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Abstract The effect of cadmium on the photosynthetic
activity of Synechocystis PCC 6803 was monitored in
this study. The oxygen evolving capacity of Synecho-
cystis treated with 40 uM CdCl, was depressed to 10%
of the maximum in 15 min, indicating that Cd*" pene-
trated rapidly into the cells and blocked the photosyn-
thetic activity. However, neither photosystem II (PSII)
nor photosystem I (PSI) activity showed a significant
short-term decrease which would explain this fast de-
crease in the whole-chain electron transport. Thermo-
luminescence measurements have shown that the charge
separation and stabilization in PSII remains essentially
unchanged during the first few hours following the Cd*™
treatment. The electron flow through PSI was monitored
by following the redox changes of the P700 reaction
centers of PSI. Alterations in the oxidation kinetics of
P700 in the Cd?"-treated cells indicated that Cd**
treatment might affect the available electron acceptor
pool of P700, including the CO, reduction and accu-
mulation in the cells. Perturbed angular correlation of y-
rays (PAC) using the radioactive '''™Cd isotope was
used to follow the Cd*>* uptake at a molecular level. The
most plausible interpretation of the PAC data is that
Cd?>™ is taken up by one or more Zn proteins replacing
Zn?" in Synechocystis PCC 6803. Using the radioactive

K. N. Sas (X)) - L. Hemmingsen

Department of Natural Sciences,

Royal Veterinary and Agricultural University,
Thorvaldsensvej 40,

1871 Frederiksberg C, Denmark

E-mail: kns@kvl.dk

Fax: +45-35282350

L. Kovacs - O. Zsiros - Z. Gombos - G. Garab
Institute of Plant Biology, Biological Research Center,
Hungarian Academy of Sciences, Temesvari krt 62,
Szeged 6701, Hungary

E. Danielsen

Nano Science Center, University of Copenhagen,
Universitetsparken 5,

2100 Copenhagen @, Denmark

199Cd isotope, a protein of approximately 30 kDa that
binds Cd*" could be observed in sodium dodecyl sulfate
polyacrylamide gel electrophoresis. The results indicate
that Cd®>" might inactivate different metal-containing
enzymes, including carbonic anhydrase, by replacing the
zinc ion, which would explain the rapid and almost full
inhibition of the photosynthetic activity in cyanobacteria.
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Abbreviations BASIL: Bauers axially symmetric
independent ligands - CA: Carbonic anhydrase -
CCM: Carbon-concentrating mechanism -

EFG: Electric field gradient - HEPES:
N-(2-Hydroxyethyl)piperazine)- N’-ethanesulfonic
acid - NQI: Nuclear quadrupole interaction -
PAC: Perturbed angular correlation of y-rays -
PAGE: Polyacrylamide gel electrophoresis -

PQ: Plastoquinone - PSI: Photosystem I - PSII:
Photosystem II - Qg: Reduced secondary quinine
acceptor - Rubisco: Ribulose bisphosphate
carboxylase-oxygenase - SDS: Sodium dodecyl
sulfate - Tris: Tris(hydroxymethyl)aminomethane

Introduction

The development of human activities and industrializa-
tion has led to an increased accumulation of heavy
metals in the environment. One of the most common
heavy-metal pollutants is cadmium, which is not physi-
ologically essential but is generally toxic at very low
concentrations in most living organisms. The effect of
Cd*" has been extensively studied in bacteria and higher
plants, and reviews can be found in [1-3]. Studies carried
out in different plant species have revealed a wide range
of different toxic effects, although the underlying
molecular mechanisms are still not completely under-
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stood. Cd*>" inhibits plant growth [4-10], can disturb
oxygen metabolism [9] and reduces photosynthetic
activity drastically [5, 7-19]. The effects on photosyn-
thesis are very complex and different parts of the pho-
tosgnthetic apparatus are affected by cadmium ions.
Cd*™ influences both the light and the dark reactions of
photosynthesis. It can also affect the chlorophyll content
[12], trigger changes in the chloroplast membrane
structure [17, 20] and inhibit carbon fixation [11, 13, 19].
Disturbances in the uptake and distribution of other
micronutrients and macronutrients have also been found
[21].

To study the effect of cadmium on photosynthesis,
cyanobacteria can provide a very useful model because
of their fast Cd*>" uptake, which makes it possible to
monitor the path of Cd*>" and to distinguish between
fast and delayed mechanisms caused by Cd?* treatment.
Certain types of bacteria can take up and accumulate
heavy metals from fresh water. Removal of toxic metal
ions from water by cyanobacteria has been widely
studied in recent years and is a promising alternative
treatment in wastewater purification [22-26]. Cyano-
bacteria are also suitable for biosensor applications. It
was demonstrated that by monitoring oxygen evolution
and its alterations due to toxic effects it is possible to
obtain information about heavy-metal pollutants in sea
water [27, 28].

In this study we monitored the oxygen-evolving
capacity of Synechocystis PCC 6803 treated with 40 uM
CdCl,. We followed the Cd*>"-induced changes in the
photosystem I (PSI) and photosystem II (PSII) depen-
dent electron transport rates both in vitro and in vivo.
The subcellular distribution of Cd** taken up by the
cells during short (up to 15-min) exposure to Cd ions
was also estimated.

In order to obtain more information about the
molecular mechanisms behind the reduced photosyn-
thetic activity, we followed the uptake of the radioactive
"med jsotope using perturbed angular correlation of -
rays (PAC) spectroscopy. In biological applications
PAC spectroscopy is widely used to obtain information
on the structure and dynamics of the metal sites of
metalloproteins. Although PAC is most often used to
study purified proteins, the fact that it can be applied in
liquid states makes it suitable for in vivo experiments.
The uptake of cadmium ions in Synechocystis PCC 6803
takes place very fast, within minutes, which is essential
in PAC measurements owing to the short half-life
(49 min) of the Cd isotope. In order to clarify the pri-
mary acting sites of Cd*" inhibition, it is necessary to
identify those proteins that specifically can bind Cd*>" in
a short time. Since PAC spectroscopy is very sensitive to
the coordination geometry of the metal ion, it can be
used to obtain information about the immediate envi-
ronment of the metal ion. We performed PAC experi-
ments on whole cells in vivo, on cytosolic fractions and
on thylakoids, at low and high pH, with and without
imidazole in order to get more information about the
possible Cd> " -binding sites in Synechocystis PCC 6803.

Materials and methods
Organism and culture conditions

Synechocystis PCC 6803 cells were grown photoauto-
trophically at 28 °C in BG-11 medium [29] supplemented
with 4 mM N-(2-hydroxyethyl)piperazine)- N’-ethane-
sulfonic acid (HEPES)-NaOH (pH 7.5) under
continuous illumination (white light, 70 pmol photons
m 2 s~ ') on a horizontal shaker.

Isolation of thylakoid membranes

Cells were harvested by centrifugation at 5,000g for
5 min and washed in 25 mM HEPES (pH 7.5), 10 mM
EDTA buffer and then resuspended in 25 mM HEPES
(pH 7.5), 1 mM phenylmethylsulfonyl fluoride, 2 mM
g-aminocaproic acid, 1 mM benzamidine. In order to
break the cell walls, the suspension was mixed with an
equal volume of 0.1-mm acid-washed glass beads and
the suspension was vortexed in an Eppendorf tube 10
times for 1 min with 1-min interruptions for cooling on
ice. The glass beads were washed with 25 mM HEPES
(pH 7.5) buffer and the decanted material was spun
down at 5,000¢g for 5 min to remove unbroken cells and
debris. The supernatant was centrifuged at 30,000g for
50 min and the pelleted thylakoids were resuspended in
the corresponding reaction media used in the analysis.
The supernatant (cytosol) was concentrated using
Centricon filters.

Measurement of photosynthetic activities

Photosynthetic oxygen-evolving activity of intact cells
(from H,O to CO,) was measured with a Clark-type
oxygen electrode (Hansatech) at saturating light inten-
sity of 3,000 pE m~2 s~'. The PSII and PSI dependent
Hill reactions were measured on isolated thylakoid
membranes resuspended in 50 mM HEPES-NaOH (pH
7.5) buffer that contained 0.4 M sucrose and 5 mM
CaCl, in a Clark-type oxygen electrode at 25 °C. The
PSII activity was measured in the presence of 1 mM
benzoquinone. The PSI activity was determined as the
oxygen uptake by the sample in the presence of 100 uM
methylviologen, 15 uM  N-(3,4-dichlorophenyl)-N’,N’-
dimethylurea, 100 uM 2,6-dichlorophenolindophenol
and 5 mM sodium ascorbate.

Measurement of the oxidation-reduction kinetics
of P700

The light-induced redox changes of P700 were moni-
tored by measuring the absorbance change at 820 nm
using a PAM-101 chlorophyll fluorometer (Heinz Walz,
Germany) equipped with an ED-820T emitter—detector



system. The same amount of sample (equivalent to 60 ug
chlorophyll) was filtered onto a filter paper disk and was
exposed to saturating white light provided by a KL 1500
(Schott) halogen lamp fitted with an electronic shutter
for 4 s. The re-reduction kinetics was then recorded in
the dark on a millisecond timescale.

Measurement of thermoluminescence

The thermoluminescence measurements were carried out
in a home-built apparatus [30]. After 5-min dark adap-
tation at 25 °C the samples (20 pg ml~' chlorophyll)
were excited at —20 °C by a saturating single-turnover
flash in the sample holder. Immediately after excitation,
the sample was quickly cooled down to —40 °C and the
emitted thermoluminescence was measured during
heating of the sample in the dark at a heating rate of
20 °C min~' using a Hamamatsu photomultiplier.

19°Cd labeling

For in vivo labeling, cells equivalent to 200 pg chloro-
phyll were spun down at 5,000g for 5 min and washed in
25 mM HEPES (pH 7.5) buffer. The cells were resus-
pended in 0.5 ml HEPES buffer and mixed with the
same volume cadmium acetate solution containing
80 uM cadmium acetate/2 MBq '®?CdCl, (Amersham)/
0.75 M tris(hydroxymethyl)aminomethane (Tris)-HCI
(pH 7.5). The cells were incubated for 30 min and wa-
shed with 25 mM HEPES (pH 7.5) buffer two times. The
radioactivity of the pellet was measured using a germa-
nium detector (Canberra). The cells were then resus-
pended in 10 mM EDTA, 25 mM HEPES (pH 7.5)
buffer, to remove the Cd>" bound to the cell wall, spun
down and the activity of the pellet was measured again.
The activity of the EDTA-washable fraction was con-
sidered as the Cd*>* bound by the cell wall. Thylakoid
and cytosol fractions were also isolated and their activ-
ities were measured.

PAC spectroscopy

Using PAC spectroscopy, one can obtain information
from the nuclear quadrupole interaction (NQI) between
the nuclear quadrupole moment (Q) of the nucleus (in
this case Cd) and the electric field gradient (EFG)
originating from the surrounding charge distribution.
Detailed description of the theory of PAC can be found
in [31]. In biological applications, the EFG originates
from the surrounding ligands at the metal sites in metal-
containing proteins. PAC is mostly used to obtain
structural information around the metal site, but it can
be used to study dynamic effects as well [32].

PAC requires an isotope that decays by emitting two
y-rays. The PAC instrument measures the time-depen-
dent probabilities W(0,r) by detecting a second y-ray at
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an angle 0 and a time ¢ after the first emitted y-ray. In the
case of '''™(Cd, the intermediate level has spin 5/2 and the
energy splits into three levels under the influence of an
EFG. This energy splitting of the intermediate level is
reflected in the PAC spectrum. In the case of identical
static, randomly oriented molecules, the probability
density has the form W(0,t) = e /*[1 + 420G,
(3/2cos? 0 — 1/2)], where the perturbation function
Gxp(?) is given by Gn(t) =ap+acos(wt)+azcos(wat)
+ascos(wst), where w;s are the frequencies correspond-
ing to the energy differences (w;=2nAE;/h, where h is
Planck’s constant) with @; amplitudes and where the
coefficient A, gives the amplitude of the anisotropy in
the angular correlation between the two y-rays, and 45,
depends only on the nuclear decay and has the value 0.18
for "''™Cd [33, 34]. The correlation function Gx(?) is
found from the geometric mean of measured probabili-
ties W (0,¢) using

W(180°,¢) — W(90°,1)

AG(t) = 2 — — .
2G2() W (180°,7) + 2 (90°, )

The perturbation function is analyzed by conven-
tional ; fitting routines to equations as described in [35],
yielding the NQI parameters wy, # and Aw/w and 7.
The NQI can be described by two independent param-
eters, wo=|w.|= 12n|V_.eQ|/40h, where V.. is the
numerically largest diagonal element of the diagonalized
electrical field gradient tensor 7 and the asymmetry
parameter 1, defined as n=|(V,y—Vx)/V-:|. Each fre-
quency is proportional to wq with proportionality con-
stants depending on #. The four amplitudes, ay—as, also
depend on 5. Aw/w, the frequency broadening, reflects
the distribution of the surroundings that the PAC iso-
tope is in [35] and the rotational correlation time, g,
refers to the molecular tumbling rate, which for a
spherical molecule is tg = V&/kgT [36], where V is the
molecular volume, ¢ is the solution viscosity, kg is the
Boltzmann constant and T is the absolute temperature.

The PAC instrument was described in [37]. The setup
consisted of six BaF, scintillation detectors where pairs
of the detector form either 180° or 90° detector—sample—
detector angles and collect correlated data in 800 time
bins of 0.562 ns.

Measured PAC NQI parameters were modeled using
Bauer’s axially symmetric independent ligands (BASIL)
model (previously denoted AOM model) [32, 38]. This is
a semiempirical molecular orbital model based on ob-
served NQIs for a series of coordination compounds of
cadmium ion, and is based on the assumption that each
ligand contributes to the charge distribution in a manner
that is independent of the other ligands and with axial
symmetry around the ligand to the metal ion bond. The
NQI strengths used are listed in [32].

For the PAC experiments, thylakoid membranes were
resuspended to approximately 0.25ml in 25 mM
HEPES (pH 7.5) buffer and 30 pl 4 uM cold cadmium
acetate and 10 pl '"'CdCl, dissolved in metal-free water
was added. The sample was incubated for 30-60 min in
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the dark, then spun down for 50 min at 30,000g and
resuspended in 25 mM HEPES (pH 7.5)/55% sucrose
buffer. For pH-shift experiment the pH was adjusted by
addition of 0.5 M Tris (pH 10)/55% sucrose solution.

Results

Effect of Cd ions on the photosynthetic activity
of Synechocystis PCC 6803

The rate of the electron transport from H,O to CO,
during incubation with 40 pM CdCl, was measured in
intact cells (Fig. 1). The oxygen-evolving capacity of
cyanobacterial suspension was depressed to 10% of the
untreated value in approximately 15 min, indicating that
under the experimental conditions applied cadmium ions
penetrate into the cells very quickly and inhibit the
photosynthetic activity of Synechocystis within a short
time. In order to localize the site of the inhibition, dif-
ferent sections of the electron transport chain were
measured in the presence of artificial electron acceptors
and donors in isolated thylakoid membranes (Fig. 1).
Neither PSII nor PSI activity showed significant
short-term inhibition, from which the fast activity de-
crease observed in whole-chain electron transport mea-
sured in whole cells could be explained. A decline in the
activity of PSI and to a smaller extent in the activity of
PSII could be observed after a few hours. However,
these effects cannot be related to the sharp decrease in
the activity of the whole electron transport chain in
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Fig. 1 Effect of 40 uM CdCl, on the rates of whole-chain
photosynthetic electron transport (filled circles) and the photosys-
tem I (PSI) (filled squares) and photosystem I (PSII) (filled
triangles) dependent electron transport as a function of time. The
rate of the whole-chain electron transport (H,O — NADPH) was
measured on intact Synechocystis cells. The photosynthetic
activities of PSI (2,6-dichlorophenolindophenol — methylviolo-
gen) and PSII (H,O — p-benzoquinone.) were measured on
isolated thylakoid membranes. The activities that corresponded
to 100% for the intact cells, PSII and PSI Hill reactions were 480,
270 and 315 pmol O, mg~" chlorophyll h™!, respectively

whole cells upon the addition of Cd*>*. The observed
changes can most likely be attributed to the indirect
effect of Cd*", e.g., to an increased sensitivity to pho-
toinhibition induced by a retarded electron transport.

Thermoluminescence

Thermoluminescence is a powerful tool for examining
charge separation and the consecutive electron transfer
steps in PSII. Illumination of the cyanobacterial cell
suspension by a single saturating flash at —20 °C induces
the B band originating from charge recombination be-
tween the S2 states of the water-splitting complex and
the reduced secondary quinine acceptor (Qg) of PSII,
with a maximum at around 32 °C [39, 40]. Thermolu-
minescence measurements of Cd?"-treated cells re-
vealed, in perfect agreement with the PSII-dependent
Hill reaction measurements (Fig. 1), that charge sepa-
ration and stabilization in PSII are not affected for
several hours after Cd®" treatment and marked inhibi-
tion could only be observed after more than 8 h of
incubation (Fig. 2).

The fact that both the intensity of the B band and its
maximum temperature appear similar after several
hours of Cd*" treatment testify that the redox function
of PSII, the water splitting and the reduction of Qg are
not affected directly by Cd>" treatment.

Oxidation-reduction kinetics of P700

In order to establish the PSI activity of Symnechocystis
cells, electron flow through PSI was monitored by

1 1 1 1 1 1
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40 20 0 20 40 60 80
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Fig. 2 Flash-induced thermoluminescence curves of Synechocystis
cells before addition of 40 pM CdCl, (@) and after 2 h (b), 8 h (¢)
and 24 h (d) of CdCl, treatment. The measurements were carried
out at 20 pg ml~! chlorophyll concentrations following a single
turnover saturating flash at —20 °C



following the redox changes of the P700 reaction centers
of PSI, measured via the absorbance change at 820 nm
in intact cells. Figure 3, spectrum a shows the oxida-
tion—reduction kinetics transients of P700 upon white-
light illumination for 4 s in control and Cd*>"-treated
cells. In the untreated cell, the oxidation of P700 displays
complex kinetics before it reaches the final steady-state
level, as observed in many species of algae [41]. The main
features of this oxidation kinetics can be described by a
rapid initial decrease in the absorption connected with
the fast photooxidation of P700, followed by an almost
complete, transient re-reduction, and then a second,
slow oxidation to the final level. The transient reduction
is caused by the electron flow from the reduced inter-
system electron transport components, such as cyto-
chrome css3, plastocyanin, the cytochrome bg/f complex
and the plastoquinone (PQ) pool. The slow oxidation of
P700 reflects the depletion of this electron pool as a
consequence of the rate-limiting step of PQH, oxidation
at the cytochrome bg/f complex. The dark reduction of
P700" by intersystem electron transfer components
after illumination follows first-order kinetics, in accor-
dance with a single rate-limiting step between the two
photosystems [42].

The oxidation of P700 in the Cd**-treated cells fol-
lows markedly different kinetics. After a short incuba-
tion in the presence of 40 uM CdCl, only the fast,
transient oxidation can be observed, which is followed
by a complete re-reduction and the P700 remains in a
reduced state despite continuous illumination. No sig-
nificant further reduction can be obtained by switching
off the light (Fig. 3, spectrum b). This indicated that

P700"

Time

Fig. 3 Kinetics of P700 oxidation in intact cells recorded as the
absorbance change at 820 nm during 4-s saturating white-light
illumination and the subsequent dark relaxation period: untreated
cells (@), cells after 15-min 40 pM CdCl, incubation (b); upward and
downward arrows indicate the start and the termination of actinic
illumination, respectively
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P700 was already completely re-reduced during the
previous illumination, most likely by PSII electrons.
These data strongly suggest that, in contrast to the
untreated cells, upon Cd*" treatment the rate-limiting
step is to be found on the acceptor side of PSI, rather
than at the cytochrome b¢/f complex, i.e., at the reducing
side of P700. Since no such limitation is seen in thylak-
oids in the presence of methylviologen, it seems plausible
that the acceptor side limitation is to be found in the
Calvin cycle, including its auxiliary reactions, i.e., CO,
accumulation in the cells by carbonic anhydrases (CAs).

199Cd labeling

The identification of high molecular weight proteins to
which cadmium ions can bind specifically in a short time
period needs to be carried out to clarify the primer effect
of this toxic heavy metal. First, we studied the distri-
bution of Cd>" in the cell. During the 5-min incubation
period in the presence of '°’Cd, a considerable amount
of Cd*>" was incorporated into the cells and after 30 min
no further Cd** uptake was observed. After washing the
cells, 65% of the total Cd*>" was found in the cell wall,
and an estimated 19 and 16% was found in the thyla-
koid membranes and in the cytosol fractions, respec-
tively. To remove the contamination from the cytosol,
the thylakoid fraction was washed with 0.5 or 1 M NaCl
solution. Even after 1 M NaCl washing, the radioac-
tivity of the thylakoid fraction remained at approxi-
mately 90% of that of the unwashed sample. In order to
separate the Cd? " -binding proteins of the thylakoid and
cytosol fractions, sodium dodecyl sulfate (SDS) poly-
acrylamide gel electrophoresis (PAGE) was performed.
Since Cd** was released upon denaturation (in the
presence of SDS and f-mercaptoethanol) of proteins, we
attempted partial solubilization of thylakoid membranes
and cytosolic proteins. Only after omitting the fS-mer-
captoethanol and lowering the SDS concentration was it
possible to retain the bound Cd**. Under these condi-
tions Cd®* was mainly bound to large aggregates of
proteins, but a distinct Cd**-labeled band in the range
30-35 kDa could also be identified, indicating the exis-
tence of a small protein of approximately 30-35 kDa
which strongly binds Cd*>* in Synechocystis (Fig. 4).

PAC spectroscopy

The Cd>" uptake in Synechocystis was followed by PAC
spectroscopy under different conditions. Several PAC
spectra were taken under every condition. The experi-
ments under the same condition were reproducible, i.e.,
PAC spectra under the same conditions could be fitted
with the same parameters in the limit of error. Selected
PAC spectra of whole cells, on the thylakoid fraction
and on the cytosolic fraction are shown in Fig. 5 with
the corresponding Fourier transformations. PAC spec-
tra of the pure thylakoid fraction measured at pH 7.5
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Fig. 4 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of '“Cd-labeled thylakoid proteins. The
isolated thylakoid membrane suspension was incubated with 19¢q
for 15 min then solubilized in Laemmli loading buffer omitting f-

mercaptoethanol. A solublhzed and partially denatured sample
equivalent to 20 pg ml~! chlorophyll was loaded onto a 15% SDS-

PAGE gel. After the separation of the protein bands, the degree of
19Cd incorporation was analyzed with a Storm phosphor-imager
840 (Molecular Dynamics) and the Image Quant program. The
proteins were visualized by Coomassie staining

and 9.6 with and without imidazole can be seen in
Figs. 6 and 7, respectively.

It can be seen in the spectra that Cd>" is not free in
solution, and thus is most likely bound to a molecule(s)
in Synechocystis. Free Cd*" would be seen as an addi-
tional exponential decay in the PAC spectra.
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Fig. 5 Perturbation functions and Fourier transforms of '''™Cd
perturbed angular correlation of y-rays (PAC) spectra of whole
cells, purified thylakoids and cytosolic fractions at pH 7.5
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Fig. 6 Perturbation functions and Fourier transforms of '''™Cd
PAC spectra of purified thylakoids at pH 7.5 and 9.6

The spectra also indicate that Cd*>* is specifically
bound to proteins in Synechocystis, since unspecific
binding, owing to many different metal-binding sites,
would not lead to distinguishable peaks in the Fourier
transform spectrum of the perturbation function.

After increasing the pH from 7.5 to 9.6, the PAC
spectra changed significantly, as can be seen in Fig. 6.
The arrow denotes the appearance of a new peak at a
higher frequency in the Fourier transform. The change
in the spectrum at a higher pH value and the appearance
of a population with higher frequency corresponding to
a larger wg parameter can be explained as the ionization
of one of the ligands at the binding site at higher pH.

A significant change in the PAC spectra could be
observed by the addition of imidazole to the purified
thylakoid sample at pH 9.6. A very broad peak at low
frequency can be seen in the Fourier transform. (The
peak with lower frequency is denoted by an arrow in
Fig. 7.) The change in the spectrum with imidazole
indicates that the Cd”?"-binding site(s) is accessible for
the imidazole molecules; thus, either imidazole binds
to the cadmium ion as an extra ligand,or it replaces one
of the ligands coordinating the cadmium ion.
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Fig. 7 Perturbation functions and Fourier transforms of '''™Cd
PAC spectra of purified thylakoids at pH 9.6 with and without
imidazole



The results we obtained from the PAC experiments
indicate that Cd>" is specifically bound to metallopro-
tein(s) in Synechocystis, which could be found in the
cytosol, and also in the purified thylakoid fraction. It is
known that Cd*>" can exchange other functional diva-
lent metal ions in metalloproteins, e.g., Ca’", Fe’',
Cu’" and Zn®>" [43-46]. The most plausible interpre-
tation of the PAC data is that Cd*>* was bound to one or
more metalloproteins replacing the functional divalent
metal ion, and that the metal ion binding site is solvent-
accessible because changes were observed upon addition
of imidazole.

Discussion

The oxygen-evolving capacity of Symnechocystis PCC
6803 treated with Cd>" was depressed to 10% of the
maximum within 15 min, whereas the activity of PSI and
PSII reaction centers declined only slowly, and reached
approximately 60% of the maximum after 8 h. These
results indicate that the effect of cadmium on the two
photosystems is not the main effect causing the fast de-
crease in photosynthetic activity.

The thermoluminescence measurements show that
PSII is still completely functional 8 h after the Cd>*
treatment, even if there has been no photosynthetic
activity at all, confirming that the redox functions of
PSII, the water splitting and reduction of Qg are not
affected directly by cadmium and that the PSII inacti-
vation does not play a role in the fast Cd*" effect.

The difference in the oxidation kinetics of P700 in the
PSI reaction shows that the fast effect of Cd*™ is related
to the hindered electron flow at the acceptor side in
P700. The lack of the slow oxidation phase and the
complete re-reduction after illumination indicate that we
have to search for the location of the site affected by the
Cd’" in the electron transport chain at the acceptor side
of P700 and in the linked reactions including the Calvin
cycle and the reactions involved in CO, accumulation
mechanisms.

SDS-PAGE analysis indicated that a protein of
approximately 30 kDa binds Cd*" in Synechocystis.

In the PAC experiments, we could follow Cd**
binding specifically to proteins in a very short time
(within 30 min). The PAC data indicate that Cd>*
occupies the metal-binding sites in metalloprotein(s),
which could be found in the cytosol as well as in the
thylakoid fraction.

The relatively low frequencies in the Fourier trans-
forms indicate that the ligands binding to the cadmium
ion either have very low partial NQI frequencies or the
arrangement of the ligands is very symmetric around
the metal site. The change of the PAC spectra at high
pH indicates the pH-induced ionization of one of the
metal-binding ligands. The effect of imidazole on the
PAC spectra shows that the metal-binding site is
accessible to imidazole. Thus, it seems that the metal
site is solvent-accessible, and therefore the change in
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the PAC spectra with pH may be due to the deproto-
nation of a metal-bound water molecule. This pK, in
the range 8-10 for a cadmium-bound water molecule at
a protein metal site is not unexpected, and has been
observed for CA, carboxypeptidase and alcohol
dehydrogenase [47-50].

From the experimental results we can conclude that
the fast cadmium effect in Synechocystis is related to the
replacement of the functional divalent metal ion in me-
talloprotein(s) having a function in the photosynthetic
process; in the electron transport chain at the acceptor
side of P700 or in the linked reactions including the
Calvin cycle and the reactions involved in CO, accu-
mulation mechanisms. While it is possible that in the
PAC experiments other metalloproteins bind cadmium
ion as well, the only consistent interpretation of the re-
sults is that the inhibition of photosynthesis is related to
the inactivation of a metalloprotein(s) observed in the
PAC spectra.

Because of their high similarity in the electron shell
configuration and the same formal charge, it seems likely
that cadmium ions replace zinc ions [51], which are
essential metal ions having functional and structural
roles in many proteins. A possible interpretation of the
PAC data is that Cd*>" is bound to one or more Zn*" -
containing metalloproteins replacing Zn>" at the metal-
binding site. Other divalent metal ions, such as Cu®>" or
Fe?", could also be replaced by Cd*>*, but because of
the fast exchange, it is most probable that zinc proteins
were observed in the PAC spectra. It was reported that
one of the main toxic effects of heavy metals on zinc-
finger proteins involves the displacement of zinc by other
transition metals, like Cd>", Co®" or Pb>* [44, 45, 52].

The genome of Synechocystis PCC 6803 is known,
which makes it possible to search for metalloproteins
and identify the zinc protein(s), which can be affected by
the Cd*>" treatment (http://www.kazusa.or.jp/cyano-
base/Synechocystis/index.html). The key roles of some
trace metals in the photosynthetic processes are well
known [53]. Among the metalloproteins having a func-
tion in the photosynthetic process we can find CA and in
some organisms copper/zinc superoxide dismutase,
which contains the zinc ion. The fact that Synechocystis
PCC 6803 lacks copper/zinc superoxide dismutase but
has manganese- and iron-containing superoxide dismu-
tase restricts the possibilities to CAs.

CAs are widely spread enzymes, catalyzing the
reversible hydration of CO,, a reaction underlying di-
verse physiological processes: CO; + H,0 < HCO; +
H* [54-56]. CAs can be divided into three main classes
(o, 5, 7) that evolved independently and have no se-
quence homology. All three types have been found in
different types of cyanobacteria [57], but a search of the
entire genome of Synechocystis PCC 6803 revealed that
this cyanobacterium lacks a gene encoding a-type CAs.
However, the presence of genes encoding amino acid
sequences similar to those of the - and y-type CAs in
other organisms suggests the presence of - and y-type
CAs in Synechocystis PCC 6803.
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The location and the possible functions of CAs in the
photosynthetic process are poorly understood, but it is
known that their function is related to the CO,-con-
centrating mechanism (CCM) in photosynthetic cells
[58-63]. CAs have been found in the cytosol and in
carboxysomes (ribulose bisphosphate carboxylase-oxy-
genase, Rubisco, containing microcompartments within
the cell), but CA activity in the thylakoid has been
identified in cyanobacteria, green algae and higher
plants as well [61, 64—67]. CAs in the carboxysomes are
thought to be necessary in the accumulation of HCO3™
within the cell and provide an ample supply of CO, for
Rubisco, the primary carboxylating enzyme in the Cal-
vin cycle. A Synechocystis PCC 6803 mutant lacking
carboxysomal CA showed drastically reduced photo-
synthetic activity [68]. The functions of the thylakoid-
associated CA are controversial but it is known that
lack of thylakoid-associated CA activity inhibits the
photosynthetic activity as well. It was also shown in
Ceratophyllum demersum L., a free-floating freshwater
macrophyte, that cadmium toxicity leads to the loss of
the CA activity [69]. It was reported that short-term
transport of cadmium into cells of Synechocystis aqua-
tilis inhibited CA activity and photosynthetic O, evo-
lution [70]. It is also known that a-type CA from bovine
binds Cd** as strongly as Zn>", but shows no catalytic
activity at physiological pH values [71, 72]. A high Cd**
concentration inhibited CA from Chlamydomonas rein-
hardtii [73] and Chasmagnathus granulata [74] as well.

The structure of the potential - and y-type CAs in
Synechocystis PCC 6803 are not known but because of
the conserved amino acid residues at the active site of
the enzyme, it is assumed that the type and the
arrangement of the coordinating ligands of the Zn>™ is
identical or highly similar to that of known structures.
In p-type CAs the Zn-coordinating ligands are two
cysteine, one histidine and one aspartic acid residues,
whereas in the yp-type CAs three histidine ligands are
conserved.

In the PAC experiments we could identify proteins
with relatively low NQI frequencies. In the case of the y-
type CA of Methanosarcina thermophila [75], the NQI
parameters predicted by the BASIL model are very close
to the observed values. Figure 8 shows the PAC signals
that the BASIL model predicts for the case of one water
molecule and three histidine coordinating ligands in a
tetrahedral arrangement and for the case of two water
molecules and three histidine ligands in a trigonal
bipyramidal geometry. It can be clearly seen that three
histidines with one or two water molecules can give
frequencies in the Fourier transform as low as we ob-
served in the PAC experiments. In contrast, in the case
of the f-type CA from the red alga Porphyridium pur-
pureum R-1 [76] the frequencies in the Fourier transform
of the parameter calculated using the BASIL model
would be higher than we observed, because of the two
cysteine, one histidine and one aspartic acid coordinat-
ing ligands in a distorted tetrahedral geometry (data not
shown).

Fourier transform
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Fig. 8 Fourier transform of '''"™Cd PAC spectra of purified
thylakoids at pH 7.5 compared with Bauer’s axially symmetric
independent ligands (BASIL) model calculations of a tetrahedral
geometry of one water and three histidine ligands and of a trigonal
bipyramidal geometry of two water and three histidine ligands

The PAC experiments at pH values of 7.5 and 9.6 and
with added imidazole are in accordance with the
assumption that CA could bind the Cd**. The change in
the spectra at high pH values indicates the ionization of
a ligand, in this case one of the water ligands. Earlier
PAC spectra on human a-type CA, where the coordi-
nating ligands are three histidines land one water mol-
ecule, showed a similar tendency [47-49, 77]. The change
in the PAC spectra with added imidazole, which is a
well-known inhibitor of CAs, was also found in the case
of human a-type CA [78]. This can be interpreted as
imidazole coordinating to Cd>" replacing the liganding
water molecule(s).

From the PAC experiments we could come to the
conclusion that a CA could be one of the metallopro-
teins which bound Cd>" in the PAC experiments. The
coordination geometry and the molecular mass of
23 kDa of the y-type CA from Methanosarcina thermo-
phila support our assumption that a CA could be the
target of the cadmium treatment.

We also investigated the possibility of other zinc
proteins in Synechocystis. Some zinc proteins, such as
the zinc-transport protein ZnuA, have low NQI
parameter values calculated from the BASIL model
because of the presence of three histidine residues and a
water ligand; therefore they could bind Cd** in the PAC
measurements as well. However, it is not likely that
Cd?>" binding to zinc-transport proteins or in any other
zinc-containing proteins not having a function in the



photosynthetic process could lead to the fast inhibition
of photosynthesis.

We can conclude from our experiments that the pri-
mary, fast effect of the Cd*>" treatment that causes the
drop in photosynthetic activity within minutes in Syn-
echocystis PCC 6803 is most probably due to the lack of
the activity of a CA involved in the CCM in the cells.
The lack of enzymatic activity in CA is caused by the
replacement of Zn’" by Cd”*. This assumption can
explain all of the results discussed. Because CA is not
functional in the Cd* " -treated cells, CO, accumulation
and therefore the whole Calvin cycle is hindered, which
affects the electron transport chain at the acceptor side
in P700. We have thus showed for the first time that
PAC experiments using the radioactive ''"™Cd isotope
can be used in in vivo experiments and in cell fractions
for obtaining structural information about the metal site
of the metalloproteins and thereby providing informa-
tion which makes the identification of the protein(s) in
the cells and cell fractions possible.
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