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ABSTRACT: The Mn4-cluster and the cytochromec550 in histidine-tagged photosystem II (PSII) from
Synechococcus elongatuswere studied using electron paramagnetic resonance (EPR) spectroscopy. The
EPR signals associated with the S0-state (spin) 1/2) and the S2-state (spin) 1/2 and IR-induced spin)
5/2 state) were essentially identical to those detected in the non-His-tagged strain. The EPR signals from
the S3-state, not previously reported in cyanobacteria, were detectable both using perpendicular (atg )
10) and parallel (atg ) 14) polarization EPR, and these signals are similar to those found in plant PSII.
In the S3-state, near-infrared illumination at 50 K induced a 176-G-wide split signal atg ) 2 and signals
at g ) 5.20 andg ) 1.51. These signals differ slightly from those reported in plant PSII [Ioannidis, N.,
and Petrouleas, V. (2000)Biochemistry 39, 5246-5254]. In accordance with the cited work, the split
signal presumably reflects a radical interacting with the Mn4-cluster in a fraction of centers, while theg
) 5.20 andg ) 1.51 signals are tentatively attributed to a high-spin state of the Mn4-cluster with zero
field splitting parameters different from those in plant PSII, reflecting minor changes in the environment
of the Mn4-cluster. Biochemical modifications (Sr2+/Ca2+ substitution, acetate and NH3 treatments) were
also investigated. In Sr2+-reconstituted PSII, in addition to the expected modified S2 multiline signal, a
signal atg ) 5.2 was present instead of theg ≈ 4 signal seen in plant PSII. In NH3-treated samples, in
addition to the expected modified S2-multiline signal, ag ≈ 4 signal was detected in a small proportion
of the reaction centers. This is of note sinceg ≈ 4 spectra arising from the Mn4-cluster in the S2 state
have not yet been published in cyanobacterial PSII. The detection of modified S3-signals in both
perpendicular (atg ) 7.5) and parallel (atg ) 12) polarization EPR from NH3-treated PSII indicate that
NH3 is still bound in the S3-state. The acetate-treated PSII behaves essentially as in plant PSII. A study
using oriented samples indicated that the heme plane of the oxidized low spin Cytc550 was perpendicular
to the plane of the membrane.

The evolution of oxygen as a result of light-driven water
oxidation is catalyzed by photosystem II (PSII)1 in which a
cluster of four manganese ions acts both as a device for
accumulating oxidizing equivalents and as the active site.
The reaction center of PSII is made up of two membrane-
spanning polypeptides (D1 and D2) analogous to the L and
M subunits of the purple photosynthetic bacterial reaction
center (1, 2). 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, which 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
varying from 0 to 4. Oxygen is released during the S3 to S0

transition in which S4 is a transient state (3-7).

The structure of the Mn4 cluster and the mechanism by
which water is oxidized are still largely unknown. Currently,
the most commonly discussed structure, mainly based on
EXAFS data and to some extent EPR data, consists of a Mn
tetramer that includes two di-µ-oxo(Mn2) motifs (reviewed
in ref 7). As for valence, the majority view is that the S1-
state consists of two MnIII and two MnIV ions and that the
S0 to S1 and the S1 to S2 steps each corresponds to one-
electron oxidation of the Mn cluster. For the S2 to S3

transition, several lines of evidence have led to the suggestion
that a ligand-centered oxidation may occur rather than the
conventional view of metal-centered oxidation (ref8 and
references therein).

EPR has played an important role in studying the oxygen
evolving complex. EPR signals from the S0-, S1-, S2- and
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S3-states have now been detected in PSII. While the signals
from S2 have been known for some time, the signals from
the other states have been reported only relatively recently.
In the following, we shall briefly review the EPR literature
on these states.

The S2-State. The Mn-cluster gives rise to several EPR
signals in the S2-state: a so-called multiline signal (9) and
signals from at least two different high-spin (ground) states.

The multiline signal is centered aroundg ) 2 and is spread
over roughly 1800 G, is made up of at least 18 lines, each
separated by approximately 80 G, and arises from a spin
1/2 (ground) state, very probably from a magnetic Mn-
tetramer, MnIII 3MnIV or MnIV

3MnIII (ref 10 and references
therein). Several modified forms of the S2-multiline signal
have been observed depending on biochemical treatments
of the enzyme (11-13). The cases relevant to the present
study are the following: (i) In the ammonia-treated enzyme
(11), the S2-multiline signal exhibits 21-22 hyperfine lines
with reduced hyperfine spacing. This modifications was
interpreted as arising from the formation of an amido(NH2)
bridge in the MnIIIMnIV dimer of the Mn4-cluster (14). (ii)
When Sr2+ is substituted for Ca2+ in the O2-evolving enzyme,
another modified S2-multiline signal is observed (12). This
signal is similar, but not identical, to that observed in NH3-
treated PSII.

The better known high-spin state from S2 is that giving
rise to a signal aroundg ≈ 4 and such signals are seen under
two different classes of experimental conditions (15-20).
First, theg ≈ 4 signal can be generated by illumination at
room temperature or at 200 K. The fraction of centers giving
rise to thisg ≈ 4 signal is dependent on the pretreatment of
the enzyme, being markedly increased by (i) having sucrose
present in the medium (15, 16), (ii) certain treatments that
remove chloride from the medium (21, 22) or its replacement
by F- (17, 23), I- (23, 24), amines (25), or NO3

- (23), and
(iii) replacing Ca2+ with Sr2+ (12). Second, theg ≈ 4 signal
can also be generated by near-infrared illumination of the
S2-multiline state, between 77 and 170 K. This represents a
IR-induced spin-state transition in the Mn4 cluster, from spin
1/2 to spin 5/2 (19, 20, 26). Above 170 K, the infrared-
induced spin 5/2 S2-state converts back into the spin 1/2 S2-
multiline state. Theg ) 4.1 signals produced under the
different conditions described above arise from similar spin
5/2 states (19, 20, 26, 27) but which have quite different
stability in terms of temperature (20).

A third type of signal from the S2 state was reported.
Signals atg values> 5 were found when the spin 1/2 state
was illuminated with IR light below 77 K. Between 77 and
170 K, a relaxation process occurs leading to formation of
the g ) 4 signal. The newg > 5 signals were attributed to
a high-spin state (probably a spin) 5/2) representing a state
of the Mn4-cluster similar to that giving rise to theg ) 4
signal but in a slightly different (unrelaxed) environment
(28, 29).

For the S2-state, some spectroscopic differences between
plant PSII and PSII fromS. elongatushave been found (29,
30). Methanol has no effect on the hyperfine structure of
the S2-multiline signal inS. elongatus, and it does not inhibit
the infrared-induced spin-state transition in contrast with the
situation in plant PSII. Moreover, the value of the zero field
splitting parameters (E/D and D) found for the infrared-
induced g > 5, spin 5/2 state in PSII isolated fromS.

elongatuscorresponded to a more rhombic structure than
those found for the spin 5/2 state in PSII from spinach.
Furthermore, the relative stability of these states versus the
g ) 4 state differs between plants and cyanobacteria, indeed
the absence ofg ) 4 signal in PSII fromS. elongatushas
been attributed to the increased stability of theg > 5 state
which decays directly to the spin) 1/2 state without giving
rise to a detectableg ) 4 intermediate. All of these effects
have been interpreted as being the consequences of small
differences in the ligand environment of the Mn4-cluster.

The S0-State.S0 also gives rise to a multiline EPR signal
centered nearg ) 2 (31-34). It is spread over≈ 2380 G
and is constituted of 25 resolved lines spaced by 65-95 G.
It originates from the Mn4-cluster in a spin 1/2 ground state
and is tentatively attributed to a MnIV

2-MnIIIMnII or MnIII
2-

MnIIIMnII complex. The S0-multiline signal has been ob-
served in plant PSII in the presence of methanol (31-34)
and in PSII cores fromS. elongatus(30). Although it was
shown that alcohols are not required to observe the S0-signal
in S. elongatus(30), addition of methanol increased its
resolution. The S0-multiline signals detected in plant PSII
and inS. elongatuswere similar but not identical.

The S1-State.The use of parallel polarization EPR spec-
troscopy allowed the detection of signals in the S1-state. Two
signals have been reported: (i) a broad featureless signal at
g ) 4.8 (35, 36) and (ii) a multiline signal centered atg )
12 with at least 18 lines spaced by 32 G (37, 38). The S1-
multiline signal was observed in PSII core preparations from
Synechocystisand in plant PSII in which the 17- and 23-
kDa extrinsic proteins had been removed.

The S3-State. EPR signals in the S3-state have been
detected in plant PSII using both perpendicular (atg ) 6.7)
and parallel (atg ) 12 andg ) 8) polarization modes (39,
40). These signals were interpreted as originating from
different transitions in the same spin) 1 state (39).
Interestingly, it was found that, in the S3-state, near-infrared
light induced new EPR signals in a fraction of the reaction
centers (40).

This brief review covers a small fraction of the papers on
the S2 state but nearly all of the articles on the EPR of the
other S states. The relative paucity of reports on the EPR
signals arising from S states other than S2 reflects not only
their more recent discovery but also the fact that they are in
general more difficult to detect and that special conditions
or nonconventional EPR methods are required. The use of
these new signals to obtain structural and mechanistic
information requires improved biological samples, having a
higher purity and yet maintaining the homogeneity charac-
teristic of the less purified samples used for the majority of
studies up to now (i.e., PSII-enriched membranes).

One such biological preparation is the so-called “PSII
core” preparation from the thermopilic cyanobacterium,S.
elongatus. PSII in this species is more stable than that either
from plants or from mesophillic cyanobacteria, and it has
thus become a material widely used in attempts to generate
crystals (e.g.,41-43) for structural investigations. As these
studies progress toward providing a detailed structural model,
it seems timely to study this specific material using EPR to
relate it to the extensive EPR literature obtained on plant
PSII. Some EPR studies on this species have been reported;
these however have focused mainly on the signals from the
S2 state and more recently from the S0 state (see above).

EPR Study ofSynechococcus elongatus Biochemistry, Vol. 39, No. 45, 200013789



The addition of a histidine extension (His-tag) to a protein
of the PSII reaction center has facilitated the purification of
PSII cores fromChlamydomonas reinhardtii(44), from
Synechocystis6803 (45-47) and fromS. elongatus(48). So-
called “His-tagged PSII cores” have undergone little chara-
terisation by EPR. In the case ofSynechocystis6803, it was
reported that the S2 state showed an EPR signal atg ) 4
(45). This was somewhat surprising since no such signal had
been reported previously in cyanobacterial PSII. It thus
seemed possible that the presence of the His-tag itself may
modify the environment of the Mn4-cluster.

In the present work, we have undertaken an EPR study of
the S0-, S1-, S2- and S3-states in a His-tagged strain ofS.
elongatus. The study indicates that the His-tag itself does
not influence the EPR of the Mn. Furthermore, this material
allows the detection of signals previously unreported in
cyanobacteria. Several biochemically modified forms of the
enzyme have also been studied. Similarities and differences
between plants andS. elongatusare emphasized. In addition,
the cyanobacterial system contains a membrane-bound cy-
tochrome, Cytc550, that is specifically associated with the
electron donor side of PSII (49-53). This cytochrome is
studied by EPR, and the orientation of the heme plane relative
to the membrane is determined.

MATERIALS AND METHODS

PSII cores from His-tagged CP43S. elongatuswere
isolated as previously described (48). PSII samples were
frozen and stored at 77 K (or in dry ice at 198 K) in a
medium containing 40 mM Mes (pH 6.5), 20 mM NaCl, 15
mM CaCl2, 15 mM MgCl2, and 25% glycerol at a concentra-
tion of 1.3-1.5 mg of Chl/mL.

Detection of the S2- and S0-Multiline Signals. PSII cores
were loaded into EPR tubes in the medium described above
at ≈ 0.8-0.9 mg of Chl/mL. After dark adaptation for 1 h
at 0 °C, the reaction centers were synchronized in the S1-
state by illuminating the samples with one flash given at
room temperature (30). Then, after 12-min dark adaptation
at room temperature, PPBQ (0.5 mM) dissolved in methanol
(3 % final concentration) was added as an electron acceptor.
The samples were then submitted to 0, 1, or 3 flashes and
frozen immediately at 198 K in a CO2-ethanol bath and
then cooled to 77 K in liquid nitrogen.

Detection of the S3 Signals in Untreated PSII. PSII cores
were diluted (about 50 times) in a medium containing 0.3
M sucrose, 10 mM NaCl, and 25 mM Mes (pH 6.5) and
then collected by centrifugation (≈ 1 h, ≈ 180000g) and
resuspended in the same medium at about 0.8 mg of Chl/
mL. Synchronization in the S1-state and the flash sequence
were done as described above except that ferricyanide
(dissolved in water at 50µM final concentration) was used
as an electron acceptor instead of PPBQ.

Ammonia Treatment. PSII cores were diluted (about 50
times) in a medium containing 0.3 M sucrose, 10 mM NaCl,
and 5 mM Mes (pH 6.5), and then pelleted by centrifugation
and resuspended in the same medium at about 0.8 mg of
Chl/mL. After dark adaptation for 1 h on ice, Hepes (pH
7.5) and NH4Cl were added (both 100 mM, final concentra-
tion). Then, PPBQ (0.5 mM) dissolved in DMSO (3% final
concentration) was added. Formation of the S2-state was
achieved by illumination at 198 K in a CO2-ethanol bath
through water and infrared filters.

Sr2+ Reconstitution. PSII cores were diluted (about 50
times) in a medium containing 1 M SrCl2 and 25 mM Mes
(pH 6.5) and incubated at 0°C for 30 min in darkness. The
PSII cores were collected by centrifugation and resuspended
in a medium containing 0.3 M sucrose, 10 mM NaCl, and
25 mM Mes (pH 6.5) and 5 mM SrCl2 at about 0.8 mg of
Chl/mL. After dark adaptation for 1 h on ice, ferricyanide
(50 µM) dissolved in water was added. Formation of the
S2-state was achieved by illumination at 198 K in a CO2-
ethanol bath through water and infrared filters.

Acetate Treatment. PSII cores were diluted (about 50
times) in a medium containing 0.5 M acetate, 40 mM Mes,
0.3 M sucrose, and 5 mM Ca(OH)2 (the pH was adjusted to
5.25 with NaOH) and incubated for 30 min in darkness. The
PSII cores were collected by centrifugation and resuspended
in the same medium. After dark adaptation for 1 h on ice,
PPBQ (0.5 mM) dissolved in DMSO (3% final concentra-
tion) was added. Then, the sample was illuminated, either
at 198 K in a CO2-ethanol bath or at 0°C in ethanol cooled
with liquid nitrogen, through water and infrared filters.

Purification of the 33-kDa Protein. The 33-kDa protein
from spinach was extracted with the following protocol. PSII
membranes purified as previously described were first
washed with 1.2 M NaCl to remove the 17- and 24-kDa
protein and then pelleted by centrifugation. The membranes
were then washed in a medium containing 1 M CaCl2 to
remove the 33-kDa protein (54). After a second centrifuga-
tion the supernatant, containing the 33-kDa protein, was first
dialyzed against a medium containing 25 mM Mes, pH 6.5,
and 10 mM NaCl, and then concentrated. The presence of
the 33-kDa was verified by SDS-PAGE (not shown).

Purification of the Cytc550. Purification of the Cytc550 was
done with the following protocol. His-tagged PSII cores from
S. elongatuswere washed with CaCl2 as previously described
(48). From SDS-PAGE analysis, almost all the Cytc550

seems to be removed by this protocol (48). After a
centrifugation, the supernatant containing the Cytc550, the 33-
kDa and a 12-kDa protein was dialyzed against a medium
containing 10 mM NaCl and 25 mM Hepes, pH 7.5. The
Cytc550 was then purified by HPLC by using a mono QHR
5/5 column (Pharmacia). The presence of the Cytc550 was
verified by SDS-PAGE (not shown).

Oriented Samples. Orientation of PSII cores on Mylar
sheet was done essentially as previously described (55). PSII
cores from His-taggedS. elongatus, after thawing, were first
diluted about 50 times in a medium containing 0.03 M
sucrose, 1 mM NaCl, and 2.5 mM Mes (pH 6.5), and then
collected by centrifugation and resuspended in the same
medium at about 1 mg of Chl/mL. Then, the resuspension
was painted onto Mylar sheets and incubated for 36 h in
total darkness at 4°C in a ≈ 90% humidity atmosphere.

Flash illumination at room temperature was provided by
a Nd:YAG laser (532 nm, 550 mJ, 8 ns) Spectra Physics
GCR-230-10. Near-IR illumination of the samples was done
in a nitrogen gas flow system (Bruker, B-VT-3000) or
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. CW-
EPR spectra were recorded using a standard ER 4102
(Bruker) or a ER 4116 DM dual mode (Bruker) X-band
resonators at liquid helium temperatures with a Bruker
ESP300 X-band spectrometer equipped with an Oxford
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Instruments cryostat (ESR 900 or ESR 910). Before the
recording of all spectra, samples were degassed as previously
described (28).

RESULTS

The S2- and S0-Multiline Signals. Figure 1 shows the CW-
EPR spectra recorded at 4 K (panel A) or 7 K (panel B) on
PSII cores isolated from His-taggedS. elongatus. Spectra a
in panels A and B of Figure 1 were recorded in dark-adapted
PSII (i.e., in the S1-state), and spectra b were recorded after
one flash (i.e., in the S2-state). After the third flash (spectra
c), the S0-state is the predominant S-state, and therefore the
multiline signal recorded in these conditions mainly origi-
nates from the S0-state. The S0-multiline signal is favored at
4 K while the S2-multiline signal, in these samples containing
methanol, is favored at 7 K (30, 34). Under the microwave
power used here (20 mW), the S2-multiline signal is not
detectable at 4 K.

Figure 1, panels C and D, shows the light-minus-dark
spectra recorded at 4 K or at 7 K, respectively. The
S2-multiline signal (spectrum d, panel D) and the S0-multiline
signal (spectra e, panels C and D) are essentially identical
to those previously detected in non His-taggedS. elongatus
(30).

In spectra a, b, and c the following features are also
present: (i) signals at≈ 2230 G and≈ 3030 G, particularly
evident at 7 K, attributed to thegz and gy resonances,
respectively, of oxidized low-spin cytochrome heme(s).
These features are much more intense inS. elongatusthan

in plant PSII. As proposed previously (29, 30), it seems likely
that the increase in these signals arises from the presence of
the Cytc550 signal (see below), which is expected to be
oxidized plus any fraction of centers that may have Cytb559

in its oxidized form; (ii) signal at≈ 1600 G from contami-
nant high-spin Fe3+; (iii) signals at 850 G (i.e.,g ) 8) and
1200 G (i.e.,g ) 5.7) from the oxidized non-heme iron
QAFe3+QB.

The presence of QAFe3+QB is explained as follows: after
dark adaptation, the QAFe2+QB

- state is present in a fraction
of the PSII cores. This was seen by the presence of theg )
1.6 signal (arising from the QA

-Fe2+QB
- state) when low-

temperature illumination was given to a dark-adapted sample
(not shown). Addition of PPBQ resulted in formation of the
QAFe3+QB state in these centers due to oxidation of iron by
PPBQ-. Then, illumination by one flash resulted in the
formation of the QAFe2+QB state, while the QA

-Fe2+QB state
and then the QAFe3+QB state were formed in the other
reaction centers (56). From the amplitude of theg ) 8 and
g ) 5.7 signals in spectra a, b, and c in panel A of Figure
1, it can be roughly estimated that, after dark-adaptation,
the QAFe2+QB

- state was present in about 30% of the reaction
centers.

The S1-state.We looked for the S1-multiline signal in PSII
cores from untreated-His-tagged PSII fromS. elongatusby
using parallel polarization EPR but were unable to find
conditions under which a signal could be detected. In
Synechocystis6803, the species in which this signal was
discovered (37, 38), the Cytc550 is not bound to the PSII cores
in contrast with the situation inS. elongatus. Thus we looked
for the S1-multiline signal after the removal of Cytc550 in S.
elongatusby a CaCl2 washing of PSII cores but with no
success. Since the CaCl2 washing also removes the 33-kDa
protein and since, in plant PSII, it has been shown that the
presence of this protein was required to detect the S1-
multiline (38), we looked for the S1-signal after the addition
of a 10-fold excess of the 33-kDa protein isolated from
spinach (57) but again with no success. It is worthy of note
that we were able to detect the S1 multiline signal in salt-
washed PSII from plants (not shown). We conclude therefore
that the inability to detect the signal inS. elongatusis more
likely to be attributable to the fact that we have not yet
obtained the appropriate biochemical conditions. It is perhaps
of further note that we have not been able to detect the
broader parallel mode EPR signal attributed to S1 (35) in
any of our studies.

The S3-State. Figure 2 shows an experiment in which the
S3-signals were looked for in His-tagged PSII fromS.
elongatus. It has been previously shown that the addition of
organic solvents makes the S3-state more or less undetectable
(39, 40). For that reason, for these experiments, potassium
ferricyanide (dissolved in water) was used as an electron
acceptor. In Figure 2, spectra a, b, and c in panel A were
recorded after 0, 1, and 2 flashes, respectively, using
perpendicular mode EPR. Spectrum b exhibits a strong S2-
mutiline signal. After two flashes (spectrum c), the amplitude
of the S2-multiline is 24% of that measured after the first
flash. This indicates efficient S-state turnovers with an initial
population of S1 greater than 95% and misses lower than
10%. The fraction of centers in the S3-state after 2 flashes
can be estimated to≈ 75%. These data indicate that the low
concentration of ferricyanide used (i.e., 50µM) was not

FIGURE 1: The S2- and S0-multiline signals. CW-EPR spectra
recorded on His-tagged PSII cores isolated fromS. elongatusafter
a series of saturating laser flashes (1 Hz) in the presence of
methanol. Spectra in panels A and C and panels B and D were
recorded at 4 and 7 K, respectively. Spectra in panels C and D
correspond to the light-minus-dark spectra shown in panels A and
B, respectively. Other instrument settings: standard cavity; modula-
tion amplitude, 25 G; microwave power, 20 mW; microwave
frequency, 9.4 GHz; modulation frequency, 100 kHz. The central
part of the spectra corresponding to the TyrD region was deleted.
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limiting, at least for illumination by two flashes. This is not
surprising because, inS. elongatus, the secondary quinone,
QB, is present and able to efficiently oxidize QA

- (48) (see
also above).

After two flashes (Figure 2, spectrum c, panel A), a signal
centered atg ) 10 is detected by parallel polarization EPR.
This signal is very similar to that detected in the S3-state in
plant PSII (39, 40).

Spectra d and e in panel B of Figure 2 were recorded after
1 and 2 flashes, respectively, using parallel mode EPR. No
signal was observed after one flash, while after two flashes
a signal centered atg ) 14 is present. This signal bears also
strong resemblance to the S3-signal previously detected in
plant PS II (39, 40). Figure 2, panel C shows the 2 flashes-
minus-1 flash spectra using perpendicular (spectrum f) or
parallel (spectrum g) polarization EPR. Decreasing the
temperature to 1.8 K improved the detection of the S3-signals
both with parallel and perpendicular polarization (not shown).

The S2-State in Ammonia-Treated PSII. In Figure 3, the
effects of ammonia (spectra a and b) were investigated in
His-tagged PSII cores fromS. elongatus. Spectrum a
corresponds to the light-minus-dark spectrum induced by
illumination at 190 K of PSII cores incubated at pH 7.5 in
the presence of ammonia. Illumination at 190 K resulted in
the formation of a normal S2-multiline signal as observed in
plant PSII (11, 25, 58). Spectrum a also exhibits negative
signals atg ) 8 andg ) 5.7. This shows that the oxidized
form QAFe3+QB was present in a proportion of the dark-

adapted PSII cores. Finally, spectrum a shows that a signal
at g ) 4.25 is also induced by the illumination at 190 K.
Such a signal atg ) 4.25 has been observed in ammonia-
treated plant PSII (11, 25, 58) and has been attributed to
centers in which ammonia competes with Cl- (25, 59) in
the S1-state. We attribute theg ) 4.25 signal seen here inS.
elongatusto a spin 5/2 S2-state, as in plant PSII.

After illumination at 190 K, the sample was warmed in
the dark to 250 K for≈ 10 s. Then, the sample was rapidly
cooled to 77 K and the EPR spectrum was recorded at 8 K.
Spectrum b in Figure 3 corresponds to the spectrum recorded
after the warming of the sample minus that recorded before
illumination at 190 K. Spectrum b exhibits a modified S2-
multiline signal essentially identical to that observed in
ammonia-treated plant PSII (11, 25, 58). The quality of this
spectrum is higher than that measured in ammonia-treated
PSII from Synechocystis(60).

Theg ) 4.25 signal is no longer detected in spectrum b.
As observed in ammonia-treated PSII from spinach (see ref
58 and references therein) warming to 250 K may allow the
g ) 4 state to convert into the S2-multiline state.

It is of note that the negative signals atg ) 8 andg ) 5.7
are greatly diminished in the difference spectrum (spectrum
b) upon warming to 250 K. This may be easily explained if
we assume that, before the 190 K illumination, the QAFe3+QB

state was present in about 50% of the ammonia-treated PSII
cores (see above), while the QAFe2+QB state was present in
the other 50%. If so, illumination at 190 K resulted in the
formation of the QAFe2+QB state in the first 50% and in the
formation of the QA

-Fe2+QB state in the other 50%. Then,
upon warming to 250 K and in the presence of PPBQ (see
above), the QA

-Fe2+QB state converted into the QAFe3+QB

state. In this model, reduction of the non-heme iron occurred
in 50% of the PSII cores and oxidation of the non-heme iron
occurred in the other 50%.

FIGURE 2: The S3-signals. CW-EPR spectra recorded on His-tagged
PSII cores isolated fromS. elongatusafter a series of saturating
laser flashes (1 Hz). Spectra in panels A and B were recorded by
using a perpendicular or parallel polarization mode, respectively.
Other instrument settings for panel A: standard cavity; temperature,
8 K; modulation amplitude, 25 G; microwave power, 20 mW;
microwave frequency, 9.4 GHz; modulation frequency, 100 kHz.
The central part of the spectra corresponding to the TyrD region
was deleted. Other instrument settings for panel B: dual mode
cavity; temperature, 4.2 K; modulation amplitude, 12.5 G; micro-
wave power, 20 mW; microwave frequency, 9.34 GHz; modulation
frequency, 100 kHz. Spectra in panel C correspond to the light-
minus-dark spectra shown in panels A and B.

FIGURE 3: Effect of ammonia and Sr2+ in S2. Spectrum a: light-
minus-dark spectrum recorded after illumination at 190 K of
ammonia-treated His-tagged PSII cores fromS. elongatus. Spectrum
b: light-minus-dark spectrum recorded after the warming up to 250
K, in the dark, of the 190 K illuminated ammonia-treated His-tagged
PSII from S. elongatus. Spectrum c: light-minus-dark spectrum
recorded after illumination at 198 K of a Sr2+-reconstituted His-
tagged PSII cores fromS. elongatus. Instrument settings: standard
cavity; temperature, 8 K; modulation amplitude, 25 G; microwave
power, 20 mW; microwave frequency, 9.4 GHz; modulation
frequency, 100 kHz. The central part of the spectra corresponding
to the TyrD region was deleted.
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The S2-State in Sr2+-Reconstituted PSII. Spectrum c in
Figure 3 corresponds to the light-minus-dark spectrum
induced by illumination at 198 K of Sr2+-reconstituted PSII
cores from His-taggedS. elongatus. The amplitude of this
spectrum has been arbitrarily scaled to that of spectra a and
b. The Ca2+ substitution for Sr2+ resulted in a modified S2-
multiline signal similar to that observed in plant PSII (12)
and in Synechocystis(60). Although the Sr2+-reconsituted
plant PSII exhibits a strongg ) 4.25 signal in the absence
of alcohol, here nog ≈ 4 signal was observed inS. elongatus.
Instead, a signal with a maximum atg ) 5.25 was observed.

The S3-State in Ammonia-Treated PSII.After the recording
of spectrum b in Figure 3 (replotted without a background
subtraction as spectrum a in panel A of Figure 4), the
ammonia-treated sample was rapidly thawed in the dark (this
operation took 5-10 s) and immediately illuminated by a
laser flash at room temperature. Then, the sample was frozen
immediately at 198 K then to 77 K before recording the EPR
spectra by using perpendicular (spectrum b in panel A) and
parallel (spectrum c in panel B) polarization EPR.

In this experiment, no synchronization of the PSII cores
in the S1-state was done, i.e., we assume that about 75% of
the centers are in the S1-state prior to the 198 K illumination.
Since the amplitude of the modified S2-multiline signal after

the laser flash (spectrum b in panel A) is about 55% of that
before the laser flash (spectrum a in panel A), it can be
roughly estimated that the S3-state has been formed in≈
50% of the PSII cores.

Although the S3 population was not maximal, a new signal
centered atg ) 7.5 is present in spectrum b. Spectrum e in
panel C of Figure 4 corresponds to the difference spectrum
resulting from spectrum b-minus-spectrum a in panel A and
is compared to the S3-signal in untreated PSII (spectrum f).
Although spectrum e could be slightly contaminated by
signals from the non-heme iron (due to changes in the
proportion of oxidized iron), the center of the S3-signal in
ammonia-treated PSII appears shifted fromg ) 10 to g )
7.5 when compared to that observed in untreated PSII.

With the parallel mode detection (panel B), the spectrum
recorded in the S3-state of ammonia-treated PSII (spectrum
c) appeared also slightly shifted fromg ) 14 tog ) 12 when
compared to the signal recorded in the untreated S3-state
(spectrum d).

Acetate-Treated PSII. In Figure 5, effects of acetate-
treatment on His-tagged PSII cores fromS. elongatuswere
investigated by EPR at low temperature. Spectrum a in Figure
5 was recorded on a dark-adapted sample and spectrum b
was recorded after illumination at 198 K. Spectrum d
corresponds to the light-induced spectrum at 198 K. It
exhibits mainly a strong QA

-Fe2+QB signal atg ) 1.82 as
observed in acetate-treated PSII (61, 62). This indicates that
in S. elongatus,acetate is able to bind to the non-heme iron,
as originally reported for formate in plant PSII (63).
Magnification of spectrum d shows that a small S2-multiline
signal and a small signal atg ) 4.25 were induced by the
illumination at 198 K. The signal atg ) 3.02 is very probably
due to the oxidation of Cytb559 in a small proportion of the
PSII cores.

Spectrum c in Figure 5 was recorded after illumination at
0 °C followed by rapid freezing at 198 K then at 77 K. The
light-induced spectrum at 0°C (spectrum e) exhibits a split

FIGURE 4: Effect of ammonia in S3. CW-EPR spectra recorded on
ammonia-treated His-tagged PSII cores isolated fromS. elongatus.
Spectra in panel A and spectra in panel B were recorded by using
a perpendicular or parallel polarization mode, respectively. Spectrum
a was recorded after illumination at 190 K. Spectra b and c were
recorded after a further illumination by one laser flash at room
temperature. Spectrum d in panel B is a re-plot of spectrum e in
Figure 2, panel B. In panel C, spectrum e corresponds to spectrum
b minus spectrum a in panel A, and spectrum c is a re-plot of
spectrum f in Figure 2, panel C. Other instrument settings for panel
A: standard cavity; temperature, 8 K; modulation amplitude, 25
G; microwave power, 20 mW; microwave frequency, 9.4 GHz;
modulation frequency, 100 kHz. The central part of the spectra
corresponding to the TyrD region was deleted. Other instrument
settings for panel B: dual mode cavity; temperature, 4.2 K;
modulation amplitude, 12.5 G; microwave power, 20 mW; micro-
wave frequency, 9.34 GHz; modulation frequency, 100 kHz.

FIGURE 5: Effect of acetate. CW-EPR spectra recorded on acetate-
treated His-tagged PSII cores isolated fromS. elongatus. Spectrum
a was recorded on a dark-adapted sample. Spectrum b was recorded
after illumination at 198 K. Spectrum c was recorded after
illumination at 0°C. Other instrument settings: standard cavity;
temperature, 8 K; modulation amplitude, 25 G; microwave power,
20 mW; microwave frequency, 9.4 GHz; modulation frequency,
100 kHz. The central part of the spectra corresponding to the TyrD
region was deleted.
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signal with a width of 232 G (peak to trough). Despite the
presence of PPBQ, a small proportion of QA

-Fe2+QB is
detected atg ) 1.82 in spectrum c.

The acetate-induced split signal observed in PSII from
Synechocystis(64) has been attributed to S2TyrZ

•. Therefore,
the similar 232-G wide, split signal observed here is also
attributed to S2TyrZ

•. The small signal atg ) 4.25 and the
residual multiline signal may be attributable to a small
fraction of the centers where the acetate effect is incomplete.
In plant PSII treated with acetate, upon laser flash illumina-
tion of dark-adapted membranes (i.e., PSII in the S1-state),
the proportion of centers in which the S2TyrZ

• signal was
formed on the second flash was considerably lower than the
proportion of centers in which the S2-multiline andg ) 4.25
signals disappeared (Boussac, unpublished observations). The
simplest explanation for this result is that theg ) 4.1 signal
and the S2 multiline signal detected after illumination at 198
K arose from centers different from those in which the split
S2TyrZ

• signal was observed upon 0°C illumination. This
may be due to a partial effect of acetate, i.e., a partial
chloride-depletion in a low proportion of the reaction centers.

Near-Infrared Illumination. Near-infrared illumination of
the S2-multiline state below 77 K induces a spin state
transition, from spin 1/2 to spin 5/2. In plant PSII, the spin
5/2 state is characterized by signals atg ) 6 andg ) 10

while in S. elongatus, the spin 5/2 state is characterized by
signals atg ) 5 andg ) 9 (28, 29). In PSII cores from
His-taggedS. elongatusessentially identicalg ) 5 andg )
9 signals were found upon IR illumination of the S2-multiline
state (result not shown).

Recently, it has been shown that near-infrared illumination
of plant PSII in the S3-state induced new EPR signals as
well as some changes in the S3-signals (40). Results from
such an experiment using PSII cores from His-taggedS.
elongatusare reported in Figure 6.

Spectra in panel A and B were recorded by using either
perpendicular or parallel polarization EPR, respectively. PSII
were trapped in the S3-state (spectra a) by a protocol identical
to that described in Figure 2, i.e., after two flashes. Spectra
b were recorded after a subsequent illumination with a 820-
nm light at 50 K. In panel A, spectrum c corresponds to the
difference spectrum, spectrum b-minus-spectrum a, magni-
fied 10 times.

In the perpendicular mode (panel A), near-infrared il-
lumination produced a complex signal. The most intense
feature is centered atg ) 2 with a peak to trough equal to
176 G. In addition, signals at lower field and higher field
(magnified in spectrum c) are also induced. Spectrum c
exhibits a feature which peaks atg ) 5.20 (turning point at
g ) 4.35) and a smaller peak atg ) 1.51. The weak broad
signal at aroundg ) 9 corresponds to theS ) 5/2 state
induced by the illumination at 820 nm in the fraction of the
centers remaining in the S2-multiline state after illumination
by two flashes (29). The 176-G-wide signal atg ) 2 in PSII
from S. elongatusis still detectable at 1.8 K, and the relative
amplitude of theg ) 2 andg ) 5.20 signals remains almost
constant between 1.8 and 10 K (results not shown).

In the parallel mode (panel B), the effect of near-infrared
illumination is to shift the S3-signal atg ) 14 to a lower
g-value (g ) 12).

Figure 7 shows the 176-G-wide signal induced by near-
infrared illumination using a low modulation amplitude and
a small gain. Because the microwave relaxation properties
of TyrD

• were slightly modified in the presence of the
infrared-induced states (not shown), the recording of the
central part of the spectrum was not possible.

In ammonia-treated plant PSII, it was found that the
modified S2-multiline state loses its susceptibility to near-

FIGURE 6: Effect of near-infrared light in S3. Spectra in panels A
and B were recorded by using a perpendicular or parallel polariza-
tion mode, respectively. Spectra a were recorded after two flashes
(same protocol as in Figure 2). Spectra b were recorded after an
additional illumination at 820 nm at 50 K in the EPR cavity for 2
min. Other instrument settings for panel A: dual mode cavity;
temperature, 4.2 K; modulation amplitude, 12.5 G; microwave
power, 20 mW; microwave frequency, 9.34 GHz; modulation
frequency, 100 kHz. The central part of the spectra corresponding
to the TyrD region was deleted. Other instrument settings for panel
B: dual mode cavity; temperature, 4.2 K; modulation amplitude,
12.5 G; microwave power, 20 mW; microwave frequency, 9.34
GHz; modulation frequency, 100 kHz.

FIGURE 7: The split signal induced by IR light in S3. Spectrum
light-induced by an illumination at 820 nm, at 50 K, of His-tagged
PSII cores fromS. elongatusin the S3-state. Instrument settings:
standard cavity; temperature, 4.2 K; modulation amplitude, 2.8 G;
microwave power, 20 mW; microwave frequency, 9.4 GHz;
modulation frequency, 100 kHz. The central part of the spectra
corresponding to the TyrD region was deleted.
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infrared light. Here, a similar inhibition by ammonia of the
infrared-induced spin-state transition in the Mn4-cluster was
found in PSII cores from His-taggedS. elongatus(not
shown).

Isolated and Membrane-Bound Cytc550. In Figure 8, the
Cytc550 purified from isolated His-tagged PSII cores from
S. elongatus(spectrum b) is compared to the spectrum
recorded in intact PSII cores (spectrum a). Spectrum c was
recorded on CaCl2-washed PSII. The amplitude of spectrum
c was scaled to that of spectrum a using the EPR signal of
TyrD

• as a spin standard to estimate the PSII cores concentra-
tion.

In principle, the spectrum a could contain both the Cytb559

signal and the Cytc550 signal. However, in intact PSII, Cytb559

is expected to be in its high potential form, therefore reduced
and thus EPR-silent, while Cytc550 is expected to be oxidized
and thus detectable by EPR. CaCl2 washing ofS. elongatus
results in the removal of Cytc550 from the majority of centers
(48). The EPR signal from the heme is indeed much smaller
after this treatment. However, in plant PSII, salt-washing
treatments that remove the extrinsic polypeptides also convert
Cytb559 to a low-potential form leading to its oxidation at
ambient potential (65). If this occurs inS. elongatusthen
oxidized Cytb559 may well contribute significantly to this
spectrum.

The isolated Cytc550 (Figure 8, spectrum b) does not exhibit
very differentg-values from those measured in situ (spectrum
a). This contrasts with the situation observed with Cytb559

for which theg values measured in vitro are significantly
different from those measured in situ (e.g., refs66 and67).
Theg-values found here inS. elongatusfor both the isolated
and membrane-bound Cytc550 are similar to those found in
Synechococcus7942 (68) and inMicrocystis aeruginosa(69).

Orientation of Cytc550. Figure 9 shows a study of the heme
signals in an oriented sample. His-tagged PSII cores from
S. elongatuswere oriented on Mylar sheet, and spectra were
recorded for different angles between the plane of the Mylar
sheet and the magnetic field direction. The nature of the
sample orientation was verified by studying the EPR signal
from TyrD (not shown), and the data were qualitatively
similar to those reported earlier in oriented PSII membranes,

although the degree of orientation was less good. It can be
concluded that, as expected, the detergent-depleted PSII cores
associate in sheetlike structures that reflect the membrane
structure.

Panel A in Figure 9 shows the signal in thegz magnetic
field region for two angles (0 and 90°) between the normal
to the Mylar plane and the magnetic field direction. Thegz

andgy signals were measured by 10° steps from 0 to 360°
(panels B and C, Figure 9). The data show a clear orientation
dependence in which thegz signal was maximum when the
Mylar plane was parallel to magnetic field direction, while
the gy signal was maximal when the Mylar plane was
perpendicular to the magnetic field. This indicates that the
heme plane is oriented perpendicular to the Mylar and thus
the membrane plane.

After the drying period, it is possible that a proportion of
Cytb559 converts to its low potential form and thus becomes
oxidized. However, given the apparent dominance of the
Cytc550 signal, due to its redox properties and perhaps its
greater stoichiometry, and given the unusual stability of the
protein complex (and hence the likelihood that Cytb559

remains in its high potential form), the expected contribution

FIGURE 8: Isolated and membrane-bound Cytc550. CW-EPR spectra
of dark-adapted His-tagged PSII cores isolated fromS. elongatus
(spectrum a), of isolated Cytc550 (spectrum b) and of CaCl2-washed
PSII cores (spectrum c). Other instrument settings: standard cavity;
temperature, 20 K; modulation amplitude, 32 G; microwave power,
2 mW; microwave frequency, 9.4 GHz; modulation frequency, 100
kHz. The right part of the spectra has been magnified 4 times.

FIGURE 9: Orientation of Cytc550. Panel A: gz signal of cytochrome-
(s) detected in His-tagged PSII cores isolated fromS. elongatus.
The angle is that defined by the normal to the Mylar sheet and the
direction of the magnetic field. Other instrument settings: standard
cavity; temperature, 15 K; modulation amplitude, 32 G; microwave
power, 2 mW; microwave frequency, 9.4 GHz; modulation
frequency, 100 kHz. Panel B: area from 2060 to 2160 G (squares )
and from 2300 to 2400 G ( circles) of the gz signal (see vertical
dashed lines in panel A). Same instrument settings as in panel A.
Panel C: contour plot of thegz and gy signals detected in His-
tagged PSII cores isolated fromS. elongatus. Same instrument
settings as in panel A.
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from Cytb559 may be small. Even so, since both cytochromes
have similar spectra, it is possible that the spectra represent
a superimposition of the signals from the heme of Cytb559

and from Cytc550. If the actual position of thegz lines are
slightly different in terms of their field position and if the
orientations of the two hemes are different, it may be possible
to differentiate between their contributions in the orientation
experiment. The following procedure was performed with
this aim. Spectra in the region of thegz signals were recorded
for all the orientations of the Mylar sheet in the magnetic
field. Then, the area of the signal from 2060 to 2160 G
(squares in panel B, Figure 9) and that of the signal from
2300 to 2400 G (circles in panel B, Figure 9) were plotted
separately versus the angle between the normal to the Mylar
and the magnetic field direction. Both data sets show that
thegz signal was maximum when the plane of the PSII cores
was parallel to magnetic field direction. This is the same as
the orientation of Cytb559 as measured earlier in plant PSII.
Since the Cytc550 seems to be the dominant signal in intact
membranes, it seems reasonable to conclude that the orienta-
tion of its ring plane is also close to perpendicular to the
membrane. From the present study, we are unable to
determine if Cytb559 contributes to the orientation data.

DISCUSSION

In the present work, we have surveyed several of the EPR
properties of PSII fromS. elongatususing reaction center
cores isolated from a His-tagged CP43 strain. The results in
Figures 1 show that both the S2-mutiline and S0-multiline
signals are virtually identical to those detected in PSII cores
isolated from the non-His-tagged strain (29, 30). In addition,
the EPR spectrum of the spin 5/2 S2-state induced by infrared
illumination is almost identical to that found previously (29)
(not shown). It can thus be concluded that the His-tag does
not induce structural perturbations of the Mn4.

It has recently been reported that in His-taggedSyn-
echocystis6803 ag ) 4.1 signal could be generated under
conditions used to generate the S2-multiline signal (45). Apart
from this brief report, theg ) 4 signal had not been reported
in PSII from cyanobacteria raising the question whether the
His-tag itself may be responsible for perturbing the Mn
cluster. As stated above, in the present study the His-tag had
no evident effect on the Mn cluster as judged by the EPR
spectra. In an earlier study (29) of PSII in S elongatusin
which the question of the missingg ) 4 signal was
addressed, it was suggested that the state exists but it is
unstable relative to the state giving rise to the second form
of the spin) 5/2 state of S2. In the present study, theg )
4 state was observed in PSII fromS. elongatuswhen treated
with ammonia or acetate, i.e., under the same conditions as
in plant PSII in which these treatments were shown to induce
a type of (partial) chloride depletion. This fits with the idea
that the structural conformation that gives rise to the “g ) 4
state” can be stabilized to different degrees by appropriate
biochemical conditions.

In plant PSII, EPR signals in the S3-state were first detected
by Matsukawa et al. (39). The S3-state exhibited signals in
both perpendicular (atg ) 6.7) and parallel (atg ) 12 and
g ) 8) polarization modes. These signals were interpreted
as originating from different transitions in the same spin)
1 state or from a spin) 2 state resulting from the interaction

between an organic radical (spin) 1/2) and the Mn4-cluster
with a spin state equal to 3/2 (39). These results were
confirmed very recently under conditions in which the S3-
state was formed with a higher yield (40) (i.e., in 50-60%
of the reaction centers). In this work (40), the S3-signal in
the perpendicular mode was seen atg ) 10. The authors
favored the magnetic interaction between a radical and the
Mn cluster to explain the spectra (40). In both of these reports
(39, 40), it was shown that the presence of certain organic
solvents diminishes or eliminates the S3 signals. It seems
that the organic solvents (particularly alcohols) used for
dissolving artificial electron acceptors may have rendered
the S3 signals undetectable in previous studies. InS.
elongatus, the presence of the intrinsic secondary electron
acceptor quinone, QB, makes the addition of PPBQ unneces-
sary for the first few turnovers. In Figure 2, it can be
estimated that illumination of PSII, presynchronized in the
S1-state by two saturating flashes, formed the S3-state in
about 75% of the reaction centers. Under these conditions,
signals are detected both in perpendicular (broad signal atg
) 10) and parallel (atg ) 14 andg ) 8) polarization modes.
Theseg values differ slightly from those observed in the
S3-state in plant PSII (39, 40).

Biochemical modifications of the oxygen evolving enzyme
in plant PSII, such as the substitution of Ca2+ for Sr2+ or
ammonia binding, result in modified forms of the S2-signals
(11, 12, 25, 28). In this work, effects of such treatments have
been investigated in His-tagged PSII cores fromS. elongatus.
This is of relevance since there are several reports in the
literature that indicate that the behavior of PSII in cyano-
bacteria and in particular the species used in the present strain
seems to be different with regard to the influence of Ca2+

and Cl- (e.g., ref70).
In the ammonia-treated sample (Figure 3), illumination at

190 K resulted in a normal S2-multiline signal. This behavior
is similar to that observed in plant PSII (11, 25, 28) and as
in plant PSII, inS. elongatusthe modification of the S2-
multiline signal occurred after the sample was warmed to a
temperature that allows ammonia to bind to its site. The
modified S2-multiline signal observed in Figure 3 (spectrum
b) is essentially identical to that observed in ammonia-treated
plant PSII (13, 28, 57). Spectrum a in Figure 3 also shows
that, in a fraction of the centers, a signal atg ) 4.25 is light-
induced at 190 K. The present observation demonstrates that
the structural conformation of the Mn4-cluster at the origin
of theg ) 4 signal can occur inS. elongatus. In ammonia-
treated plant PSII, the presence of theg ) 4.25 signal was
attributed to the binding of NH3 in a different site from that
giving rise to the modified multiline signal but one that is
competitive with Cl- (25), and it seems likely that a similar
situation exists inS. elongatus.

Ammonia modifies the EPR properties of the S2-state (see
above). However, the structural change at the origin of this
effect does not result in inhibition of oxygen evolution (58).
This was interpreted by a model in which ammonia is quickly
replaced by the normal substrate (i.e., a water molecule) in
the S4-state. Inhibition of oxygen evolution only occurred
after a dark period in the S3-state long enough to allow a
second ammonia to bind to a second site (58, 71). To test
further this model in His-taggedS. elongatus, the effect of
ammonia on the EPR properties of the S3-state was inves-
tigated (Figure 4). Signals both in parallel and perpendicular
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polarization modes were detected. These signals are similar
but not identical to those measured in the untreated sample.
Although the biochemical conditions are different in the two
samples, it is tempting to attribute the observed differences
to ammonia itself. Consequently, this would indicate that,
as expected (58, 71), ammonia is still in its site in the S3-
state.

Reconstitution of Ca2+-depleted plant PSII by Sr2+ restores
about 40% of the oxygen evolution activity (12, 72). This
decrease in the activity is probably due to a slow down of
the S2 to S3 and S3 to S0 transitions (73). In plant PSII, the
Sr2+-reconstituted preparations exhibit a modified multiline
signal and an intenseg ) 4.25 signal in the S2-state (12).
Spectrum c in Figure 3 shows that a modified S2-multiline
signal is also formed in a fraction of the Sr2+-reconstituted
His-taggedS. elongatus; however, ag ) 4 signal is not
observed. Instead a signal that peaks atg ) 5.20 is formed.
This is tentatively attributed to a spin 5/2 form of the Mn
cluster that differs slightly from the state that gives rise to
the g ) 4 signal.

Acetate addition toSynechococcushas been shown to
inhibit the reduction of P680

+ under repetitive flash illumina-
tion at room temperature (74). In plants and/orSynechocystis,
acetate-treated PSII are inhibited at the S2TyrZ

• step upon
illumination at 0°C similarly to the situation in observed in
Ca2+-depleted and Cl--depleted PSII (13, 61, 62, 64, 73, 75).
In fact, it has been shown that acetate treatment results in a
chloride depletion (76) in a competitive manner (77). The
S2TyrZ

• state is characterized by a split EPR signal arising
from the magnetic interaction between a radical (13),
identified as a tyrosyl radical (64), and the Mn4-cluster. The
shape of the S2TyrZ

• depends on the biochemical conditions.
In plant PSII, the differences between the split signal in
acetate-treated PSII and Ca2+-depleted/EGTA-treated PSII
have been simulated assuming that the coupling between the
Mn-cluster and the radical is ferromagnetic in the former
and antiferromagnetic in the latter (78). In cyanobacteria, a
split S2TyrZ

• signal has already been observed in EGTA-
treated PSII fromSynechocystis(60) and in a D1-H332E
(79) and D1-glu189 (80) mutants ofSynechocystis6803.
Figure 5 shows the effect of acetate onS. elongatus.

The structure of the S2TyrZ
• signal in acetate-treated PSII

cores from S. elongatus(and to a lesser extent the width,
232 G, peak to trough) differs slightly from the corresponding
values in plant PSII (240 G, peak to trough). This means
that the magnetic interaction between the metal and the
radical is similar but not identical. This could be due to a
change either in the distance or the angle between the
magnetic axes of the radical and of the Mn4-cluster but
quantification of these differences is premature.

Recently, it has been shown that the S3-state in plant PSII
is sensitive to near-infrared light (40). This was confirmed
in the present work in which we found that illumination at
820 nm in the S3-state of His-tagged PSII fromS. elongatus
induced new EPR signals in both perpendicular and parallel
modes (Figure 6). In the perpendicular mode, a 176-G-wide
split signal atg ) 2 is formed (seen with a better resolution
in Figure 7), together with a broad positive signal (which
peaks atg ) 5.2) and a smaller negative signal (which peaks
at g ) 1.51). These infrared-induced signals resemble those
induced in plant PSII (40), but theg ) 1.51 seen here was

not detected in plant PSII (40) and the splitg ) 4 signal
seen in ref40 was not detected here.

In the S3-state modified by ammonia, infrared irradiation
was found to have no effect. This indicates that the
modifications induced by ammonia in the structure of the
oxygen evolving system and making infrared light ineffective
in S2 are also conserved in the S3-state in PSII cores fromS.
elongatus.

The observation that the Mn4-cluster is IR-photoactive in
both S2 and S3 (at least in a proportion of the centers) can
be taken as an indication that the structure and valence of
the Mn (or at least the photoactive motif) are similar in both
of these states. This then supports recent models in which a
ligand-centered oxidation seems to be preferred to a metal-
centered oxidation in the S2 to S3 transition (8). The 176-
G-wide split signal observed in this work and earlier (40) is
reminiscent of the S2TyrZ

• split signal. This led Ioannidis
and Petrouleas (40) to propose that, upon absorption of
infrared light at 50 K, the Mn4 complex becomes so oxidizing
that it can abstract an electron from an organic molecule
(TyrZ for example). Alternatively, the organic radical could
be that invoked in models that favor the ligand-centered
oxidation in the S2 to S3 transition (8). If so, the infrared
light would induce a structural change making the magnetic
coupling between this radical and the Mn4-cluster smaller
and hence making the S3-state detectable by EPR.

Detection of the 176-G-wide split signal at 1.8 K in the
infrared illuminated S3-state suggests that the radical would
be magnetically coupled to a faster relaxer than the spin 1/2
S2-state. Theg ) 5.20 andg ) 1.51 signals could correspond
to signals from this fast relaxer state. By comparison, in
acetate-treated plant PSII, the split signal arises from a slower
relaxing species: the half-saturation of the magnetically
coupled radical in the S2TyrZ

• state occurred at a slightly
lower power than the spin 1/2 S2-manganese signal (81) (see
also ref82 for the relaxation properties of the radical and of
the manganese signal in the S2TyrZ

• state in EGTA-treated
PSII). As a consequence, the S2TyrZ

• split signal is no longer
detectable at 4 K.

One difficulty in making firmer assignments at present is
that the changes seen seem to occur in only a fraction of
centers, and thus the samples clearly show heterogeneity.
For example, the signal atg ) 10 in the perpendicular mode
seems unaffected by the infrared illumination. This can be
explained if the infrared light affects only a proportion of
the PSII centers and that those centers are different from
those giving rise to theg ) 10 signal. A similar kind of
heterogeneity has already been observed in the S2-state,
where all the reaction centers are not equally susceptible to
infrared light (83). Whatever the model drawn, the complex-
ity of the data makes quantification difficult.

The signals induced by infrared illumination in the S3-
states seen here and earlier (40) resemble those detected after
a complex protocol including different illumination periods
at different temperatures (84). This can be explained if we
assume that (i) the protocol used in ref84 (i.e., freezing under
illumination) resulted in formation of the S3-state in a small
fraction of the PSII reaction centers and (ii) the subsequent
illumination at 30 K, after which these signals were observed,
contained infrared light. Both assumptions seem reasonable.

His-tagged PSII cores fromS. elongatuswere oriented on
Mylar sheets to study the orientation of the heme of Cytc550.
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One difficulty in the interpretation of the data is the potential
superimposition of the Cytb559 spectrum on that of the Cytc550

spectrum. Despite this problem, data in Figure 9 show that
the heme plane of Cytc550 is perpendicular to the membrane
plane and if Cytb559 is present it is oriented the same way as
expected from earlier studies (55).

CONCLUSION

The present work shows thatS. elongatusPSII cores are
well-suited to EPR studies. The results extend the compari-
sons begun between cyanobacterial PSII and plant PSII, and
so far the differences found, although spectroscopically
significant, probably represent no fundamental difference in
structure. The orientation of the Cytc550 heme plane is a
further piece of structural information to add to the model
constructed from spectroscopic studies. The presence of
functional QB allows several turnovers (required for the
efficient formation of S3) without the necessity to add
artificial lipophilic acceptors. The clearly defined S3 signals
reported here for the first time in cyanobacteria confirm the
recent report from plant PSII and show that these signals
can be used to monitor modifications of PSII, as demon-
strated here by the modifications induced in NH3-treated
PSII. The present work then will act as a basis for future
spectroscopic and molecular enzymological work.
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