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Abstract 

Two forms of the g = 4.1 signal in photosystem II (PS II) were identified from X-band and Q-band ESR signal shape and temperature 
dependence studies. Using ethylene glycol cryoprotected PS II illuminated at 130K, a g = 4.1 signal was generated which exhibited a 
temperature dependence consistent with it arising from a ground state species. Using sucrose cryoprotected PS II illuminated at 200K (in 
the absence of monoalcohols), a g = 4.1 signal was cogenerated with the multiline signal. At temperatures above ~ 20K, a signal at 
g ~ 6 became evident in these samples. The temperature dependencies of the multiline, g = 4.1 and g ~ 6 signals were quantitatively 
consistent with them arising from the first 3 states (spin 1/2 ,  3 /2 ,  5 / 2 )  respectively of a weakly antiferromagnetically coupled Mn 
III-IV dimer. The temperature dependence of the signals in these samples indicated that the g = 4.1 signal now arose from a centre 
displaying excited state behaviour. The two types of g = 4.1 signal were very similar in shape at X-band but showed significantly 
different line shapes at Q-band. It is suggested that they arise from separate, near axial, S = 3 / 2  centres in well-defined states. A model is 
proposed, based on the temperature dependencies, ESR line shapes and probable spin states, to suggest that the four Mn ions are arranged 
as two exchange coupled pairs and that each g = 4.1 signal arises from a separate manganese dimer. The ground state g = 4,1 signal then 
requires the involvement of at least one additional spin 1 / 2  species, coupling to each Mn of a homodimer (probably IV-IV oxidation 
state). The spin 1 / 2  centre may be an oxidised protein side chain, possibly acting as a bridging ligand between the two Mn ions. It is 
concluded that the Mn dimers are sufficiently spatially separated within the protein structure to exclude magnetic exchange between the 
dimers, but within range to allow rapid electron transfer. 
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1. Introduct ion  

The photosynthe t ic  process  o f  oxidat ion  of  water  to 

molecu la r  oxygen  is ca ta lysed by the manganese  contain-  

ing oxygen  evo lv ing  complex  (OEC)  of  pho tosys tem (PS) 

II in h igher  plants and algae. The  m i n i m u m  number  of  Mn  

ions requi red  for  funct ional  water  oxida t ion  is four  per  

react ion centre  [1]. The  locat ion o f  the M n  binding sites 

Abbreviations: PS II, photosystem II; OEC, oxygen evolving centre; 
EG-L, ethylene glycol cryoprotected PS II illuminated at 130K; SUC-H, 
sucrose cryoprotected PS II illuminated at 200K; MES, 2-(N- 
morpholino)-ethanesulfonic acid; EDTA, ethylene-diamine-tetra-acetic 
acid (disodium salt); ESR, electron spin resonance; EXAFS, extended 
X-ray absorbance fine structure; XAS, X-ray absorbance spectroscopy; 
ZFS, zero field splitting. 
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and their  protein envi ronment ,  as well  as the structure and 

catalyt ic mechan i sm operat ing at the Mn  centre are as yet  

unreso lved  (see rev iews  [2-4]) .  

D ioxygen  is photogenera ted  by the O E C  via  a four-step 

cycl ic  process  invo lv ing  f ive  in termedia te  states, the S i 

states (i = 0 - 4 )  [5]. For  each advance  of  S i state, an 

oxidat ive  equiva len t  is genera ted  and stored within the 

Mn-pro te in  catalyt ic centre. On reaching the S 4 state, 0 2 

is re leased and the O E C  returns to the S o state. In exten-  

s ively dark adapted PS II samples,  a major i ty  of  the O E C  
centres populate  the S 1 state. E X A F S  and X A S  studies 

have  indicated that the most  l ikely Mn  oxidat ion  level  in 

the S l state of  PS II is (MnII I )2 (MnIV)  2 [6-9] .  Photogen-  
erat ion o f  a single turnover  event  at low temperature  

produces  the S 2 state in high yield. E X A F S  and X A S  

indicate the Mn  oxidat ion level  shifts to ( M n I I I X M n l V )  3 

[8,91. 
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The S 2 state is paramagnetic and two types of ESR 
signals arising from the Mn cluster are generated under 
various conditions. First, there is a signal centred near 
g = 2, characterised by 18-22 hyperfine features covering 
a width of  150-200 mT, known as the multiline signal 
[10-12]. In addition, a signal centred near g = 4 may be 
seen, characterised as a broad, relatively featureless reso- 
nance showing little resolved hyperfine structure under 
normal conditions, known as the g = 4.1 signal. [13-16]. 
These signals may be generated individually or cogener- 
ated, depending upon the buffer cryoprotectant and illumi- 
nation conditions applied to the PS II sample [13,14,17]. 

Most ESR studies on the multiline signal have been 
performed on PS II samples containing alcohol and illumi- 
nated at 200K, as this maximises the generation of  the 
multiline signal without cogeneration of  the g = 4.1 signal 
[10,11,14,16-18]. The alcohol is present in the sample as a 
solvent for DCMU and quinone acceptors. ESR studies on 
model compounds indicate that the minimal structure able 
to give rise to a hyperfine signal like the multiline would 
be a mixed valence Mn dimer, antiferromagnetically cou- 
pled, with a net spin of  S = 1 / 2  [10,11,19]. ESR studies at 
different microwave frequencies (X-, P-, and S-bands) 
[20-23] have been interpreted to require that such a dimer 
must be part of  a tetranuclear Mn structure, due to the 
complexity and number of  lines in the hyperfine pattern, 
especially at S-band [20,23]. However, recent theoretical 
work in this laboratory simulating the multiline signal at S, 
X- and Q-band frequencies suggests that an isolated dimer, 
with a suitably anisotropic ligand environment, can explain 
the multiline pattern [24]. Temperature dependence studies 
on the multiline signal show that it arises from a centre 
displaying strict ground state behaviour over a temperature 
range 1.2K to 35K [17,25,26]. 

The g = 4.1 signal is most commonly generated by 
illumination of  ethylene glycol or glycerol containing PS II 
samples at 130 to 140K [13,15,22,27]. Temperature depen- 
dence studies have shown that this low temperature gener- 
ated g = 4.1 species exhibits Curie behaviour over a tem- 
perature range 4.5 to 30K [21,27]. Consequently, the centre 
giving rise to this g = 4.1 species, which must have a 
minimum spin of  3 / 2 ,  is a ground state, generated by a 
single electron withdrawal from a state having diamagnetic 
behaviour [28]. The involvement of  at least 3 spin centres 
would appear to be required [27]. 

ESR studies on the g = 4.1 signal generated in ammo- 
nia treated PS II samples oriented onto mylar strips [29,30] 
have shown that at least 16 Mn hyperfine lines may be 
resolved in this signal, indicating that a minimum of two 
Mn ions are involved. The g = 4.1 signal generated in 
ethylene glycol cryoprotected PS II illuminated at 130K 
converts to a multiline signal upon short annealing at 200K 
(at a reduced intensity compared to samples initially illu- 
minated at 200K) [ 13,15,27]. This interconversion at 200K 
has been hypothesised to result from a structural rearrange- 
ment of  a Mn tetramer, interconverting from the S = 3 / 2  

or S = 5 / 2  [9,13,21,22,31] structure responsible for the 
ground state g -- 4.1, to the S = 1,/2 structure responsible 
for the resulting multiline signal [15,27,32]. 

200K illumination of  PS II samples containing sucrose 
as a cryoprotectant and no alcohol cogenerates the multi- 
line and g = 4.1 signals [14,17,33,34]. Temperature depen- 
dence studies on these signals show clearly that the g = 4.1 
species is an excited state and are consistent with the 
multiline and g = 4.1 signals arising from the ground 
(S = 1 /2 )  and first excited (S = 3 / 2 )  states, respectively, 
of  a Mn dimer (total spin 7 / 2 )  [17,34]. Furthermore, ESR 
studies on these samples oriented onto mylar strips mea- 
sured at X-band and unoriented PS II samples measured at 
Q-band have shown Mn hyperfine to be present on the 
g = 4.1 signals observed, indicating that the centre giving 
rise to this excited state g = 4.1 must contain at least two 
Mn ions also [34]. 

The above results lead to the somewhat surprising 
suggestion that two ~.pes o f  '4.1' signals may be formed, 
one a ground and the other an excited state species. The 
latter in particular is strongly indicated to be a near axial 
spin 3 / 2  state [34]. The ground state form generated at 
very low temperatures, behaves in many respects as an 
'intermediate' electron transfer species between the S 1 and 
stable (multiline) S 2 states of the OEC, and indeed was 
first interpreted as such by Casey and Sauer [13]. The 
major experimental variables determining which form of 
the g = 4.1 signal is observed appear to be the nature of 
the cryoprotectant (polyalcohols or sucrose) and the illumi- 
nation temperature. In this study, we have utilised two 
common protocols for preparing PS II samples and exam- 
ined the influence of  the various cryoprotectant and illumi- 
nation regimes on the resulting S 2 state ESR signals. We 
find that indeed two types of '4.1'  signal may be photo- 
generated, with qualitatively different temperature depen- 
dencies. While these signals are of  similar (but not identi- 
cal) appearance at X-band frequency, they are quite distin- 
guishable at Q-band. In addition, we have identified a new 
signal, at g ~ 6, associated with the excited state g = 4.1 
species. This signal shows highly non-Curie behaviour, 
which is quantitatively consistent with it arising from a 
near-axial spin 5 / 2  state, the next state above the spin 3 / 2  
g = 4.1 state. The implication of these findings for the Mn 
organisation in the OEC is briefly discussed. 

2. Materials  and methods  

All preparations were undertaken at ~ 4°C under dim 
green light with freshly harvested, washed spinach grown 
hydroponically in a greenhouse. PS II samples were pre- 
pared by two different Triton X-100 solubilisation proce- 
dures: 

(1) Similar to that of  Bricker et al. [35] with modifica- 
tions according to Pace et al. [17] and stored in 15 mM 
NaC1, 10 mM MgCI 2, 20 mM MES (pH 6.0) (NaOH) plus 
cryoprotectant (Bricker PS II), and 
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(2) Similar to the method of  Berthold et al. [36] with 
modifications according to Beck et al. [37] and stored in 15 
mM NaC1, 5 mM EDTA, 5 mM MgC12, 20 mM MES and 
cryoprotectant (BBY PS II). 

Either 0.4 M sucrose or 30% v:v ethylene glycol was 
used as cryoprotectant. 

PS II samples were stored at 10-18 m g / m l  [chl] (typi- 
cal oxygen evolving activity of  500-800  I~mol O 2 / m g  
ch l / h )  at 77K until used. Storage times were less than 15 
weeks. No loss of  ESR S 2 state photogeneratable signal 
intensity was observed over the storage period. 

ESR samples were thawed on ice in darkness for 1 h 
before use. EDTA was added to the sample to reach a final 
concentration of  2 mM for Bricker PS II and 7 mM for 
BBY PS II. DCMU and artificial electron acceptors were 
omitted from all samples, as were monoalcohols to enable 
development of  the g -- 4.1 signals under all illumination 
regimes. Samples were transferred to quartz tubes and 
dark-adapted at room temperature for 10 min. Sample 
illumination was carried out in an N 2 gas flow cryostat, 
using a tungsten filament lamp filtered through 20 cm 
water, with strong yellow light at 130K (intensity ~ 600 
W m 2) and green light at 200K (light intensity ~ 300 W 
m - 2 ) .  

ESR studies were performed on two spectrometers; a 
Varian V-4502 X-band spectrometer and a Bruker 
ESP300E spectrometer, with an Oxford instruments ESR9 
liquid helium cryostat operating between 4.5 and 40K, 
calibrated using either a carbon resistor or a gold-chromel 
thermocouple at the sample position. Data analysis was 
performed on an IBM compatible PC using home-written 
software or Bruker WIN EPR program. 

For the temperature dependence studies, the unsaturated 
signal intensity was taken as the slope, extrapolated to zero 
microwave power (P), of a signal height vs CP plot for the 
given signal (as described in Pace [17]). Signal heights 
were evaluated as previously described [17]. 

Exact, numerical solutions of  field positions and transi- 
tion intensities for model Hamiltonians were carried out 
using a public domain program (H.M. Gladney and J.D. 
Swalen, Quantum Chemistry Program Exchange, No. 134). 

3. Results 

The S z state signals generated from the different prepa- 
rations containing the same cryoprotectant (e.g., Bricker 
PS II containing sucrose vs. BBY PS II containing su- 
crose) were essentially identical in line shape and tempera- 
ture dependence behaviour, for the same illumination con- 
ditions. The differences in signal generation behaviours, 
i.e., multiline and g---4.1 signal either cogenerated or 
individually generated, were due to the presence of  the 
different cryoprotectants only. The results for each cry- 
oprotectant and illumination temperature are presented as a 
combination of  data from ESR experiments on PS II 
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Fig. 1. Illuminated minus annealed spectrum of the g = 4 . 1  signal 
generated in (a) sucrose cryoprotected PS II illuminated at 200K (SUC- 
H-4.1), and (b) ethylene glycol cryoprotected PS II illuminated at 130K 
(EG-L-4.1). Spectrometer conditions: temperature 9K, microwave fre- 
quency 8.97 GHz, microwave power 11 mW, modulation frequency 100 
KHz, modulation amplitude 1.7 roT. 

samples from each preparation type. All g = 4.1 signal 
spectra are presented as the illuminated minus the annealed 
(10 min at 290K) spectrum data. 

Fig. l a shows a g = 4.1 signal produced by illuminat- 
ing sucrose cryoprotected PS II at 200K (termed SUC-H- 
4.1, see Abbreviations). The spectrum shows strong axial- 
ity, with a peak-to-trough width of 32 mT and gav of  
4.10 + 0.02. No splitting of  g ± tensor components is 
resolved, nor is there any significant development of Mn 
hyperfine, such as that observed from PS II samples 
oriented onto mylar strips [29,30,34]. 

The temperature dependencies of  the SUC-H-4.1 and 
cogenerated multiline have been shown to exhibit comple- 
mentary deviations from Curie behaviour (Pace et al. [17]), 
with the multiline as ground state and g = 4.1 as first 
excited state. The simplest structure which could give rise 
to such behaviour [17] would be an antiferromagnetically 
exchange coupled Mn dimer differing in oxidation state by 
one. Total spin would be 7 / 2  for a MnIII-MnIV system, in 
which the multiline is the spin 1 / 2  ground and g = 4.1 the 
spin 3 / 2  first excited state. At sufficiently high tempera- 
ture, such a system should exhibit a next excited spin 5 / 2  
state at g ~ 6 (quasi axial as for the g = 4.1 signal). Fig. 
2a shows a series of  scans in the g8 ~ g3 region for 
SUC-H material over the temperature range 5K to 40K. It 
is apparent that intensity builds in the g ~ 6 region with 
increasing temperature. Moreover, this does not appear to 
be a line-broadening effect (see below). In addition, while 
signals at g ~ 6 can sometimes arise from partially dena- 
tured high spin cytochromes, these are not photogenerated 
at low temperature and normally subtract out in light 
minus dark difference spectra. In fact n o  g ~ 6 cy- 
tochrome signals are detectable in our uninhibited samples 
in illuminated or dark spectra. 

The shape of  the g ~ 6 signal may be estimated by 
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assuming it has negligible intensity in the 5K spectrum 
(i.e., 'pure '  g = 4.1 spectrum), and subtracting appropri- 
ately scaled amounts of  the latter from the higher tempera- 
ture spectra. This assumes that the g = 4.1 signal shape 
does not change significantly with temperature, which 
appears to be the case, at least as far as its low field 
maximum position is concerned. Fig. 2b shows the shape 
of  the g ~ 6 signal so obtained. We feel that this procedure 
reliably captures the form of the signal at the low field 
edge (around g ~ 6) but its shape at higher field is more 
uncertain. Interestingly, there may be a partially resolved 
hyperfine structure on this signal, with a mean minimum 
spacing of  ~ 4 mT. Fig. 3 then shows the relative temper- 
ature dependencies of  the multiline, g = 4.1 and g ~ 6 
signals from the SUC-H material. The curves are theoreti- 
cal fits to a dimer model which will be discussed below. 

Fig. lb shows the g = 4.1 generated by illuminating 
ethylene glycol cryoprotected PS II at 130K (termed EG- 
L-4.1). The overall shape of  this signal is very similar to 
the SUC-H-4.1. The g,v for this signal is 4.11 + 0.02, the 
peak-to-trough width is 28 mT, about 12% less than that 
for the SUC-H-4.1. No significant development of  Mn 
hyperfine is apparent either on the g = 4.1 signal or in the 
g = 2 region (not shown); however, a slight splitting of  the 
g ± may be observed at the crossing point. This appears 
not to be due to a subtraction artefact from the rhombic 
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Fig. 2. (a) Temperature dependence of signal shapes in the g8 to g3 
region for SUC-H material over the temperature range 5K to 40K. 
Spectrometer conditions: microwave frequency 9.423 GHz, microwave 
power 6.3 mW, modulation frequency 100 kHz, modulation amplitude 
1.4 mT. All spectra are illuminated minus annealed. (b) Shape of g ~ 6 
signal which builds at high temperature obtained by subtracting scaled 
amounts of the 5K or 9K spectrum from an average of the spectra 
obtained above 30K. 
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Fig. 3. Relative temperature dependences of the multiline, g = 4.1 and 
g ~ 6 signal intensities for SUC-H material. Intensities were obtained 
from signal amplitude versus ,/microwave power plots as previously 
described [17]. Signal amplitudes for the multiline and g = 4.1 signals 
were estimated as previously described [17], while that for the g ~ 6 
signal was estimated by double integration in the g ~ 6 region of differ- 
ence spectra as in Fig. 2b). Vertical scales are arbitrary due to different 
methods of signal quantitation. The curves are fits to a Mn Ill-IV dimer 
model as described in the text and Ref. [17]. 

iron (g  = 4.3) signal, which occurs at lower field near the 
peak of  this g = 4.1 signal. Overlap from the two compo- 
nents of  the EG-L-4.1 signal hinders accurate evaluation of  
the apparent g ± 1~2 values. Fig. 4 shows the dependence 
of  this g = 4.1 signal shape on temperature. In contrast to 
the case above with SUC-H material, little, if any, multi- 
line signal is apparent, nor developed. The signal shape of  
the EG-L-4.1 is reasonably static between 8K and 16K. No 
obvious additional intensity develops in the g ~ 6 region 
with increasing temperature, nor any other region of this 
spectrum (covering g ~ 2.5 to g ~ 10). At the highest 
temperature, the EG-L signal appears to significantly 
broaden, unlike the SUC-H form. Fig. 5 shows the temper- 
ature dependence of  the EG-L-4.1 signal amplitude. This 
exhibits clear, Curie-like isolated ground state behaviour 
over the range 5K to 40K. The curves are theoretical fits 
from a spin 5 / 2  state model discussed below. 

While the two g = 4.1 signal types are superficially 
similar at X-band, the Q-band spectra (Fig. 6) reveal them 
to be distinct species, consistent with their qualitatively 
different temperature dependencies. The SUC-H-4.1 signal 
(Fig. 6a) now exhibits a resolved splitting of  the apparent 
g ± tensor components at the higher frequency. The g ± 
components are estimated to be g ± 1 - - 4 . 3 5  + 0.02 and 
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Fig. 4. Temperature dependence of signal lineshape in the g12 to g2.5 
region for EG-L material over the temperature range 5K to 30K. Spec- 
trometer conditions as in Fig. 2. All spectra are illuminated minus 
annealed. 
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Fig. 6. Q band spectra for the SUC-H-4.1 (a) and the EG-L-4.1 (b) 
signals. These signals appear similar at X-band frequencies but become 
distinct at Q-band. Spectrometer conditions: temperature 9K, microwave 
frequency 34.75 GHz, microwave power 30 mW, modulation frequency 
100 KHz, modulation amplitude 0.5 mT. The g = 4.36 and g = 3.82 
positions refer to a rhombic spin 5 / 2  Hamiltonian discussed in the text. 
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Fig. 5. Temperature dependence of the g = 4.1 signal intensity for the 
EG-L material. Intensities were obtained as in Fig. 3 and signal quanita- 
tion was by double integration around g = 4. The curves are fits to the 
Bol tzmann model;  Signal ~t [ e x p ( - O / T ) / ( 1  + exp ( - ° / T )  + 
exp¢-20/T)]T -~ where ® =  2,4K (dotted curve) and ~ = 6 . 5 K  (solid 
curve). See text and Ref. [17]. 

g 2_ 2 ~" 4.14 + 0.02 with gay = 4.25 + 0.02. The peak-to- 
trough width of the signal is 47 mT. The SUC-H-4.1 signal 
shows strong axiality, similar to the X-band result, indicat- 
ing a low E / D  ( <  0.02) [34]. The spectrum for the 
EG-L-4.1, Fig. 6b), is distinctively different to that of the 
SUC-H-4.1. While still apparently near axial, the gav value 
for the EG-L-4.1 signal is = 3.98 _ 0.05. The peak-to- 
trough width of this signal is 52 mT, and displays a very 
narrow crossing region. The wings of this spectrum are 
much broader than for the SUC-H-4.1. 

Haddy et al. [22] have suggested that the g = 4.1 signal 
arises from the centre transition of a spin 5 / 2  state, which 
has near-rhombic anisotropy. For the uninhibited enzyme, 
they proposed a ZFS Hamiltonian with D = 0.43 c m -  1 and 
E / D  = 0.25• At frequencies below ~ 12 GHz, this system 
produces a strong quasi isotropic resonance in the g ~ 4 
region, while above ~ 12 GHz, g ~ 4 resonances are 
observed only along two directions of the fine structure 
principle axes system (i.e., apparent g x ~ 0). This Hamil- 
tonian, with an effective gaussian line-width of ~ 35 mT, 
reproduced their experimental P-band (15 GHz) spectrum 
of the g = 4.1 signal quite well. The powder pattern 
simulation assumed an effective spin of 1/2,  with an 
anisotropic g tensor, whose principle values were deter- 
mined by exact solution of the ZFS Hamiltonian along the 
principle axis directions. Examination of the numerically 
computed (see Section 2) field positions and transition 
intensities for the above Hamiltonian at our Q-band fre- 
quency showed that strong turning points existed at g ~ 
4.36 and g ~ 3.82, similar to the reported situation at 
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P-band [22]. However, numerous other turning point transi- 
tions of  comparable intensity were predicted, from g ~ 12 
to g ~ 3. Moreover, the angular dependence of  the g ~ 3.82 
transition was such that it would be the high f ie ld edge 
(i.e., the apparent gx value) of  an effective spin 1 /2  
system, with an apparent gz value below ~ 8. The turning 
point at g ~ 3 is the low field edge of an unrelated group 
of  transitions which extend down to g ~ 1.7. While a 
definitive conclusion must await an 'exact '  numerical 
powder pattern simulation of  the rhombic spin 5 / 2  Hamil- 
tonian at Q-band, a non-trivial task, it is already clear that 
neither spectrum in Fig. 6 is consistent with turning points 
at both g ~ 4.36 and g ~ 3.82. More than anything, these 
spectra resemble the expected shapes for near axial spin 
3 / 2  systems, which show no resolved g ± splitting at 
X-band, but partial resolution of  this splitting at Q-band. 

4. Discussion 

We observe two distinct '4.1'  signals; one generated in 
sucrose cryoprotected PS II illuminated at 200K, which 
behaves as if arising from an excited state species, and 
another generated in ethylene glycol cryoprotected PS II 
illuminated at 130K, which behaves as if arising from a 
ground state species. Earlier [17], we showed that the 
temperature dependencies of  the multiline and g = 4.1 
signals from SUC-H material were consistent with them 
arising from the spin 1 / 2  and spin 3 / 2  states, respec- 
tively, of  an antiferromagnetically coupled with Mn III-IV 
dimer. The coupling was weak, with J / k  ~ - 3 . 0 K .  The 
curves through the data points in Fig. 3 were generated by 
the same model, assuming now that the g ~ 6 signal arises 
from the next highest, spin 5 / 2 ,  state in the manifold. Best 
overall fit was obtained with J / k  = - 3 . 5 K ,  very similar 
to the earlier estimate. This now represents a far more 
stringent test of  the dimer model, as a single parameter, J, 
specifies all three temperature dependencies, reflecting the 
multiplicities and energy levels of  the three lowest states 
of  the spin manifold. If the Mn cluster giving rise to the 
signals in Fig. 3 is not an isolated Mn III-IV dimer, then 
the evidence is compelling that it must be formally equiva- 
lent to such a system. This could arise, for instance, from a 
III-IV dimer weakly coupled to a strongly antiferromag- 
netic net spin zero pair (e.g., III-III or IV-IV), Either way, 
the g = 4.1 signal observed in SUC-H material is a near 
axial spin 3 / 2  centre, with ZFS parameters D > l c m -  
and E / D  < 0.02, from the Q-band data. 

Interpretation of  the 'ground state', isolated g ~ 4 signal 
seen in 130K illuminated samples is less clear. This has 
been suggested to arise from the quasi-isotropic middle 
Kramer transitions of  a rhombic spin 5 / 2  state, on the 
basis of  modelling [22] (as discussed above) and recently, 
from a pulsed EPR study by Astashkin et al. [38]. This 
latter should, in principle at least, offer a direct determina- 
tion of the spin state, based on the microwave field (Hi)  

intensity dependence of  the echo amplitude in a two-pulse 
experiment. The analysis assumed that a quasi-isotropic 
effective g-value of ~ 4 would apply in calculating the 
microwave-induced transition probabilities for the pre- 
sumed spin 5 / 2  state (weak field limit). We have found, 
however, from the exact numerical solution of  the ZFS 
spin 5 / 2  Hamiltonian, using the parameters of  Haddy et 
al. [22] required to simulate the X-band CW spectrum, that 
the transition probability is not isotropic for this system. It 
varies by a factor of ~ 2 depending on the H~ and H 0 
orientations in the molecular axis system, corresponding to 
an effective g-value range of  3,7 to 5.0. In essence, the 
'weak field' approximation no longer applies in this sys- 
tem, with D comparable to the microwave quantum. This 
has significant implications for the interpretation of the 
echo H~ dependence, as is apparent from the actual data 
presented by Astashkin et al. Their dark-annealed sample 
(Fig. 4, Ref. [38]) has a substantial contribution in the 
g ~ 4 region from the rhombic iron g ~ 4.3 signal, as 
expected. This signal is a 'gold standard' rhombic centre 
doublet, spin 5 / 2  state, with (conventional nomenclature) 
D ~ 0 . 4  cm i and E / D ~  0.3 [17,39], parameters very 
similar to those invoked for the Mn g = 4.1 signal. How- 
ever, the echo magnitude versus H j dependence at g = 4.1 
for this annealed sample (Fig. 5a, Ref. [38]), as reported by 
the authors, shows no peak at g ~ 4, as would be expected 
from their analysis, but rather, a broad distributed response 
in the g ~ 5 to g ~ 2 region. Even allowing for cavity 
background contributions, alluded to by the authors, this is 
a surprising result. It is, however, qualitatively what one 
would expect at X-band for a species with the above ZFS 
parameters and raises serious doubts concerning the as- 
signment of the g ~ 4.1 signal by Astashkin et al. [38]. 

The simple shapes of the two g = 4. l signal types seen 
at Q-band (Fig. 6) suggest that if these were to arise from 
spin 5 / 2  states, then D should be large enough that all 
three turning points are visible in the g ~ 4 region at this 
frequency. This requires D > 1.2 cm - j ,  a circumstance 
which would also make the assumption of  an isotropic 
transition probability at X-band more reasonable. How- 
ever, the centre doublet from which the g ~ 4 signal arises 
is an excited state. If D = 0.43 c m -  ~ and E / D  ~ 0.3 (as in 
Ref. [22]), then this state is separated by _+ 1.5 cm i from 
the ground and top states. The dotted curve in Fig. 5 is the 
best fit to the X-band intensity data of  a Boltzmann model 
assuming this value of  the spacing. Although it clearly 
goes against the trend of  the data, it could not be excluded 
because the curvature is modest over the temperature range 
studied. However, if D is ~ 1.2 c m -  ~, the state spacing is 
over 4 cm 1. A Boltzmann model with this spacing is 
excluded by the data (solid curve in Fig. 5). Thus, a 
rhombic spin 5 / 2  model of  the isolated g =4.1  signal 
with low D ( ~  0.4 cm - j )  is allowed by the X-band signal 
temperature dependence, but argued against by the Q-band 
and (ironically) the spin echo data. A similar model with D 
large enough to accommodate the Q-band spectral data is 
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excluded by the temperature dependence of  the signal at 
X-band. We are left with the conclusion that any identifi- 
cation of  the signal as a spin 5 / 2  state is difficult to 
rationalise with all the data now available. 

The most obvious interpretation we can place on the 
EG-L-4.1 signal, from our data, is that it arises from a near 
axial spin 3 / 2  ground state. D would be less ( <  1 cm 1) 
than for the case of  the SUC-H-4.1 excited state signal, as 
there is now a detectable drop in the central g 3- value 
(4.10 to 3.98) going from X to Q-band (Fig. 6). To be 
consistent with the spin echo results and the fact that the 
resonance is centred above g = 4.0 at low frequencies (S-, 
X-bands), the true g 3_ of  the state would have to be above 
2 (2.1-2.2).  This would also apply to the SUC-H-4.1 
signal form. In fact, precisely this effect is observed in the 
spin 3 / 2  states of  model compounds containing weakly 
coupled Mn dimers [40,41]. The origin of  the effect has 
been discussed elsewhere [34]. 

It is well known, and confirmed by us, that the g = 4.1 
signal formed by 130K illumination interconverts to the 
multiline signal on brief annealing of  the sample at 200K. 
As noted earlier, this observation was originally interpreted 
by Casey and Sauer [13] to mean that the g = 4.1 signal 
arose from an electron transfer intermediate between the 
Mn multiline centre and the Z + / P 6 8 0  centres. We favour 
this view, especially in light of  the fact that the multiline 
signal at S, X- and Q-bands may be successfully simulated 
using an isolated dimer model with unusual, anisotropic 
Mn nuclear hyperfine and quadrupolar couplings [24]. 

A plausible conclusion from all the above and our 
earlier results [17,24,34], is that the 4 Mn are organised as 
two coupled pairs, which are magnetically isolated from 
each other, but close enough for rapid electron transfer 
(Fig. 7). One pair is responsible for the multiline and 
excited state g = 4.1 and g ~ 6 signals. The antiferromag- 
netic exchange coupling in this pair may be modulated by 
buffer effects: in the absence of  low molecular weight 
mono alcohols ( <  3% MeOH, EthOH), it is only a few 
cm -~. In the presence of  alcohols, it is at least tens of  
cm -~, resulting in a multiline only signal being observed 
at temperatures below ~ 30K, with essentially Curie be- 
haviour [17]. This pair we would also associate with the 
S-state turnover, at least for the S~ to S 2 state transition. 
So the S~ state parallel polarisation EPR signal observed 
by Dexheimer et al. [42] should arise from this Mn III-III 
pair, in its first excited (spin = 1) state. 

The second pair, to which we ascribe an electron trans- 
fe r /charge  accumulation role, would be functionally (and 
presumably spatially) closer to Z /P680 .  Since an isolated 
Mn pair with conventional oxidation levels would not 
yield a spin 3 / 2  ground state, at least one additional spin 
centre must be involved. The most obvious candidate is an 
oxidisable protein side chain which is a ligand to the 
system. Histidine or tyrosine are possibilities [43,44], al- 
though the presence of  radicals arising from these residues 
have been reported so far only in Ca 2÷ depleted systems, 

H+? Modulates J1 
,, 

Multiline, 
f - ~  Excited State 4.1, 

) Excited State g--6 
_ _  , .................... ~ ..................... ~ ( H I .  I V )  

\ ~ j ~  -"  ~/ Polarisation Signal 

Z 10/~ 

io- 
1 

Oxidation gives 
Ground State 4.1 

Z / Z  + 
Fig. 7. Possible model for the two Mn dimer structures within the OEC. 
The magnetic interactions giving rise to each type of formal S 2 state 
signal are illustrated. For the behaviours described in the text, the dimers 
must be magnetically isolated from each other but within rapid electron 
transfer range (5,~ to 10,~). The S = 1/2 species in the lower dimer, 
generating the ground state g = 4.1 signal, is probably an oxidisable 
amino acid side chain. Its location as a bridging ligand is speculative, but 
readily accomodates a spin 3 /2  ground state (see text and Ref. [27]). The 
parallel polarisation signal of Dexheimer et al. [42] is presumed to arise 
from the upper dimer when in the Mn III-III state. This state can coexist 
with the ground state form of the g = 4.1 signal, but not with the 
multiline or excited state form of the g = 4.1 signal. The lower dimer 
may be a charge transfer/redox equivalent accumulator and the water 
oxidation chemistry may then occur at only one dimer, presumably that 
responsible for the multiline signal. Buffer effects, possibly influencing 
the ix-oxo bridge protonation state, are presumed to modulate the magni- 
tude of antiferromagnetic exchange coupling in this pair. 

and their relevance to the model in Fig. 7 is as yet unclear. 
If  the oxidisable side chain is a bridging ligand (spin 1/2) ,  
equally ferromagnetically coupled to the two equal spin, 
antiferromagnetically coupled Mn ions of  this centre, the 
resulting system may have a spin 1 /2 ,  3 / 2  or 5 / 2  ground 
state. The actual value depends on a balance of  the ex- 
change couplings [27]. 

The model in Fig. 7 would provide a natural explana- 
tion for the results of  Dexheimer et al. [42], who observed 
that the S 1 state parallel polarisation signal was lost only 
on the formation of  the multiline, but not the (ground state) 
g = 4.1 signal. Although the multiline and ground g = 4.1 
signals are both 'formal S 2 state' signals in our picture, 
they arise from unconnected centres. This interpretation of  
the Mn organisation in PS-II is also totally consistent with 
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the strong conclusion from EXAFS, namely that each Mn 
has one Mn neighbour at ~ 2.7 to 2.8A [6-9,45,46]. It 
would require, however, that the 3.3 to 3.6,~ Mn-metal 
peak be a Mn-Ca rather than Mn-Mn distance. At present, 
the reported uncertainty in the assignment of the 3.3A peak 
would appear to admit this possibility. 
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