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ABSTRACT: The oxygen-evolving complex of photosystem II (PS II) in green plants and algae contains a
cluster of four Mn atoms in the active site, which catalyzes the photoinduced oxidation of water to dioxygen.
Along with Mn, calcium and chloride ions are necessary cofactors for proper functioning of the complex.
The current study using polarized Sr EXAFS on oriented Sr-reactivated samples shows that Fourier peak
II, which fits best to Mn at 3.5 Å rather than lighter atoms (C, N, O, or Cl), is dichroic, with a larger
magnitude at 10° (angle between the PS II membrane normal and the X-ray electric field vector) and a
smaller magnitude at 80°. Analysis of the dichroism of the Sr EXAFS yields a lower and upper limit of
0° and 23° for the average angle between the Sr-Mn vectors and the membrane normal and an isotropic
coordination number (number of Mn neighbors to Sr) of 1 or 2 for these layered PS II samples. The
results confirm the contention that Ca (Sr) is proximal to the Mn cluster and lead to refined working
models of the heteronuclear Mn4Ca cluster of the oxygen-evolving complex in PS II.

Calcium is an essential cofactor for photosynthetic oxygen
evolution in green plants and algae (1-3). Without calcium
the oxygen-evolving complex (OEC)1 cannot catalyze the
oxidation of water into dioxygen, protons, and electrons. The
OEC consists of a tetranuclear manganese cluster (3-5) that
ultimately supplies reducing equivalents to the photooxidized
reaction center chlorophyll (P680) through a redox-active
tyrosine YZ (6-10). The one-electron photooxidation of P680

drives the OEC through a cycle of five intermediates Si (i )
0-4) (11, 12), where the four oxidizing equivalents are stored
before water is finally oxidized into oxygen, four electrons,

and four protons. Calcium is needed for the OEC to advance
past the S3 state and subsequent oxygen evolution (13, 14).
The involvement and role of manganese in photosynthesis
have been extensively studied using biochemical, spectro-
scopic, and kinetic tools (for reviews see refs3, 4, 7, and
15-18). X-ray absorption spectroscopy (XAS) (19-23) and
electron paramagnetic resonance (EPR) (24-26) studies have
provided structural and chemical information about the OEC.
Because the methods are element-specific and sensitive at
dilute concentrations, X-ray absorption near-edge structure
(XANES) (27-30) and extended X-ray absorption fine
structure (EXAFS) (31-35) analyses have been applied at
the Mn K-edge to determine oxidation states and pro-
vide information about the local environment of the Mn
atoms.

In comparison, there have been fewer spectroscopic
investigations of the calcium cofactor (1, 3). Most studies
on Ca in PS II have been biochemical (36-38), because Ca
has no easy spectroscopic handle, and have shown that
depleting Ca by low-pH citrate treatment (39) or 1-2 M
NaCl wash (40, 41) suppresses oxygen evolution. Replenish-
ing with Ca2+ restores catalytic oxygen activity (up to 95%)
(13, 42), whereas strontium can reactivate centers to only
40% (41, 42). The smaller rate is due to slower kinetics,
because the relative rate is higher (85%) at light-limiting
intensity (14, 41). No other metal ion has been shown to
restore activity in Ca-depleted centers. This was recently
explained by the finding that only Sr matches approximately
both the ionic radius of Ca and the pKa of metal-bound water
(43). Besides the lower level of recovered oxygen activity
(40%), Sr substitution for Ca induces an altered S2-state EPR
multiline signal (MLS) with slightly narrower hyperfine
splitting and shifts of the hyperfine lines (41, 44-46).
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The structure of the Ca cofactor binding site has generated
considerable discussion. To probe it, the most common
approach has been to substitute other metals (such as Sr)
for calcium and then use Mn EXAFS (or EPR) to detect
changes in the cluster. The first Mn EXAFS study on Sr-
reactivated PS II membranes was interpreted to indicate a
3.4-3.5 Å distance between the Sr (and therefore Ca) and
the Mn cluster (35). This relatively short distance was
supported by FTIR spectroscopic evidence using native and
Ca-depleted samples that is consistent with a carboxylate
bridge between Mn and Ca (47, 48). A slightly longer
distance (3.6-3.7 Å) was deduced from a Mn EXAFS study
on NaCl-washed PS II membrane preparations (49). In
contrast, another Mn EXAFS study found no detectable
evidence for such an interaction within 4 Å of the Mn,
leading to a proposal that Ca was hydrogen-bonded to an
oxo bridge between the Mn atoms (50). Structural informa-
tion about the proximity of the Ca cofactor to Mn has been
obtained recently through87Sr ESEEM (electron spin-echo
envelope modulation) spectroscopy (R. D. Britt, personal
communication). Furthermore, a recent113Cd NMR study
showed that Ca2+ is close enough to the Mn4 cluster to be
affected by its spin (51).

We have used strontium EXAFS experiments to probe the
cofactor itself for any nearby Mn (52). This approach differs
fundamentally from the previous studies focusing on Mn.
By using Sr EXAFS on isotropic Sr-reactivated PS II
membranes, we have confirmed the proximity of Sr (and
implicitly Ca) at 3.5 Å to the Mn cluster (52). The finding
was based on the presence of a second Fourier peak in the
Sr EXAFS from functional samples, a peak that is absent
from inactive, hydroxylamine-treated PS II. This Fourier peak
II was found to fit best to Mn rather than lighter atoms (such
as C, N, O, or Cl).

In a complementary and definitive experiment, Ca K-edge
EXAFS studies have been used to probe the binding site of
the native cofactor for any nearby Mn, within∼4 Å (53).
The use of Ca EXAFS spectroscopy has produced results
essentially congruent with those found by Sr EXAFS on Sr-
reactivated PS II. The Fourier transform (FT) of the Ca
EXAFS and the spectra are remarkably similar to the FTs
of the earlier Sr EXAFS study with Sr substituted for Ca. In
contrast to the NH2OH-treated sample, the Chelex-treated
PS II showed a second Fourier peak. When this peak II was
isolated and simulated with possible scattering atoms, it
corresponded best to Mn at 3.4 Å, rather than to light atom
(C, O, or Cl) neighbors.

Conventional EXAFS can provide the absorber-back-
scatterer distance and the number and identity of scatterers
up to 4 Å distance but cannot usually give information about
angles or provide geometric information (54). However,
when applied to oriented samples, such as membrane
multilayers, this method can furnish additional angle infor-
mation. Polarized EXAFS applies linearly polarized syn-
chrotron radiation to partially ordered molecular systems with
a preferred orientation along at least one sample coordinate
axis (55, 56). Specifically, it has been applied to PS II and
other multilayers that possess an effective membrane normal
(31, 33, 55, 57-59). Polarized EXAFS involves collecting
spectra for different incident angles (θ) between the mem-
brane normal and the X-ray electric field vector. If dichroism
in the EXAFS occurs, it depends on how the particular

absorber-backscatterer (A-B) vector is aligned with the
electric field. Through analysis of the dichroism, we extract
the average orientation (φ) of this A-B vector relative to
the membrane normal and the average number of scatterers
per absorbing atom (Niso). Constraints on the structural model
are imposed by these parameters, highlighting the advantage
of polarized EXAFS on layered samples over randomly
oriented ones.

To date, polarized EXAFS studies on PS II have concen-
trated on the Mn-Mn vectors (31, 33, 57-59) and have
produced valuable insights into the relative angles of the∼2.7
and∼3.3 Å Mn-Mn vectors. Previous research on oriented
native and NH3-treated PS II have revealed average angles
of ∼60° for the 2.7 Å vectors and∼43° for the 3.3 Å vectors
(31, 58). In contrast, the present study details work using
polarized Sr EXAFS on ordered Sr-reactivated PS II
membranes. The study shows that Fourier peak II is
dichroic: within the range of angles (θ) examined, peak II
magnitude is largest at 10° and smallest at 80° (60). Analysis
of this dichroism leads to the relative orientation of the
calcium cofactor involved in oxygen evolution. The results
further strengthen the contention that Ca (Sr) is proximal to
the Mn cluster and allow us to refine the working model of
the oxygen-evolving complex in PS II.

EXPERIMENTAL PROCEDURES

Sample Preparation.PS II-enriched membranes were
prepared by Triton X-100 extraction of thylakoids from
spinach (61). Sr2+-substituted PS II samples were made by
a process of Ca depletion by low-pH treatment (39, 62, 63),
Sr2+ reactivation (41), and Chelex treatment to remove excess
Sr (64, 65). These steps have been described in detail
previously (52) and were carried out in the dark at 4°C.
The samples were assayed for enzyme activity, EPR multiline
signal generation (from the S2 state), and metal quantitation
[Mn and Sr from inductively coupled plasma and atomic
emission spectroscopy (ICP-AES)]. After the final Chelex
treatment to remove nonessential Sr2+, the samples were
placed in an SS34 rotor (Sorvall Instruments) and centrifuged
(Model RC5B, Sorvall Instruments) for 15 min at 40000g
in sucrose buffer (0.4 M sucrose, 30 mM NaCl, 50 mM MES,
5 mM MgCl2 and 2.5% ethanol at pH 6.5). The resulting
pellet was then painted onto flat Mylar films supported by a
Plexiglas frame in dim green light at 4°C and dried in the
dark under a stream of dinitrogen at 4°C. Six or seven cycles
of painting and drying took 12-16 h to build up a sufficient
amount of PS II (2-3 mg of Chl) (31, 58). After the last
layer had dried, the samples were frozen in liquid nitrogen
for storage. Oxygen evolution assays were conducted on
samples before the painting process, as mentioned earlier
(52).

Metal Quantitation.PS II samples (1-3 mg of Chl) were
first digested in 3 mL of boiling, concentrated ultrapure
HNO3 (TracePur plus from EM Science or Optima from
Fisher Scientific) and then diluted to 10 mL with deionized
water. Glass vessels were acid-washed with 10% HCl
solution prior to use. Elemental analysis of Mn and Sr in
the ppb range was carried out at the Microanalytical
Laboratory in the University of California, Berkeley, College
of Chemistry using inductively coupled plasma and atomic
emission spectroscopy (ICP-AES). The amounts of PS II per
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sample were calculated from the chlorophyll assays, assum-
ing ∼250 Chl per PS II (66, 67).

EPR Spectroscopy.X-band (9.2 GHz) EPR spectra were
acquired on layered Sr-PS II on Mylar films, using a Varian
E-109 system, a standard TE102 cavity, and a Heli-tran liquid
helium cryostat (Air Products). Low-temperature (20 K)
spectra were used to monitor EPR-detectable Mn2+ in
isotropic and layered samples before and after exposure to
X-rays. The Ca- and Sr-treated, untreated (native), and
layered samples were poised in the S2 state by illumination
for 8 min at 200 K (solid CO2/ethanol bath) using a 650 W
tungsten lamp (General Electric) and an aqueous CuSO4 filter
(5% w/v, 7 cm path). Difference (light minus dark) EPR
spectra (8 K) were used to characterize the extent of Sr
substitution and the turnover of the OEC in pelleted (Sr-
and Ca-reactivated) and layered Sr-reactivated samples.

Mosaic Spread Determination by EPR.The paint-and-dry
cycles produce one-dimensionally ordered samples with a
preferred orientation of the PS II membrane normal perpen-
dicular to the substrate surface. The disorder or mosaic spread
(68, 69) can be due to several factors: imperfect stacking
of the membranes on the substrate film, disorder of PS II
proteins within the membranes, or disorder of the OEC within
the PS II proteins. There is no way to assign the contribution
of each factor to the total mosaic spread. The extent of
orientation can be assessed from the angle dependence of
the EPR signal of the cytochromeb559 (31, 58, 69). However,
it is cumbersome to collect EPR spectra of cytb559 in several
orientations from each sample. We devised a simpler method
of correlating the dichroism in the EPR signal from the
tyrosine YD

ox (24, 70, 71), which is much easier to collect,
to that determined from cytb559 (31, 58, 69, 72). X-band
(9.2 GHz) EPR spectra of the signal II region (nearg )
2.00) were taken for layered samples oriented 0° and 90° in
the magnetic field at 20 K and 50µW power with 2.5 G
modulation amplitude. The sample face was aligned either
parallel (0°) or perpendicular (90°) to the external magnetic
field. The dichroic ratio (defined here as the amplitude at
90° divided by that at 0°) was taken at∼3260 G. This
dichroic ratio (“signal II ratio”) was related to the dichroism
in the cytochromeb559 EPR signal (24, 31, 58, 69, 70, 73)
to obtain the mosaic spread (Ω), or half-width of the
Gaussian distribution of a particular vector in PS II samples
(72). On the basis of previous work from this laboratory (72),
a calibration line was constructed, equating mosaic spread
to a measured signal II ratio. Thus, from the signal II ratio,
we can estimate the degree of disorder inherent in the layered
samples.

EXAFS Data Collection.Conditions for acquiring Sr
EXAFS data on oriented Sr-PS II samples closely resembled
those for isotropic samples and have been detailed before
(52). At the Stanford Synchrotron Radiation Laboratory
(SSRL), EXAFS spectra at the Sr K-edge (16-17 keV) were
collected on Sr-PS II multilayers at various excitation angles
(θ, the angle between the X-raye-field vector and the
substrate normal): 10°, 30°, 45°, 70°, and 80° (31, 58). A
Si(220) double crystal monochromator was used at the
wiggler Beamline VII-3 (unfocused mode) along with a 13-
element energy-resolving Ge detector (Canberra Instruments).
The X-ray flux at 16-17 keV was between 2 and 5× 109

photons s-1 mm-2 of sample (74). Samples were kept at a
temperature of 10 K in a liquid helium flow cryostat to

minimize radiation damage. Six separate samples were used,
with at least two angles per sample, for a total of 15 separate
data points. Twenty-five to fifty 15 min scans (depending
on θ) were necessary for signal averaging to reduce noise
to a sufficiently low level. As a check of the sample integrity
after Sr substitution and layering treatments, Mn EXAFS data
from one sample were also collected for comparison with
previously published PS II Mn EXAFS spectra (35).

EXAFS Data Analysis.Data reduction has been detailed
previously (52) and will be only briefly summarized here.
After conversion of background-corrected spectra from
energy space to photoelectron wave vector (k) space, and
weighting byk3, a five-domain spline was subtracted for a
final background removal. The region aroundR′ ) 3.0 Å,
peak II, was isolated using a Hanning window applied to
the first and last 15% of the range (∆R ) 0.9 Å), while not
affecting the middle 70%. The back-transformed (k-space)
peak II was simulated with a Sr-Mn interaction, similar to
the isotropic Sr EXAFS protocol (52) using ab initio phase
and amplitude functions calculated from the program FEFF
7 (75-77). Curve fitting starting from 3.7 Å-1 (so as to
conform to the plane-wave approximation in the subsequent
analysis of dichroism) was done by minimizing the error sum
(Φ) using a nonlinear least-squares protocol while varying
these parameters for the Sr-Mn shell: R, Napp, and ∆E0.
The Debye-Waller factor (σ2) was fixed to the best common
value (55, 57). For each sample, we compiled a table of the
detection angleθ, distanceR, apparent coordination number
Napp, and∆E0 (78).

Theory of Polarized EXAFS.The dichroism of the Sr-
Mn vector (Figure 1) was analyzed using a plane-wave
approximation (78), and a brief description of the theory is
presented here. To analyze the linear dichroism of the Sr
EXAFS and find the relative orientation of the vector of
interest (φ), we used the formalism of Dittmer et al. (56,

FIGURE 1: Scheme (side view) for the vectors and angles involved
in X-ray absorption linear dichroism for partially oriented mem-
branes on a flat surface. Due to rotational symmetry of the layered
samples, the orientation ofR (vector joining the absorber and
backscatter defined by the angleφ) is described by a cone around
the membrane normalM . For the polarized EXAFS experiment,
spectra are measured for several values ofθ (angle between the
X-ray electric field vectorE and the substrate normalS), θER being
the angle between the X-ray electric field vector (E) and the
absorber-scatterer vector.θER is composed of the measurement
angleθ and the angleφ betweenR andM , the membrane normal.
Because of the rotational symmetry of the layered membranes, the
angleφ defines a cone around the membrane normalM . When
membranes are layered on a flat substrate, the preferential orienta-
tion of M is parallel to the underlying substrate normal (S). For an
ensemble of A-B vectors (R), the magnitude of the EXAFS is
related to thePR-weighted integration over all possible orientations
of M (R- and â-integration) and along the cone of possible
directions ofR (γ -integration).
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59). Although it differs from the previously used protocol
of George et al. (31, 33, 55, 57, 58), both methods produce
comparable results (within 4-6%). In the plane-wave
approximation, the angle dependence of the EXAFS is
proportional to cos2 θ, with θ being the angle between the
X-ray electric field vector (E) and the absorber-scatterer
vector (R; see Figure 1) (56, 59). The Napp found from
EXAFS curve fitting on an oriented sample at a particularθ
is related to the coordination number of an isotropic sample
Niso by the equation:

whereIord is the order integral:

By fitting the θ dependence ofNapp by nonlinear regression
analysis, we extract the average relative orientationφ and
Niso. Equation 1 was implemented numerically by a Math-
ematica 3.0 program (79) (Wolfram Research, Inc.) using
values for Ω as determined from EPR. The standard
deviations of the parametersφ and Niso are more easily
obtained from a regression analysis of the linear form of eq
1 (with x ) 3 cos2 θ - 1 andy ) Napp), which was done
using Igor Pro software (version 3.1, WaveMetrics Inc.). As
a simulated example, Figure S1 (Supporting Information)
shows the calculation of eq 1 for various values of the relative
angleφ, assumingNiso ) 1 andΩ ) 20°.

RESULTS

The characterizations (EPR, O2 activity, metal content)
yielded results similar to those obtained previously from
isotropic samples (52). The Sr substitution was judged
successful from the Sr-altered EPR S2-state multiline signal
before the Chelex removal of excess Sr, slower steady-state
rate of oxygen evolution (40%), and metal content (0.8 Sr
per 4 Mn per PS II; the error in Sr quantitation for the six
samples is(0.05). No EPR-detectable Mn2+ was observed
after the layering process. After the Chelex treatment,
comparison of EPR spectra from the oriented and isotropic
samples showed that the relative amplitude of the multiline
signal was not diminished or adversely affected by the
layering process (data not shown). The Mn EXAFS spectra
and Fourier transform (Supporting Information, Figure S2)
from one oriented sample closely resembled those from
native samples and previous Mn EXAFS studies (31, 34,
35). The EPR and Mn EXAFS spectra together indicated
little or no significant damage to the catalytic Mn cluster
resulting from the Sr substitution and layering protocols. The
EXAFS spectra were all collected using samples in the S1

state, similar to the previous data that were obtained from
isotropic samples.

Mosaic Spread.For simplicity the dichroic ratio of the
∼3260 G feature of the tyrosine YD

ox (signal II “slow”) EPR
spectra (24, 70) at two extreme angles (0° and 90°) between
the sample face and the applied magnetic field (for details

see Figure S3) is used to determine the mosaic spread. This
method is based on the previous finding that this ratio is
inversely related (72) to the mosaic spread as measured from
the angle dependence of the cytb559 EPR spectra, following
the protocol of Blum et al. (69). In addition, we confirmed
that with the slightly different method of Dau et al. (58) the
numbers are practically identical (difference∼5% in the
determination of the coordination numbers). Here, we
assumed a Gaussian distribution for the direction of the
membrane normal, and the mosaic spread is the half-width
of that distribution. In this way, an average mosaic spread
of 15 ( 5° was determined for the six samples used in this
study.

Polarized Sr EXAFS of Oriented Samples.Figure 2 shows
the unfiltered,k3-weighted Sr EXAFS from the Sr-PS II
multilayers at the extreme measurement angles (θ ) 10° and
80°). Data from the various angles (10°, 30°, 45°, 70°, 80°)
were processed similarly for consistency and to allow for
valid comparisons. The EXAFS data and the Fourier
transforms from each of the samples examined are shown
in Figure S4A-F (Supporting Information). At each extreme
angle, five separate samples were averaged for reproducibility
and to achieve high signal-to-noise ratio (Figure 2), with a
total of 190 scans at 10° and 160 scans for 80°. Subtle
differences between the two orientations were seen, most
notably the reduced amplitude oscillations in the region of
k ) 6-8 Å-1 for the 80° scans. The differences observed
between the two extreme angles are more pronounced in the
Fourier transforms.

Fourier Transform (FT) of Polarized Sr EXAFS.The
corresponding Fourier transforms (FTs) showed extreme
dichroism in peak II for oriented Sr-substituted samples
(Figure 3). Among the excitation angles studied, peak II had
largest magnitude atθ ) 10°, while it is smallest and near
the noise level at 80°. For the other experimental angles (θ
) 30° and 45°), the peak II magnitudes (Figure S4A-F,
Supporting Information) were intermediate between those
at 10° and those at 80°. The dichroism in peak I was
undetectable (Figure 3, as measured by relative peak heights
at 10° and 80°). Fourier peak I represents the first shell of
ligating oxygen atoms and can be simulated by 9( 2
oxygens at∼2.6 Å. The fits are similar to those obtained
from earlier studies using isotropic samples and do not

Napp(θ) ) Niso + 1
2
Niso(3 cos2 θ - 1)(3 cos2 φ - 1)Iord

(1)

Iord ) 1
2

∫0

π/2
(sin R)(3 cos2 R - 1) exp(-R2 ln 2/Ω2) dR

∫0

π/2
sin R exp(-R2 ln 2/Ω2) dR

(2)

FIGURE 2: k3-weighted Sr EXAFS of oriented Sr-PS II membranes
at two extreme measurement angles (θ ) 10°, solid line, and 80°,
dashed line). The trace is averaged from five separate samples. The
most prominent difference between the two orientations is the
damping of the oscillations in the 80° orientation sample in the
region of k ) 6-8 Å-1. The data from each of the individual
samples are shown in Figure S4A-F in the Supporting Information.
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provide any new insights (52). The known coordination
numbers of Sr2+ range from 6 to 9, and Sr-O distances are
distributed from 2.56 to 2.71 Å. Therefore, we concentrate
here on the more important longer vector represented by
Fourier peak II. The order of data collection (10° then 80°
or 80° then 10°) did not affect the pattern of dichroism: the
peak II amplitude was always largest at 10°, even after
measurement at 80°.

To study the angle dependence of peak II, we performed
Fourier isolation of the crucial region (R′ ) 2.55-3.45 Å)
from the spectra taken at various angles. For the Fourier
isolate at 80°, the EXAFS contribution is much smaller
compared to that at 10° as can be expected from the FTs
shown in Figure 3, where for the 80° sample the FT peak is
within the noise level. The 10° spectra have a large EXAFS
contribution and a consistently similar amplitude envelope
and were used for curve fitting as described below, whereas
the 80° data show much smaller EXAFS contribution and
show major differences between two samples. The variation
originates from a large component of random noise that is
present in the 80° isolates; these isolates cannot be used for
EXAFS fitting purposes as these represent mostly noise. The
dichroism observed in the FTs (Figures 3 and S4A-F,
Supporting Information) is very pronounced and already
indicates that the vector of interest is closer to 10° than to
80° from the membrane normal.

EXAFS CurVe Fitting. To more precisely determine the
angle and distance of this vector, EXAFS curve fitting was
applied. The small amplitude of theθ ) 80° isolates made
them susceptible to noise and precluded their use in curve
fitting. Only other angles (10°, 30°, and 45°) were used in
curve fitting. The Fourier isolates at 10°, 30°, and 45° were
simulated with one shell of Mn as done previously. Carbon
and other light atoms can be ruled out as possible scatterers
as previously shown (52), and the best fit to 2 Mn is
compared to the fit of 6 C (which is the best fit with C) in
Figure S5 (Supporting Information). Further shells were
unnecessary and produced underdetermined (nonunique) fits.
The Debye-Waller factor was fixed to the best value (σ2 )
0.010) determined during the fitting procedure, because the

static disorder of a Sr-Mn interaction is not expected to
show orientation dependence (55, 58).

Table 1 lists the fit results includingR, Napp, ∆E0, and the
fit error (Φ andε2), and a representative result of fitting to
the 10° spectra is shown in Figure S6 (Supporting Informa-
tion). The fits are consistent with earlier Sr-Mn fitting results
to peak II (52): the lowerk region (k ) 3.5-4 Å-1) always
has a poorer fit compared to the rest of thek range. For
most of thek range (4.5-12 Å-1), the simulation was much
better. The deficiency at lowk may arise from the simplified
situation of using only one Mn shell, because it is possible
that lighter atoms can contribute to peak II to a small extent.
The limited range of the Fourier isolate (∆R ) 1 Å)
precludes the use of more shells of scatterers, which then
result in nonunique fits.

Instead of settingNapp ) 0 as has been done in other
studies (33, 55), we decided also to estimate the upper limit
of Napp that could be present in the much reduced peak II
based on peak heights in the FTs. The baseline was first
measured as the average value of the FT magnitude forR′
between 4 and 10 Å (Figure 3), where no real features in
R-space are detectable. The dichroic ratio (80°/10°) of peak
II was then multiplied by the derivedNapp at 10° (Table 1)
to give an estimate ofNapp present at 80°. The fractional
amount of peak II present at 80° (compared to 10°) was then
listed in Table 1 forθ ) 70° and 80°. As a lower limit the
FT amplitudes at 70° and 80° were assumed to be zero. The
Napp values in Table 1 are subject to(25% systematic error
as an inherent limitation of the EXAFS technique (19, 80-
82).

Determination ofφ. The values ofNapp in Table 1 came
from six separate samples, each with its own mosaic spread
(Ω). Before these values can be combined in a plot ofNapp

FIGURE 3: Fourier transform ofk3-weighted EXAFS from oriented
Sr-PS II samples at two angles (θ). These are the transforms of
the corresponding spectra in Figure 2. Each trace is averaged from
five separate samples. The dichroism is most readily apparent in
Fourier peak II (R′ ) 3.0 Å), where the amplitude is largest at 10°
(solid line) and smallest at 80° (dashed line). The inset shows the
layered PS II membranes and the underlying substrate in relation
to the X-raye-vector, which is perpendicular to the direction of
propagation of X-rays. Fourier peak I is backscattering from O and
peak II is backscattering from Mn. The data from the individual
samples are shown in Figure S4A-F in the Supporting Information.

Table 1: Oriented Sr EXAFS Fitting Results for Peak II (k )
3.7-11.7 Å-1) and CorrectedNapp Values forΩ ) 15° a

angle
(θ)

(deg)
R

(Å) Napp

∆E0

(eV)
Φ

× 103
ε2

× 105

mosaic
spread

Ω (deg)
corrNapp

(at Ω ) 15°)
10 3.50 2.9 -1.52 0.415 0.585 18 3.0
10 3.51 3.0 -3.70 0.552 0.748 10 2.8
10 3.51 2.9 -1.75 0.391 0.529 12 2.7
10 3.52 2.8 -0.16 0.392 0.531 11 2.7
10 3.54 2.8 1.69 0.309 0.419 22 2.4
30 3.55 2.2 1.03 0.410 0.633 12 2.0
30 3.46 2.0 -1.80 0.424 0.598 12 1.9
45 3.52 1.4 0.14 0.830 1.222 12 1.4
45 3.50 1.6 1.34 0.332 0.459 11 1.6
70 0.8 22 0.9
80 0.7 18 0.8
80 0.2 10 0.2
80 0.7 12 0.6
80 0.3 12 0.3
80 0.5 11 0.4

a The Fourier isolates (data in Supporting Information) taken from
each excitation angle were subjected to curve fitting to the EXAFS
equation to give the resulting parameters. The value forσ2 was fixed
to the best value for all samples: 0.010. The fit error parametersΦ
andε2 have been discussed before (52). Because the isolates for 70°
and 80° were so close to the noise level, their curve fits produced
unreliable, suspect values. TheNapp for 70° and 80° were instead
estimated from the relative peak II heights in the Fourier transform,
together with the derivedNapp at 10° (see text for description). The
Napp corrected to the values expected atΩ ) 15° is described in the
text (and using Figure S7). The corrected numbers are plotted in Figure
4.
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vs θ, they must be corrected to a commonΩ. As stated
earlier, the average mosaic spread for the six samples was
15 ( 5°. The correction was made using the plot in Figure
S7 (Supporting Information). Equation 1 was simulated for
each of threeΩ values (10°, 15°, 20°), assuming thatNiso )
1 andφ ) 20°. These are reasonable starting assumptions,
based on the observed dichroism in Figure 3 (orientation is
likely to be closer to 10° than to 80°). For each measurement
angle, the relative correction toNapp, whenΩ is adjusted to
15°, can be found. For example, atθ ) 10° and sampleΩ
) 10°, a-5% correction is needed to bringNapp in line with
Ω ) 15°. Likewise, minor adjustments were necessary for
the variousNapp values to allow the use of a commonΩ for
all 15 points. The originalNapp values, along with their
respective mosaic spread and the correctedNapp are listed in
Table 1.

With Napp found for each excitation angle,θ, we plotted
these corrected values in a polar plot shown in Figure 4A
and used eq 1 to find the relative orientation (φ) of the Sr-
Mn vector and its isotropic coordination numberNiso.
Nonlinear least-squares regression analysis produced the solid
curve shown in Figure 4A as the best fit of the 15 data points
(angles from six separate samples) to eq 1. Based on the
mathematical simulation, the best-fit parameters wereφ )
23° andNiso ) 1.2. When theNapp values for the 70°, 80°,
and 90° samples were set to zero or were excluded from the
fit, an Niso ) 1.0 andφ value of 0° were obtained (data not
shown).

The six distinct samples (sets of two to three incident
angles each; data shown in Figure S4A-F) were also
analyzed and fit separately. This is beneficial because, for
each sample, the data from the different excitation angles
share the same mosaic spread and same Sr content. The
results for each sample then require no mosaic spread
correction. However, the statistics are poorer: 2-, 3-, or
4-point sets compared to a 15-point set. The average of the
six sets of extracted parameters (φ ) 23 ( 8° and Niso )
1.2) from the individual samples closely matched the results
from the collective (15-point) fit mentioned above. However,
when theNappvalues for the 70°, 80°, and 90° samples were
set to zero, aφ value of 0° was obtained.

DISCUSSION

Analysis of Error in Niso and φ. The major sources of
systematic error in the extracted parameters come from the
uncertainties inNapp and in the mosaic spread. Most of the
random error is due to the statistical distribution of the data
points or the curve fitting error to eq 1. (We assume thatθ
is accurately determined, with negligible error.) First, theN
derived from EXAFS curve fitting can incur an error of
(25% as described earlier (19, 80, 81) due to an inherent
limitation of the EXAFS technique. This error range was
also validated in a recent EXAFS study of distorted Mn
cubane complexes, where theNMn-Mn derived from curve
fitting was compared to known crystallographic values (82).
Therefore, we should allow for(25% error in theNapp listed
in Table 1, including those for 70° and 80°, because they
were calculated on the basis of the 10° values. The systematic
error inNapp translates to an error of(25% in the fit-derived
Niso ((0.3).

Second, there was uncertainty in the mosaic spread used
for the fitting to eq 1. As stated previously, each of the six
samples had an individual mosaic spread value, but in the
collective fit, we used the averageΩ (15 ( 5°). In doing
so, we accounted for the variability inΩ by correcting each
Napp to the value expected atΩ ) 15°. The adjustments
allowed us to greatly reduce this type of systematic error.

Third, the evidence for random error is seen in the
statistical distribution of data points in the plot in Figure 4.
The scatter in the points is best shown in the linear plot of
eq 1 in Figure 4B. The best-fit line yieldsNiso from theNapp

axis intercept andφ from the slope. This is the first time, to
our knowledge, that the dichroism eq 1 has been cast in a
linear manner as compared to the more traditional polar form
shown in Figure 4A. The linear form shown in Figure 4B is
an elegant way to obtainNiso andφ from the intercept and
slope of the best-fit line, respectively, and exhibit the scatter
in the data points in a manner that is easy to visualize.
However, the least-squares fit of eq 1 to the points in Figure
4B is imperfect; therefore, the derived values ofNiso andφ

incur a standard deviation based on the residuals and the
goodness of fit (79, 83). This implicitly assumes that the
errors are normally distributed with zero mean and constant

FIGURE 4: (A) Polar plot of the X-ray absorption linear dichroism from oriented Sr-PS II samples. From Table 1, the various corrected
Napp derived from EXAFS curve fitting are plotted (solid circles) with their respective detection angles (θ). A best fit ofNapp vs θ is shown
as the solid curve (s), according to eq 1 withΩ ) 15°. This curve givesNiso ) 1.2 Mn andφ ) 23°. Error bars are discussed in the text.
The data points (open circles) and fit between 90° and 360° are mirrored from theθ ) 0-90° region. (B) Linear plot of polarized Sr
EXAFS data. This form of eq 1 best shows the scatter of the data points in Table 1. From the best-fit slope,φ can be calculated (23°) and
the intercept yieldsNiso (1.2). The standard deviations of the slope and intercept are derived from the residuals and translate to random
errors inφ andNiso.
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variance (84). For the best-fit line in Figure 4B, the errors
are related to the standard deviations in the slope and the
y-intercept. From analysis of the residuals in Figure 4B, the
resulting standard deviations are(4° for φ and (0.1 for
Niso. As mentioned before, though, the larger systematic error
in Niso ((0.3) outweighs the random fitting error ((0.1).
After this error analysis, final values for the important
parameters areφ ) 23 ( 4° (the upper limit) andNiso ) 1.2
( 0.3. However, as described in the Results section, the
lower limit of 0° for φ is obtained whenNapp for the 70°,
80°, and 90° samples is set to zero or when these points are
not included in the fit.

Implications of the Polarized Sr EXAFS Results.Analysis
of the pronounced dichroism in the Sr EXAFS (Figures 3,
4, and S4A-F) indicates that the relative orientation (φ) of
the Sr-Mn vector(s) (0° or 23°) is closer to 10° than 80°
andNiso is 1.2( 0.3. Referring to Figure 1, the orientation
(φ) is a cone around the membrane normal, with the Sr-
Mn vector (R in Figure 1) tilted 23° (upper limit) or 0° (lower
limit) from the membrane normal. The observed dichroism
and the curve fitting of Fourier peak II further support the
previous finding that Mn is within 3.5 Å of the Ca (Sr)
cofactor (52). If many (∼6) light atoms such as C or O
accounted for Fourier peak II (see Figure S5 in Supporting
Information), such a marked dichroism would be unlikely,
because it would be difficult, but not impossible, to align so
many vectors in a parallel or perpendicular orientation with
the X-raye-vector to produce the observed behavior.

The presence of at least one Sr (Ca)-Mn vector making
an angle (φ) between 0° and 23° to the membrane normal is
clear from the data presented above. However, determining
whether there is one or two or three such Sr (Ca)-Mn
interactions (Niso) is more difficult. As the discussion below
shows, on the basis of the data from isotropic and oriented
samples there maybe two such Sr (Ca)-Mn interactions. Our
recent study on anisotropic samples was consistent with two
to three interactions (52) while the current results yield∼1.2.
Since all of the sample characterization described in the
Experimental Procedures indicates that both the oriented and
anisotropic samples are intact, we cannot provide a straight-
forward explanation for this difference. We present factors
that could contribute to the differences between the two
studies below.

Sample preparation for the two types of samples (isotropic
and oriented) is identical up to the point of layering. At this
point, while active in oxygen evolution, the isotropic samples
are frozen in liquid nitrogen, while the oriented samples
undergo a further 8-12 h of paint-and-dry cycles. The
EXAFS samples from both preparations are in the S1 state.
The light-induced S2-state EPR multiline spectra (light minus
dark) are essentially identical, indicating no apparent damage
to the Mn cluster from the layering process (not shown).
We compared the Mn EXAFS from the oriented samples
and the isotropic Sr-PS II (see Supporting Information,
Figure S2). There are no significant differences to indicate
increased damage to the Mn cluster itself or Mn2+ release
during the drying process. The results were virtually identical
to each other and to other Mn EXAFS of Sr-reactivated PS
II as prepared previously (35).

The difference in coordination number is likely attributable
to the extra step of the layering procedure applied to the
oriented samples. The above experiments indicate that the

Mn4 cluster is essentially unaltered after drying, but the
process could induce changes in the local environment of
the Sr cofactor, such as the loss of one or a fraction of the
Sr-Mn vectors. The loss of an H2O bridge [such as one of
the two O-bridges depicted in an earlier working model (52)]
will introduce more disorder or a longer distance (>3.5 Å)
into that Sr-Mn vector, rendering it undetectable by EXAFS
and leavingN closer to unity. Accounting for the difference
caused by the drying process, we speculate that there could
be two vectors originally, which are indistinguishable with
an average angle of 0° or 23° and average distance of 3.5
Å. Figure 5 summarizes the findings of the polarized Sr
EXAFS and depicts a simple, reasonable interpretation of
the data: two Mn neighbors at the same distance and
orientation. However, we emphasize that the present data
are consistent with either one or two Sr-Mn vectors.

Working Models of the OEC. The orientation data from
the Sr EXAFS experiments can be combined with the
published dichroism data from Fourier peak III in the Mn
EXAFS from Mukerji et al. (31) and Dau et al. (58) to
calculate the dichroism of the 3.3 Å Mn-Mn vector. As
previously described by Mukerji et al. (31), Fourier peak III
from Mn EXAFS data, which contains equal numbers of
Mn-Mn (3.3 Å) and Mn-Ca (3.4 Å) contributions, is
dichroic, with an average angle of 43( 10° with respect to
the membrane normal. Moreover, the 43( 10° estimate is
a cos2 φ-weighted average of the orientations of the Mn-
Mn (3.3 Å) and the Mn-Ca vectors (55, 57, 58) as shown
in the equation:

where the average〈φ〉 can be deconvolved into itsnb number
of indistinguishableφab component vectors. Although Mn-

FIGURE 5: Schematic motif summarizing the polarized Sr EXAFS
results. The derived coordination number isN ) 1.2 ( 0.3, and
the average distance is 3.5 Å. Although the figure shows two Sr-
Mn interactions, at present the data are consistent with either one
or two Sr-Mn vectors at an average orientation, with a lower and
upper limit of 0° and 23° to the membrane normal and an average
distance of 3.5 Å (see text for explanation). Because of the one-
dimensional order in these samples, the up and down directions
are equivalent. Bridging oxygen atoms that connect the Sr and Mn
atoms have been omitted for clarity.

cos〈φ〉 ) x∑
b)1

nb

nb cos2 φab/∑
b)1

nb

nb (3)
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Mn and Mn-Ca vectors are different, the backscattering
properties of Mn and Ca are similar enough that they can
be considered indistinguishableφab component vectors for
the calculation of the individual angles.

Our finding from the Sr EXAFS experiments that the Mn-
Ca angle is 0° or 23° leads to solutions for the Mn-Mn
contribution of 75° or 62° (when we consider two Ca-Mn
vectors) and 57° or 52° (when we consider one Ca-Mn
vector), respectively, for the 3.3 Å Mn-Mn vector relative
to the membrane normal. As mentioned in the introduction,
previous polarized Mn EXAFS experiments on PS II have
shown angles of 55° and 67° for the 2.7 Å Mn-Mn vectors.
Thus the 2.7 and 3.3 Å Mn-Mn vectors then lie at an
average angle of 57-65° with respect to the membrane plane
but are not restricted to being collinear, because the PS II
membranes are ordered in one dimension only. The range
of 57-65° is obtained because of the uncertainty in the Mn-
Ca angle and in the number of such interactions (one or two);
it also depends on whether we include two or three Mn-
Mn vectors at ∼2.7 Å in the calculation (85). These
conclusions can be compared with the recent X-ray crystal-
lography studies of PS II (86, 87). The present structure is
of limited resolution, but it is possible to discern a cluster
of four atoms attributable to Mn. The arrangement of the
Mn atoms has been described as pear-shaped (an elongated
ellipsoid) with all four Mn lying approximately in the same
plane at an average angle of∼67° to the membrane normal.
The location of Ca relative to this cluster has not yet been
reported from X-ray diffraction studies.

Because significant angle information about Mn-Mn and
Mn-Ca vectors is now available, other topological models

previously discussed (34, 82) can be refined to include the
presence of Ca and account for the dichroism data (Figure
6). We have chosen to modify three options [from Figure 9
of DeRose et al. (34)]: option A, where the two di-µ-oxo
binuclear units are connected by a mono-µ-oxo bridge, option
F, where the two di-µ-oxo motifs are formed using a common
Mn atom and the mono-µ-oxo motif is placed at the end of
the trinuclear unit, and option G, where three Mn atoms can
be thought of as at the corners of the base of a trigonal
pyramid, with an O atom at the apex and three additional O
atoms forming bridges pairwise among the Mn atoms below
the base with the fourth Mn linked to one of the corner Mn
atoms by a single O-atom bridge. Options A and F both have
two 2.7-2.8 Å Mn-Mn vectors while option G has three
such vectors. The proposed structures are for the Mn complex
in the S1 state.

One possible modification for option A is the structure
shown in the earlier Sr EXAFS study (52); however, this
arrangement, with the Ca at the “open” end of the complex,
places the Ca-Mn and 3.3 Å Mn-Mn vectors roughly
parallel, which is inconsistent with the current dichroism data
for these vectors. Placing the Ca between the two Mn atoms
in the middle of the complex resolves this discrepancy, and
the angle between the two di-µ-oxo planes can now be
adjusted. Figure 6 shows two possibilities (A with Ca) for
this configuration of Mn and Ca atoms. These placements
are consistent with the dichroism results from the 2.7 Å Mn-
Mn, 3.3 Å Mn-Mn, and 3.4 Å Mn-Sr (Ca) vectors.

Ca can be incorporated into option F [Figure 9 from
DeRose et al. (34)], which has two di-µ-oxo bridged Mn-
Mn moieties adjacent to each other and linked to another

FIGURE 6: Refined models for the active site of the OEC in photosystem II in the S1 state. These models combine the finding from oriented
Sr-substituted PS II samples (Figure 5) with previous results from Mn EXAFS on oriented PS II samples. The models are depicted with two
Sr-Mn interactions; however, at present, the data are consistent with either one or two Sr-Mn vectors. These models are derived from
core structures that have been described in earlier studies (from options A, F, and G) by DeRose et al. (34), Cinco et al. (82), and Robblee
et al. (85).
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Mn atom via a mono-µ-oxo bridge. Ca forms an open cubane
with two Mn atoms forming the other two corners (Figure
6, F with Ca). This arrangement of Ca and Mn atoms is
preferred by density functional theory simulations and
simulations of EPR and ENDOR data from the OEC (88-
90); a variant of this structure has been proposed by Siegbahn
(88). Both types of models are variations of a general model
proposed earlier (52).

Options A and F are both characterized by two 2.7-2.8
Å Mn-Mn vectors and one 3.3 Å Mn-Mn vector. Recent
studies on the S0 state of the OEC have proposed the
intriguing possibility that there exist three 2.7-2.8 Å Mn-
Mn vectors and one 3.3 Å Mn-Mn vector (85). One such
topological structure is option G, which was originally
suggested among others in an earlier publication from our
group [Figure 9 from DeRose et al. (34)] and is an example
that is also preferred on the basis of EPR and ENDOR data
(89, 90). Several geometric isomers of the model are possible,
but they all satisfy the basic criteria. Two additional
structures, L and M [from Robblee et al. (85)], are also
modifications of G. We have used G to incorporate Ca in
accordance with the Sr and Ca EXAFS data and the
orientation of the Sr-Mn vector determined in this study.
Three such options are structures are shown in Figure 6 (G
with Ca).

In each of the models in Figure 6, the metal atoms are
not collinear, thus eliminating focusing effects. If Mn or Ca
were collinear with another Mn atom, the focusing from the
intermediate atom, presumably an oxygen, would lead to
easily discernible intense features in the EXAFS and the FT
(91, 92). The lack of any such features in the Mn and Sr
EXAFS rules out the presence of such an effect. This is an
important criterion for testing possible models of the OEC.
F with Ca and G with Ca seem to model best the planarity
and Y shape of the Mn atoms in the membrane plane as
required by the electron density (86, 87) and EPR and
ENDOR results (88-90).

Recently, we explored the idea that the Mn-Ca cluster in
the OEC could be similar to that found in tunnel-like MnO2,
an hypothesis originally put forward by Russell and Hall (93)
speculating that in PS II the MnO cluster and associated Ca
had its evolutionary origin in the capture of Mn oxide
precipitates in the early ocean by a non-oxygen-evolving
photosynthetic precursor microorganism. We have identified
Mn clusters (A, F, and G were all identified in such minerals)
with the requisite number of∼2.7 and∼3.3 Å Mn-Mn
vectors in such MnO2 minerals (94). However, what is most
relevant to the present study is that the MnO2 minerals
commonly occur with incorporated Ca or other mono- or
divalent cations. These are located between the layers of
MnO2 and exchangeable with ions in an essentially aqueous
environment. It is not difficult to imagine a scenario in which
a cluster of 4 Mn and 1 Ca with associated oxygen atoms
was captured from a medium from which these minerals were
precipitating. The Ca location is similar in these Mn minerals
to those proposed above (94).

In conclusion, we recently improved on previous Mn
EXAFS studies by using Sr EXAFS on isotropic samples to
confirm the proximity of the Ca (Sr) cofactor to the Mn
cluster but could not provide information besides distances.
In this study, polarized Sr EXAFS on oriented samples has
resulted in angle information about the calcium cofactor to

refine the model for the oxygen-evolving complex of PS II.
The evidence presented reinforces the concept of a Mn4Ca
heteronuclear cluster as the catalytic center of water oxida-
tion.

NOTE ADDED IN REVISION

We note that a new X-ray crystal structure of photosystem
II from Thermosynechococcus elongatusat a slightly im-
proved resolution of 3.5 Å has been published (95) since
this paper was submitted. Electron density from Ca has been
identified within the larger volume assigned to the metal
cluster by collecting data at energies above and below the
Mn K-edge, at 6548 and 5500 eV, respectively. At the
present resolution of the X-ray data, the metal to metal and
ligand distances cannot be determined with certainty. The
proposed structure was hence derived using information from
spectroscopic data including the metal to metal and ligand
distances derived from XAS studies, and it is very similar
to structures discussed in this publication. The structure
surely will be refined as higher resolution data are collected.
The proposed Mn4Ca structures, labeled F with Ca and G
with Ca in Figure 6 in this paper on the basis of EXAFS
data, seem to model best the electron density from the three
different X-ray diffraction studies (86, 87, 95). We are
working on simulations of the EXAFS data based on the
electron densities, and it will be the subject of a future
publication.
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EXAFS data from Sr-reconstituted isotropic and oriented PS
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samples, best fits to Sr EXAFS from Sr-reconstituted
samples, and dependence ofNapp with mosaic spread. This
material is available free of charge via the Internet at http://
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