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ABSTRACT. By application of microsecond light flashes the oxygen-evolving complex (OEC) was driven
through its functional cycle, the S-state cycle. The S-state population distribution obtained by the application
of nflashes (= 0 ... 6) was determined by analysis of EPR spectra; Mn K-edge X-ray absorption spectra
were collected. Taking into consideration the likely statistical error in the data and the variability stemming
from the use of three different approaches for the determination of edge positions, we obtained an upshift
of the edge position by 0:-81.5, 0.5-0.9, and 0.6-1.3 eV for the $—S;, S—S;, and $—S; transitions,
respectively, and a downshift by 2:3.1 eV for the $—S; transition. These results are highly suggestive

of Mn oxidation state changes for all four S-state transitions. In th&tée spectrum, a clearly resolved
shoulder in the X-ray spectrum around 6555 eV points toward the presence of Mn(ll). We propose that
photosynthetic oxygen evolution involves cycling of the photosystem Il manganese complex through
four distinct oxidation states of this tetranuclear complex: Mr({Mn(lll) —Mn(IV). in the S-state,

Mn(ll) 2—Mn(IV) 2 in the S-state, Mn(llly—Mn(1V) s in the S$-state, and Mn(1Vj in the $-state.

The earth’s dioxygen atmosphere has been produced by— S;— S — S, — ... (7). The $S— transition is assumed
photosynthetic water oxidation at a tetranuclear manganeseto involve the formation of a transient intermediate state,
complex, which is bound to the polypeptides of photosystem the §; the S—% transition is coupled to the release of
II (PS Il). This manganese complex together with the part dioxygen. The question of how manganese oxidation state
of the PS Il protein complex directly involved in photosyn- changes are involved in the light-driven cycling of the OEC
thetic water splitting is denoted as “oxygen-evolving com- is of crucial importance with respect to the mechanism of
plex” (OEC)! structure and location of the OEC and the photosynthetic water oxidation.
functional role of the four manganese ions are currently the  Data obtained by various techniques indicate that §ie S

subjects of intensive research—6). S, and the $—S; transitions involve manganese oxidation,
Successively absorbed photons drive the cycling of the whereas the $S,—S, transition is coupled to an overall
OEC through four semistable states; (Bark state)— S, reduction of manganese ions. However, it is still a highly

controversial issue whether the-S5; transition involves
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paramagnetic resonance; EXAFS, extended X-ray absorption fine S; transition. However, as correctly pointed out by Roelofs
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used the magnitude of the-State multiline signal¥2), an the sample holder) and the open frontside. Because the light
EPR signal which is under the chosen experimental condi- flash from the backside had to pass through the Kapton tape
tions present only in the ,State of the OEC, for the and because Kapton acts as an efficient long pass filter with
determination of the actual S-state composition. In clear a 50% cutoff wavelength of 500 nm, the front face was also
contrast to Ono et all1(Q), they concluded that probably no illuminated through a Kapton foil.

direct manganese oxidation is involved in the-S; transi- Two hours before application of a flash sequence, all
tion. The X-ray results of Roelofs et allY) appeared to  samples were exposed to a single “preflash” and subsequently
settle the disputed question. In this study, however, we placed in complete darkness (in the desiccator described
demonstrate that there is, indeed, a pronounced shift of theabove at C). After illumination at 5°C with a sequence
X-ray edge position, strongly suggesting manganese oxida-of n flashes i = 0—6, flash frequency of 1 Hz), the
tion upon the $-S; transition. illuminated sample was shot into liquid nitrogen within

Whereas in ref¢0 and11 suspensions of PS Il membrane clearly less tha 1 s (using a device built by the mechanics
particles are used, we investigate the manganese oxidatiortvorkshop of the FB Biologie, Marburg). The ensemble of
state changes using multilayers of PS Il membrane particlesSamples prepared on a single day is in the following referred
(see, e.g., ref3). We consider the X-ray properties of these 10 as a “flash series”,
samples and the illumination conditions of this investigation =~ EPR MeasurementsConditions and instrumentation for
to be more favorable with respect to the correct assessmenthe collection of X-band EPR spectra are described elsewhere
of the S-state composition by EPR spectroscopy. Further- (14). The so-called multiline signal was measured at 8.5 K
more, the possible influence of statistical errors related to (#-wave power of 32 mW and 12.5 kHz field modulation
the collection of X-ray spectra and to the accuracy of the With @ modulation amplitude of 20 G). For the glycerol-
determination of the S-state composition by EPR spectros-containing samples we never observed any indications for a
copy is assessed; several alternative approaches for thébo-state multiline signali5, 16). For precise quantification

determination of X-ray edge positions are applied. of the magnitude of the Sstate multiline signal a correlation
method has been applied which is described elsewhé&je (

The results obtained by this correlation method are, in
principle, equivalent to the results obtainable by signal
) . . guantification through averaging of the peak-to-trough
Preparation of “Flashed” SamplesWith the exception  amplitudes of the multiline EPR signal (as carried out in ref
of the following modifications, layered PS Il membrane 11). However, the correlation method7, 18) is superior
particles were prepared as described elsewh8e (The  with respect to the suppression of undesired noise contribu-
spinach thylakoid membranes were incubated for 1 min in tjons. By using this method, we detect a few percent of PS
the Triton X-100 buffer (detergent-to-chlorophyll ratio of 25 |5 in the Sy-state prior to application of the flash sequence
mg/mg of Chl 1 M glycine betaine, 15 mM NaCl, 10 MM \hich might have escaped an analysis based on the peak-
MgCl;, 5 mM CaCh, 25 mM MES, pH 6.2) and washed  to-trough method. This residuab-State population, [$°,
3—4 times by centrifugation and resuspension in the detergent-is considered in the simulations of the flash number
free buffer B (1 M glycine betaine, 15 mM NaCl, 5 mM  dependence of the S-state multiline signal amplitude which
MgCl;, 5 mM CaCt, 25 mM MES, pH 6.2). For the final  are described in the context of Figure 1.
pellet we determined an oxygen evolution activity of 1200 X-ray Absorption Spectroscopythe X-ray measurements
1400umol of O,/((mg of Chl) h) at 28C. Frequently, thick  \yere carried out at the EMBL beam line D2 (HASYLAB,
suspensions of PS Il membrane particles43mg of Chl/'  pESY, Hamburg, Germany) largely as described elsewhere
mL) were stored at-70°C; frozen suspensions were slowly (13). X-ray fluorescence excitation spectra were collected
thawed and washed by resuspension (in buffer B) and gt two distinct excitation angles (either °L6r 55°; angle
centrifugation. The pellet was resuspended in buffer B plus petween the X-ray electric field vector and the normal to
10% (v/v) glycerol and 150 nmol of PPBQ/mg of Chl, using the surface of PS Il particles multilayers) using an energy-
a stock solution of 30 mM PPBQ in DMSO, and layered resplving 13-element solid-state detector. The total count
membrane particles were prepared using a special centrifugarate per element channel was 16@D00 counts/s. For
tion procedure13). Immediately after the centrifugation a  excitation energies above the Mn K edge, the mean Mn
single light flash (preflash) was applied (as described below), flyorescence count rates per element channel were, typically,
the samples were placed in a desiccatar Zoh (without 250 and 175 counts/s for excitation at°1&nd 53,
desiccant and in complete darkness), and the drying processespectively. For excitation below the Mn K edge, the mean
was accelerated by mildly evacuating once (at the beginning count rates were around 45 and 30 counts/s &&hsl 55,
of the 2 h drying period). Noteworthy is that the centrifuge- respectively. In the following the measured fluorescence
and-dry procedure used here results in only partially dried excitation spectra are referred to as X-ray absorption spectra.
samples without any texture, whereas for paint-and-dry  The X-rays passing the cryostat were used to measure the
procedures the brush texture is likely to be related to absorption spectrum of a KMn@owder enclosed in Kapton
significant (and irreproducible) spacial variations in the tape and placed in front of an ion chamber. The KMnO
sample thickness. powder exhibits a sharp pre-edge peak which is assumed to
Two microsecond flash lamps (FX 134 of EG&G Electro be at 6543.30 eV. By using a least-squares fit using a
Optics; electrical pulse energy of 4.5 J/lamp; full-width at Gaussian function and a second-order background poly-
half-maximum of fus) were employed for simultaneous flash nomial, we determined the position of the KMp@re-edge
illumination of the sample from two sides: the backside peak on a preliminary energy-scale with an estimated
consisting of a Kapton tape (which forms the backwall of precision of 0.02 eV; the energy scale of the collected X-ray

MATERIALS AND METHODS
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spectra was corrected accordingly. If the first light flash of a flash sequence drove the
During the X-ray measurements, the temperature inside formation of the Typ radical, the determination of the
the He cryostat had been 120 K; heat exchange was resulting S-state composition would be more intricate. To
facilitated by He gas. We observed a shift of the Mn K ensure formation of the Tyrradical in all PS II's prior to
edge by about 0.1 eV/h in zero-flash samples and about 0.2application of the flash sequence, Roelofs etHl) applied
eV/h in samples exposed to one or more flashes. The heattwo preflashes. We found in our preparations thepTyr
exchange gas pressure, which had been either 60 or 60C0adical to be present in most PS II's already before
mbar, did not affect the rate of manganese X-ray photo- application of the preflash. Therefore, a single preflash is
reduction significantly. sufficient to obtain a PS Il state composition characterized
The rapid X-ray photoreduction and its oxidation state by oxidized Typ in essentially all PS II's (no further increase
dependence are extremely problematic in the context of thein the Ty radical EPR signal is detectable) and a maximal
present investigation. To minimize the influence of photo- population of the Sstate.
reduction, we typically did not use more than two energy  For determination of the S-state composition we employed
scans (about 20 min of X-ray illumination per scan) per the approach of Roelofs et all) which is briefly outlined
sample position for the subsequent data analysis. For eachn the following. Photosystems in the-State give rise to a
flash state, S (n= 0 ... 5, number of applied microsecond characteristic EPR signal arourgl = 2, the so-called
flashes) of an individual series, usually-2 scans were  multiline signal (2). The g = 4 signal, which is also
measured on different samples and utilized for the analysisassociated with the,State, is not observed because forma-
of edge positions. tion of this signal is inhibited due to the presence of glycerol.
In this investigation, the mean ener@y;*®" of the increase  Therefore, the magnitude of the-State multiline signal is
in the normalized absorptiop(E), from u to u, is used to proportional to [g], the fraction of PS II's in the Sstate.

determine the position of the X-ray edge: Application of a flash sequence causes S-state cycling and
thus an oscillatory pattern in §Bwhich is reflected by the
Emean_— T E(x) du 1) oscillations in the magnitude of the multiline EPR signal (see
Up — g o i1 Figure 1A). The oscillatory pattern is simulated using a

] ) ] ] relatively simple model involving a miss parametd,
where E(u) is the inverse function of the normalized (probanility that PS Is fail to advance in the S-state cycle),
absorptionu(E). The computational approach to circumvent gnd a double-hit parametdd, (probability for advancement
the problems associated with the use of the inverse functionby two S-states). The achieved agreement between the
is described elsewherd9). We have chosen the follow-  simylated and the experimentally obtained oscillation pattern
ing: 1 = 0.15 andu, = 1.0; this choice of the integration  gyggests that the model is sufficiently accurate (see Figure
limits enables the application of eq 1 to manganese redoxlA); the use of more complex models (e.g., 26) seems
enzymes and various inorganic manganese compod®jls ( not to be required. By a least-squares curve-fit approach

Using the edge spectra of pure S-states (equally spaceghe parameters for optimal agreement between simulation
data points, point spacing of 0.14 eV) for the calculation of ang experiment are determined. Eventually these parameters
the second derivatives shown in Figure 3B the following gjiow calculation of the S-state composition obtained by
procedure was employed: (1) smoothing by calculation of jjjumination with n flashes 0=0,1,..).
the running average over 13 points (corresponding to 1.8  apalysis of Edge Position Flash Patterrfter determi-
eV), (2) calculation of the first-derivative spectrum, (3) nation of the S-state composition, X-ray absorption spectra
running average (13 points), (4) running average (13 points), were collected; the position of the Mn K edge was
(5) calculation of derivative yields the second-derivative Jetermined by the integral method described in Materials
spectrum, (6) running average (13 points), and (7) running anq Methods. The flash number dependence of the measured
average (13 points). The edge positions obtained by theeqge positions is presented in Figure 1B (for both excitation
“second-dgrlvatlye method” (Table 3) are th_e energies of the angles); the full X-ray edge spectra obtained by application
zero crossing points of the second-derivative spectra. of 0, 1, 2, and 3 flashes are shown in Figure 2 (for excitation
RESULTS at 55’) The diffe_rer_me in the absolute values of the edge

positions for excitation at 55and 15 reflects the known

Determination of S-State Compositioin this investiga- dichroism (meaning excitation angle dependence) of the
tion, S-state cycling is achieved by the application of absorption edge shape of the PS Il manganese complex (
sequences of microsecond light flashes. Ideally, in dark- 22).
adapted samples all PS II's are in thesHate; each flash The excitation angle of 55corresponds to the so-called
results in the advancement of all PS II's to the subsequentmagic angle (54.% refs 23 and 24). Magic angle spectra
state of the cycle. Such a fully synchronized cycling of all of “oriented” PS Il samples (preferential orientation of the
PS II's, however, cannot be achieved. Thus, special efforts molecular system with respect to a macroscopic axis) are
are required for optimizing the S-state compositions and predicted and found (data not shown) to resemble closely
correct determination of the achieved S-state composition.the corresponding spectra of “isotropic” suspensions. The

In dark-adapted PS II's the,;State prevails. Usually, dichroism in the absorption edge of the PS Il manganese
however, there is a residuab-State population €25%). complex is, essentially, not understo@d); Here, the results
Exploiting that higher S-states relax towardv#hereas the  obtained for an excitation angle of L&re presented because
S;-state is dark-stable, the-State population was maximized they supplement and confirm the magic angle results.
by application of a single preflash and subsequent relaxation On the basis of the S-state compositions determined by
(for 2 h at 5°C). analysis of the multiline pattern as described above, absolute
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6552.8

1.0

The measured EPR and X-ray spectra are not noise-free.
Therefore, the precision of the quantification of the EPR
signal amplitude and of the edge position is limited. Both
inprecisions may cause a statistical error in the eventually
determined edge positions of the pure S-states. To determine
the precision in the edge positions of the pure S-states
(meaning the likely magnitude of the statistical error due to
noise in the data), each individual flash series has been
evaluated separately; the results are summarized in Table 1.
The mean values indicate clear edge shifts for all S-state
transitions; for all transitions the “likely error” (or the
“uncertainty range”) is small in comparison to the observed
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Ficure 1: Magnitude of the Sstate multiline EPR signal (A) and  shift.
edge positions (B) versus the number of microsecond flashes. (A) (It should be noted that the limited precision of the analysis
For each flash number several samples of a single flash series haveyt the multiline pattern is not the sole source of the “scatter”

been analyzed. The resulting mean values are presented as ope. - . At
circles; the vertical bar represents the averaged standard deviation.ﬁ] M and D. We observed differences in the oscillation

By a least-squares fit of the simulated pattern to the data point characteristics of different flash series which are presumably
(see Materials and Methods), the solid line has been obtained. Fordue to small variations#10%) in the amount of Chl used
the EPR data set shown, the fit results in 14% and 15% for the in the last centrifugation step and, consequently, in the optical
?I;I)SsEggga&estiﬁoMr{sa\?edrstzg ﬂﬁfnbﬂg}hc',tf Fr)r%rc?gqseetgh [jeﬁggﬁg‘éef'é’é oo tickness of the samples. Furthermore, in some flash series
X-ray excitation angles: 55closed circles) and PHopen circles). the intensity of the flash illumination was increased due to
The mean values of the edge positions of 6 flash series (per@ reduced distance between flash lamp and sample surface.
excitation angle) are shown. With the use of the (averaged) S-stateBecause the origin of th& and D scatter is not purely
compositions, the solid lines have been obtained by variation of stochastic noise, no “likely error” favl andD is presented
the S-state edge energies and minimization of the error sum (least-, Taple 1)
squares fit). The fit procedure delivers the edge enerdigdor o .
the “pure” S-states (F5values in parentheses)E, = 6550.77 We found no indication that the.double-hlt paramek&r,
(6550.43),E; = 6551.92 (6551.75), = 6552.55 (6552.39), and ~ and the miss parametdy], determined by analysis of the
Es = 6553.53 (6553.40). multiline flash dependence are inaccurate. Nonetheless, in
the following we consider the possibility that the correct

values of D and M differ significantly from the values
determined by simulation of the flash number dependence
of the EPR signal amplitude. The parametdrandD were
varied by the standard deviations of Table 1, and the S-state
edge energies were determined by a fit of the experimental
edge energy pattern; the resulting edge shifts and the
corresponding error sum are shown in Table 2. We conclude
that, even if there were a significant error in the determined
values ofM andD, the central result of this investigation
(i.e., occurrence of a significant edge shift upon the &
transition) would be, qualitatively, the same.

Another conclusion can be drawn on basis of Table 2.
. . Variations ofM andD result in increased deviations between

6550 6560 the simulated and the experimentally determined X-ray edge
Energy [eV] pattern (pronounced increase in the error sum, fourth column
FiGURE 2: Edge spectra as obtained by application of 0, 1, 2, and Of Table 2). Seemingly the values fir andD determined
3 microsecond flashes: zero-flash sample, broken line and filled by EPR spectroscopy (which alk, andDo) are in the best
circles; single flash, solid line and open circles; two flashes, dotted agreement with the observed oscillations in the edge position.
line and closed triangles; three flashes, open triangles (for clarity Thjs observation confirms the accuracy of thkeand D
shown in the inset only). In the two-flash sample thestte is determinations by EPR spectroscopy.

referentially populated, but due to double hits (see Table 1), a -
gignificant s}/stgtg population is already present. Th(erefore, the e)dge Analysis of Decowoluted Edge SpectraThe averaged
shift caused by the second flash is smaller than the edge shift causeépectra obtained for 0, 1, 2, and 3 flashes (Figure 2) and the
by the first flash. The pure S-state spectra obtained by deconvolutionaveraged S-state compositions (determination as described
of the spectra shown here are presented in Figure 3. in the context of Figure 1A) have been used for the
calculation of pure S-state spectra. The used deconvolution
edge positions were determined for “pure” S-states by method corresponds to the approach described ihlefhe
simulation of the observed edge shift (Figure 1B). For magic edge spectra obtained for the pure S-states are shown in
angle excitation, the best agreement between simulated dat#&igure 3; obviously all S-state transitions are accompanied
and experimental results for the averaged edge positionsby a significant shift of the edge position.

-
)

Normalized Absorption, p

0 T
6540

indicates a shift of the absorption edge by 1.15 eV for the
S—S; transition, by 0.63 eV for the;SS, transition, and
by 0.98 eV for the 5-S; transition. For excitation at £5
edge shifts of 1.32, 0.64, and 1.01 eV are found.

There is no single, commonly accepted standard for the
determination of edge positions; the energy value obtained
for the position of an X-ray edge, the edge energy, depends
on the approach used. In the following, the results obtained
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Table 1: X-ray Edge Shifts Determined for Individual Flash Séries

Mmp D¢ E, E1 — E® E— E° Es — E° Eo — Es°
55° — mearh 0.22 0.11 6551.93 1.10 0.60 0.92 —2.62
55° — o9 0.029 0.033 0.13 0.38 0.23 0.55 0.61
55° — erroi” 0.05 0.16 0.09 0.22 0.25
15° — mean 0.22 0.11 6551.65 1.02 0.79 0.83 —2.64
15° — o9 0.029 0.033 0.23 0.59 0.36 0.59 0.91
15° — errof 0.09 0.25 0.15 0.24 0.37

2 Six series per excitation angle have been evaludthtiss parameters obtained by simulation of thestate signal patterii.Double-hit paramaters
as obtained by the simulation of the-§ate signal patterd.Edge position for the Sstate in eV.c Edge shifts in eV! Mean value of six series.
9 Standard deviatior! Likely error = o+/N with N = 6.

Table 2: Sensitivity of Edge Positions toward VariationsMrand D (for 55° Excitation)

ma DP 10°%r2 = E; — E® E; — E® E; — E*® Eo — Es®
Mo, Dof 0.215 0.107 0.4 6551.93 1.15 0.63 0.95 —2.73
M+, D+9 0.244 0.140 2.2 6551.97 1.72 0.45 1.65 —3.81
M+, D—¢ 0.244 0.073 9.8 6551.92 1.01 0.79 0.49 —2.28
M—, D+9 0.187 0.140 4.9 6551.93 121 0.45 1.39 —3.05
M—, D—¢ 0.187 0.073 0.9 6551.90 0.73 0.71 0.56 —1.99

aMiss parameter? Double-hit parametef.Sum of squared deviations?, between simulated and experimentally determined edge energies.
d Edge position for the Sstate in eV ¢ Edge-shifts in eV! Mean values oM andD of Table 1. Whereas in Figure 2 averaged S-state populations
have been used for the simulation of the edge position pattern, in Table 2 the averaged v8luasdd have been used for the calculation of
the S-state compositions. The two approaches result in almost the same S-state compositions and edge energies for the pukd, avsifdes.
plus or minus the respective standard deviation of Table 1.

by the application of four distinctly different approaches for the EXAFS range to unity). By using this method, we
the determination of edge energies are compared (Table 3)observed the same edge shift magnitude for the Sp

(1) Edge energies are determined by the integral methodtransition as for the S-S; transition.
described in Materials and Methods. This method is (4) Ono et al. {0) defined the edge position as the energy
relatively insensitive to changes in the shape of the X-ray which corresponds to half of the maximal absorption (which
spectrum and to noise contributions. Noteworthy is the fact is reached around 6560 eV). By using this approach, we
that the edge shifts determined for the deconvoluted spectraobtained results which are in resonably good agreement with
are in good agreement with the results (see Figure 1B andthe results of Ono et al10) who determined edge shifts of
Table 1) obtained by simulation of the flash pattern of 1.0, 0.8, and 1.2 eV for the,SS,, §—S,, and $—S;
nondeconvoluted spectra. transitions, respectively.

(2) The edge position is determined as the zero crossing
energy of the second derivative (inflection point energy, see DISCUSSION
Figure 3B). Often the second-derivative approach is applied
because it is relatively insensitive to the background in the  We have determined edge positions of the pure S-states
spectra which stems from scattered X-rays; the obtainedby simulation of the oscillation pattern of the measured edge
results are independent of the accuracy of the normalizationpositions (Figure 1B, Table 1; similar to the approach used
procedure. (Noteworthy is the fact that, for the data in ref 10) and by analysis of deconvoluted spectra (Table 3;
presented here, the scattering background has been minimadieconvolution approach used in fef). We have examined
due to the use of partially dehydrated samples and a speciathe uncertainty in the edge shift values which stems from
cryostat design. Consequently, background removal andnoise in the measured spectra (likely error in Table 1), the
normalization are not critical.) The inflection point energy influence of hypothetical inaccuracies related to the deter-
is sensitive not only to changes in the mean edge energymination of the S-state composition (Table 2), and the
but also to variations in the shape of the absorption edgeinfluence of the method used for the determination of edge
(see Discussion). Furthermore, the edge positions determinedenergies (Table 3). Furthermore, we quantified the influence
by the second-derivative method depend highly on the detailsof X-ray photoreduction and used an experimental protocol
of the “smoothing procedure” which is required for the which essentially excludes the influence of X-ray photo-
calculation of the second derivatives. By application of reduction on the presented results (see Materials and
approximately the same extent of smoothing as used in refMethods). On these grounds we conclude that the X-ray
11 (see Figure 3B), we obtained a particularly pronounced edge shift for the §-S; transition of the PS Il manganese
edge shift for the &S, transition. In comparison to the  complex is not significantly smaller than the edge shift for
first method, the second-derivative approach results in anthe S—S; transition. This conclusion is in agreement with
increased edge shift for the-SS; transition and a decreased ref 10, but it is in conflict with the more recent findings of
shift for the S—S; transition. Nonetheless, in contrast to ref 11. Some aspects of the discrepancy are discussed in
the finding reported in refll, the S—S; shift is not the following paragraphs.
significantly smaller than the;SS; shift. Influence of the Physical Sample PropertieRoelofs et

(3) Frequently, the energy corresponding to the half-height al. (11) used suspensions filled into sample holders of 800
of the normalized spectrum is presented (normalization in um depth. Due to absorption and scattering of the exciting
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T T AR by EPR spectroscopy. In conclusion, possibly Roelofs et al.
\ 7 i (11) underestimate® and overestimatel for the PS II's
which give rise to the detected X-ray fluorescence. Smaller
// values ofD or larger values oM, however, tend to increase
/ the (apparent) S-S, shift and to decrease the-SS; shift
/ (see Table 2). In the present investigation the thickness of
/ ; the partially hydrated samples had been clearly below 100
/ um, and the samples had been illuminated from both sides
// simultaneously. Therefore, there is no significant difference
/ ' between the mean S-state composition (as determined by
; EPR spectroscopy) and the S-state composition of the PS
//,' I's which give rise to the X-ray fluorescence signal.
/ Because Ono et all1(Q) used the X-ray data itself for the
’ determination of the miss parameter, their results are,
o presumably, not significantly affected by the depth depend-
05 AR RS ence of the S-state population distribution.
6540 6550 6560 In the present investigation the mean value of the double-
Energy [eV] hit parameteD had been determined to be 11% (Table 1)
B 3 whereas Roelofs et all{) determined a double-hit parameter
A of 5%. As discussed above, double hits occur mainly in the
\V

Normalized Absorption, p

: N§0 front layer of the sample which is exposed to particularly
WAV high flash light intensities. In the present investigatibn,
U is approximately two times larger because the samples had
//\ S, been illuminated from two sides. Thé parameter of this
\J investigation had been relatively high because the amount
of PS Il needed for the X-ray absorption experiment requires
the use of optically particularly thick samples. In conclusion,

d2u/dE?
o
D &

\V/ \/\/ the relatively high values d¥l andD are explainable by the
| physical properties of the X-ray samples; there are no
L~ /\/\ S, indications that these parameters reflect a modified S-state
0 \/ : Ao CH cycle of the PS Il (e.g.,, due to inhibition of S-state
vJ transitions).
: S-State Edge EnergyWe determined the inflection point

AL T T T energy for the Sstate to be 6553.0 eV which is higher by
6340 6550 6560 6570 1.3 eV than the value presented in feff In ref 11 small
Energy [eV] amounts of adventitous Mh might have shifted the
FiGURe 3: Edge spectra of the pure S-states. (4)(Slid line), inflection point of the $state spectrum to significantly lower
Sy(broken line with intermediate dots), foroken line), §(dotted energies (as discussed below). Alternatively, with the use
line). The spectra used for the deconvolution have been collected yf o preflashes (in ret1), double hits could have caused

at the magic angle~55°). All spectra have been normalized in . .
the EXAFS range. The arrow marks a shoulder which might indicate some population of theState in the zero-flash samples

the presence of Mn(ll) in the State. (B) Second derivatives of ~ resulting in a downshift of the inflection point energy.
the edge spectra of the pure S-states (The used smoothing procedure Method for E Determination The X-ray edge spectrum

is deSCI'ib_Ed in I_\/Iaterials and Methods; the dotted line indicates of g manganese compound typically is characterized by a
the inflection point energy for the,State.) complicated shape which depends on its structure and
X-rays (and the X-ray fluorescence by water), most of the oxidation state. The edge spectra of the PS Il manganese
fluorescence signal originates from photosystems locatedcomplex are relatively featureless. Nonetheless, all S-state
within 100—200u«m from the beam-exposed sample surface. transitions cause not only an edge shift but also a discernible
Due to the high optical density of the samples, upon change in the edge shape. Changes in edge shape affect the
illumination with a flash lamp the photosystems located in edge energy values (and edge shifts) obtained by different
the front layer (106-200 um) are exposed to considerably methods in dissimilar ways (Table 3). Whereas the integral
higher photon fluxes than deeper-lying photosystems. This method (9), which provides a mean edge energy, is
means that in the front layer the light intensity in the tail of relatively insensitive to mere changes in the edge shape, the
the flash lamp light pulse (e.g., at 1028 after the flash peak)  results obtained by the second-derivative method are par-
is still sufficient to induce a second turnover in a significant ticularly strongly affected by edge shape changes. It is a
fraction of the photosystems (double hits). In contrast, for related disadvantage of the second-derivative method that,
deeper-lying photosystems the peak intensity may be sub-for a mixture of manganese compounds (or, e.g., states of
saturating and a significant fraction of PS Il does not the PS Il manganese complex), the obtained inflection point
experience a single turnover (misses). Consequently, correcenergy depends in an intuitively unpredictable way on the
characterization of these “front PS II”’s would require a mixing ratio. For example, if we add (numerically) 10% of
double-hit paramete), and a miss parametel), which a Mn(ll) edge spectrum (of MnCgpto each of the spectra
are increased and decreased, respectively, with respect tshown in Figure 3, we obtain a downshift of the inflection
the mean values of these parameters as they are determinepoint energies by 0.6, 1.2 (!), 0.2, and 0.0 eV for the, S
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Table 3: Edge Shifts for Deconvoluted Spectra (for Excitation &) 55

method E.2 E: — Eob E, — Elb Es; — Ezb Eq — E3b
(1) integrat 6551.9 1.0 0.6 1.0 —-2.6
(2) sec. derivativé 6553.0 2.4 0.8 0.7 -3.9
(3) half-of-norm heigtt 6551.3 1.1 0.7 1.1 —-2.9
(4) half-of-peak heigfit 6552.8 1.3 0.8 0.8 —2.8

2 Edge position for the Sstate in eV.? Edge-shifts in eV¢ Integral method described in Materials and MethddZero crossing of the second
derivative.© Energy corresponding to normalized absorption of OEnergy corresponding to normalized absorption of 0.65.

Si-, -, and $-states, respectively, resulting in edge shifts lower limit in each of the above ranges is the minimum of
of 1.6, 1.9 (1), and 0.9 eV for the,S S, S—S,, and $—S; the values obtained by the methods (1), (3), and (4) minus
transitions, respectively. Thus, with the use of the second- the “likely error” of Table 1; the upper limit is the maximum
derivative method, minor contributions of adventitious Mn(ll) of the three values plus the “likely error” of Table 1.) As
to the spectra can cause an immense increase in theliscussed above, shifts in the position of the Mn K edge by
(apparent) S, edge shift (increase from 0.8 eV in the 0.5 eV or more are suggestive of manganese oxidation state
absence of Mn(ll) to 1.9 eV for a 10% Mn contamination). changes. Therefore we conclude that, most probably, the
Furthermore, the edge shifts obtained by the second-$—S,, $—S;, and the $S; transitions are coupled to
derivative method are highly dependent on the smoothing manganese-centered oxidation of the PS Il manganese
procedure usedl@). In conclusion, the use of the second- complex.

derivative method for investigations of relatively small shifts  In Table 1, the edge shifts of thg-SS; transition and the

in the X-ray edge position is problematic; its use by Roelofs S,—S; transition are significantly larger than the edge shift
et al. (L1) presumably contributes to the discrepancies of the S—S; transition. Furthermore, the former transitions

between the results presented here and irl tef
Magnitude of Edge ShiftsWe find a shift of the inflection
point by 0.8 eV for the &S, transition, whereas Roelofs
et al. (L1) determined the S S; inflection point shift to be
1.8 eV. Creation of the Sstate by continuous illumination
at 200 K typically results in an,S S, edge shift of 0.8-1.0

are coupled to particularly pronounced changes in the edge
shape (Figure 3) and in the height of the pre-edge peak
(feature around 6543 eV in Figure 3A). We tentatively
propose that these observations are explainable by changes
in the structure of the PS Il manganese complex accompany-
ing the oxidation state changes of thg-S, transition and

eV (25-28). X-ray data obtained for synthetic manganese the $—S; transition. o o
compounds is suggestive that (in the absence of significant  The results of various X-ray absorption investigations are
changes in the manganese ligand environment) the detectabléuggestive of a Mn(llh—Mn(IV) . complex in the $state

edge shift for the Mn(l1l-Mn(lV) oxidation of one man-
ganese ion of the PS Il manganese complex is-0.6 eV
(9, 29—-31). In conclusion, the 5 S, edge shifts determined
in the present investigation are of reasonable magnitude.

Mn Oxidation States.Investigations on UV absorption

and a Mn(ll1)=Mn(lV) 3 complex in the gstate 2, 3, 10).
Consequently, we propose that the OEC in itsstte
contains a Mn(1V) complex.

With respect to the Mn oxidation state assignment in the
So-state, the shoulder-like feature at 6555 eV in the S

changes have mostly been interpreted as being indicative ofSPectrum marked by an arrow in Figure 3A is remarkable.

Mn oxidation upon the §-S; transition as reviewed in ref

We found that a comparable feature is always observed for

8. Also, the occurrence of manganese oxidation provides aPS Il membrane particles previously exposed to treatments
Straightforward exp|anati0n for the absence of a read“y Wh|Ch |nduce the forma“on Of Mn(”) Furthermore, various

detectable EPR multiline signal in the-§&ate. On the basis
of EPR @2, 33) and NMR relaxation studie84), however,

it has been proposed that the-$; transition is not coupled
to manganese oxidation. In r86 EPR results have been

Mn(1l) compounds exhibit a characteristic peak around 6554
eV (3). On the basis of this observation and taking into
consideration that results of EPR studies also point toward
the presence of Mn(ll) in the,State (5, 16, we tentatively

presented which appeared to prove the oxidation of aassume that the OEC in its;-State contains a Mn(lt)

histidine residue for the ;Sstate of Ca-depleted PS II.

However, recent investigations seem to indicate that the EPR

results described in re35 are not related to the formation

Mn(l11) —Mn(1V) . complex.
In summary, we propose that photosynthetic oxygen
evolution involves cycling of the PS Il manganese complex

of a histidine radical but rather to the accumulation of the through four distinct oxidation states of the tetranuclear

Tyrz radical 36), a process which does not occur in PS Il

manganese complex: Mn(HMn(lIl) =Mn(lV), in the $-

with an intact donor side. Reviewing various aspects of the state, Mn(lll;—Mn(1V) in the S-state, Mn(lll)y—Mn(1V) s

controversy, Britt4) and Penner-Hah®) conclude that the
question of manganese oxidation in the-S; transition is
still unresolved.

Taking into consideration the uncertainty range of Table
t Mn(V) complex.

1 and the variability stemming from the use of three differen

in the S-state, and Mn(l\V) in the S-state. With the
assumption of the validity of this oxidation state assignment,
it is conceivable that in the ,State, before oxygen release
takes place, an intermediate is formed which is a Mr{V)

approaches for the determination of edge positions (methOdsACKNOWLEDGMENT

(1), (3), and (4) in Table 3), we obtain an upshift of the
edge position by 0:81.5, 0.5-0.9, and 0.6-1.3 eV for the
S-S, S—S, and $—S; transitions, respectively, and a
downshift by 2.3-3.1 eV for the $—% transition. (The
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