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X-ray absorption spectroscopy at the Mn K-edge has been utilized to study the origin of the g = 4.1 EPR 
signal associated with the Mn-containing photosynthetic O2-evolving complex. Formation of the g--4 .1  
signal by illumination of Photosystem II preparations at 140 K is associated with a shift of the Mn edge 
inflection point to higher energy. This shift is similar to that observed upon formation of the S 2 multiline 
EPR signal by 190 K illumination. The g = 4.1 signal is assigned to the Mn complex in the S 2 state. 

The O2-evolving complex cycles through five 
intermediate oxidation states, labeled So-S 4. The 
S 4 state spontaneously decays to produce 02 and 
the S o state. Recent research has sought to define 
the structural nature of these intermediates and 
the mechanism of electron transfer from the O z- 
evolving complex to the photochemical reaction 
center. Manganese is an essential cofactor of the 
O2-evolving complex [1]. EXAFS studies are con- 
sistent with a bridged binuclear Mn structure for 
the S 1 [2] and S 2 [3] states. A multiline EPR 

* This paper is No. 6 in the series 'The state of manganese in 
the photosynthetic apparatus'. 

Abbreviations: Chl, chlorophyll; Mes, 4-morpholineethane- 
sulfonic acid; cytochrome b-559 HP, cytochrome b-559 (high- 
potential form); EXAFS, extended X-ray absorption fine struc- 
ture. 
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signal is associated with the S 2 state [4,5] and has 
been assigned to a mixed-valence Mn cluster [4], 
with recent work favoring a tetrameric Mn struc- 
ture [6]. The S 2 multiline EPR signal may be 
trapped by rapid cooling following a single flash 
at room temperature [4] or by continuous il- 
lumination at 190 K [5]. Recently, Casey and 
Sauer reported that illumination at 140 K gener- 
ated a broad EPR signal centered at g =  4.1, 
which relaxed on warming to 190 K in the dark to 
produce the multiline signal [7]. The g = 4.1 signal 
was assigned to a species functioning as an elec- 
tron transfer intermediate between S 1 and the 
reaction center. In contrast, Zimmerman and 
Rutherford cogenerated the g = 4.1 and multiline 
signals on illumination at 200 K, and assigned the 
g = 4.1 signal to an intermediate between the states 
S 2 and S 3 [8]. More recently, these authors dem- 
onstrated that several common cryoprotectants or 
ethanol inhibit the formation of the g = 4.1 signal 
above 140 K [9]. In the absence of cryoprotec- 
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tants, the g = 4.1 signal exhibits period four oscil- 
lations following a train of room temperature 
flashes, with maxima on the first and fifth flashes. 
These observations have provided strong evidence 
that the g = 4.1 signal is actually associated with 
the S 2 state [9]. De Paula et al. [10] have proposed 
that both of these signals arise from the same Mn 
site. Based on studies of the temperature depen- 
dence of the signals, these authors have assigned 
the multiline signal to an S = 1 /2  excited state 
and the g = 4.1 signal to an S = 3 / 2  ground state 
of two different configurations of the Mn complex 
[6]. In this scheme, on warming from 140 K to 200 
K a change in the Mn magnetic exchange cou- 
plings causes a decrease in the spacing between 
these two levels, which results in population of the 
S = 1 /2  excited state. However, thermal depopu- 
lation of the S = 1 / 2  state on cooling to 4 K is 
not accompanied by formation of a g = 4.1 fea- 
ture associated with the S = 3 / 2  spin state; con- 
versely, no multiline signal is detected if samples 
illuminated at 140 K are examined at 20-30 K in 
the spectrometer [6]. Thus, the mechanism by 
which the g = 4.1 signal is converted to the multi- 
line signal by the effect of warming or action of 
cryoprotectants is not yet clear, but it must in- 
volve some conformational changes of the Mn 
complex. 

While the association of the g = 4.1 signal with 
the S 2 state is reasonably certain, the absence of 
resolved 55Mn hyperfine structure precludes mak- 
ing a definite assignment to the Mn complex. We 
have addressed this question utilizing X-ray ab- 
sorption spectroscopy at the Mn K-edge. This 
technique probes the oxidation state and site sym- 
metry of the Mn complex and is element specific. 
Observations of a light-induced positive shift in 
the manganese X-ray absorption edge energy, cor- 
related with the production of the S 2 multiline 
EPR signal, provided direct evidence for the 
oxidation of Mn at the S 1 --, S 2 transition [11,12]. 
In this paper we examine the changes in the Mn 
edge which accompany formation of the g = 4.1 
EPR signal. 

O2-evolving Photosystem II preparations were 
prepared by Triton X-100 extraction of spinach 
chloroplasts as previously described [2]. Samples 
were suspended at 20-30 mg C h l / m l  in 50 mM 
Mes /15  mM NaC1/5 mM MgC12 (pH 6.0) with 

about 30% glycerol added as a cryoprotectant and 
were loaded into lucite sample holders. Following 
1 h of dark adaptation at 4°C, the samples were 
frozen to 77 K until use. Prior to illumination, 
samples were equilibrated at 140 K or 190 K in an 
unsilvered nitrogen gas-flow dewar. At these tem- 
peratures reoxidation of QA is blocked [13], thus 
limiting the donor side to a single turnover. Sam- 
ples were illuminated for 2 min in this dewar by a 
400 W tungsten source filtered through a 5 cm 
water bath. X-ray absorption spectra were ob- 
tained at the Stanford Synchrotron Radiation 
Laboratory, Stanford, CA, on beam line IV-1 dur- 
ing dedicated operation of the SPEAR storage 
ring. Energy resolution was 1 eV using an S i ( l l l )  
double crystal monochromator.  The uncertainty in 
the measurement of the edge inflection energy is 
+ 0.1 eV. Edge spectra were taken in the fluores- 
cence mode using a plastic scintillator array as 
previously described [2]. Energy calibration was 
provided by simultaneous measurement of the 
narrow 'white-line'  feature of KMnO 4 with each 
scan. During X-ray measurements, the sample 
temperature was maintained at about 150 K in a 
nitrogen gas-flow cryostat. EPR spectra were re- 
corded before and after X-ray exposure with a 
Varian E-109 spectrometer equipped with an Air 
Products Model LTR liquid helium cryostat. 
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Fig. 1. The g = 4.1 EPR signal induced upon illumination at 
140 K. The spectrum of the dark-adapted sample has been 
subtracted. The sharp feature at g = 4.3 is a subtraction artifact. 
Spectrometer conditions: temperature, 8 K; microwave power, 
50 mW; microwave frequency, 9.2 GHz; modulation ampli- 
tude, 32 G; modulation frequency, 100 kHz; scan time, 4 min: 
time constant, 128 ms. 
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Fig. 2. Effect of 140 K illumination on the X-ray absorption 
K-edge spectra of Mn. Spectra are of a dark-adapted ($1) 
sample and the same 140 K illuminated sample as in Fig. 1. 
The spectra were collected at 150 K in darkness. A linear 
pre-edge background was subtracted from the edge spectra and 
the data were smoothed for presentation by linear regression 
over fixed 2.7 eV regions about each point, 

Fig. 1 shows the E P R  difference spec t rum in- 
duced  upon  i l lumina t ion  of  a Pho tosys tem II sam- 
ple  at  140 K. Several  l igh t - induced  features  are 
appa ren t :  the b r o a d  g = 4.1 signal,  a low ampl i -  
tude  mul t i l ine  signal centered  abou t  g = 2, a peak  
near  g = 3.1 represent ing  the gz feature  of  the 
spec t rum of  oxid ized  cy tochrome  b-559 H P  and 
the b r o a d  QA signal  at g = 1.9. The  g = 4.1 signal  
conta ins  a na r row sub t rac t ion  ar t i fact  owing to 
the presence of a sharp  fea ture  at  g = 4.3 in the 
da rk  spectrum.  The  mul t i l ine  amp l i t ude  is abou t  
25% of that  induced  on i l lumina t ion  at 190 K (see 
Fig.  3). A decrease  of  up to 20% in the amp l i t ude  
of  the l igh t - induced  E P R  signals was somet imes  
observed  fol lowing X- ray  spect roscopy.  Because 
the O2-evolut ion act iv i ty  is not  s ignif icant ly  de- 
c reased  fol lowing exposure  to the X-ray  b e a m  [11], 
this loss in signal amp l i t ude  is p r o b a b l y  due  to 
charge  r ecombina t ion  and  not  X- ray  damage.  

The  M n  K-edge  abso rp t ion  spec t ra  of the same 
sample  exhibi t ing  the g = 4 . 1  E P R  signal and  
ano ther  sample  poised  in the S 1 state are com- 
p a r e d  in Fig.  2. A shift  in the abso rp t ion  edge to 
h igher  energy is a p p a r e n t  in the 140 K i l lumina ted  
sample.  Because M n  is not  assoc ia ted  with the 

397 

-3 

g 

P 

o 

E 
o 

w 

E 

y _  

10 

I l ium. 190 K ( ~  

/ 

J40:  
0 - - ~ a r k _ a d a p t e d  (51) 

6551.0 6 5 5 2 0  6 5 5 3 . 0  

K - e d g e  i n f t e c t i o n  po in t  (eV) 

Fig. 3. Mn K-edge inflection energy plotted against multiline 
EPR signal amplitude for samples which were dark-adapted 
and illuminated at 190 K or 140 K. The edge inflection 
energies were determined by fitting the spectra to quadratic 
polynomials over 2.7-6.8 eV regions about each point and 
taking the first derivative of the smoothed data. The edge 
inflection energies did not vary systematically with the energy 
width of the smoothing function. Multiline EPR amplitudes 
were taken as the sum of peak-to-peak amplitudes for five lines 
downfield from g = 2. A linear least-squares line is drawn 
through the dark-adapted (SI) and 190 K illuminated ($2) 
data points. 

accep tor  QA or  the compet i t ive  donor  cy tochrome 
b-559, this shift is cor re la ted  with the g =  4.1 
signal.  N o  s ignif icant  changes in the edge struc- 
ture are apparen t .  Both spect ra  con ta in  a pre-edge  
l s - ~  3d  t rans i t ion  at  abou t  6543 eV which be- 
comes  al lowed in a noncen t rosymmet r i c  coord ina-  
t ion environment. Because we have observed  no  
signif icant  changes  in the Mn E X A F S  features  
upon  fo rmat ion  of  the S 2 state by  i l lumina t ion  at  
190 K [3], it is unl ikely  that subs tant ia l  changes  in 
the s t ructure  of  the Mn complex  are induced  at 
140 K. Thus, the edge shift  most  l ikely reflects a 
change  in M n  ox ida t ion  state and  not  a redis t r ibu-  
t ion of e lectron dens i ty  at  Mn due to l igand 
rea r rangement  or  exchange.  The  absence  of a 
change  in the edge shape is also consis tent  with a 
s imple  ox ida t ion  state change.  The  edge inf lect ion 
energy was 6551.3 eV for the S 1 sample  and 
6552.8 eV for the sample  exhibi t ing the g = 4.1 
signal.  This 1.5 eV shift  is of  s imilar  magn i tude  to 
wha t  is observed upon  fo rma t ion  of  the S 2 mul t i -  
l ine EPR signal at 190 K (see Fig. 3 and Ref. 3). 
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Thus, formation of either the multiline or the 
g = 4.1 signal results from a similar Mn oxidation 
state change. 

Because some multiline signal is induced in the 
samples illuminated at 140 K, it is possible that 
the edge shift is associated not only with the 
g = 4.1 signal but also with the multiline signal. 
To test this possibility, we have constructed a 
correlation plot of the edge shifts observed in 
several samples illuminated at 190 K or 140 K 
versus the amplitude of the multiline signal (Fig. 
3). A best fit line is drawn through the dark- 
adapted and 190 K illuminated sample data points. 
As we previously reported [11,12], there is a good 
correlation between the amplitude of multiline 
signal and the magnitude of the edge inflection 
energy shift for the samples illuminated at 190 K, 
and the data for the illuminated samples cluster 
along the upper portion of the correlation line. 
However, data points for samples illuminated at 
140 K fall in a separate domain to the lower right 
portion of the plot and are quite distant from the 
correlation line. The distribution in the edge in- 
flection energies and multiline signal amplitudes 
within each set of illuminated samples reflects 
some variation in S-state composition. The maxi- 
mum edge shift for the samples illuminated at 140 
K is about the same as that induced at 190 K, but 
it is much larger than expected on the basis of 
correlation with multiline signal amplitude. Thus, 
formation of the g = 4.1 signal is directly associ- 
ated with the observed edge shift. 

Our results provide direct evidence that the 
formation of the g = 4.1 signal is correlated with 
the oxidation of Mn and thus arises from the 
Mn-containing Oz-evolving complex. The similar- 
ity of the Mn edges from samples poised in the S 2 
state by illumination at 190 K and from samples 
exhibiting the g = 4.1 signal is strong evidence 
that the g = 4.1 signal is another Sz-state EPR 
signal, in agreement with the assignment of 
Zimmerman and Rutherford [9]. Our data also 
support the model that the g = 4.1 and multiline 
signals both arise from the Mn complex [10]. 
However, any structural differences between the 

centers which may give rise to the g = 4.1 and 
multiline signals are not apparent in the Mn edge 
spectra and remain unclear. 

We thank Richard Storrs for help with data 
collection and the staff at SSRL for their assis- 
tance. This work was supported by grants from 
the National Science Foundation (PCM 82-16127 
and PCM 84-16676) and by the Director, Office of 
Energy Research, Office of Basic Energy Sciences, 
Division of Biological Energy and Conversion of 
the Department of Energy under contract DE- 
AC03-76 SF00098. Synchrotron radiation facilities 
were provided by the Stanford Synchrotron Radi- 
ation Laboratory, which is supported by the De- 
partment of Energy, Office of Basic Energy Scien- 
ces, and by the National Institutes of Health 
Biotechnology Program, Division of Research Re- 
sources .  

References 

1 Amesz, J. (1983) Biochim. Biophys. Acta 726, 1-12 
2 Yachandra, V.K., Guiles, R.D., McDermott, A., Britt, R.D, 

Saner, K. and Klein, M.P. (1986) Biochim. Biophys. Acta 
850, 324-332 

3 Yachandra, V.K., Guiles, R.D., McDermott, A., Cole, J., 
Britt, R.D., Dexheimer, S.L., Sauer, K. and Klein, M.P. 
(1987) J. Phys. (Paris), in the press 

4 Dismukes, G.C. and Siderer, Y. (1980) Proc. Natl. Acad. 
Sci. USA 78, 274-278 

5 Brudvig, G.W., Casey, J i .  and Saner, K. (1983) Biochim. 
Biophys. Acta 723, 366-371 

6 de Paula, J., Beck, W.F. and Brudvig, G. (1986) J. Am. 
Chem. Soc. 108, 4002-4009 

7 Casey, J.L. and Sauer, K. (1984) Biochim. Biophys. Acta 
767, 21-28 

8 Zimmerman, J.L. and Rutherford, A.W~ (1984) Biochim 
Biophys. Acta 767, 160-167 

9 Zimmerman, J.L. and Rutherford, A.W. (1986) Biochem- 
istry 25, 4609-4615 

10 de Paula, J.C., Innes, J.B. and Brudvig, G.W. (1985) Bio- 
chemistry 24, 8114-8120 

11 Goodin, D.B., Yachandra, V.K., Britt, R.D., Saner, K. and 
Klein, M.P. (1984) Biochim. Biophys. Acta 767, 209-216 

12 Goodin, D.B, Yachandra, V.K., Guiles, R., Britt, R.D., 
McDermott, A., Sauer, K. and Klein, M.P. (1984) in 'EX- 
AFS and Near Edge Structure III' Hodgson, K.O., Hed- 
man, B. and Penner-Hahn, J.E., eds., pp. 130-135, 
Springer-Verlag, Berlin 

13 Joliot, A. (1974) Biochim. Biophys. Acta 357, 439-448 


