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The thermophilic cyanobacterium, Thermosynechococ-
cus elongatus, has been grown in the presence of Sr2� in-
stead of Ca2� with the aim of biosynthetically replacing the
Ca2� of the oxygen-evolving enzyme with Sr2�. Not only
were the cells able to grow normally with Sr2�, they ac-
tively accumulated the ion to levels higher than those of
Ca2� in the normal cultures. A protocol was developed to
purify a fully active Sr2�-containing photosystem II (PSII).
The modified enzyme contained a normal polypeptide pro-
file and 1 strontium/4 manganese, indicating that the nor-
mal enzyme contains 1 calcium/4 manganese. The Sr2�- and
Ca2�-containing enzymes were compared using EPR spec-
troscopy, UV-visible absorption spectroscopy, and O2 polar-
ography. The Ca2�/Sr2� exchange resulted in the modifica-
tion of the EPR spectrum of the manganese cluster and a
slower turnover of the redox cycle (the so-called S-state
cycle), resulting in diminished O2 evolution activity under
continuous saturating light: all features reported previ-
ously by biochemical Ca2�/Sr2� exchange in plant PSII.
This allays doubts that these changes could be because of
secondary effects induced by the biochemical treatments
themselves. In addition, the Sr2�-containing PSII has other
kinetics modifications: 1) it has an increased stability of the
S3 redox state; 2) it shows an increase in the rate of electron
donation from TyrD, the redox-active tyrosine of the D2
protein, to the oxygen-evolving complex in the S3-state
forming S2; 3) the rate of oxidation of the S0-state to the
S1-state by TyrD

� is increased; and 4) the release of O2 is
slowed down to an extent similar to that seen for the slow-
down of the S3TyrZ

� to S0TyrZ transition, consistent with the
latter constituting the limiting step of the water oxidation
mechanism in Sr2�-substituted enzyme as well as in the
normal enzyme. The replacement of Ca2� by Sr2� appears
to have multiple effects on kinetics properties of the en-
zyme that may be explained by S-state-dependent shifts in
the redox properties of both the manganese complex and
TyrZ as well as structural effects.

The evolution of oxygen as a result of light-driven water
oxidation is catalyzed by photosystem II (PSII)1 in which a

cluster of 4 manganese ions acts both as a device for accumu-
lating oxidizing equivalents and as the active site. The reaction
center of PSII is made up of two membrane-spanning polypep-
tides (D1 and D2) that bear the redox cofactors involved in the
main electron transfer route. Absorption of a photon results in
a charge separation between a chlorophyll molecule (P680), and
a pheophytin molecule. The pheophytin anion transfers the
electron to a quinone, QA, and P680

� is reduced by a tyrosine
residue, TyrZ, that in turn is reduced by the Mn4 cluster.
During the enzyme cycle, the oxidizing side of PSII goes
through five different redox states that are denoted Sn, n vary-
ing from 0 to 4. Oxygen is released during the S3 to S0 transi-
tion in which S4 is a transient state (reviewed in Refs. 1–4).

Ca2� ions are known to be required for enzyme activity (1,
5–8). The role of Ca2� in PSII oxygen evolution has been the
focus of numerous articles in the last 20 years. Most of our
knowledge on the role of Ca2� comes from studies on plant
PSII. In PSII from plants, 1 Ca2� is associated with the chlo-
rophyll-binding protein CP29 (9), a protein that is absent in
cyanobacteria, and the second Ca2� ion is required for water
oxidation to take place (1, 5, 10–12). A specific binding site
appears during the assembly of the Mn4 cluster (6), and its
replacement with Sr2� perturbs the Mn4 EPR properties (7).
No other metal ions are able to reconstitute significant enzyme
activity (1, 5, 8, 13). The reconstitution of Ca2�-depleted plant
PSII with Sr2� restores approximately 40% of the oxygen evo-
lution activity (7, 8, 14). This decreased activity is because of a
slowdown of the S-state transitions (7, 14, 15).

When Ca2� (or Sr2�) is removed from its site, manganese
oxidation can still take place allowing formation of S2, but on
the following step, the normal S3-state is not formed (16, 17).
Instead, an abnormally stable form of the TyrZ

� is generated
(18, 19) that interacts magnetically with the manganese (still
in the S2-state) (16, 17). In addition, the rate of oxidation of
TyrZ is slowed down by several orders of magnitude when Ca2�

is absent (Ref. 14, see also Refs. 20 and 21), suggesting a role
for Ca2� in the deprotonation of TyrZ. Other suggested roles for
Ca2� include: 1) controlling substrate and Cl� access to the
active site (22) and 2) acting as a substrate water site (23, 24).
Such roles imply proximity to manganese ions and the Tyr as
first indicated from Ca2�/Sr2� exchange experiments (7), and
indeed recent EXAFS studies strongly favor a structural model
in which Ca2� is close to manganese or even within its co-
ordination sphere (25, 26).
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The replacement of Ca2� with Sr2� provides a relatively rare
case in which the enzyme turns over in all the centers but is
kinetically limited. This material is thus of particular interest
for enzymological and spectroscopic studies. The effects of
Ca2�/Sr2� exchange have been studied by continuous wave-
EPR (7, 15, 16, 27) and pulsed-EPR (28), Fourier transform
infrared spectroscopy (29, 30), and EXAFS (strontium, calcium
and manganese EXAFS) (25, 26). From Fourier transform in-
frared spectroscopy measurements, it has been proposed that a
Mn-O-Mn cluster vibrational mode is modified upon Ca2� re-
placement by Sr2� (29) and that Ca2� could be necessary for
the formation of the hydrogen bond network involved in the
reaction step of water oxidation (30). From the strontium-
EXAFS done on Sr2�-reconstituted Ca2�-depleted PSII, a man-
ganese-strontium distance of 3.4 Å has been proposed (25) (a
value confirmed by calcium-EXAFS done on normal PSII sam-
ple (Ref. 26)). In addition, it was found by mass spectrometry
experiments that substitution of Ca2� by Sr2� accelerated the
slow rate of H2

18O exchange by a factor of 3–4 in the S1-, S2-,
and S3-states (31).

These experiments were all performed after appropriate bio-
chemical treatments leading to Ca2�/Sr2� exchange. In gen-
eral, these treatments consist of washing PSII in high salt
buffers in the light (at pH 6.5, Ca2�/Sr2� exchange occurred in
the S3-state) (7, 16) or by treatment at low pHs (�3) (32).
Doubts have been raised in the past concerning potential sec-
ondary effects of the biochemical treatments used, and it has
been suggested that some of the phenomena associated with
Ca2� depletion, and by implication Sr2� replacement, may be
because of secondary structural effects (1, 5, 10, 33, 34). Al-
though good arguments have been made to counter these
doubts (1, 10, 35), these have been revived by related work
focused on removal and exchange of chloride ions where sec-
ondary biochemical effects have been specifically invoked (36).

The procedures to remove Ca2� always result in an inhibi-
tion (i.e. the release of the Mn4 cluster) of a small proportion of
PSII centers (37, 38). In addition, Sr2� reconstitution is not
necessarily 100% efficient and the Sr2�-reconstituted PSII is
very often an unstable material. All of these effects rendered
the previous Sr2�-reconstituted PSII an heterogeneous en-
zyme. These have made imperative the development of a new
fully stable and fully active strontium-PSII.

The focus of PSII research recently has turned to cyanobac-
terial PSII because of 1) the availability of mutants (39–41)
and 2) a move to study thermophilic species of cyanobacteria
that have provided excellent spectroscopic material (27, 42–45)
and have provided the first x-ray crystallographic models of
PSII (46, 47). The role of Ca2� in cyanobacterial PSII is more
poorly understood than in plant systems. From a few studies, a
less specific ion requirement has been reported (33, 48), and the
biochemical procedures developed for Ca2� ion removal in
plants are inappropriate for cyanobacterial systems, because of
differences in the extrinsic polypeptides present in cyanobac-
teria compared with plants (e.g. Refs. 3 and 49).

The measurement of calcium stoichiometries in PSII has
proved particularly problematic. Because of the ubiquitous na-
ture of Ca2�, background levels are often close to the concen-
tration found in the biological samples. Many years of wran-
gling went on before the field stopped arguing over the
stoichiometry in plant material (10, 11, 35). To measure the
stoichiometry of calcium in PSII of cyanobacteria, we wished to
avoid the difficulties encountered in plant PSII. One approach
that seemed worth trying was the biosynthetic replacement of
Ca2� with Sr2� by growing the cyanobacterial cells in Sr2�-
containing media. This approach promised the benefit of pro-
viding material not only for the measurement of strontium (and

hence calcium) stoichiometries, but also for enzymological and
spectroscopic studies in cyanobacteria without the necessity of
developing the exchange procedures in vitro and without the
risk of preparation artifacts.

Here we present (a) the results of this biosynthetic replace-
ment study using Thermosynechococcus elongatus, (b) a proce-
dure for the isolation of the Sr2�-containing enzyme, and (c) the
results of kinetics and enzymological studies.

EXPERIMENTAL PROCEDURES

Purification of “Thylakoids” and PSII Core Complexes—T. elongatus
(43-H strain) (41) were grown in 3-liter Erlenmeyer flasks (1500-ml
culture) in a rotary shaker (120 rpm) at 45 °C under continuous illu-
mination from fluorescent white lamps (�80 �mol of photons�m�2�s�1).
The cells were grown in a DTN medium (41) containing either 0.8 mM

CaCl2 or 0.8 mM SrCl2 in an CO2-enriched atmosphere. Cells were
grown until they reached an optical density (OD) close to 1.0 at 800 nm.
After harvesting by centrifugation, the cells were washed once with
buffer 1 (40 mM MES, pH 6.5, 15 mM MgCl2, 15 mM CaCl2, 10% glycerol,
1.2 M betaine) and resuspended in the same buffer, with 0.2% (w/v)
bovine serum albumin, 1 mM benzamidine, 1 mM aminocaproic acid, and
50 �g�ml�1 DNase I added, to a chlorophyll concentration of �1.5
mg�ml�1. The cells were ruptured with a French press (�700 p.s.i.).
Unbroken cells were removed by centrifugation (1,000 � g, 5 min).
Thylakoids were pelleted by centrifugation at 180,000 � g for 35 min at
4 °C and washed twice with buffer 1. Thylakoids were finally resus-
pended in buffer 1 and stored in liquid N2 at a Chl concentration of 1
mg�ml�1 before use. Thylakoids obtained from cells grown in the pres-
ence of either Ca2� or Sr2� will be noted as Ca-thylakoids or Sr-
thylakoids, respectively.

PSII were purified from freshly prepared thylakoids essentially as
described previously (41) but with the following modifications. Thyla-
koids (1 mg�ml�1, final concentration) were treated with 1% (w/v) n-do-
decyl-�-maltoside (�-DM, Biomol, Germany) in buffer 1 supplemented
with 100 mM NaCl. After �1 min of stirring in the dark at 4 °C the
suspension was centrifuged (10 min, 170,000 � g) to remove the non-
solubilized material. Then, the supernatant was mixed with an equal
volume of Probond resin (Invitrogen, Groningen, The Netherlands) that
had been pre-equilibrated with buffer 1. The resulting slurry was trans-
ferred to an empty column. After sedimentation of the resin inside the
column, the supernatant was removed. The resin was washed with
buffer 2 (40 mM MES, 15 mM MgCl2, 15 mM CaCl2, 100 mM NaCl, 15 mM

imidazole, 0.03% (w/v) �-DM, 10% (v/v) glycerol, 1.2 M betaine, pH 6.5)
until the OD value of the eluate at �670 nm decreased below 0.05.
Then, PSII core complexes were eluted with buffer 3 (150 mM MES, 15
mM MgCl2, 15 mM CaCl2, 200 mM NaCl, 300 mM imidazole, 0.1% (w/v)
�-DM, 10% (v/v) glycerol, 1.2 M betaine, the pH was adjusted to 6.5 by
adding concentrated HCl). The eluate was then either precipitated with
buffer 1 with 15% (w/v) polyethylene glycol-8000 added by centrifuga-
tion (10 min, 170,000 � g) or concentrated and washed using centrifugal
filter devices (Ultrafree-15, Millipore). PSII core complexes were finally
resuspended in buffer 1 at a Chl concentration of 1–1.5 mg�ml�1 and
store in liquid N2 before to be used. The estimate of Chl concentration
was done by solubilizing the biological material in methanol and by
using an extinction coefficient equal to 79.95 mg�1�ml�cm�1 at 665 nm
(51). PSII core complexes purified from cells grown in the presence of
either Ca2� or Sr2� will be noted calcium-PSII or strontium-PSII,
respectively.

Manganese Depletion—Manganese depletion of PSII was done by a
washing of the sample in 1.2 M Tris, pH 9.2, in room light at 4 °C for 1 h.
After centrifugation (3 h, 170,000 � g), the pellet was submitted to a
second washing in 1 M CaCl2 for 30 min at 4 °C. PSII depleted of the
manganese cluster and of the three extrinsic proteins was then pelleted
by centrifugation (3 h, 170,000 � g) and resuspended in buffer 1.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis—Calci-
um-PSII, strontium-PSII, and manganese-depleted PSII were mixed
with 30 mM Tris, pH 8.5, 30 mM dithiothreitol, and 1% lauryl sulfate at
a Chl concentration of 0.5 mg�ml�1. Samples were incubated on ice for
10 min and then applied to a 16–22% gradient of SDS-polyacrylamide
gel containing 7.5 M urea (52). Electrophoresis was done under a cur-
rent of 10 mA. The gel was stained with Coomassie Brilliant Blue as
described previously (52).

Oxygen Evolution Measurements—Oxygen evolution under continu-
ous light was measured at 25 °C by polarography using a Clark-type
oxygen electrode (Hansatech) with saturating white light. Oxygen evo-
lution of PSII core complexes (5 �g of Chl�ml�1) was measured in buffer

Sr2�-modified Photosystem II of T. elongatus22810



1 in the presence of 0.5 mM DCBQ (2,6-dichloro-p-benzoquinone, dis-
solved in Me2SO) or 0.5 mM PPBQ (phenyl-p-benzoquinone dissolved in
Me2SO) as electron acceptors. For measurements at various pH values,
the following buffers were used: MES, pH 5.5, 6.0, and 6.5; HEPES, pH
7.0 and 7.5; CHES, pH 8.0 and 8.5.

Oxygen evolution under flashing light was measured with a labora-
tory-made rate electrode similar to that already described (53). Ca-
thylakoids or Sr-thylakoids were used at 1 mg�ml�1 without an added
electron acceptor. Illumination was done with a xenon flash. The power
of the xenon flash was adjusted so that the light intensity was saturat-
ing (i.e. the miss parameter was minimum). Measurements were done
at room temperature (20–25 °C). The flash-induced oxygen evolution
patterns reported here were obtained as follows; the direct current was
recorded with a numerical oscilloscope (see the inset to Fig. 8), and then
the derivative versus time was computed mathematically. The deriva-
tive step (dt) used was dt � 10 ms for Ca-thylakoids and dt � 20 ms for
Sr-thylakoids because the oxygen release was slower in Sr-thylakoids
than in Ca-thylakoids. Then, the amplitude of the derivative signal was
plotted versus the flash number. Analysis of the flash-induced oxygen
evolution patterns was done using the classic equations listed below
assuming the miss (�) and double hit (�) parameters to be equal on all
flashes.

[O2]n � (1 � �)[S3]n�1 � ��S2]n�1 (Eq. 1)

[O2]n is the amount of O2 evolved after flash n, and [S3]n � 1 and [S2]n � 1

are the amount of S3 and S2, respectively, before flash n.

[Si]n � �1 � � � ���Si�1	n�1 � ��Si�2	n�1 � ��Si	n�1 (Eq. 2)

A scaling factor multiplying the experimental data was introduced into
the fitting procedure so that the amount of O2 evolved upon each flash
corresponded to the percentage of centers by which it was produced.

Continuous Wave-EPR Measurements—CW-EPR spectra were re-
corded using a standard ER 4102 (Bruker) X-band resonator with a
Bruker ESP300 X-band spectrometer equipped with an Oxford Instru-
ments cryostat (ESR 900). Continuous illumination of the Sr-thylakoid
samples ([Chl] � 3–4 mg�ml�1) was done with an 800-W tungsten lamp,
light from which was filtered through water and IR filters, in a nonsil-
vered Dewar flask filled with ethanol cooled to 198 K with solid CO2.
Flash illumination at room temperature was provided by a Nd:YAG
laser (532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-10). For meas-
urements of the S2-multiline signal after a given number of flashes,
strontium-PSII samples at 1 mg�ml�1 were loaded in the dark into
quartz EPR tubes and further dark-adapted for 1 h at room tempera-
ture. Then, the strontium-PSII samples were synchronized in the S1-
state with one pre-flash (27). After another dark period of 1 h at room
temperature, 1 mM phenyl-p-benzoquinone dissolved in Me2SO was
added (the final concentration of Me2SO was �3%). After illumination
by the indicated number of flashes, the samples were frozen in the dark
to 198 K, degassed at 198 K as already described (54), and then trans-
ferred to 77 K. For the measurements of TyrZ

� formation and decay at
room temperature, calcium-PSII and strontium-PSII samples ([Chl] � 1
mg�ml�1) were loaded into a flat cell and then illuminated directly in the
EPR cavity with the Nd:YAG laser describe above. The power of the
laser was decreased to �200 mW, which was strong enough to saturate
the samples. Scaling of the different traces was carefully done using the
Chl concentration of the samples. A check of the reaction center con-
centration has also been done using the TyrD

� signal amplitude as an
internal EPR probe. The amplitude of the TyrD

� signal was measured
after the last flash of the series, assuming that in these conditions TyrD

�

was oxidized in all centers.
Near-IR illumination of the samples was done directly in the EPR

cavity and was provided by a laser diode emitting at 820 nm (Coherent,
diode S-81-1000C) with a power of 600–700 mW at the level of the
sample.

UV-visible Absorption Changes—Absorption changes were measured
with a laboratory-built spectrophotometer (55), where the absorption
changes are sampled at discrete times by short flashes. These flashes
are provided by a Nd:YAG pumped (355 nm) optical parametric oscil-

lator, which produces monochromatic flashes (1 nm full-width at half-
maximum) with a duration of 6 ns. Excitation was provided by a dye
laser pumped by the second harmonic of a Nd:YAG laser (685 nm, 1
mJ). PSII cores complexes were used at 25 �g of Chl�ml�1 in buffer 1.
After dark adaptation for 1 h at room temperature (20–22 °C), 0.1 mM

PPBQ was added as an electron acceptor. DCBQ could not be used in
this experiment because it became reduced in the minutes time scale in
the presence of betaine (data not shown).

Measurements of Metal Contents—The metal contents were deter-
mined by inductively coupled plasma optical emission spectrometry
(ICP) (Vista-MPX CCD Simultaneous ICP-OES; Varian, Australia)
(56). Samples were mineralized overnight at room temperature in con-
centrated HNO3 (
69.5%, TraceSelect, Fluka). Then, the samples were
diluted with 18 M� water so that the acid concentration was below 5%.
For metal content analysis in whole cells, the cells were grown in the
same conditions with either 0.8 mM CaCl2 or 0.8 mM SrCl2 or both 0.4
mM CaCl2 and 0.4 mM SrCl2. Harvesting of the cells was done when they
reached an OD of 0.9 at 800 nm. They were then washed twice by
centrifugation (5 min, 4000 � g) and resuspension in a large volume of
water containing 100 �M EGTA (pH 7) at 4 °C to remove the metals
bound on the surface of the cells.

Electron Microscopy—Cells were centrifuged and resuspended in
fixative phosphate-buffered saline (PBS) at pH 7.4 and containing 2%
glutaraldehyde and incubated overnight at 4 °C. Then, the cells were
incubated for 10 min in PBS, harvested by centrifugation, resuspended
in PBS, and incubated for another 24 h. Then, after harvesting by
centrifugation, the cells were washed twice (by suspension and centrif-
ugation steps) in water and incubated for 15 min in 1% sodium meta-
periodate. The cells were post-fixed for 1 h in 1% sodium tetroxide and
1.5% potassium ferrocyanide in water (57). Automated Epon embedding
was carried out after dehydration in graded concentrations of ethanol
(70–100%) in a Leica Lynx apparatus. Thin sections were cut on a Leica
ultramicrotome, collected on copper grids, counterstained with Rey-
nold’s lead citrate, and photographed at the electron microscope (Phil-
ips EM 400) at 80 kV.

RESULTS

The ability for T. elongatus cells to grow with Sr2�-salt
instead of Ca2�-salt was tested by comparing the growth curves
in the presence of either Ca2� or Sr2� in the culture medium.
The concentration of the cells was estimated by measuring the
diffusion of light at 800 nm. In the exponential phase, a similar
doubling time close to 15 h was observed under both conditions.
By contrast, without the addition of either the Ca2� or the Sr2�

ion in the culture medium, the cells did not grow (data not
shown, but see Supplementary Material available in the on-
line version of this article).

In some cyanobacteria, it has been reported that an increase
of the strontium ion in the environment induced some pertur-
bations as the formation of external vesicles (58, 59). We looked
for such effects in the ultrastructure of T. elongatus grown in
the presence of Sr2� because we thought such effects could be
responsible for the difficulties encountered in isolating active
strontium-PSII (see below). At the resolution used, the photo-
synthetic membranes appeared to be similar in both types of
cells (data not shown, but see Supplementary Material avail-
able in the on-line version of this article).

The metals content in whole cells was analyzed by ICP
spectroscopy. The values are listed in Table I. They are ex-
pressed as the ratio “number of metal per 1 Chl.” The presence
of either Ca2� or Sr2� in the culture media did not strongly
affect the manganese and iron contents in the cells. By con-
trast, the strontium level in cells cultivated in the presence of
Sr2� was much higher than the calcium level in cells cultivated

TABLE I
Metals content in whole T. elongatus cells grown in the presence of 0.8 mM Ca2�, 0.8 mM Sr2�, or both 0.4 mM Ca2� and 0.4 mM Sr2�

Ca/Chl Sr/Chl Mn/Chl Fe/Chl

Cells � 0.8 mM Ca2� 8 0.001 0.016 0.37
Cells � 0.8 mM Sr2� 0.1 23 0.014 0.35
Cells � 0.4 mM Ca2� � 0.4 mM Sr2� 4.5 16 0.018 0.43

Sr2�-modified Photosystem II of T. elongatus 22811



in the presence of Ca2�. This result shows that T. elongatus
accumulates more (�4 times in these conditions) strontium
than calcium. When cells were cultivated with both Ca2� and
Sr2� in the medium, they still accumulate strontium.

Our first attempts to purify fully active oxygen-evolving PSII
using the protocol developed for normal cells failed. From EPR
spectroscopy it appeared that the oxidized cytochrome c-550
was no longer bound to PSII (given the very low potential of
this cytochrome (60) the loss of the Fe3� EPR signal being
caused by its reduction seems unlikely). This indicated that the
replacement of Ca2� by Sr2� decreased the affinity of PSII for
this extrinsic PSII subunit. Because the loss of the cytochrome
c-550 is often accompanied by the loss of the other extrinsic
proteins and hence by the loss of the Mn4 cluster, it seemed
likely that this was related to the lack of activity. Several
different approaches were tested to isolate active strontium-
PSII; these included the addition of high amount of glycerol
and/or mannitol, breaking of the cells with glass beads instead
of the French press, etc. Eventually, we found that the addition
of �1 M betaine in the buffers was sufficient to obtain active
strontium-PSII. Betaine has already been shown to protect
PSII against several stresses and, more precisely, against those
inducing the release of the extrinsic proteins (see Ref. 61 and
references therein).

Fig. 1 shows the electrophoretic profile of two different stron-
tium-PSII preparations (lanes 1 and 2), of calcium-PSII (lane 3)
(all purified in the presence of betaine; see “Experimental Pro-
cedures”), and of calcium-PSII from which the 33-kDa, 12-kDa,
and cytochrome c550 subunits have been removed by a Tris
washing, followed by a CaCl2 washing (lane 4). Fig. 1 shows

that the polypeptide content (in particular the 33-kDa, 12-kDa,
and cytochrome c550 extrinsic subunits) was similar in calcium-
PSII and strontium-PSII.

The measurement of manganese and strontium contents by
ICP on three different strontium-PSII batches gave a stronti-
um/4 manganese ratio of 1.05  0.10. Because strontium-PSII
was purified in the presence of 15 mM Ca2� in all buffers, any
exchangeable Sr2� ions either specifically or nonspecifically
bound to PSII were expected to be efficiently exchanged with
Ca2� from the buffer. Assuming 4 manganese/PSII reaction
center, we may conclude that our strontium-PSII preparation
contained 1 Sr2�/PSII reaction center. As, from the results
presented below, the proportion of inactive centers resulting
from empty Sr2� sites is very probably negligible, it can be
concluded that there is 1 Sr2�, and therefore 1 Ca2�, per PSII
reaction center in PSII from T. elongatus.

The manganese per PSII reaction center ratio may also be
deduced from the chlorophyll concentration of the sample used
for ICP measurements. By doing such an estimate, we found 43
Chls/4 manganese in calcium-PSII. Such a ratio is higher than
that deduced from three-dimensional crystallography (i.e. 35
Chls/4 manganese (Refs. 46 and 50) and 36 Chls/4 manganese
(Ref. 47)). However, our preparation conditions are milder than
those used in the crystallography studies; thus, any weakly or
nonspecifically bound chlorophylls are more likely to have been
removed in the material used for crystallography (46, 47, 50). A
value of 39 Chls/reaction center has also been reported in
highly active PSII from T. elongatus (62).

In addition to the manganese and strontium contents, we
also measured the iron content in calcium-PSII and strontium-
PSII and found a value of 3.7  0.3 iron/4 manganese. This
value is close to the expected value of 3 (1 iron for the non-heme
iron, 1 iron for cytochrome C-550, and 1 iron for cytochrome
b559). By EPR, a contaminant high spin FeIII is always found in
PSII samples (see for example the signal at g � 4.3, i.e. at
�1600 gauss, in Fig. 3). This could account for the extra 0.7 
0.3 iron/4 manganese detected here by ICP.

Biochemical exchange of Ca2� by Sr2� is known to affect the
EPR properties of the Mn4 cluster in the S2-state similarly in
PSII from plants (7) and PSII from T. elongatus (27). Therefore,
this spectroscopic probe was used to confirm that Sr2� has
replaced Ca2�. The EPR experiment was first performed on
Sr-thylakoids. The membrane suspension was put into an EPR
tube and dark-adapted for 1 h at room temperature to obtain
PSII mainly in the S1-state. Then the sample was frozen to 198
K before illumination at this temperature to form the S2-state
in most of the centers. The EPR spectrum of such a sample is
complicated because of the presence of many EPR signals orig-
inating from PSI and from other membrane-associated com-
plexes (data not shown). This complexity made difficult the
characterization of the S2-multiline signal. To overcome this
difficulty, after the 198 K illumination, the sample was further
illuminated by a 820 nm light, at 50 K, in the EPR cavity. This
near-infrared illumination has been shown to convert the spin
1/2 S2-multiline signal state into an S � 5/2 spin state charac-
terized by signals around g � 9 (44). The difference signal
before minus after the 820 nm illumination is shown in Fig. 2
(spectrum b). This corresponds to the S2-multiline signal, which
disappeared upon near infrared illumination. This S2-multiline
signal is clearly different from a normal S2-multiline signal
(spectrum a) and exhibits the characteristic number of lines
and the line spacing observed in Sr2�-reconstitued PSII (7, 27).
This experiment shows that Sr2� bound to the same site as that
in Sr2�-reconstituted, Ca2�-depleted PSII. Additionally, this
result also shows that the previously reported modifications of
the S2-multiline in Sr2�-reconstituted PSII are not caused by

FIG. 1. Coomassie Brilliant Blue staining of SDS-PAGE of pu-
rified strontium-PSII (lanes 1 and 2), calcium-PSII (lane 3), and
PSII depleted of the three extrinsic polypeptides (lane 4). 10 �g
of Chl was loaded in each lane. See “Experimental Procedures” for
additional details.
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secondary effects of the biochemical treatment used to substi-
tute Ca2� for Sr2�.

Fig. 3 shows the EPR spectra using strontium-PSII after
illumination by the indicated number of flashes given at room
temperature. In strontium-PSII, the multiline signal (between
�2500 and �4300 gauss) observed after one flash, i.e. in the
S2-state, is similar to that previously observed in Sr2�-recon-
stituted, Ca2�-depleted PSII (27). Additional features in Fig. 3
are the following: 1) the gz and gy resonances of cytochrome c550

at �2230 gauss and �2920 gauss respectively (60), 2) a signal
at g � 4.3 (�1600 gauss) from a contaminant FeIII, 3) the
amplitude of the signals at g � 7.6 and g � 5.5, originating
from the oxidized non-heme iron, oscillates with a period of 2
resulting from oxidation of the Fe2� by the semiquinone form of
PPBQ on the odd-numbered flashes, followed by reduction of
Fe3� by QA

� on even-numbered flashes (63).
Sr2� reconstitution of Ca2�-depleted plant PSII restores ap-

proximately 40% of the oxygen evolution activity when meas-
ured under continuous illumination (7, 8). This decrease in the
activity has been shown to result from slower S-state transi-
tions (14, 15). The half-time for the S3TyrZ

� to S0TyrZ transition
was 5 ms after reconstitution of Ca2�-depleted PSII with Ca2�

and 18 ms after reconstitution with Sr2� (15). To determine the
kinetics of the SiTyrZ

� to Si � 1TyrZ transitions, we followed the
absorption changes at 292 nm using a Joliot type spectropho-
tometer (64, 65). This wavelength corresponds to an isosbestic
point for PPBQ�/PPBQ (data not shown) and is in a spectral
region where the absorption of the Mn4 depends on the S-
states. Therefore, (i) the amplitude of the absorption changes
upon flash illumination in the hundreds of milliseconds time
range (i.e. when reduction of TyrZ

� by the Mn4 complex was
completed) showed an oscillated pattern reflecting the S-state
cycle and (ii) the kinetics of the absorption changes upon flash
illumination in the nanoseconds to milliseconds time range are
a measure of the SiTyrZ

� to Si � 1TyrZ transitions (at least those
in which the �I/I for Mn4 oxidation is different from that of
TyrZ

�/TyrZ i.e. the S1 to S2 and S3 to S0 transitions).
Fig. 4 shows the oscillating pattern observed with calcium-

PSII (panel A) and strontium-PSII (panel B). Period four oscil-
lations are clearly visible at least until the 23rd flash. For
technical reasons the analytic flash had a small actinic effect.
To partially take into account this effect, the data were fitted

using a double hit parameter different from zero. The two
parameters, � (miss) and � (double hit), can be calculated
without the knowledge of the individual �	 for each S-state
transition (64). Using the formula developed by Lavorel (66)
and the oscillating patterns in Fig. 4, the following values were
obtained: in calcium-PSII, � � 8% and � � 4%; and in stron-
tium-PSII, � � 7% and � � 3%. These values are similar
showing no strong effect of Sr2� substitution on the oscillating
properties. The amplitude of the absorption changes associated
with each flash of a series seem slightly smaller in strontium-
PSII compared with calcium-PSII. This may reflect either a
lower proportion of active centers (but see below) or different �	
for some (or all) S-state transitions. This latter possibility is not
unlikely if the Ca2� ion, and therefore the Sr2� ion, constitutes
one of the four metals in the distorted cubane (50). Indeed, the

FIG. 2. Effect of near-infrared light in the S2-state of Sr-thyla-
koids. Spectrum a corresponds to a normal S2-multiline EPR spectrum
recorded in calcium-PSII (27). Spectrum b corresponds to a difference
spectrum obtained by subtracting the spectrum recorded after a 820-nm
illumination at 50 K to that recorded before the near-infrared illumi-
nation in Sr-thylakoids. Temperature, 9 K; modulation amplitude, 25
gauss; microwave power, 20 mW; microwave frequency, 9.4 GHz; mod-
ulation frequency, 100 kHz. The central part of the spectra correspond-
ing to the TyrD

� region was deleted.

FIG. 3. EPR spectra recorded on strontium-PSII (Chl � 1 mg/
ml) after a series of saturating laser flashes (1 Hz) in the pres-
ence of 1 mM PPBQ. Instrument settings: modulation amplitude, 25
G; microwave power, 20 mW; microwave frequency, 9.4 GHz; modula-
tion frequency, 100 kHz. Temperature, 9 K. The central part of the
spectra corresponding to the TyrD

� region was deleted.

FIG. 4. Sequence of the amplitude of the absorption changes at
292 nm during a series of saturating flashes (spaced 400 ms
apart) given on calcium-PSII (panel A) and strontium-PSII
(panel B). The samples (Chl � 25 �g/ml) were dark-adapted for 1 h at
room temperature before the addition of 100 �M PPBQ (dissolved in
Me2SO). The measurements were done 300 ms after each flash.
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metal exchange is expected to have some consequences on the
structure and therefore on the spectral characteristics of the
complex.

Fig. 5 reports the absorption changes at 292 nm from the
nanosecond time scale to the millisecond time scale calcium-
PSII (open symbols) and strontium-PSII (closed symbols). The
results shown only concern the kinetics recorded after the first
flash (panel A) and the third flash (panel B), which, to a first
approximation, corresponded to the S1TyrZ

� to S2TyrZ and to
the S3TyrZ

� to S0TyrZ transitions, respectively. In principle, we
would have to remove small contributions from other S-state
transitions after the first and third flash. However, we have
observed that after the second and fourth flash (i.e. mainly for
the S2 to S3 and S0 to S1 transitions) the �I/I of the TyrZ

� 3
TyrZ and Si3 Si � 1 transitions were similar at 292 nm. This has
two consequences: 1) the electron transfer kinetics for the S0 to
S1 and S2 to S3 transitions cannot be monitored at 292 nm, and
2) the S0 to S1 and S2 to S3 transitions do not contribute
significantly to the absorption changes detected at 292 nm after
the first and third flash.

The S1TyrZ
� to S2TyrZ transition was slowed down from 50 to

230 �s and the S3TyrZ
� to S0TyrZ transition was slowed down

from 1.6 to 11 ms. The t1⁄2 found in this work for calcium-PSII
are similar to those reported previously (65, 67). By contrast,
the S3 TyrZ

� to S0TyrZ and S1TyrZ
� to S2TyrZ transitions in

strontium-PSII are significantly faster than those reported pre-
viously for Sr2�-reconstituted Ca2�-depleted PSII (15). A pos-
sible reason for that is the absence of the 24-kDa polypeptide in
the previous EPR work (15). Indeed, in PSII from plants the
removal of this protein increases the half-time of the S3TyrZ

� to
S0TyrZ transition from 1 to 5 ms (68). The following observa-
tions can also be made from the data in Fig. 5. Although in
calcium-PSII the �I/I did not vary significantly in the 1–10-�s
time range after the flash, in strontium-PSII we observed a
small increase. Such an effect could reflect a slower equilibra-
tion rate for the TyrZP� 7 TyrZ

�P equilibrium in strontium-
PSII compared with calcium-PSII.

In the absence of the Mn4 cluster, TyrZ
� reduction is expected

to occur in the tens to hundreds of milliseconds time scale (69).
From results reported in Fig. 5, there is no evidence for such
very slow kinetics in strontium-PSII. This would indicate that
the sample contained no detectable amount of PSII centers

inactive in oxygen evolution. To further support this conclu-
sion, we have measured TyrZ

� formation and reduction upon
repetitive flash illumination by using EPR spectroscopy (Fig.
6). This technique allows the detection of the TyrZ

� radical
without any other contributions except that from TyrD

�, which
can be considered as stable in the time scale where TyrZ

� is
re-reduced. The TyrZ

� formation and reduction was first meas-
ured in the manganese-depleted sample (trace a). The ampli-
tude of the signal has been arbitrarily scaled to 100%. The
decay of trace a is bi-exponential, 72% of TyrZ

� decayed with a
t1⁄2 � 150 ms and 28% with a t1⁄2 � 22 ms. Trace b was measured
in calcium-PSII. In this sample the reduction of TyrZ

� is too fast
(t1⁄2 � 1.6 ms from data in Fig. 5) to be measured in our EPR
conditions. We could only detect the tail of the decay of the
slowest S-state transition, i.e. the S3TyrZ

� to S0TyrZ transition
with t1⁄2 � 1.6 ms. Trace c was measured in strontium-PSII. The
maximum signal amplitude corresponded to �40% of trace a.
Because trace c results from the average of all S-state transi-
tions, only those in which the t1⁄2 is 
1 ms can be detected and
each would be expected to be 25% of the signal amplitude in
trace a if fully resolved.

It is difficult to obtain a very satisfactory fit of trace c (data
not shown). A relatively good fit may include a component
corresponding to �5–10% of trace a. This percentage would
correspond to an upper limit for inactive centers. The remain-
ing part of trace c corresponded to 25–30% of the centers. In
this phase, TyrZ

� decayed with a t1⁄2 equal to 10 ms. The ampli-
tude of the 10-ms phase is close to the maximum amount of
TyrZ

�, which can be detected if only one S-state transition
contributes to the signal. The t1⁄2 of this phase is very close to
that of the S3TyrZ

� to S0TyrZ transition already detected at 292
nm in Fig. 5. Trace c also contains a phase faster than the time
resolution of the spectrometer (amplitude of which corresponds
approximately to 5% of the centers). This short-lived signal
could correspond to the tail of the S2TyrZ

� to S3TyrZ transition,
i.e. the second slowest transition (15).

In PSII from plants the oxygen evolution activity under
continuous saturating light, at pH 6.5, was decreased by a
factor of �2.5 after a Ca2�/Sr2� exchange (7, 8). We report here
an experiment in which O2 evolution was measured in calcium-
PSII and strontium-PSII. Because the pH value and/or the type
of electron acceptor may differently affect the activity in calci-
um-PSII and strontium-PSII, measurements were done as a

FIG. 5. Kinetics of the absorption changes at 292 nm after the
first flash (panel A) or the third flash (panel B) given on dark-
adapted calcium-PSII (open circles) or strontium-PSII (filled
circles). Other experimental conditions were similar to those in Fig. 4.

FIG. 6. Formation and decay kinetics at room temperature of
the TyrZ

� EPR signal recorded at 3340 G (at the position of the
low field maximum of the TyrZ

� EPR spectrum) under repetitive
flash experiment (spaced 5 s apart) in the presence of 0.5 mM
PPBQ (dissolved in Me2SO). Each sample was submitted to 64
flashes. Then data from four samples were averaged. Trace a was
recorded on manganese-depleted PSII. Traces b and c were measured on
calcium-PSII and strontium-PSII, respectively. Chl � 1 mg/ml. Other
experimental conditions were as follows: microwave power, 20 mW;
modulation amplitude, 4.5 gauss; modulation frequency, 100 kHz; mi-
crowave frequency, 9.4 GHz; time constant, 0.32 ms.
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function of pH with either DCBQ or PPBQ as electron accep-
tors. Because the incubation time in the presence of betaine
was very short, DCBQ could be used here. Results are shown in
Fig. 7. Best fittings of the data were obtained using bell-shaped
curves (with two apparent pK values) for measurements in the
presence of PPBQ (panel A) or curves with a single apparent pK
for the acidic region in the presence of DCBQ (panel A). Several
observations can be made: 1) the Ca2�/Sr2� exchange de-
creased the activity by a factor �2.2–2.4; 2) in both PSII prep-
arations, the activity was higher with DCBQ than with PPBQ;
3) the apparent pK in the acidic region (pK � 5.9) is similar in
strontium-PSII and calcium-PSII with DCBQ and strontium-
PSII with PPBQ, but is slightly different (pK � 5.0) for calcium-
PSII with PPBQ; 4) the basic apparent pK (pK � 8.3) was
similar with strontium-PSII and PS/calcium with either PPBQ
or DCBQ. These small differences seem unlikely to be caused
by a direct effect of the Ca2�/Sr2� exchange in the site.

The stability of the Sn-states in the strontium-containing
enzyme has been investigated by using a Joliot-type O2 elec-
trode. This technique requires the use of thylakoids (or cells)
instead of PSII because sedimentation of the sample on the
bare platinum electrode is required. An advantage of this kind
of experiment is that it is easy to have a complete flash se-
quence and therefore to calculate from the flash-induced oxy-
gen pattern both the proportions of S3/S2/S1/S0 and the � and �
parameters. A complete study comparing properties of Ca-
thylakoids from T. elongatus with those from plants has been
recently performed (70). In particular, the role of TyrD and
temperature have been investigated. In the present work, we
have compared Sr-thylakoids and Ca-thylakoids at room tem-
perature and after a similar dark-adaptation period on the
electrode.

Flash-induced O2 evolution patterns from Sr-thylakoids and
Ca-thylakoids samples dark-adapted for 1 h at room tempera-

ture on the polarized electrode are shown in Fig. 8. The inset in
Fig. 8 shows an example of the direct trace obtained with
dark-adapted Sr-thylakoids. From the fit of the sequences, the
following parameters were obtained: in calcium-PSII: � � 8%,
� � 7%, S1 � 85%, S0 � 15%; in strontium-PSII: � � 8%, � �
5%, S1 � 95%, S0 � 5%.

As observed above, the � and � parameters were found to be
similar in Sr-thylakoids and Ca-thylakoids. If significant, the
smaller � value in Sr-thylakoids could originate from a slower
P�

680 reduction by TyrZ, as suggested from data in Fig. 5. The
percentage of centers in the S1-state in Sr-thylakoids was found
to be higher than in Ca-thylakoids. This observation is easily
understandable from the experiments reported below.

The reduction (or “deactivation”), in the dark of the S3- and
S2-states has been determined. Samples, dark-adapted for 1 h
on the electrode, were submitted to two flashes. Then, after a
second dark period (the deactivation time), varying from 0.4 s
to 90 min, a series of 19 flashes was given. The flash-induced
O2 evolution patterns were measured and fitted, using the
same � and � values as above, and the S3/S2/S1/S0 contents
after each deactivation time were deduced. The plots of the
S3/S2/S1 concentrations versus the deactivation time in Ca-
thylakoids and Sr-thylakoids are shown in Fig. 9 (A and B),
respectively. Results from the fits are listed in Table II. For
each sample, the three kinetics were fitted globally using ex-
ponential decays and assuming that the deactivation from S3 to
S1 occurred via S2 in all centers. A bi-exponential decay was
used for the deactivations from S3 to S2. The fits also included
a proportion of centers in S2 (which deactivated to form S1

during the experiment) and a proportion of centers in S1 after
the second flash. The proportion of centers in the S0-state was
considered as negligible after two flashes so that the equation
describing the proportion of S1 as a function of time did not
take into account the possible S0TyrD

� to S1TyrD reaction. We
also neglected a possible fraction of centers in the S2TyrD-state
after the second flash, which would give the S1TyrD

� state. The
equations used are listed below.

[S3]t � �S3]t�0��p�exp(�k1�t� � �1 � p)�exp(�k2�t�� (Eq. 3)

FIG. 7. Oxygen-evolving activity as a function of pH of calci-
um-PSII (open circles) and strontium-PSII (filled circles) in the
presence of 0.5 mM PPBQ (upper panel) or 0.5 mM DCBQ (lower
panel). Chl concentration was 5 �g/ml. Data were fitted using the
program Grafit (Erithacus Software) with either bell-shaped curves for
activity measurements done in the presence of PPBQ or using a single
pK for data below pH 8 for activity measurements done in the presence
of DCBQ.

FIG. 8. Flash-induced oxygen evolution pattern during a se-
quence of saturating xenon flashes (spaced 400 ms apart) given
on Ca-thylakoids (filled circles) and Sr-thylakoids (open circles).
The samples (Chl � 1 mg/ml) were dark-adapted for 1 h at room
temperature on the polarized bare platinum electrode. Amplitude of the
flash-induced oxygen evolution has been plotted so that it corresponds
directly to the percentage of centers in which O2 is produced. This has
been done by scaling the experimental data to the simulated data
obtained as described in the text. The continuous and dashed lines are
the results of the fitting procedure for the Ca-thylakoids and Sr-thyla-
koids samples, respectively. The S1/S0 ratio and � and � parameters
used for the fits are described under “Results.”
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[S2]t � [S2]t � 0�exp(�k3�t)

� p�[S3]t � 0�(k1/(k3 � k1)�(exp(�k1�t) � exp(�k3�t)))

� (1 � p)�[S3]t � 0�(k2/(k3 � k2)�(exp(�k2�t) � exp(�k3�t))) (Eq. 4)

[S1]t � [S1]t � 0 � [S2]t�0�(1 � exp(�k3�t))

� ([S3]t � 0 � [S3]t � �p�[S3]t � 0�(k1/(k3 � k1)�(exp(�k1�t) � exp(�k3�t)))

� (1 � p)�[S3]t � 0�(k2/(k3�k2)�(exp(�k2�t) � exp(�k3�t))))) (Eq. 5)

[S3]t, [S2]t, and [S1]t were the experimental points and [S3]t � 0,
[S2]t � 0, [S1]t � 0, k1, k2, k3, p the variables to adjust.

In both Ca-thylakoids and Sr-thylakoids, the S3 to S2 deac-
tivation was found to be biphasic. The fastest phase was 4
times faster in Sr-thylakoids than in Ca-thylakoids. This fast
phase (t1⁄2 � 7.8 and 2.4 s) corresponds very probably to the
reduction of S3 into S2 by TyrD. By contrast with a previous
work (70), no specific protocol has been used here to have 100%
TyrD

� at the beginning of the experiments. The slow phase for
the S3 reduction to S2 was found to be almost 4 times slower in
strontium-PSII than in calcium-PSII. The rate of S2 deactiva-
tion into S1 was found to be insensitive to the Sr2� substitution.
The monophasic decay in this process probably results from the
protocol used. Indeed, any TyrD that could have contributed to
a fast S2 decay would have been already oxidized during the S3

to S2 deactivation.
The oxidation rate, in the dark, of the S0-state into the

S1-state was determined using the following protocol. Samples
dark-adapted for 1 h (on the electrode) at room temperature
were submitted to three flashes. Then, after a second dark
period, varying from 0.4 s to 90 min, a series of 19 flashes was
given. The flash-induced O2 evolution patterns were measured
and fitted using the deduced S3/S2/S1/S0 concentrations after
the varying dark periods. The S0-state proportions versus the
varying dark times in Ca-thylakoids and Sr-thylakoids are
shown in Fig. 9C. The data were fitted using bi-exponential
decays.

[S0]t � [S0]t � 0�(q�exp(�k4�t) � (1 � q)�exp(�k5�t)) (Eq. 6)

In both Ca-thylakoids and Sr-thylakoids, the disappearance of
the S0-state occurred in a biphasic process. In Ca-thylakoids,
the slowest phase was considered to be a constant on the time
scale used here. As mentioned above, the most obvious origin
for the S0-state decay is the S0 TyrD

� to S1TyrD reaction. This
reaction was found to be considerably accelerated in Sr-thyla-
koids compared with Ca-thylakoids. The higher efficiency of
the S0TyrD

� to S1TyrD reaction in Sr-thylakoids versus Ca-
thylakoids could explain the higher proportion of centers in the
S1-state in dark-adapted Sr-thylakoids (and probably also in
strontium-PSII).

As shown above, the lower oxygen evolution activity reported
in Sr2�-reconstituted Ca2�-depleted PSII is consistent with
slower S-state transitions. In particular, both EPR and absorp-
tion changes measured at 292 nm indicated that the S3TyrZ

� to
S0TyrZ transition slows down from �1.6 to �10 ms. The
S3TyrZ

� to S0TyrZ transition is that in which the O2 release
occurs. The rate of this oxygen release can be roughly esti-
mated with the electrode used above (71). Such an experiment
is depicted in Fig. 10. In this experiment, the oxygen release
was measured after the third flash using Sr-thylakoids and
Ca-thylakoids dark-adapted for 1 h at room temperature. The
t1⁄2 for the oxygen release was estimated to be 1–2 ms in Ca-
thylakoids and 5–7 ms in Sr-thylakoids. The O2 release in
Sr-thylakoids was found to be slightly faster than the S3TyrZ

� to
S3TyrZ transition measured above in strontium-PSII. Effects
caused by the detergent used for PSII purification could be at
the origin of this slowdown. The integration of the amperomet-
ric signal from t � 0 (but without the small artifact) to the time
where all of the O2 was consumed by the electrode, gave a
similar value in Ca-thylakoids and Sr-thylakoids. This indi-
cates that a similar amount of O2 has been evolved in both
samples. Comparisons between the values found here for the
oxygen release and those found above for the S3TyrZ

� to S3TyrZ

transition show that the latter reaction is the limiting step in
the oxygen evolution process.

DISCUSSION

The finding that T. elongatus can grow at the same rate in a
culture medium containing Sr2� instead of Ca2�, although the

FIG. 9. Deactivation kinetics of the S3- and S2-states and for-
mation of the S1-state, in the dark, at room temperature, in
Ca-thylakoids (panel A) and Sr-thylakoids (panel B). Panel C
shows the kinetics of the S0-state to S1-state conversion in Ca-thyla-
koids (filled circles) and Sr-thylakoids (open circles). See “Results” for
other details.
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result we were looking for, was something of a surprise. The
observation that the cells died without Sr2� addition shows
that Ca2� contamination in the medium could not sustain cell
growth. However, in the strontium-grown cells, the Ca2� con-
tamination measured was �0.5% of that in calcium-grown
cells. It seems possible then that other physiological functions,
which may be rigorously dependent on Ca2�, could have been
satisfied by this Ca2� contamination. From many of the results
presented above and discussed below, it is clear the Ca2�

requirement in O2 evolution is completely satisfied by Sr2�.
The observation that the cell growth rate is similar in stron-
tium and calcium media, even though the enzyme activity is
markedly inhibited, shows that the water oxidation activity
does not limit cell growth under the culture conditions used.

The isolation and purification of oxygen-evolving PSII from
strontium-grown cells required the presence of betaine in all
the media other than the culture medium. Although the pro-
tective role of betaine is not fully understood, it has been shown
that it protects PSII against the loss of the three extrinsic
proteins (61). In the absence of betaine, it appears that the
Sr2�/Ca2� exchange decreases the strength of the binding of
the extrinsic proteins to PSII. In our earlier work with PSII
from plants, we had observed that the reconstitution of the 24-
and 17-kDa polypeptides failed when Sr2� had been biochem-
ically substituted for Ca2�.2 This could reflect the same phe-
nomenon in the PSII from plants. It is, however, surprising
that the exchange of a single Ca2� ion with a Sr2� ion within
the active site should have the effect of destabilizing the bind-
ing properties of the extrinsic polypeptides. Superficially, the
new x-ray crystallographic structure does not provide an obvi-
ous explanation for this effect (50).

Quantification of Ca2� in biological samples is difficult be-

cause the concentration of unspecific Ca2� is often high and it
is sometimes impossible to decrease this background below to
the concentration of the enzyme. This is particularly true with
cyanobacteria, for which the oxygen-evolving activity decreases
irreversibly when PSII is resuspended in media with a Ca2�

concentration below 10 mM (data not shown, but see Ref. 33).
This protective effect of Ca2� is not clearly understood, but it
complicates quantification of Ca2� in the enzyme site. The use
of PSII with Sr2� in the Ca2� site allowed us to overcome this
difficulty. Because strontium-PSII was purified in the presence
of 15 mM Ca2� in all buffers, any exchangeable Sr2� ions, either
specifically or nonspecifically bound to PSII, were expected to
be efficiently exchanged with Ca2� from the buffer. Analysis of
the metal content in the isolated strontium-PSII enzyme
showed 1 strontium/4 manganese. This highly sequestered
strontium ion is responsible for the modification of the enzyme.

Given the nonexchangeability of Sr2�, the loss of activity in
media lacking Ca2� seems more likely to be associated with an
additional structural role of Ca2� not directly related to that in
the active site. This could explain some of the reports in the
literature (1, 5, 48) of a different specificity for metal cations in
cyanobacterial PSII.

Strontium-PSII isolated in the presence of betaine showed a
polypeptide profile on SDS-polyacrylamide gels that was very
similar to that of calcium-PSII. In Sr-thylakoids, there was no
evidence for inactive centers. Indeed, the amount of O2 evolved
per flash in Sr-thylakoids (i.e. equivalent to the amount of
active PSII centers, assuming a similar number of Chl/PSII
and a similar PSII/PSI ratio in Ca-thylakoids and Sr-thyla-
koids) was similar to that evolved in Ca-thylakoids. The kinet-
ics of TyrZ

� reduction measured by EPR gave an upper limit of
5–10% of inactive centers, but the kinetics of TyrZ

� reduction
measured by absorption changes at 292 nm did not exhibit any
slow phases that could correspond to TyrZ

� reduction in man-
ganese-depleted PSII. Furthermore, illumination of strontium-
PSII at 200 K gave a negligible amount of chlorophyll cation
radical, ChlZ

� (data not shown), a species that is formed at low
temperatures when both the manganese cluster and the cyto-
chrome b559 are unable to donate electrons (72); hence, the
formation of this radical is considered to be a measure of
damaged centers.

The lower amplitude of the period of four oscillations in
strontium-PSII, measured at 292 nm, compared with those
observed in calcium-PSII could be an indication of the presence
of 5–10% of inactive centers. Alternatively, it is possible that
the Sr2�/Ca2� exchange modifies the �	 of at least some of the
Si to Si � 1 transitions and this could be responsible for the
lower amplitude in the 292 nm oscillations.

It has been reported that the light-driven assembly of the
manganese/calcium (manganese/strontium) cluster (“photoac-
tivation”) occurs with greater efficiency when Sr2�is present
instead of Ca2� (6). This effect has been interpreted as origi-
nating from a higher binding affinity of Ca2� versus Sr2� for
hydroxide. Otherwise, the specificity of the Ca2�-depleted en-
zyme for Sr2� and Ca2� to reconstitute the O2-evolving activity
(73) has been interpreted as originating from the similar pK for2 A. Boussac, unpublished data.

FIG. 10. Kinetics of the oxygen release measured after the
third flash given on Ca-thylakoids (trace a) and Sr-thylakoids
(trace b) dark-adapted for 1 h on the bare platinum electrode.
Other experimental conditions were as in Fig. 8 except that the time
scale was 10 times faster.

TABLE II
Deactivation kinetics of the S3- into S2-states and S2- into S1-states and kinetics of oxidation in the dark of the

S0- into S1-states in Ca-thylakoids and Sr-thylakoids

S3 3 S2 S2 3 S1 S0 3 S1

% half-time % half-time % half-time

Ca-thylakoids 76 4.9 min 100 7.5 min 62 9.9 min
24 7.8 s 38 Constant

Sr-thylakoids 67 16 min 100 7.1 min 50 34 s
33 2.4 s 50 24 min
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Sr2� and Ca2� on the Lewis scale. A study of the pH depend-
ence of oxygen evolution in strontium-PSII versus calcium-PSII
showed no significant differences. Nevertheless, it is of note
that we measured the activity under continuous illumination.
Thus, if the Sr2�/Ca2� exchange influenced a nonlimiting step
in the cycle, it would not have been detected. This might at
least partially explain the discrepancy between the apparent
pK found here and those found earlier (74) for each S-state
transition in PSII/calcium. Future work will be aimed at study-
ing the influence of pH on each individual S-states in stronti-
um-PSII compared with calcium-PSII.

O2 release occurs with a t1⁄2 close to 1–2 ms in Ca-thylakoids
and 5–7 ms in Sr-thylakoids. These kinetics correspond to
those of the S3TyrZ

� to S0TyrZ transition measured here both by
EPR and by absorption changes measurements at 292 nm. This
result is in line with the model in which O2 release is limited by
the S3TyrZ

� to S0TyrZ transition (65). We had hoped that the
strontium substitution may allow for the resolution and even
trapping of intermediate states occurring in the water oxida-
tion mechanism on the S3 to S0 transition (see, for example,
Ref. 75). Further modifications of the enzyme are required
before potential intermediates can be resolved.

Given existing knowledge of the enzyme (see Introduction
but also Ref. 50), it seems reasonable that the main influence of
Sr2� will be on its nearest neighbors, the TyrZ and particularly
the Mn4. A slowdown in the forward steps of the enzyme cycle
(the advancement of the S-states) and the associated lowering
of oxygen-evolving activity, as reported here and earlier, fit
with the existing ideas on the location and role of the Ca2�.
Indeed, the recent crystal structure shows the close association
of calcium with the manganese and the TyrZ (50). The addi-
tional observations reported here (the acceleration of TyrD to S3

electron donation, the oxidation of S0 by TyrD
�, the longer S3

lifetime, the indications of a slight shift in the TyrZP�7 TyrZ
�P

equilibrium toward P�, and the lack of any change in S2 life-
time despite the change in its EPR signal) can all be rational-
ized with changes in the properties of Tyr, manganese and the
calcium/strontium itself. It is clear, however, that no single
straightforward effect (such as a consistent change in the redox
potential of the components, a change in the kinetics of the
proton movements, a modification in substrate binding or ac-
cessibility, etc.) can explain all the phenomena. It seems likely
that one or more of these effects do occur but that they are
dependent on the redox state of the enzyme cycle. This is not so
surprising because calcium binding and thus calcium ligation
seems to be markedly S-state-dependent (76). However, at this
point, we cannot rule out an influence of the strontium/calcium
exchange on more distant cofactors (such as TyrD or QA), which
could also influence the kinetics of the reaction tested. Future
studies will address these problems, focusing on the S-state
dependence of the effects.

This work shows that (i) the site of Sr2� in Sr-thylakoids and
strontium-PSII is the same as that in Sr2�-reconstituted Ca2�-
depleted PSII in plants and (ii) the Sr2�-induced modifications
already reported were not a consequence of side effects of the
biochemical treatments used. Consequently, there is no reason
to question results in the literature deduced from biochemical
Sr2�/Ca2� exchange on these grounds; thus, we can assume
that this site and that proposed in the recent crystal structure
(50) are one and the same. Three of the most important advan-
tages of the strontium-PSII preparation described here over
the previously used Sr2�-reconstituted, Ca2�-depleted PSII are
the high activity, the high stability, and the homogeneity of the
enzyme. This strontium-PSII will be useful for a wide range of
enzymological and spectroscopic studies, several of which are
under way.

Acknowledgments—We acknowledge Jean Lavorel and Jérôme
Lavergne for many discussions and Jean-Marc Ducruet for unpublished
thermoluminescence experiments.

Addendum—While this article was in preparation, a new crystallo-
graphic model appeared for the active site of PSII (50). This work
proposed that the cluster is made up of a Mn3CaO4 distorted cubane
structure with the 4th manganese linked to one of the oxo groups of the
cubane. This confirms that calcium is closely associated with the man-
ganese and indeed is the closest atom of the cluster to the TyrZ (50).
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