7340 Biochemistry1998,37, 7340-7350

Structure and Orientation of the Oxygen-Evolving Manganese Complex of Green
Algae and Higher Plants Investigated by X-ray Absorption Linear Dichroism
Spectroscopy on Oriented Photosystem Il Membrane Patticles

H. Schiller#8 J. Dittmerf L. luzzolino}$ W. Dorner#8 W. Meyer-Klauckée! V. A. Solg™" H.-F. Nolting- and
H. Dau*¥

FB Biologie/Botanik and FB Chemie, Philipps-Waisitd Marburg, Lahnberge, D-35032 Marburg, Germany,
European Molecular Biology Laboratory, Hamburg Outstation, Notkestrasse 85, D-22603 Hamburg, Germany, and
HASYLAB, Notkestrasse 85, D-22603 Hamburg, Germany

Receied September 18, 1997; Rged Manuscript Receéd February 10, 1998

ABSTRACT. X-ray absorption spectroscopy at the Mn K-edge has been performed on multilayers of
photosystem llI-enriched fragments of the native thylakoid membrane prepared from a higher plant (spinach)
and a unicellular green alg&¢enedesmus obligyusSpectra collected for various angles between the
prevailing orientation of the thylakoid membrane normal and the X-ray electric field vector contain
information on the atomic structure of the tetranuclear manganese complex of photosystem Il (PS 1) and
its orientation with respect to the membrane normal. The previously used approach for evaluation of the
dichroism of extended X-ray absorption fine structure (EXAFS) spectra [George, G. N., et al. (1989)
Science 243789-791] is modified, and the following results are obtained for PS Il in its dark-stable
state (-state): (1) structure and orientation of the PS Il manganese complexes of green algae and higher
plants are highly similiar or fully identical; (2) two 2.7-A vectors, which, most likely, connect the Mn
nuclei of a planar Mg(u-O,) structure, are at an average angle of #010° with respect to the thylakoid
normal; (3) the plane of the M(u-O,) structures is rather in parallel with the thylakoid plane than
perpendicular. Structural models for the oxygen-evolving manganese complex and its orientation in the
thylakoid membrane are discussed within the context of the presented results.

Photosystem 1l (PS II), a pigmenprotein complex of D2 heterodimer of PS Il and pairwise interconnected by
more than 250 kDa molecular mass, utilizes the energy of bridging oxygensZ, 7, 8). Detailed investigations on the
four successively absorbed photons to drive the oxidation kinetics of OEC charge accumulation and oxygen and proton
of water (2 HO), the concomitant release of molecular release are suggestive of an intricate process (see, e.g., refs
oxygen (1 Q), and the reduction of plastoquinone (2 PQ) 4 and9), but in the absence of sufficient structural informa-
to plastohydroquinone (2 PQH(1-6). Photosynthetic  tion mechanistic models3( 9—14) are likely to remain
water oxidation and dioxygen release take place in a sectiongpecylative.

(or a functional unit) of the PS Il usually called the “oxygen- . . )

evolving complex” (OEC). The OEC is assumed to contain Detalle(_j struct_ural information on the I_DS Il manganese

the so-called manganese complex which consists of four COmPplex is obtainable by X-ray absorption spectroscopy

manganese atoms ligated by amino acid residues of the D1 (XAS) at the manganese K-edge. Mainly on the basis of
XAS results, Klein, Sauer, Yachandra, and their co-workers
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1 Abbreviations: Chl, chlorophyll; Cygss cytrochrome which is an ] )
integral part of PS II; EPR, electron paramagnetic resonance; EXAFS, ~Conventional EXAFS spectroscopy on suspensions of
extended X-ray absorption fine structure; HEPES, 4-(2-hydroxyethyl)- metalloproteins provides the distances between the absorbing
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precision (about 0.02 A). However, absorbbackscatterer ~ second, to present detailed structural information on the PS
distances do not uniquely define the topology of a metal Il manganese complex in its;State using a corrected
complex and its orientation with respect to the protein; angle EXAFS dichroism approach.

information is lacking. A promising approach to obtain some

orientational information is EXAFS spectroscopy on prepa- MATERIALS AND METHODS

rations of protein particles with a preferential orientation for
at least one protein-intrinsic coordinate axi$8{22). By
collecting EXAFS data sets for several angles between the
electric field vector (of the exciting X-ray beam) and the

normal of the partially oriented sample (linear dichroism ;
mM NacCl, 10 mM MgC}, and 25 mM HEPES, pH 6.0) with
spectroscopy), the angle between the abserbackscatterer a detergent-to-chlorophyll ratio of 25 mg/mg of Chl. The

vector and the oriented protein axis becomes an experimen- . : : -
. ) incubation suspension was stirred gently for 20 min in an
tally accessible quantity. . . .
. : , ice bath in the dark and was then spun for 3 min at 3000
The dichroism approach enhances the potential of XAS : .
. L . . and for 17 min at 480Gf) After 3—5 washing steps
for structural investigations on uncrystallized metalloproteins.

However, sample preparation and data evaluation require,(r:rsiilg‘gsnvi’gg :gsggﬁgg d'?a dainnd bClJeffr(]atrnfgg(?lt(lj%nZﬁl\t/lhiulercysltla
in comparison to solution EXAFS, extra efforts and consid- b P '

; ; ) ; ; . L 30 mM NacCl, 5 mM MgC}, 5 mM CaC}, and 50 mM MES,
erations. In previous XAS linear dichroism investigations .
on the PS Il manganese compleb8( 20, 21), the obtained pH 6.0) and spun for 30 min at 48080 The Chi concentra-
. T : tion of these pellets was 460 mg/mL, and the @evolution
orientation information had been affected by subtle errors

in the theoretical approaches used to determine (1) the exten{) aftgi Wgaee?/g(laultisoaov/\l/ ?sogglgé%mgo?;rghrl?a(h%}c;Teaztac;%
of orientation, the mosaic spread characteristics, and (2) the - yeap grap y

orientation of the absorbebackscatterer vector (see Discus- :\r)IIElSM g:}( Céng bgtaw’\\/le, 52 mg/INNaCI, g (r)ng/l Ml\g/l%zc(:)BmM
sion). Here, progress is achieved by using corrected (pH 6.0), ) mM K e(, ¥, and 0. m Q
theoretical approaches. Furthermore, improvements with 1he Préparation of. obliquusPS II particles requires
respect to the preparation of oriented XAS samples permit, addltlc_)nal mod|f|c§1t|ons. Thylak0|ds were |_solated_ after
for the first time, evaluation of the dichroism of the 1.8-A Preaking the cells in a cell mil30). The Triton incubation
Mn-x-O EXAFS interaction. time was 15 min using a defcergent-to-chlqr_ophyll rati_q of
Various evolutionarily diverse organisms are capable of 12.5 mg/mg of Chl. PS Il particles were additionally purified

photosynthetic water oxidation: cyanobacteria, eukaryotic 2Y ceéntrifugation in a Percoll gradient (2545%, 20 min at
algae, lower and higher plants. McDermott et aB)(and 3000@). The pellets had .a.concentrann of about-39
DeRose et al.17) compared the PS Il manganese complexes mgoof Chl/mL, and the activity of the particles measured at
of spinach and the thermophilic cyanobacteri8gmechoc- 28 “C was 806-1100umol of O,/(mg of Chi)(h).
occususing X-ray absorption spectroscopy. They have not 10 produce samples with a preferentlal orientation of the
found indications for significant structural differences. On membrane normal, the PS Il particle pellet was transferred
the other hand, EPR spectra of donor side redox factors pointinto acrylic glass frames (inner dimensions: 5.5 x 1
toward structural difference®4—27). In particular, subtle, ~ Of 2 mn¥) with a back wall of thin Kapton tape. Using
but reproducible, differences in the so-callegstate mul- ~ SPecial inserts for the centrifuge rotor (made by the mechan-
tiline signal between PS Il preparations of higher plants icS workshop of the FB Biologie, Marburg), the filled frames
(spinach, barley) and unicellular green algSednedesmus ~ Were spun in a swing-out rotorif@ h at13000@ and 2°C.
obliquus Chlamydomonas reinhardtihint toward structural ~ Then they were dried for 12 h at % in the dark at an
differences in the PS Il manganese complex or its protein estimated 90% humidity. Samples were stored in liquid
environment 26; unpublished results). It is one objective Nitrogen.
of the present investigation to compare structure and orienta- Sample Characterization by EPRThe extent of orienta-
tion of the PS Il manganese complex of the unicellular green tion of the membrane particles was judged by inspection of
alga S. obliquusand the higher planBpinacia oleracea  the angle dependence of the cytochrorsg (Cytuss9 and
(spinach). the Tyh™ EPR signals 31). It was also verified for each
For unicellular green algae, in particul@: reinhardtii sample that there was no contamination by adventitious Mn
protocols for efficient site-directed mutagenesis of PS Il By using control samples from the same batch of oriented
proteins exist28, 29); mutagenesis studies on structure and samples used later for XAS measurement, we verified that
function of the PS Il donor side of green algae can be 200 K illumination causes formation of the multiline signal
anticipated. Higher plants are not equally well-suited for (32).
site-directed mutagenesis studies, which is unfortunate Collection of X-ray Absorption DataEXAFS and edge
because the vast majority of available experimental results spectra were collected at the EMBL beam line D2, a bending
on photosynthetic water oxidation have been obtained for magnet beam line, at HASYLAB (DESY, Hamburg, Ger-
the higher plant PS II. In this context it is of obvious many) using a focused beam and a Si(111) monochromator
importance to answer the question whether higher plants andbeam size on the sample=8 mm width and 1 mm height).
green algae differ in the structure of the PS Il manganeseMoving the sample in the vertical direction allowed irradia-
complex or its protein environment. tion of two distinct regions of the sample. An absolute
In summary, the present investigation serves two pur- energy calibration was performed by monitoring the Bragg
poses: first, to compare the structures of the PS Il manganeseeflections of a crystal positioned at the back end of the beam
complexes of unicellular green algae and higher plants; and,line (33). During the XAS measurements the samples were

Sample Preparation.For preparation of PS ll-enriched
membrane particles, the protocol described elsewtte (
has been modified as outlined in the following. Triton X-100
incubation was done in buffer A (1 M glycine betaine, 15
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kept at 17~20 K using a closed-cycle helium cryostat. to be 200. The resulting spectra(k) versusk) were
Rotation of the sample holder allowed the precise adjustmentweighted byk®. All R-space spectra shown in the figures
(estimated errog-1.5°) of the angle®g, between the sample  were obtained by Fourier transformationkdfweighted data
normal and the X-ray electric field vector. corresponding to the energy range 655300 eV. For these

X-ray fluorescence excitation spectra were collected using transformations a fractional cosine window was used (at the
a 13-element solid-state detector (Canberra Instruments,ow-k side and at the highk-side the window extends over
Meriden) operated in an energy-resolving single-photon- 10% of thek range).
counting mode. The total count rate per element channel For the so-called Fourier isolation (or Fourier filtering),
was 1006-5000 counts/s. After amplification, the signal of k3 data corresponding to the energy range 658080 eV
each channel passed a single-channel analyzer with thewvas utilized for thek-to-R Fourier transformation. (We
energy window set to capture about 90% of the manganesefound that by the use of a relatively larfgerange for the
Ka fluorescence. For spinach samples we obtained countk-to-R Fourier transform, artifacts are minimized when the
rates (summation over all 13 channels) of 12 000 and 2000 Fourier isolation approach is used.) For tRdo-k trans-
counts/s at the excitation angles®land 753, respectively. formation a rectangular window function was employed; the
For the green alga, the count rates were significantly lower window borders were chosen to match the usually well-
(by about a factor of 2). resolved minimum between two peaks of tiespace

In the case of dilute samples, X-ray fluorescence spectraspectrum. For curve fitting of the Fourier-isolated EXAFS
are closely related to the corresponding absorption spectra.oscillations k-space data was used which corresponds to the
For the sake of simplicity, in the following all spectra are energy range 65827010 eV.
referred to as X-ray absorption spectra. Spectra were Curve fitting and Fourier filtering of EXAFS spectra was
collected for various angle®e, between the X-ray electric  performed using the program EXCURV92 (BIOSYM/MSI,
field vector and the normal of the Kapton foil which carried San Diego, CA). EXAFS calculations were carried out using
the PS Il membrane particles. Data points were collected the curved-wave theory of Gurman et a@4). Potentials
in steps of 0.70.9 eV for EXAFS spectra (in the EXAFS for the EXAFS phase functions were calculated with the
region) and every 0.15 eV for edge spectra (in the edge Xalpha method for ground state and exchange potentials
region). The collection time varied between 1 and 1.5 s per (common interstitial potential of-20 eV; central atom in
point. The results of several energy scans were averagedhe relaxed state; imaginary potential -eft eV; amplitude

(see below); a single scan lasted-3tb min. For®g = reduction factor of 0.8). By a least-squares fit of the
15° or 35 typically 15 scans were averaged; g = 55° calculated EXAFS®#k), to the data pointsy(k), the
or 75 typically 40 scans were averaged. coordination numberN, the distancer, and the Debye

Two data collection approaches were used which differ Waller parameter, &, were determined for each backscat-
with respect to the beam exposure time for the individual terer shell. TheR-factor given in Tables 45 is defined as
samples.

(I) The first approach involved collection of all scans for n K% *(k) — Xth(ki)l
a given excitation angle on the same sample. Ggr= =
55° or 75 two positions of the beam on the same sample = n
were used. Consequently, a single spot of the sample surface Zkfwex“’(ki)l
had been exposed to the X-ray beam for-16 h. =

() The second approach involved frequent sample o ]
changes such that the maximal X-ray exposure time wasWith the weighting exponent;, and both summations over
below 2.5 h for®g = 55° or 75° and below 3.5 h foBg = n data points.
15° or 35.

Data Processing and #aluation After correction of the RESULTS
energy scale, equivalent scans were averaged. The slope of Assessment of Mosaic Spredgor quantitative assessment
the pre-edge scattering background was close to zero.of the mosaic spread of the partially oriented membrane
Therefore, subtraction of a constant value was sufficient to particles, EPR spectra of Gy, which is a constituent of
remove the pre-edge background. In the post-edge rangehe PS Il pigmentprotein complex, were collected for at
the hypothetical EXAFS-free absorptign, was determined  |east 10 angles between the magnetic field vector and the
by a second-order polynomial fit. For normalization the sample normal (at 20 K, microwave power of 1 mW). Then
spectra were divided by this polynomial. For extraction of the angle dependence of the cytochrogyeand g, signal
EXAFS spectra, the background was removed by subtractionamplitudes was simulated, assuming a Gaussian distribution
of a cubic spline (3 segments, knots separated by 178 eV).function for the membrane normal, and compared to the
The energy axis E-space) of the EXAFS spectra was experimental values (Figure 1). It should be noted that in
converted to an equidistant wavenumber aXssyace) previous XAS dichroism investigationd g 20, 21) the

x 100% (1)

according to mosaic spread had been significantly underestimated due to
a methodical error in the previously used simulation approach

2m(E— Ep) of Blum et al. @5) (see Discussion).
k= T By simulations of the detection angle dependence of the

Cytysse g, and gy signals, we determined the half-width of
with Eo = 6540 eV. The transition to an equidistdaaxis the Gaussian distribution function (the mosaic spread angle,
involved a reduction of the number of data points to 100. €, to be 3% and 38 for preparations of spinach arsl
Only for Figure 3 has the number of data points been chosenobliquus,respectively.



XALDS on the Spinach and Green Alga Mn Complex Biochemistry, Vol. 37, No. 20, 199§343

1 4
n a
';:' i
= ”X
] K4
ERS /\ N
£ VAV, v | H
E
<
10 12
0 — ‘A 1]
’ 30 %0 % . k3-Weighted EXAFS t f the PS I
Angle [deg] FIGURE 3: k>-Weighte spectra of the manganese

complexes of the green al@ obliquuqupper trace) and spinach
Ficure 1: Relation between amplitudes of Gy& EPR signals and (lower trace). Both spectra were collected at.55
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particles of spinach. The amplitudes of the EPR derivative spectra ! ] ]
are shown for the, feature (closed squares) and theeak (open 1A s.obliquus - | 101B || s obliquus -~
squares) for various angles between the magnetic field vector and spinach | spinach
the sample normal. The thick line represents the simulation results 8 8 -
for Q¢~= 35°; the lower and the upper thin lines show the simulation
results forQq= 32° andQs;= 38°, respectively. Thegy, and theg, =S 6 6
signal amplitudes are normalized to their values at@fd 90, %
respectively. e
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% ] FicURE 4: Fourier transforms ok3-weighted EXAFS spectra of
g [spinach spinach (solid line) an&. obliquus(broken line) for detection at
5 |S.obl e 15° (A) and 5% (B).
Z 0 175° A
spinach different structure or oxidation state differ in their edge fine
_ b° d B structure. Consequently, the edge fine structure can serve
48 obl. /’\ as a fingerprint for a particular metal center. Therefore, the
M\ /\/\/ observed similarity of the edge spectra is an indication that
T 'm /\ \ f\/\'\/“ the oxidation states, the structures, and the orientations (with
g 1s. obi /\ /\ fg respect to the membrane normal) of the PS Il manganese
k-] -\,f:_/\/\,\ complexes of green alga and higher plants are alike.
175 /\ Comparison of EXAFS SpectraFigure 3 showsk®-
|spinach weighted EXAFS spectra collected at°5%hich is close to
the so-called magic angle of 54.7 As predicted by eq 4
: — T presented below, the magic angle spectra correspond closely
6530 6540 6550 6560 6570 to spectra of conventional, unoriented samples (not shown).
Energy [eV] The absence of obvious differences between the EXAFS
FiIGURE2: Mn K-edge spectra for oriented PS Il membrane particles Spectra of the two organisms confirms their structural
of spinach and the green alggcenedesmus obliqugS. obl). similiarity.
Spectra were collected at Leupper two lines) and 7lower two In Figure 4, Fourier-transformed EXAFS spectra of the

lines). (A) Normalized edge spectra; (B) second-derivative spectra. : :
The characteristic minima of the second derivative are marked by green alga and the higher plant, which were collected at 15

the lettersa—g. and 58, are compared. The Fourier-transformed EXAFS
spectra exhibit three main peaks (I, Il, and Ill in Figure 4).

Comparison of Edge Spectravin K-edge spectra were  The two main peaks at apparent distances of 1.4 (I) and 2.3

collected at various excitation angles for partially oriented A (I1) correspond to backscattering atoms-at.8 and~2.7

PS I membrane particles of spinach ehdobliquus Apart A, respectively. Peak | is usually assumed to originate

from the higher noise level for th®. obliquusspectrum at mainly from backscattering oxygen atoms which serve as

75°, spinach and alga spectra match very well (Figure 2). In bridging ligands in a dit-oxo-bridged, binuclear Mn struc-

particular, the angle dependence of features d, f, and g isture; peak Il has been assigned to the 2.7-A-N#n EXAFS

the same for both organisms (for a more detailed analysisinteraction of the di-oxo-bridged Mn dimer§, 8, 36, 38,

of the dichroism of spinach;State spectra, see 12%). Edge 39). The origin of peak Il is disputedl{, 40—42). The

spectra of various synthetic manganese complexes have beeRourier peaks at distances greater than 3.5 A provide an

studied 8, 8, 15, 36, 37); usually, metal complexes of estimate of the noise level; the peak below 1 A, which results
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FiGURE 5: Fourier transforms ok3-weighted EXAFS spectra of
spinach for 4 excitation angle®¢ = 15°, 35°, 55°, and 75).

from incomplete background removal, is meaningless.
Within the limits of the signal-to-noise ratio, the positions
and heights of peak | and peak Il of both organisms are
identical at both excitation angles. This finding confirms
that the orientation (with respect to the thylakoid membrane)
of the PS Il manganese complex of green algae and higher
plants is the same. (In Figure 4, peak lll is higher in the
green alga. Currently we assume that this difference in the 4 6 8 10 12
spectra of the two organisms is a noise artifact.) K [A"]
EXDAI\?S“SS? O.f EX';“:FS SpSeCU'aA Clloser Ints.,pectlon of tlhted FiIGURE 6: Fourier-isolated EXAFS spectra of spinach for two
: ichroism (Figure 5) reveals a continuous amplitude oy citation angles, r5(solid lines) and 75 (broken lines). EXAFS
increase of peak | and peak Il with increasing excitation oscillations related to backscattering atoms of the first and second
angle. Furthermore, the shape of the Fourier peaks ismanganese coordination shell are shown in panels A and B,
changing. In particular in the case of peak | we find for an respectively. These spectra were obtained by_Fou_rier filtering of
excitation angle of 15a splitting of the first peak (peak la "€ corresponding peaks in thespectra shown in Figure 5.
and peak Ib in Figure 5).
Fourier isolation of the first Fourier peak reveals that the

Ky A

Table 1: EXAFS Fit Parameters for Fourier-Isolated Peak Il Data

corresponding EXAFS oscillations are angle dependent with of Spinach

respect to the shape of the oscillation envelope (Figure 6A). _Mn—Mn,27A

For the 15 data set, the EXAFS oscillation approaches a _ ©= N rA] 202[A  EoleV] R[%]

beat pattern which is indicative of backscattering atoms at I

two distinct distances within the first manganese coordination 15° 0.5 2,677 0.001 13.1 7

shell. For the second Fourier peak, it is mainly the gg 8'; g'%g 8'882‘ ﬁ"g ;

magnitude of the EXAFS oscillations which depends on the 75 1.0 2.692 0.008 118 8

excitation angle (Figure 6B). This finding is suggestive of I

pronounced variations in the (apparent) coordination number 15 0.7 2.688 0.004 11.6 6

for the backscattering manganese atom at 2.7 A. gg (1)? g.gg(l) 8.882 ﬂg ;
In contrast to previous XAS linear dichroism investigations e 13 5705 0.007 100 9

on the PS Il manganese complé8,(20), we did not observe
a reproducible angle dependence of the magnitude of the, @ Data shown for various excitation anglég, and two distinct
third Fourier peak. Therefore, quantitative evaluation of the 'rggm‘t’:rsp;?fg%or%R ”;etgslgegngzj %n?héetsesxtthan 25 h (). Fit
dichroism in the 3.3-A EXAFS interaction has not been > : '
approached. collection approach was used which involves X-ray exposure
Curve Fitting of EXAFS SpectraK-space curve fitting  for up to 15 h (approach I).
of Fourier-isolated EXAFS spectra was done as described The fit results confirm the dichroism already hinted at by
in Materials and Methods (see also Discussion). Multiple the R-space data shown in Figures 4 and 5. The apparent
scattering contributions to the Fourier-isolated second peakcoordination numbefN in Table 1) increases with increasing
data are not considered because such contributions are likelyexcitation angle, indicating a preferential orientation of the
to be negligibly small43). In Table 1 results for the Fourier- absorberbackscatterer vector perpendicular to the mem-
isolated second peak are shown. Table 1, section Il, relatesbrane normal. For irradiation protocol I, due to extensive
to data collected with an approach which minimizes the X-ray exposure “radiation damage” occurs (see als@2gf
X-ray exposure time (approach Il as described in Materials This radiation damage results in a decreased coordination
and Methods); for sectio | a more conventional data number and an increase of the DebyWaller parameter at




XALDS on the Spinach and Green Alga Mn Complex

Biochemistry, Vol. 37, No. 20, 199&345

A

Table 2: EXAFS Fit Parameters for Fourier-Isolated Peak | Data of
Spinach

AN A
\J U

K [A7]

-5

Mn—0, 1.8 A Mn—OIN, 2.0 A

O N r[A] 202[A3 N r[A] 20%2[A7] Eo[eV] R[%]
I

15 15 1.808 0.005 6.0 1.968 0.035 15.3 6

35 1.8 1.808 0.003 48 1.968 0.027 159 5

55° 1.8 1.808 0.005 5.1 1.968 0.029 158 6

75 2.0 1.808 0.005 4.7 1.968 0.024 152 5
Il

15 1.4 1798 0.005 58 1.946 0.033 149 4

35 1.6 1.798 0003 56 1.948 0.029 156 4

55° 1.9 1.798 0.005 4.2 1.948 0.019 156 4

75 2.1 1798 0.005 4.5 1948 0.019 155 4

2

k [A"]

Ficure 7: Comparison of a one-distance fit (thin lines) with a two-
distance fit (thick lines) for the first coordination shell (spinach,
excitation angle of 19. In panel A the data points (open circles)
and the spectra which result from the least-squares fit are shown.
In panel B the difference between the experimental, Fourier-filtered
spectrum and the best-fit spectrum is plotted (residual plot). The
one-distance fit resulted iIN = 6.4,r = 1.82 A, 22 = 0.028 &
andEy = 23.6 eV R = 24%). The two-distance fit resulted My
=1.6,r,=1.80A, 1,.2=0.005 &, N, =5.1,r, = 1.95 A, 25,2
=0.029 &, andE; = 15.9 eV R = 7%). In the case of the two-
distance fit the distanceg andr, were fixed to match the fit results

of the 55 k! spectrum fit; also, the value for the Deby@/aller
factor of the distance, had been fixed.

.

B

-~

55° and 75. Surprisingly, the angle dependence of the
apparent coordination number is hardly affected by the
prolonged X-ray exposure.

The first Fourier peak requires a two-distance fit approach.
This is obvious for the 15EXAFS oscillations. As shown
in Figure 7, a one-distance fit clearly fails to match the
experimental spectrum. The two-distance fit presented in
Figure 7 involves fixed distances, which were obtained as
described below, and a fixed Deby@/aller parameter for

the shorter distance. Thus, the number of free fit parameters

was not higher than for the one-distance K, §, 202, E),
but the error sum was lower by a factor of 3.

The EXAFS oscillations corresponding to the first Fourier
peak require a two-distance fit approach. However, a two-
distance fit may involve up to 8 free fit parameters{ A,

2 x7r,2x 20% and 1 or 2x Eg). This relatively high
number of free parameters does not allow a unique solution
of the minimization problem (minimization of the error sum
by the fit program). Therefore, it is necessary to use
physically and chemically reasonable constraints.

Considerable evidence has been presented that thePS I
Mn complex consists of two di-oxo-bridged binuclear Mn
structures. In such a structure the MmO distance is~1.8
A, whereas for noneO ligands usually distances of 19
2.3 A are found 11, 44). On the basis of this consideration
and assuming the absorbing Mn to be hexa-coordinat®d (
we predict that for an isotropic sample the coordination
number for oxygen ligands at 1.8 A is 2, whereas the
coordination number for ligands at larger distances-{1.9
2.3 A) is 4. Equation 4 predicts that at 5%4.7he so-called
magic angle of linear dichroism spectroscopy, the angle-

aData shown for various excitation anglé®g, and two distinct
irradiation protocols: up to 15 h (I) and less than 2.5 h (Il). Fit
parameters and erroR, are as defined in the teXtThe distances
obtained on the 55data sets as described in the text were used for all
other excitation angle$The Debye-Waller parameter for the 1.8-A
distance was fixed to 0.0052A

dependent apparent coordination number is equal to the
coordination number of a (hypothetical) isotropic sample.
Therefore, we decided to fit the S8rst EXAFS peak under

the assumption that there is a shorter distance with a
coordination number of 2 and a longer distance with a
coordination number of 4. Furthermore, the Deby#aller
parameter for the shorter distance was fixed to a constant
value. Using these constraints, which are reasonable but not
model-independent, we obtained a unique solution of the fit
problem. Subsequently, the distances obtained by this
approach were used for fitting the EXAFS oscillations at all

4 excitation angles (because, to a first approximation, the
distance values are independent of the excitation angle; see
also Discussion). The results obtained by this curve fit
approach are shown in Table 2. The angle dependence of
the apparent coordination number of the 1.8-A distance is
suggestive of a preferential orientation of the corresponding
absorber-backscatterer vector perpendicular to the mem-
brane normal.

A comparison of sections Il (short X-ray exposure times)
and | (exposure times of up to 15 h) of Table 2 demonstrates
that prolonged X-ray exposure does not affect the dichroism
of the coordination numbers. However, a considerable
increase in the DebyeWNaller parameter for spectra collected
at 55 and 75 is observed.

The Fourier-isolation approach is debatable because Fou-
rier transform artifacts might affect the results. To assess
the significance of such artifacts, unfiltered spectra were
subjected to curve fitting. With respect to the first coordina-
tion shell we used the approach described above for Fourier-
isolated EXAFS oscillations. For the unfiltered data, cor-
relations of the various fit parameters result in shallow
minima of the error sum. Furthermore, the results were
found to depend on the start values of the fit parameters
because several local minima exist. Therefore, we consider
the fit approach involving Fourier-isolated data to be superior.
In any event, fit results obtained by whole-spectra fit (Table
3) are in reasonable agreement with the results obtained by
fitting Fourier-isolated data. In particular, the results shown
in Table 3 demonstrate clearly that the dichroism in the 1.8-A
shell does not result from a Fourier-isolation artifact.
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Table 3: Parameters of EXAFS Whole-Spectra Fit for Spidach
Mn—0, 1.8 A Mn—O/N, 2.0 A Mn—Mn, 2.7 A
O N r[A] 202[A7] N r[A] 202[A?] N r[A] 202[A?] Eo [eV] R[%]
1

15° 15 1.787 0.008 6.0 1.939 0.027 0.8 2.677 0.004 154 35
35° 1.6 1.787 0.005 5.8 1.93% 0.024 0.9 2.677 0.005 15.8 40
55° 2.2 1.787 0.008 4.3 1.939 0.011 1.0 2.681 0.003 15.7 32
75° 2.2 1.787 0.005 4.7 1.93% 0.013 1.3 2.693 0.005 14.7 35

a Data shown for various excitation angl€3;, and irradiation protocol Il (less than 2.5 h). Fit parameters and érare as defined in the text.
b The distances obtained on the’Tfata sets as described in the text were used for all other excitation anghes Debye-Waller parameter for
the 1.8-A distance was fixed to 0.00%.A

Table 4: EXAFS Fit Parameters for Fourier-Isolated Peak Il Data S M
of Scenedesmiis L .
Mn—Mn, 2.7 A e Lo
O N r[A] 202[A7] Eo[eV] R T backse.
|
15° 0.6 2.666 0.003 14.8 6
35° 0.7 2.685 0.004 14.8 7
b55° 0.9 2.714 0.009 13.1 10
1]
15° 0.8 2.684 0.005 12.9 7
b5° 1.3 2.690 0.008 11.0 8

aData shown for various excitation anglédg, and two distinct
irradiation protocols: up to 15 h (I) and less than 2.5 h (Il). Fit
parameters and errdR, are as defined in the text.

substrate plane

Table 5: EXAFS Fit Parameters for Fourier-Isolated Peak | Data of

Scenedesmiis . .
Ficure 8: Vectors and angles relevant for X-ray absorption on
Mn—0, 1.8 A Mn—OIN, 2.0 A metalloproteins embedded in partially oriented membrane sheets.
© N r[A] 20°[A7 N r[A] 202[A7] Eolev] R[%] The normals of the individual membrane sheet and the supporting

substrate are denoted ksandS, respectively. The X-ray electric

I field vector is labeledE, and the direction of the vector connecting
15 1.8 1815 0005 45 1979 0029 151 7 the absorbing nucleus and the backscattering nucleus is given by
35 2.0 1.815 0005 49 1979 0031 147 6 R To calculate the apparent coordination number for a given
55° 1.9 1.815 0005 4.8 1979 0027 145 3 measurement angl®g), integration over all possible orientations

Ii of the membrane normalsi{ and S-integration; the dotted lines
15° 1.9 1.776 0.005 4.1 1.92% 0.016 18.7 8 indicate the integration paths) and the cone of orientations of the
55° 2.1 1.776 0.005 3.8 1.92% 0.011 18.4 8 absorberbackscatterer vectow{integration) is required.

aData shown for various excitation anglédg, and two distinct . .
irradiation protocols: up to 15 h (I) and less than 2.5 h (II). Fit Of the supporting substrate (here a Kapton foil). It needs to
parameters and erroR, are as defined in the tetThe distances be considered, however, that only imperfect vectorial ori-
obtained on the 55data sets as described in the text were used for all entation is obtained. For isotropic samples the probability,
g}:gni’éc\';iof’i‘xigﬂf%%%%g&eby&wa"er parameter for the 1.8-A  p "4, fing an anglen. between the membrane normb,

: and the substrate norma§ is sin a. For imperfectly
vectorially oriented sampleB, is assumed to be equal to
the product of sirmt and an order functiorRe¢(), which is
maximal for ana-value of (. It is often assumed that
Pord(at) is well approximated by a Gaussian distribution
an inaccurate approach f@ determination has been used: function; its hal_f width has been denoted as the mosaic spread
in the following a corrected approach is outlined. angle or the disorder angl& (21, 3).

We assume that for simulation of EXAFS data in the = Now the magnitude of the EXAFS oscillations for a large
consideredk-range the small-atom approximatiod€j is ensemble of absorbebackscatterer pairs is obtainable by
sufficiently precise. This implies that for each absorber the P,-weighted integration over all orientations of the
backscatterer atom pair the magnitude of EXAFS oscillations membrane normaM (o.- andg-integration), and along the
is proportional to the squared cosine of the angeg, cone of possible orientations dR with respect toM
between the X-ray electric field vectdt, and the vectoR, (y-integration). (Here we, reasonably, have assumed that
which connects the nuclei of the absorbing and the back- the mosaic spread & with respect to the membrane normal
scattering atom (see Figure 8), whereas other characteristicss negligible, meaning th&g is constant.) Thus, we obtain
of the EXAFS oscillations (in particular the apparent for the ratio betweemis,, the coordination number of an
absorber-backscatterer distance) are independen®g. isotropic sample, anll.p, the apparent coordination number

The preferential orientation of the membrane norrval, as it is found for EXAFS measurements on a partially
of the PS Il membrane particles is parallel to the norB8al, oriented sample at an excitation an@e (see Figure 8):

The Fourier-isolated EXAFS oscillations of the green alga
S. obliquuswvere treated in a completely analogous way; the
curve fit results are shown in Tables 4 and 5.

Determination o®g. In previous investigationd 8—21)
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2 21 27 . 750
Napp Jo Jo Jo coé Ogg Pyrg(0) sina dy dB da - A
N. - 712 p21 271 . 2) 2
iso 5 [y cog Oggsina dy dB da 3 -
with 2 1 ]
Z 15
12 .
j;[ Pord(a) -sino-da=1 (3) 0 Og
i i i ; 75° B
Performing the3- andy-integration results in 15 .
NaDF((aE) = Niso + 1/2 Niso(3 CO§ ®E - 1) X g 1.0 350
(3cog Og — 1)lyg (4) : .
z 15°
with
0.0 Ox
=1 al2 — ; Ficure 9: Polar plot of apparent coordination numbers versus the
fora =72 J(‘) ® cosa DPorf@) sinacda (5 excitation angle@e. The data points correspond to values presented

in Table 1, section Il (B), and Table 2, section Il (A). The solid
If several absorberbackscatterer vectors are described by lines are calculated fdd and®g values which have been obtained
a common apparent coordination numbés,(O¢), the O by a least-squares fit on the basis of eq 4, assuming a Gaussian
value of eq 4 corresponds to an average angle which is%IrOIer f:ugcc;clor(]B\;vghgz) ;s?:n'cé-Al\)l-l'i-}:l\ fs@t)ance.:Ngio: 19
related to the orientation of the individual absorber LeA ' ' o T e BT A '

backscatterer angle®(‘z) according to Table 6: Average Angles between Membrane Normal and Distance
) Vectors,®g, and Isotropic Coordination Numbens,s,, as
Niso Sir? @'R Determined by Curve Fitting Using Equatiof 4
sin” O = (6) Mn—O,  Mn—-O/N,  Mn—Mn,
=1 N 1.8A 20A 27A
. . . . Qsp ®R Niso @R Niso ®R Niso
The details of the derivation of eqs-4 will be presented - "
. L . spinach (1) 33 63 48° 76
elsewhere (J. Dittmer and H. Dau, manuscript in preparation). 3% 65 19 48 50 79 08
Assuming thaPq4(a) is well-approximated by a Gaussian 37 65 48 8
distribution function, we determined half-width angléx,, S.obliquugl)  36° 57 57 78
(with Porg(Qsp) = 0.5), of 35 and 38 for PS Il membrane 43132 g; 19 g’g 4.9 (gg;)b 0.9
particles of spinach anfl. obliquusrespectively, by analysis spinach (Il 33 6o 45°
of the excitation angle dependence of theygyEPR signal 3% 700 19 44 47 8r 1.1
(see Figure 1 and Discussion). Using the corresponding 3r 1 43 (90°)°
order function,Pyg(ct), we performed curve fitting of the ~ S-obliquugil)  36° 59 5r° 76
excitation angle dependence of the apparent coordination ig gg 21 5530 38 gg 1.3

numbers on the basis of eq 4 (see Figure 9 and Table 6).
For the various data sets shown in Table 6, the error in
O®r Which is due to the scatter in the apparent coordination

numbers is estimated to Be5°. To assess the error range )
which is due to the uncertainty in the mosaic spread angle of PS Il units per membrane area seems to be lower for green

aFits for the experimentally determined mosaic spread ardg,
Qg + 2°, andQsp — 2° are shown.

(estimated uncertainty dRs; 2°), for each data se®g algae membrane preparations than for those of spinach.
values are presented féX;, + 2°, Q, andQg, — 2° (Table Consequently, the detected X-ray fluorescence emission was
6). found to be lower by a factor of 2, whereas the scatter
background was found to be clearly larger.) Therefore, we
DISCUSSION attribute the apparent differences to noise contributions. In

summary, the PS lIs of the green alga and the higher plant
do not differ significantly in the structure of the manganese
complex and its orientation with respect to the thylakoid
membrane, which hosts the PS Il membrane proteins. The

spinach, a higher plant, are highly similar. The XAS reason for the subtle, but fully reproducible, differences in

dichroism data might indicate differences with respect to the th€ multiline signal of both organisms2¢ unpublished
height of the third Fourier peak (strength of the 3.3-A esults) remains, presently, obscure.

EXAFS interaction) and the orientation of the 1.8-A vector ~ We recently observed a comparable similarity between
connecting the absorbing Mn and, presumably, a backscat-higher plants and green algae for the Jyadical (Tyr-161
tering u-O atom. However, despite comparable data aqui- of the D2 protein, a redox-active residue which is not directly
sition times, XAS data collected for the green alga is involved in water oxidation) by EPR spectroscopy on
significantly more affected by noise than the corresponding oriented membrane particle®7). Seemingly, the tertiary
data sets collected on spinach preparations. (The numbesstructure of the protein matrix, which determines the orienta-

Alga versus Higher Plant Manganese K-edge spectra
(Figure 2) and EXAFS spectra (Figure 3; Tables6)
collected on multilayers of photosystem ll-enriched mem-
brane fragments d&. obliquusa unicellular green alga, and
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tion of the redox factors, is essentially identical at the PS Il heterogeneous backscatterer shell the use of a symmetric
donor side of green algae and higher plants. Debye-Waller factor for simulation of EXAFS oscillations

In conclusion, in the course of evolution from unicellular could result in erroneous values for the average distance.
green algae to higher plants, the PS Il manganese complexThe value for the absorbebackscatterer distance of the
has not been modified. The experimental results obtainedterminal ligands is likely to be relatively imprecise.
for the PS Il manganese complex of higher plants are, most The®,;x-Value George et al.18), Mukeriji et al. 0),
probably, equally valid for unicellular green algae (which and Dau et al.Z1) determined the average angle between
are better suited for site-directed mutagenesis studies).  the thylakoid membrane normal and the 2.7-A vin

The 2.7-A Ma-Mn Distance We and othersi, 36, 38, vector,®,7 4 to be about 60 Here, we find®,7 4 to be
39) observe for the PS Il manganese complex in itstate close to 80 (Table 6). Information on the orientation of
strong EXAFS interactions which correspond to backscat- the two Mny(u-O,) blocks should provide reliable constraints
tering atoms at 2.7 A. Taking into consideration that for structural models of the PS Il manganese complex and
significant contributions of backscattering oxygen, nitrogen, for atomic resolution models of the surrounding protein
or carbon atoms to the 2.7-A EXAFS oscillations are matrix. Therefore, the discrepancy between results presented
unlikely, this EXAFS interaction is clearly assignable to here and previously published results needs to be resolved.
Mn—Mn distances of 2.7 A. The coordination number of This discrepancy presumably originates from different ap-
about 1 backscattering Mn atom per absorbing Mn atom proaches toward (1) determination®g based olNap{ Oc),
indicates that there are two MiMn distances of 2.7 A per  (2) determination of the mosaic spread characteristics, (3)
tetranuclear Mn complex. normalization of the EXAFS data, and, perhaps, (4) radiation

Mn—Mn distances close to 2.7 A are highly suggestive damage to the manganese complex or its protein environ-
of a structural element containing Mn atoms connected by ament.
di-u-oxo bridge (1, 46). Therefore, in agreement with most (1) In the present investigatiofg determination is based
investigators in this field3, 8, 39), we assume that the PS on eq 4, whereas previously a relation proposed by George
Il manganese complex contains two MmO,) structures. et al. (L8) had been appliedLl, 18, 20, 21). George et al.
It should be noted that the presently available EXAFS data describe the mosaic spread characteristics by using a Gauss-
does not exclude that these two MinrO,) elements share a  ian distribution function for the azimuthal angle of the
common Mn atom resulting in a trinuclear structure with absorberbackscatterer vectoi®r in Figure 8). For the
di-u-oxo bridges between adjacent Mn atoms (as pointed out, half-width angle of thég, Gaussian distribution values were
for example, by DeRose et allq), and as recently also  used which had been determined for the Gaussian distribution
proposed by Semin and Parak?)). function of membrane normals¢,). This approach is

Resolution of Mr-Ligand Distances of 1.8 and 2.0 AThe inaccurate, because th®g distribution function is not
structural information carried by the first Fourier peak is identical to theQg, distribution function. By reevaluation
disputed. Klein and co-workerslT, 38) and others 39) of previously published result2@, 21) we found that this
frequently used a curve-fitting approach which involves two inaccurate approach results in values @x; 4 which are
distinct distances of 1.8 and 2.0 A, but recently it has been 3—5° smaller than values obtained using eq 4. Thus, the
concluded that only a single absorb&ackscatterer distance discrepancy between ti®; ; x value determined in this study
can be resolved4Q, 48). We noticed that, indeed, conven- and published valued, 18, 20, 21) is partially explainable
tional EXAFS spectra on isotropic samples do not allow a by this methodical error.
firm conclusion with respect to the existence of two distinct  (2) The determination 0f®,;x by simulation of the
backscatterer distances in the first Mn coordination shell. excitation angle dependence requires knowledge of the
However, for the data collected at’lén vectorially oriented ~ mosaic spread characteristics of the samples. In previous
samples a single-distance approach is certainly insufficientinvestigations 18, 20, 21) the mosaic spread characteristics
(Figure 7). Furthermore, the pronounced angle dependencewnere determined by comparison of the angle dependence of
of the shape of the EXAFS oscillations corresponding to the experimentally determined Gyts EPR-signals with numer-
first coordination shell (Figure 6A) is an indisputable ical simulations using the EPR simulation approach of Blum
indication that backscattering atoms at two (or more) distinct et al. 35). Blum et al. erroneously assume that a given
distances are involved. Thus, the dichroism approach permitsazimuthal angle distribution function for the membrane
the unequivocal detection of otherwise hidden “subshells” normal P.q(0) as defined in the context of Figure 8)
of backscattering atoms. translates directly to an identical azimuthal angle distribution

The finding of two distinct distances contributing to the function for the orientation of the magnetic field vector with
first shell EXAFS interactions and the corresponding fit respect to an axis fixed in the paramagnetic molecule. On
results (Tables 2, 3, and 5) suggest that a fraction of the Mn the basis of this assumption they calculate EPR spectra by
ligands areu-oxo ligands (typical Mr-u-O distances are  taking into consideration all possible orientations of the
1.75-1.85 A, (11)), whereas the terminal (meaning nen-  magnetic field vector with respect to a molecule-fixed
oxo) ligands are at an average distance of 1.95 A with a coordinate system. A correct approach requires either to
considerable spread of the individual distances (the Debye consider explicitly all possible orientations of the membrane
Waller factors indicate a distance spread larger than 0.1 A). normal (corresponding to the- and -integration path in
In synthetic model compounds distances as short as 1.95 AFigure 8) and of the paramagnetic molecule in the membrane
are rarely found for nitrogen ligands (e.g., imidazole (corresponding to the-integration path in Figure 8) or to
nitrogen). Thus the 1.95-A distance provides an indication calculate the angle distribution function for the magnetic field
that the vast majority of terminal Mn ligands are oxygen vector in a molecule-fixed coordinate system as proposed
atoms. However, it should be noted that for a highly by Friesner et al.49). For the present investigation, we
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have chosen the first alternative. In conclusion, in previously
published investigations determination &%, ;4 involved
values for the mosaic spread angle (the half-width angle of
the Gaussian distribution function for the membrane normal)
which are likely to be incorrect. On the basis of a
reevaluation of the Cyisg EPR data presented in Dau et al.
(21), we estimate that the incorrect approach of Blum et al.
(35) had resulted in mosaic spread angles which are about
10° too low.

(3) The X-ray penetration depth increases with increasing
excitation energyE, resulting in enhanced X-ray fluores-
cence for higher excitation energies. For the detection
geometry used here and elsewhe9, (21), at wider
excitation angles®g) the X-ray emission stemming from

deeper sample layers is particularly strongly attenuated byA and B differ with respect to the orientation of the Ma-Oy)

fluorescence r_eab_sorption. Consequently, the enhancemqu,ane' The orientation of the M@-O,) plane shown in panel B is
of EXAFS oscillation due to the energy-dependent penetra- not in agreement with the dichroism of the 1.8-A EXAFS.

tion depth affects to a higher extent spectra collected at small o

©c. In this study, a correction for these intricate penetration- EXAFS data, the supposition is used that there arete@o

depth effects is achieved by using the actual fluorescence-ligands at~1.8 A and four ligands at longer distances per

detected spectrum for normalization of EXAFS oscillations. absorbing Mn atom. However, the 2.7-A EXAFS data do

(It should be noted, however, that this normalization approach N0t provide any evidence against more than fauoxo

is problematic in the case of spectra which are significantly Pridges per tetranuclear manganese complex (e.g., the model

affected by a scattering background.) Previously, an EXAFS Of Yachandra et al. 1) predicts 2.5u-0xo ligands per

normalization method has been used (division by a theoretical™anganese). Furthermore, the fit approach involves the

post-edge background function in Mukeriji et a20) and assumption that the distance values for the shorter and the

Dau et al. 1)) which does not fully prevent an artifactual longer Q|stance, which C(_)nst|tute average distances, are fully

influence of®g on the EXAFS data. angle independent, which may or may not be a good
(4) The use of relatively low X-ray fluxes (about 0  a@pproximation. . .

photons/mrf/s) and measurement temperatures below 20 K In conclusion, the preferential orientation of the #m-O

does not prevent the X-ray photoreduction of the manganeseVector is perpendicular rather than parallel to the membrane

complex (see re22); the EXAFS data is affected in the case normal. However, _due to possible |nsuff|C|enC|e§ of the fit

of irradiation periods exceedirB h (see Tables 1, 2, 4, and a@pproach, the obtaine@l g4 and®; 04 values are likely to

5). Even though in this investigation the obtair@g; 4 and be relatively imprecise. .

©154values are essentially identical for short-term irradiation ~ Orientation of Ma(u-O,) Structures. According to the

not exceeding 2.5 h (protocol 1) and more prolonged presented EXAFS dichroism results, in the manganese

irradiation (16-15 h, protocol 1), the use of even more complex two Mn(u-O), blocks are arranged such that two

prolonged irradiation times or more intense synchrotron Mn—Mn vectors are at an average angle-&0" with respect

radiation could be critical. (We cannot judge whether and © the thylakoid membrane normal. This result imposes

to what extent the previously published data of Mukerij et "estrictions on the orientation of the individual Min

al. (20) and Dau et al.Z1) are affected by photoreduction ~ Vectors. By eq 6 we determine that #F,7 s equal to 96,

of the manganese complex because the experimental condi_@22_-7_A equals 76. ThUS, for an average angle of 8the

tions were different. On one hand, the X-ray fluxes used individual angles differ by maximally T4

were larger by, perhaps, 1 order of magnitude; on the other N Figure 10 two alternative arrangements of the,{n

hand, the temperature of the sample during the measuremen®2) blocks are shown which are equivalent with respect to

membrane normal

Ficure 10: Orientation of the two di~oxo-bridged binuclear
manganese units. The average angl®df; 4 and©2, ;7 4 is close
to 8C° as indicated by the dichroism of the 2.7-A EXAFS. Panels

was lower by a factor of 2.)
Determination of®1g4 The first shell EXAFS data is

often severely affected by the background removal procedure.

Here, mainly due to improved samples, the X-ray spectra

the orientation of the 2.7-A MaMn vectors, but which differ
with respect to the orientation of the Mn-O,) plane. The
arrangement shown in Figure 10B is not in agreement with
the dichroism of the 1.8-A vector.

were essentially free of any background which results from AS discussed above, the results of this investigation impose
scattered X-rays (zero slope of the pre-edge background restrictions on possible models for structure and orientation
unusually flat background in the EXAFS range). Conse- Of the PS Il manganese complex. The Berkeley mo8el (
quently, the background removal procedure was not as 1% Seée Introduction), with respect to the proposed structure,
critical as it had been in previous investigations. The lowered IS N good agreement and, with respect to the originally
distortion by background artifacts enabled detection and Proposed orientationl, 20, 21), in qualitative agreement

quantitative evaluation of the dichroism in the first shell With the results of this XAS linear dichroism investigation.
EXAFS data. It remains to be elucidated whether alternative models are

Because the information content of the first EXAFS €dqually well in agreement with the results presented here.
Fourier peak is limited, the use of a model-dependent fit ACKNOWLEDGMENT
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