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The active site for water oxidation in photosystem II goes
through five sequential oxidation states (S0 to S4) before O2 is
evolved. It consists of a Mn4Ca cluster close to a redox-active
tyrosine residue (TyrZ). Cl� is also required for enzyme activ-
ity. To study the role of Ca2� and Cl� in PSII, these ions were
biosynthetically substituted by Sr2� and Br�, respectively, in
the thermophilic cyanobacterium Thermosynechococcus
elongatus. Irrespective of the combination of the non-native
ions used (Ca/Br, Sr/Cl, Sr/Br), the enzyme could be isolated
in a state that was fully intact but kinetically limited. The
electron transfer steps affected by the exchanges were iden-
tified and then investigated by using time-resolved UV-visi-
ble absorption spectroscopy, time-resolved O2 polarography,
and thermoluminescence spectroscopy. The effect of the
Ca2�/Sr2� and Cl�/Br� exchanges was additive, and themag-
nitude of the effect varied in the following order: Ca/Cl <
Ca/Br < Sr/Cl < Sr/Br. In all cases, the rate of O2 release was
similar to that of the S3TyrZ� to S0TyrZ transition, with the
slowest kinetics (i.e. the Sr/Br enzyme) being ≈6–7 slower
than in the native Ca/Cl enzyme. This slowdown in the kinet-
ics was reflected in a decrease in the free energy level of the S3
state as manifest by thermoluminescence. These observa-
tions indicate that Cl� is involved in the water oxidation
mechanism. The possibility that Cl� is close to the active site
is discussed in terms of recent structural models.

Light-driven water oxidation by the photosystem II (PSII)3
enzyme is responsible for the O2 on Earth and is at the origin of

the production of most of the biomass. Refined three-dimen-
sional x-ray structures at 3.5 and 3.0 Å resolution have been
obtained by using PSII isolated from the thermophilic cya-
nobacterium Thermosynechococcus elongatus (1, 2). PSII is
made up of more than 20 membrane protein subunits, 35–36
chlorophyll molecules, more than 10 carotenoid molecules,
several lipids, two hemes, and the cofactors involved in the elec-
tron transfer reactions (1, 2). Absorption of a photon by chlo-
rophyll is followed by the formation of a radical pair in which
the pheophytin molecule, PheoD1, is reduced and the accessory
chlorophyll molecule, ChlD1, is oxidized (3–5). The cation is
then stabilized on P680, a weakly coupled chlorophyll dimer (see
e.g. Refs. 6 and 7 for energetic considerations). The pheophytin
anion transfers the electron to a quinone, QA, which in turn
reduces a second quinone,QB. P680 .� oxidizes a tyrosine residue
of the D1 polypeptide, TyrZ, which in turn oxidizes the Mn4Ca
cluster.
The Mn4Ca cluster acts as a device for accumulating oxidiz-

ing equivalents and as the active site for water oxidation. Dur-
ing the enzyme cycle, the oxidizing side of PSII goes through
five sequential redox states, denoted as Sn, where n varies from
0 to 4 upon the absorption of four photons (8). Upon formation
of the S4 state, two molecules of water are rapidly oxidized, the
S0 state is regenerated, and O2 is released.

Themechanism bywhich water is oxidized andO2 produced
is still largely unknown (9–17). The geometry and ligand envi-
ronment of the Mn4Ca cluster in the crystal structure is not
clearly defined because the x-ray beam reduces the native high
valence manganese cluster back to the MnII state (18, 19). The
transition from S4 (or S3TyrZ�, which is kinetically indistin-
guishable) to S0 probably involves several reaction intermedi-
ates. These have largely escaped detection for the following
reasons: 1) the rate constant of this transition is rapid (t1⁄2 � 1
ms); 2) the reduction of TyrZ� is the limiting step for water
oxidation in the native enzyme; and 3) experimental methods
for trapping potential intermediate states are lacking (see Refs.
20 and 21 for a recent elegant thermodynamic approach). One
strategy that could allow intermediates to be detected is to
modify the enzyme, maintaining its capacity for turnover but
impairing its kinetics. A change in the rate-limiting step could
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allow one or more intermediates to become detectable.
Recently (22), we have shown that growing the thermophilic
cyanobacterium T. elongatus in the presence of Sr2� instead of
Ca2� resulted in the exchange of Ca2� by Sr2�, and this pro-
duced a significant slowdown of the oxygen evolution rate.
Among all of the cations tested, only Sr2� can substitute for
Ca2� (23–26).
The effects of Ca2�/Sr2� exchange have been studied by EPR

(22, 27–29), Fourier transform infrared spectroscopy (30–32),
EXAFS spectroscopy (33, 34), mass spectrometry experiments
monitoring the water substrate exchange rates (35), and time-
resolved UV-visible spectroscopy (22). Ca2�/Sr2� exchange
has a slight effect on the geometry of the manganese cluster as
detected by EPR (27, 28). The kinetics of O2 release and the
S3TyrZ� to S0TyrZ transition are slowed down to the same
extent (22). The affinity of the slowest exchangeable water sub-
strate molecule bound in the S3 state is decreased (35). These
studies indicate the involvement of Ca2� (or Sr2�) in the cata-
lytic cycle (10, 36, 37).
When Ca2� is removed from its site, manganese oxidation

can still take place, allowing the formation of the S2 state, but
in the following step, the normal S3 state is not formed.
Instead, an alternative, abnormally stable form appears to be
induced in which theMn4 cluster is in the same redox state as it
was in S2 state but inmagnetic interactionwith a radical (spin�
1/2) (38), likely TyrZ� (39, 40), giving rise to a characteristic EPR
signal that is known as the split signal.
Choride is also an essential ion for PSII activity (24, 26,

41–53). In plant PSII, removal of Cl� inhibits oxygen evolution
and perturbs theMn4 cluster to a variable extent depending on
the precise Cl�-depletion method used (24, 26, 46). The
removal of Cl� by incubation in Cl�-free buffer increased the
proportion of theMn4 cluster in the high-spin state (g � 4 EPR
signal), but the enzyme continues towork at a reduced rate (46).
WhenCl� is removed by a high pH shock, the high-spin state is
formed, and the S-state cycle is blocked after S2 formation in
the majority of centers, whereas treatment with SO4

2� inhibits
the enzyme but allows radical (TyrZ�) formation in the presence
of S2, giving rise to the split EPR signal, at least in a fraction of
the centers (46, 47, 53, 54). In the SO4

2�-treated enzyme the
electron donation rate fromTyrZ to P680 .� is not greatly affected
on the first two flashes (47), but Cl� is required to progress
through the S2 to S3 (46, 47, 50) and S3 to S0 transitions (50).

When the first PSII structural models from crystallogra-
phy appeared, the resolution was not good enough to detect
the Ca2� ion (55, 56), and the question arose whether Ca2�

really was intimately associated with the Mn4 cluster in cya-
nobacteria as was thought to be the case in plants. This
prompted us to develop a method for biosynthetic Ca2�/
Sr2� exchange in T. elongatus (22). We showed that there is
one Sr2� per PSII in fully active cyanobacterial PSII (22). At
the same time, a structure with 3.5 Å resolution was reported
in which a Ca2� ion in close interaction with the Mn4 cluster
was identified based on anomalous diffraction data (1).
Recently, x-ray crystallography and EXAFS spectroscopy
using the Sr2�-containing enzyme confirmed that Sr2� was
associated with the Mn4 cluster and was located in a position
similar to that of Ca2� (34, 57).

The situation for chloride is less clear. No chloride ions are
defined in the current three-dimensional structural models of
the enzyme (1, 2). This is partly because the resolution is insuf-
ficient but also because the structure of the cluster is perturbed
by the x-ray beam, which reduces the high valence manganese
cluster to the MnII state (18, 19). The role and location of chlo-
ride as a cofactor in PSII from cyanobacteria thus remain open.
For this reason, Cl�/Br� exchange experiments are potentially
interesting.
Previously reported Cl�/Br� exchange studies were done in

chloride-depleted PSII. Depending on the Cl�-depletion pro-
cedure (e.g. sulfate treatment at high pH versus extrinsic
polypeptide depletion), the Br� reconstitutionmay have differ-
ent effects. These differences can be explained by the presence
of more than one chloride-binding site in PSII, the activity of
which would depend on the binding of chloride to a high affin-
ity site; and this activity could be modulated by the binding of
another chloride to a low affinity binding site (46, 48). An
alternative interpretation has been suggested, namely that
many of the effects induced by Cl� depletion are depletion-
induced artifacts and that there is a single Cl�-binding site
that has only an indirect effect on enzyme function. Indeed,
in this interpretation Cl� is not considered necessary for
enzyme activity (51, 52).
As in the case of Ca2�/Sr2�, the biosynthetic substitution of

Br� for Cl� could provide a “bromide phenotype” that does not
suffer from the ambiguities associated with biochemical
exchange procedures. The study of the bromide exchangedPSII
could yield evidence for the involvement of Cl� in the water-
splitting process and provide new insights on the role of chlo-
ride in the water oxidation mechanism.
Here we present the results of this biosynthetic Cl�/Br�

replacement study using T. elongatus with either Ca2� or Sr2�

in the active site. Fully intact PSII preparations containing
Ca/Cl, Ca/Br, Sr/Cl, and Sr/Br were analyzed using a combina-
tion of spectroscopic and enzymological studies.

EXPERIMENTAL PROCEDURES

Culture of the Cells and Purification of Thylakoids and PSII—
Thylakoids, and thence PSII, were purified from a T. elongatus
strain that had aHis6 tag on the CP43 subunit (58) and in which
the psbA1 and psbA2 genes were deleted (WT*) (59). The D1
protein in PSII can potentially be encoded by three genes,
psbA1, psbA2, and psbA3, each differing slightly. Because in this
WT* T. elongatus only the psbA3 gene is present, the enzyme is
not affected by the possible heterogeneity in D1 that would
result from the expression of more than one of the three psbA
genes. Such a situation could occur, for example, because of
regulatorymechanisms triggeredwhen changing light intensity
during batch culture (60).
TheWT* cellswere grown in 1 liter of culturemedium (58) in

3-liter Erlenmeyer flasks in a rotary shakerwith aCO2-enriched
atmosphere at 45 °C under continuous light (80 �mol of
photons�m�2�s�1). The culture medium was supplemented
with either 0.8 mM CaX2 or SrX2 (X was either bromide or
chloride depending on the experiments). The grade of the
chemicals used was �99.999% for CaBr2, SrCl2, and SrBr2 and
�99.99% for CaCl2. The chloride content was �0.001% in glyc-
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erol, �0.02% in betaine, and �0.005% in MES. In the culture
medium and before the addition of the CaX2 or SrX2 salts, the
Ca2� contamination was measured by ICP (22) to be less than
1.5�M.TheCl� contamination can be estimated from the spec-
ifications given by the suppliers of the chemicals to be �40 �M

(essentially from the Tricine buffer).
Thylakoids and PSII were prepared as described earlier (61)

with the exception that no polyethylene glycol was used to con-
centrate the samples. Instead, the samples were concentrated
by using Amicon Ultra-15 concentrator devices (Millipore)
with a 100-kDa cut-off. Routinely, the total amount of Chl after
the breaking of the cells was �180 mg, and the yield after PSII
purification in terms of Chl amounts was �4–5%. Thylakoids
and PSII were stored in liquid nitrogen at a concentration of
about 1.5–2mg Chl/ml in amedium containing 10% glycerol, 1
M betaine, 15 mM CaX2, 15 mM MgX2, and 40 mM MES, pH 6.5
(pH adjusted with NaOH), until they were used.
Oxygen Evolution under Continuous Light—Oxygen evolu-

tion of PSII under continuous light was measured at 25 °C by
polarography using a Clark-type oxygen electrode (Hansatech)
with saturating white light at a Chl concentration of 5 �g of
Chl�ml�1 in the media described above. A total of 0.5 mM

DCBQ (2,6-dichloro-p-benzoquinone, dissolved in dimethyl
sulfoxide) was added as an electron acceptor. The betaine,
DCBQ, and QB react in the time range of minutes in the pres-
ence of O2. For that reason, measurements of PSII activity were
done at �1 min after the addition of DCBQ.
Flash-induced Oxygen Evolution—Oxygen evolution under

flashing light was measured with a laboratory-made rate elec-
trode (22). Two combinations of electrodes were used: either
Pt/Ag/AgCl or Pt/Ag/AgBr, depending on the conditions. The
Ag/AgCl andAg/AgBr electrodeswere prepared by using 1–2M

HCl or HBr acids, respectively. Thylakoids were used at 1.2 mg
Chl�ml�1. Typically, 25 �l of a thylakoid suspension was put
onto the platinum electrode. The volume of the circulating
mediumwas �250 ml and contained 10% glycerol, 1 M betaine,
15 mMCaX2, 15 mMMgX2, 50 mM KX, and 40mMMES, pH 6.5
(pH adjusted with NaOH). Illumination was done with a xenon
flash (PerkinElmer Optoelectronics). The intensity of the flash
was adjusted so that the light intensity was saturating (i.e. the
miss parameter was minimum). Measurements were done at
room temperature (20–25 °C). The amplified amperometric
signal resulting from the flash-induced oxygen evolution was
recorded with a numerical oscilloscope.

UV-visible Absorption Change Spectroscopy—Absorption
changes were measured with a laboratory-built spectropho-
tometerwhere the absorption changeswere sampled at discrete
times by short flashes (62). These flashes were provided by a
neodymium-yttriumaluminumgarnet (Nd:YAG) pumped (355
nm) optical parametric oscillator, which produces monochro-
matic flashes (1 nm full-width at half-maximum) with a dura-
tion of 6 ns. Excitation at 685 nm was provided by a dye laser
pumped by a frequency-doubled Nd:YAG laser. The path
length of the cell was 2.5 mm. PSII was used at 25 �g of
Chl�ml�1 in 10% glycerol, 1 M betaine, 15 mM CaX2, 15 mM

MgX2, and 40mMMES, pH6.5 (pH adjustedwithNaOH). After
dark adaptation for 1 h at room temperature (20–22 °C), 0.1
mMPPBQdissolved in dimethyl sulfoxide was added as an elec-
tron acceptor. PPBQwas used here instead ofDCBQbecause of
the length of the experiment (see above).
Thermoluminescence Experiments—Thermoluminescence

glow curves were measured with a laboratory-built apparatus
(63). PSII samples at 10 �g Chl�ml�1 were first dark-adapted at
room temperature for 1 h. Illumination was done by using sat-
urating xenon flashes (PerkinElmer Optoelectronics) at 5 °C.
Then the samples were frozen to �10 °C in 5 s. After an
additional 5 s at �10 °C, the frozen samples were heated at a
constant rate (0.33 °C/s). From the lifetime of the S2 and S3
states at room temperature (22), these states can be consid-
ered as stable under these experimental conditions before
the heating process. Analysis of the data was done as
described previously (63–65).
EPR Spectroscopy—cw-EPR spectra were recorded using a

standard ER 4102 (Bruker) X-band resonator with a Bruker
Elexsys 500 X-band spectrometer equipped with an Oxford
Instruments cryostat (ESR 900). Flash illumination at room
temperature was provided by a Nd:YAG laser (532 nm, 550 mJ,
8-ns Spectra Physics GCR-230-10). PSII samples at �1 mg of
Chl�ml�1 were loaded in the dark into quartz EPR tubes and
further dark-adapted for 1 h at room temperature. Then, the
samples were in some cases synchronized in the S1 state with
one pre-flash (66). After another dark period of 1 h at room
temperature, 0.5 mM PPBQ was added (the final concentration
of dimethyl sulfoxidewas�2%). The sampleswere frozen in the
dark to 198 K and then transferred to 77 K. Prior to the meas-
urements the samples were degassed at 198 K as described pre-
viously (29).

TABLE 1

PSII Activitya �b S0/S1b
t1⁄2c TL in S3eS1TyrZ� to S2TyrZ S3TyrZ� to (S3TyrZ�)� (S3TyrZ�)� to S0d

�mol O2/mg Chl�h % %/% �s �s ms °C
CaCl 5000–6000 9 0/100 �50 115 1.1 48
CaBr 3200–3600 9 10/90 �100 140 2.1 50
SrCl 1800–2600 9 9/91 �150 210 4.8 52
SrBr 1500–2000 8 23/77 �400–500 230 7.2 56

a Measured under continuation illumination.
b Miss parameter calculated from the oscillating patterns at 292 nm.
c Measured at 292 nm.
d The kinetics after the third flash were fitted according to the equation: A(t) � (A(0)k1/(k2 � k1)) � (e�k1�t � e�k2�t) � A(0)�e�k1�t � offset, in which A(0) is the calculated
absorption at time t � 0; i.e. the absorption 10 �s after the third flash (the first point of the kinetics) and the offset is the calculated absorption 300 ms after the flash (the last
point of the kinetics). See supplemental data for additional comments.

e Temperature peak position of the thermoluminescence glow curves from the S3QB
. charge recombination.
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Analysis of the data was done using Excel (Microsoft), Math-
cad 14 (Parametric Technology Corp.), and Origin 7.5 (Origin-
Lab Corp.).

RESULTS

O2 Evolution under Continuous Illumination—We have
shown previously that PSII purified from T. elongatus cells
grown in the presence of Sr2� salts incorporated one Sr2� ion
per four manganese ions (22), and that replaces the Ca2� in the
active site of PSII (22, 34, 57). Without any further biochemical
treatments, this Sr2� ion was not exchangeable for Ca2� ions
when present in the medium (22). In contrast, the exchange-
ability of Cl� in the chloride site(s) is still being discussed in the
literature. Therefore, to avoid any potential Br�/Cl� (or Cl�/
Br�) exchange during the purification procedures, the thyla-
koids and the isolated PSII preparations were purified in media
containing either (i) CaCl2 andMgCl2 for the cells grown in the
presence of chloride salts or (ii) CaBr2 and MgBr2 for the cells
grown in the presence of bromide salts. PSII (and thylakoids)
purified under these different conditions are designated CaCl-
PSII (CaCl-thylakoids), CaBr-PSII (CaBr-thylakoids), SrCl-PSII
(SrCl-thylakoids), and SrBr-PSII (SrBr-thylakoids). The O2
evolution activities of these four different PSII types under con-
tinuous illumination and in the corresponding suspending
media are shown inTable 1. In all of these cases, the exchange of
Ca2� or/and Cl� resulted in a decrease in the steady-state oxy-
gen evolution rate.
Absorption Changes at 292 nm—Fig. 1 shows the amplitude

of the absorption changes upon flash illumination recorded
with the four PSII preparations. Measurements were done
using a Joliot-type spectrophotometer at 292 nm (67, 68) and in
the hundreds of ms time range, i.e. after the reduction of TyrZ�

by the Mn4Ca(Sr) cluster was complete. This wavelength cor-
responds to an isosbestic point for PPBQ./PPBQ, the added
electron acceptor (not shown), and is in a spectral region where
the absorption of the Mn4Ca cluster depends on the S-states
(68). The oscillating pattern with a period of four is clearly
observed for all four types of PSII preparations irrespective of
their Ca2�/Sr2� and Cl�/Br� status.

Using the formula developed by Lavorel (69) and the oscillat-
ing patterns shown in Fig. 1, the miss (�) and double-hit (�)
parameters could be calculated. In this experiment, the double-
hit parameter, 4–5%, was due to a small actinic effect of the
measuring beam rather than an intrinsic property of PSII. The
miss parameter was independent of the nature of ion present
(Table 1) as already observed in CaCl-PSII and SrCl-PSII (22).
Using the method developed by Lavergne (68), the four sets of
data in Fig. 1 were fitted simultaneously as described previously
(22, 61). Each of the three different differential extinction coef-
ficients, ��0, ��1, ��2, corresponding to the S0 to S1, S1 to S2,
and S2 to S3 transitions, respectively, was kept fixed for the four
types of PSII. The S0/S1 ratio was allowed to vary for each type
of sample (Table 1).

FIGURE 1. Sequence of the amplitude of the absorption changes at 292
nm. The measurements were done during a series of saturating flashes
(spaced 400 ms apart) given to CaCl-PSII (A), CaBr-PSII (B), SrCl-PSII (C), and

SrBr-PSII (D). The samples (Chl � 25 �g/ml) were dark-adapted for 1 h at room
temperature before the addition of 100 �M PPBQ. The measurements were
done 300 ms after each flash. The symbols correspond to the experimental
points and the lines to the fit of the data.
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The ��0 (0.70 10�3), ��1 (1.98 10�3), and ��2 (1.33 10�3)
values found here are in good agreement with those found ear-
lier at this wavelength (22, 61, 68). The reasonably good fits
obtained when using the same set of ��i for various PSII sam-
ples indicate that: (i) the Sr2� and/or Br� substitutions did not
significantly modify the absorption of the Mn4 cluster, at least
at 292 nm; and (ii) there were no nonfunctional centers in the
CaBr-, SrCl-, and SrBr-PSII. EPR measurements without any
pre-flash illumination showed no indication for an increased
proportion of centers with reduced TyrD in the dark-adapted
SrBr-PSII (not shown) (66). Therefore, the apparent higher
proportion of the S0 state in the dark-adapted SrBr-PSII (Table
1)more likely corresponds to a higher proportion of the S0TyrD�

state rather than to a higher proportion of the S1TyrD state.
The absence of any major consequences of the Sr2� and/or

Br� substitution on the turnover of the S-state cycle under
flashing conditions contrasts with the significant decrease in
the oxygen evolution rate under steady-state conditions. This
suggests that this decreased efficiency results not from a frac-
tion of PSII centers inactive in water splitting but rather from a
change in the intrinsic kinetics of at least one of the steps in the
cycle.
To determine which step(s) is affected by the Cl�/Br� and

Ca2�/Sr2� exchanges, we measured the absorption changes at
292 nm in the hundreds of ns to ms time range after each of the
first four flashes given to dark-adapted PSII (Fig. 2). Absorption
changes at this wavelength reflect the Mn4 cluster valence
changes and the TyrZ redox state changes occurring in the
S1TyrZ� to S2TyrZ, S2TyrZ� to S3TyrZ, S3TyrZ� to S0TyrZ, and
S0TyrZ� to S1TyrZ transitions (68). Fig. 2 shows that only minor
absorption changes could be detected after the second flash
(panel B) and the fourth flash (panel D). This means that, in all
four types of the enzyme, the �I/I changes associated with the
TyrZ�S2 to TyrZS3 and TyrZ�S0 to TyrZS1 were small, thus pre-
cluding the reliable kinetic analysis of the S2 to S3 and S0 to S1
transitions. On the other hand, because these two transitions
only weakly contribute to the absorption changes at this wave-
length, the half-times of the S1 to S2 and S3 to S0 transitionsmay
be reliably determined from the raw data without any deconvo-
lution procedures. The S1TyrZ� to S2TyrZ transition (Fig. 2A)
was slowed down from t1⁄2 � 50 �s in CaCl-PSII to t1⁄2 � 400–
500�s in SrBr-PSII with the following order for the t1⁄2 values: t1⁄2
in CaCl-PSII � t1⁄2 in CaBr-PSII � t1⁄2 in SrCl-PSII � t1⁄2 in SrBr-
PSII (Table 1). The small absorption change associated to the
S1TyrZ� to S2TyrZ transition did not allow us to determine
whether a multiphasic process was involved.
The kinetics of the S3TyrZ� to S0TyrZ transition in the CaCl2

sample (Fig. 2C) was much better fitted when a lag phase was
introduced (see supplemental data). Such a lag phase was
observed earlier and was attributed to structural rearrange-
ments in the S3TyrZ� state (67, 70–72). Therefore the four
traces were fitted with a sequential model involving the tran-
sient formation of a (S3TyrZ�)� state (Table 1). Based on this
fitting procedure, the t1⁄2 of the lag phase in SrBr-PSII is double
that in CaCl-PSII. In agreement with the oxygen evolution rate
under continuous illumination, the kinetics of the S3TyrZ� to
S0TyrZ transition observed after the third flash (Fig. 2C) was

FIGURE 2. Kinetics of the absorption changes at 292 nm after the first
flash (A), the second flash (B), the third flash (C), and the fourth flash (D)
given to dark-adapted CaCl-PSII (black), CaBr-PSII (blue), SrCl-PSII (red),
and SrBr-PSII (green). Other experimental conditions were similar to those
in Fig. 1.
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also significantly slowed down, with half-times ranging from
1.1 ms in CaCl-PSII to 7.2 ms in SrBr-PSII (Table 1).
Time-resolved O2 Evolution—Another way to study specifi-

cally the S3TyrZ� to S0TyrZ transition is to follow the O2 release
with a time-resolved polarized electrode. Because this tech-
nique requires the sedimentation of the sample on the platinum
electrode, thylakoids were used instead of purified PSII. The
classical electrode combination, Pt/Ag/AgCl, requires the pres-
ence of a chloride salt as an electrolytic counter anion in the
circulating medium. To avoid the possible exchange of Br� for
Cl� in the bromide-containing samples during the course of the
experiment, a Pt/Ag/AgBr electrode combination with a bro-
mide salt as an electrolytic counter anion in the circulating
medium was also used as a control experiment.
Fig. 3 shows the kinetics of O2 release in CaCl-, CaBr-, SrCl-,

and SrBr-thylakoids with either a Pt/Ag/AgCl (panel A) or a
Pt/Ag/AgBr (panel B) electrode combination. To get a signal
with maximal amplitude, the measurements were done upon
the third flash given to a dark-adapted sample. Although the
chlorophyll concentration was the same for each sample, the
traces shown in Fig. 3 were scaled so that the areas under
the curves (the amount of evolved O2) were identical in order
to take into account the possible variations in the PSII/PSI
ratio. The normalization factors were in the range of what was
expected from the PSI to PSII ratio, which varied from 1.8 to 2.5
in our T. elongatus thylakoids (not shown) as estimated by EPR
(73). Moreover, the kinetics of O2 release were found to be
similar to those observed in whole cells, which indicates that
the isolation protocol had no secondary effects.
As demonstrated by Lavorel (74), the amperometric signal

results from the convolution of the diffusion limited O2 pulse
produced instantaneously in a thin layer, 	(t), with the rate
constant of the S3TyrZ�3 S0TyrZ � O2 reaction, kox. Thus, the
ideal experimental case is that of a thylakoid monolayer. Devi-
ating from this ideal case results in a divergence between the
theoretical and experimental curves, which increases with
the time after the O2 pulse is triggered. We therefore ana-
lyzed the kinetics shown in Fig. 3 within a slightly simplified
framework (see supplemental data). The O2 diffusion time
was first determined from the kinetics obtained with CaCl-thy-
lakoids. Then, the expected traces for the four samples were
calculated by using kox values equal to those of the rate con-
stants of the S3TyrZ� to S0TyrZ transition measured at 292 nm
(the lag phase was neglected) (Table 1). The calculated traces
resulting from such a procedure are shown in Fig. 3C. As men-
tioned above, the time resolution of the amperometric signal
strongly depends on the O2 diffusion time, which is used to
calculate the function 	(t) (kd � 0.11 ms�1 in Fig. 3C).
Although, this kd value does not seem large enough to fully
resolve the differences between theCaCl andCaBr samples, the
relative t1⁄2 values for both the O2 release and the S3TyrZ� to
S0TyrZ transition in the four samples (Table 1) are in satisfac-
tory agreement with those of the O2 evolution activities meas-
ured under continuous illumination. This provides further evi-
dence that, in these samples, the lower O2 evolution activities
arise from a kinetic limitation of the water-splitting process
rather than from a fraction of inactive centers.

FIGURE 3. Kinetics of the oxygen release measured after the third flash
given on CaCl-thylakoids (black), CaBr-thylakoids (blue), SrCl-thylakoids
(red), and SrBr-thylakoids (green). The measurements were done with
either a Pt/Ag/AgCl (A) or a Pt/Ag/AgBr (B) electrode combination. The time-
resolved flash-induced oxygen evolution was measured after the third flash
of a sequence of flashes spaced 400 ms apart. The samples (Chl � 1.2 mg/ml)
were dark-adapted for 45 min at room temperature on the polarized bare
platinum electrode prior to the illumination. C, expected amperometric sig-
nal in CaCl-thylakoids (black), CaBr-thylakoids (blue), SrCl-thylakoids (red), and
SrBr-thylakoids (green). The traces were calculated by using a diffusion time
value defined as indicated in the supplemental data and by using the rate con-
stant of the S3TyrZ

� to S0TyrZ transition measured at 292 nm, as reported in Table
1. The violet curve is the 	(t) function for a td value equal to 7 ms.
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Another important conclusion, which can be drawn from a
comparison of Fig. 3, A versus B, is that the incubation of SrBr-
thylakoids in a Cl�-containing buffer and SrCl-thylakoids in a
Br�-containing buffer for the 45 min required for dark adapta-
tion of the samples hadnodetectable effect on the kinetics ofO2
release. Based on the volume of the samples deposited onto the
platinum electrode (25 �l) and on the volume of the circulating
medium (250 ml), the concentration of bromide and chloride
salts can be estimated to be 6 �M and 110 mM, respectively, for
the SrBr-thylakoids and vice versa for the SrCl-thylakoids.
Since the Cl�/Br� exchange strongly affects the rate of O2
release in the Sr2�-containing sample, it is clear from the
results shown in Fig. 3 that during the course of the experiment
(�1 h), neither Br�/Cl� exchange nor Cl�/Br� exchange
occurred to a significant extent in SrBr- and SrCl-thylakoids,
respectively.
As a further test of the Cl�/Br� and Br�/Cl� exchangeabil-

ities in thylakoids, we washed the SrBr-thylakoids more exten-
sively in the chloride-containing medium and the SrCl-thyla-
koids in the bromide-containingmedium.Thewashing of these
samples was done by centrifugation and resuspension (three
times) until the residual amount of the contaminating halide
calculated from the starting concentration was theoretically
less than 0.1 �M. The overall duration of these additional wash-
ing treatments was 
3 h. After these treatments the O2 release
in SrBr-thylakoids resuspended in the chloride-containing
medium and in SrCl-thylakoids resuspended in the bromide-
containing medium was measured and was found to be similar
to that measured in Fig. 3, A and B. This showed that, under
these conditions, neither Cl�/Br� nor Br�/Cl� exchange
occurred. However, when isolated PSII was incubated in the
dark for 6–7 h (with a chlorophyll concentration of 25 �g/ml
and a halide concentration of 60 mM as above), the measure-
ment at 292 nm of the S3TyrZ� to S0TyrZ transition rate in SrCl-
PSII and SrBr-PSII showed that a Cl�/Br� and Br�/Cl�
exchange had begun to occur (not shown).
Thermoluminescence and Thermodynamic Properties of the

S-states—All of the kinetic results presented above strongly
suggest that the redox properties of theMn4 cluster were mod-
ified upon Ca2�/Sr2� and Cl�/Br� exchanges. Such redox
changes may be monitored by measuring the thermolumines-
cence glow curves (75, 76). Indeed, the amplitude and the tem-
perature dependence of the thermolumiscence glow curve,
which arises from the radiative recombination between the
positive charge stored on the Mn4 cluster and the electron
stored on the quinone QB

. , depend in part on the redox poten-
tial of the cofactors involved in the charge recombination
process, i.e. the redox potential of the Sn�1/Sn, TyrZ�/TyrZ,
P680 .�/P680, PheoD1. /PheoD1, QA

. /QA, and QB
. /QB couples

(64, 65, 75–78). If we assume as a first approximation that the
Ca2�/Sr2� and Cl�/Br� exchanges do not significantly modify
the redox potential of the P680 .�/P680, PheoD1. /PheoD1, QA

. /
QA, and QB

. /QB couples and do not affect the proportion of
reduced QB

. upon dark adaptation, then the changes in the
thermoluminescence glow curves are expected to reflect a
change in the redox properties of the Sn�1/Sn couple. Fig. 4
shows such an experiment with CaCl-PSII, CaBr-PSII, SrCl-
PSII, and SrBr-PSII.

After one flash given to a dark-adapted sample, the glow
curve originates from S2QB

. charges recombination, whereas
after the second flash it originates from the S3QB

. charges
recombination (75, 76). The expected contribution of the
S
2
QB

. charge recombination to the thermoluminescence glow
curve after the second flash, which results from the miss factor
(� 9%, Table 1), is rather small, and the traces shown on Fig. 4B
can be considered essentially as reflecting the S3QB

. charge
recombination (see supplemental data). Fig. 4 shows that the
peak temperature of the S2QB

. charge recombination was less
affected by the Ca2�/Sr2� and Cl�/Br� exchanges than that of
the S3QB

. charge recombination, suggesting that the free
energy level of S2QB

. is less affected by the substitutions than
that of S3QB

. . This is consistent with previous studies (22) show-
ing that thereduction in thedark fromS3 toS2 is three timesslower
inSrCl-thylakoidswhencomparedwithCaCl-thylakoids,whereas
the stability of S2 in the dark is almost unchanged. Fig. 4B shows
that the peaks arising from the S3QB

. charge recombination in the
ion swapped samples were shifted to higher temperatures when
compared with that for CaCl-PSII, and the extent of the up-shift

FIGURE 4. Thermoluminescence glow curves from S2QB
. charge recombi-

nation measured after one flash (A) and from S3QB
. charge recombina-

tion measured after two flashes (B) in CaCl-PSII (black), CaBr-PSII (blue),
SrCl-PSII (red), and SrBr-PSII (green). Samples were previously dark-
adapted at room temperature before being loaded into the cuvette and illu-
minated at 5 °C.
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showed the following order: CaCl-PSII � CaBr-PSII � SrCl-
PSII � SrBr-PSII (Table 1).

As shownpreviously (75, 76), the amplitude of the glow curve
arising from the charge recombination involving the S2 state is
smaller than that involving the S3 state. This seems to be an
intrinsic property, and a factor of approximately 2 was demon-
strated in plant thylakoids (75, 76). In T. elongatus the ratio
seems to be greater. One possible explanation for this would be
a higher QB

. /QB ratio after the second flash than after the first
flash, whichwould translate into aQB

./QB ratio larger than 1 in
dark-adapted PSII. This would be at oddswith the recent report
showing that this ratio is close to or slightly lower than 1 in
T. elongatus (79), so that other hypotheses should be consid-
ered. The larger values found for the peak temperatures after
one flash than after two flashes (see also Refs. 58 and 79) indi-
cate that the energy gap between the S2/S1 and P680*/P680 cou-
ples is higher than that between the S3/S2 and P680*/P680 cou-
ples. Thus, the higher temperature required to thermally
populate P680* from S2QB

. than from S3QB
. could favor the

nonradiative pathways through which charge recombination
may occur to the detriment of the radiative pathway.
In principle, the decrease in the energy level of the S3/S2

couple can be estimated from the simulation of the thermolu-
minescence glow curves seen in Fig. 4B (also see supplemental
data). Nevertheless, the lack of knowledge of the activation
energies of the different routes for the charge recombination
process, combinedwith the fact that the Ca2�/Sr2� exchange is
known to affect the redox properties of cofactors other than the
manganese cluster (e.g. it is known to slow down the electron
transfer from QA

. to QB (57)), precludes the accurate determi-
nation of the change in the energy level of the S3QB

. state
induced by the Ca2�/Sr2� and Cl�/Br� exchanges. A qualita-
tive estimate may be obtained, nevertheless, by comparing the
shift in Tm observed here with those reported previously in the
literature and associated with a known change in the free
energy gap. Temperature peaks corresponding to the S2QB

.
and S3QB

. glow curves, which differ by �8 °C, have been esti-
mated to correspond to a difference in the free energy gap
between the S2 and S3 state of �50–60 meV (80). Recently, a
point mutation in the vicinity of QA has been found to induce a
shift inTm of 9 °C and a change in free energy of�60meV (81).
In the case of the SrBr-PSII, we found an up-shift of Tm by 8 °C,
i.e. of similar amplitude to those just discussed, so that we esti-
mate the change in free energy associated with the Sr2�/Ca2�

and Br�/Cl� combined substitution to be�50–60meV.Using
the procedure described previously to fit the thermolumines-
cence glow curves (64), with the assumption that the activation
energy value used for the simulations only depends on the
enthalpy of the charge recombination, yields a significantly
larger downshift (110 meV) for the free energy level of the S3
state in SrBr-PSII when compared with CaCl-PSII (see supple-
mental data).

DISCUSSION

The data in Table 1 corresponding to the CaCl and SrCl
samples are similar to those obtained earlier with the His6-
tagged PSII (22). The properties of the SrCl samples obtained
here in a PSII containing a D1 protein expressed only from the

psbA3 gene are in agreement with those obtained upon a Ca2�/
Sr2� exchange (22) done in the His6-tagged wild-type strain.

The flash-induced absorption changes measured at 292 nm
(Fig. 1) show that the four types of PSII (Ca/Cl, Sr/Cl, Ca/Br,
Sr/Br) were fully competent in O2 evolution. Nevertheless, in
those with non-native ion combinations (Sr/Cl, Ca/Br, Sr/Br)
the S3TyrZ� to S0TyrZ transition was significantly slowed down
(Fig. 2).
Fig. 2 shows complex behavior for the kinetics measured at

292 nm. After the formation of P680 .�, the change in the tens
of nanoseconds time scale corresponds to the pure electron
transfer from TyrZ to P680 .�, whereas that in the �s to the
hundreds of �s time scale corresponds to the SnTyrZP680 .�7
SnTyrZ .�P680 7 SnTyrZ�P680 7 (Sn�1TyrZP680)� 7
Sn�1TyrZP680 equilibria, where the (Sn�1TyrZP680)� denotes an
unrelaxed state (82, 83). A change in the protein relaxation
processes is expected tomodify one ormore of these equilibria.
These relaxation processes, occurring in the earlier (ns to tens
of �s) time range, can be followed through the reduction kinet-
ics of P680 .�. In the S1 state, time-resolved absorption changes at
433 nm showed that none of the exchanges studied here
affected P680 .� reduction in the ns time scale. In contrast, the
components present in the �s to the hundreds of �s time range
were slowed down by the Ca2�/Sr2� exchange but remained
unaffected by the Cl�/Br� exchange (not shown, but see sup-
plemental data). This suggests that Ca2�, but not Cl�, is
involved in the relaxation processes associated with (or trig-
gered by) the oxidation of TyrZ by P680 .�.

Fig. 2 shows that the kinetics at 292 nm after the first flash
were also modified by the Cl�/Br� exchange, in agreement
with previous time-resolved studies of the TyrZ� decay in Ca-
depleted/Sr-reconstituted PSII in all of the S-state transitions
(84). As it is widely agreed that none of the S-state transition is
kinetically limited by the electron transfer reaction per se (7),
this indicates that both Ca2� and Cl� participate in setting the
factors that modulate the electron transfer between the Mn4
cluster and TyrZ�.

After the third flash, a lag phase can be observed before the
absorption decay, which corresponds to the (S3TyrZ)� to
S0TyrZ � O2 transition. This lag phase had already been
reported (67, 70–72) and was attributed to electrostatically
triggered structural rearrangements in the S3TyrZ� states (67),
which could involve proton release (72). The data in Fig. 2 show
that the duration of the lag phase was significantly increased
upon the Ca2�/Sr2� exchange and to a lesser extent upon Cl�/
Br� exchange. The increase in the lifetime of the intermediate
(S3TyrZ�)� state in SrBr-PSII could make this sample the mate-
rial of choice for further characterizations of the events occur-
ring in the lag phase.
We took advantage of the clear slowdown of theO2 release in

SrBr-thylakoids when compared with the SrCl-thylakoids (Fig.
3) in order to study the exchangeability of Cl� and Br�. The
kinetic consequences of the substitution of bromide for chlo-
ride proved to be unaffected by additional washings of the SrBr-
thylakoids in a Br�-free, Cl�-containing medium, indicating
that under these conditions, the bromide responsible for the
slower kinetics is strongly bound and/or occluded. Neverthe-
less, when the isolated Br�-containing enzyme was incubated
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in Cl�-containing buffer in the dark (i.e. in the S1 state) for 6–7
h, the effects of exchange became detectable. The halide
exchange kinetics in PSII from the thermophilic cyanobacte-
rium T. elongatus thus seem to be comparable with those
observed in plant PSII (85).
In plant PSII, the release of Ca2� in PSII lacking some of the

extrinsic polypeptides was shown to be very efficient in the S3
state but hardly occurred (at least under the experimental con-
ditions used) in the S1 state (86). In addition, the binding of Sr2�

in the empty Ca2�-binding site has been shown to require light
(28) indicating the likely involvement of the S2TyrZ� state in the
binding. These results suggested that in the higher S-state con-
formational changes occurredmaking possible the Ca2� (Sr2�)
release and Ca2� (Sr2�) binding. Sr-EXAFS spectroscopy per-
formed in SrCl-PSII recently substantiated these conforma-
tional changes by providing evidence for modifications in the
coordination sphere of the Sr2� ion associated with the succes-
sive S-state transitions (34). The S-state dependence of Cl�
release andCl� rebinding has been less documented.Neverthe-
less, it has been shown that reactivation of the S-state cycle in
Cl�-depleted PSII by nitrate is more efficient in the higher
S-states (43), suggesting that, as for Ca2�, the binding efficiency
increases with the S-states.
It should be pointed out that the Ca2�/Sr2� and Cl�/anion

exchangemechanisms discussed in the previous paragraph dif-
fer from those involved in biosynthetic exchange. The former
involves the structural rearrangement of the Mn4Ca cluster
occurring during the S-state cycle, whereas the latter involves
the assembly of the cluster in the photoactivation process (see
Ref. 87 for a review). In vitro it has been shown that the Sr2� ion
is able to substitute for Ca2� in the photoactivation process (87,
88). Biosynthetic exchange studies have shown that this is also
the case in vivo (Ref. 22 and this work; see also Ref. 30). The
demonstration that biosynthetic Cl�/Br� exchange is possible
is in agreement with in vitro photoactivation experiments
showing the ability for Br� to fully substitute for Cl� (89).
It has been proposed that most experiments in the literature

on the role of chloride, including those studying bromide
exchange, have been affected by artifacts induced biochemi-
cally (51, 52, 90) using chloride depletion procedures. This
remains a point of contention in the field, which we will now
discuss in the light of the present results, because the strategy
followed here eliminated biochemically induced artifacts.
In previous work (52, 85) the binding of Cl� to PSII was

studied with the following protocol. First, the 36Cl� that was
incorporated into PSII biosynthetically was found to be fully
exchangeable when dialyzed in a 35Cl�-containing medium.
Second, it was observed that the dialysis of PSII against a Cl�-
free medium resulted in only a partial loss of activity (51, 52).
Third, the remaining activity arose from all centers turning
over at a lower rate. From these observations it was concluded
that Cl� was not required for enzyme turnover (51, 52). This
conclusion, however, assumes that all of the Cl� was released
under the conditions used by Lindberg et al. (51, 52) for dialy-
sis/washing of PSII in Cl�-free medium (this assumption was
not demonstrated experimentally). In short, biosynthetically
labeled 36Cl� PSII preparation has not been studied in a Cl�-
free medium either in terms of its Cl� content or in terms of its

activity. Admittedly, thesewould be difficult experiments; how-
ever, the point wewould like tomake is that the conclusion that
Cl� is not required for enzyme turnover remains open to
discussion.
Some EXAFS studies suggest a possible Cl�-binding site

close to the Mn4 cluster (91), whereas other EXAFS studies
propose that, upon biochemical Cl�/Br� exchange, the bro-
mide site is located at a distance greater than 5 Å from theMn4
cluster (45). Nevertheless, the chloride depletion protocol (52)
used in that work (45) would not have resulted in a full deple-
tion of the PSII-bound chloride as discussed above. Therefore,
the bromide site investigated by Haumann et al. (45) is not
necessarily the one directly associated with the Mn4 cluster.
One way to avoid some of the ambiguities on the number and
type of chloride-binding sites would be to use the PSII prepara-
tion described in this work.
It is striking that the effects of exchanging Ca2�/Sr2� and

Cl�/Br� are additive. This might suggest that the physico-
chemical properties of either Ca2� or Sr2� depend on the pres-
ence of either Cl� or Br� and vice versa. If this were not the
case, it would be more difficult to explain why the Cl�/Br�
exchange resulted in a further slowdown of the limiting step
introduced upon Ca2�/Sr2� exchange. This hypothesis agrees
with models for the water oxidationmechanism, which involve
the formation of an electrophilic MnV�O (or MnIV-oxy radi-
cal) andCa2�-aquamotifs in the S4 state (see Ref. 37 for a recent
review). These models suggest that a chloride ion is close (or
bound) to the calcium ion (10, 36, 92). Also, it has been pro-
posed that the lower O2 activity observed upon Ca2�/Sr2�

exchange could be linked to the higher Lewis acidity of aqua-
Sr2� versus aqua-Ca2� (93). The binding of Br� to Ca2� and
Sr2� could also increase the Lewis acidity of the aqua ion of
Ca2� and Sr2�, respectively. This could explain the additive
effects of the Cl�/Br� and Ca2�/Sr2� exchanges.
Alternatively, the effects of the Cl�/Br� exchange investi-

gated here could originate from a more distant halide-binding
site. Several long distance effects indeed have been observed
already upon Ca2�/Sr2� exchange, such as the decrease of
affinity of cytochrome c550 followed by manganese release in
the absence of betaine,4 the decrease in the equilibrium con-
stant of QA

.QB 7 QAQB
. (57), and a change in the environ-

ment of the non-heme iron (27). These effects could well be
related to the marked effect of Ca2� removal on the redox
potential of the QA

./QA couple (94). All of these long distance
effects could include a modification of the H-bond network
around the Mn4 cluster, which would slow down some of the
electron transfer steps. However, although the biosynthetic
Ca2�/Sr2� exchange strongly affects several infrared modes in
the carboxylate frequency region (30, 32), the biochemical Cl�/
Br� exchange is reported to be silent in this spectral region (44).
From the thermoluminescence experiment, the decrease in

the energy level of the S3/S2 couple could be roughly estimated
to be 50–110 meV in SrBr-PSII when compared with CaCl-
PSII. An implicit hypothesis behind this estimate is that the
substitution only affects the energy levels of the S-states. As

4 A. Boussac, unpublished result.
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discussed above, this is certainly an oversimplification, which
results in an overestimate of the energy level decrease. Yet, the
marked increase in the duration of the lag phase that precedes
the oxidation of water and the 6–7-fold slowdown of the water
splitting both point to a role of Ca2� and Cl� in the oxygen
production mechanism, raising the issue of the possible corre-
lation between the thermodynamic and kinetics consequences
of the substitution.
Clausen and Junge (20) recently reported that water oxida-

tion may be driven backward by increasing the O2 pressure.
They estimated the overall driving force of the S3TyrZ�/S4 to
S0 � O2 transition to be 80 meV (20, 21). In this context,
decreasing the available driving force by lowering the free
energy level of the S3TyrZ�, as in the present case, could affect
the overall water splitting process kinetically. However, the
kinetics consequences reported here are quite different from
those reported from theO2 back-pressure experiments (20, 21).
In the latter case, the amplitude of the millisecond phase asso-
ciated with water splitting was decreased, and its observed rate
was slightly increased. These data could be accounted for by a
two-stepmodel involving an intermediate state (B) which accu-
mulates under largeO2 pressure and is formed at the expense of
S3TyrZ�/S4, It is of note that neither the forward nor the back-
ward rates of the S3TyrZ�/S47 B equilibrium were affected by
the increasedO2 pressure. In the present case, the apparent rate
constant of the S3TyrZ�/S4 decay is affected, implying that the
forward rate constant (and possibly the backward rate as well)
of this equilibrium is decreased, so that the efficiency of the
chemistry involved is decreased by the Sr2�/Ca2� and/or Br�/
Cl� substitution (see above for amore detailed discussion of the
possible mechanisms).
The lack of changes in the overall amplitude of the ms com-

ponent indicates, again in contradiction to Clausen and Junge’s
data (20), that the overall driving force of the S3TyrZ�/S4 to S0 �
O2 transition is not decreased enough to result in a detectable
accumulation S3TyrZ�/S4. This is somewhat surprising. Indeed,
because the present data point to a decrease in the free energy
level of S3TyrZ�/S4 in the modified PSII, such a decrease com-
bined with the shallow driving force of the water splitting reac-
tion (20, 21) should result in the accumulation of a detectable
amount of S3TyrZ�/S4. Because of the error bars in our estimate
of the change in the free energy level of the S3 state, this appar-
ent discrepancymaynot be irreconcilable. In any case, the SrBr-
PSII seems ideally suited for further studies of the effect of O2
pressure on the water oxidation mechanism.
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