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ABSTRACT. The Mn cluster of Photosystem Il (PSII) froBynechococcus elongatuss studied using

EPR. A signal with features between= 5 andg = 9 is reported from the Sstate. The signal is
attributed to the manganese cluster in a state with a spin 5/2 state. Spectral simulations of the signal
indicate zero field splitting parameters where B8] was 0.13. The new signal is formed by irradiating

PSIl samples which contain the spin 1/2 S-state using 813 nm light below 200 K. This effect is
attributed to a spin-state change in the manganese cluster due to absorption of the IR light by the Mn-
cluster itself. The signal is similar to that reported recently in PSII of plants [Boussac, A., Un, S., Horner,
0., and Rutherford, A. W. (1998iochemistry 374001-4007]. In plant PSII the comparable signal is
formed at a lower temperature (optimally below 77 K), and gradual warming of the sample in the dark
leads to the formation of the state responsible for the well-kngwn4.1 signal prior to formation of the

spin 1/2 multiline signal. In the present work using cyanobacterial PSII, warming of the sample in the
dark leads to the formation of the spin 1/2 multiline signal without formation ofitke4 type signal as

an intermediate. These observations provide a partial explanation for the long-standing “mystery of the
missingg = 4 state” in cyanobacterial PSIl. The observations are rationalized in terms of three possible
states which can exist for,S (i) the spin 1/2 multiline signal, (ii) the state responsible for the 4.1

signal, and (iii) the new spin 5/2 state. The relative stability of these states differs between plants and
cyanobacteria.

Photosystem-H(PSII) catalyzes light-driven water oxida- as the active site and as a charge accumulating device of
tion resulting in oxygen evolution. The reaction center of the water-splitting enzyme. During the enzyme cycle, the
PSIl is made up of two membrane-spanning polypeptides oxidizing side of PSII goes through five different redox states
(D1 and D2) analogous to the L and M subunits of the purple that are denoted ,Sn varying from 0 to 4. Oxygen is
photosynthetic bacterial reaction center (for a review, seereleased during the ;30 & transition in which % is a
ref1). Absorption of a photon results in a charge separation transient state4—7). In addition to Tyg, there is a second
between a chlorophyll @) and a pheophytin. This charge redox active tyrosine in PSII, Tyy the tyrosine 160 of the
separation is stabilized by electron transfer from the reducedD2 polypeptide 8—10). In the dark, Tyg- slowly oxidizes
pheophytin to a quinone Qand by the reduction of &gs" the S-state, but in the other S-states gyis stable {1).
by Tyrz, the tyrosine 161 of the D1 polypeptid&, (3). Tyrp is able to reduce the,Sand S$-states 12—14).

Further stabilization of charges occurs by reduction ofTyr In oxygen evolving PSII, the Sstate gives rise to EPR
by the Mn complex and by the oxidation ofaQby the signals which are detectable using conventional EPR. The
secondary quinone, £ first signal detected from,Svas a multiline signal neay =

The Mn complex constituted of four manganese ionsgMn 2 (15). This signal is spread over roughly 1800 G and is
and located in the reaction center of PSII probably acts both made up of at least 18 lines, each separated by approximately
80 G. Currently, the most commonly favored origin for the

TAB., S.U., and AW.R. were partly supported by a TMR network S,-multiline signal is that it arises from a Mn-tetramer which

grant from the EC. Contract FMRX-CT96. H.K. and M.R. were includes a di-oxo(Mn"Mn") motif (reviewed in refs4,
supported by grants from the Deutsche Forschungsgemeinschaft, DFG16—18).

(H.K. by Graduiertenkolleg). - . . .
* Author to whom correspondence should be addressed. Phone: 33 1€ S-multiline signal has been detected in PSll isolated

16908 72 06. Fax: 33 169 08 87 17. E-mail: boussac@dsvidf.cea.fr. from plants 4, 16—18); from the cyanobacterigynecho-
EURA CNRS 2096. coccus(19, 20) and Synechocysti§21—23); and from the
Ruhr-Universitaet Bochum. green algaScenedesmus obliqu(®4, 25). The S-multiline

1 Abbreviations: Bso, chlorophyll (Chl) center of photosystem Il . . - .
(PSII); Tyr, the tyrosine acting as the electron donor @gPQa, signals observed in these PSIl samples of different origins

primary quinone electron acceptor of PSII; EPR, electron paramagneticwere found to be similar.
resonance; DCBQ, (2.6)dichloro benzoquinone; PPBQ, phenyl-  The second signal attributed to the<ate is centered at

benzoquinone; MES, 2Nfmorpholino) ethanesulfonic acigi-DM, _ _ . -
p-dodecyl maltoside; HPLC, high-performance liquid chromatography: 9 = 4.1 @26—29) or g = 4.25, depending on experimental

IR, infrared. or preparation conditions. Thg = 4.1 signal has been
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proposed to arise from either a spin 3/2 state (e.g.16,

30, 31) or a spin= 5/2 state 82, 33). Under some
experimental conditions the,State gives rise to thge = 4
type signal rather than the multiline signal. Several bio-
chemical treatments favor formation of the= 4 type signal

in both the inhibited and the functional enzyme (reviewed
in ref 34, see also reB5). Theg = 4.1 state can also be
formed preferentially by illumination at 130 K6). This
effect was shown to be the result of two photochemical

Boussac et al.

Essentially, after extraction of the thylakoid membranes the
sucrose density gradient was omitted and PSII was purified
by two HPLC column steps, yielding pure and homogeneous
dimeric PSII core complexes. For the core complexes, the
oxygen evolution activity using 2 mM DCBQ as electron
acceptor was 250663000umol G,/(h * mg Chl) at 25°C.

The preparation was frozen in MES buffer (20 mM, pH 6.5)
containing 10 mM CaGJ 10 mM MgCk, 0.5 M mannitol,
0.03%/3-DM and stored at-70 °C prior to use. The details

events: the first being photosynthetic charge separationof this preparation will be provided elsewhere (Kuhl et al.,

resulting in a $state which gives rise to the multiline signal,
the second being the conversion of this state togthe4.1

manuscript in preparation).
The PSII preparations were put in quartz EPR tubes (at

state due to the simultaneous and inadvertent presence 06—8 mg of Chl/mL for PSII from spinach and-3 mg Chl/

820 nm light in the broad-band illumination give®gj. The

mL for PSIl fromS. elongatusand dark-adapted fd. h at

formation of theg = 4.1 signal upon the absorption of IR 0°C. After the dark adaptation, PPBQ, dissolved in ethanol
light by the Mn cluster was optimal at 150 K. Warming in 95% (Carlo Erba), was added as an artificial electron
the dark of the IR-irradiated sample led the conversion of acceptor. After the addition of PPBQ, the samples were

the g = 4.1 state to that responsible for the spinl/2
multiline signal @6, see also ref6).

In cyanobacterial PSII, thg = 4.1 signal has not been

immediately frozen in the dark at 200 K in a g&ethanol
bath. Then, the samples were degassed at 200 K and placed
under a He atmosphere, then transferred to liquid nitrogen

reported. The procedures (biochemical and photochemical)(77 K).

which lead to formation of thg = 4.1 signal in plant PSII
have failed to yield a detectablg= 4.1 signal {6, 20).
However, such treatments have, in some ca2@s Yielded
decreases in the spin 1/2 multiline signal which, in plant PSII,
accompany formation of thg = 4 state, and thus could

CW-EPR spectra were recorded at liquid helium temper-
atures with a Bruker ER 200D X-band spectrometer equipped
with an Oxford Instruments cryostat.

Formation of the $state was achieved by illumination
of the samples with an 800 W tungsten lamp, light from

indicate the presence of an undetected state behaving lik&yhich was filtered through water (which absorbs above 900

theg = 4.1 state. An explanation for the absence ofghe
= 4.1 signal in cyanobacteria has yet to be found.

Recently, a third signal in the,State of plant PSIl was
discovered and attributed to a spin5/2 state 87). This
state, with resonances in the regiongof 10 andg = 6, is
optimally formed by IR illumination of the spir 1/2 state
below 77 K, a temperature where IR illumination leads to
the loss of the spir= 1/2 signal but to no formation of the
g = 4.1 state. The new state could be trappee:#0% of

nm) and IR filters (cut off above 750 nm), in a nonsilvered
dewar at 200 K (ethanol, solid G Above 80 K, near-IR
illumination of the samples was done in a nitrogen gas flow
system (Bruker, B-VT-1000). At and below 65 K, IR
illumination of the sample was done in the EPR cavity. IR
illumination was provided by a laser diode emitting at 813
nm (Coherent, diode S-81-1000C) with a power of 600 to
700 mW at the level of the sample. In all the conditions
tested, the duration of the near-IR illumination {380 s)

the PSII centers, and warming of the sample to temperatureswvas adjusted to produce the spin state conversion in the

between 77 and 150 K, in the dark, led to the loss ofghe
= 10 and g = 6 resonances with the corresponding
appearance of thg = 4.1 signal. It was assumed that the
earlier report of IR-induced conversion of the spinl/2
state into theg = 4.1 state at 150 K3p) involves the
transient formation of the ney = 10/g = 6 state 87).

The existence of a third form of,3nay help to explain
the absence of g = 4.1 type signal in cyanobacteria. In
this report, the effect of near-IR illumination on the Mn
cluster has been investigated in PSII isolated from the
cyanobacteriundynechococcus elongatult is shown that
IR light converts the Macluster into a state which exhibits
characteristic EPR signals from a spib/2 state. This new

state is spectroscopically comparable to the recently discov-

ered spin= 5/2 signal in plant PSII, but its stability with

temperature is quite different. As a result, it seems that the

g = 4.1 state in cyanobacteria, should it exist, is unstable
relative to the new state and cannot be trapped.

MATERIALS AND METHODS

Untreated oxygen evolving Photosystem ll-enriched mem-
branes from spinach were prepared as3m).( PSII core
complexes frons. elongatusvere isolated and purified as
previously described3g, 39) with some modifications.

maximum amount of reaction centers.

RESULTS

The spectra labeled a, in Figure 1, were recorded on dark-
adapted PSill isolated fro®. elongatus The spectra labeled
b were recorded after a 200 K illumination of the same
sample. Spectra in Panel A were recorded at 10 K, while
spectra in Panels B, C, and D were recorded at 15 K.

Spectrum a in Panel A exhibits features&230,~3030,
and ~4650 G which are they, gy, and gy resonances,
respectively, arising from low spin heme ¥eof oxidized
cytochrome. The, value measured in the dark-adapted PSII
(g = 3.01, Figure 1A) is higher than that found for the
relaxed form of the low-potential Cyiky (40), and the
amplitudes of the cytochrome signals in Figure 1A seem
greater than expected. Although this must be verified by
guantitative studies, it is possible that the signals may contain
at least a contribution from Cy& which is known to be
associated with PSII in cyanobacterdd {45) and is present
in this preparation (Kuhl et al., manuscript in preparation).
In spectrum a of Figure 1A, the signals below 1600 G arise
from high-spin Fé&". At ~1090 and~1575 G, the signals
arise from high-spin Fe which is present as a contaminant
in most of the biological samples. The two other features
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Ficure 1: Panel A; EPR spectra of PSll isolated from S. elongatus 0 4000
and recorde_d at 10 K. Spectrum a, dark-adapted_ sample: Spectrum Magnetic Field {G)
b, sample illuminated at 200 K. Spectrum c is the difference L . . .
spectrum: spectrum Ininus spectrum a. Instrument settings: FIGURE 2: Spectrum a of this figure is identical to spectrum b in
modulation amplitude, 25 G; microwave power, 20 mW; microwave Figure 1A. Spectrum b was recorded after a further 813 nm
frequency, 9.4 GHz; modulation frequency, 100 kHz. The central illumination given at 150 K. Panel B shows the spectra obtained
part of the spectra corresponding to the Fyregion was deleted. by subtracting the spectrum recorded before the IR illumination
Panel B: EPR spectra recorded at 15 K before (a) and after (b) thefrom that recorded after the IR illumination (spectrum c). Spectrum
200 K illumination. Instrument settings: modulation amplitude, 32 d (dotted line) corresponds to the difference spectrum obtained by
G; microwave power, 10 mW; microwave frequency, 9.4 GHz; IR illumination at 65 K of PSll isolated from spinacB7). Spectra
modulation frequency, 100 kHz. Panels C and D: gFyspectra ¢ and d were scaled to the same multiline signal amplitude as
recorded at 15 K before (a) and after (b) the 200 K illumination. estimated by a double integration. Instrument settings as in Figure

1000 2000 3000

Instrument settings: modulation amplitude, 2.8 G; microwave
power, 4 mW for Panel C and 0.68N for Panel D; microwave
frequency, 9.4 GHz; modulation frequency, 100 kHz.

at~900 G g~ 7.5) and~1150 G @ ~ 5.8) originate from
the oxidized form of the non-heme iromEe** (46). Indeed,

Killumination. In nonsaturating conditions (panel D), it can
be seen that the 200 K illumination induced a free radical
signal, usually attributed to a Ch(2), in about 10% of the
reaction centers. In saturating conditions, formation of the

even after a long dark-adaptation period, the electron acceptorS,-state results in the well-known saturation enhancement
side of PSII appeared still largely reduced (not shown). In effect on Typ* (48—50).

these conditions, it is known that addition of PPBQ in the

In summary, the PSII complex isolated frdn elongatus

dark results in the oxidation of the reduced quinones and in exhibits no significant difference with that characterized in

the oxidation of the non-heme irod?).
Spectrum b in Figure 1A was recorded after an illumina-

PSll-enriched membranes from spinach with the exception
of the redox state of the quinone-complex and the apparently

tion at 200 K. The changes induced by such an illumination greater amplitude of the cytochrome signal.

are show in spectrum c of Figure 1A (spectrum c is the

difference: spectrum bminus spectrum a). The 200 K
illumination resulted in the formation of a normal spin

The effects of near-infrared illumination in the-State of
PSIl isolated fromS. elongatusare shown in Figure 2.
Spectrum a (Panel A) was recorded in thesgte after the

1/2 S multiline signal and in the disappearance of the signals 200 K illumination (this spectrum is identical to spectrum b

which originate from the quinone-associated'Fat ~900

G (g~ 7.5) and~1150 G @ ~ 5.8). Panel B in Figure 1
shows that the cytochrontg signal recorded under nonsat-
urating conditions is not significantly modified by the 200
K illumination. Panels C and D in Figure 1 show the gyr

in Figure 1A). Spectrum b (Figure 2A) was recorded after
a further illumination at 813 nm done at 150 K. Spectrum
c in Figure 2B is the difference spectrum: spectrumibus
spectrum a. The signals which disappear upon IR illumina-
tion appear negative, and the IR-induced signals appear

signal recorded under saturating and nonsaturating conditionspositive. Figure 2 shows that IR illumination at 150 K
respectively, before (spectra a) and after (spectra b) the 200resulted in the disappearance of the spinl/2 multiline
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signal in about 50% of the reaction centers and that signals L L B R B
with g values~ 8.5 and 5.5 are simultaneously induced.
After a short incubation (a few seconds) at 200 K in the
dark, the signals afj ~ 8.5 and 5.5 disappeared and the
multiline signal was fully restored (not shown).

For comparison, spectrum d, in Figure 2B, shows the
signals which are induced in PSII isolated from spinach by
IR illumination below 77 K. Spectra ¢ and d were normal-
ized to the same amount of PSII susceptible to IR light. This
was done using measurements of the double integral of the
multiline signal which disappeared upon the IR illumination
in both kinds of sample. From Figure 2B it appears that IR 0 120 240 360 480 600
light induces similar but not identical signals in PSII from dark time after IR illumination (s)
spinach and fron%. elongatus The resonances withivalues Ficure 3: Amplitude of theg > 5 type signals in PSIlI isolated

~ 8.5 and 5.5, in spectrum c, are characteristics of a systemfprgfn S. lelgndgél}th(CbS,Ed Sr(]lu(aﬁes) gnd_ Olf ﬂ;!ﬁ= 4.1 Siﬁnai_ in .
o ; isolated from spinach (closed circles) versus the time o

arsing from a spir= 5/2 st_ate. . . incubation in the dark, at 150 K, following the IR illumination given
In PSIlI isolated from spinach, thg = 4.1 signal is the 4t 150 K. The amplitude of the signals was normalized to 100%

main signal which is induced by IR illumination at 170 K fort ~ 2 s (the estimate of the minimum time required to transfer

(36, 37). Below this temperature, the yield of tige= 4.1 the sample to 77 K after the dark incubation at 150 K).

signal formation decreased while the signalg at 10 and

6 increased 37). The yield of the spin conversion (as are expected to be strongly temperature dependent. Figure
estimated by the amplitude of the multiline signal which 4 shows the temperature dependence of the signals induced
disappeared) is maximum at 150 B6( 37) and decreases at 50 K by IR light and recorded with a nonsaturating
above and below this temperature. Similarly, the yield of microwave power (i.e., 20 m\W).As expected, the ampli-

the spin conversion (as estimated by the amplitude of thetude of theg ~ 8.5 andg ~ 5.5 resonances varies
multiline signal which disappeared) is maximum at 150 K significantly with the temperature at which they are recorded
in PSIl isolated fronS. elongatusind decreases above and (from 4.2 to 30 K).

20

Signal Amplitude (%)

below this temperature (not showh). The new signal inSynechococcus spectroscopically
Upon raising the temperature above 77 K, the dtate comparable to that detected in plant PSII after IR illumination
responsible for the features gt= 10 andg = 6 in PSII below 77 K 87). In plant PSII, the signal was attributed to

isolated from spinach was converted to a state responsible? S= 5/2 state and spectral simulations indicatdgl[a ratio
for ag = 4 type signal 7). At higher temperatures, the Of — 0.05 with D] < 1 cnr™’. The resonances gt= 10
state responsible for trg= 4.1 signal decayed to form the andg = 6 corresponded to thg, of the & 5/2 and+ 3/2
spin 1/2 state that is responsible for the multiline signal. In transition, respectively. In the same way, the IR-induced
PSll isolated fron. elongatuswe were unable to detecta SPectrum inSynechococcubas been tentatively simulated
g = 4.1 signal formation irrespective of the temperature at 8ssuming that it arises from a spin 5/2 sted&, (51-53).
which the IR illumination was performed (between 175 and From the field position of the observed resonances, a good
10 K)(not shown). s!mulatlon can be obtained W|th|E/D|_ ratio of 0.1_3 whlc_h
Figure 3 illustrates the relative stability of tige> 5 type gives theg values for the three transitions shown in the inset
signals in PSII isolated frorB. elongatust 150 K. Inthis  ©f Figure 4. B o
experiment, the IR illumination was done at 150 K. Then,  1heg; of the —5/2 to+ 5/2 transition which is the most
after different periods of incubation at 150 K in the dark, intense signalin PSII from spinacB{) (see also the dotted
the samples were quickly transferred at 77 K. The closed lines in Figure 2 and Figure 4) is not detected in PSII from
squares correspond to the kinetic of the-g5 signals to S elongatus A similar situation has k_)e_en rep_orted earlier
multiline signal transition in PSI! isolated fro elongatus ~ IN Polycrystalline samples of Fe-containing ferrichrome A

and the closed circles correspond to the kinetic ofghe (52), where the+ 5/2 transition (i.e., the ground-state
4.1 signal to multiline signal transition in PSll isolated from transition) was not seen at 4.2 K, but was observed at 1.4
spinach. The state responsible for tre 4.1 signal in PSII K. Presumably, this is due to relaxation effects. The lack

isolated from spinach is considerably less stable than the stat®f @ 9 = 10 signal precludes the estimate of Devalue.
responsible for thg > 5 type signals in PSII isolated from Nevertheless, the spectrum recorded at 4.2 K indicates that

S. elongatus the + 3/2 and+ 1/2 sublevels are significantly populated

i 1
In metallic systems with a spie 5/2 (and a smalD and that theD value is small £3 cnt™).
value), the relative amplitudes of the resonanceg at 4 DISCUSSION

2 The possibility of a warming of the sample by strong IR light may The results presented in th'_s work show that m. PSI
be considered despite the weak absorption at 813 nm of PSlighd H  isolated fromS. elongatusthe spin= 1/2 state responsible
Nevertheless, the temperature dependence of the spin state conversionpr the S-multiline EPR signal is converted to a state that
were tested and found similar (i) in experiments performed i® D
(which absorbs at longer wavelengths thagOHdoes) and (i) by
reducing the IR intensities and increasing the time of illumination 31n PSII from spinach, at 4.2 K, thg = 4.1 signal induced by IR
correspondingly (not shown). In experiments in which the temperature illumination has a half-saturation at a microwave powef.1 mWw,
of the sample is maintained by a low flow of gas, an increase of the and the signal at gz 9 has a half-saturation at a microwave power
temperature by 1015 K during the IR illumination may be observed. 40 mW (not shown).
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820 nm, T <200 K

multiline state > g=85and 5.5 state
S=1/2 S=5/2
’ f g =4 state (?) :
S=5/20r3/2
dark, T > 150 K dark, T2 150 K

2) PSII of plants

Ficure 5: Relationship between the different states pfrSPSII
from plants (Scheme 2) and cyanobacteria (Scheme 1).

(]

2 820 nm, T< 77K

© multiline state > g=10and 6 state
g- S=112 S=5/2
2 g = 4 state

x S=5/20r3/2

§ dark, T> 150 K dark, 150 K < T > 77K
X

=

1S

<

PSII preparations, the structural differences in the Muster
which are at the origin of the two different;-&ultiline

& | & | & signals (the spectral differences and the difference in stability)
+52 |01 101|100 are not manifest in the spectra of the high spin states of the
+3/2]29 126|355 manganese complex. It is shown here that the structural
+12 30 (85|15 differences in the Mpcluster which are at the origin of the
S — different signals at g~ 4 (the spectral differences and the

0 500 1000 1500 2000 difference in stability) in PSIl from spinach and PSII from
Magnetic Field (G) S. elongatusire not manifest in the § 1/2 multiline signal

: i which seems very similar in both PSII preparations.
FIGURE 4: Spectra obtained by subtracting the spectrum recorded . . . I
before the IR illumination from that recorded after the IR illumina- ~ 1he Stability of the spin= 5/2 state in cyanobacteria is
tion given at 50 K directly in the EPR cavity. The EPR spectra quite different from that in plant PSII. In plant PSII, the

were recorded at 4.2 K (spectrum a), at 10 K (spectrum b), at 20 spin 5/2 state is formed below 77 K, converts to ¢fve 4.1
K (spectrum c), at 30 K (spectrum d). The amplitude of the spectra gtate at temperatures above 77K, anddhe 4.1 signal in

has been multiplied by the temperature value. Same instrument : o -
settings as in Figure 1A. The inset shows some of the parameterstum converts to the spin 1/2 multiline signal at temperatures

used in the simulation. Spectrum with a dotted line corresponds to Of 150 K and abovedy). By contrast, inS. elongatusthe
the difference spectrum measured at 4.2 K and obtained by IR spin= 5/2 state is formed by IR illumination at temperatures
illumination at 65 K of PSIl isolated from spinacB7) (spectrum < 150 K and decays directly to the state responsible for spin
a and spectrum with a dotted line are normalized so that the 1/2 multiline signal. Moreover, the spin 5/2 state $
amplitude of the multiline signals measured at 10 K and which | tUS table at 150 K than is the stat ibl
disappeared upon IR illumination are equivalent as estimated by £'0Ngatuss more stable at 1< anis the state responsible
double integration). for the g = 4.1 signal in spinach. Shouldg= 4.1 state
exist inS. elongatusomparable to that in PSII of plants, its
gives rise to EPR signals with values abovey = 5 upon stability at 150 K relative to the spin 5/2 state would render
excitation with near-IR radiation given at temperatures lower it undetectable. Overall then these observations provide an
than 200 K. The formation of g = 4 type signal was not  explanation why the = 4.1 signal has remained undetect-
detected under any of the conditions used in this work. ~ able in cyanobacterial PSII.

The new signal is spectroscopically comparable to the spin  Extending this explanation, we propose that the biochemi-
5/2 signal recently reported in plant PSB7j. The IR- cal procedures which are known to favor formation of the
induced signals reported here are characteristic of resonancestate responsible for thee= 4.1 signal in plant PSII probably
arising from a spin= 5/2 state. Spectral simulations indicate give rise to theg = 8.5fy = 5.5 state in cyanobacteria. This

a |E/D| ratio of 0.13. The resonances@t= 8.5 andg = should be verifiable experimentally.
5.5 correspond to thg, of the £+ 1/2 transition and to the,g Figure 5 summarizes the relationship between the different
of the + 3/2 transition, respectively. The value of tBD states of $as discussed above. Scheme 2 of Figure 5 for

ratio for this state found in PSII isolated fro8 elongatus  plant PSII is similar to that given earlie8T) while Scheme

is more rhombic than that found for the spin5/2 state in 1 of Figure 5, for cyanobacteria, is derived from that. The

PSII fromspinach for which we found &/D ratio equal to  presence of an intermediate responsible fgr=a4.1 signal

— 0.05 @7). This difference would imply, for example, is proposed in cyanobacteria by analogy to Scheme 2,

differences in the ligand environment structure of thesMn  although no experimental evidence for this state exists. It

cluster. is predicted that this state will not be detectable unless the
We have shown previoush87) that IR illumination of rate constants are perturbed by, for example, some kind of

Ca'-depleted/EGTA-treated/polypeptides-reconstituted PSII biochemical modification of the cluster. For both plants and

at 50 K and of Stt-reconstituted PSII at 65 K resulted in  cyanobacterial PSII, it is assumed that at temperatures of

the same EPR spectra. This suggested that, in these tw@®00 K and higher these reactions occur upon absorption of
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IR light by the Mn cluster but that the multiline state is the

stable state and that the other states are only transiently

formed.

ACKNOWLEDGMENT

Andreas Seidler is acknowledged for discussions.

REFERENCES

1.

2
3.
4

~N o o1

8.
9
10.
11.
12.
13.

14.
15.

16.
17.

18.

19.

20.

21.

22.
23.
24.
25.

Michel, H., and Deisenhofer, J. (198Bjpchemistry 271—7.

.Debus, R. C., Barry, B. A., Sithole, I., Babcock, G. T., and

Mcintosh, L. (1988)Biochemistry 279071-9074.
Metz, J. G., Nixon, P. J., Rmer, M., Brudvig, G. W., and
Diner, B. A. (1989)Biochemistry 286960-6969.

. Britt, R. D. (1996) inOxygenic photosynthesis: The light

reactions (Ort, D. R., Yocum, C. F., Eds.) pp 13164,
Kluwer Academic Publishers, Dordrecht, The Netherlands.

. Debus, R. J. (199Biochim. Biophys. Acta 110269-352.
. Rutherford, A. W. (1989Trends Biochem. Sci. 1227-232.
. Rutherford, A. W., Zimmermann, J.-L., and Boussac, A. (1992)

in The photosystems: Structure, function and molecular
biology (Barber, J., Ed.) Chapter 5, pp 17929, Elsevier,
Science Publishers, New York.

Barry, B. A., and Babcock, G. T. (198Proc. Natl. Acad.
Sci. U.S.A. 847099-7103.

. Debus, R. C., Barry, B. A., Babcock, G. T., and Mclintosh, L.

(1988) Proc. Natl. Acad. Sci. U.S.A. 8827-430.

Vermaas, W. F. J., Rutherford, A. W., and Hanssor{1989
Proc. Natl. Acad. Sci. U.S.A. 88477-8481.

Styring, S., and Rutherford, A. W. (198B)ochemistry 26
2401-2405.

Babcock, G. T., and Sauer, K. (19HEbchim. Biophys. Acta
325 483-503.

Velthuys, B. R., and Visser, J. W. M. (1975EBS Lett. 55
109-112.

Vass, |., and Styring, S. (199Bjochemistry 30830-839.
Dismukes, G. C., and Siderer, Y. (1985oc. Natl. Acad.
Sci. U.S.A. 78274-278.

Yachandra, V. K., Sauer, K., and Klein, M. P. (19@8)em.
Rev. 96, 2927-2950.

Brudvig, G. W. (1989) iMdvanced EPR: Applications in
Biology and ChemistrgHoff, A. J., Ed.) Chapter 24, pp 839
864, Elsevier, Amsterdam.

Dismukes, G. C. (1993) iRolynuclear manganese enzymes,
Bioinorganic catalysig¢Reedijk, J., Ed.) pp 317346, Marcel
Dekker, Inc., New York.

DeRose V. J., Yachandra, V. K., McDermott, A. E., Britt, R.
D., Sauer, K., and Klein, M. P. (199Bjochemistry 301335-
1341.

McDermott, A. E., Yachandra, V. K., Guiles, R. D., Cole, J.
L., Dexheimer, S. L., Britt, R. D., Sauer, K., and Klein, M. P.
(1988) Biochemistry 274021-4031.

Kirilovsky, D., Boussac, A., van Mieghem, F., Ducruet, J.-
M., Sdif, P., Yu, J., Vermaas, W., and Rutherford, A. W.
(1992) Biochemistry 312099-2107.

Tang, X.-S., and Diner, B. A. (199Bjochemistry 334594
4603.

Noren, G. H., Beerner R. J., and Barry, B. A. (1991)
Biochemistry 303943-3950.

Rutherford, A. W., Seibert, M., and Metz, J. G. (1988)
Biochim. Biophys. Acta 93271-176.

Schiller, H., Klingelfiter, S., Daoner, W., Senger, H., and Dau,

26.

27.

28.

29.
30.
31.
32.
33.
34.

35.

37.
38.

39.
40.
41.
42.
43.
44.
45.

46.
47.
48.
49.

50.
51.
52.
53.

Boussac et al.

H (1995) inPhotosynthesis: From Light to Biosphdidathis,

P., Ed.) Vol. 2, pp 463466, Kluwer Academic Publishers,
Dordrecht, The Netherlands.

Casey, J. L., and Sauer, K. (19&ipchim. Biophys. Acta
767, 21-28.

de Paula, J. C, Innes, J. B., and Brudvig, G. W. (1985)
Biochemistry 248114-8120.

Zimmermann, J.-L., and Rutherford, A. W. (19&ipchim.
Biophys. Acta 767160-167.

Zimmermann, J.-L., and Rutherford, A. W. (19&3pchem-
istry 25 4609-4615.

de Paula, J. C., Beck, W. F., and Brudvig, G. W. (1986)
Am. Chem. Soc. 108002-40009.

Smith, P. J., Arling, K. A., and Pace, R. J. (1993) Chem.
Soc., Faraday Trans. 82863-2868.

Astashkin, A. V., Kodera, Y., and Kawamori, A. (199%)
Magn. Reson. 1Q5113-119.

Haddy, A., Dunham, W. R., Sands, R. H., and Aasa, R. (1992)
Biochim. Biophys. Acta 10925—34.

Rutherford, A. W., Boussac, A., and Zimmermann, J.-L. (1991)
New J. Chem. 15491-500.

van Vliet, P. (1996) Thesis Landbouwuniversiteit Wageningen.

. Boussac, A., Girerd, J.-J., and Rutherford, A. W. (1996)

Biochemistry 356984-6989.

Boussac, A., Un, S., Horner, O., and Rutherford, A. W. (1998)
Biochemistry 374001-4007.

Boekema, E. J., Hankamer, B., Bald, D., Kruip, J., Nield, J.,
Boonstra, A. F., Barber, J., and &eer, M. (1995Proc. Natl.
Acad. Sci. U.S.A. 92175-179.

Dekker, J. P., Boekema, E. J., Witt, H. T., antgRer, M.
(1988 Biochim. Biophys. Acta 93@07—318.

Berthomieu, C., Boussac, A., M=le, W., Breton, J., and
Nabedrik, E. (1992Biochemistry 3111460-11471.

Shen, J.-R., Ikeuchi, M., and Inoue, Y. (199EBS Lett. 301
145-149.

Shen, J.-R., and Inoue, Y. (199B)Biol. Chem. 26820408~
20413.

Nishiyama, Y., Hayashi, H., Watanabe, T., and Murata, N.
(1994) Plant Physiol. 1051313-13109.

Navarro, J. A., Her\g M., De la Cerda, B., and De la Rosa,
M. (1995) Arch. Biochem. Biophys. 3186—52.

Shen, J.-R., Burnap, R. L., and Inoue, Y. (1995Phnto-
synthesis: From Light to BiospherMathis, P., Ed.) Vol. 2,

pp 559-562, Kluwer Academic Publishers, Dordrecht, The
Netherlands.

Diner, B. A., Petrouleas, V., and Wendoloski, J. J. (1991)
Physiol. Plant. 81423-436.

Zimmermann, J.-L., and Rutherford, A. W. (19&ipchim.
Biophys. Acta 851416-423.

de Groot, A., Plijter, J. J., Evelo, R., Babcock, G. T., and Hoff,
A. J. (1986)Biochim. Biophys. Acta 7671—9.

Britt, R. D., Sauer, K., and Klein, M. P. (1987)Rmogress in
Photosyntesis Resear¢Biggins, J., Ed.) Vol. 1, pp 573
576, Martinus Nijhoff, Dordrecht, The Netherlands.

Styring, S., and Rutherford, A. W. (198Bjochemistry 26
2401-2405.

Troup, G. J., and Hutton, D. R. (19a&it. J. Appl. Phys. 15
1493-1499.

Wickman, H. H., Klein, M. P., and Shirley, D. A. (1963)
Chem. Phys. 42113-2117.

Holuj, F. (1966)Can. J. Phys. 44503-508.

BI980195B



