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Abstract

The interaction of Tb>* and La** cations with different photosystem II (PSII) membranes (intact PSII, Ca-depleted PSII
(PSII[-Ca]) and Mn-depleted PSII (PSII[-Mn]) membranes) was studied. Although both lanthanide cations (Ln>*) interact
only with Ca?*-binding site of oxygen-evolving complex (OEC) in PSII and PSII(-Ca) membranes, we found that in PSTI(-
Mn) membranes both Ln>* ions tightly bind to another site localized on the oxidizing side of PSII. Binding of Ln** cations
to this site is not protected by Ca>* and is accompanied by very effective inhibition of Mn?* oxidation at the high-affinity
(HA) Mn-binding site (IMn** + H,0,] couple was used as a donor of electrons). The values of the constant for inhibition of
electron transport K; are equal to 2.10+0.03 uM for Tb** and 8.3 +0.4 uM for La**, whereas OEC inhibition constant in the
native PSIT membranes is 323 +7 uM for Tb**. The value of K; for Tb>* corresponds to K; for Mn" cations in the reaction
of diphenylcarbazide oxidation via HA site (1.5 uM) presented in the literature. Our results suggest that Ln>* cations bind to
the HA Mn-binding site in PSII(-Mn) membranes like Mn>* or Fe?* cations. Taking into account the fact that Mn>* and Fe?*
cations bind to the HA site as trivalent cations after light-induced oxidation and the fact that Mn cation bound to the HA site
(Mn4) is also in trivalent state, we can suggest that valency may be important for the interaction of Ln** with the HA site.
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Abbreviations Introduction

Chl Chlorophyll

DCBQ 2,6-Dichloro-p-benzoquinone The light absorbed by plants, algae, and cyanobacteria is
DCPIP 2,6-Dichlorophenolindophenol used by these organisms for water decomposition. This pro-
DPC Diphenylcarbazide cess is carried out by the multicomponent membrane pig-
HA High-affinity Mn-binding site ment—protein complex called photosystem II (PSII). Water
MES 2-(N-Morpholino)-ethanesulfonic acid oxidation reaction in PSII supplies electrons to the photo-
Ln3* Lanthanide ions synthetic electron transport chain, triggering the synthesis of
OEC Oxygen-evolving complex high-energy components. The remaining oxygen atoms are
PSII Photosystem 11 a by-product of this reaction. Therefore, the catalytic center
PSII(-Ca) Ca**-depleted PSII membranes oxidizing water [water splitting or oxygen evolving complex
PSII(-Mn) Mn-depleted PSII membranes (OEQ)] carries out the synthesis of an intermolecular bond
RC Reaction center between two oxygen atoms of two water molecules. Synthe-
Tris Tris(hydroxymethyl)aminomethane tized oxygen is released into the atmosphere and this photo-
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synthetic reaction is practically the only source of O, in the
atmosphere of our planet. The catalytic center of the OEC
consists of four manganese cations, one calcium cation, and
five oxygen atoms connecting the metal cations [1-3]. The
detailed structure of a catalytic cluster Mn,CaO; has been
determined at first by X-ray diffraction at 1.9 A resolution
[1] and then with using femtosecond X-ray pulses at 1.95 A
resolution [3]. The latter method allowed to obtain a ‘radia-
tion-damage-free’ structure of Mn/Ca cluster. In subsequent
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works, a comparative study of the structure of the PSII cores
in the dark state (S1) and S3 state (after two flashes) was car-
ried out [4]. The effect of Mn,CaOjs cluster extraction from
OEC on the PSII structure was also investigated [5]. Cur-
rently, not only is the structure of the PSII core determined,
but also more complex formations—the supercomplex of
the PSII core with the light-harvesting complex II [6]. The
results obtained made it possible to establish that the cluster
is coordinated by one imidazole and six carboxyl groups of
amino acid residues of the D1 and CP43 proteins of PSII
and have four molecules of water, two of which are bound to
Mn4 cation and the other two cations bound to Ca>* cation.
The cluster has an irregular cube structure formed by three
manganese cations and a Ca®* cation connected via oxygen
bridges. The fourth manganese cation (Mn4) is connected
to the cube by two oxygen bridges. However, despite the
high resolution of the Mn,CaOs structure decryption, the
mechanism of the water-splitting reaction in PSII remains
mostly unclear.

Ca®" is a necessary cofactor for the water oxidation reac-
tion [7]. A possible role of Ca®* in this reaction is either
“adjustment” of the redox potential of a manganese cluster
[8, 9] or binding of one or two substrate water molecules
that are oxidized during a catalytic cycle [10]. However,
the specific mechanism of Ca** participation in the OEC
functioning remains unclear [8]. The role of Ca’" in the
water splitting mechanism was investigated in many works
with the use of substitution of calcium cation with another
metal cation. Ca*>* binding is competitive with divalent cati-
ons such as Cd** [11], Sr** [12], the only metal ion which
partially functionally replaces Ca**, and lanthanides [13,
14]. The substitution of Ca>* by lanthanide ion (denoted as
Ln>*) has proven to be an effective method for investigat-
ing the properties of different Ca?*-binding proteins since
ions are very effective competitive inhibitors of the Ca>*
site [15]. Various lanthanides were used for studying the Ca-
binding site in the OEC of intact PSII [13], Ca-depleted PSII
membranes (PSII(-Ca)) [14] and PSII core complexes [16].
Though all lanthanides show very similar chemical proper-
ties, significant differences in the action of specific ions on
the PSII functioning [14] were revealed. These variations
are probably caused by different ion radius. Displacement
of Ca** by La* inhibits the oxygen evolution in intact PSII,
preventing the electron donation by Mn cations to Y, [13].
The presence of lanthanides also affects the electron trans-
fer from Y, to P680* [17]. A lanthanide-substituted OEC
displayed a thermoluminescence band arising from S,Q,
charge recombination, indicating that the Mn cluster is oxi-
dized to the S, state [14]. EPR studies of Dy3+—substituted
PSII also have shown the S1— S2 transition [16].

Ghanotakis et al. mentioned in their work [13] dedicated
to a research of La®>* interaction with Ca-binding site in the
OEC of native PSII membranes that Ce®* and Tb** produce
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the same effect as La**. In a preliminary study [18], we
have investigated the effect of terbium, one of the poorly
studied lanthanides, on the native PSII membranes using
the fluorescence method. In this paper, we investigated in
detail the interaction of Tb** (and La®* for comparison) with
different PSII membranes (intact PSII, PSII(-Ca) and Mn-
depleted PSIT membranes (PSII(-Mn)). Although both Ln**
cations interact only with Ca" site of the OEC in PSII and
PSII(-Ca) membranes, we found that in PSII(-Mn) mem-
branes both lanthanide ions tightly bind to another site local-
ized on the oxidizing side and inhibiting very effectively
(K;=2.10+0.03 uM for Tb** and 8.3 +0.4 uM for La**) the
donation of electrons by (Mn>* +H,0,) donor via the high-
affinity (HA) Mn-binding site in these membranes.

Materials and methods
PSII preparations

Native PSII membranes PSIl-enriched membrane fragments
(BBY-type) were prepared from market spinach following
Ghanotakis and Babcock [19]. The functional and spectral
characteristics of these preparations matched the previously
reported one [20]. Table S1 of Supplementary Material sec-
tion shows some characteristics of intact PSII membranes
as well as PSII(-Ca) and PSII(-Mn) membranes which were
determined mainly in our previous works. Some parameters
were measured in several different studies with good agree-
ment with each other. This indicates a fairly good uniform-
ity of the PSII samples we prepare. The preparations were
stored at — 80 °C in buffer A, containing 15 mM NaCl,
400 mM sucrose, and 50 mM MES/NaOH buffer (pH 6.5).
Samples were thawed in the dark for 1 h at 0 °C before
treatment or measurement. Chlorophyll concentrations
were determined in 80% acetone, according to the method
of Porra et al. [21].

Ca** depletion Calcium ions, PsbP, and PsbQ extrinsic
proteins were removed from native PSII membranes together
using a buffer solution containing 2 M NaCl, 0.4 M sucrose,
and 25 mM MES (pH 6.5) [22]. The PSII preparations
were incubated in this buffer at 0.5 mg/ml Chl for 15 min
under room light (4—5 uE m~2 s~!) and at room tempera-
ture (22 °C). The resulting material was washed twice with
buffer A, and re-suspended in buffer A. This preparation
is referred to as PSII(—Ca) membranes. We do not use the
chelator (EDTA or EGTA) during Ca’* extraction, since the
chelator binds to the Mn cluster changing its EPR signal in
S2 state [23] and functional activity of Mn cluster [24]. The
addition of the chelator is not necessary for Ca*" extraction,
since the extraction occurs only due to the change of affinity
of calcium cation to its binding site when PsbQ and PsbP
proteins are extracted [23]. The evidence of Ca extraction
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from OEC by 2 M NaCl is the inhibition of O, evolution (the
remaining activity may be about 10%) and the restoration of
oxygen-evolving function by exogenous Ca** cations up to
about 70% [24]. The absence of PsbP and PsbQ proteins in
similar preparations obtained by us earlier was confirmed
by polyacrylamide gel electrophoresis (see Table S1 in Sup-
plementary Material). Mn content in Ca-depleted PSII mem-
branes after NaCl treatment was 4.0 +0.2 Mn/RC.

Mn depletion by Tris treatment Manganese depletion
was accomplished by incubating thawed PSII membranes
(0.5 mg Chl/ml) in 0.8 M Tris—HCI buffer (pH 8.5) for
15 min in room light (4-5 uE m~2 s™!) at room tempera-
ture. The membranes were then pelleted by centrifugation
in an Eppendorf centrifuge 5415R (16100g X 3 min), washed
three times with buffer A and finally re-suspended in buffer
A. These membranes, which do not contain any extrinsic
proteins (including PsbO polypeptide), Ca** ion, and the
Mn catalytic cluster, are called PSII(-Mn) membranes.
The absence of all extrinsic proteins in similar preparations
obtained by us earlier was confirmed by polyacrylamide gel
electrophoresis (see Table S1 in Supplementary Material).
Residual Mn content in Mn-depleted PSII membranes after
Tris treatment was 0.3 +0.1 Mn/RC.

PSII preparations activity

DCPIP reduction activity To determine electron transport
activity we measured the rate of the exogenous electron
acceptor 2,6-dichlorophenolindophenol (DCPIP) photore-
duction. XBDROY light diodes (Cree Inc., USA) with the
emission maximum of 450 nm providing a saturating light
intensity (1500 pE m~2 s™!) were used as the excitation light
source. The reduction rate of DCPIP (40 pM) was deter-
mined spectrophotometrically from a change in the absorb-
ance at 600 nm using the molar extinction coefficient for the
deprotonated form of DCPIP (¢=21.8 mM~! cm™! [25]).
The electron transport activity of the native PSII membranes
corresponds to 140-150 pmol DCPIP mg Chl~! h~!. The
concentration of Chl in all samples was 20 pug/ml.
0,-evolving activity Kinetics of a photoinduced oxygen
evolution by PSII preparations were registered amperometri-
cally using a closed Clark electrode. The measurements were
carried out in a thermostatically controlled cell at 25 °C in
the presence of 200 pM of an artificial electron acceptor
2,6-dichloro-p-benzoquinone (DCBQ). The oxygen evo-
lution rate was calculated using a linear part of a kinetic
curve for the first 10 s after the illumination was turned on.
Calibration of a diffusion current magnitude was carried out
using the value of the oxygen concentration in water bal-
anced with air (253 pM). XBDROY light diodes were used
as the excitation light source providing a saturating light
intensity (1500 uE m~2 s~!). The O,-evolving activity of
the native PSII membranes ranged from 450 to 550 umol

0, mg Chl~! h™!. The concentration of Chl in all samples
was 10 ug/ml.

Fluorescence induction kinetics (FIK)

FIKs were measured using a portable Plant Efficiency Ana-
lyzer (Hansatech Instruments Ltd., UK). LED sources of
excitation light (4,,,, =650 nm; spectral range 580—710 nm)
were used in the fluorimeter. The time resolution of fluo-
rescence detection was 10 ps (within the initial 2 ms); 1 ms
(within the time interval from 2 ms to 1 s); and 100 ms (time
interval > 1 s). Fluorescence induction kinetics were meas-
ured at actinic (1500 pE m~2 s7!) intensity of the excita-
tion light flux. The fluorescence signal at 50 ps after the
application of continuous actinic light was defined as F,,.
The initial moment of fluorescence detection in the figures
corresponds to 50 ps. A logarithmic time scale was used in
the figures as it is commonly employed for the presentation
of fluorescence induction kinetics. Dark incubation before
measurements was 2 min. The concentration of Chl in all
samples was 20 ug/ml.

Determination of the Mn content in Ca-depleted
PSIl membranes

The Mn assays were performed according to the method of
Semin and Seibert [26] with minor modifications [27]. The
absorbance at 450 nm was used for colorimetric determina-
tion of Mn(II) concentrations using 3,3',5,5'-tetramethylb-
enzidine as a chromogenic reagent (extinction coefficient of
34 mM~' cm™) in the samples [28].

Metal ions treatment of PSlI preparations

For the treatment of PSII preparation, we used the following
salts: La(CH;COO);; Cr(NOj)5; AICI; dissolved in buffer
A with control of pH; 5 MM Tb,(SO,); dissolved in buffer
A. It should be noted that acetate ion and NO;™ anions can
inhibit the functional activity of PSII membranes, but in
concentration significantly higher than that used in the pre-
sent work [29, 30]. 50% inhibition of O,-evolving activity is
achieved at a concentration of 225 mM, and DCPIP reduc-
tion—650 mM sodium acetate [29].

Results and discussion

Interaction of Tb>* and La>* cations with PSII
membranes

The lanthanides are very effective inhibitors of OEC in

photosystem II and different Ln>* cations were studied in
several works [13, 14, 16, 31, 32]. Already in one of the
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initial studies [13], it was found that La** jons inhibit OEC
due to the substitution of Ca** for La>*. These researchers
have shown that La>* competes with Ca** for binding site
on the oxidizing side of PSII membranes. La>" ion binds to
the Ca-binding site more strongly than Ca** (the K; for La**
was estimated to be 0.05 mM compared to K,, for Ca>* of
0.6 mM [13]). Further proof of this is the fact that external
Ca** failed to reactivate PSII treated by Ln** [31]. However,
bound Ln** ion can be removed using EDTA and oxygen-
evolving activity can be reconstituted by adding back Ca®*
[31]. Most often La**, which has the ionic radius similar to
the ionic radius of Ca®* (1.17 A and 1.14 A respectively),
was used in these investigations. Recently, we investigated
the effect of Tb>* ions with similar ionic radius (1.06 10\) [18]
on the PSII OEC function. Terbium is one of the poorly stud-
ied lanthanides and in this study we probed terbium effects
on the OEC by monitoring the fluorescence induction kinetic
and oxygen evolution rate. Our results have shown that Tb>*
inhibits O, evolution at low concentration (50% inhibition
is observed at concentration 0.5 mM) competing with Ca,
since the addition of exogenous Ca** provided a significant
protection of OEC against the inhibiting action of Tb** [18].
This result indicates that Tb>* cation as well as La>* [13]
substitutes for Ca>* cation in the OEC in the native PSII
membranes.

In the above-mentioned works, the measurement of Ln>*
inhibition efficiency of PSII functional activity was carried
out using O, evolution registration. Here, we investigated
the effect of lanthanide ions on the electron transport rate
in PSII, measuring the rate of DCPIP (artificial electron
acceptor) reduction spectroscopically. It is necessary to note
that these methods are not equivalent for measurement of
electron transport in some PSII membranes. For example,
in PSII(-Ca) membranes obtained by NaCl washing extrac-
tion of Ca®" together with extrinsic proteins PsbP and PsbQ,
O, evolving activity becomes about 10% from initial value
whereas the rate of DCPIP reduction is about 70% [24].
Existence of rather intensive electron transport in PSII(-Ca)
membranes is determined by water oxidation in the absence
of Ca ion in the OEC not up to oxygen, but only up to H,0,
[33]. The obtained results are shown in Fig. 1 and demon-
strate that La>" is more active in the inhibition of O, evolu-
tion activity (concentration of 50% inhibition is 0.145 mM)
than Tb>* (concentration of 50% inhibition is 0.484 mM,
K;=323+7 uM). Inhibition constants K; were determined
using Dixon analysis. Inhibition of DCPIP reduction reac-
tion is observed at large concentrations of lanthanides: con-
centrations of 50% inhibition are equal 0.287 mM for La’*
and 1.21 mM for Tb** (K, =454 +9 uM) (Fig. 1). It means
that the replacement of Ca®* in the OEC with Ln*" inhibits
more the reaction of O, synthesis than the reaction of water
oxidation, i.e., calcium cation participates mainly on the last
steps of the catalytic cycle in O, evolution process.
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Fig. 1 Effect of Tb>* (solid symbols) and La** (open symbols) on
the oxygen evolution (circles) and DCPIP reduction (squares) in the
native PSIT membranes. The samples were incubated with Tb>* or
La* cations for 3 min at room temperature in the dark before meas-
urements of O, evolution or DCPIP reduction. Concentration of PSII
membranes in sample was 20 pg Chl/ml. 100% is the rate of O, evo-
lution (450-550 umol O, mg Chl™' h™") or DCPIP reduction (150—
180 pumol DCPIP mg Chl~!' h™!) by native PSII membranes in buffer
A

Thus, the inhibitory effect of La** cations on the oxy-
gen-evolving activity of PSII membranes saturates at about
20% in the 0.7-2 mM region (concentration dependence on
Fig. 1) at incubation time 3 min. The saturation level for
Tb>* is about 30% (1.3—2 mM region). We can suggest some
versions of a hypothetical explanation for such character of
inhibition concentration dependence with saturation at some
level of oxygen release. First, Ca’* depletion effectively
inhibits the oxygen evolution [residual activity 10-25% (24
and references therein)]; however, the water oxidation reac-
tion is inhibited significantly less [residual activity 70-75%
(24 and references therein)]. Water is oxidized in such mem-
branes to hydrogen peroxide. The generated H,O, can split
producing the molecular oxygen. Possibly, the OEC with
Ln>" cation instead of Ca** have increased catalase activity
and residual O, concentration is determined by H,O, split-
ting. Second, the concentration dependence of inhibition
by Ln*" cations’ O, evolution indicates that in some part
of PSII membranes, O, evolution reaction is not inhibited
completely. It means that in some part of PSII samples, OEC
is more resistant to the Ln>* cation action, i.e., PSII prepara-
tions can be heterogenous. Heterogeneity of the OEC can be
determined for example by the next reason. In the dark (dur-
ing the treatment by Ln" cations), about 25% of the PSII
complexes are in the SO state, whereas the remaining 75%
are in the S1 state. Extraction of Ca** cation from the OEC
needs room light [22], i.e., Ca®* is extracted better when
the Mn cluster is in the higher S states. Therefore, we can
suggest that the remaining O, evolution activity (x20-30%)
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after the treatment of PSII by Ln*" is determined by slow
extraction of Ca?* from the SO state (~25%) of the OEC.

Interaction of Tb3* cations with PSII(-Ca)
membranes

Ca”* cation can be efficiently extracted from the OEC by
incubating the PSII membranes under light in a buffer sup-
plemented with highly concentrated NaCl [22]. NaCl-treated
PSII membranes lose extrinsic proteins PsbP and PsbQ as
well as calcium ions from the OEC. The rate of O, evolution
decreases to less than 10%, but can be restored by addition
of Ca*" ions to a concentration of about 10 mM. Another
feature of PSII(—Ca) membranes is the availability of OEC
for bulky reductants [34] and cations [34, 35], since the OEC
is not protected by extrinsic proteins. The effect of different
Ln** on the Ca?*-depleted PSII membranes without 24 kDa
extrinsic protein (their properties are similar to PSII(-Ca)
membranes) was studied by Ono [14] and K; values of these
lanthanoids were determined. In our work, we investigated
the effect of Tb>* on the electron transfer in PSII(—Ca) mem-
branes prepared by NaCl washing. Titration of Tb** effect is
presented in Fig. 2. After incubation of samples with Tb",
the rate of oxygen evolution was measured in the presence
of 10 mM Ca?*. The curve with solid circles represents the
concentration dependence of Tb>* effect on the oxygen evo-
lution. It shows that Tb>* inhibits the electron transport in
PSII(—Ca) membranes in the same concentration range as in
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Fig.2 Effect of Tb** (curve with solid circles) on the oxygen evo-
lution in the PSII(-Ca) membranes. PSII(-Ca) membranes (10 pg
Chl/ml) were incubated for 3 min at room temperature in the dark,
in a buffer A and the indicated concentration of Tb>* and then were
assayed for oxygen evolution activity in the presence of 10 mM Ca>*
and 0.2 mM DCBQ (solid circles). The curve with open circles shows
the Tb>* effect on the oxygen evolving activity when 10 mM Ca>*
was included during terbium treatment. Control activity was 320-
390 umol O, mg Chl~! h=! in the presence of 10 mM Ca**

native PSII membranes (compare Figs. 1 and 2). These data
indicate that the Tb®* cation inhibits the O, evolution due
to tightly binding to the Ca-binding site and Ca>" ion added
after incubation of PSII(~Ca) membranes with Tb>* cannot
replace bound terbium cation. However, if Ca®* cations were
present during incubation of membranes with Tb**, the level
of inhibition was significantly smaller (Fig. 2), i.e., Ca>* ions
prevent the interaction of Tb** ions with Ca site. The same
results were obtained in the case of native PSII membranes:
the presence of Ca*" during La*" treatment suppressed the
inhibition of oxygen evolution [13]. This result shows that
Tb>* ions interact with the Ca-binding site of the OEC in
the PSII(—Ca) membranes as in the native membranes. We
calculated the inhibition constant for inhibition of electron
transport in the PSII(—-Ca) membranes by Tb** cations (K, )
using the Dixon plot (1/initial rate vs inhibitor concentration;
[36]). The estimated K; is equal to about 139 +5 pM. This
value is similar to the K; for inhibition of electron transport
in Ca-depleted PSII membranes by La** (200 uM) [14].
Figure 3 shows the time-dependent change of O, evo-
lution in PSII(—Ca) membranes during treatment with
Tb** cations. Sample membranes at 0.25 mg Chl/ml were
incubated in the dark with 1.0 mM Tb’" in the presence of
30 mM Ca** (solid circles) or its absence (half open circles)
for the indicated time at room temperature. O, evolution
activity was measured in the presence of 10 mM Ca* after
50-fold dilution. Time dependence for Tb is similar to the
time dependence for La** determined by Ghanotakis et al.
[13]. It is necessary to note that the protective effect of Ca**

120 4

Rate of oxygen evolution, %

20 +

T T T T T T T
0 5 10 15 20
Incubation time, min

Fig.3 The time course of Tb>* cation interaction with Ca>*-binding
site in PSII(-Ca) membranes. Samples (0.25 mg Chl/ml) were incu-
bated with 1 mM Tb** (solid circles), 1 mM Tb** plus 30 mM Ca**
(half open circles) and no addition (open circles) for various times in
the dark at room temperature. O, evolution activity was measured in
the presence of 10 mM Ca?* after 50-fold dilution of sample suspen-
sion. 100% activity represents 320-390 umol O, mg Chl~! h! for
Ca-depleted PSIT membranes in the presence of 10 mM Ca®*.
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in the time course experiment (Fig. 3) is more pronounced
than in the results presented in Fig. 2 (concentration depend-
ence). The possible reason for this can be a significant dif-
ference in the number of Tb3* cations per reaction center
(RC). This ratio is equal to 1000 in the time course experi-
ment (Fig. 3) and 50,000 in the concentration experiment
(Fig. 2). It means that in the experiment presented in Fig. 2,
Tb>* cations in large concentration can partially destroy the
Mn cluster. The release of Mn from OEC during incubation
of PSII membranes with La** was reported by Ghanotakis
etal. [13].

Interaction of Tb>* and La>* cations with PSII(-Mn)
membranes

PSII membranes treated with Tris at alkaline pH for OEC
extraction have no Mn and Ca ions as well as all three
extrinsic proteins and are not able to split water evolving the
molecular oxygen. However, such membranes can oxidize
exogenous electron donors under light and in the presence
of exogenous electron acceptor like DCPIP and therefore
the function of electron transport chain can be investigated.
PSII(-Mn) membranes can be useful to study the localiza-
tion of an inhibition site—is it OEC or, for example, the
acceptor side of PSII. In the present work, we studied the
effect of Tb** and La®* ions on the electron transport chain
in PSII(-Mn) membranes prepared by Tris treatment. Elec-
tron transport was supported by an exogenous electron donor
(Mn** +H,0,). This electron donor donates electrons only
via the HA Mn-binding site [37—40]. Electron transfer was
probed by measurement of DCPIP reduction. Unexpectedly,
we found that Tb** and La** ions inhibit DCPIP reduction
supported by (Mn2++H202) electron donor at very small
concentration (Fig. 4). The concentration of 50% inhibi-
tion is about 1 uM for Tb** ion (Fig. 4a) and about 3 uM
for La** ion (Fig. 4b), compared with the concentrations of
50% OEC inhibition in the native PSII membranes—484 uM
for Tb** and 145 uM for La>* (Fig. 1). We calculated the
inhibition constant for Tb** and La** cations inactivating
electron transport supported by (Mn?>*+ H,0,) donor in
the PSII(-Mn) membranes using the Dixon plot. Estimated
K; values for inhibition of electron transport are equal to
2.10+0.03 uM for Tb>* and 8.3 +0.4 uM for La>* (Fig. 5).

The effective inhibition of Mn** oxidation at the HA
site by Tb** and La’* cations is supported by the meas-
urement of fluorescence induction kinetics (FIK) presented
on Fig. 6a, b respectively. In native PSII samples, the FIK
curve exhibits three characteristic points corresponding to
F, (point O), the yield of fluorescence when Q, is reduced
(point J), and the F,, level (point P), where the plasto-
quinone pool (which quenches fluorescence in the oxidized
form [41]) is also reduced. Extraction of the Mn cation
from the OEC significantly changes the FIK curve, where
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Fig.4 Effect of different Tb** (a) and La** (b) concentrations on
the light-dependent DCPIP reduction in PSII(-Mn) membranes with
(Mn?* +H,0,) system (open circles) or DPC (solid circles) as artifi-
cial electron donors. Concentration of PSII(-Mn) membranes in sam-
ple was 20 pg Chl/ml. 100% is the rate of DCPIP reduction (120 or
90 umol DCPIP mg Chl™!' b7 by PSII(-Mn) membranes in buffer
A with (Mn?* +H,0,) donor system or DPC respectively. A 5 mM
Tb,(SO,); (10 mM Tb*>") solution was prepared using buffer A. Prior
to measurements, preparations were incubated with Tb** or La>* for
2 min in the dark at room temperature

a new peak K, close to point J seen in native PSII mem-
branes, appears and indicates Q, reduction [42]. However,
the fluorescence yield subsequently decreases after peak K
since there is no additional electron transfer from the donor
side of PSII to continue to reduce Q,, and Q, is rapidly
oxidized by Qp (Fig. 6a, b, curves 1). Addition of Tb** or
La’* cations to PSII(~Mn) membranes does not influence
the shape of the FIK curve (Fig. 6a, b, curves 2), whereas
in the presence of (Mn>*+H,0,) electron donor FIK is
significantly changed (Fig. 6a, b, curves 3). In this case,
the FIK is similar to the kinetics of native PSII membranes
with intact electron transport. The shape of the FIK curve in
PSII(-Mn) membranes incubated with Tb*>* or La** before
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Fig.5 Plot of the inverse of the relative initial rate of DCPIP photore-
duction by (Mn>* +H,0,) donor versus the concentration of added
Tb>* (filled square) or La** (unfilled circle) (Dixon plot). The results
represent the values averaged over three to five measurements

addition of (Mn®* +H,0,) donor is closer to the kinetics
in PSII(-Mn) membranes without donor (Fig. 6a, b, curves
4). These results indicate that Ln’>* cation inhibits the Mn**
oxidation at the PSII(-Mn) donor side. It is necessary to note
that FIK measurement was carried out without artificial elec-
tron acceptor, allowing to eliminate possible artifacts due to
reduction/oxidation of acceptor DCPIP.

Thus, the inhibition of electron transport in PSII(-Mn)
membranes by lanthanoid cations has very high efficiency
and K; values of this reaction are significantly smaller than
K; value for inhibition of electron transport in PSII(-Ca)
membranes (K; is 140 uM for Tb** or 200 uM for La’")
[14]. Since the inhibition of electron transport in intact PSII
and PSII(-Ca) is carried out by binding of Ln** cations to
Ca-binding site, we can conclude that the binding site for
Tb>* and La** in PSII(-Mn) membranes is not Ca-binding
site. This conclusion is confirmed by the results of the next
experiment where, before incubation of PSII(-Mn) mem-
branes, we added together Tb** cations (10 uM) and Ca**
cations (the indicated concentration). After incubation in
dark at room temperature for 3 min, the sample was centri-
fuged and after washing the membranes were suspended in
buffer A. Electron transport activity of treated membranes
was measured using (Mn>* +H,0,) donor and DCPIP as
acceptor of electrons. The obtained results are presented
in Fig. 7. These data demonstrate that Ca does not affect
the interaction of Tb>* with the inhibition site and provide
additional evidence that Tb** binding site is different from
Ca-binding site. It is necessary to note that our preliminary
studies have shown that Tb>* cation binds to the inhibition
site very tightly and cannot be removed by centrifugation
of samples.
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Fig.6 Effect of Tb** (a) and La** (b) on the chlorophyll a fluores-
cence induction curves for dark adapted PSII(-Mn) membranes
(20 pg Chl/ml) in buffer A. Curves 1 in a and b represent FIK in
PSII(-Mn) membranes. Curves 2 in a and b represent FIK in PSII(-
Mn) membranes incubated with Tb** (2 mM) or La’** (2 mM),
respectively, for 2 min at room temperature in dark before measure-
ment. Curves 3 in a and b: FIK in PSII(-Mn) membranes with exog-
enous electron donor (Mn”* +H,0,) (2 uM and 3 mM respectively).
Curves 4 in a and b: FIK in PSII(-Mn) membranes after incubation
with Tb** (2 mM) or La** (2 mM), respectively, in the presence of
exogenous electron donor (Mn** +H,0,) during measurement

The donation of electrons by (Mn**+H,0,) is realized
through the HA Mn-binding site [37—40]. In the process of
donation, Mn** cation binds to this site and the bound cation
is oxidized by Y., then Mn** is reduced by H,0,. Therefore,
it is reasonable to suggest that Ln** cations inhibit the Mn?*
oxidation by interacting with the HA site. It is known that
another electron donor, DPC, also donates electrons via HA
site along with donation through the low affinity site [39,
43]. DPC at 200 uM donates to both sites at the same rate,
but addition of several uM MnCl, non-competitively inhib-
its DPC photooxidation only at the HA site [43—45]. The
result is a 50% decrease in the rate of DCPIP photoreduction.

@ Springer
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Fig.7 Ca* effect on the inhibition of electron transport in PSTI(-Mn)
membranes by Tb>* cations. PSII(-Mn) membranes (40 pg Chl/ml)
were incubated with 10 pM Tb** and indicated Ca** concentration
for 3 min in the dark at room temperature. The membranes were then
pelleted by centrifugation (16100 g x5 min) at 4 °C and re-suspended
in buffer A (20 pg Chl/ml). The rate of electron transport was meas-
ured as DCPIP reduction in the presence of artificial electron donor
(Mn** +H,0,)

This effect has been used as the “DPC inhibition assay” for
investigation of the HA site [43, 45, 46]. It was shown with
using of this test that Mn>* cations inhibit the process of
DPC oxidation at the HA site with K;=1.5 uM [46]. The
inhibition of DPC oxidation at the HA site was observed also
for Fe?* cations in the same range of concentration (several
uM) [47]. Thus, Mn?* and Fe?* cations are similar to Tb>*
and La** cations concerning the concentration required for
inhibition and K; values.

Although in these investigations Mn** and Fe?* cations
were used, the inhibition of the HA site is realized by tri-
valent cations since the inhibition of HA site is observed
only under illumination which provides oxidation of these
cations [43, 47, 48]. Taking into account the fact that Ln**
cations are also trivalent cations and that Mn cation bound to
the HA site (Mn4) is also in trivalent state [3], we can sug-
gest that valency can be important for interaction of metal
cations with the HA site. Therefore, we studied the influence
on the HA site of some other metal cations and presented
the results in the Table 1. We found that trivalent cations
like Cr** and AI** are less effective inhibitors than Ln**.
Divalent cation Cd?* is almost inactive, but at the same time
apparent K, for Zn>* is about 18 uM and 33 uM for Co**
[46]. Thus, the available data do not clearly support the idea
of relationship between metal cation valency and its effi-
ciency in the inhibition of the HA site.

For investigation of the possible binding of Ln>* cations
to the HA site, we used “DPC inhibition assay”. According
to this test, the inhibition of the HA site by micromolar

@ Springer

Table 1 Effect of metal ions on DCPIP reduction rate in PSII(-Mn)
membranes with different electron donors

Tons ITonic . Concentra-  DCPIP reduction rate (%)
radius (A)* tion (uM)
Donor Donor DPC
[Mn** +H,0,]
Tb** 1.06 50 4 83
2x103 0 47
La** 1.17 50 14 87
2x103 0 60
Fe*tt 0.79 5 5 40°
M 0.79 5 n.d. 50°
cr 0.76 50 19 71
2x10° 2 52
AP 0.68 50 24 77
2x10° 27 81
Ccd** 0.97 50 52 85
2x10° 10 74

Prior to measurements, preparations were incubated with ions for
2 min in the dark and at room temperature

#Data from [53]

Fe3* can bind to the HA site of PSII(-Mn) membranes only during
the process of light-dependent oxidation of added Fe?* cations at the
HA site [47]. Fe** cations cannot be dissolved in buffer A (pH 6.5)
due to the formation of insoluble Fe(OH);. However, Fe3* cations can
be stabilized by sucrose [47], but in this case iron cations form nano-
particles surrounded by sucrose shell and HA site cannot extract Fe’*
cations from these particles [54]

‘Data from [47]

dMn** was generated during oxidation of Mn?* at the HA site under
illumination

concentration of inhibitors interacting with the HA site
like Mn2* [43, 45, 46] or Fe>* [47, 49] is accompanied by
inhibition of DPC oxidation only via the HA site. Consid-
ering that DPC donates at equal rates to HA site and low-
affinity site, 100% inhibition of the HA site corresponds
to a 50% decrease in the rate of DCPIP photoreduction
by DPC (since after 100% inhibition of the HA site DPC
continue to donate electrons via only the low affinity site).
In our experiments, we found that at Ln** concentration
which completely inhibits Mn>* oxidation at the HA site,
the rate of DCPIP reduction supported by DPC decreases
by up to approximately 50% (Fig. 4). These results pro-
vide additional evidence that bound Ln>* cations inhibit
the HA site Mn-binding site. However, it should be noted
that there is some difference in “DPC inhibition assay”
for Mn**or Fe** and Tb**or La**. Inhibition of DPC and
(Mn?* +H,0,) donor oxidation begins in fact at the same
concentration of Mn?*or Fe?t, whereas in the case inhibi-
tion by Tb>*or La*" these concentrations do not coincide
(Fig. 4). Inhibition of DPC oxidation by lanthanoid cations
starts when about 70-80% of the HA site is blocked by the
cations. It can be suggested that probably the Mn?>*/Fe3*
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binding site partially does not coincide with the binding
site for Tb>*/La’".

Used in our study, the OEC-depleted PSII membranes
are interesting objects for investigation of photosynthesis
mechanisms (for example, for the study of one of the most
important processes in photosynthesis—photoactivation).
Recently, Zouni group [5] for the first time obtained the
structure of PSII without Mn,CaOj cluster (at 2.55 A reso-
lution) using 7. elongatus PSII crystals. Unexpectedly, they
found that extraction of Mn cluster is not accompanied by
rearrangement of the metal-coordinating residues, i.e., HA
Mn-binding site is in starting state and ready to bind metal
cation. This may be important for effective binding of Ln>*
cation. OEC-depleted PSII crystals are able to bind Mn ions
and the initial stages of photoactivation were investigated
[5]. However, low resolution (4.5 /3;) does not allow yet to
draw certain conclusions about the structure of the partially
reconstructed cluster. In this regard, the fact that we have
found the high-efficient binding of Ln®* cations with the
HA Mn-binding site may be of some interest. The point is
that Ln>* cations have very good X-ray scattering proper-
ties [50]. Taking into account the possibility of Ln*" cations
binding to the HA site, they can be used as probes in X-ray
crystallography instead of Mn ions to increase resolution.
A similar approach was successfully applied by Kawakami
et al. [51], who investigated Br™ anions instead of Cl1™ ani-
ons. It should also be noted that HA Mn-binding site in the
apo-PSII is occupied by Mn4 in the native PSII as has been
proven by Asado and Mino with the use of pulsed EPR [52].
Binding metal cation is coordinated with axial ligands D170
and E333 in the D1 polypeptide which can effectively bind
Ln3* cations, since it is known that lanthanides typically
bind ionically via oxygen-containing sidechains [50]. Based
on the above data, we propose a hypothetical model for bind-
ing the lanthanide cation to the HA Mn-binding site (Fig. 8).
This model is founded on the structure of PSII(-Mn) crystals
obtained by Zouni group [5] (PDB:5SMX2).

Conclusions

It was shown in several investigations that lanthanide ions
inhibit the OEC in PSII [13, 16-18, 31, 32] and PSII(-Ca)
[14] membranes. Kinetic analysis suggests that lanthanides
function as a mixed-type competitor for Ca** cation included
in the OEC [13]. Unexpectedly in our study, we found that
lanthanide cations (Tb>* and La’") strongly bind at the
oxidizing side of PSII(-Mn) membranes in the dark. This
binding cannot be prevented by addition of Ca** ions like
the interaction of Ln®* cations with PSII [13] and PSII(-
Ca) [14] membranes. Bound Ln>* cations inhibit the oxida-
tion of Mn?* cations of the electron donor system (Mn?*
+H,0,) via the HA Mn-binding site with K;=2.1 uM for

D1-E333

D1-H332 D1-H337

CP43-E354

Ri-Eles D1-A344

D1-D170

D1-Y161
(Y2)

Fig.8 Proposed binding center of Ln** ions in PSII without
Mn,CaOjs cluster. The model is based on the structure of apo-PSII
obtained by Zhang et al. [5] (PDB:5MX2). Amino acid residues
forming the ligand environment of metal cluster and the residue of
redox-active tyrosine Y, are shown. The structure is built using the
VMD program (v. 1.9.3)

Tb>* ion and about 8.3 uM for La**. It should be noted that
Mn?* cations inhibit the DPC oxidation via the HA site with
similar K;=1.5 uM [46]. Inhibition of electron donation by
(Mn** +H,0,) donor is accompanied by inhibition of DPC
oxidation up to 50%. These results indicate that Ln>* cations
bind directly or close to the HA Mn-binding site in PSII(-
Mn) membranes. Taking into account the fact that Mn?* and
Fe?" cations bind to HA site as trivalent cations after light-
induced oxidation and that Mn cation bound to the HA site
(Mn4) is also in trivalent state, we can suggest that valency
may be important for interaction of Ln>* with the HA site.
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