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ABSTRACT. The oxygen evolving complex (OEC) of photosystem Il (PSII) gives rise to manganese-derived
electron paramagnetic resonance (EPR) signals in gren® S oxidation states. These signals exhibit
different microwave power saturation behavior between 4 and 10 K. Below 8 Ktb@t® EPR signal

is a faster relaxer than the $ultiline signal, but above 8 K, theySignal is the slower relaxer of the

two. The different temperature dependencies of the relaxation ofgth@®S ground-state Mn signals

are due to differences in the spitattice relaxation process. The dominating splisttice relaxation
mechanism is concluded to be a Raman mechanism indls¢éa®, with ar*! temperature dependence

of the relaxation rate. It is proposed that the relaxation of thet&8e arises from a Raman mechanism as

well, with a T8® temperature dependence of the relaxation rate, although the data also fit an Orbach
process. If both signals relax through a Raman mechanism, the different exponents are proposed to reflect
structural differences in the proteins surrounding the Mn cluster betweep #mel$ states. The saturation

of Sllsiew from the Yp©* radical on the D2 protein was also studied, and found to vary between tr&dS

the S states of the enzyme in a manner similar to the EPR signals from the OEC. Furthermore, we found
that the $ multiline signal in the second turnover of the enzyme is significantly more difficult to saturate
than in the first turnover. This suggests differences in the OEC between the first and second cycles of the
enzyme. The increased relaxation rate may be caused by the appearance of a relaxation enhancer, or it
may be due to subtle structural changes as the OEC is brought into an active state.

Photosystem Il (PSH)catalyzes the light-driven oxidation  described in refl8, which yields samples with close to 100%
of water to molecular oxygen in the chloroplasts of higher S, as starting material. By giving a preflashed, synchronized
plants. The site for this process, the oxygen evolving complex sample consecutive short flashes of light, the S cycle can be
(OEC), contains four Mn atoms, probably arranged as two studied step by step.

di-u-oxo-bridged dimers1(—4). Upon illumination, the PSII Electron paramagnetic resonance (EPR) is a powerful
reaction center pigment P680 is oxidized, and immediately method to monitor the electron-transfer processes of PSII.
rereduced by a nearby tyrosyl residue, ¥n the D1 reaction  The § and $ states are paramagnetic, each giving rise to a
center protein §, 6). Yz in turn extracts electrons [or  proad, fine-structured Mn EPR signal centered arogird
hydrogen atoms7)] from the OEC, causing it to cycle 2 Since the so-called,ultiline EPR signal was discovered
through the five oxidation state$-S54 (8), and oxidize water  jn 1981 @), extensive experimental and theoretical investiga-
to oxygen. The one-electron oxidation steps-S;, S, tions have shown that the spectrum arises fronsan 1/2
S8, and §—Ss are light-induced, while S-Sy represents  ground state of the Mn cluster with Mn oxidation states-Il|
the actual evolution of & and occurs spontaneously after |\, or [V—Ill 5. The spectrum has been simulated in terms
the $—S, transition. The most stable state of the OEC is of an antiferromagnetically coupled mixed valence dimer,
Sl, a dark'adaptEd PSII Sample has 75% of the PSII CenterSaﬁeCted by the other Mn ions and a His ||garjd)x and in

in S, and the rest in & This complicates studies of the  terms of a tightly coupled Mn tetramer, where all the Mn
individual S states, since advancement through the S cyclecontribute to the spectral shapkl{-13). The cluster can be
by flashes will result in Samples with mixtures of several S viewed as being Composed of a ‘redox-active’ and a ‘redox-
states. This can be avoided with a preflash treatment, jnactive’ pair, where two of the Mn change valence through
the S cycle, and two do no8)

T This work was supported by the Swedish National Science Research  The § EPR signal was discovered in 1994 16), and
Council, the Knut and Alice Wa”enberg Foundation, and the Crafoord Only appears |n the presence of a few percent of methanol,
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There is a second redox active tyrosyl residue on the donorTo investigate whether there are similar variations across
side of PSII, denoted . Yp is situated on the D2 protein  the § spectrum, we attempted an analysis of the saturation
and does not participate in the continuous electron-transportbehavior of the gsignal @ 7 K from two alternative, more
chain. The first photoexcitation of a PSIl sample that has central, peaks, indicated with asterisks in Figure 1. The S
been dark-adapted for-2 h oxidizes %, resulting in the peaks are pronounced in this area, but shifted from the S
very stable %% radical, which gives rise to the EPR signal peaks, making the analysis possible. In the case of the S
Ilsiow (Sllsiow). The presence of a stable radical on the donor signal, thePy, values obtained from the edge and central
side of PSIlI provides a useful spectroscopic probe, and peak selections respectively differed with only a few percent
studies of Sl have provided much information on the (data not shown). We conclude that the validity of our
structure and function of the redox components located there.analysis is not restricted by the peak selection.

In particular, distance and redox information on various  Sily,, was detected with a modulation frequency of 12.5
components of PSII has been obtained through saturationkHz to avoid the rapid passage effects on this signal at higher
studies of the ¥°* radical ((8—21). frequencies. To ensure accuracy of the temperature measure-

In this work, we seek information about thg §ate of ments, the temperature dependence of the heme of myoglobin
the oxygen evolving cycle through saturation studies of the and theg = 4 rhombic iron signal of PSII were recorded,
EPR signal from § For comparison, similar studies have and compared to the results of other investigations. The
been carried out in the ,Sstate, in methanol-containing results were satisfactory, with a maximum deviation of 0.3
samples. To further expand the picture, the saturation K over the studied temperature interval. (For further details,
behavior of Sli,w, Which is affected by the redox state of see refl7.) Data handling of the EPR spectra was carried
the metal center of the OEC, has been monitored in the sameout with the Bruker WIinEPR software.

samples in the two S states. Analysis of ¥°* Saturation in Each S Stat&llge from
Yp*is visible in all S states, and has a different relaxation
EXPERIMENTAL PROCEDURES behavior in each18). Thus, a measured saturation curve

represents the S state mix of the sample (see above).
Therefore, the data from a flashed sample were deconvoluted

pared in dim green light as de;criboed by Pace etzd). ( SO as to represent a pure S state prior to saturation analysis.
EPR samples were prepared with 3% v/v methanol and 10ps \yas done successively from the zero-flash sample and

mM phenylp-benzoquinone (PpBQ) directly in EPR tubes, 5 - qing the known S state distribution, as described by
at a concentration of 4.5 mg of Chl/mL. This methanol Styring and Rutherford1@).

concentration modifies and enhances the EPR signals from
S and S fully, without inhibiting oxygen evolutionZ3). A
preflash treatment was used to synchronize the centdrs (
18), followed by an appropriate number of flashes at room
temperature to enrich the, State (one or five flashes) or
the $ state (three flashes). The samples were frozen within
1 sin asolid C@—ethanol bath, and then rapidly transferred

Sample Preparatior?Sll-enriched membranes were pre-

Once deconvoluted, the data are plotted according to eq 5
(see below). Galli et al.24) have discovered that there is
some ambiguity in a fit to eq 5, due to dipolar contributions
to Sllsew Saturation. They report that the orientation depen-
dence of the dipolar interactions creates a spread in the
detectedP;; value, resulting in a softer bend in the plots in

R . . Figure 4 than predicted by eq 5. However, the unsaturated
to liquid nitrogen. The flashes were delivered by a Nd:YAG and fully saturated regions of the plot are unaffected by this.

?s%r“(fgzsg?é zg?nsggor:]é ?g;ﬁ%?&:ﬂg ilgt:;\t/:;)ﬁzgé% b To avoid the dipolar contributions to the curved region, we
' p yextrapolated:’m from the linear regions, as described under

fmugg,:itg;”;? tﬁgenﬁmggtruﬁghg ngﬁlig'?ﬁess'g%alleass I?rom Results. Despite the orientation-dependent spread #the
g pies. values in a sample, th®;, value obtained by such an

this oscillation pattern, the amount of misses per flash and T e

the S state distribution are calculatddt( 19. Our samples extrapolation is specific for the S state and temperature.
yield a multiline oscillation that can be fit with 100% & RESULTS
the preflashed sample, and 15% misses per flash after that,

yielding 85% S (15% S) after one flash, 61% 6% S, Microwave Power Saturation of theg&nd S Signals.The
33% S) after three flashes, and 45% @0% S, 15% %) saturation behavior of thep&nd S multiline EPR signals
after five flashes (data not shown). has been studied by progressively increasing the cw micro-

EPR Spectroscopy and Data Handligw EPR spectra ~ Wave power at several temperatures in the rangéMK.
were recorded with a Bruker ESP380 spectrometer (micro- Figure 1 shows the unsaturated spectra from the two states
wave power range: 6360 mW) equipped with an Oxford ~ at 7 K._ The triangles |nd|cate the peaks used for amplitude
Instruments cryostat and temperature controller. The multiline @nalysis throughout this paper.
signals from $and S were quantified by the amplitude of Here we have studied how the amplitudes of the two
characteristic hyperfine peaks, as indicated in Figure 1. Thespectra vary with the applied microwave power. The
peaks used for the ,Sanalysis are chosen to minimize measurements are performed at several temperatures, to
contributions from any Smultiline signal remaining after ~ extract information on the relaxation processes of the spin
the three flashes<(10% of the centers). For the Bwltiline, systems involved. A selection of the saturation data is
the choice of peaks is less crucial, as these samples, giverflisplayed in Figure 2A. The saturation behavior of the S
one flash, are free fromySPace et al.Z2) have shown that  (filled symbols) and $(open symbols) signals is shown at
the edge peaks of the Biwultiline saturate more readily than 4.2, 6.5, and 8 K.
the central parts of the spectrum. The peaks used in our At4.2 K, the § signal increases with the root microwave
analysis belong to the central region of thenSultiline signal. power up to a certain point, after which the curve flattens
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Ficure 1: The $ state EPR signal (boldface) and the Sate
multiline signal (lightface) recorded & K in samples given three 600 |
flashes and one flash, respectively. The peaks used for amplitude i

analysis in this paper are indicated with triangles. The asterisks 5004 B c
denote alternative peaks used fay guantitation. The saturated
signal from Y5°* in the middle of the spectra has been removed. .
EPR settings: microwave frequency, 9.47 GHz; microwave power, B ;
14 mW for S, 55 mW for §; modulation frequency, 100 kHz; g ;
modulation amplitude, 20 G. Note that the spectra shown do not &
represent the relative amplitudes of the signals; theighal has

been enlarged for clarity. 100 + .

out and decreases. The power of half-saturation is 10 mW.
The $ multiline signal has its half-saturation value at a lower = - -
power, 1.7 mW, being much more easily saturated than the 4 5 6 7 8 9 10
Sy signal. The power needed to saturate the Mn signals T &)
increases with temperature, but at a different rate for the FIGURE 2: (A) EPR signal intensity vs the square root of the
different signals. Below 8 K, the,Signal is more difficult ~ Microwave power for the SEPR signal (filled symbols) and the

- . S, multiline signal (open symbols) measured at 4.2 K (circles), 6.5
to saturate than the$nultiline, but @ 8 K the two signals K (triangles), ad 8 K (squares). All curves have been normalized

saturate similarly, and at 10 K the, Signal is the faster  to the same initial slope{of eq 1), and the different temperature
relaxer of the two (Figure 2B). series have been separated vertically for clarity. The fits to eq 1

As the signal-to-noise ratio decreases with increasing (solid lines) represer,, values of 110 mW (§6.5 K), 24 mW

temperature, the low peak amplitude of thesgnal makes (52 6-5 K), and 220 mW (both signals 8 K). The data taken at 4.2
. . . . K were fitted by hand td®;, = 10 mW for § andPy, = 1.7 mW
!tdlfflc_ult to obt_aln dgta abovg 10 K. Also, higher microwave or's,” All EPR settings were as in Figure 1 except for the
Intensity than is available with our spectrometer Is requwed microwave power and the temperature, which were variedP(B)
to extract reliable saturation information at higher temper- for the S (filled circles) and $ (empty circles) state EPR signals
atures from the Mn signals, which both are very efficient VS temperature. Thy, values were determined from eq 1, as in
relaxers (A). The error of Py, determination varies with temperature as

" . . indicated. The error bars were estimated from the uncertainty of
The microwave power saturation curves (Figure 2A) have he fits to eq 1 and the uncertainty of the temperature measurement

oo |

been fitted to the equation: [£0.3 K (17)].
| = 14/PI(1 + PIP,,)" (1) observable, often described by
where | is the intensity of the signal at powe? (in Py,=a/TT, 2)

milliwatts), lo is the initial slope or unsaturated amplitude

of the signal, andP,,; is the microwave power in milliwatts ~ where T;~? is the spin-lattice relaxation rateT, ! is the

at half-saturationb has been set to 1, assuming inhomoge- spin—spin relaxation rate, and is a constantT, processes

neous broadening of the EPR signal§)( The observed  involve energy redistribution within the spin system, and

decrease of signal at high power at 4.2 K indicates Ithat is dependent on the interactions between the paramagnetic

greater than 1 at this temperature, but this does not changecenter and its surroundings. Puls&dmeasurements26)

the estimates dPy, substantially. The data and fits of Figure and cwP;, measurement2p, 27-29) of the S multiline

2A have been normalized to= 1, to facilitate comparison  have given similar results: an exponential fit of the data vs

of their saturation behavior, as expressed by the single 1/T yields approximately the same linear fit. This means that

parameteP; ;. T, processes do not contribute significantly to the temperature
Temperature Dependence of;PIn Figure 2B, theP,/, dependence d?y; in the S state in the temperature interval

values obtained from the,&nd S multiline signals in the  covered by these studies.

temperature range410 K are plotted vs temperature. The The very fast relaxation of theySignal makes it difficult

two states show different variations Bf, with temperature,  to induce a spirrecho aboe 5 K with our available

with S being the fastest relaxer b&l@ K and S the fastest instrumentation. It has therefore not been possible to study

relaxer above. the variation of T; over a significant temperature range.
The variation ofPy, with temperature is indicative of the  Therefore, in analyzing ou?,, data, we assume that what

nature of the relaxation processes involvegh is a complex was found for $is applicable to $as well: thatT; is the
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4 5 6 7 8910 FIGURE4: Microwave power saturation data from signagh} from
log (T [K]) Yp%in the § and S states, at 4.3 and 20 K. Filled circles, 8.3

. - K; empty circles, § 4.3 K; filled triangles, § 20 K; empty
Ficure 3: (A) Orbach plot of theP,,, data from Figure 2 (eq 3) ; . : )
with fits representingh = (17 = 1) cnm for the $ (filled circles) triangles, $, 20 K. The signal intensity was taken as the double

— : e ; integral of the EPR signal. EPR settings: modulation frequency,
andA = (30 + 2) cnrt for the S (open circles) multiline signals " ; ) ; -
from the Mn cluster. (B) Raman plot of ttfa, data from Figure 12.5 kHz; modulation amplitude, 3.16 G; microwave frequency,

2 (eq 4) with fits representing = 4.1 £+ 0.3 for § (filled circles) 9.47 GHz.

andn = 6.8+ 0.2 for S (open circles). related to the actual energy levels of the spin system, but

determined by the accessible phonon energies in the protein
lattice. The probability of such a process taking place is low,
but the Raman process gains strength by its ability to utilize
a large part of the vibrational spectrum of the lattice. If the
ground state is isolated, and there is no accessible excited
state, the Raman mechanism will dominate. The Raman
relaxation rate varies with temperature as

main contributor td;,, over the temperature range studied.
Furthermore, thel; formalisms employed25, 30, 3] fit
our data well, implying thaf, processes do not contribute
significantly 29).
Relaxation is the release of energy following the EPR
microwave absorption. In the case of splattice relaxation,
the energy is taken up by the lattice in which the spin system
is situated. The spinlattice relaxation rate, and its temper-
ature dependence, is determined by the mechanism by which
the Iattlce acpepts the excess energy. where n typically takes on values between 3 and 9 (see
If the vibrational spectrum of the lattice covers a frequency Discussion). As shown in Figure 3B, this gives an equally
equivalent to the microwave absorption of the paramagnetic ’

! . ! ) : . ood fit to our data as the Orbach process, wiff{‘gd+0-3)
species, a direct relaxation process is possible. This energ)?

: I and the di ically domi emperature dependence of the Signal and aT®8+0-2)
gap is small, att;;mtze |£%ct process typically dominates at temperature dependence of thesgjnal.
temperatures K (30). N Yp as a Probe of Manganese Relaxatigkithough Yp
At higher temperatures, where the vibrational spectrum ,

f the lati hiah : | ) i q akes no active part in the S-cycle, the relaxation behavior
of the lattice spans higher energies, relaxation can insteady¢ g, from Yo varies with the oxidation state of the

occur via an excited state of the system. This is called an Mn cluster (8). When this was discovered, thg Signal
Orbach process, and involves the gbs_orption of a phononwas not known. Therefore, the correlatior; betweestxY
fr(_)m the_lattlce followed by the emission c.)f a p_honqn of relaxation and Mn relaxation in different S states could not
slightly hlghgr energy. The Orbach mechanism gives rise 10 pe fully exploited. We have monitored S relaxation in

an exponential temperature dependence of the relaxation rateg o $ and S samples, and found that it well reflects the

 AlkaT behavior of the Mn EPR signals. We have obtairigg
1m Qe (3) values of Sl at temperatures of 4.3 and 20 K; one below
and one above the intersection ardu® K found for the
whereA is the energy gap from the ground-state manifold relaxation rates of the,Sand $ Mn signals (Figure 2B).
to the excited state] is the temperature, anks is the Figure 4 shows the microwave power saturation data of

T, aT (4)

Bolzmann constant. Sllsiow, plotted according to a logarithmic form of eq 1:
Figure 3A shows fits of the data of Figure 2B to eq 3.
The fits requireA values of (30+ 2) cni! for S,, and log(I/v/P) =logl, — b/2 x log(1+ P/P,,)  (5)

A7+ 1) cmtfor S.

The third plausible spintlattice relaxation mechanism is The data have been deconvoluted from one- and three-
the Raman mechanism, where the spin system is relieved offlash samples, to represent the pure &d S states,
excess energy through the scattering of a phonon in therespectively. At unsaturating powers, log(P) is constant,
surrounding protein lattice. It can be pictured as an Orbach-and at high powers, logt/P) decreases linearly with log
like process, in which relaxation occurs via a virtual, short- P, with a slope ob/2. Extrapolation of these linear regimes
lived higher energy state. The energy of this state is not gives the apparer,, of Sllgow at the point of intersection
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Table 1: Microwave Power of Half-SaturatioRf,) of the EPR
Signals from %°* and the Mn Cluster in the,Snd $ States at
Several Temperatures

Mn signalg Sllsiow, this work Sllsiow, 1988
42K 10K 43K 20K 8K 20K

S 10mW 380mW 66QW 1000uW 1554W  448uW
S, 1.7mW 520mW 320W 1000uW 1054W  790uW

aData from Figure 2°DeconvolutedP;, data from measurements
of Sllgow in PSlI-enriched membranes given three flashes (predomi-
nantly S) or one flash (predominantly,5 representing the,,, values |
of Sllsiew In the separate S states (Figure @econvolutedP, data
of Sllgiow In the § and S states from Styring and Rutherford (1988) T ‘ ‘ :
(18). 0 5 10 15 20
P (VmW)

Ficure 5: Microwave power saturation of the, &wultiline EPR
signal @ 7 K in a sample given one flash (circles) and a sample

Signal intensity (a.u.)

(see Experimental Proceduredp). It is clear thatP,/, of

Slisiow varies both with temperature and with S stdg, in given five flashes (triangles). The two curves have been normalized
the S state clearly occurs at lower microwave power at 4.3 to the same initial slope for comparison; see text. EPR settings as
K than at 20 K. The same holds for thg Sate. Sl at in Figure 1, except for the microwave power which was varied.

The fits represenP;, = 80 mW after one flash, anBy, = 350

4.3 K is a faster relaxer ingShan in S. MW after five flashes.

The deconvolute®®,,, values deducted from Figure 4 are
listed in Table 1, along with our microwave power saturation contribute to the five-flash Ssaturation behavior. At 7 K,
results from the manganese EPR signals. Comparablethe multiline signal after one flash is half-saturated at 80
microwave power saturation data from |} obtained by  mw, and after five flashes at 350 mW. The five-flash sample
Styring and Rutherford in 19881§) are also listed. At 4.2 exhibits faster relaxation than the one-flash sample through-
K, the § signal from the Mn cluster relaxes 5 times faster out the studied temperature range; 14 K (data not shown).
than the $multiline. This faster relaxation of the,Signal The difference between the two samples is the status of
at 4.2 K is reflected by the relaxation of S}, which also  the enzyme: the one-flash sample has received a single light-
is a much faster relaxer inp®enters than in Scenters at  excitation (except for the preflash) after dark-adaptation,
4.3 K. At higher temperatures, this relationship is changed, while the five-flash sample has passed through one complete
with Y relaxing similarly in the and S samples. For the S-cycle, and has evolved one molecule of oxygen.

Mn signals, the relationship reverses at higher temperatures

with S, relaxing faster thangat 10 K. The intersection of DISCUSSION
the temperature dependencies occurs at around 8 K,,SlI Temperature Dependence offf the $and S Multiline

may have the same trend, but with the intersection occurring Signals. If an EPR signal relaxes predominantly via an

at a higher temperature, around 20 K. Although not identical Orbach mechanism, eq 3 holds, and the expon&nt

in the Py, values of Sldow, the earlier results of Styring and  represents the energy gap between the ground state and the
Rutherford showed the same trend as our data, witl,3Il  first excited state of the spin system. This gap is determined
relaxing 50% faster in the,$tate than in the Sstate at 8 by the exchange coupling between the Mn ions giving rise
K, and much slower in theState than in the Sstate at 20 to the multiline EPR signal. If the EPR signal arises

K. The differentP,,; values for Sly, reported here and  predominantly from an antiferromagnetically coupled dimer,
earlier (L8) are more likely to reflect different PSII prepara- this coupling constant,J|, can be accurately deducted from
tions, buffers, etc. than differences in the OEC. For example, the temperature dependence of the unsaturated signal am-
large differences have been reported between thylakoidplitude (o of eq 1), a so-called Curie plot. If all four Mn
membranes and PSll-enriched membrane fragmel@s (  ions interact strongly to produce the EPR signal, the
although both preparations were highly functional. Several couplings in the cluster are more complicated, and|fhe
groups have reporteB;,, values of Sy, in Mn-depleted deduced from a Curie plot is a resultant of these, rather than
PSII or in dark-adapted PSII. Although the reporteg, a single coupling constant. The resultahts, however, still
values vary, the sensitivity of % to the intactness of the  related to the position of the first excited energy level of the
Mn cluster or the S state is always similar. system.

P1/, of the $ Multiline Signal Obtained by One and #& The Orbach analysis of our present relaxation data, shown
Flashes Figure 5 shows the microwave power saturation of in Figure 3A, requires a 17 cm separation between the
the S multiline signal in a sample that has received one flash ground- and excited-state energy levels gféid a 30 cmt
and a sample that has received five flashes. Both samplesseparation in $§ This is not in accordance with our
are dominated by the,State, with twice as high,3nultiline comparative study of the Curie plots of both EPR signals
amplitude in the one-flash sample (85% &ntent) as in (17), where we showed that the gap to the first excited state
the five-flash sample (45%,8ontent), due to the increased in & is significantly larger than that in,SThis work excludes
mixing of the S state populations. This amplitude difference an excited state as low as 17 chin the & state.
has been accounted for in Figure 5 by normalizing the initial Consequently, an Orbach analysis of thel&a (Figure 3A)
slopes. Although in the same S state, the two samples saturatés not valid. We conclude that the Orbach process is not a
very differently with microwave power. It should be pointed dominating contributor to the saturation behavior of the S
out that the $content of the five-flash sample is no more signal. Instead, relaxation probably occurs via the Raman
than 14%, and, consequently, the Signal does not  process.
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Our Py, data from the Sstate yielded, by the application relaxation rate of a Kramer's doubleBl). In contrast,
of an Orbach fit, a 30 crmt gap between the ground state extensive investigations on cytochromes and 4rsalfur
and an excited state. This is in good accordance with the proteins revealed low, noninteger Raman exponeB, (
results of other groups studying the Bwltiline signal: suggesting that the relaxation in biological systems is not
Hansson et al. and Pace et al. obtained 30'qi@2, 27 by well described by this theory. Our results from PSII show
P1» measurements, while Lorigan and Britt obtained 36.5 the same phenomenon, with unexpectedly low Raman

cm! by pulsedT; measurements26). NHz-treated PSII exponents. A protein backbone structure model developed
centers also yielded 30.5 ci (29). This asserts the inthe same group3d, 36 allows a protein to be described
reproducibility of these investigations; the variationRyf, by a single fractal parametat, d is a measure of how well

with temperature seems to be an intrinsic characteristic of a protein fills the Euclidian space it occupies. A laWw

the system, and does not vary with preparation procedurescorresponds to a more stretched-out conformation of the

or minor additions. protein, a highd to a more tightly packed structure. This
However, the Orbach model usually employed to analyze model was developed for metal-containing proteins (cyto-

the data may not be the only feasible interpretation of the chromes), and a relationship was found betwdemnd the

S, state relaxation behavior. As shown in Figure 3, our data EPR Raman relaxation rate of the paramagnetic djtas

from S can be fitted equally well to a Raman or an Orbach determined from three-dimensional X-ray structural data,

plot. proved successful in predicting the Raman relaxation expo-
Although the temperature dependencePaf of the S nent of the EPR signal from the metal site, with remarkable

multiline signal is reproducible from lab to lab, the Curie accuracy.

plots obtained by the different group22, 27, 28, 32, 38 According to this model, the relaxation rate is affected by

differ markedly from each other, and from that obtained by the average distance between nonadjacent chain sections of
us (L7). This indicates that the magnitude of the exchange the protein. In other words, changes of secondary structural
interaction in the Mn cluster is sensitive to preparation elements, and changes in the bridging between different
procedures and sample additions, while Ehg behavior is groups, would affect the relaxation of the spin system.
not. Applying this to the data presented here, such differences
This leads us to suggest that the temperature dependenceeem to be present between theaBd S states of the OEC.
of Py in S, does not arise from the exchange interaction- We have found a much weaker temperature dependence of
dependent Orbach mechanism. The Raman mechanisnthe relaxation rate of the,Signal than of the Ssignal, T4*
responsible for the relaxation of thg §ignal may dominate  andT®® respectively, suggesting a more compact conforma-
the S multiline relaxation as well. The Raman temperature tion in S. The differences may involve significant rear-
dependencies d?,; of the § and S multiline signals are rangements of the side chains close to the OEC, or secondary
T4 and T¢8, respectively (Figure 3B). structural changes further away. At present, it is not clear
The Raman relaxation mechanism does not involve the which proteins would be involved in such changes, since
energy levels of the paramagnetic system, but rather dependshe Mn cluster may be coordinated to several protein
on the vibrational spectrum of the surrounding lattice. The subunits, including the D1 reaction center protein, the CP43
lattice is the protein holding the Mn cluster, and the protein, and potentially other proteins in the PSII reaction
delocalized vibrational modes of the protein are determined center. Our conclusions are corroborated by recent FTIR
by its overall structure. This means that the Raman relaxationstudies of PSII which show changes in the protein structure
of the Mn signals involves not only the liganding amino between the Sand S states 87—42). There could be similar
acids, but also more distant parts of the protein environment.changes in structure between thea®d S states, as well.
The structure of a PSII protein, embedded in the center of Concluding, we propose that both thea®d S multiline
the large, multisubunit membrane-bound enzyme complex, signals relax via the Raman mechanism. The very different
is probably less sensitive to external treatment than the Raman exponents found in the two states indicate structural
energy levels of the more exposed OEC. The Ramanrearrangements in the PSIlI reaction center between ghe S
mechanism is therefore a feasible explanation of the relax-and $ states.
ation behavior found from the,State, reproduced invariantly Stapleton’s model was developed for ferric proteins in
at the different labs. solution, and may not hold in detail for the Mn cluster region
Thus, we suggest that the 8nd the $ multiline signals in the PSII reaction center. However, it is not unlikely that
both relax via a Raman mechanism, but with very different the main principle of the model, coupling vibrational
Raman exponents. One might wonder if this exponent hasrelaxation rates to structural changes, is relevant for metal-
any relevant interpretation that will contribute to our containing protein systems in general.
understanding of the S-cycle. Stapleton and co-workers have If the model is relevant, then our proposal that the protein
developed a model for iron-containing proteins that correlates environment around the Mn cluster changes its overall
the Raman relaxation rate of a paramagnetic center to thestructure between the S states is of great importance to our
backbone structure of the protein holding the paramagnet.understanding of the function of the Mn cluster. For example,
If applicable to PSII, this model would indicate structural such rearrangements could have influence on substrate
changes of the protein (or proteins) holding the Mn cluster accessibility, reactivity toward exogenous factors, location
between the Sand the $ state. of C&* and CI, etc. A conclusive determination may have
In Stapleton’s work 34), an attempt is made to construct to await high-resolution X-ray structures of the Mn cluster
a relaxation formalism relevant for biological systems. posed in different S states, but until such results are achieved,
Traditional solid-state Raman theory predicts odd integer this kind of analysis is relevant, and complements informa-
exponents between 3 and 9, specificalf/for the Raman tion from FTIR, CD, and X-ray spectroscopy.
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Yp as a Probe of Manganese Relaxatidre relaxation our measurements on the Mn EPR signal strongly suggest
of Sllgew from Ypo*is enhanced by nearby strongly relaxing that the Mn cluster in the ;Sstate changes its relaxation
paramagnetic centers. The spiattice relaxation rate of  properties during the first turnover of the OEC.

Sllgow has been found to vary with the S stafe8(19 in A different relaxation rate could be caused by changes in
thylakoid membranes and in PSll-enriched membranes,the Mn cluster itself, or by the buildup of a relaxation
showing that the Mn cluster acts as such an enhancer.enhancer in the immediate vicinity of the Mn cluster. Gross
Brudvig and co-workers4@) also found that Sk in Mn- conformational changes may involve an activation of the
depleted enzymes relaxed differently than madsjrosine enzyme during the first turnover after dark-adaption; the
radicals, and attributed this behavior to relaxation enhance-concept of a resting state and an active state of PSIl has
ment by the acceptor-side non-heme iron. Thus, the relax-been suggested earligit). Major changes in the Mn cluster
ation of Slkew in intact PSIl centers may reflect several itself seem less likely since the multiline EPR signal, which
phenomena in the reaction center. However, S-state-dependis a very sensitive probe to the Mn cluster structure, is
ent changes must be attributed to interactions with the Mn unchanged (to our present knowledge) between a sample
cluster. given one flash and a sample given five flashes. The

The relaxation rate was found to be slow in thestte, possibility of a relaxation enhancer building up during the
fast in the $ and S states, and fastest in thg Sate (8). first turnover of the enzyme is intriguing, and several
A very complex temperature dependence of the relaxation candidates can be imagined (including oxygen and reduced

was also describedl8, 19 in which the $ state was the
most efficient relaxer of Sk at low temperature while the

PpBQ; compare red5).

S, and S states were the more efficient relaxers above 10 ACKNOWLEDGMENT
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the relaxation of Skl directly to that of the Mn cluster.
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