhibition of photosynthesis by

Cd2+ is performed at the donor side of Photosystem II (PSII)

(see also Refs. [2,17]), i.e., around the catalytic center of

photosynthetic oxygen evolution. More evidence that the

inhibitory effect of Cd2+ is exerted at the donor site of PSII

came from studies of a Cd2+-tolerant mutant of C. reinhardii

[18]. It was shown that in this Cd2+-tolerant mutant, the

donor side of PSII was impaired, indicating first, that the

donor side is indeed a site of action for Cd2+ inhibition of

photosynthesis and second, that this site is one of the first

affected by Cd2+ in C. reinhardii, since this mutant tolerated

much higher Cd2+ concentrations than the wild type.

Cd2+ effects were also studied on isolated PSII mem-

branes from spinach [19–21]. Vrettos et al. [20] showed

clearly that Cd2+ is a competitive inhibitor of the essential

Ca2+ site in PSII (see below) and a KD value of 0.144 mM

for the binding of the Cd2+ to the Ca2+ site has been

calculated. The catalytic center of the water oxidation of

PSII contains a 4-manganese cluster, a Ca2+ ion and 1–2 Cl�

ions as essential cofactors [22–25]. During the assembly of

PSII to its functional state, the catalytic center is the last unit

introduced. This last step is called photoactivation, because

apart from the cofactors Mn2+, Ca2+, and Cl�, light is also

needed. Photoactivation can also be performed in vitro by

using isolated, Mn-depleted PSII, to which the cofactors are

added. After exposure to light, Photosystem II is photo-

activated and can therefore function, i.e., evolves oxygen

(see Ref. [26]).

Some organisms, such as green algae, are able to

synthesize Chl in the dark and thus assemble stable PSII

in the dark lacking the catalytic center for oxygen evolution.

Upon exposure to light, PSII is photoactivated. In all PSII-

containing organisms, photoactivation is a very frequent

process, due to the high turnover of the protein D1, where

the catalytic center of PSII is located [27,28].

The present work provides evidence that Cd2+ is a

competitive inhibitor of the Ca2+ site in the catalytic center

in PSII during photoactivation. Moreover, the IC50 value of

Cd2+ inhibition is significantly lower during assembly of the

catalytic center (photoactivation) than in the assembled

(functional) state. This could have an important implications
for the mechanism of Cd2+ toxicity towards photosynthetic

organisms.
2. Materials and methods

2.1. Preparation of PSII particles

PSII-enriched membrane fragments from spinach were

prepared according to Ref. [29] with modification as

described in Ref. [30]. The activity of the samples was

400–500 Amol O2 (mg of Chl)�1 h�1. They were stored at

�80 8C until use.

2.2. NH2OH treatment

Mn depletion was carried out by incubating PSII particles

at a concentration of 0.5 mg Chl/ml in a buffer containing

2 mM NH2OH, 300 mM sucrose, 15 mM NaCl, and 50 mM

MES (pH 6.5) for 1 h in the dark on ice, followed by five

washes in the same buffer without NH2OH. The remaining

oxygen evolving activity of the samples was less than 5%.

2.3. In vitro photoactivation of PSII particles

Photoactivation was conducted in a buffer containing

300 mM sucrose, 15 mM NaCl, and 50 mM MES (pH 6.5)

using a final Chl concentration of 50 Ag ml�1. Samples were

incubated for 25 min in glass tubes with a diameter of 0.7 cm

at room temperature and illuminated with white light at an

intensity of 30 Amol quanta m�2 s�1, in the presence of 10

AM 2,6-dichlorphenolindophenol as electron acceptor and

100 AM MnCl2 and 20 mM CaCl2 as typical values unless

otherwise stated. Typical O2-evolution of the photoactivated

PSII membranes were 80–130 Amol (mg chlorophyll)�1 h�1.

The accuracy of the measurement was F10 Amol O2 (mg

chlorophyll)�1 h�1, which is indicated by the error bars

(Fig. 2). The relative yield of photoactivation in the presence

of different concentrations of CdCl2 was calculated by taking

the yield of photoactivation in the absence of MnCl2 and

CaCl2 as 0 and the yield of photoactivation in the absence of

CdCl2 (but presence of MnCl2 and CaCl2) as 1.

2.4. O2 evolution measurements

PSII activity was measured at 20 8C with a Clark-type

oxygen electrode at pH 6.5 using 0.2 mM p-phenyl-

benzoquinone as electron acceptor and saturating illumina-

tion with white light (I=5000 Amol quanta m�2 s�1).

2.5. Photoactivation of Chlamydomonas reinhardtii

C. reinhardtii cc124 was grown in the dark on Tris acetate

phosphate (TAP) medium for 5 days (Chl content of the

cultures: 1.5 Ag Chl/ml). This culture was divided into eight

aliquots. CdCl2 was added in the dark to a final concentration
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in the medium of 0, 1, 10 and 100 AM, respectively. After 1-h

incubation in the dark, the C reinhardtii were directly

measured or exposed to low light intensity (8 Amol quanta

m�2 s�1) and the time course of the increase of variable

fluorescence (Fv/Fm) was measured (for review see Ref.

[31]). Chlorophyll fluorescence in vivo was measured with a

pulse-amplitude modulation fluorimeter (PAM 101, Walz,

Effeltrich, Germany) as described in Ref. [32]. The intensity

of the measuring light was low enough to prevent reduction

of the plastoquinone pool. Saturating light pulses were given

to detect the maximum fluorescence level.

2.6. Photoinhibition of C. reinhardtii

C. reinhardtii cc124 was grown in the light on minimal

medium (HSM) medium for 5 days (final Chl content of the

culture: 1.5 Ag Chl/ml). This culture was divided into eight

aliquots. To four of these, CaCl2 was added to a final

concentration of 10 mM. Subsequently, CdCl2 was added to

three of the Ca2+-enriched and to three of the non-enriched

cultures to a final concentration in the medium of 1, 10 and

100 AM CdCl2.. After 1-h incubation, each culture was split

in two aliquots. One aliquot of each was measured directly

whereas the remaining cultures were exposed to high light

intensity (1000 Amol quanta m�2 s�1) for 1.5 h. Then, the

oxygen evolution was measured and they were transferred

to low light intensity (8 Amol quanta m�2 s�1). After 2 and

6 h, the recovery rate from photoinhibition was measured.

Prior to each determination of oxygen evolution, 10 mM

NaHCO3 was added and the oxygen consumption was

measured for 2.5 min before switching on the actinic light

(I=2000 Amol quanta m�2 s�1).
3. Results

The time course of the inhibition of oxygen evolution

by Cd2+ in functional PSII membranes revealed that the
Fig. 1. (A) Cd2+ inhibits functional Photosystem II and photoactivation in vitro in

inhibition. (A) Effect of different Cd2+ and Ca2+ concentrations on the relative oxy

Cd2+ and Ca2+ concentration on photoactivation of PSII membranes (expressed as

(filled squares), 10 mM (open circles), 20 mM (filled triangles), and 40 mM (cro

50% inhibition of photoactivation occurred) on the Ca2+ concentration. The line
inhibition was completed after ~4 h, in agreement with

previous findings [20] (data not shown). Fig. 1A shows the

concentration dependence of Cd2+ inhibition of oxygen

evolution after 5-h incubation measured in the absence

(filled squares) and presence of 10 mM Ca2+ (open

circles). The Cd2+ concentration needed to inhibit 50%

of the oxygen evolving activity of functional PSII

membranes (IC50 value) was ~8 and ~2.5 mM in the

presence of 10 and 0 mM Ca2+, respectively. This is in

agreement with values in the low-mM range reported in

the literature [15,20] and the fact that increasing the Ca2+

concentration can reverse the Cd2+ inhibition due to their

competitive binding to the same site [20].

Fig. 1, B1, shows the effect of the presence of

different Cd2+ and Ca2+ concentrations on the relative

yield of photoactivation in vitro. Photoactivation is the

last step in the assembly of functional PSII. This was

determined by measuring oxygen evolution of functional

PSII after photoactivation. At all Ca2+ concentrations

measured, photoactivation was inhibited by Cd2+ in a

concentration-dependent manner. For instance, the relative

yield of photoactivation in the presence of 10 mM Ca2+

is depicted by the open circles. Here, the IC50 value was

deduced to be ~ 0.2 mM. This is 1–2 orders of

magnitude lower than for the assembled system (IC50

value: 8 mM at the same Ca2+ concentration) (Fig. 1A).

It can be clearly seen that the change of the Ca2+

concentration had a dramatic effect in that in the

presence of higher Ca2+ concentrations, higher Cd2+

concentrations were needed to inhibit the photoactivation

and vice versa.

Fig. 1, B2, shows that the IC50 values of Cd
2+ depended

directly on the Ca2+ concentrations (here shown for

concentrations between 0.1 to 20 mM). A linear dependence

fitted satisfyingly to the data points, indicating that the IC50

value of inhibition of photoactivation by Cd2+ can be

estimated by 1/50 of the present Ca2+ concentration for a

broad range of Ca2+ concentrations.
a Ca2+-dependent manner. Photoactivation is more sensitive towards Cd2+

gen evolution activity of functional PSII membranes. (B1) Effect of different

relative oxygen evolution activity). Photoactivation in the presence of 5 mM

sses) Ca2+. (B2) Dependence of the IC50 values (Cd
2+ concentration where

represents the least-square fit of the data.



Fig. 3. Cd2+ inhibits photoactivation in C. reinhardtii in vivo. Plot of

variable to maximum fluorescence (Fv/Fm) versus time of light incubation.

Fv/Fm is a measure of Photosystem II activity. C. reinhardtii were grown in

the dark and then incubated with [Cd2+] of 0 (open circles), 1 (filled
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In order to analyze the type of inhibition by Cd2+ during

photoactivation data in Fig. 1, B1, were further treated. Fig.

2A shows these data in a double-reciprocal plot. The lines

were obtained by a linear least-square fit for each Cd2+

concentration. The fitted lines intersect in an area (see dotted

circle Fig. 2A) around the ordinate axis (i.e., at [Ca2+]�1=0)

indicating that the inhibition of Cd2+ is competitive.

Whereas an uncompetitive inhibition by Cd2+ can be ruled

out, the extended area of intersection of the fitted lines do

not allow a mixed type inhibition to be ruled out. Mixed

type (also called noncompetitive) inhibition shows an

intersection of the fitted lines below the ordinate axis (i.e.,

[Ca2+]�1b0). The Dixon plot is shown in Fig. 2B, in which

the least-square fitted lines intersect mostly in the second

quadrant and the plot of the slopes of these lines against

[Ca2+]�1 passes through the origin, indicative of compet-

itive inhibition (Fig. 2B, inset) [29].
Fig. 2. (A) Evidence that Cd2+ is a competitive inhibitor of the essential

Ca2+ site during photoactivation in vitro. Double-reciprocal plot of the data

from Fig. 1, B1: Inverse oxygen evolution activity vs. inverse Ca2+

concentration for the inhibition of photoactivation of PSII by 500 AM (open

diamonds), 350 AM (filled triangles), 200 AM (open triangles with a dot)

and 50 AM (filled squares) Cd2+. (B) Dixon plot of the data from Fig. 1, B1:

Inverse oxygen evolution activity vs. Cd2+ concentration in the presence of

10 mM (open squares), 20 mM (filled squares) and 40 mM (open triangles)

Ca2+. The inset shows the slopes of the lines from the Dixon plot vs. the

inverse Ca2+ concentration. The dashed lines represent the least-square fits

for each concentration of Cd2+ and Ca2+ for panel A or B, respectively.

circles), 10 (triangles), and 100 AM (squares). After 1-h incubation in the

dark (time point 0), the C. reinhardtii were exposed to white light (8 Amol

quanta m�2 s�1) and Fv/Fm (reflecting the yield of photoactivation) was

followed over 60 min.
In contrast, when the Mn2+ concentration was changed

(between 10 AM and 1 mM) during photoactivation (Ca2+

concentration kept constant), the Cd2+ concentration-

dependent inhibition (i.e., the IC50 values) was not

significantly affected (data not shown). This indicates that

the inhibition of photoactivation by Cd2+ is predominantly

due to competition at the Ca2+ site and not at the Mn2+ sites

in PSII.

In order to test these findings in vivo, measurements with

whole cells of C. reinhardti cc124 were undertaken. C.

reinhardtii is able (in contrast to most other photosynthetic

organisms) to synthesize chlorophylls in the dark and thus

assemble PSII up to the point prior to photoactivation (when

grown in the presence of acetate as an alternative energy

source). Upon exposure to light, PSII in C. reinhardtii

performs photoactivation, which can be monitored by

measuring the quotient of the variable and maximal

fluorescence level (for review, see Ref. [31]). Such

measurements are shown in Fig. 3 in the presence of

different Cd2+ concentrations. In the absence of Cd2+ (open

circles), the photoactivation was completed after a 10-min

exposure to light and reached a typical value of 0.6 for Fv/

Fm. In contrast, in the presence of 100 AM Cd2+, no

photoactivation took place (Fv/Fm stayed constant at

around 0.3). In the presence of 10 AM Cd2+, about 40%

of the maximal photoactivation was reached, pointing to a

IC50 value in the low-AM range of Cd2+.

To further investigate the inhibition of photoactivation

by Cd2+ and its competition with Ca2+ in vivo, cells of C.

reinhardtii cc124 were grown photoautotrophically for 5

days and then subjected to photoinhibitory illumination in

the presence of different Cd2+ concentrations and in the

presence or absence of 10 mM CaCl2 (Fig. 4). Illumination

with high light intensity (I=1000 Amol quanta m�2s�1)



1 The free Ca2+ concentration in the cytosol is well established to be

100–300 nM (for review, see Ref. [35]. In contrast, for the free Ca2+

concentration in the stroma, only estimations are available: the basal free

Ca2+ concentration is ~150 nM in the light and can attain 5–10 AM upon

transition to the dark [36]. The description of a pH gradient-dependen

Ca2+/H+ antiporter in the thylakoid membrane (Ca2+ transported from the

stroma to the lumen) [37] suggests a significantly higher free Ca2+

concentration in the lumen, i.e., N150 nM. Since it is conceivable that the

origin of Ca2+ in the stroma upon transition from light to dark originates

from the lumen, the free Ca2+ concentration in the lumen can be estimated

to be in the AM range.

   

Fig. 4. Ca2+ modulates the inhibitory effect of Cd2+ on the recovery of PSII

after photoinhibition. Plot of oxygen evolution of C. reinhardtii cells prior

to photoinhibitory illumination, after photoinhibition and during recovery.

C. reinhardtii were grown in the light (25 Amol quanta m�2 s�1) and

incubated with [Cd2+] of 0 AM (open circles), [Cd2+] of 10 AM (filled

triangles), [Cd2+] of 100 AM (filled squares), 10 mM CaCl2 and 10 AM
Cd2+ (open triangles), 10 mM CaCl2 and 100 AM Cd2+ (open squares).

After 1-h incubation (time point 0), the cells were exposed to white light

(I=1000 Amol quanta m�2 s�1) for 1.5 h (photoinhibition, white bar) and

then transferred to weak light (8 Amol quanta m�2 s�1) during the recovery

phase (black bar). Chloramphenicol (20 AM) was added after the photo-

inhibitory illumination to samples containing no Cd2+ to show the level of

recovery without D1 synthesis (asterisk). The oxygen evolution activity

prior to photoinhibition was 100–180 Amol O2 mg chl�1 h�1 depending on

the culture.
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inhibited oxygen evolution activity to 40% in the absence

of Cd2+ and in the presence of 10 AM CdCl2, while in the

presence of 100 AM CdCl2, the activity was inhibited to

10% residual activity. In the absence of Cd2+, incubation of

the cells in weak light after photoinhibition led to a

recovery of oxygen evolving activity, which involved de

novo synthesis of the D1 protein, as could be shown by a

clear inhibition of recovery in the presence of chloram-

phenicol (a known inhibitor of D1 synthesis). In the

presence of 10 AM Cd2+, recovery did not take place.

However, when the medium contained 10 mM Ca2+,

efficient recovery occurred. Even in the presence of 100

AM CdCl2, which blocked the recovery completely,

restoration of oxygen evolution took place in the presence

of 10 mM Ca2+ although more slowly than in the presence

of lower concentrations of Cd2+. For recovery of photo-

inhibited PSII, not only is de novo synthesis and re-

assembly of PSII needed but also, as the last step,

photoactivation. The results shown here are most easily

interpreted as the inhibitory effect of Cd2+ on photo-

activation, which can be compensated by Ca2+. When the

cells were incubated for 2.5 h with up to 1 mM CdCl2
under low light intensities (25 Amol quanta m�2 s�1), no

inhibitory effect of Cd2+ on oxygen evolution was seen

(data not shown). Under these low light conditions, D1

turnover is very slow and hence photoactivation is

effectively absent during this 2.5 h. This is in line with

the hypothesis that low-AM Cd concentrations inhibit only

photoactivation and not assembled PSII.
4. Discussion

This work shows that Cd2+ inhibits photoactivation of

PSII in vitro in the low-AM range in a Ca2+-sensitive

manner. In contrast, Cd2+ inhibition of functional PSII in

vitro occurred only at ~2 orders of magnitude higher Cd2+

concentrations (i.e., low mM range). This seems to be a

thermodynamic (and not kinetic) effect, since Cd2+ inhib-

ition was assessed at equilibrium (i.e., after 5-h incubation,

see Results and Ref. [20]). This clearly underlines the

importance of the photoactivation process for the Cd2+

inhibition of PSII and suggests that Cd2+ inhibition of

functional PSII is of little relevance in vivo.

This conclusion is supported by the result that Cd2+

inhibition of photoactivation had very similar IC50 values in

vivo and in vitro (i.e., low-AM range), indicating that the

photoactivation experiments in vitro were relevant to what

happens in vivo. The comparison is limited by the restricted

knowledge about the Ca2+ concentration in the lumen and

the penetration of Cd2+ in the cell and its different

compartments, as well as by the possibility that there are

more inhibitory processes with similar IC50. However, the

lumenal Ca2+ concentration is estimated to be in the AM
range1, which would lead to a reasonable IC50 value for

Cd2+ (high nM to low AM) for photoactivation in vivo

(based on the result that IC50 value for Cd2+ is 1/50 of the

Ca2+ concentration (see Results and Fig. 1, B2).

Published studies have reported IC50 values of 5–10 AM
Cd2+ for oxygen evolution in C. reinhardii [12–14] and in

the low-AM range in plants, algae and cyanobacteria [7–10].

Although these measurements did not distinguish between

photoactivation and functional PSII, it is likely that Cd2+

binding during photoactivation played a more important role

than Cd2+ binding to functional PSII in PSII inhibition. This

is also reasonable, since photoactivation is a very frequent

process in nature due to the fast turn over of the central

protein D1 in PSII [27,28].

Taken together, these results suggest that Cd2+ binding

to the essential Ca2+ site during photoactivation is likely to

be an important mode of action in vivo for inhibiting

photosynthesis. This mechanism is a serious candidate for

the involvement of Cd2+ toxicity in photosynthetic

organisms in general, at least in unicellular ones, where

Cd2+ has ready access to the chloroplast [33]. This is

corroborated by the work of Voigt and Nagel [18], who
t
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found a Cd2+-tolerant mutant of C. reinhardii, whose

impaired donor side of PSII conferred the tolerance of

much higher Cd2+ concentrations in this mutant compared

to the wild type.

The present results suggest that Cd2+ is inhibiting

photoactivation (and thus the formation of functional PSII)

in the low-AM range mostly by binding to the essential Ca2+

site. This is the same mechanism as reported for the

functional PSII [20], although in that case significantly

higher Cd2+ concentrations were needed (KD=0.144 mM).

This implies that functional PSII has higher selectivity for

Ca2+ over Cd2+ compared to the binding during photo-

activation. Indeed, assembled PSII exhibited a higher

binding constant for Ca2+ (KD=0.069 mM) compared to

other monovalent (Na, K) and divalent ions (Mn, Ni, Cu,

Co, Cd, Sr, Ba) [20]. The lower selectivity of Ca2+ over

Cd2+ during photoactivation could be due to a Ca2+ site,

which is not yet properly formed [i.e., ligand(s) missing or

distorted geometry] or which is relatively flexible to

accommodate other metals, both quite reasonable sugges-

tions for a protein in an assembly process.

It could be a general feature that the selectivity of the

metal-binding site for the native metal is lower during

assembly and/or folding of metalloproteins and thus the

protein takes up other metals more easily. These non-native

metals might lead to a loss of activity (or gain of abberant

activity) of the protein, which could have toxic effects.

Thus, metalloproteins would be much more vulnerable

towards metal toxicity during assembly/folding. A way to

avoid this higher vulnerability is ensured by the metal-

chaperoning system, which makes sure that native metals

are introduced in already formed metal-binding sites (for

recent review, see Ref. [34]).
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