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The Photosystem Il (PSIl) Oxygen Evolving Complex (OEC)
serves as the terminal electron donor of plant and cyanobacterial 4400 4800
photosynthesis by way of its water oxidizing S-state cyclEhe
water splitting catalysis employs a cluster of four magnetically
coupled Mn ions, essential €aand CI cofactors, and Y, the (b)
tyrosine-161 residue of the D1 protein, which serves as an electron T
transfer intermediate between the photoxidigg, Chl species
and the Mn cluster. EPR spectroscopy has provided a powerful
probe of the redox-active intermediates of PSIDne interesting
EPR signal was first observed in illuminated PSIl membranes in
which advancement past the Sate of the Mn cluster is blocked
by C&"-depletion* This signal, with a characteristic “split” line
shape, has been observed subsequently in illuminated PSII
preparations following a variety of inhibitory treatmehts-or
example, Figure 1 shows the electron spin echo (ESE) field swept
absorption spectrum (a) and the continuous wave (CW) derivative
spectrum (b) of the split signal of acetate inhibited PSIl mem-
branes? along with comparison spectra of the-8ate Mn
“multiline” signal ® Figure 1. (a) Two-pulse ESE and (b) CW-EPR, field swept “illuminated
d minus annealed” difference spectra of thesgate multiline signal of
untreated PSII membranes and the split EPR signal of acetate-treated
membranes. The solid lines represent experimental data and the dotted
lines numerical simulations (see text for details). Experimental param-
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The split EPR signal was originally attributed to an amino aci
radical, either histidirfeor tyrosine® magnetically interacting with
the Mn cluster in a PSII donor side configuration that formally
corresponds to the;State. We have demonstrated with ENDOR . L i . .

. - . . eters: (a) temperature, 4.2 K; microwave frequency: 10.2 Gifjz;
and ESEEM that the split signal does indeed arise from a tyrosine i oo pulse length, 15 ns“multiline”, 180 ns; and “split signal”,

radical, presumably the photoxidized neut¥§l radical® An 210 ns; microwave power, 20 W; repetition rate, 200 Hz. (b) CW-EPR
interaction betweerY; and the Mn cluster sufficient to give a  spectrometer, Bruker ECS-106; temperature 7 K; microwave frequency,
splitting of several hundred gauss in th¢ EPR spectrum 9.5 GHz; microwave power, 3.2 mW; modulation amplitude, 16 G.

indicates a close proximity betweéf} and the Mn clustet¢8 _ ) _ _
providing a structural basis for new models invokivigdirectly been no direct spectral information to .conflrm that the Mn cluster
in the water-splitting chemist§® However, to date there has  Serves as the source of the broadening of¥hsignal®
We have previously utilized pulsed END@®Rto detecfMn
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Figure 2. Davies ESE-ENDOR “illuminated minus annealed” difference
spectra of the Sstate multiline signalfl = 3735 G) and the split EPR
signal of acetate treated BBY particlé$ € 3590 G). Solid lines represent
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transitions of the multiline signal, while an additional broad peak
is observed at approximately 66 MHz.

Using an established theoretical methodol&gye can address
why the split signal ENDOR spectrum shows features in common
with the multiline ENDOR spectrum as well as an additional
feature(s) at lower frequency. The electronic coupling between
Y, and the Mn cluster creates a four level system. In the weak
coupling limit, and taking the effects of isotropiccoupling and
an axialD through space coupling tensor to first order, the energy
splitting between then§ + 1) andm states for a hyperfine coupled
nucleus is unaffected for two of the four electronic states, but
reduced for the other two states by a factor dependerdtamd
D. Equations for the sets of ENDOR transition frequencies are

Vun £ A2

and

3J-D 2 [3A(m + 1)) = [ 3Am )2
Y £ \/1+Z(—3J_D ) —\/1+Z(3J_D)

For clarity the contributions of the quadrupole antensors are
not included. The simulation of the multiline ENDOR signal
utilizes four axially hyperfine couple®Mn nuclei A-, A, —195,
—180; 255, 205; 255, 205; and285, —310 MHz) as well as
identical nuclear Zeeman and quadrupole terRys< 7.0 MHz
andn = 0.1) and an axiaf tensor 5 = 1.99,g, = 1.95). These
parameters also provide for good simulations of the multiline ESE
and CW field swept EPR spectra (Figure 1). Keeping these
parameters fixed, but with the addition of exchange=(—850
MHz) and dipolar couplingl) = 150 MHz) terms betweelY;

experimental data and dotted lines numerical simulations. Experimental (g = 2.0046) and the Mn cluster, we obtain good simulations of

parameters: as in Figure 1a exceptsplit signal” 195 ns and “multiline”
210 ns; rf power 100 W and rf pulse length 38.

methodology of Smith and Pilbro¥w, modified to include the

nuclear Zeeman, hyperfine, and quadrupole contributions of four

55Mn nuclei. Transition probabilities for all allowed transitions

were calculated at every field position directly from the equations

for the eigenenergies and eigenvectors.
Figure 2 displays the “illuminated minus annealed” difference

both split signal EPR (Figure 1) and ENDOR (Figure 2) spectra.
In the ENDOR simulation, we observe that the features of the
uncoupled multiline simulation are still present, while, in addition,
a broad lower frequency peak, with significant overlap with the
new peak in the experimental split signal spectrum, is introduced.
The same simulation parameters lead to split signal EPR simula-
tions with the proper overall line width and the presence of major
“split” peaks with flanking small multiline features. Field shifts

of these small multiline peaks relative to the contrph®ultiline'®

ESE-ENDOR spectra of the acetate treated PSII sample at they ¢ 5150 reproduced. We therefore consider thdge ENDOR

3590 G field position of the low field absorption maximum.

Several ENDOR transitions assignable to strongly hyperfine

coupled nuclei are observed in the-5160 MHz range. The split
signal ENDOR spectrum can be compared with the “light minus
annealed” difference ENDOR spectrum of then®ultiline signal,
with features in the 80150 MHz range assigned to strongly
coupled®Mn nucleit?'* The higher frequency features of the
split signal spectrum bear striking resemblance to ttén
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(19) In our previous simulations of the split signal line si&jseve modeled
the major contribution to the broad line width as arising from the magnetic
dipolar interaction between the Mn cluster awid In this work, we have
demonstrated that there are signific&vn hyperfine couplings that contribute

results and spectral simulations, to be definitive evidence that
the split signal originates fron¥; coupled to the Mn clustér.

The resultant values df= —850 MHz andD = 150 MHz are
comparable to those utilized in other EPR simulati&nsThe
values of J and D can be varied by+10% and £40%,
respectively, and still produce acceptable simulations to both the
EPR and ENDOR experimental data. In order to convert the
dipolar coupling into a MaY; distance we must make several
assumptions. If thed*/H-abstraction models are correct one
expectsY; to be oriented with the phenoxy O toward the Mn
cluster, and thus the spin density on the O1, C3, and C5 carbons
will make the largest contribution to the dipolar coupling. We
approximateY; as a point dipole with a spin density of 0.72.
Assuming the Berkeley EXAFS derived geometry for the Mn
cluster with Mn spin projection factors of-(L, —4/3, 5/3, and
5/3)8 the D = 150 MHz dipolar coupling corresponds to a range
of Mn—Y;, distances between 8.6 and 11.5%ADetails of the
geometric model will be provided.
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