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The structure of the Mn complex in the oxygen-evolving system and its mechanistic relation to photosyn- 
thetic oxygen evolution are poorly understood, though many studies have established that membrane-bound 
Mn plays an active role. Recently established procedures for isolating oxygen-evolving subchioropiast 
Photosystem II (PS II) preparations and the discovery of a light-induced multiline EPR signal attributable to 
the $2 state of the O2-evoiving complex have facilitated the preparation of samples well characterized in the 
S l and S 2 states. We have used extended X-ray absorption fine s ~ e  (EXAFS) spectroscopy to probe 
the ligand environment of Mn in PS II particles from spinach, and in this report we present our results. The 
essential feature of the EXAFS results are that at least two Mn atoms per PS H reaction center occur as a 

o 

binuclear species with a metal-metal distance of approx. 2.7 A, with low Z atoms, N or O, at a distance of 
approx. 1.75 ~, and at approx. 1.98 ~,, which are characteristic of bridging and terminal ligands. These results 
agree well with those derived from whole chloroplasts that provided the first evidence for a binuclear 
manganese complex (Kirby, J.A., Robertson, A.S., Smith, J.P., Thompson, A.C., Cooper, S.R. and Klein, 
M.P. (1981) J. Am. Chem. Soc. 103, 5529-5537). 

Introduction 

The oxidation of water to molecular oxygen in 
algae and higher plants involves the stepwise 
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Abbreviations: AcAc, acetylacetonate; Chl, chlorophyll; 
DMBQ, 2,6-dimethyl-p-benzoquinone; EXAFS, extended X- 
ray absorption fine structure; Hepes, 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid; Mes, 4-morpholineethane- 
sulfonic acid; PMSF, p-toluene sulfonylfluoride; PS, Photosys- 
tem; TPP, tetraphenylporphyrin. 

transfer of oxidizing equivalents by the Photosys- 
tem II reaction center. The oxidizing potential 
produced by the photosynthetic charge separation 
is stored at or near the site of water oxidation in a 
membrane-bound complex that contains manga- 
nese [1]. Though extensive studies over the past 
few decades have shown that manganese, CI- and 
PS II are somehow involved in this water-oxida- 
tion reaction, the mechanism of the reaction or the 
structure of the manganese-containing oxygen- 
evolving complex is poorly understood [2]. 

Kinetic studies of the 0 2 produced by pulses of 



saturating light have given rise to a model for the 
accumulation of oxidizing equivalents in which 
five intermediates S0-$4 operate in a cyclic fash- 
ion [3]. The identity of the S intermediates has not 
been established, but evidence implicates a form 
of membrane-bound manganese. Manganese-defi- 
cient algae do not evolve 02, and the inability can 
be overcome by the addition of Mn to deficient 
cells [4]. More recently the evidence for the associ- 
ation of manganese with the S state intermediates 
has emerged from the observation at low tempera- 
ture of a complex EPR signal in illuminated 
spinach chloroplasts [5-7], which is similar to that 
observed in a model dimeric Mn species [8]. The 
flash dependence of the multiline EPR signal led 
Siderer and Dismukes [5] to assign the signal to 
the S 2 s t a te  of the O2-evolving complex. The tem- 
perature dependence of the light-induced forma- 
tion and subsequent decay of the signal also indi- 
cates that it is correlated with the presence of the 
S 2 state of the O2-evolving complex [9]. Treat- 
ments that affect O 2 evolution, including alkaline 
Tris washing, cause the disappearance of this sig- 
nal and the apparent release of Mn to a form that 
is EPR detectable at room temperature [10]. 

We have recently reported the light-induced 
changes in the X-ray Mn K-edge spectra from PS 
II particles using the low temperature multiline 
EPR signal as an indicator of the S state composi- 
tion [11,12]. This is direct evidence that the mem- 
brane-associated Mn atoms participate in the 
light-driven storage of oxidizing equivalents at the 
PS II oxygen-evolving complex. 

Our previous results [13] indicative of a bi- 
nuclear manganese structure in the oxygen-evolv- 
ing complex were obtained from difference EX- 
AFS studies using whole chloroplasts. Broken 
washed chloroplast preparations typically contain 
4-6 Mn/PS II reaction center, and approx. 2/3 
of this quantity is released by treatments that 
specifically inhibit 02 evolution, such as alkaline 
Tris washing, mild thermal shock or high salt 
incubation [14]. Our approach was to use dif- 
ference EXAFS (active-minus-Tris-inactivated 
pool) to obtain the structure of the active Mn 
pool. More recently, the development of Photosys- 
tem II sub-chloroplast preparations that are more 
homogeneous in manganese content has simplified 
the data analysis and interpretation of the EXAFS 
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results, without requiring recourse to difficult dif- 
ference EXAFS studies. 

We have completed the EXAFS measurements, 
which provide a good method for determining the 
nature of the ligands and the distances at which 
they are bound to the central absorbing atom 
[15-17]. EXAFS is element-specific and hence well 
suited for situations where the metallo-enzyme 
cannot be isolated to purity or cannot be sep- 
arated from the organelle matrix. Few other spec- 
troscopic tools provide such specificity on the 
structure of the Mn complex in the photosynthetic 
apparatus. In this report we present the EXAFS 
results from the S 1 state of the PS II oxygen-evolv- 
ing complex using spinach PS II particles. 

The requirement for C1- on the donor side of 
PS II [18,19] and its involvement with the Mn 
containing complex has been established [20-23], 
and models have been presented suggesting that 
C1- ion could be ligated to Mn [19,24]. Since Br- 
ion is an effective replacement for CI- ion we have 
looked for differences in the high resolution EPR 
multiline spectrum in C1- and Br- containing PS 
II particles. Our studies indicate no variations in 
the fine structure of the EPR spectrum, suggesting 
that the halide ion is not involved in the first 
coordination sphere of the EPR active Mn com- 
plex [25]. We interpret our EXAFS results to 
arrive at a chemical model, which also addresses 
the question of halide ligation. 

Materials and Methods 

Preparation of O2-evolving PS II sub-chloro- 
plast membranes was accomplished by a modifica- 
tion of two different Triton X-100 fractionation 
procedures [26,27]. Broken chloroplasts were pre- 
pared from destemmed fresh market spinach by 
grinding in a Waring blender for 10-15 s at 4°C 
in a medium containing 20 mM Hepes (pH 7.5)/ 
0.4 M NaC1/2 mM MgC12/1 mM EDTA/50-100 
#M PMSF. The homogenate was strained through 
eight layers of cheesecloth and centrifuged at 4°C 
for 10 rain at 6000 x g. The pellet was suspended 
in 0.15 M NaC1/4 mM MgC12/20 mM Hepes 
(pH 7.5) and spun at 6000 × g for 10 min. We 
have found that it is important to complete the 
procedure from grinding to the washing stage 
within 30 min. The pellet was resuspended in a 
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buffer containing 50 mM Hepes (pH 7.5)/0.4 M 
sucrose/10 mM NaC1/1 mM MgC12 and filtered 
through four layers of miracloth. The filtrate was 
then spun at 100 × g for 30 s, the loose pellet 
discarded and the broken chloroplasts pelleted by 
a 10 min spin at 6000 x g. 

The pellet was suspended in 50 mM Mes (pH 
6.0)/15 mM NaC1/5 mM MgC12/1 mM sodium 
ascorbate to a concentration of 2 mg per ml Chl. 
Triton X-100 25% in Mes buffer was added with 
vigorous stirring to give a Triton X-100-to-Chl 
ratio of 25 : 1 (w/w). After incubation in the dark 
for 1 rain the suspension was spun at 100 × g for 2 
min. The pellet was discarded and the supernatant 
was centrifuged at 35000 × g for 10 min. The 
pellet was resuspended in 50 mM Mes (pH 6.0)/10 
mM NaC1/5 mM MgC12 and the loose pellet, 
after a 1000 x g spin was discarded, and the PS II 
sub-chloroplast membranes were pelleted by 
centrifugation at 35 000 × g for 10 min. 

The pellet was washed once more in the suspen- 
sion buffer containing 50 mM Mes (pH 6.0)/10 
mM NaC1/5 mM MgC12 and then spun at 35000 
× g for 1 h to give tightly packed PS II particles. 
The samples for X-ray absorption studies were 
about 20-30 mg per ml Chl and contained ap- 
prox. 30% glycerol. The Mn concentration as mea- 
sured by atomic absorption spectroscopy was 4-5 
Mn atoms/250 Chl. 02 evolution rates of 300-400 
/amol O 2 per mg Chl per h were assayed in sus- 
pension buffer containing 50 mM Mes (pH 6.0)/10 
mM NaC1/5 mM MgC12/500/aM DMBQ/1 mM 
K3Fe(CN)6/1 mM K4Fe(CN)6. 

The samples were dark adapted for 2 h at 4°C, 
equilibrated at 190 K in a Varian V 6040 NMR 
temperature controller and illuminated with a 400 
W tungsten lamp through a 5 cm water filter. The 
samples were again dark adapted for 2 h at 4°C 
and then frozen in liquid nitrogen. This preil- 
lumination was given to decrease the S o concentra- 
tion, which would otherwise constitute 25% of 
O2-evolving complex centers [3]. 

The EXAFS samples were mounted in lucite 
sample holders, with a sample area of 4 cm × 4 
mm for incidence of the whole X-ray beam upon 
the sample material. The samples were supported 
on the distal side by mylar film. The size of the 
sample holders was so chosen that they could also 
be inserted directly into an Air products Helitran 

cryostat for monitoring of the EPR spectrum of 
the sample. 

To ensure the functional and structural integr- 
ity of the samples we monitored the EPR spectra 
using a Varian E9 at approx. 8 K, before and after 
X-ray exposure. No multiline EPR signal char- 
acteristic of the S 2 state was observed in the S 1 
samples before or after X-ray exposure, confirm- 
ing that the sample was mostly in the S~ state. The 
02 activity was also assayed before and after 
X-ray exposure and no significant changes were 
observed, ensuring that radiation damage to the 
functional 02 evolving centers was minimal. 

The Mn compounds Mn(II)(AcAc)2, Mn(III) 
(A cA c)3  , and Mn(IV)O 2 were obtained commer- 
cially and Mn(III,IV)bipyridyl dimer was synthe- 
sized following the published procedure [8]. 

X-ray measurements and data analysis 
X-ray absorption spectra were obtained at the 

Stanford Synchrotron Radiation Laboratory, 
Stanford, CA during dedicated operation of the 
SPEAR storage ring, providing 40-80 mA elec- 
tron beams at 3.0 GeV. The Mn EXAFS spectra 
were obtained in fluorescence mode [28] on the 54 
pole wiggler beam line (VI-2, SSRL/EXXON/  
LBL beam line). The focused X-ray beam pro- 
vided fluxes of approx. 1.1013 photons, s -1 • 
mrad -1- eV -1 with about 1 eV resolution when 
equipped with a Si(400) double crystal mono- 
chromator. 

The samples contained in lucite holders were 
inserted in a temperature regulated cryostat in 
darkness, maintained at 170 K. At 170 K it has 
been determined that radiation damage is minimal; 
it is also a temperature where the S state system 
cannot advance beyond the S 1 state. The cryostat 
was fabricated in our laboratory. It consisted of a 
sample chamber which was insulated from the 
outside by two layers of Kapton. The sample 
temperature was regulated by controlling the flow 
of cooled N 2 boil off. Dry N 2 gas was circulated 
through the space between the layers of Kapton to 
inhibit frost formation, and air blowers were used 
on the outside to prevent water condensation on 
the cryostat. 

The incident intensity, I 0, of the X~ay beam 
was monitored by an ionization chamber and, F, 
the Mn X-ray K-edge fluorescence was measured 



using a plastic scintillation array similar to that 
described by Powers et al. [29]. The scintillation 
counters were constructed by attaching NE 104 
plastic scintillator (Nuclear Enterprises, 5.08 cm 
in diameter and 2.54 cm thick) to a EMI 9813B 
eleven stage photomultiplier (EMI Gencom). 
Spectral response of the tube was maximal at the 
wavelength appropriate to the scintillator emis- 
sion. The assembly was mounted in a light-tight 
tubular housing and protected from ambient light 
by two layers of 0.025 mm thick aluminized mylar 
film. Seven such counters were mounted in an 
array and approximately equidistant from the 
sample. The entire assembly was equipped with a 
Soller slit assembly and with Cr fluorescence 
filters, which consisted of 0.25 mm thick Be with 
Cr electrodeposited to a thickness of 0.013 mm 
[30]. To reduce extraneous scattered radiation from 
reaching the detector, a lead tape shielding was 
used around the detector assembly. The signal 
from each photomultiplier was passed through a 
constant fraction discriminator, and the output 
from each channel was stored in a Digital PDP 
11/34 computer. 

The data were analyzed as described in detail 
elsewhere [13,31] and only a brief summary will be 
presented here. For EXAFS analysis, many single 
scans were added after they were examined for 
satisfactory S/N, edge energy and absence of 
anomalies. Monochromator settings were con- 
verted to X-ray energy, and a linear background 
which set absorption prior to the edge to zero was 
subtracted from the averaged data. 

The EXAFS modulation of the absorption is 
given by the equation: 

X(k) = t~ NJ~k~ ~r) e-21~i/x(k) e-2"2(l') k2 

×sin(2kR, + ai( k ) } 

where N~ is the number of the ith type of back- 
scattering atoms at Ri, ~,(k) is the photoelectron 
mean free path, and f~(k, rr) is the backscattering 
amplitude of the ith atom (which is approx. Z / k  2, 
for k > 4.0 ,~-x, Z is the atomic number of back- 
scattering atom), o2(k) is the Debye-Waller factor 
describing the mean square displacement in R i 
(from thermal and static disorder), ai(k) is the 
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energy-dependent phase shift of the photoelectron 
caused by the potentials of both the absorbing and 
the backscattering atom, k is the magnitude of the 
photoelectron wave-vector given by 

k = ( 2 t o o ( E -  e 0 ) }  1/2 
h 

where m e is the electron mass, E is the X-ray 
energy and E 0 is the edge energy [15-17]. 

The EXAFS modulation x (k )  was extracted 
from the data by subtracting a cubic spline fit to 
remove the isolated atom or background contribu- 
tion and normalized to one absorbing atom by the 
magnitude of the edge. Generally, x(k)  is multi- 
plied by k 3 to compensate for the I l k  3 depen- 
dence of x(k) .  However, this also increases the 
noise of the data at higher energies. Because we 
are dealing with a very dilute system (Mn con- 
centration of approx. 500-800 #M) and the S / N  
ratio is relatively small, we chose to multiply our 
data by k 1. Fourier transformation of the back- 
ground-subtracted data produces a radial distribu- 
tion of photoelectron backscattering as a function 
of apparent distance R' --- R + ½a(k) where R is 
the true distance from the absorbing atom, and 
a(k) is the phase shift of the absorber-scatterer 
pair due to their respective potentials [32,33]. The 
contribution that each shell makes to the EXAFS 
was determined by applying a window function 
prior to back transformation of the individual 
R'-space feature to k-space. The back-transformed 
data were then fit by the Teo-Lee method [34], 
which uses theoretical values for the amplitude 
and phase functions. The values of the average 
distance, R, the number of scatterers, N, at dis- 
tance R, the Debye-Waller factor, o, and the 
threshold energy, E0, are simultaneously fit with a 
nonlinear least-squares fitting program. The final 
step is to perform multishell fits on a Fourier-iso- 
lated k-space spectrum which includes all of the R 
space peaks of interest. This method is used to 
remove the residual low-frequency background and 
high-frequency noise, thereby greatly improving 
the precision of the fits. 

Results 

A representative signal-averaged fluorescence- 
detected Mn X-ray absorption spectrum is shown 
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in Fig. 1 for spinach oxygen-evolving PS II par- 
ticles in the S 1 s ta te .  In the kLmultiplied, back- 
ground-subtracted EXAFS portion of the data 
(Fig. 2), it can be seen that the EXAFS mod- 
ulations are complicated and are characterized by 
contributions from two or more sinusoidal oscilla- 
tions. Similar ligand atoms at a unique distance 
would give rise to a single modulation frequency. 
The more complex spectrum observed points to a 
structure with more than one distance or type of 
scatterer or both. 

The contribution of the various scattering shells 
to the EXAFS spectrum becomes more evident in 
the Fourier transform of the k-space data, which 
produces a radial distribution of the photoelectron 
backscattering, as illustrated in Fig. 3. The peak 
labelled I at R'  = R + { a ( k )  of approx. 1.1 ~, is 
due to the nearest-neighbor atoms (first shell). The 
second peak labelled II occurs at an R'  of approx. 
1.6 ,~ and is from a second shell of ligands. These 
two Fourier peaks occur at distances from Mn 
characteristic for bridging and terminal N or O 
ligands in /~-oxo bridged binuclear Mn clusters 
[35]. The third Fourier peak III at R'  of approx. 
2.2. ~, is characteristic of a scattering contribution 
from a transition metal, in this case probably 
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Fig. 2. Background-removed Mn EXAFS data x(k) ,  multi- 
plied by k 1 and normalized to unit edge rise by extrapolation 
of the smooth free-atom background, is plotted as a function 
of the photoelectron wave-vector k. The dotted line is the 
Fourier-filtered curve. 

another Mn atom [35]. Note the real distances are 
larger than R'  by a /2 ,  because a is less than zero. 

The Fourier peaks at larger distances (more 
than 3.0 ~,) may be due to scattering from further 
coordination shells. Previously such shells have 
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Fig. 1. X-ray absorption spectrum of Mn in PS II particles 
from spinach in the S 1 state. A smooth background has been 
removed, which sets absorption prior to the edge to zero. Data 
were collected by fluorescence F, and I 0 is the incident 
intensity. ,blormalized F / I  o is plotted as a function of X-ray 
photon energy in eV. 
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Fig. 3. Fourier transform of the k l x ( k )  data of Mn in the S 1 
state. The Fourier transform is for the data set from k = 3.0 to 
11.5 .~. Note that the amplitude of the transform is plotted as a 
function of R'= R + ½a(k), where R is the distance of the 
scattering atom from Mn and ½a(k) is the phase shift of the 
absorber-scatterer pair due to their rcspoctivc potentials. 



b e e n  o b s e r v e d  in  m e t a l - i m i d a z o l e  a n d  
meta l -h i s t id ine  complexes ,  where  they were at t r i -  
b u t e d  to the  C a toms  of  the  imidazole  r ings [36,37]. 
The  s ignal - to-noise  of  our  da t a  prec ludes  any such 
def ini t ive  ass ignments  at  this t ime. 

W e  also examined  the Four i e r  t r ans fo rm of  the 
k3-mul t ip l i ed  E X A F S  d a t a  (not  shown).  The  pur-  
pose  in examin ing  k 3 t rans forms  is to suppor t  our  

iden t i f ica t ion  of  the scat ter ing elements.  Theore t i -  
cal backsca t t e r ing  ampl i tudes  ob ta ined  by  Teo 
and  Lee [34] show that  as the a tomic  number  
increases  (1) the m a x i m u m  po in t  of  the back-  
scat ter ing cross sect ion moves  to higher  k values 
and  (2) the to ta l  backsca t t e r ing  capabi l i ty  in-  
creases. These  character is t ics  imp ly  that  if two 
di f ferent  a toms  are at  the same distance,  then the 
heavier  one will backsca t t e r  more  eff icient ly at  
h igher  k and  if the E X A F S  spec t rum is mul t ip l ied  
b y  k 3 then the t r ans fo rm peak of  a heavier  a tom 
will be preferen t ia l ly  enhanced.  This  behav iour  
usual ly  permi t s  the t r ans fo rm peaks  of  the heavier  
a toms  to be  ident i f ied.  This  me thod  of  analysis  
suppor t s  our  conclus ions  that  peak  I I I  in the 
Fou r i e r  t r ans form is due to a t rans i t ion  meta l  (in 
this case p r o b a b l y  an M n  a tom)  and  the Four i e r  
peaks  I and  II  are f rom low Z scat terers  l ike N or  
O a toms  [38]. 

Fig. 4 shows the Four ie r - f i l t e red  E X A F S  mod-  
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u la t ions  associa ted  with  the three Four i e r  peaks  I, 
I I  and  III .  These  f i l tered da t a  were fit to phase  
and  ampl i tude  funct ions  ob ta ined  f rom theoret ica l  
ca lcula t ions  by  the me thod  of  Teo and  Lee, and  
the bes t  fit  is supe r imposed  on the data .  

The  bes t  fit pa r ame te r s  are tha t  each M n  a tom 
is coord ina ted  to 3.25 N or  O l igand a toms  at  a 
d i s tance  of  1.98 ,~, 2.27 O or N l igand a toms  at 
1.75 ,~ and to 0.68 M n  a toms  at  a d is tance  of  2.69 
A. The  uncer t a in ty  in R is + 0.03 A. Signif icant  
cor re la t ions  exist be tween N and  a, mak ing  the 
er ror  in N approx.  20%; it can be as high as 
approx.  50% [39]. However ,  we emphas ize  that  the 
uncer ta in ty  is mos t ly  in the number  of  scat terers  
N; the rad ia l  dis tances,  and  the iden t i ty  of the 
scat terers ,  n i t rogen and  oxygen in two shells and  
M n  in the third shell, are  essential  for any  rea-  
sonable  fit. The  results  are  summar ized  in Table  I. 

Because of the impor t ance  of  the result  re- 
ga rd ing  the existence of  a ne ighbor ing  M n  atom,  
we analyzed  the peak  label led  I I I  separately.  The  
Four ie r - f i l t e red  ba c k t r a ns fo rme d  k-space  da t a  are 
shown in Fig. 5 with the best  theoret ica l  fit. The  
bes t  fit is 0.77 M n  a toms  at a d i s tance  of 2.67 ,~. 

Typica l  M n - C 1  dis tances  in mode l  complexes  
l ike C1Mn(I I I )TPP are 2.37 ,~ [40] and  can be  as 
large as 0.247 n m  in some complexes  [41]. A C1 
a t o m  at this d is tance  would  give rise to a Four i e r  
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P h o t o e l e c t r o n  W a v e v e c t o r  
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Fig. 4. Fourier filtered EXAFS data from the Fourier peaks 
labelled I, II and III in Fig. 3. The filter window for the back 
transform was from R' 0.0 to 2.75 ,~. The dotted line is the 
best fit to the EXAFS data using theoretical phase and ampli- 
tude functions derived using the Teo-Lee method [34]. 

TABLE I 

PARAMETERS EXTRACTED FROM THE Mn EXAFS 
DATA OF PS II PARTICLES IN THE S 1 STATE, 
ACCORDING TO THE TEO-LEE METHOD 

R is the distance from the Mn to the various scatterers 5:0.03 
.~. N is the coordination number +20%. AE 0 is the difference 
between the best fit E 0 and the energy at the top of the edge. 
The Debye-Waller factor a used in the above simulations was 
fixed at a value of 0.022 A. The least-square error weighted by 
k I for the 3-shell fit is 0.075 and for the 1 shell fit is 0.018. 

R N AE 0 
(A) (eV) 

3-shell fit 
I Mn-N or O 1.76 2.27 - 5.3 

II Mn-N or O 1.98 3.25 - 19.9 
III Mn-Mn 2.69 0.68 - 9.7 

1-shell fit 
III Mn-Mn 2.67 0.77 - 16.1 
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Fig. 5. Fourier filtered Mn EXAFS data from the Fourier peak 
labelled III in Fig. 3. The Fourier window was from R' =1.8 to 
2.75 ,~. The dotted line is the best fit to the EXAFS data using 
curve-fitting techniques explained in the text. The best fit is 
0.77 Mn atoms at 2.67 ,~ nm. 

peak at an R '  of approx. 0.2 nm. The Fourier 
transform shown in Fig. 3 is devoid of any such 
feature. Another alternative that we considered is 
that Cl exists at an atypical distance in this com- 

~_ / 2 / /  , ~ -  

E" / ';' ' " 
Z / 

l s - 3 d  / 

, . . . .  

6 5 3 0  6 5 4 0  6 5 5 0  6 5 6 0  6 5 7 0  

X - R a y  P h o t o n  E n e r g y  ( e V )  

Fig. 6. The solid line is the X-ray absorption Mn K-edge 
spectra of Mn in spinach PS II particles in the Sl state. The 
Mn K-edge inflection is at 6550.4 eV. The small pre-edge 
absorption at approx. 6543 eV is due to the ls-3d bound-state 
transition. The Mn K-edge spectra of (1) . . . . .  , Mn(AcAc)2; 
(2) - - - - - ,  Mn(IIIXAeAc)3; (3) . . . . . .  , Mn(III,IV)bipyridyl 
dimer; and (4) . . . . . .  , Mn(IV)O 2 are shown for comparison. 

plex. Accordingly, we tried forcing a fit using C1 
phase and amplitude functions; however, we were 
unable to arrive at any physically resonable 
parameters. The analysis of the data rules out a 
model in which any C1 is bound to Mn in the first 
coordination sphere in the S 1 state. 

The Mn K-edge spectrum of a spinach PS II 
preparation in the S l state is presented in Fig. 6 
(solid line). The dashed lines are the Mn K-edge 
spectra of model complexes Mn(II)(AcAc)2, 
Mn(III)(AcAc)3, Mn(III,IV)bipyridyl dimer and 
Mn(IV)O 2 from left to right. The $1 inflection 
point lies close to that of the Mn(III) complex. 
Also a small pre-edge shoulder, which is due to a 
l s - 3 d  bound state transition is observed in the S 1 
Mn K-edge spectrum. 

Discussion 

Our deductions of the structure of the Mn 
complex in PS II oxygen-evolving particles con- 
firm our earlier conclusions based on measure- 
ments on intact thylakoids [13]. The results are 
consistent with a binuclear Mn structure with a 
M n - M n  distance of 2.68 ,~ (average from the 
three shell and one shell fits), with each Mn 
coordinated to 3 + 1 N or O terminal ligands at 
1.98 A and 2 + 1 N or O bridging ligands at a 
distance of 1.75 A. This structure agrees well with 
our results obtained from whole chloroplast dif- 
ference EXAFS and closely resembles the pub- 
lished crystal structure parameters for the di-#-oxo 
tetrakis(2,2'-bipyridine) dimanganese(III,IV)per- 
chlorate [35]. 

Preliminary EXAFS results from PS II particles 
from spinach in the S 2 state and from the thermo- 
philic bacterium Synechococcus also indicate a 
binuclear bridged structure. The results are being 
prepared for publication. 

EPR evidence for the direct involvement of Mn 
in the S state cycle has been provided by the 
observation of a light-induced EPR signal at low 
temperature [5,6]. Based on the hyperfine struc- 
ture and its similarity to the bipyridyl di-#-oxo 
Mn dimer, Dismukes et al. proposed a weakly 
exchange coupled Mn(III,IV) binuclear or a 
Mn(III ,III , III , IV) tetranuclear cluster [7]. Based 
on the EXAFS data it is possible to choose be- 
tween these two alternate structures by directly 
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measuring the coordination of the Mn atoms in 
the PS II complex. 

However, it is necessary to note that EXAFS 
data provide a composite measure of the coordi- 
nation of all of the Mn atoms in the system. 
Therefore, it is important and pertinent to discuss 
(1) the homogeneity of the Mn present in the PS 
II system, (2) whether a multinuclear Mn center 
exists and, if it does, (3) whether it is binuclear or 
tetranuclear. Our data for the $1 state indicate 
that each Mn atom sees on an average 0.68-0.77 
Mn atoms at a distance of 2.68 A. Considering the 
uncertainty inherent to the method this suggests 
that each Mn atom is associated with 0.5-1.0 Mn 
atoms. 

It is generally agreed that the PS II subchloro- 
plast system contains 4 Mn a toms /PS  II reaction 
center assuming 250 Chl per reaction center 
[42-44]. A tetrameric Mn structure with equidis- 
tant Mn centers would give a Mn coordination 
number of 3.0, which is beyond the limits of the 
error inherent in our measurements. Possibilities 
which would be consistent with our data are (A) 
two equivalent binuclear complexes, which would 
give an average Mn coordination of 1.0 per Mn 
atom, or (B) one binuclear complex with 1 or 2 
other Mn atoms incorporated as monomers, which 
would arrive at an Mn coordination of 0.5 or 0.66, 
both of which are within the limits of the uncer- 
tainty of our measurements and analytical proce- 
dures. 

Our Mn X-ray K-edge data (Fig. 6) show that 
the Mn K-edge inflection occurs at about 6550.4 
eV, which is close to the Mn K-edge of Mn(III) 
complexes. The Mn(II) oxidation state, which 
would be the likely oxidation state of non specifi- 
cally bound Mn, has a K-edge at about 6542-6548 
eV [45]. This suggests that most of the Mn is in a 
specific environment. This conclusion is supported 
by the presence of the pre-edge feature in the edge 
spectrum at approx. 6543.0 eV, which is assigned 
to the l s - 3d  transition and is characteristic of 
non-centrosymmetric complexes [46] or exchange 
coupled binuclear complexes [47]. It is not ob- 
served in non-specifically bound Mn complexes 
(similar to Mn(II)aqueous) and it is a good indica- 
tor that most of the Mn in the PS II particle is in a 
specialized non-centrosymmetric environment. 
EXAFS data and the Mn K-edge data can accom- 

modate one binuclear cluster with one or two 
other Mn atoms with a III or IV oxidation state, 
and which are further than 0.3 nm from the bi- 
nuclear cluster or the model consisting of two 
equivalent Mn binuclear clusters. 

Both alternatives are consistent with the recent 
proposals for two interacting paramagnetic centers, 
which have been advanced to explain the tempera- 
ture dependence and power saturation properties 
of the multiline EPR spectrum [48]. Also, recent 
absorbance difference studies by Van Gorkom 
[49] have indicated the requirement for 3 Mn 
atoms in the S state cycle. 

Finally, one of the models proposed to explain 
the C1- effect requires that C1- be a ligand to Mn 
[19,24]. Our EPR studies with C1- and Br-  sub- 
stituted PS II particles have failed to show any 
such invovlement of the halide in the first coordi- 
nation sphere of the EPR active Mn in the S 2 state 
[25]. This is consistent with our EXAFS results, 
where we find no evidence for C1 binding in the 
first coordination shell of Mn in the S 1 state. It is 
possible that the halide is needed for electron 
transport between two binuclear complexes or be- 
tween one binuclear complex and another special- 
ized Mn atom; however, the halide must be more 
than approx. 3.0-4.0 ,~ from either center. 
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