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ABSTRACT: 02-evolving photosystem I1 (PSII)  membranes from spinach have been cryogenically stabilized 
in the S3 state of the oxygen-evolving complex. The  cryogenic trapping of the  S3 state was achieved using 
a double-turnover illumination of dark-adapted PSII  preparations maintained a t  240 K. A double turnover 
of PSII was accomplished using the high-potential acceptor, 4400, which is the high-spin iron of the  iron- 
quinone acceptor complex. E P R  spectroscopy was the principal tool establishing the  S-state  composition 
and defining the  electron-transfer events associated with a double turnover of PSII .  T h e  inflection point 
energy of the M n  X-ray absorption K-edge of PSII  preprarations poised in the S3 state is the  same as  for 
those poised in the S2 state. This is surprising in light of the loss of the multiline E P R  signal upon advancing 
to the S3 state. This indicates that the oxidative equivalent stored within the oxygen-evolving complex (OEC)  
during this transition resides on another intermediate donor which must be very close to  the manganese 
complex. An analysis of the M n  extended X-ray absorption fine structure (EXAFS)  of PSII  preparations 
poised in the S2 and S3 states indicates that a small structural rearrangement occurs during this photoinduced 
transition. A detailed comparison of the  M n  E X A F S  of these two S states with the E X A F S  of four 
multinuclear p-oxo-bridged manganese compounds indicates that  the photosynthetic manganese site most 
probably consists of a pair of binuclear di-p-oxo-bridged manganese structures. However, we cannot rule 
out, on the basis of the E X A F S  analysis alone, a complex containing a mononuclear center and a linear 
trinuclear complex. The  subtle differences observed between the S states a re  best explained by a n  increase 
in the  spread of Mn-Mn distances occurring during the S2 - S3 state transition. This increased disorder 
in the manganese distances suggests the presence of two inequivalent di-p-oxo-bridged binuclear structures 
in the  S3 state.  

x e  current model of photosynthetic oxygen evolution carried 
out by higher plants and cyanobacteria involves five inter- 
mediate oxidation states, commonly referred to as S states: 
Sobs4 (Kok et al., 1970). This model is based on the re- 
markable observation made by Joliot et al. (1969) that the 
production of O2 by dark-adapted chloroplasts subjected to 
a series of short saturating flashes of light occurs in distinct 
pulses with a periodicity of four. The states So, Si,  Sz, and 
S3 are relatively stable intermediate oxidation states of the 
oxygen-evolving complex (OEC).' The S4 state is a transient 
intermediate and decays to produce the So state, concurrent 
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with the release of 0,. The Si state is predominant in long- 
term dark-adapted PSII preparations. An abundance of 
physical and biochemical evidence indicates that a cluster of 
manganese located within a membrane-bound protein-chlo- 
rophyll complex is the site where the light-driven oxidation 
of water to molecular oxygen takes place [for a review, see 
Babcock (1 987)]. 

The first physical evidence implicating a manganese cluster 
in the water oxidation process in catalytically active chloroplast 
preparations came from the discovery of a light-induced 
multiline EPR signal assigned to a manganese complex because 
of its characteristic hyperfine structure. The multiline EPR 
signal was associated with the S2 state, on the basis of the 
variation in its amplitude observed with flash number (Dis- 
mukes & Siderer, 1981). A large number of studies have now 
been performed, extensively characterizing the S, state using 
the multiline EPR signal. On the other hand, there have been 
relatively few reports of attempts to stabilize active 0,-evolving 
preparations cryogenically in the S3 state (Brudvig et al., 1983; 

' Abbreviations: cyt bSS9, cytochrome 6559; DCBQ, 2,6-dichloro-p- 
benzoquinone: DCMU, 3-(3,4-dichlorophenyI)- I ,  1 -dimethylurea; DMSO, 
dimethyl sulfoxide; EPR, electron paramagnetic resonance; EXAFS, 
extended X-ray absorption fine structure; MES, 4-morpholineethane- 
sulfonic acid; MLS, multiline signal; OEC, oxygen-evolving complex; 
PPBQ, phenyl-p-benzoquinone; PSII, photosystem 11; Qm, the high- 
potential acceptor of PSII; tacn, 1,4,7-triazacyclononane. 
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Goodin et al., 1984). As yet, no spectroscopic signal uniquely 
characteristic of the S ,  state has been discovered. As a result, 
previous studies relied upon decreases in the amplitude of the 
multiline EPR signal as an indication of advancement to the 
S ,  state following a single turnover by low-temperature illu- 
mination of samples poised initially in the S2 state. 

Here, we report experiments poising samples predominantly 
in the S3 state by a double-turnover, low-temperature illu- 
mination of samples where 4 4 0 0  was initially present in the 
oxidized form. The chemical identity of the high-potential 
(E, = 370 mV at  pH 7.5) acceptor, QWr has been established 
as the high-spin iron of the iron-quinone acceptor complex 
of PSI1 (Petrouleas & Diner, 1986). W e  produced oxidized 
QdO0 either by direct chemical oxidation using ferricyanide 
(Petrouleas & Diner, 1986) or by photoreductant-induced 
oxidation through the use of phenyl-p-benzoquinone (PPBQ) 
(Zimmermann & Rutherford, 1986). Low-temperature illu- 
mination of PSII preparations in which oxidized 4 4 0 0  was 
produced by either of these procedures was found to produce 
substantial S3 state yields. The photochemical events occurring 
during the procedure used to  accumulate the S, state were 
monitored by recording the EPR signals associated with 
QA-Fe2+ and with the high-spin Fe3+ associated with oxidized 
Q400. The final S-state composition was deduced from these 
measurements and from the amplitude of the multiline signal 
relative to controls limited to a single turnover of PSII, as well 
as  from the magnitude of EPR signals arising from alternate 
donors such as cyt bSS9. 

X-ray absorption spectroscopy has been demonstrated to 
yield detailed information about the local structure of a me- 
talloenzyme and does not require a crystalline sample (Powers, 
1982; Teo, 1986). Further, the accuracy of the distance in- 
formation obtained from multiparameter fitting of extended 
X-ray absorption fine structure (EXAFS) is significantly better 
than that obtainable from X-ray diffraction studies of proteins, 
and the sensitivity of the technique to changes in the local 
structure of a metalloenzyme has been demonstrated to be of 
utility in deducing important details of the mechanism of 
enzyme activity (Eisenberger & Kincaid, 1978). With the 
multiline EPR signal as a monitor of state composition, the 
direct involvement of manganese in the storage of oxidative 
equivalents on the donor side of photosystem I1 has been 
demonstrated by using Mn X-ray absorption edge spectroscopy 
(Goodin et al., 1984). The ligation sphere of manganese in 
the S, and S2 states has also been probed with EXAFS (Ya- 
chandra et al.. 1986, 1987; McDermott et al., 1988). 

I n  this report we present the results of X-ray absorption 
experiments performed on samples poised predominantly in 
the S, state. By contrast with our previous studies of the S, - S2 state transition (Goodin et al., 1984; Yachandra et al., 
1987), no change was observed in the edge position or structure 
of the Mn X-ray absorption K-edge upon state advancement 
from S2 to Sj. Results presented in the present study using 
PSI I subchloroplast membrane preparations largely confirm 
our previous report of a Mn K-edge study (Goodin et al., 
1984), indicating that the Mn X-ray absorption K-edges of 
chloroplast preparations poised in the S2 and S3 states are 
observed at  higher X-ray energies than that of samples poised 
in the S, state. EXAFS analyses of PSII preparations cryo- 
genically stabilized in the S2 and S ,  states indicate that a small 
structural change occurs a t  the manganese site in PSII during 
the S2 - S3 state transition. The X-ray absorption data  
presented here are  of significantly improved signal-to-noise 
ratio compared to those we have previously published for the 
S, and S2 states, due principally to improvements in fluores- 
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cence detection. The present analysis largely confirms our 
previous conclusions of the presence of a di-p-oxo-bridged Mn 
binuclear core structure present in the S2 state (Yachandra 
et al., 1986, 1987; McDermott et al., 1988). Conclusions are 
drawn from a detailed comparison of the simulation results 
obtained for four multinuclear manganese compounds with 
results obtained for the PSII preparations, and the significance 
of these analyses to other results and models of the water 
oxidation mechanism already published in the literature is 
discussed. 

MATERIALS AND METHODS 
PSII Subchloroplast Membrane Preparation and Handling. 

The procedure for isolation of active 02-evolving PSII  sub- 
chloroplast membranes from market spinach has been de- 
scribed by Yachandra et al. (1986). Single- or double-turnover 
experiments using DCBQ (Eastman), PPBQ (Eastman), or 
D C M U  (Sigma) were performed by adding a calculated 
volume of a DMSO stock solution of the given reagent to PSII 
membranes suspended a t  2 mg/mL chlorophyll. Chemical 
oxidation of cyt bSS9 and QW was accomplished by incubating 
PSII membranes suspended a t  3 mg/mL chlorophyll in the 
dark for 10 min in a buffer containing 5 m M  K,Fe(CN),, 15 
m M  NaC1,5 m M  MgCI,, and 50 m M  M E S  (pH = 6.5). To  
obtain the manganese concentrations required for the X-ray 
absorption experiments, the PSII membrane suspensions were 
centrifuged a t  30000g for 1 h. Pellets containing approxi- 
mately 30% glycerol were transferred to Lucite sample holders. 
Chlorophyll concentrations in samples prepared for X-ray 
absorption experiments ranged from 25 to 30 mg/mL. 

Low-temperature illumination or equilibration was accom- 
plished in an optical Dewar cooled by a N 2  gas stream; the 
sample was maintained at  a constant temperature by a Varian 
V6040 temperature controller. Samples were mounted directly 
into Lucite sample holders that were designed to fit into the 
liquid He cryostat associated with the EPR spectrometer as 
well as  the cooled N2 gas flow cryostat used for the X-ray 
absorption experiments. All illuminations, constant-temper- 
ature equilibrations, EPR measurements, and X-ray absorption 
measurements were performed on samples mounted in this 
manner. 

EPR Spectra. Low-temperature X-band EPR spectra were 
recorded by using a Varian E109 EPR spectrometer equipped 
with an E-IO2 microwave bridge and an Air Products LTR 
liquid helium cryostat. The temperature of the sample was 
monitored by using a gold-chrome1 thermocouple junction. 
EPR spectra were digitized by using an Explorer 111 storage 
oscilloscope (Nicolet Instrument Corp., Madison, WI)  and 
then transferred to a VAX 11-785 computer for further 
analysis. Separate EPR spectra were recorded for each 
electron-transfer component of interest under conditions that 
maximized the EPR signal amplitude. Exact spectrometer 
conditions for each EPR signal are  indicated in the figure 
captions. The magnitude of the g = 4.3 EPR signal, associated 
with adventitiously bound iron, was used as an internal cali- 
bration reference when comparing two different samples. The 
amplitude of this feature in dark-adapted samples was found 
to differ less than 5% between samples from the same prep- 
aration. Mulitline EPR signal amplitudes were quantitated 
by adding peak-to-trough amplitudes of four of the low-field 
hyperfine lines from illuminated-minus-dark difference spectra. 
The QW signal was quantitated by measuring the peak to base 
line amplitudes of the lowest field component near g = 8. The 
amplitude of the reduced quinone acceptor, QA-Fe2+, was 
determined from the peak-to-trough difference of the g = 1.9 
EPR signal observed in the illuminated samples, for it was 
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found that in the PSII preparations used in this study the 
dominant EPR signal characteristic of the QA-Fe2+ complex 
was the g = 1.9 feature (Rutherford & Zimmermann, 1984). 
Signal II,, which is present in the dark and associated with 
Dt, a donor to PSII with unknown function, was quantitated 
by measuring peak-to-trough amplitudes between the two 
outermost hyperfine lines. The amplitude of oxidized cyt b,,, 
was determined by measuring the peak to base line amplitudes 
of the g = 3.0 feature. 

Inorganic Manganese Compounds. Four structurally 
characterized inorganic multinuclear manganese compounds 
were examined in this study. The four inorganic compounds 
examined were Mn~11Mn1V(pz-0)2(2,2’-bipyridine)4(C104)3 (1) 
(Plaskin et al., 1972), Mn1V2(p2-O)2(picolinate)4 (2), MnIV4- 
(p2-O),(tacn)4(C104), (3) (Wieghardt & Bossek, 1983), and 
Mn”’4(p3-O)z(OAc),(2,2’-bipyridine)2(C104) (4) (Vincent et 
al., 1987). Complex 2 was synthesized and characterized in 
the laboratory of Dr. G.  Christou. Manganese compounds will 
be referred to in the text by the boldface number indicated. 
Solid samples were diluted into an inert light-element matrix 
(LiBF, or Li2C0,) and mounted in Lucite sample holders. 

X-ray Absorption Measurements. X-ray absorption spectra 
were recorded at  the Stanford Synchrotron Radiation Labo- 
ratory on wiggler beam lines IV-2 and VI-2 using a Si(400)  
double-crystal monochromator. The energy resolution of these 
crystals is approximately 1 eV. X-ray absorption edge spectra 
were recorded by using a fluorescence detection system 
(Jaklevic et al., 1977) similar to that described by Powers et 
al. (1981). It consisted of an array of NE104 plastic scin- 
tillators coupled to EM1 98 13 B photomultiplier tubes. The 
fluorescence detector was equipped with a chromium filter and 
Soller slit assembly (Stern & Heald, 1979). The fluorescence 
signal was ratioed to a measure of the incident flux, which was 
monitored by an additional scintillator. This scintillator viewed 
the flux of X-rays scattered from a thin mylar film which was 
placed directly in the incident X-ray beam. This method of 
ratioing yielded a much more linear response than the ioni- 
zation chamber method previously employed.2 

EXAFS spectra of the PSII preparations were collected by 
using a lithium-drifted silicon solid-state detector as previously 
described (Jaklevic et al., 1977). Count rate capabilities of 
this detection system were substantially enhanced through the 
use of a triangular pulse shaping amplifier (Goulding et al., 
1983). The use of an energy-resolving detector capable of 
efficient background rejection significantly improved the 
signal-to-noise ratio of these spectra over previously published 
results (Yachandra et al., 1987). All samples were maintained 
a t  or below 190 K in a home-built double Kapton-walled 
cryostat, cooled by a nitrogen gas flow system. To assure 
sample integrity and a stable S-state composition, EPR spectra 
of the PSII samples were monitored before and after exposure 
to the X-ray beam. Energy calibration in the X-ray absorption 
experiments was maintained by simultaneously monitoring the 
narrow preedge feature of a KMnO, standard (Goodin et al., 
1979). Typically, one scan (3 s per point) yielded satisfactory 
signal-to-noise ratios for the model complexes. To  achieve the 
signal-to-noise ratio presented here for the PSII preparations, 
10-30 scans were averaged. 

Data Analysis. All analyses of the X-ray absorption spectra 
were performed on a VAX 11/785. The region below the 
onset of manganese X-ray absorption was set equal to  zero 
by subtracting a linear fit to the spectrum below the edge. 
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* This method of ratioing was first suggested to us by Prof. B. Chance 
(personal communication). 

Spectra were normalized to a unit edge jump determined by 
extrapolation of a quadratic fit of the postedge absorption to 
the energy of the first major absorption peak. The magnitude 
of this extrapolated fit a t  the energy of the first major ab- 
sorption peak was set equal to one. Details of the analysis of 
the EXAFS data have been described previously (Yachandra 
et al., 1986, 1987). 

Detailed structural information regarding the number of 
ligands and the distances to these ligands is obtained by fitting 
the EXAFS data to the known functional form of these waves. 
Commonly, either theoretically calculated phase and amplitude 
functions (Teo & Lee, 1979) or empirical phase and amplitude 
functions derived from structurally similar model complexes 
(Cramer et al., 1976) were used in these simulations. Here, 
we have taken the former approach; however, adjustments 
based on a set of crystallographically characterized multinu- 
clear manganese compounds were used to refine the infor- 
mation obtained from the fits (Teo et al., 1983). It is im- 
portant to note that EXAFS analyses that have been adjusted 
on the basis of models become “model dependent”, so the 
method of selection of the inorganic complexes of known 
structure used as models becomes an important part of the 
procedure. Teo et al. (1983) have suggested several selection 
criteria that involve comparisons between the unknown and 
the model with regard to variations of the apparent scatterer 
distances with changes in K-edge energy and changes in the 
apparent number of scatterers as a function of the Debye- 
Waller magnitude. Procedures employing empirically derived 
amplitude and phase functions clearly are  also model de- 
pendent a t  a much earlier level in the analysis procedure. 

Under favorable conditions, distances accurate to f 0 . 0 3  A 
and determinations of the number of scatters to within 20% 
of crystallographically determined values are  obtained. The 
energy of the absorption edge is allowed to vary in simulations 
using theoretically derived phase functions to allow better 
phase matching to the experimental waves. In this study, the 
variation of this parameter, AEo, was constrained to values 
between 0 and -20 eV for the light scatterers and to between 
0 and -10 eV for the manganese neighbor, for it was found 
that simulations in closest agreement with the crystallographic 
distances were obtained with AEo values in these ranges. 
Manganese-manganese distances obtained from an EXAFS 
analysis of multinuclear poxo-bridged manganese complexes 
were found to be within f0.03 A of the crystallographically 
determined distances when these constraints on the range of 
variation in the edge threshold were applied. On the basis of 
calculated Debye-Waller factors for inorganic compounds 
exhibiting similar parameter correlations, the Debye-Waller 
factors for each scattering shell of the PSII preparations were 
constrained to reasonable values to reduce the uncertainty in 
the number of scatterers. Also, scale factors that improve the 
accuracy of the determination of the number of atoms in a 
given shell of the PSII preparation were determined from these 
inorganic compounds. Scale factors were calculated from the 
ratio of the simulated number of scatterers in a given shell to 
the number of atoms a t  a given distance from the absorbing 
atom determined from the crystal structure of the inorganic 
compound. 

Uncertainties in the number of scatterers due to the effect 
of correlation with the Debye-Waller factor were calculated 
by systematically varying the number of scatterers from the 
best fit value. Calculated uncertainties represent values for 
the number of scatterers in which the least-squares residual 
was twice the minimum value. All variables except the De- 
bye-Waller factor were constrained to the best fit value during 
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Scheme I :  PPBQ Procedure for the Preparation of a PSI1 Sample 
Poised in the S, Statea 
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sample preparation procedure 

step 2: illuminate at 77 K for 1 h 
step 3 :  warm to 293 K for I min 

step 4: illuminate at 240 K for I O  
ni in  

state of the system 

stcp 1 :  dark adapt 1 h Sl(cyt  b ~ d Q ~ F e ~ + p p B Q  
S,(cyt b559*)QA-Fe2+PPBQ 
S,(cyt bSss+)QAFe2+PPBQ- 
S I  (cyt bSs9+)QAFe3+PPBQH2 
S,(cyt b5,,+)Q,-FeZ+PPBQH2 

The oxidation state of the electron-transfer components within PSI1 
indicated on the first line of Step 3 is intended to represent an unstable 
intermediate state involving the transient PPBQ semiquinone which 
presumably is formed prior to the oxidation of the acceptor iron. 

these simulations. Clearly, the presence of random noise in 
the spectra also limits the accuracy of the amplitudes of EX- 
AFS waves which, when simulated, yield estimates of the 
number of scatterers. A conservative estimate of the root- 
mean-square noise level in a Fourier transformed data set 
(Ernst et al., 1987) may be determined by taking the average 
amplitude of Fourier peaks well beyond the region where real 
components are observed. I n  this case the region between 6 
and 15 A was used to determine the average amplitude of noise 
peaks. For the k3-weighted S2 state EXAFS data. the average 
amplitude is approximately 20% of the amplitude of the two 
clearly resolved shells. Assuming that the effects of parameter 
correlation and random noise act independently, the combined 
effects of these sources of uncertainty should be given by their 
quadrature sum. Given that the effect of parameter correla- 
tions with the Debye-Waller term also limit the accuracy of 
the number of scatterers to f 2 0 R  under favorable circum- 
stances (e.g., for the oxygen shell a t  the shortest apparent 
distance and the Mn shell of the PSII preparations poised in 
the S2 state), these combined effects limit the accuracy to 
k30% of the best fit value. 

For the S, state data the signal-to-noise ratio is substantially 
smaller due to the necessity of employing a difference tech- 
nique. For these data the average amplitude of features in 
the Fourier transform in the range of 6-1 5 %, is on the order 
of 40%. Combined with a larger error due to correlation with 
the Debye-Waller term for the Mn shell, the error in the 
number of scatterers is estimated to be closer to f60% and 
*50% for the short bond length oxygen shell. 

RESULTS 
0,-evolving PSI I samples suitable for X-ray spectroscopy 

and poised in the S3 state were prepared by a low-temperature 
illumination of dark-adapted PSII preparations in which Q400 
had been oxidized (i.e., the high-spin iron of the acceptor 
complex had been oxidized to Fe3+). Two protocols based on 
recently published results concerning the generation of oxidized 
QW and its subsequent photoreduction were used in this study: 
Petrouleas and Diner ( 1  986) oxidized Q400 using a ferricyanide 
treatment of PSII membranes in the dark. EPR signals as- 
sociated with oxidized Q4M) were identified in the region near 
g = 8 and g = 5.5. Zimmermann and Rutherford (1986) 
found that addition of 1 m M  PPBQ to a PSII subchloroplast 
membrane suspension can also result in the oxidation of Q400 
following a low-temperature illumination and subsequent 
warming. We have employed both the ferricyanide oxidation 
and the PPBQ-mediated oxidation procedure for the generation 
of oxidized Q400. Each procedure was found to have certain 
advantages in the double-turnover illumination procedure used 
to generate samples poised predominantly in the S, state. 

PPBQ Experiments. A schematic representation of the 
dominant electron-transfer steps yielding a PSII preparation 
poised predominantly in the S, state using PPBQ is presented 
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FIGURE 1 :  Changes in the EPR spectra of (a) Qm, (b) cyt bsS9+, and 
(c) QA-FeZ+, which are  observed for PSII preparations during the 
course of the S, state preparation procedure using PPBQ. I n  each 
panel the EPR spectra shown from top to bottom are  as follows: a 
dark-adapted PSI1 preparation, the same sample following illumination 
a t  7 7  K for 1 h, the preceding sample following warming for I min 
at  293 K, and (bottom spectrum) this sample following illumination 
a t  240 K for 10 min. Spectrometer conditions: (a and c) 32-mW 
microwave power at  9.21 GHz, 32-G field modulation a t  100 kHz, 
recorded at  5 K; (b) 0.2-mW microwave power at  9.21 GHz, 2 0 4  
field modulation at  100 kHz, recorded a t  18 K.  

in Scheme I .  The steps in the experiment in which PPBQ 
was used to oxidize 4 4 0 0  and leading to a PSII preparation 
containing a substantial S, state composition are as follows: 
( 1 )  long-term (>l -h)  dark adaptation followed by addition 
in the dark of a calculated volume of a PPBQ stock solution 
which brought the suspension to 1 mM; (2) illumination at 
77 K for a period of 1 h; (3) warming samples for 1 min at  
293 K; and (4) illumination at  240 K for 10 min. The elec- 
tron-transfer events described below were monitored by ex- 
amining changes in the amplitudes of EPR signals associated 
with each electron-transfer component. 

Illumination of dark-adapted PSI1 membranes a t  77 K 
results in  the photoaccumulation of QA-Fe2+ largely at  the 
expense of cyt b,,, oxidation. These events were monitored 
by EPR spectroscopy. Figure 1 shows the EPR spectra of cyt 
b559+ and QA-Fe2+, which were induced by this process. 
Warming of such a sample containing PPBQ in the dark 
results in  the reoxidation of QA- and oxidation of the ferrous 
ion (step 3 in Scheme I )  in a process that was first demon- 
strated by Zimmermann and Rutherford (1986) and later 
confirmed by Petrouleas and Diner (1987). These results were 
largely confirmed in this study, and Figure 1 shows that 
following the warming step the QA-Fe2+ signal decays to its 
original amplitude, demonstrating the complete reoxidation 
of the primary quinone acceptor. The oxidation of Fe2+ (i,e,, 
the formation of oxidized Q400) is indicated by well-resolved 
features near g = 8 and g = 5.5 (Figure la ) .  

Zimmermann and Rutherford ( 1  986) showed that signifi- 
cant amounts of oxidized Q400 could be induced in the dark 
by the addition of PPBQ to dark-adapted PSII membranes 
(presumably by oxidizing the amount of QB- present in the 
dark). To avoid this side reaction which would affect the final 
S-state composition, QB- was oxidized before the PPBQ 
treatment by the addition of 50 p M  DCBQ. As observed by 
Zimmermann and Rutherford (1986), DCBQ does not induce 
the oxidation of Fez+, and the absence of high-spin iron signals 
associated with in the spectrum shown in Figure l a  shows 
that the addition of PPBQ after this treatment effectively 
suppressed the generation of Q400 in the dark. 
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Scheme 11: Ferricyanide Procedure for the Preparation of a PSI1 
Sample Poised in the S, State 

sample preparation procedure state of the system 

step I :  dark adapt 1 h 
step 2: add 5 mM ferricyanide; si b5,9+)QAFe3+Q~ 

incubate for IO min at  pH 6.5 
step 3: add 200 F M  DCMU S,  (cyt b559+)Q,Fe3+DCMU 
step 4: illuminate at 240 K for IO min S,(cyt b559+)QA-Fe2+DCMU 

Si(cYt ~w)QAF~ '+QLI  

2300. 13eltl Strengch (Gauss) 3800. 

FIGURE 2: Illuminated-minus-dark EPR spectra of the multiline signal 
in the control S2 state preparation generated by illumination a t  200 
K (top trace) and a PSI1 preparation poised partially in the S, state 
by the procedure employing PPBQ (bottom trace). The  S3 state 
preparation was generated by illumination a t  240 K. Spectrometer 
conditions: 32-mW power at 9.21 GHz, 32-G field modulation a t  
100 k H z ,  recorded a t  8 K. 

Table I :  Changes in the EPR Signal Amplitudes" of 
Electron-Transfer Components of PSI1 Observed during the S3 
Preparation Procedure Using PPBQ 

MLS QA-FeZ+ CYt 
sample preparation (%) Q4oa b559 

step 1 :  dark adapt 1 h <5 < I O  <2 6.5 
step 2: illuminate at 77 K <5 90 <2 11.0 
step 3: warm to 293 K l Z b  < I O  19 10.0 
steD 4: illuminate at  240 K 54 110 <2 16.0 

" All amplitudes reported here are in arbitrary units. Percentages 
reported are the MLS and g = 1.9 feature of the EPR signal associated 
with QA-Fe2+, observed in S2 control preparations. Exact details of the 
quantitation are described under Materials and Methods. bThe small 
amount of MLS generated during the warming step is presumably due 
to the conversion of the amount of the g = 4.1 species (formed at 77 
K )  to the S2 state characterized by the MLS [see Casey and Sauer 
( 1984)]. 

Several changes in the EPR spectra of the PSII preparations 
following the final period of illumination a t  240 K are  indi- 
cative of a double turnover of PSII: (1 )  the QA-Fe2+ signal 
a t  g = 1.9 is induced to virtually the same extent as after the 
illumination at 77 K, indicating one complete charge separation 
in the final illumination (Figure IC), and (2) the EPR signals 
a t  g = 8 and g = 5 . 5  associated with Q400 disappear (Figure 
la ) ,  indicating the reduction of Fe3+ to Fez+ and the stabi- 
lization of a second oxidative equivalent on the donor side of 
photosystem 11. Thus, since both Q A  and Q400 were reduced 
during this final illumination, we conclude that the PSII re- 
action center underwent a double turnover, resulting in the 
stabilization of two oxidizing equivalents on the donor side of 
PSI]. 

As shown in Figure I b, the amplitude of the EPR signal 
of cyt b559 increases by 50% during the illumination a t  240 
K. Because cyt b559 does not compete with SI state donation 
at  this temperature, it is concluded that cyt b5,, photooxidation 
competed with S2 state donation during the second turnover. 
Quantitation of the EPR signal indicates that 0.5 cyt was 
oxidized. Thus, the remaining 50% of the centers underwent 
a double turnover involving S-state donation, resulting in the 
accumulation of the S, state. This interpretation is in 
agreement with the amount of multiline signal photoinduced 
during the last step (step 4 of Scheme I), which corresponds 
to 50% of the amplitude photoinduced in a sample prepared 
by illumination a t  200 K (Figure 2). The results are  sum- 
marized i n  Table I .  

Table 11: Changes in  the EPR Signal Amplitudes" of 
Electron-Transfer Components of PSI1 Observed during the S3 
Preparation Procedure Using Ferricyanide 

sample preparation procedure MLS (W) Qdoa cyt b5,, 
step I :  dark adapt 1 h <5  <2 <2b 
step 2: ferricyanide oxidation <5 15' 26c 
step 3: DCMU washed <5 16 11 
step 4: illuminate at  240 K 34 <2 12 

'All amplitudes reported here are in arbitrary units. Percentages 
reported for the MLS are relative to the control S2 state preparation. 
Exact details of the quantitation are described under Materials and 
Methods. *The amplitude reported for the dark sample is that of 
low-potential cytochrome bSS9. which is normally oxidized at  the am- 
bient potential of the preparation. The amplitude of this signal is near 
the uncertainty in  the measurement of the g = 3.0 feature (e&, * I ) .  
'EPR signal amplitudes of Q40a and cyt b559 found in controls in which 
ferricyanide was retained. 

One additional property of PSII preparations poised in the 
S3 state by the PPBQ procedure allowed the preparation of 
a "thermally relaxed" S3 state sample. The dominant effect 
observed upon warming a PSII  preparation poised in the S3 
state by the PPBQ procedure was forward electron transfer 
and subsequent reoxidation of Qm (a repetition of the acceptor 
side reaction indicated in step 3 of Scheme I ) .  These events 
were evident from the lack of change in the amplitude of the 
multiline EPR signal and the disappearance of the g = 1.9 
EPR signal, indicating reoxidation of Q A -  (spectra not shown). 

Ferricyanide Experiments. In  the second procedure used 
to generate PSII preparations poised in the S3 state, Q400 was 
oxidized by ferricyanide before the double-turnover illumi- 
nation. The dominant electron-transfer events occurring 
during this procedure are depicted in Scheme 11. The protocol 
used is summarized as follows: ( I )  Long-term (>I-h)  dark 
adaptation; (2) ferricyanide oxidation of QW in the dark with 
concurrent oxidation of cytochrome b559; and (3) illumination 
for 10 min at  a temperature above the threshold (235 K )  for 
advancement to the S3 state (Brudvig et al., 1983). 

An additional step (step 3 in Scheme 11) was incorporated 
into the procedure to ensure that PSII  was limited to two 
turnovers. DCMU, which blocks electron transfer between 
QA and QB, was added to the preparation after the treatment 
with 5 m M  ferricyanide. PSII  suspensions were washed in 
the dark with a M E S  buffer (pH = 6.5) containing 200 pM 
DCMU, effectively washing out the ferricyanide used in the 
previous step. This step eliminated concerns about possible 
leakage of electrons from QA-Fe2+ through the DCMU block 
to the ferricyanide in the aqueous phase and removed the 
interference due to the broad and intense ferricyanide signal 
centered at  g = 2, which obscures the reduced quinone signals 
a t  g = 1.9 and g = 1.82. Samples treated in this manner were 
used in the X-ray absorption experiments. 

Control experiments were also performed in which the 5 
m M  ferricyanide was retained during the D C M U  wash step. 
These controls were important in evaluating whether Q400 and 
high-potential cyt b559 remain oxidized at the ambient potential 
attained after the ferricyanide is removed. Table I 1  contains 
the amplitudes of the EPR signals associated with Q400 and 
oxidized cyt b559 at  each step of the process leading to a PSII 
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FIGURE 3: EPR signals associated with the PSI1 acceptors QA-FeZt 
and Q400. The spectra shown in (a) are as follows: The top trace 
is the spectrum of a PSI1 preparation dark adapted for 1 h, treated 
with 5 mM ferricyanide in the dark for IO min, and then subsequently 
washed free of ferricyanide with a pH = 6.5 MES buffer containing 
200 pM DCMU. The second trace from the top is the same sample 
following illumination at 240 K.  The lower trace is the spectrum of 
the control S, state sample prepared by illumination at 195 K. 
Spectrometer conditions are the same as for the spectra shown in 
Figure I C .  The spectra shown in (b)  are of the low-field region of 
the EPR spectrum of PSI1 preparations recorded at 5 K. The solid 
trace is the spectrum of a dark-adapted PSII preparation treated with 
5 mM ferricyanide in the dark. The dashed line is the spectrum of 
the same PSI1 preparation following illumination at 240 K.  Spec- 
trometer conditions are the same as for Figure la. 

sample poised in the S3 state using the ferricyanide procedure. 
Note that the amplitudes of the g = 8 feature in the E P R  
spectrum of QW observed in samples in which the ferricyanide 
was washed out are  a t  the same level, or somewhat higher, 
than the amplitude of this feature in samples in which the 
ferricyanide was retained. This indicates that the rereduction 
of oxidized QdO0 a t  the ambient potential achieved after the 
ferricyanide is removed is kinetically limited. Table I1 shows 
also that the amplitude of the g = 3.0 feature associated with 
oxidized cyt b,,, in the 18 K spectra of the samples retaining 
ferricyanide is significantly higher than the amplitude of this 
feature in the samples in which the ferricyanide was washed 
out. However, it is important to note that the amplitude of 
the cytochrome EPR signal remained relatively constant during 
the final illumination step. This demonstrates that photoin- 
duced oxidation of cyt b,,, was not a significant side reaction 
a t  the temperatures utilized. 

The effect of illumination following the dark oxidation was 
examined a t  three different temperatures: 250, 245, and 240 
K.  The reduction in the amplitude of the multiline signal 
relative to that of the control 195 K illumination is relatively 
constant (57-66%) across the range of temperatures of illu- 
mination examined. The maximum S3 state composition was 
achieved a t  the lowest temperature of illumination (Figure 2). 
Also, the magnitude of the reduction of the MLS relative to 
the controls was consistently larger than that obtained in the 
PPBQ experiments. This is due principally to the elimination 
of competitive donation by cytochrome bss9. 

Figure 3 shows the 5 K EPR spectra of the ferricyanide- 
oxidized PSII sample before and after illumination a t  240 K.  
The salient spectral changes associated with the transfer of 
2 equiv to the acceptor side and the generation of a PSII 
preparation poised predominantly in the S, state are  evident 
from these two spectra. The large increase in the g = 1.9 
region and the disappearance of signals in the g = 8 and g = 
5.5 regions of the EPR spectra recorded at  5 K indicate near 
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FIGURE 4: Illuminated-minus-dark EPR spectra of the multiline signal 
in the control S2 state preparation generated by illumination at 200 
K (top trace) and a PSII preparation poised partially in the S, state 
by the ferricyanide procedure (bottom trace). The S3 state preparation 
was generated by illumination at 240 K. The state composition 
indicated by the fraction of the residual multiline in the lower spectrum 
is 66% S3 and 34% S,. EPR spectrometer conditions are the same 
as for Figure 2. 
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FIGURE 5:  Mn K-edge X-ray absorption spectrum of a PSII prepa- 
ration poised in the S2 state (- - -) and a preparation poised predom- 
inantly in the S3 state (-) using the ferricyanide procedure. Spectra 
were smoothed by using a quadratic running fit with a smoothing 
domain of 2 eV. The inset is a SX magnification of the 1s - 3d 
transition of the X-ray absorption spectrum of a PSII preparation 
poised in the S3 state. 

quantitative reduction of QA and Qm, respectively (see Figure 
3).  The amplitude of the multiline signal present indicates 
a state composition containing 34% S2 (see Figure 4). 

X-ray Absorption Edge Studies. Figure 5 contains a rep- 
resentative Mn K-edge spectrum of an S3 sample together with 
that of a control S2 state preparation. The Mn K-edge shown 
is that of an S3 state preparation generated by illumination 
a t  240 K using the ferricyanide procedure. In addition to the 
ferricyanide samples, a sample poised in the S3 state by the 
PPBQ procedure and subsequently warmed to room temper- 
ature for 30 s to allow thermal equilibration was examined. 
The energy of the Mn K-edge inflection for all of the Sz and 
S3 samples studied here was found to be within 0.2 eV of 
6552.1 eV. The edge shape and the energy of the Mn K-edge 
inflection of the S2 and S3 state preparations are remarkably 
similar. The energy of the Mn K-edge inflection and the 
similarity of the 1s - 3d transition both are indicative of the 
presence of Mn(IV) (Sauer et al., 1988; Guiles, 1988). The 
low-intensity feature a t  energy lower than the edge inflection 
is due to X-ray transitions of principally 1s - 3d character. 
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FIGURE 6 :  EXAFS region of the Mn X-ray absorption spectrum of 
PSI1 preparations poised (a) in the S2 state and (b) in the S3 state. 
The spectrum in (b) is the difference EXAFS spectrum of a PSII 
preparation poised predominantly in the S, state by the ferricyanide 
procedure from which a fraction of the control S2 state preparation 
EXAFS has been subtracted. The data are indicated with a dashed 
line, and the solid line represents the contribution from the two main 
peaks in the Fourier transform of the EXAFS shown in Figure 7.  

The intensity of this feature has been shown to be a function 
of the symmetry of the metal complex (Shulman et al., 1976). 
The inset in Figure 5 is an expanded view of this transition. 
The intensity and shape of this feature in the S3 spectrum are 
similar to the 1 s - 3d transitions we recently reported for the 
S, state (Sauer et a]., 1988). 

X-ray Absorption Fine Structure Analysis. EXAFS spectra 
for PSII preparations poised predominantly in the S, state 
using the ferricyanide procedure and for S2 state preparations 
were recorded. A "thermally relaxed" S, sample prepared by 
warming a sample prepared by the PPBQ method to 293 K 
in the dark for 30 s was also examined. EXAFS of the S, state 
preparations were analyzed by difference spectroscopy. A 
fraction of the EXAFS of a control S2 state preparation was 
subtracted from the EXAFS of the S3 state preparations that 
contained a residual S2 state composition indicated by the 
multiline signal amplitude (see Tables I and 11). Figure 6 
contains the EXAFS spectrum of a PSII preparation poised 
in the S2 state and the difference EXAFS spectrum of a PSII 
preparation poised in the S3 state by illumination at 240 K 
following the ferricyanide procedure. The solid line in Figure 
6 is the Fourier isolate of the two peaks evident in the Fourier 
transforms of the k,-weighted EXAFS spectrum shown in 
Figure 7. 

Two major peaks are  evident in the Fourier transforms of 
the EXAFS spectra in both the S2 and S3 preparations (Figure 
7). These peaks represent maxima in the backscattering of 

0 2 4 6 8 10 

A p p m  Distancc R' (A) 
FIGURE 7: Fourier transforms of (a) the EXAFS of an S2 state PSII 
preparation and (b) the difference EXAFS of an S3 state preparation, 
prepared by the ferricyanide procedure. The apparent distance R' 
is shorter than the actual distance to a given neighboring atom due 
to the effect of the averaged phase, (da(k)/dk),, of the EXAFS wave. 
The three Fourier transforms shown in (a) and (b) were obtained by 
multiplying the data by k (-) the photoelectron wave vector am- 
plitude, k2  ( - - - ) ,  and k3 (-*-),  

outgoing photoelectron waves and appear as a function of the 
distance between the central absorbing atom and neighboring 
atoms. The apparent distance (R') to a given scattering shell 
is shorter than the internuclear distance between the central 
absorbing atom and the ligating atoms owing to a contribution 
of the effect of an average phase shift [ (da(k) /dk) , ] .  The 
phase shift [ a ( k ) ]  is induced by the effect of the potentials 
of the metal absorber and its ligands on the photoelectron. 

k-  Weighting Behavior. By multiplying EXAFS spectra by 
increasing powers of k (the photoelectron wave vector am- 
plitude), EXAFS waves whose envelopes peak a t  higher k 
values are  preferentially enhanced. These waves a re  due to 
backscattering from heavier elements. Thus, the Fourier 
transforms of peaks containing contributions from heavier 
elements increase more with k weighting than do peaks as- 
sociated with scattering from light elements. This k-weighting 
behavior has been used previously to  determine whether a 
transition metal is present in a given shell, as  seen in the 
transform of the EXAFS of a metalloenzyme (Kirby et al., 
1981; Woolery et al., 1984; Yachandra et al., 1986). In the 
Fourier transforms of the EXAFS of the S, preparation, the 
second peak increases in a manner consistent with significant 
contributions from heavy scatterers, such as  a neighboring 
transition metal in a multinuclear cluster (see Figure 7). The 
details of the k-weighting behavior of the Fourier transform 
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FIGURE 8: The lowest frequency component, or first shell, of the Mn EXAFS of PSII preparations poised in the S2 and S ,  states. This low-frequency 
component is obtained by multiplying the Fourier transformed data by a function that isolates the peak in the Fourier transform occurring 
at the shortest effective distance. This spectrum is then back-transformed and simulated by using theoretically calculated amplitude and phase 
functions. The best fits to the “Fourl‘er-isolated” first shell spectra are indicated by the dashed traces. The simulations shown are best fits 
assuming two different Mn-0 distances. The spectra shown are of (a) the EXAFS of an S2 state preparation, (b) the difference EXAFS of 
an S, state preparation, (c) a dimeric di-p-oxo-bridged Mn complex (complex 2) ligated by a mixture of carboxylates and heterocyclic rings, 
and (d) a tetranuclear manganese complex (complex 4) with four inequivalent manganese centers. Simulation parameters for the fits shown 
are contained in Tables 111 and IV. 

Table I l l :  Simulation Results for the First Coordination Sphere of PSII Preparations Poised in the S ,  and S ?  States; /?-Weighted EXAFS Data 
Mn-0 (bridging ligands) Mn-0  or -N (terminal ligation) 

state N R (A) Is2 (A? AEn N R (A) Is2 ( ‘42)  AEo Fc 
SZ0 1.8 1.77 0.007 -1 3 2.8 2.23 0.013 -20 9.73 
S,b 1.8 1.81 0.009 -1 1 2.1 2.20 0.015 -20 1.21 

‘Average results obtained from the simulation of the EXAFS of PSII preparations poised in the S 2  state. In  general, distances obtained for 
individual samples differed by less than 0.02 A. The number of scatterers determined at a given distance was found to be within 30%. bDifference 
EXAFS of a PSI1 preparation poised in  the S3 state by the ferricyanide procedure. This sample was illuminated at 240 K. Difference EXAFS 
results obtained for a S3 state PSI1 sample prepared by the PPBQ procedure were in good agreement with the results presented for samples prepared 
by the ferricyanide method. C F  is the least-squares difference between the Fourier-isolated EXAFS and the EXAFS calculated by using theoretically 
derived Dhase and amditude functions (Teo & Lee, 1979). 

peaks in these two states would appear to differ substantially. 
As is described below, this is probably due to differences in 
the static disorder in the Mn-Mn distances present in each 
state. 

Simulations of the First Shell Indicate a Di-p-oxo-Bridged 
Structure. The best fits to the Fourier isolates of the first shell 
of the EXAFS of an S2 state PSII preparation and that of the 
difference EXAFS of an S, state preparation are  shown in 
Figure 8, panels a and b, respectively. In both cases, simu- 
lations including two 0 or N waves were found to be signif- 
icantly better than single-wave fits. The difference between 
the two distances obtained in the two-wave fits is consistent 
with the proposition that the static disorder present in the 
EXAFS waves, which yields this broad peak in the transforms 
of Figure 7, is larger than can be adequately described with 
a single Debye-Waller factor (Brown & Eisenberger, 1979). 
Simulation results for the first shell of the EXAFS of the S, 
state preparations and the difference EXAFS of the S3 state 

preparations are contained in Table 111. 
In addition to the quality of the fits obtained, the parameters 

obtained for the two unresolved shells are eminently reasonable 
in light of what is known about the bonding in multinuclear 
oxo-bridged manganese complexes. The simulation yields a 
short Mn-0 or Mn-N bond that displays a relatively small 
degree of disorder and a set of longer bonds spread over a 
greater range of distances. These two sets of first shell ligands 
correspond remarkably well to the bridging and terminal 
ligands observed in multinuclear oxo-bridged manganese 
complexes (Plaksin et al., 1972; Wieghardt & Bossek, 1983; 
Sheats et al., 1987; Vincent et al., 1987). 

The shorter Mn-0 distance to the “bridging” shell is on the 
average -0.04 A longer in the S3 preparations than in the S2 
preparations. Although this systematic difference appears to 
be real, care must be exercised in attempting to assign the 
nature of this change to a specific structural rearrangement. 
The uncertainties in the distances obtained from the simulation 
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Table IV: Simulation Results for the First Coordination Sphere of Four Site Models;" k3-Weighted EXAFS Data 
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Mn-0 (bridging ligands) Mn-0 or -N (terminal ligation) 
model no. N R (A) 62 (A2)C AEO N R (A) I32 (A2) A& Fd 

1 1.7 (2.0) 1.75 (1.82) 0.005 (0.0016) -10 3.7 (4.0) 1.95 (2.11) 0.023 (0.006) -20 13.5 
2 1.5 (2.0) 1.79 (1.82) 0.005 (0.000) -10 2.8 (4.0) 2.23 (1.97) 0.006 (0.010) -20 6.0 
3 2.1 (3.0) 1.74 (1.78) 0.005 (0.0005) -10 3.7 (3.0) 2.03 (2.09) 0.010 (0.006) -20 27.8 
4 1.4 (1.5) 1.83 (1.88) 0.010 (0.0025) -10 2.0 (4.5) 2.23 (2.07) 0.028 (0.014) -20 0.4 

"The site models examined here are Mn1"Mn'V(p2-0)2(bipy)4(C104)3 (l), Mn'v2(p2-O)2(picolinate)4 (2), Mn'v4(p2-O),(tacn)4(C104)4 (3), and 
Mn"'4(p3-0)2(0A~),(bipy)2(C104) (4). bNumbers in parentheses are EXAFS simulation parameters calculated from the crystal structure of each 
inorganic complex. Only the static contribution to the Debye-Waller has been calculated here. Since the thermal contribution is often as large or 
larger than the static term, the simulated values are invariably larger than the calculated static values. CFor the p-oxo shell the Mn-0 Debye-Waller 
term was constrained to reasonable values, except for complex 4 for which a very well-defined minimum was obtained at the indicated value. d F  is 
the least-squares residual difference between the Fourier-isolated EXAFS and the EXAFS calculated by using theoretically derived phase and 
amplitude functions. 

of two unresolved components are  often higher (e.g., f0.05 
A) due to the correlation between the amplitude of one com- 
ponent and the mean distance to the other unresolved scat- 
tering shell (Brown & Eisenberger, 1979). 

To refine the simulation parameters obtained from the Mn 
EXAFS of the PSII preparations, four structurally charac- 
terized multinuclear manganese compounds were examined 
in detail and their EXAFS simulation parameters compared 
to that of the PSII preparations poised in the S2 and S, states. 
Three of these four inorganic complexes, Mn111Mn'V(p2-O)2- 
(2,2'-bipyridine),(C10,), (1) (Plaksin et al., 1972), MnIV4- 
(p2-O),(tacn),(C10,), (3) Wieghardt & Bossek, 1983), and 
Mn'114(p3-O)2(OA~),( 2,2'-bipyridir1e)~(ClO,) (4) (Vincent et 
al., 1987), have been proposed as site models for the manga- 
nese cluster within the O E C  of PSII  (Kirby et al., 1981; 
Brudvig & Crabtree, 1986; Vincent et al., 1987). The simi- 
larity of the 16-line EPR spectrum exhibited by complex 1 to 
the multiline EPR spectrum exhibited by PSII  membrane 
suspension poised in the S2 state was the first evidence im- 
plicating a functional role for Mn in photosynthetic O2 evo- 
lution (Dismukes & Siderer, 1981). Also, Mn-Mn and Mn-0 
distances obtained by simulation of the EXAFS of the Mn 
complex in PSI1 are  similar to distances obtained from the 
simulation of the EXAFS of 1 (Kirby et al., 1981; Yachandra 
et al., 1986, 1987). Complex 2 is structurally similar to 1; 
however, unlike 1 the terminal ligation is a mixture of car- 
boxylates and heterocyclic rings. Complex 3 is a tetranuclear 
Mn( 1V) adamantane-like structure which has been proposed 
to be a model for the Mn complex of PSII  poised in the S3 
state (Brudvig & Crabtree, 1986). Complex 4 is a tetranuclear 
Mn(Il1) complex which consists essentially of a di-p-oxo- 
bridged core structure with two additional Mn atoms mono- 
p-oxo bridged to the dimeric core via three-centered oxygen 
bridges. Complex 4 is unique among the complexes examined 
in this study in that it contains two different Mn-Mn distances. 
Like complex 2, this complex has a heterogeneous terminal 
ligation containing both carboxylates and heterocyclic rings. 

The static Debye-Waller factor, the mean distance to each 
scattering shell, and the number of scatterers in each shell were 
calculated for each model by using the crystallographic co- 
ordinates (see numbers in parentheses in Table IV). The 
magnitude of the thermal contribution to  the Debye-Waller 
factor can be estimated from measured symmetric stretching 
frequencies in the IR (Teo, 1986). For strong bonds, this 
thermal contribution to the Debye-Waller factor in angstroms 
is approximated by 

u = 4 . 1 0 6 ( 1 / p ~ ) ' / ~  
where u is the vibrational frequency in cm-' and p is the 
reduced mass in daltons. 

On the basis of I80 substitution studies of the bipyridine 
binuclear complex (complex I ) ,  the 688-cm-' band in the IR 

was assigned to the Mn-0 bridging mode (Cooper & Calvin, 
1977). From this value, the magnitude of the vibrational 
contribution to the Debye-Waller factor is estimated to be a* 
= 0.0020 A2. 

The correlation between unresolved components was more 
of a problem for most of the inorganic compounds than for 
the PSII preparations. Unconstrained Debye-Waller factors 
for the p-oxo bridging shell approached zero for all inorganic 
complexes except 4. To decrease this effect in the model 
complex simulations, a reasonable value containing approxi- 
mately equal static and dynamic contributions was assumed 
(e.g., 0.005 A2). The best fit parameters for the simulation 
of the first shell of each model complex are contained in Table 
IV. 

Refinement of the simulations of the first coordination 
sphere of the PSII  EXAFS based on the EXAFS of struc- 
turally related inorganic compounds indicates that the man- 
ganese present in PSII is principally in the form of binuclear 
units. Thus the four manganese atoms present in PSII could 
be organized as a pair of di-p-oxo-bridged binuclear clusters 
or possibly a trinuclear manganese cluster containing di-pox0 
bridges between manganese atoms and an isolated Mn center. 
Both of these configurations would yield an average of two 
bridging oxygens seen by each Mn atom within PSII. A 
trinuclear structure associated with an isolated mononuclear 
structure has recently been proposed as a possible structure 
for the four manganese atoms present in the oxygen-evolving 
complex (Li et al., 1988) on the basis of trinuclear complexes 
that have been synthesized and the suggestion that the g = 
4.1 EPR signal associated with the S2 state may be due to a 
mononuclear Mn(IV) center (Hansson et al., 1986). It should 
be noted, however, that to date no inorganic trinuclear com- 
plexes have been synthesized with Mn-Mn distances resem- 
bling those observed in the manganese complex in PSII. 

For the S2 state the simulation results (Table 111) are  re- 
markably similar to those of complex 2 (Table IV). This is 
revealed not only by the similarity of the parameters obtained 
through simulation but also by the striking similarity of the 
EXAFS waves of complex 2 and the M n  complex in PSII  
poised in the S2 state (see Figure 8a,c). Further, the variation 
in the apparent number of scatterers in the first shell obtained 
by systematically varying the Debye-Waller factor most 
closely resembles the variation observed in the PSII prepa- 
rations poised in the S2 state (Guiles, 1988). These criteria 
have been suggested by Teo et al. (1983) for the selection of 
a model for use in determining a scale factor (e.g., the number 
of scatterers determined by simulation divided by the number 
calculated on the basis of the crystal structure) to  refine the 
number of atoms in a given scattering shell. Applying the scale 
factor obtained from complex 2 to the number of p o x 0  bridges 
determined for the Mn complex in the OEC, one obtains 2.4 
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Table V: Simulation Results for the Second Shell of PSII Preparations Poised in the S, and S, States; /?-Weighted EXAFS Data 

S2" 1.2 2.72 0.005 -10 3.4 3.13 0.010 -12 5.6 
S3b 1.2 2.72 0.014 -10 2.0 3.15 0.010 -17 8.2 

"Average results obtained from the simulation of the EXAFS of PSII preparations poised in the S2 state. In general, distances obtained for 
individual samples differed by less than 0.02 A. The number of scatterers determined at a given distance was found to be within 30%. bDifference 
EXAFS of a PSI1 preparation poised in  the S3 state by the ferricyanide procedure. This sample was illuminated at 240 K. Difference EXAFS 
results obtained for an S, state PSI1 sample prepared by the PPBQ procedure were in good agreement with the results presented for samples prepared 
by the ferricyanide method. 

oxygens per Mn. Note that this result is inconsistent with the 
four Mn atoms present in PSI1 being organized as a binuclear 
di-p-oxo-bridged manganese complex and two associated 
mononuclear manganese centers, which would yield an average 
number of one p-oxo bridging oxygen seen by each Mn. 

The EXAFS due to the first coordination sphere of complex 
4 are  nearly superimposable on those of the Mn complex in 
PSI1 poised in the S, state (see Figure 8b,d). Also, the sim- 
ulation results assuming two oxygen waves for the first co- 
ordination sphere of the manganese complex in PSII in the 
S3 state most closely resemble those of complex 4. Unlike that 
of complex 4, the simulation of the EXAFS of the first shell 
for the other inorganic complexes improves substantially upon 
addition of a third 0 or N wave, which suggests that the 
complex envelope of the EXAFS of the first shell of these 
complexes is inadequately modeled by two light-element waves. 
This does not mean that complex 4 is the best site model for 
the manganese cluster in the O E C  in the S, state; in fact, 
simulations of the second shell which indicate two distinct 
Mn-Mn distances (see simulations of the second shell below) 
rule this complex out as a reasonable site model. However, 
as described above, the strikingly similar parameter correla- 
tions exhibited in simulations of the first shell permit a more 
accurate determination of the number of scatterers in the first 
coordination sphere. For the p o x 0  bridging shell, a scale 
factor (see Materials and Methods) of 1.07 is obtained. For 
the first shell EXAFS of the S3 state preparation this yields 
a value of 1.9 f 1 .O bridging oxygens seen by each Mn present 
in PSII. This result taken together with the results for the 
S2 state suggests a di-p-oxo-bridged structure. This average 
number of bridging oxygens is inconsistent with a higher nu- 
clearity complex such as  an adamantane-like complex (e.g., 
complex 3) or a symmetric cubane tetranuclear cluster, both 
of which possess three p-oxo bridges to each manganese atom. 

Simulations of the Second Shell. The assignment of a 
manganese scatterer to the peak a t  higher apparent distance 
in the Fourier transform of the EXAFS of the PSII samples 
is reasonable from several lines of evidence. The k-weighting 
behavior of this transform peak is indicative of a heavy 
scatterer such as manganese, although EXAFS is not capable 
of discriminating between adjacent elements such as Mn and 
Fe (Kirby et al., 1981; Yachandra et al., 1986). The similarity 
of the EPR of the S2 state (the multiline signal) to that of 
binuclear manganese model complexes strongly suggests the 
assignment of a manganese neighbor (Cooper et al., 1978). 
Also, the distance obtained (2.72 A), if a single manganese 
neighbor is assumed, is consistent with the distances known 
in di-p-oxo-bridged binuclear manganese complexes (Plaksin 
et al., 1972; Stebler et al., 1986). 

Fits to the second shell indicate that a single wave (in this 
case, a manganese scatterer) is inadequate to describe the 
disordered shell. Unlike the first shell, the origin of the 
heterogeneity in the second shell is less clearly defined. On 
the basis of an examination of the crystallographic data of a 
variety of manganese models containing biomimetic ligands 

(e.g., carboxylates, phenoxy complexes, or heterocyclic ring 
structures) it is clear that the second shell must contain some 
light elements (probably carbon; see Table VI).  Considering 
the generally accepted stoichiometry of four manganese per 
PSII reaction center, the heterogeneity observed in the second 
shell could be due to static disorder in the Mn-Mn distance, 
for example, due to variation in the separation between 
manganese neighbors within two isolated binuclear complexes. 

Unconstrained fits to the second shell EXAFS of PSII 
preparations poised in the S2 state assuming a Mn shell and 
a shell of light scatterers (carbon atoms) yield a Mn-Mn 
Debye-Waller factor of 0.0078 A* and an average number of 
Mn neighbors equal to 1.4 f 0.4. However, the value of the 
Debye-Waller factor obtained for the presumably highly 
disordered Mn-C shell approached zero. This counterintuitive 
simulation result has been observed before in highly disordered 
systems exhibiting unresolved EXAFS shells (Eisenberger & 
Lengeler, 1980). The effects of shell correlation can limit the 
accuracy in the determination of the number of scatters to 
f50%. To limit these effects, the Debye-Waller factor for 
both the Mn-Mn shell and the Mn-C shell were constrained 
to reasonable values (e.g., uMn-Mn = 0.005 A* and u ~ ~ - ~  = 
0.010 A2). The dominant contribution of the Debye-Waller 
factor for the Mn-Mn shell is the thermal term. By use of 
these constraints 1.2 Mn neighbors are  observed for the Mn 
complex in PSII preparations poised in the S2 state. 

Table V contains a summary of the simulation results for 
the second shell of EXAFS of the Mn complex in the PSII 
preparations. On the basis of the analysis of model complexes 
we have found that inclusion of a shell of light atoms greatly 
improves the accuracy in the determination of the number of 
Mn atoms present (Guiles, 1988). Figure 9 contains the best 
fits to the second shell assuming a Mn neighbor and a carbon 
shell. 

The dominant consequence of the high disorder of the light 
atoms (carbons) present in the second shell in all the inorganic 
complexes is a mutual annihilation of EXAFS waves. One 
positive effect is that the scattering of transition metal 
neighbors tends to dominate the scattering characteristics of 
the outer shell, partially because of a lower disorder and 
partially due to the larger intrinsic backscattering power. The 
result is that simulation of the outer shell yields very accurate 
estimates of the distance to these dominant scatterers. For 
example, simulations of complexes 1 and 2 yield values that 
are  within 0.03 A of the crystallographic values (see Table 
VI).  It is also interesting to note that complex 4 exhibits two 
distinct Mn-Mn distances that differ by nearly 0.5 A. Sim- 
ulations of the second shell assuming one Mn-Mn distance 
and a shell of carbon atoms are totally inadequate to describe 
the complex beat pattern exhibited in the second shell of this 
model. As is evident from the simulation results, the distances 
to the neighboring Mn atoms in this complex are also accu- 
rately determined (again to within f0.03 A). 

Fits to the second shell of the Mn EXAFS of PSII prepa- 
rations poised in the S, state using the constraints on the 
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Table VI: Simulation Results for the Second Shell of Four Site Models; !&Weighted EXAFS Data 
Mn-Mn Mn-C 

model no. N R (A) u2 ( A 2 ) b  AEo N R (A) u2 (A2) AE" F 
1 0.8 (1.0) 2.72 (2.72) 0.005 (0.000) -1 1.4 (8.0) 3.07 (3.02) 0.010 (0.0092) 0.0 24.4 
2 1.0 (1.0) 2.72 (2.75) 0.005 (0.000) -10 1.1 (6.0) 2.88 (2.89) 0.010 (O.OOl5)  -2 9.0 
3 1.5 (3.0)c 3.25 (3.22) 0.005 (CO.001) 0 3.2 (6.0) 2.90 (2.94) 0.010 (0.0026) -1 70.3 

4 0.6 (0.5) 2.87 (2.85) 0.005 (0.000) -4 0.5 (2.0) 3.34 (3.34) 0.005 (0.0018) -9 0.4 

Numbers in  parentheses are EXAFS simulation parameters calculated from the crystal structure of each inorganic complex. Only the static 
contribution to the Debye-Waller has been calculated here. Since the thermal contribution is often as large as or larger than the static term, the 
simulated values are invariably larger than the calculated static values. *The Debye-Waller term for the Mn-Mn shell was constrained to reasonable 
values. 'The low number of manganese neighbors predicted by simulation of the EXAFS of this model is principally a consequence of the fact that 
two waves (Le., a Mn-Mn and Mn-C wave) are inadequate to describe the second shell EXAFS of this inorganic complex. A well-defined shell of 
oxygens at 3.44 A also exists in this complex. Inclusion of a third oxygen wave improves the fit quality substantially ( e g ,  F = 46) and yields a much 
better estimate of the number of manganese neighbors (e.g., 2.4). dComplex 4 has two Mn-Mn distances which differ by more than 0.5 A. Sim- 
ulations of this complex assuming a single Mn neighbor are inadequate to describe the complex beat structure exhibited by the EXAFS of this 
cornolex. 
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FIGURE 9: Fourier components (-) of the k3-weighted EXAFS of 
PSI1 preparations corresponding to the peak at longer distance in the 
Fourier transforms shown in Figure 7. Best fits to this outer scattering 
shell are  also plotted ( - -  -). The curves plotted in (a) a r e  the second 
shell spectra and fits of a PSI1 preparation poised in the S2 state. The 
curves plotted in (b) a r e  the second shell difference EXAFS spectra 
and fits of an S3 state preparation. The simulations plotted a re  
two-component simulations assuming a Mn-Mn wave and a Mn-C 
EXAFS wave. The results of these simulations are  contained in Table 
VI. 

Debye-Waller factors described above yield a smaller number 
of manganese neighbors (e.g., 0.6 Mn). It is important to note 
that the fit quality obtained with these constraints is sub- 
stantially poorer. The least-squares residual was 21, compared 
to 5.6 for the S2 state prepartion. Both the envelope shape 
and reduced amplitude of the the EXAFS waves due to second 
shell scatterers in samples poised in the S3 state (see Figure 
9) are indicative of a higher degree of disorder than is observed 
in the corresponding shell in the S2 state preparations. If the 
Debye-Waller factor for the Mn-Mn shell is allowed to float, 

substantially better fits a re  obtained, yielding larger values 
for the Mn-Mn Debye-Waller factor. Simulations of the S ,  
state second shell EXAFS of nearly equal quality to  those 
obtained for the S2 state preparation are  obtained when the 
number of apparent scatterers is the same as that obtained 
for the S2 state preparations (see Table V). 

Given that backscattering from the manganese tends to 
dominate, most probably the increase in disorder shown by 
the fits to the PSII Mn EXAFS upon advancing to the S ,  state 
is due to an increase in the spread of Mn-Mn distances. This 
indicates the presence of two inequivalent binuclear complexes 
in the S3 state or distortions in a higher nuclearity complex. 
Simulations including two inequivalent manganese neighbors 
for the manganese center of PSII indicate that if a hetero- 
geneity in the Mn-Mn distance exists, then the spread in this 
distance is approximately 0.15 A. The same conclusion can 
be drawn from the value of the Debye-Waller factor when 
a single Mn neighbor is assumed (e.g., the spread indicated 
by the Debye-Waller factors is 0.09 A for the S2 state and 
0.13 A for the S3 state). This indicates that the disorder 
observed in the second shell of the PSII preparations is due 
to variation in the Mn-Mn distance. 

Of the four inorganic model complexes, 2 matches the 
simulation properties of the second shell of the manganese 
complex in PSII most closely. As was the case with the first 
coordination sphere, the second shell EXAFS of complex 2 
bears a striking similarity to that of the Mn complex in PSII. 
In the simulations of both 2 and the manganese center in PSII, 
a short Mn-Mn distance (2.7 A) and a shell of carbon atoms 
near 3 A are obtained. When the scale factor obtained from 
2 is applied, 1.2 f 0.5 Mn neighbors are  obtained for the 
manganese cluster in PSII in the S2 state and 1.2 f 0.7 Mn 
neighbors for the S3 state. A single manganese dimer and two 
monomeric manganese sites would yield an average number 
of manganese neighbors equal to  0.5 per Mn,  which is in- 
consistent with the lower limit of the observed values of this 
range for the S2 state and a t  the lower limit of the range of 
the S3 state. Taken together with the results from the first 
coordination sphere and given the stoichiometry of four Mn 
per PSII reaction center, this implies the presence of two 
binuclear manganese structures or a mononuclear center and 
a trinuclear ~ o m p l e x . ~  

A linear trinuclear complex with the Mn atoms separated by -2.7 
A is unlikely because one would expect an intense Fourier peak at  -5 
A due to the focusing effect of the middle manganese atom. However, 
a bent trinuclear complex cannot be ruled out. 
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The magnitudes of Fourier peaks associated with Mn shells 
in the region around 3.2 8, in the EXAFS of compounds 3 and 
4 are substantially greater than features present in this region 
in the Fourier transform of the EXAFS of the PSII prepa- 
rations. This indicates that discrete tetranuclear complexes 
such as compounds 3 and 4 are not reasonable models for the 
Mn site in  PSII. Symmetric tetranuclear cubane-like com- 
plexes would be expected to yield an average number of Mn 
neighbors equal to three, which is also inconsistent with the 
number determined for the Mn complex in PSII. 

Recently, George et al. (1989) published results indicating 
a Mn-Mn neighbor a t  3.3 8, on the basis of EXAFS analyses 
of oriented chloroplast membranes. Previously, in a prelim- 
inary report (Guiles et al., 1987), we have reported a feature 
a t  R > 3 8, as possible evidence of scattering by a transition 
metal. This result was obtained from data generated by adding 
EXAFS data from a PSI1 sample i n  the SI state to those of 
one in the S, state in an attempt to increase the signal-to-noise 
ratio. We have not reproduced this observation with our 
current detection method. Thus we cannot state that we ob- 
serve features in the current data sets which confirm the report 
of George et al. Since George et al. (1989) do not report 
unoriented spectra, it is difficult to directly compare their 
results with ours. Nonetheless, we do not see features of a 
magnitude consistent with their observation in the region 
around 3.3 8,. We also do not see any evidence of a significant 
feature at 3.8 8, for which George et al. do not offer detailed 
explanations. It is important to note that the data of George 
et al. were recorded at  a different temperature (4 K) and have 
a higher signal-to-noise ratio than the data presented in this 
article. This higher data quality has enabled them to analyze 
their data out to higher k values than we have been able to 
do at  the present time. This may in part explain some of the 
differences observed. 

It is important to note that while Fourier isolation of in- 
dividual scattering shells can greatly facilitate convergence of 
the nonlinear least-squares minimization used in fitting the 
EXAFS, Fourier isolation also introduces distortions. Window 
functions often remove Fourier components of the EXAFS 
waves potentially important in defining the envelope shape and 
phase behavior. Simulating a Fourier isolate of a broader 
range of frequency components (e.g., including at least the two 
peaks in the Fourier transform shown in Figure 7) substantially 
reduces these distortions. Simulations of the EXAFS of the 
Mn complex in PSI1 poised in the S2 and S3 states performed 
on a Fourier isolate of both scattering shells largely confirm 
the results obtained by simulation of individual shells. Figure 
I O  contains the Fourier isolate of the first two shells together 
with a three-component fit including one Mn-Mn wave and 
two Mn-0  waves. Simulation results are indicated in the 
figure caption. 

Disc~ss io~  
Factors Limiting Complete S3 State Conversion. Of the 

two procedures used to prepare PSII membrane preparations 
poised in the S3 state, that involving ferricyanide oxidation 
yielded a significantly lower S2 state residual. This difference 
is principally due to the elimination of the competitive pho- 
tooxidation of cyt b559 that occurred in the PPBQ experiments. 
Previous EPR studies of PSI1 membranes (de Paula et al., 
1985) have shown that cytochrome b559 is the principal electron 
donor at  77 K.  These authors showed that only 0.9 f 0.1 
cytochrome of the 2 cytochromes present in PSII is photo- 
oxidized at  77 K .  However, they found that 2.1 f 0.2 cyto- 
chromes could be oxidized in the dark using ferricyanide. 
Thus, the 77 K illumination used in the oxidation of Q4M), using 

Guiles et al. 
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FIGURE I O :  Fourier components (-) of the /&weighted EXAFS of 
PSIl preparations corresponding to both peaks at in the Fourier 
transforms shown in Figure 7. Best fits to these scattering shells are 
also plotted (---).  The curves plotted in (a) are the spectra and fits 
of a PSIl preparation poised in the S2 state. The curves plotted in 
(b) are the difference EXAFS spectra and fits of an S3 state prep- 
aration. The simulations plotted are four-component simulations 
assuming a Mn-Mn wave and a Mn-C and two Mn-0 EXAFS waves. 
Results obtained for the two fits are as follows. For the S, state 
preparation EXAFS shown, simulations yielded 1.2 Mn nei hbors 
at 2.76 A, 3.4 carbons at 3.13 A, 1.4 oxygen ligands at 1.78 !, and 
2.0 oxygens ligands at 2.22 A. Debye-Waller factors for these three 
shells were 0.005, 0.010, 0.004, and 0.003 A', respectively. For the 
S3 state EXAFS, simulations yielded 1.2 Mn at 2.76 A, 2.0 carbons 
a t  3.15 A, 1.6 oxygens at 1.81 A, and 1.6 oxygens at 2.19 A. De- 
bye-Waller factors for these four shells are 0.013,0.010, 0.010, and 
0.006 A*, respectively. These results are in good agreement with results 
obtained from the simulation of individual scattering shells. Note 
that the constraints which were used in the simulation of the individual 
shells were also applied here. 

PPBQ, resulted in the oxidation of only about half of the 
available high-potential cyt b559. The remaining reduced cyt 
b559 was found to be a significant competitive donor in the 
second low-temperature illumination used to generate the S3 
state. These results confirm similar observations made by 
Styring and Rutherford ( 1  988) concerning the temperature 
dependence of of the S2 to S, state transition and provide a 
plausible explanation for the incomplete turnover. The PPBQ 
procedure used to generate the S3 state did have one significant 
advantage over the ferricyanide procedure; the charge-sepa- 
rated state attained following the double-turnover illumination 
procedure was found to be significantly more stable than that 
achieved in the ferricyanide experiments. 

The incomplete double turnover of PSII observed in the 
experiments using ferricyanide to generate Q400 is probably 
due to the presence of reaction centers in which Qdo0 is not 
functional. Ikegami and Katoh (1973) observed fluorescence 
induction behavior corresponding to as much as a full addi- 
tional acceptor equivalent in chloroplasts following ferricyanide 
oxidation and D C M U  treatment. However, Petrouleas and 
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Diner (1987) have found through an analysis of the decay 
kinetics of the C-550 band associated with pheophytin that 
the reoxidation of QA-Fe2+ exhibits biphasic kinetics. A fast 
25-ps component was attributed to reoxidation by Q400 while 
a slower (100-ps) component was attributed to electron 
transfer from Q A -  to Qe. Quantitation of the amplitude of 
each of these components led Petrouleas and Diner ( 1  987) to 
suggest that as little as 50% of the reaction centers contained 
oxidized acceptor-iron complexes. Thus, incomplete oxidation 
of Q400 may have been a limitation in observing a complete 
double turnover in all reaction centers. Alternatively, de Paula 
et al. (1985) have observed competitive donation of a radical 
species a t  low temperatures in preparations in which both 
cytochrome b559 centers had been chemically oxidized. Al- 
though a chlorophyll or carotenoid radical has not been ob- 
served a t  the temperatures of illumination used in the ferri- 
cyanide experiments, it is suggested that competitive donation 
by a chlorophyll or a carotenoid species may have contributed 
to the decreased yield of the S3 state. 

X-ray Absorption Edges. Manganese does not appear to 
become more oxidized during the S 2  - S3 transition. The 
average inflections of the Mn X-ray absorption edges of the 
three different S, state preparations were found to be within 
0.2 eV of the edge energy of the S, state preparations. The 
invariance in the energy of the edge and the shape of the edge 
indicate that the manganese cluster remains at  the same ox- 
idation state during the S, - S3 state transition. Significant 
changes in the structure of the Is  - 3d transition of the Mn 
K-edge of PSI1 preparations are observed during the SI  - S, 
state transition (Sauer et al., 1988). These changes indicate 
a valence change from Mn(ll1) to Mn(1V). The similarity 
of the preedge structure of the S3 state (see inset of Figure 
5) to the structure that we have previously reported for the 
S, state (Sauer et al.,  1988) implies that the oxidation state 
and site symmetry are unchanged during the S2 - S3 state 
transition. It might be argued that an increase in the valence 
of the manganese complex of PSI1 preparations poised in the 
S3 state relative to that of the S2 state might not be indicated 
by the expected increase in the energy of the Mn K-edge, 
owing to a coincidentally equal decrease in edge energy induced 
by a change in the site symmetry of the Mn complex occurring 
during the S, - S3 transition. However, it is highly unlikely 
that both the Mn K-edge energy and all other spectral features 
of the Mn K-edge would remain the same after both an ox- 
idation state change and a significant change in the symmetry 
of the complex. 

This absence of change in the K-edge energy and structure 
indicates that the oxidative equivalent stabilized on the donor 
side of PSI1 during the S, to S3 transition is stored on a 
redox-active center other than Mn. This result is surprising 
in light of the loss of the multiline EPR signal associated with 
the manganese complex in the S, state and suggests that the 
oxidative equivalent stabilized on the donor side of PSII is 
located on another intermediate donor very close to the 
manganese complex. W e  speculate that strong exchange 
coupling between an oxidized intermediate and the manganese 
complex results in a spin system with zero net spin or in an 
EPR-silent non-Kramers state.4 The rapid decrease in the 
magnitude of exchange coupling as a function of the distance 
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between paramagnetic centers (Coffman & Buettner, 1979) 
indicates that this putative paramagnetic intermediate is di- 
rectly ligated to the manganese complex or very near (C7 A, 
assuming a strong exchange coupling in the range of J - 100 
cm-I). Alternatively, strong dipolar coupling between this 
putative paramagnetic intermediate and the Mn species 
yielding the multiline signal could alter the relaxation prop- 
erties of the complex, resulting in an EPR signal that is too 
broad to be observed. The small change in the manganese 
structure between the S, and S3 states indicated by the EXAFS 
analyses is suggestive of a change in a species coordinated to 
the manganese complex. Aromatic species that are potential 
candidates for this putative intermediate are quinones (Goodin 
et al., 1984), tyrosines, histidines, or tryptophans (Sivaraja et 
ai., 1989). Tyrosines have recently been associated with the 
intermediate Z (Debus et al., 1988a,b). While partial oxi- 
dation of the substrate water might also explain the lack of 
change in the manganese oxidation state, a thermodynamic 
analysis of water oxidation chemistry indicates that this is 
unlikely (Krishtalik, 1986). It is of note that the current 
estimate of the number of quinones in PSII preparations is 
two per reaction center (Takahashi & Satoh, 1987). Since 
one of these is presumably QA, the remaining one is a possible 
candidate for the intermediate suggested here. 

The absence of changes in the oxidation state of the Mn in 
PSII during the S, - S3 transition is inconsistent with as- 
sertions made by Dekker et al. (1 984) based on UV difference 
optical spectroscopy studies. However, an alternative inter- 
pretation of UV difference spectra put forth by Lavergne 
(1985) suggests that there may not be a change in the oxi- 
dation state of manganese during this transition. More re- 
cently, these interpretations have been revised (Lavergne, 
1987). It should be noted that recently a consensus has been 
reached with regard to the nature and interpretation of specific 
absorption changes occurring during each S-state transition 
(Kretschmann et al., 1988). However, the assignment of 
specific oxidation state changes to the difference spectra ob- 
served in PSII can be difficult on the basis of optical difference 
spectra of structurally characterized multinuclear manganese 
complexes that could be prepared in more than one oxidation 
state (Vincent & Christou, 1986). 

On the basis of studies of proton relaxation rates as a 
function of flash number, Srinivasan and Sharp (1986) have 
asserted that there is no oxidation of manganese occurring 
during the S, to S3 transition. More recently, Rutherford and 
Styring ( 1  987) measured the microwave power saturation of 
signal II,,,, (D+) in different S states and found a change in 
PI,, in the SI to S2 transition, which they attributed to re- 
laxation enhancement due to oxidation of Mn(II1) to Mn(IV) 
in the 0,-evolving complex. No change was detected upon 
going from S 2  to S,, which they suggest indicates that Mn is 
not oxidized during this transition. While one would expect 
that the spin-state change during the S, - S3 transition, which 
is indicated by the loss of the multiline signal, would alter the 
spin relaxation properties of D+ or nearby protons, their 
conclusions are consistent with our interpretation of the Mn 
K-edge data. 

EXAFS Analysis. Consistent with the lack of changes in 
the edge, relatively subtle structural changes are  observed 
through analyses of the EXAFS of the manganese cluster in 
the S, and S3 states. This is true for PSII preparations poised 
in the S3 state by illumination at  low temperature, as well as 
for samples that were “thermally relaxed” by warming to room 
temperature in the dark. The small increase in disorder ob- 
served is inconsistent with the major structural rearrangement 

Recently, an EPR signal associated with the S3 state of Ca2+-de- 
pleted PSI1 preparations has been observed (Boussac et al., 1989). 
Consistent with our proposal, this signal centered at  around g = 2 and 
about I50 G wide has been attributed to an organic free radical inter- 
acting with the manganese complex. A similar signal has also been 
observed in our laboratory ( M .  J .  Latimer, personal communication), and 
by Baumgarten et al. (1989). 
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from a cubane-like tetranuclear complex to an adamantane- 
like complex (complex 3) that has been proposed to occur 
during this transition (Brudvig & Crabtree, 1986). 

This small increase in disorder in the second shell observed 
for the S3 state preparation is perhaps consistent with the 
apparent absence of enhancement of the second shell Fourier 
peak with increasing k weighting. Enhancement with k 
weighting for a scattering shell containing a heavy atom is not 
always observed. For example, Woolery et al. (1984) did not 
always observe enhancement of the second shell Fourier peaks 
in the EXAFS of hemocyanin (which contains a binuclear Cu 
complex with a Cu-Cu separation of 3.4-3.6 A), depending 
on the state of the preparation (e.g., oxidized, reduced, or 
inhibitor bound). Similarly, the Fourier peak due to the second 
Mn shell a t  a mean distance of 3.34 8, in the open butter- 
fly-like tetranuclear complex (complex 4) is not enhanced with 
increasing k weighting (Guiles, 1988). Note that the spread 
of Mn-Mn distances in the second Mn shell of this complex 
is 0.07 8,. The lack of enhancement is presumably due to beat 
effects between two Mn waves with similar frequencies, which 
alters the shape of the envelope of the EXAFS wave. 

Fine adjustments based on correction factors obtained from 
the inorganic complexes (complexes 2 and 4) which mimic the 
EXAFS behavior of the manganese in PSII suggest that the 
four manganese present are in the form of two di-p-oxo-bridged 
manganese binuclear complexes. Note that a structure con- 
sisting of a mononuclear center and a trinuclear complex is 
also consistent with the number of p-oxo bridges and Mn 
neighbors determined from the EXAFS analysis. This con- 
clusion is based on the remarkably similar parameter corre- 
lations of 2 with those of the Mn complex in PSII in both the 
first and second shells. However, the parameters obtained from 
the simulation of the EXAFS of the first coordination sphere 
of manganese in PSII in the S3 state strongly resemble those 
of 4. This open tetranuclear model (Complex 4) is a more 
disordered structure than any of the other three models. All 
four manganese present are  inequivalent (e.g., there are  no 
crystallographically imposed symmetry constraints). The 18 
different bond distances in the terminal ligation of this tet- 
ranuclear structure more closely approximate a continuous 
Gaussian distribution of distances, which apparently is ade- 
quately described by a single Gaussian Debye-Waller term. 
This may explain the significantly better fit obtained for the 
first coordination sphere of the manganese in the S3 state using 
only two oxygen waves. Note, however, that the general 
agreement with the crystallographic distances for the terminal 
shell of complexes 4 and 2 is very poor. This is presumably 
due to the disorder present in the mixed 0, N terminal co- 
ordination spheres in these complexes. Large absolute errors 
in the determination of distances to highly disordered shells 
have been described in other systems (Brown & Eisenberger, 
1980). The striking similarity of the fit parameters for the 
first shell indicates that a di-poxo-bridged structure with four 
inequivalent manganese centers is present in the O E C  in the 
S3 state. It is interesting to note that those inorganic complexes 
that exhibit EXAFS most similar to that of the Mn complex 
in PSI1 have heterogeneous ligation spheres containing both 
carboxylates and heterocyclic rings. On the basis of this 
observation, one may speculate that the manganese complex 
in PSI1 is ligated by a combination of carboxylates derived 
from acidic side chains and imidazole rings derived from 
histidine residues. 

CONCLUSIONS 
( I )  The use of the high-potential acceptor Qdo0 in a double 

turnover of PSI1 produced by a single low-temperature illu- 

Guiles et al. 

mination yields a PSII preparation with a substantial S3 state 
composition, 

( 2 )  The energy of the Mn K-edge is the same for PSII 
preparations poised in the S2 and the S, states. This implies 
that manganese is not oxidized during this S-state transition. 
The similarity of the preedge transition ( I s  - 3d), in am- 
plitude and shape, suggests that the site symmetry and oxi- 
dation state are  essentially unchanged during the S2 - S3 
transition. This evidence and the disappearance of the mul- 
tiline signal associated with the manganese complex are sug- 
gestive that the oxidative equivalent stored on the donor side 
of PSII during the S2 - S3 state transition is not stored within 
the manganese complex but is stored on another intermediate 
magnetically coupled to the manganese complex. 

(3) EXAFS analyses indicate that a small structural rear- 
rangement occurs during the S2 - S3 state transition and that 
an adamantane-like tetranuclear structure is not a reasonable 
site model for the S3 state. 

(4) Fine adjustments to the EXAFS simulation parameters 
based on inorganic models imply the presence of two di-p- 
oxo-bridged binuclear complexes in the oxygen-evolving com- 
plex of PSII. The absence of a change in the Mn K-edge, the 
disappearance of the multiline signal associated with man- 
ganese, and the increase in the disorder in the Mn scattering 
shell of the EXAFS of PSII  together suggest a mechanism 
of action in which the oxidation of an intermediate donor 
directly bonded to one of two binuclear complexes results in 
a small change in the Mn-Mn distance in that complex during 
the S I  - S, state transition. Likely aromatic species found 
in PSII that could serve this function are quinones, tyrosine, 
histidine, or tryptophan residues. 
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