Biochemistry2002,41, 41174126 4117

Electron Transfer from the Water Oxidizing Complex at Cryogenic Temperatures:

The S to S Step
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ABSTRACT: We report the detection of a “split” electron paramagnetic resonance (EPR) signal during
illumination of dark-adapted ¢State) oxygen-evolving photosystem Il (PSIl) membranes2ii K. The
characteristics of this signal indicate that it arises from an interaction between an organic radical and the
Mn cluster of PSII. The broad radical signal decays in the dark following illumination either by back-
reaction with Qa or by forward electron transfer from the Mn cluster. The forward electron transfer
(either from illumination at 11 K followed by incubation in the dark at 77 K or by illumination at 77 K)
results in the formation of a multiline signal similar to, but distinct from, other well-characterized multiline
forms found in the Sand S states. The relative yield of the “S1 split signal”, which we provisionally
assign to $X*, where X could be ¥ or Car*, and that of the 77 K multiline signal indicate a relationship
between the two states. An approximate quantitation of the yield of these signals indicates that up to
40—-50% of PSII centers can form the S1 split signal. Ethanol addition removes the ability to observe the
S1 split signal, but the multiline signal is still formed at 77 K. The multiline forms vdff00 nm light

and is not affected by near-infrared (IR) light, showing that we are detecting electron transfer in centers
not responsive to IR illumination. The results provide important new information about the mechanism
of electron abstraction from the water oxidizing complex (WOC).

PSIIt is the membraneprotein complex which catalyzes D2 polypeptide, cytochromle-559 (Cyth-559), Chl Z, and
electron transfer from water to plastoquinotie 8). The PSII a carotenoid can be secondary electron donors to oxidized
complex consists of more than 25 proteins and several P680 under some condition$-{3). The reduction kinetics
different active cofactors, including the manganese site thatof P680" by Yz and subsequently of ;Y by the WOC is
is required for water oxidation. PSII electron transfer begins dependent on the S-state. A large fraction of P6&®
with the excitation of the reaction center multi-chlorophyll reduced by ¥ in nanoseconds but slower phases ocduf (

a species P680, to P680*, and rapid electron transfer from 6). To explain the slower phases, we suggested a role for
P680*, via pheophytin, to the bound plastoquinone, Qa, to proton-coupled electron transfer processes in which net
form P680° Qa~. Electron transfer then occurs fromQa  deprotonation from the region is required to complete
to a second plastoquinone, Qb. Following two turnovers, Qb reduction of P680, resulting in a progressive change in the
has accepted two electrons and taken up two protons,QbH equilibrium between ¥Y/Yz and P680/P680toward Y
dissociates from its site into the membrane pool of plasto- formation 6, 7). Yz has been proposed to be involved in
quinone. A non-heme iron, which can be oxidized under the water oxidation process itself, as a hydrogen atom
some conditions but is usually present ag'Fés situated abstractor or in promoting proton-coupled electron transfer
between Qa and Qb. from the WOC (—3, 7—14).

P680 extracts an electron from the WOC via the electron ~ During one cycle to oxidize two molecules of water to
donor Yy, tyrosine-161 on the D1 polypeptide, to form:yY oxygen and protons, the WOC passes through redox states
the neutral tyrosine radical{-3). Yp, tyrosine-161 on the  termed S-states, electrons being removed on each step from

S to S and Q being evolved at the transient &ate, during
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Sciences Research Council and the Leverhulme Trust is acknowledgedinvolved in the WOC. Oxidation of the WOC must be an
J.H.AN. and M.C.W.E. are members of the Bloomsbury Centre for almost electroneutral process with proton release to the lumen

Structural Biology at UCL and Birkbeck College. i _ idi
* Corresponding author. Fax:+44 (0)20 7679 7096. E-mail: gulrmg the SIState CyClef providing the necessary charge
j.nugent@ucl.ac.uk. Phonet44 (0)20 7679 2681. alance to electron transfer.

! Abbreviations: EPR, electron paramagnetic resonance spectrom-  The dark stable state of PSII is.S\fter a few minutes in
etry; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; PPBQ, phenyl- the dark, about 75% of PSlI is iy @nd 25% in & During

1,4-benzoquinone; DCBQ, 2,5-dichlorobenzoquinone; WOC, water - . e
oxidizing complex: PSII, photosystem II: MES, B-norpholino)- further dark adaptation, the State is slowly oxidized to S

ethanesulfonic acid; Chl, chlorophyll; Qa, first PSII plastoquinone by Yp* (1—-3). Yp* can also be reduced by Qan storage
electron acceptor; Qb, second PSII plastoquinone electron acceptor;at cryogenic temperatureS)( The S and S states are

Yz, tyrosine D1 161 (¥* when oxidized); Y, tyrosine D2 161 (¥%* ; I

when oxidized); Cyth-559, cytochromeb-559; P680, PSII primary unStat.)le with short half-lives<(30 S) a.t room temperature,
electron donor; FCCP, carbonyl cyanigétrifluoromethoxy)phenyl- Qecay|ng back to S(1-3). The ||fet|me_3 O_f ) &}nd 3
hydrazone; IR, infrared. increase at lower temperatures, recombination with reduced
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Qa being very slow at 200 K. The Mn valence states during 5 mM MgCl,, pH 6.5, plus cryoprotectant (buffer A). Sucrose
the S-state cycle are not known, but models with thet&te (0.4 M) or 20-25% vl/v glycerol was used as a cryoprotectant
having 3M#" 1Mn** or 1IMr®t 3Mn*" are the main  as discussed in the Results section. Before preparation of
alternatives discussed {3, 17). When and where water EPR samples, the PSII membranes were (except where
binding occurs is not known. Recent studies show that therestated) washed in buffer A containing 2 mM ethylenedi-
is interaction between water and the WOC befogevith aminetetraacetic acid to remove adventitiously boundMn
significant differences in the binding of the two water followed by centrifugation and resuspension in 20 mM MES,
molecules 18, 19). A number of EPR signals have been used 15 mM NaCl, 4 mM MgC}, and 1 mM CaGJ, pH 6.5, plus

to study the S-states. EPR signals are detected fromghe Scryoprotectant (0.4 M sucrose or 20@5% v/v glycerol).
(20-22), S; (23—26), S, (27—30), and S states 81—33). Removal of Mn from the WOC was achieved using Tris
These are consistent with Mn oxidation duringt8 S, to washing at high pH as given in réfL

give a Mr#*/Mn3* dimer and during §to S to give a Mr¥*/ For EPR, 0.3-0.4 mL samples (approximately-8.0 mg
Mn*t dimer, but the oxidation of Mn or a ligand is still of Chl/mL; 25-40 uM PSII) were placed in calibrated3
debated for $to S;. The addition of methanol is required to  mm quartz EPR tubes. Identical sets of samples in calibrated
observe the §5= %/, multiline signal. SEPR signalsinclude  EPR tubes were made for each experiment, using the same
an S= 1/, multiline signal centered og = 2 (27, 28) and preparation and chlorophyll concentration. They were given
anS = ¥, signal atg = 4.1 (29, 30). The latter is presentin  a brief (30 s) illumination at 277 K to turnover the PSII
sucrose-containing samples but is removed by alcohols suchreaction center and restorep’Ylost on storage. Further
as methanol. Thg = 4.1 signal can be formed from the procedures were carried out in the dark or under a dim green
multiline signal via ar§= /, state by using IR illumination light.

at <150 K (34—37). The S (g = 4.8 or 12) and $states Samples were dark adapted f® h at 273 K andhen
are characterized by weak integer spin signals observed bytreated as described in the text and figure legends. Additions
parallel mode EPR23—26, 32, 33). of 0.5 mM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),

Y is close to the Mn clusteBg—41), and when both are ~ 0.5-1 mM 2,5-dichlorobenzoquinone (DCBQ), phenyl-1,4-
paramagnetic, i.e., ¥ plus a paramagnetic Mn cluster, they benzoquinone (PPBQ), or 0.25 mM carbonyl cyangde
can interact to give complex broad electron paramagnetic (trifluoromethoxy)phenylhydrazone (FCCP) were made from
resonance (EPR) “split” signals at cryogenic temperatures. freshly made concentrated stock solutions in dimethyl
The split EPR signals from the WOC were initially reported sulfoxide (maximum final concentration 1%). Ethanol or
in samples where oxygen evolution was inhibited at the S methanol was used at 2.5% final concentration. Treated or
to S step ¢2—44). These signals are now assigned t3¥;S untreated samples were then dark adapted for a further 30
state 45—47). min on ice before being frozen to 77 K in the dark (total

We have already reported experiments that suggested thaflark adaptation 4 h). This produced samples initially in the
an interaction between an organic radical (probaly ¥nd St Qa state, as indicated by the absence of theeBR
the Mn cluster (8Y*) could be observed in uninhibited PSII  Markers, the multiline signal or thge= 4.1 signal, and Qa.
and that this is related to formation of; §31). These  Absence of photosystem | was confirmed by the lack of
observations have been extended by Petrouleas and cosignals from oxidized P700 or reduced iresulfur centers
workers @3), additionally showing that IR illumination of A or B following illumination at<30 K. The signals present
the S state forms the same stateYs). in control samples (Cy-559 etc.) were directly compared

In this study we find evidence that the ® S, step can during experiments that involved EPR data collection on

operate at very low temperatures. We show the characteriza-ggﬁfr::p;giﬁgg.'S;%Tm;idréhe.:Egrgfug'r?g'r%gg ng:é:l i
tion of a signal attributed to the interaction between i ¢ lud Izall IV\:‘ qu P s Iu
paramagnetic Sand X (where X= Y or carotenoid) as an lons 10 exclude signals from Oxygen were as previously

intermediate state between theghd S states. The results Fjescribed 41). Careful wiping of the tubes prior to insertion
showing that a substantial number of centers are able to!Nto the cryostat also helps to prevent frozen oxygen from

advance to Sat very low temperatures confirm the unusual condensing on the tube or sample surface and thereby distort

temperature profile of this step. Preliminary results from this spgctr_a. . i | iluminated at it
work are found in refet8 and49. uring experiments, samples were illuminated at a variety

of temperatures. lllumination in the EPR cavity €80 K
MATERIALS AND METHODS used a 150 W light source and fiberoptic light guide, while

other illumination used a 1000 W light source, protecting

PSIl membranes were prepared from market spinach orthe sample from heating where necessaryatb cmwater

freshly cropped 1614-day-old pea seedlings using Triton filter. IR light was excluded from illuminated samples where
X-100, with the modifications of Ford and EvanS(y. stated by using an Ealing electrooptics long-wavelength
Reagents used were all analytical grade. Chlorophyll (Chl) cutoff filter (50% transmission at 661.6 nm,0 above 700
concentration was measured by the method of P&ta (  nm). Samples for 77 K dark adaptation or illumination were
Control rates of oxygen evolution for PSIl membranes were placed in liquid nitrogen in a silvered dewar, while samples
400-1000umol of O, (mg of Chly* h™! (the lower rates  for 200 K illumination were incubated using an ethanol/dry
were obtained in large-scale spinach preparations) usingice bath in an unsilvered clear glass dewar. The temperature
ferricyanide and dimethylbenzoquinone as electron acceptorsof the bath was measured by thermometer. Temperatures
and measured in a Clark-type oxygen electrode at 298 K. within the EPR cryostat were measured with a calibrated
The membranes were stored at 77 K in 20 mMN2(-  thermocouple beneath the sample. Once the cryostat tem-
morpholino)ethanesulfonic acid (MES), 15 mM NaCl, and perature reached equilibrium, the temperature could be
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maintained withint-0.1 K for several hours if required. At
<20 K any slight changes caused by heating during il-
lumination were reversed by the helium flow in less than 1
min. Heating effects due to illumination have been studied
and minimized by (a) monitoring the effect of illumination
on the signal size of other more stable signals over the several
years we have used this cryostat/illumination combination,
(b) specific measurements on the S1 split signal at various
helium flow rates and light intensity (scale-Q0 on light
source), and (c) use of an IR filter to eliminate heating effects
completely (this was not used routinely as it could only be
crudely placed in front of the cavity, resulting in the light
guide being further away from the sample and thus reducing
the light intensity at the sample). In some cases spectra from
illuminated samples were recorded a short time (usually 1
min) after illumination to check for heat-induced effects.
Heat-induced effects can easily be detected and roughly
quantitated as a sudden change in signal size when the light
is turned on or off.

Samples were examined by EPR at cryogenic temperatures
using a JEOL RE1X spectrometer fitted with an Oxford
Instruments cryostat. EPR conditions are given in the figure
legends. Spectra were recorded and manipulated using a Dell
microcomputer running Asyst software and spectra plotted
using Microsoft Excel. No filtering, smoothing, fitting, or
background subtractions were used. Difference spectra were
obtained only from subtraction of spectra from the same
sample. The vertical scale in figures showing first derivative
EPR spectra is arbitrary, with spectra at the same instrument
gain unless stated in the figure legend. The field scale 270 ‘mT 320 ‘ 370

ciorresponds t@-values_as follows:g = 6 at 1.0.7'6 ng Ficure 1: EPR spectra showing the formation and decay of the
=3at215.2mT, and = 2 at 322.8 mT. Smultiline signal g3 gpjit signal at 11 K. Upper panel: (A) Dark-adapted spinach
intensities were determined as peak to trough heights, usingPSIi membranes in the;State containing 0.5 mM PPBQ (see
six peaks, three above and three belpw 2, away from Materials and Methods) at 8 mg of Chi/mL. (B) Sample as in (A),
interference caused by overlap of other PSII signals. The S g}#g'ggt%ji r?tinl%hlé Z‘;ﬁ‘(eastpfft&o;gﬁg%\rlin(g)mﬁ";‘n“i“nggosnhg‘;"g 1'”K(B)
yield was compared to that ach'eved by illumination Qf an (D) Sample reilluminated at 11 K minus decayed difference
S, sample at 200 K for 15 min. (Swas prepared using  spectrum (C), showing the line shape of the signal. The weak outer
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hydroxylamine as in reR0. The amplitude of splig = 2 lines, indicated by the dotted lines, have been expanded for clarity.
signals was measured as the peak to trough height from the(E) Sample illuminated at 11 K minus dark difference spectrum of
light on minus dark difference spectrum. a Tris-washed PSII sample showing the absence of the S1 split

signal in Mn-depleted samples. EPR conditions: temperature 11
K, modulation amplitude 1.6 mT, and microwave power 10 mW.
RESULTS The largeg = 2 organic radical peak has been omitted. Lower

i . panel: Sample illuminated at 11 K minus dark difference spectra
The basic EPR properties of dark-adapted PSIl membranesf spinach PSIl membranes at 8 mg of Chi/mL in thes&te

(S)) at cryogenic temperatures have been studied in a numbercontaining 0.67 mM DCBQ (see Materials and Methods). (A)

of laboratories and are well established (e.g., 58f. A Microwave power 50 mW. (B) Microwave power 10 mW. (C)
number of electron transfer reactions are possible, evenMicrowave power 1 mW. Other EPR conditions as in upper panel.

following illumination at temperatures below 77 K. Below EpRr spectrum neay = 2 of dark-adapted PSIl membranes
200 K, it is generally accepted that only a single turnover of and the spectrum following illumination at 11 K (Figure 1B).
the PSII reaction center can occur, the electron transfer o narrow signal appears near 317 ngi=f 2.035), together
forming Qa™ and one of several oxidized species, eithgr S wjth a broad peak at 336345 mT. Illumination at this
oxidized Cytb-559, monomeric Chl Z, or, as confirmed  temperature in the EPR cavity results in electron transfer to
recently, carotenoid53, 54). At 77 K and below, the  Qa in some PSII reaction centers, accounting for the broad
secondary donors usually form the major oxidized product. signal, which is known as thg = 1.9 form of Qa iron
At 200 K, S is the major product, giving either the multiline  semiquinone. The narrow signal near 317 mT is novel.
EPR signal and/or (dependent on the cryoprotectant andoxidized secondary electron donors such as chlorophyll or
sample additions used) the= 4.1 form of S (1-3, 17, Cyt b-559 only show a very slow recombination with Qa
27-30). during storage at 77 K, the decay of the carotenoid radical
We have now found that illumination of PSIl membranes, is faster than chlorophyll or Cy-559 (62-55), and its
poised in the Sstate by dark adaptation, in the EPR cavity possible involvement will be discussed later. The signal near
at <20 K results in a change close to tige= 2 organic 317 mT formed by illumination (Figure 1B) decays in
radical region (Figure 1, upper panel). Figure 1A shows the minutes at 11 K, such that after 15 min in the dark at 11 K
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FiGURE 2: EPR spectra showing the formation of the S1 split signal 270 320 mT 370

at 8 K following various treatments. Dark-adapted pea PSII . . o
membranes in the,State (see Materials and Methods) at 6.1 mg FIGURE3: EPR spectra showing the line shape of the S1 split signal.
of Chl/mL were illuminated in the spectrometer cavity at 8 K. The (A) Dark-adapted pea PSII membranes in thstate (see Materials
traces shown are the difference spectra between the spectrunfnd Methods) at 9.6 mg of Chl/mL were illuminated in the
following illumination and the dark-adapted Sate spectrum taken ~ SPectrometer cavity at 6.7 K and then kept at 6.7 K for 25 min in
before illumination. All samples except (B) contain sucrose as the dark until the S1 split signal had decayed. The sample was
cryoprotectant. (A) Sample containing 0.5 mM DCBQ (in DMSO). then illuminated again at 6.7 K. The traces shown are the difference
Sample containing 1% DMSO. (D) Sample containing 0.25 mM the spectrum after 25 min in the dark taken before reillumination.
FCCP (in DMSO). (E) Sample containing 0.25 mM DCMU (in  (A) Sample containing 1 mM DCBQ. (B) Sample as in (A) at lower
DMSO). EPR conditions: temperature 8 K, modulation amplitude instrument gain to show the difference spectrumgat 2. (C)

1.6 mT, and microwave power 10 mW. See Materials and Methods Sample containing 0.25 mM FCCP. EPR conditions: temperature
for further details. 6.7 K, modulation amplitude 1.25 mT, and microwave power 5

mwW.

w
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(Figure 1C), the signal has decayed almost completely, while . . _ .
only part of the Qa signal has decayed. Further illumination 5_2(.) K in the EPR cavity (e.g., re'$6)_, confirming this

at 11 K restores they = 2 signal. The light-induced restriction of electron transfer by lowering the temperature.
difference spectrum is shown (Figure 1D). The peak gear ~ The light-induced signal resembles the type of signal
= 2 is accompanied by weak outer lines, equidistant fppm formed by interaction between two spin systems and will
= 2, which on careful inspection can be distinguished from be referred to as the “S1 split signal”. The interaction appears
the signals of Qa and Cytb-559 which overlap this region, t0 be between ay = 2 radical system weakly coupled

although a contribution from Qais always present. Thg, ~ (éxchange or dipolar or both) to another spin from its
peak of Cytb-559 (near 290 mT) present in the dark-adapted Slmllarlty to the Interactions that OCCL!l’ b-etwee.flahd Mn
sample does not change on illumination while the G$59 and pheophytin, I, and the iron semiquinone in P38

gy peak formed upon illumination (at slightly higher field) 41). The signal is observed in untreated PSII membranes,
does not decay over a short time scale at this temperature. [fout changing the cryoprotectant from sucrose to glycerol or
is more difficult to separate the weak high-field peak due to the use of a variety of added compounds increases the yield
the overlap with the Qa signal. The new signal was not (Figure 2). These compounds include dimethyl sulfoxide (the
observed in Mn-dep|eted Samp|es (Figure 1E) The removal solvent used for many Organic chemical additions to PS”)
of the Mn cluster causes other changes in PSll,e.g., oxidationand, in addition to the effect of DMSO, FCCP and quinones
of Cyt b-559, which limit electron transfer at20 K. such as PPBQ or DCBQ (Figure 2). The additions of PPBQ
Temperature and power saturation studies show that theand DCBQ also cause a dark oxidation of some k5§69,
signal saturates at high levels of microwave power, i.e., at While FCCP is known to cause autoxidation of Q559
>1 mW at 5 K and>10 mW at 1}12 K, indicating the and reduce ¥* (56). The decrease in amounts of competing
involvement of a transition metal in one of the interacting Secondary donors could explain an increase in the yield of
species. Figure 1 (lower panel) shows how the signal the S1 split signal caused by these additions. The addition
increases with microwave power. The temperature depen-Of the herbicide DCMU, which displaces Qb, does not affect
dence of the signal is more difficult to assess as it is not the S1 split signal (Figure 2E).
stable, and therefore the yield is affected by the temperature The line shape observed with FCCP is slightly different
dependence of the electron transfer, in addition to any from that seen with other additions such as exogenous
temperature characteristics of the signal. The yield of Qa quinones (Figure 3). Figure 3 shows the light-induced
by illumination decreases between illumination at 77 and difference spectra of PSII membranes containing 1 mM
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Ficure 4: EPR spectra showing the line shape of the S1 split signal
atg = 2 and the kinetics of decay of the signal at 11 K. The main
figure shows the spectrum negir= 2 of a sample of spinach PSII
membranes (8 mg of Chl/mL) containing 0.5 mM PPBQ. The i | 1
sample was illuminated, then qlark adapted for 30 min at 8.5 }_(, 220 270 320 mT 370 420

and then reilluminated at 8.5 K in the spectrometer, and successive ] o

scans were taken after turning off the illumination to show the decay FIGURE 5: EPR spectra showing loss of the S1 split signal and
of the signal. The scans were taken immediately after illumination generation of a multiline signal. The sample of pea PSIl membranes
(outer bold line), 220 and 520 s after illumination (faint lines), and (7.7 mg of Chl/mL) contained 1 mM DCBQ and was in the S
830 s after illumination (inner bold line). EPR conditions: tem- state following dark adaptation as given in Materials and Methods.
perature 8.5 K, modulation amplitude 1.6 mT, and microwave power The spectra show the sample during illumination at 6.7 K in the
100 mW. Inset: Kinetics of decay of the S1 split signal at 317 Spectrometer. The spectrum of the dark-adapted sample is as in
mT. The sample of PSIl membranes (8 mg of Chl/mL) contained Figure 6A. (A) Firstillumination at 6.7 K. (B) Second illumination
0.75 mM DCBQ. The samp|e was treated as in the main figure at 6.7 K of the sample |_n (A) fO"OWIng 2 min at 77 K in the dark.
and then reilluminated. The illumination began at 100 s, the light (C) Sample as in (A), illuminated twice at 6.7 K followed each
was turned off at 240 s, and the decay was monitored. EPR time by 2 min at 77 K in the dark. Thr spectrum shows the third

conditions: temperature 11 K, modulation amplitude 1.6 mT, and illumination at 6.7 K. (D) Duplicate sample illuminated I55700
microwave power 10 mWw. nm light for 10 min at 77 K and then illuminated in the spectrometer

at 6.7 K. EPR conditions: temperature 6.7 K, modulation amplitude
2 mT, and microwave power 10 mW.

DCBQ (A and B) or 250uM FCCP (C), obtained by

subtracting the spectrum taken 25 min following illumination 4o 1 ness at 77 K following illumination in the EPR cavity

from that during illumination. The broader line inthe FCCP i ¢ 7 k decreased the yield of the S1 split signal on
sample can be compared with the usual line shape seen withypsequent illumination at 6.7 K and caused a multiline-
no addition, DCBQ, or other additions. In Figure 3B, which type signal to appear (Figure 5B). A small amount of this

resolves theg = 2 region, the peak of the split signal siline signal was also formed during the illumination in
observed in Figure 1 (to the low field of= 2) is revealed 0 cayity (Figure 5A). A subsequent short dark period at
as a satellite line of a larger peak superimposed on thez7 y tglowing a second illumination at 6.7 K further
organic radical peaks & = 2 (see also Figure 4). decreased the split sighal and increased the multiline signal
Figure 4 shows the kinetics of decay of the S1 split signal (Figure 5C). lllumination of a dark-adapted PSIl membrane
(at 317 mT) following illumination (inset). The spectrum at  sample directly at 77 K with white light through a 700 nm
g = 2 is shown immediately following illumination (bold  cutoff filter (to eliminate IR light) produced an identical
outer line) and then during decay in the dark, at ap- multiline-type signal (now referred to as the “77 K multiline
proximately 220 and 520 s following illumination in fainter  signal”) and a decrease in the yield of the S1 split signal
lines and then at 830 s in the bold inner line. At 323 mT upon subsequent illumination &10 K (Figure 5D). The
some carotenoid or chlorophyll radical has been induced by inverse relationship between the yield of the 77 K multiline
the illumination. Although nearly all of this remains after Signa| and the S1 Sp||t Signa| was confirmed in several
the S1 split signal has decayed, some slow decay of thesepreparations. In glycerol-containing samples the formation
species may contribute to the decay kinetics, so that theof the multiline signal at the expense of the split signal occurs
kinetic trace is taken at 317 mT to minimize the influence more easily at<20 K (not shown), explaining the gradual
of other species. At 317 mT the= Y, is 230 s in this  decrease in the yield of the S1 split signal during illumination
experiment at 11 K. at <20 K in these samples. The 77 K multiline signal is
It was observed in some samples, e.g., samples withcharacterized by a rather uneven distribution of peak sizes
glycerol as cryoprotectant, that the yield of the S1 split signal and stronger outer lines (see Figure 9). The line shape is
fell significantly during illumination in the EPR cavity. This  therefore slightly different from other multiline signals. This
led to the finding that another signal could be formed may be due to many causes, such as the inability of the
apparently at the expense of the S1 split signal. Figure 5 structure to relax fully at 77 K.
shows this process in sucrose samples where the split signal The multiline signal was more stable than the S1 split
is more stably formed at10 K and the transition can be signal but did decay slowly on storage at 77 K in the dark
studied more easily. Figure 5 shows that a short period of as shown in Figure 6. Figure 6A shows the spectrum of dark-
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Ficure 6: EPR spectra showing the generation of a multiline signal
by illumination at cryogenic temperatures. The sample of pea PSII
membranes (7.7 mg of Chl/mL) contained 1 mM DCBQ and was
in the S state following dark adaptation as given in Materials and
Methods. (A) Dark-adapted sample. (B) Sample as in (A) following
illumination at 6.7 K and a dark period (15 min) at 77 K. (C)
Duplicate sample to that in (A) following illumination at 77 K for
10 min with <700 nm light. (D) Sample as in (B) following storage
at 77 K in the dark for 48 h. (E) Sample as in (F) after storage for
5 days at 77 K in the dark following 200 K illumination. The
spectrum was recorded under illuminatidri7eK in the spectrom-
eter; the split signal formed is indicated with an arrow. (F) Sample
as in (D) after illumination at 200 K for 15 min. EPR conditions:
temperature (AD) 6.7 K and (E, F) 7 K, modulation amplitude 2
mT, and microwave power 10 mW.

adapted PSII membranes containing DCBQ while Figure
6B,C shows the multiline signal formed by illumination in
the cavity followed by a short period at 77 K in the dark
(Figure 6B) or by illumination at 77 K with<700 nm light
(Figure 6C). After storage for 2 days at 77 K in the dark,
the multiline and part of the Qasignal had decayed (Figure
6D). The S1 split signal was observed in increased yield on
illumination at<10 K compared to that before storage (not
shown).

Storage of a sample identical to that in Figure-6B at
77 K following 200 K illumination to yield the Sstate
multiline results in partial decay of the, $nultiline (57),
and subsequent illumination of the sample<a0 K produces
a small split signal (Figure 6E, arrow). Figure 6F shows the
yield of the S state multiline signal observed following
subsequent 200 K illumination.

Although the line shape of the 200 K multiline form is
slightly different from that of the “77 K multiline”, it is
possible to make an approximate measurement of yield by
comparison of peaks from each spectrum as given in
Materials and Methods. In the most favorable cases the yield
of the 77 K multiline signal obtained as in Figures 6B and
6C reaches about 2880% of the yield of the $multiline
formed by 200 K illumination. The yield of the S1 split signal
(measured using the illuminated minus dark difference
spectrum), in samples showinrg5% yield of multiline, falls
to about 40% of its initial value. This indicates that up to
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40—50% of PSII centers able to generate amfiltiline at
200 K can form an S1 split signal in these samples.

Treatment of PSIl membranes with alcohols such as
ethanol and methanol is known to modify the signal arising
from the Mn cluster of the WOCL(-3, 17, 37). Addition of
1-3% methanol or 2.5% ethanol to PSII membranes was
shown to remove the ability to observe the S1 split signal
but not the production of the 77 K multiline state (Figure
7). Figure 7 shows the spectra obtained from PSII membranes
containing 2.5% ethanol and 1 mM DCBQ (box a, left side)
compared to PSIl membranes containing 1 mM DCBQ (box
b, right side). Figure 7C,H shows the spectrum of dark-
adapted PSII. lllumination at 6.7 K produces the S1 split
signal in the control (Figure 7F) but not in the ethanol sample
(Figure 7A). In contrast, illumination with<700 nm light
at 77 K induces a 77 K multiline signal in both types of
samples (Figure 7B,G). Addition of 2.5% methanol also
completely removes the ability to form the S1 split signal
but also has a general effect on PSII, substantially decreasing
the degree of charge separation obtained at cryogenic
temperature (not shown).

A feature of the Mn cluster in PSIl membranes is the
response to near-IR light. This causes the formation gf a
= 4.1 form of S at the expense of the, $ultiline, via a
number of intermediate states which can be trapped at
cryogenic temperature84—37), and has also been shown
to affect the Mn cluster in the;&nd S states 83, 58). The
IR light, which cannot cause a charge separation in the
reaction center, is thought to affect an Mratom within
the cluster, causing a change in valence distribution within
the cluster or a spin transition in the Fnatom @4, 36,

59). lllumination of PSII membranes with unfiltered white
light containing IR at 77 K produced@= 4.1 S signal in
low yield as expected, showing that some PSII centers are
affected by IR light. Identical samples, which gave the S1
split signal on illumination at 10 K (Figure 8A), were
illuminated at 77 K with<700 nm light to produce the 77
K multiline signal (Figure 8B). Further illumination of the
77 K multiline signal in either DCBQ or ethanol DCBQ
samples (Figure 7D,l) with unfiltered white light at 77 K
did not significantly affect the 77 K multiline signal yield
(Figure 7E,J), showing that IR illumination does not affect
the 77 K multiline. The unfiltered white light does produce
some additionay = 4.1 signal (Figure 8C), showing that
the 77 K multiline and) = 4.1 signals are formed in different
PSII centers.

Figure 9 compares multiline line shapes. Because of the
instability of the 77K multiline and its decay by recombina-
tion with Qa~, it was not possible to obtain a spectrum that
did not contain an underlying contribution from Q#o high
field of g = 2 (330-375 mT). However, the line shape is
clearly distinct from that of §(Figure 9A) and & (Figure
9D), the latter requiring addition of methanol to be observed
(20). The 77 K multiline pattern is irregular and more similar
in overall width to the gmultiline. Addition of 2.5% ethanol
broadens the signal slightly.

DISCUSSION

Although the observation of the S1 split signal requires
the use of highly active, PSI free, PSII preparations, an initial
guestion to be answered is why has this signal not been
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270 mT 320 370

Ficure 7: EPR spectra showing the effect of 2.5% ethanol on the S1 split signal and generation of a multiline signal. The sample of pea
PSIl membranes (9.6 mg of Chl/mL) contained 1 mM DCBQ and either 2.5% ethanol (left box) or no further addition (right box). It was
poised in the $state following dark adaptation as given in Materials and Methods. (A, F) llluminated at 6.7 K in the spectrometer. (B, G)
After illumination at 77 K with<700 nm light for 15 min. (C, H) Dark-adapted sample. (D, I) Sample as in (B) the next day after reillumination

at 77 K with <700 nm light for 15 min to restore the decayed signal. (E, J) Sample as in (D, |) after further illumination with white light
(containing IR) for 5 min at 77 K. EPR conditions: temperature 6.7 K, modulation amplitude 2 mT, and microwave power 10 mW.

270 320 mT 370

420

220 420 220

observed before given the many EPR studies of PSII? The
answer is that there has not been a systematic attempt to see
this kind of signal in PSIl and it has probably been
overlooked. In many previous PSIl EPR studies in the
literature, the effect of illumination is not measured at such
temperatures. Also in many studies a larger modulation
amplitude is used, which may result in the S1 split signal
(~65 G splitting for the central peaks) not being resolved
from the largeg = 2 peak of Y5* and other secondary
electron donors. There are, however, a few reports of similar
signals in PSII. Rutherfords(, 61) reported a signal a =

2.045 following illumination of PSII membranes that was
lost on bicarbonate depletion and had properties distinct from
Qa~. It was not characterized further, and it is possible that
this is the same signal as discussed here although the
illumination was performed at 77 K. Two groups, Beck and
Brudvig (62) and Sivaraja and Dismuke83, 64), reported
ag = 2.1 signal in detailed EPR investigations of the effect
of hydroxylamine on PSII. The signals reported in ré®s-

64 are not identical to the S1 split signal and required
different conditions to be observed. The= 2.1 signal has

a different line shape and pegkvalue, requiring a specific
hydroxylamine treatment and then trapping by 200 K

50 100 150 200 250 300 MT

Ficure 8: EPR spectra showing the three types of signals obtained
by the different illumination conditions in this study. Spinach PSII
membranes (8 mg of Chl/mL) containing 0.5 mM PPBQ dark-
adapted to the Sstate as given in Materials and Methods. These
spectra represent the effect of successive illuminations, first at 10

illumination to be detected. The S1 split signal is found only
on illumination below about 20 K and decays rapidly when
illumination is stopped. It is now clear that the specific
hydroxylamine treatment causes reduction of PSII first to
S, then S, and then to lower redox states. The EPR signal
for Sy was first detected using similar treatmeng)( A

manuscript in preparation will describe experiments which

investigate the broad radical signals from interactions when

the Mn cluster is in $and S, states.

K, then 77 K with <700 nm light, and then 77 K with unfiltered
white light (containing IR).(A) llluminated at 10 K minus dark-
adapted spectrum showing S1 split signal produced by illumination
in the cavity at 10 K. (B) llluminated at 77 K witlkk 700 nm light

for 15 min minus dark-adapted spectrum showing the 77 K multiline
signal. (C) llluminated at 77 K with unfiltered white light
(containing IR) for 5 min minus illuminated at 77 K witd700

nm light showingg = 4.1 obtained with light containing IR. EPR
conditions: temperature (A) 10 K and (B, C) 6.7 K, modulation
amplitude 2 mT, and microwave power 10 mW.

Having detected the new signal, it is then necessary to electron transfer or an IR-induced transition. One explanation
establish whether the S1 split signal originates from the considered for our results was tha20 K illumination was
electron donors or electron acceptors of PSIl and from an forming an Yz state from $ in a similar way to the
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be oxidized by the Car radical. The Car/Car redox couple
has an estimated redox potential-el V (65).
Illumination below 200 K is known to restrict turnover of
PSII to one turnover with Qa or Fe(when present) acting
as terminal electron acceptors. This means that the electron
is returning from T, Fet, or Qa . I~ is very difficult to
detect in PSII; electron donors are unable to compete at
cryogenic temperatures with the very fast P680 back-
reaction. Photoaccumulation at200 K is required to
produce T, using reductants as electron donors to PSII. If it
were possible to form 71 in addition to Qa during
illumination at <20 K, then a splitg = 2 from the weak
interaction I Qa~ Fe&™ should occur. However, | Qa~
formation in nonchemically reduced samples has not been
observed in EPR studies of oxygen-evolving PSII, and the
interaction seen in the present study does not have the very
rapid decay characteristics expected, suggestinig Inot
present.
. An interaction involving Qb and Q& could be involved
CmT in formation of the S1 split signal. DCBQ does have a
225 275 325 375 relatively stable semiquinone sta®6), and we have used
FIGURE 9: EPR spectra comparing multiline line shapes. All spectra FCCP previously to increase the level of ‘Qkin PSII
are from pea PSII. (A) Smultiline. 200 K illuminated minus S membranes in studies showing that an EPR signal observed
dark difference spectrum. (B) 77 K multiline. Sample as in Figure nearg = 1.6 in PSIl was from the state QaFe*" Qbr~ (67,

7. 77 Killuminated minus Sdark difference spectrum. The sample _ " _ .
contained 1 mM DCBQ and 2.5% ethanol. (C) 77 K multiline. 68). The Qa~ F&*" Qbr~ state does not decay rapidig7

Sample as in Figure 7. 77 K illuminated minusdark difference 68), and the observation of the S1 split signal in samples
spectrum. The sample contained 1 mM DCBQ. (R)n&ultiline. containing PPBQ or DCMU (Figure 2) suggests that Qb
Sample prepared as in r20 by reduction from $using hydroxy- is not involved. Amounts of Qb are expected to be minimal
lamine. The spectrum shown is the difference between a sample-n these samples as DCMU displaces Qb, and PPBQb
containing 1.5% methanol and a non-methanol-treated sample. EP . " .
conditions as in Figure 7. ormed_ on elgqtrpn transfer is not ste_lble asit h_as a high redox
potential, oxidizing the non-heme iron, forming PPBQH
proposed formation of 8 7* from S caused by IR illumina-  The variety of conditions also seems to rule out the
tion (33). However, the formation of the multiline signal involvement of the non-heme iron. It is therefore concluded
attributed to g both on warming a<20 K illuminated that (1) it is highly unlikely that the S1 split signal is from
sample in the dark and by direct illumination with700 an interaction between electron acceptors and (2),@#ich
nm light, demonstrates that a charge separation and forwardpartially decays as the S1 split signal decays, is the electron
electron transfer are occurring. acceptor species involved in charge recombination with the
The relatively rapid decay of the S1 split signal on S1 split signal. It is well-known that effects due to structural
cessation of illumination at 20 K, restoring the state before changes in the quinone-binding region can be transmitted to
illumination, suggests that a recombination reaction occurs. the electron donors to PSIL{3). From our studies, the
The rapid recombination reaction following illumination occupation of the Qb site (by @b an exogenous quinone,
(Figure 4) contrasts with the very slow (days) recombination or inhibitor) does seem important in poising PSIl in the
of Qa~ with Yp, the multiline org = 4.1 forms of 3, Cyt correct structural configuration to observe the S1 split signal.
b-559, and Chl Z (1-3). The detailed study of the The decay of the S1 split signal is biphasic, and we show
carotenoid radical in PSIB@E—55) is relatively recent, and  that, in addition to recombination, a forward electron transfer
it is possible that this radical could interact with the Mn to form a multiline signal can occur. The increased yield
cluster to give the S1 split signal. There are differences in from the treatments shown above such as FCCP and
the reported decay kinetics from different groups, and the exogenous quinones is at least partially explained by their
radical has been mainly studied in Mn-depleted PSII where oxidation of Cytb-559, probably restricting competition
it is more easily detected. In reé54 the decay of the  between secondary donors and the species oxidized to form
carotenoid radical at 6 and 30 K in Mn-depleted samples is the S1 split signal. Among the electron donors, the back-
multiphasic with an overall decay e§30% in 100 min and reaction between P680and Q& is much faster (mil-
with even the fastest component being much slower thanliseconds) §9) than that seen in this study, while the back-
observed for the S1 split radical. However, in B& using reaction of Qa with S, states is far slowerl(-3, 17). Both
oxygen-evolving PSII oxidized with ferricyanide, the decay the characteristics of the S1 split signal and its kinetics do
rates reported were faster (seconds) at 20 K than those ohowever closely resemble those of the interaction between
the S1 split radical. This suggests that the S1 split signal Yz and the Mn cluster in the,State. Although this study
could involve the Car radical. However, EPR studies of does not prove that X is involved, from the earlier
the Cart radical 63—55) have shown a nearly isotropic  discussion only carotenoid can also possibly fit the properties
spectrum neag = 2 with no indication of interaction with  observed. We therefore suggest that it is more likely that
a transition metal. If carotenoid were involved in the S1 split the S1 split signal arises from an interaction between Y
signal, then the results presented here suggest that S1 caformed by illumination and the ;Sstate of the WOC, asY
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is a known intermediate between P680 and the S-states. Th
conditions required to observe the signal are those known
to favor the paramagnetic forms of; $23—26), while
treatments such as methanol or ethanol that remove para
magnetic $states also prevent the S1 split signal from being
formed (Figure 7).

The yield of signal does vary from preparation to prepara-
tion in both spinach and pea PSII, as well as by choice of
cryoprotectant or electron acceptor. This undefined hetero-
geneity was also seen in studies of the IR-induged 4.1
S, signal, 20-70% of PSII responding to IR illumination

%
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operate as a pure electron transfer cofactor in this portion of
centers. Reduced carotenoid is not protonated, and=f X
Yz, it should also not be formally protonated in the reduced
form. We believe that the predicted substantial difference
in pKy's between ¥ and possible nearby hydrogen bond
donors such as D1 histidine 190, D1 glutamate 189, and D1
glutamine 165 can be decreased by the protein environment
to effectively create a tyrosinate in the reduced form gf Y
the proton being shared by two or more nearby amino acids
in low-barrier hydrogen bonds. Upon oxidation of Yhe
proton in the hydrogen bond would move toward the base,
a process that could still occur at liquid helium temperatures.
This would be a delicate mechanism, the electrostatic balance
eing easily shifted by slight perturbations to the PSII center,
which would account for the variation in the proportion of
centers having the S1 split signal. The balance would be

easily destroyed by more substantial changes, for example,
involving removal of manganese or calcium cofactors.
Among cryoprotectants, glycerol has already been shown to
restore the pattern of proton release observed in thylakoids,
an effect thought to be through stabilization of the PSII
structure relative to sucrosél). That glycerol increases the
yield of the S1 split signal seems to correlate with the absence
of a requirement for a deprotonation on thet8 S step.

(35). Comparison of the conditions tested in this study and However, the increased yield may alternatively be due to
ref 35 suggests that they complement each other and showy,e apility of glycerol to increase the amount of oxidized

that we are observing those centers not sensitive to IR
illumination. Even allowing for the contribution of secondary
electron donors, the WOC itself therefore exhibits hetero-

Cyt b-559 in dark-adapted sampleg2}.
SUMMARY

geneity and is sensitive to additions such as cryoprotectants

and alcohols, in that different signals are observed in various
S-states under different conditions. This heterogeneity was
also demonstrated in the difficulty found in reproducing the
original observation of an S1 parallel EPR sigrd)(until

the correct conditions were foun@4).

Our conclusions can be summarized by Scheme 1. We
propose that there are two slightly different Sates that
can be resolved by their EPR characteristics.

The S state is known to have different electronic arrange-
ments, which result in the different EPR signak3{26)
and are most easily explained, as forsate, as different
arrangements of the Mhand Mrf* ions of the cluster70).

The configuration is affected by relatively small changes that

could be caused, for example, by the presence or absence o
ACKNOWLEDGMENT

a proton or HO/OH™ binding as ligands to the Mn cluster.
The absence of an effect of IR illumination on the 77 K
multiline indicates that the Mt atom thought to be affected
by IR may be the one that has been oxidized at low
temperature in these centers.

Our results confirm that the;S0 S, step can occur at
temperatures that preclude proton or hydrogen atom move-
ments, in a substantial proportion of centers, in our prepara-
tions. Yz is oxidized fast, the fast nanosecond phase at
physiological temperatures being observed in a similar
proportion (46-50%) of reaction centersl{6) as that
estimated here for the ability to form the S1 split signal.
The transition is almost insensitive to H/D substitution and
has a low activation barrier (see refs-3 and 17). These
are characteristic of electron-transfer reactions, and in our
view the rate limitation of proton transfer is removed in
native PSII but restored by structural change in cofactor-
depleted PSII. Our results require X¥r carotenoid) to

In recent years a number of new EPR signals have been
characterized that give us probes of the turnover of the WOC.
These have included broad radical signals from interaction
of the Yz component with the Mn cluster. These have the
potential to give important information about changes in the
Mn cluster during S-state turnover. We now show the
characterization of a new signal we attribute to the interaction
between the paramagneti¢ &ate and ¥ or Car™ as an
intermediate between the &nd S states. The results suggest
that a substantial number of centers are able to operate the
S to S step at very low temperatures, confirming the unusual
temperature profile of this step. Further work using pulsed
EPR will be required to confirm that,Yor Car™ is involved
i{l the S1 split signal as shown for theY$® interaction 47).

We thank Vasili Petrouleas and Nikos loannidis for helpful
discussion.
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