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ABSTRACT: Chloride is an important cofactor in photosynthetic water oxidation. It can be replaced by
bromide with retention of the oxygen-evolving activity of photosystem II (PSII). Binding of bromide to
the MnyCa complex of PSII in its dark-stable; State was studied by X-ray absorption spectroscopy
(XAS) at the Br K-edge in Cl-depleted and Brsubstituted PSII membrane particles from spinach. The

XAS spectra exclude the presence of metal ions

in the first and second coordination spheres of Br

EXAFS analysis provided tentative evidence of at least one metal ion, which may be manganese or calcium,
at a distance of-5 A to Br—. The native Ct ion may bind at a similar distance. Accordingly, water
oxidation may not require binding of a halide directly to the metal ions of the Mn complex in §at®.

The oxygen of the atmosphere is produced by the oxidation
of two water molecules at the protein-bound manganese
calcium (MnyCa) complex of photosystem Il (PSH)PSII
is imbedded in the thylakoid membranes of green plants,
algae, and cyanobacterid)( Intensive research on this

always that severe. By dialysis of PSIl membrane particles
containing®Cl~ against Ct-free medium, all Ci ions were
removed, as verified by radiography, and the three extrinsic
polypeptides remained boun@)( Such Ct-depleted PSII
preparations still exhibited an Qctivity of ~35% of the

photosynthetic water oxidation has not led to a consensuscontrol. The activity was almost fully restored within seconds

about its mechanism. Oxygen evolution activity requires the
presence of four Mn ions and one calcium per PSII reaction
center, and maximal activity also requires chlori@e 3J).
One calcium ion per PSll is essential for oxygen evolution
as in its absence, activity is eliminate#l).( The C&" is
~3.4 A from two to three Mn ions4—7). The location and
functional role of chloride are less clear. A single" Gbn
bound to PSII seems to be involved in oxygen evolutign (
If CI~ removal is performed under conditions which lead to
the partial release of the extrinsic polypeptides of PSII,
activity may cease completely (re8sand9 and references
cited therein). However, the effect of CHepletion is not
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by the re-addition of either chloride or bromid8—(10).
These results tentatively were interpreted as suggesting that
Cl~ does not bind directly to Mn1Q).

Recent crystallographic results for PSII from cyanobacteria
have not provided indications for any halides in the vicinity
of the manganese and/or calcium iods §). On the other
hand, X-ray absorption spectroscopy (XAS) data at the Mn
K-edge of synthetic model compounds revealed that-Mn
Cl interactions might contribute to the Mn XAS spectrum
of PSII (ref 11 and references cited therein). However, if
one of the 26-24 ligands of Mn were a halide, it would be
difficult to resolve the corresponding contributions to the
Mn XAS spectrum. Therefore, we employ an alternative
approach. By XAS at the halide K-edge, we look for the
presence of manganese and/or calcium in its first or higher
coordination spheres.

A variety of modes of binding of Cl to the water-
oxidizing complex has been discussed (Figure-IB and
crucial roles in the oxygen evolution chemistry proposed (see,
e.g., refs12—14). In most of these models, Chas been
suggested to bind directly to the manganese and/dr iGas.
XAS at the halide K-edge should be well suited to detect

dhis binding mode since pronounced edge shape changes

would be expected, as shown for model compounds with
CI~ ligated to manganesd 1) or Br~ ligated to vanadium
(15). Halide binding in higher coordination spheres of
manganese or calcium may become detectable by EXAFS
analysis. In a vanadium-dependent bromoperoxidase, Br
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Ficure 1: Suggested models for the binding of @b the MnyCa
complex of PSII. (A) Coordination of the Chnion solely by bulk
water molecules. The water protons and oxygens are in the first
and second coordination spheres of Brespectively. (B) Cli
binding as a bridging ion between Mn and?C412, 13). (C) CI~

as an end-on ligand to the €aion bound via a bridging oxygen

to Mn (14, 35). (D) CI~ as a terminal ligand to a di-oxo-bridged

Mn pair 2, 3). (E and F) Possible binding modes of Gir Br-

that are compatible with the Br XAS data in this investigation. The
carboxylic amino acid, R, in panel E may correspond to D1-Asp170
of PSII. Further ligands to manganese and to thé*Gand CI
ions have been omitted for clarity.

binding has been characterized by XAS at the Br K-edge
(16).

In this study, for the first time, X-ray absorption spectra
at the Br K-edge were recorded for Gdlepleted PSII
membranes with the Mn complex in its State which had
been reconstituted functionally with BrIn contrast to
chlorine, bromine is very suitable for XAS studies because
it absorbs at relatively high energies so that high-quality XAS

spectra can be obtained even with micromolar concentrations

of Br~ (weaker background absorption by water at higher
energies). In addition, the natural abundance of Br
relatively low so that spurious contaminations could be
excluded.

MATERIALS AND METHODS

PSII membranes were prepared from hydroponically
grown spinach as described in r&f and frozen in liquid
nitrogen until they were used. The oxygen evolution activity
of PSIl membranes was measured at°@with a Clark-
type oxygen electrode from Hansated®)(with 1.25 mM
phenylp-benzoquinone as an electron acceptor. The O
activity of the freshly prepared PSIl membranes (no ClI
depletion) was 650700 umol of O, (mg of chl)* h™* at
saturating light intensity. Chloride was removed by repetitive
washing followed by dialysis (Spectra/Por, molecular mass
cutoff of 50 kDa) in the dark at OC for 10 h against Cl
free 20 mM MES-NaOH buffer (pH 6.3) with 1.4 M glycerol
as a cryoprotectant as described in i@fnd10. After CI~
depletion and repletion with 25 mM NacCl, the activity of
these control PSIl samples was 53800 umol of O, (mg
of chl)™* h™! at saturating light intensity. The almost

Haumann et al.

shown). Ct-depleted PSII membranes were suspended in
20 mM MES (pH 6.3) at a concentration of 0.5 mg of chl/
mL at the NaBr concentrations given in the figures and
incubated for 60 min on ice in darkness to allow binding of
Br~ in the high-affinity mode 4, 10). In these preparations,
O, activities were measured at70% light saturation level

to avoid photodamage of PSI8,(10).

Kinetic delayed chlorophyll fluorescence measurements
(DF) were performed as described in 6. Dark-adapted
PSII samples (1@g of chl/mL, 20uM DCBQ added as an
external electron acceptor) supplemented with the indicated
Br~ concentrations were excited by trains of saturating
flashes from a Continuum Minilite-1l Laser (frequency-
doubled, Q-switched Nd:YAG} = 532 nm, fwhm~ 5 ns,
flash spacing of 700 ms, 2 mJ/émTransients were recorded
on a personal computer with a 20 MHz A/D card (Adlink)
and in-house software using logarithmic spacing of data
points starting 1Q«s after the laser flash.

Control PSII membranes and Bsubstituted ones were
concentrated by centrifugation to 16.5 mg of chl/mL
(~65 uM PSII reaction centers on the basis 9250 chl
molecules/RC). The pellets were filled into acrytiglass
sample holders for XAS which were covered at the bottom
side with Kapton foil and then frozen in liquid nitrogen.
There was no Kapton on the side of the samples that was
later exposed to the X-ray beam. All preparations and
handling of PSII samples were carried out under dim green
light to keep the Mn complex mainly in its dark-stable S
state. In the concentrated PSIl samples, Bontents were
qguantified by the magnitude of the Br K-edge absorption in
the XAS spectra and Brto Mn stoichiometries were
determined by total reflection X-ray fluorescence (TXRF)
analysis 19) on an instrument at Raec (Berlin, Germany)
using an aliquot of L from the original PSII XAS samples.

X-ray absorption spectroscopy (XAS) measurements at the
Br K-edge were performed on two independent sets of
samples during two measuring periods at bending-magnet
beamline D2 of the Hamburg outstation of the European
Molecular Biology Laboratory (EMBL) at HASYLAB
(DESY, Hamburg, Germany) as described in rE5sand20.

By XAS measurements on PSIl samples which were devoid
of Br~, it was verified that no significant Brcontaminations
were present in the beam. An absolute energy calibration
was performed by the Bragg reflections meth@d)( The
scan duration (1315014150 eV) was-~30 min. Up to seven
scans were performed on the same sample spot; no indica-
tions of radiation-induced modifications were detected. XAS
spectra were normalized; 3112 scans were averaged per
spectrum, and EXAFS oscillations were extract2®)(The
energy scale was transformed to a wavevector skaleg]e)
using ank, of 13 474 eV. Thed-weighted EXAFS oscil-
lations were simulated using the in-house software SimX
(23) and complex phase functions for different elements
calculated with FEFF 724). The amplitude reduction factor,
S?, was 0.9. The fit quality was judged by calculation of
the Fourier-filteredR-factor Rr) (25).

XANES simulations were performed with the ab initio
code FEFF 8.246) with both the full-multiple-scattering
(FMS) and the self-consistent-field (SCF) options activated

quantitative retention of the three extrinsic polypeptides of as outlined in reR7. Calculated XANES spectra were shifted
PSII with molecular masses of 18, 23, and 33 kDa in the by 4 eV to lower energies and multiplied by a factor of 1.05
Cl~-depleted samples was verified by gel electrophoresis (notfor better comparison with the experimental spectra. Atomic
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The arrows mark the decay phase in the millisecond time range
that can be attributed to oxygen release on flash 3. (C) Oscillation
of the amplitude of the millisecond DF phase in a series of laser
flashes at the two Br concentrations. Amplitudes have been
obtained by a summation of the DF intensities in a time interval
between 1 and 5 ms after the flash@s)(

FiGure 2: (A) Activation of Cl-depleted PSII membranes with
Br~. PSIl was depleted of CJ incubated with Br at the indicated
concentrations (see Materials and Methods), and assayed,for O
activity in dialysis buffer at the same Broncentrations. The solid
line represents a fit to the dat®@)from samples for XAS (average

of two data sets) using the MichaetiMenten equation, where O

ggt;tvl\l/tlyaid%naoc#;/gty gﬁﬁ{g{fﬁ'ﬁgﬁ[ﬁg? O;r(;)sz(fﬁg gg‘ff;]g‘ffgﬁf were performed with Cldepleted and Brsubstituted PSII

A Kp of 43 uM (dashed line) was obtained from @ctivities ) (Figure 3) to assess the initial S state composition of the
and amplitudes of DF transients on flash 3 in the millisecond time samples. When 20 mM Biwas present (Figure 3A, arrow),
range {) in samples used for DF measurements. (B) Apparent Br  DF transients on the first three flashes fronT @epleted

content in PSII samples for XAS derived from the magnitude of ; i
the Br K-edge at 13480 eV [two independent data dlitar{da): samples revealed a pronounced decay phase in the milli

line, spline curve through the data points] and by TXRB).( second Fime range on flash 3, similar to a control sample
K-Edge magnitudes were normalized at the TXRF value atd0  (no previous Ct depletion, 20 mM Ct present, not shown).
Br~ for comparison. The millisecond phase seemingly was smaller in the absence

, . , , of added Br (Figure 3B). Plotting the amplitudes of the
coordinates for FEFF input files of XANES calculations were yilisecond phase against the added- Broncentration

generated using Hyperchem 6 (Hypercube) and-igand [Figure 2A (n)] revealed the sam&p for Br- binding
distances derived frgm the EXAFS simulations; the pqsitions (~43 uM) that was obtained from the polarographic mea-
of atoms were optimized using the standard routines of grements. In a series of laser flashes, the amplitude of the
Hyperchem. millisecond phase, as determined by summation of the DF
RESULTS amplitudes in the time interval of-15 ms after the flash,
showed a pronounced oscillation with a period of four and
The restoration of oxygen evolution activity in the CI- the first maximum occurring on flash 3 both with 20 mM
depleted PSII membranes was assayed by polarographyand zero Br (Figure 3C). This behavior indicate@®) that

(Figure 2A). Compared to samples devoid of @nhd Br, most PSII centers were in the dark-stables&te prior to
these samples exhibited a pronounced gain in activity at low flash 1. It should be noted that the DF amplitudes in Figure
Br~ concentrations. Th&p value for Br was~53 uM in 3C depend on the time interval used for summation of

the samples later used for X-ray absorption analy®js The fluorescence intensities. Different relative magnitudes of the
Kp and the absolute £activity were found to be somewhat DF on flash 3 in Ct-depleted and Brsubstituted PSII are
variable, depending on the preparationKf of ~43 uM obtained if a different time interval is chosen, depending on
(O) was obtained from the samples employed for chlorophyll the respective rate constants of the DF decay under the two
fluorescence measurements (see below). We conclude thatonditions. A triple-exponential simulation (not shown; see
the Kp for binding of Br- to PSII is in the range of 4055 ref 28) of the DF transient on flash 3 in the sample with 20
uM in our samples. At 18@M Br~, the activity was close ~ mM Br~ revealed a half-time of @evolution of 1.2 ms. Such
to maximal, almost the same as with 20 mM Band~75% a half-time is typical for intact PSII containing the three
of that of a control sample (no previous Cdepletion, extrinsic polypeptides29). In the absence of Br the half-
20 mM CI” present). These results are comparable to earliertime was longer, namely, 2 ms, and the respective DF
ones (0) and suggest that Brfunctionally substitutes for  amplitude was<30% of that with 20 mM Br. (Kinetic
CI~ in the major fraction of the PSII centers. components with longer decay times may be present but were
Flash-induced chlorophyll recombination fluorescence not analyzed due to the limited time range of the measure-
measurements [the so-called delayed fluorescencel®F ( ments and due to the small fluorescence intensity at times
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exceeding 10 ms.) These results are compatible with the
notion that Br is bound to PSII already prior to flash 1 or
becomes bound during the 700 ms time interval between
flashes 1 and 2 or flashes 2 and 3.

The apparent content of Bof the PSII membrane samples
used for XAS was monitored using the magnitude of the
X-ray fluorescence at the Br K-edge (see below). Further-
more, the Br to Mn ratios and Cl contents were determined
by TXRF. Figure 2B reveals that Biwas not detectable in
the Cl-depleted PSII membranes which were not supple-
mented with exogenous B0 uM) by XAS and TXRF. In ] ) )
previous studies, it has been shown that the procedure used [\ ——_ " "13490 13500 13510
for CI~ depletion results in completely Gfree samplesq). 13460 13480 13500
In the TXRF measurements, Qlvas found to be below the
detection limit ¢-0.1 Clion/Mn). By both detection methods,
an increase in the Brcontent in the samples with an
increasing amount of added Bwas observed. The value
determined by TXRF of 310 Brions per four Mn atoms at
20 mM added Br was very compatible with the estimated
concentration of~65 uM PSII centers in the samples. On
the basis oKp values and PSII concentration, a reasonable
estimate is that at-34 uM Br, 40—50% of the Br in the
samples functionally is bound to PSII (see the Supporting
Information). At higher Br concentrations, the fraction of
functionally bound Br is predicted to decrease continuously.

XANES spectra are particularly sensitive to changes in .
the first and second coordination spheres of &ee Figure 0 : . . 13490 13500. 13510
1A) (15, 16, 22). Figure 4A shows that XANES spectra of 13460 13480 13500
PSII membranes supplemented with a substoichiometric Br energy / eV
g?ggeﬁ\rﬂa%?f oo\fezrzfll\cvg:]:s\gvrlr;[irl]atrr.]?l'f?()a((:s(?)zsctcl:'ﬁrr‘]r]c?)?g]a(;“gg Ficure4: (A) XANES spectra collected at the Br K-edge for PSII

. . membranes supplemented with the indicated Boncentrations.

mM Br~ sample can largely be attributed to8n solution The inset shows an expansion of the spectra of samples with
where the first and second coordination spheres of the anion20 mM (—) and 22uM (O) Br~. (B) XANES spectra calculated
are Occupied by protons and oxygen atoms, respective|y’0_n basis of the model structuré@ndZ and using the Br—ligand
from water moleculesls, 16, 30), whereas the spectrum of distances given in Table 1; the inset shows expanded spectra. The

: - . arrangement of the Brligands in structure4 and2 is arbitrary.
the sample with 22M Br~ further may reflect changes in
the coordination sphere of Bif it is bound to PSII. Indeed,
there were subtle differences between the two spectra, e.g.spectrum (Figure 4B, inset) and to the steeper edge slope
a shift of the first EXAFS oscillation to lower energies and lower edge energy as observed in the experimental
(Figure 4A, inset) and a slightly sharper edge rise and anspectrum from PSIl samples. Thus, the changes in the
~0.3 eV lower edge position (at 50% of the normalized XANES spectra likely are due to changes in the-Br shell

A

normalized X-ray fluorescence

energy / eV

2 % —— (1) Br(H,0), B
e fMo—tn | —— (2) Br(H,0)+Mn

Br—rw1
A
H H )

I oM g

normalized X-ray fluorescence
=3
X

fluorescence) of the spectrum from samples wituRPBr~ and are compatible with the notion that at 281, Br~ is
(~0.4 Br ion/4 Mn atoms) compared to that with 20 mM largely bound to PSII whereas at 20 mM, Bis located
Br- (~77 Br ions/4 Mn atoms). mainly in the bulk water phase.

Ab initio calculations of XANES spectra26, 27) were Analysis of the EXAFS region of XAS spectra can be used

performed to estimate the effect of a slight increase in the to investigate whether metal ions are close to or farther from
Br—O distances and of a putative Mn or Ca ie® A from Br-, up to ~5 A (22). Figure 5A shows the Fourier
Br- as found below in the EXAFS analysis (see the next transforms (FTs) of EXAFS oscillations of selected Br-
section). The spectra which were calculated on the basis ofsubstituted PSIl samples. Clearly, there were differences in
the Br—ligand distances from the EXAFS analysis and using the shape of the FT of samples with 20 mM, 24, and 34
modelsl and2 displayed in the figure are depicted in Figure «M Br~. The magnitude of the prominent peak in the FT
4B. The overall edge shape of the experimental spectra wascentered around reduced distances-8f8 A was decreased
reproduced, although we did not attempt to simulate the at 34 and 9QM Br~. In the EXAFS spectrum of Brin
actual (but unknown) coordination geometry around the Br solution (at 20 mM), this peak can be attributed to oxygen
ion. The effect of the presence of a Mn or Ca B A from atoms in its second coordination sphere (Figure 1A) corre-
the Br- ion on the XANES spectrum was small. This result sponding to B+O distances 0f3.3 A (15, 16, 30). Hence,

was anticipated because contributions of a metal at such athe decrease in the magnitude of the respective FT peak
comparably large distance to the XAS spectrum predomi- suggests changes in the oxygen coordination sphere. (In PSII,
nantly are expected at the higher X-ray energies of the there may be N or C atoms in the second coordination sphere
EXAFS region (see below). However, the slightly increased of Br~ which are hard to distinguish from O.)

Br—O distances lead to a similar shift of the first EXAFS Simulation of the EXAFS spectrum of the samples with
oscillation to lower energies in the calculated XANES 20 mM Br- employing one B+O shell yielded a distance



No Binding of Br- at <5 A to the Mn and Ca lons of Photosystem ||

Biochemistry, Vol. 45, No. 43, 2006.3105

A Br: ,

. 20mM 'l
——90 UM 4

Table 1: Simulation Parameters of Br EXAFS Spectra (fit range
10-550 eV aboveEy)?

Ni R 202 Re
sample shell (perBr) (A) (AD) (%)

—— 34 uM l,.'a‘

JAl

-
1

FT of EXAFS

o’_

2 3 4 5

,
@
[
=
o
@
Q
Q:
@
—
)
=
o
®
—
>

—
i

—
=

-0,4

0 45 90 135 180 1k 10k

Br concentration / pM

FiGurRe 5: (A) Fourier transforms (FTs) of EXAFS oscillations of
PSII particles supplemented with 3 (average of data from
samples with 22 and 46M Br~), 90 uM, and 20 mM Br. The

—
i

0,0

@ Amplitude of FT peak at ~2.8 A
O Amplitude of FT peak at ~4.7 A

PSII plus 20 mM Br Br-:+(H)—O 5.5 3.26 0.024 33.8
PSII plus 34uM Br~ Bre++(H)—O 47 3.30 0.028 33.1
Bre--:(H-0)---Mn/Ca 1.1  5.03 0.007

aHere, N; is the coordination numbeR; is the Br—backscatterer
distance, 8 is the Debye-Waller parameteR: is the error sumZ5)
calculated for reduced distances 6f25 A. E; refined to 13 486 eV
in the fit procedure.

likely is significant; the change in the coordination number
may or may not be significant (estimated precisiog-@0%).
These results suggest that Boound to PSII is no longer
coordinated solely by water molecules of the bulk phase.

Interestingly, there is a second FT peak around 4.7 A of
reduced distance which increased in size for decreasing Br
concentrations (Figure 5A, arrows). Figure 5B shows the
magnitudes as a function of the Bconcentration of the FT
peaks at~2.8 and~4.7 A. Apparently, the course of the
increase of the-2.8 A peak and the decrease of thd.7 A
peak at increasing Brconcentrations approximately followed
the binding curve for binding of Brto PSII (Figure 5B,
lines). The FT magnitude at4.7 A at 34uM Br— is
significantly larger than in the spectrum at 20 mMBa
finding that cannot be explained by higher noise contribu-
tions. The EXAFS oscillations show larger magnitudes at
higherk values in samples with micromolar Bconcentra-
tions than in samples with 20 mM Brsuggesting contribu-
tions from metal backscatterers at least in the sample with
34 uM Br~ (Figure 5A, inset). Simulation of the EXAFS
oscillations of the sample with 34M Br~ was readily

arrows mark changes in the first and second relevant FT peaks.gchieved employing one BiO shell (see above) and, in

Data from four independent samples at each concentration which
were obtained during two measuring periods at the synchrotron hav
been averaged. The inset shows the respective EXAFS oscillation

es(TabIe 1). In summary, there is tentative evidence of the

addition, close to one BrMn/Ca vector 5.03 A in length

(vertically displaced); the dashed line marks an EXAFS feature that presence of at least one metal io A from Br—.

changes with a decrease inBconcentration; solid lines show

simulations with parameters given in Table 1. FTs were calculated D|SCUSSION

for k values between 1.44 and 12.0-Rusing fractional cosine

windows over 25% at the high end and 10% at the low end of the

k range. (B) Magnitudes of the FT peaks-&2.8 (@) and~4.7 A

(O) as a function of the Br concentration. Error bars represent a

In the CI-depleted PSII particles, the@ctivity increased
upon Br addition, showing &p of 40—55uM. XAS spectra

particularly stringent estimate of the noise level and correspond to collected at the Br K-edge indicated binding of Bo the
the maximal magnitude of the respective FTs in the range of reduced PSII particles. The Brconcentration dependence is compat-

distances of 69 A, which are mainly attributable to noise
contributions. Lines were calculated using eqs—3-{ —) and 4
(—) in the Supporting Information and employing GM PSII, a
Kp of 53 uM, and appropriate scaling factors and offset values.

of 3.26 A between the Br atom and the oxygen atoms in its

second coordination sphere (Table 1), typical for Bmns

in aqueous solution, 16, 30). It has been debated whether

the protons in the first coordination shell of Birom ligating
water molecules can be resolved by EXAFE)( These
protons may contribute to the shoulder-a2.2 A of the
dominant FT peak at2.8 A (Figure 3A). Here, we did not

ible with the same&Xp, for the observed XAS changes as for
PSII functionalization by Br binding. This agreement
provides evidence that the XAS-detectable changes are
related to the functionalization of PSII by Brepletion.

Previous investigations have revealed various effects of
CI~ depletion on PSII. The;S— S; transition of the water
oxidation cycle still may function in Cldepleted PSII
membranes, but oxidation of the Mn complex is blocked
beyond the Sstate 81); in Cl--depleted PSII core particles,
the Mn complex may be affected in the dark so that the first
transition resembles the, S> S; step in controls and Mn

attempt to simulate such weak contributions to the EXAFS oxidation is largely blocked beyond; £32). CI~ depletion
spectra. A simulation of the spectrum of the PSIl samples also seems to affect the State 83). These various effects

containing a substoichiometric Broncentration of 34M

may or may not be related to the use of different PSII

revealed a slightly lower apparent coordination number of preparations and to variations in the content of the extrinsic

the Br—O shell and an-0.04 A longer mean BrO distance
of 3.30 A (Table 1). Direct ligation of Brto Mn or Ca can
be safely excluded. The change in the18 bond length

polypeptides. At least in Ctdepleted PSlII retaining the three
extrinsic polypeptides, there seems to be significant residual
O, activity (refs8—10 and this work).
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The XAS data collected at the Br K-edge exclude binding
of Br~ as a first-sphere ligand to manganese ot'Gar the
Mn complex in its $ state. The increase in the BO
distances as observed at near-stoichiometria®Mn, ratios
in this investigation suggests thatBand possibly also the
native CI" ion bind to PSII already in the dark, when the
Mn complex is in its $ state. The respective Bibinding
site may be~5 A from a metal. This metal could be a
manganese, meaning that Bnay bind in its third to fifth
coordination sphere. Alternatively, the metal ion might be
the C&" found~3.4 A from Mn @—7). Whether this binding
site is the one that is relevant for the-@volving step and

Haumann et al.

thus may be realized, e.g., by its binding to D1-Asp170 and
possibly involving CP43-Arg357 in additiorl8, 41).
Conceivable functions of CI (B) in water oxidation
include adjustment of the redox potential of the Mn complex,
participation in proton transfer from bound water, maintain-
ing the structural integrity of the active site, and positioning
of the substrate water molecules (see &f8, 8—10, and
12—14and Figure 1). A distance between the @hion and
the Mn complex o5 A may be compatible with either of
these functions. Residue D1-Asp61 has been proposed to be
at the entrance of a proton channel from the Mn complex to
the bulk @). Binding of CI close to D1-Asp170 as discussed

whether the binding site changes upon transitions to higherabove thus may suggest a role in proton transfer from the

S states remain to be elucidated.

The distance to manganese and to the Tyradical
(tyrosine 161 of the D1 protein) of various substances that
may compete with CI for its binding site has been
investigated previously. Acetate is an inhibitor of oxygen

site of water oxidation to the bulk as previously proposed
(10). More specific attributions require further structural

investigations to unravel the precise binding mode of ClI

or Br~ within PSII.

evolution. Deuterons of methyl-deuterated acetate bound toACKNOWLEDGMENT

PSIl in the Tyr-Z S, state have been proposed to be-3.1
6.1 A from the nearest Mn atom, the range depending on
the complexity of the model which was used to analyze the
electron spin-echo envelope modulation (ESEEM) da@ (
and 3.1 A from the phenoxy oxygen of Tyr-E37). Other

authors also have reported evidence of binding of acetate

close to Mn in the Tyr-ZS; state 88, 39). Azide may bind
at a similar distance from Mn in the State of samples where
CI~ has been removed by dialys#0j. Whether the binding
site of these inhibitors is the same as that of Gf Br-
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outstation) for excellent support, Dr. H. Stosnach from
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SUPPORTING INFORMATION AVAILABLE

An estimation of the amount of Brbound to PSII and
one table. This material is available free of charge via the

remains to be shown. The estimated range of distances|nternet at http:/pubs.acs.org.

between acetate and the Mn complex in istte is similar
to the Br —Mn distance which is compatible with our XAS
results and could suggest a comparable-\Dir distance
in $; and S. Further investigations are required to clarify
these issues.

The question of whether a BiMn or Br—Ca distance of
~5 A suggests binding of the native Clon at a similar
distance from the metal(s) emerges. In the crystal structures
there was no evidence of halides in the vicinity of the Mn
complex @, 5). However, the relatively small Clion, if it

was somewhat disordered, may have escaped detection at #:

the current resolution of 3.0 A5). The ionic radius of Ci

is 1.81 A, compared to a radius of 1.96 A forB{34). The
comparable radius of Clmay allow it to bind to Mn or Ca
at a distance similar to that for Brin conclusion, our results
do not support options BD in Figure 1 (i.e., Cl as a first-
sphere ligand to Mn or C&) but rather options E and F (ClI
in the third to fifth coordination sphere) at least in the S
state.

At present, the nature of the Cand Br binding sites in
PSII is unknown. We obtained evidence that there are
differences in the oxygen (or nitrogen/carbon) shell of Br
bound to PSIl membranes compared to its coordination in
water. The respective O, N, and C ligands may stem from
amino acid residues and/or from water molecules in the
protein. Possible binding modes of Gir Br~ in the vicinity
of the Mn/Ca complex are depicted in Figure 1E,F. In the
crystal structures of PSII, there is apparently unassigned
space in the vicinity of the Mn complex around residue D1-
Aspl70 which appears to be a monodentate Mn ligahd (
5). A binding mode of the Clion as depicted in Figure 1E

v3.
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