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ABSTRACT. Previous work in many laboratories has established that hydroxylamine reducesstia¢eS

of the water oxidizing complex (WOC) in one-electron steps. Significant levels of what can now be
defined as the §* state are achieved by specific (concentration and incubation length) hydroxylamine
treatments. This state has already been studied by electron paramagnetic resonance spectrometry (EPR),
and unusual EPR signals were noted (for example, see Sivaraja, M., and Dismukes, G. C. (1988)
Biochemistry 273467-3475). We have now reinvestigated these initial experiments and confirmed many

of the original observations. We then utilized more recent EPR markers fop tned3 states to further

explore the S;* state. The broad radical “split” type EPR signal, produced by 200 K illumination of
samples prepared to give a high yield of thg*$tate, is shown to most likely reflect a trapped intermediate
state between $* and S*, since samples where this signal is present can be warmed in the dark to
produce g. The threshold for advancement from$to Sg* is near 200 K, as the yield of broad radical
decreases andy'Smultiline EPR signal increases with length of 200 K illumination. Advancemenidf S

to S is limited at 200 K, but $can be restored by 273 K illumination. lllumination of these hydroxylamine-
treated samples at temperatures below 77 K gives a second broad radical EPR signal. The line shape,
decay, and other properties of this new radical signal suggest that it may arise from an interaction in the
S_,* or lower S states, which are probably present in low yield in these samples. Illumination below 20

K of Sp* state samples containing methanol, and therefore exhibiting¢neu&iline signal, gives rise to

a third broad radical with distinctive line shape. The characteristics of the three broad radicals are similar
to those found from interactions betweeg* dnd other S states. The evidence is presented that they do
represent intermediate states in S state turnover. Further work is now needed to identify these radicals.

A membrane-bound pigmenprotein complex called from its site into the membrane. A non-heme iron usually
photosystem Il (PSlf)catalyzes photosynthetic water oxida- present as Pg, which can be oxidized under some condi-
tion in plants, algae, and cyanobacteria. Water oxidation is tions, is situated between Qa and Qb. P6&xtracts an
believed to occur in a complex of four manganese (Mn) electron from the WOC via a tyrosine electron carrier termed
atoms, the water oxidizing complex (WOC) accumulating Yz, forming Yz °, the neutral tyrosine radicafl{3). A
the four oxidizing equivalents required from the PSII reaction tyrosine on polypeptide D2 (PsbD) terme@ ¥an also be
center. PSII electron transfer begins with the excitation of photooxidized by PSII but is not on the main electron-transfer
the reaction center multi-chlorophyispecies termed P680, pathway (see reviews—3). Cytochrome b559 (Cyt b559),
to P680* and rapid electron transfer from P680* via a chlorophyll termed Chl Z, and a carotenoid can also be
pheophytin, to the bound plastoquinone, Qa, forming secondary electron donors to oxidized P680 under some
P680Qa~. Electron transfer then occurs from Qao a conditions (—3). The reduction kinetics of P68y Y,
second plastoquinone, Qb. Qb accepts two electrons andand subsequently of )Y by the WOC, is dependent on the S
takes up two protons forming QbHwhich then dissociates  state. Although a large fraction of P68G reduced by ¥

in nanoseconds, slower phases also octu6). Yz has been
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The S and S states are unstable with short half-lives at centrations (510 molecules of hydroxylamine/PSlI for short
room temperature. Both decay back to(5-3). Therefore, incubation times). This was attributed to an unspecified
after a few minutes in the dark, about 75% of PSll is in S electron acceptor componed(-47). No nitroxide radicals
and 25% in & During further dark adaptation, the State were produced by this hydroxylamine treatmett)( More
is slowly oxidized to $ by Yp* (1—3). EPR signals that  recently hydroxylamine treatment was used to produce the
characterize the 17—-19), S, (20—23), S, (24—27), and first EPR signal from the §Sstate (7), the $* multiline
S; states 28—30) have now been observed. The addition of signal line shape later being shown to be virtually identical

methanol is required in order to observe the(§in S = to that of the % signal produced by flash turnover of
1/,) multiline signal (7—19). S; EPR signals include an  untreated PSII{8, 19).
S= '/, multiline signal centered near= 2 (24, 25) and an In this study, we use the known effects of hydroxylamine

S = 3, signal atg = 4.1 (26, 27). The latter is removed  at low concentration to reversibly reduce the dark-adapted
by alcohols such as methanol, which also slightly modifies 5, state. We then use,SS;, and S EPR markers to
the hyperfine splitting of thés = '/, multiline signal. The  investigate the effect of illumination of the reduced sample
S: (g = 4.8 or 12) and $states are characterized by at various temperatures. In particular, we examine the
weak integer spin signals observed by parallel mode EPR characteristics of the broad radical signal and compare it to
(20—-23, 29, 30). the SY* broad radical signals.
Yz is near the Mn cluster3(), and when both are
paramagnetic (i.e., ¥ plus a paramagnetic Mn cluster), they MATERIALS AND METHODS

can interact to give complex, broad EPR “split” signals at )
cryogenic temperatures. This type of signal was initially ~Sample PreparatiorPSII membranes were prepared from
reported in samples where oxygen evolution was inhibited 10 t0 14 day old pea seedlings using Triton X-100, using
at the $—S; step 32—34), and these are now assigned to a the modlflcat|ops of Ford and Evan§3). Reagent.s used
S,Y,* state 85-37). We reported experiments suggesting Were all analytical grade. Chlorophyll concentration (Chl)
that an interaction between an organic radical and the Mn Was measured by the method of Poi34)( Control rates of
cluster (probably $7*) could be observed in uninhibited ©Xygen evolution for PSIl membranes were 50000 {imol
PSII and that this was related to formation af(88). This of Oz)+(mg of Chl)y™-h™* using ferricyanide and dimethyl-
work was extended by Petrouleas and co-workag, @nd benzoquinone as electron acceptors and measured in an
recently we have characterized the relationship between theXygden electrode at 298 K. The membranes were stored at
EPR signals arising from the; State and intermediate states /7 Kin 20 mM 2-(N-morpholino)ethanesulfonic acid (MES),
(including SY) that can form it 88, 39). 15 mM NaCl, 5 mM MgC}, 0.4 M sucrose, pH 6.3 (buffer
We have also recently shown that the-S; step can occur A). Before preparation of EPR sampl_es, the PSII mem_b_ranes
at very low temperatures, a result that has important Were (except w_herfe stated) wa.shedlln buffer A containing 2
implications for the nature of X We characterized a signal MM ethylenediaminetetraacetic acid (EDTA) to remove
initially attributed to the interaction between 8nd Y;* as adventitiously bound Mt, followed by centrifugation and
an intermediate state between thea8d S states 40). resuspension in _buffer_ A. Removal of Mn from t_he WOC
In this paper, we investigate previous reports of unusual Was achieved using Tris washing at high pH as given in ref
EPR signals in hydroxylamine-treated PSII. To indicate that 28 Or by high concentration of hydroxylamine (2 mM for
the electronic configuration of hydroxylamine-treated samples 30 min) followed by centrifugation and resuspension in
may be different to native S states, although equivalent in Puffer A.

reduction level, the notationyS S_1*, etc. will be used as For EPR, 0.3-0.4 mL samples (approximately-d0 mg
in an earlier paper4(l). Hydroxylamine has been shown in  Chl/mL, 25-40uM PSII) were placed in calibrated3 mm
many studies to reduce the State to lower S stategd]— quartz EPR tubes. Identical sets of samples in calibrated EPR

52 and references therein) in one-electron steps. Hydroxyl- tubes were made for each experiment, using the same
amine acts at the type 2 (Ql amine-binding site of the preparation and chlorophyll concentration. They were given
WOC (51, 52). The rate of reduction of & to S_;* is a brief (30 s) illumination at 277 K to turn over the PSII
approximately twice as fast ag ® S* (48). Although a reaction center and to restore they’Ylost on storage.
mixture of S states is produced by hydroxylamine treatment, Additional procedures were carried out in the dark or under
conditions can be devised where;Sis the major product ~ a dim green light.
as characterized by a two-flash delay in either oxygen Samples were dark-adaptedr & h at 273 K andthen
evolution or $ multiline formation @2, 43, 45—-47). treated as described in the text and figure legends. Methanol
The EPR characteristics of hydroxylamine-treated sampleswas used at 1.5% final concentration. Treated or untreated
were studied in detail in the late 198045(-47). These samples were dark-adapted following additions before being
studies can be briefly summarized as showing that at low frozen to 77 K in the dark (total dark adaptation-e8 h).
hydroxylamine concentrations, a short incubation gave a lIn untreated samples, this produced samples initially in the
reversible reduction to mostly_g, whereas at high con- S, Qa state, as indicated by the absence of theEBR
centrations further reduction of Mn and irreversible changes markers, the multiline signal or tige= 4.1 signal, and Qa.
including release of Mt occurred. At that time, only atwo-  Absence of photosystem | was confirmed by the lack of
turnover delay in formation of the,Snultiline EPR signal signals from oxidized P700 or reduced iresulfur centers
could be used to monitor the treatments becausgmo S A or B following illumination at<30 K. The signals present
markers were available. One unusual new signal wasin control samples (Cyt b559, etc.,) were directly compared
observed45—47): a broad radical signal formed by 200 K  during experiments that involved EPR data collection on
illumination after treatment with low hydroxylamine con- different days. This confirmed the reproducibility of spectra
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so that no normalization was required or performed. Precau-RESULTS
tions to exclude EPR signals from oxygen were as previously
described28). Careful wiping of the tubes prior to insertion

into the cryostat also helps to prevent frozen oxygen from

condensing on the tube or sample surface and therebyStateS' -
distorting spectra. (@) In dark-adapted;State sampless20 K illumination

Hydroxylamine TreatmentEDTA-washed PSIl mem- produces a broad radical signal that we have shown is a

branes were loaded into EPR tubes and dark-adapted for 2narker for an intermediate state betweem&d $ (40). This

h on ice. Hydroxylamine was then added to give a particular Will P termed the S1 broad radical.

ratio of hydroxylamine/PSII (a range of-80 hydroxyl- (b) A 200 K illumination of an $state sample produces
amine/PSII was tested). This treatment was chosen from thedlmost complete conversion to the Sate with formation
experiments in ref$5—47 and the equilibrium titrations ~ Of the S multiline nearg = 2 andg = 4.1 signals 24—27).
performed in refi6. After a specific incubation time, of either ~ The S multiline is observed in the absence of methanol.
15 or 30 min on ice, the sample was frozen to 77 K or 1 (c) In hydroxylamine-treated samples, th¢ State multi-
mM 2,5-dichlorobenzoquinone (DCBQ) in dimethyl sulfox- line signal can be monitored. They*Smultiline is only
ide (DMSO, final concentration of 1%) was added to stop observed following the addition of methandl7-19). The
the reaction by oxidation of excess hydroxylamine and also So* multiline has a distinctive EPR line shape, but also the
to ensure oxidation of PSII quinone electron accept#®s ( effect of methanol clearly distinguishes thesgynal and $
The sample was frozen 15 min after addition of DCBQ.  state multiline signals5®).

EPR.Samples were illuminated at a variety of tempera-  In our initial experiments, we confirmed the EPR inves-
tures. lllumination in the EPR cavity at30 K involved a tigations by previous authorgd%—47) in that treatment at
150 W light source and fiber-optic light guide, while other 5—10 molecules of hydroxylamine/PSlI for short periods
illuminations involved a 1000 W light source, protecting the (15—30 min) causes a loss of ability to generate the S
sample from heating where necessayyalb cmwater filter. multiline by 200 K illumination. A treatment of-6 hy-
Where necessary, near-infrared (NIR) light was excluded droxylamine/PSIl was then selected. Only a very small
from illuminated samples by using an Ealing Electrooptics (<5%) release of Mfi was observed by these low concen-
long wavelength cutoff filter (50% transmission at 661.6 nm, trations of hydroxylamine (in samples lacking EDTA), in
~0 above 700 nm). Samples for 77 K dark adaptation or agreement with the results in ref5—47. The ability to
illumination were placed in liquid nitrogen in a silvered produce the S1 broad radical was lost, and only very small
Dewar, while samples for 200 K illumination were placed amounts of & multiline signal were detected (see below).
in an ethanol/dry ice bath in an unsilvered clear glass Dewar. A broad radical similar to that found in re#5—47 was
The temperature of the bath was measured by thermometerinduced by 200 K illumination (see below). The EPR
Temperatures within the EPR cryostat were measured withmicrowave power saturation properties of this signal suggest
a calibrated thermocouple placed beneath the sample. Oncénvolvement of a rapidly relaxing paramagnetic transition
the cryostat temperature reached equilibrium, the temperaturemetal center or complex (se45—47). The observations
could be maintained withint0.1 K for several hours if  confirm that the g state has been reduced and that the
required. At<20 K, any slight changes caused by heating conditions used were similar to those in rés—47 where
during illumination were reversed by the helium flow in less S-1* was the major state produced.
than 1 min. Heating effects due to illumination have been Broad Radical SignalsFigure 1A-C show the different
studied and minimized as in rd0. In some cases spectra broad “split” radical signals obtained from-6 hydroxyl-
from illuminated samples were recorded a short time (usually amine/PSlI) treated PSII after 2 min of illumination at 8 K
1 min) after illumination to check for heat-induced effects. (Figure 1A) and 200 K (Figure 1B), of DCBQ-containing
Heat-induced effects can easily be detected and roughlysamples, and 77 K illumination (4 min) of a sample without
guantified as a sudden change in signal size when turningDCBQ (Figure 1C). It can be seen that a rather narrow line
the light on or off. shape is obtained by 20 K illumination (8 K, Figure 1A)

Samples were examined by EPR at cryogenic temperaturesvhile a much broader line shape is present following 200 K
using a JEOL RE1X spectrometer fitted with an Oxford illumination (Figure 1B). Investigation of several sets of
Instruments cryostat. EPR conditions are given in the figure samples indicates that 77 K illumination produces a mixture
legends. Spectra were recorded and manipulated using a Delbf both forms, mainly the broader form but with the line
microcomputer running Asyst software, and spectra were shape varying slightly between different hydroxylamine-
plotted using Microsoft Excel. No filtering, smoothing, treated PSII preparations. Use of an NIR filter during the
fitting, or background subtractions were used. Difference 77 K illumination does not prevent observation of the broad
spectra were obtained only by subtraction of spectra from radical (not shown). The EPR microwave power required to
the same sample. The vertical scale in figures showing first observe the signals suggests the involvement of a rapidly
derivative EPR spectra is arbitrary, with spectra measuredrelaxing paramagnetic transition metal center or complex.
at the same instrument gain unless otherwise stated in theFigure 1C also shows that the absence of DCBQ increases
figure legend. The field scale correspondsgtwalues as the yield of photo-oxidized Cyt b55%(peak visible at-300
follows: g =6 at 107.6 mTg = 3 at 215.2 mTg = 2 at mT in Figure 1C). DCBQ decreases the competition from
322.8 mT. A standard ¢S sample was prepared using Cytb559 electron donation during illumination at cryogenic
hydroxylamine as in rell7. The amplitude of splig = 2 temperatures as the DCBQ treatment increases the level of
signals was measured as the peak to trough height from theoxidized Cyt b559 in the dark-adapted sample following
light on minus the dark difference spectrum. preparation 40).

To investigate the hydroxylamine-treated samples, we
used three EPR signals as markers for theSp and S
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Ficure 1: EPR spectra showing the formation of the broad radicals
in hydroxylamine-treated PSII at 8 K. Chlorophyll concentration
was 9 mg/mL (36 uM PSII), and the hydroxylamine/PSlII ratio
was~6. Samples were DCBQ-treated except for sample for Figure
1C. (A) llluminated &8 K (2 min) minus dark difference spectrum.
(B) Nluminated at 200 K (2 min) minus dark difference spectrum.
(C) llluminated at 77 K (4 min) minus dark difference spectrum.
(D) Reilluminated &8 K minus illuminated &8 K then dark at 8
K for 20 min difference spectrum. (E) Tris-washed hydroxylamine-
treated PSIl sample (8 mg Chl /ml, hydroxylamine/PSlI ratio of
~6). llluminated at 200 K (2 min) minus dark difference spectrum.
EPR conditions are the followng: temperature 8 K, modulation
amplitude 1.6 mT, microwave power 10 mW. The lamge= 2
organic radical peak has been omitted.

The “split” signal produced by illuminationt8 K as in
Figure 1A decayed in the dark in a few minutes at 8 K
following illumination (see Figure 3). Re illumination of the
sample &8 K restores the signal, and the light-induced
difference spectrum (Figure 1D) enables the line shape to

be seen more clearly because other changes seen only on

the first illumination are excluded. This time scale of signal
decay (a few minutes at10 K) is similar to that observed
for the “split” radicals observed previously and attributed to
S/S; (40) and $/S; (17, 38, 39) intermediate states.

The Mn complex of the WOC can be removed either by
incubation with high concentrations of hydroxylamine or by
a process termed Tris washing (see Materials and Methods)
In ref 45, it was stated, but not shown, that the broad radical
formed by 200 K illumination could be observed in hydrox-
ylamine-treated Tris-washed samples, whereas in contrast
refs 46 and 47 show that the ability to produce the broad
radical was clearly lost at high concentrations of hydroxyl-
amine where M#" was released. Our results agree with the
latter results46, 47). Figure 1E shows that a hydroxylamine-
treated 6 hydroxylamine/PSII) Tris-washed PSIl sample
does not show any broad radicals on illumination at 200 K.
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Ficure 2: EPR spectra showing the formation of the “S1 split
signal” at 8 K. The chlorophyll concentration and hydroxylamine/
PSilI ratio are as indicated for Figure 1. Spectra are the illuminated
at 8 K minus dark difference spectra. (A) PSII containing DCBQ
(AmM). (B) Hydroxylamine-treated PSII containing DCBQ (1 mM),
illuminated at 277 K followed by 60 min dark adaptation. Other
EPR conditions are as indicated for Figure 1.
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Ficure 3: EPR spectraté K showing the decay properties of the
broad radical formed in hydroxylamine-treated PSII. The chloro-
phyll concentration and hydroxylamine/PSlII ratio are as indicated
for Figure 1. Samples were DCBQ-treated: (A) dark; (B) il-
luminated at 77 K for 4 min; (C) sample in (B) following 15 min
at 6 K; (D) sample in (C) following thawing to 288 K and refreezing
within 1 min (*annealing”; see Materials and Methods); (E) sample
in (D) following reillumination at 77 K for 4 min. Other EPR

conditions are as indicated for Figure 1.

PSIl (~6 molecules/PSll) at 277 K followed by 60 min of

dark adaptation. This confirms the earlier wodb(-47)

showing that the S state reduction caused by this level of
hydroxylamine treatment is largely reversibte80% in this
sample).

Figure 3 shows that the “split” signab@05 mT) produced
by 77 K illumination (Figure 3B) of a dark-adapted hydrox-

Only the Qa iron semiquinone signal can be seen, with a Ylamine-treated PSII sample (Figure 3A) decays substantially

very small yield of Cyt b559. The evidence suggests that an
intact WOC is required in order to observe the broad radical
signals.

in 15 min at 6 K in thedark (Figure 3C), while the underlying
signal from the Qa iron semiquinone decreases slightly. If
a sample identical to that shown in Figure 3B is rapidly

Figure 2A shows the S1 broad radical EPR signal obtained thawed at 288 K and refrozen (within 1 min), the “split”

by illumination of PSII in the $state as described in ref
40. This radical was provisionally assigned to an intermediate
state between;Sand S, perhaps £r7° (40). Part of the Qa
iron semiquinone signal is seen at high field (e.g., the trough
at~345 mT). Figure 2B shows that the same radical can be

signal is completely removed (Figure 3D) but can then be

restored by further illumination at 77 K, in this case with a

slightly increased yield (Figure 3E).

In contrast, the broader radical state produced by 200 K
illumination (Figure 1B) is much more stable, only decaying

obtained following illumination of hydroxylamine-treated very slowly on storage at 77 K in the dark (not shown). In
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Ficure 4: EPR spectrat® K showing the properties of the broad mT ‘ ‘
radical formed in hydroxylamine-treated PSII. Chlorophyll con- 220 260 300 340 380 420

centration was 9 mg/mL~36 uM PSII), and the hydroxylamine/  rcre 5: EPR spectrata8 K showing the properties of the

PSII ratio was~6. Samples were DCBQ-treated: (A) dark; (B)  myiline signals formed in hydroxylamine-treated PSII. Chlorophyll
illuminated at 200 K for 3 min; (C) sample in (B) illuminated at  ~qncentration was 9 mg/mL~@6 M PSII), and the hydroxyl-

200 K for an additional 3 min; (D) difference spectrum of (B) minus 5 mine/psj| ratio was-6. Samples were DCBQ-treated’ (A) dark
(C); (E) identical sample given three cycles of 200 K illumination - gample containing 1.5% methanol; (B) sample in (A) following
(3 min) followed by thawing to 288 K and refreezing within 1 min 4y cycles of illumination at 77 K for 5 min and annealing (see

("annealing” see Materials and Methods); (F) sample in (E) F; 4): (C le in (A) following illuminati t 200 K for 3
following an additional 3 min of illumination at 200 K. The dotted n:?nqr(eD))agrlz Ssgmglz Ifnol(lo\)/viﬂgoi\?lllljr;?illq:tgngtloznog K for 3 (r)T:in

line indicates the approximate field position for the major peak of P ; ; ; o
the spit sigral belowg = 2. Other EPR condiions are as dicated o1 ooh coatranel e B (5 e Lhaving ard adaiior,
for Figure 1. (D) showing the effect of methanol addition causing th¢ S
additional experiments examining the illumination of hy- multiline Sﬂec”um to b% seen; (G) |20_0 goillgminr?ted milr!ll.‘s dark
droxylamine-treated samples at 200 K, it was also ob.seryedgggggﬂm;o(ﬂg‘ ggm}a&e as |Sr:I (Sél)m(f%eililrlfmir\:\g.?gdt o %méj_t'T"r‘“es
that the yield of the broad radical decreased as illumination spectrum is the average of those from three samples. Other EPR
times were increased. Figure 4A shows the EPR spectrumconditions are as indicated for Figure 1.
of hydroxylamine-treated~6/PSIl) PSII, the main peaks
being those from Cyt b55%{~ 220 mT andgy ~ 290 mT). the fourth 200 K illumination produced only a small yield
Figure 4B shows the broad radical produced by 200 K of S, multiline. Figure 4F shows the EPR spectrum after
illumination at 3 min of illumination and the decreased yield the fourth illumination of these cycles. The ability to form
observed after an additional 3 min of illumination at 200 K the broad radical by 200 K illumination has been lost, and
(Figure 4C). The Cyt b559 peaks are unchanged. The dotteda small yield of $ multiline (<20% of a control untreated
line indicates the approximate field position for the major S, state sample illuminated at 200 K) has been formed. This
peak of the split signal belogg= 2. The loss of broad radical latter result agrees with similar experiments in réfs-47.
is shown in the Figure 4B minus Figure 4C difference  These results indicate that the;S—Sy* transition may
spectrum (Figure 4D). Further experiments showed that with occur following illumination at 200 K and annealing (i.e.,
our illumination protocol the maximum yield of broad radical loss of broad radical) and that the*SS; transition is
was reached after1 min of illumination at 200 K and that  restricted at 200 K (inability to form Ssee also refg5—
200 K illumination for 18 min reduced the yield te50%. 47). The restriction of the & S; transition at 200 K was
This indicates that a slow forward process from the broad also shown in flash turnover experiments on untreated PSII
radical state occurs at 200 K. (56). This restriction can be overcome by illumination at 277
Cycles of 3 min of illumination at 200 K, followed by K as shown by the restoration of the S1 broad radical in
thawing in the dark at 285 K and rapid refreezing within 1 Figure 1.
min (“annealing”), were performed to see if S state advance- Mn Multiline EPR SignalsAs already shown, cycles of
ment would occur and if an,Snultiline signal could be 200 K illumination lead to loss of ability to generate the
formed. The $—S; step occurs readily at 200 K.{3), and broad radical, with only a small yield of;$nultiline signal
the annealing step allows reoxidation of*Qarhis experi- present even after several turnovers at 200 K. This shows
ment therefore investigates the threshold temperatures forthat most centers are trapped below f8llowing 200 K
S 1*to Sg* and §* to S, turnovers in hydroxylamine-treated annealing cycles. Therefore, we looked for then®ultiline
PSII. Following two cycles of 200 K illumination and signal in hydroxylamine-treated samples.
thawing, the third 200 K illumination and thawing cycle Figure 5A shows the EPR spectrum of hydroxylamine-
produced almost no,3nultiline EPR signal (Figure 4E; see treated {6/PSll) PSII treated with 1.5% methanol. The
also refs45—47). This demonstrates that there is some addition of methanol should reveal any Sate present as
inhibition of S state turnover betweenSand S at 200 K. an §* multiline signal (L7). Only a very small signal is
Following three cycles of 200 K illumination and thawing, observed on close inspection of the spectra, suggesting that

[N
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S is not present in significant yield after this hydroxylamine
treatment. Figure 5B shows the effect of two cycles of 77 K
illumination (5 min) and annealing; a small yield of*S
multiline (see below) is now detected. This indicates that
77 K illumination allows some formation of an intermediate
state that can proceed t@*®n warming. Figure 5C shows
the spectrum of a sample identical to that in Figure 5A
following only 3 min of 200 K illumination. This produces
an $* multiline, and the broad radical signal is also present
(in reduced yield to samples without methanol, Figure 4).
Because formation ofSis observed, the forward reaction
from S_1* to Sp* occurs in methanol-treated samples at
200 K.

S and S line shapes can be difficult to distinguish. To
confirm that $ was being formed, hydroxylamine-treated
PSII was illuminated at 200 K and annealed (Figure 5D).
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of methanol (the solvent for additions in ré6) lowering

the yield of signal at 200 K (see results above) and to DCMU
changing the properties of PSII slightly. This has been shown
to lower the yield of other “split” radicals (e.g., in regs

and 40).

The broad radical obtained by illumination at 200 K in
S_1* was previously observed and assigned to the formation
of an unspecified PSII electron acceptor compondst(
47). This was probably due to the fact that the spectra of
the broad radical and the iron semiquinone Qwerlap and
cancel/distort the spectrum of the latter. No electron donor
was identified as providing the electron in these earlier
studies 45—47). The involvement of ¥ was not considered
because the work preceded the discovery of “split” type broad
radicals and the consensus view at that time was thakidf
not undergo redox reactions below250 K. Since these

The sample was then thawed again in the dark, 1.5% earlier studies, a large literature has formed on similar broad
methanol was added, and the sample was refrozen. Thisor “split” radicals, some of which have been identified as
produces a Mn multiline signal (Figure 5E). The requirement being from an interaction between &1d Y;*. Others have

for methanol in order to observe the multiline signal confirms been identified to be in association with intermediate states
it as §*. Figure 5F shows the difference spectrum caused between S states, with indications that they may also involve

by the methanol addition. A good yield of the*$tate is
obtained. From several experiments, the yield g5fdbtained
was equivalent to, or slightly higher than, that obtained in
ref 17 by turnover of hydroxylamine and 3-(3, 4-dichloro-
phenyl)-1,1-dimethylurea (DCMU) treated samples from
S_1* to Sp* by illumination above 273 K. The DCMU was
added to restrict the PSII to a single turnover)(

For comparison of line shapes, the Bwultiline EPR
spectrum is shown in Figure 5G. Thg*Spectrum (which
is indistinguishable from theSnultiline obtained by flash
turnover) is weaker in intensity but broader in line shape
with more lines than the ;Smultiline (17—19). Further
illumination of the sample in Figure 5E at20 K produces
a new broad radical signal shown in Figure 5H. Small

Y.

Yz has been shown to operate at cryogenic temperatures
in some other S stateg2§ 39, 40). We now also know much
more about the behavior of the electron acceptors of PSII,
and no other broad radicals with the overall characteristics
(line shape, relaxation properties, formation and decay
properties, etc.) have been associated with the electron
acceptors of PSIIZ8, 40). Therefore, the characteristics of
the broad radical formed from_g now point to the
involvement of the Mn cluster and an organic radical. The
radical cannot be identified in these present studies, but as
argued previously, it is most likely 2 because this is the
only established component between P680 and the WOC.
The S.* state would then be a paramagnetic even spin state

changes in the multiline signal also occur as reflected in the (S= 1, S= 2, etc.) and may be observable in parallel mode

difference spectrum indicating involvement of the Mn cluster.

EPR experiments. The characteristics of the broad radical

The broad radical signal is only observed in samples treatedobserved in S;* are compatible with the observed relatively

as here or in refl7 to produce the @ state and that also
have methanol added to reveal thg Rultiline signal. This
shows that the addition of methanol to thg State creates

weak magnetic coupling of ¥ with the spin of Mn in both
inhibited and untreated preparations, as well as with the
crystallographic date3(l), suggesting a-7 A closest distance

the conditions to observe this signal. Without methanol, only between tyrosine and the Mn.

the narrower signal as in Figure 1A is observed.

DISCUSSION

In this work we have built upon the considerable amount
of existing data concerning the effects of hydroxylamine
treatment on PSII41—-52 and references therein). We show
clearly that treatment with low concentrations of hydroxyl-
amine produces a sample where thg*Sstate is a major
product. The S;* state is confirmed as having no obvious
spectrum in perpendicular mode EPE5{47). We show
that the 3* state can be obtained by illumination of the

Two new “split” radicals were also detected in this study:
the rather narrow radical observed following illumination of
S_;* samples in the EPR cavity (Figure 1) and the radical
shown in Figure 5 following illumination of methanol-treated
S* samples in the EPR cavity. The latter signal was only
observed following the addition of methanol to produce the
So* multiline state. It is therefore logical to suggest that this
signal represents an intermediate betwegha®d S. The
radical formed following illumination of S* samples in
the EPR cavity is more difficult to assign. It is formed in
low yield, and because the samples possibly contain several

hydroxylamine-treated sample, with a threshold temperature S states, it cannot be linked to any particular one without

around 200 K. lllumination up to 200 K produces an
intermediate state that will formySon warming in the dark.
This illumination also produces a broad “split” radical that

establishing the link to particular Mn signals as found for
other “split” radicals.
Model of ¥, Turnaver. There is general agreement that

has characteristics expected of the intermediate state betweelY; in the oxidized state is neutral (i.e., effectively deproto-

S_* and S*. The broad radical is associated with PSII
retaining the WOC as in ref46 and47.

The loss of the broad radical observed in46ffollowing
DCMU treatment was probably due to the combined effect

nated). The nature of the protonation state when the tyrosine
is reduced is less obvious. It is often assumed that a
protonated neutral tyrosine is present, and this is in line with

models suggesting a proton (or H atom) abstraction role of
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Scheme 1 3
A. 4
H'..Mn" ... (1.5 1 YO Yz.H .....B 5
—H  Mn" (. (H)eorrrererrernne Yz oo H'.B 6
Mn""......... (1 1 Yoo Yz..H .....B’ 7
(H") = hydrogen bonding network including water 8
B.

S4* = S1* Yz — So* — So* Yz — Sy 9

<200K >200 K >200 K

this tyrosine {—3, 7—14). Other groups favor a deprotonated
tyrosine ((—3, 7—14).

Various models suggest two extremes for the mechanism
of proton release; electrostatic deprotonation and transloca-
tion into the lumen versus translocation via a hydrogen-
bonded network from ¥. We recently proposed a more
flexible model between these extrem&9)( We assume that
water associated with the Mn cluster is in hydrogen-bonding
contact with Y. We proposed that an array comprising this
water and adjacent water (or OH or O) ligands to Mn,
followed by a sequence of proton acceptors, acts as an
efficient proton translocation pathway under normal circum-
stances. The model uses electrostatic effects to drive the
process in an energetically finely tuned system. It is not
surprising that even slight modifications of the WOC cause
significant changes to the system. Oxidation gftierefore 9
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repels the hydrogen-bonding proton toward the cluster and
initiates proton translocation via the cluster. This role gf Y
in the water-splitting process is described as an electron
abstractor, proton repeller (see Scheme 1A an@&gf

The electron-transfer reactions to oxidized P680 can be
thought of in two parts. (1) In the first part, an electron is
transferred from ¥ to P680, creating ¥. This displaces

N

the phenolic proton toward the base (probably D1 His 190), »24.

and the increase in positive charge causes proton loss from

the Mn complex or water. This reduces the redox potential 2°-

of the Mn complex. Tunneling of H-bonded protons is
thought to occur even at cryogenic temperatutes. (

(2) In the second part, an electron is transferred from the
Mn complex to ;. The strength of the hydrogen bonding
to Yz will depend on the S state, the extent of deprotonation
of the Mn cluster, and environmental factors (e.g., pH). Y
will be a good low-temperature donor in those S states and
in the fraction of centers where the Mn cluster is deficient
of protons. Y is a good low-temperature electron donor in
S, (40). This may relate to the observedl proton release
during the S1S2 transition {—3). Also, Yz* appears to be
readily formed by the low-temperature illumination of the
proton-deficient S2state 28, 30, 38, 39). In this work, the
threshold to complete the 5 S transition is about 200 K
whereas the §& S, transition only occurs at higher temper-
atures §6) (Scheme 1B).

26

w
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