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ABSTRACT. The Mn-cluster and the cytochromeso in histidine-tagged photosystem 1l (PSIl) from
Synechococcus elongatugre studied using electron paramagnetic resonance (EPR) spectroscopy. The
EPR signals associated with thg Sate (spin= 1/2) and the $state (spin= 1/2 and IR-induced spir

5/2 state) were essentially identical to those detected in the non-His-tagged strain. The EPR signals from
the S-state, not previously reported in cyanobacteria, were detectable both using perpendiaykar (at
10) and parallel (agy = 14) polarization EPR, and these signals are similar to those found in plant PSiII.
In the S-state, near-infrared illumination at 50 K induced a 176-G-wide split signgl=a2 and signals

atg = 5.20 andg = 1.51. These signals differ slightly from those reported in plant PSII [loannidis, N.,
and Petrouleas, V. (200Biochemistry 395246-5254]. In accordance with the cited work, the split
signal presumably reflects a radical interacting with the/dinster in a fraction of centers, while tlge

= 5.20 andg = 1.51 signals are tentatively attributed to a high-spin state of thedllister with zero

field splitting parameters different from those in plant PSlI, reflecting minor changes in the environment
of the Mny-cluster. Biochemical modifications (8YC&* substitution, acetate and Niteatments) were

also investigated. In 3f-reconstituted PSII, in addition to the expected modifiedhfBiltiline signal, a
signal atg = 5.2 was present instead of thgex 4 signal seen in plant PSII. In NHreated samples, in
addition to the expected modifieg-8ultiline signal, ag ~ 4 signal was detected in a small proportion

of the reaction centers. This is of note sirger 4 spectra arising from the Mstluster in the $state

have not yet been published in cyanobacterial PSIl. The detection of modifistrils in both
perpendicular (aty = 7.5) and parallel (ay = 12) polarization EPR from NEitreated PSII indicate that

NHs is still bound in the &state. The acetate-treated PSIl behaves essentially as in plant PSII. A study
using oriented samples indicated that the heme plane of the oxidized low sy @yds perpendicular

to the plane of the membrane.

The evolution of oxygen as a result of light-driven water pheophytin molecule. The pheophytin anion transfers the
oxidation is catalyzed by photosystem Il (PSiH which a electron to a quinone, Qand Rgs" is reduced by a tyrosine
cluster of four manganese ions acts both as a device forresidue, Tys, which in turn is reduced by the Mstluster.
accumulating oxidizing equivalents and as the active site. During the enzyme cycle, the oxidizing side of PSII goes
The reaction center of PSIl is made up of two membrane- through five different redox states that are denotgdnS
spanning polypeptides (D1 and D2) analogous to the L andvarying from 0 to 4. Oxygen is released during thea®S
M subunits of the purple photosynthetic bacterial reaction transition in which $is a transient state3¢-7).

center (, 2). Absorption of a photon results in a charge  The structure of the Mncluster and the mechanism by
separation between a chlorophyll moleculesf? and a  \hich water is oxidized are still largely unknown. Currently,
the most commonly discussed structure, mainly based on

This work was in part supported by a grant from the TMR program

of the EC (FMRX-CT98-0214). EXAFS data and to some extent EPR data, consists of a Mn
* To whom correspondence should be addressed. Tel: 33 1 68 0gtetramer that includes two gi-oxo(Mn) motifs (reviewed
72¢06. Fax: 33 169 08 87 17. E-mail: boussac@dsvidf.cea.fr. in ref 7). As for valence, the majority view is that thg-S
5 URA CNRS 2096. state consists of two Mhand two MV ions and that the
Prefecture University.
I'RIKEN Harima Institute. S to § and the $to S steps each corresponds to one-

1 Abbreviations: Bso, photooxidisable chlorophyll (Chl) of photo-  electron oxidation of the Mn cluster. For the ® &

?ySteft‘;] I t(PS”)? TYf-che tyrosm_g aCtift‘ﬁ as tft‘e e"ac”on fogor 6%P transition, several lines of evidence have led to the suggestion
YIp, the tyrosine acting as a siae path electron donolsge Qa an . . .
Ge, primary and secondary quinone electron acceptor of PSII; EPR, that a ligand-centered oxidation may occur rather than the

electron paramagnetic resonance; PPBQ, phpibdnzoquinone; conventional view of metal-centered oxidation (Bi‘hnd
DMSO, dimethyl sulfoxide; MES, 2N-morpholino) ethanesulfonic references therein)_

acid; HEPES,N-2-hydroxyethylpiperazin®¥-2-ethanesulfonic acid,; . . .

EGTA, ethylene glycol bigf-aminoethyl etherN,N,N',N' tetraacetic EPR has played an important role in studying the oxygen
acid; EDTA, ethylene-diamine-tetraacetate. evolving complex. EPR signals from the-SS;-, S- and
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Ss-states have now been detected in PSIl. While the signalselongatuscorresponded to a more rhombic structure than
from S have been known for some time, the signals from those found for the spin 5/2 state in PSII from spinach.
the other states have been reported only relatively recently.Furthermore, the relative stability of these states versus the
In the following, we shall briefly review the EPR literature g = 4 state differs between plants and cyanobacteria, indeed
on these states. the absence af = 4 signal in PSIl fromS. elongatushas

The $-State The Mn-cluster gives rise to several EPR been attributed to the increased stability of the 5 state
signals in the gstate: a so-called multiline signad)(and which decays directly to the spi 1/2 state without giving
signals from at least two different high-spin (ground) states. rise to a detectablg = 4 intermediate. All of these effects

The multiline signal is centered arouga= 2 and is spread  have been interpreted as being the consequences of small
over roughly 1800 G, is made up of at least 18 lines, each differences in the ligand environment of the Mrluster.
separated by approximately 80 G, and arises from a spin The $-State.S also gives rise to a multiline EPR signal
1/2 (ground) state, very probably from a magnetic Mn- centered neag = 2 (31—34). It is spread over: 2380 G
tetramer, MH'sMn" or MnVsMn'" (ref 10 and references  and is constituted of 25 resolved lines spaced by @5 G.
therein). Several modified forms of the-Bwltiline signal It originates from the Mgcluster in a spin 1/2 ground state
have been observed depending on biochemical treatmentsnd is tentatively attributed to a Ma—Mn""Mn" or Mn'"" ,—
of the enzyme 11—13). The cases relevant to the present Mn""Mn'" complex. The $multiline signal has been ob-
study are the following: (i) In the ammonia-treated enzyme served in plant PSIlI in the presence of methargi34)
(11), the S-multiline signal exhibits 2+22 hyperfine lines  and in PSII cores fron®. elongatug30). Although it was
with reduced hyperfine spacing. This modifications was shown that alcohols are not required to observe thaighal
interpreted as arising from the formation of an amidogNH in S. elongatus(30), addition of methanol increased its

bridge in the MA'Mn" dimer of the Mn-cluster 4). (i) resolution. The $multiline signals detected in plant PSlI
When St is substituted for Ca in the G-evolving enzyme, and inS. elongatusvere similar but not identical.

another modified gmultiline signal is observedl@). This The S-State.The use of parallel polarization EPR spec-
signal is similar, but not identical, to that observed inNH  troscopy allowed the detection of signals in thesgte. Two
treated PSII. signals have been reported: (i) a broad featureless signal at

The better known high-spin state from 8 that giving g = 4.8 (35, 36) and (ii) a multiline signal centered gt=
rise to a signal aroung ~ 4 and such signals are seen under 12 with at least 18 lines spaced by 32 &,(38). The S-
two different classes of experimental conditiori&<20). multiline signal was observed in PSII core preparations from
First, theg ~ 4 signal can be generated by illumination at Synechocystiand in plant PSII in which the 17- and 23-
room temperature or at 200 K. The fraction of centers giving kDa extrinsic proteins had been removed.
rise to thisg ~ 4 signal is dependent on the pretreatment of The $-State EPR signals in the jfSstate have been
the enzyme, being markedly increased by (i) having sucrosedetected in plant PSII using both perpendicularyat 6.7)
present in the mediumlB, 16), (ii) certain treatments that and parallel (ay = 12 andg = 8) polarization modes39,
remove chloride from the mediur@l, 22) or its replacement ~ 40). These signals were interpreted as originating from
by F (17, 23), I~ (23, 24), amines 25), or NO;~ (23), and different transitions in the same spix 1 state 89).
(iii) replacing C&" with S©* (12). Second, thg ~ 4 signal Interestingly, it was found that, in the-State, near-infrared
can also be generated by near-infrared illumination of the light induced new EPR signals in a fraction of the reaction
S,-multiline state, between 77 and 170 K. This represents a centers 40).
IR-induced spin-state transition in the Meiuster, from spin This brief review covers a small fraction of the papers on
1/2 to spin 5/2 19, 20, 26). Above 170 K, the infrared-  the S state but nearly all of the articles on the EPR of the
induced spin 5/2 Sstate converts back into the spin 1/2 S other S states. The relative paucity of reports on the EPR
multiline state. Theg = 4.1 signals produced under the signals arising from S states other thanv&lects not only
different conditions described above arise from similar spin their more recent discovery but also the fact that they are in
5/2 states 19, 20, 26, 27) but which have quite different  general more difficult to detect and that special conditions
stability in terms of temperature(). or nonconventional EPR methods are required. The use of

A third type of signal from the Sstate was reported. these new signals to obtain structural and mechanistic
Signals ag values> 5 were found when the spin 1/2 state information requires improved biological samples, having a
was illuminated with IR light below 77 K. Between 77 and higher purity and yet maintaining the homogeneity charac-
170 K, a relaxation process occurs leading to formation of teristic of the less purified samples used for the majority of
theg = 4 signal. The nevg > 5 signals were attributed to  studies up to now (i.e., PSll-enriched membranes).
a high-spin state (probably a spin5/2) representing a state One such biological preparation is the so-called “PSlI
of the Mny-cluster similar to that giving rise to thg = 4 core” preparation from the thermopilic cyanobacteriun,
signal but in a slightly different (unrelaxed) environment elongatusPSIl in this species is more stable than that either
(28, 29). from plants or from mesophillic cyanobacteria, and it has

For the $-state, some spectroscopic differences betweenthus become a material widely used in attempts to generate
plant PSIl and PSII frons. elongatufiave been found2, crystals (e.g.41—43) for structural investigations. As these
30). Methanol has no effect on the hyperfine structure of studies progress toward providing a detailed structural model,
the S-multiline signal inS. elongatusand it does not inhibit it seems timely to study this specific material using EPR to
the infrared-induced spin-state transition in contrast with the relate it to the extensive EPR literature obtained on plant
situation in plant PSIl. Moreover, the value of the zero field PSII. Some EPR studies on this species have been reported;
splitting parametersg/D and D) found for the infrared- these however have focused mainly on the signals from the
inducedg > 5, spin 5/2 state in PSIl isolated froi@. S, state and more recently from thg Sate (see above).
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The addition of a histidine extension (His-tag) to a protein

Boussac et al.

St Reconstitution PSII cores were diluted (about 50

of the PSII reaction center has facilitated the purification of times) in a medium containgnl M SrChL and 25 mM Mes

PSII cores fromChlamydomonas reinhardti{44), from
Synechocysti803 @#5—47) and fromS. elongatu48). So-

(pH 6.5) and incubated atTC for 30 min in darkness. The
PSII cores were collected by centrifugation and resuspended

called “His-tagged PSII cores” have undergone little chara- in a medium containing 0.3 M sucrose, 10 mM NaCl, and

terisation by EPR. In the case §fnechocysti€803, it was
reported that the Sstate showed an EPR signal@t= 4

25 mM Mes (pH 6.5) and 5 mM Srght about 0.8 mg of
Chl/mL. After dark adaptation fol h onice, ferricyanide

(45). This was somewhat surprising since no such signal had (50 uM) dissolved in water was added. Formation of the
been reported previously in cyanobacterial PSII. It thus Sy-state was achieved by illumination at 198 K in a £0
seemed possible that the presence of the His-tag itself mayethanol bath through water and infrared filters.

modify the environment of the Mrcluster.

Acetate TreatmentPSIl cores were diluted (about 50

In the present work, we have undertaken an EPR study oftimes) in a medium containing 0.5 M acetate, 40 mM Mes,

the §-, S;-, S and $-states in a His-tagged strain 8f

0.3 M sucrose, and 5 mM Ca(OHhe pH was adjusted to

elongatus The study indicates that the His-tag itself does 5.25 with NaOH) and incubated for 30 min in darkness. The
not influence the EPR of the Mn. Furthermore, this material PSII cores were collected by centrifugation and resuspended
allows the detection of signals previously unreported in in the same medium. After dark adaptatiom foh onice,
cyanobacteria. Several biochemically modified forms of the PPBQ (0.5 mM) dissolved in DMSO (3% final concentra-
enzyme have also been studied. Similarities and differencestion) was added. Then, the sample was illuminated, either

between plants ang. elongatusre emphasized. In addition,

at 198 K in a CQ—ethanol bath or at 0C in ethanol cooled

the cyanobacterial system contains a membrane-bound cy-with liquid nitrogen, through water and infrared filters.

tochrome, Cwysse, that is specifically associated with the
electron donor side of PSIK@—53). This cytochrome is

Purification of the 33-kDa ProteinThe 33-kDa protein
from spinach was extracted with the following protocol. PSII

studied by EPR, and the orientation of the heme plane relativemembranes purified as previously described were first

to the membrane is determined.

MATERIALS AND METHODS

PSIl cores from His-tagged CP4S. elongatuswere
isolated as previously described8f. PSIl 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 NacCl, 15
mM CacCl}, 15 mM MgCh, and 25% glycerol at a concentra-
tion of 1.3-1.5 mg of Chl/mL.

Detection of the 8 and $-Multiline Signals PSII cores

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 contagih M CaC} to
remove the 33-kDa proteirb{). 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 NacCl, and then concentrated. The presence of
the 33-kDa was verified by SDSPAGE (not shown).
Purification of the Cytgso Purification of the Cytsso was
done with the following protocol. His-tagged PSII cores from

were loaded into EPR tubes in the medium described aboveS. elongatusvere washed with Caghs previously described

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 S

(48). From SDS-PAGE analysis, almost all the Qyto
seems to be removed by this protocal8). After a

state by illuminating the samples with one flash given at centrifugation, the supernatant containing thecgytthe 33-

room temperature3Q). Then, after 12-min dark adaptation

kDa and a 12-kDa protein was dialyzed against a medium

at room temperature, PPBQ (0.5 mM) dissolved in methanol containing 10 mM NaCl and 25 mM Hepes, pH 7.5. The
(3 % final concentration) was added as an electron acceptor.Cytc,., was then purified by HPLC by using a mono QHR
The samples were then submitted to 0, 1, or 3 flashes and5/5 column (Pharmacia). The presence of thecgytwas

frozen immediately at 198 K in a GSethanol bath and
then cooled to 77 K in liquid nitrogen.
Detection of the §Signals in Untreated PSIPSII cores

verified by SDS-PAGE (not shown).
Oriented SamplesOrientation of PSIlI cores on Mylar
sheet was done essentially as previously describgdRSI|

were diluted (about 50 times) in a medium containing 0.3 cores from His-tagge8. elongatusafter thawing, were first

M sucrose, 10 mM NacCl, and 25 mM Mes (pH 6.5) and diluted about 50 times in a medium containing 0.03 M
then collected by centrifugatiore( 1 h, ~ 18000@) and sucrose, 1 mM NaCl, and 2.5 mM Mes (pH 6.5), and then
resuspended in the same medium at about 0.8 mg of Chl/collected by centrifugation and resuspended in the same
mL. Synchronization in the ;Sstate and the flash sequence medium at about 1 mg of Chl/mL. Then, the resuspension
were done as described above except that ferricyanidewas painted onto Mylar sheets and incubated for 36 h in
(dissolved in water at 5@M final concentration) was used total darkness at 4C in a~ 90% humidity atmosphere.
as an electron acceptor instead of PPBQ. Flash illumination at room temperature was provided by
Ammonia TreatmentPSIl cores were diluted (about 50 a Nd:YAG laser (532 nm, 550 mJ, 8 ns) Spectra Physics
times) in a medium containing 0.3 M sucrose, 10 mM NaCl, GCR-230-10. Near-IR illumination of the samples was done
and 5 mM Mes (pH 6.5), and then pelleted by centrifugation in a nitrogen gas flow system (Bruker, B-VT-3000) or
and resuspended in the same medium at about 0.8 mg ofirectly in the EPR cavity and was provided by a laser diode
Chl/mL. After dark adaptation fol h onice, Hepes (pH emitting at 820 nm (Coherent, diode S-81-1000C) with a
7.5) and NHCI were added (both 100 mM, final concentra- power of 606-700 mW at the level of the sample. CW-
tion). Then, PPBQ (0.5 mM) dissolved in DMSO (3% final EPR spectra were recorded using a standard ER 4102
concentration) was added. Formation of thesfate was (Bruker) or a ER 4116 DM dual mode (Bruker) X-band
achieved by illumination at 198 K in a GBethanol bath resonators at liquid helium temperatures with a Bruker
through water and infrared filters. ESP300 X-band spectrometer equipped with an Oxford
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in plant PSII. As proposed previousi®g, 30), it seems likely
that the increase in these signals arises from the presence of
the Cytsso signal (see below), which is expected to be
oxidized plus any fraction of centers that may havebgyt

in its oxidized form; (ii) signal atz 1600 G from contami-
nant high-spin F&; (iii) signals at 850 G (i.e.g = 8) and
1200 G (i.e.,g = 5.7) from the oxidized non-heme iron

| | QaF€ Qs.

g=5.7 g7 The presence of (Fe"Qg is explained as follows: after

‘ ’ ' ' ' ‘ ' ' ‘ dark adaptation, the {Fe" Qg™ state is present in a fraction

of the PSII cores. This was seen by the presence ofj the

1.6 signal (arising from the (F&"Q,~ state) when low-
temperature illumination was given to a dark-adapted sample
(not shown). Addition of PPBQ resulted in formation of the
QaFe"Qg state in these centers due to oxidation of iron by
PPBQ. Then, illumination by one flash resulted in the
formation of the QFe* Qg state, while the QFe”QB state

and then the @Fe*"Qg state were formed in the other

£=8| _ - . g=8 _, B7K

0 1000 2000 3000 4000 O 1000 2000 3000 4000
Magnetic Field {gauss) Magnetic Field (gauss)

C:4K

d:1£-0f reaction centers5g). From the amplitude of thg = 8 and
d:1£-0f 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,
2400 3200 4000 2400 3200 4000 the QIFE Qg™ state was present in about 30% of the reaction
Magnetic Field (gauss) Magnetic Field (gauss) centers.

Fioure 1: The S- and $-multiine signals. CW-EPR spectra The $-state.We looked for the $multiline signal in PSII

recorded on His-tagged PSlI cores isolated fi®nelongatusfter cores from untreated-His-tagged PSII fr@nelongatudy

a series of saturating laser flashes (1 Hz) in the presence ofusing parallel polarization EPR but were unable to find
methanol. Spectra in panels A and C and panels B and D wereconditions under which a signal could be detected. In
recorded ?jtt4 t?1nd|‘7htKy r_eSpegt'VlfW- S?ethﬁl in panels (|3 Td 38ynechocysti§803, the species in which this signal was
correspond to the light-minus-dark spectra shown in panels A and : -

B, respectively. Other instrument settings: standard cavity; modula- discovered7, 38), the Cytssois not bound to the PSII cores
tion amplitude, 25 G; microwave power, 20 mW; microwave N contrast with the situation i. elongatusThus we looked
frequency, 9.4 GHz; modulation frequency, 100 kHz. The central for the §-multiline signal after the removal of Gggsoin S.
part of the spectra corresponding to the Jyegion was deleted.  elongatusby a CaCj washing of PSII cores but with no
success. Since the Ca@Vashing also removes the 33-kDa

Instruments cryostat (ESR 900 or ESR 910). Before the , i0in and since, in plant PSII, it has been shown that the

recording of all spectra, samples were degassed as previousl)‘/)resenCe of this protein was required to detect the S

described 28). multiline (38), we looked for the Ssignal after the addition
RESULTS of a 10-fold excess of the 33-kDa protein isolated from
spinach §7) but again with no success. It is worthy of note
The $- and $-Multiline Signals Figure 1 shows the CW-  that we were able to detect the Swltiline signal in salt-
EPR spectra recorded 4 K (panel A) o 7 K (panel B) on washed PSII from plants (not shown). We conclude therefore
PSII cores isolated from His-tagg&l elongatusSpectraa  that the inability to detect the signal 8 elongatuss more
in panels A and B of Figure 1 were recorded in dark-adapted likely to be attributable to the fact that we have not yet
PSII (i.e., in the $state), and spectra b were recorded after obtained the appropriate biochemical conditions. It is perhaps
one flash (i.e., in the Sstate). After the third flash (spectra  of further note that we have not been able to detect the
c), the S-state is the predominant S-state, and therefore thebroader parallel mode EPR signal attributed to(35) in
multiline signal recorded in these conditions mainly origi- any of our studies.
nates from the @state. The &multiline signal is favored at The $-State Figure 2 shows an experiment in which the
4 K while the S-multiline signal, in these samples containing S;-signals were looked for in His-tagged PSII frof
methanol, is favoredt& K (30, 34). Under the microwave  elongatuslt has been previously shown that the addition of
power used here (20 mW), the-Buultiline signal is not organic solvents makes thg-§&ate more or less undetectable
detectable at 4 K. (39, 40). For that reason, for these experiments, potassium
Figure 1, panels C and D, shows the light-minus-dark ferricyanide (dissolved in water) was used as an electron
spectra recordedtad K or at 7 K, respectively. The  acceptor. In Figure 2, spectra a, b, and ¢ in panel A were
S-multiline signal (spectrum d, panel D) and therBultiline recorded after 0, 1, and 2 flashes, respectively, using
signal (spectra e, panels C and D) are essentially identicalperpendicular mode EPR. Spectrum b exhibits a strgag S
to those previously detected in non His-tag@dlongatus  mutiline signal. After two flashes (spectrum c), the amplitude
(30). of the S-multiline is 24% of that measured after the first
In spectra a, b, and c the following features are also flash. This indicates efficient S-state turnovers with an initial
present: (i) signals at 2230 G andx 3030 G, particularly  population of $ greater than 95% and misses lower than
evident at 7 K, attributed to thg, and g, resonances, 10%. The fraction of centers in the-State after 2 flashes
respectively, of oxidized low-spin cytochrome heme(s). can be estimated t& 75%. These data indicate that the low
These features are much more intensé& irelongatughan concentration of ferricyanide used (i.e., B®) was not
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FiIGURE 2: The $-signals. CW-EPR spectra recorded on His-tagged
PSII cores isolated fron®. elongatusafter a series of saturating
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Ficure 3: Effect of ammonia and 8 in S,. Spectrum a: light-
minus-dark spectrum recorded after illumination at 190 K of
ammonia-treated His-tagged PSII cores fi®nelongatusSpectrum

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. elongatusSpectrum c: light-minus-dark spectrum
recorded after illumination at 198 K of a Brreconstituted His-
tagged PSII cores fror8. elongatusinstrument settings: standard
cavity; temperature, 8 K; modulation amplitude, 25 G; microwave
power, 20 mW; microwave frequency, 9.4 GHz; modulation

laser flashes (1 Hz). Spectra in panels A and B were recorded byfrequency, 100 kHz. The central part of the spectra corresponding

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, Tggion

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.

limiting, at least for illumination by two flashes. This is not
surprising because, i8. elongatusthe secondary quinone,
Qg, is present and able to efficiently oxidizexQ(48) (see
also above).

After two flashes (Figure 2, spectrum c, panel A), a signal
centered ay = 10 is detected by parallel polarization EPR.
This signal is very similar to that detected in thesFate in
plant PSII 89, 40).

to the Typ region was deleted.

adapted PSII cores. Finally, spectrum a shows that a signal
atg = 4.25 is also induced by the illumination at 190 K.
Such a signal ajy = 4.25 has been observed in ammonia-
treated plant PSII11, 25 58) and has been attributed to
centers in which ammonia competes with™ @25, 59) in

the S-state. We attribute thg = 4.25 signal seen here
elongatusto a spin 5/2 gstate, as in plant PSII.

After illumination at 190 K, the sample was warmed in
the dark to 250 K fore 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 modifieg- S
multiline signal essentially identical to that observed in
ammonia-treated plant PSIY, 25, 58). The quality of this

Spectra d and e in panel B of Figure 2 were recorded after SPectrum is higher thap that measured in ammonia-treated
1 and 2 flashes, respectively, using parallel mode EPR. No PSII from Synechocysti¢50).

signal was observed after one flash, while after two flashes
a signal centered at= 14 is present. This signal bears also
strong resemblance to the-Signal previously detected in
plant PS Il 89, 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 thesignals
both with parallel and perpendicular polarization (not shown).
The $-State in Ammonia-Treated PSIh Figure 3, the

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,®nultiline state.

It is of note that the negative signalsgat 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, thé=€+Qg
state was present in about 50% of the ammonia-treated PSII

effects of ammonia (spectra a and b) were investigated in COres (see above), while the\RE*Qg state was present in

His-tagged PSII cores fronS. 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. lllumination at 190 K resulted in
the formation of a normal Smultiline signal as observed in
plant PSII (1, 25, 58). Spectrum a also exhibits negative
signals atg = 8 andg = 5.7. This shows that the oxidized
form QuFeTQs was present in a proportion of the dark-

the other 50%. If so, illumination at 190 K resulted in the
formation of the QFe* Qg state in the first 50% and in the
formation of the QF€"Q; state in the other 50%. Then,
upon warming to 250 K and in the presence of PPBQ (see
above), the (,;)Fe”QB state converted into the \Be*" Qg
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%.
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Ficure 5: Effect of acetate. CW-EPR spectra recorded on acetate-

| e treated His-tagged PSII cores isolated frBmrelongatusSpectrum
g=75 a was recorded on a dark-adapted sample. Spectrum b was recorded
. ‘ ‘ , after illumination at 198 K. Spectrum c was recorded after
0 500 1000 0 500 10001500 illumination at 0°C. Other instrument settings: standard cavity;
temperature, 8 K; modulation amplitude, 25 G; microwave power,
Magnetic Field {gauss) Magnetic Field {gauss) 20 mW; microwave frequency, 9.4 GHz; modulation frequency,

o 100 kHz. The central part of the spectra corresponding to thge Tyr
Ficure 4: Effect of ammonia in § CW-EPR spectra recorded on region was deleted. P P P g 6y

ammonia-treated His-tagged PSII cores isolated foralongatus

Spectra in panel A and spectra in panel B were recorded by using . .

a perpendicular or parallel polarization mode, respectively. Spectrum the laser flash (spectrum b in panel A) is about 55% of that
a was recorded after illumination at 190 K. Spectra b and ¢ were before the laser flash (spectrum a in panel A), it can be
recorded after a further illumination by one laser flash at room roughly estimated that thesState has been formed s
temperature. Spectrum d in panel B is a re-plot of spectrum e in 5qo4 of the PSII cores.

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  Although the $population was not maximal, a new signal
spectrum fin Figure 2, panel C. Other instrument settings for panel centered ag = 7.5 is present in spectrum b. Spectrum e in
A: standard cavity; temperature, 8 K; modulation amplitude, 25 panel C of Figure 4 corresponds to the difference spectrum
G; microwave power, 20 mW; microwave frequency, 9.4 GHz; yagylting from spectrum b-minus-spectrum a in panel A and

modulation frequency, 100 kHz. The central part of the spectra . . .
corresponding to the Tyrregion was deleted. Other instrument is compared to thesssignal in untreated PSII (spectrum f).

settings for panel B: dual mode cavity; temperature, 4.2 K; Although spectrum e could be slightly contaminated by
modulation amplitude, 12.5 G; microwave power, 20 mW; micro- signals from the non-heme iron (due to changes in the

wave frequency, 9.34 GHz; modulation frequency, 100 kHz. proportion of oxidized iron), the center of thg-Signal in
ammonia-treated PSIlI appears shifted frgms 10 tog =
‘The $-State in St'-Reconstituted PSliSpectrum ¢ in 7.5 when compared to that observed in untreated PSII.
Figure 3 corresponds to the light-minus-dark spectrum \with the parallel mode detection (panel B), the spectrum
induced by illumination at 198 K of Sf-reconstituted PSIl o -orded in the Sstate of ammonia-treated PSII (spectrum
cores from His-tagge®. elongatusThe amplitude of this c) appeared also slightly shifted frogn= 14 tog = 12 when

spectrum has been arbitrarily scaled to that of spectra a andcompared to the signal recorded in the untreatedtate
b. The C&" substitution for Si" resulted in a modified S (spectrum d).

multiline signal similar to that observed in plant PS1P)
and in Synechocysti$60). Although the St-reconsituted
plant PSII exhibits a strong = 4.25 signal in the absence

Acetate-Treated PSllin Figure 5, effects of acetate-
treatment on His-tagged PSII cores fr@nelongatusvere
; investigated by EPR at low temperature. Spectrum a in Figure
of alcohol, h.ere ng ~ 4 3'9”?' was observed B elongatus 5 was recorded on a dark-adapted sample and spectrum b
Instead, a signal with a maximuma@t= 5.25 was observed. | " .o.orded after illumination at 198 K. Spectrum d

The 3-State in Ammonia-Treated PShifter the recording  corresponds to the light-induced spectrum at 198 K. It
of spectrum b in Figure 3 (replotted without a background exhibits mainly a strong Q:e2+QB signal atg = 1.82 as
subtraction as spectrum a in panel A of Figure 4), the opserved in acetate-treated PHL(62). This indicates that
ammonia-treated sample was rapidly thawed in the dark (thisin S. elongatusacetate is able to bind to the non-heme iron,
operation took 510 S) and immediately illuminated by a gas Origina”y reported for formate in p|ant PS|53)
laser flash at room temperature. Then, the sample was frozenviagnification of spectrum d shows that a smakHrsultiline
immediately at 198 K then to 77 K before recording the EPR signal and a small signal at= 4.25 were induced by the
spectra by using perpendicular (spectrum b in panel A) and jllumination at 198 K. The signal at= 3.02 is very probably
parallel (spectrum c in panel B) polarization EPR. due to the oxidation of C{tss in @ small proportion of the

In this experiment, no synchronization of the PSII cores PSII cores.
in the S-state was done, i.e., we assume that about 75% of Spectrum c in Figure 5 was recorded after illumination at
the centers are in the-State prior to the 198 K illumination. 0 °C followed by rapid freezing at 198 K then at 77 K. The
Since the amplitude of the modified-Biultiline signal after light-induced spectrum at U (spectrum e) exhibits a split
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FiGure 7: The split signal induced by IR light ingSSpectrum
light-induced by an illumination at 820 nm, at 50 K, of His-tagged
PSII cores fromS. elongatusn the S-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 Tyrregion was deleted.

|g=14

while in S. elongatusthe spin 5/2 state is characterized by
signals atg = 5 andg = 9 (28, 29). In PSII cores from
His-taggedS. elongatugssentially identicad = 5 andg =
L 9 signals were found upon IR illumination of the-@ultiline
0 400 800 1200 state (result not shown).

Magnetic Field (gauss) Recently, it has been shown that near-infrared illumination
FIGURE 6: Effect of near-infrared light in § Spectra in panels A~ Of plant PSIlin the $state induced new EPR signals as
and B were recorded by using a perpendicular or parallel polariza- well as some changes in thg-Sgnals 40). Results from
tion mode, respectively. Spectra a were recorded after two flashessuch an experiment using PSII cores from His-tag&ed
(same protocol as in Figure 2). Spectra b were recorded after aNnglongatusare reported in Figure 6.

additional illumination at 820 nm at 50 K in the EPR cavity for 2 Spectra i | A and B ded b . ith
min. Other instrument settings for panel A: dual mode cavity; pectra in panel A and B were recorded by using either
temperature, 4.2 K; modulation amplitude, 12.5 G; microwave Perpendicular or parallel polarization EPR, respectively. PSII

power, 20 mW; microwave frequency, 9.34 GHz; modulation were trapped in thesState (spectra a) by a protocol identical
frequency, 100 kHz. The central part of the spectra corresponding o that described in Figure 2, i.e., after two flashes. Spectra

to the Typ region was deleted. Other instrument settings for panel ; P ; ~
B: dual mode cavity: temperature, 4.2 K; modulation amplitude. b were recorded after a subsequent illumination with a 820

12.5 G; microwave power, 20 mW; microwave frequency, 9.34 "M light at 50 K. In panel A, spectrum c corresponds to the

GHz; modulation frequency, 100 kHz. difference spectrum, spectrum b-minus-spectrum a, magni-
fied 10 times.

signal with a width of 232 G (peak to trough). Despite the  In the perpendicular mode (panel A), near-infrared il-

presence of PPBQ, a small proportion of Fg* Qg is lumination produced a complex signal. The most intense

detected ag = 1.82 in spectrum c. feature is centered @t = 2 with a peak to trough equal to

The acetate-induced split signal observed in PSIl from 176 G. In addition, signals at lower field and higher field
Synechocystig4) has been attributed taByrz". Therefore, (magnified in spectrum c) are also induced. Spectrum ¢
the similar 232-G wide, split signal observed here is also exhibits a feature which peaks @t= 5.20 (turning point at
attributed to $Tyr;". The small signal ay = 4.25 and the g = 4.35) and a smaller peak gt= 1.51. The weak broad
residual multiline signal may be attributable to a small signal at aroundy = 9 corresponds to th& = 5/2 state
fraction of the centers where the acetate effect is incomplete.induced by the illumination at 820 nm in the fraction of the
In plant PSII treated with acetate, upon laser flash illumina- centers remaining in the;$nultiline state after illumination
tion of dark-adapted membranes (i.e., PSIl in thestate), by two flashes29). The 176-G-wide signal a= 2 in PSII
the proportion of centers in which theT§r;* signal was from S. elongatuss still detectable at 1.8 K, and the relative
formed on the second flash was considerably lower than theamplitude of theg = 2 andg = 5.20 signals remains almost
proportion of centers in which the-#nultiline andg = 4.25 constant between 1.8 and 10 K (results not shown).
signals disappeared (Boussac, unpublished observations). The In the parallel mode (panel B), the effect of near-infrared
simplest explanation for this result is that ttpe= 4.1 signal illumination is to shift the &signal atg = 14 to a lower
and the $multiline signal detected after illumination at 198 g-value g = 12).

K arose from centers different from those in which the split ~ Figure 7 shows the 176-G-wide signal induced by near-
S, Tyrz* signal was observed upon°@ illumination. This infrared illumination using a low modulation amplitude and
may be due to a partial effect of acetate, i.e., a partial a small gain. Because the microwave relaxation properties
chloride-depletion in a low proportion of the reaction centers. of Tyrp® were slightly modified in the presence of the

Near-Infrared lllumination Near-infrared illumination of  infrared-induced states (not shown), the recording of the
the S-multiline state below 77 K induces a spin state central part of the spectrum was not possible.
transition, from spin 1/2 to spin 5/2. In plant PSII, the spin  In ammonia-treated plant PSII, it was found that the
5/2 state is characterized by signalsgat 6 andg = 10 modified S-multiline state loses its susceptibility to near-
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Ficure 8: Isolated and membrane-bound Gyt CW-EPR spectra

of dark-adapted His-tagged PSII cores isolated fi@nelongatus
(spectrum a), of isolated Gy, (spectrum b) and of Caglvashed

PSiII 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.

infrared light. Here, a similar inhibition by ammonia of the
infrared-induced spin-state transition in the Miuster was
found in PSII cores from His-tagge8. elongatus(not
shown).

Isolated and Membrane-Bound Csgg In Figure 8, the
Cytcsso purified from isolated His-tagged PSII cores from
S. elongatus(spectrum b) is compared to the spectrum

recorded in intact PSIlI cores (spectrum a). Spectrum ¢ was

recorded on CaGlwashed PSII. The amplitude of spectrum
¢ was scaled to that of spectrum a using the EPR signal of
Tyrp® as a spin standard to estimate the PSII cores concentra
tion.

In principle, the spectrum a could contain both theligt
signal and the Cytso signal. However, in intact PSII, Oyso
is expected to be in its high potential form, therefore reduced
and thus EPR-silent, while Gy is expected to be oxidized
and thus detectable by EPR. Ca@ashing ofS. elongatus
results in the removal of Cgdso from the majority of centers
(48). The EPR signal from the heme is indeed much smaller

Biochemistry, Vol. 39, No. 45, 208095

b:902

2000 2200 2400
Magnetic Field {gauss)

n
2]
3
©
2
e}
2
ic
i) -
5 .
c .
o
© -
E c "
0 180 360
degree

Ficure 9: Orientation of Cytsso. Panel A: g, signal of cytochrome-
(s) detected in His-tagged PSII cores isolated fr®nelongatus

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 signal (see vertical
dashed lines in panel A). Same instrument settings as in panel A.
Panel C: contour plot of thg, and g, signals detected in His-
tagged PSII cores isolated fro®. elongatusSame instrument
settings as in panel A.

after this treatment. However, in plant PSII, salt-washing although the degree of orientation was less good. It can be
treatments that remove the extrinsic polypeptides also convertconcluded that, as expected, the detergent-depleted PSII cores
Cythsse to a low-potential form leading to its oxidation at associate in sheetlike structures that reflect the membrane
ambient potential5). If this occurs inS. elongatughen structure.
oxidized Cybssg may well contribute significantly to this Panel A in Figure 9 shows the signal in tgemagnetic
spectrum. field region for two angles (0 and 9pbetween the normal
The isolated Cyisso (Figure 8, spectrum b) does not exhibit  to the Mylar plane and the magnetic field direction. The
very differentg-values from those measured in situ (spectrum and g, signals were measured by °16teps from 0 to 360
a). This contrasts with the situation observed with tigyst (panels B and C, Figure 9). The data show a clear orientation
for which theg values measured in vitro are significantly dependence in which thg signal was maximum when the
different from those measured in situ (e.g., réésand67). Mylar plane was parallel to magnetic field direction, while
Theg-values found here i. elongatugor both the isolated  the g, signal was maximal when the Mylar plane was
and membrane-bound Qyt, are similar to those found in  perpendicular to the magnetic field. This indicates that the
Synechococcug42 68) and inMicrocystis aeruginosés9). heme plane is oriented perpendicular to the Mylar and thus
Orientation of Cyteso Figure 9 shows a study of the heme the membrane plane.
signals in an oriented sample. His-tagged PSII cores from  After the drying period, it is possible that a proportion of
S. elongatusvere oriented on Mylar sheet, and spectra were Cythssg converts to its low potential form and thus becomes
recorded for different angles between the plane of the Mylar oxidized. However, given the apparent dominance of the
sheet and the magnetic field direction. The nature of the Cytcsso signal, due to its redox properties and perhaps its
sample orientation was verified by studying the EPR signal greater stoichiometry, and given the unusual stability of the
from Tyrp (not shown), and the data were qualitatively protein complex (and hence the likelihood that 6y
similar to those reported earlier in oriented PSIl membranes, remains in its high potential form), the expected contribution
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from Cythssg may be small. Even so, since both cytochromes between an organic radical (spin1/2) and the Mi-cluster
have similar spectra, it is possible that the spectra represenivith a spin state equal to 3/23%). These results were
a superimposition of the signals from the heme ofligyst confirmed very recently under conditions in which the S
and from Cytsso. If the actual position of they, lines are state was formed with a higher yieldQ) (i.e., in 50-60%
slightly different in terms of their field position and if the of the reaction centers). In this work@), the $-signal in
orientations of the two hemes are different, it may be possible the perpendicular mode was seengat 10. The authors

to differentiate between their contributions in the orientation favored the magnetic interaction between a radical and the
experiment. The following procedure was performed with Mn cluster to explain the spectrdq). In both of these reports
this aim. Spectra in the region of thesignals were recorded (39, 40), it was shown that the presence of certain organic
for all the orientations of the Mylar sheet in the magnetic solvents diminishes or eliminates the Sgnals. It seems
field. Then, the area of the signal from 2060 to 2160 G that the organic solvents (particularly alcohols) used for
(squares in panel B, Figure 9) and that of the signal from dissolving artificial electron acceptors may have rendered
2300 to 2400 G (circles in panel B, Figure 9) were plotted the S signals undetectable in previous studies. 3n
separately versus the angle between the normal to the Mylarelongatus the presence of the intrinsic secondary electron
and the magnetic field direction. Both data sets show that acceptor quinone, £ makes the addition of PPBQ unneces-
theg, signal was maximum when the plane of the PSII cores sary for the first few turnovers. In Figure 2, it can be
was parallel to magnetic field direction. This is the same as estimated that illumination of PSII, presynchronized in the
the orientation of Cydssg as measured earlier in plant PSIl.  S;-state by two saturating flashes, formed thesgte in
Since the Cyisso Seems to be the dominant signal in intact about 75% of the reaction centers. Under these conditions,
membranes, it seems reasonable to conclude that the orientasignals are detected both in perpendicular (broad sigrl at
tion of its ring plane is also close to perpendicular to the = 10) and parallel (ay = 14 andg = 8) polarization modes.
membrane. From the present study, we are unable toTheseg values differ slightly from those observed in the

determine if Cyibssg contributes to the orientation data. Ss-state in plant PSI139, 40).
Biochemical modifications of the oxygen evolving enzyme
DISCUSSION in plant PSII, such as the substitution of2€dor S** or

ammonia binding, result in modified forms of the §gnals

In the present work, we have surveyed several of the EPR 11 15 55 2g). In this work, effects of such treatments have
propertles of PSII fronﬁ. elongatusising regct|on center ._been investigated in His-tagged PSII cores fidnelongatus
cores isolated from a His-tagged CP43 strain. The results inryg g of relevance since there are several reports in the
Figures 1 show that both the-Sutiline and Fmultiline literature that indicate that the behavior of PSII in cyano-
_S|gnals are virtually 'de’.‘“ca‘ to those detected in PSII cores pacteria and in particular the species used in the present strain
isolated from the non-His-tagged stral?8(30). In addition, — geems 1o be different with regard to the influence ofCa
the EPR spectrum of the spin 5/2Sate induced by infrared o4 o (e.g., ref70).
illumination is almost identical to that found previqusl&gl In the ammonia-treated sample (Figure 3), illumination at
(not shown). It can thus be concluded that the His-tag does ) oq k yesuited in a normakSnultiline signal. This behavior

not induce structural perturbations of the Mn is similar to that observed in plant PSIY, 25, 28) and as

It has recently been reported that in His-taggegh-  in plant PSII, inS. elongatughe modification of the $
echocysti$s803 ag = 4.1 signal could be generated under multiline signal occurred after the sample was warmed to a
conditions used to generate therBultiline signal @5). Apart  temperature that allows ammonia to bind to its site. The
from this brief report, thgy = 4 signal had not been reported  modified S-multiline signal observed in Figure 3 (spectrum
in PSII from cyanobacteria raising the question whether the ) is essentially identical to that observed in ammonia-treated
His-tag itself may be responsible for perturbing the Mn pjant PSII (3, 28, 57. Spectrum a in Figure 3 also shows
cluster. As stated above, in the present study the His-tag hadthat, in a fraction of the centers, a signatiat 4.25 is light-
no evident effect on the Mn cluster as judged by the EPR induced at 190 K. The present observation demonstrates that
spectra. In an earlier studg9) of PSIl in S elongatusn the structural conformation of the Muluster at the origin
which the question of the missing = 4 signal was  of theg = 4 signal can occur i$. elongatusin ammonia-
addressed, it was suggested that the state exists but it igreated plant PSII, the presence of the= 4.25 signal was
unstable relative to the state giving rise to the second form attributed to the binding of Nkin a different site from that
of the spin= 5/2 state of & In the present study, thg= giving rise to the modified multiline signal but one that is
4 state was observed in PSII fron elongatusvhen treated  competitive with Ct (25), and it seems likely that a similar
with ammonia or acetate, i.e., under the same conditions assjtuation exists irS. elongatus
in plant PSII in which these treatments were shown to induce  Ammonia modifies the EPR properties of thes$ate (see
a type of (partial) chloride depletion. This fits with the idea apove). However, the structural change at the origin of this

that the structural conformation that gives rise to tge='4  effect does not result in inhibition of oxygen evolutidssy.
state” can be stabilized to different degrees by appropriate This was interpreted by a model in which ammonia is quickly
biochemical conditions. replaced by the normal substrate (i.e., a water molecule) in

In plant PSII, EPR signals in theyState were first detected the S-state. Inhibition of oxygen evolution only occurred
by Matsukawa et al.39). The $-state exhibited signals in  after a dark period in the;State long enough to allow a
both perpendicular (ai = 6.7) and parallel (agy = 12 and second ammonia to bind to a second s88, (71). To test
g = 8) polarization modes. These signals were interpreted further this model in His-tagge8. elongatusthe effect of
as originating from different transitions in the same sgin ~ ammonia on the EPR properties of thes$ate was inves-

1 state or from a spisr 2 state resulting from the interaction tigated (Figure 4). Signals both in parallel and perpendicular
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polarization modes were detected. These signals are similamot detected in plant PSIAQ) and the splitg = 4 signal
but not identical to those measured in the untreated sampleseen in ref40 was not detected here.

Although the biochemical conditions are differentin thetwo  In the S-state modified by ammonia, infrared irradiation
samples, it is tempting to attribute the observed differenceswas found to have no effect. This indicates that the
to ammonia itself. Consequently, this would indicate that, modifications induced by ammonia in the structure of the
as expected58, 71), ammonia is still in its site in thesS oxygen evolving system and making infrared light ineffective

state. in S; are also conserved in the-State in PSII cores fror8.
Reconstitution of C&-depleted plant PSII by rrestores  elongatus _ . o
about 40% of the oxygen evolution activitgZ, 72). This The observation that the Mitluster is IR-photoactive in

decrease in the activity is probably due to a slow down of Poth S and S (at least in a proportion of the centers) can
the Sto & and S to S transitions 3). In plant PSII, the be taken as an indication that the structure and valence of

Sr*-reconstituted preparations exhibit a modified multiline the Mn (or at least the photoactive motif) are similar in both
signal and an intensg = 4.25 signal in the Sstate (2). of these states. This then supports recent models in which a
Spectrum c in Figure 3 shows that a modifiedrultiline ligand-centered oxidation seems to be preferred to a metal-
signal is also formed in a fraction of the?Srreconstituted ~ Centered oxidation in the,So0 $ transition @). The 176-
His-taggedS. elongatushowever, ag = 4 signal is not G-wide split signal observed in this work and earliég)(is
observed. Instead a signal that peakg at5.20 is formed. ~ reminiscent of the Jyr;* split signal. This led loannidis
This is tentatively attributed to a spin 5/2 form of the Mn and Petrouleas4() to propose that, upon absorption of

cluster that differs slightly from the state that gives rise to infrared light at 50 K, the Miacomplex becomes so oxidizing
the g = 4 signal. 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 $to S transition g). If so, the infrared
light would induce a structural change making the magnetic
coupling between this radical and the Mtluster smaller

Acetate addition toSynechococcubas been shown to
inhibit the reduction of Bg" under repetitive flash illumina-
tion at room temperatur@4). In plants and/oSynechocystis
acetate-treated PSII are inhibited at thd\8,* step upon
illumination at 0°C similarly to the situation in observed in :
Ca&"-depleted and Cldepleted PSII13, 61, 62, 64, 73, 75). and hence making the;State detectable by EPR.

In fact, it has been shown that acetate treatment results in a Detection of the 176-G-wide split signal at 1.8 K in the
chloride depletion6) in a competitive manner7q). The infrared illuminated $state suggests that the radical would

) : . . .. be magnetically coupled to a faster relaxer than the spin 1/2
S;Tyrz state is characterized by a split EPR signal arising o~ _ _ ;
from the magnetic interaction between a radicaB)( Srstate. Thg =5.20 andg = 1.51 signals could correspond

X e . to signals from this fast relaxer state. By comparison, in
identified as a tyro.syl radicabd), and .the Mm—lcluster. 'I_'he acetate-treated plant PSlI, the split signal arises from a slower
shape of the Syrz* depends on the biochemical conditions.

In plant PSII, the differences between the split signal in relaxing species: the half-saturation of the magnetically

coupled radical in the Syr state occurred at a slightly
acetate-treated PSIl and Tadepleted/EGTA-treated PSlI lower power than the spin 1/2-8hanganese signa1) (see
have been simulated assuming that the coupling between the . - .
oo L also ref82 for the relaxation properties of the radical and of
Mn-cluster and the radical is ferromagnetic in the former

and antiferromagnetic in the latter8). In cyanobacteria, a the manganese signal in theTgr;” state in EGTA-treated

split S;Tyrz* signal has already been observed in EGTA- Sestg)c,:t:ts)lg c;(t)r;rsiquence, thergrz" split signal is no longer
treated PSII fromSynechocysti$60) and in a D1-H332E ‘

(79) and D1-glu189 &0) mutants ofSynechocysti§803 One difficulty in making firmer assignments at present is
Figure 5 shows the effect of acetate Snelongatus ' that the changes seen seem to occur in only a fraction of

) ) centers, and thus the samples clearly show heterogeneity.
The structure of the Syrz* signal in acetate-treated I_DSII For example, the signal gt= 10 in the perpendicular mode
cores from Selongatus(and to a lesser extent the width, seems unaffected by the infrared illumination. This can be

232 G, peak to trough) differs slightly from the corresponding explained if the infrared light affects only a proportion of
values in plant PSIl (240 G, peak to trough). This means the pS|| centers and that those centers are different from
that the magnetic interaction between the metal and thehgse giving rise to thg = 10 signal. A similar kind of
radical is similar but not identical. This could be due to a heterogeneity has already been observed in thstae,
change either in the distance or the angle between theyhere all the reaction centers are not equally susceptible to
magnetic axes of the radical and of the Miuster but jnfrared light 83). Whatever the model drawn, the complex-
quantification of these differences is premature. ity of the data makes quantification difficult.

Recently, it has been shown that thesfate in plant PSII The signals induced by infrared illumination in the-S
is sensitive to near-infrared lighttQ). This was confirmed  states seen here and earli#@)(resemble those detected after
in the present work in which we found that illumination at a complex protocol including different illumination periods
820 nm in the $state of His-tagged PSII froi8. elongatus  at different temperature84). This can be explained if we
induced new EPR signals in both perpendicular and parallel assume that (i) the protocol used in 84f(i.e., freezing under
modes (Figure 6). In the perpendicular mode, a 176-G-wide illumination) resulted in formation of the;State in a small
split signal atg = 2 is formed (seen with a better resolution fraction of the PSII reaction centers and (ii) the subsequent
in Figure 7), together with a broad positive signal (which illumination at 30 K, after which these signals were observed,
peaks ag = 5.2) and a smaller negative signal (which peaks contained infrared light. Both assumptions seem reasonable.
atg = 1.51). These infrared-induced signals resemble those His-tagged PSII cores froi8. elongatusvere oriented on
induced in plant PSII40), but theg = 1.51 seen here was Mylar sheets to study the orientation of the heme ofdgyt
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One difficulty in the interpretation of the data is the potential
superimposition of the Cigésg Spectrum on that of the Ggso
spectrum. Despite this problem, data in Figure 9 show that
the heme plane of Cgisois perpendicular to the membrane
plane and if Cylbssgis present it is oriented the same way as
expected from earlier studieS5).

CONCLUSION

The present work shows th&t elongatu$*Sll cores are
well-suited to EPR studies. The results extend the compari-

sons begun between cyanobacterial PSII and plant PSII, and 21-

so far the differences found, although spectroscopically
significant, probably represent no fundamental difference in
structure. The orientation of the @y, heme plane is a

further piece of structural information to add to the model

constructed from spectroscopic studies. The presence of 24.

functional @ allows several turnovers (required for the
efficient formation of $) without the necessity to add
artificial lipophilic acceptors. The clearly defined 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 PSIl, as demon-
strated here by the modifications induced in Nreated
PSII. The present work then will act as a basis for future
spectroscopic and molecular enzymological work.
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