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Secondary Stabilization Reactions and Proton-Coupled Electron Transport in
Photosystem Il Investigated by Electroluminescence and Fluorescence
Spectroscopy
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ABSTRACT. The oxidized primary electron donor in photosystem HgoP, is reduced in several phases,
extending over 4 orders of magnitude in time. Especially the slower phases may reflect the back-pressure
exerted by water oxidation and provide information on the reactions involved. The kinetics of secondary
electron-transfer reactions in the microseconds time range after charge separation were investigated in
oxygen-evolving thylakoids suspended igdHor D,O. Flash-induced changes of chlorophyll fluorescence
yield and electric field-induced recombination luminescence were decomposed into contributions from
oxidation states §$ S, S, and S of the oxygen-evolving complex and interpreted in terms of stabilization
kinetics of the initial charge-separated stafé Bsso" Qa Qg. In approximately 10% of the centers, only
charge recombination took place. Otherwise, no static heterogeneity was involved in the microsecond
reduction of RBgg™ by Yz (stabilization) or Q™ (recombination). The recombination component in active
centers occurs mainly upon charge separationsjmrad, in the presence of,D, in & as well and is
tentatively attributed to the presence of¥S -1 in equilibrium with YzS. A 20—30 us stabilization occurs

in all S-states, but to different extents. Possible mechanisms for this component are disce@sedsD

found to decrease: (i) the rate of the reactiogP*%; to YzS,, (i) the equilibrium constant between
P680Y S, and RgoY 2°*S,, (iii) the rate of the slow phase off" reduction for the $— S transition,

and (iv) the rate of electron transfer from\Qto Qs /Qg~. The increased ‘miss probability’ inJD is due

to (iii).

The PS It reaction center is unique because it uses water with a time constant of 26300 ns (depending on S-state)
as a source of electrons. To do so it needs to couple the(2), which is much faster than the recombination reaction
one-electron process of charge separation to the four-electror(time constant 10@ks, or slower), so dissipation of charge
process of water oxidation. On the donor side of the reaction separation energy is effectively minimized. However, there
center (RC), the charge separation is stabilized by electronare many reports in the literature concerning;Preduction
transfer from a redox-active tyrosine AYto Psso". The kinetics in the microseconds time range. This is well-known
oxidized tyrosine, ¥*, is in turn reduced by a four- to occur in PS Il RCs that have been inactivated by
manganese cluster which is the active site for water oxidation. destruction of the manganese cluster. Heggg'Rreduction
This complex can store 4 oxidizing equiv by cycling through py v, occurs with a time constant of 15 at pH 6.5; this
five so-called S-states, 0SS, the subscript indicating the  ate is dependent on pH and,®D,O exchange 3—6).
number of equivalents stored. After oxidation of M the  \when in these centers a second charge separation occurs
S; state, the complex spontaneously decayst@®@ducing  \yhjle Y, is still oxidized, the charge separation cannot be
molecular oxygen by the oxidation of two water molecules stabilized, and R¢" Qa~ is lost by charge recombination with

[for a review of PS II functio+n, see re)]. . a time constant in the 106200 us range 8, 4, 7).
Following formation of BBso"Qa™ , reduction of Bso" by Microsecond phases connected tggPreduction have also

Yz (sta'bilizationz occurs in competition with recombination - peen observed in active, oxygen-evolving centers. Delayed
(reduction of Bso" by Qa™). The stabilization reaction occurs 44 prompt fluorescence measurements by Zar&eby

showed the existence of 35 (and faster) and 2Q@s kinetic
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L Abbreviations: DCMU, 3-(34-dichlorophenyl)-1,1-dimethylurea; ~ Measurement, such phases form a minor part of the total
EL, electroluminescence;sf, special chlorophyll, primary electron  extent of Rgs" reduction kinetics. However, under physi-

donor; PS I, photosystem II; Q primary quinone acceptor; & glggical conditions, the pH at the PS 1l donor side may well
secondary quinone acceptor; RC, reaction center; Trid\tris-

(hydroxylmethylmethyllglycine; Tris, tris(hydroxymethyljaminomethane; P€ lowered to pH 55.5 due to the proton gradient formed
Y3, tyrosine-Z (Tyr-D+161), secondary electron donor. by steady-state electron transfer. At this pH, the extent of
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microsecond Ro" reduction was found to be considerably D,O on each kinetic parameter in each S-state was analyzed,

higher (12), so the slow kinetic phases ofdg" reduction using a Monte Carlo fit simulation procedure to extract

may be physiologically relevant. guantitative conclusions from the fits despite cross-correla-
Interest in the microsecond phases gfsPreduction was tions between fit parameters.

recently revived in connection with speculations on the

function of Yz. One model proposes that;¥s actively MATERIALS AND METHODS

involved in water oxidation by acting as a hydrogen atom

abstractor from manganese-bound walés; (6). Dissocia-

tion of the phenolic proton of ¥ that accompanies its

oxidation (L7) constitutes the first step in the proposed

mechanism for ejection of water protons into the lumen, and

should occur on each S-state transition. This model conflicts

with measurements of local electrochromism that indicate

that the positive charge remains in the vicinity of {18)

and the stoichiometry of H release is 1:0:1:2 for the

successive S-state transitioriy the solution was adjusted to a pH-meter readout of BI. (

Yz must be deprotonated for its oxidation by, and a . i
histidine residue (D1-His190) is proposed to be the acceptor.Before starting the measurements, blebs were dark-adapted

; i . - in a sample reservoir for 15 min after dilution. All experi-
for this proton 20). If the _s'gate.\é His190(H) is energeti ments were carried out at room temperature 12).
cally unfavorable, stabilization would occur by proton h isted of
transfer to secondary accepto®i), If this tyrosine proton IT' € me?sure(rjnent cuve(;te conS|slge o_th>; 1cm |
is replaced by hydrogen atom transfer from substrate water, Platinum electrodes spaced at 2 mm by a piece of rectangular

H,0/D,0 exchange would likely produce significant effects 91ass tube surrounding the sample. Samples could be loaded
on Rews™ reduction: it has been observed that the slower and refreshed from the sample reservoir via two small slits

phases of this reduction are markedly different HOQ22— directly under and abovg one_of the electrodes by opening
24). From a study of flash number dependence, it was " automated valve. Emitted light was collected by placing

concluded that BD enhanced &5 Qa recombination in § the sample in a focus of an ellipsoidal mirror and detected
and S (22). This was tentatively attributed to a retardation PY & photomultiplier tube (EMI 9816A) through KV 550 and

of the “35 us” reduction of Rsg", but the cross-correlation RG GBQ cutoff filters and an 686 nm interferenge filter.
between the values of fit parameters did not allow an Saturation of the. photomultlpher_tube by the ex_cmng laser
unbiased decomposition of the kinetics. flashes was avo_lded by employing an electronic ga® (

To what extent the slow components igsf reduction '@ Shut it off during flashes. - _
reflect recombination rather than stabilization, and static or Electroluminescence kinetics were measured by exposing
dynamic PS Il heterogeneity rather than a stepwise relaxationthe sample to a 18@s electric field pulse (0.9 kv/cm)
in all centers, is presently not clear. Yet such information is 9enerated by a home-built pulsed high voltage supply at an
essential to evaluate the implications of the sloggP adjustable time after a series of 12 saturating flashes from
reduction phases for our understanding of water oxidation. & frequency-doubled Nd:YAG laser (fwhm 10 ns, 10 Hz).

We have investigated these questions by electrolumines-1he photomultiplier signal was amplified (bandwidthl
cence (EL) measurements which explore the electrogenicityMH2) and recorded by an ADC operating at a sample
of photosynthetic charge separation to obtain information on frequency of 2 MHz that was interfaced to a PC for data
the electron-transfer reactions involve5y. By exposing a  averaging and storage. A fresh dark-adapted sample was used
suspension of osmotically swollen chloroplasts (blebs) to an for €ach measurement. A luminescent background was
external electric field, electric potentials of upt V can be ~ Subtracted so that the electroluminescence was taken to be
generated over the thylakoid membrane. When the polarity the photpmultlpller signal with elect'rlc f'|eld pulse minus the
of the induced electric field is such that it opposes the Signal without the pulse. The contribution of PS | to the EL
transmembrane charge separation, recombination reaction§ignal was insignificant at electric field strengths of 1 kV/

in the photosynthetic reaction centers are strongly enhancedM In this preparation (data not shown).
This causes an increase in the population of the singlet Flash-induced fluorescence changes were measured under

excited state of g and therefore an increased probability the same conditions as the EL measurements. Fluorescence
of loss of the excitation by fluorescence emission: elec- was excited by three blue LED’s (MARL, 470 nm) pulsed
troluminescence (EL). Vos et aR§) used EL to investigate by a 1 A, 2us pulse from a current driver at an adjustable
stabilization reactions on the donor side of PS Il on the time after the flash series. A Corning CS4-96 optical filter
submilliseconds to seconds time scale. At their time resolu- filtered the measuring light. The photomultiplier signal just
tion, they could barely resolve a large component that might before, during, and after the LED pulse was sampled
be related to “35us” Psgo™ reduction. In this paper, we transiently at 20 MHz, and the fluorescence yield at the set
present EL induced within the first millisecond after a flash. delay time was calculated by the measuring software using
Using lower electric field strength to eliminate PSI contribu- time integration over the duration of the LED pulse and a
tions 27), and a better time resolution, we have distinguished linear baseline correction. Each data point is the average of
EL from PsgstQa~ recombination from that emitted by more three measurements.

stable states (f*Qa~ in particular) by their different kinetics. Least-squares fitting was performed using the routine
Fluorescence yield measurements were used to distinguiste04jaf of the NAG toolbox for Matlab. This routine employs
stabilization from recombination reactions, and the effect of a quasi-Newton method to minimize a general nonlinear

Thylakoids were isolated from fresh spinach leavaf) (
and stored until use in small portions in liquid nitrogen in a
buffer containing 25 mM Tricine (pH 7.8), 0.4 M sucrose,
15 mM NaCl, and 5 mM MgGl Osmotically swollen
thylakoid membranes (blebs) were prepared shortly before
measurement by diluting the chloroplast suspension (2 mg/
mL Chl) 400-fold in either RO or H,O containing 1 mM
3-(N-morpholino)propanesulfonic acid (MOPS) and 1 mM
CaCb (pH 6.6 in HO). To obtain an equivalent pD inD,
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Ficure 1: Fluorescence yield changes induced by the last-§ flashes in dark-adapted blebs suspended.i@ tbpen circles) or BO
(solid circles).Fq is taken as the fluorescence level before the first flash. The first points of each trace were taken shortly before the last
flash; the first point after was a5 = 10 ms. Note the change in scalingtat= 0.8 ms.

function and allows bounds to be imposed on the parametersbinding site was empty at the moment of the flash. At later
Confidence intervals of estimated parameters were obtainedtimes, the fluorescence yield decays much slower, and even
by a Monte Carlo metho(). The method consists of first  after 100 ms, just before the next flash, it is still about 20%
obtaining the most likely parameters by an ordinary least- aboveF,.
squares fit of the real data. This fit is used to generate a The amplitude and kinetics of the fluorescence yield
large number of synthetic datasets by adding random noisechanges are weakly but characteristically dependent on the
with the same distribution as found in the original data. Al number of flashes fired. The initial decay after one flash is
synthetic datasets are then fitted in the same way as theclearly faster than after two flashes, which is usually
original data to produce a distribution of values for each fit explained by a slower electron transfer from Qo Qs~
parameter. These distributions represent the confidencethan to Q. However, obvious binary oscillations with flash
intervals including cross-correlations between the parametersnumber as in refs34, 35) were not observed, and the results
shown here are more similar to those of Putrenko eB8). (
RESULTS In DO (solid circles), the fluorescence yield decreases more
Flash-Induced Fluorescence Yield Chang&nce the slowly, in agreement with37). This effect.seems more
chlorophyll fluorescence yield of PS Il is much lower when Pronounced on even-numbered flashes, i.e., on electron
either Q. or Psgois in the oxidized state than when both are transfer from Q™ to Qs™.
reduced, the flash-induced fluorescence change provides a The measurements of Figure 1 show that blebs exhibit all
measure of electron transfer by these cofactd®. (Dark- the well-known PS Il fluorescence yield changes on this time
adapted blebs were illuminated with a series of saturating Scale, including the rise attributed to a slow phasedsP
laser flashes spaced at 100 ms, and the fluorescence exciteteduction. This suggests that the charge pais'®a~ should
by a 2us pulse of measuring light was detected at a variable be present in detectable amounts during the first$@fter
delay time,tp, after the last flash (Figure 1). The data are a flash, which should allow a characterization of kinetics by
normalized to the fluorescence yield in the dark-adapted stateEL measurements with excellent signal-to-noise ratio.
(Fo). In the presence of DCMU, which blocks electron Electroluminescence MeasuremenEL measurements
transfer beyond @, the maximum fluorescence yield were carried out under the same conditions as the fluores-
observed after two or more flashes was 3.7 in boi® lend cence yield measurements, but instead of thes Zluores-
D,O (not shown). In the absence of DCMU, and also after cence excitation light pulse, a 18@ electric field pulse of
a single saturating flash in its presence, this value is not 900 V/cm was applied at the desired delay time after the
reached because of a significant probability that charge flash series. Figure 2 shows typical traces measurgg=at
recombination takes place before; Yeduces Rg", an 10 and 15Qus. The signals observed in the absence of the
efficient nonphotochemical excitation trap. The small fluo- field pulse have been subtracted. The EL intensity and its
rescence yield increase indicated by the first few points after decay kinetics during the field pulse show a pronounced
the unresolved initial rise suggests that in some PS Il centersdependence on the number of flashes fired and on the delay
the reduction of Rg" by Y takes tens of microseconds, between the last flash and the pulse.tit= 10 us, the EL
instead of 26-300 ns. Fluorescence quenching by carotenoid traces appear to contain a rapidly decaying component that
triplets in the antenna, which have a lifetime oi8 (33), is missing in the traces measuredigit= 150 us. In H0,
may explain why the first point after the flash is lower, but this component is about equally large after two and three
cannot account for the later increase. The highest fluores-flashes whereas the slower component that dominates the
cence yield is observed after about/& In the 10 mstime  signal toward the end of the pulse when it is applied at 10
range measured, the subsequent decrease is dominated byras and throughout the pulsetat= 150us is much smaller
submillisecond phase attributed to electron transferdoiQ  after two flashes. This is not the case ig@ suspension of
Qs~, and by a phase of a few milliseconds that we attribute the sample in BO appears to enhance specifically the
to centers in which this reaction is delayed because the Q amplitude of the slow component after two flashes, appar-
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Ficure 2: EL transients generated by a 186, 0.9 kV/cm electric field pulse switched ontat 0 at two different delay timegy) after
the last of 5 flashes; upper panels (A = 10 us; middle panels (B)tp = 150 us. In the bottom panels (C), the kinetics of the fast
component are approximated by subtracting the kinetics in (B) from the kinetics in (A) after normalization on the last points during the
pulse. Note the difference in vertical scaling between the upper, middle, and lower panels. Solid lines, blebs suspei@tedoited
lines, in D;O. The black areas under the trace after the third flasidfHhdicate the integration ranges of-50 and 166-180us after the
onset of the electric field pulse, referred to in the text as early and late EL, respectively.
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ently at the expense of the fast component. The EL tracesdecays in two distinct phases at the time scale of our
measured aftetp = 150 ms also indicate that,D slows measurement. The fast phase occurs in tens of microseconds;
down the kinetics of the slow component during the pulse, its amplitude varies strongly with the number of flashes given
except after two flashes. The kinetics of the fast component before the electric field is applied. After an intermediate
may be visualized in a first approximation by the traces in phase of about 106200us, some EL remains that could be
the bottom panels in Figure 2 which show the difference due to the precursor of the late EL. Both the amplitude and
between the signals & = 10us andtp = 150us afterthey  the decrease of the late EL as a functiontgfshow a
were normalized at the end of the pulse. The main difference pronounced flash number dependence, clearly different from
between the fast component in®and RO is that in BO that of the fast phase of early EL. In some cases, especially
the amplitude of this component is lower after the second 4¢er the third flash in BD, the precursor of the late EL even
flash and its kinetics are somewhat slower after the third shows an initial increase. The marked effect ofmon the
flash. o amplitude of late EL after two flashes was already seen in
Either kinetic component can be selected, at evgrpy Figure 2. Its effect on the initial rise after two or three flashes

taking the signal amplitude at the beginning or at the end of 1,5 e related to its effect on the decay of the precursor of
the pulse. To select the early emission, the EL signal was early EL.

integrated from 5 to 1@s after the onset of the pulse; for .
the late emission, an integration interval from 160 to 480 These results show that at short times after a flash most

was used. The black areas in Figure 2 (featured for flash 30f the early EL comes from recombination of a different
in the top panel) indicate the values thus obtained for the charge pair, which largely disappears within 1% From
early and late emission. our measurements on electric field inducegsPFQa~ re-

EL Precursor Decay Kineticssigure 3 shows the ampli- ~ combination 88) and arguments that will follow below, it
tudes of the early (solid circles) and late (open circles) EL appears that this charge pair isef?Qa~. We will denote
as a function of the delay timtg between the flash and the this EL by “EL(P)”, as opposed to the “EL(Z)" generated
onset of the electric field pulse. In,B or D,O, the state by recombination of the radical pairz¥Qa~ normally
that gives rise to the early EL disappears more rapidly than expected to be present in most PS Il centers in this time
the state causing late EL. The precursor of the early EL range 26).
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Ficure 3: Early EL (solid circles) and late EL (open circles), measured as in Figure 2, as a function of the delay)tine¢w(een flash

and electric field pulse in D (upper panels) and X (lower panels). The early and late EL are plotted on the same scale, but note that
the integration interval used for the late EL is 4 times longer (see text).

10] A 10 EL at this time after the flash is due to EL(Z), and indicates
that the 106-200us decay of the early EL precursor shows
: 5 little S-state dependence, as expected if it is due to charge
09 051 recombination in inactive centers.
S { Nl e e The lines in Figure 4A,B indicate the best simultaneous
Koo e 0.0+ fit of the Kok model to all four oscillation patterns with a
d 1.01 C 1.0 D common, S-state-independent miss probability, which was
found to be 8.6%. No double hits were allowed, in view of
0] M 0] the short laser flashes used. All centers were assumed to start
A ’ ° in state $ (26, 39), and the S-state dependence of the EL
g S emission was allowed to vary for each oscillation pattern.
0.0 T 00 p - The data fr.or'n flash numbers 11 and 12 were ignoreq in the
flash number fit: the deviation of these data results froma Qaccumulation

. 4 Early EL (solid circles) and late EL ( icles) when the plastoquinone pool is exhaustd@)( The early
IGURE 4. arly Solia circles) and late open circles), - : fod
measured as in Figure 2, as a function of flash number. (A) Blebs EL after the first flash alsa had to be |gnore_d. The deviation
suspended in D, to = 10 us. (B) In KO, tp = 150 us. (C) In of th.|s point may be explained by assuming that a small
D20, tp = 10us. (D) In DO, tp = 150us. The lines represent fits  fraction of the centers lack a functional manganese cluster.
as described in the text. In such centers, the first flash would produce a long-lived
o ) ) Y 2%, and after subsequent flashes (at 10 Hz), a flash number
EL Oscillations with Flash NumbeFigure 4 shows the independent &'Qa~ recombination would be expected to

flash number dependence of the early EL (solid symbols) .,nipte to the early EL, consistent with the observed-100
and late EL (open symbols). The characteristic damped 200 us phase in the decay of the early EL precursor.

oscillations with a periodicity of 4 flashes show that both o
values are modulated by the S-state cycle of the oxygen- After replacement of kD by D;O, the oscillations of both
evolving complex. When the delay time between flash and the early and the late EL with flash number were modified
pulse was shortt§ = 10 us, Figure 4A), the S-state (Figure 4C,D). A good fit of the Kok model could be
dependences of the early and late EL were clearly different. obtained in the same way (lines), if a slow conversion (1%
At a longer delay timetp = 150 us, Figure 4B), the per flash) of oscillating into nonoscillating centers was
oscillation pattern of the early emission became more similar assumed. The best-fitting miss probability was 11.2%. The
to that of the late emission, with a relatively lower amplitude increase of the miss probability from 8.6 to 11.2% by H/D
on flash numbers 2, 6, and 10, but lower modulation depth. isotope exchange is in good agreement with results in ref
This is consistent with the interpretation that part of the early (23). Earlier measurements by Arnason and Sinclair also
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FicurRe 5: S-state decomposed data for the fluorescence (open circles, corresponding to the leftmost axis) and early EL (solid circles) and
late EL (solid triangles) calculated from flashes®in Figures 1 and 3 and the S-state fit of Figure 4. The data for thar®l S
transitions correspond to the rightmost axis. For thgaid S, transitions, the data are shown on a 1.9 times expanded scale. Upper panels,
blebs suspended inB; lower panels, in BO. The dashed lines show late EL data normalized to the early EL data, indicating the upper
limit for the contribution of EL(Z) to the early EL. The solid lines represent fits as described in the text.

indicated an increase in miss factor upon replacement©f H S-states, the time constants found were in the @D and

by D,O (41). 100—200us range, respectively. However, the early EL must
If EL(P) originates largely from a different population of ~contain a contribution of EL(Z). An upper limit to this
PS Il centers than the bulk of EL(Z), the long-livegs® contribution can be found if it is assumed that the later stages
state in that population would be expected to cause anofthe early EL {p > 600us) consist entirely of EL(Z). The
increased miss probability. For both the@and the RO dashed lines in Figure 5 indicate this maximal contribution,

sample, a marginal improvement of the fit was obtained if calculated by normalizing the late EL to the early EL using
the four patterns were fit separately. This resulted in a the average of the last three points of the decay series.
1-1.5%lower miss probability for the early EL ap = 10 It was found that the early EL data could not be fitted
us. Hence, the EL(P) dominating this emission does not comewith a variable amount of EL(Z) contribution (using the
from a separate population of PS Il centers with increased shape of the late EL decay curve) and a single-exponential
miss probability. Also, measurements at nonsaturating flashdecay phase for EL(P). Still, two exponential decay com-
energy did not reveal a difference in antenna size for centersponents with time constants of 260 and 108-200us were
contributing to the early and late EL (not shown). necessary. In total, six parameters are available to describe
Kinetic AnalysisA detailed analysis of the early and late the early EL decay: two amplitudes and two time constants
EL signals and fluorescence yield transients in bot® ldnd for the EL(P) exponential decay functions, a contribution of
D,0O was carried out to obtain a model for the underlying EL(Z), and (possibly) an offset due to residual photosystem
reaction kinetics and H/D exchange effects. Due to imperfect | EL. This set is overcomplete with respect to what is
S-state turnover, the signals are a mix of contributions of minimally required to describe the data, and this will result
the different S-states. Therefore, all measurements used weré cross-correlations between parameters. On the other hand,
first decomposed using the relative S-state populations thatadditional constraints are possible if we assume that the fast
were obtained by fitting the oscillation patterns as above. component in EL(P) decay and the initial rise component
The result is shown in Figure 5; each decay curve now observed in the fluorescence and EL(Z) (for some S-states)
represents the kinetics that would be obtained when 100%all originate from the same process: stabilization of the
of the PS Il RC would be in the indicated S-state just before charge separation by electron transfer fropitdf Psgot. This
the flash. We will use the notation,Setc. merely to indicate  allows us to simultaneously fit the early EL and the
assignment of a kinetic phase to the-S S; transition by fluorescence yield. For the;sand Sq transition in HO and
this decomposition, whatever the contribution to misses or the S transition in DO, resolved initial rise phases are
S-state advancement of the reaction involved. In each frame,observed in the EL(Z), and in these cases, the EL(Z) data
the lines represent the best simultaneous fit of EL data andwere also included in the fit.
fluorescence yield (fluorescence data wigh> 800 us are Amplitudes and time constants for both the fast (stab) and
not shown in Figure 5). In the description of the fitting slow (rec) EL(P) components that were found in this way
procedures and results below, we will deal with early EL, are listed in Table 1. In view of the expected cross-
fluorescence yield, and late EL in that order, but it should correlations, however, the best-fitting values may be quite
be kept in mind that they were fit simultaneously and the unreliable. To deal with this problem, we used a Monte Carlo
resulting parameter values are somewhat interdependent. approach to obtain confidence distributions of the fit
(A) Fitting of the Early EL DataTo fit the decay of the parameter as described under Materials and Methods. The
early EL as a function ofp, two exponentials and a small  result is shown in Figure 6 in the form of scatter diagrams
offset were necessary. In this case, amplitudes and timeillustrating, for each S-state transition, the confidence
constants both depended significantly on S-state. For all four distribution of the amplitude and the time constant of the
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. . - T - S
Table 1: Amplitudes and Time Constants for the Two Decay Yz is still oxidized, Rgo' Qa™ recombination is expected to

Components of the EL(P) Precursor in®and O Found by occur with a 106-200 us time constant. Hence, this

Fitting the Early EL Data component would contribute to the EL(P) after all flashes
Asan(@.u.) Totan(MS) Aec(a.u.) Tree (MS) except the first, and appear as an S-state-independent
HO DO HO DO HO DO HO DO ‘contamination’ in the S-state decomposed data.

To estimate the contribution of inactive RC to the
g; 8:2? 8:28 gg gg g:gg 8:22 1(1; gg recombination component in EL(P), the early EL on the first
Ss 076 038 31 33 014 025 161 152 flash was compared to that found for the 8ansition (by
S 090 070 21 63 034 035 95 190  decomposing the signals on flashnumber$P A good fit
of the first flash was obtained with a smaller amplitude of
two EL(P) phases in #D (solid symbols) and ED (open the recombination component and a faster stabilization
symbols). We note again that the fits include fluorescence component than found for the Sransition. When the time
and EL(Z) data as in Table 1, with a shared time constant constant of the stabilization component was fixed au383
for the fast phase. (as found for the & transition), its amplitude was found to
(B) Psgo” Reduction Kineticsin all cases, the confidence be the same as for the Sransition, and an extra component
intervals of the time constants for stabilization and recom- was necessary to fit the early EL on the first flash. The time
bination are well separated. In,@, both time constants may constant of this extra component was found to bed 8vith
be S-state-independent; their modulation by S-state is prob-an amplitude of 0.07 on the scale of Figure 6. The
ably less than a factor of 2. Ambiguous results were obtained recombination component was found to be 0.15 unit lower
only for the Sstransition where the EL(Z) decay is not easily than for §.. The lower amplitude of the 13s component
discriminated from the recombination component. The best may indicate that the rate or EL yield ofdg"Qa~ recom-
fit was found in the tails of the distributions shown, with a bination is somewhat lower in the absence gP*Y These
20 us stabilization component, a 480 us recombination  findings are consistent with the presence of RCs with an
component of similar magnitude, and a large (near-maximal) inactive donor side. Presumably these RCs contribute about
EL(Z) contribution. However, another fitting regime could 0.15 unit to the recombination components in Figure 6. This
be imposed by limiting the amount of EL(Z) contribution to  estimate seems to be well in line with the deviation observed
about half the value obtained in the unconstrained fit, that on the first flash in the oscillation patterns of Figure. 4. The
still yielded satisfactory fits. In this case, the best fitting time recombination component cannot be due entirely to inactive
constants for the stabilization and recombination componentscenters. Indeed, Figure 6 shows that the amplitude of the
were 31 and 164s, respectively, with most of the amplitude recombination component inB is significantly higher than
in the stabilization component. 0.15 unit on the & transition. In RO, a higher amplitude
Suspending the blebs in,D instead of HO (Figure 6, of the recombination component is observed for theaBd
open symbols) modified the S-state dependencies of bothprobably the & transition.
EL(P) components. For thesStransition, the stabilization (D) Fitting of the Fluorescence DataFitting of the
appears to be slower;Svas not significantly changed. For  fluorescence was performed by relati@g the fraction of
the S3 transition, a large decrease of the amplitude of the nongquenching RCs (with reduced Qand Rso), to fluores-
stabilization and some increase in the amplitude of the cence according to4Q)
recombination seem the most likely interpretation. If the

recombination component in B is really much faster, F_ 1- 1-C 1
however, the main effect of D is to slow that down. For Fu - 1 1)
the Sy transition, the RO effect appears to be different in € pC

nature: the stabilization component is slowed from 15 to

25 us in HO to 50-75 us in DO, and its amplitude is  \where F = observed fluorescenceky = fluorescence
smaller. The recombination component is not significantly corresponding to all RCs closed (3.7 tinfes the fluores-
changed and remains distinct from the stabilization compo- cence level in the dark-adapted sample, and assumed to be
nent. S-state-independenty, = (Fy — Fo)/Fu (the trapping

(C) S Transitionus First Flash.Due to the presence of  efficiency with open centers whefe' corresponds to the
some inactive RCs, signals observed on the first flash in dark- fluorescence level with all Qoxidized after a particular
adapted PS Il differ from those calculated for the; S  flash), andp = probability of excitation transfer from a
transition by S-state decomposition of signals measuredclosed RC to another PS W4 [corresponding ta in (43)].
during subsequent cycles of the S-states. When acceptor-The value ofp was set to 0.5, which is rather arbitrary.
side electron transfer is blocked aftenQ(42), inactive However, because fluorescence changes on all transitions
centers are expected to contribute to the EL signal on thewere similar, changing only shifted the absolute values of
first flash but stay closed (high fluorescence) long enough the parameters without affecting the relative relationships.
to block a stable charge separation when subsequent flasheshe concentration of closed cent@si.e., RCs with BsdQa ™,

are fired at the 10 Hz flash frequency used. These RCs shouldgs a function of time after the flash was calculated assuming
not contribute to EL(P). On the PS Il donor side, electron the following reaction scheme:

transfer from the manganese cluster may not occur. In this

case, the RC should resemble RCs that were manganese- I 3 .

depleted by Tris-washing. Here, after the first flasgyoPis DPggo Qa —— D PggeQa — D PeglQa  (2)
reduced with a 1&s time constant (pH 6.5) and produces a

long-lived Yz If a second charge separation occurs while Here D denotes secondary donors taoP Kstab (=1/Tstar) iS
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Ficure 6: Confidence distributions/correlation diagrams for the parameters of the two EL(P) components. The distributions were obtained
by a Monte Carlo fit simulation (see Materials and Methods). 500 synthetic datasets were generated based on the fit to the original data
(Table 1). For each S-state transition, the amplitude/time-constant pairs are plotted for the fast (stabilization, triangles) and slow components
(recombination, circles) for blebs suspended g®OHsolid symbols) or BO (open symbols). Note the logarithmic scaling of the horizontal

axis. Other fit parameters were an offset and EL(Z) contribution as described in the text.

the observed rate constant ofsf® reduction, andg is the
rate constant of @ oxidation by Q/Qg".

The fluorescence kinetics are given by eq 1 wittthe
solution of the kinetics of the intermediate (high-fluorescent)
State DLPGS(ﬁ?pf (45)

kstab . _
ko — ke kstab{Qo C(O)}

{exp(kyaf) — expka)} (3)

where C(0) is the fraction of PS Il initially in the state
D*PsseQa~, assuming that all &" reduction faster than the
20-50us component is instantaneo@.= the total fraction

of PS Il that produces a stable charge separatiofrddda ),
either instantaneously or in 260 us, and corresponds to
the fluorescence yield obtained by extrapolating the fluo-
rescence decay phases back t0 0. The rate constamay

= 1/tap0f the 20-50 us rise is shared with the fit to EL(P)

C(t) = C(O)exp(—kgt) +

the time constants found for the fast component are in the
400-800 us range and do not seem to depend much on
whether mainly @ (Si2, Sso) or Q5™ (So1, S23) is reduced by
Qa~. The time constant of the slow component may be in
the 2-5 ms range for all S-state transitions, but in the case
of the $; and S$; transitions, the possibility exists that it is
significantly slower. The distributions indicate that the
fraction of fast decaying & is smaller for @ than for @~
reduction.

In DO, the decay of @ is significantly slower than in
H,0. This retardation appears to be larger for the S-state
transitions associated witheQreduction. Here the data could
be fitted using the assumption either that the time constant
of the slow component or that the value IBf remained
unchanged by HD/D,O exchange. A larger value &%' in
D,0 would indicate a temporary (no longer seen at 100 ms)
decrease of trapping efficiency by plastoquinol formation in
D,0 but not in HO. This seems rather unlikely. Therefore,

data and to those EL(Z) data where the initial rise was We used the alternative assumption for fitting thgdDlata

resolved. Nevertheless, the amplitude of the 1@e C(0)]

is very poorly defined at the time resolution of our

fluorescence data: values of-180% of Q, were found.
The oxidation rate of @ by Qs/Qg™ is given bykg. To

and fixed the value foFy' to the value found in KD (Table

3) for all S-states. The results of fitting the data using this

assumption can be seen in Table 2 and Figure 7. Forgthe S

and S transitions, the retardation is due to a slight decrease

account for the biphasic decay of the fluorescence, a fractionin the rate of the fast component and/or an increase of the

with a fast Q~ decay (Q site occupied) and a fraction with
a slow Q~ decay (Q site empty) were included in the fit.

fraction of RC decaying by the slow component. For the
So1 and $3 transitions, the retardation results from a

The Rgg* reduction properties of both fractions were assumed Significantly slower rate of @ oxidation in the fast phase
to be equal. All fluorescence left after the slower phase is and time constants for the slow component that were much

assumed to be due to open centd¥g)( This assumption
ignores the presence of a small amount af @ equilibrium
with Qg~. Consequently, in our fit the value d¥y is
overestimated. When an amount of 5% Qvas added as

larger than the 25 ms possible in BD. For the &
transition, a good determination of this time constant is not
possible from the data because the fitted value tends to
become very large; part of the distribution is off-scale in

an offset to eq 3, values of fit parameters shifted somewhat Figure 7.
but not to the extent that our general conclusions were Table 3 presents best-fit values and confidence intervals

affected. The results of the Monte Carlo fit simulation are
shown in Figure 7, retaining only the points for which the
fraction of slow phase lies between 0 and 1.

(E) Qa~ Oxidation KineticsIn Table 2 the relative weight
and time constants of the two phases qf @xidation by
Qg/Qs~ obtained by fitting the fluorescence yield decay are

for 1 — Qo as a function of S-state. This value corresponds
to the fraction of RCs where ¢B"Qa~ recombination
occurred, about 12% on the Sransition and about 22%
on the other S-state transitions. The main effect eOH
D,O exchange is on thes§transition, where a value of
approximately 30% is found. The 8% extra misses af S

listed. The confidence intervals represented in Figure 7 showaccount for most of the 2.6% higher miss probability ixCD

strong cross-correlations between parameters in bet H
and DO, but some consistencies can be discerned..d,H

found from the oscillation patterns in Figure 4. The average
amount of recombination is higher than the average miss
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Ficure 7: Confidence distributions/correlation diagrams as in Figure 6 for parameters fitted to the fluorescence data as described in the
text. Plotted are the distributions obtained for the amplitude and time constants of the,fasft panels) and the slow componengdy,

right panels) of Q~ oxidation in HO (upper panels) andJD (lower panels). Data belonging to the S-state transitions as indicated: S

solid triangles; &, solid circles; $;, open triangles; &, open circles.

Table 2: Relative Amplitudes and Time Constants far Q Table 3: Values of Fit Parameters Found by Fitting the
Oxidation Found from the Flash-Induced Fluorescence Yield Fluorescence As Described in the Text for the Four S-State
Changes in KO and DO Transitions in Blebs Suspended in®and DO?
Qfasl/(Qfast+ Qslow) Tfast(ms) Tslow (ms) 1- QO Fo'
H,O D,O H,O D,O H,O D,O HO DO HO DO
So1 0.78 0.72 0.63 14 56 So1 0.22 0.18 1.12 1.12
Siz 0.48 0.26 0.48 0.68 2.3 31 (0.20-0.23) (0.16-0.19) (1.02-1.19) fixed
So3 0.78 0.76 0.56 12 2.6 12.1 Siz 0.12 0.12 1.46 1.46
Ss0 0.46 0.30 0.46 0.60 2.8 2.9 (0.08-0.14) (0.16-0.14) (1.4+1.50) fixed
S3 0.23 0.20 131 1.31
- . . 0.22-0.25 0.18-0.21 1.24-1.36 fixed
probability by 9-11% in HO as well as RO, which must S0 (().21 ) 8_29 ) (1_33 ) 1.33
be attributed to nonoscillating (inactive) RCs that undergo (0.19-0.23) (0.25-0.32) (1.25-1.38) fixed
P L
_P680 Qa recomb_'nat'on on _e_aCh flash. These_ num_bers would 1 — Qois the fraction of RC’s that underga B4Qa~ recombination.
imply that the miss probability on the,&ransition is small Fo is the fluorescence yield of an open RC some milliseconds after a

and charge recombination in the microsecond time domain flash normalized to the fluorescence yield of a dark-adapted preparation;

accounts for most of the misses on the other S-statefor the D;O data, it was fixed to the value found in,® (see text).

transitions. The 95% confidence intervals of the parameter values are shown in
(F) EL(2) Decay In H,0O, the EL(Z) decay for the lower parentheses.

two S-states is biphasic. The fast rate is found to be 20 ) )

120us for both S-states, and most likely corresponds to the decay on & is retarded such that a reasonable estimate of

S-state transition. In D, the rate is found to be much slower 1tS decay rate becomes impossible. The extraction sf Y

(300-400 us), but the slower phase is no longer resolved re.ductlo.n times from these data will be treated under

separately so that comparison becomes difficult. Furthermore, PISCUssion.

for the S, transition, a low weight initial rise phase may be

included in the fit, resulting in faster decay rate. For the S DISCUSSION

transition, the EL(Z) decay rate is 26300 us in H,O and The results presented here confirm the suggestion by Vos

300400 us in D,O. The S transition shows an EL(Z) et al. 6) that EL induced in PS II within a few tens of

decay of 606-800 us in HO. In these cases, unresolved microseconds after a flash contains a large contribution from

slower phases are treated as an offset. }@,0the EL(Z) a charge pair that is less stable thapP®,~ and that is
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more rapidly exhausted during the electric field pulse. The T 5e 4 Time Constants€) for Y, in Reduction by the

most likely candidate for such a charge pair would be Manganese Cluster As Determined from a Fit as Described in the
Psso™Qa~. Our EL measurements on Tris-treated PS3B)( Text

demonstrated the feasibility of studying the kinetics of H,0 D,O ref (57) ref (59)
Psso"Qa~ recombination, which showed similarly rapid 61 61 13 360
kinetics during the pulse. Making use of the distinction (55-75) (50-90)

between “EL(P)” from Bss"Qa~ and “EL(Z2)” from Yz2Qa™, Siz 53 179 160 55
EL(P) was studied in oxygen-evolving samples. Detailed (35-75) (150-200)

261 379 500 420
(200-370) (360-400)

2 The model used for fitting the EL(Z) included the kinetics gf Q

information was obtained on the S-state dependence and
susceptibility to HO/D,O exchange of the well-known but
poorly und.erStOOd %930 and 106-200 us components in oxidation taken from Table 2 and the rate of the stabilization phase of
the reduction of Bo". _ Psso" taken from Table 1. For thepSand S, transitions, Q~ oxidation
Kinetics of EL Emission during the Puls&lthough EL accounted for the second decay phase observed on our time scale (see
was used only as a probe to measure the amount of atext). Error margins were estimated by varying the fixed parameters
particular state at a certain time after the flash, some remarks°ver their confidence intervals. The Iiste_d Iiterature values for the time
on the kinetics of EL emission during the pulse (Figure 2) Zﬂ?hs(t)?gts are calculated from the half-times (#OHreported by the
are in order because they were used to distinguiséi®a~ '
from Yz*Qa~. For optimum selectivity, “early EL” was o )
taken as early as possible during the pulse, at the initial rise Of the decay similar to that observed on the other flashes in
of the signal (due to the sigmoid rise of the signal, inclusion Figure 2 and expected because of the retardation of electron
of the first 5us would add mainly noise). The rise kinetics transfer beyond ¥ and Q" (Figure 7 and Table 4). The
reflect the build-up of the membrane potential and depend EL(Z) decay on the other flashes is approximately 1.5 times
on the specific resistance of the medium and the size of theSlower in DO than in BO. A 2-fold faster recombination
blebs, both of which might be changed by making blebs in Would just compensate that on the second flash if the
D,O rather than KD. Significant differences in the initial ~ récombination reaction accounts for approximately one-third
rise kinetics of the signal were not detected, however, so Of the total EL decay rate during the pulse (iaCHon the
the observed effects of /D0 exchange cannot be Second flash), which seems reasonable. The observation of
attributed to modified characteristics of the membrane & concomitant decrease of EL(P) by@suggests that the
potential. apparent equilibrium constantfgY z°:[Psso’ Y] is quite
“Late EL” was taken as the signal integrated during the Small during the pulse [electron transfer betwegs Bnd
last 20us of the 180us pulse. The relative amplitudes of Yz IS known to be electrogem.df,(S)].' The fraction of early
early and late EL as defined in this study cannot be used to EL attributed to the slow stabilization component of EL(P)
estimate the relative amounts ofsPQa- and Y;%Qa~ depends on hoyv_m_uckgdﬁ*_ remains pL_JIse-lnduc_lbIe at later
present at the onset of the pulse. This is because they depentp: in quasi-equilibrium with ¥°*. For instance, if the slow
not only on the integration interval and time course of the Stabilization involves 30%4g,", 10% Reo" should be pulse-
EL emission but also on the different activation energies and inducible in equilibrium with ,°*in H,0, and 20% in RO,
field strength dependencies of charge recombination from t0 explaln_ that the amplltude of Fhe stabilization component
these two states. Moreover, the late EL amplitude also ©f EL(P) is halved while EL(Z) is doubled by on the
depends on changes in the precursor concentration cause&zs transition. It is not clear why D specifically des'tablllz'es
by the electric field during the first 16@s of the pulse. Such  Yz”*S, but a factor of 2 corresponds to a potential shift of
an effect on the late EL amplitude is observed at very short Only 20 mV. Itis perhaps more surprising thai®has even
to, when the slow phase ofs®" reduction by ¥ is not less influence on the potential of;¥n the other S-states.
finished yet. The electric field increases the probability that  Heterogeneityln most PS Il centers, the state®Qa~ is
this fraction of Rge" is lost by recombination before it formed in less than the 1&s delay between the flash and
oxidizes Yz, resulting in a decrease of the late EL emission the ‘early EL’ measurement.si8"Qa~ is detected only to
measured 16@s later. As a result, the slow stabilization the extent that it persists in quasi-equilibrium with®Qa ",
phase was reflected in an initial rise of late EL as a function and in centers that fail to oxidize,¥n that time. In all cases,
of tp on the g transition and, in KO, on the S transition two clearly distinct components of 260 and 106-200us
as well, but not well resolved in the other cases. Reaction were found in the decrease of EL(P) as a function of the
dynamics during the electric field will determine how much delay time between the flash and the electric field pulse. They
of the slow Yz oxidation is prevented, so the relative extent correspond to slow phases in the reduction gf'Pthat are
of the initial rise in the late EL gives only a minimum attributed to a slow reduction by,Yand recombination with
estimate of the fraction of PS Il involved in the slow Qa~, respectively. To which extent the heterogeneoiss P
stabilization process. reduction kinetics reflect a ‘static’ or ‘dynamic’ heterogeneity
On the $3 transition in DO, the EL(Z) emission is  of PS Il is not clear from the literature, and the answer may
doubled with respect to that in,B, apparently at the expense well depend on the material and experimental conditions
of EL(P). This suggests that,D shifts the quasi-equilibrium  used. Some PS Il centers that lack a functional Mn cluster
between BsoYz™ and Rgs"Yz during the pulse toward and remain inactive on a time scale of seconds represent the
oxidized Rgo Such a shift would also double the rate of only static heterogeneity seen under our experimental condi-
charge recombination. No net acceleration is observed whentions [inactive centers blocked at the acceptor side would
the EL(Z) kinetics during the pulse for thes3ransition are not show up in EL(P) or EL(Z)]. We found that the miss
compared for HO and BO, but there is also no retardation probability in the period 4 oscillation with flash number is
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not higher for EL(P) than for EL(Z), whereas most misses in this case would recombine faster than it can be stabilized,
appeared to be due to charge recombination during the slowif the presence of &;" does not accelerate the reduction of
Psso™ reduction phases. This implies that the population of Y;°*by S. The same may apply to the*S)/Y ;S; transition
active PS Il RCs involved in EL(P) or EL(Z) is randomly in D,O but not in HO (Table 4). The reduction of X, if
redistributed between flashes, placing an upper limit of tens unmodified, should still be fast enough to allow stabilization
of milliseconds on the redistribution time. However, this of a significant fraction of centers, and cause some fluores-
result does not distinguish a dynamic heterogeneity due tocence rise and a fasteggf” decay than in inactive centers.
‘effective and ineffective stabilizers’ that redistribute in 10 These effects, if present, were too small to detect. Other
ms, as reported by Lavergne and Rappapén, (from an mechanisms that might cause a temporary inactivation of
essentially homogeneous submicrosecond equilibration be-PS Il and could explain the 16€200us charge recombina-
tween Rgo"Yz and Rgo"Y 22 followed by a 3Qus relaxation, tion in oxygen-evolving centers cannot be ruled out. The 10
as proposed by Rappaport et a8). ms equilibration between ‘effective and ineffective stabiliz-
The Recombination Componefthe presence of some ers’ described by Lavergne and Rappapdi) (may reflect
‘inactive’ PS Il centers that lack a functional oxygen-evolving such a process. However, the S-state dependence constitutes
complex is probably inevitable in all preparations, and an important restriction on possible mechanisms. For in-
introduces a static heterogeneity. The kinetic properties of stance, dissociation of the essential chloride ion might
such centers are well-known, however, and if their contribu- specifically inactivate thestate 49), but it would still allow
tion is the same on all flashes in a series except the first, theY; oxidation and cannot explain the recombination on the
only problem is to determine the amplitude of that contribu- Sso transition.
tion. The presence of these centers under the conditions used The Slow Stabilization Procesblost of the slow Bgg"
here was demonstrated by the difference in EL(P) kinetics reduction took place in the ‘3&s’ phase. The time constant
after the first flash and that obtained for thg Bansition in was more likely 26-30 us in our measurements, although it
active centers. Approximately +112% inactive centers had could be larger on & (Figure 6). The strong S-state
to be assumed to explain the fluorescence data. The maindependence of the amplitude is similar to that observed in
uncertainty in this number is the estimated degree of transient absorption spectroscof@2); so it reflects mainly
nonlinearity between fluorescence yield angd €dncentra- differences in the amount ofgfg" involved. The effects of
tion. A reasonable error of 0.2 in the connectivity parameter D,O were also strongly S-state-dependent. Th@-hduced
of 0.5 would not increase the possible range for the amountdecrease of the EL(P) amplitude on thg Bansition may
of inactive PS Il beyond 915%. be a consequence of the 2-fold increase of the EL(Z) on this
Although charge recombination in inactive centers ac- transition, if the equilibrium constant §RBY 2°*]:[Peso’Y ]
counts for most of the amplitude of the X0R00us decay is small during the pulse. Note that this could apply both in
of EL(P) in lower S-states, no acceptable fit could be the relaxing equilibrium model and in the case of a temporary
obtained if this component was assumed to be S-state-heterogeneity. The slow stabilization is clearly slowed by
independent. The confidence distributions in Figure 6 show D,O on the g transition and apparently also on the; S
that it was significantly larger than the estimated contribution transition. The latter case is not very convincing, because
of inactive centers ongand in DO also on &. This cannot the amplitude of the recombination component obtained for
be attributed to a gradual inactivation during the flash series, So; in DO seems too small to accommodate the inactive
because the information orp:Sand S, was obtained from  centers, and a larger amplitude of the recombination com-
flash numbers 4 and 5, after the higher S-state transitions.ponent correlates with a smaller time constant of the
A 100—200 us component was also resolved in reis,( stabilization component in the confidence distributions.
22) by absorbance difference measurements, but there itHowever, it appears that the rate here is significantly slower
could be treated as S-state-independent. This difference isn D,O. On the & transition, retardation of stabilization is
most likely due to the lower signal-to-noise ratio of those obvious and can also be seen in the shape of the EL signals
measurements. Our data show that active, oxygen-evolvingmeasured 1@s after the third flash (Figure 2).
centers contribute to the 16@00us phase in B¢" reduction D,O also caused a10% lower overall yield of stable
on the S transition. We found no indication for a concomi- charge separation on thesStransition (Table 3). The
tant increase in fluorescence yield or EL(Z), so this contribu- recombination component seems unaffected (Figure 6), so
tion to the 100-200us EL(P) decay is also most likely due the lower yield in RO would have to be due to losses by
to charge recombination o&&"Qa~. Since the recombina-  recombination of YPsgstQa~ during the slow stabilization
tion time was not distinguishable from that in inactive process. The loss probability is equal to the fraction of active
centers, it may be justified to conclude from the ap- PS Il centers involved times the net obserwgg, divided
proximately 2-fold larger total amplitude of the slow by the unknown time constant for the competing recombina-
component on the sgtransition that the number of active tion of Y;Psgs"Qa~. The confidence distributions in Figure
centers involved is comparable to the number of inactive 6 show thatryi,smust be close to its best-fitting value of 20
centers. We conclude that, at least in the conditions usedus in HO and 60us in D,O. If Y zPss6"Qa~ is assumed to
here, a substantial part of the miss probability on the S recombine with a 15@s time constant, like ¥*PsgotQa ™,
transition in HO may be due to a 16€200 us charge involvement of 37% of PS Il in slowdg:* reduction would
recombination taking place in a statistical fraction of the be needed to explain the 10% more losses i@ Ehan in
active reaction centers. H>0, which would then amount to 15% and 5%, respectively.
Yz must be temporarily unavailable for oxidation in these The fraction of PS Il involved in the slow fluorescence rise
centers, and the simplest explanation would be the presenceand maximally in the EL(Z) rise would be the remaining
of some ;°%S;, in equilibrium with YzS;. A charge separation  22% (D,O) or 32% (HO), consistent with the data. In this
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example, the time constant calculated for the stabilization Replacement of D with D,O significantly retards
process itself is 10@s in D,O and 23us in H0, so the oxidation of Q™. To our knowledge, there is only one
H/D effect is 4.3. Different ¥PsgstQa~ recombination times  previous report on an H/D exchange effect op © Qs

may be assumed, but values larger than a880see, for electron transfer in PS II, and flash number dependence was

instance, ref%)] cannot explain the 10% losses i@ on not considered37). We find that that the largest retardation
the S transition, even if half of the centers show slowg® of the fast phase of ) decay takes place on the S-state
reduction. transitions where & reduction is expected to dominate{S

We conclude that the competition between back-reaction Sy3). This seems in line with the notion that this reaction
and slow stabilization explains the increased miss probability requires prior protonation of the semiquinor&2)( but on
in D,O. The same conclusion was proposed by Christen etthe other hand, that was found to be not rate limiting in the
al. (22), but they could not rule out the alternative that the bacterial RC%3). The slow phase appears to respond 10D
recombination component was increased at the expense ofn a different way on the & and $; transitions than on S
the stabilization component, because inCDthe two and So. The strong retardation might indicate a decreased
components could not be resolved. The confidence distribu-relaxation of the equilibrium betweennQQs~ and Q QsHo,
tions in Figure 6 show that in our analysis the two for instance due to a retarded release of plastoquinol from
components could be resolved and that the stabilization isthe @ pocket. However, this process is largely beyond the
slowed. In addition, the amplitude of the stabilization time scale of our data, and we cannot rule out a possible
component is decreased by.@ but no corresponding decomposition artifact. The amount of slow phase assigned
increase of the recombination component is observed. to the $; and $; transitions depends on the presence of S

The calculation of losses by recombination during the slow in the dark. This is negligible in the bleb waRk, 39) but
stabilization process remains the same if heterogeneity isunknown in the dense patches of thylakoid material seen on
involved or not. When the slow stabilization process involves the bleb surface which contribute to the fluorescence but not
the relaxation of an initial equilibrium betweersF Yz and to the EL @6, 39, 54, 55).

PssoY 2%, as proposed in4@), the associated equilibrium Yz°* Reduction KineticsAs pointed out by Vos et al26),
constantk should be S-state-dependent and amount to 1.7 EL from the state ¥*Qa~ is expected to decrease as a
in the S state to retain a fraction of K(+ 1) = 0.37Rsgs" function of tp with the sum of the rate constants 0hQ

before the stabilization process begins. The S-state depenoxidation and ¥°* reduction. Compared to that study, the
dence ofK might be expected to influence the observed distinction between EL(P) and EL(Z) and the independent
stabilization rate, but the differences would not exceed the information on the oxidation kinetics ofQ discussed above
confidence intervals obtained for this parameter. In case of should allow a more reliable estimate of the S-state transition
a dynamic heterogeneity, an S-state-dependent fraction oftimes from the EL(Z) data, at least to the extent that they

up to 37% of PS Il in $must be unable to oxidize 2Yin take place in the 80@s time range studied. The biphasic
submicrosecond times, but does so in—30 us with an decay kinetics of EL(Z) on thepSand S, transitions indicate
efficiency of at least 80% (observeg.,30 us, 7rec 150uS). that the late EL in this time range actually does not disappear
This is very different from the 1820% efficiency of the with Yz°* and a substantial amount EL emission can still be
‘bad stabilizers’ of Lavergne and Rappapot®) In view induced in the state;SY initially formed, also on the &

of the reported pH dependence of the amount gi'P transition. Its decrease in the first millisecond is fully
involved in the ‘35us phase’ 12) and the evidence that;Y  accounted for by @ oxidation (see below), but on a time
oxidation depends on the availability of the D1-His190 scale of seconds, EL fromy&nd S is negligible compared
residue as a proton acceptd0), it seems possible that to that from the higher S-state26). Apparently the $and
protonation of this residue blocks the nanosecond reductionS, states are stabilized by a process that takes many
of Psgg™ and that its deprotonation is the rate-limiting step milliseconds, and the electric field can efficiently regenerate
in the 20-30us reduction of Bg". However, any mechanism Yz until that has happened. Electrogenicity of electron
postulated to explain the 2(B0«s component must account transfer between Yand the manganese cluster was previ-
for the fact that the rate is substantially decreased B9 D  ously reported in refs26, 56).

in the S state, perhaps to a lesser extent in thst&te, but A kinetic model was set up to extract the rate of°Y

probably not at all or much less in, 8r S.. reduction from the EL(Z) data that took into account the
Qs/Qs~ Dependence of  Oxidation KineticsThe results kinetics of Q~ oxidation and possible contributions to the

of our analysis suggest that the redox state gfi®QH,0 EL(Z) from S4+1Yz; i.e., the slow phase observed in the EL-

does not affect the rate constant ofx Qoxidation, as (2) decay for the & and S, transitions was included as
originally proposed by Bowes and Croft34], but instead resulting from $1Qa~ — S+1Qa. An initial rise phase due
affects the extent to which Q is oxidized during the fast  to the reduction of RB¢" was also included. Fit parameters
phase. It is generally assumed that the slow phase reflectavere the rate of ¥°* reduction and amplitudes for EL from
the oxidation of Q™ that is rate-limited by the diffusion of  the states ¥*Qa~, S+1Qa~, and an offset.

plastoquinone into the &) binding pocket. Conclusive It was found that this model was able to describe the late
evidence for this interpretation is not availabe, but it is EL data for the &, S;2, and $3 transitions; g was too slow
supported by the fact that the slow component has its largestto resolve. Results for the rates of% reduction are listed
amplitude on the § and $3 transition where mainly & in Table 4. Although the modeling is somewhat involved,
reduction (and not g reduction) is expected to occurgQ the results for HO are in reasonable agreement with previous
is supposed to be tightly bound to the PS 1| RC wheregs Q reports. %% reduction rates previously reported by Dekker
is not B0, 51), so the fraction of centers with an emptg Q et al. 67) and Rappaport et al58) are listed in Table 4 for
binding site should be largest on these transitions. reference. Between the two reports major discrepancies exist
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concerning the rates of the;&nd S transitions. Our result  the absence of anJD effect in § and $ does not support
is in accord with §7) for Sy; and with 68) for the S, the idea of a rate limitation by proton or hydrogen atom
transition. If we ignore the biphasicity of EL(Z) decay, as transfer on all S-state transitions.

in Vos et al. 6), larger time constants for 2 reduction
are obtained, but the fits are poorer.

HID exchange effects on the rate of Yeduction by the We thank C. F. Yocum for valuable advice. We dedicate
manganese cluster have attracted some attention in view Ofiis naner to the memory of three admired scientists and dear
the proposed hydrogen atom abstractor model. From EPR¢riengs who died after its submission: Prof. Gerald T.
(59), optical measurements5q, 61), and oxygen yield  gapcock, whose insistence on the hydrogen atom abstraction
measurementst{, 62), H/D isotope exchange effects are qqe| for water oxidation inspired this study; Prof. Bart G.
modest. There is some conflict in the literature concerning o Grooth, who pioneered electroluminescence research in

the magnitude of the isotope effect of the Bansition and ¢ |ahoratory; and Prof. Jan Amesz, who would have been
Sy3 transition. In the EPR experiments, a substantial kinetic nomator, for the last time, for the doctoral thesis of R.d.W.
isotope effect is observed for the.Sransition that is not ¢ \which this work is part.

apparent from the optical measurements. In the optical
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