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ABSTRACT: The origin of the 5 3 ”  EPR signal from calcium-depleted photosystem 2 samples has been 
investigated. This signal is observed after freezing samples under illumination and has been assigned to 
an interaction between the manganese cluster and an oxidized histidine radical [Boussac et al. (1990) Nature 
347, 303-3061. In calcium-depleted samples prepared by three different methods, we observed the trapping 
of the tyrosine radical Yz+ under conditions which also formed the “S3” signal. An “S3”-type signal and 
Yz+ were also formed in PS2 samples treated with the water analogue ammonia. Following illumination 
at  277 K, the “S3” and Yz+ signals decayed at the same rate at 273 K in the dark. Both the Yz+ and “S3” 
signals decayed on storage at  77 K and could be subsequently regenerated by illumination at 8-77 K. No 
evidence to support histidine oxidation was found. The effects of DCMU, chelators, and alkaline pH on 
the dark-stable multiline S2 and the “S3” signals from calcium-depleted samples were determined. Both 
signals required the presence of EGTA or citrate for maximum yield. The addition of DCMU caused a 
reduction in the yield of “S3” generated by freezing under illumination. Incubation at  pH 7.5 resulted in 
the loss of both signals. We propose that a variety of treatments which affect calcium and chloride binding 
cause a stabilization of the S2 state and slow the reduction of Yz+. This allows the trapping of Yz+, the 
interaction with the manganese cluster (probably in the Sz state) resulting in the 3 3 ”  signal. The data 
allow the position of the manganese cluster to be estimated as within 10 A of tyrosine Z (Dl-161). 

E l e c t r o n  transfer in photosystem 2 (PS~)’ follows the ab- 
sorption of light by the reaction center chlorophyll P680, re- 
sulting in the passage of an electron via pheophytin to the 
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primary and secondary plastoquinone acceptors QA and QB. 
P680’ is reduced by electrons from the oxygen-evolving com- 
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plex (OEC), which contains a minimum of four Mn atoms [see 
Babcock et al. (1 988) for a review]. The manganese complex 
is thought to provide the catalytic site for water oxidation and 
to be the site of charge accumulation, four turnovers of the 
reaction center being required to produce molecular oxygen. 
During its cycle, the OEC passes through five different redox 
states, (Kok et al., 1970), four charges being accumu- 
lated from So to S4 and O2 being evolved at the S3 to So 
transition. 

Electron transfer between the OEC and P680 is mediated 
by a tyrosine residue, Y D  Site-directed mutagenesis experi- 
ments have confirmed that Yz is tyrosine-161 of the D1 po- 
lypeptide (Debus et al., 1988b; Metz et al., 1989). A second 
redox-active tyrosine residue, YD, is also found on the electron 
donor side of PS2 and has been identified as tyrosine- 160 of 
the D2 polypeptide (Debus et al., 1988a; Vermaas et al., 1988). 
YD+ and Yz+ can be observed by EPR as a characteristic EPR 
line shape termed signal I1 (g = 2.0045, Hpp = 1.9 mT). Signal 
I1 has several kinetic forms at physiological temperatures 
arising from either YD+ or Yz+. Two forms of signal I1 are 
from Yz+: signal I1 very fast (vf) in oxygen-evolving samples 
and signal I1 fast (f) in samples where the OEC is blocked 
[see Babcock et al. (1988)l. Yz+ and YD+ can also be dis- 
tinguished by their microwave power saturation characteristics 
which are influenced by interaction with nearby strongly re- 
laxing species (Warden et al., 1976; Yocum & Babcock, 1981). 

Both calcium and chloride cofactors have been shown to be 
required for maximum rates of oxygen evolution [Miyao & 
Murata, 1984; Ghanotakis et al., 1984; see Coleman (1990) 
and Yocum (1991) for a review]. The location and number 
of calcium binding sites, the removal of bound calcium by 
“calcium depletion” methods, and the effect of these depletion 
treatments are controversial areas, with a number of conflicting 
reports in the literature. 

In higher plants, each D1/D2 reaction center complex is 
thought to require a minimum of two calcium atoms in binding 
sites of different affinities (On0 & Inoue, 1988a; Cammarata 
& Cheniae, 1987a; Kalosoka et al., 1990). One calcium atom 
per PS2 is thought to be removed either by NaCl washing in 
the light, which also results in the loss of the 17- and 23-kDa 
extrinsic polypeptides (Cammarata & Cheniae, 1987b), or by 
citrate treatment at low pH in the dark in which the 17- and 
23-kDa polypeptides are retained (On0 & Inoue, 1989). It 
has also been suggested that these treatments do not remove 
calcium (Shen et al., 1988, 1991). For simplicity, we will refer 
to the NaCl and citrate treatments as “calcium-depleted”. 

Thermoluminescence studies on citratewashed preparations 
suggested that the S-state cycle was blocked after S2 formation 
following calcium depletion (On0 & Inoue, 1989) whereas 
calcium depletion by NaCl washing in the light appeared to 
result in a block at the S3-So transition in EPR studies 
(Boussac & Rutherford, 1988). This conflict has now been 
resolved, and the major block appears to be at the S3-So 
transition (Boussac et al., 1990b). Calcium depletion has also 
been shown to slow the kinetics of reduction of photooxidized 
Yz+ by the Mn cluster (Ghanotakis et al., 1984; Dekker et 
al., 1984; Ono & Inoue, 1989). 

New EPR signals attributed to the OEC were reported by 
Boussac et al. (1989) in PS2 calcium-depleted by NaCl 
washing and reconstituted with the 17- and 23-kDa poly- 
peptides. The reconstituted PS2 was shown to have an un- 
usually dark-stable, modified multiline signal (g = 1.98, >26 
lines spread over 160 mT, t l lZ of several hours). The signal 
was removed by addition of calcium. This dark-stable mul- 
tiline signal was assigned to a modified form of the normal 
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S2 state, which gives rise to a multiline signal centered at g 
= 2 attributed to a mixed-valence Mn cluster in an S = ’/* 
ground state (Dismukes & Siderer, 1980). 

Illumination at 273 K and then freezing the calcium-de- 
pleted PS2 samples resulted in loss of the modified multiline 
and generation of a 16.4-mT-wide signal split around the g 
= 2 region, which was assigned to the S3 state (Boussac et al., 
1989). This was supported by experiments showing the ap- 
pearance of the signal following a single laser flash given to 
a sample in the S2 state (Boussac et al., 199Od). It was later 
shown that the presence of the 17- and 23-kDa extrinsic po- 
lypeptides was not necessary for the generation of the modified 
S2 or “S3” signals but EDTA, EGTA, or citrate were required 
in order to observe the dark-stable multiline (On0 & Inoue, 
1990b; Boussac et al., 1990b). 

Similar EPR signals were observed in citrate-washed sam- 
ples (Sivaraja et al., 1989; Ono & Inoue, 1990a,b). The 
citrate-washed preparation was reported to be isolated in an 
S1’ state, requiring the removal of a single electron to generate 
the modified S2 state. Addition of calcium to citrate-washed 
samples in the dark resulted in the reduction in size of the YD+ 
EPR signal (Sivaraja et al., 1989; Tso et al., 1991b), an effect 
not observed with pH 6.5 NaC1-washed samples (Boussac et 
al., 1989; Lockett et al., 1990) but also observed by Lockett 
et al. (1990) in pH 8.3 NaC1-washed samples. 

It has been suggested that during the S2-S3 transition, an 
oxidation of a histidine residue close to the manganese cluster 
occurs, the interaction giving rise to the 3 3 ”  signal (Boussac 
et al., 199Od). This might occur (i) as part of the normal 
Sstate transition or (ii) as an auxiliary reaction, resulting from 
impairment of the normal S2 to S3 transition by calcium de- 
pletion (On0 & Inoue, 1990b). Boussac et al. (1990d) cor- 
related their EPR data to the oxidation of a histidine residue 
using transient absorption spectroscopy. Further suggestion 
of a photooxidizable histidine residue on the donor side of PS2 
was provided by the use of the histidine modifier diethyl py- 
rocarbonate, which resulted in the loss of the thermolu- 
minescence AT band in Tris-treated PS2 (On0 & Inoue, 
199 1 a,b). 

We have further investigated the origin and nature of both 
the “S3” and modified multiline EPR signals. We have also 
examined the properties of Yz and its relationship to the “S3” 
signal. 

MATERIALS AND METHODS 
Buffers containing MES and sucrose were treated with 

Chelex prior to the addition of NaCl and EGTA to remove 
any calcium impurities. All samples were stored at 77 K before 
use. 

PS2 membranes [BBYs; Berthold et al., 1981; P680:Chl 
ratio 1:(225-250)] were prepared from market spinach by the 
modified method of Ford and Evans (1983) and were depleted 
of calcium according to a modified method of Boussac et al. 
(1989). BBYs were washed in 0.3 M sucrose, 20 mM MES, 
10 mM NaCl, and 2 mM EGTA, pH 6.5, and then resus- 
pended to a concentration of 2 mg of Chl/mL in 0.3 M su- 
crose, 20 mM MES, 2 M NaCl, and 1 mM EGTA; 50 pM 
PPBQ was added, and the membranes were stirred on ice 
under room light for 30 min, before being diluted with an equal 
volume of 0.3 M sucrose, 20 mM MES, 2 M NaC1, and 40 
mM EGTA, pH 6.5. The membranes were dialyzed against 
0.3 M sucrose, 20 mM MES, and 2 M NaCl, pH 6.5, under 
room light for 1 h. The calcium-depleted PS2 membranes 
were then collected by centrifugation or further dialyzed 
against 0.3 M sucrose/20 mM MES for 3 h in the dark, in 
order to reconstitute the 17- and 23-kDa extrinsic polypeptides. 
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The membranes were centrifuged at 40000g for 30 min and 
resuspended in 0.3 M sucrose, 20 mM MES, 10 mM NaCl, 
and 100 pM EGTA, pH 6.5. 

Calcium removal from BBYs by low-pH citrate wash was 
by the method of On0 and Inoue (1988a). BBYs were washed 
in 0.4 M sucrose, 0.1 mM MES, and 20 mM NaC1, pH 6.5. 
After centrifugation at 40000g for 30 min, the membranes 
were resuspended to a concentration of 2 mg of Chl/mL in 
0.4 M sucrose, 10 mM citrate, and 20 mM NaCl, pH 3.0. The 
PS2 membranes were stirring on ice in the dark for 5 min and 
then diluted 5 times with 0.4 M sucrose, 40 mM MES, and 
20 mM NaC1, pH 6.5. The membranes were then collected 
by centrifugation at 40000g for 30 min and resuspended in 
the same buffer. 

The membranes obtained and used as a result of these 
treatments were depleted of greater than 75% of their oxy- 
gen-evolving activity (measured in a Clark-type oxygen elec- 
trode at 298 K, using depleted membranes to which 20 mM 
calcium was added as control). 

In experiments designed to examine the effects of chelators, 
calcium was depleted from PS2 in the presence of 50 pM 
EGTA by a method similar to that of Boussac et al. (1990b). 
BBYs were resuspended to 0.5 mg of Chl/mL in 0.3 M su- 
crose, 25 mM MES, and 2 M NaC1, pH 6.5; 50 pM PPBQ 
was added, and the membranes were incubated under room 
light for 30 min; 50 pM EGTA was then added, and the 
membranes were centrifuged at 40000g for 30 min. The 
membranes were washed in 0.3 M sucrose, 25 mM MES, 30 
mM NaCl, and 50 pM EGTA, pH 6.5, and finally resus- 
pended in the same buffer. 

In order to remove calcium bound with high affinity, cal- 
cium depletion was performed according to the method of 
Kalosaka et al. (1990) using the ionophore A23187. This 
involves extraction at pH 5.0 followed by repeated washings 
with the ionophore. These samples were finally resuspended 
in 0.4 M sucrose, 10 mM MES, and 15 mM NaCl, pH 6.0. 

To examine the effects of increased pH on the modified 
multiline and “S3” EPR signals, pH 6.5 NaC1-washed PS2 
was centrifuged at 40000g for 30 min and then resuspended 
in 0.3 M sucrose, 20 mM HEPES, 10 mM NaCl, and 100 pM 
EGTA, pH 7.5. The membranes were again centrifuged, and 
the pellet obtained was resuspended in the same buffer. 

Ammonia-treated samples were prepared under conditions 
which are intended to minimize effects on the chloride-de- 
pendent site. This includes the presence of high chloride 
concentrations and the absence of sucrose (Boussac et al., 
1990a). BBYs were washed in 40 mM HEPES, 20 mM NaCl, 
and 1 mM EDTA, pH 7.5. The membranes were centrifuged 
at 40000g for 30 min and resuspended in 40 mM HEPES, 15 
mM NaCl, 5 mM MgC12, and 20% (v/v) glycerol, pH 7.5. 
For EPR, samples contained 1 mM PPBQ and 100 mM 
NH4Cl to give a free base NH3 concentration of 2 mM (Britt 
et al., 1989). To increase the number of reaction centers to 
which the slow binding ammonia is bound, dark-adapted 
samples were frozen and then illuminated at 200 K for 10 min 
in an ethanol/dry ice bath. The samples were then placed in 
a water bath at 296 K for 30 s in the dark, followed by rapid 
freezing at 200 K [“annealing”; see Britt et al. (1989)l. This 
process forms S2 at 200 K, the subsequent warming of the 
sample allowing a more efficient binding of ammonia than is 
found during transient formation of S2 during S-state turnover 
on illumination at 277 K. 

EPR Spectrometry. For EPR at cryogenic temperatures, 
0.3-mL samples (at approximately 5 mg of Chl/mL) were 
placed in 3-mm-diameter EPR tubes. Samples were illumi- 
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nated with a 650-W light source through a 2.5-cm water heat 
filter for 30 s to generate the dark-stable S2 state in calcium- 
depleted samples. Samples were treated as described in the 
figure legends and then dark-adapted for 30 min before being 
frozen to 77 K. Additions of DCMU and PPBQ were made 
from freshly made concentrated stock solutions in dimethyl 
sulfoxide. To obtain the “S3” signal, samples were illuminated 
at 277 K for 45 s using an unfiltered 650-W light source (lo00 
pE m-2 s-l) and then frozen to 77 K under illumination. 
During dark-adaptation, samples were kept on ice at 273 K. 

Identical sets of samples in calibrated EPR tubes were made 
for each experiment using the same preparation and chloro- 
phyll concentration. This enabled control samples to be stored. 
Using the signals present in these control samples (cytochrome 
b559 etc.), the EPR spectrometer and measurement conditions 
were calibrated for experiments which involved EPR data 
collection on different days. 

EPR spectrometry was performed using a Jeol RElX 
spectrometer fitted with an Oxford Instruments liquid helium 
cryostat. Illumination in the EPR cavity was done using a 
150-W light source connected to the front of the cavity by a 
flexible light guide. EPR conditions are given in the figure 
legends. 

For room temperature EPR, 15-pL samples in glass ca- 
pillary tubes were placed inside EPR tubes. These samples 
were run as above using the Oxford Instruments cryostat. 
Spectra were recorded and manipulated using a Dell micro- 
computer running Asyst software. Yz+ and YD+ were quan- 
tified by comparing samples illuminated before and after the 
addition of 20 mM calcium and by comparing spectra taken 
during illumination with spectra taken following a 5-min dark 
period after illumination. 

EPR studies at room temperature were also performed with 
a Varian E-9 spectrometer interfaced to a PDP-l1/23A 
minicomputer operating under Berkeley Software Distribution 
Unix (TM) (BSD 2.9) compiled with real-time process ex- 
tensions. Spectra (512 points) were acquired at 0.25-mT 
magnetic field modulation. Typical acquisition dwell times 
were 0.5 s per point with a corresponding instrument time 
constant of 1 s. Actinic illumination of the sample (400-700 
nm at 6000 W me2) was provided by a 1000-W tungsten- 
halogen source. Two hundred microliter samples were ana- 
lyzed using a standard Varian flat cell. To permit quantitation 
of both dark-stable and light-inducible resonances, paired EPR 
spectra (dark control and illuminated) were acquired as a 
function of microwave power over the range of 1-144 mW, 
The protocol for data collection for the dark control consisted 
of a 20-s preillumination followed by a 30-s dark interval prior 
to the magnetic field scan. The spectrum for the illuminated 
sample was obtained subsequent to the dark control scan. 

Pl12 (the microwave power for half-saturation) was deter- 
mined graphically as in Styring and Rutherford (1988) from 
a plot of log (Z/P) vs log P, where P is the microwave power 
and Z is the signal amplitude measured as the base line to the 
lowest field peak of the tyrosine radical [ Z  = l ~ P ~ / ~ / ( l  + 
P/P1/2)o.56]. P112 is found by extrapolating the initial ( P  << 
Pl12) and final ( P  >> Pl12) linear sections of the curves to their 
point of intersection, which is the Pl12 value. 

The microwave power saturation studies at cryogenic tem- 
peratures were performed using 25-kHz modulation on the Jeol 
RElX spectrometer. This was the lowest available modulation 
frequency on our spectrometer and was used in order to 
minimize rapid-passage effects. Rapid-passage conditions are 
an EPR phenomenon that occurs when the spin-lattice re- 
laxation, T1-l, is slow compared to the modulation frequency 
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Further illumination of the sample at 277 K and then freezing 
under illumination to 77 K cause the almost complete loss of 
the dark-stable multiline signal and the appearance of the 
signal split around g = 2 attributed to “S3” (Figure 1B) 
(Boussac et al., 1989). EPR signals from other PS2 compo- 
nents were also observed. Peaks near g = 3 and g = 2.2 
(Figure 1A) are the g, and gy resonances of cytochrome b-559. 
The g = 1.8 form of QA semiquinone was found in all types 
of calcium-depleted preparations, indicating that a loss of 
bicarbonate binding near the non-heme iron occurred during 
these treatments (not shown). The bicarbonate-bound form 
of Q A  semiquinone in untreated PS2 membranes is found near 
g = 1.9 (Hallahan et al., 1991). 

Effect of DCMU on the “233” Signal and Dark-Stable 
Multiline. The “S3” signal can be generated as the result of 
a one-electron oxidation of a sample showing the dark-stable 
multiline S2 state (Boussac et al., 1990d). Previous studies 
have also shown the requirement for an exogenous electron 
acceptor, PPBQ or dimethylbenzoquinone, acting at the Q B  
site, in order to obtain a high yield of “S3” (Boussac et al., 
1989; Tso et al., 1991b). The Q B  site inhibitor DCMU has, 
however, been used in EPR, thermoluminescence, and optical 
studies on calcium-depleted samples which searched for 
changes occurring in parallel to the appearance of the “S3” 
signal (On0 & Inoue, 1990a,b; Boussac et al., 199Od). These 
studies assumed there was no effect of DCMU on “S3” for- 
mation. We have now characterized the effect of DCMU on 
the formation of the “S3” signal. 

Figure 1B shows that the “S3” signal was either greatly 
reduced in size (Figure lB, trace a) or absent in NaC1-washed 
PS2 that had been treated with 0.5 mM DCMU prior to 
freezing to 77 K under illumination. The size of the dark- 
stable multiline remained unchanged by the treatment (Figure 
lA, traces a-c) as observed previously (On0 & Inoue, 
1990a,b). The turnover of the PS2 reaction center and the 
block at the Q A  to Q B  transfer were confirmed by the increase 
in the yield of the QA ironsemiquinone EPR signal in 
DCMU-treated samples (not shown). 

Figure lB, trace b, shows that about 50% of the maximum 
yield of the ‘S3” signal was obtained without addition of 
exogenous acceptor. The addition of exogenous acceptor was 
required to achieve maximum signal size (Figure lB, trace 
c). In a recent study, we have shown that Q B  is present in a 
high percentage (up to 50%) of the reaction centers in our PS2 
preparations (Hallahan et al., 1991). Variability in the levels 
of Q B  between different PS2 preparations may account for the 
greater yield of “S3” signal in our untreated samples than the 
10% found by Tso in the absence of exogenous acceptor (Tso 
et al., 1991b). Q B  semiquinone is generated by our pre- 
treatment illumination step (Hallahan et al., 1991), and this 
may account for the relatively high level of DCMU required 
to abolish the “S3” signal, as the semiquinone species binds 
more tightly to the Q B  site (Crofts & Wraight, 1983). Sub- 
stantial reduction in “S3” yield was achieved by addition of 
DCMU at lower levels or to samples containing PPBQ (not 
shown). 

Decay of the “S3” Signal at Cryogenic Temperatures. 
When calcium-depleted PS2 was frozen under illumination 
to trap the “S3” signal and the sample then stored at 77 K 
in the dark, the 3 3 ”  signal decayed. Figure 2b shows that 
after 7-days storage at 77 K, the signal had decayed by more 
than 50%. The extent of decay of the 3 3 ”  signal varied 
between calcium-depleted preparations. Both citrate-washed 
and NaC1-washed preparations exhibited this decay. Pre- 
sumably this occurs by reduction of the oxidized organic 
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2.2 2.1 2.0 1.9 1.8 B 
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b 

FIGURE 1: EPR spectra showing the effects of DCMU on the for- 
mation of the dark-stable multiline S2 state and the ”S3”-split signal. 
(A) Dark-stable multiline in samples of NaC1-washed, calcium-de- 
pleted PS2, illuminated at 277 K and then dark-adapted for 30 min. 
Samples contain 5 mM EGTA (a) containing 0.5 mM DCMU, (b) 
no additions; (c) 0.5 mM PPBQ. Conditions: Microwave power, 10 
mW; modulation amplitude, 1.25 mT; temperature, 10 K. (B) 
“S3”-split signal in samples from panel A, scans a-c, thawed and frozen 
to 77 K under illumination. EPR conditions as (A) except microwave 
power 5 mW and gain in (A) 2.5 X gain in (B). The large signal 
at g = 2 from tyrosine radicals has been removed; the dashed line 
shows which spectra are joined and is not intended to suggest the g 
= 2 line shape. 

used (normally 100 kHz). This can lead to errors in the 
measurement of the Pt12 value. Rapid-passage effects on the 
YD+ signal were observed at cryogenic temperatures by Styring 
and Rutherford (1988) using 100-kHz modulation, but they 
were diminished by use of lower modulation frequencies. 

The area of the signal from YD+ obtained by double inte- 
gration was assumed to represent one spin per photosystem 
2 center (Miller & Brudvig, 1991) in quantitations of other 
free radical signals except for Yz+, the method for which is 
described under Results. 

RESULTS 
As has previously been demonstrated (Boussac et al., 1989, 

199Oc), NaCl washing of PS2 at pH 6.5 in the light results 
in the formation of a dark-stable multiline EPR signal (Figure 
1A). The presence of a chelator, either EGTA or citrate, was 
required in order to observe this signal (On0 & Inoue, 1990b; 
Boussac et al., 1990b). We routinely illuminated calcium- 
depleted samples at 277 K before further treatment in order 
to ensure conversion to the dark-stable multiline S2 state. 
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FIGURE 2: EPR spectra showing the decay of the “S3” signal on storage 
at 77 K in the dark. Samples were NaC1-washed, calcium-depleted 
PS2 containing 0.5 mM PPBQ and 5 mM EGTA. (a) Illuminated 
at 277 K and then dark-adapted for 30 min. (b) Frozen under 
illumination and stored at 77 K for 7 days in the dark. (c) Frozen 
under illumination and spectrum recorded prior to storage. EPR 
conditions: microwave power, 5 mW, temperature, 10 K; modulation 
width, 1.25 mT. The arrows mark the g-value positions used for 
amplitude measurements. 

radical or manganese cluster at 77 K by either PS2 electron 
acceptors or another redox component such as cytochrome 

When samples containing DCMU were frozen under illu- 
mination, the dark-stable multiline S2 signal was retained, and 
increased levels of QA semiquinone were generated (not 
shown). No decay of the dark-stable multiline was observed 
on storage at 77 K in these samples, QA semiquinone decayed 
slowly with parallel reduction of YD+. This indicates that in 
calcium-depleted samples with no DCMU added, the decay 
of the 5 3 ”  signal on storage at  77 K was unlikely to be by 
reduction of the S2 state of the manganese cluster by QA. 

The decrease in the size of the “S3” signal on 77 K storage 
in the dark was not accompanied by a parallel increase in the 
size of the dark-stable multiline (Figure 2b). Figure 2 shows 
an example where more than 50% decay of the 5 3 ”  signal 
(Figure 2b) produces only a slight increase in the dark-stable 
multiline. Although this relationship was difficult to quantify, 
similar results in several samples confirmed this observation. 
Therefore, the loss of the dark-stable multiline was not simply 
caused by the magnetic interaction of S2 with the oxidized 
organic radical as indicated previously (Boussac et al., 1989). 
This result also suggests that an S state higher than S2 may 
be formed by room temperature illumination. However, ex- 
periments using single-turnover flashes indicate that only the 
one-electron-transfer step is required to generate “S3” in 
samples containing the dark-stable multiline (Boussac et al., 
1990d). Taken together, the results suggest that conforma- 
tional changes to the manganese cluster may occur on freezing 
under illumination and are trapped at 77 K. 

Formation of the “S3” Signal at Cryogenic Temperatures. 
Illumination at 77 K produces one turnover of the PS2 reaction 

6-559. 

280 320 360 mT 

FIGURE 3: EPR spectra showing the properties of the “S3” signal at 
cryogenic temperatures. A NaC1-washed, calcium-depleted sample 
containing 5 mM EGTA and 0.5 mM PPBQ was frozen under illu- 
mination and stored for 1 week at 77 K. Spectra recorded (a) following 
1-min illumination at 10 K, (b) following 7 min in the dark at 10 K 
following illumination at 10 K, and (c) before illumination at 10 K. 
EPR conditions as in Figure 2. 

center. In both citratewashed and NaC1-washed PS2 samples, 
illumination at 8-77 K of a 77 K stored, “S3”-decayed sample 
resulted in the complete restoration within 15 s of the “S3” 
signal (Figure 3) with parallel photoreduction of QA semi- 
quinone (not shown). The 3 3 ”  signal is not formed by 8- 
200-K illumination of a 273-K dark-adapted sample [not 
shown, but see Boussac et al. (1989)]. The data suggest that 
another process accompanies the original oxidation of the 
organic radical, a process which requires an illumination 
temperature of greater than 200 K. This change is “frozen 
in” at 77 K or below. 

When a 77-K “S3”-decayed sample was transferred to 200 
K for 15 min and returned to 77 K, the ability to regenerate 
the 3 3 ”  signal was lost, and the yield of the dark-stable 
multiline was increased (not shown). Such temperature sen- 
sitivity suggests that the additional event may be a structural 
change, such as loss or gain of a proton or other ligand. 

Following the restoration of the “S3” by illumination below 
77 K, a more rapid partial decay of the signal was observed 
(Figure 3b). The decay, which was accompanied by a parallel 
loss of the QA semiquinone, had a tllz of approximately 10 min 
at 10 K. This is more rapid than the reduction of YDf by QA 
semiquinone which has been estimated at t l12  50-85 h at 77 
K (Nugent et al., 1982, 1987; Kawamori et al., 1987; Inui et 
al., 1989). 

Organic Radicals Observed at Room Temperature. Possible 
models for the “S3” signal are provided by interactions between 
organic radicals and transition metals. In PS2, examples of 
these are the interaction between the QA semiquinone and the 
non-heme iron Fez+ (Butler et al., 1984; Dismukes et al., 1984; 
Nugent et al., 1992) and the interaction between the Q A  
iron-semiquinone and reduced pheophytin (Klimov et al., 
1980). We therefore searched for an EPR signal that could 
be assigned to an organic radical formed on the electron donor 
side of PS2 and which interacts with the manganese cluster 
to produce the ”S3” signal. 

As shown previously for citrate-washed samples (On0 & 
Inoue, 1989; Ono et al., 1991), the kinetics of Yz+ reduction 
are slowed in samples which have been calcium-depleted by 
NaCl washing. This enables the Yz+ radical to be detected 
on illumination at room temperature (Figure 4). Initially, 
0.5 mM PPBQ was included in these samples as an exogenous 
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period, probably because the manganese cluster was stabilized 
in S2. 

Quantitation of the amount of YZ+ formed relative to 
dark-stable YD+ was performed according to the analysis of 
Randolph (1972). This determination, which compensates for 
the variance in microwave power dependencies for the two 
radicals, indicates that YZ+ is produced in a (0.8 f 0.l):l ratio 
with YD+. This shows that calcium-depleted samples can 
undergo a single electron transfer from Yz+ to the electron 
acceptors of PS2. Therefore, the electron-transfer chain be- 
tween P680 and Yz remains competent after calcium depletion, 
and the point of inhibition lies between Yz and the OEC. The 
inability to detect Yz+ in samples supplemented with calcium 
suggests that calcium restores Yz+ reduction by the OEC. 

In addition to the observation of high yields of Yz+, an 
important finding from this experiment was that no radical 
other than YD+ and Yz+ could be detected. 

Organic Radicals Observed at Cryogenic Temperature. The 
presence of Yz+ under the conditions used to trap the "S3" 
signal suggested that Yz+ would also be trapped by illumi- 
nation and freezing to 77 K. At 50 K in a 10-min dark- 
adapted sample, reaction centers contain YD+ (Figure 5A). 
An increased yield of tyrosine radical (measured at 50 K) was 
obtained by freezing under illumination (Figure 5A). This 
increase in total yield of tyrosine radical was abolished by 
addition of 20 mM calcium or greatly reduced by addition of 
0.5 mM DCMU to the sample prior to illumination at 277 
K, indicating that it was not due to YD+. 

It has been shown that the microwave power saturation of 
YD+ is influenced by the S state of the OEC (Styring & 
Rutherford, 1988). Boussac et al. (1989) have measured the 
relaxation properties of YD+ in NaC1-washed preparations at 
15 K and showed a Pl12 (100 kHz) of 0.25 mW in the presence 
of the dark-stable multiline, 0.25 mW in the presence of the 
"S3" signal, and 0.125 mW in the S1 state formed following 
calcium addition. The values for the dark-stable S2 and "S3" 
states were similar to those found in untreated PS2 (Styring 
& Rutherford, 1988). Since Yz+ is closer to the manganese 
cluster, it is expected to have higher PI12 values than YD+. To 
distinguish YZ+ from YD+ at 50 K in our samples, we per- 
formed microwave power saturation studies. 

Figure 5B shows the microwave power saturation properties 
of both the signal present in the dark and the additional radical 
obtained on freezing under illumination. This reveals that the 
signal generated by freezing under illumination had a sig- 
nificantly greater Pl12 value at 50 K (3 mW at 100 kHz, 3.9 
mW at 25 kHz) than the dark-adapted sample containing YD+ 
(0.3 mW at 100 kHz, 0.6 mW at 25 kHz). This is consistent 
with the identification of the signal as being Yz+ as it has both 
the expected line shape and microwave power characteristics. 
The radical formed in citrate and NaC1-washed samples had 
very similar properties. This observation represents the first 
indication that Yz+ may be trapped at cryogenic temperatures. 

Quantification of the amount of the trapped Yz+ gave an 
estimate of (0.25 f 0.05):l YD+. 

Figure 5A also demonstrates the effect of the power satu- 
ration differences of YD+ and Yz' on the line shape of the two 
signals, the spectrum in Figure 5A trace b being the line shape 
of Yz+ at 1 mW and Figure 5A trace c the line shape of YD+ 
at 0.005 mW. At 1 mW, the line shape of YD+ is distorted 
by power saturation (Figure 5A, trace a, inner line). 

The radical assigned to Yz+ could also be observed at 10 
K which will be discussed below. No other organic radical 
was detected except for a small and variable yield (<lo% of 
reaction centers) of a radical previously assigned to oxidized 
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FIGURE 4: EPR spectra of tyrosine radicals at room temperature in 
NaC1-washed, calciumdepleted pS2. Sample contains 5 mM EGTA, 
1 mM ferricyanide, and 1 mM ferrocyanide as electron acceptor. (a) 
Sample during illumination at 295 K and (b) sample after dark-ad- 
aptation for 10 min following illumination showing YD+. (c) Difference 
spectrum (a - b) showing light-induced Yz+. EPR conditions: 
microwave power, 20 mW; modulation width, 0.25 mT. 

electron acceptor, but under constant illumination, a large 
PPBQ semiquinone signal appeared in the spectrum at g = 
2 (not shown). When calcium was added back to the samples, 
allowing multiple turnovers, the semiquinone signal and Yz+ 
were not observed on illumination. 

To overcome the problems when using PPBQ, 1 mM fer- 
ricyanidell mM ferrocyanide was used as the exogenous 
electron acceptor (Hoganson & Babcock, 1988). Figure 4b 
shows the g = 2 spectrum at 295 K in the dark, 10 min after 
illumination. This is the spectrum of YD+, the stable tyrosine 
radical. It has a line width of 1.95 f 0.01 mT and has a P112 
of 27.5 mW. On illumination, Yz+ was formed within the time 
constant of the spectrometer, superimposed on the spectrum 
of YD+ (Figure 4a). Yz+ (Figure 4c) had a line width in the 
calcium-depleted samples of 2.03 f 0.01 mT, slightly broader 
than YD+, and had a P,lz of >169 mW. This increase in P112 
shows that Yz+ is undergoing spin relaxation by a neighboring 
paramagnet, a situation previously observed for Yz+ (Warden 
et al., 1976; Yocum & Babcock, 1981). Yz+ exhibited a 
biphasic decay following illumination, 80% of the signal de- 
caying with a t l 12  of approximately 1.5 s and 20% with a t l12  
of approximately 60 s. Addition of 0.5 mM DCMU or 20 mM 
calcium was found to suppress the formation of Yz+. 

The slow phase of Yz+ reduction required that a short 
dark-adaptation be performed before YD+ could be measured. 
The major cause of slow changes to YD+ in the dark in un- 
treated PS2 samples is the oxidation of So to SI by YD+ 
(Vermass et al., 1984). In order to investigate possible changes 
in YDf during the short dark period, illuminated and dark- 
adapted spectra were recorded after addition of 20 mM cal- 
cium (which eliminates Yz+) and compared to spectra taken 
of the same sample before addition of calcium. We conclude 
that no major changes in YD+ occurred during the short dark 
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FIGURE 5: Characteristics of tyrosine radicals at 50 K. (A) Spectrum 
a: the inner line shows the EPR spectrum of YD+ in a dciumdepleted 
sample dark-adapted for 10 min following illumination. The sample 
contains 0.5 mM PPBQ and 5 mM EGTA. The outer line shows the 
spectrum of the same sample after freezing under illumination. The 
light-induced difference spectrum attributed to Yz+ is shown in trace 
b. EPR conditions: microwave power, 1 m W  temperature, 50 K 
modulation amplitude, 0.25 mT. Trace c shows the spectrum of YD’ 
with the same EPR conditions except a microwave power of 5 pW. 
The arrows indicate the g-values used in signal amplitude measure- 
ments. (B) Microwave power saturation of tyrosine radicals at 50 
K. The graph shows the microwave power saturations of Yz+ and 
YD+ at 25-kHz modulation frequency. The curves have been displaced 
vertically for clarity and are not intended to show relative amounts 
of the two radicals. The dashed lines show the P , p  values (YD+ = 
0.6 mW, Yz+ = 3.9 mW). 

chlorophyll (Nugent et al., 1982). 
Relationship between Yz+ and the “S3” Signal. The de- 

tection of Yz+ in samples which also contain an “S3” signal 
suggested that Yz+ could be the organic radical interacting 
with the manganese cluster. Figure 6A shows the rates of 
decay following 277-K illumination to form the “S3” signal 
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FIGURE 6: (A) Decay of 5 3 ”  and Yz’ at 277 K following illumination 
of a NaC1-washed, calcium-depleted sample. The sample contained 
5 mM EGTA and 0.5 mM PPBQ. The sample was illuminated and 
frozen to 77 K after the times shown, and the two EPR signals were 
measured. 3 3 ”  signals (circles) were measured at 10 K as in Figure 
2 and Yz+ (squares) at 50 K as in Figure SA. (B) EPR spectra 
showing the decay of Yz+ following illumination at 50 K. A 
NaC1-washed sample containing 0.5 mM PPBQ and 5 mM EGTA 
was frozen under illumination and stored for 1 week at 77 K in the 
dark. Spectrum a: the outer line shows the tyrosine radicals at g 
= 2 following illumination of the sample at 10 K for 1 min. The inner 
line shows the spectrum 20 min after illumination. Spectrum b is 
the difference spectrum showing the line shape of the decayed signal 
Yz+. EPR conditions as in Figure 5A. 

(measured at 10 K) and the fast-relaxing Yz+ species (mea- 
sured at 50 K), using a single sample. The signals were 
trapped by freezing to 77 K at the times shown after illu- 
mination, with a series of illuminations being done on each 
sample. This decay pattern was confirmed by measurements 
on several samples. The rates of decay of the two EPR signals 
are essentially identical. The reduction in maximum yield of 
the “S3” signal from an accumulated illumination of 7 min 
per sample was <5%, showing that photoinhibition did not 
affect the experiment. Analysis of several NaCl and ci- 
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ered by increasing the pH to 7.5, but YZf was still formed on 
illumination at 295 K (not shown). These results indicate that 
a loss of integrity of the OEC occurred at pH >7, a much 
lower pH than found in untreated PS2 membranes, which at 
pH 7.5 gave a normal multiline EPR spectrum (Beck et al., 
1986; Boussac et al., 1990b). 

Effect of Chelators on the EPR Characteristics of Calci- 
um-Depleted Preparations. As reported by Boussac et al. 
(1990b), we confirmed that the presence of the extrinsic 17- 
and 23-kDa polypeptides was not necessary to generate either 
the dark-stable multiline or the "S3" signal. The absence of 
the polypeptides resulted in a narrower splitting of the "S3" 
signal (Boussac et al., 1990b). When compared directly, the 
"S3" signal from citrate-washed PS2 had a broader line shape 
and splitting (18 vs 16 mT) than that seen in NaC1-washed 
PS2 reconstituted with the extrinsic 17- and 23-kDa poly- 
peptides. The assignment of the "S3" signal to an organic 
radical magnetically interacting (exchange and/or dipolar 
coupled) with the manganese cluster (Boussac et al., 1989; 
Sivaraja et al., 1989) suggests that these changes in splitting 
will perhaps involve slight structural differences between the 
interacting species. 

In agreement with a previous report (Boussac et al., 1990b), 
the "S3" signal could still be generated in salt-washed samples 
prepared in the presence of only 50 pM EGTA, but we ob- 
served the signal only in a small percentage of reaction centers. 
We found that additional EGTA was required in order to 
observe the maximum yield of this signal (Figure 8). The 
ability of EGTA to greatly increase the yield of "S3" signal 
was saturated at approximately 1 mM EGTA. The yield of 
dark-stable multiline was an indicator of the yield of "S3" 
signal obtained following illumination at 277 K (Figure 8). 
The samples prepared with 50 pM EGTA had a lower level 
of calcium depletion as indicated by retention of 30-40% of 
the oxygen-evolving activity of calcium-treated samples. 

We investigated the possibility that these results were caused 
by a failure to deplete calcium at low EGTA concentrations. 
Citrate is unable to remove calcium from untreated PS2 
membranes at pH 6.5 (On0 & Inoue, 1988a). As shown in 
Figure 8, the addition of 40 mM citrate to the NaC1-washed 
sample containing 50 pM EGTA gave rise to an increased S2 
and "S3" signal size, although the signals were smaller than 
those observed in the presence of 10 mM EGTA. 

To ensure a more complete calcium depletion, samples 
prepared using the ionophore A23187 (Kalosaka et al., 1990) 
were examined for the presence of dark-stable multiline and 
the ability to form the "S3" signal. This treatment produced 
samples with less than 10% of the oxygen rates of calcium- 
treated samples. Without addition of EGTA to the EPR 
sample, a low yield of both the dark-stable multiline (in sam- 
ples frozen in the dark) and 3 3 "  signals (in samples frozen 
under illumination) was obtained. This may be due to the 
inclusion of 1 mM EGTA in some stages of sample preparation 
by this method. In the presence of 5 mM EGTA, the yield 
of dark-stable multiline was substantially increased, and the 
yield of "S3" signal and Yz+ was doubled (not shown). The 
properties of the dark-stable multiline and the '33" signal were 
very similar to those seen in pH 6.5 NaC1-washed samples. 

These findings show a relationship between the chelators 
EGTA and citrate and the appearance of the 9 3 "  signal, 
perhaps indicating a direct effect of chelator on the manganese 
cluster in calcium-depleted samples. 

Detection of a Split 'S3"-Type EPR Signal in PS2 Treated 
with Ammonia. The effects of ammonia as an inhibitory 
analogue of water have been investigated in several labora- 
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FIGURE 7: EPR spectra of pS2, calcium-depleted by NaCl washing. 
(a, b) At pH 6.5; (c, d) at pH 7.5. Spectra a and c show the yield 
of "S3" signal in samples frozen under illumination; spectra b and 
d illustrate the amount of dark-stable multiline S2 in 30-min dark- 
adapted samples. EPR and sample conditions for the 3 3 "  and S2 
signals are as given in Figure 1. 

trate-washed preparations having different yields of the "S3" 
signal indicated a 1:l stoichiometry between the amount of 
the two signals trapped by illumination and freezing to 77 K. 

Figure 6B shows the spectrum at g = 2 of a sample in which 
the "S3" signal was generated by freezing under illumination 
and then allowed to decay for 7 days at 77 K. On illumination 
at 10 K, which restores the 3 3 "  signal (not shown, but see 
Figure 3), Yz+ (identified by its microwave power saturation 
properties) was generated and superimposed on the YD+ radical 
(Figure 6B, trace a, outer line). The subsequent rapid decay 
of the "S3" signal following illumination at  10 K (see Figure 
3) was also accompanied by a decay of a similar percentage 
of the trapped Yz+ radical (Figure 6B, trace a, inner line, and 
trace b) and photoreduced QA- (not shown). As discussed 
above, this recombination of Yz+ with QA- is significantly 
faster than the decay of YD+/QA- (Nugent et al., 1982, 1987; 
Kawamori et al., 1987; Inui et al., 1989), supporting the as- 
signment. 

The radical assigned to Yz+ therefore has the characteristics 
expected of a radical interacting with the manganese cluster 
of the OEC to produce the "S3" signal. 

Effect of pH on NaC1- Washed, Calcium-Depleted PS2. 
Incubations of NaC1-washed PS2 at various pH values revealed 
that the formatian of the dark-stable multiline and the "S3" 
signals was sensitive to pH. The signals were reduced in size 
at alkaline pH, and the formation of both signals was greatly 
decreased by centrifugation and resuspension of the sample 
at pH 7.5 (Figure 7). Further experiments suggested that 
the length of exposure of the sample to alkaline pH was a 
critical factor. Some restoration of the signals could be 
achieved by titration of the sample to pH 7.5 and then re- 
turning to pH 6.5. However, 60-min exposure to pH 7.5 
resulted in loss of signals even on return to pH 6.5. The 
dark-stable tyrosine radical YD+ concentration was also low- 
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FIGURE 8: EPR spectra showing the effect of chelators on the 
dark-stable multiline Sz state and the 3 3 "  signal. (A) Samples 
illuminated and then dark-adapted for 30 min. (B) Samples frozen 
under illumination. (a) Containing 50 pM EGTA; (b) containing 
50 pM EGTA plus 40 mM citrate; (c) containing 10 mM EGTA. 
EPR and sample conditions as in Figure 1. 

tories. Ammonia binds to at least two sites in the OEC, one 
in competition with and one independent of chloride binding 
(Isawa et al., 1969; Sandusky & Yocum, 1983, 1984, 1986). 
The binding to the chloride site induces a stable g = 4.1 EPR 
signal from the S2 state (Beck & Brudvig, 1986). Ammonia 
binding to the second site modifies the S2 multiline EPR signal 
(Beck & Brudvig, 1986; Beck et al., 1986; Andreasson et al., 
1988). This second site was shown to involve direct binding 
to manganese (Britt et al., 1989) perhaps being the site nor- 
mally occupied by water. Ammonia treatment also causes a 
slowing of Yz+ reduction without loss of the manganese cluster 
(Yocum & Babcock, 1981). 

Figure 9 shows that in PS2 samples (not calcium-depleted) 
at pH 7.5, supplemented with 100 mM NH4Cl and "annealed" 
by the process described under Materials and Methods, a new 
signal was detected by freezing the sample under illumination 
(Figure 9c). The signal was greatly decreased in size if the 
"annealing" step was omitted, even though ammonia binding 
to the S2 state was indicated by an alteration in the splitting 
of the multiline signal (not shown). 

The new signal can be seen as a broad resonance near g = 
2 which was absent following incubation of the sample for 10 
min at 273 K in the dark (Figure 9a). The signal had similar 
microwave power saturation and temperature dependence 
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FIGURE 9: EPR spectra showing an "S3"-type signal in PS2 treated 
with 100 mM ammonium chloride at pH 7.5. (a) 30-min dark-adapted 
sample; (b) as in (a) but gain increased to show stable multiline S,; 
(c) sample frozen under illumination; (d) as in (c) but gain increased 
as above to show lower yield of dark-stable multiline. The inset shows 
spectra a and c in the g = 2 region and illustrates the broad radical 
formed by freezing under illumination. EPR conditions as Figure 
2. 

characteristics to the "S3" signal discussed above, indicating 
fast relaxation by a transition metal. The spectrum of the 
dark-adapted sample contains some S2 multiline EPR signal, 
having the increased stability and reduced line width typical 
of ammonia-treated samples (Figure 9b) (Beck et al., 1986; 
Beck & Brudvig, 1986; Boussac et al., 1990a). This S2 signal 
is decreased by freezing under illumination (Figure 9d). 

An EPR signal with almost identical properties (broad 
unresolved line width, g-value, microwave power, and tem- 
perature dependence) was reported by Baumgarten et al. 
(1 990) from chloride-depleted and fluoride-treated prepara- 
tions. This was assigned to an oxidized organic radical in- 
teracting with the manganese cluster, and the similarities to 
the interaction seen in calcium-depleted samples were discussed 
(Baumgarten et al., 1990). 

The effects shown in Figure 9 may be caused by ammonia 
binding to the non-chloride binding site. The high chloride 
concentrations and the absence of sucrose in our samples 
suppress binding to the chloride site. This was confirmed by 
the absence of stabilization of the g = 4.1 form of S2 [not 
shown, but see Boussac et al. (1 990a)l. However, we cannot 
completely rule out the possibility that ammonia binds to the 
chloride site under these conditions. The requirement for the 
"annealing" step may be to ensure an increased binding of 
ammonia to S2 over that occurring in the cycling of S states 
under continuous illumination at 277 K. Following the an- 
nealing treatment, S-state turnover must be blocked at S2 or 
above, at least in some centers, or the bound ammonia would 
be released by the cycling of S states. 

In ammonia-treated samples treated to trap the interaction 
signal, Yz+ was also observed at 50 K (not shown). This 
trapping of Yz+ is consistent with the slowing of Yz+ reduction 
at room temperature found in ammonia-treated samples 
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(Yocum & Babcock, 1981). The yield of Yz+ was greatly 
increased in samples which had undergone the “annealing” step 
in parallel with the increased yield of the ‘S3”-type signal. We 
suggest that as in the case of calcium-depleted samples, the 
interaction is likely to be between Yz+ and the manganese 
cluster. 

DISCUSSION 
We have investigated the EPR characteristics of the “S3” 

EPR signal in “calcium-depleted” PS2 preparations using 
standard preparative methods from the literature (Boussac et 
al., 1989; Ono & Inoue, 1988a; Kalosaka et al., 1990). The 
detection of “S3”-type signals is not specifically due to calcium 
depletion, a view reinforced by the observation of a similar 
signal in chloride-depleted preparations (Baumgarten et al., 
1990) together with our observation of a similar signal in 
ammonia-treated PS2. The “S3”-type signals in chloride- 
depleted and ammonia-treated samples do, however, have some 
distinct character, such as the poorer resolution of the splitting, 
which indicates different structural properties between these 
and calcium-depleted samples. We also suggest that the split 
signal formed in samples treated with the amine inhibitor 
hydroxylamine (Beck & Brudvig, 1987; Sivaraja & Dismukes, 
1988a,b), but previously attributed to a form of QA semi- 
quinone, is from a similar interaction. 

It has been proposed that chelator binding (Sivaraja et al., 
1989) and ammonia treatment (On0 & Inoue, 1988b) cause 
a reduction in the redox potential of the S2 state. Vass and 
Styring (1991) have proposed that in untreated samples the 
E,  of the So/SI couple is only 210 mV below that of the S2/S1 
couple. Small shifts in redox potential may therefore cause 
the changes in stability of the S states and of the manganese 
complex which we have observed. The shift of S2 to a lower 
redox potential is also indicated by the thermoluminescence 
experiments of Ono and Inoue (1990b) on calcium-depleted 
samples. 

The S2 EPR multiline is stabilized in ammonia-treated and 
chelator-treated samples, but no stabilization of this signal was 
seen in chloride-depleted and fluoride-treated samples 
(Baumgarten et al., 1990). There is evidence that the S2 state 
is stabilized in chloride-depleted samples, but in an EPR-silent 
form (On0 et al., 1986). Chloride depletion of PS2 induces 
a block beyond S2 in the S-state cycle (Theg et al., 1984; Itoh 
et al., 1984; On0 et al., 1986). Therefore, in all samples which 
show an “S3”-type signal, the normal S2 state is perturbed, 
either favoring other forms of S2 such as the g = 4.1 form or 
altering the line shape and stability of the multiline form [see 
Rutherford et al. (1991) for a review]. This is consistent with 
the current view that calcium and chloride are required for 
structural rearrangements which occur in the higher S states 
and which involve binding of the substrate water (Rutherford 
et al., 1991). 

To achieve maximum yields of Yz+ or “S3”, it is essential 
to reoxidize QA semiquinone using an exogenous electron 
acceptor because of the rapid recombination reaction which 
occurs even at cryogenic temperatures. DCMU treatment 
prevents reoxidation of QA semiquinone, lowering the yield 
of YZf at room temperature or Yz+ and “S3” at cryogenic 
temperatures due to the increased back-reaction. The paper 
showing some “S3” formation in the presence of 50 pM 
DCMU (On0 & Inoue, 1990b) did not show the “S3” yield 
in the presence of electron acceptors and so cannot be com- 
pared with our results. Previous reports (Sivaraja et al., 1989; 
Tso et al., 1991a; Boussac et al., 1990b) suggested that a 
one-electron turnover of PS2 in the presence of DCMU gives 
only the S1-S2 transition. In samples not exposed to illumi- 
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nation before DCMU treatment, this accounts for the lack of 
“S3” signal formation. Figure 1 shows that due to the pre- 
treatment, our samples were already in the dark-stable S2 state 
prior to illumination. The absence of the “S3” signal in our 
DCMU-treated samples was therefore not due to the presence 
of S1 but was caused by an increased reduction of the organic 
radical via QA semiquinone. Tso et al. (1991a) observed a 
similar inhibition of “S3” signal formation by DCMU in a 
“double turnover” experiment using citrate-washed PS2. They 
suggested that loss of the signal was due to the formation of 
an EPR-silent S3 state, analogous to the normal S3 state. The 
presence of the dark-stable S2 in illuminated DCMU-treated 
samples suggests that this is not the case. 

The ability to generate the dark-stable S2 and 3 3 ”  signals 
in calcium-depleted samples is sensitive to pH, both being lost 
on raising the pH to 7.5. The instability at higher pH values 
appears to be through changes to the manganese complex, as 
Yz could still be oxidized at pH 7.5. The instability at higher 
pH may also result from effects on the chloride binding site. 
The affinity for chloride is lower at higher pH (Theg & 
Homann, 1982; Homann, 1988), probably through depro- 
tonation of a ligand at the binding site. 

Possible Role of Yz+ in “S3” Formation. No photo- 
oxidation of Yz occurs at <77 K in dark-adapted samples, 
suggesting electron transfer to the OEC is prevented at <77 
K by a block at Yz. When samples are frozen to 77 K with 
Yz in the oxidized state, it is slowly reduced, and the “oxidized” 
conformation is retained. As found with YD (Nugent et al., 
1982, 1987; Inui et al., 1989), Yz can then be photooxidized 
at liquid helium temperatures. Yz+ has been suggested to be 
stabilized by movement of the ring hydroxyl proton toward 
a nearby histidine (Babcock et al., 1988; Gerken et al., 1988; 
Svensson et al., 1990). The oxidation and reduction of Yz (and 
“S3”) shows a temperature dependence consistent with a 
structural change accompanying the redox-state change. Our 
results also show that the oxidized conformation of the OEC 
and Yz can relax at 200 K. At 200 K, ligand exchange can 
occur in the manganese cluster as demonstrated by ammonia 
binding (Boussac et al., 1991a). 

We have shown using calcium-depleted and ammonia- 
treated samples that Yz+ is obtained at room temperature on 
illumination and that a proportion of this can be trapped by 
freezing to cryogenic temperatures. The characteristics of 
formation and decay of Yz+ in calcium-depleted samples 
match those of the “S3” signal. We therefore propose that 
the “S3” signal could arise from an interaction between Yz+ 
and the manganese cluster. However, we cannot completely 
rule out that the interaction between the manganese cluster 
and, for example, oxidized histidine may be strong enough to 
prevent the observation of an EPR signal from the oxidized 
histidine. 

Evidence for Histidine as the Organic Radical in the “S3” 
State. The “S3” signal is formed by interaction between the 
manganese cluster (in S2 or possibly S3 states) and an organic 
radical. Of the interactions which occur in PS2, the pheo- 
phytin/ironsemiquinone interaction, between an S = 1/2 
organic radical and an S = 1/2 spin system (Klimov et al., 
1980), may be the best model. This has similar characteristics 
to the 3 3 ”  system which is proposed to be an interaction 
between an S = 1/2 organic radical and the S = S2 state 
(Boussac et al., 1990d). The line shape and magnitude of the 
splitting around g = 2 (Klimov et al., 1980) of the pheo- 
phytin/ironsemiquinone interaction resemble those of the 
“S3” signal. This analogy has already been used to estimate, 
using the point dipole relationship, the distance between the 
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organic radical and the manganese cluster as being 7 A 
(Baumgarten et al., 1990). The pheophytin/iron-semiquinone 
split g = 2 signal is observed below 10 K at high microwave 
powers while at higher temperatures and low microwave 
powers it is possible to observe the pheophytin radical (Klimov 
et al., 1980). 

The EPR signal from “S3” only indicates that a nonspecific 
organic radical is involved in the interaction with the man- 
ganese complex. A simulation of the “S3” signal used a model 
system for the S2 multiline and calculated its interaction with 
a g = 2 radical (Boussac et al., 199Od). This simulation would 
equally support the involvement of oxidized histidine or Yz+ 
in the interaction. 

The optical spectra presented by Boussac et al. (199Od) to 
indicate histidine oxidation involved the use of DCMU. 
However, the spectrum was measured as a kinetic transient, 
and it is probable that formation of some “S3” (and Yz+) 
would have occurred. The spectrum obtained was different 
from the normal S2 to S3 transition but was similar to that 
of Yz+ (Gerken et al., 1988) and other tyrosine radicals. The 
spectrum shown by Boussac et al. (1 990d) is similar, for ex- 
ample, to that of the tyrosine radical of ribonucleotide re- 
ductase (Bollinger et al., 1991). The differences from the Yz+ 
spectrum previously observed may be due to an electrochromic 
shift occurring in preparations where oxygen evolution is im- 
paired. We therefore argue that the evidence for histidine 
oxidation is weak and would equally support oxidation of Yz+. 

Origin of the “S3” Signal. Illumination at 277 K of cal- 
cium-depleted PS2 poised in S2 could be producing S2 Yz+, 
S3, or S3 Yz+, assuming a block in S-state turnover. The “S3” 
signal could then arise from either S3, S3 Yz+, or S2 Yz+. The 
block in calcium-depleted samples has been assigned to the 
S3 state, but, for example, the S2 Yz+ state would not have 
been distinguished in those experiments (Boussac & Ruth- 
erford, 1988; Boussac et al., 1990b). 

There are three observations which are difficult to incor- 
porate into any explanation. (1) The modified multiline signal 
of the S2 state is removed or greatly decreased under conditions 
which generate the “S3” signal. (2) Yz+ is only present in 
about 25% of reaction centers when the “S3” signal is observed. 
(3) The Yz+ spectrum can still be observed when the “S3” 
signal is present. 

The relationship between the formation, rates of decay, and 
yields of “S3” and Yz+ at different temperatures supports the 
involvement of Yz+ in forming the “S3” signal, Le., S3 Yz+ 
or S2 Yz+. Evidence from flash studies shows that only one 
flash above the S2 state is required to generate the “S3” signal 
(Boussac et al., 199Od; Baumgarten et al., 1990), suggesting 
S2 Yz+ leads to “S3” formation. The loss of the dark-stable 
multiline S2 state on freezing under illumination supports the 
loss of this form of the S2 state. We have presented evidence 
which separates “S3” signal formation and decay from dark- 
stable S2 changes. This indicates that structural changes may 
occur to the manganese complex under illumination at 277 
K, perhaps involving chelator binding, which can be “frozen 
in” to account for the loss of the dark-stable S2. 

Therefore, we suggest that if S2 Yz+ is formed by illumi- 
nation at room temperature, then as the temperature is lowered 
during freezing under illumination, first the EPR-silent state 
of the manganese cluster is frozen in. Then as the temperature 
is lowered further, QA to QB electron transfer is inhibited, 
allowing those centers with QA- to reduce Yz+, lowering the 
yield of Yz+ trapped at 77 K. 
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Our analysis implies that the “S3” signal arises from the 
modified S2 state interacting with Yz+. The “S3” signal may 
originate primarily from the manganese cluster. This amunts  
for the presence of the Yz+ signal, the “S3” signal arising from 
the interacting S2 state. The re-addition of calcium to cal- 
cium-depleted samples may allow transient formation of some 
native S3 before decay via S2 to SI. In ammonia-treated 
samples, the slowing of the S2 to S3 step would allow S2 Yz+ 
to be trapped, to also give an “S3”-type signal. 

CONCLUSION 
Our conclusion is that the “S3” signal most probably arises 

from the S2-Yz+ interaction. This conclusion is consistent with 
the results of Hoganson and Babcock, (1988) and Gerken et 
al. (1988), which showed that Yz is the sole electron carrier 
between P680 and the OEC. 

Assuming the interaction is between Yz+ and the manganese 
complex, we can now suggest a more specific location for the 
site of water oxidation. Previous estimates of the distance 
between Yz and the OEC have been in esms of 10 A and up 
to 20 A, largely because of the lack of broadening of the Yz+ 
EPR spectrum (Hoganson & Babcock, 1988). Baumgarten 
et al. (1990) calculated, using the point dipole relationship, 
a distance of 7 A between the interacting species forming the 
3 3 ”  signal. This measurement is not very accurate, as the 
interaction is much more complex, but by using this, we would 
estimate that Yz is significantly less than 10 A from the 
manganese cluster. This is supported by the microwave power 
saturation data which show that Yz+ interacts with the 
manganese cluster even at room temperature, indicating the 
close proximity of the two species. 
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