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ABSTRACT: Experiments are described which allow the detection and characterization of new EPR signals
in photosystem Il (PSIl). PSII has been extensively studied with the water oxidising complex (WOC)
poised in the $and $ states. Other stages in the cycle of water oxidation lack characteristic EPR signals
for use as probes. In this study, experiments use multiple turnovers of PSIl from an inifttS to

allow new states of PSII to be studied. The first EPR signal detected, centeged 4t85 and termed

the g = 5 signal, is suggested to be a new form effBobably formed by decay ofs;Sat cryogenic
temperatures, but a novel form of oxidized non-heme iron cannot be fully excluded at present. The second
signal is split around = 2 and shows characteristics of signals formed by-sppin interaction between

two paramagnetic species. The sglit= 2 signal is reversibly formed by illumination &30 K of a

sample containing thg = 5 signal. Theg = 2 signal may be a form of the “S3” EPR signal previously

only found in a variety of PSIl preparations where oxygen evolution has been inhibited. Those “S3”
signals are thought to arise from the interaction of an oxidized amino acid radical and steeS i.e.,

S,X*. llumination at higher temperatures or illumination<e80 K, followed by dark-adaptation at 77

K, removes theg = 5 signal and prevents subsequent detection ofgthe 2 signal on illumination at

<30 K. The most likely explanation of our data is that illumination<@®0 K of centers containing the

g = 5 species allows accumulation of an oxidized intermediate and that at higher temperatures electron
transfer proceeds to re-form an EPR-silent S state equivalent to that initially trapped during sample
preparation. Study of these signals should provide an important new insight into the WOC and PSII.

In plants, algae, and cyanobacteria, photosynthetic electronA second redox-active tyrosine residuep,Yhas been
transfer involves two photosystems, termed photosystem lidentified as tyrosine 161 of D2. pr and Yz can be
and photosystem Il (PSIH).PSiIl is the membraneprotein observed by EPR with almost identical line shapes, but they
complex which catalyzes electron transfer from water to can be distinguished by their rates of reaction and microwave
plastoquinone [see Renger (1992), Debus (1992), Rutherfordpower saturation behavior. ;Yis a transient signal while
etal. (1992), Diner and Babcock (1996), Nugent (1996) for y - is relatively stable.

a review]. Many of the PSII cofactors are bound to a core L

heterodimer of polypeptides termed D1 and D2. Absorption  1he Oxidation of water to release molecular oxygen by
of light leads to photooxidation of the reaction center the WOC is a four-electron transfer process [see Debus
chlorophylls, P680, and reduction of the bound plastoquinone (1992), Rutherford et al. (1992), Renger (1993), Yachandra
electron acceptor, Qvia a pheophytin intermediate, I. The €t al. (1993), Klein et al. (1993), and Nugent (1996) for a
electron then passes fromQ to another plastoquinonegQ  review]. During its cycle, the WOC passes through different
After two turnovers of the reaction center, doubly reduced redox states termed S states, 16 &, electrons being
and protonated gH, carries electrons to the membrane removed from $to S and G being evolved at $to &
plastoquinone pool. Both Qand @ interact magnetically  (Kok et al., 1970). The point in the cycle where water
with a non-heme iron, P&. This non-heme iron can also binding occurs is not known. Recent studies strongly suggest
be oxidized by ferricyanide or certain semiquinones (Zim- that there is a heterogeneity in the binding of the two water
mermann & Rutherford, 1986; Petrouleas & Diner, 1987). molecules. They bind at different sites and/or different S
P680 is reduced by electrons from the water oxidising states (Messinger et al., 1995). ThesSate has a lifetime
Complex (WOC) via the intermediate D1 tyrosine 16&, Y of about 1 ms, Spontaneous'y decaying tocﬁ oxygen
evolution. The $and S states are unstable with short half-

t Financial assistance from the U. K. Biotechnology and Biological lives at room temperature, decaying back {o $he dark-

Sciences Research Council is acknowledged. stable state is S After a few minutes in the dark, about
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L Abbreviations: EPR, electron paramagnetic resonance spectrom- /270 Of PSIl'is in $ and 25% in & On further dark-
etry; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; PPBQ, phenyl- adaptation, the gs slowly oxidized to $by Yp* (Vermaas

1,4-benzoquinone; DCBQ, 2,5-dichlorobenzoquinone; WOC, water ot g].. 1984). ¥* can al r n stor t
oxidising complex; PSII, photosystem Il; MES, R-torpholino)- etal, 9.8 )- %" can also l’)\le educed bIYA?90825 ](?gagge aTh
ethanesulfonic acid; Tris, tris(hydroxymethyl)aminomethane; Chi, Cryogenic temperatures (Nugent et al., . )- €

chlorophyll; Hpp, peak to trough line width of EPR spectrum; EDTA, lifetimes of $ and S increase at lower temperatures, decay

ethylenediaminetetraacetic acida,Qirst PSII plastoquinone electron  f these states being very slow at 200 K, #®d S states
acceptor; @, second PSII plastoquinone electron accepteriyfosine

D1 161 (Y;* when oxidized); ¥, tyrosine D2 161 (%' when oxidized); ~ Can oxidize Y% above 200 K (Styring & Rutherford, 1987
Cyt b559, cytochroméo559. Nugent et al., 1987; Kawamori et al., 1987).
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At least two, probably four, Mn atoms are actively Andreasson & Lindberg, 1992; MacLachlan & Nugent, 1993;
involved in the WOC. The Mn cluster appears to act both van Vliet et al., 1994; DeRose et al., 1995; van Vliet &
as a catalytic site for water oxidation and as a device for Rutherford, 1996; Szalai & Brudvig, 1996). In some of these
accumulation of oxidising equivalents from the reaction preparations, a modified multiline signal is observed. This
center. The Mn valence states remain to be resolved;is assigned to a different form of the Sate and is dependent
however, the Sstate probably is a mixture of Mh and on the presence of chelators (Boussac et al., 1990a; Ono &
Mn#* states. The oxidation events in S-state turnover have Inoue, 1990) such as EDTA, EGTA, or citrate. In other
been studied, but there are conflicting interpretations. Two cases, following chloride depletion or acetate treatment, an
popular models either have Mn oxidized during each of the EPR-silent $ state appears to be formed (MacLachlan &
S-state transitions (Ono et al., 1992) or have some transitionsNugent, 1993; van Vliet et al., 1994; Szalai & Brudvig,
e.g., Sto & (Klein et al., 1993; Yachandra et al., 1993), 1996). Illumination at 273 K and freezing to 77 K of
not involving Mn oxidation. Both Cl and C&* ions are inhibited preparations result in the the generation of a broad
required for the functional integrity of the WOC and seem signal split about = 2 which was initially thought to be an
to act as cofactors for water oxidation (Yocum, 1991; Debus, “S3” state (Boussac et al., 1989). The signal is now better
1992; Rutherford et al., 1992; Adelroth et al., 1995). Two assigned to an X* interaction state, where X has been
EPR signals, termed the “multiline” signal (Dismukes & suggested to be histidine (Boussac et al., 1990b; Boussac &
Siderer, 1980) and thg= 4.1 signal (Casey & Sauer, 1984; Rutherford, 1995), tyrosine @Y (Hallahan et al., 1992), or
Zimmerman & Rutherford, 1984), have been identified as g radical formed from water (Kusunoki, 1995). A recent
arising from the $state, probably in two different structural  study has indicated that X iszYin calcium-depleted PSl!
states. These have been used as one of the main probes qGilchrist et al., 1995). This allows the position of the Mn
the WOC and its turnover. The production of these EPR cluster to be suggested, from the interaction efand S,
signals and X-ray spectroscopy (Yachandra et al., 1993) bothas within 10 A of Y, (Hallahan et al., 1992). This has lead
support a Mn valence change, to give a¥iMn*" dimer, o new models suggesting hows énd the Mn cluster may
on the $to S step. interact in the mechanism of water oxidation (Gilchrist et

The EPR properties of dark-adapted PSIl membrangs (S al., 1995; Tommos et al., 1995; Hoganson et al., 1995). The
at cryogenic temperatures have been studied in a number ofg,X + interpretation of the “S3” signal has also been used to
laboratories for many years and are well established (e-g-,support the lack of oxidation of Mn on the ® S; step, but
De Paula et al., 1985; Nugent et al., 1987). A number of the relationship to normal turnover of the WOC and native
electron transfer reactions are possible, even following s, state is not known. The “S3” EPR signal has not been
illumination at temperatures below 77 K. Below 200 K, it detected in the nativesState produced during flash turnover
is generally accepted that only a single turnover of the PSII of oxygen-evolving PSII. It is therefore uncertain whether

reaction center can occur, the electron transfer formigg Q  Mn, a Mn ligand, or another amino acid is oxidized when
and one of several oxidized species, either &idized S, is formedin vivo.

cytochromeh559 (Cytb559), or a monomeric oxidized Chl.
At 77 K and below, the latter two species usually form the
major oxidized product. At 200 K,.Ss the major product,
giving either the multiline EPR signal and/or (dependent on
the cryoprotectant and sample additions used)gthe 4.1
form of S [see Debus (1992) for a review].

Oxidation of the non-heme iron (Feto F€*) can provide
a second electron acceptor at cryogenic temperatures. Ther
are two ways to oxidize the non-heme iron, either using
ferricyanide (Diner & Petrouleas, 1988) or via an exogenous
electron acceptor such as phenyl-1,4-benzoquinone (PPBQ#
in the @ site (Zimmermann & Rutherford, 1986; Diner &
Petrouleas, 1988). The natura Qlastosemiquinone has a

Information on the higher S states is required to help
understand both the structure of the WOC and the mechanism
of water oxidation. The Sand $ states are the most easily
studied, as thessand S states are difficult to obtain in high
yield. lllumination at physiological temperatures in the
presence of exogenous electron acceptors leads to a mixture

f S states. Even illumination methods using a decreased
emperature during illumination to control S-state turnover
still lead to scrambling of S states, due to the similar
emperature dependence of various S-state transitions and
he Q. to Qs reactions (Styring & Rutherford, 1988; De Paula
et al., 1985). The best method for multiple S-state turnover

lower redox potential for the £ /QgH, redox couple and uses saturating laser flashes to advance the S states sequen-

does not appear to oxidize the non-heme iron, while DCBQ flly from Sy, but this is not possible at the high PSII
gives less oxidation than PPBQ (Zimmermann & Rutherford, Concentrations required for most EPR experiments. Experi-
1986: Petrouleas & Diner, 1987; Diner & Petrouleas, 1988). MeNts using chemical treatments to increase the yield,of S
With PPBQ, Q is initially reduced by illumination ak200  PY allowing a double turnover of the WOC from, iave

K, and PPB® is then formed by annealing the PSII sample been used. These have used either oxidation of the non-

in the dark at room temperature, allowing the electron from heme iron (Guiles et al., 1990) or a redox-active herbicide
Qa" to go forward to PPBQ. PPBQ oxidizes the non- bound in the @ site (Bocarsly & Brudvig, 1992). In these

heme iron, being reduced itself to the quinol. Thes@te ~ €XPeriments, advancement beyondcBuld only be moni-
formed by 200 K illumination is also stabilized by decreasing 0r€d by measurements of the decrease in the yield of the
the rate of charge recombination. Some centers thereforeMultiline S signal, as no EPR marker fog &as available.
retain the $ state after annealing. In this study, a series of EPR experiments have been used

Other EPR signals attributed to the WOC have been to investigate the effect of multiple turnovers of PSIl. The
detected at cryogenic temperatures in inhibited PSII, where aim was to obtain information on higher S states and to detect
C&" or CI- have either been depleted or been displaced/ new signals which may be useful in further experiments on
replaced by treatment with ammonia, acetate, or fluoride oxygen-evolving PSII. “S3” typg = 2 split signals were
(Boussac et al., 1989, 1990a,b; Sivaraja et al., 1989; Ono & detected in native oxygen-evolving preparations, and a new
Inoue, 1990; Baumgarten et al., 1990; Hallahan et al., 1992; EPR signal neag = 5 was also observed.
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A preliminary report of this study has been published Scheme 1
(Nugent & Turconi, 1995) dark adaptation (total 4h)

MATERIALS AND METHODS ¢

illumination at 200 K (15 min) =

PSII membranes (also termed BBY'’s; Berthold et al.,
1981) were prepared from market spinach or freshly cropped U (repeat) f
10—14-day-old pea seedlings according to the method of
Berthold et al. (1981) using Triton X-100, with the modifica-

annealing at 290 K (in the dark, | min) =

tions of Ford and Evans (1983). Reagents used were all v

analytical grade. Control rates of oxygen evolution for PSII illumination at 235 K (5 min)
membranes were 4800 umol of O, (mg of Chly* h™1

using ferricyanide and dimethylbenzoquinone as electron ¢

acceptors and measured in a Clark-type oxygen electrode at storage at 77 K (> | week)
298 K. The membranes were stored at 77 K in 20 mNN2-( .
morpholino)ethanesulfonic acid (MES), 15 mM NacCl, 5 mM g = Ssignal observed
MgCl,, and 0.4 M sucrose, pH 6.5 (buffer A). Before U

preparation of EPR samples, the PSIl membranes were
(except where stated) washed in buffer A containing 2 mM
EDTA to remove adventitiously bound M followed by g =2 signal observed
centrifugation and resuspension in 20 mM MES, 15 mM
NaCl, 4 mM MgC}, 1 mM CacC}, and 0.4 M sucrose, pH The initial treatment given to samples in thes$ate was
6.5. Removal of the WOC was achieved by incubating PSII illumination at 200 K for 15 min followed by thawing to
membranes in 0.8 M tris(hydroxymethyl)aminomethane 290 K for 30-45 s in the dark and refreezing to 77 K (total
(Tris), 2 mM EDTA, pH 9, fo 1 h under room light followed  time from frozen to refrozen, 6675 s). The latter annealing
by centrifugation to recover the membranes which were process allows electron transfer from*Qproduced by the
resuspended finally in buffer A. This is termed Tris-washed illumination to added electron acceptors. In the case of
PSII. samples containing PPBQ, the PPB@rmed is then able
For EPR, 0.3-0.4 mL samples (approximately 10 mg of to oxidize the non-heme iron Feto F€* (Zimmermann &
Chl/mL; 40-50 uM PSII) were placed in calibrated 3 mm  Rutherford, 1986; Petrouleas & Diner, 1987). In the case
quartz EPR tubes. They were given a brief illumination to Of other samples, £ is formed in some centers.
turn over the PSII reaction center and restorg st on Two cycles of the 200 K illumination/annealing produced
storage. Further procedures were carried out in the dark ora slightly higher subsequent yield of the new signals,
under a dim green light. Samples were dark-adapted for 3 probably due to the increased percentage of PSII reaction
h at 273 K and then treated as described in the text and figurecenters turned over. After one or two cycles of this
legends. Additions of 0.5 mM 3-(3,4-dichlorophenyl)-1,1- illumination and annealing, the refrozen sample was then
dimethylurea (DCMU), 0.51 mM 2,5-dichlorobenzoquino- illuminated at 235 K. For simplicity, we shall refer to
ne (DCBQ), and PPBQ were made from freshly made samples given the 200 K illumination, 290 K annealing, and
concentrated stock solutions in dimethyl sulfoxide (maximum 235 K illumination treatment as method A. The samples
final concentration 1%). Ferricyanide was dissolved in were then stored at 77 K in the dark. An outline of the
water. Treated or untreated samples were then dark-adaptegrotocol is shown in Scheme 1; the EPR signals observed
for a further 30 min on ice before being frozen to 77 K in are described under Results.

the dark (total dark-adaptation 4 h). This produced samples  samples were examined by EPR at cryogenic temperatures
initially in the S state, as indicated by the absence of the S using a Jeol RE1X spectrometer fitted with an Oxford
EPR markers, the multiline signal, or tige= 4.1 signal. Instruments cryostat. Large sample size and careful wiping
During experiments, samples were illuminated at a variety of the tubes prior to insertion into the cryostat help prevent
of temperatures from 4 to 295 K as indicated below. frozen oxygen from condensing on the tube or sample surface
Illumination in the EPR cavity atk30 K used a 150 W light ~ and thereby distorting spectra. EPR conditions are given in
source and fiber-optic light guide, while other illumination the figure legends. Spectra were recorded and manipulated
used a 1000 W light source, protecting the sample from using a Dell microcomputer running Asyst software. No
heating where necessary b 5 cmwater filter. Tempera- filtering, smoothing, fitting, or background subtractions were
tures within the EPR cryostat were measured with a used. Difference spectra were obtained only from subtraction
calibrated thermocouple beneath the sample. <AD K, of spectra from the same sample. The vertical scale in
slight changes caused by heating during illumination were figures showing first-derivative EPR spectra is arbitrary, with
reversed by the helium flow in less than 1 min. Heating spectra at the same instrument gain unless stated in the figure
artifacts were monitored or eliminated by suitable controls legend. Identical sets of samples in calibrated EPR tubes
as discussed in the text. In many cases, spectra fromwere made for each experiment, using the same preparation
illuminated samples were recorded a short time (usually 1 and chlorophyll concentration. The signals present in control
min) after illumination, to avoid heat-induced effects. samples (Cyb559 etc.) were directly compared in experi-
Samples for 77 K dark-adaptation or illumination were placed ments which involved EPR data collection on different days.
in liquid nitrogen in a silvered dewar, while samples for This confirmed the reproducibility of spectra so that no
200250 K dark-adaptation or illumination were incubated normalization was required or performed, rultiline signal
using an ethanol/dry ice bath in a clear glass dewar. Theintensities were determined as peak to trough heights, using
temperature was measured by a thermometer. six peaks above and belogv= 2, away from interference

illumination at <30 K
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caused by overlap of other PSII signals. They®ld was
compared to that achieved by illumination of ansample

at 200 K for 15 min. The amplitude of splif= 2 signals
was measured as the peak to trough height from the light on
minus dark difference spectrum.

A difference between pea and spinach PSIl was that
spinach had a higher concentration of the cytochrdotie
complex, as detected by the EPR signal of the Rieske-iron
sulfur center. This increased cytochroii content was
associated with EPR signals negr= 6 which showed
characteristic line shape changes after addition of exogenous 6 ]‘
quinones (for example, see Figure 6). As these signals

caused some interference with measurements, the spectra E
shown are mostly pea PSII, although the characteristics
reported below were seen in both species. Th_e absence of 0 100 200 300 400 500
photosystem | was confirmed by the lack of signals from .

m

oxidized P700 or reduced irersulfur centers following ) _ )
illumination at <30 K. Ficure 1: EPR spectra showing the changes occurring during
. . sample preparation. (A) Pea PSII containing 0.75 mM PPBQ which

P2 (the microwave power for half-saturation) was deter- haq heen dark-adapted (4 h) and then frozen, followed by two cycles

mined graphically from a plot of logi4/P) vs log /P, of illumination at 200 K and annealing at 290 K (Scheme 1). The
where P is the microwave power and is the signal ¢ ':d‘&ldandg ? 55 signal§rr(]arr0\r/1ved 1) show the aEtPIz gig(gr';ll of
amplitude. Py, is found by extrapolating the initialP(< oxidized non-neme iron. the snarp resonancegas 4.

- : ; originates from rhombic Fe. Cyt b559 has resonances nep=
Pl’z_) a”(_" flnal_ e > Pl_’z) "“ea!f sections of the curves to 55 andg = 3 (3). The multiline $ signal (4) is also present. (B)
their point of intersection, which is thiey, value. Spectrum following illumination of sample in (A) at 235 K for 4

min. (C) Difference spectrum B- A. The interaction of @~ and

RESULTS the non-heme Pe is indicated as 5. (D) Sample as shown in

o ) ) spectrum B, after storage in the dark at 77 K for 2 weeks. The
The oxidation of the non-heme iron to provide an signal termed thg = 5 signal (see text) is shown arrowed as 6.

additional electron acceptor in PSII has been used previously(E) Sample of Tris-washed PSlI treated as in spectra A and B and

; ; then stored for 1 month at 77 K. The intergge= 2 radical from
in attempts to form $(Guiles et al., 1990) and was the Yp* has been deleted. EPR conditions: microwave power, 10 mW;

starting point of this study. Following the Guiles etal. (1990) mqqylation, 2 mT; temperature, 7 K. No smoothing or other
protocol, initially a 77 K illumination and thawing cycle, manipulation of spectra was performed.

we see a similar pattern of oxidation of electron donors,
monitored by EPR, as in Guiles et al. (1990). changes are a reduction of the non-heme iron and reduction
Figure 1 shows a sample given a treatment modified to of Qa (indicating one or more electrons transferred). The
replace the 77 K illumination by 200 K illumination (method EPR signal characteristic of &, from the interaction of
A) using in this experiment PPBQ as the exogenous electronQ,*~ and the non-heme Fg is nearg = 1.9 (feature 5). As
acceptor. Figure 1A shows the EPR spectrum of a sampleshown in Figure 1C, only minor changes in the multiline
which had been dark-adapted (4 h) and then frozen, followedamplitude were observed when 200 K illumination cycles
by two cycles of illumination at 200 K and annealing at 290 were used as pretreatment before 235 K illumination. The
K. Theg = 8.1 andg = 5.5 signals (feature 1) show the final yield of the $ multiline following 235 K illumination,
EPR S|gnal of OXIdlze.d non-heme II'OI'].. _These Slgnals were measured using individual peak heights in several prepara-
absent in samples without PPBQ addition [not shown, but tions, was 46-60% of the maximum size and similar to that
see Zimmermann and Rutherford (1986) and Diner and gpserved by Guiles et al. (1990) following 240 K illumina-
Petrouleas (1988)]. The sharp feature (2)@t= 4.3  {jon. An increase in the Smultiline occurred on 235 K
originates from rhombic F% in the membrane preparation jjymination if no exogenous quinone was present or the
and is not affected by illumination. Oxidized CyBS9 is  ,etreatment used only 77 K preillumination [see Guiles et
present, haymg V|s!ble features nep+r= 2.2 (here overlaid al. (1990)]. This was due to the lower yield of ®llowing
by the mL_JI_t|I|ne e _S|gnal, feature 4) ang = 3 (featur_e 3)- annealing in these samples. Only very small changes in other
The multiline $ signal (feature 4) from a proportion of electron donors, Cyi559 and oxidized Chl, were observed
. 4 0 ) , , .
centers in S(apprommately . _compared to the maximum It is therefore assumed that about 50% of centers are not in
Size obtaqu in Sbefore anneahng) is clearly seen around S,. Guiles et al. (1990) suggested that the other centers had
?or_ c?éri-tryh el|rr]1 tseﬂri?n;ri r:,:j tlﬁic! g?e?:gazgsst.)sg:tgﬁlﬁged advanced to an EPR-silerg State. This is difficult to prove
centers are present. In some centers, an additional electrot> bﬁtz their f|240 l;) anld.olur (235K) |IIurP|rr1]atlonoccc:>ndltlgnsh
acceptor, the oxidized non-heme iron, is present. Iron ¢OUld have allowed multiple turnovers of the WOC, as bot
Qa to Qs electron transfer and S-state turnover are possible

oxidation following electron transfer from & to PPBQ - . o
would increase the stability of,Sby preventing the back- at this temperature (Styring & Rutherford, 1988). This will

reaction with Q*—. The oxidized non-heme iron is therefore b€ discussed below.

more likely to be in centers which contain.S Following the 235 K illumination step, further illumination
Following illumination of this sample at 235 K for 4 min, of the sample in the EPR cavity at30 K produced no

the spectrum in Figure 1B is observed. Figure 1C gives the changes to the spectrum. This is expected as the potential

post 235 K illumination minus pre 235 K illumination electron acceptors,£and oxidized non-heme iron, are both

difference spectrum (1B- 1A), showing that the major in the reduced state following the 235 K illumination.
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After illumination at 235 K, samples were stored in the 8 54 3 2 g
dark at 77 K. It has been shown previously that electron
transfer in PSIlI can occur during dark storage at 77 K
following illumination (Nugent & Evans, 1979; Nugent et
al., 1982, 1987). For example, eitheg @ non-heme iron
reduced by illumination at 77 K can be slowly reoxidized
by reactions during storage at 77 K. This involves oxidized B
PSII electron donors; usuallypY is preferred, but a slight
loss of the multiline signal is also observed (Nugent et al.,
1982, 1987; Kawamori et al., 1987). The Yormed can C
then be reoxidized by illumination at 77 K or below, W
rereducing the non-heme iron op (Nugent & Evans, 1979; D
Nugent et al., 1982, 1987). pYor the non-heme iron cannot ,_/V\/JAM/__,
normally be oxidized at cryogenic temperatures, so that it is
concluded that the reduced forms created in these experi- 20 120 220 320 420
ments by illumination and dark storage at 77 K are trapped mT
in “oxidized” Confqrmations [see also Davydov et al. (1994)]. FIGURE 2: EPR spectra showing the effect of warming a sample
In both cases, this probably means that structural changescontaining they = 5 signal to 235 K for 2 min. (A) Pea PSII sample
such as proton movements normally associated with those(containing 0.5 mM PPBQ) prepared as Figure-i3, containing
redox state changes are prevented at 77 K. the g = 5 signal. (B) Sample warmed to 235 K for 2 min. (C)

P Difference spectrum A- B. (D) 200 K illuminated minus dark
After 2 weeks storage at 77 K, the spectrum in Figure 1D difference spectrum of a pea PSIl sample containing 0.5 mM

was obtained. A new signal centered nga¥ S has formed.  pcpQ, which was dark-adaptedrfd h before freezing to 77 K.
This will be termed thgy = 5 signal (feature 6), and samples EPR conditions: microwave power, 10 mW; modulation, 2 mT;
prepared in this way and containing the signal will be termed temperature (AC), 4.5 K, (D) 8 K. Other details as in Figure 1.
g = 5 samples. Feature 5.Q, has been lost, presumably

by reoxidation, together with a small percentage reduction iron F€* and the reduced electron acceptors@a*~, and

of the multiline signal. No significant changes in either the Qg*~ are found neag = 2 while the oxidized non-heme
rhombic iron signal neag = 4.3 or Cyth559 were observed,  iron has characteristic signals ngg+ 6 as shown in Figure
but a weak and variable background signal due to oxygen 1. Therefore, if the signal originates from the non-heme iron,
trapped during storage was present. a novel oxidized form would have to be involved.

In summary, nog = 5 signal is observed immediately ~ The g = 5 signal remains stable to further long term
following the 235 K illumination, but it forms gradually  storage at 77 K but disappears upon warming in the dark to
during several days storage at 77 K. This is characteristic 200 K or above, allowing the line shape of the signal to be
for the formation of a new state by slow electron transfer/ observed in the difference spectrum. Figure 2 shows the
charge recombination following illumination as outlined effect of warming a sample with thg= 5 signal for 2 min
previously. The yield of thg = 5 signal varied between  at 235 K in the dark. Theg = 5 signal (monitored at 5 K
preparations and was observed to be larger in samples whergyhich increases the signal size compared to Figure 1) shown
the S multiline yleld after 235 K illumination was small in Figure 2A disappears on Warming (Figure ZB)’ g|v|ng the
and vice versa. The= 5 signal was reproducibly produced (ifference spectrum shown in Figure 2C. Te 5 signal
to the same yield in multiple samples made with the same has ag = 4.85+ 0.1 with aH,, width of approximately 25
batch of PSII. In a series of samples to investigate the effect mT. The line Shape and characteristics are unlike other
of illumination at 235 K in producing thg = 5 state, 5min  known PSII components and clearly different to possible
illumination (sample 10 mg of Chl/mL) was required to contaminants such as dioxygen. Following this warming
prOdUCG the maximum Signal size while IOnger illumination procedure7 thg =5 Signa| is not restored by further Storage
(up to 10 min) maintains this yield. of the sample in the dark at 77 K.

It is possible fqr dioxygen to condense on the Sﬁmp'e 9" The illuminated minus dark difference spectrum in Figure
sample tube during long-term storage at 77 K. Dioxygen 2D shows for comparison the characteristiogS= 4.1 and

_gglt\)/e;_&s_ﬁ;?esteﬁgrgl blrgﬁgt%enallfsratcros_s ;hg.xr'lg?ng ?'r).i(_:tru%ultiline line shapes, obtained when a dark-adapted S
'mi IS Exp ' hg = 5 signal, ' sample was illuminated at 200 K.

washed sample was treated by the method A protocol and is

shown in Figure 1E. Following 235 K illumination, this _ !fthe =5 signal was a new form of oxidized non-heme
sample had been stored for 1 month, longer than the sampldron. formed slowly during 77 K storage, then the charac-
in Figure 1D. No signal with characteristics of the= 5 teristic oxidized non-heme iron spectrum (Figure 1A) may

signal was observed although oxygen contamination levelsP€ €xpected to form at higher temperatures where structural
were higher as monitored by the underlying signals. No relaxation could occur. As indicated in Figure 2, no signals

multiline signal is observed as the Mn complex is removed Nearg = 6 similar to those from the oxidized non-heme iron
by the Tris-washing procedure. (Figure 1) are observed following the warming to 235 K, or

The g = 5 signal, which has general characteristics that €V€n to room temperature, 293.K_ (not shown). This evidence
suggest involvement of a transition metal, has not previously Suggests that thg= 5 signal originates from the WOC and
been observed from PSII samples. As the normal line shapenot the non-heme iron of PSII.
and yield of signals from Cyb559 are still seen, this gives Figure 3 shows the multiline signal before (3A) and after
two possible sources for this signal in PSII, involving either (3B) warming ag = 5 sample to 200 K for 2 min. Thg=
the non-heme iron or the manganese cluster of the WOC.5 signal was lost as in Figure 2. Figure 3C shows the net
The EPR signals arising from interaction of the non-heme effect on the multiline signal. Warming to 200 K is
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Ficure 3: EPR spectra showing the effect on the multiline signal
and Yp of warming a sample containing tlge= 5 signal to 200 K
for 2 min. (A) Pea PSIlI sample (containing 0.75 mM PPBQ)
prepared as in Scheme 1 and Figure-I# containing theg = 5
signal. (B) Sample warmed to 200 K for 2 min. (C) Difference
spectrum B— A. Inset: (D)g = 2 region in (A) @ = 2 is marked

by an arrow); (E)y = 2 region in (B). EPR conditions: microwave
power, 10 mW; modulation, 2 mT; temperature, 9 K. Inset:
microwave power, 1@W; modulation, 0.2 mT.
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Ficure 4: EPR spectra showing the effect of illumination<20
K on a sample containing thg = 5 signal. (A) Pea PSII sample
(containing 0.5 mM PPBQ) prepared as in Scheme 1 and Figure
1A-D, containing theg = 5 signal, and then illuminated at 10 K.
Shading shows the effect of illumination. (B) Difference spectrum
showing changes induced by 10 K illumination. The sharp line at
g = 4.2 is a subtraction artifact and is not reproducible. (C) Part of
(B) amplified x 3. EPR conditions: microwave power, 10 mW;
modulation, 2 mT; temperature, 8 K.

Yp' radical. An increase in ¥ therefore shows that
warming ag = 5 sample results in the loss of a non-multiline
S, or a higher than Sstate, as the ¥ increase occurs without
significant loss in the overall yield of the, $nultiline.

The Split Signal at g= 2. If a sample containing thg =
5 signal is illuminated in the EPR cavity &30 K, then a
second new signal is observed ngar 2 (Figure 4). The

accompanied by a slight line shape change, resulting in ansignal is split aroung = 2 and shows similar characteristics
unusual difference spectrum (Figure 3C). The multiline to those of signals formed by spitspin interaction between
changes are small and require further investigation. They two paramagnetic species (Ruzicka et al., 1975). Two types
may be due to subtle structural changes which may slightly of interaction can occur: a dipolar interaction and/or an
alter the microwave power saturation behavior of the signal electronic exchange interaction. In either case, two sets of
or other characteristics and not reflect any electron transfer.lines with a common center can be observed, with weaker
For the discussion below, it is important to note that no outer lines and an approximately equal separation of lines.

decrease in the yield of multiline occurs on warming.

Organic Radicals at g= 2. If a PSIl sample is illuminated
at 200 K to form %, then during the following 77 K dark
storage some decay obYoccurs due to recombination with

However, this depends on the strength of the coupling and
the g-values of the individual components. The formation
of the split signal is accompanied by a small decrease in the
g = 5 signal shown in Figure 4B,C. Another change

Qa"". Subsequent thawing of the sample in the dark allows following illumination at <30 K is a weak, broad feature

the S state to reoxidize ¥. This is monitored using EPR
as an increase inpr and loss of multiline g (Styring &

nearg = 2.5-3. Cytb559 is in the oxidized state, giving
the peak neag = 3, and therefore is not available for electron

Rutherford, 1987; Nugent et al., 1987; Kawamori et al., 1987) donation.

and has been shown to occur down to 210 K (Kawamori et

al., 1987). g = 5 samples contain ¥ and generally only a
very small yield of the CHi signal. This is as expected from

The yield of theg = 2 split signal was proportional to the
size of theg = 5 signal present in the dark. The results
suggest either (1) that electron transfer occurs to or from

the 235 K illumination which is at a higher temperature than the g = 5 species or (2) that the components interacting to

required for Cht generation, but allows formation ofpY

form the splitg = 2 signal include that giving rise to thee

in a high percentage of centers. On 77 K storage following = 5 signal and that thg = 5 decrease results from the

the 235 K illumination, the ¥° concentration is reduced

interaction. lllumination at 77 K of g = 5 sample results

slowly over a period of days by recombination reactions in in loss of both theg = 5 signal and the ability to form the

some centers. ¥ can be restored by 10 K illumination.
The inset to Figure 3 shows that ifig= 5 sample is warmed
to 200 K in the dark, then in addition to the loss of the
5 signal and the multiline changes (Figure -38), an
increase in ¥ is observed. ¥* and Yz* have similar EPR

g = 2 split signal by subsequent illumination at 10 K. This
suggests that 30 K illumination allows an intermediate state
to accumulate, giving the split signal. At 77 K, the
equilibrium is altered as the electron transfer proceeds further,
thereby eliminating thg = 5 and split signal. Following

line shapes, and also changes in the power saturationillumination at 77 K, a further period of storage at 77 K in
characteristics of these signals occur with S-state changesthe dark for several days allows recovery of the 5 signal

However, it is unlikely that ¥*, which is difficult to trap,

and the ability to re-form the split signal. The effects of

would be present. The increase observed does not resulillumination at 77 K are therefore slowly reversible (not
from a change in the power saturation characteristics of the shown).
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TIME (s) FiGurRe 6: EPR spectra showing thg = 5 changes following

illumination & 8 K in a spinach PSIl sample containing 0.67 mM
Ficure 5: Decay of theg = 2 split signal following illumination PPBQ, prepared by method A as in Figure-1B. (A) spectrum

at <10 K. Spinach PSIl sample prepared to form ¢he 5 signal recorded first during illumination at 8 K; the sample was then kept
(method A, Scheme 1) was illuminated (bottom arrow) to form in the dark & 8 K for 45 min and the spectrum rerecorded. (B)
the g = 2 split signal. lllumination was stopped (top arrow), and Difference spectrum showing restoration of the 5 signal during
the decay of the signal was recorded with time. EPR conditions as the 45 min dark period. EPR conditions as in Figure 4.

for Figure 4 but response time 3 s, field positigrs 2.077. Inset:

(A) decay of theg = 2 split signal (alg = 1.925); (B) restoration 19
of theg = 5 signal (atg = 4.5, plotted as *- data for comparison
of curves) after illuminationte6 K using successive illuminations
of the same sample.

Both the splitg = 2 andg = 5 signals show apparent
Curie behavior, increasing in size down to 4.2 K at
nonsaturating microwave powers. The temperature depen-
dence of they = 2 signal is difficult to determine accurately
as the temperature also affects the rates of formation and
decay of the signal (see below). TRg, microwave power
saturation values werg = 5 (at 4.5 K), 20 mW, splig =
2 (at 10 K, formed by illumination at 10 K), 10 mW, and
Cyt b559 as control (at 10 K), 0.5 mW.

Decay of Split g= 2 Signal. The g = 2 split signal
decayed completely following cessation of illumination at 8
K with a half-life of about 420 sta8 K (measured on the s S S S N
low-field side of the signalg = 2.077, Figure 5, main panel). 328 338 348 358 368 378 368 398
The signal could then be restored by reillumination at 8 K.
This behavior was mirrored by the portion (involving about Ficure 7: EPR spectra showing thex@egion of pea PSIl samples.
25% of the totaly = 5 signal) of thegy = 5 signal amplitude ~ (A) Sample poised in the;Sstate ly 4 h dark-adaptation. Trace

; P ; ; shows the “under illuminationte®® K minus the dark” difference
removed by illumination (see inset B and Figure 6), spectrum containing theg= 1.9” form of Qa. (B) Sample poised

mT

confirming the relationship between the two signals. The

inset shows that the decay @K of theg = 2 split signal
and the restoration of thg = 5 signal in the same sample

in the g = 5 state as in method A (Scheme 1). Trace shows a
difference spectrum obtained by subtraction of the dark spectrum
from one started 40 min after illumination at 9 K. (C) Sample as

(p|otted as the inverse of the data for easy Comparison) ha\/dB) Difference spectrum obtained by subtraction of the dark

very similar kinetics. This rapid recombination reaction
contrasts with the very slow (days) recombination f Q
with Yp°, the multiline andg = 4.1 forms of 3, Cyt b559,

or Chlt.

Figure 6 shows more clearly the small change inghe
5 region duriig 5 K illumination and its subsequent restora-
tion on cessation of illumination. The twin peaks ngar

spectrum from one started 1 min (2 min scan time) after a period
of illumination at 9 K. (D) Sample as (B). Difference spectrum
obtained by subtraction of a spectrum taken 40 min after illumina-
tion from one started 1 min after illumination at 9 K. EPR conditions
as in Figure 4 except for a temperature 9 K.

illumination & 9 K on asample poised in:S Only theg =
1.9 form of Q°~ is formed. As this sample was recorded
under illumination, it also shows that no significant changes

6 show no light-induced changes and were observed ingye to heating were seen in these experiments. Figure 7B
spinach but not pea samples as mentioned under Materialsshows the difference spectrum of spectra taken before

and Methods. Thg =5 spectrum obtained by this treatment

illumination and 40 min following illumination, i.e., after

is similar to that obtained by warming the sample (Figure most of theg = 2 split signal has decayed. It shows the

2). The absence of similar light-induced changes in sur- Q,*- formed by illumination and some residual split signal.

rounding peaks suggests that this is not a heating artifact.;:igure 7C shows the formation of tiye= 2 split signal and
Figure 7B-D shows the changes caused by illumination Qa*~ in the difference spectrum of a sample before and

in the region belowg = 2 in ag = 5 sample prepared by

immediately after illumination. Figure 7D, the difference

method A. Figure 7A shows, as a control, the effect of spectrum of spectra taken immediately after illumination and
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Ficure 8: EPR spectra showing the line shape of ghe 2 split
signals. Spectra AC are the difference between a sample il-
luminated &9 K and the dark state. Spectrum D is the difference
spectrum of a sample frozen under illumination minus the unillu-
minated spectrum. All samples contain 0.67 mM PPBQ except
spectrum C which had no additions. (A) Spinach PSII sample poised
in theg = 5 state as in Figure 5. (B) Pea PSIl sample poised in the
g = 5 state as in Figure 1AD and Scheme 1. (C) Pea PSII with
no additions, poised in thgg= 5 state as in (B). (D) Acetate-treated
PSiII, spectrum as in MacLachlan and Nugent (1993), Figure 4.
EPR conditions: microwave power, (A) 1 mW, (B) 0.4 mW, (C)
10 mw, (D) 5 mW; modulation, (A,C) 1 mT, (B,D) 1.6 mT;
temperature, 9 K. The large signal fromy'Yat g = 2 has been . o . .
removed. K illumination consistently produced a lower yield of both

signals. This suggests that the requirement for optimum yield

40 min after illumination, shows that only a small proportion of 200 K preillumination and annealing plus exogenous
of Qa*~ decays on the time scale of the sgit= 2 decay. quinones such as PPBQ is due to a need for (a) oxidation of
This suggests either thata© is not involved in the decay  secondary electron donors such as cytochrb&%®, thereby
of the g = 2 split signal or that only a small proportion of reducing competition among electron donors, and (b) forma-
centers are involved. tion of the S state in centers where oxidized electron

Line Shape of g 2 Split Signal. Figure 8 illustrates more ~ &cceptors are available for electron transfer at cryogenic
clearly the line shape of thg = 2 split signal obtained in ~ temperatures.
this study. All spectra are the difference of a spectrum A variety of electron acceptor conditions using PPBQ,
recorded during illumination atc10 K minus the dark  DCBQ, ferricyanide, or no additions were used in experi-
spectrum of @ = 5 sample. Figure 8,B shows the line shape ments to eliminate the possibility that the exogenous acceptor
of the split signal at 1 and 0.4 mW (nonsaturating microwave was involved in the formation of both tree= 5 and splitg
power) obtained by illumination of@= 5 sample containing = 2 signals. Each treatment, using the method A protocol,
PPBQ. The anisotropic line shape is unusual for this type allowed the splig = 2 signal to form on 10 K illumination
of interaction signal and may indicate for example that more with similar line shapes and properties (Figure 9), but
than one signal is present, that it arises from a mixture of different yield. Theg = 5 signal change is also clearly
dipolar and exchange coupling, or that one or both of the observed in both PPBQ- and DCBQ-treated samples (Figure
interacting species have unusual EPR properties. The line9A,B). In ferricyanide-treated (not shown) and samples with
shape of theg = 2 split signal seen in a sample with no no additions (Figure 9C), formation of tlee= 5 signal is
addition of exogenous quinone (Figure 8C) is similar, the observed but together with songe= 4.1 S signal. Only
resolution of the shoulder on the high field side being theg = 5 signal changes on illumination &30 K. These
variable. Figure 8D shows the more symmetrice{ Ssplit results confirm that the signals originate from PSIl compo-
signal observed in acetate-treated PSIlI (MacLachlan & nents and not exogenous additions.
Nugent, 1993). Addition of 4% ethanol (Figure 9D) or the,Qite inhibitor

Characteristics of Signals and Experimental Conditions DCMU (Figure 9E) inhibits formation of botg = 5 andg
for Optimum Yield.An investigation of the effect of varying = 2 split signals, and they are also not present in samples
the 235 K illumination temperature on the subsequent yield lacking the Mn cluster (Tris-washed samples, not shown).
of theg = 5 andg = 2 split signals after 77 K storage was No g = 2 split signal is detected in PSIl membranes upon
carried out. This showed that maximum yield in 0.67 mM freezing under illumination with no 77 K storage, conditions
PPBQ-treated pea PSIl samples was obtainga@ 5 min required for production of “S3” (&) signals in samples
illumination at 236-240 K, following the 200 K preillumi- with inhibited water oxidation (Boussac et al., 1989; Ma-
nation and annealing (method A). The size of the 5 cLachlan & Nugent, 1993). Cryoprotectants have been
and splitg = 2 signals subsequently obtained after 77 K shown to affect PSII EPR [see Debus (1992) for a review].
storage, as a function of illumination temperature prior to Sucrose was generally used as cryoprotectant in these
77 K storage, fell sharply from a maximum around 230  experiments; use of 20% (v/v) glycerol also allowed forma-
240 K to low levels at 210 and 273 K. Replacing the 200 tion of g = 5 and splitg = 2 signals, but use of 30% (v/v)
K preillumination step by 77 K preillumination prior to 235 ethylene glycol inhibited signal formation. This may be due

100 150 200 250 300 350
mT

Ficure 9: EPR spectra showing the changes on illumination at 9
K in samples with different additions. Samples of pea PSIl were
prepared by method A (Scheme 1) with the following additions:
(A) 0.67 mM PPBQ); (B) 0.67 mM DCBQ; (C) no additions; (D)
0.67 mM DCBQ, 4% ethanol; (E) 0.5 mM DCMU. Spectra are the
difference of samples in the dark (following 235 K illumination
and 77 K storage etc.) and the sample illuminated at 9 K. Fer (A
C), the low-field region has been expanded to show the difference
more clearly. EPR conditions as in Figure 4 but with a temperature
of 9 K. The spectra in (EE) were recorded at twice the instrument
gain of spectra A and B.
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Ficure 10: EPR spectra showing the loss of the= 5 signal and
splitg = 2 signal during incubation at 77 K for 2.5 min in the dark
following illumination at 9 K. Pea PSII samples prepared by method
A (Scheme 1). The sample shown in (A) and (B) contained no
additions while the sample in (C) and (D) contains 0.75 mM PPBQ.
EPR conditions as in Figure 4. (A, C) Sample during illumination
at 9 K. (B, D) Sample following illuminationte®® K and 2.5 min
incubation at 77 K.

Nugent et al.

the case of PPBQ as exogenous electron acceptor, the
electron transfer from Q- to Qg during the pretreatment
leads to oxidation of the non-heme iron. Therefore, during
illumination at 235 K, one (@) or two (Q. and Fé")
acceptors are available. In centers containing native or
exogenous @(such as DCBQ), it may be possible for two
electrons to be slowly transferred fromn@ Qs. At 235

K, exchange of quinone/quinol at the; Qite is likely to be
slow, restricting further turnovers. Protonation reactions
involved with oxidation of the non-heme iron (Diner &
Petrouleas, 1988) and reduction of @ill also be slow. In

the WOC, the limiting reaction is the formation of Bhich

will be severely retarded at 235 K (Warden et al., 1976;
Styring & Rutherford, 1988).

The combined effect of the restrictions on the electron
donor and acceptor sides of PSIlI probably means that only
one or two turnovers can occur during the 235 K illumina-
tion. From the initial mixture of Sand $ states, this would
form S, S5, perhaps & or X+ (where X would be ¥
or an intermediate between the WOC ang,Yor even gin
a proportion of centers during the 235 K illumination. This
is in line with the analysis of Guiles et al. (1990), and as
shown in Figure 1, about 50% of centers are notjlids S

to alteration of the temperature dependencies of reactionsas § to S formation would have occurred on 235 K
by the cryoprotectant, but other reasons such as a dependendgumination). The lack of EPR signals from the WOC of
on the size of the cryoprotectant molecule cannot be ruled some centers immediately after 235 K illumination (Figure
out at present. Omission of the EDTA wash stage during 1B) indicates either integral spin state systems are formed

sample preparation did not affect the yieldg# 5 or split

or interactions between nearby components broaden the

g = 2 signals. These results show that the signals do notsignals so f[ha_t they are not o_bserved. An EPR_-siI_gBtﬁe
arise from centers damaged or modified during sample has been indicated by previous studies and is likely to be

preparation.

Warming following Illumination at Cryogenic Tempera-
tures. The hypothesis that thg= 2 split signal results from
interaction with the component giving rise to tipe= 5 signal
was investigated further by illumination ofgag= 5 sample
at 9 K, and then warming to 77 K in the dark for 2.5 min
(Figure 10). The illumination reproduces the effect shown
in Figure 4, removing part of thg = 5 signal and inducing
the splitg = 2 signal, while the 77 K dark step causes loss
of most of the remaining = 5 signal and removes the ability
to form the splitg = 2 signal on reillumination at 9 K. No
significant changes in the Cy559, Q°~, or multiline

present in these samples following 235 K illumination. This
seems distinct from the,X* state which forms splig = 2
signals in inhibited samples (Boussac et al., 1989, 1990a,b;
Sivaraja et al., 1989; Ono & Inoue, 1990; Baumgarten et
al., 1990; Hallahan et al., 1992; Andreasson & Lindberg,
1992; MacLachlan & Nugent, 1993; van Vliet et al., 1994;
DeRose et al., 1995; van Vliet & Rutherford, 1996; Szalai
& Brudvig, 1996).

During 77 K storage in the dark following the 235 K
illumination, reactions occur forming thge= 5 signal. The
recombination reactions during 77 K storage are probably
limited to one electron returning from A, but with the

species were observed during the 77 K dark step. In the POSsibility of reoxidation of the non-heme irongQ or Qs*”

sample with no additions (Figure 10 A,B) some= 4.1 S
signal is present, but is unchanged bg 8K illumination

species also occurring. Reducegd §pecies are not known
to recombine with oxidized electron donors at cryogenic

or 77 K dark step. This adds to the data above in Suggestingtemperatures e_md are usually thought to be stabilized by Bohr
that the split signal is an intermediate stage in electron protonation (Diner et al., 1991). However, less stable, more

transfer, trapped by the very low temperature, and that at 77"€ducing forms of @ species may be formed by the 235 K

K the electron can travel further. At 77 K, most structural
changes would be inhibited. A further storage period of
several days at 77 K following the illumination & K and
2.5 min dark at 77 K restores tlge= 5 signal and the ability

to form the splitg = 2 signal by illumination at<30 K.

DISCUSSION

Formation of the New SignalsThe complex experimental

illumination if the protonation reactions are prevented.

A further period of illumination at<30 K then forms a
split signal atg = 2. The yield of theg = 2 split signal is
linked to the amount of = 5 signal present, and a decrease
in the amplitude of thg = 5 signal is seen upon formation
of the split signal. This suggests a relationship between the
two and is demonstrated in Figure 5. This could be an
electron donor/electron acceptor pair or that the gptit 2
signal involves an interaction between components including

results can be rationalized as follows. The sample pretreat-that giving theg = 5 signal. The latter would place the

ment by 200 K illumination followed by annealing gives a
mixture of states. Some centers relax backjtei§ile others,
especially those with native or exogenous @re relatively
stabilized in 3. The slightly higher yield of $obtained

origin of theg = 5 and splitg = 2 signals on components

close in the structure, either on electron acceptor or an
electron donor pathways. Quantitation of the new signals,
counting the number and location of electrons and estimating

from the addition of exogenous quinones may be significant the percent centers, is difficult without more information
in increasing the eventual yield of the new EPR states. In about their origin but must only involve a maximum of about
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50% of centers as the rest have the multilinestate. The neutrality. Analysis of the conditions required to obtain the
competing formation and decay reactions, in addition to S, g = 4.1 signal suggests that changes in the ligands to
competition from other electron transfer reactions, will make Mn, perhaps at the water/chloride binding site, control the
higher yields of theg = 5 signal difficult to obtain. appearance of this form of,S It is tempting, therefore, to
Origin of the g= 5 Signal. The fact that identical signals  suggest that thg = 5 signal represents the Mn cluster in a
are observed in both samples with no additions, following redox state equivalent to,Sut with a changed ligand
additions of various electron acceptors and in different arrangement compared to the known forms ef Shis
preparations, shows that the new EPR signals originate fromwould be due to the $tate being trapped and then reduced
endogenous PSII electron carriers. Dioxygen contaminationat cryogenic temperatures where structural changes are
during storage of samples at 77 K is also discounted by theinhibited. This could result, for example, in ap<$ate with
controls shown. Oxygen-evolving PSIlI contains many a decreased positive charge as protonation of the complex
redox-active cofactors, and a large variety of interactions are on reduction is prevented by the low temperatureapears
therefore possible. to be EPR-silent and could be the state produced when the
The g = 5 and splitg = 2 signals have characteristics g = 5 sample is illuminated at 77 K as well as that being
(g-value, line shape, microwave power saturation, etc.) which formed initially on 235 K illumination. The decreased
indicate the involvement of a transition metal complex. High- positive charge may also make oxidation of Yhore
spin iron signals neag = 6 which were attributed to Cyt  favorable at cryogenic temperatures.
b559 have recently been reported [see Hulsebosch et al. Split g= 2 Signal. lllumination below 200 K is known
(1996)], but these are observed at alkaline pH values andto restrict turnover of PSIl to one or two turnovers with Q
haveg-value and line shape characteristics distinct from the or Qa plus Fé* acting as electron acceptors. The relatively
g = 5 signal. With normal yields and EPR line shapes of rapid decay of theg = 2 split signal on cessation of
PSIlI components such as low-spin (3859 and iror- illumination at<10 K, restoring the state before illumination,
guinone Q*~ being obtained, this leaves two possibilities, suggests a recombination reaction occurs. This means that
the non-heme iron and the manganese cluster. EPR signalshe electron is returning front) Fe*, reduced Q, or Qs.
from the oxidized non-heme iron are well characterized in  Secondary electron donors usually are unable to compete
situations where the gXsite is empty or contains quinone or  at cryogenic temperatures with the very fast P88ack-
quinol (Diner & Petrouleas, 1988). Three results suggest reaction allowing T to form. If it were possible to form
that the non-heme iron is not involved: (1) the usual non- in addition to Q*~ on illumination at<30 K, then a splig
heme iron signal is not formed directly from the= 5 signal = 2 from the weak interaction Qa*~ would occur. This
on thawing in the dark (Figure 2); (2) the= 5 signal is was observed following chemical reduction ofx @nd
present in a sample with no exogenous electron acceptor,illumination at cryogenic temperatures (Klimov et al., 1980).
where non-heme iron oxidation should be minimal or absent; However, I Qa*~ formation in nonchemically-reduced
(3) the line shape and-value are quite unlike any other samples has not been observed in EPR studies of oxygen-
signal attributed to the non-heme iron in PSII. These points evolving PSII, and it does not have a similar line width or
strongly suggest that thg= 5 signal is not a novel trapped line shape to the signal shown in this study. It is not
form of the oxidized non-heme iron. It is therefore more observed for example in Figure 7A. AQ is formed by<30
likely that it arises from the Mn complex of the WOC. K illumination of ag = 5 sample, but there are only small
Theg = 5 signal has similar characteristics to thegS= changes £20%) to the amplitude of the irersemiquinone
4.1 signal. Itsg-value and line shape suggest it originates signal during decay of the splg = 2 signal (Figure 7).
from aS = 3/, spin system or the middle Kramer’s doublet Therefore, if the electron acceptor is,Qhen the splig =
of aS =5/, spin system. Support for the presence of a new 2 signal is formed in low yield.
S, or higher state is given by the annealing experiments Theg = 5 signal does recover in parallel to the decay of
which result in loss of thg = 5 signal and oxidation of the splitg = 2 signal (Figure 5) and would appear to give
with no net loss of the multiline Sstate. The heterogeneity us a suitable electron acceptor/donor pair to account for the
present complicates explanation of this experiment, but in effects of illumination at cryogenic temperatures. The result
some centers, the, &ultiline may be lost, forming Swvhen revealing that theg = 5 state is lost in the dark at 77 K
Yp is oxidized while in others the multiline;#nay be formed following illumination at <30 K (Figure 10) shows that a
from other $ or higher S states. Recent work has lead to further electron transfer probably occurs on warming to 77
proposals that two forms of thp= 4.1 S signal exist, one K. A recombination reaction from the electron acceptor to
being an excited state of the multiline signal and the other the electron donor side on warming to 77 K in the dark would
being a ground state form assigned to an interaction betweerresult in a rapid return to the initial state before illumination,
an oxidized amino acid and the Mn cluster (Smith & Pace, which does not occur as tlge= 5 state is only restored by
1996). Iftheg=>5andg=4.1 S signals involved atrapped 77 K storage. The fast decay of the sgjit= 2 signal and
amino acid radical, they may be expected to decay slowly concomitant restoration of thg = 5 signal in the dark
by recombination with @~ in analogy to the behavior of following 10 K illumination plus the slow recovery of thge
Yp* and the “S3” split signals found in inhibited samples. = 5 signal following 77 K illumination therefore indicate
This is not observed, and as shown, the= 5 signal only that theg = 5 change during illumination at 10 K is due to
appears on long-term dark storage. It is unlikely thatghe interaction rather than electron transfer, i.e., that the gplit
= 5 signal involves a trapped oxidized amino acid. = 2 signal involves an interaction with the component giving
Conformational changes in the WOC upon thet& S rise to theg = 5 signal. The second component of the
transition have been suggested, based on the effects oklectron donor/acceptor pair involved in the formation of the
exogenous reductants (Messinger et al., 1991) and the highsplit g = 2 signal remains uncertain.
reorganizational energy (Renger & Hanssum, 1992). These The splitg = 2 signal is therefore likely to originate from
may involve deprotonation to maintain overall charge an electron donor Xspecies formed by illumination which
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interacts with the manganese cluster to giyX'S EPR-

silent S could then be re-formed by electron transfer at 77

K.
CONCLUSION

Two new EPR signals have been detected in PSI

Experiments to trace their origin are presented and discusse

in detail. We cannot completely rule out involvement of a
novel state of the electron acceptors of PSIl involving
oxidized non-heme iron.
strongly favor the explanation that the signals involve
components of the water oxidation system.
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