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Abstract: A key component required for an understanding of the mechanism of the evolution of molecular
oxygen by the photosynthetic oxygen-evolving complex (OEC) in photosystem Il (PS ll) is the knowledge
of the structures of the Mn cluster in the OEC in each of its intermediate redox states, or S-states. In this
paper, we report the first detailed structural characterization using Mn extended X-ray absorption fine
structure (EXAFS) spectroscopy of the Mn cluster of the OEC in the Sy state, which exists immediately
after the release of molecular oxygen. On the basis of the EXAFS spectroscopic results, the most likely
interpretation is that one of the di-u-oxo-bridged Mn—Mn moieties in the OEC has increased in distance
from 2.7 A in the dark-stable S; state to 2.85 A in the S, state. Furthermore, curve fitting of the distance
heterogeneity present in the EXAFS data from the S, state leads to the intriguing possibility that three
di-u-oxo-bridged Mn—Mn moieties may exist in the OEC instead of the two di-u-oxo-bridged Mn—Mn moieties
that are widely used in proposed structural models for the OEC. This possibility is developed using novel
structural models for the Mn cluster in the OEC which are consistent with the structural information available
from EXAFS and the recent X-ray crystallographic structure of PS Il at 3.8 A resolution.

Introduction soh—v> $1 LN Ss v, Sah—v> [S4]
The biological generation of oxygen by the oxygen-evolving 1 |
complex (OEC) in photosystem Il (PS IlI) is arguably one of o

Oz 2H0

nature’s most important reactions. To perform the four-electron ]
Figure 1. S-state scheme for oxygen evolution as proposed by Kok'et al.

oxidation of water to dioxygen, the Mn-containing OEC cycles
through five intermediate S-states, trough §, as shown in  gtate could be prepared essentially quantitatively by low-
Figure 1. This proposal by Kok et &ln 1970 has led to intense  temperature (190 K) illuminatidnallowed similar studies to
study to identify the nature of each of the quasi-stable S-statespe performed on the,State as had been done on thes@ite.

o, S, &, and 3 to derive insight about the mechanism of water  However, the remaining S-states, thesSate and the Sstate,
oxidation in the OEC. Because the Siate is the dark-stable  yequired single-flash saturation techniques. Because this was
statel this S-state is relatively easily studied in the form of possible only with dilute samples6 mg Chl/mL, prior to the
concentrated, dark-adapted samples. The discovery thabthe Seyperiments detailed in Messinger efglthe experimental
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spectroscopy, has provided a wealth of information about the
structure of the OEC in the;&ind S states. This is largely due

to the inherent element specificity of X-ray spectroscopy.
EXAFS studie$ 12 have firmly established that the OEC in
PS Ilis comprised of di-oxo-bridged Ma clusters which show
Mn—Mn scattering at a distance of 2.7 A. Furthermore, an

additional scatterer has been shown to be present at 3.3 A from

Mn,”-810-12\which has been interpreted as containing contribu-
tions from both MA-Mn and Mn—Ca interactions at 3-33.4
A.1415 These EXAFS-derived structural building blocks have
been prerequisite structural elements in virtually any proposed
model’6-22 However, the models, some of which are shown in
Figure 2, are adversely affected by relative paucity of structural
information about the Sand S states (vide supra). In addition,
uncertainty about whether two or threeidibxo-bridged Mnr-

Mn moieties exist in the Mn cluster has been reflected in the
proposed models. To better understand the structure of the Mn
cluster, it is therefore important to determine whether it is
comprised of two or three di-oxo-bridged MA-Mn moieties.
This is difficult for the § and $ states because an accurate
determination of the total number of such interactions (the
value from EXAFS curve fitting) is complicated by the inherent
error of 30% in determining the totall value2® However, if

the samples contain distance heterogeneity in a certain S-state,

then the ratio oN values for these slightly different distances,
which can be expected to be significantly more accurate than
the totalN value, can provide additional information on the
question of whether two or three dioxo-bridged Mr-Mn
moieties exist in the OEC.

Early XAS experiments by Guiles et #lwith the $ state
used chemical treatments to get around the problem of low
concentrations. However, the State generated in this manner

(4) Kirby, J. A.; Robertson, A. S.; Smith, J. P.; Thompson, A. C.; Cooper, S.
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4031.
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(8) Penner-Hahn, J. E.; Fronko, R. M.; Pecoraro, V. L.; Yocum, C. F.; Betts,
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Figure 2. Possible structural models for the active site of the OEC in PS
Il. Adapted from DeRose et &l%,Cinco et al5! and Robblee et &8

was designated ag’3o emphasize that it is generated through
chemical treatment and is thus not a native S-state. Although
hampered by a low signal-to-noise ratio and the uncertainty
about the relationship between the chemically generatéd S
state and the nativeoState, those experiments provided the
first evidence from XAS that heterogeneity may exist in the
2.7 A Mn—Mn distances in the Sstate in the form of a reduced
amplitude of Fourier peak Il in thesSstate relative to that in
the S state; this heterogeneity is not seen in thed® Sy-state
EXAFS spectra (but is seen in the-&ate EXAFS spect?§).

A separate study by Riggs-Gelasco et®axamined reduced
S-states of the OEC and observed a decrease in the amplitude
of the 2.7 A Mn—Mn Fourier peak. This was interpreted by
Riggs-Gelasco et al. as a reduction in the number of-Mim
vectors instead of the appearance of distance heterogeneity.

The native g state prepared using single-flash turnover has
not been extensively examined using EXAFS spectroscopy due
to the difficulties in collecting EXAFS spectra from single-flash
saturable samples, although preliminary reports have ap-
peared®27 In this paper, the method of preparing samples in
the native $ state described by Messinger et?ahas been

(25) Liang, W.; Roelofs, T. A.; Cinco, R. M.; Rompel, A.; Latimer, M. J.; Yu,
W. O.; Sauer, K.; Klein, M. P.; Yachandra, V. B. Am. Chem. So€00Q
122 3399-3412.

(26) Messinger, J.; Robblee, J. H.; Fernandez, C.; Cinco, R. M.; Visser, H.;
Bergmann, U.; Glatzel, P.; Cramer, S. P.; Campbell, K. A.; Peloquin, J.
M.; Britt, R. D.; Sauer, K.; Yachandra, V. K.; Klein, M. P. BRhotosyn-
thesis: Mechanisms and Effect&arab, G., Ed.; Kluwer Academic
Publishers: Dordrecht, 1998; Vol. 2, pp 1278282.

(27) Dau, H.; luzzolino, L.; Dittmer, JBiochim. Biophys. Act2001 1503
24—309.

(28) Messinger, J.; Robblee, J.; Yu, W. O.; Sauer, K.; Yachandra, V. K.; Klein,
M. P.J. Am. Chem. S0d.997 119 11349-11350.
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extended to perform EXAFS spectroscopic experiments on the
S state of PS Il generated through single-flash turnover. These
experiments show that, in the State, heterogeneity most likely
exists in the 2.7 A Ma-Mn distances, which can be explained
through the protonation of a gi-oxo-bridged MrR-Mn moiety
and/or the presence of Mn(ll). The presence of distance
heterogeneity in the ¢Sstate has been exploited in the curve-
fitting procedure, whose results are suggestive of the possibility
that three dig-oxo-bridged Mr-Mn moieties exist in the
OEC instead of the two di-oxo-bridged Mr-Mn moieties that

are widely used in proposed structural models for the
OEC1015-17,1922.2932 Pgossible topological models for the
structure of the OEC in thep@&nd S states that are consistent
with the EXAFS data from the current study and also with the
recent X-ray crystallographic structure of PS Il at 3.8 A
resolutiorf® are discussed.

Materials and Methods

PS Il membranes were prepared from fresh spinach leaves by a 2
min incubation of the isolated thylakoids with the detergent Triton
X-10034%5The samples were then resuspended to a chlorophyll (Chl)
concentration of 6.5 mg Chl/mL in sucrose buffer (pH 6.5, 400 mM
sucrose, 50 mM MES, 15 mM NacCl, 5 mM MggCb mM CaCh) and
stored as aliquots at-80 °C until used. Chl concentrations were
calculated as described in Porra etal.

To prepare samples enriched in theste, a frequency-doubled
Nd:YAG laser system (Spectra-Physics PRO 230-10, 800 mJ/pulse at

3F + hv(200 K)

I
hd
=
-
JJV\/\/‘ S, + hv(200 K)
2300 2700 3100 3500 3900 4300

Magnetic Field (G)

Figure 3. Use of the gstate multiline EPR signal to quantitate thee

ratio in three-flash (3F) samples. A 3F sample and a contrst&e sample
were continuously illuminated at 200 K for 60 min; the spectra shown above
are light-minus-dark difference spectra. The illumination temperature was
low enough that only the;S— S, transition could proceed; theyS> S

and S — Ss transitions were cryogenically blocked. The amplitude of the
S, multiline EPR signal was then measured using the marked peaks. The
central region corresponding ta¥ has been deleted for clarity. The ratio

of the induced &state multiline EPR signal in the 3F sample relative to

532 nm, 9 ns pulse width) was used to illuminate the PS Il samples. that induced in the control 1State sample (50%) corresponds to the

The laser was operated continuously at 10 Hz, and flashes were selecte@

ercentage of centers in the State in the three-flash sample before
ontinuous illumination. The addition of FCCP ensures that the only S-states

using an external shutter (model LSTX-Y3, nm Laser Products, Inc.). i, the 3F sample are the, State and the Sstate; therefore, the remaining

Before flash illumination, the PS Il membranes were diluted to a
concentration of 1 mg Chl/mL in sucrose buffer, and 3 mL of this
solution was transferred in darkness into each of 20 tissue culture flasks
(Falcon 3014, 50 mL, 25 chgrowth area) that were kept on ice. The
Nd:YAG beam was redirected and diffused such that the laser beam
could illuminate the entire growth area of the flask from below. Sample
illumination under these conditions was proven to be saturating by
separate experiments in which the Chl concentration was reduced to
0.5 and 0.25 mg Chl/mL, and no increase in the yield of thet&te
formed in three-flash samples (referred to as 3F sample hereafter)
relative to the experiments described herein was seen (data not shown)

50% of the centers are poised in the s$ate. This S-state distribution is
used when deconvoluting the EXAFS spectra of the 3F samples.

reduced %%, the stable tyrosine radical of PS*fiThe latter reaction
essentially eliminates the main path for the decay of th&t&e, which

is the oxidation of the Sstate to the Sstate by ¥%°%.3° This reaction
has a half-life of 30 min at 8C.%° In addition to FCCP, MeOH was
added to a final concentration of 3% v/v, which enabled the detection
of the § EPR multiline signal (MLS) in these samples (data not
shown)?84142The samples were collected and centrifuged &E4or

30 min at 48 000. The concentrated PS Il membranes were then put

Each sample was given one pre-flash and was dark-adapted for 90 mininto Lexan sample holders (22 3.2 x 0.8 mm inner dimensions) and

on ice.

After dark-adaptation, PPBQ (phenyl-1,4-benzoquinone; 50 mM in
MeOH) was added to each flask to a final concentration oi«®f
and then each sample was illuminated with three flashes at 1 Hz
frequency. Immediately after flashing all samples, FCCP (carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone; 5 mM in MeOH) was
added to each flask to a final concentration @fM. This accelerated
the deactivation of the Sand S states of PS Il to the ;Sstaté” and

(29) Sauer, K.; Yachandra, V. K.; Britt, R. D.; Klein, M. P. Manganese Redox
EnzymesPecoraro, V. L., Ed.; VCH Publishers: New York, 1992; pp 41
175.

(30) Siegbahn, P. E. Mnorg. Chem.200Q 39, 2923-2935.

(31) Limburg, J.; Brudvig, G. W.; Crabtree, R. H. Biomimetic Oxidations
Catalyzed by Transition Metal Complexédeunier, B., Ed.; Imperial
College Press: London, 2000; pp 56841.

(32) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A.;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. OJ. Am. Chem. So2000
122 10926-10942.

(33) Zouni, A.; Witt, H.-T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger, W.;
Orth, P.Nature 2001, 409, 739-743.

(34) Berthold, D. A.; Babcock, G. T.; Yocum, C. FEBS Lett.1981 134,
231-234.

(35) Kuwabara, T.; Murata, NPlant Cell Physiol.1982 23, 533—-539.

(36) Porra, R. J.; Thompson, W. A.; Kriedemann, PBEchim. Biophys. Acta
1989 975 384-394.

(37) Hanssum, B.; Dohnt, G.; Renger, Biochim. Biophys. Actd985 806,
210-220.

were frozen at 77 K for EPR and X-ray experiments. It took a total of
50 min to complete the protocol from the point of flash-induced S
state formation to freezing the samples at 77 K. Control samples in
the § state were prepared in an identical fashion, except that the
application of three laser flashes to each tissue culture flask was omitted.
EPR spectra were collected on a Varian E-109 spectrometer with
an E-102 microwave bridge and stored using Labview running on a
Macintosh G3 computer. Samples were maintained at cryogenic
temperature using an Air Products Heli-tran liquid helium cryostat.
Spectrometer conditions were as follows: ERR multiline signal, 3300
+ 1000 G scan range, 6300 gain, 30 mW microwave power, 8 K
temperature, 32 G modulation amplitude, 100 kHz modulation fre-
quency, 4 min/scan, 1 scan per sample, 0.25 s time constant, 9.26 GHz
microwave frequency. MLS amplitudes were determined from the low-
field and high-field peak-to-trough measurements for each designated
peak in Figure 3. PS Il centers in the Sate were advanced to the S

(38) Babcock, G. T.; Sauer, KBiochim. Biophys. Actd973 325 504-519.

(39) Styring, S.; Rutherford, A. WBiochemistry1987, 26, 2401-2405.

(40) Messinger, J.; Schder, W. P.; Renger, @iochemistryl993 32, 7658~
7668.

(41) Messinger, J.; Nugent, J. H. A.; Evans, M. C. Biochemistry1997, 36,
11055-11060.

(42) Anrling, K. A.; Peterson, S.; Styring, 8iochemistry1997, 36, 13148-
13152.
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state by continuous illumination performed at low temperature using a
600 W lamp and a 5% w/v CuSGolution as an IR filter. Samples
were placed in a tall test tube which was suspended in a 200 K solid
CO,/ethanol bath. An unsilvered dewar contained the 200 K bath and
enabled the low-temperature illuminations.

EXAFS spectra were recorded on beamline 7-3 at SSRL (Stanford

Synchrotron Radiation Laboratory) essentially as described in DeRose

et al!* and Latimer et al* Additional details are provided in the
Supporting Information. Two sample regions of 1.4 mm height were
used, and eight scans were collected from each separate region. Th
samples were protected with a shutter from the X-ray beam at all times

unless a measurement was in progress. Sixteen scans (eight scans p

region, two regions per sample) were averaged per sample for each of.
six 3F samples and six control samples in thestate.

Data reduction of the EXAFS spectra was performed essentially as
described in DeRose et dl.and Latimer et al* Curve fitting was
performed using ab initio-calculated phases and amplitudes from the
program FEFF 7.02 from the University of Washingtérfé These ab
initio phases and amplitudes were used in the EXAFS equétigh,
shown as eq 1:

N
20 = %zzk—%feﬁ,(n,k,a)ez"f”e”"1“1(” sin(&R + ¢;(K) (1)
R

S?is an amplitude reduction factor due to shake-up/shake-off processes

at the central atom(s). This factor was set to 0.85 for all fits, on the
basis of fits to model compounésThe neighboring atoms to the central
atom(s) are then divided intposhells, with all atoms with the same

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

shell. Within each shell, the coordination numbledenotes the number

of neighboring atoms in shejlat a distance oR from the central
atom.fer,(7,k,R) is the ab initio amplitude function for shglland the
Debye-Waller term e 2%* accounts for damping due to static and
thermal disorder in absorbebackscatterer distances. A larger Debye
Waller factorg; reflects increased disorder, and leads to an exponential
damping of the EXAFS oscillations. The mean free path terfi’i®,
which depends ork (the momentum of the photoelectron), reflects
losses due to inelastic scattering, wh#y&) is the electron mean free
path®° 2;(k) was calculated by ab initio methods using FEFF 7.02. The
oscillations in the EXAFS spectrum are reflected in the sinusoidal term
sin (KR + ¢i(k)), whereg;(K) is the ab initio phase function for shell

j. This sinusoidal term shows the direct relation between the frequency .
of the EXAFS oscillations irk-space and the absorber-backscatterer
distance.

Equation 1 was used to fit the experimental Fourier isolates using
N, R, ando? as variable parameters. No firm theoretical basis exists to
guide the choice di, for Mn K-edges; thus, uncertainty By translates
into uncertainty ink-space values (see eq S1 in the Supporting
Information). Thereforels, was also treated as a variable parameter.
To reduce the number of free parameters in the fits, the valug of
was constrained to be equal for all shells in the fit. This was shown by
O'Day et al*? to be a valid constraint when using FEFF phases and
amplitudes.

(43) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R.. @Bm. Chem.
Soc.1991 113 5135-5140.

(44) Rehr, J. J.; Albers, R. C.; Zabinsky, SPhys. Re. Lett.1992 69, 3397
3400

(45) Zabinsky, S. I.; Rehr, J. J.; Aukudinov, A.; Albers, R. C.; Eller, MPHys.
Rev. B: Condens. Mattel995 52, 2995-3009.

(46) Rehr, J. J.; Albers, R. Rev. Mod. Phys200Q 72, 621-654.

(47) Sayers, D. E.; Lytle, F. W.; Stern, E. A. Non-Cryst. Solid4972 8—10,
401-407.

(48) Lee, P. A.; Pendry, J. B2hys. Re. B 1975 11, 2795-2811.

(49) Lee, P. A; Citrin, P. H.; Eisenberger, P.; Kincaid, B. Riv. Mod. Phys.
1981, 53, 769-806.

(50) Teo, B. K.EXAFS: Basic Principles and Data AnalysBpringer-Verlag:
Berlin, 1986.

(51) Cinco, R. M.; Rompel, A.; Visser, H.; AromG.; Christou, G.; Sauer, K;
Klein, M. P.; Yachandra, V. KInorg. Chem.1999 38, 5988-5998.

(52) O'Day, P. A.; Rehr, J. J.; Zabinsky, S. I.; Brown, G. E.,JJrAm. Chem.
S0c.1994 116, 2938-2949.
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N values are defined as shown in eq 2:

total number of Mn-backscatterer vectors

N= number of Mn atoms per OEC

@

Hence, coordination numbers are evaluated on a per Mn basis and are
dependent on the stoichiometry of Mn atoms in the OEC. It is well
established that an active OEC contains four Mn atbi a report

of six Mn per PS 1#5was most likely due to an uncorrected high residual

n content in inactive centers present in the samfi&mn a four Mn/

S Il basis,N values for Mn-Mn interactions in the OEC come in

ultiples of 0.5, because each MNIn interaction contains two Mn
ackscatterer interactions. Other Mpbackscatterer interactions come
in multiples of 0.25; that is, aiN value of 2 in a MR-O shell is
interpreted as two O neighbors to each Mn atom.

The ability of the EXAFS technique to resolve the presence of similar
backscatterers at closely separated distances is well known to be
dependent o\R, the difference in absorbebackscatterer distances
(A), and Ak, the width of thek-space EXAFS data set (&). When
EXAFS oscillations from two backscatterers at closely separated
distances are superimposed, the addition of the sinusoidal terms from
eq 1 (sin[XRy] and sin[XRy], if the phase shifts are identical) generates
a local amplitude minimum in thk-space spectrum from the addition
of two sine waves with different frequencies; this is commonly known
as a beat. The magnitude Bf — R, determines at what value &fthe
beat will appear. This is shown by the trigonometric identity in eq 3:

s

Equation 4 shows the application of eq 3 to the current problem:

a—
2

sina+ sinb= 2(:05( 3)

sin XR; + sin XR, = 2 cosk[R, — R)]) sin(k[R; + R)]) (4)
The beat in thé-space spectrum arises from the ¢pR( — R;]) term
in eq 4. When the cosine function equals zero, the first beat will appear.
This occurs when eq 5 is true:
b4

KR, — Rl =% ®)
Thus, the minimum\R necessary to see a beat in fagpace spectrum
is most accurately depicted by eq 6, assuming thak-tgace window
is wide enough to see the bé&at?*
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AR (6)

=TT
2kma><
It should be noted that other formulas, suchAdAk ~ 1 andARAk
= (7/2), are often seen in the EXAFS literattfs& "¢ and do not predict
the correct resolution limit.
Fit quality was evaluated using two different fit parametdrsand
€2 @ is described in eq 7:

Nt 1\2
> = Z(—) [P k) — 2 )T ™
S

whereNy is the total number of data points collected®(k) is the
experimental EXAFS amplitude at poiiptandy®@qk;) is the theoretical
EXAFS amplitude at poini. The normalization factos is given by
eq 8:
3
1 ki

) > K

The €2 error takes into account the number of variable parametars

the fit and the number of independent data pohts, as shown in eq
9:77,78

®)

Nind
Ning = P,

2

N; '@ ©)

Nr is the total number of data points collected, and the number of

independent data pointsyq is estimated from the Nyquist sampling
theorem, as shown in eq 10:

2AKAR
Ning = 1 (10)
Ak is thek-range of the data (3-511.5 A™%), andAR is the width of
the Fourier-filtered peak in A¢? provides a gauge of whether the
addition of another shell to the fit is justified. If, upon addition of a

Table 1. S-State Distribution Results from Measurements of the
Light-Induced S,-State Multiline EPR Signal in Three-Flash
Samples and Control S;-State Samples?

(3-flash + hw(200 K))/ So-state
sample (S1 + hv(200 K)) population
So#1 0.487 51.3%
So#2 0.498 50.2%

aThe spectra used in the calculation of the values for samp#2 &re
shown in Figure 3.

Therefore, the calculated S-state distribution will contain PS Il
centers in only the §Sand S states. In separate experiments, it
was discovered that increasing the FCCP concentration 10-fold
(to 10uM) caused an~25% conversion of the ;Sstate in the
dark to the $state and possibly the_$state (data not shown).
To confirm that the FCCP concentration used in this study (1
uM) was not of sufficient concentration to cause reduction of
the S state, the Sstate EPR multiline signal was measured
from parallel $-state samples with and without FCCP that had
been continuously illuminated at 200 K. The fact that identical
normalized $-state EPR multiline signal amplitudes were
obtained from both types of samples argues against reduction
of the § state by FCCP under the conditions used in this study.
During the preparation of the XAS samples, eight identical
3F samples and eight identical-State samples were prepared.
From these 16 samples, two-Sate samples and two 3F
samples were set aside for EPR characterization. Because the
samples that were set aside for EPR characterization and the
respective samples used in the XAS experiments are all aliquots
from the same PS Il solution, the S-state distribution that was
determined for the samples characterized by EPR can also be
used to deconvolute the EXAFS spectra for the XAS samples.
The S-state multiline EPR signal generated by continuous
illumination (CI) at 190 K of the 3F and;State samples is
shown in Figure 3. At 190 K, all S-state transitions except for
the § — S; transition are blocke® This means that, in the 3F

second shellg? becomes negative, then there are not enough free sample, the $state cannot advance to the® S, states during

parameters available to statistically justify the inclusion of the additional
shell. An acceptable model, of which there may be more than one, i

any one for whiche? differs by a factor of less than two.

Results

s this illumination procedure; thus the 3F Cl samples will have a
smaller normalized Sstate multiline EPR signal than will the

Si-state Cl samples. In addition, because the spectra shown in

Figure 3 are difference spectra (after €l before CI), the

EPR. It is critical that an independent determination of the Presence of thegstate multiline EPR signdf,*!-4>which was

S-state distribution of the three-flash (3F) samples is performed ViSible in the 3F samples before Cl (data not shown), will not
using EPR spectroscopy; this information is required for the affect the qu_ant|tat|ons_ of the:State multiline EPR signal. To
deconvolution of the 3F EXAFS spectra to obtain the spectra COrrect for differences in sample volume, the measutestae

of the “pure” $ state. Because FCCP was added to the samplesmu“'“_ne EPR sgnals for egch sampl.e 2Wer.e normalized by the
immediately after the flashes, any centers that remain in ghe S Magnitude of their respective rhombic*Fesignal. .
or S states after the flash treatment are rapidly deactivated to  The results of the EPR characterization study are shown in

the S state” as explained in the Materials and Methods section. Table 1. The ratio of the induceg@-State multiline EPR signal
in the 3F sample relative to that induced in the contrettte

sample (50%) corresponds to the percentage of centers originally
in the § state in the 3F sample. Therefore, the S-state
distribution assigned to the samples in the current study is 50%
So, 50% S. This S-state distribution will be used in subsequent
deconvolutions of the EXAFS spectra of 3F samples. To
examine the effects of possible deconvolution error, two
additional S-state distributions were also considered during the
fitting procedure: 40% & 60% S and 60% G, 40% S.

(70) George, G. N.; Hilton, J.; Temple, C.; Prince, R. C.; Rajagopalan, K. V.
Am. Chem. Socl999 121, 1256-1266.

(71) Hwang, J.; Krebs, C.; Huynh, B. H.; Edmondson, D. E.; Theil, E. C;
Penner-Hahn, J. EScience200Q 287, 122—-125.

(72) Yachandra, V. KMethods Enzymoll995 246, 638-675.

(73) Riggs-Gelasco, P. J.; Shu, L.; Chen, S.; Burdi, D.; Huynh, B. H.; Que, L.,
Jr.; Stubbe, JJ. Am. Chem. S0d.998 120, 849-860.

(74) Penner-Hahn, J. Btruct. Bonding (Berlin}1998 90, 1—36.

(75) Jaron, S.; Blackburn, N. Biochemistry1999 38, 15086-15096.

(76) Pidcock, E.; DeBeer, S.; Obias, H. V.; Hedman, B.; Hodgson, K. O.; Karlin,
K. D.; Solomon, E. I.J. Am. Chem. Sod.999 121, 1870-1878.

(77) Bunker, G. A.; Hasnain, S. S.; Sayers, D. EXiray Absorption Fine
Structure Hasnain, S. S., Ed.; E. Horwood: New York, 1991; pp 751
770.

(78) Binsted, N.; Strange, R. W.; Hasnain, SB&ichemistryl992 31, 12117
12125.

(79) Styring, S.; Rutherford, A. WBiochim. Biophys. Actd988 933 378—
387.
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Table 2. One- and Two-Shell Simulations of Fourier Peak I of the 8.0
So-State Samples (Fit #7 Corresponds to the Average of the Fit
Parameters from Fits #1—6, while Fits #8 and #10 Are Fits to the
Average Sp-State Spectrum) 40
R o () e
fit # sample shell A N (%) AE®  (x10%)  (x10)
% "
One Shell & 0 f

1 SA Mn-O 186 25 0.005 —-20 0.83 0.75 =

2 $B Mn-O 185 25 0.005 -20 0.47 0.40

3 SC Mn—-O 187 25 0.003 -19 058 0.49

4 SD Mn-O 1.87 25 0006 -19 0.39 0.29 404

5 SE Mn—O 1.88 25 0004 -15 0.66 0.62 s, state

6 SF Mn—-O 185 25 0.004 -20 059 0.55

7 average MrO 186 25 0004 —-19 059 052 .0 | _1econvoluted Systate spectrum ,

8 Sgrand Mn-O 186 2.5 0.005 —-19 056 0.48 35 55 75 9.5 11.5

add Photoelectron wavevector k (A™)
S & Mn-O 184 25 0.005 20 147 161 Figure 4. Average Mn K-edge EXAFS spectra from samples in the S
Two Shells state (red) and samples in the Sate (black). The deconvoluted-State
1¢° Sgrand Mn-O 186 25 0005 -20 0.37 0.61 spectrum was calculated from the 3F spectrum and thetae spectrum
add Mn-O 224 35 0.028 using the quantitations from Figure 3 and Table 1 (50%58% S). Six
11° 5 Mn-O 184 25 0.004 -20 113 5093 3F samples and six;State samples (16 scans per sample) were averaged
Mn—O 205 3.5 0.028 for each spectrum.

aFit parameters and quality-of-fit parameters are described in Materials . . . L
and Methods® AE, was constrained to be equal for all shells within a fit. WO S-States. This can be explained by an increase in distance

¢ Parameter fixed in fitd Upper limit for parametere See text for details. heterogeneity in thegState relative to the;State, which leads
to destructive interference at highdr values of EXAFS

By using samples with a final Chl concentration of 9.5 mg oscillations of slightly different frequencies. This phenomenon
Chl/mL and freezing the samples immediately after the flash has also been seen in other S-states that have heterogeneity in
protocol, a greatergstate percentage (65% according to Table the Mn—Mn distances, such as the*State?*the $ (g = 4.1)

2 from Messinger et &) was obtained in the 3F samples inthe State?® the NH-treated $state?! the F -treated $state?” and
experiments described in Messinger e #han the gstate  the S state?>83Each of the six 3F samples that were used to
percentage reported in the current study. The smaljest&e generate the average spectrum shown in Figure 4 was decon-
percentage is most likely due to the oxidation of some of the Voluted separately using the averagestate EXAFS spectrum
centers in the $state during the 30 min centrifugation and t0 generate six independens-State EXAFS spectra; the results
subsequent sample handling by°¥ residues which have not ~ are shown in Figure S4 in the Supporting Information. This
yet been reduced by FCCP. However, having a lower percentagéhOWS that the loss of resolution of the EXAFS oscillations that
of centers in the @state for the Sstate EXAFS experiments is seen in the average spectrum is also seen in the spectra from
is necessary to ensure that the only other S-state is;th@af@ the six individual samples.

(which is well characterized) and to obtain highly concentrated By performing a Fourier transform on théweighted spectra,

PS Il samples for EXAFS studies. a graphical representation of the environment surrounding the

EXAFS. EXAFS Spectra (3-weighted) and Fourier Trans- Mn atoms in PS Il is obtained as a radial distribution funcfbn.
forms. The average Mn K-edge EXAFS spectra from six 3F Figure 5 shows the Fourier transforms from thesgite and
samples and six samples in thesate were used to deconvolute ~ Si-statek®-weighted spectra shown in Figure 4. Three prominent
the 3F spectrum into the EXAFS spectrum of the pusstSte, peaks, labeled as peaks |, I, and Il in Figure 5, exist in the
using the S-state distribution determined from Figure 3 (shown Fourier transforms. Peak | corresponds to first-shell-Nn
in Table 1 as 50% & 50% S). These averag&®-weighted interactions arising fronx-oxo-bridging and terminal ligands.
spectra for the Sstate and the deconvoluteg Sate are shown  Peak Il arises from MaMn backscattering in di-oxo-bridged
in Figure 4. The deconvolution was performed using normalized Mn2 moieties. Peak Ill has been proposed to contain contribu-
E-space spectra before conversion irtspace. When the  tions from both mon@e~oxo-bridged Mr-Mn and monax-oxo-
deconvolution was performed after both the 3F spectrum and Pridged Mn-Ca moieties, although other bridging motifs, such
the S state were converted inte-space, the results were asu-1,1-carboxylato ang-hydroxo, are possible.
virtually identical (see Figures S1 and S2 in the Supporting ~ Although peak il is relatively invariant between the &hd
Information). Furthermore, there is almost no difference in the 1 states, peaks | and Il show significant differences between
ke-weighted spectra if the first two EXAFS scans from each the $and § states. Peak | is at a longer apparent distance and
region of the sample are compared to the last two EXAFS scans , - _ _ _ _
from each region of the sample (see Figure S3 in the Supporting(so) éfj‘eg,g YXKHZTL“"‘;; ,“3",'3iﬂ,‘éh%ﬁ{g{'@%ie'g%ﬁgég’izgg?ha”dra' VoK
Information). In addition, there was no discernible difference (81) Eauﬁ Hd: Ar{;‘fﬁ\'\{sé J. C'kR&‘f'Qfs'MT'FBA'; hLa“f.“f" g"g- JéZLégg%'_W-?
in the fits to the EXAFS data for the twi-weighted spectra 5§8C7fan ra, V. K. Sauer, K.; Klein, M. fiochemisiyl995 34

i (82) DeRose, V. J.; Latimer, M. J.; Zimmermann, J.-L.; Mukeriji, I.; Yachandra,
(data not shown). Therefore, the effects of photoreduction are VK. Sauer, K. Kioin' M. PChem Phys1095 194 443 450,

assumed to be negligible. (83) Cinco, R. M.; Fernandez, C.; Messinger, J.; Robblee, J. H.; Visser, H.;
i McFarlane, K. L.; Bergmann, U.; Glatzel, P.; Cramer, S. P.; Sauer, K.;
The m,OSt noticeable Cha,nge between tb}etﬁ,te ?nd 3S,State Klein, M. P.; Yachandra, V. K. IfPhotosynthesis: Mechanisms and Effects
spectra is that the resolution of EXAFS oscillations in the S Garab, G., Ed.; Kluwer Academic Publishers: Dordrecht, 1998; Vol. 2,
state betweek = 8.5 and 11 Al is decreased in the,State pp 1273-1278.

. X . N (84) Sayers, D. E.; Stern, E. A,; Lytle, Phys. Re. Lett. 1971 27, 1204
and the frequency of the oscillations is different between the 1207.
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0.250 4.0
1, " s, state
0.200 4 deconvoluted Sg-state spectrum
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=
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0.050 4 S, state Peak |l isolate
S, state Peak |l isolate
0.000 ; : . : -4.0 : : T
0.0 20 40 6.0 8.0 10.0 35 55 75 9.5 11.5
Apparent distance R'(A) Photoelectron wavevector k (A7)
Figure 5. Fourier transforms of the average Mn K-edge EXAFS spectra Figure 7. Fourier isolates from peak Ik{-weighted from 3.5 to 11.5 A
shown in Figure 4. The Fourier transform corresponding to thet&e is of the Fourier transforms shown in Figure 5. Thes&te is shown in red,
shown in black, and the Fourier transform corresponding to the psgire S and the $state is shown in black. The difference in the amplitude envelope
state is shown in red. of the EXAFS oscillations between the two S-states is evident, and can be
explained by the presence of two different MiIn distances with a small
40 (<0.2 A) separation in distance.
1.0
2.0 1
™
£ 04
=
-2.0 4
S, state Peak | isolate
S, state Peak | isolate
4.0 . . . S, state Peak lll isolate
3.5 5.5 7.5 9.5 115 S, state Peak Il isolate
Photoelectron wavevector k (A™") -1.0

Figure 6. Fourier isolates from peak k¥-weighted from 3.5 to 11.5 AY) 35 > i ;15 e
of the Fourier transforms shown in Figure 5. ThesSite is shown in red, Photoelectron wavevector k (A”)

and the $ state is shown in black. The difference in the frequency of the Figure 8. Fourier isolates from peak lllkf-weighted from 3.5 to 11.5
EXAFS oscillations between the two S-states is evident. The individual A~2) of the Fourier transforms shown in Figure 5. Thes&te is shown in
Fourier peaks I, Il (Figure 7), and Ill (Figure 8) were isolated by applying red, and the Sstate is shown in black.

a Hamming window to the first and last 15% of the chosen range, leaving

the middle 70% untouched. the EXAFS oscillations in the Sstate Fourier isolate relative
to that of the $state, as shown in Figure 6. For peak Il, the
amplitude of the @state Fourier isolate in Figure 7 is
significantly smaller than that of the correspondingsgte
Fourier isolate. Because the amplitude envelope for theisde
Fourier isolate is significantly different from that of the Sate

has a slightly lower peak amplitude in thg Sate relative to

the § state. This implies an increase in distance and/or distance
heterogeneity in the MAO distances in thegtate relative to

the S state. In the Sstate, peak Il is approximately 30% lower

in amplitude than in the Sstate. This consequence of the \ ' '
aforementioned loss in resolution of EXAFS oscillations in the (Maximum for the gstate is at-8 At and § state is a9
k-space spectrum of the State was also seen in the previously A see Figure 7), it is unlikely that the decrease in peak Ii

mentioned studies of other S-states that have heterogeneity iRMPplitude can be explained by a decrease in the number ef Mn
the Mn—Mn distance@4258%83 This provides compelling ~ Mn interactions in the Sstate relative to the ;Sstate, which

evidence that structural changes occur during the-SS; should not change the amplitude envelope. A more likely origin,
transition that reduce the heterogeneity of the 2.7 A-Nm which was stated earlier, is the presence of distance heterogene-
distances. ity in the Mn—Mn distances in the §state. If theAR value is

Curve Fitting of EXAFS Spectra. The Fourier transforms ~ smaller than the theoretical resolution limit of 0.14 A (see
shown in Figure 5 provide the basis for drawing qualitative Materials and Methods for details), the observed damping of
conclusions about structural changes during the—S S; the amplitude function would occur. The fit results shown in
transition. Reliable quantitative results can be obtained by fitting the Curve Fitting of EXAFS Spectra section show that the
the experimental data using the EXAFS equation (eq 1), as calculated distance separation from the fits is, in fact, close to
described in the Materials and Methods section. The Fourier the theoretical resolution limit (vide infra). To see a beat in the
isolates of peaks I, Il, and Ill are shown in Figure 6, Figure 7, Fourier isolates at the proposed distance separation ing¢he S
and Figure 8, respectively; these isolates shovwktheeighted state, the EXAFS spectrum would have to be collected to higher
contributions to each Fourier peak. The increase in the apparenk values. Unfortunately, the Fe K-edge occurs &t\alue of
distance of peak | in the Fourier transforms of thg state approximately 12 A%, Because there are two to three Fe atoms
relative to the $state is evident in the increase in frequency of per OEC (one or two copies of cytochrorbgg and one non-
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heme Fé+)35 and extra Fe can be present in the preparation Table 3. One- and Two-Shell Simulations of Fourier Peak Il from

; ; : " ; ; pres the Sp-State Samples (Fits #7 and #16 Correspond to the Average
depending on isolation conditiof%this makes it very difficult of the Fit Parameters from Fits #1—6 and #10~15, Respectively,

to collect data at highek values. while Fits #8 and #17 Are Fits to the Average So-State Spectrum)
The Fourier isolates from peak Il from each individuat S R o @ &

state data set are shown in Figure S5 in the Supporting fit#  sample shell &) N () AEP  (x109  (x109)

Information. These Fourier isolates show that the trends seen One Shell

in the Fourier isolate generated from the Fourier transform of % SA Mn—Mn 37% 0.24 8.883 —28 g.gg 8.92

the average $state spectrum are also seen in the Fourier isolates £ 2(8: 'm_m 2:;3 i:aé 0:002 %0 o019 o:gé

generated from each individual sample. 4 SD Mn—Mn 2.74 156 0.005 —17 0.24 0.36
Fourier Peak I. Fits to peak | are known to be dominated 5 SE Mn—Mn 273 126 0005 —18 024 0.39

by the 1.8 A bridging Mr-O distanced! although more g asl\J/grage M,\;I‘;m g:;g i:gg 8:882 :g 8:%2 8:3;

terminal Mn—O distances exist than bridging Mi© distances. 8 Sgrand Mn—Mn 272 130 0.005 —20 027 0.40

This is due to the two types of distances having different disorder add

parameters! Thus, using one MrO shell, fits #1-8 in Table 9 S Mn—Mn 272 126 0002 —20 058 0.63

2 show that the Sstate is best fit by a 1.86 A MrO distance. Two Shells

This is a longer distance than the corresponding fit to the S 10 9A m:m g';g 8'22 8'38?2 —20 036 091

State SpeCtrum (flt #9 in Table 2), which is 1.84 A 11 $B Mn—Mn 2:71 1:02 0:00,2 —~18 024 054
To account for the two different types of MO distances Mn—Mn 285 048 0.002

(bridging and terminal), two-shell fits to peak | were attempted, 12 s¢C m:m g'gg (1)"112 g'gg ~16 012 035

although some previous studies have been unable to detect the;s g b Mn—Mn 274 117 0002 —14 0.14 0.44

presence of the MO (terminal) shelP! Fits #10 and #11 in Mn—Mn 287 0.56 0.002

Table 2 show one fit minimum for a two-shell fit to peak | for 14 SE vinWn 273 099 0002 ~14 013 048

the § state and one for the, State. A significant improvement 15 g ¢ M?,_Mﬂ 274 116 0002 —13 012 065

in fit error @ is seen for the two-shell fit. However, these two- Mn—Mn 2.88 0.48 0.002

shell fit minima are quite shallow; essentially identical fit error 16 average MMﬁmn g-;g é-gg 8-883 —-16 0.19 0.56

. . n—mn . . .
values were obt_alned if the and Debye-Waller values for 17 Sgrand Mn-Mn 272 1.05 0002 —16 017 0.50
the Mn—0O (terminal) shell were both much smaller (6.5.0 add Mn-Mn 2.86 0.46 0.002
and~0.002 &, respectively), or were both at an intermediate 18 S Mn—Mn 274 151 0002 —14 047 073
value. Irrespective of th ando? values, however, thR values Mn—Mn 290 0.55 0.002
for the Mn—-0O (teTmmaI) distances 'n the@&nd § states were a Fit parameters and quality-of-fit parameters are described in Materials
much more precise. The MrO (terminal) shell for the Sstate and Methods? AE; was constrained to be equal for all shells within a fit.
required a long 2.22.3 A distance for an acceptable fit, as °Parameter fixed in fit.
compared to the 2:02.1 A distance that was required for the o ) ] )
S, state. A logical extension of this fit, if Mn(ll) is present in these .two possibilities by comparing one-shell fits with two-
the S state, is to attempt a three-shell fit that separates the Shell fits.
Mn—O (bridging) distances, the Mn(ll) MRO (terminal) Fits #1—9 in Table 3 show the results from fitting one Mn
distances, and the MrO (terminal) distances from the other ~Mn shell to peak Il in both the Sand the $ states. A high
three Mn atoms into separate shells. However, this resulted indisorder of one MA-Mn distance is expected to reveal itself
an underdetermined fit as calculated by eq 9 because of theby high Debye-Waller factor in the one-shell fits. Table 3
limited width of the Fourier peak (see eq 10). shows indeed that in fits of the;State data, the Debya&Valler
factor is about 2 2.5 times as large as for thg-State data. No

A reasonable conclusion from the fits to peak | is that there ' i -
is an increase in the MO distances in thecState relative to  differences in the MaMn distance are observed under these
the S state, which is also seen in the Fourier isolates shown in fit conditions between thegSnd § states.

Figure 6 and the Fourier transforms shown in Figure 5. This  Fits #10-17 in Table 3 show improvements in the fits for
can be accounted for by the 0.02 A increase in the averagethe S state if peak Il is treated as two separate -Mn
Mn—O (bridging) distance in thesState relative to the State. distances. Attempts to fit the second shell as a-@nshell

This conclusion is consistent with, but cannot prove, the and the first shell as a MaMn shell produced significantly
presence of a Mn(ll) atom in the, State. (2—3-fold) higher fit error values than the one-shell MKin

fits (data not shown); thus, this scenario is considered unlikely.
With two separate MarMn distances, the fit errob decreased

by 40% for the two-shell fit in the Sstate relative to the one-
shell fit, indicating that splitting the MAMn distances is a valid
approach. However, the improvementdnfor the § state is

Fourier Peak Il. Relative to peaks | and IlI, fits to peak Il
are well known to have deep fit minima and thus produce the
most reliable information about neighbors to Mn in the OEC.
The qualitative analysis of thepSand S-state EXAFS data
(see above) indicates that a more pronounced-Mn distance 0
heterogeneity exists ingState than in the Sstate. In principle, only 19% for the same approach. o
this heterogeneity can be caused by either increased disorder Furthermor.e, the fit regults from the two-shgll f_'t (fit #18 from
of one Mn-Mn distance or the presence of two (or more) Table 3), which show distance heterogeneity in the-N¥m

distinct Mn—Mn distances of slightly different length. We tested distances in the Sstate for this fit, are inconsistent with the
low (0.002 &) Debye-Waller factor for the one-shell fit in

(85) Kurreck, J.; Garbers, A.; Reifarth, F.; Andsson, L.-E.; Parak, F.; Renger, the S state. Curve_flttmg results from Mn mOdel cqmpound
G. FEBS Lett.1996 381, 53-57. EXAFS dat&! show that Mr-Mn shells with no distance
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;absli ztt. STwo—IShe_II Sirrrlyu:]at,i\tl)ns %f /'\:IOijrietthe?k I érr?nﬂ tf:z a distance heterogeneity. This is true especially also in light of
o-olate samples in wnicl 1 an > T0r the Iwo ells Were _ - -
Fixed in Either a 1:1 or a 2:1 Ratio (Fits #7 and #16 Correspond the Sr_na." Debye Waller factor of the one-shell fit (fit 9, T?b'e
to the Average of the Fit Parameters from Fits #1—6 and #10—15, 3). It is important to note that, regardless of whighNj; ratio
Respectively, while Fits #8 and #17 Are Fits to the Average was app“ed, there was no improvemen@mr €2 for the S-
So-State Spectrum) state two-shell fits relative to the single-shell fits, indicating
", | " i | ‘722 oo TO3 61205 that, if three Mn-Mn 2.7 A distances exist in the, State, there
' sampe e @ ® ey ) is no resolvable distance heterogeneity in these experiments.
L SA Mnun N e 0002 20 o064 o0go AN amost identical fit quality is also observed for the one-
Mn—Mn 275 048 0002 ' ' shell and the two-shell fits of theyState, when th&l;:N; ratio
2 $B Mn—Mn 2.68 0.6 0.00Z —20 0.35 0.46 was fixed to 1:1. However, an improvement of the fit quality
3 scC VIV 8-23 10 017 o2 by about 30% is observed for the State, if theNy:N; ratio
Mn—Mn 278 069 0.00Z ' ' was fixed to 2:1 (fits #1617 from Table 4). Furthermore, the
4 $D Mn—Mn 270 0.7 0.002 -17 0.21 0.32 N1 and N, values for all of the @state fits are close to 1 and
5 oE mn—mn g-gg 8-2; 8-88; 18 022 038 0.5, respectively. The MaMn distances for these,State fits
S M:LM: 579 063 0.00Z : : are quite similar to those from Table 3, wih = 2.72 A and

6 SF Mnh—Mn 2.69 0.68 0.00Z -17 021 0.38 R, =2.85 A (AR=0.13 A).

Mn—Mn 279 0.68 0.00Z i isti
7 average MmMn 268 065 0002 -18 030 044 The above analysis favors the case where two distinct Mn

Mn—Mn 2.78 0.68 0.00Z Mn distances of 2.72 and 2.85 A contribute to peak Il of the
8 Sgrand Mn-Mn 2.68 0.68 0.00Z2 —-20 0.25 0.37 So-state samples. This observation is in agreement with earlier
o s add l\’)/'r?:m g;g 8-23 8-882{ o0 088 0.63 data of other samples with a decreased peak Il amplitude: the
Mn—Mn 274 063 0.00% ' ' NHs-treated $staté! and the g-staté® dichroism studies on
NpNp = 2:1 oriented PS Il membranes have confirmed the presence of
10 SA Mn—Mn 2.69 0.9F 0.00Z —20 0.45 0.63 distance heterogeneity and two separate-#m distances in
Mn—Mn 2.83 049 0.00Z peak Il, because significant differences are seen in the dichroism

11 S$B Mn—Mn 2.71 1.02 0.002 -18 0.24 0.32

Mn—Mn 285 058 0002 properties of the different MaMn vectors.

12 $C Mn—Mn 2.71 1.03 0.00Z -17 0.13 0.19 The findings that a;:N; ratio of 2:1 gives clearly a better
Mn—Mn 283 05f 0.00Z fit than a ratio of 1:1 and that the tothl = N; + N, is about

13 %D m:m g:;‘; é:ég 8:885 -4 014 022 1.5 have the intriguing implication that three and not two di-

14 S$E Mn—Mn 2.73 098 0.00Z —-14 0.13 021 u-oxo-bridged type Ma-Mn distances may exist in the OEC,
Mn—Mn 2.86 0.49 0.00Z and that one of them is longer in the Sate relative to those

15 SF Mn—Mn 2.73 1.16 0.00Z -14 0.14 0.26 in the S state
Mn—Mn 2.86 0.55 0.002 C _ .

16 average MaMn 272 104 0.002 -16 0.20 0.30 The two-shell fit to peak Il can also be displayed graphically

17 § “:A“—mn gsg g-gg 8~88§ 16 047 096 as a contour plot, as shown for the Sate in Figure 9. In this

S’gg’:jn M:ME 285 05F 0.00Z ' ' p!ot, the N; and N, values cqrresponding t(_) the MiMn

18 S Mn—Mn 2.70 0.93 0.00Z2 —-19 0.57 0.62 distances from each shell are fixed at the designated values for

Mn—Mn 277 0.46 0.002 each fit. The g-state contour plot in Figure 9 shows that a well-

) . ) I . defined fit minimum exists a; = 1.05 and\, = 0.46, which
aFit parameters and quality-of-fit parameters are described in Materials . . A

and Methods? AE, was constrained to be equal for all shells within a fit. ~corresponds to 2.1 MaMn interactions at~2.7 A and 0.92
¢ Parameter fixed in fit? TheNy:N, ratio was fixed to 1:1 for this fit® The Mn—Mn interactions at-2.85 A. As expected, this is the same
Ni:N; ratio was fixed to 2:1 for this fit, fit minimum that exists in fit #17 from Table 3. Thus, Figure 9
provides strong visual confirmation that the two-shell fits to
peak Il from the § state asymmetrically distributd; and N,
values, and therefore the 2.7 and 2.85 A+vin distances, in
a 2:1 ratio. Although a clear minimum fab is observed for

heterogeneity exhibit Debyénaller factor values of 0.002%A
Thus, it may not be meaningful to apply a two-shell fit to peak
Il'in the S state, and MA-Mn distance heterogeneity in the S
state is marginal at best.

Table 4 shows the results from two-shell fits to peak Il. The the case of wo 2.7 A and one 2.85 A MMn vectors, the
results from Table 4 expand on the possible inequality between case of one.2.7 A and one 2.85 A MMn vector, or a site
N; andN; by using the constraint that there must be an integral "Nomogeneity are less likely, but may not be ruled out by our
number of Mr-Mn interactions. To test the case of constant Current data.
disorder of two separate MrMn distances, we fixed the Because the proposed distance heterogeneity in distage
Debye-Waller factor to 0.002 A the value observed for the (0.13-0.14 A) is so close to the theoretical resolution limit of
S;-state data and in model compound studiaale furthermore 0.14 A, it is not possible to unequivocally prove that there are
varied onlyN; and fixed theN;:N; ratio to chemically reasonable  two different Mn—Mn distances present in the State. This
values of 1:1 (fits #19) or 2:1 (fits #16-18) (Table 4). This resolution limit is defined as the ability to seek&weighted
corresponds to the scenarios of two M¥n interactions : beat in the peak Il Fourier isolate, and can be improved if data
N, = 1:1) and three MaMn interactions Ki:N, = 2:1), can be collected to high&rvalues (see Materials and Methods
respectivelyEqg was restrained to be identical for all subshells. for a discussion of the calculation of theoretical resolution
This allows a direct comparison df (ande? values) between  limits). Thus, it is possible to explain the EXAFS data from
these different fits. For the;State, the fit quality was essentially  the S state in terms of an overall increase in site inhomogeneity
identical in all cases, so there is no compelling reason to invoke for the 2.7 A distances. This is a different disorder scenario
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Figure 9. (A) Contour plot of thed error parameter, showing the minimum for the two-shell peak Il fit for thet&te. For each fiy? was fixed at 0.002

A2 for each shell, andl; andN, were fixed at the values corresponding to the designated number eMMrinteractions; according to eq 2, the number

of Mn—Mn interactions is twice th#l value. The maximum value @b shown is 1.0x 103, and the contour step size is 251075 error units per contour.

The dashed lines designate the fit minimum from fit #17 in Table 3. (B) A vertical section of the contour plot in part A taken at the fixed value of 0.92
Mn—Mn interactions at 2.85 A (designated by a dashed line in part A). (C) A vertical section of the contour plot in part A taken at the fixed value of 2.1
Mn—Mn interactions at 2.7 A (designated by a dashed line in part A).

Table 5. One- and Two-Shell Simulations of Fourier Peak Il from or if peak Il was fit with only a Mr-C shell (data not shown).
the So-State Samples In addition, attempts to fit peak Il with one MrMin shell (N
_ R 022 . ‘33 625 = 0.5) and two Mr-Ca shells Kl = 0.5) resulted in fit errors
fiti _ sample shell ® N (W) AR (09 (10 that were 26-50% higher than those shown for fits #3 and #6
1 Soggg‘d Mn—Mn 333 05 0004 -13 028 076 in Table 5. As shown in the Fourier transforms from Figure 5,
a . . . .
2 Sgrand Mn—Ca 339 05 0002 —-13 032 087 peak Il is esge_ntlally |nvar|_ar_1t between th_@§ate ant_j the_ls_
add state. Thus, it is not surprising that the fits are quite similar
3 Sgrand Mn-Mn 335 05 0.00Z -8 0.17 0.46 between the &and the $states. The Fourier isolate from Figure
add  Mn-Ca 3.57 0.25 0.002 8 shows a very small frequency shift between thar®l the $
4 5 Mnh-Mn 336 05 0.004 -7 025 0.36 L . L A
5 5 Mn—Ca 3.42 0.5 0.002 -7 0.28 0.40 states which is manifested in S|Ightly smaller (0‘@203 )
6 S Mn—Mn 3.37 05 0.002 -3 0.08 0.11 distances in the state relative to theState. However, these
Mn—Ca 3.58 0.25 0.00Z changes may be too small to be significant.
aFit parameters and quality-of-fit parameters are described in Materials ~ Controls. All of the previous fits to peaks I, Il, and IIl were

and Methods? AE, was constrained to be equal for all shells within a fit. ~ also applied to the average EXAFS spectrum from the 3F
¢ Parameter fixed in fit. samples (50% & 50% S) to examine the consequences of the
subtraction procedure. Because of the high signal-to-noise ratio
achieved in this experiment, it is unlikely that the fit results
presented in Tables—25 are the result of noise introduced into
the data during the subtraction procedure. The fits to the EXAFS
spectra from the 3F samples confirmed this, because the fit
results were halfway between those reported above for ghe S
state and those reported above for thatdte (data not shown).

from the presence of two different MrMn distances, which
would be expected to have very little site inhomogeneity.
Fourier Peak Ill. Curve-fitting results for peak Ill are shown
in Table 5. The fit results for the individualyState samples
were essentially identical to those shown in Table 5 for the S
grand add fit (data not shown). Although the fit minima are

much more shallow than those for fits to peak Il, it is still Furth h fit h i st
possible to address some relevant questions about peak I, urthermore, the same fitting approach was appliedyistate

specifically the chemical nature of the backscatterers that spectra obt_ained from 3F-sample spectra using the alternative
contribute to this peak. A comparison of fits #1 and #2, as well déconvolutions mentioned earlier (40%, $0% S and 60%

as fits #4 and #5, shows that the fit results are slightly better if S0 40% ), and almost identical results were found between
peak Il is fit with a Mn—Mn rather than a MrCa distance. thgse fits anq th.ose shoyvn in Tables2 (data not shown).
Fits #3 and #6 show that the fit error paramet@rande? drop This makes it highly unlikely that the observed differences
by a sizable amount, approximately 50%, if an additionaHvin ~ Petween the $state and Sstate EXAFS spectra, as well as

Ca interaction is added to the mopesxo Mn—Mn interaction. the 2:1 ratio forN;:N,, arise from errors in deconvolution.

Attempts to fit peak Il with a combination of a MaVIn shell As mentioned in the Materials and Methods section, the
and a Mn—-C shell or a combination of a MnaCa shell and a possibility was examined that the Fourier isolation technique
Mn—C shell resulted in fit errors that were-3-fold higher is generating artifacts in the data, although most of the Fourier
than those for a combination of a MiMn shell and a Ma-Ca peaks in Figure 5 are well separated, which minimizes any

shell (data not shown). A similar increase in error was observed distortion artifacts from the isolation procedure. This possibility
if the N value for fit #1 or fit #4 in Table 5 was fixed to 1.0to  was addressed by isolating the Fourier peaks as pairs (peaks |
assess the possibility of two or more 3.3 A MNIn interactions =+ Il and peaks II+ IlII) and comparing the obtained curve-
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fitting results to those obtained when the peaks were isolated respectively. This can be explained by the fact that protonation

individually. As shown in Tables S1 and S2 in the Supporting

of au-oxo bridge lowers the MRO bond order, which causes

Information, no major changes in the fit results are obtained by an increase in the MAMn distance. Protonation of g-oxo

fitting the Fourier peaks as pairs relative to the fits to the
individual Fourier peaks; thus, it is rather unlikely that the fit
results presented in Tables-2 are affected by Fourier isolation
artifacts.

Discussion

Mn—Mn Distance Heterogeneity in the OEC.As men-
tioned in the Introduction, EXAFS experiments have shown that
a major structural motif in the OEC is the dioxo-bridged
binuclear Mn unit.#~12 The additional presence of mope-
oxo Mn—Mn and Mn—Ca maotifs at a longer distance has also
been shown, although the bridging motif could also be mono-
u-carboxylato or mongehydroxo?810-1214EXAFS studies of
the S and $ states revealed that all of the gloxo-bridged
Mn—Mn moieties have essentially the same Mvin distance
of ~2.7 A. This distance is consistent with those found in
numerous studies of di-oxo-bridged Ma(lll,1V) and Mny(1V,-

IV) complexes*86:87This provides strong evidence that the 2.7
A distance detectable in the EXAFS spectra of thead $
states originates from di-oxo-bridged Ma(ll1,1V) and/or Mn,-
(IV,IV) moieties.

bridge could occur as a consequence of the lower Mn average
oxidation state in &and/or due to rebinding of substrate water
to the Mn cluster in the §— S transition.

Another effect that could increase the MNIn distance is
the presence of Mn(ll). It is well known that the Mtigand
distances are longer for Mn(ll) complexes than they are for Mn-
(1) and Mn(IV) complexes$®°! and the XANES and K
spectroscopic data from Messinger e alre consistent with
the presence of Mn(ll) in theoState. However, no Mn model
complexes have been reported which contain @dko-bridged
Mn(Il) atom. The closest analogues which have been structurally
characterized are M(l,Il) and Mny(Il,1ll) di- u-phenoxyl-
bridged complexes which have MiMn distances of 3.23.4
A.92796 |n addition, a diu-hydroxo-bridged Mg(l1,11) complex
with a Mn—Mn distance of 3.31 A has been characteri¢ed.
The long Mn—-Mn distance in these complexes is most likely
due to a combination of the nature of the bridging ligands and
the oxidation states of the Mn ions; aexo-bridged moiety
that incorporates Mn(ll) along with Mn(lll) or Mn(lV) would
be expected to have a shorter MiIn distance than is seen in
the above-mentioned complexes due to the presence gfdke

However, other states of the OEC, including those generatedbridges.

by treatments with oxygen-evolution inhibitors, show that many
of these states contain MiMn distance heterogeneity which

affects the amplitude and, in some cases, the position of peak

Il'in the Fourier transforms. EXAFS studies of the(§ = 4.1)
state®0 the F-treated $ stateS? and the NH-treated $ staté?!
all show that one of the MaMn distances has increased to
2.8-2.85 A. In the native $state, EXAFS detects the presence
of at least two MA-Mn distances which have increased in length
to 2.85 and 3.0 A relative to theState distances of 2.7 &:83
The results from the current study represent the first EXAFS
characterization of the nativey, State. A previous study by

It is also possible that both of these features, the presence of
Mn(Il) and u-oxo bridge protonation, occur in the State.

Are There Three Di-u-oxo Bridges Present in the OEC?
Analysis of the results presented in this paper shows that it is
possible that three, not two, gdiroxo Mn—Mn moieties are
present in the OEC. This conclusion is a result of the finding
that the fits to Fourier peak Il in theyState shown in Table 4
do not favor an equal distribution of the coordination numbers
N; and N, between the 2.7 and the 2.85 A shells; an equal
distribution would be consistent with the presence of two di-

1-0xo Mn—Mn moieties. Instead, clearly better results are seen

Guiles et aP* characterized a chemically reduced S-state called \yhen the distribution ofN values is 2:1 WithNiy ~ 1.5.

the S* state, and provided evidence for MiMn distance
heterogeneity in that S-state in the form of a lower peak Il
amplitude in the & state. The results from the current study
show that the Sstate has a noticeable reduction in the amplitude
of peak Il in the Fourier transform relative to the Sate, as

seen in Figure 5. This can be explained by the existence of

Mn—Mn distance heterogeneity in the State in the form of
Mn—Mn distances at2.7 and~2.85 A. These results provide
the first evidence that structural changes occur during ghe S
S, transition in the OEC, which can be rationalized by a
combination of two effectsu-oxo bridge protonation and/or
the presence of Mn(ll) in thesState.

The plausibility ofu-oxo bridge protonation in the,State
comes from an EXAFS spectroscopic study by Baldwin &t al.
of a series of M1V, IV) di- u-oxo-bridged complexes in which

theu-oxo bridges were successively protonated. The results from (92)

this study showed that the MrMn distance increases from 2.7
to 2.8 to 2.9 A with 0, 1, or 2u-oxo bridge protonations,

(86) Pecoraro, V. L. IManganese Redox EnzymPgcoraro, V. L., Ed.; VCH
Publishers: New York, 1992; pp 19231.

(87) Pecoraro, V. L.; Hsieh, W.-Y. IManganese and Its Role in Biological
ProcessesSigel, A., Sigel, H., Eds.; Marcel Dekker Inc.: New York, 2000;
Vol. 37, pp 429-504.

(88) Baldwin, M. J.; Stemmler, T. L.; Riggs-Gelasco, P. J.; Kirk, M. L.; Penner-
Hahn, J. E.; Pecoraro, V. J. Am. Chem. S0d.994 116, 11349-11356.

Although EXAFS spectroscopic results have been consistent
with two to three dix-oxo-bridged Mr-Mn moieties, proposed
modeld7:1%:3¢-32 (including our owA®1516.22.2p have emphasized
two di-u-oxo-bridged MR-Mn moieties.

Because the possibility that threeidiexo Mn—Mn moieties
exist in the OEC has not been seriously considered until ffow,
it is productive to reexamine the data already in the literature
under the premise of three diroxo Mn—Mn moieties. This is
most convincingly done for S-states in which MNin distance

(89) Christou, G.; Vincent, J. B. IMetal Clusters in ProteinsQue, L., Jr.,
Ed.; American Chemical Society: Washington, DC, 1988; Vol. 372, pp
238-255.

(90) Pence, L. E.; Caneschi, A.; Lippard, Slnbrg. Chem.1996 35, 3069
3072.

(91) Darovsky, A.; Kezerashvili, V.; Coppens, P.; Weyhéllew T.; Hummel,

H.; Wieghardt, K.Inorg. Chem.1996 35, 6916-6917.

Bashkin, J. S.; Schake, A. R.; Vincent, J. B.; Chang, H.-R.; Li, Q.; Huffman,

J. C.; Christou, G.; Hendrickson, D. N. Chem. Soc., Chem. Commun.

1988 700-702.

(93) Hodgson, D. J.; Schwartz, B. J.; Sorrell, T. Norg. Chem.1989 28,
2226-2228.

(94) Mabad, B.; Cassoux, P.; Tuchagues, J.-P.; Hendrickson, Boly. Chem.
1986 25, 1420-1431.

(95) Kessissoglou, D. P.; Butler, W. M.; Pecoraro, V.lhorg. Chem.1987,

26, 495-503.

(96) Yu, S. B.; Wang, C. P.; Day, E. P.; Holm, R. kiorg. Chem.1991 30,
4067-4074.

(97) Kitajima, N.; Singh, U. P.; Amagai, H.; Osawa, M.; Morooka, JY. Am.
Chem. Soc1991, 113 77577758.
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Table 6. Curve-Fitting Results for Fourier Isolates of Peak Il from it
S-States that Exhibit Distance Heterogeneity in the O
Di-u-oxo-bridged Mn—Mn Moieties (H) 0\ Nvo
S-state ref RA) RA N N NeN, i Mn
Mn'ls Mn'Y \
So* state table Il from 269 287 10 05 21 ~N
) (0] O
Guiles et aP*
S (@g=4.1) table 4B from 272 285 076 044 1731 L
state Liang et alf
NHs-inhibited table 1 from 271 286 075 05 151 /O\
S, state Dau et aF! al | o MY Mn'"
F-inhibited  table 2 from 271 285 08 04 21 \\Mn / \ ~0
S, state DeRose et a2 ’ o I
S; state table 1B from 282 295 07 04 1.751 \\\Mn
Liang et al?s O‘-‘
S state table 3 from 272 286 105 046 2281 G (H) ""{‘j"Mn"'
current study O, | N \
S state table 4 from 272 285 1.02 051 21 Mn“__o
current study M~ 57
M

Figure 10. Modified structural models for the active site of the OEC in
PS Il poised in the &state. Structures andM are modifications of or

G from Figure 2. Each model containsg@oxo or au-hydroxo bridge
colored blue as a suggestion for the M¥n moiety giving rise to the 2.85

A Mn—Mn distance; the two remaining gi-oxo Mn—Mn distances are
2.7 A. A possible site of the proposed oxyl radical in thes@te is denoted

in red for each model (see text for details). Mn oxidation states in ghe S
state can be either Ml 3,1V) or Mny(ILIILIV 7).

heterogeneity exists, because teN, ratio for these S-states
can be examined. As mentioned earlier, we expect this to be
more reliable than examining the totidlvalue from EXAFS
curve-fitting of the $and S states, which can be different from
the actualN value by up to 3098° The S-states of interest
include the & state?*the S (g = 4.1) staté®® the NHs-treated
S, state?! the F-treated $ stateS? and the $ state?>:83

The results of this reexamination are shown in Table 6, which Spectra from the Sstate by Kusunoki and co-worket$!%In
show that none of the S-states which exhibit distance hetero-addition, all three structures shown in Figure 10 appear to be
geneity is best fit by an equal value for both Mr-Mn shells; consistent with the dimensions of the electron density envelope
the fit results from these S-states are, in fact, more consistents€en in the 3.8 A X-ray structure data of the Mn cluster in PS

with a 2:1 Ng:N, ratio (whereN; corresponds to the shorter 1I.3*% However, as confirmed by Mn and Sr EXAFS stud-
distance), as seen in the data from the current study. ies!41> the OEC is most accurately described as a Mn/Ca

Mechanistic and Structural ConsequencesThe data from heteronuclear cluster; therefore, Ca should be incorporated into
the current study and a reinterpretation of data already in the €ach of the proposed structures in Figure 10 so thé Mn—
literature are consistent with two or three MKIn di-u-0xo0 Ca vectors exist which are oriented close to the membrane
bridges in the OEC, favoring three based onhs\; ratios in normall®? It should be noted that Ca has not yet been detected
samples with heterogeneity in the 2.7 A distances. Figure 2 in PS Il by X-ray crystallographic studies. _ _
shows several structures that are consistent with this result. The So State.As drawn, the models in Figure 10 are depicted in
number of possible structures can be largely reduced, when, inthe  state. On the basis of the detailed discussion in Messinger
addition, the constraint of one 3.3 A MiMn distance is taken €t @l.’ the Mn oxidation states in the,State are most likely
into account, which stems from fits to Fourier peak Il in €ither Moy(ILIILIV,IV) or Mn 4(IILIILIILIV). The data from the
untreated and Ca-depleted PS Il samplééin this case, only current study are consistent with both of these options. In Figure
structures, E, F, G, andK are likely, because the others have 10, only models with three 2.7 A type MrMn distances and
either noneC, J), two (B, D, 1), or three H) ~3.3 A Mn—Mn one 3.3 A vector are shown. As discussed above, maslds
distances. F, andK are also still possibilities, and similar arguments apply

From the remaining structures with two giexo-bridged O those given below. .
Mn—Mn moieties A, E, F, andK), structureA was favored In the S state, the presence of Mn(ll) and/or protonation of
for a long time because of its simplicit).However, on the ~ &/-0X0 bridge can azcount for the increase of one 2.7_A—Mn
basis of simulations of EPR spectra from thesate, Peloquin ~ Mn distance to 2.85 A, as explained above. Howeveg,ihe
et al32 prefer structure& or F, because these structures provide Presence of Mn(ll) in the &state would cause two out of three

better rationale for the strong exchange coupling between two 2-7 A Mn—Mn distances to increase, not one out of three.

di-u-0xo Mn—Mn moieties. Because this is inconsistent with the EXAFS fits presented in
Model G (Figure 2) is one of the few proposed structures this paper, the use db necessitates assigning the _OX|dat|on

for the OEC that contain three gdioxo type Mn-Mn moieties  States of Mniin the &state as Mi(lll5,1V) and protonating one

and one 3.3 A type MaMn distancet! This is not surprising of the u-oxo bridges in the &state (shown in blue in Figure
because only a few models can be constructed with four Mn 10).

ions under these geometrical constraints. However, by moving gg) Hasegawa, K.; Ono, T.-a.; Inoue, Y.; Kusunoki,Ghem. Phys. Let1.999
one of theu-oxo bridges around, the two new structural models 300, 9-19.

- . . 100) H ,K.; Ono, T.-a.; Inoue, Y.; K ki,Bal. Chem. Soc. Jpn.
L andM can be derived (Figure 10). A structure similarGo ( )19?;399%?”1%13_1833, & noue usunox em. =0oc. pn

was recently suggested on the basis of simulations of EPR(101) Zouni, A.; Jordan, R.; Schlodder, E.; Fromme, P.; Witt, HBiichim.
Biophys. Acta200Q 1457, 103-105.
(102) Cinco, R. M.; Robblee, J. H.; Rompel, A.; Fernandez, C.; Sauer, K,
Yachandra, V. K.; Klein, M. PJ. Synchrotron Radiatl999 6, 419—
420.

(98) Latimer, M. J.; DeRose, V. J.; Yachandra, V. K.; Sauer, K.; Klein, M. P.
J. Phys. Chem. B998 102, 82578265.
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Each of the remaining two structures in Figure LGandM, some of this spin density being present on ghexo-bridged
can incorporate Mn(ll) in the &Sstate and increase only one of oxygen and/or the other,-oxo-bridged oxygens.
the Mn—Mn distances; one possibility is shown in Figure 10. conclusions

Because it is unclear from model-compound chemistry whether  +1.4 qata in this study suggest that thregceixo Mn—Mn

protonation of :-0x bridge would be required, the proton is  mtits may be present in the OEC. The new topological models
denoted in blue in Figure 10 as optional for both models; ghown in Figure 10 evolved from the results presented in this
however, protonation of a-oxo bridge would most likely be  paper and represent new structural possibilities for the OEC
necessary if the Miflll 5,1V) oxidation state option is invoked.  that have not been widely considered in previous studies. It is
S; State. EXAFS experiments on thesState suggest that — expected that significant insights will come from evaluation of
all of the 2.7 A Mn—Mn distances in the Sstate increase in experimental data in terms of these new models. This will be

distance in the $state? This was explained by Yachandra et particularly revealing for the interpretations of EXAFS data from
all6 and Liang et af using A in Figure 2 as a structural ~ oriented PS Il membranes in various S-staté8'83and the

framework and incorporating an oxyl radical imaxo bridging ~ interpretation of the ENDOR, ESEEM, and continuous-wave
position in the § state. This provided an explanation for an EPR spectra from the;Sind $ states?1%3
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L o ) ] Supporting Information Available: Additional XAS experi-
Similarly, one possibility for the di-oxo-bridged oxygen  mental details, comparison of the deconvolution methods for
which becomes the oxyl radical and gives rise to the 3.0 AMn  the g state usinge- andk-space data, consideration of possible
Mn distance in the $state is shown in red for structukeand radiation damage effects, reproducibility of the BXAFS
M. In a fashion similar to what was proposed aboveGothe spectra, and curve-fitting results from Fourier peaksll and
increase in the other MaMn distances can be rationalized by || + |11 (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

From the topological models in Figure 10, mod&lseems
best suited to understand the structural changes duringsthe S
to S transition. If G is used, formation of an oxyl radical at
the oxygen denoted in red in Figure 10, for example, would
give rise to the longer3.0 A Mn—Mn distance in the $Sstate.

The lengthening of the other two giroxo Mn—Mn moieties
can be explained if some of the spin density of the oxyl radical
in G is present on thgs-oxo bridge or the other,-oxo bridges.
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