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Powered by light-induced charge separations that generate
oxidizing equivalents of about1.3 V, photosystem Il (PSll) has Z A S, l l
the unique capability to oxidize water to molecular oxygen. Water 8
splitting is catalyzed by a My®.Ca complex housed in a special UE_I s
protein environment that also controls proton movements and the @ 0
access of water. This functional unit of PSII is referred to as the
oxygen—evolving complex (OEC). PSII created the aerobic atmo- B
sphere on earth and may serve as a model for technical approaches 2 ____M/\ANW\ S,
to split water by sunlight, which is a prerequisite for a sustainable g %Wwa———-
hydrogen economy. Despite the availability of crystal structures 35
of PSII with 3.5 and 3.2 A resolutions and of extensive EPR and ﬁ So
EXAFS studies, the precise geometric and electronic structures of

the various functional states of the M»Ca complex are still
unknown!=5 During the reaction sequence (Kok cycle) the OEC
passes through five oxidation states (S statgs,S9,° of which
the $ and S states havé& = 1/, ground states. Continuous wave  Figure 1. Q-band echo-detected EPR spectra (light minus dark) of the S
(CW) EPR has been used to study the electronic structures of theseand $ states (A) and their numerical pseudomodulation with 20 G

states~1° but despite the rich hyperfine structures of theaSd $ amplitude, which gives CW EPR-like derivative spectra (B}= 4.5 K,
mw 7/2-pulse 32 nsz = 260 ns,vmy = 33.850 GHz (% state), 34.123

EPR multll!ne §|gnals, .|t has not been possible tg ur.uquely detgrmlne GHz (S state). The spectra of the State are shifted by 100 G to higher
the hyperfine interaction (HFI) tensors of the individual Mn ions  magnetic field to compensate for the mw frequency difference. The pulse
in this way. For such complex spin systems, it is required to directly repetition time was 1 ms ¢State) and 12s (S state). The arrows indicate
probe the Mn HFI parameters BSMn pulse ENDOR spectroscopy.  the magnetic field positions wheP&Vin ENDOR spectra were taken (see
For technical reasons and due to the complex preparation procedurd |9U€ 2)- In the Sstate spectra, the sharp signal of the tyrosine D radical

. of PSII atg ~ 2 is removed for clarity. This signal is practically absent for
for concentrated Sstate samples, such experiments were done so e 5 state sample due to chemical reduction by FCCP.

far only at X-band for the Sstate; they gave the first reliable HFI
parameters! In this study we report®Mn pulse ENDOR spectra  control software that varies the radio frequency (rf) randomly in
for the § and S states at Q-band frequency (34 GHz). Numerical the desired range. This leads to a decrease of the rf-induced heat

analysis of our spectra (i) shows that all four Mn ions are accumulation in the resonator and in turn to a reduction of heating
magnetically coupled, (i) allows a refinement of the HFI parameters 5rtifacts.

11000 11500 12000 12500 13000 13500
Magnetic Field By, G

inS and . reveals that the Ssignal is~500 G broader and that the extra

PSIl membranes were prepared according to standard proceduresyigth mainly stems from the high-field wing. This indicates
and washed several times after the Triton treatment to completely substantialg-anisotropy in the §state and shows thajs, of the
remove starch. Sstate samples were obtained by concentrating S state is smaller tha, of the S state. The CW EPR-like
dark-adapted PSII membranes containing 280PPBQ (phenyl- derivative spectra of Figure 1B are produced by numerical
p-benzoquinone) and 1 mM EDTA in 3 mm quartz tubes by pseudomodulation of the field sweeps (Figure 1A) using a 20 G
centrifugation {-25 mg of chlorophyll/mL final) and subsequent  ampjitude. This procedure allows a closer inspection of the
200 Kiillumination. $ state samples were prepared using the three- pyperfine structure. For the,State, this is the first report of a
flash/FCCP approach described previodstyThe samples were  Cw.like Q-band EPR spectrum. The total width is about 2500 G,
finally concentrated by centrifugation in the Q-band EPR tubes. and at least 26 lines are resolved. At the low-field side the average
After completion of the®®Mn ENDOR experiments, theoState  gpjitting is about 78 G, and at the high-field side it is 84 G. The

population was determined to be 855% (the rest being i3 on overall similarity to the well-known $state CW EPR X-band
the basis of the amplitude of the EPR multiline signal generated  gpectrum confirms that the Q-band two-pulse echo originates from
by 200 K illumination compared to that of, $ontrol samples. All  the g state. An inversionrecovery measurement of the spin lattice
samples contained 3% (v/v) methanol. relaxation timeT; for the S state (data not shown) givds ~ 9

The experiments were performed on a Bruker ESP-580 Q-band ;s at 4.5 K, which is about 100 times faster than Thef the S
pulse EPR spectrometer equipped with a home-built ENDOR cavity. state!3 This is in line with previous reports that the State has a
The pulse ENDOR experiments were performed using SpecMan higher half-saturation power than the Sate®4

$ Permanent address: Institute of Chemical Kinetics and Combustion, Insti- The black lines in Figure 2 show tt#\n ENDOR spectr.a Of

tutskaya 3, 630090 Novosibirsk, Russia. the $ and S states that were recorded at the magnetic field
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upper limit of Ag ~ 0.04 for N = 4, which agrees with the
previously reported values atg ~ 0.02-0.04-1115and further
supports the idea that all four Mn nuclei are magnetically coupled
in both states.

The red lines in Figure 2 show numerical simulations offivin
ENDOR spectra, performed using second-order perturbation tHeory.
Only the allowed transitions were taken into account. For simplicity,
axial g-tensors and Mn HFI tensors with coinciding directions for
the symmetry axes were assumed, and Mn nuclear quadrupole
interaction (NQI) was excluded (Table 1). Within this simple model,
the precision of the simulation i£10 MHz. Since the signs of
HFI constants cannot be determined by ENDOR simulations, only
their absolute values are presented. We uped 1.97,g, = 1.99
Figure 2. %Mn pulse ENDOR spectra at Q-band of thea®id $ states for the S state and); = 1.99,g, = 1.89 for the $state (see above).
(black) and simulations using either the parameters of Table 1 (red) or thoseHowever, the simulatedMn ENDOR spectrum is essentially

determined previously by Peloquin et'alon the basis of X-ban&Mn . o h . fth incinal val f
ENDOR (broken blue line). The Davies ENDOR sequence was used with INSensitive to the variation of the principal values of theensor.

ENDOR intensity

50 100 150 200 250
Radiofrequency, MHz

aradio frequency (rfr-pulse duration of &s (S state) and 4s (S state). The HFI parameters for the,State are close to those derived
Temperature and other conditions are the same as in Figie=112600 previously on the basis of X-baffeMn ENDOR; a simulation using
G (S state) and 12550 G (State). these previously reported parameters is shown for visual comparison
Table 1. Principal Values of HFI Tensors (Absolute Values) of as the broken bI_ug line In Flgur612. _
Individual 5°Mn lons Used for Simulation of the 5>Mn ENDOR Overall, surprisingly simila®®Mn ENDOR spectra (Figure 2)
Spectra of the OEC and HFI parameters (Table 1) are found in this study for the S
S, state S, state and S states. This appears to favor Mifl, 111, I11, V) and Mn 4(Il1,
Ao MHz A MHz Ao, MHz A MHz IV, IV, IV) as_oxidati_on states for the(&n_d S states, re_spectively,
over alternative assignments that contain one Mn(ll) in thet&e.
Mna 235 265 270 200 This id d ible structural dels for th |
Mns 185 245 190 280 his idea and possible structural models for e,0lca complex
Mnc 310 265 320 400 will be tested in a forthcoming publication, where the obtained HFI
Mnp 175 230 170 240 parameters will be used together with various spin-coupling schemes
for the simulation of the hyperfine structures of thea®d $ EPR
signals.

positions indicated by the arrows in Figure 1A. Similar results were
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