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Abstract

Many heavy metals inhibit electron transfer reactions in Photosystem II (PSII). Cd*" is known to exchange, with high affinity in a slow
reaction, for the Ca>" cofactor in the Ca/Mn cluster that constitutes the oxygen-evolving center. This results in inhibition of photosynthetic
oxygen evolution. There are also indications that Cd>" binds to other sites in PSII, potentially to proton channels in analogy to heavy metal
binding in photosynthetic reaction centers from purple bacteria. In search for the effects of Cd**-binding to those sites, we have studied how
Cd*" affects electron transfer reactions in PSII after short incubation times and in sites, which interact with Cd*" with low affinity. Overall
electron transfer and partial electron transfer were studied by a combination of EPR spectroscopy of individual redox components, flash-
induced variable fluorescence and steady state oxygen evolution measurements. Several effects of Cd>* were observed: (i) the amplitude of
the flash-induced variable fluorescence was lost indicating that electron transfer from Y, to Pggg was inhibited; (ii) Qo to Qg electron
transfer was slowed down; (iii) the S, state multiline EPR signal was not observable; (iv) steady state oxygen evolution was inhibited in both
a high-affinity and a low-affinity site; (v) the spectral shape of the EPR signal from Q4 Fe** was modified but its amplitude was not sensitive
to the presence of Cd*". In addition, the presence of both Ca** and DCMU abolished Cd**-induced effects partially and in different sites. The

number of sites for Cd*" binding and the possible nature of these sites are discussed.
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1. Introduction

Photosystem II (PSII) is a large enzyme complex situated
in the thylakoid membrane in plants, algae and cyanobac-
teria [1,2]. It catalyzes the light-driven reduction of
plastoquinone using electrons extracted from water by the
OEC. The three-dimensional structure of PSII in thermo-
philic cyanobacteria was first determined at 3.8- and 3.7-A
resolutions [3,4] and more recently at 3.5-A resolution [5].
The structures have revealed the transmembrane helical
structure, the backbone tracing of core proteins, the position
of the chlorophylls and carotenoids in the core antenna and
also detailed pictures of the redox cofactors in PSII. The
3.5-A structure [5] also allowed positioning of most of the
amino acid side chains. The Ca/Mn cluster that catalyzes
water oxidation is situated ~20 A from the primary donor
Pggo and ~7—-8 A from the intermediary electron donor Y.
The cluster contains four Mn ions and the recent X-ray data
[5] also allowed positioning of the Ca** ion directly in the
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Mn core of the catalytic unity. Ca®" is a cofactor for water
oxidation, which has been much studied. Correctly, it was
long considered to bind very close to the four Mn ions
(within 3-4 A [6-8]) but the first structures did not resolve
this issue, which led to much speculation in the field. The
knowledge gained from the structure of how Ca®" and four
Mn ions together form a dense cluster connected by
bridging oxygens and common carboxylates from identified
side chains [5] resolves many issues but also brings new
detailed questions to be addressed.

An interesting feature in the X-ray data is the presence
of a bound Cd*" ion that originates from the heavy metal
derivative used to resolve the phase of the X-ray
diffraction pattern in the determination of the crystal
structure [3,9]. The Cd*" ion is bound at the internal end
of an extended P-barrel structure in the 33-kDa PsbO
protein that covers the Ca/Mn cluster. The distance
between the Cd*" ion and the Ca/Mn cluster is 3040 A.
The presence of this Cd*" jon prompted Rutherford and
Faller [9] to speculate that it binds in the site normally
occupied by the Ca®" cofactor. This speculation was not
correct, but as pointed out, the position of this Cd*" ion is
interesting in itself since Cd*" is known to inhibit
photosynthetic electron transfer in reaction centers from
purple bacteria and PSII (see below).

Cd*" inhibition of overall (oxygenic) photosynthesis or
partial reactions in bacterial photosynthetic reaction centers
or PSII has been studied by several groups [10-24].
Recently, it was shown that Cd*" binds with a binding
constant of 100-200 puM, thereby inhibiting steady state
oxygen evolution in a PSII enriched membrane preparation
[22]. The Cd*" ion was in competition for this site with Ca*"
and it was consequently concluded that the Cd** binding
site is located on the donor side of PSII. The same
conclusion was drawn from solid-state ''*Cd-NMR experi-
ments [20]. Cd** was also found to compete efficiently with
Ca®" during photoactivation of Mn-depleted PSII (Peter
Faller, personal communication). It was concluded that the
intact Ca/Mn cluster has a higher selectivity for Ca®" over
Cd*" than Mn-depleted PSII during photoactivation. This
makes sense as the structure reveals that Ca®" actually is an
integral part of the Ca/Mn cluster [5] and it seems that Cd*"
might actually exchange for Ca*" in the site. This seemingly
is a very slow process, which takes several hours to reach
equilibrium [22].

In contrast to the known binding of Ca*" to the donor
side of PSII, a Cd*" binding site was found at the acceptor
side in bacterial reaction centers [17,19,24]. Binding of
Cd*" to His-126 and His-128 in the H-subunit of reaction
centers from Rb. sphaeroides slows down the Qp proto-
nation rate by blocking the proton channel to the Qg site.
This led to a speculation that the Cd** observed in the X-ray
work (see above) might actually block a similar proton
channel in or close to the 33-kDa PsbO protein, this time
involved in proton release from the OEC in oxygenic
organisms [9].

Many heavy metal ions inhibit the oxygen evolution and
electron transfer through PSII. In most cases, the inhibitory
sites have not been conclusively determined but, in some
cases, for example Cu?", the applied methods have allowed
more precise identification [22,25-32]. It has been shown
by fluorescence and EPR analysis [29] that addition of Cu**
inhibits PSII electron transfer at sites on both the donor and
acceptor side. The acceptor-side effect of Cu”" was revealed
as a magnetic decoupling of the acceptor-side Fe** and Q4
resulting in a free radical EPR signal from QA [29]. On the
donor side, Cu*" inhibited the electron transfer between Y
and Pggo [29]. In addition Cu®" [29] and different
lanthanides [33] have been found to remove extrinsic
subunits (Cu®" removed the 17-kDa; La*" removed both
the 17- and 23-kDa) from the OEC.

The existence of two (or more) binding sites with
different inhibitory function might also be relevant for
Cd*". However, there are no data available to support this
and all studies on Cd*" inhibition of PSII have been directed
towards the binding of Cd*" in the Ca*" site, which is now
known to be directly in the Ca/Mn cluster [5]. The Cd**
binding has mainly been analyzed through inhibition of
overall electron transfer through PSII, assayed for example
by the oxygen evolution [10,12,13,22]. In the present study,
we use more resolving techniques, EPR spectroscopy and
flash-induced variable fluorescence, to follow the effect of
Cd*" on individual redox components and partial reactions
in PSII (in addition to the oxygen evolution). Our results
indicate that there are at least three modes of action of Cd**
in PSII.

2. Materials and methods
2.1. PSII membrane preparation

PSII-enriched membrane fragments (BBY particles) were
prepared from greenhouse grown spinach (Spinacia oler-
acea) according to Ref. [34] with modifications as in Ref.
[35]. The BBY particles were suspended in a buffer
containing 10 mM MgCl,, 10 mM NaCl, 5 mM CaCl,,
400 mM sucrose and 20 mM MES-NaOH pH 6.0 and
stored at 10 mg Chl ml™' at —80 °C until use. Chl
determinations were made according to Arnon [36]. Salt
washing of the PSII enriched membranes to remove the
extrinsic 23- and 17-kDa proteins was done by standard
procedures involving incubation with 1 M NaCl for 30 min
on ice [37]. Complete removal of the subunits was ensured
by SDS-PAGE analysis.

2.2. PSII activity measurements

Steady state oxygen evolution at 20 °C was measured with
a Clark-type electrode (Hansatech Instruments, UK). The Chl
concentration was 10 pg Chl ml~'. PpBQ (0.5 mM) was used
as electron acceptor. The measuring buffer contained 10 mM
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MgCl,, 15 mM NacCl, 400 mM sucrose and 20 mM MES-
NaOH pH 6.0. In the control samples, the rate of the oxygen
evolution was 400—450 pmol oxygen (mg Chl) ' h™!, which
is normal for this type of preparation from spinach growing
under our cultivation protocol. In the salt-washed mem-
branes, the oxygen evolution, measured in the presence of 10
mM CaCl,, was ca 320 pmol oxygen (mg Chl) ' h™".

In Cd*" inhibition experiments, the PSII membranes (at
10 pg Chl ml~") were incubated with 0—10 mM CdCl, for 5
min at room temperature. Five-minute incubation was
chosen since our objective was to elucidate if there existed
early Cd*" effects in sites different from the Ca®" site where
the exchange is known to be slow [22] (see Results). Similar
experiments were made with CaCl, (0—10 mM). To study
the competition between Cd** and Ca**, Cd*" incubation
experiments as described above were repeated in the
presence of CaCl,. The applied Ca®" concentrations were
0.8, 1.5, 3.0 and 5.0 mM, respectively.

The reversibility of the Cd*" inactivation was tested in an
experiment where the PSII particles, at 50 ug Chl ml™',
were incubated with Cd*" (0 or 2 mM) prior to a washing
procedure. During Cd*" inhibition, the samples were
suspended in a buffer containing 10 mM MgCl,, 15 mM
NaCl, 400 mM sucrose and 20 mM MES-NaOH pH 6.0.
After 5 min, the samples were centrifuged for 20 min at
27000xg. The pellets were resuspended in the same buffer
to 1 mg Chl ml~'. For comparison to the washed samples,
parallel samples incubated in the same manner, but not
washed, were prepared (further referred to as “unwashed”).
The samples were measured with or without the addition of
5 mM CaCl, (5-min incubation was applied before the
measurement).

2.3. Flash-induced variable fluorescence measurements

Flash-induced variable fluorescence was measured with a
double modulated FL-100 fluorimeter (Photon System
Instruments, Brno, Czech Republic). The saturating actinic
flash duration was 50 ps. The first data point was collected
100 ps after the actinic flash. Four data points per decade in
the logarithmic time scale were acquired by applying
measuring light pulses (2.5-ps duration). The measuring
time was 60 s. The actinic flash and the measuring light
pulses were provided by red light-emitting diodes. The data
were collected with the FluorWin software (Photon System
Instruments).

The fluorescence experiments were performed in dark-
adapted PSIT membranes at 10 pg Chl ml™', incubated for 5
min with 0-10 mM Cd**. Competition between Ca®" and
Cd*" was investigated by a similar experiment carried out in
the presence of 5 mM CaCl,. To improve the signal to noise
ratio, nine traces at each Cd*" and/or Ca®" concentration
were averaged. These nine traces were recorded in three
samples and each sample was measured three times. The
time between each measurement was 3 min to allow
relaxation of the sample prior to the next measurement.

The maximal fluorescence level, Fy,,., was determined in
the presence of 17 mM dithionite.

The flash-induced fluorescence in presence of DCMU
was measured with a PAM-100 fluorimeter (Walz,
Effeltrich, Germany) according to Ref. [38]. Dark-adapted
PSII samples at 20 ug Chl ml~' were incubated for 5 min
in a Cd*" (0-10 mM)- and DCMU (20 pM)-containing
buffer. Single measurements from 10 independent samples
were averaged to obtain the fluorescence decay traces that
were analysed for fluorescence amplitude and decay
kinetics.

The analysis of the fluorescence decay kinetics was done
by multi-exponential fitting according to

F(t) — Fy = Aje ™M + dye ™™ 43¢ (1)

where F(?) is the fluorescence value at time #, 4, is the
amplitude and £, is the rate constant of the different decay
phases and F| is the initial fluorescence before the actinic
flash.

2.4. EPR spectroscopy

Low-temperature EPR measurements were performed
with a Bruker ELEXYSS500E spectrometer using a SuperX
EPR049 microwave bridge and an ER4122SHQ cavity. The
system was fitted with an Oxford instruments, UK cryostat
and temperature controller.

For EPR experiments, the PSII enriched membranes were
diluted to ca 4 mg Chl ml™'. To oxidize Yp completely
(providing the stable Yp radical in all PSII centers) the
samples were pre-illuminated for 3 min at 20 °C using
room-light followed by a 15-min dark incubation to allow
relaxation of higher S-states. After the pre-illumination and
subsequent dark incubation, Cd**, Ca®>*, or DCMU was
added in the dark. After 5-min incubation, the samples were
frozen and EPR spectra were recorded. The EPR samples
were 2-300 times more concentrated than the samples used
for oxygen evolution and fluorescence experiments. There-
fore, we used the 10-100 mM CdCl, concentration range in
the EPR experiments. This makes direct comparison of
binding parameters very difficult between the EPR experi-
ments and the activity measurements (oxygen evolution and
variable fluorescence). In competition experiments, 25 mM
Ca** or 1 mM DCMU and varying Cd*" concentrations
were added in one addition.

The EPR signal from Y, was used as an internal
standard. At normal pH, Yp is very stable and after our
pre-illumination and dark-adaptation procedure, it is safe to
assume that Yp amounts to one radical per PSII center
[39.,40].

In many cases, the EPR spectra were recorded directly on
the dark-adapted samples and after continuous, strong white
light illumination for 10 min at 200 K in a dry ice ethanol
bath. Illumination at 200 K allows one stable charge
separation in PSII (at 200 K electron transfer between Qa
and Qg is blocked [41,42]), which permits studies of the S;
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to S, transition, of Q4 and of the function of accessory
donors in PSII.

3. Results
3.1. Incubation time with Cd**

We have chosen a short incubation time with Cd*" since
our intention was to investigate early inhibition phases,
keeping the option of several Cd*" sites in mind. Five-
minute incubation time was determined to be optimal for
our purpose from an experiment, where the inhibition of
oxygen evolution after incubation with 2 mM CdCl,, for
different times up to 20 min, was followed (not shown).
During the first 2-3 min of Cd*" incubation, the activity
declined rapidly and ca 20% of the oxygen evolution was
lost. Thereafter the activity levelled off and after 5-min
incubation the inhibition was only slightly above 20%.
Continued incubation with Cd*" led to a slow steady
decrease of the oxygen evolution. After 10-, 15- and 20-
min incubation, the inhibition was 25%, 30% and 40%,
respectively. The control (no added Cd*") was only
inhibited by 4% after 15-min incubation. From these results
we decided to incubate PSII with Cd*" for 5 min to
investigate the “fast effect” in detail. In essence, our results
agree with those in Ref. [22] where it was concluded that it
took several hours to reach complete equilibrium with Cd**
in inhibition of oxygen evolution.

3.2. Inhibition of steady state oxygen evolution

The steady-state oxygen evolution was inhibited by the
addition of CdCl, and incubation for 5 min in a biphasic
way (Fig. 1A). A sharp 20% drop in the oxygen evolution
occurred by the addition of <1 mM CdCl, (Fig. 1A, inset).
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Increased Cd*" concentrations (>1 mM) resulted in further
decrease of the oxygen evolution but with a less steep
concentration dependence. At 10 mM CdCl,, 55% of the
oxygen evolution was inhibited (Fig. 1A). Seemingly, Cd**
inhibits oxygen evolution in two concentration regimes,
with one inhibition reaction occurring in the micromolar
range (<1 mM) and the second inhibition reaction in the
millimolar range (>1 mM). The inhibition was also
investigated in salt-washed PSII membranes devoid of the
23- and 17-kDa subunits. In essence, the same inhibition
pattern was found as in intact PSII membranes, but the
inhibition was found to occur at much lower Cd*"
concentrations (Fig. 1A, inset). About 25% of the oxygen
evolution was inhibited below 100 uM Cd*". The remaining
oxygen evolution was also inhibited at lower concentrations
than in the intact PSII membranes.

3.3. Cd&’" effects on flash-induced variable fluorescence

The rate of QA reoxidation was measured by following
the decay of the variable fluorescence induced by a single
flash. In untreated PSII, the flash-induced fluorescence
decayed in three phases (Table 1, Fig. 2). The fast phase
(ty,= 1 ms), reflects Q, oxidation by Qg/Qg , when the Qp
site is filled with a quinone. The medium phase (z,, =20 ms)
reflects Q5 oxidation by Qpg, which first has to bind to the
Qg site; it thus represents Qg binding and reports on the
integrity of the Qg site. The slow phase (#,,>1600 ms)
reflects recombination between Q, and the positively
charged species in the OEC in PSII centers, which are not
able to perform the forward electron transfer. A minor part
of the flash-induced fluorescence did not decay during the
60-s measuring time (~10% of F is included in the slow
phase in Table 1). The decay phases and their relative
amplitudes are similar to what is commonly found in PSII
enriched membrane preparations [38,43,44].
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Fig. 1. (A) Inhibition of the steady-state oxygen evolution in intact PSII enriched membranes by the addition of CdCl,. The inset is a magnification of the Cd*"-
induced inhibition occurring in the micromolar range in intact (black circles) or NaCl washed PSII membranes without the 23- and 17-kDa subunits (open
triangles). (B) Oxygen evolution in the presence of both Cd*" and Ca®". The curve shows how much CdCl, was needed to reach 20% inhibition of oxygen
evolution, [Cd®'],o, in the presence of varying CaCl,. Each measured point in A and B represents three independent O, evolution measurements. The

error was <+5%.
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Table 1

23

Flash-induced variable fluorescence decay halftimes and amplitudes for PSIT particles incubated with different Cd** concentrations in the absence or presence
of 20 uM DCMU or 5 mM Ca®". The amplitudes of the decay phases are presented as percent of the total amplitude of F, in each particular measurement

No addition

[Cd*] (mM) FJFy? Phase 1 Phase 2 Phase 3
ty, 1 (ms)%0.1 A (%)*5 ty, 5 (ms)£2 A (%)*3 t, 3 (ms) A (%)x2
0 100 1.1 61 22 20 >1600 19
1 78 1.4 57 26 21 >1600 22
5 63 1.9 44 38 22 >1600 34
10 55 33 31 50 25 >1600 44
DCMU
[Cd*] (mM) FFy Phase 1 Phase 2 Phase 3
ty, 1 (ms) £40 A (%) £3 ty, 2 (s) £0.1 A (%) £3 ty, 3 (s) A (%) £3
0 100 280 25 2.1 63 >10 12
1 77 310 26 2.4 61 >10 13
5 71 300 25 2.4 53 >10 23
10 65 280 24 2.4 54 >10 24
Ca2+
[Cd*'] (mM) F JFg* Phase 1 Phase 2 Phase 3
ty, 1 (ms)%0.1 A (%)*5 ty, » (ms)+4 A (%)x3 t, 3 (ms) A (%)£2
0 100 1.1 62 17 23 >1500 15
1 84 1.1 55 17 25 >1500 20
5 63 1.4 48 36 26 >1500 26

? The experiments in the absence and presence of DCMU were performed on different instruments (see Material and methods). To facilitate the comparison
in the table, the total F,/F, in the absence of Cd*" was normalized to the same value.

By the addition of 0.1-10 mM CdCl,, we observed
several changes. These involved a lowering of the
amplitude of the flash-induced fluorescence, F,, slowdown
of the decay phases and modification of their relative
amplitudes (Table 1, Figs. 2 and 3). At 10 mM Cd*", the
relative proportions between the three decay phases
changed (Table 1). There was a large decrease of the
amplitude of the fast phase (Qs to Qp/Qgp) and a large
increase of the slow phase (Qn recombination with the

OEC, Table 1). The decay halftimes (#1,) of the two phases
concerning Qg and the Qg binding site were significantly
slowed down with the addition of Cd*" from 1.1 and 22
ms (0 mM Cd*") to 3.3 and 50 ms (10 mM Cd*"),
respectively (Fig. 3 and Table 1). The kinetics of the slow
phase, most likely reflecting recombination with the S,
state in OEC, was not significantly altered. Taken together,
these kinetic changes show that forward electron transfer
from Q4 is severely hindered as a consequence of Cd*"
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Fig. 2. (A) Flash-induced variable fluorescence decay measurements in the presence of 0 (circles), 1 (triangles) and 10 mM (squares) Cd>". The inset shows
how the variable fluorescence amplitude, F,, decreased with increasing Cd>" concentration (black circles). It also shows that the maximal fluorescence Fax
measured in the presence of dithionite remained constantly high at any Cd** concentration (open triangles). (B) The variable fluorescence presented as F/F, in
absence (black circles) and presence of 20 yM DCMU (open triangles). The difference reflects the protective effect of DCMU in the millimolar Cd**

concentration range.
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Fig. 3. Cd>" dependence of the decay halftimes (#,,) of the flash-induced
fluorescence. The fast and the medium decay phases (phase 1 and 2) were
significantly slowed down, while the slow phase (phase 3) was not affected
by the presence of CdCl,. The decay halftimes were derived from 10-12
independent measurements. The accuracy for the determined halftimes is
presented in Table 1.

incubation. Instead, a major fraction of photo-reduced Qn
is oxidized by recombination.

By the addition of Cd*", the amplitude of F, decreased
gradually (Table 1; Fig. 2A, inset). Similarly to the
inhibition of steady state oxygen evolution, this decrease
also occurred in a biphasic manner. In the presence of 1 and
10 mM Cd*', F, decreased by 22% and 45%, respectively.
There are several possible reasons for a loss of the F,
induced by a single flash. It could reflect that, in the
inhibited fraction of PSII centers, (i) Q was rendered totally
nonfunctional, (ii) less Q4 was formed on the flash (i.e.,
that the primary charge separation or electron transfer from
pheophytin to QA was inhibited) or (iii) reoxidation of QA
occurred faster than our fluorimeter could record (within
<100 ps which was our first measuring point). From
reduction experiments carried out with dithionite, the first
option could be ruled out. The F,,, level, measured after
reduction of all functional Q4 in PSII by 17 mM dithionite,
remained constant in samples with 0-10 mM Cd*" (Fig. 2A,
inset). It was also possible to rule out the second alternative
from an EPR experiment (see below) where photo-accumu-
lation at low temperature revealed that the amplitude of the
Qa Fe?" EPR signal remained constant even in the presence
of 100 mM Cd*".

Instead, the lowered amplitude of the flash-induced F
with increasing Cd>" concentration probably reflects that
part of Q5 was oxidized prior to our recording. This could
be caused by faster forward electron transfer or by fast
recombination to Pegy remaining on the donor side of PSII
after the flash. The first alternative could be ruled out since
all the fluorescence decay phases reflecting forward electron

transfer actually were slowed down by the addition of
cadmium (Table 1, Fig. 3). We therefore conclude that the
amplitude of the flash-induced variable fluorescence was
lost in the presence of Cd*" due to the fast recombination of
Q4 with an abnormally behaving component at the donor
side of PSII. Thus, it is likely that the flash-induced
fluorescence measurements revealed two sites of Cd**
inhibition, one on the acceptor side slowing down and
altering the forward electron transfer reactions and one on
the donor side preventing the normal electron transfer
reactions there.

By measuring the flash-induced fluorescence decay
kinetics in the presence of DCMU, it is often possible to
examine the donor side in PSII. DCMU binds to the Qg site
and blocks forward electron transfer from Q,. Instead, Q4
is forced to recombine with the positively charge donor side
components (after single flash, the dominating component is
the S, state in the OEC) and the recombination kinetics
reports on the integrity of the electron transfer chain on the
donor side of PS 1I [38,44-47]. In the absence of Cd*", the
flash-induced fluorescence in the presence of DCMU
displayed a multi-exponential decay (Table 1) with two
decaying phases (f,,=280 ms and 2.1 s) and one non-
decaying phase (#,,>10 s). The 280-ms phase involved 25%
of the fluorescence amplitude. A decay phase with this
kinetics is frequently observed in this type of PSII
preparations [38,44] and has been proposed to reflect
recombination of Q, with partially active Mn centers
[38]. The dominating phase, with #,,=2.1 s (63%), reflects
recombination with the S, state of the Ca/Mn cluster. The
very slow phase (12%), not decaying in the measuring time
window of 10 s, probably corresponded to PSII centers that
were in the S state before the flash was applied [40,44].

The relative proportions and the decay halftimes (280 ms,
2.1 s, >10 s) of the kinetic phases were not significantly
affected by the addition of 0.1-10 mM Cd*" (Table 1).
Moreover, similarly to the situation in the absence of DCMU,
the total flash-induced F', decreased with 23% in the 1 mM
Cd*" sample (Fig. 2B). However, in the sample incubated
with 10 mM Cd*", F, decreased to a smaller extent in the
presence of DCMU than in its absence (Fig. 2B). Thus,
DCMU seems to prevent the F', amplitude decrease occurring
in the millimolar Cd*" concentration range.

3.4. Competition between Cd** and Ca’*

Ca®" and Cd*" are known to compete in oxygen evolution
assays [13,20,22]. Our fluorescence analysis indicated that
there are several modes for Cd*" inhibition of PSII electron
transfer. Therefore, we investigated if Ca®" could replace the
bound Cd*" ion(s) in both assay systems. The steady-state
oxygen evolution was measured in the presence of both ions.
The PSII samples were treated with 0—10 mM CdCl, in the
presence of 0.8—5.0 mM CaCl,. In the presence of Ca®", the
biphasic cadmium inhibition curve (Fig. 1A) changed into a
more simple inhibition pattern with increasing concentra-
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tions of calcium (not shown). When more than 1.5 mM Ca*"
was added, the high affinity Cd*" inhibition that occurred at
[Cd**]<] mM disappeared. Above 3 mM Ca*', the low
affinity inhibition occurring at [Cd*']>] mM was also
accessed. Direct interpretation of these measurements was,
however, complex, since Ca®" also activates the oxygen
evolution with ca 10% in the control material. Therefore, we
have refrained from a more rigorous kinetic analysis of our
competition data. Such studies are better done after complete
equilibrium in the Ca®" site has been reached, as discussed in
Ref. [22]. Despite this, our experiment shows that, when the
Ca®" concentration was increased, it was necessary to
increase the Cd*" concentration significantly to reach 20%
inhibition (Fig. 1B). Thus, it is clear that Ca** affected the
Cd*" inhibition. The effect seems to be a competitive
inhibition in the micromolar inhibition range. This is similar
to what has been found earlier for the site close to the OEC
[22] and we conclude that our high-affinity Cd*" site (<1
mM Cd*") probably reflects this site. The effect of Ca** on
Cd** inhibition at higher Cd*" concentrations is less
pronounced and probably of different nature.

3.5. Reversibility of Cd*" inhibition

To test if the Cd*" inhibition was reversible, a procedure
was developed to wash away excess and bound Cd**. The
effect of incubation with 2 mM Cd*" concentration was
studied. We also performed a combined washing and
competition experiment by adding 5 mM CaCl, to the
assay after the washing procedure. The results are compiled
in Fig. 4. The washing itself resulted in a small decrease of
oxygen evolution (9%). In the sample incubated with 2 mM
Cd*", the washing did not increase the oxygen evolution
back to the control level. However, when Ca®" was added
after the wash, the activity was recovered almost com-
pletely. We see two explanations for this. First, it might be
very difficult to remove Cd*" from the site occupied at 2
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Fig. 4. Reversibility of the Cd*" treatment of PSII particles. PSIT enriched
membranes, incubated with 0 (black) or 2 mM Cd*" (grey), were washed to
remove bound and excess Cd*" (see Materials and methods). The oxygen
evolution was then compared between the unwashed (left) and the washed
(middle) PS II samples. The washed samples were measured with and
without the addition of 5 mM CaCl, (right).

mM Cd*" simply by washing and Ca®" is needed to out-
competed Cd*" from this site. Second, Cd** might displace
Ca®" from the site and activity can only be regained if Ca**
is present in the assay medium.

To conclude, our washing experiments indicate that Cd**
and Ca”" efficiently compete in the high-affinity site
(accessed by 2 mM Cd*"). Cd*" can only be removed from
this site and activity be regained in the presence of a
competing agent, in our case Ca®>". Performing experiments
with higher concentrations of Cd*", also interacting with the
low affinity site, were complicated by the fact that incubation
with higher salt concentration and washing probably
removed the 17-kDa extrinsic subunit (see below). Therefore,
this type of experiment was excluded from our analysis.

3.6. EPR studies of Cd’" effects on individual redox
components in PSII

Measurements of oxygen evolution and variable fluo-
rescence provide information about the number of Cd*"
binding sites and the approximate binding constants.
However, these assays are less informative concerning the
exact site for the binding and the mechanism of the
inhibition. To probe these in further detail, we turned to
EPR spectroscopy, which can provide details about the
behavior of almost every redox component in the PSII
reaction center. Such analysis has earlier proven very useful
in studies of Cu”*'-induced inhibition of PSII [29] and is
here applied for the first time on Cd**-induced inhibition.

3.6.1. Effect of Cd** on the O Fe’" EPR signal

The fluorescence analysis revealed a Cd*" inhibition site
that affected the electron transfer from Q4 . Therefore, we
investigated how Cd*" affected the amplitude of the light-
induced EPR signal from Q4 . This signal is known as the
Qa Fe?' signal and reflects a magnetic interaction between
the reduced Q4 and the nearby acceptor side Fe*" ion
[42,48,49]. Thus, the observation of the EPR signal
demands the presence of both these components. The signal
is very small and at g=1.9, which makes it difficult to detect
due to severe spectral overlap with the large radical signal
from Yp [42,48,49]. This can be overcome by the addition
of formate that is known to modify the Q Fe*" signal to an
easier detectable form at g=1.82 (together with a trough at
g=1.7), which also has a much larger amplitude than the
signal in samples without formate [48,49]. Therefore, we
have added formate to the Cd**-treated samples.

The shape and size of the Q4 Fe*" signal are not changed,
even by incubation with 100 mM CdCl, (Fig. 5A and C). In
this experiment, Q5 was reduced by illumination of the
sample at 200 K. Consequently, we can conclude that the
light-induced electron transfer between Pggo and Q, is not
blocked and that Cd*" binding in PSII apparently is localized
apart from Pgg(, pheophytin or Q.

Although Cd*" does not inhibit the reduction of Qa,
incubation with 100 mM Cd*" modifies the EPR appearance
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Fig. 5. Effect of Cd*" on the formation of different EPR signals. Spectra a and b in panel A and B represent the formation of the EPR signal in the absence or
presence of 100 mM CdCl,, respectively. (A) Induction of the Q4 Fe>" signal. (B) Formation of the S, state ML signal. The bars in A and B indicate the peaks
used to determine the spectral intensity of the Q5 Fe®" signal and S, state ML signal, respectively. (C) Cd*" concentration dependence of the formation of the
Qa Fe?* (open squares) and the S, state ML signal (closed circles). All spectra were recorded in the presence of 50 mM Na-formate to enhance the amplitude of
the QA Fe®" signal. CdCl, was added 5 min before the freezing. The EPR signals were induced by continuous illumination at 200 K. All spectra represent
illuminated minus dark difference spectra. EPR settings: microwave frequency 9.41 GHz, modulation amplitude 15 G. (A) Microwave power 32 mW;

temperature 4 K; (B) microwave power 16 mW; temperature 7 K.

of Q4 in two significant ways. First, Cd*" shifts the spectral
form of the Q4 Fe*" signal to the g=1.82 form, even in the
absence of formate (Fig. 6). Such modifications have been
observed before and have been found to be induced by
herbicides that bind in the Qg site or by formate that binds
to the Fe®* [48,49]. Consequently, this change in Cd**-
incubated samples probably reflects Cd*" binding close to
one or both of Qg and Fe*" on the acceptor side.
Interestingly, after incubation with 100 mM CdCl,, illumi-
nation at 200 K induced a fraction (6%) of Q4 that was
magnetically uncoupled from the non-heme iron (not
shown). The free radical of QA gives rise to a non-
perturbed radical EPR signal that is easily recognized by its
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Fig. 6. Alteration of the spectral shape of the Q5 Fe*" EPR signal by the
addition of Cd*". It should be noted that these spectra are recorded in the
absence of formate, which explains the low signal to noise ratio [48]. In the
control sample (top spectrum), the illumination results in the formation of
the S, state ML signal (part of this is visible in the spectrum as the peaks
around 4000 G) while the expected EPR signal from Q4 Fe?" is at g=1.9
(bar in the top spectrum) which is located at the shoulder from Y.
Consequently the small signal from QaFe?" is not observable. In the
presence of 100 mM Cd*" the Q4 Fe*" signal is shifted to g=1.82 (bar in the
bottom spectrum) and the spectrum is clearly observed. EPR conditions as
in Fig. 5A.

g-value (g=2.0044) and spectral width (9.5-10.0 G)
[50,51]. It reflects that the heavy metal binding is close
enough on the acceptor side to break the magnetic
interaction between Qs and Fe?'. The formation of this
signal was observed also as a consequence of Cu®" binding
to PSII [29].

3.6.2. Effect of Cd** on the S, state ML signal

Fig. 5B shows the formation, by illumination at 200 K, of
the S, state ML EPR signal from the OEC. The formation of
this signal was almost completely abolished by addition of
100 mM Cd**. The Cd**-concentration dependence of the
S, state ML signal formation is presented in Fig. 5C. This
shows that Cd*' inhibited the formation of the S, state
although the primary charge separation and reduction of Q,

still remained fully functional over the same concentration
of Cd*".

Signal intensity (%)

O T T T T T
0 25 50 75 100

[cd>*] mM)

Fig. 7. Dependence of the amplitude of the S, state ML EPR signal on the
concentration of Cd*>" in the absence (circles) or presence of 100 pM
DCMU (triangles) or 25 mM Ca®* (squares). Signal intensity calculated as
described in Fig. 5.
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3.6.3. Effects of DCMU and Ca’" on the Cd”*-induced
changes in the S, state ML signal

We also tested how DCMU or Ca®" influenced the
formation of the S, state ML signal at various Cd*"
concentrations. The results are shown in Fig. 7. In the
presence of 25 mM Ca®", 30% and 50% of the lost ML
signal are regained in the presence of 25 and 50 mM Cd*",
respectively. This is in agreement with all other measure-
ments and shows that Ca®" and Cd** compete for the same
site in the OEC. It also confirms that Ca®" does not
outcompete Cd*" in all inhibitory sites. The results in Fig. 7
suggest that Ca>" does not compete at all at 100 mM Cd*".
However, at these high ionic strengths the 23- and 17-kDa
extrinsic subunits from the OEC are probably lost. Our
oxygen evolution measurements revealed that Cd*" binds
much more efficiently in the absence of these subunits (Fig.
1A, inset). It is thus likely that Ca®" competes less
efficiently at higher Cd*" concentrations due to secondary
effects caused by the high ionic strength. Probably this
effect is gradual over the Cd®" concentration range and at
100 mM Cd*" the chosen Ca** concentration (25 mM) is too
low to allow successful competition.

Interestingly, DCMU had similar effects as Ca>" (Fig. 7)
and in the presence of 100 pM DCMU, the S, state ML
signal was induced to a much higher extent than in the
absence of DCMU. Even in the presence of 100 mM Cd*",
42% of the ML signal could be induced by illumination at
200 K. DCMU binds in the Qg binding site and is normally
not considered to bind on the donor side of PSII. Thus, the
observation that DCMU hinders Cd*" to exert its function
on the S, state ML signal is interesting but difficult to
explain, and different alternatives will be discussed in
Discussion.

2000 2200 2400
Magnetic field (G)

Fig. 8. Effect of Cd®" on the oxidation state of Cyt bsso. Spectra were
detected in the presence of (a) 0, (b) 50 and (c) 100 mM CdCl,. The spectra
show the g, region (g values 2.96 and 2.93 are indicated by bars) of the Cyt
bss9 signal recorded after incubation with CdCl,. EPR settings: microwave
frequency 9.41 GHz; microwave power 5 mW; temperature 15 K;
modulation amplitude 15 G.

3.6.4. Effects of Cd°" on Cyt bsse

Cyt bsso is sensitive to many structural and functional
changes in PSIL. This also holds for the presence of Cd*".
Fig. 8 shows how the EPR spectrum of Cyt bss9 changes
upon the addition of Cd**. In the absence of Cd*", the EPR
spectrum in the g, region of Cyt bss9 is small and dominated
by the oxidized low-potential form of the cytochrome. The
spectrum is normal for PSII membrane preparations and
represents ca 25-30% of the available Cyt b559 being in the
oxidized low potential form [42,52]. The remaining
cytochrome is reduced and it is in the high and intermediate
potential form.

When Cd** is added, the EPR spectrum from the
oxidized low-potential form grows bigger with increasing
concentrations of Cd*". In the presence of 100 mM Cd*" the
spectrum is more than two times larger than in the control
sample and shows that Cd*" effects the formation of low-
potential Cyt bsso from the high-potential form in a large
fraction of the centers. This change occurs in a Cd*'-
concentration-dependent manner.

4. Discussion

This study shows that Cd*" has a complex pattern of
interactions with PSII. There are several Cd*'-induced
inhibitions or modifications of PSII function. Cd*" alters
the redox potential form of Cyt bsso; it inhibits electron
transfer from Q4 to Qg; it modifies the spectral properties
of Q4 ; and it inhibits formation of the S, state in the oxygen
evolving cycle and consequently the oxygen evolution in
PSII. We will discuss our results concerning these sites
independently.

4.1. Interaction of Cd*" with Cyt bsse

Cyt bssg is present in the core of PSII [3—5] and can take
several different redox potentials [53,54]. In PSII enriched
membranes, the high potential form dominates but in 25—
30% [52,53] of the centers Cyt bsso is in the low-potential
form (this was the case in our preparation (Fig. 8). When PSII
was incubated with increasing concentrations of Cd**, this
resulted in a gradual change to the low-potential form as
revealed by the increased oxidation level of the Cyt bss9. The
g, value of the low potential form is shifted from 2.96 (which
is normal for untreated PSII) to 2.93 (Fig. 8), which is similar
to the g, value of purified low potential Cyt bss9 [52]. A
change from the high potential form to the low-potential form
is frequently observed in PSII [52,53]. It often reflects
removal of the Ca/Mn cluster or the extrinsic subunits
shielding the OEC and/or binding of reactive agents in the
vicinity of Cyt bsse. Cd** binds at several places in PSII and it
can be difficult to ascertain which site is involved in the shift
of the potential of Cyt bss9. However, we propose that the
redox potential shift reflects removal of the 17-kDa subunit
from the donor side of PSII. Removal of this subunit,
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correlated to a shift of the redox potential of Cyt bss9, Was
found to occur when PSII was incubated with 10 mM Cu**
[29]. Tt is likely that incubation with even higher amounts of
CdCl, also resulted in loss of this subunit. It has also been
proposed that release of Ca®" can transform the high-potential
form to the low-potential form of Cyt bss¢ [55]. Our short
Cd*" treatment probably involves displacement of Ca** in a
fraction of the centers (see below). Therefore, we conclude
that the shift of Cyt bss9 to the low-potential form probably
reflects both the disturbance of the protein structure on the
donor side of PSII and the binding of Cd*" in the Ca®" site
involved in oxygen evolution.

4.2. Interaction of Cd*" with the acceptor side of PSII

Several results indicate that Cd*" binds at the acceptor
side of PSII and it is possible to draw conclusions about this
site. The light-induced charge separation between Pgg, and
Qa, studied by low temperature illumination (measured as
the amplitude of the Qs Fe** EPR signal; Fig. 5C),
remained fully functional in the presence of very high
concentrations of Cd*". This indicates that Cd*" did not
affect Q, itself. Instead, the competitive effect of DCMU
that leads to partial recovery of the S, state ML signal in the
presence of Cd*" suggests that the acceptor-side Cd*" binds
in or close to the Qg binding site. This is corroborated by the
fluorescence measurements that reveal that Cd*" slows
down the kinetics in forward electron transfer from Qx
either by perturbing the function of Qg or by modifying the
electron transfer at the level of the reduction of Qg.

Structural changes induced by binding of Cd*" at the
acceptor side of PSII are also revealed by the change in the
spectral shape of the Qa Fe?" signal. This complex EPR
signal, which demands structural integrity of both Q, and
the non-heme Fe*" situated 7 A away, is shifted to another
form with a different g value (Fig. 6). In addition, a tiny
fraction of Qs became magnetically decoupled from the
Fe?'. The latter effect is similar, but smaller in magnitude, to
the magnetic decoupling of Qs and Fe?" observed by
incubation with Cu** [29]. In that case, it was speculated
that Cu®" actually displaced the Fe*" by ligation to the
histidine residues that coordinate the Fe** ion [29].

It is possible that Cd*" could bind in a similar way,
displacing Fe**. However, the small fraction of magnetically
uncoupled Q4 ", and the clear effect of Cd*" on the Q5 Fe**
signal (Fig. 6), suggests that this is not the primary reaction.
Instead, we put forward an alternative proposal. The idea
stems from detailed studies of the Cd*" inhibition of the
electron transfer between Q4 and Qg in purified reaction
centers from the purple bacterium Rb. sphaeroides
[17,19,21,24]. Tt was found that Cd*" binds to two histidine
residues in the H subunit [24]. These histidines constitute
the entry point for protons participating in the protonation of
reduced Qp. Cd*" binding blocks this entry point and
thereby the electron transfer is slowed down. The two
histidine residues do not have known, directly homologous

partners in PSII. Despite this, a similar phenomenon might
prevail since Qg is reduced in a quite similar fashion in PSII.
Thus, Cd*" could bind to a site involved in protonation of
Qg. The site would be located in one of the core subunits of
PSII, thereby identification becomes possible by approaches
involving Cd*" induced inhibition. In this respect, it is
interesting that DI1-His252 was pointed out to be in
hydrogen bonding contact to D1-Ser264, which is directly
connected to Qg [5]. This led to the suggestion [5] that D1-
His252 might be a candidate for residues involved in the
protonation pathway of Qg. If this holds true, D1-His252
could be involved in the low-affinity binding of Cd*"
thereby affecting electron transfer between the quinone
acceptors and the magnetic interactions between QA and the
Fe**, which are all in the immediate vicinity.

4.3. Cd&”" binding to the donor side

In many studies of Cd*" inhibition, the inhibition of
steady state oxygen evolution has been measured. This
provides information about the entire electron transport
chain between OEC and Qp and allows determination of
binding constants of Cd*", but is less informative concern-
ing the exact site and the mechanism of the inhibition. We
have turned to single flash-induced variable fluorescence
and EPR measurements to obtain a more detailed picture.

By the application of illumination at 200 K on PSII, only
one charge separation can take place because the Q to Qp
electron transfer is blocked at this temperature [41]. EPR
analysis revealed that the yield of Q4 photo-reduction was
independent from the applied Cd** concentration. Thus, the
primary charge separation is operational and it is safe to
conclude that Cd*" does not interfere with Pggo or the
intermediary pheophytin acceptor.

In contrast, our flash-induced fluorescence studies
showed that a large fraction of the amplitude of F, was
lost when Cd*" was present. This occurred in two
concentration regimes; part of the F, was lost due to Cd*"
interaction in a site with high affinity while a larger part of
F, was lost due to interaction in a site with low affinity. The
yield of the fluorescence in the presence of dithionite and
the light-induced Q4 Fe*" EPR signal were both unchanged
in presence of cd*. Thereby, we can exclude that Q4 was
lost or that Q4 reduction was inhibited, leading to lower
flash-induced F,. Instead, we conclude that recombination
occurs in the single flash measurement before we actually
can detect the fluorescence.

Our measuring system allows detection of the fluores-
cence only 100 ps after the flash. If recombination was the
reason for the lost fluorescence, it must have occurred
within these 100 ps. Recombination reactions from Qn
often involve the S-states in OEC or Y (in case the Ca/Mn
cluster is inactive) and all these reactions are much slower
than 100 ps. We therefore conclude that, in the presence of
Cd*, a large fraction of flash-induced Q4 recombines with
the oxidized primary donor Pggy remaining during as much
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as 100 ps. This is unusual and suggests that no electron can
arrive from Y fast enough to prevent recombination. Thus,
the flash-induced fluorescence measurement indicates that
Cd*" actually inhibits the electron transfer from Y to Pggg
and that Cd*" affects this in both the high-affinity and the
low-affinity site. Again, this is similar as Cu”*, which was
found to inhibit electron transfer from Y, [29], preventing
Y, oxidation.

Inhibition of Y, to Pggq electron transfer can also explain
the inhibition of oxygen evolution at higher Cd** concen-
trations (>1.5 mM, i.e., the low-affinity site for Cd*") and
the inhibition of the S, state ML EPR signal formation.
However, in the case of the high-affinity Cd*" site of the
oxygen evolution inhibition and the large fraction of the
Cd**-induced inhibition of the S, state ML signal, Ca®" was
able to compete successfully with Cd*". This is different
from the loss of the flash-induced F,, where the competition
between Ca”" and Cd*" did not increase the amplitude
(Table 1), indicating that Ca®" competes badly or not at all
with Cd*" in this site. We must consequently conclude that
Cd*" has at least two effects on the donor side of PSII; it
blocks oxidation of Y, in a Ca**-independent manner and it
blocks the OEC in a Ca®"-dependent manner.

It is interesting to discuss the two sites that seem to affect
donor-side reactions. In one of the sites, Ca>" competes with
Cd*". Binding of Cd*" in this site results in inhibition of the
oxygen evolution in about 20% of the PSII centers and
occurs with high affinity. Competition with Ca®" is also
successful to regain a fraction of the lost S, state ML
amplitude. The competition between Ca®" and Cd*" and the
high affinity involved in the inhibition of the oxygen
evolution strongly suggest that the site involves exchange of
Ca”" and Cd*" in the Ca/Mn cluster [5,22]. The reason for
the incomplete exchange is the short time used (5 min)
compared to the several hours it takes to reach equilibrium
in this site [22]. With the present structural knowledge [5]
that the Ca®" ion is situated ca 6.5 A away from the phenolic
oxygen of Y and is then the closest metal to Y, the results
are easy to understand. The volume between the Ca®" and
Y, seems to be devoid of protein. Instead, it probably
contains water molecules and it is likely that one or several
of these are involved in hydrogen bonding networks around
the phenolic proton of Y or other critical side chains in the
neighborhood (albeit this cannot be ascertained at the
present structural resolution). Binding of Cd** to this site
is likely to perturb such fragile structures, thereby probably
slowing down or even preventing Y, oxidation. In this
context, it is also important that Y, oxidation is severely
slowed down (or even totally hindered even if this latter
statement has been questioned in several reports [56,57]) as
a consequence of Ca>" depletion [58]. It is not unlikely that
the reason for this inhibition is that deprotonation of Y is
prevented due to perturbation of the immediate structure
around the phenolic proton.

Cd*" inhibition also occurred with low affinity and
affected both oxygen evolution, F, the S, state ML signal

and acceptor-side kinetics. Here Cd*" could not be out-
competed by Ca®" for any of the measured parameters
although Cd** binds less well. Thus, these two sites are not
the same as the high-affinity site and we propose that there
are two low-affinity sites involved in Cd*" binding to PSIL
One has been discussed above and is proposed to occur at
the acceptor side, maybe close to the proton chain between
Qg and the environment. Moreover, our results indicate that
there is a low affinity site also at the donor side of PSII.
Binding of Cd*" to this site also results in decreased
formation of the S, state ML signal and decreased flash-
induced variable fluorescence, F, due to recombination.

It is not unlikely that this site reflects the Cd ion that was
found in the X-ray structure in [3]. This Cd*" site was
discussed by Rutherford and Faller [9] and was proposed to
maybe involve a H' channel (or H-bonding chain) from the
site for water oxidation to the lumenal side of PSII. This is
an interesting idea and modified proton release from the
OEC due to Cd** binding could well modify the turnover of
Y, and stall the turnover of the OEC. In this context, it is
again worthwhile to point out that the recent X-ray structure
[5] prompted the authors to propose some residues that
might be involved in proton release from the OEC. Thus, it
is not impossible that the low-affinity binding of Cd*" we
observe reflects Cd**-binding to proton channels on both
the acceptor side and the donor side of PSIL

However, this is not necessarily the only explanation of
our data. DCMU can partially prevent the Cd**-induced
effects also on the donor side of PSII. This is surprising
since DCMU binds in the Qg site and not on the donor side
of PSII. There are, however, many cases in PSII where
binding of an agent on one side of the membrane affects
components on the other side of the membrane. The most
well-known effects involve modification of Cyt bss9, which
changes to the low-potential form when extrinsic subunits
are lost from PSII [52], when Ca®" is removed from the
OEC [55], etc. Thus, there are tight connections between
donor-side- and acceptor-side-located components. These
probably involve the membrane spanning helices and, for
example, Y, and Qg bind to the very same helix at different
sides of the membrane [5,59]. Therefore, it is not
unreasonable to propose that DCMU binding in the Qg
site, which prevents the binding of Cd*" to its site at the
acceptor side, affects the Cd*"-induced modifications of
donor-side electron transfer reactions. This would occur
through helix-assisted transmembrane signaling. At present,
we cannot judge which alternative is true, but further studies
of the low-affinity binding of Cd*" might help in probing
one or more of the H" channels involved in PSII catalyzed
reactions.

5. Conclusion

Our results indicate that Cd*" has multiple effects on
both the donor side and the acceptor side of PSII. On the
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donor side, the presence of Cd*" inhibits oxygen evolution
in a high-affinity site by competition with Ca*". In our
study, this inhibition only encompasses ca 20% of the PSII
centers and earlier work has revealed that it takes several
hours for Cd*" to reach equilibrium in this site. Cd*" also
inhibits, in a similar way as Cu**, the oxidation of Y, in a
site. where Ca®" seemingly does not compete. On the
acceptor side of PSII, Cd*" has several effects, all indicating
that Cd*" binds to, or close to, the Qg binding site and not in
the vicinity of Q4. It is likely that the site is situated close to
the acceptor-side Fe?" and the binding might have properties
similar to the Cd*" known to inhibit the entry of a proton
channel involved in protonation of reduced Qg in purple
bacteria.

Binding of metal ions to several sites in PSII is not a
property exclusive to Cd*". Instead, this is the general
picture when assays that are detailed enough have been
used, and all of Ca®", Cu*" Zn*' [27] and Cd*" have been
shown to bind in sites on both the acceptor side and the
donor side of PSII [27,29,56]. Some of these sites have
similar properties and seem to be the same for all four ions.
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