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ABSTRACT. The temperature dependence of the electron-dpittice relaxation timél; was measured for

the S state of the oxygen-evolving complex (OEC) in photosystem Il and for two dinuclear manganese
model complexes by pulse EPR using the inversigtovery method. For [Mn(lI)Mn(1V)¢-O):bipya]-

ClO4, the Raman relaxation process dominates at temperatures below 50 K. In contrast, Orbach type
relaxation was found for [Mn(I)Mn(l11)¢-OH)(u-piv)2(Mestacn}](ClO4). between 4.3 and 9 K. For the
latter complex, an energy separation of 2428.0 cnt! between the ground and the first excited electronic
state was determined. In the State of photosystem II, th&; relaxation times were measured in the
range of 4.3-6.5 K. A comparison with the relaxation data (rate and pre-exponential factor) of the two
model complexes and of the, State of photosystem Il indicates that the Orbach relaxation process is
dominant for the $state and that its first excited state lies 2&0.4 cnt! above its ground state. The
results are discussed with respect to the structure of the OEC in photosystem II.

Photosystem Il (PSH)is a unique enzyme that catalyzes interpret. However, pulse EPR experiments such as electron
the light-induced oxidation of water to molecular oxygen, spin—echo envelope modulation (ESEEM), electrotuclear
protons, and bound electrons in higher plants, cyanobacteriadouble resonance (ENDOR), and spin relaxation measure-
green, red, and brown algae, and diatoms. The waterments were successfully used for the characterization of the
chemistry in PSIl is catalyzed by a tetramanganese S; state, and recently in part also for the S$ate (4—16).
oxygen-calcium cluster (MgO,Ca) as the active site, which ENDOR and ESEEM allow us to study the distribution of
is termed the oxygen-evolving complex (OEC)—3). the electron spin density among the four Mn nuclei of the
During the light-driven catalytic cycle (Kok cycle), the OEC OEC and the interaction of their effective electron spin with
passes through five redox states (S states;Sy. The nearby nuclei. In contrast, temperature-dependent electron
oxygen is released during the-S S transition @). Despite spin—lattice relaxation timeT; measurements allow in
numerous investigations using crystallograp®y §) and favorable cases the determination of the energy separation
various types of spectroscopy (e.g., X-ray absorption;UV A between the ground and the first excited electronic states.
vis, FTIR, and magnetic resonanc&)9), the structures of ~ This approach works well if the dominant process of the
the OEC in its different S states, the Mn oxidation states, electron spir-lattice relaxation is of the Orbach type
and the mechanism of water splitting are still unknown. (17, 18), i.e., involves phonon scattering via an excited

EPR is the method of choice for a detailed study of the €lectronic state that has a small energy separatidrom

electronic structure of the OEC. Two of the S statesaf®  its ground state in the paramagnetic species. At sufficiently
S)) have relatively strong multiline signals (MLS) in low temperaturesk[ < A), the rate of the Orbach process
conventional perpendicular mode EPRO{¢13). The com-  depends exponentially on the inverse temperature

plex structure of these spectra, which are produced by four

coupled Mn nuclei 14), makes them extremely difficult to 1T, = Aexp(-AKT) (1)

where A is a pre-exponential factok is the Boltzmann
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state to the total rate of the Orbach process. Several casesbout the relaxation processes in BHowever, due to the

can be discussed. (i) If all pre-exponential factors are similar intrinsic limitations of this approach, no clear distinction
but the energy separations from the ground state differ between the Raman mechanism and the Orbach mechanism
substantially &; — A; > KT for all i = 1, where A; could be madeZp).

corresponds to the lowest excited state), then the contribu- In this work, the temperature dependencé&of obtained
tions from the higher excited states are insignificant, and eq by the inversion-recovery method for the (Sstate of the

2 reduces to eq 1 wherd = A; and A = Aq. (ii) All A OEC. For technical reasons, only a relatively small temper-
values are similarAi ~ Aj = A, |Ai — Aj| < KT for all i ature range (4:36.5 K) can be studied with this sample.
andj). In this case, eq 2 again reduces to eq 1 with an This makes it very difficult to distinguish between the Raman
effective pre-exponential factoA = >A. (iii) A more and Orbach processes on the basis of their different tem-
complex situation arises &; is much smaller than th& of perature dependencies. We therefore employ a novel ap-

a higher excited state. In this case, the significance of the proach and compare the 8ata withT; times obtained for
relative contributions of these two different excited states to two well-characterized dinuclear manganese complexes:
the Orbach process will vary with temperature. At sufficiently (i) “Bipy”, [Mn(lI)Mn(IV)( u-O):bipy4]CIO,4, where bipy is
low temperatures, the contribution from the first excited state bipyridine 6), and (ii) “PivOH", [Mn(Il)Mn(lI1)( x-OH)-
will be dominant, while at higher temperatures, the state with (u-piv).(Mestacn}](ClO,),, where piv is (CH);sCCO, and
the largerA will prevail. This situation can be easily detected tacn is 1,4,7-triazocyclononan@7 28). These two com-
because it will lead to a strong deviation of the temperature plexes were selected as models for this study, because they
dependence of the relaxation rate from the simple exponentialhave different bridging motives between the two Mn centers.
law given in eq 1. Such a deviation cannot be discerned from Consequently, the strength of the spin exchange coupling
our data, and therefore, we assume in agreement with anand the energy separation between ground and first excited
earlierT; study on [FeS]* clusters 19) that the most likely states are markedly different; temperature-dependent mag-
case, case i, is a good description for theste in PSII. netization measurements shaw = 450 cnt! and A =

The value ofA is highly important for the study of the 25.5 cnt? for Bipy and PivOH, respectively26—28). In
structure of exchange-coupled clusters. For a binuclearagreement with these previous results, (i) markedly different
cluster, knowledge ofA is practically equivalent to the relaxation times are reported here for Bipy and PivOH, which
determination of the exchange couplidgsinceA = 3Jin can be clearly assigned to the Raman and Orbach processes,
such cases. Therefore, this parameter allows conclusionsrespectively, and (ii) & of 24.7-28.0 cmi?! is determined
about the geometry of the complex, especially the ap- for PivOH. The comparison of th&; times of these model
proximate distance between the metal ions. When the compounds with those of PSII in the &1d S states indicates
nuclearity of the complex is greater than 2, the exchange that the spir-lattice relaxation of the Sstate is dominated
coupling network becomes complicated. In such cases, theby the Orbach mechanism and that the energy separation
value of A can be used together with data from other methods (A) between the ground and first excited state(s) of the S
(EPR, ENDOR, EXAFS, and magnetic susceptibility) to state is 21.7 0.4 cnT™.
cross-check hypotheses about the unknown structure of the
complex. MATERIALS AND METHODS

For a correct determination &, it is important to ensure Pulse EPR Spectroscophhe experiments were performed
that the Orbach process dominates the-sfttice relaxation using a Bruker Elexsys-580 Q-band pulse EPR spectrometer,
rate in the analyzed temperature range, because othekvhich was equipped with a home-built cylindrical resonator
relaxation processes such as Raman and direct relaxation ca(®9) and an Oxford ITC-5025 helium flow-temperature
also contribute or even dominate the splattice relaxation controller and CF935 cryostat. To record field-swept echo
(20, 21). The direct process is effective at only very low (FSE) EPR spectra, the two-pulsé2—7—x—7—echo se-
temperatures when the thermal eneldyis close to the guence was used (sequence 1), while the electron-tatiice
electron Zeeman energy. Therefore, this process can berelaxation was measured by the inversioacoveryz—t—
neglected for experiments at X- and Q-band frequencies z/2—7—sx—7—echo pulse sequence (sequence 2). In both
whereT > 4 K, and only the Raman and Orbach processes cases, the lengths of the microwawk ands pulses were
will be discussed below. If a sufficiently large temperature 32 and 64 ns, respectively, and the entire echo was integrated.
range can be studied, the Raman and Orbach mechanisms Sample PreparationPSIl membranes were prepared
can be distinguished from each other on the basis of theiraccording to standard procedur&)(and washed several
different temperature dependencies, which can be describedimes after the Triton treatment for starch removalste
in case of the Raman process byl T*, with the exponent ~ samples were prepared using the three-flash, FCCP protocol
x lying typically between 3 and 9. described previouslyl). The samples were finally con-

Using this approach, it was concluded that the Orbach centrated by centrifugation in Q-band EPR tubes to a
process dominates the relaxation of thg sfate in the chlorophyll concentration of~25 mg/mL. On the basis of
temperature range of 421 K, and an energy separation the size of the § EPR multiline amplitude that can be
A of 36.5+ 0.7 cmi! was deduced2Q). Subsequently, it  induced by 200 K illumination in comparison to a control
was reported that may slightly depend on the,State S, sample, the &state population was determined to be
preparation, and that the magnetization recovery traces ares5 + 5% (the rest being $ All samples contained 3%
biphasic for some preparatiord3( 24). Until now, no direct (v/v) methanol, 50uM phenylp-benzoquinone, 1 mM
measurement of; by pulse EPR has been reported for the EDTA, and 3uM FCCP. For the subtraction of background
S state. Previously, the method of CW EPR microwave signals, dark (Sstate) control samples containing the same
power saturation was employed to obtain indirect information additions were used.



9370 Biochemistry, Vol. 44, No. 26, 2005 Kulik et al.

Bipy l
0 50000 100000
=
w
[ =
Q 25K
£
w
5]
w &= —TT T
0 5000 10000
TOK
T T T T T T T
T T T T T 0 50 100
11000 120(:30 13000 t, us
_ 0 G _ FIGURE 2: Inversion-recovery traces for Bipy (gray lines) at field
FiGURE 1: Field-swept echo Q-band EPR spectrg) for Bipy, positionsBy = 12 200 G (triangle in the top panel of Figure 1) and
PivOH, and the pure Sstate (light-minus-dark spectrum),-<) temperatures of 5, 25, and 70 K. Note the different time scales.

background signal measured with a dark ¢&te) control sample, Least-squares single-exponential fits are indicated by dashed lines.
and (- - -) actual spectrum for the State sample (for details, see  For further details, see the text.
the text). Arrows and symbols indicate spectral positions for which

inversion-recovery experiments were performed (see Figures 3, . " R
4, and 6). Instrumental conditiond: = 30 K, vy = 33.894 GHz, the FSE EPR spectra are rather insensitive to variatian in

=300 ns, and a repetition time of 10 ms for Bipy= 4.5 K, In contrast, the spectrum of PivOH shows a marked
vuw = 33.986 GHzz = 240 ns, and a repetition time of 10@ dependence on this parameter (only the trace for240 ns
for PivOH; andT = 4.3 K, vyw = 33.862 GHzz = 240 ns, and is shown), which is most likely due to a magnetic field
a repetition time of 15s for the § state. dependence of strof¢\ ESEEM of PivOH. Here this effect

) ) ) ) is not further explored, becauséN ESEEM depends on

Bipy and PivOH were prepared as previously described pjtrogen hyperfine and nuclear quadrupole interactions in a
(27, 28, 31) and then dissolved in 1:3 mixtures of purified  complicated way. On the other hand, it does not affect the
dry CH,CN and CHCI; to give a final concentration of T, measurements, which were performed at the magnetic
~1 mM. _ _ _ field positions indicated by the arrows.

Data AnalysisInversion-recovery traces were obtained — pqr Bjpy, the inversiorrecovery traces obtained at three
by plotting the integrated echo intensities as a function of yery different temperatures are displayed as solid gray lines
time t of pulse sequence 2. For each trace, 1000 data points;,, Figure 2 By = 12200 G). A dramatic increase in
were collected over an appropriate time range. When ae|axation rate with temperature is observed (note the
single-exponential approximation was adequate, the time giferent time scales). The single-exponential fits (dashed
constant of the exponential decay was assumed l.bne  jines) to the 25 and 70 K traces are in excellent agreement
dependence of the relaxation ratelg}/on temperaturd is with the obtained data and give the followingf; =
presented in two ways: (i) In(T{) versus InT) (Raman 1380us (25 K) andT; = 11 us (70 K). Below 16-15 K,
representation) and (ii) In(T{) versus 1T (Orbach repre- -~ the recovery traces become nonexponential and nearly

_sentation). In cases where a satisfactory linear fit to the datatemperature-independent, with a characteristic time on the
in the Orbach plot can be obtained, the slope equaisk. order of 100 ms (Figure 2, top).

RESULTS Figure 3 shows the Orbach (left) and Raman (right) plots
for Bipy between 15 and 80 K. Remarkably, almost identical
Figure 1 presents the Q-band FSE EPR spectra of Bipy, results were obtained for the three field positions at which
PivOH, and the gstate. The purecEPR signal (solid line)  the experiments were performed (compare different symbols).
is obtained from the experimental EPR spectrum of the S The Orbach plot for Bipy deviates severely from linearity.
sample (dashed line) by subtraction of a weak backgroundIn contrast, the Raman plot has a linear region with a slope
signal (dotted line) that stems from oxidized cytochromes x of 3.94 £ 0.07 between 15 and 50 K (Figure 3, right).
and possibly traces of free MiN(32). The background signal  The obtained exponent is in the typical range for Raman
was measured separately in control samples that underwenprocesses (3< x < 9). The deviation from this power
the same treatment as the sample, with the exception of dependence (T{ [ T¥) observed at higher temperatures
the three laser flashes used to generate gisteffe. Inthese (T > 50 K) may indicate an increasing contribution of the
“dark” control samples, the OEC is in the dark-stabjstate Orbach process. However, tiievalue for Bipy cannot be
that has no perpendicular mode EPR signal. determined with good precision from our relaxation mea-

To optimize the signal intensities(see sequences 1 and surements.
2 in Materials and Methods) was varied for all complexes. The temperature dependence Bf was measured for
In the case of Bipy and the,State, the fine structures of PivOH using the same approach. However, due to the much
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rate for Bipy in Orbach (left) and Raman (right) representations.
The measurements were performed at the following magnetic field t, us
positions: @) By = 11480 G, 4) Bo = 12 200 G; and®) B, = ] ' )
12 760 G. A linear fit of the Raman plot f@, = 11 480 G @) in FIGURE 5: Inversion-recovery traces for the,State (gray lines;

the temperature range of +50 K is indicated with a straight line.  light-minus-dark difference) aB, = 12 150 G (triangle in the
bottom panel of Figure 1) and temperatures of 4.3, 5.0, and 6.0 K.

Least-squares single-exponential fits are indicated by dashed lines.
For further details, see the text.
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rate of PivOH in Orbach and Raman representations. The measurerate of the g state in Orbach and Raman representations. The

ments were performed at the following magnetic field positions: measurements were performed at the following magnetic field

(m) Bo = 11170 G, &) B = 12200 G, and®) B, = 13 250 G. positions: @) Bp = 11 750 G, &) B = 12 150 G, and®) By =

The straight lines represent the linear fits of the Orbach and Raman12 700 G. The straight lines represent the linear fit of the Orbach

plots forBy = 12 200 G &) in the temperature range of 4.3 K. and Raman plots foBy, = 12 150 G @) in the temperature range
of 4.3-6.5 K.

faster relaxation, the data could only be collected in the

range of 4.3-8 K (field positions, 11 170 and 13250 G) 1/A = 6.1 ns forBy = 12250 G @); and A = 24.7 +

and between 4.3 a@n9 K for the central field position 0.6 cmmtand 1A = 7 ns forBy = 13250 G @).

(12 250 G). In contrast to those with Bipy, the recovery traces  The inversion-recovery traces of the pure, State are
obtained with PivOH were all found to be monoexponential obtained as the light-minus-dark difference (see above).
and to have at least 4 order of magnitude smalletimes Figure 5 shows these difference traces (solid gray lines) for
that range from 35.2s at 4.3 K to 0.42:s at 9.0 K. Figure three temperatures (4.3, 5.0, and 6.0 KBat= 12 150 G).

4 presents the temperature dependence of the-gitice The single-exponential fits (dashes) provide satisfactory
relaxation of PivOH at the three field positions in the form descriptions of the data and yield values between 9.4s

of Orbach and Raman plots. Despite the relatively small (4.3 K) and 0.85:s (6.5 K). At higher temperatures, no data
temperature range, it is obvious that the linear fit to the could be obtained, because the echo signal from §tetafe
Orbach plot R = 0.998) agrees better with the data than the becomes too small to be measured reliably. Figure 6 shows
linear fit to the Raman plotR = 0.989), which shows a  the Orbach and Raman plots for thgstate. The very good
systematic curvature. From the Orbach plot, slightly different agreement between the data sets measured at the three
A values and pre-exponential factors are obtained for the magnetic field positions (different symbols) supports our
three field positions:A = 28.0+ 0.4 cm! and 1A = analysis. Both Orbach and Raman plots can be described
4.1 ns forBp = 11170 G ®); A = 26.14+ 0.6 cnT! and reasonably well by linear fits (solid lines) witR-factors of
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0.9995 and 0.9986, respectively. From the Orbach plot, selection. In the small temperature range that is accessible
A and 1A values of 21.A 0.4 cnmtand 7 ns, respectively,  for the T; study of the $samples, both Raman and Orbach
were determined for the,State, while the fit to the Raman  plots can be described well by linear fits. Although the fit
representation yields ax value of 5.95+ 0.15. A small to the Orbach plot has a slightly bettffactor and a small
systematic curvature similar to that seen with PivOH (Figure systematic curvature may be discernible in the Raman plot,
4, right) may be discernible for the Raman plot of the S itis very difficult in this case to unambiguously discriminate

state data. between the two processes using this type of analysis.
Therefore, we also need to compare the absolute values of
DISCUSSION T: and of the pre-exponential factor with relaxation data of

. . . . relevant model systems.

For a system vylth two antlferromagnetlpally coupledions At identical temperatures (4.3 K), & value of the $
(exchange Hamllton|arh-|§x = —2JSS) with an S = ¥/, state is~4 times smaller than that of PivOH (Orbach process)
ground state and aB = “; first excited state, the energy ¢ 4t |east 4 orders of magnitude smaller than that of Bipy
splitting A between these states equals Bhis description  gaman process). On the basis of this comparison, we suggest
provides a good approximation for Bipy, because the zero- i, the fast relaxation of the, State is determined by the
field splitting (ZFS) of the Mn ions (usually on the order of 5,50 process. Further support for this assignment comes
several cm’) is small compared to the coupling constdnt o the relaxation rate of the,State. The Sstate can be
which for this complex is~150 cnT* according to temper- . «idered to be the best “model complex” for thestte,
at_ure-dependent magnetic susceptibility m_easuremaﬁ):s ( since the protein environment and the structure of the
SinceA = 3] = 450 cnt” and this Va'“‘? is much Iarger Mn4O,Ca complex are very similar for these two states of
than the thermal energyT at T <50 K, this also explains the OEC 84, 35). As shown previously, the relaxation of
why the contribution of the Orbach process to the relaxation S state i,s governed by the Orbach 'process where

rate is negligible for Bipy at low temperatures. Thus, only 55 g at 4.2 K22). This means that the contribution of
Raman and direct processes and spectral diffusion contribute,o Raman process to the relaxation rate of thetste is

to the recovery rate under these conditions. The nonexpo-gmali-j e.. its rate must be several times slower. If we assume
nentiality of the recovery traces and their virtual temperature o+ the relaxation of the Sstate T, = 9.3 us at 4.3 K)

in_depgndence below 1,0 to 15 K indicate thiaF spectrgl proceeds via the Raman process, this would imply that the
d!ffus!on _becomes dominant under these pondltlons. SpiN ate of this process differs by more than 2 orders of
diffusion is an intermolecular process that involves mutual magnitude between the, 8nd S states, which is unlikely.

electron spin flip-flops, caused by dipolar interaction between \ye therefore conclude that the relaxation of thetate most
Bipy molecules. This process is quasi-resonant and is known”ke|y proceeds via the Orbach process.

to have a weak temperature dependegk: Thus, the actual This assignment is further supported by the close coinci-

T1 relaxation caused by Raman and dlr'ect'processes rr?“S'Hence of the pre-exponential factors measured in this work
be even slower than the apparent magnetization recovery timey, . o $ state (1A = 7 ns) and those determined for
and is estimated to be hundreds of milliseconds or longer in different forms of the Sstate 22, 23), which range typically
the temperature range of-30 K. from 5 to 30 ns. Interestingly, these values also agree very
At temperatures below 10 K, the magnetization recovery well with that measured in this work for PivOH (4% ns).
for PivOH (Figure 4) is~4 orders of magnitude faster than  Qur analysis deviates from conclusions reached previously
that measured for Bipy. Since both complexes have two Mn py Styring and co-worker2g). On the basis of Curie plots
ions and were dissolved in the same solvents with a final gnd microwave power saturation studies of theaBd $
concentration of 1 mM, the contributions from the Raman EPR muiltiline signals, these authors concluded that (i) the
process, from the direct process, and from spectral diffusion g, state has no thermally accessible excited state, (i) the
should be comparable. The difference in the recovery ratesenergy gap is at least twice as large for &s for S, and
can therefore only be explained by the appearance of angjii) the T, relaxation in $ (and possibly also in 8 occurs
additional relaxation process for PivOH. This process is yija the Raman process. These conclusions are based mainly
readily assigned to the Orbach process, since from temper-on the Curie plot (unsaturated EPR multiline intensity vs
ature-dependent magnetic susceptibility measurementsinyerse temperature) obtained by this group for thetate.
PivOH is known to have a low-lying excited stat& & 3J Taking into account (i) the small signal amplitude of the S
= 25.5 cnt?, if ZFS is neglected for the first excited state). EPR multiline signal even under optimal conditions, (ii) the
The A values determined from the Orbach plot in Figure 4 deviating reports for Curie plots for the much more intense
(top) depend slightly on the magnetic field value and vary s, EPR multiline signal, and (iii) the oversimplified inter-
between 24.7 and 28.0 crh This excellent agreement pretation of the Curie plots with the exchange Hamiltonian
confirms our analysis. The dependence\obn the spectral ~ H,, = —2JSS, [a two-spin instead of a four-spin system
position is probably caused by the high orientation selection (7, 36)], we consider these arguments to be nonconclusive.
of the Q-band measurements: different magnetic field |nterestingly, the disregarded Orbach plot of this previous
positions correspond to different orientations of the PivOH study indicatedA = 17 + 1 cn%, which is in reasonable

molecule with respect to this external magnetic field, which agreement with our result given the uncertainties of the power

leads to a small variation of th& value by differences in  saturation method.

the ZFS of the excited state. Due to the small difference in values between PivOH
The recovery traces for they State are independent of and the $ state, it is tempting to assume that thestte

the spectral position. This is expected, since the high level may also contain a Mn(Il)Mn(lll) dimer, with the other two

of complexity of the § EPR spectrum prevents orientation Mn ions of the MnO,Ca cluster forming a strongly anti-
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ferromagnetically coupled Mn(lILII) or Mn(1V,1V) dimer
with S = 0. However, the fact that thA value of the $
state (33.8-39.7 cnY), which definitively does not contain
Mn(ll) (37), also matches that of PivOH shows that no
conclusion about Mn oxidation states can be derived from
such a comparison.

More important than the Mn oxidation states is the strength
of the coupling between the Mn centers. The weak coupling
in PivOH leads to a low-lying excited state, while the strong
coupling by twou-oxo bridges in Bipy results in a large
gap between the ground and first excited state. Taking into
account the fact that all four Mn ions of the OEC are coupled
(14), we found the MgO«Ca cluster may, independent of
its oxidation state (§or $), contain either (i) a mixed-valent
Mn dimer (11,111 or 111,IV) weakly coupled to a homovalent
Mn dimer (11111 or IV,1V), (i) a linear mixed-valent trimer
weakly coupled to a monomed%), or (iii) a closed Mn
trimer unit (plus a monomer®( 38) with a low-lying excited
state created by spin frustration and/or by the weak coupling
to the monomer. These data will be used in combination with
our recently obtaine®MVn ENDOR spectrai4) to find a
satisfying description for the spin coupling network of the
four Mn ions and to construct a model for the MpCa
cluster of the OEC.
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