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EXAFS curve-fitting procedure 

 Curve fitting was performed with Artemis and IFEFFIT software using ab initio-

calculated phases and amplitudes from the program FEFF 8.2.1,2 These ab initio phases and 

amplitudes were used in the EXAFS equation (S1):  

The neighboring atoms to the central atom(s) are divided into j shells, with all atoms with 

the same atomic number and distance from the central atom grouped into a single shell.  

Within each shell, the coordination number Nj denotes the number of neighboring feff j 

(π,k,Rj) atoms in shell j at a distance of Rj from the central atom. is the ab initio amplitude 

function for shell j, and the Debye-Waller term e–2σj2k2 accounts for damping due to static 

and thermal disorder in absorber-backscatterer distances.  The mean free path term e–2Rj/ λj(k) 

reflects losses due to inelastic scattering, where λj(k) is the electron mean free path.  The 

oscillations in the EXAFS spectrum are reflected in the sinusoidal term, sin(2kRj + φij(k)) 

where φij(k) is the ab initio phase function for shell j.  S0
2 is an amplitude reduction factor 

due to shake-up/shake-off processes at the central atom(s).  The EXAFS equation was used 

to fit the experimental data using N, R, and the EXAFS Debye-Waller factor (σ2) as 

variable parameters.  E0 was defined as 6545.0 eV and the S0
2 value was fixed to 0.85 for 

the energy (eV) to wave vector (k, Å–1) axis conversion. Note that fits are comparisons to 

proposed models thus the N parameter is fixed, while the Debye-Waller is varied to get the 

best fit. Fixing the Debye-Waller factor could bias one model more than the other. R%, the 

R-factor goodness of fit is: 

                                            R%=∑⎜(1/si)2[χexpt(ki) − χcalc(ki)]                                        (S2) 

1i where N is the total number of data points collected, χexpt(ki) is the experimental EXAFS 

amplitude at point i, and χcalc(ki) is the theoretical EXAFS amplitude at point i. The 

normalization factor si is given by: 

                                                                                                                                                                                          (S3) 
  

(S1) 
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was used in multishell fits. It was found by O’Day et al. 
(1994) that, in fitting the EXAFS from inorganic complexes 
with FEFF-calculated parameters, they were able to use the 
h E 0  value obtained from fits to the fxst shell in fits to higher 
shells and obtain correct distance information. In our case, 
the f i s t  peak is not fit well enough to allow a confident 
estimation of the AEo parameter for use in fitting longer 
distance interactions. We have chosen instead to limit each 
fit to a single h E 0  parameter for all shells. 

The quality of the fits presented here was evaluated by 
using the normalized error sum, 0, given by the equation: 

N 

@ = C( l/s~)&exp‘(ki) - f’eor(ki))2 (3) 
i 

where N is the number of data points and si is defined as 
N 

(4) 

The ez error takes into account the number of variable fit 
parameters (p) and the number of independent data points 
(Nnd): 

The number of independent data points is estimated to be 
equal to 2AkARJn where Ak is the k-range of the data used 
and AR is the width of the Fourier-filtered peak [for details, 
see Bunker et al. (1991) and Binsted et al. (1992)l. A 
negative value for c2 indicates that the fit is underdetermined 
and the fit solution is generally considered not to be unique. 
The ez value allows one to distinguish whether the inclusion 
of additional shells in a fit (thus increasing the number of 
free parameters p) actually improves the quality of the fit 
by explicitly accounting for the degrees of freedom. A 
model-based approach [where certain parameters (e.g., N ,  
d) were kept fured] was adopted for several of the multishell 
fits, resulting in the same (or even fewer) number of free- 
floating parameters as fits with fewer shells. These fits are 
specifically model-dependent, and this should be kept in mind 
when reviewing fit error parameters. 

RESULTS 
EPR Spectroscopy. Low-temperature EPR spectra from 

Ca- and Sr-reactivated samples, as well as from a Ca-depleted 
sample, are presented in Figure 1. Each spectrum is the 
difference between the spectrum after illumination (SZ state) 
and the spectrum from the same dark-adapted (SI state) 
sample. The spectra displayed in Figure 1A show the g = 
4 region. Ca-reactivated samples show no light-induced g 
= 4 signal, while Sr-reactivated samples do show a small g 
= 4 signal. Boussac and Rutherford (1988a,b) reported 
similar effects on the g = 4 region (i.e., an increased g = 4 
signal) in Sr-reactivated samples that had been depleted of 
Ca using high concentrations of NaCl, chelators, and light. 
The Ca-depleted sample also shows a signal in the g = 4 
region, but this is due to the disappearance of a signal present 
in the SI state. This signal has been attributed to an iron(II1) 
citrate complex formed in less than 10% of PS I1 centers 
during the low-pH, Ca-depletion treatment and is associated 
with the acceptor side of PS I1 (Tso et al., 1991). 
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FIGURE 1: X-band EPR spectra of Ca- and Sr-reactivated PS 11. 
Also shown is the spectrum of a Ca-depleted sample in a modified 
S2 state. Spectra of the g = 4 region (A) and the g = 2 multiline 
region (B) are presented. Spectra are the differences between spectra 
from illuminated samples and spectra of the same sample prior to 
illumination (Le., dark-adapted). Samples were illuminated to obtain 
the Sz state as described in the text. Spectrometer conditions: 
microwave frequency, 9.21 GHz; microwave power, 20 mW; 
modulation amplitude, 20 G; temperature, 8 K. Differences between 
the samples in the g = 4 region are shown in (A), where Sr 
reactivation enhances a g = 4 signal that is not present in Ca- 
reactivated or Ca-depleted spectra. Mn multiline spectra are 
illustrated with an expanded x-axis in (B) and clearly show the 
reduced line spacing and different amplitude patterns in the Sr- 
reactivated sample vs the Ca-reactivated sample. The Ca-depleted 
multiline signal has more lines and smaller line spacing than do 
multiline signals from either Ca- or Sr-reactivated samples. The 
y-scales in both plots are the same, allowing direct comparison of 
the amplitudes of g = 4 and g = 2 signals. 

Manganese multiline signals are displayed on an expanded 
x-scale in Figure 1B (both panels A and B are plotted on 
the same y-scale). The multiline signal observed in Ca-PS 
I1 is identical to that found in untreated PS I1 preparations, 
and in Sr-PS I1 a modified multiline signal is observed with 
changes in overall line spacings (-73 vs -88 G in Ca-PS 11) 
and intensities similar to those reported for Sr-reactivated 
preparations (Boussac & Rutherford, 1988a,b; Ono & Inoue, 
1989). For comparison, a spectrum from a Ca-depleted 
sample made before Ca or Sr reactivation is presented. The 
Ca-depleted multiline spectrum has a greater number of 
resolvable lines, has an even smaller line spacing, and is 
stable for long periods of time in the dark at 0 “C. The 
conditions for its generation were the same as reported 
previously for these preparations (Boussac et al., 1989; 
Sivaraja et al., 1989). We also note that illumination of the 
Ca-depleted sample at 200 K induced no “normal” multiline 
signal (data not shown). The absence of a light-induced 
multiline signal after illumination at 200 K is in accord with 
the reported characteristics of these preparations (On0 & 
Inoue, 1989) and is also evidence of the completeness of 
inhibition and the lack of contaminating Ca at a concentration 
high enough to reactivate a detectable number of the Mn 
centers to a Ca-sufficient/“normal” multiline state. 
Mn K-Edge Spectroscopy. Mn X-ray K-edge spectra for 

Ca- and Sr-reactivated samples in the S1 state are presented 
in Figure 2. The two edges are almost superimposable, and 
the edge inflection energies, taken from the second-derivative 
zero crossing, are within 0.2 eV of each other, with the edge 
in Sr-PS I1 slightly higher than that in Ca-PS 11. The second- 
derivative spectra show that the overall edge shapes are also 

N 
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Table S1. Mn XANES pre-edge peak fit areas of (a) LS S2 and (b) HS S2 states. 

 
 

 Area under curve 1 

(6540 eV) 

Area under curve 2 

(6541 eV) 

Area under curve 3 

(6542 eV) 

Total area 

LS S2 state 0.043 0.130 0.072 0.245 

HS S2 state 0.024 0.141 0.064 0.229 

 

  



 
 
 

 
 
 
 
Figure S1. Mn XAS spectra of S2 140 K NIR illuminated 1st scan (red) and 5th scan (black). 
Respective scans from six sample spots were added for each spectrum shown here. 
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Figure S1. Mn XES spectra of S2 140 K NIR illuminated bin 11-30 (0.5s -1.5s) (blue) and 

first 20 bins (0- 1s) (red).  
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Figure S3.  EPR spectra of PSII samples in sucrose illuminated for 10 mins at 195 K 

(black) and dark (red) EPR spectra. The difference spectrum (blue) is between the spectra 

after illumination and the spectra of the same dark-adapted sample. The spectra are the 

difference between the spectra after illumination and the spectra of the same dark-adapted 

sample. Spectrometer condition: microwave frequency, 9.22 GHz; field modulation 

amplitude, 32 G at 100 KHz; microwave power, 20 mW. The spectra are collected at 8K. 

  



 

 

 
 

Figure S4. Mn XAS spectra of S2 195 K illuminated (blue) and 140 K NIR illuminated S2 

states (red). 
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Figure S5. Mn XANES pre-edge peak fit of (a) LS S2 and (b) HS S2 states. 
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Figure S6. Kβ1,3	 XES spectra of 195K (blue) and 140 NIR (red) illuminated S2 states. Raw 

data (dots) and the smoothed (lines) of both LS and HS states. The residual plots of the LS 

(green) and HS (black) S2 states show that the smoothed spectra are a good fit of the raw data. 
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Figure S7. The hydrogen bonding network that extends from W1 and W2 that are ligated to 

the Mn4CaO5 cluster.3 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



DFT coordinates of the high-layer structure shown in Figure 7a 
 
Mn      190.419998       97.260002       83.971001 
 Mn      191.869003       99.417000       83.207001 
 Mn      189.266006       99.855003       83.773003 
 Mn      187.438995      100.379997       86.115997 
 Ca      191.112000       99.200996       86.570000 
 O       191.873993       98.151001       84.499001 
 O       190.873993      100.432999       84.285004 
 O       190.240005       98.592003       82.686996 
 O       188.488998      101.053001       84.869003 
 O       189.337006       98.416000       84.936996 
 C       189.419006      102.188004       89.382004 
 H       190.067993      103.065002       89.444000 
 H       189.839996      101.453003       90.081001 
 C       189.552994      101.524002       88.024002 
 O       190.653000      101.494003       87.439003 
 O       188.533997      100.860001       87.603996 
 C       192.572998       93.980003       87.802002 
 H       191.962997       94.012001       88.709999 
 H       193.438995       94.636002       87.928001 
 C       191.830994       94.346001       86.522003 
 H       192.563995       94.292000       85.711998 
 H       191.033997       93.629997       86.294998 
 C       191.237000       95.705002       86.288002 
 O       191.235992       96.644997       87.097000 
 O       190.781998       95.803001       85.078003 
 C       185.692993       94.306000       83.174004 
 H       185.281998       94.788002       84.056999 
 H       185.854996       93.272003       83.481003 
 C       187.007996       94.975998       82.956001 
 N       187.945007       94.565002       82.033997 
 H       187.813995       93.831001       81.341003 
 C       189.080994       95.253998       82.208000 
 H       189.988007       95.086998       81.652000 
 N       188.925995       96.125000       83.190002 
 C       187.636993       95.970001       83.658997 
 H       187.270004       96.553001       84.490997 
 C       185.100006       98.751999       81.431999 
 H       186.056000       98.393997       81.050003 
 H       184.987000       99.778000       81.068001 
 C       185.171005       98.734001       82.955002 
 H       184.309006       99.216003       83.419998 
 H       185.192001       97.704002       83.332001 
 C       186.421005       99.280998       83.596001 
 O       187.503998       99.347000       82.963997 



 O       186.296005       99.539001       84.844002 
 C       189.718002       98.241997       76.598999 
 H       189.177994       97.509003       75.999001 
 H       190.783997       98.047997       76.439003 
 C       189.408997       98.057999       78.046997 
 N       188.218002       97.523003       78.511002 
 C       188.207993       97.504997       79.845001 
 H       187.408005       97.115997       80.456001 
 N       189.352005       98.019997       80.260002 
 H       189.610992       98.179001       81.255997 
 C       190.117996       98.370003       79.171997 
 H       191.100998       98.799004       79.276001 
 C       193.432999       96.075996       81.094002 
 H       192.787994       95.703003       80.290001 
 H       193.778000       95.205002       81.653999 
 C       192.589996       96.931999       82.004997 
 O       192.854004       98.172997       82.073997 
 O       191.684006       96.338997       82.670998 
 C       195.371994      100.612000       84.882004 
 H       195.804001      100.050003       85.711998 
 C       195.597000      102.112000       85.061996 
 H       195.033997      102.692001       84.321999 
 H       195.255005      102.414001       86.057999 
 H       196.656006      102.365997       84.983002 
 C       193.903000      100.313004       84.861000 
 O       193.227005      100.211998       85.876999 
 O       193.460007      100.143997       83.639000 
 C       191.628998      103.098000       80.143997 
 H       192.509995      102.628998       79.703003 
 H       191.914001      103.362999       81.169998 
 C       190.445999      102.122002       80.238998 
 H       189.494995      102.649002       80.322998 
 H       190.384995      101.481003       79.349998 
 C       190.556000      101.203003       81.444000 
 O       191.677994      100.649002       81.695000 
 O       189.507004      101.039001       82.142998 
 C       192.552002      108.153000       84.084999 
 H       192.479996      108.474998       85.129997 
 H       191.554001      107.810997       83.793999 
 C       193.585007      107.022003       83.970001 
 H       193.707993      106.685997       82.935997 
 H       194.569000      107.373001       84.297997 
 C       193.270996      105.811996       84.852997 
 H       194.095001      105.095001       84.776001 
 H       193.188004      106.132004       85.902000 
 N       192.039993      105.128998       84.440002 



 H       191.311996      105.717003       84.042999 
 C       191.593002      103.996002       85.008003 
 N       192.354004      103.362999       85.912003 
 H       193.126007      103.859001       86.351997 
 H       191.947998      102.595001       86.439003 
 N       190.421005      103.475998       84.644997 
 H       189.888000      103.822998       83.845001 
 H       190.097000      102.587997       85.017998 
 H       187.582001       99.809998       90.626999 
 O       187.572998       99.114998       89.944000 
 H       187.621994       98.242996       90.426003 
 H       184.026993      101.000000       88.875999 
 O       184.078995      100.544998       88.010002 
 H       183.201996      100.661003       87.601997 
 H       186.554993      104.876999       84.739998 
 O       186.962997      103.997002       84.674004 
 H       186.139008      103.470001       84.477997 
 H       192.845001       98.106003       88.769997 
 O       193.042007       98.439003       87.876999 
 H       193.779007       99.075996       87.991997 
 H       190.048004       97.820000       89.014999 
 O       189.957993       98.711998       88.626999 
 H       189.108002       99.041000       88.988998 
 H       191.186996       96.488998       90.247002 
 O       190.442001       96.144997       89.722000 
 H       190.800003       96.053001       88.811996 
 H       193.229004       97.206001       85.084999 
 O       193.919998       96.792999       85.636002 
 H       193.582993       96.987999       86.531998 
 H       186.815994       99.255997       88.442001 
 O       186.481995       99.204002       87.507004 
 H       185.511993       99.301003       87.539001 
 H       185.462006      102.333000       85.776001 
 O       185.938004      101.950996       86.550003 
 H       185.207993      101.593002       87.106003 
 H       188.809998       96.373001       90.598999 
 O       188.104996       96.816002       91.101997 
 H       187.529999       96.126999       91.470001 
 H       188.477997      102.588997       82.349998 
 O       188.391006      103.556999       82.310997 
 H       187.787003      103.755997       83.056000 
 H       187.434998       97.231003       77.932999 

  



DFT coordinates of the high-layer structure shown in Figure 7b 
 
Mn      190.492004       97.207001       83.913002 
 Mn      191.834000       99.448997       83.236000 
 Mn      189.209000      100.018997       83.705002 
 Mn      187.440994      100.448997       86.164001 
 Ca      191.117004       99.254997       86.621002 
 O       191.850006       98.154999       84.515999 
 O       190.854996      100.462997       84.289001 
 O       190.246994       98.585999       82.706001 
 O       188.455002      101.194000       84.676003 
 O       189.315002       98.421997       85.047997 
 C       189.507996      102.255997       89.428001 
 H       190.136993      103.143997       89.530998 
 H       189.931000      101.514999       90.119003 
 C       189.699997      101.633003       88.056999 
 O       190.863998      101.511002       87.594002 
 O       188.695999      101.126999       87.464996 
 C       192.576004       93.980003       87.803001 
 H       191.960999       94.013000       88.708000 
 H       193.442993       94.635002       87.932999 
 C       191.841995       94.341003       86.518997 
 H       192.578003       94.277000       85.710999 
 H       191.042999       93.625999       86.293999 
 C       191.251999       95.697998       86.266998 
 O       191.225998       96.648003       87.055000 
 O       190.813004       95.773003       85.039001 
 C       185.690002       94.303001       83.172997 
 H       185.283997       94.795998       84.052002 
 H       185.845001       93.269997       83.487999 
 C       187.009003       94.960999       82.946999 
 N       187.938995       94.555000       82.017998 
 H       187.800995       93.825996       81.320999 
 C       189.078003       95.237999       82.190002 
 H       189.977005       95.066002       81.624001 
 N       188.936005       96.105003       83.178001 
 C       187.645004       95.947998       83.650002 
 H       187.246002       96.512001       84.480003 
 C       185.100998       98.755997       81.421997 
 H       186.054001       98.408997       81.022003 
 H       184.975006       99.782997       81.066002 
 C       185.199005       98.728996       82.941002 
 H       184.354004       99.221001       83.427002 
 H       185.205994       97.699997       83.319000 
 C       186.462006       99.263000       83.570000 
 O       187.542999       99.345001       82.903999 



 O       186.386002       99.476997       84.811996 
 C       189.716003       98.241997       76.600998 
 H       189.175003       97.508003       76.000999 
 H       190.781006       98.045998       76.442001 
 C       189.404999       98.059998       78.049004 
 N       188.212006       97.532997       78.515999 
 C       188.201004       97.518997       79.848999 
 H       187.397995       97.139999       80.460999 
 N       189.348999       98.028000       80.264000 
 H       189.608994       98.189003       81.260002 
 C       190.115997       98.370003       79.172997 
 H       191.102997       98.792999       79.271004 
 C       193.429993       96.082001       81.101997 
 H       192.776001       95.714996       80.303001 
 H       193.772003       95.209999       81.663002 
 C       192.610992       96.959999       82.012001 
 O       192.871994       98.182999       82.098000 
 O       191.690002       96.356003       82.686996 
 C       195.367004      100.617996       84.872002 
 H       195.804001      100.069000       85.709000 
 C       195.578995      102.121002       85.037003 
 H       195.022003      102.689003       84.283997 
 H       195.223007      102.431999       86.025002 
 H       196.638000      102.378998       84.968002 
 C       193.903000      100.304001       84.852997 
 O       193.237000      100.160004       85.866997 
 O       193.445999      100.157997       83.630997 
 C       191.623993      103.101997       80.142998 
 H       192.492996      102.621002       79.692001 
 H       191.923996      103.365997       81.165001 
 C       190.427002      102.146004       80.250999 
 H       189.485001      102.686996       80.360001 
 H       190.337997      101.508003       79.362000 
 C       190.552994      101.227997       81.449997 
 O       191.660995      100.669998       81.709000 
 O       189.488998      101.078003       82.148003 
 C       192.552994      108.155998       84.086998 
 H       192.477997      108.480003       85.132004 
 H       191.556000      107.810997       83.795998 
 C       193.587006      107.026001       83.977997 
 H       193.709000      106.683998       82.945999 
 H       194.572006      107.382004       84.301003 
 C       193.278000      105.822998       84.871002 
 H       194.102005      105.105003       84.795998 
 H       193.197998      106.150002       85.917000 
 N       192.044998      105.138000       84.466003 



 H       191.322998      105.725998       84.056000 
 C       191.580994      104.028000       85.066002 
 N       192.332993      103.399002       85.978996 
 H       193.123993      103.892998       86.387001 
 H       191.903000      102.684998       86.566002 
 N       190.397003      103.526001       84.713997 
 H       189.856995      103.901001       83.934998 
 H       190.042999      102.648003       85.083000 
 H       187.701996       99.893997       90.676003 
 O       187.684998       99.223000       89.968002 
 H       187.662003       98.346001       90.428001 
 H       184.033005      101.049004       88.908997 
 O       184.039993      100.586998       88.043999 
 H       183.160995      100.761002       87.666000 
 H       186.494003      104.846001       84.802002 
 O       186.959000      103.997002       84.713997 
 H       186.164993      103.424004       84.528999 
 H       192.834000       98.098999       88.779999 
 O       193.054993       98.408997       87.883003 
 H       193.783005       99.054001       88.007004 
 H       190.031006       97.825996       89.004997 
 O       189.970001       98.727997       88.637001 
 H       189.136993       99.079002       89.031998 
 H       191.179993       96.504997       90.248001 
 O       190.451996       96.137001       89.714996 
 H       190.820007       96.054001       88.811996 
 H       193.225998       97.240997       85.125999 
 O       193.919998       96.789001       85.639000 
 H       193.617996       96.973999       86.551003 
 H       187.059006       99.359001       88.239998 
 O       186.953995       99.177002       87.282997 
 H       188.473999       98.045998       85.362000 
 H       185.371002      102.239998       85.820000 
 O       185.867004      101.849998       86.575996 
 H       185.162003      101.403000       87.125999 
 H       188.785004       96.389000       90.589996 
 O       188.104996       96.848000       91.109001 
 H       187.509003       96.170998       91.463997 
 H       188.337006      102.615997       82.394997 
 O       188.294998      103.581001       82.301003 
 H       187.729004      103.834000       83.059998 
 H       187.423996       97.245003       77.940002 
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