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INTRODUCTION

Polarized XAS studies of single crystals provide a method of resolv-

ing and orientationally selecting specific Mn K-edge and near-edge

features and structural details from EXAFS that are frequently

unresolved in the spectra of unoriented samples.

PS II membranes can be oriented on a substrate such that the

membrane planes are roughly parallel to the substrate surface. This

imparts a one-dimensional order to these samples; while the z axis

for each membrane (collinear with the membrane normal) is roughly

parallel to the substrate normal, the x and y axes remain disordered.

Exploiting the plane-polarized nature of synchrotron radiation,

spectra can be collected at different angles between the substrate

normal and the X-ray e-vector. The dichroism of the absorber-back-

scatterer pair present in the oriented samples is reflected in, and can

be extracted from, the resulting X-ray absorption spectra. The

EXAFS of the oriented PS II samples exhibits distinct dichroism,

from which we have deduced the relative orientations of several

interatomic vector directions relative to the membrane normal and

derived a topological representation of the metal sites in the OEC

(George et al 1989, Mukerji et al 1994, Dau et al 1995, Cinco et al

2004). However, because the samples are ordered in only one dimen-

sion, the dichroism information is available only in the form of an

angle with respect to the membrane normal. For EXAFS measure-

ments, this means that the absorber-backscatterer vectors can lie

anywhere on a cone defined by the angle the vector forms with the

membrane normal.

Further refinement can be performed if samples with three-dimen-

sional order, i.e., single crystals, are examined instead of oriented

membranes. The EXAFS amplitude is proportional to �cos2u, where

u is the angle between the X-ray e-vector and the absorber-

backscatterer vector. X-ray spectroscopy has been performed on

single-crystal model complexes, and single crystals of several metallo-

proteins such as plastocyanin, nitrogenase and sulfite oxidase. These

studies have significantly expanded the structural information avail-

able for these systems over what is gleaned from studies of isotropic

samples.

The PS II structure has been solved to 3.8 Å, 3.7 Å, 3.5 Å and

recently to 3.2 Å resolution (Zouni et al 2001, Kamiya & Shen 2003,

Ferreira et al 2004, Biesiadka et al 2004). Examination of the orien-

tation dependence of the EXAFS of single crystals will provide

structural information about the Mn sites at a resolution higher

than that will be obtainable from X-ray crystallography. Distance

information between Mn atoms and between Mn and ligand atoms

can be determined to an accuracy of 0.015 Å, with a resolution

between distances of �0.15 Å using EXAFS. Performing single-

crystal EXAFS experiments helps to refine the low-resolution struc-

ture of the OEC. There is also a significant amount of electronic state

information in the dichroism of the XANES features, especially the

1s to 3d transition.

MATERIALS AND METHODS

In collaboration with the Structural Molecular Biology group at

SSRL, we have developed the methodology for collecting single-

crystal XAS data from PS II. The instrumentation consists of

a liquid He cryostat with one axis of rotation, a 30-element Ge

detector for collecting XAS data, and a CCD or a MAR 345 imag-

ing-plate detector placed behind the liquid He cryostat for in situ

collection of diffraction data and determination of the crystal orien-

tation. For inorganic crystals, that are not so radiation sensitive as

PS II single crystals, the liquid He cryostat is replaced by a kappa

goniometer, with three rotation axes. The instrumentation has been

successfully used, and we have collected data from single crystals of

PS II and inorganic Mn models.

RESULTS AND DISCUSSION

Single Crystals of Inorganic Mn Complexes. We have used

XANES and EXAFS to study single crystals of several inorganic

Mn complexes that are relevant to the oxygen-evolving complex. All

of these complexes exhibited noticeable dichroism in the EXAFS

spectra and the XANES features. The dichroism in the EXAFS spec-

tra was fit for three orientations of the crystal using single- and

multiple-scattering EXAFS theory.

As an example, Fig. 1 shows the polarized spectra of a Mn(III,IV)

di-m-oxo bridged binuclear complex. The spectra were taken at

several orientations by rotating the crystal with respect to the inci-

dent polarized X-ray radiation. The Mn-Mn (2.7 Å) and Mn-O,N

(1.8–2.0 Å) vectors are highly dichroic. Thus, the combination of

EXAFS and the pre-edge spectra provide the relation between the 1s
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to 3d transition and the molecular orientation; namely, it is strongly

correlated with the direction of the di-m-oxo bridge.

Understanding the origins and assignments of the XANES spec-

tra of the synthetic Mn complexes and their orientation dependence

are in progress and will aid in the interpretation of the Mn XANES

spectra of the OEC in random, oriented or single-crystalline forms.

Single Crystals of PS II. We have successfully collected single

crystal XANES and EXAFS data from PS II in the S1 state with the

X-ray e-vector parallel to the a, b, and c axes of the crystal. The data

were collected using 10 crystals per orientation to improve the S/N.

We collected data in only one orientation per crystal to minimize

X-ray damage. Each crystal was exposed to X-rays for �1.5 hours,

and the Mn K-edge was monitored closely for any X-ray induced

Mn reduction. Using these data we have shown that the XANES

and EXAFS spectra from isotropic PS II samples can be generated

from the single-crystal data (Fig. 2). This shows that the structure of

the Mn cluster in the single crystal is intact and that it is similar to

that seen in solution.

The XANES (Fig. 2) and EXAFS spectra (data not shown) show

that the Fourier peaks are clearly dichroic, demonstrating an asym-

metric Mn cluster. We are now in a position to place the vectors in

the appropriate geometry in the electron density. We will also be

able to determine the orientation of the 3.3 Å vector relative to the

�2.7–2.8 Å vectors in the electron density.

Figure 1: The Mn K-edge XANES (top) and EXAFS (bottom) of a
binuclear di-m-oxo bridged Mn(III,IV)(phen)4(PF6) complex with
the X-ray e-vector parallel to the a, b and c axes of the crystal. The
inset on top shows the 1s-to-3d pre-edge peak, which clearly is
dichroic and fits to three peaks, providing information about
the electronic structure of the complex. The EXAFS is also signifi-
cantly dichroic; the second Fourier peak at �2.7 Å corresponds to
the Mn-Mn interaction. We have used these spectra to refine our
methodology for analyzing the data from PS II single crystals. Figure 2: (Top) The PS II single-crystal XANES and EXAFS spectra

with the X-ray e-vector parallel to the crystal a, b, and c axes. The
dichroism in the XANES and the Fourier peaks is apparent (1s to 3d
pre-edge is also dichroic but is not apparent in this figure). (Bottom)
Simulation of solution PS II EXAFS spectra from the single-crystal
data. The data were collected at 10K with the X-ray e-vector parallel
to the three principal axes of the crystal, using X-ray flux density
that was determined not to damage the Mn complex by monitoring
the Mn K-edge. This experiment was used to demonstrate that we
could collect data of sufficient S/N from the crystals in different
orientations without damaging them by exposure to X-rays. Our
criterion of damage is different from what is used for X-ray diffrac-
tion data collection. We found that the diffraction pattern persisted
subsequent to extensive Mn reduction by X-ray irradiation.
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We have conducted a thorough study of the radiation damage

to the metal site and determined the threshold of acceptable X-ray

flux. We also studied the time dependence of the damage by moni-

toring both the K-edge and X-ray diffraction. Besides the intrinsic

scientific importance of single-crystal X-ray spectroscopy in under-

standing the structure of the Mn site, these studies are revealing

for the first time that the conditions used for structure determination

by X-ray diffraction methods can be damaging to the metal-site

structure as monitored by XAS. Because structure-function correla-

tions are routinely made using the structures determined by X-ray

crystallography, it is important to determine that the metal-site

structures are indeed intact.

We believe the single crystal XAS studies have the potential for

identifying a high resolution structure of the Mn cluster, that has

eluded both Mn EXAFS and X-ray crystallography studies until

now, and determine the changes in this structure during the catalytic

cycle. The directions of the Mn-Mn vectors in conjunction with the

electron density derived from X-ray crystallography promises to

refine the structure of the Mn complex. In addition, single-crystal

XANES studies will provide details about the electronic structure of

the Mn complex.
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INTRODUCTION

Photochemically induced dynamic nuclear polarisation (photo-

CIDNP) can be observed in frozen photosynthetic reaction centers

(RCs) under illumination by magic-angle spinning (MAS) NMR

spectroscopy as strong enhancement of NMR lines. The effect has

been used to study the electronic structure of the photochemical

machinery of several RCs of bacteria (Zysmilich & McDermott

1994, 1996a,b, Matysik et al 2000a) and plants (Matysik et al

2000b, Alia et al 2004). Polarisation transfer from the unpaired

electrons to the nuclei pushes the nuclear spin system out of its

Boltzmann equilibrium. The exact mechanism of production of

nuclear polarisation has been discussed recently (Jeschke & Matysik

2003). It has been proposed to be caused by two competing mechan-

isms. In the electron-electron-nuclear three-spin mixing (TSM)

mechanism net nuclear polarization is created in the spin-correlated

radical pair due to the presence of both anisotropic hyperfine inter-

action and coupling between the two electron spins (Jeschke 1997,

1998). In the Differential Decay (DD) mechanism a net photo-

CIDNP effect is caused by anisotropic hyperfine coupling when the

radical pair has different lifetimes in its singlet and triplet state

(Polenova et al 1999).

Photo-CIDNP in solids has first been observed by 15N MAS

NMR (Zysmilich et al 1994, 1996a), whereas more recent studies

applied 13C MAS NMR. The latter can be obtained without isotope

labelling and provides a more detailed view into the electronic

structure of the aromatic ring system. On the other hand, 15N

photo-CIDNP MAS NMR spectra are more straightforwardly to

interpret and suffer less under the overlapping of signals. Here we

present high-quality 15N photo-CIDNP MAS NMR spectra of uni-

formly 15N labelled RCs of Rhodobacter (Rb.) Sphaeroides R26 and

discuss the capacity of 15N photo-CIDNP studies.

MATERIALS AND METHODS

Rb. sphaeroides R26 has been grown under anaerobic conditions in

medium containing 95% 15N labeled NH4Cl from VEB Berlin

Chemie (Berlin-Adlershof, Germany). The extent of 15N incorpora-

tion has been determined by GC-MS to be � 60%. The RCs were

isolated by the procedure of Feher and Okamura (1978). Quinone

depletion is reported by Prakash et al in this volume.

MAS NMR measurements are described in Matysik et al (2000a,

2001a). Chemical shifts are given relative to 15NH3, using the response

of solid 15NH4NO3 at d¼ 23.5 ppm as reference.
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