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ABSTRACT. Inhibitory treatment by acetate, followed by illumination and rapid freezing, is known to trap
the SY state of the @evolving complex (OEC) in photosystem Il (PS II). An EPR spectrum of this
state exhibits broad split signals due to the interaction of the tyrosyl radigalwith theS= 1/2 S state

of the Mn, cluster. We present a novel approach to analy2é,Sspectra of one-dimensionally (1-D)
oriented acetate-inhibited PS Il membranes to determine the magnitude and relative orientation of the
SY 7 dipolar vector within the membrane. Although there exists a vast body of EPR data on isolated
spins in oriented membrane sheets, the present study is the first of its kind on dipolar-coupled electron
spin pairs in such systems. We demonstrate the feasibility of the technique and establish a rigorous treatment
to account for the disorder present in partially oriented 1-D membrane preparations. We find that (i) the
point-dipole distance between¥and the Mn cluster is 7.9+ 0.2 A, (i) the angle between the interspin
vector and the thylakoid membrane normal is,7&ii) the g,-axis of the Mn cluster is 70 away from

the membrane normal and 3&way from the interspin vector, and (iv) the exchange interaction between
the two spins is-275 x 1074 cm1, which is antiferromagnetic. Due to the sensitivity of EPR line shapes

of oriented spin-coupled pairs to the interspin distance, the present study imposes a tighter constraint on
the Yz-Mn,4 point—dipole distance than obtained from randomly oriented samples. The geometric constraints
obtained from the 1-D oriented sample are combined with published models of the structure of Mn-
depleted PS Il to propose a location of the Mituster. A structure in which Yis hydrogen bonded to

a manganese-bound hydroxide ligand is consistent with available data and favors maximal orbital overlap
between the two redox center that would facilitate direct electron- and proton-transfer steps.

Photosystem Il (PS 1) couples the oxidation of water to cofactor, Yz may be involved in proton-coupled electron
dioxygen with the reduction of plastoquinone in the photo- transfer 2—8). Hoganson and Babcock3)( propose a
synthetic electron-transfer chain in plants and cyanobacteria.metalloradical mechanism for,@volution in PS Il that is
The initial absorption of a photon produces a charge- based on Ty acting as a hydrogen atom abstractor. The
separated §&;" Pheo state. Stabilization of these species overall scheme involves the transfer of four electrons via
against charge recombination and maintenance of the quanthe Y; tyrosyl radical and oxidation of two water molecules
tum yield in PS Il is efficiently achieved by the oxidation o produce dioxygen with the Mncluster acting as an
of Pheo by Qa and the reduction of &&" by a tyrosine  electrically neutral catalytic site. In a related model, Britt
residue, Tyz (Yz). Yz has been identified as Tyr-161 of the  and co-workersZ, 4, 5) propose that the close proximity of
D1 polypeptide (cyanobacterial numbering) and is known the Mn, cluster to ¥ allows Y; to abstract protons from
to be the redox link between the Moluster and Ro The  sypstrate water bound to the Meluster. They suggest that
tetranuclear manganese cluster accumulates oxidizing equivarereduced ¥ is a strong base and could extract a proton
lents by discrete electron-transfer steps t@ Yhe Mn, rom a water molecule acidified by binding to a high-valence
oxidation states are described by the Kok S-state cyle (  manganese ion in the cluster. On the basis of a consideration
and a molecule of dioxygen is released during the fourth ;¢ 1e chemistry of MO species, distributed dipole

turnover via the $state. calculations, and model building, Brudvig and co-workers

The active water-splitting site in PS Il contains the Mn 8) propose that Y is directly hvdrogen bonded to a
cluster and ¥ together with the required inorganic ions,xCa ﬁy,drz)xr;/l IiF;]and on oze of the di/—oi/o Mgr]h dimers in the

and Cr. It is thought that, in addition to its role as a redox Mn, cluster, placing it close enough to a proximal manganese
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cofactors. Inhibitory treatments on the donor side of PS II,
followed by illumination and rapid freezing, are known to
trap the protein in the 8 state 2, 6, 9—12). The broad
“split signal” EPR spectrum from the,$;* state, containing
both the split * EPR signal as well as the Bwltiline signal
from the Mny cluster, enables analysis of the exchange and
dipolar interactions giving rise to this spectruds).

Structural information for PS Il has been limited by the
lack of well-ordered crystals. A rece A resolution electron
crystallography structure of manganese-depleted plant pho-
tosystem Il by Rhee et al. reveals the orientation-dfelices
in the D1, D2, and CP47 polypeptidesyf but lacks critical
data regarding the position and relative orientation of the
Mn, cluster and ¥ in the water-splitting active site. EPR
spectroscopy is a powerful technique to characterize para-
magnetic centers in bilayers and membranes. Analysis of cw
EPR and electron spirecho data for randomly oriented
samples of §z* have found a MY interspin distance
of 7.2-9.0 A (5, 13, 15). In this system, the dominant
contribution to the spirspin interaction is the exchange
coupling which makes evaluation of the dipolar coupling
more difficult than if the dipolar interaction were dominant. followed by equilibration for~10 h in a dark, 80% relative
However, exchange couplings are isotropic and thus exami-humidity chamber at 4C. Bundles of 3 or 4 Mylar strips
nation of ordered samples provides a more accurate measur@ere held together with Teflon holders, and the bundles were
of the anisotropic dipolar interaction yielding better distance loaded into 4 mm quartz EPR tubes (Wilmad Glass). The
and orientation information than can be obtained from total chlorophyll in an oriented sample is about 0.75 mg,
randomly oriented samples. which is only about 30% of the 2.5 mg present in typical

p
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Ficure 1: Schematic depicting the orientation of the axes. The
angle 6s describes the orientation of the substrate (mylar film)
normal ) in the applied magnetic fieldBg). The Euler angles.
andf define the orientation of; (the Mn, z-axis) relative to the
substrate normals.

Previous EPR investigations of ordered membrane proteins

(both single crystals and oriented membrane fragments) haveM!

targeted the arrangement of isolated EPR active redox
cofactors in photosystems | and l§—35). Dipolar spin-
spin interaction in the EPR spectra of a PS | single crystal
have been examine®®) and orientation selection in the
tyrosyl radical EPR signal of PS Il at high magnetic field
permits analysis of dipolar interactions with other paramag-
netic centers 37). Although EPR spectra of interacting
paramagnetic centers in photosystem Il samples oriented o
Mylar films have been reported?, 34), the orientation-

dependent spectra of dipolar coupled spin pairs have not been

simulated previously. We present experimental and simulated

S,Y7 spectra in oriented acetate-treated PS Il membranes

that determine the orientation of theY$* dipolar vector
with respect to the membrane normal. On the basis of the
distance and orientation information derived in present study,
we propose structural and functional models for the OEC in
PS II.

MATERIALS AND METHODS

Preparation of Acetate-Treated Oriented PS Il Mem-
branes. PS Il membrane fragments were isolated from
spinach by previously published procedur88)( and Q-
evolution activities were found to be between 425 and 475
umol of O,/(mg of Chl h). Acetate-treated PS Il membranes
for the oriented &Yz* experiments were resuspended in a
buffer containing 10 mM 2N-morpholino)ethanesulfonic
acid (Mes), 100 mM sodium acetate, and 10 mM calcium
acetate at pH 5.5p-Phenyl benzoquinone in dimethyl
sulfoxide (DMSO) was added as an electron acceptor.
Oriented samples were prepared by a single application of
concentrated suspensions of PS Il membranes ([EHIP
mg/mL) on clean Mylar strips (2% 2 x 0.03 mm, DuPont)

n

frozen solution sampled.8). The EPR tubes containing the
ylar bundles were sealed and frozen to 77 K. All
manipulations were performed in the dark. Preillumination
dark scans were obtained at 7.8 K. The sample was then
illuminated at room temperature (500 W, white light) for 20
s, followed by rapid freezing at 77 K in the dark, to trap the
SY 7 state (0, 13). After data acquisition as a function of
orientation at 7.8 K, the samples were dark adapted for 45
min at 0°C and refrozen at 77 K. Postillumination dark scans
were then acquired and used in the subtractions to obtain
light-minus-dark Y difference spectra.
EPR SpectroscopfePR measurements were performed
on a Varian E-9 spectrometer, operating at 9.28 GHz, that
is equipped with a Tk, cavity and an Oxford Instruments
helium-flow cryostat. The long axis of the substrates,(Y
Figure 1) is held vertically in the EPR sample tube. Rotation
about the long axis of the EPR tube varies the orientation of
the external magnetic fieldg) within the Zs—Xs plane of
the substrate. The angle betweBnand Zs (the normal to
the substrate plane) is defined é&s(Figure 1). The degree
of orientation of the membrane fragments was assessed by
monitoring the orientation dependence of the' Yand
cytochromebsse (Cyt bssg) EPR signals17) prior to room-
temperature illumination. Spectra oYS* shown in the
figures are light-minus-dark difference spectra and the central
(~30 G) regions of the spectra are edited owing to interfer-
ence from the dark-stablepYradical signal.

Spectral Simulations for Oriented EPR Signalkhe
electron-electron spifA-spin interaction between &= 1/2
Mny cluster and ¥* in the SY;* state of PS Il gives rise to
“AB” splitting patterns in the EPR spectrum, 39). We
previously simulated this “split” spectrum for randomly
oriented samples using the program MnMend®)( The
equations in MnMeno were obtained by addition of man-
ganese hyperfine coupling to Men#0j, which is based on
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the work of Boas et al4(l). A modified version of MnMeno,  As noted by Schiller et al.4@), a distribution ina is not
OrMnMeno, was used to simulate the spectra of the 1-D equivalent to a distribution i, because of the nonlinear
ordered samples. This is the first example of simulations of relationship between and6 shown in eq 2. The treatment
dipolar-coupled electron spins in 1-D oriented membrane of the mosaic as a distribution in the orientation of the
samples. The simulation includes Zeeman terms foSthe membrane normal is a more rigorous way to analyze the
1/2 Mn, cluster Hzmn,) and the tyrosyl radicalHzy,), EPR spectra than the previously used approaénh43), in
hyperfine coupling to the Mncluster Hawn,), and dipolar which the disorder was treated as a distribution in orientations
(Hp) and isotropic exchange interactiortd;f between the  of the magnetic field with respect to the axes of the
two paramagnetic centers: paramagnetic center. A key factor in the simulations is the
anglefp between the interspin vector and the normal to the
substrate, which is given by

cosf, = —sina sine siny + coso. Cose

4
H=Hzy +Hzy, + Z Hamn, T Hp T H; 1) (4)
&
The g and A values for the Mn cluster were based on the

whereHz > Ha ~ H; ~ Hp. simulations of the spectra for the cluster in the absence of

Itis assumed that thg- andA-tensors for the Mpcluster interaction @, = gy = 2.00;g, = 1.91; A, = A, = 69.0 x
are coaxial. The nuclear hyperfine is treated as a perturba-10-4 cm; A,=87.0x 104cm%; A, = A, = 84.0x 10°*
tion: one®Mn nucleus is treated to second order and three ¢mt; A, =89.0x 10~% cm 1) (13) and theg values for ¥
*Mn nuclei are treated to first order. The exchange and (g, = 2.007;g, = 2.004;g, = 2.002) were taken from the
dipolar interactions are treated as perturbations to seconchigh-field EPR study by Un et al3@). Simulations were
order. The exchange term i¥5,-S; and thus a negative value  performed on Gateway 2000 P5-133 or Dell XPS R400 IBM-
of J indicates antiferromagnetic interaction. The hyperfine compatible computers.
couplings to the tyrosyl radical are smaller than the observed
line widths of the signals for * and so were not included ~RESULTS
in the calculations. The angles that define spatial relationships  x-pand experimental EPR spectra of th&/8 signal in
within the spin-coupled pair (see Figure 1 and4€faree,  the 1-D oriented PS II membranes at 7.8 K are shown in
angle between the interspin vector andzhexis of the M Figure 2a (solid lines) for five orientations of the Mylar
cluster;;, angle between the projection of the interspin vector sybstrate relative to the external magnetic field. The dominant
on thex,—y;-plane of the Ma cluster and the; axis; AL, features in the spectra between 3000 and 3600 G are due to
angle between the, axis of the Mn cluster and the axis  the “split" signal that arises from electremlectron spin-
of the tyrosyl radical; ané2, angle between the projection  spin interaction between th®= 1/2 Mn, cluster and the
of the z, axis on thexy—y:-plane and thex, axis. The  tyrosyl radical. This interaction is dominated by the exchange
approach to the 1-D ordering of the membranes that is usedcontribution (3) and the resulting EPR signals can be
in OrMnMeno is analogous fo that which was used by ynderstood by analogy with NMR AB splitting patterta(
Schiller et al. to analyze EXAFS data for PS Il samples on 44). There is an AB splitting pattern due to interaction of
Mylar films (42). The orientation of the spin-coupled pair  the Y,* signal with each hyperfine component of the spectrum
within the membrane is defined ly, the angle between the  of the Mn, cluster. Each line of the AB splitting pattern has
normal to the substrat&s, and thez; axis of the Mn cluster contributions from both the Mycluster and ¥: however,

(Figure 1). Itis assumed that tlzeaxis for the Mn cluster it js convenient to label the transitions based upon assignment
has a well-defined orientation relative to the normal to the i the limit asJ goes to zero and goes to infinity. For

membrane. However, even in relatively well-oriented samples, ssmn hyperfine components with resonance at a lower
there is variation (mosaic spread) in the orientation of the magnetic field than the ¥ signal, the “inner” lines of the
normal to the membrane relative to the normal to the AB pattern for Y;* (is, Figure 2a) are shifted to lower field
substrate. The impact of the mosaic spread in orientationsthan the noninteracting position and the less intense “outer”

of the membrane normal on the effective orientatiomz;06
modeled as a Gaussian distributiondnThe width of the
distribution, gwig, is @ variable in the simulation. The angle
p defines the orientation of the projection afon thexs—

ys plane of the substrate. This orientation is assumed to be
random so simulations were performed by summing results
for 95 values off between 0 and 360 The orientation of
the external magnetic field relative to the normal to the
substrate pland}s, (Figure 1) is defined by the orientation
of the sample in the cavity. The equations used in the
simulations of the spin-coupled pair are written in terms of
the orientation of the external magnetic field relative to the
axes of the Mncluster,0 andg. Axis transformation gives

)

cosf = —sinfgsina cosp + cosfg cosa

tang = (sin 64 sin B)/(sin 65 cosa cosp +
cosfgsina) (3)

lines for Yz (01, Figure 2a) are shifted to higher field.
Similarly, for 5Mn hyperfine components with resonance
at higher magnetic field, the 7Y “inner” and “outer” lines
(i ando,, Figure 2a) are shifted to higher and lower field,
respectively, relative to the noninteracting signal. For each
AB splitting pattern, the separationig—0, andi,—0, are
equal to the sum of the exchange and dipolar contributions
to the electror-electron spir-spin interaction. The positions
of all four lines depend both upon the spispin interaction
and on theg values of the interacting spins. The ratios of
signal intensitiesi;/o; andi,/o,, are determined by the ratio
of the spin-spin splitting to the energy separation between
the transitions for the Mncluster and ¥ for a particular
AB pattern. Thus, both the positions and relative intensities
of the lines provide important constraints on simulations of
the data 13).

The EPR spectra for randomly oriented samples are the
superposition of AB patterns for all orientations of the spin-
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Ficure 2: EPR signals from acetate-treated oriented PS Il membranes. (a) Experimgfyrakigectra (solid lines) witlt, the angle
between the substrate normal and the applied magnetic Bgldt 90, 135, 180, 225, and 270espectively. The central regions o880

G in these spectra have been deleted owing to the interference from the dark-stable tyrosyl ragicaR S Il. Also shown are simulated
SzYz' spectra (dotted lines) at the same orientations as the experimental spectra. Simulations for offentsgestra with interactin®

= 1/2 electron spins (Mpand Yz*) were performed with the program OrMnMeno. (Experimental parameters) Microwave fregeency
9.28 GHz; magnetic field modulation frequeney100 kHz; modulation amplitude= 20 G; microwave powe 20.0 mW; temperature
=78K. (Slmulatlon parameters) For Mngy = g, = 2.00;g, = 1.91;A, = A, = 69.0 x 10‘4 cm Y A, =87.0x 104cm%; A, =
=84.0x 104cm™}; A,=89.0x 104 cm1; peak-to-peak line widths: 45 G. For Y;*: gy = 2.007;g, = 2.004;g, = 2.002; peak -to-peak
line widths= 35 G. For spirrspin interaction:a. = 70°; € = 35°% r = 7.9 A; andJ = — 275 x 10‘4 cmL. (b) EPR signals from the
dark-stable tyrosyl radical, ¥, in acetate-treated orlented PS Il membrane8sat 0 and 90. At this microwave power there is some
broadening of the signal due to power saturation. (Experimental parameters) Microwave fregu@28yGHz; magnetic field modulation
frequency= 100 kHz; modulation amplitude 1.6 G; microwave powe+ 0.2 mW; temperature= 5.4 K. (c) The Cytbsse g, EPR signal
in acetate-treated oriented PS Il membraneg® at 90 and 180. (Experimental parameters) Microwave frequerc.28 GHz; magnetic
field modulation frequency= 100 kHz; modulation amplitude= 20 G; microwave power= 20.0 mW; temperature= 7.8 K.

coupled pair with respect to the external magnetic field. bssq gy peak when the substrate normal is perpendicular and
When the PS Il membranes are oriented on the Mylar film, parallel to the external field (Figure 2c) are comparable to
the orientation of the substrate in the external magnetic field those observed in previous EPR studies of oriented PS I
restricts the range of orientations of the spin-coupled pairs membranesi, 42).

relative to the external magnetic field. Thus, analysis of the  The positions of thé, andi; lines in the spectra of 87
orientation dependence of the spectra can be used to defingFigure 2a) vary by 50 or 30 G, respectively, as a function
the orientation of anisotropic tensors, including the dipolar of the orientation of the substrate in the external magnetic
tensor, relative to the normal to the substrate plane. To testfield (Figure 3). In addition, the observed line widths for
the degree to which the PS Il membrane samples werebothi; andi, are narrower when the external magnetic field
oriented, EPR spectra were recorded for the dark stagle Y is along the substrate normals(= 18(°) than at other
and the Cytssg gy peak. These spectra were recorded prior orientations. These features of the spectra, in addition to the
to room-temperature illumination, for the samples that were relative intensities of the inner and outer lines, were the
used to study theSz* signals. The spectra ofpY obtained characteristics that were monitored in seeking to match
with the substrate normal parallel and perpendicular to the calculated spectra to the experimental data.

external field (Figure 2b) exhibit the orientation dependence The parameters obtained previously by simulating X-band
of the hyperfine interaction that is characteristic of well- and Q-band spectra of randomly oriented samples,%{'S
oriented membranedT). The relative intensities of the Cyt  (13) were the starting points for the simulations of the
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3230 10 x 104 cm™?, respectively.

The width of the Gaussian distribution that was used in
the simulations (Figure 2a) was$,%lthough similar results
are obtained with widths as high as°2® Gaussian width
of 5—25° is consistent with the well-defined orientation
dependence of thepf (Figure 2b) and Cybssg gy (Figure
2c) signals observed in the dark-adapted oriented PS I
membranes. The mosaic spread in the present study is
comparable to the 2335° spread estimated by Hasegawa
et al. (L6) and Schiller et al. 42) for PS Il membranes
oriented on Mylar films. The smaly anisotropy for the
3160 ; | | | | J tyrosyl radical ¢x—g, = 0.0054) corresponds to a maximum
3450 variation of less tha 9 G inresonance field as a function of
b orientation. This variation is too small to have a major impact
on the simulated spectra so the data do not provide a
definition of the orientation of the interspin vector relative
to the axes of the tyrosyl radical.

The calculated dependence of the orientation-dependent
spectra upon the value @k is demonstrated in Figure 4.
Figure 4a shows the orientation dependence of the EPR
signal calculated for the same values @ndJ as were used
3410 to simulate the experimental data, but with the values,of
€, andy selected to givédp = 5°. In this case whers =
3400 . _ ! ‘ . . 18, the direction of the external magnetic field is close to

% 120 150 180 210 240 270 parallel to the interspin vector, and the maximum magnitude
of dipolar coupling 2D) is observed for all of the pairs in
the sample. Because the Hamiltonian is expressed in terms
Ficure 3: Rotation plots for the peak positions of (a) low-field of —3J and J is negative, the dipolar coupling at this

inner linei, and (b) the high field inner liné, in experimental ; ; ; :
(solid lines) and simulated (dashed lines) oriente ;S EPR orientation largely cancels the exchange interaction, the net
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3180

3170

3440

3430

Peak i2 position (Gauss)

© (degrees)

signals. spin—spin splitting is at a minimum, and the calculated
positions of iy and i, are relatively close to that for

oriented spectrar = 7.7 A, J = —270x 104cm? e < noninteracting tyrosyl radical. Wheflp is small and the

35°. A grid search was performed in whichJ, ¢, , anda magnetic field is in the plane of the substrafig £ 90 and

were varied, and the simulations indicate that the spectra27C), the minimum magnitude of dipolar coupling-D) is

are quite sensitive to these parameters. The powder spectrabserved for all of the pairs and the combined dipolar and
do not depend on (the angle between the projection of the exchange coupling reinforce, the spispin splitting is a
interspin vector on th&—y plane of the Mn cluster and the  maximum, and the calculated positiond odndi, are shifted

y axis of the cluster) because theandA-tensors are treated  farthest from that for noninteracting tyrosyl radical. Figure
as axial 3). However, in the oriented samples, the orienta- 4b was calculated with the same values of r dnbut with

tion of the interspin vector relative to the normal to the a, ¢, andy selected to givép, = 90°. The spectra in Figure
substrate 0p, is defined in terms ofy and therefore the  4b exhibit substantially smaller orientation dependence than
simulated spectra depend gn The best fit to the experi- in Figure 4a because no value 6% aligns the external
mental data was obtained with= 7.9 A, J = —275x 104 magnetic field with the interspin vector for all of the spins
cmt, a = 70°, e = 35°, andy = 0°, which corresponds to  in the sample. The observed orientation dependence of the
6p = 75°. Spectra calculated with these parameters (dashedexperimental data (Figure 2a) is closer to that shown in
lines in Figure 2a) match the peak positions and the relative Figure 4b than in Figure 4a, which indicates thais closer
intensities of the inner and outer lines, as well as the variation to 9C° than to 0, in agreement with the assignmenttgf =

of effective line widths with orientation. The orientation 75°.

dependence of the positions of linggndi, calculated with The best-fit simulation of the S ;* signal in a randomly
these parameters is in good agreement with the experimentabriented sample is obtained with(the angle between the
data (Figure 3). Ats = 18C° (substrate normal aligned with  interspin vector and the axis of the Mn cluster) values

the external magnetic field), there is greater discrepancy between 0 and 20(13), but the best fit to the spectra of the
between the calculated and observed positiong ahdi,. 1-D oriented sample is obtained wittequal to 38. For the
This discrepancy is attributed to interference from the signal randomly oriented sample, the feature of the spectra that is
from FE€Qa~, which makes a maximal contribution at this most sensitive t@ is the manganese hyperfine splitting of
orientation. Similar agreement was obtained between calcu-the multiline signal 13). In the 1-D oriented sample, the
lated and observed positions for the outer linl@sand o, value ofe is optimized based on the positions and orientation
(data not shown). The estimated uncertainty inased on dependence of the split signal. In both simulations, it is
the randomly oriented data was 0.5 A, but the tighter assumed that the effectiggaxis for the Mn cluster and the
constraints of the data for the oriented samples reduces theeffective hyperfine axes for all four manganese nuclei are
uncertainty to+ 0.2 A. The uncertainties i, ¢, and J collinear and that the hyperfine splittings for three of the
obtained from a similar grid search ate3°, + 5°, and+ manganese nuclei are equivalent. The actual parameters are
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features of the spin-coupled system are examined. As pointed
a out by Zheng and Dismuke#l§), an analysis of the EPR

g spectra of the multiline signal that does not include any
assumptions or approximations has too many adjustable
parameters compared with the relatively small number of
resolved features in the spectra. More extensive and resolved
data for the multiline signal are required to refine the
interpretation of the MPEPR spectrum. Because of the way
the axis systems for the simulations were set up, the angle
between the interspin vector and the normal to the membrane
plane is defined in terms af However, the best-fit value
of 5 is 0°, so the angle is in a plane perpendicular to the
plane that contains the normal to the membrane andithe
axis of the Mn cluster. For this combination of angles, the
value of6p is quite insensitive to the value efbetween 0
and 35. Thus, the uncertainties concerniaglo not have a
significant impact orfp.

The value ofa, the orientation of the-axis for the Mn

¥ cluster relative to the normal to the membrane, that gives
] ; the best fit to the experimental data is°70he z-axis is
assigned to the axis with the smallgstalue. In a study of
the S multiline signal for 1-D oriented PS Il membranes,
Hasegawa et al. reported that the axis with the smadjest
Field (Gauss) value is tilted at an angle of SXelative to the membrane
normal (L6). Earlier, Kim et al. 23) reported that the axis
1 with the smallesg value is at an intermediate angle relative
to the membrane normal. The analysis of the multiline signal
in each of these cases was based on different assumptions
concerning the parameters for the Muluster. These
differences in assumptions, combined with the lack of a
unique fit to the EPR spectrum, make it difficult to compare
the results. However, it appears that the effectjvaxis for
the cluster is neither collinear with nor perpendicular to the
membrane normal. To relate the effective magnetic axes for
the Mn, cluster to a physical dimension of the cluster requires
a model of the magnetic coupling within the cluster, which
remains the subject of considerable debat 45).

2500 3000 3500 4000

DISCUSSION

Previous EPR investigations of one-dimensionally ordered
PS Il membranes on Mylar films have focused mainly on
the orientation of they- and hyperfine tensors of isolated
spins within the membrane&®, 17, 19—21, 23, 34). In the
present study, we extend the repertoire of this technique to
include a detailed investigation of dipolar-coupled electron
2500 3000 3500 4000 spin pairs in PS Il membranes. The analysis of the EPR

Field (Gauss) spectra from the 1-D ordered samples as a function of the

Ficure 4: Simulated oriented S ;* spectra demonstrating the effect orlenFatlon of t.he .sample in the external ma@!”et'c f.'EId
of 6 on the peak positions and relative intensities of the split peaks Permits determination of the anghg between the interspin
(solid lines): (a)fp = 5° and (b)6p = 90°. Also shown are the  vector and the membrane normal, which cannot be obtained
corresponding experimental spectra (dotted lines). (Experimental from spectra of randomly oriented samples. Simulations of
pafmefrz)o%éme:ai S'lg,upfe:z' (Singg‘t(')og ESBT;ETSA FarMn the oriented samples also define the interspin distance,
%(7.0 gy 1074'Cm'9f; A=A = 84% x 1074 cmr % A, = 89.0 x more precisely than can be obtained from randomly oriented
104 cm L, peak-to-peak line widths: 45 G. For Y*: g = 2.007; samples 13). The values of)p andr provide key clues to
gy = 2.004;9, = 2.002; peak-to-peak line widths 35 G. For the spatial orientation of Yand the Mn cluster which, when
spin—spin interaction: (ap="5%¢=0%7y=0%r=7.9A;and  combined with other information in the literature, provides
JA;_aer%E X_120775 f(rr‘l(r'}té)m(fl__ M e=0%n=09051=79 3 clearer picture of the active water-splitting site in PS II.
The structure of PS Il has been calculated based on the
likely to be more complicated than assumed here and theprimary sequence of the protein, homology with the photo-
uncertainties that arise due to the approximations may resultsynthetic reaction center of Rpsiridis, and molecular
in different optimized parameters depending on which mechanics calculations46). The overall topology and
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Ficure 5: A model for the photosystem Il reaction center core complex based on theoretical modeling by Styring and co-workers (46)
highlighting the locations of the redox active tyrosine residugsai¥d Yz; D2-His-190, a hydrogen-bonding partner to §y74); as well
as other key participants in water-oxidation, namely, D1-Asp-170 and D1-His-190.

organization of transmembrane helices in the calculated basis of the protein coordinates of their model, the center of
model is similar to that obtained by electron crystallography the tyrosyl ring of ¥; is at a distance of 6.9 A from the
at 8 A resolution for the photosystem Il subcomplex peptide backbone nitrogen atom on D1-Asp-170. However,
containing proteins D1, D2, CP47, and Qo (14). The there is considerable uncertainty in the side-chain orientation
predicted model defines the location of key components of for D1-Asp-170, as this residue is protonated in the theoreti-
the photosynthetic system, including the redox-active tyrosyl cal modeling to compensate for the absence of potential
residues ¥ and Yz (Figure 5). As discussed by Svensson et counterions. The possible positions of the carboxylate group
al. (46), the calculated distances between the non-heme iron,allowed by rotation of the D1-Asp-170 side chain are within
that lies near the top of helices from subunits D1 and D2, the circle shown in Figure 5. Taking this uncertainty into
and the centers of theYand Y, are 37.5 and 36.9 A, account, the Mpcluster can be positioned at any location
respectively, which are in good agreement with the value of that allows D1-Asp-170 to be a ligand to one of the
37+ 5 A observed by EPR spitlattice relaxation measure- manganese ions in the cluster. Application of additional
ments 47, 48). The calculated orientations of the €C4—0 geometric constraints on the relative orientation of the; Mn
axis of the phenyl rings for both of the tyrosyl radicad$) cluster within the PS Il membrane would enable a proposed
are consistent with EPR experiments that found orientationsrepresentation of the complete water-splitting active site in
of about 76-90° from the membrane plan&T, 49, 50). PS 11,

Also shown in Figure 5 are the locations of key amino  The present study addresses the spatial relationship
acid residues in the D1 subunit [from the Svensson et al. between the Mpcluster and ¥ in the active site of PS II.
model @6)] that are thought to be directly involved in water The information obtained from analysis of theY$' state
oxidation, namely, Ty, a redox active tyrosyl residue of oriented acetate-treated PS Il membranes concerning the
involved in proton-coupled electron-transfer; D1-His-190, a orientation of the interspin vector and the distance between
hydrogen-bonding partner to Tyrand D1-Asp-170, a Yz and the Mn cluster can be combined with data on the
proposed ligand to the Mncluster 61-61). Although orientation of ¥z (37, 49, 50) and the theoretical model of
Svensson et al.4g) note that the D1-Asp-170 side chain Svensson et al4g) to define better the possible locations
might provide a binding site to the Mrtluster, the exact  for the M, cluster. Figure 6 depicts the distance and angular
location of the cluster is not included in their model. On the constraints determined from the present study and the
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the EPR spectra is a potatlipole distance between the

n effective centers of the unpaired electron density gnaid

the Mn, cluster. For the tyrosyl radical, the electron density
distribution has been found to be delocalized over the phenyl
ring (63), and it is reasonable to use the center of the ring as
/ the effective center for the delocalized spin. For thes;Mn

) cluster, the interpretation of the spin delocalization depends
~ on the assignment of the oxidation states and exchange
couplings of the manganese in the clusterg;, 45, 64). As

a first approximation for the purpose of this model, we
assume a center-to-center MY * point—dipole distance
where the centers of the manganese cluster and the tyrosyl
ring are the effective centers for the delocalized spins on
Mn, and Yz, respectively. A detailed analysis of the
distributed-dipole interaction between Mand Yz is in
progress. The proposed structure with the,M¥iz* dipole
vector fixed at an angle of 75elative to the membrane
normal (Figure 6), together with the;Y- Y distance of
34.7 A, gives a distance between, ¥nd the center of the
Mn, cluster of 39.5 A, which is in reasonable agreement
with the estimate of 2535 A obtained by Un et al.3()

and 22-40 A by Brudvig and co-workersg). Furthermore,
FIGURE 6: A model combining the location of Ybased on the  placing the Mn cluster within the geometric constraints
predicted protein structure for PS Il reaction centers (46) and the determined in the present study of oriented PS || membranes

dristance g‘”d relztive o(;i]?ntati?]n of the WUStera”d EWithi” jPlaces D1-Asp-170 in close enough proximity to the cluster
the membrane obtained from the EPR spectra of one-dimensionally. . . S
ordered $Yz signals in acetate-treated PS Il membranes. Also to be a ligand to one of the manganese ions. This is in

shown is a summary of related EXAFS and EPR structural data @greement with previous mutagenesis studies that suggest
available to date on the Mrcluster and ¥* in the Q-evolving that Asp-170 in the D1 polypeptide is a putative ligand to

center of PS II. the Mn, cluster 62, 66, 67) and manganese coordination
chemistry and inorganic studies that indicate that the ligands

geometric constraints of the Micluster and ¥ within the to the Mn, cluster are primarily carboxylate residues in
membrane as determined by EXAFS and EPR experiments.combination with-oxo oruz-hydroxo bridges§8—70). The
In this model, the normal to the membrane is assumed 75° orientation of the Mg—Y* interspin vector relative to
parallel to theC, axis that relates the D1 and D2 subunits. the membrane normal determined in this model is consistent
On the basis of EXAFS data, the Maluster is modeled as  with the spatial orientation and positioning of the-Y
two di-u-oxo bridged manganese binuclear structures with containing helix in the D1 subunit of the PS Il compléxy,
Mn—Mn separations of 2.7 A, where the 2.7 A vectors are  The structural model presented here is in agreement with
approximately parallel to the membrane pladg, 62). As the mechanistic proposals by Brudvig, Britt, and Babcock
determined by a recent X-ray absorption linear-dichroism (2—g8). The Babcock proposa8) involves H-atom abstrac-
spectroscopy study of partially oriented PS Il membranes, tjon by Y, resulting in the oxidation of two water molecules
the orientation of the two 2.7 A vectors with respect to the with the M, cluster acting as an electrically neutral catalytic
membrane normal is~ 80° with the individual angles  sjte. An independent model by Britt and co-worke2s 4,
different maximally by 14 (42). Although the representation  5) suggests that ¥ is a strong base that could extract a
in Figure 6 assumes that the Weluster consists of two di-  proton from an acidic manganese-bound water/hydroxide
u-0xo bridged dimers, we predict that the overall topography jigand. The model of Brudvig and co-workef 8) proposes
of the active site would be valid for other geometries of the tormation of a MiY=0 species in the Mpcluster via two
Mnfl ClUSt.er as We”, with small uncertainties in the inter- proton_coup|ed electron-transfer Steps betweQn and a
residue distances. water molecule bound to the Mrmluster. Although these

A fitis then sought between the geometry of the Mnit proposals differ in detail, they have similar requirements;
and the protein coordinates of Svensson et 48),(using (i) that Yz be in close enough proximity to the Muluster
the distance and orientation constraints provided by the 1-Dto be directly involved in an H bond with a bound water or
oriented EPR spectfaThe 7.9 A distance obtained from hydroxide ligand on one of the manganese atoms, and (i)
that Yz also be involved in an H bond to a counterpartner

1 Coordinates for the theoretical model of the photosynthetic reaction (D1-His-190) that will accept the proton released during the
center from Spinach Photosystem Il (core) were taken from the from oxidation of Yz. The combined model proposed in Figure 6
tChe pratein d;‘ta\s’a""ﬁ"z(gnn'): [eg%tﬁD?ngg?sg?”ﬁan (Ifg%h;ﬁk;e(zst, satisfies both of the above requirements in that the distance
arllld were z//}su'eilized usind thé soﬂwa‘lre'brograrﬁs “%/wiéqs-PDB viewer” and r_elatlve orientation of the Mm|USter and Y favor H
(Glaxo Wellcome Experimental Research, Geneva, Switzerland) and bonding between ¥ and bound ligands on the cluster and
RasMac 2.6-UCB1.0 (Roger Sayle, Glaxo Wellcome Research & the presence of D1-His-190 in close proximity to Zwrould

Development, Hertfordshire, U.K.). The protein coordinates were used allow for Y; to release a proton upon oxidation that will
without further energy minimization. The Meluster was constructed

in “Chem 3D” (CambridgeSoft Corporation) and combined with the Subsequently be transferred to the bulk aqueous phase.
protein data file. Additional studies involving the oxidation states of the Mn
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cluster in the S-state intermediates of the water-oxidation
reaction in the OEC as well as characterization of oxygen-

evolving manganese model systenid)(are necessary to
resolve finer mechanistic aspects of the process.

The distance and relative orientation between the, Mn
cluster and ¥ supporting the presence of a hydrogen bond

from a hydroxide/water ligand on the Mrluster to the

tyrosyl (Yz) oxygen would, however, result in a much larger

value of the exchange coupling) than is observed for the

Yz state in acetate-inhibited PS |l samples (present study

and refl3). The decreased magnitude bbbserved in the
acetate-treated samples4d75 x 1074 cm™Y) indicates that

acetate disrupts the hydrogen bonding between a ligand on
the Mn, cluster and ¥ and, in doing so, inhibits the donor
side and traps the,8;* state. This would also account for

the ENDOR finding that the distance betweeyr ¥nd the
methyl protons of a bound acetate ligand to the,nster
is ~ 3 A (4).
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