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ABSTRACT. The role of the 33 kDa protein in €abinding was studied by comparing the EPR properties

of photosystem Il in the presence and absence of the 33 kDa protein &hd Waen the removal of the

33 kDa protein was carried out in the dark, a normal manganese multiline EPR signal could be observed
when the $ state was generated. In addition, the splisignal could not be generated by illumination

at 273 K. Exposure of the 33 kDa protein-less photosystem |l to room light did not lead to any change
in the EPR properties of the, State, but the split$state signal at arourngl= 2 could then be generated,
indicating that C&" was released from this preparation during the exposure to light. Treatment of
photosystem Il lacking the 33 kDa protein with EGTA in the light led to a modification of thet&e
characterized by a dark-stable multiline EPR signal. Much lower EGTA concentrations were required in
order to obtain this modification in the absence of the 33 kDa protein than was required when the 33 kDa
protein was present. This indicates that the manganese cluster was more accessible to chelator binding
when the 33 kDa protein was absent. When 33 kDa protein-less photosystem Il was treated with EGTA
in the dark, no modification of the multiline EPR signal of thesgte of the manganese cluster occurred,

nor was C&" released as monitored by the inability to generate the spkighal. These chelator- and
C&*-binding properties occurring in PSII lacking the 33 kDa protein are very similar to those observed
previously in NaCl-washed PSII in which the 33 kDa protein is present (reviewed in Boussac & Rutherford,
1994a). Itis concluded that the 33 kDa protein has little or no direct role in binding thei@awhich

is required for oxygen evolution.

Photosynthetic oxygen evolution takes place on the lu- preparations is strongly decreased but can be restored by
menal side of photosystem Il (PSilffor recent reviews, adding 5 mM C&" and 30 mM Ct to the assay buffer or
see: Rutherford et al., 1992; Debus, 1992). A cluster of by rebinding of the 23 kDa protein in the presence of
four manganese ions is involved in the accumulation of four millimolar concentrations of & and Ct- (Murata & Miyao,
positive charge equivalents which are generated by four 1985). The rebinding of the 23 kDa protein in the absence
successive charge separations in the reaction center of PSllgf Cz2*+ did not lead to any reactivation (Ghanotakis et al.,
After the fourth charge separation, two molecules of water 1984). It was shown recently by equilibrium dialysis of
become oxidized and one molecule of oxygen is released.intact and NaCl-treated PSII in the presenceSai* that
The oxidation states of the manganese cluster are called Sthe 23 kDa protein modulates the binding kinetics but not
states, whererepresents the number of accumulated charge the affinity of C&+ binding to PSII (Alelroth et al., 1995).
equivalents which varies between 0 and 4.

Three extrinsic proteins with apparent molecular masses ) .
of 33. 23. and 16 FI)<Da have beegpshown to be involved in extensively in NaCl-washed PSII. It was shown that, after

oxygen evolution (for a recent review, see: Seidler, 1996). €lease of C& by NaCl treatment in the light, the;$o &

Like the manganese cluster, they are located on the lumenafransition is inhibited (Boussac et al., 1985; Boussac &
side of PSII. Their function has been widely studied by Rutherford, 1988a). EPR studies on the state of the
dissociation and reconstitution experiments. Treatment of Manganese cluster which is characterized by a multiline
PSII with 1 M NaCl removes the 23 and 16 kDa proteins Signal did not reveal any changes (Boussqc & Rutherford,
(Akerlund et al., 1982; Kuwabara & Murata, 1983). When 1988a; Boussac et al., 1990b). However, in thestate a

this treatment is carried out in the light, a%aon is also  SPplit signal aroundy = 2 appeared which was assigned to
released (Boussac & Rutherford, 1988a,b; see also: Miyaoan organic radical interacting magnetically with the manga-
& Murata, 1986). The oxygen-evolving activity in such nese cluster (Boussac et al., 1989, 1990a). The nature of
this organic radical is still under debate. Spectroscopic
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N,N,N',N'-tetraacetic acid; EGTA, ethylene glycol bisgminoethyl EDTA, citrate), the $state becomes modified (Boussac et
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MES, 2-(N-morpholino)ethanesulfonic acid; PPBQ, phepytienzo- al., 1989; Boussac et al., 1990b). In such prepar_a_tions_, the
quinone. S, state is stable at room temperature and the multiline signal
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The effect of C&" release on the S states has been studied
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has an altered shape. Studies orf'@Giepleted, chelator- medium had only a moderate effect (Engels et al., 1994,
treated PSII by continuous wave and pulsed EPR suggestedPhilbrick et al., 1991). In addition, equilibrium dialysis
that the chelator is directly bound to the manganese clusterexperiments with isolated PSIl seemed to indicate that in
(Boussac et al., 1990b; Zimmermann et al., 1993; see also:the absence of the 33 kDa protein the affinity and/or kinetics
Boussac et al., 1990a). In addition, the modification of the of C&* binding to PSII are dramatically changedd@iroth

S, state is lost when such a PSII preparation is depleted of et al., 1995). In contrast to this study, Chen and Cheniae
Cl~, and this was explained as being due to the loss of the (1996) reported very recently that PSII lacking the 33 kDa
chelator (van Vliet et al., 1994). protein still contains a high affinity Ca-binding site. In

Treatment of PSIl with 1 M Cagl(Ono & Inoue, 1983, this report, we reinvestigated the Tabinding properties of
1984) or 2.6 M urea/200 mM NaCl (Murata & Miyao, 1983, PSII lacking the three extrinsic proteins using the appearance
1984) resulted in the release of all three extrinsic proteins. of the split $ EPR signal as measure for Talepletion.

The manganese cluster is rather unstable after such a

treatment. At least 100 mM of Clis required to keep the ~EXPERIMENTAL PROCEDURES

cluster intact (Murata & Miyao, 1985). Maximal rates of
oxygen evolution in the range of 1615% of the original
activity are observed in the presence of 200 mM @hd 10
mM Ca*. The activity could be restored by rebinding of
the 33 kDa protein, and at the same time the t€Quirement
for maximal oxygen evolution was lowered to 30 mM (Ono
& Inoue, 1983, 1984; Miyao & Murata, 1984).

In some early reports the multiline EPR signal was not
observed in the absence of the 33 kDa protein (Imaoka et
al., 1986; Hunziker et al., 1987), but this was most likely
due to low Ct concentrations (Styring et al., 1987). In the
presence of 200 mM Cland 10 mM C&" a normal (Miller
et al., 1987) or slightly modified (Styring et al., 1987)
multiline EPR signal has been observed. However, after
treatment of CaGlwashed PSII with EGTA or by exposure
to room light (both treatments were supposed to lead 6 Ca
depletion), no multiline EPR signal was observed after
illumination at 198 K (Miller et al., 1987). This might
indicate that the S-S, transition is blocked or that the; S
state is not stable in such a PSII preparation. Another
possibility would be the Sstate did not exhibit any EPR
signal in the absence of the 33 kDa protein andCa

Sequence comparison of the 33 kDa protein with known
C&™-binding proteins led to the suggestion that the protein
might contain one or more €abinding sites (Coleman &
Govindjee, 1987; Wales et al., 1989; Yocum, 1991). It is
now generally accepted that there are twd'Gaound per

PSll-enriched membranes were prepared according to
Berthold et al. (1981) with the modifications described in
Ford and Evans (1983). All further treatments were carried
out in the dark or under dim green light unless otherwise
stated. The three extrinsic proteins were removed using a
procedure similar to that described in Ono and Inoue (1983).
Dark-adapted PSII was incubated in a buffer containing 50
mM MES, pH 6.0, 400 mM sucrose, and 1 M CaCAfter
30 min, PSII membranes were sedimented by centrifugation
(4800 for 15 min at 4°C). Then PSIl was washed twice
(unless stated otherwise) with a buffer containing 50 mM
MES, pH 6.0, 400 mM sucrose, and 200 mM NacCl (SN
buffer) in order to lower the CGa concentration. Ca
depletion was carried out by two different methods. Method
1: PSII (0.5 mg/mL chlorophyll) lacking the extrinsic protein
was dialyzed against 100 volumes of Syibuffer contain-
ing 1 g of Chelex 100/mg of chlorophyll for 1 h at°€.

The dialysis was carried out in the dark for the first 40 min,
then for 20 min under room light. Method 2: Ca@ashed
PSII (0.5 mg/mL chlorophyll) was exposed to room light at
4 °C for 20 min in the presence of 50M or 10 mM EGTA.
C&*-depleted PSIl was sedimented by centrifugation and
resuspended in SMN buffer. When C&" depletion was
carried out in the presence of EGTA, M EGTA was
included in the resuspension buffer.

Removal of the 23 and 16 kDa proteins from PSIl by
PSII (for a review of the literature see: Yocum, 1991; see NaCl-treatment was carried out according to Boussac and

also: Adelroth et al., 1995). Only one of the two €ds Rutherford (1988a): ; . .
involved in oxygen evolution (Cammarata & Cheniae, 1987; ' "€ 33 kDa protein was overexpressedstherichia coli
Ono & Inoue, 1988 Han & Katoh, 1992:d&lroth et al.. and purified as described in Seidler and Michel (1990) except

1995: see also: Boussac et al., 1985). The other has arihat @ linear gradient of-6200 mM NaCl in 10 mM sodium
unknown function and might be located on an antenna Phosphate, pH 6.5, was used to elute the 33 kDa protein

protein, possibly CP29 (Webber & Gray, 1989: Irrgang et from the DEAE colgmn. For reponstitution of PSII, CaCl
al., 1991; Han & Katoh, 1993). washed PSII was incubated with a 3-fold molar excess of

It was found that C&% remains essential for oxygen the 33 kDa protein for 30 min at 273 K in SMhbuffer.
evolution in the absence of the 33 kDa protein (Ono & Inoue,  For EPR spectroscopy, samples with8mg/mL chlo-
1983; Miyao & Murata, 1984), indicating that a binding site rophyll were put in calibrated quartz EPR tubes. 1 mM
for Ca* still exists. However, it is possible that theCa  PPBQ was added to the sample in darkness directly before
binding site observed in the absence of the 33 kDa protein the measurements. EPR spectra were recorded on the dark-
is modified or is different from that in intact PSIl. One @adapted samples, after illumination at 198 K (2.5 min) and
possibility which is occasionally discussed is that the native after illumination at 273 K (2 min) using an 800 W projector
Ca*-binding site is shared between the 33 kDa protein and lamp. Spectra were recorded at liquid helium temperature
an intrinsic subunit (see, for example: Yocum, 1991). with a Bruker ESR200D X-band EPR spectrometer equipped

The possibility of the involvement of the 33 kDa protein With an Oxford Instruments cryostat.
in Ca* binding was supported by the observation that, in ~ Oxygen evolution was measured using a Clark-type
mutants of cyanobacteria where fh&bOgene encoding the  electrode from Hansatech under saturating white light in
33 kDa protein has been deleted,?Cavas absolutely ~ SMNo buffer containing 1 mM PPBQ.
required for photoautotrophic growth of the bacteria, whereas SDS gel electrophoresis and western blotting were carried
in the wild-type strains depletion of €afrom the growth out as described in Seidler (1994) except that the proteins
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Ficure 1: Western blot of intact and Ca@lvashed PSII using
antibodies against the 33 kDa protein. Lane 1: Intact PStg4
of chlorophyll = 100%); lane 2: CaGiwashed PSII (4ug of
chlorophyll); lanea 35: intact PSIlI (0.6, 0.4, and 0.2g of
chlorophyll, corresponding to 15%, 10%, and 5% of the amount
loaded in lane 1). ©)
Table B
O,-evolving activity
CI- absolutegM relative d)
PSII preparation concn (mM) OJ/mgofchl) (%) .
PSII (intact) 20 420 100
PSIl, NaCl-washed 30 270 65
PSIl, CaCj-washed 200 91 22
PSII, CaC}-washed treated 200 82 20
with 50 uM EGTA
PSIl, CaC}-washed, 33 kDa 30 250 58
protein reconstituted T
a All measurements were carried out in 50 mM MES, pH 6.0, 400 250 300 350 400
mM sucrose, and 10 mM €a CI~ was added as indicated. The data i . )
represent the average of two measurements which were each carried magnetic field [mT]
out in triplicate. Ficure 2: Difference EPR spectra of intact and Ca®hshed PSII.

Spectra were recorded before and after illumination at 198 K.

Samples were prepared under dimmed green light, filled in EPR
were transferred from the SDS/urea gel to the PVDF {hes (chlorophyll concentration—3 mg/mL) and then dark-

membrane (Millipore) using the tank blot device from Bio- adapted for 1 h at 273 K before they were stored at 77 K. Before

Rad. recording EPR spectra, PPBQ was added in absolute darkness to a
final concentration of 1 mM. (a) Intact PSII; (b) Ca@teated PSII
RESULTS after two CaC}-free washes prepared under dim green light; (c) as

in (b) but C&*-depleted by exposure to room light for 20 min in
The three extrinsic proteins were released from PSII by the absence of EGTA as described in the Experimental Procedures;

treatment with 1 M CaGl The extent of release was (d) as in (b) but before the measurements were carried out, 2 mM
: ; EGTA was added in the dark at 273 K and then the sample was

Contro_lled by western blotting (Figure 1) and é)xygen incubated for 5 min at the same temperature. Instrument settings:

evolution measurements (Table 1). More than 95% of the temperature 10 K; microwave frequency 9.44 GHz; modulation

33 kDa protein was released, and the oxygen-evolving amplitude 20 G; microwave power 20 W.

activity decreased to 22% compared to untreated PSII (Table

1). In a similar preparation, the loss of activity was shown few reaction centers seem to be irreversibly inhibited due to
to be due to a slowdown of the;SS, transition (Miyao et the release of functional manganese during the g€acCl
al., 1987). The activity measured in the presence of 30 mM treatment and subsequent reconstitution of the 33 kDa
Cl~ and 10 mM C&" could be reconstituted to about 60% protein. Similar behavior has been observed before (Miyao

by rebinding the 33 kDa protein. This is comparable with et al., 1987). These data show that the PSII preparation used
the activity of NaCl-washed PSII which is about 65%. in the following experiments is largely homogeneous.

The loss in activity of reconstituted compared to intact : .
PSII is mostly due to a slowdown of the electron transfer in . The EPR properties of Calvashed PSII which was kept

PSIl. The double reciprocal plot of activity vs light in the dark or under dim. green light during the preparation
saturation of intact PSIl, NaCl-washed PSII, and Gacl Procedure are shown in Figure 2 (spectrum b). Upon
washed PSII reconstituted with the 33 kDa protein showed illumination at 198 K, the majority of the reaction centers
straight lines which crossed thxeaxis at approximately the ~ Show a normal multiline EPR signal. The amplitude of this
same point, indicating that the light intensity for half-maximal Signal was found to be variable among different preparations.
activity is almost identical for all three PSII preparations (data The percentage of centers showing the multiline signal could
not shown). The lines for NaCl-washed PSIl and GaCl not be strictly correlated with oxygen-evolving activity. We
washed PSII reconstituted with the 33 kDa protein were tried to determine the origin of the variability. The control
superimposable. Their slope was steeper than the slope oexperiments described above showed that the variabilities
untreated PSII, indicating that,.x of untreated PSIl was in EPR signal intensities observed are not due to only partial
higher than for the other two PSII preparations. Only very release in the 33 kDa protein or due to inactivation of the
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water-splitting activity in a significant part of the reaction The term “C&"-free” in this context means that no €a
centers. was added to the buffer. However, commercial sucrose is
In order to find out whether the time of incubation of PSII  usually contaminated by €a Due to this contamination
lacking the 33 kDa protein was the origin of the variability we estimated that the €aconcentration in the buffer is on
of the signal intensity of the multiline EPR signal, we the order of 4uM.) In NaCl-washed, Cd-depleted PSII
recorded the EPR spectra directly after the Ga@atment such illumination led to the appearance of a split EPR signal
and after 6 h of incubation in the dark at 273 K and a aroundg = 2 which was attributed to the formak State
chlorophyll concentration of 1 mg/mL in SMN buffer (Boussac et al., 1989). However, no split signal could be
without the addition of C&. No difference in the signal  observed in CaGltreated PSII after two or three Eafree
intensity was found, indicating that the manganese cluster washes (not shown), indicating thatas relatively tightly
is stable even in the absence of externad'CaEven when bound even after the removal of the 33 kDa protein.
an identical sample was exposed to room light for 30 min  In order to release C& from PSIl lacking the three
and then further incubated for 5 h in the dark, no change in extrinsic proteins, Cagiwashed PSII prepared under dim
the amplitude of the signal nor a decrease in activity green light was exposed to room light in the presence and
occurred. However, we found that the number of washes absence of EGTA. In the absence of EGTA, no additional
in SMNy . buffer seem to have a significant effect on the signal could be observed in the dark, but the amplitude of
intensity of the multiline EPR signal. When PSIl was the Mrf"(H,O)s signal was slightly increased after the
washed only once after the CaGteatment, the multiine  exposure to room light due to some loss of manganese from
signal was usually 8690% of the size of the signal of intact its active site (Figure 3A, spectrum a). After illumination
PSII. After two washes, 4080% was found, and after three at 198 K, the normal multiline signal was detected (Figure
washes less than 50% was observed. In some preparation®, spectrum c). Further illumination at 273 K led to a
no multiline signal could be generated at all, and in those disappearance of the multiline signal, and a narrow split
cases the oxygen-evolving activity was slightly lower{10  signal aroundj = 2 could be observed (Figure 3B, spectrum
18%) than usual (22%, see Table 1). b), indicating that C& was released from PSII during the
In order to investigate whether the variability in the signal exposure to room light. These features are similar to what
amplitude of the multiline EPR signal was due to the release was observed in NaCl-washed PSII retaining the 33 kDa
of Ca* from a fraction of the PSII reaction centers during protein (Boussac et al., 1989). Since exposure to room light
the washes, 10 mM Cawas included in the buffer which  of NaCl- or CaC}-washed PSIl induces €arelease as
was used for the washings after the removal of the extrinsic observed by the appearance of the spitERPR signal, it
proteins. However, no difference in the amplitude of the may seem somewhat surprising that no*Caepletion
multiline signal or oxygen-evolving activity (10 mM €a occurred during the strong illumination of NaCl- or CaCl
was present during the measurement) could be observedvashed PSIl used to form the modified Sate. It was
compared to samples which were washed with & @aee suggested earlier for NaCl-washed PSIl that under these
buffer. This indicates that the loss of the multiline signal illumination conditions the S state turnover is too fast to
was not due to C4 depletion during the washes. At present, allow C&" to be released from PSII (Boussac et al., 1989).
we do not know what is the reason for this phenomenon, This also seems to be the case for Gathshed PSII.
but it seems that the dilution of PSII itself during the washes ~ When CaClwashed PSII which had been kept in the dark
causes the loss of signal amplitude. It might be that the S was treated with 2 mM EGTA and subsequently illuminated
state of the manganese cluster is less stable in the absencat 198 K, a normal multiline signal was observed (Figure 2,
of the 33 kDa protein and a more reduced state of the spectrum d). After thawing of the same sample at 273K
manganese cluster is formed. An overreduced manganeseand illumination at the same temperature, a smalignal
complex would not advance to the Sate upon illumination ~ could be detected (Figure 3B, spectrum c), indicating the
at 198 K since of the normal S states only thes&te is loss of C&" in a small fraction of the PSII reaction centers.
photooxidizable at this temperature (Styring & Rutherford, lllumination of an identical sample directly at 273 K without
1988). This view is supported by the observation that in prior illumination at 198 K did not lead to the appearance
the absence of the 33 kDa protein the manganese clustenf any split S signal (not shown), indicating that €awas
becomes very rapidly reduced by external reductants (Tamuranot released by EGTA in the dark nor by the subsequent
& Cheniae, 1985; Tamura et al., 1990). An alternative illumination. This shows that Cais released from a small
explanation is that the,State of the manganese cluster in fraction of reaction centers during thawing of the sample at
a fraction of the reactions centers does not show an EPR273 K when the manganese cluster was in thet&e. This
signal. The absence of any EPR signal in thestate was is in accordance with what was found for PSII lacking only
reported for certain Cldepleted PSII preparations (Ono et the 23 and 16 kDa proteins (Boussac et al., 1990a) and
al., 1986; Boussac & Rutherford, 1994b). demonstrates the tight binding of €4n the S state of both
In the following experiments, Céa-release was monitored  PSII preparations.
by the ability to form the split EPR signal in the modified When the incubation of Cagivashed PSII in room light
S; state of the manganese cluster (equivalent to theteie was carried out in the presence of @ or 10 mM EGTA,
plus an organic radical) after illumination at 273 K. Under a dark-stable multiline EPR signal was observed (Figure 3A,
these conditions, this signal is taken as being characteristicspectra b and c). The amplitude of the dark-stable multiline
of inhibition of charge accumulation after the formation of signal in samples treated with 2 or 10 mM EGTA was
the modified 3 state (Boussac & Rutherford, 1994a). identical. This differs from the properties of NaCl-washed
In order to investigate whether &awas still bound after  PSII which did become modified by 10 mM EGTA but was
the CaC} treatment and the subsequent two or thre&"Ca  unmodified by 50uM EGTA (Boussac et al., 1990b).
free washes, the sample was illuminated at 273 K. (N.B.: However, as in the case of NaCl-washed PSlII, the modifica-
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Ficure 3: EPR spectra of Caglvashed PSIl exposed to room light in the presence or absence of EGTA. (A) Spectra recorded after
addition of 1 mM PPBQ to the samples without prior illumination. (a) Gafdated PSII after two Ca-free washes prepared under dim
green light and then Ca-depleted by exposure to room light for 20 min during dialysis againat-€ee buffer containing Chelex X 100

as described in the Experimental Procedures; (b) as in (a) Butdepleted by exposure to room light in the presence okBOEGTA,;

(c) as in (a) but CH-depleted by exposure to room light in the presence of 10 MM EGTA. (B) Difference EPR spectra of samples recorded
before and after illumination at 273 K. (a) €adepleted in the presence of a1 EGTA,; (b) Ca&"-depleted in the absence EGTA; (c)
CaCl-treated PSIl which was supplemented with 2 mM EGTA in the dark, and then illuminated at 198 K (see Figure 2d), then at 273 K.
Instrument settings: temperature 10 K; microwave frequency 9.44 GHz; modulation amplitude 20 G; microwave power 20 W.

tion of the manganese cluster by the chelator requires theor that the $ state in some PSII reaction centers is EPR
formation of a higher S state since no modification was silent due to a structural perturbation.
observed when the sample was kept in the dark after the \yhen PSII lacking the three extrinsic polypeptides was
addition of EGTA (Figure 2, spectrum d). Further illumina- exposed to room light in a @Gafree medium, electron
tion at 273 K led to the disappearance of the multiline signal, transfer was inhibited after the formation of theSate as
and a split signal ag = 2 could be observed (Figure 3B, ndicated by the appearance of the spHtERR signal after
spectrum a). This signal was slightly larger than the one jjlymination at 273 K. This inhibition is attributed to €a
observed when the sample was’'Gdepleted in the absence  gepletion because it is reversed by?Caddition. In the
of EGTA (Figure 3B, spectrum b), indicating that in the latter Ca*-depleted sample, illumination at 198 K results in
sample a fraction of reaction centers still contained'Ca  formation of the normal Smanganese multiline signal. These
results were comparable to those obtained when PSlI lacking
DISCUSSION the 23 and 16 kDa proteins but retaining the 33 kDa protein

. . : was exposed to room light in €afree medium containing
Previous studies of the _r_ole of the _33 kDa protein showed 50 uM EGTA (Boussac & Rutherford, 1988a).

that an $manganese multiline EPR signal could be observed ] - i ]
in its absence (Styring et al., 1987; Miller et al., 1987). This _ The observation of a normal multiline EPR signal irfGa
result was confirmed in the present study, but the extent of depleted PSII lacking the 33 kDa protein is in contrast to
reaction centers showing the multiline signal varied drasti- the report of Miller et al. (1987) in which this signal could
cally depending on the experimental conditions. Interest- Not be generated. The reason for the discrepancy is not clear.
ingly, even when sufficient concentrations of2Cand Ct However, the ability to form the Sstate by illumination at
were supplied, the size of the signal was found to be not 198 K may have been lost during or after the*Cdepletion
strictly related to oxygen-evolving activity, indicating that treatment-probably due to overreduction of the manganese
the small amplitude of the multiline signal in some prepara- cluster. A similar observation was made in the present study
tions did not reflect nonfunctional PSII reaction centers. This (See above) regardless of the presence or absence*af Ca
variability was shown to be a result of the number of Itis known, from studies of PSII lacking only the 23 and
washings of the PSII preparation after the removal of the 16 kDa proteins, that if G4 depletion is carried out in the
three extrinsic polypeptides. Possible explanations for this presence of millimolar concentrations of chelators like EGTA
phenomenon are that the manganese cluster is reduced tor citrate, the manganese cluster becomes modified. ih-Ca
an S state lower tham 8vhen such preparations are diluted depleted, chelator-treated PSII, thgs$ate is stable in the



Role of PSII 33 kDa Protein in G& Binding Biochemistry, Vol. 35, No. 37, 1996.2109

dark and the multiine EPR signal shows a narrower As mentioned in the introduction, mutants of the cyano-
hyperfine coupling (Boussac et al., 1989). In the present bacteriumSynechocystiBCC 6803, in which thpsbOgene
study C&" depletion was carried out in the presence of 50 encoding the 33 kDa protein has been inactivated, exhibit a
uMor 10 mM EGTA. Both treatments were equally efficient more marked requirement for &ain the growth medium
in creating a modified, dark-stable &ate, characterized by  than does the wild-type (Philbrick et al., 1991; Engels et al.,
a modified multiline EPR signal with a narrower hyperfine 1994). Assuming that omission of &afrom the growth
coupling than the normal multiline signal. The fact that 50 medium results in a low intramolecular €aconcentration,
uM EGTA was sufficient to create the modifieg State is this might be taken as an indication for the 33 kDa protein
different from the situation in PSII lacking only the 23 and being directly involved in C# binding. However, in the
16 kDa proteins where this chelator concentration does notlight of the results of our present work, another interpretation
modify the manganese complex (Boussac & Rutherford, is more likely. In higher plant PSII the 23 kDa protein seems
1988a). This indicates that in the absence of the 33 kDato play an important role in maintaining the €an or close
protein the manganese cluster is more susceptible to theto its functional site during the S state turnover, preventing
modification induced by the chelator. This observation is the loss of C& in the § state in which it is rapidly
consistent with the idea that the chelator is directly bound exchangeable and/or weakly bound. In cyanobacteria,
to the manganese complex since it was shown that thehowever, the 23 kDa protein is absent (Stewart et al., 1985).
removal of the 33 kDa protein makes the manganese clustert is possible that the role of the 23 kDa protein is in
more accessible to the medium (Tamura & Cheniae, 1985; cyanobacteria fulfilled either by another protein which may
Tamura et al., 1990; A. Seidler, in preparation). also rely on the presence of the 33 kDa protein for its binding
In the work of Miller et al. (1987) it was reported that no  ©F by the 33 kDa protein itself. Another possibility is that
multiline signal could be observed after illumination at 108 @n elevated Ca concentration in the thylakoid lumen
K of CaCl, -washed, EDTA-treated PSII. There are several Protects manganese from becoming overredu@esimilar
possibilities which might explain this discrepancy. As effectof C&"has been shown for plant P3lvitro (Tamura

mentioned above, the CaGhashed PSII might have lost & Cheniae, 1985; Tamura et al., 199@)r being released
the ability to form a multiline signal during dilution and from PSII after overreduction by endogenous reductants, as

washing. In this respect, it is of note that the sample of SNoWn for NaCl-washed PSII (Mei & Yocum, 1992).

Miller et al. (1987) was washed twice after the EGTA In the literature there are three main indications for the
treatment. Alternatively, a fraction of the PSII reaction 33 kDa protein having an effect on €abinding: (1) no
centers might have exhibited a modified multiline signal Multiline EPR signal could be observed after‘zfildepltiu_on
which is stable in the dark and which could have been from 33 kDa protein-less PSII (see above); (X&" is
overlooked due to subtraction from the spectrum recorded @PParently either weakly bound or rapidly exchanged in the
after illumination. It should be noted that the modified 2aPsence of the 33 kDa protein (see above); and (3) cyano-

multiline signal has a lower signal amplitude than the normal Pacterial mutants with inactivesbOgene were unable to
multiline signal (Boussac et al., 1989). grow in the absence of €ain the growth medium (see

above). The data presented in this article argue against the
first and the second points. Point 3 is not in itself a strong
Sargument for a binding of Ga by the 33 kDa protein as
discussed above. We conclude then that it is unlikely that
the 33 kDa protein is involved in the binding of theCa

The tight binding of C& in PSII lacking all three extrinsic
proteins observed in the present study apparently contradict
the C&*-binding studies by Melroth et al. (1995). These
authors measured €abinding to PSIlI lacking the 33 kDa

protein after incubation with°Ca* in the dark followed by it 'is requi . : :

; quired for oxygen evolution, either directly by
a wash in C&-free buffer. They found only 0:20.3 C&" providing ligands or indirectly by maintaining the subunit
bound per PSII under these conditions, and they Cor‘Cdedto which C&* is bound in its functional conformation. If
that the absence of the 33 kDa protein resulted in either ay, o 33 kpa protein does bind Eaas suggested from the
lowered binding affinity or a more rapid exchange ofCa  o4,ence homologies to knownGainding proteins (Cole-
However, from the results presented here, it seems tHdt Ca man & Govindjee, 1987; Wales et al., 1989; Yocum, 1991)
is not released in the majority of the PSII reaction centers y,on such a G4 is not obviously involved in ox’ygen ’
during dark incubation in a C&free buffer. Therefore, the  g\1ytion and has so far escaped detection. Our data are

apparent substoichiometric binding of Taobserved by  qnsistent with the very recent finding by Chen and Cheniae

Adelroth et al. (1995) might be due to only partial 20 (1996) that PSII contains a high affinity &abinding site
30%) exchange of the intrinsic €awith the C&* from the even in the absence of the 33 kDa protein.

medium under the conditions used in their experiments.

The split EPR signal aroundy = 2 observed after ~ACKNOWLEDGMENT
illumination at 273 K of PSII lacking the extrinsic proteins
and C&' shows a narrower splitting than in PSII containing
the 33 kDa protein. It resembles in its linewidth thesgnal
observed in Cl-depleted PSII (Boussac & Rutherford,
1994b). However, it was observed already that in the REFERENCES
absence of the 23 and 16 kDa proteins this signal has a _
narrower splitting than in their presence (Boussac et al., Adelroth, P, Lindberg, K., Andeesson, L.-E. (1993Biochemistry
1990b). This then is a further example of the extrinsic 34, 9021-9027.

polypeptides modulating the magnetic interaction between Akg{é%m(i,’sﬁggé égﬁiol% C. & Andersson, B. (198&chim.

the manganese cluster and the organic free radical responsiblgerthold, D. A., Babcock, G. T., & Yocum, C. F. (198EEBS
for the split S signal. Lett. 61, 231-234.

We would like to thank Dr. Alain Boussac for helpful
discussions. The antibody against the 33 kDa protein was a
generous gift of Dr. Christer Jansson, Stockholm.



12110 Biochemistry, Vol. 35, No. 37, 1996

Berthomieu, C., & Boussac, A. (1998iochemistry 341541
1548.

Boussac, A., & Rutherford, A. W. (1988Bjochemistry 273476—
3483.

Boussac, A., & Rutherford, A. W. (1988IFEBS Lett. 236432—
436.

Boussac, A., & Rutherford, A. W. (19948jochem. Soc. Trans.
22, 352-358.

Boussac, A., & Rutherford, A. W. (1994h). Biol. Chem. 269
12462-12467.

Boussac, A., Maison-Peteri, B., Vernotte, C., & Etienne, A.-L.
(1985) Biochim. Biophys. Acta 80225-230.

Boussac, A., Zimmermann, J.-L., & Rutherford, A. W. (1989)
Biochemistry 288984-8989.

Boussac, A., Zimmermann, J.-L., Rutherford, A. W., & Lavergne,
J. (1990a)Nature 347 303—-306.

Boussac, A. Zimmermann, J.-L., & Rutherford, A. W. (1990b)
FEBS Lett. 27769-74.

Cammarata, K., & Cheniae, G. M. (1987)ant. Physiol. 84587—
595.

Chen, C., & Cheniae, G. M. (1996) Photosynthesis: from Light
to Biosphere(Mathis, P., Ed.) Vol. I, pp 329332, Kluwer,
Dordrecht.

Coleman, W. J., & Govindjee (198Bhotosynth. Res. 1399
223.

Debus, R. J. (1992Biochim. Biophys. Acta 110269-352.

Engels, D. H., Lott, A., Schmid, G. H., & Pistorius, E. K. (1994)
Photosynth. Res. 4227-244.

Ford, R. C., & Evans, M. C. W. (1983EBS Lett. 160159-164.

Ghanotakis, D. F., Topper, J. N., Babcock, G. T., & Yocum, C. F.
(1984)FEBS Lett. 170169-173.

Gilchrist, M. L., Ball, J. A., Randall, D. W., & Britt, R. D. (1995)
Proc. Natl. Acad. Sci. U.S.A. 99545-9549,

Han, K.-C., & Katoh, S. (1992) iCurrent Research in Photosyn-
thesis(Murata, N., Ed.) Vol. 2, pp 365368, Kluwer, Dordrecht.

Han, K.-C., & Katoh, S. (1993plant Cell Physiol. 34584—-493.

Hunziker, D., Abramowicz, D. A., Damoder, R., & Dismukes, G.
C. (1987)Biochim. Biophys. Acta 89®—14.

Imaoka, A., Akabori, K., Yanagi, M., lzumi, K., Toyoshima, T.,
Kawamori, A., Nakayama, H., & Sato, J. (1988jochim.
Biophys. Acta 848201—211.

Irrgang, K.-D., Renger, G., & Vater, J. (199Eur. J. Biochem.
201, 515-522.

Kuwabara, T., & Murata, M. (1983plant Cell Physiol. 24741—
747.

Mei, R., & Yocum, C. F. (1992Biochemistry 318449-8454.

Seidler and Rutherford

Miller, A.-F., de Paula, J. C., & Brudwig, G. W. (198Photosynth.
Res. 12205-218.

Miyao, M., & Murata, N. (1983)FEBS Lett. 164375-378.

Miyao, M., & Murata, N. (1984)FEBS Lett. 170350-354.

Miyao, M., & Murata, N. (1986)Photosynth. Res. 1@89-496.

Miyao, M., & Murata, N. (1989Biochim. Biophys. Acta 97815—
321.

Miyao, M., Murata, M., Lavorel, J., Maison-Peteri, B., Boussac,
A., & Etienne, A.-L. (1987)Biochim. Biophys. Acta 89051—
159.

Murata, N., & Miyao, M. (1985)Trends Biochem. Sci. 1022~
124,

Oono, T., & Inoue, Y. (1983FEBS Lett. 164255-260.

Ono, T., & Inoue, Y. (1984FEBS Lett. 166381—-384.

Ono, T., & Inoue, Y. (1988FEBS Lett. 227147-152.

Ono, T., Zimmermann, J.-L., Inoue, Y., & Rutherford, A. W. (1986)
Biochim. Biophys. Acta 85193-201.

Philbrick, J. B., Diner, B. A., & Zilinskas, B. A. (1991). Biol.
Chem. 26613370-13376.

Rutherford, A. W., Zimmermann, J.-L., & Boussac, A. W. (1992)
in The Photosystems: Structure, Function and Molecular Biology
(Barber, J., Ed.) pp 179229, Elsevier Science Publishers, New
York.

Seidler, A. (1994Biochim. Biophys. Acta 11873—79.

Seidler, A. (1996Biochim. Biophys. Actéin press).

Seidler, A., & Michel, H. (1990EMBO J. 9 1743-1748.

Stewart, A. C., Ljungberg, U., Akerlund, H.-E., & Andersson, B.
(1985) Biochim. Biophys. Acta 80855—362.

Styring, S., & Rutherford, A. W. (1988Biochim. Biophys. Acta
933 378-387.

Styring, S., Miyao, M., & Rutherford, A. W. (1987Biochim.
Biophys. Acta 89032—38.

Tamura, N., & Cheniae, G. M. (198Bjochim. Biophys. Acta 809
245-2509.

Tamura, N., Inoue, H., & Inoue, Y. (199@)ant Cell Physiol. 31
469-477.

van Vliet, P., Boussac, A., & Rutherford, A. W. (19%ipchemistry
33, 12998-13004.

Wales, R., Newman, B. J., Pappin, D., & Gray, J. C. (198@nt
Mol. Biol. 12, 439-451.

Webber, A. N., & Gray, J. C. (198FHEBS Lett. 24979-82.

Yocum, C. F. (1991Biochim. Biophys. Acta 1059—15.

Zimmermann, J.-L., Boussac, A., & Rutherford, A. W. (1993)
Biochemistry 324831-4841.

BI961008H



