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ABSTRACT: By exposing photosystem Il (PSIl) samples to an incrementing number of excitation flashes
at room temperature, followed by freezing, we could compare the Mn-derived multiline EPR signal from
the S oxidation state as prepared by 1, 5, 10, and 25 flashes of light. While itineuffiline signals
exhibited by these samples differed very little in spectral shape, a significant increase of the relaxation
rate of the signal was detected in the multiflash samples as compared tpsteteSproduced by a single
oxidation. A similar relaxation rate increase was observed for the EPR signal frarihe temperature
dependence of the multiline spitattice relaxation rate is similar after 1 and 5 flashes. These data are
discussed together with previously reported phenomena in terms of a light-adaptation process of PSlI,
which commences on the third flash after dark-adaptation and is completed after 10 flashes. At room
temperature, the fast-relaxing, light-adapted state falls back to the slow-relaxing, dark-adapted state with
t12 = 80 s. We speculate that light-adaptation involves changes necessary for efficient continuous water
splitting. This would parallel activation processes found in many other large redox enzymes, such as
Cytochromec oxidase and NiFe hydrogenase. Several mechanisms of light-adaptation are discussed,
and we find that the data may be accounted for by a change of the PSII protein matrix or by the light-
induced appearance of a paramagnetic center on the PSII donor side. At this time, no EPR signal has
been detected that correlates with the increase of the relaxation rates, and the nature of such a new
paramagnet remains unclear. However, the relaxation enhancement data could be used, in conjunction
with the known Mnr-Yp distance, to estimate the position of such an unknown relaxer. If positioned
between % and the Mn cluster, it would be located-8 A from the spin center of the,Snultiline

signal.

Photosystem 1l (PSIt)is a membrane-bound enzyme atmosphere with molecular oxygen. To this means, light-
consisting of 2530 protein subunits, situated in the driven electron transport through the PSII reaction center is
thylakoid membrane of cyanobacteria and higher plahts ( performed.

2). As a part of the photosynthetic light reactions, it The electron transport chain is initiated when P680, a
participates in the production of the energy-rich compounds chjorophyll assembly in the heart of the PSII reaction center,
ATP and NADPH. It also performs the energetically s excited by light energy, by way of the light-harvesting
demanding task of water oxidation, thereby supplying the pigments. The short-lived excited state of P680 rapidly
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1 Abbreviations: ATP, adenosine triphosphate; Chl, chlorophyll; Cyt, reduced by the oxygen-evolving complex (QEC), WhiCh
cytochrome; DMSO, dimethyl sulphoxide; EPR, electron paramagnetic ultimately extracts electrons from water. In this way, light-

resonance; MES, 2\morpholinojethanesulphonic acid; NADPH, induced electron transport is maintained though the PSII
nicotinamide adenine dinucleotide phosphate; NMR PRE, nuclear

magnetic resonance proton relaxation enhancement; OEC, oxygen“_aaCtlon center, moving electr0n§ from®ion the lumenal
evolving complexPy,, power of half saturation; P680, primary electron ~ Side of the membrane to the quinone pool on the stromal

donor of PSII; Pheo, pheophytin; PPBQ, phepytenzoquinone; PSII, side.

photosystem II; RT, room temperature, regulated to21 °C; Ty, . . .
spin—lattice relaxation timeT>, spin-spin relaxation time; ¥, tyrosine The OEC contains four Mn ions, a Ca, and a ClI ion.
residue D2-Y161; ¥, tyrosine residue D1-Y161. Extensive X-ray spectroscopy studies of spinach-derived PSlII
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have yielded metal-to-metal distances within the OBE ( (P4, of a signal is proportional to the spiitattice relaxation
5), which have been utilized to construct various possible rate,T;~%, and the spir-spin relaxation ratel, . SinceT;
structural models of the OEC (see e.g., réfand 6). The < T, for Mn (27), spin—lattice relaxation is the dominating
X-ray crystal structure of oxygen-evolving PSIl from ther- contributor toPy, for the OEC. Furthermore, the EPR signals
mophilic cyanobacteria was presented recentlyl(1), at a from the Mn cluster are inhomogeneously broadened,
resolution of 3.73.8 A. At this resolution, exact structural  rendering lifetime broadening unimportant. Consequeifitly,
information on the Mn cluster cannot be derived from the does not contribute significantly to the temperature depend-
density map. Thus, while the location of the Mn cluster is ence of the saturation properties of these EPR signals, and
unambiguously determined by the crystal structure, the Py, O T;7t (28). This has made it possible to investigate
molecular scale structure of the OEC is still unclear. spin—lattice relaxation phenomena with the microwave
For every four photooxidations of P680, the OEC oxidizes power saturation method, in studies of PS16,(29—-34) as
two molecules of water, evolving one molecule of &d well as other systems28, 35, 36). The validity of this
four protons in the process. The four-step cycle performed approximation is confirmed by the temperature dependence
by the OEC to achieve this is called the S-cycle and involves of T;7* of the S multiline signal, which is very similar when
the §, Si, S, S5, and S oxidation statesl(2, 13). The index measured by, measurement, 31, 34) and by pulsed-
signifies the number of electrons that have been removedT; measurements3¢, 38.
from the cluster in each state, with thg-Sate the most The spin-lattice relaxation rate is indicative of interactions
reduced form of the OEC during water oxidation. Each between the paramagnetic center and its surroundings and
photooxidation of P680 causes the OEC to progress one steptan be analyzed in terms of the accessibility of excited states
in the cycle. Upon the fourth such oxidation, the OEC is (if Orbach processes dominate), local connectivity in the
converted from the $state to the Sstate, Q is evolved, protein (if Raman processes dominate), or relaxation en-
and the cluster is rereduced and reset in thst&te. hancement through dipolar interactions with other paramag-
When left in the dark, the OEC equilibrates to the S nets. When such dipolar interactions are present, they can
state, which is the most stable redox configuration. The S  be used to determine distances between paramagnetic centers.
S:-, and $-states are semi-transient and can be trapped byThis approach has been successful in determining the
various methods. Particularly, the-State has been studied distance between ¥and the Mn cluster1(, 33, 39—41),
extensively in PSIlI samples that have first been dark-adapted,P680 and the Mn clusted), Yp and the non-heme Fé1—
then illuminated continuously at 200 K to form the charge 43), Yz and the non-heme Fé&J), and the Mn cluster and
separated state;@a~ (14). The S$-, Ss-, and $-states are the non-heme Fed(). The recent crystallographic progress
all accessible through the flasfreeze method, in which they  has verified these distance estimatio8s1(1).
are trapped by exposing PSIl samples to 1, 2, or 3 short, It has been reported that the magnetic properties of the
strong flashes of light at room temperature and subsequentlyOEC and ¥ are dependent on the extent to which the PSII
freezing them within the lifetime of the S-state in question sample is dark-adapted prior to the experimdd @45). As
(15, 16). a majority of the spectroscopic studies of the GE@luding
Yp is a conserved tyrosine residue on the D2 protéifi( EPR, UV-vis, and X-ray spectroscopyhave been per-
19). Although it is redox active, it does not participate formed within the first cycle of oxygen evolution, it is of
directly in the water oxidizing reactions, and its role is not great relevance to establish whether the conditions of the
clear. When stored in the dark, PSIl centers poised in thefirst cycle are representative of those that prevail during
So-state are converted to the-State through oxidation by  continuous water splitting. In this study, we have taken the
Y, with a half-time of 50 min at room temperature in PSIl combination of EPR spectroscopy and the flaleeze
membrane fragment20Q). method further than before, exposing the PSIl samples to
Electron paramagnetic resonance (EPR) spectroscopy had—5, 10, and 25 flashes of light. This enabled us to study
proved a powerful method to study the PSII electron transfer the OEC as it passed through more than two full enzymatic
chain, particularly the Mn cluster. EPR signals arising from cycles of oxygen evolution. Through the use of EPR
all the semi-transient S-states have now been discoverednicrowave power saturation, we discovered subtle differ-
(reviewed in ref21). In the $-state, the OEC gives rise to  ences between the first, nearly always studied cycle and the
a hyperfine-structured signal g&= 2 called the $multiline following enzymatic cycle, further removed from dark-
signal @2). In the $-state, a broader signal with different adaptation. Our data, analyzed in conjunction with previous
hyperfine splitting is visibleZ3, 24) if a few percent (v/v) reports in the discussion, imply the occurrence of a light-
methanol has been added to the sample. This amount ofadaptation process of PSIl that occurs during the first
methanol affects most of the Mn-derived EPR sign2B) ( turnovers of the enzyme.
(e.g., inducing maximal multiline intensity in samples poised  Such an adaptation is not unprecedented among the large
in the S-state), but it does not affect enzymatic actividp redox enzymes: several enzymes take on one configuration
26). The EPR signals have contributed information on the when inactive and a different configuration during continuous
different S-states in terms of spin states, Mn oxidation states,enzymatic activityRhuslaccase, for instance, only exhibits
and exchange interactions within the OEZ1)( A definite maximal activity rates after a full catalytic cycle has been
interpretation of these parameters from the EPR signals maycompleted 46). Isolated Ni-Fe hydrogenase requires two
soon be possible, with the emergence of a detailed structuretransitions before becoming enzymatically capable: first
of the OEC. deoxygenation leads from the unready to the ready form of
One method of extracting information from EPR signals the enzyme, then a reductive activation takes place (reviewed
that has proven very useful is progressive microwave powerin ref 47). Cytochromec Oxidase needs to be completely
saturation studies of the spectra. The power of half-saturationreduced (four electrons more reduced than the resting state)
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and then SUbJeCteq to a pulse of Before it can oxidize Table 1: S-State Composition of Samples GiverblFlashes of
cytochromec at a high rate 48). Light at Room Temperature before Immediate Freezing

In our current report, we present data suggesting that the ™~ S S, S, Ss S gen)  gend
dark-adaptated PSIl undergoes a similar process when flashes (%) (%) (%) (%) (%) (%) (%)
illuminated. The effect is less drastic than those of the above-

0 3 97
mentioned enzymes, as the oxygen-evolving activity of PSII 1 <1 15 84
is maximal already at the third flash after dark-adaptation. 2 <1 23 24 73
However, the light-adaptation may well be necessary for i ji ji if 3}3 gg -
continuing efficient water-splitting. What, then, constitutes 5 <1 <1 <1 19 12 38 48

the light-adaptation process, and how different is the well- @ Calculated using a miss-factor of 13% on every flash, no double

. . - (0} y
character.|zed.dark-adapted forT of PSII from ,the qon.tlnu- hits, and 97% Sand 3% $in the zero-flash sample. These parameters
ously active, light-adapted form? Our observations indicate yield the best fit to multiline oscillations in a particular-5-flash
a need for more spectroscopic analysis to be performed insample series. The same parameters yield a composition of a 10-flash
later cycles of PSII turnover. Caution must be taken not to sample of 4% &9, 10% S, 25% S, 37% S, and 24% g%
build all mechanistic discussion on results obtained during 2nd and 3rd represent which cycle after dark adaptation. See text.
the first enzymatic cycle.

> * * *
MATERIALS AND METHODS % A a
PSll-enriched membrane fragments were prepared from £

liquid culture grown spinach as described by Pace eBa). ( g b
and stored at-80 °C in a buffer containing 0.4 M sucrose, ST N T
20 mM MES pH 6.0, 10 mM NacCl, 10 mM Mggland 5 o "‘/V\N\N\J\ m
mM CaCb. Unless otherwise specified, samples for EPR wi, | .
were prepared at room temperature, which throughout this 2350 3350 4350
study was regulated to 2+ 1 °C. The EPR samples were Magnetic field (G)

diluted to 4 mg chl/mL, and methanol was added to a final
concentration of 5% (v/v). The samples were illuminated with
white light for 2 min, then dark-adapted for 15 min. Each
sample was then exposed to one laser flash and dark-adapted
for 15 more minutes. This preflash protocol renders full
oxidation of Yp and close to 100% of the OEC centers poised
in the S-state (5, 16). After the preflash treatment, the
electron acceptor phenpHoenzoquinone (PPBQ), dissolved

in dimethyl sulfoxide (DMSO), was added to the samples
to a final concentration of~0.5 mM PPBQ. Each sample
was exposed to the appropriate number of laser flashes and

ithi ; ; Ficure 1: (A) The S multiline signal recorded in samples given
Zogzgrll)"" 'ttﬁg n2t rsar?;ter}i';sicf)';s)r_' in a dry icefethanol bath - <k (b) 4 flashes, and () 5 flashes. Thin line: trace ¢

. 1.75. EPR settings: 7 K, microwave power 5.9 mW, microwave

The flashes were delivered at 5 Hz by an Nd:YAG laser frequency 9.47 GHz, modulation amplitude 20 G, and frequency
(532 nm, 400 mJ) with a pulse length of 7 ns to avoid double 100 kHZ. The asteris.ks indicate th(.-:‘ peaks used for amplitude
hits. Continuous wave EPR was performed on a Bruker E500 analysis throughout this paper. (B) Microwave power saturation at

: ; different temperatures of the Siultiline signal after 1 flash (filled
spectrometer, fitted with an Oxford Instruments He flow circles) and 5 flashes (open circles). The lines show fits of the data

cryostat. to eq 1.

7K

/gﬁ:‘ﬂ 5K
T . o 4.2K

1 ] 1 1
5 10 15 20
[Microwave power (mW)]"?

EPR signal intensity

o

RESULTS given 1-5 flashes, each sample is strongly dominated by
the desired S-state. There is also always a certain population
Determining the S-State Specificity of Our Flastreeze of the previous S-state present. In this study, we also prepared
SamplesA single flash moves the preflashed PSII centers a 10-flash sample (37%,8% and 10% $2"9: see Table 1)
to the S$-state, two flashes move them to thes$ate, and  and a 25-flash sample (25% of each S-state). The 10-flash
three flashes move them to theSate, etc. A miss parameter sample gives a relatively weak Bltiline signal, but it still
is associated with the flash protocol; in a good set of samplesdominates the sample. In the 25-flash sample, thenf S
each flash brings 8590% of the Mn centers forward in the  signals are of equal strength. They can be analyzed separately
S-cycle. This results in a gradual dephasing of the PSII by using peaks of minimal spectral overlap to quantitate the
centers as the number of flashes is increased. signals.
A full series of samples was prepared, given 1, 2, 3, 4, Line Shape and Microw& Power Saturation of the,S
and 5 flashes, respectively. By measuring the intensity of Multiline Signal After One and ke OxidationsThe series
the S multiline signal in each sample, the size of the S  described above contains two samples poised predominantly
state population was determined as a function of flash in the S-state; one that was frozen after a single flash
number. This yielded an average miss-factor of 13%, which excitation, and one that was frozen after 5 flash excitations.
was then used to estimate the S-state composition of eachThe spectra of these samples are displayed in Figure 1A,
sample. The results are tabulated in Table 1. From thesealong with the 4-flash spectrum. The multiline signal is 1.75
S-state distributions it is clear that in the series of samplestimes as strong after 1 flash as after 5 flashes, as discussed
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above. The 4-flash spectrum shows almost aon8ltiline 7
signal; the weak hyperfine structure present is that of the
residual $signal. This demonstrates that the 5-flash multiline
has indeed appeared after a full turnover of PSII.

The 5-flash multiline signal has been amplified and
superimposed on the 1-flash multiline (Figure 1A, thin line).
The hyperfine patterns of the two spectra are very similar,
although minor variations can be discerned upon careful
scrutiny. A separate study of these differences is in progress

K. A. Ahrlin , in preparation). The underlying signal is
( g prep ) ying sig Ficure 2: Microwave power of half-saturatiorP{,;) at 5 K as a

'demlcal in the two SpeCtra'_ . - . function of At; the period of dark adaptation at room temperature
Figure 1B shows how the intensity of the multiline signal prior to freezing. Closed circles: the, Sultiline signal after 1

varies with applied microwave power in the two samples, at flash. Open circles: the;Snultiline signal after 5 flashes. Filled

three different temperatures. Each data set in Figure 1B hagriangles: the & signal. The 5-flash data have been fit to an

been normalized to the same initial slope, thus compensatinge*Ponential decay with time constant 112 tg,(= 80 s) and

for the different $-state populations in the different samples. amplitude 170 mw.

Despite this normalization, there is a substantial difference 300

A

1 ] A

2 3 10
At (min)

in signal amplitude at high powers between the 1-flash and 7
the 5-flash multiline signals at all three temperatures. R ¢ .
Although the multiline signals obtained after 1 and 5 flashes % 200
arise from the same formal S-state and appear similar in < .
spectral shape, they have significantly different microwave Q100 - °
power saturation behavior. 4 0

The data in Figure 1B is well-described by ole 1 1 1 g

1 3 5 7 9 25

| = IO\/B/ /(1+ P/Pl,z)b (1) Number of flashes

Ficure 3: Py at 5 K as dunction of the number of flashes given

wherel is the measured EPR signal intensity at a certain to the sample before immediately freezing it. Filled circles: the S
multiline signal. Open circles: the,$ultiline signal recorded in

microwave poweP, lo is the unsaturated signal intensily,  he same sample after three weeks of storage at 77 K. Triangle:
is the inhomogeneity parameter, &g is the power of half- the $ EPR signal.

saturation 85). The values of, obtained by fitting eq 1 to
the data gave a 5-flash/1-flash multiline intensity ratio at each
temperature within 5% of the 48:84 ratio calculated in Table
1. (In Figure 1B,l, is set to 1 for clarity for all traces.) At
each temperature, the 5-flaBhy, is substantially higher than
the 1-flashPy,.

When quantifying the Sspectra, we measured the sum
of the amplitudes of the three peaks indicated in Figure 1A.
These peaks were carefully chos&8)(to avoid spectral 0 L S
areas where the ¢Ssignal is strong in amplitude, thus 4 5 6 7 8 910112
minimizing the contribution of residual,State centers in Temperature (K)
the 5-flash sample (12%) to od#y, determinations. Con-  Figure 4: Py, as a function of temperature for the Sultiline
sequently, the highPy, of the S signal 84) does not signal after one flash (filled circles) and five flashes (empty circles)
contribute significantly to the measuredBultiline satura-  and for the $EPR signal (triangles) on a ledog scale. The fits
tion behavior in the 5-flash sample. In fact, a comparison of '¢Pf ﬁﬁ]ee”;ignzrr:f’t‘eféﬁg?;gﬁ ésage% gelfgz tﬁgg'{:;hzltimetggnﬁl
these data with our earlier published ;’Fudy (_see Figure 4 and ¢, five flashes, and 4.4 0.3 for the $ signal.
ref 34) reveals that the 5-flash,Snultiline signal relaxes
even faster than theySignal throughout the temperature samples were not frozen immediately. Instead, they were kept
region displayed in Figure 1B. at room temperature in absolute darkness for a monitored

In samples bubbled through with Argon for 15 min (and period of time At, before freezingAt was varied from 2 to
maintained anaerobically) prior to the flash procedure, we 90 s. The value oP,,; (at 5 K) was then recorded for the
found the same difference of relaxation rate between 1- andremaining multiline signal in each sample. The same
5-flash S samples. In summary, while the ®ultiline signal procedure was used for 1-flash Samples and also for the
produced by 5 flashes is spectrally only marginally different Sp-state signal in 3-flash samples. The results are displayed
from the one produced by a single flash, it displays an in Figure 2.
inherently higherP;,, than the 1-flash multiline. This experiment was limited in time by the room-

Changes at Room Temperatuf@ investigate the stability ~ temperature decay rate of the- @nd $-states: the decay
of the fast-relaxing form of the Snultiline signal obtained  of the S multiline signal has a half-time of 1.5 min in our
after five oxidations of the OEC, we performed the following samples, and the decay of theEPR signal has a half-time
experiment. A set of 5-flash samples was prepared by theof 12 min 23). As long as the signal is intense enough to
protocol described in Materials and Methods, with one be detected at several powers, it is possible to establish a
modification: after the excitation flashes were delivered, the Py, value for the signal.

log[P,,, (MW)]
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Figure 2 shows the change Bf;, measured at 5 K, of  implies that the dark-adaptation occurring over minutes at
the § and S multiline EPR signals during room-temperature 21 °C (Figure 2) also occurs at 77 K but at a time scale of
dark-adaptation. This does not reflect the decay of the two weeks.

S-states but reflects gradual changes of relaxation rates of Temperature Dependence of the 5-Flash Multiline Power
their EPR signals during this time. The Bwltiline signal Saturation.In Figure 4,Py,, of the multiline signal after 1

in the 1- and 5-flash samples frozen immediately after the and 5 flashes, detected in samples that were frozen im-
flash excitations show the discrepancyPin described above  mediately after flash illumination, is displayed as a function
(Figure 1B). During dark-adaptation at room temperature, of temperature on a leglog scale. The temperature depend-
the 1-flash multiline signal remains at the same Ry level. ence of Py, of the § EPR signal is also indicated for

In contrast, the 5-flash multiline shows a decreasé®gf comparison. We repeated the measurements on three different
from the initial fast-relaxing level down to a level similar to  5-flash samples, and all samples gave very similar results to
that of the 1-flash multiline signal. The fit represents an those displayed in Figure 4. The 5-flash data points show
exponential decay with a half-time of 80 s. clear linearity, with a slope similar to the 1-flash data. This

Surprisingly, the microwave power saturation of the S shows that although the 5-flash multiline relaxes faster than
signal also changes during room-temperature dark-adaptatiorthe 1-flash multiline signal, the temperature dependence of
but in a very different, more complex manner. The relaxation the relaxation rate is similar in the two samples.
rate does not change much during the first minute but then | previous reports34, 49), we reviewed the accumulated
grows drama_tically toa maximum Igvel reached after 3 min_. body of published data from differently prepareda®d $
The change is of a roughly sigmoidal shape and occurs insamples in terms of both Curie plots and relaxation studies.
the opposite direction to that of the 5-flash multiline signal, e found that the bulk of the data is most consistent with
producing a faster relaxing,Signal after a few minutes of  poth the § and $ multiline signals relaxing via a Raman
dark-adaptation. mechanism. Given this, we find it reasonable to analyze the

S-State After Multiple Turneers. It is apparent fromthe  present 5-flash Sdata in terms of the Raman relaxation

data presented above that the Mn cluster undergoes a changgechanism as well. The characteristic temperature depend-
dUrlng the first turnover after dark-adaptatlon. This may be ence of the Raman relaxation mechanism is

part of a process that takes several cycles to complete. To

investigate this possibility, we prepared PSIl samples given UT. OT" )
10 and 25 flashes, respectively. After 10 flashes, the S-state 1

population is rather scrambled, but thesgate still dominates

with a sample composition 0f37% S centers and only where 1T is the spin-lattice relaxation rateT is the
~10% S centers (see Table 1). Thus, it is possible to study temperature, and is the Raman exponent. For an inhomo-

the S-state separately from thep-State in the 10-flash ~ 9eneously broadened signal such as them8liline, the
sample. These,Senters are in the third turnover after dark- €mperature dependencerf, is proportional to that of Th
adaptation. The 25-flash sample is completely scrambled, (S€€ introductory section), and the Raman expomecdn
with 25% of the centers in each S-state. What we can studyPe derived from the slope of a Idg.) versus log{) plot

in such a sample is 25% @nd 25% §, both several cycles such_ as Flgurc_a 4. The exponent obtained from the 1-flash
away from dark-adaptation. The values obtained from the Multiline data isn = 6.8 & 0.2 (34), and from the 5-flash

S, multiline signal in this sample probably contains contriby- data& we obtaim = 5.9+ 0.3. These values are quite similar,
tions from the $signal, but the Smultiline behavior clearly I contrast to the Ssignal that has a Raman exponenof

dominates the strong central peaks used for our amplitude™ 4.1+ 0.3 34). _ )
analysis, allowing us to obtain an indication of the S  The 5-flash data can also be fitted to an Orbach mechanism

multiline relaxation behavior after multiple turnovers. (not shown), rendering a gap between the ground state and
The Py, values obtained for the,$nultiline signal inthe ~ the first excited state of 22 crh as compared to 30 crh
multiple-flash samples at 5 K, displayed in Figure 3 (filled for & similar fit of the 1-flash data3¢). However, our data
circles), were 240 mW for the 10-flash sample and 210 mw Present no evidence of a change of the intrinsicefaxation
for the 25-flash sample. Such high powers of half-saturation Mechanism in going from 1 to 5 flashes, making the Raman
approach the limit of our instrument (360 mW) and are Mechanism the more likely of the two.
therefore determined with less precision than lower ones. Yo' Microwave Power Saturation After 1 and 5 Flashes.
Allowing for some uncertainty because of this, as well as In our PSIl samples, nearly 100% of the, Yopulation is
contributions from the slower-relaxing, Signal in the 25- oxidized in the preflash protocol (see Materials and Methods)
flash sample, the obtained 10- and 25-flash values are ratheto avoid reactions between the Mn cluster ansl Which
similar. They are both significantly higher than tRg, of may reduce the S-state synchrony of the PSII centers in our
the S multiline in the 5-flash sample, which is 150 mW at samples. ¥* gives rise to a characteristic EPR signal (Figure
the same temperature. These data indicate that the form of5, inset), the relaxation of which is highly sensitive to nearby
the S-state present during continuous water splitting is a paramagnetic centers.

fast-relaxing form, withP1, = 200—250 mW at 5 K, which In Figure 5, tle 7 K microwave power saturation curves
is reached after two complete turnovers of a dark-adaptedof Yp* in a 1- and a 5-flash Sstate sample are displayed,
center. along with the zero-flash ¥ saturation curve for compari-

When we remeasured the 5- and 10-flash samples after 3son. The inset shows a typical nonsaturated spectrum.
weeks of storage at 77 K, th, values had receded (Figure The spectral shape is that of purg-Yindicating that there
3, open circles). The nonsaturated intensity of these samplesjs no other radical formation in the sample. (The half-time
however, had not changed significantly during storage. This of the decay of ¥, which could interfere with our
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Ficure 5: Microwave power saturation of the EPR signal from
Yp* at 7 K insamples given zero flashes (triangles), 1 flash (filled
circles), and 5 flashes (open circles). Inset: the unsaturated spectru
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phenomenon was seen again with pul3gedneasurements
(39). Van Vliet and Rutherfordg1) found that exposing a
thoroughly dark-adapted sample to 1 or 2 flashes of light
followed by 10 min of dark-adaptation left the sample in
the resting $state, implying that at least 3 flashes are
required to change the status of the sample from resting to
active (i.e., one full turnover is required for the change to
occur).

Relaxation Changes in the-State.The resting and active
forms of the $-state presented by Brudvig and co-workers
differed most notably in the form of the, #ultiline signal
that resulted from low-temperature illumination of the

rrgifferently prepared Ssamples 45). The multiline signal

of Yo The signal intensity was obtained by double integration of arising from the resting Sstate was similar to the one usually
the modulated spectrum at each microwave power. The fits representeported and was most effectively induced by 200 K

P,/ values of 61uW for the zero-flash data, §3W for the 1-flash
data, and 177%W for the 5-flash data. EPR settings: microwave
frequency 9.47 GHz, modulation amplitude 2.0 G, and frequency
3.13 kHz.

interpretation of the ¥* data, is at most 1 m$0) and has
thus relaxed back when we freeze our samples.)

Yp* relaxes faster in the,Samples than in the;Sample,
as expected. For the two, Samples, ¥* shows the same
tendency as the Mn signals, with a more efficient relaxation
after 5 flashes than after 1 flash. The fits in Figure 5 represent
P12 values of 88/W for Yp* in the 1-flash sample and 177
uW for Yp* in the 5-flash sample. The corresponding value
of the zero-flash Ssample is 61/W.

DISCUSSION

illumination. lllumination of the active Sstate resulted in
two different multiline signals, with significantly different
hyperfine structure and which gave maximal yield at 160
and 170 K illumination, respectively. The Bwltiline spectra

we obtain by exposing our samples to 1 and 5 flashes at
room temperature both resemble the resting state multiline
signal of Brudvig and co-workers. This implies that the
unusual multiline signals associated with the active state only
appear after low-temperature illumination. The mechanism
that causes an enhanced relaxation rate in samples prepared
by flashes at physiological temperatures may also result in
a different response to low-temperature illumination, such
as that reported by Brudvig and co-workers.

We report that the transformation of ther8ultiline signal
from the light-adapted to the dark-adapted state has a half-
time of 80 s at room temperature (Figure 2). This is
significantly faster than the transformation of the active to

Phenomena_ reminiscent of the Mn-derived _relaxation the resting $state described abovés). The difference in
changes described here have been reported earlier from EPRgtes of inactivation/dark-adaptation between the two studies

relaxation studies of the Mn cluster ang*¥and NMR proton
relaxation enhancement (NMR PRE). In the following, we
describe briefly the various reports and try to rationalize them
in terms of a single light-induced mechanism.

Relaxation Changes in the;-State. Brudvig and co-
workers @5) discovered that the extent to which a PSII
sample was dark-adapted after a period of continuous
illumination affected the properties of the Mn cluster, such
that the Sstate obtained after a short period of dark-
adaptation (6 min at 0C) was different from that obtained
from a long-term dark-adapted sample (4 h &t@). The
two forms of the $state were called active and resting
forms, respectively. In samples with the OEC in the resting
S;-state, ¥ relaxation was as slow as in Mn-depleted
samples. With the OEC in the activg-Sate, Y5° relaxation
was faster 44). It was also found that active centers
performed slow oxygen reduction in the dark, while resting
centers did not45). The transformation of the,;State in
the dark from the active to the resting form had a half-time

indicates that PSII poised in the-State converts to the dark-
adapted state more efficiently than PSII poised in the S
state.

Relaxation Changes in thg-State. Styring and Rutherford
(16) followed a procedure analogous to that of Figure 2: they
produced 3-flash (Sstate) samples and waited different
periods of time before freezing them. After freezing, they
measuredPy; of Yp'. They found that the saturation behavior
of Yp* changed with time in the¢Sstate: the initially high
value ofPy/, receded to a lower value with a half-time of 30
s. While some of this reduction can be ascribed to the decay
of the S and S centers present in the 3-flash sample, this
only accounts for approximately half of the observed change
(see refl6). In a later study39), it was shown that the high
P1,, first observed from ¥* in the S-state was due to a
temperature resonance phenomenon, indicative of a very
strong relaxation enhancer, much stronger than the OEC
poised in the Sstate. But the @state decays with a half-
time of 12 min @3), and the observed effect had a half-time

of 30 min at room temperature, as measured by the rate ofof 30 s, indicating that the OEC poised in thgs$ate was

O, consumption45), and 3.5 h at 0C, as measured by the
relaxation rate of ¥ (44).

Styring and Rutherford monitoredpY power saturation
as a function of S-state in samples prepared by the flash
freeze technique described in Materials and Methdd. (
They noted that even after correcting the data for residual
S, and S populations, ¥ relaxed significantly faster in a
4-flash § center than in a zero-flash; Senter. This

not the sole cause of the relaxation enhancementpafier

3 flashes. Srinivasan and Sharp made a similar discovery
when measuring NMR proton relaxation enhancement (PRE)
in PSII as a function of S-stat&Z, 53). After 1 and 2 flash
excitations, the proton relaxation rate was enhanced by the
increased oxidation state of the Mn. The observed enhance-
ment decayed on the time scale of 8nd S$-state decay to

the S-state. However, the relaxation enhancement induced
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Table 2: Summary of the Literature Data Discussed in the Text, Interpreted in Terms of One Dark-Adapted and One Light-Adapted Form of
the Mn Cluster throughout the S-Cytle

S-state dark-adapted light-adapted lightdark source

4 h dark-adapted: 6 min dark-adapted:
Yp* T171 low Yp* T171 hlgh typ=3.5hat273 K 44
no G, consumption @consumption ty, =30 min at RT 45

S 0 flashes: 4 flashes:
Yp* Py low Yp* P12 hlgh 16
Yo Titlow O hlgh 39
Yo' P12 low Yp* P12 hlgh 51
4 h dark-adapted: 6 min dark-adapted:
200 Kill= 160-170 K=

S ordinary S multiline alternative multilines 45
1 flash: 5 flashes:
S, multiline Py low S, multiline Py high tiz=80satRT this paper
3 flashes, afterAt at RT: 3 flashes, immediately:
Yp* Py low Yo' P12 hlgh ty,=30satRT 16
NMR PRE low NMR PRE high ti,=50s at RT 52,53

S S multiline (fast comp.) smultiline (fast comp.)
P2 low P12 high tyz ~ 1 min at RT this paper
S multiline (slow comp.) smultiline (slow comp.)
P12 high P2 low typ ~ 2 min at RT this paper

aThe present §data has been interpreted in terms of a fast and a slow component. See text.

by 3 flash excitations decayed with a half-time of 50 s, much  These data imply that light-adaptation is a single mech-
faster than the gstate decay23). anism of change for all the S-states, which sets in after the
The results described above show, like our present data,second photooxidation of the OEG1) and is completed
a change at room temperature of PSII poised in fhst&e during the first two turnovers after dark-adaptation (Figure
that is not related to the decay of thg Sgnal intensity. 3). This change may be a necessary preparation for efficient
However, the change detected through' ¥aturation and  continuous water splitting.
proton relaxation is a decay of relaxation rate taking place Possible Mechanisms of Light-Adaptatidvhat consti-
over a period of 3650 s. Our results on the other hand, tutes the light-adaptation process? One option, which was
which were measured directly on the Mn-derived EF°R proposed by Beck et al4p) to account for the differing
signal, show an increase of relaxation rate over 3 min (Figure multiline signals they were detecting, is a light-induced
2). A rationalization of these apparently contradicting results change of the exchange couplings within the Mn cluster. This
may be found in the peculiar shape of thePg, increase in may affect the intrinsic relaxation rate of the Mn-derived
Figure 2. It is plausible that the tendency reported here is signals. However, as we detect only minor spectral changes
the sum of two processes: an increas@gfoccurring over of the multiline signal (Figure 1), this cannot account for
several minutes, accompanied by a decrease occurring ovethe dramatically increased relaxation rate. Even minor
less than 1 min, which also affects,Yand proton NMR modification of the exchange couplings between any of the
relaxation. The sum of these processes would account forMn would cause spectral changes to the multiline sigb4| (
the initially unchanging level oP,,, in Figure 2, with the 55).
faster process diminishing the effect of the slower process A second possibility is that a change has occurred in the
during the first minute. (This hypothesis was originally protein lattice in which the Mn cluster resides, facilitating
proposed to us by R. J. Pace.) the release of excess energy into the surroundings and thereby
In this scenario, one component of the detedted of increasing the power of half-saturation. A light-induced
the § signal shows similar behavior #, of the 5-flash $ change of the protein surroundings of the OEC as a cause
multiline signal, which decays in 80 s. The additional process of the relaxation changes would be consistent with the
affecting Py, of the § signal, causing the slow increase unchanging spectral features of the multiline signal. We
displayed in Figure 2, is to our knowledge unparalleled in cannot exclude this explanation with absolute certainty, but
the other S-states. we note that the data in Figure 4 argue against it. A change
Light-Adaptation of the OECTable 2 summarizes the in the protein network surrounding the paramagnet is
different findings from the literature and this report. Taken expected to result in a different Raman exponent, as this is
together, it seems that thg-SS;-, and $-states of the OEC  sensitive to local connectivity (see r8# and references
all come in two different forms, as judged by the relaxation therein). The current observation, that the 1- and 5-flash
properties of the Mn cluster, oY, and nearby protons. For  multiline signals relax with very similar temperature depend-
each S-state, a fast-relaxing form is related to PSIl under ence ofPy,, rather suggests a separate relaxation process
illumination—light-adapted PStand a slow-relaxing form  with relatively weak temperature dependence being added
to PSIl in the dark-dark-adapted PSIl. When left in the dark, to the Raman relaxation process.
the fast-relaxing, light-adapted form transforms into the slow- A third possibility that would account for the light-
relaxing, dark-adapted form, at rates that depend on tem-adaptation data is the appearance of a relaxation enhancer
perature and in which S-state PSilI is poised. (The additional, in PSII. This would involve either the formation of a new
slower process taking place in thg8ate is not included in ~ paramagnetic center in PSII or the conversion of an already
this hypothesis.) existing paramagnet into a form that has a stronger effect
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on the relaxation of other species. This is an option that
agrees well with our data, and in the following we will
explore it in greater detail, beginning by surveying the
candidates for such a relaxer.

Possible Relaxation Enhancers in PSAlthough the
relaxation behavior of the Mn cluster andp’Yare in
accordance with the presence of a third paramagnetic center

nearby,. we have not been able to detect any new EPR Sig-nal:IGURE 6: Schematic representation of the donor side paramagnets
from this relaxer. We conplude that the pUt"?‘t'Ve relaxer is as viewed along the membrane plane. The crosses represent th,e
not anS= 1/2 center, as this would be immediately apparent spins on ¥%* and the $Mn cluster, 30.8 A apart as deduced from

in our spectra. An integer spin system is a more plausible the crystal structuregj. The dotted circles are 2-D representations
candidate, although it would have to be broadened to anof the inner and outer spheres that limit the possible locations of
unusual extent to completely escape detection. The strongthe unknown paramagnet, as calculated from its relaxation enhance-
effect the relaxer has on the tv®= 1/2 paramagnetsthe ment on the Mn cluster andgY (see Discussion).

S,-state Mn cluster and ¥—indicates that it is a faster
relaxer than both of them. This, too, speaks for a spin state
higher thanS= 1/2. This restriction excludes amino acid or
pigment radicals as well as semi-quinone forms of plasto-

quinone or PPBQ as sources of the enhancement. Otherr, . J\ i ratio i8yo/ry. = 3.66+ 0.64. We can now

known_ redox centers in PSII that may exercise strong utilize the known distance between the Mn cluster ard Y
relaxation enhancement are the acceptor-side non-heme Fe(SO 8 A, as deduced from r&j in conjunction with this ratio
cyt bssg, and possibly molecular oxygen. )

. to place limits on th ible location of the relaxer. Th
In flash samples, the non-heme Fe oscillates between theO plac s on the possible location of the re ©

W0 oxidation states with riod of two: K@y is present result of this triangulation is a sphere surrounding the Mn
two oxidation states a period ot two. e IS prese cluster, represented in two dimensions in Figure 6. We have
in samples given 0, 2, and 4 flashes, whild'BR is present

in 1-, 3-, and 5-flash sample$8, 57). We can therefore only indicated the upper and lower limits of the estimation,

exclude the non-heme Fe as a contributor 1o the s bstant'alto emphasize the approximate nature of this calculation. The
xcld 'bu u '@ minimal distances are obtained if the relaxer is positioned

r(_alaxat|on enhancement detecteq for the 5-flash multiline on a straight line betweengyand Mn; it is then located78
signal as compared to the 1-flash signal. Changes of the redoxA from the Mn cluster and 2324 A from Yp. In the
state of cytssg are easily detected in the multiline spectrum, maximally distant position, the relaxer Iies—QSIA from

as a peak ag = 3. We detect no oxidation of cykso in the Mn cluster and 4646 A from Yp. The intermediate

gg'tn?egog:];b:g ?oIletlﬁgerSéIingtgoonngzﬁgnt?:rtn:ahrﬁ ggg;err; possibilities are distributed over a surface surrounding the
pons| xal V€9'Mn cluster, as illustrated in Figure 6.

Molecular oxygen is a strong paramagnet that is released ) )
by the Mn cluster upon the third flash excitation, which has  NOte that the locations of the Mn andp¥in Figure 6
previously been proposed to account for the light-induced "€Present the spin centers of these paramagnets, which do
relaxation changes in PSIBY). Oxygen release kinetics NOt necessarily coincide with the center of the X-ray
occur on the time scale of milliseconds, and there is no densities. Particularly the Mn cluster is magnetically com-
evidence that @rebinds to the site as the oxygen spin probe PI€X, and little is known about the actual spin distribution
relaxation remains unchangesBy. As theP,,, decay reported that_ gives rise to the_ ?Sm“'.“"”e signal. However, the
similarity of the multiline signal after 1 and 5 flashes

in Figure 2 has a half-time of 80 s, this alternative is > e RN
excluded. Our anaerobically prepared control samples furtherindicates that no significant changes of spin distribution have
occurred during light-adaptation, thus making the two

corroborate this. e .
Having excluded the known paramagnetic centers of PSI, SAMPIes comparable in this fashion.

a remaining possibility is a hitherto unknown even-spin  The very strong distance dependence of the dipolar
system, exercising strong relaxation enhancement on the Mninteraction together with the known Mn-topYdistance
cluster but with an EPR signal broad enough to escapeMakes the calculation feasible, despite the associated uncer-
detection in perpendicular mode. Two spin-coupled radicals tainties (detailed in the Appendix). Clearly, the limits in
or a radical spin-coupled to a metal may be options. If the Figure 6 allow for many different possible assignments of
multiline signal arises from only part of the Mn cluster (as the enhancer. For instance, it is intriguing that the redox
proposed in reB9), the remaining Mn ions may be involved. ~active tyrosine Y, locatel 7 A above the Mn densitys(
Location of the Relaxation Enhancéfthe light-adapta- ~ 11), falls within the area of possible positions of the
tion phenomenon involves the appearance of a relaxationParamagnet. Irrespective of where on the Mn cluster the
enhancer, the discussion above indicates that this enhancenpaired spin of the Sstate resides, and despite the
is a hitherto unknown paramagnetic center in PSII. This a@pproximative nature of the calculation, one thing is clear:
center disp|ays no strong EPR 5igna|s but affects the EPRThe proposed relaxer is situated in the direct V|C|n|ty of the
signals from ¥%* and the Mn cluster through relaxation OEC, almost certainly in the D1 protein.
enhancement. With the distance between the Mn cluster and Induction of the Relaxation Enhancéfra new paramagnet
Yp* known, the measured relaxation enhancement of the S has been formed in PSII, a redox reaction must be involved.
multiline signal and of the ¥ signal can be utilized to In flash samples, 8590% of the P680 excitations lead to
estimate the location of a relaxation enhancer affecting themMn oxidation. The remaining 1015%, the misses, may
both. conceivably drive another process such as light-adaptation.

Yp

We have made use of the fact that the dipolar interaction
between two paramagnets is strongly distance dependent to
extract an estimate of the ratio of the-Yo-relaxer distance
and the Mn-to-relaxer distance from our data (see Appendix).
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However, we perform our measurements on the centers thatcircumstances, we see fit to use the formalism of42to
are in phase, the ones that display a multiline signal after 5 extract some additional information from our data. Below,
flashes. In these centers, every photoevent in the PSII reactiorwe follow their reasoning in an application ta;and the
center has been utilized to drive the oxygen clock, and theseS, Mn cluster, both influenced by an unknown, fast relaxer.
centers are the ones in which we detect the relaxation To exert substantial relaxation enhancement on the Mn
enhancement. We conclude that light-adaptation does notcluster and ¥, the unknown relaxation enhancer must be a
occur through P680 photooxidation. more efficient relaxer than both of these. We will designate
A more probable candidate for a redox agent driving the the fast relaxing enhancer f and the slower relaxing species,
light-adaptation process is the reduced quinones that havewhich is subject to the enhancement (Mn cluster gJ,6.
accepted electrons from the stromal side of PSII. A possible We make the assumption that both the sgattice (T1) and
mechanism of light-adaptation would then be a quinone, after the spin-spin () relaxation times of the fast species are
being reduced by the first few flashes, delivering electrons significantly shorter than that of the slow speciegs, To
to an unknown species on the PSIl donor side. Since < Tis Tos We also assume thais, Tor > 107*'s, which is
quinones are two-electron carriers, and we detect no semi-reasonable for radicals or first row transition metals at X-band
quinone signals, this would involve a double reduction. Some €xcitation frequencie2¢). When a broad EPR signal such
support is given to this hypothesis by the finding that the as the smultiline signal is subject to relaxation enhancement
extent of relaxation enhancement induced it ¥ related by a spin center of a differertf value, the enhancement of
to the choice of artificial electron acceptor usé&d)( The the signal will vary across the spectrum, with a more efficient
possible involvement of the acceptor-side quinones in the €nhancement occurring in spectral areas closer to the relaxer.
light-adaptation process is currently under thorough inves- The fact that the relaxation enhancement measured for the
tigation (K. A. Ahrling, in preparation). multiline signal is as strong in the high-field part of the

Anomalous Data from Dark-Adapted Centenghile EPR spectrum as in the Iow-field part_of the spectrum (not shown)
spectroscopists often perform their experiments on PSII afterndicates that the relaxing species has a resonance agound
a single photoeventthrough a flash or 200-K illumination = 2, although we do not detect it. This justifies our last
many optical experiments are commenced on the second flastfSSumption: the fast relaxing, unknown species and the slow
after dark-adaptation. This is because, when monitoring PSII SPEcies (Mn cluster or ¥) have similarg values. Given
optically as a function of flash number, the first-flash data theS€ conditionsg, can be rewritten in terms of a dipolar
point is unpredictable and fits poorly with the rest of the ate constankiq
data set. The presently proposed light-adaptation process may
be related to this anomalous first-flash behavior: changes
occur after dark-adaptation that are not repeated in a cyclic
fashion (see e.g., r&0).

kyy = k;4(1 — 3 co 6)? (3)

wherekyq is defined by

Any studies undertaken using PSII samples prepared by a yszﬂf
single photooxidation (e.g., illumination at 200 K) should kie=—F5— 5 4)
be interpreted with the existence of a light-adaptation process 6riwg (1 — g/g9) Ty

in mind. While such studies have yielded a large body of _ . . .

information on the OEC, the conclusions drawn may not all wherey§ IS t_he magnetogyric ratio of the_sl_ow SPIn.IS the

be applicable to the continuously water-oxidizing, light- Magnetic dipole moment of the fast spmis the distance

adapted form of the system. between the two paramagnets; is the .Larm_or freque_ncy
of the observed, slow spify; is the spir-spin relaxation

APPENDIX rate of the fast spin, ang: and gs are theg values of the
fast and slow spins, respectivel2).

The observed spiflattice relaxation rate for a paramagnet ~ Our unknown relaxer interacts dipolarly with two slower
can be separated into two parts: the scalar compdagat, spins: Yo' and the multiline spin. Taking the ratio between
that represents the (isotropic) relaxation rate displayed bythe two dipolar relaxation rates;{M- and ky("o), allows
the center in the absence of any relaxation enhancer and théor many of the unknowns of the fast relaxer to be canceled
angle dependent compondnt that represents the dipolar out:
interaction between the paramagnet and another paramagnetic

center. Brudvig and co-workersA?) have explored the k(l’\c’j“-) rYD6 a- gf/gYD)2

analytical expression fok;y and found appropriate ap- = (5)
e KYo) r 8 (1— glgy)?

proximations for how the non-heme Fe affects ivi PSII. 1d ML 9/ O

Applying this formalism to the Mn cluster requires some
caution since this is a considerably more complex paramag-V= has been taken ag for both cases42) and also canceled
netic system. In the present study, we propose that the MnQUt- @s iS the frequency of the observed spin, which at

cluster is the relaxee, influenced by a strong relaxer. We X-band is 2r x 9.1 GHz. What remains in eq 5 is an
compare the Smultiline signal from two different samples, expression for the ratio between the distance between the

between which there is almost no change of hyperfine relaxer and ¥%* (ry,) and the distance between the relaxer

structure. This high degree of similarity indicates that albeit 21d the Mn clusterr{y,):
complex, the state giving rise to the multiline signal is

unchanged between the two samples. Furthermore, we v,
perform our experiments within a temperature regime where =
only the ground spin state is populate®B). Given these

_(@Q- OO )’

- (1-glgy )’ ©
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Exact evaluation of the factdf requires knowledge of the 12.
exactg value of the relaxer. We do not have that information;
however, the 6th root dependence diminishes the conse-
quence ofF. We know thatgs ~ 2, and for such a system
the 6th root ofF = 1 + 0.2. Eqs 3-6 are valid as long as

gr is not identical togy, (2.0046) orgw.(1.9822).

1/T; is the dominant contributor tBy/, (see introductory
section). We have measured the increas®gf resulting
from the appearance of a relaxation enhancef,, =
p,5-flash) — p, (1-flash) from both the OEC and . This
difference represents the induction of a dipolar interaction,
kig. The 6th root ofAP;,MY/AP,Yo) will be insensitive to
any variations in I, and can replack,"D/k; o in egs 5
and 6.

We obtainedP,, values for the $multiline signal and
Yp* at 7 K in six separate pairs of 1- and 5-flash samples.
While the multiline data represent the pure-state, the
5-flash Yp data contain contributions from the 4-flashk S
state and the 3-flashyState (Table 1). While these bring
down thePy, value of Yy slightly (25) as compared to a
pure 5-flash $value, the If distance dependence of the
dipolar interaction renders this effect negligible. The average
distance ratio obtained from our measurements, using eq 6 25.
with F =1, is

13.

18.
19.
20.

21.

26.

27.

3.66+ 0.64 7)

28.

29.
The error limit was deduced from the variation of the data
sets. It is worth noting that while separate data sets measured
on different days, on different samples, or with different
spectrometers may differ in terms of the absoRtgvalues
obtained, the ratio of eq 7 varies considerably less.

30.
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