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ABSTRACT. The oxidation kinetics of the reduced photosystem Il electron acceptom@s investigated

by measurement of the chlorophyll fluorescence vyield transients on illumination of dark-adapted spinach
chloroplasts by a series of saturating flashes. @xidation depends on the occupancy of the t§nding

site”, where this reaction reduces plastoquinone to plastoquinol in two successive photoreactions. The
intermediate, one-electron-reduced plastosemiquinone aione@hains tightly bound, and its reduction

by Qa~ may proceed with simple first-order kinetics. The next photoreaction, in contrast, may find the
Qs binding site occupied by a plastoquinone, a plastoquinol, or neither of the two, resulting in heterogeneous
Qa~ oxidation kinetics. The assumption of monophasig” @eduction kinetics is shown to allow
unambiguous decomposition of the observed multiphagic @idation. At pH 6.5 the time constant for

Qa~ oxidation was found to be 0-20.4 ms with @ in the site, 0.6-0.8 ms with @~ in the site, 2-3 ms

when the site is empty andg@as to bind first, and of the order of 0.1 s if the site is temporarily blocked

by the presence of §pl, or other low-affinity inhibitors such as carbonyl cyanigdechlorophenylhydrazone
(CCCP). Effects of pH and #D/D-0O exchange were found to be remarkably nonspecific. No influence

of the S-states could be demonstrated.

Photosystem Il (PS Wutilizes light-driven one-electron  quinone molecule at thegXite. @ acts as a two-electron
redox chemistry to bring about the four-electron oxidation gate {, 8). Its semiquinone form g is stabilized by the
of water to oxygen and the two-electron reduction of protein and remains tightly bound, until the next photore-
plastoquinone to plastoquinol)( In a fraction of a nano-  action allows its full reduction and protonation to the
second after the absorption of a photon an electron is plastoquinol form @H, that may be exchanged for a new
transferred from the excited primary donor chlorophyloP plastoquinone molecul®(10). On illumination of a dark-
via a pheophytin molecule, to a permanently bound plasto- adapted sample by a series of single-turnover flashes, the
quinone molecule, Q At the donor side of the PS Il reaction two-electron gate causes a binary oscillation with a flash

center (RC) Byt oxidizes the tyrosine residuezYin a number of electron-transfer reactions at the acceptor side,
multiphasic process with time constants ranging from tens superimposed on the period four oscillation due to the four-
of nanoseconds to tens of microsecon?s3j. Yz°*in turn electron gate at the donor side. Since the staf®zS

oxidizes the four-manganese cluster at the PS Il donor side.accumulates during dark adaptation, the sequence of states
In four successive charge separations the complex ac-produced by the first four flashes is predominantly as follows:
cumulates the four oxidizing equivalents needed to split two

water molecules into protons and molecular oxygen. As a SQ%—SQ%k —SQ—SQ —SQs

result, the complex cycles through its five so-called S-

states: §— S — S — S — Sy, where the subscript  Although “misses” due to failure or recombination of the
indicates the number of oxidizing equivalents stored. The charge separation cause a damping of the oscillations, they

state 3 spontaneously reverts tq By water oxidation. affect both sides, and in each RC the correlation between
On the PS Il electron acceptor sid®,(which is similar S-states _and gIstates is normally preserved throughout a
to that of the better known RC of purple bacterfa 6), flash series11).

electron transfer from R to the pool of free plastoquinone The oxidation of Q~ by Qs and that by @ may have
molecules in the membrane requires binding of a plasto- quite different properties and may also depend on the S-state.
In purple bacteria @has been shown to bind at a more distal
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of The Netherlands Organization for Scientific Research (N\WO-Cw). Shift to the more proximal positioriLg). The reduction of
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71 5275819. E-mail: vanGorkom@Biophys.LeidenUniv.NL. force and requires prior protonation, although the latter was
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D (2H), deuterium: DCMU, 3-(34 -dichlorophenyl)-1,1-dimethylurea; ~ found to be not rate-limiting in the purple bacterial R& (

EL, electroluminescence; FCCP, carbonyl cyameifluoromethoxy)- 6). In PS Il the study of these reactions has been seriously
phenylhydrazone; & primary electron donor of PS II; PS Il,  hampered by the multitude of states of the RC, by PS II

photosystem 1I; @ permanently bound plastoquinone, secondary peterggeneity, and by malfunctioning of the two-electron gate
electon acceptor; £ exchangeable plastoquinone acting as a two- . . .
electron gate; RC, reaction center; TPB, tetraphenylboran;Dd- in all but the most intact PS Il preparations. Fortunately, the

tyrosine 161, secondary electron donor. chlorophyll fluorescence yield in PS Il provides a very
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sensitive, albeit nonlinear, measure of the oxidation state of Flash-Induced Fluorescence Kineti¢duorescence mea-
Qa Which can be used even in intact organishd).(Using surements were performed using the emission of blue LED’s
whole chloroplasts, the group of Crofts has studied the Q  (Marl, 470 nm) filtered by a Corning 4-96 as a nonactinic
oxidation kinetics this way in relation to the two-electron excitation source. The induced fluorescence was detected
gate. The fluorescence yield decay was much faster afterthrough Schott KV 550 and RG 630 cutoff filters and a
one than after two flashes, and the fluorescence yield at aBalzers 686 nm interference filter. The LED’s were modu-
fixed (submillisecond) time after the flash showed a small lated by pulsing a home-built current driver at 2 MHz. Pulse
but obvious binary oscillation with flash numbeir4j. trains of the desired length could be obtained by gating the
In our recent study on the slow phases gf;Preduction current driver with a TTL pulse. The fluorescence signal was
in osmotically swollen thylakoids 16), we also used demodulated ¥ a 2 MHz lock-in amplifier. Artifacts
measurements of fluorescence yield changes to determingesulting from the PMT gating were suppressed by simul-
the Q.- oxidation kinetics. Like Putrenko et all§), we taneously gating the input of the amplifier using a fast
confirmed the faster decay on the first flash but could not MOSFET. The output of the lock-in amplifier was led into
confirm the proposed £Qs~ dependence of the oxidation an ADC that was interfaced to a PC for data storage. The
rate constantl(4). Instead, the period two oscillation of the instrument response time was determined by the adjustable
fluorescence yield decay appeared to be largely due to thetime constant of the lock-in amplifier and was-2 us
Q&/Qs~ dependence of the amplitude of a slow phasegn Q minimally. By use of modulated rather than continuous
reduction, often attributed to PS Il centers where thesife measuring light, lower (less actinic) light intensities could
was empty at the moment of the flash. Also, the effect of be used, and a contribution by long-lived luminescence
exchanging HO with D,O on both Q~ oxidation phases  emission induced by the actinic flashes (PS Il delayed
appeared to depend on the reduction state gf it the ~ fluorescence) was suppressed.
results were not conclusive on this point. Measurement of flash-induced fluorescence yield changes
Prompted by these observations, we have reinvestigatedVv@s performed on three different time scales by using LED
the kinetics of Q~ oxidation as reflected in the decay of pulse trains of either 0.18, 16 or 10 ms duration. For the
the flash-induced fluorescence yield increase upon illumina- tWo shortest time scales the signals were measured at each
tion of dark-adapted spinach chloroplasts by a series 0fﬂas_h of a series of consecutive laser flashes. For each flash
single-turnover flashes. An unambiguous separation could Series a fresh dark-adapted sample was taken. For the 0.18
be obtained of the £ oxidation kinetics in PS Il centers MS measurements the-2 us response time (500 kHz
with Qg with Qs, and with an empty @site, and the effects s_amphng rate) was used; for the 1.6 ms me.asurements the
of S-state, pH, and ¥/D,O exchange on each of these time constant was set to 163 (100 kHz sampling rate). To

reactions were investigated. avoid double hits due to the actinic effect of the measuring
light, the 10 ms measurements were performed only at the
MATERIALS AND METHODS last flash of a series of 45 laser flashes. For each

measurement a fresh dark-adapted sample was taken. A 30
Measurements were performed on thylakoids isolated from us time constant in combination with a 20 kHz sampling
laboratory-grown spinach leaves, essentially according to refrate was used.
17. Shortly before measurement the thylak0|ds were diluted Fluorescence Changes Induced by the Addition of Chemi-
from a concentrated suspension in a buffer containing 0.4 cals. For these experiments the emission of a blue LED (as
M sucrose, 15 mM NaCl, 5 mM Mggland 25 mM MES/  ahove) was used. The thylakoids were suspended at a
NaOH for pH values up to 6.5 or HEPES/HCI or Tricine/  chlorophyll concentration of 16g/mL in the sucrose buffer

NaOH for hlgher pH For measurement of the H/D eXChange at pH: 6.5. The 1 mm path_|ength cuvette was p|aced ina
effect the thylak0|ds were diluted in the same buffer solution Specia| housing that allowed the addition of chemicals in

but prepared in BD; the pD was set using a correction for the dark.

a glass electrode in & according to ref18. Before Electroluminescencélectroluminescence (EL) measure-
measurement the sample was dark adapted for 15 min.ments were performed on blebs as described beftBg (
Osmotically swollen chloroplasts (blebs) were formed by EL was induced by exposing the sample to a A8@lectric
diluting a thylakoid suspension of 1.5 mg/mL 400-fold ina field pulse of 0.7 kV/cm at 50@s after a series of 112
solution containing 1 mM MOPS buffer, pH 6.6, and 1 saturating laser flashes. At this field strength PS | did not
mM CaCl. All measurements were performed at room contribute significantly to the EL. Emitted light was collected
temperature. on the photomultiplier. The photomultiplier signal was
When applicable, FCCP, CCCP (Sigma), or DCMU amplified (bandwidth>1 MHz), digitized at a sample
(Lancaster) was added from a stock solution in ethanol. The frequency of 2 MHz, and fed into a PC for data averaging
final ethanol concentration in the sample was 0.1% or less, and storage. For each measurement a fresh dark-adapted
except for the measurement of fluorescence changes inducedample was taken.
by addition of these chemicals (see below), where the final Data Analysis Fits of the fluorescence were performed
concentration was 1%. TPB (Sigma) was added from a stockby relating the fraction of PS Il centers with reduced Q

solution in water. (C) to the fluorescence according to Paillot0):

For both fluorescence and electroluminescence measure-
ments the frequency-doubled pulse (fwhrO ns) of a Nd: F_,__1-C (1)
YAG laser was used for saturating flash excitation. Emitted Fu (1/€) — p(C)

light was detected by a photomultiplier tube (EMI 9816A)
that was shut off during the flash by an electronic ga®.( F is the observed fluorescence yiek, is the fluorescence
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yield corresponding to all centers close@ & 1) by
illumination in the presence of DCMUW.= (Fy — F¢')/Fum

is the trapping efficiency with all centers ope@ € 0). The
fluorescence yield in that casy, is generally higher than
the Fo seen after dark adaptation, especially shortly after a
flash, and hard to determine experimentally. For the value
of F¢' we took the fitted value of the nondecayingi(@l1 s
time scale) part of the fluorescence yield after the flash (see
below), thus ignoring the presence of anyQn that. The
connectivity parametgg, the probability of excitation transfer
from a closed center to another PS Il, was taken to be 0.7.

The oxidation of @~ on the time scale of our measure-

ments was modeled as the sum of two exponential decays S S-S S ﬁm
with time constants,s and 750, and fractions of PS 1l 200w
centers involve®,s; and Qsow. Their sumQyg is less than 1; 0
i.e., Fy is not reached, because in some centers charge 5
recombination occurs beforesdg" can be reduced by Y Flash number

The first data point included in the fit was taken some time g re 1: EL induced by a 0.7 kV/cm electric field pulse applied
after the flash (typically 15@s in the 10 ms experiments)  over a suspension of osmotically swollen chloroplasts (chlorophyll
to avoid contributions of rising phases in the fluorescence concentration 4g/mL). The field was switched on at 5@ after
and/or instrument response. The presence of still s|owera variable number of preceding laser flashes were fired at 1 Hz.

; . . ; : Shown is the integrated EL yield from the first 108 of the electric
phases in @ decay is ignored, resulting in an overestimation field pulse as a function of flash number. Symbols: triangles, no

of Fy'. Least-squares fitting was performed using the routine aqgitions; open circles, 04M FCCP; solid circies, 0.24M CCCP.
e04jaf of the NAG toolbox for Matlab. This routine employs The solid lines are fits as described in the text. The inset shows
a quasi-Newton method to minimize a general nonlinear the actual EL transients after 1 and 2 flashes in the presence of
function and allows bounds to be imposed on the parameters CCCP-

Confidence intervals of parameter values in the presence of

cross-correlation between fit parameters were determined by@9€nts. Apparently the.Sstate formed by the flash was
a Monte Carlo fit simulation procedur@l) as used before reduced back to Safter each flash. The remaining flash

(15). The method consists of first obtaining the most likely nhumber dependence indeed seems to show only a period two
parameters by an ordinary least-squares fit of the real data Oscillation _|nd|cat|ve of the two-elec_tron_ gate at the electron
This fit is used to generate a large number of synthetic data2CCeptor side. However, two complications are clearly seen.
sets by adding random noise with the same distribution asFirst, the binary oscillation is not the same with the two
found in the original data. All synthetic data sets are then ADRY agents: that with FCCP is barely resolved and its
fitted in the same way as the original data to produce a Phase is opposite to that seen with CCCP. Second, the
distribution of values for each fit parameter. These distribu- 0Scillation disappears in 8 flashes, indicating that the

tions represent the confidence intervals including cross- Synchrony of the two-electron gate between PS Il centers in
correlations between the parameters. the sample was lost much more quickly than the damping

of the period four oscillation in the absence of ADRY agent
RESULTS would predict. The latter discrepancy could be quantified in
first approximation by determination of the best-fitting miss

To separate the effects of the two-electron gate from thoseprobability if the period four oscillation was simulated by a
of the four-step S-state cycle, chemicals that reduce thesimple Kok scheme with S-state independent misses, plus a
higher S-states between successive flashes in a series magmall average EL increase per flash. This description is too
be added. For this purpose so-called ADRY agents have oftensimple to allow a good fit [as reported befor24)], but it
been used, because their presence in catalytic amountshowed that the average miss probability was between 5%
destabilizes the higher S-states permaneriy 23). This and 8%, much lower than the 17.5% found when the EL
is illustrated in Figure 1 by measurements of the recombina- oscillation with CCCP was simulated with a two-state model
tion luminescence induced by a strong electric field pulse (solid lines in Figure 1).
(EL) in osmotically swollen thylakoids. The integrated EL  The oxidation of Q- after a flash is most conveniently
emitted during the first 10@s of the pulse (for actual EL  monitored by the associated decrease of the chlorophyll
traces see the inset) is plotted as a function of the numberfiyorescence vyield. Figure 2A shows the flash number
of saturating flashes preceding the pulse, which was applieddependence of fluorescence yield transients in thylakoids on
at 0.5 ms after the last flash. At this time the extent Q?XY a0.2ms (|eft) andmwa 2 mstime scale (r|ght), normalized
reduction is very different in the different S-states, resulting to the fluorescence vyield in the dark-adapted state. The
in a strong flash number dependence of the EL amplitude maximum fluorescence, reached at aboutS@fter the flash,
with a characteristic periodicity of 4 flashes (triangles).  shows a period four oscillation with a flash number similar

After addition of submicromolar concentrations of the to those in ref$25—27, attributed to an S-state dependent
ADRY agents CCCP (solid circles) or FCCP (open circles), amount of long-lived Rg¢", which is a strong fluorescence
the period four oscillation was completely suppressed. On quencher. The overall rise of the fluorescence yield with flash
all flashes the EL amplitude remained small, comparable to number results from depletion of the plastoquinone pool and
that observed after the first flash in the absence of ADRY could be completely prevented by the addition of (29

integrated EL (a.u.)
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Ficure 2: Flash-induced fluorescence changes induced by consecutive flashes fired at 1 Hz. Panels: dsftr@@€ent; right, 2 ms/
transient. Thylakoids were suspended at-ptb.5; the chlorophyll concentration was@/mL. Conditions: (A) no additions; (B) 0,4M
FCCP; (C) 0.24uM CCCP.

artificial electron acceptor 2,5-dichlof@benzoquinone (not  25% & and 75% $ after dark adaptation and an S-state
shown, but see reP4). When the ADRY agents FCCP independent miss probability of 7.5% on each flash. Only
(Figure 2B) or CCCP (Figure 2C) were added in sufficient the fluorescence yield transients on flash numbers @ere
amounts to suppress the period four oscillation, also the used for the decomposition to avoid complications by the
overall rise with flash number disappeared. This suggestsdifferent contribution of “inactive centers” on first flash after
that the reduction of the plastoquinone pool was preventeddark adaptation, as compared to later flast&s; 29). The
because the electrons reducing the higher S-states originateesulting traces show the fluorescence vyield transient that
from the plastoquinone pool or PS Il acceptor side. would be seen if all active PS Il centers were in the indicated
As in the EL measurements, small period two oscillations S-state at the moment of the flash. Figures 2 and 3 already
of the flash-induced fluorescence changes appear in theindicated the lower maximum insSrelated to a larger
presence of the ADRY agents, but they are not the same forPsss"Qa~ recombination 15), and the lower offset after a
CCCP and FCCP. In the presence of FCCP the initial flash in S, presumably because it forms neithes Quor a
fluorescence decay was accelerated and appeared to be fasteigh S-state. The key result shown by the decomposition is
on odd than on even flash numbers, at least for the first few the absence of the 2 ms component kT @xidation after a
flashes (Figure 2B, left). This was not observed with flash fired in the states Sand S, where mainly @ is
CCCP: here the most pronounced period two oscillation was expected to be the electron acceptor.
observed in the fluorescence remaining after a few mil- A quantitative description was obtained by fitting the data
liseconds (Figure 2C, right), which was larger than with of Figure 3. Kinetics of Q~ oxidation in each of the S-states
FCCP or on the first four flashes without additions. were calculated according to the relevant parameters, mixed
The overall impression from the 2 ms traces in Figure 2 for each flash according to the S-state distribution calculated
is that the fluorescence yield decay kinetics after a flash from the assumed dark distribution 0§:S,:S;:S; = 0.25:
shows little dependence on S-state /@ . All traces 0.75:0:0 and miss probability of 7.5% used in the construc-
show similar decay times. For quantitative analysis of the tion of Figure 4, and converted to the fluorescence yield scale
kinetics, the decay of the fluorescence yield after the first as described in Materials and Methods. It was assumed that
five flashes was measured on a 10 ms time scale (Figure 3)the S — $; and § — S transitions were associated with
These traces show at least two decay components with timebiexponential @~ oxidation kinetics, while @~ oxidation
constants around 0.5 and 2 ms, respectively, and an offseon the $ — S, and $ — S; transitions was assumed to be
(nondecaying on this 10 ms time scale but largely gone monoexponential. The fluorescence yield remaining after
before the next flashl s later; see Figure 2). In this and the these decay phases was assumed to correspond tq all Q
following figures the dotted lines show the corresponding oxidized, i.e., accounted for by, (see Materials and
data obtained after replacement ofCHby D,O, which will Methods).
be addressed at the end of the Results section. The smooth lines in Figure 3 represent the fit obtained as
Figure 4 shows the same data decomposed into thedescribed above. Table 1 lists values of fit parameters
contributions of the four S-states, assuming the presence ofcorresponding to the hypothetical situation of a flash fired



11916 Biochemistry, Vol. 40, No. 39, 2001 de Wijn and van Gorkom

-0.3 -0.3 -0.3 -0 34k -0.3

time after last flash (ms)

Ficure 3: Time course of the fluorescence yield change during 9 ms after the lastoflashes fired at 1 Hz. Lines: solid, thylakoids
suspended in §D; dotted, thylakoids suspended in@(pH/D = 6.5). The smooth lines represent fits as described in the text. The residuals
of the fit to the HO data are shown in the lower panels.

0 8,Qy S.Q,
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Ficure 4: Upper panels: S-state decomposed fluorescence yield kinetics based on flaShettBe data in Figure 3. The transients
represent the signal with all RCs in the indicated S-state just before the flash. Lines: s@lidjdtted, BO. A miss probability of 0.075

in HO or 0.115 in BO and a dark distribution of S-states of&§:S,:S; = 0.25:0.75:0:0 were assumed for the decomposition. Lower
panels: S-state decomposed decay kinetics ©f €alculated according to the fit in Table 1. Lines: solidCH dotted, RO.

with 100% of the RCs in the indicated $Q@tate. Corre- SQs ™ in the dark. This is illustrated in Figure 5, which shows
sponding Q- decay kinetics calculated for each S-state the mean square deviation between fit and data, normalized
transition are shown in Figure 4 (lower panels). It may be to the mean square noise, as a function of the fraction of
concluded that under the assumptions described above it iscenters assumed to havg ™ in the dark. A good fit was
possible to describe the data in terms of a biphasic Q obtained for fractions of 0.250.3. For smaller fractions the
reduction and a monophasigQreduction. This result does overall mean square deviation seems small, but in parts of
not depend much on the value of the miss probability used, the signal, especially at short times after the second and the
but it does depend on the assumed presence 6f32% fourth flash, clearly significant deviations appeared. The
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Table 1: Parameters Obtained by Fitting Flashe$ ®f Figure 3 1.50

(pL 6.5) As Described in the Text

SQs™ S10s SQs™ S:Qs
H,O DO HO DO HO DO HO DO

Te(Ms) 064 1.8 028 085 0.68 1.7 021 0.66

Tslow(ms) 2.3 4.5 2.0 2.9 1.254
o 0.95 078 0.75 057 085 0.72 070 0.50

Qus/Q 1f 1f 047 063 1f 1f 0.35 034

Fo'/Fo 1.32 1.43 1.58 1.49 1.48 1.34

aValues apply when a flash is fired in the indicated $/8ate.
Symbols are defined in Materials and Methods. f denotes a fixed
parameter. Other fixed parameters &ig.x = 5.3, p = 0.7, dark
distribution of S-stateseS;::$:S; = 0.25:0.75:0:0, and miss probability 1'000 0 04 02 0a 04 05
7.5% in KO and 11.5% in RO (see ref44). For S and S the value ’ ’ ’ ’ ) ’
of F¢' in D,O was set to the same value as found #OH fraction S Qg in the dark

2 2
X%,

FIGURE 5: ¥, the sum of squared residuals from a fit to the
deviation on the first flash, which was disregarded in the fluorescence yield transients in Figure 3 as described in the text,

minimization, shows that the 2 ms component on this flash as a function of the fraction ofe®s "~ assumed to be present in the
is smaller than expected dark. 2 is normalized to the mean square noigé,

The fit results indicate that the rates of electron transfer yqqe| rather than a four-state modgh and Qo can now

from Qa” to Qs and from Q~ to Qs~ do not depend e assumed to be the same for bohiadd Q- reduction.
significantly on the S-state. Therefore, the decomposition of Fo was assumed to correspond to the fluorescence left at 9
the decay of the fluorescence yield does not depend on theys after Q- reduction; the period two oscillation of this
initial S-state distribution or correlation of S-state angt Q  |eye| was assumed to stem fromaQretained after @
state that was assumed in the fit. The assumed presence gfgqyction Qofise). Again the 2 ms phase was assumed to
25-30% Q" in the dark is required and sufficient 0 occyr only on @ reduction and not on £ reduction. The
conclude that the 2 ms component is not seen durieg Q  pest-fitting parameter values are listed in Table 2 and the
reduction, which strongly supports its assignment 10 Q  ¢orresponding fluorescence yield kinetics shown by the
oxidation in centers where the;Qite is empty at the moment  smooth lines in Figure 6. The fit was sensitive to the miss
of the flash. Its smaller amplitude on the first flash after dark probability, for which a similar value, 16%, was found as in
adaptation may indicate thateHl s flash interval was t00  the EL measurements of Figure 1. The fraction of Q
short to reach plastoquinone binding equilibrium at the Q  assumed to be present in the dark-adapted state was less
site in all centers. critical, with a broad optimum around 0.22. The best-fitting
The best-fitting time constants in Table 1 suggest that the yajues for the time constant of the fast phase of Q
rate of @~ reduction is indeed slower than the fast phase oxidation were similar to those found in the absence of CCCP
of Qg reduction, as was concluded by Bowes and Crd#.( (Table 1): 0.24 ms for @reduction and 0.79 ms for &
However, due to cross-correlation in the fit between the rate reduction.
and amplitude of the fast component and the value @f Q  The difference between the time constants gi€luction
this result was not unambiguous. A good fit could still be and Q- reduction was conclusive in this case, due to the
obtained when no £Qg ™~ dependence of the time constant more restrictive two-state model. The confidence distributions
was allowed in the model, although the resulting flash of the time constant of the fast phase of @xidation were
number dependence of@ppeared unlikely in view of the  determined by a Monte Carlo fit simulation as described in
data at the shorter time scale in Figure 2. The ambiguity is Materials and Methods and are shown in Figure 7. Given
no longer observed when ADRY agents are added to removethe pest-fitting parameter valuess, the confidence distributions
the S-state dependence of.Q reflect the probability that the “real” values are different.
Figure 6 shows the flash-induced fluorescence yield Although without CCCP the confidence distributions for the
transients in the presence of CCCP, measured on a 10 msime constants of (S:Qs, S:Qs) and @~ (SQs~, Q")
time scale as in Figure 3. As noted already in Figure 2, in reduction are clearly different, they do overlap, and an
the presence of CCCP the fluorescence yield remaining afteracceptable fit could indeed be obtained assuming identical
a few milliseconss is higher than in the control or with FCCP time constants for @reduction and @ reduction. This is
and shows a rapidly damped but pronounced period two due to cross-correlation in the fit between the time constant
oscillation with flash number. A significant fraction ofaQ of Qg reduction, @, and the relative amplitude of the 2 ms
appears to be retained longer than the duration of measurecomponent. In the fits to the data with CCCP, the confidence
ment, especially on uneven flash numbers. Assuming thatdistributions for the two time constants are widely separated,
the oscillation is related to the two-electron gate, we can mainly because that for gQreduction is now sharply
use it to decompose the kinetics into the contributions by delimited. The reduction of £ may be somewnhat slower
electron transfer from Q to Qg and that from Q™ to Qg7 in the presence of CCCP, but this effect was not significant.
respectively. The presence of a very slow phase in the reductiongf Q
Any influence by the electron donor side should now be is most easily explained by assuming that CCCP competes
the same on each flash, except perhaps on the first wherewith plastoquinone for the £binding pocket and, once
some §— S, is expected. The first flash was disregarded, bound, is not released within 10 ms. An interaction of CCCP
and fitting was performed as above, but using a two-state with the PS Il acceptor side similar to that of DCMU has
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Ficure 6: Time course of the flash-induced fluorescence change yield during 9 ms after the last défathes fired at 1 Hz in the
presence of 0.xM CCCP. The solid lines represent fits as described in the text. The residuals to the fit are shown in the lower panels.

Table 2: Values of Parameters Found by Fitting the Data of Figure CONCentration FCCP caused similar effects (not shown),
6, Obtained in the Presence of CCCP (pH 6.5) As Described in the indicating that this ADRY agent also binds at the I@nding

Text site but apparently not in significant amounts at the ML
S1Qs S0~ concentration used in Figure 2.
Trast (MS) 0.24 0.79 Effects of pH and KD/D,O Exchange on @ — Qs
Tsiow (MS) 2.8 Electron TransferNow that we can clearly distinguish the
0 095 Qa~ oxidation kinetics in PS Il centers withgQwith Qg™
Qras{ Qo 0.38 1f . L . .
Quow/Qo 0.23 of and with an empty @site, it should be possible to determine
Qofise! Qo 0.38 of the effects of pH and ¥D/D,O exchange on each of these.
Fo'lFo 119 In Figure 9 the flash-induced fluorescence changes measured

aValues apply when a flash is fired in the indicated $/8ate.
Symbols for fit parameters are defined in Materials and MethQghget
denotes a fraction of £ that is left after the slow phase. Other
parameters are miss probability 16% and fraction gf @resent in
the dark 0.22 in HO. f denotes a fixed parameter. Other fixed
parameters arBmax = 5.0 andp = 0.7.

at pL 5.5 and 7.8 are shown. At pH 5.5 the decay af @
slower than at higher pH. Also, the®/D,0O exchange effect

is most pronounced at low pL. Fits of the data were
performed in the same way as before and did not require
unreasonable assumptions for the miss probability or dark
distribution. The only complication was that on the-S S

been suggested befordl( 30). To verify this point transition in HO at pH 7.8 no fit could be obtained without

fluorescence yield changes induced by the addition of cccpallowing a slow phase. The significance of this disturbing
after flash illumination were measured (Figure 8). The observation is not clear. The results_ are presented in Table
thylakoids were dark adapted, and @81 electron donor ~ 3 @nd may be compared to those in Tables 1 and 2. The
TPB was added in the dark. Then the measuring light was overall impression that emerges from these data is that all
switched on, and one flash was fired to producg”Q  lime constants may be increased by a factor e32by
Subsequent addition of DCMU (dashed line) results in the lowering the pL or by HO/D,O exchange and no specific

by the displacement of £ of Qo is decreased, and in most cases thatfs increased

by D,O. We note again that the fast and the slow phases of
Qs reduction ($, S5) are hard to determine separately and
their rates are correlated wit, and the relative amplitude

of the slow phase in the fit. As a result, especially the effects
on the @ reduction kinetics suggested by the best-fitting
After that, the fluorescence continues to increase slowly parameter values may have limited significance. For instance,
because of the now irreversible actinic effect of the measur- Figure 4 suggests that the data do not rule out the possibility
ing light. At the end of the trace a few flashes were fired to that D,O has no effect on Qreduction, in contrast to £
locate theFy level. Addition of 0.24uM CCCP before reduction. In DO at pD 5.5 the slow phase could no longer
DCMU (solid line) caused a small increase by itself and be distinguished, which explains the extra increasé&Hf
diminished the increase induced by DCMU. At higher on the $; and S transitions in this case.

Q.Qz~ + DCMU = Q, Qg + DCMU —
Q. DCMU + Q
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Ficure 7: Confidence distributions for the value of the time
constants of the fast phase of Qoxidation ¢g) within the model
described in the text. The confidence distributions were obtained
by a Monte Carlo simulation (see Materials and Methods). Upper
panel: without additions (Figure 3), after a flash g~ (dashed
line) and $Qg~ (dash-dotted line) or in g (solid line) and Qs
(dotted line). Lower panel: in the presence of CCCP (Figure 6),
Qg reduction (solid line) or @ reduction (dashed line).

DISCUSSION

The decay of the chlorophyll fluorescence yield in chlo-
roplasts after a saturating flash is highly polyphasic. After
approximate correction for the nonlinear dependence of
fluorescence yield on the concentration gf Qmainly two
kinetic components can be distinguished in the oxidation of
Qa~, with time constants in the range of 6:2.8 and 2-3
ms, respectively, followed by a minor, much slower com-

Biochemistry, Vol. 40, No. 39, 200111919
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fluorescence change (a.u.)

time after flash (s)

Ficure 8: Fluorescence yield changes induced by the addition of
chemicals. After dark adaptation 251 TPB and a flash was fired
(t=0). Lines: dashed, fluorescence change induced by the addition
of 25 uM DCMU; solid, fluorescence changes induced by the
successive addition of 0.24M CCCP and 25M DCMU.

tion of the higher S-states would be expected to proceed most
rapidly via back-reaction with £, if present. In a sample
with random distribution of S-states ands Qstates, that
would produce a distribution dfs S5Qs, Ys SoQs ™, /s S1Qs,
and'/s S,Qg after dark adaptation. Bothy&ind G~ will

be present in one-fourth of the centers, but coexist in one-
eigthth only. In the fits of Tables 1 and 3 they were kept
strictly correlated, to make use of the constraint of monopha-
sic @~ reduction, and as a result the initigJ @&ncentration
may be overestimated. Such a strict correlation was actually
found in the—to our knowledge-only published attempt to
measure it11), but there the dark distribution was 0.4,

0.9 SQg, possibly related to the long dark adaptation used.
The presence of some 30%gQin the dark has been
postulated before7( 31) but is not well established24).

We show here that the assumption of-2D% Q;~ after
dark adaptation is required and sufficient to conclude that
the 2-3 ms phase in  oxidation probably does not occur
on s~ reduction but only on @reduction, as expected if

it reflects plastoquinone binding to an empty Qlte.

CCCP and PlastoquinoDespite the constraints imposed

ponent. The time constants and amplitudes show small butby the assumed restriction 0&Qto even and @to uneven

reproducible oscillations with flash number, indicating a
dependence on the S-state angtsfate. Determination of

S-states and a monophasig Qeduction and biphasic £
reduction, there were too many free parameters to prove the

that dependence required decomposition of the data into theapparent rate difference between these two reductions.

contributions of each state to the mixture present in the

Especially the time constant of the fast phase gf€luction

sample, because the differences are too small to distinguishwas poorly defined due to cross-correlation between the

these contributions in a mixed decay curve.
S-State/@-State Decompositiorhis decomposition re-

quires knowledge of the initial distribution of states and of

their transition probabilities in a flash. The simplifying

amplitudes and time constants of the two phases. The
required simplification was obtained by adding the ADRY
agent CCCP to remove all S-state dependence, especially
of Qo andFy', because CCCP also caused a binary oscillation

assumption of state-independent misses is usually a satisfacef the fluorescence yield at 10 ms that could be used for

tory approximation for this purpose, and the average transi-

tion probability is easily determined from the damping of
any parameter modulated by the oscillation. The distribution

Qs/Qs~ decomposition of the data. The oscillation was due
to a very slow phase~0.1 s) in Q~ oxidation which we
attribute to the displacement of CCCP from thg $te by

of states after 15 min dark adaptation is uncertain. Deactiva- plastoquinone after photoreduction of Recombination of
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Ficure 9: Flash-induced fluorescence yield change induced by the last5fflashes (as in Figure 3) inJ® (solid experimental lines)
and DO (dotted lines) at pL (pH, pD) 5.5 (upper panels) and 7.8 (lower panels). The smooth lines are fits as described in the text.

this long-lived Q~ with the S state, before the ADRY effect  Table 3: Fit Parameters Found by Fitting Flashe$ 2f the

has reduced Sto S, may explain the enhanced miss Flash-Induced Fluorescence Yield Kinetics in Thylakoids at pL (pH,
probability in the binary oscillation. pD) 5.5 and 7.8 in kD and QO (Figure 9) As Described in the

It seems that plastoquinol has a similar effect: the Text

fluorescence yield remaining after 2 ms was found to increase SQ8” $1Qs SQs™ SoQs

much earlier during the flash series than that remaining after HO DO HO DO HO DO HO DO

1 s, just before the next flash (Figure 2, upper frame). The pL=5.5

increase is too large to be due to decreased quorescencerfast((mS)) 18 38 09 26 17 32 14 25
nchin I inone. By anal he eff f Tsiow(MS 9.9 5.6

quenching by plastoguinone. By analogy to the effect o Qo 069 035 0.61 027 062 041 046 032

CCCP, we attribute this increasing slow10 ms) phase in W/ 1f 1f 042 1f 1f 1f 060 1f
the fluorescence yield decay to the dissociation of plasto- F;/F, 172 194 140 184 161 1.87 141 1.79

quinol from the @ site in response to the much stronger pL=78

binding of Qs~. Tme(Ms) 083 1.4 032 070 073 1.3 035 1.1
The small fluorescence yield decay phase in the 10 ms to Zsiow (MS) 33 31 27 26 7.0

1 s time range present already on the first few flashes, also Q 085 075 076 065 085 069 0.6 055

: : Qus/Q 1f 1f 071 068 075 1f 054 051
seen in the presence of FCCP, presumably has a different - 134 151 152 178 145 155 136 1.36

origin_. Its a-S-SOCiation with Q OXidation- or a change in aValues apply when a flash is fired in the indicated S&fate. At
trapp_mg_ efficiency and possible gonnect|on to PS Il hetero- pL 7.8, the miss probability is 12% in® and 10.5% in BO. At 'pL
geneity is not clearl(§, 32). The existence of so-called “non- 5.5, the miss probabilityn = 10% in HO and 13.5% in BO (see ref
B” centers B83) is not apparent from our data. If they do 44). The S-state distribution after dark adaptation was assumed to be
contribute to the flash-induced fluorescence yield transients, S:S1:$:Ss = 0.25:0.75:0:0. f denotes a fixed parameter. Other fixed
it would have to be in this small, very slow component Parameters arBma = 5 andp = 0.7. Symbols for fit parameters are
. S, defined in Materials and Methods.

contained inFy'.

The ADRY agents prevented the accumulation of plasto-
quinol during the flash series but not the functioning of the No significant S-state dependence was found, because these
two-electron gate, supporting earlier evidence that the times are consistent with the fit result based on flash numbers
electrons reducing the high S-states are ultimately derived2—5 under oxygen-evolving conditions (Table 1). They are
from the plastoquinone pool34, 35). This may seem  also consistent with the values based on the fluorescence
inconsistent with the persistence of the ADRY effect in the Yield decay after the first and second flash by Bowes and
presence of DCMU under repetitive flash conditions in the Crofts (14). PS Il measurements on the first flash often differ
presence of divalent cations and a high concentration of from those during the rest of the flash series, but the time
ferricyanide 86). However, in such conditions ferricyanide constant of electron transfer fromyQto Qs is the same.
probably mediates electron transfer frora Qo the oxidized The fluorescence yield transient on the first flash after dark
ADRY agent. adaptation deviates from the fit based on flash numbeis 2

Time Constants of Electron Transfer from Qo Qs and mainly by the smaller amplitude of the-3 ms component
to Qz~. The fluorescence yield transients in the presence of (Figure 3). This component presumably reflects the equili-
CCCP show time constants for the reduction gfa@d that bration of plastoquinone binding at thes @ite with the
of Qg™ of 0.2-0.4 and 0.70.8 ms, respectively (Figure 7). locally available pool only. The high density of protein
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complexes in the thylakoid membrane fragments the lipid an empty binding site. We show that the occurrence of this

space available for plastoquinone diffusion, and the number phase may indeed be associated exclusively wigheguc-

of plastoquinone molecules rapidly accessible to a PS Il tion and not with @~ reduction. This scheme offers an

center can be quite smalt4, 37, 38). The local concentration  attractive description of the decay kinetics of Qn the first

may decrease significantly with each molecule reduced 10 ms after the charge separation. The period two modulation

during the flash series. A redistribution time of plastoquinone of the relative amplitude of the slow phase results naturally

between local poolsf® s has been reporte@7), and that from the difference in PS Il binding affinity of and ™.

between PS ll-rich membrane regions and PS I-rich regionsNo heterogeneity of active and inactive PS I, let alone a

could be even slower. dependence of the fraction of inactive (in oxygen evolution)
Protons.The reduction of quinone to quinol involves the centers on the redox state ofeeds to be assumetky.

binding of two protons, presumably under rather different

circumstances, and the binding of plastoquinone to an emptyACKNOWLEDGMENT
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