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A Three-State Model for Energy Trapping and Chlorophyll Fluorescence
in Photosystem Il Incorporating Radical Pair Recombination
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ABSTRACT The multiphasic fluorescence induction kinetics upon a high intensity light pulse have been measured and
analyzed at a time resolution of 10 us in intact leaves of Peperomia metallica and Chenopodium album and in chloroplasts
isolated from the latter. Current theories and models on the relation between chlorophyll fluorescence yield and primary
photochemistry in photosystem Il (PSIl) are inadequate to describe changes in the initial phase of fluorescence induction and
in the dark fluorescence level F, caused by pre-energization of the system with single turnover excitation(s). A novel model
is presented, which gives a quantitative relation between the efficiencies of primary photochemistry, energy trapping, and
radical pair recombination in PSIl. The model takes into account that at least two turnovers are required for stationary closure
of a reaction center. An open reaction center is transferred with high efficiency into its semiclosed (-open) state. This state
is characterized by Q, and P680 in the fully reduced state and a lifetime equal to the inverse of the rate constant of Q4
oxidation (approx. 250 us). The fluorescence yield of the system with 100% of the centers in the semiclosed state is 50% of
the maximal yield with all centers in the closed state at fluorescence level F,.. A situation with ~100% of the centers in the
semiclosed state is reached after a single turnover excitation in the presence of 3-(3’,4’-dichlorophenyl)-1,1-dimethylurea
(DCMU). The lifetime of this state under these conditions is ~10 s. Closure of a semiclosed (-open) center occurs with low
efficiency in a second turnover. The low(er) efficiency is caused by the rate of P* reduction by the secondary donor Y, being
competitive with the rate of radical pair recombination in second and following turnovers. The single-turnover-induced
alterations in the initial kinetics of the fluorescence concomitantly with a 15-25% increase in F, can be simulated with the
present so called three-state model of energy trapping. The experimental data suggest evidence for an electrostatic effect of
local charges in the vicinity of the reaction center affecting the rate of radical pair recombination in the reaction center.

INTRODUCTION

The chlorophyll (Chl)a fluorescence yield®g) in green @ and®, was demonstrated for the first time (Vredenberg
cells and chloroplasts changes substantially with time upomand Duysens, 1963). In PSII, the light-driven reduction of
actinic illumination. The time pattern of the light-induced the primary quinone electron acceptor,(Qs considered to
change in fluorescence yield is known as the fluorescencesflect the closure of the RC; this reduction is thought to
induction curve (Govindjee et al., 1986). In general, itrelease the quenching properties of the oxidized form. Flu-
shows a multiphasic rise in high intensity light from an orescence changes elicited with (sub)nanosecond excita-
initial low level, called the dark fluorescence yield, toward tions have indicated that the oxidized primary donor of PSl|
a 5-7 times higher quasistationary maximal level, reache@P680") quenches the fluorescence as well (Butler, 1972;
after~1 s. In prolonged illumination, the fluorescence yield Mauzerall, 1972).
after 1 s decreases toward a lower level. Ample evidence Measurement of fluorescence induction has now become
has been presented that the variable fluorescence comasoutine method in photosynthetic research. The availabil-
from photosystem 1l (PSIl). Since its demonstrationity of quantitative models and detection methods with im-
(Duysens and Sweers, 1963) the variathle of PSIl has  proved sensitivity and time resolution has greatly contrib-
been the subject of many reviews (Krause and Weiss, 1991ited to the application of this noninvasive fluorescence
Dau, 1994; Lazar, 1999). Several models have been prescanning method in photosynthesis research in a broad
sented that quantitate the increas@ijnwith the decrease in  sense (Schreiber et al., 1986; Strasser et al., 1995). However
the efficiency of photochemical energy conversidpXin  the time pattern of the fluorescence induction in the time
the photosynthetic reaction centers (RC) due to their clorange between 1f3s and 1 ms shows a behavior in response
sure. Closure of an RC finishes its capability for energyto energization with single turnover excitation that cannot
trapping. In bacteria, the complementary relation betweerasily be interpreted with existing descriptive models. This
paper deals with the inadequacy of the current models to
: — o relate changes in the fluorescence yield with data on RC-
ZR(_(Jegglved for publication 18 January 2000 and in final form 31 March generated photocurrents. A new model relating energy trap-
Addréss reori . tping and fluorescence will be presented.
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berg, 1999) using, among others, conventional patch clampomplex (OEC). Recently, mechanisms and quantitative
suction electrodes. It has been demonstrated that, by applyrodels of the variable PSII fluorescence have been dis-
ing single-turnover €6 ws) saturating light flashes to a cussed and presented in many papers (Triss| et al., 1993;
patched chloroplast in a so-called whole thylakoid config-Dau, 1994; Schreiber and Krieger, 1996; Stirbet et al., 1998;
uration, the operation, number, and actual performance dBernhard and Trissl, 1999; Lazar, 1999). However none of
the two light-dependent current generators can be quantifiethem is adequate to give a quantitative description of the
from the photocurrent (-potential) responses (vanlight effect on E and on the initial phase of the fluorescence
Voorthuysen et al., 1996; van Voorthuysen, 1997). Thenduction pattern. A nomenclature has been introduced
multiphasic photocurrent profiles upon a train of multiple (Strasser et al., 1995) for the multiphasic rise frabp]p, at
single turnover flashes (1°3) show the following charac- level O to [Pg],, at level P via two intermediate levels J-
teristics (Vredenberg et al., 1998a): 1) photocurrent generand 1. Accordingly the rise is denoted by the so-called
ation originates from transthylakoid charge transfer (sepa©-J-D-I-P rise. We refer herein to the @D-1,-P nomen-
ration) accompanying RC- and Q-cycle turnover, 2) noclature introduced by Schreiber (Schreiber and Neubauer,
decline in the number of transfer-competent (active) RCs irl987), which accounts for the occurrence of a dip (D)
a flash train within a 3% detection limit, 3) a binary oscil- between the I (= J) and } (= ) level in high intensity
lation of the Q-cycle current generator with high activity in light.
even-numbered flashes, 4) a 15-30% decrease in the am-In this paper, we present a new energy trapping model of
plitude of the RC-driven current in the second and followingPSII that emphasizes that closing of an RC requires two
flashes of a flash train concomitantly with an increase in thesuccessive trapping events. Expressions are given that relate
dark recovery time of the photocurrent response. The dethe fluorescence yield during the 0.01-10-ms induction
crease in amplitude and decay rate constant of the photocuphase at the O-, J- and |- level, i.eRd],, [Pg]; and [Pg],,
rent in a double flash after dark adaptation has been interespectively, with the photochemical yield of PSII (denoted
preted in terms of a decrease in the electric conductance as®,) and the yield of radical pair recombination in the RC
the thylakoid lumen. It has been presumed that the single(®,;). The model takes into account an electrostatic effect of
flash-saturated decrease in the electrical lumen condudecal charge densities in the vicinity of the RC on the rate of
tance, which occurs at a rate of about 100,originates  radical pair recombination (k). Electric field-dependent
mostly, if not completely from a change in thylakoid ge- changes in k; show up as changes i, and consequently
ometry, notably a contraction of the thylakoid system lead-as changes indj¢], and [®g];. A simulation of the flash-
ing to a narrowing of lumenal sheets (Vredenberg et al.dependent kinetics of the O-J rise in the fluorescence in-
1998a). The effect of this low light requiring change in duction trace in strong actinic light is also shown. Its mod-
thylakoid configuration is enhanced by its low dark relax- ification by a single flash preillumination is presumed to be
ation rate of less than 16s . caused by changes ib,,.

In searching for bioenergetic parameters with comparable
low light requirement and dark relaxation that might be
related with dynamic changes in thylakoid configuration, ATERIAL AND METHODS
we focussed upon changes in chloroplylftuorescence
yield, in particular on studies in which the light-on fluores- The fluorescence experiments were done with young intact leaves of

. . . . Peperomia metallicglants grown in pots at 12/12 h photoperiod in an
cence induction phase has been studied in dependence 8 osphere-controlled light cabinet at 1 W#PAR, as described in detail

preact_ivating single-turnover flashes (Delosme, 1971gisewhere (van Voorthuysen, 1997). In some experiments, leav@kesf
Schreiber and Neubauer, 1987; Strasser and Strasser, 199&)podium albunt. and chloroplasts isolated thereof were used. These were
The characteristics of the flash-dependent changes in th@own (Jansen et al., 1986) at 30 W fiPAR in a 16/8 h photoperiod.

dark fluorescence yield], of isolated chloroplasts show Isolation procedure and media were as described elsewhere (Curwiel and
T, . . van Rensen, 1993).
similarities with those of the changes in lumen conductance. Changes in fluorescence emission (yield) were measured with a PAM

[Pg]o is increased by 10-20% by one single flash; thischiorophyil fluorometer (Heinz Walz, Effeltrich, Germany) and with a
increase shows a four-periodic modulation in response t@lant Efficiency Analyzer (PEA, Hansatech Instruments, King's Lynn,
the number of flashes with a maxima]®,], of 20-25% at  England). The PAM was used for measuring changesjimiffer a single
the 2nd, 6th etc flash and minima of 5-15% at the 4th, 8tHurnover-saturating flash (Xe lamp, halfwidth6 us). The intensity of the

. . easuring light was maximally attenuated to compromise a high sensitivity
etc flash (SChrerer and Neubauer, 1987; Strasser a d response time for the relatively small changesdnmith no actinic

Strgsger, 1998)- The single-flash-saturated increasbgdly [ _ activity of the measuring light. For this purpose, the measuring light was
of similar size as in chloroplasts was also found to occur innterrupted during the 15-s dark intervals between-tHes periods during
intact leaves with a dark relaxation rate of aboutrig* which K5 was probed. The PEA was used for data retrieval of the fluo-

(Vredenberg et al., 1998; G. Rodrigues, personal commufescence induction upon the onset of a 1-s high-intensity red (maximal
nication) ’ ’ ’ emission at 650 nm) light pulse (600 Wthat 100% intensity, which

o . . corresponds with an intensity of about 3510° wmolm~2s™%). With a
The four—per!od|c _mOdU|at|0n of flash-induces{®e]o  chiorophyll [chi] content in an average leaf 6/0.6 mmoim~2 (Lawlor,
points to a relation with the (S) state of the oxygen evolving1993) and an RC density of PSII ef6 x 107 chl/RC, one turnover of an
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RC will take about 10Qus at maximal intensity of the setup. Fluorescence (Neubauer and Schreiber, 1987) and in leaves (and chloro-
data were collected at an acquisition interval ofil0as described in more plasts) from other plant varieties (Strasser and Strasser,
detail elsewhere (Strasser et al., 1995). Thelével was taken as the 1998) Hitherto. the effects of pre-flashes op 4nd the
extrapolated signal at 1@s after the onset of the illumination as is 777 /. . ] . ) .
illustrated in Fig. 1. This was done by extrapolation of the log plot of the iNitial rise kinetics have not been interpreted in relation to
first derivative of the response in the 50—1a84ime domain. In general, each other. As seen in Figs. 2 and 3, the effect of preillu-
this was a linear extrapolation due to an apparent exponential increase ¢fination is mainly in the O-J-D part of the induction curve.

the initial fluorescence. Extrapolation could only have been done undeFl—he I- and P levels are hardIy if at all. affected by the
conditions at which the rate constant of the initial fluorescence rise is ! !

distinctly smaller than the rate constant of the onset of the fluorescencpre'ﬂas_h' ) )
detector. In the PEA instrument, the latter is about (€)1 With Qualitatively, the O-J-D part of the fluorescence in the

Peperomia leaves, this condition was satisfactorily fulfilled only at ansf-leaf (Fig. 2) shows that the first turnover after tuming on
intensity below 450 W m?, i.e., below an~75% setting of the maximal the |ight which. at the given excitation rate of 1. takes
intensity. ’ ' S '

about 100us, leads to a rise in the fluorescence level from
F, = 1.22 to F~ 3.8. This level hardly changes, if at all, in
the next 2—4 turnovers in the 100-508-time range. A
further rise to the I-level at = 5.7 occurs in the 1-10 ms

The left-hand panel of Fig. 2 shows fluorescence (F) induc-

tion curves in a Peperomia leaf during 5 ms after the onse2N9e: Conversely, in the da-leaf, the fluorescence continu-

of an ~450 W m 2 light pulse 6 1 s duration. The two qusly rises during the first 5-10 tprnpve_rs in the O.Ql—l-ms
curves are from a 30-min dark-adapted leaf that has beel{le range to a J-level at £ 5. This rise is followed in the
given one single turnover flash (sf-) or not (da-). They show/'€Xt 1-3 ms by a small decrease to a D-level, after which a
clear differences in the fevel and in the fluorescence rise to the I—_and P-level at + 7.5 starts foIIowmgz_iS|m|Iar
induction during the first ms of the light pulse. The right- Pattern as in the sf-leaf. These data would be in harmony
hand panel shows the same response plotted on a log-tinf¥th @ reaction scheme which predicts that the RC of a
scale from 10us to 1 s. As compared to the da-leaf the dark-adapted system in a first turnover of a multiturnover
sf-leaf is characterized by 1) highex fin this case 22%), 2) light pulse are transformed into a quasistationary state,
an almost monoexponential fluorescence increase in th&hich, further, can be transferred by subsequent turnovers
10-100us rise phase (not explicitly shown, but see Fig. 7),in two steps, the first of which is substantially retarded by a
3) a quasistationary fluorescence level in the 100—-5680- Pre-flash. It should be remarked that the fluorescence in-
time range, and 4) absence of the transient spike with a cleguction pattern of the da-leaf in a 1-s multiturnover light
fluorescence decline in the time interval between 1 and Pulse as used here is likely to be affected by the light pulse,
ms, which is seen in the da-leaf. The induction curve isindependent of the reaction pattern that underlies the fluo-
labeled with O-, J-, D-, I-, and P. A Chenopodium leaf rescence increase. This is because this pulse, like the effect
shows a similar pattern and behavior (Fig. 3), except for thef a single turnover of a Xe flash, will cause a change in the
presence of two bending regions between J (or D) and Reaction pattern of the fluorescence rise in a dark-adapted
These have been designated withahd |. Comparable system. We presume that the interference of this effect is in
effects have been reported in spinach chloroplastshe time range beyond 10 ms.

RESULTS AND MODEL

1200 g 6

FIGURE 1 Fluorescence (F) data
points of a dark-adapted Peperomia o
leaf collected in a Plant Efficiency
Analyzer during the first 0.15 ms of
illumination with 450 W n2 light
(open symboli A) and a log plot of
the first derivative of these data dur-
ing the first ms of illumination ¢pen
symbolsin B). Extrapolation of the
slope inB in the time region 0.05—
0.15 ms to the time domair<0.05
ms, where the fluorescence detector
is limiting with a response time of
~0.03 ms, gives the fluorescence
emission data in the 0.01-0.05-ms A
time domain $olid curvesin A
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FIGURE 2 Fluorescence induction
kinetics of a dark-adapted Peperomia
metallica leaf before (da-) and 5 s
after a single turnover pre-flash (sf-)
plotted on a linear léft pane] but
only for the first 5 ms) and a log time
scale (ight pane) with notations for
the O-J-D-I- and P- levels. The
curves have been normalized on the
F, level (F, = 1) of the da-leaf. Note
the difference in g and the different
kinetics during the first 10 ms for the
sf-leaf. Intensity of light was 450
W m~2 Noteworthy in the pre-
flashed leaf is the~22% higher F,
the absence of the transient J-D phase

0O-J-D fluorescence (F)
w

of the fluorescence induction, the Fo(sf-) =1.22

nearly constant fluorescence vyield at '/

the J level in the 0.1-1-ms time in-

terval with F/F ~ 0.7, and coinci- P S ! \ T
dence with the da-curve above~ 0 1 2 3 4

20 ms. time-ms

Figure 4 shows the initial fluorescencg measured be-
fore and at various times after a single turnover light flashtocurrent measurements with patched chloroplasts from the
in a dark-adapted Peperomia leaf. It shows for this leaf asame or a similar dark-adapted leaf (data not shown, but see
~18% increase in fand a recovery of this single-turnover Vredenberg et al., 1998a,b) have suggested evidence that a
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FIGURE 3 Fluorescence induction kinetics of a dark-adapted Chenopodium leaf before (Ha-§ after a single turnover saturating Xe flash (sf-). The
curves have been normalized on thddvel (F, = 1) of the da-leaf. Note the difference i Bnd the different kinetics during the first 10 ms for the sf-leaf.
Intensity of light was 600 W m?. There is an intermediate hump in the J-I phase, which has been renamkgd e also legend of Fig. 5
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FIGURE 5 Energy trapping and fluorescence in PSII. | is the incident
0.9 | energy flux; ®,, ®,,, and &, refer to probabilities for photochemical

charge separation, radical pair recombination, and photochemisity (Q

0 100 200 300 reduction), respectively, with superscripts o and so referring to the open

time after flash (s) and semiopen state, respectively. The thickness of the arrow, fand
®,, (dashedl is indicative for their respective magnitudes. Nonradiative

FIGURE 4 Fluorescence (F) yield (upward deflections) in a Peperomiagheat) losses in the reaction center are assumed to be relatively small in
leaf before (F= F, = 1) and after a single turnover saturating pulse comparison with radical pair recombination and photochemistry The diag-
measured at 15-s intervals by low modulated light in a PAM fluorometer.onal oriented arrow points symbolize electron transfer at donor and accep-
The modulated excitation light beam was switched offfdk2 s every 15  tor side; radical pair recombination is symbolized with the horizontal arrow
s. The dashed vertical line marks the time at which the single turnover Xén the middle. Further explanations are in the text.
flash was fired. The continuous curve is the exponential fitA&TF,
(17.8%) with a relaxation time of 105 s.

ration, respectively (Klimov and Krasnovskii, 1981). A

single turnover light flash is required and sufficient to causeredox active tyrosin, usually denoted as,¥and a bound
a contraction of saturated size of the thylakoid lumen. Theplastoquinone @ are the secondary donor and acceptor,
time constant of recovery of this response observed as spectively. As a convenient short-hand notation, we will
change in the lateral resistance of the internal chloroplasienote ¥, and Q, here as D and A, respectively. At the
compartments has been measured (Vredenberg, 1998b) addnor side of the RC, electrons are supplied to D via the
is of the same order of magnitude as thgé€covery shown oxygen evolving complex (OEC). The OEC cycles, via 4
in Fig. 4. In addition, these patch clamp experiments indi-one-electron oxidation steps through its S states, starting in
cated that the number of excitable RCs is the same in &e dark from $— S, > S; — S, — S,. Ample evidence
second and following turnovers in a train of saturatinghas been given that the electron transfer rate at the donor
single-turnover flashes. side depends on the S-state, presumably governed by elec-

A reaction mechanism that would explain the changes inrostatic effects (Dekker et al., 1984; Dau, 1994). At the
the fluorescence parameters of a dark-adapted system #tceptor side, electrons are delivered to the cytochrome b/f
response to a single pre-flash as illustrated in Figures 2—domplex via a two-electron reduction of a second plasto-
cannot be derived from the current models of fluorescenceuinone (Q), which exchanges with the plastoquinone pool
(induction) in relation to energy trapping. Figure 5 gives an(Velthuys and Amesz, 1974; Robinson and Crofts, 1983).
illustration of a new model which will do so for an individ-  We will consider the condition in which 1) the electron
ual photosynthetic unit (PSU). A brief outline of this so- efflux from the RC at the acceptor side, which is determined
called three-state model of energy trapping in PSII, whichby the rate of A’ (Q,) oxidation (k,), is comparatively low
discriminates between open, semiopen (-closed), and closédl relation to a high excitation rate (influx), and 2) each RC
centers is given below. functions with a partial connectivity of associated antennae
with neighboring ones (connected unit model, see Joliot and
Joliot, 1964, Strasser, 1981). The connectivity and its effect
on the kinetics of the state transfer of an RC can be quan-
The PSII D/D, RC dimer is considered here as the mono-tified with a so-called connectivity coefficient denoted here
mer with P680 (P) and Pheophytin (I) as the primary elecwith p (Strasser, 1981, but there signified with another
tron donor and acceptor in the photochemical charge sep@&haracter). With an estimated value of k= (250 us)

States of the reaction center; definitions
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(Kolber et al., 1998; and see Dau, 1994) and a turnover tim&or the sake of simplicity, we assume that the fate of an

of about 100Qus, the first condition is reasonably fulfilled at exciton in the RC is either being trappeb.,(), or being back

the high intensities used. On the basis of the data of Fig. 2ransferred to the antennab(). This means that other

the turnover time in a. metallicaleaf at the onset of losses are assumed to be comparatively small andbthat

illumination with 400 W mi 2 is about 5Qus. ®,, = 1. The collective dissipative energy flux from the
The reaction center is called open when AJ@ in the  antenna, other than the fluorescengg, (is designated by

oxidized state and the probability for exciton transfer to itly. The model refers and is restricted to conditions at which

(®,) is different from zero due to the trapping competentl) the excitation rate of the PSU exceeds the electron

state of the primary donor and acceptor pair Pl. In this statetransfer rate at the acceptor side; 2) the PSU is in a dark-

charge separation can take place converting Pl into thadapted state, i.e., with 100% open state ard §; and 3)

radical pair P1~. The RC is defined to be in a closed state @7 is close to zero, which means nearly 100% trapping

when it is unable to trap singlet energy because either | is irfficiency in the RC, i.e.®p® ~ 1 and, consequently, an

the reduced (1) or P in the oxidized form (P). A closed almost 100% transfer of the open centers into the semiopen

state with PT is unlikely to exist after a first turnover state in each first turnover when followed at a time resolu-

because, in a dark-adapted system, the rate constants of fien of 10 us. Thus, with an excitation rate of 16 * and

(Qa) reduction (k) and of P" reduction (k) are of the order averaged over an initial illumination period ef100 us,

of 10° and 10 s %, respectively, i.e., differ by two orders of during which one turnover has been made, exciton transfer

magnitude (see Dau, 1994). The intermediate closed stateas occurred reaching an approximately equal concentration

D(P*I)A~ formed in the first turnover is transient. It is of open and semiopen (-closed) RCs.

transformed into state P1)A~ upon reduction of P after The energy influx §;) and efflux ) to and from the

electron acceptance from D. This occurs with rate constarantenna with a dark-adapted,JSRC in a single turnover

ke The state D(PI)A™ is special in a sense that it can can now be written as

collect only one second electron. This state is called the

semiopen (or semiclosed) state. A semiopen state refers to a Je=lg+tIp+ Pyl

dynamic state of the RC capable of charge separation and

with A (Q,) in the reduced form. Thus an RC can be inand

three distinctly different states: open, semiopen (-closed),

and closed. These states differ in a way that they are a 2-, 1-, Ji=1+ (D + DY) # Dy | %0.5.

and O-electron trap, respectively. Because an open and

closed state differ by two electrons, it is impossible toAt equilibriumJ, = J;, which gives | = 1 #[1 — &, (1 —

transfer an open RC into a stationary closed state by a singi®, /2)] — I, in which @, = ®°Pp,, + ®F.

turnover. The closed states D(P)A and D(P')A~ are Thus, for this initial time period of a first turnover event,

called transient closed states because they are sequentiajhe fluorescence yield is given by

transferred into either a semiopen state, or into an open state

by means of charge recombination of the radical pair. How- Op=1e/l =1— P, * (1 - DY2) — Pp, (1)

ever, the probability for the latter conversiod,f) is low

for these transient states as we will discuss below. Morein which ®, = I/I. For ease of presentation, we virtually

over, the transitions occur irt10 us, which is below the include®y, as a fractional component fh. This is allowed

observation time window considered here. Time analyses afith the implicit assumption that the rate constant of the

fluorescence induction kinetics in the submicrosecond timelissipative losses (§ does not change independently of the

domain can be found in other papers (Trissl et al., 1993pther competitive rate constants.

Bernhardt and Trissl, 1999). According to Eq.1, the fluorescence yield is dependent on

both the efficiency of exciton transfer to and of radical pair

recombination in the RC. Thus, it predicts that, under con-

ditions at whichd, is constant, a change ¢ will occur in

The model (Fig. 5) takes into account and illustrates thaassociation with a change fh,,. The experimental data on

exciton transfer from the antenna to an open and semiopethe dark fluorescence yield®],) and the initial OJ rise in

RC occurs with, for each, an equal efficiency (probability) a pre-flashed (sf-) leaf (Fig. 2) can easily be interpreted in

®,,. It also takes into account and considers that stationarterms of Eq.1. Based on the fact that the number of active

closure of an RC requires at least two turnovers. The closedenters is invariable with flash number (Vredenberg et al.,

RC is not shown, because for this stabg is zero. Back 1998b)®,, is equal for the dark-adapted (da-) and sf-leaf.

transfer of excitons from open and semiopen RC to antenn@he higher value ofg], in the sf-leaf as compared to the

occurs with a probability designated withy? and @75,  dark yield in the da-leaf is likely to be caused by a higher

respectively. The efficiency of exciton trapping in open andefficiency of radical pair recombination in open cent@f¥

semiopen RCs is designated wibl}® andd;?, respectively.  (Eq.1 and Fig. 5) of the sf-leaf. Eq. 1 yields that, at the onset

Exciton transfer, trapping and fluorescence yield
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of excitation with 100% open centers and Wit ~ O, acceptor side and will slow down beyond k which is
~(250 us) L. Similarly, the actual rate of Preduction in
Op = [Of], ~ 1 — D, (1a)  the second and following turnovers becomes increasingly

determined by the rate constant of the reduction of the
oxidized donor D by $and by following S-states. It will
oscillate around an average value Qfk (500 us) * (for
data see Dau, 1994). Because the excitation rat&0Q
ws) tis not far below k the reduction rate of Pin the first
turnovers is largely determined by the rate of D-oxidation,
which has been reported to be of the order of (100 hs)
AD,, = 25(1 — D)/, + 5P,,. (2)  Thus, for the next coming turnovers withyks 4 X 10°s 4,

ke~ 10"and with k , = 3.7 X 10°s™*, @52 ~ 0.97 andD;°
If one takes for dark-adapted intact chloroplasts and leaveis ~3%. Thus, in the sf-leaf, due to the comparatively high
an average value ob, = 0.8, we get withs = 0.22 (Fig.  value of k ,, i.e., with 77 approaching 1, the efficiency of
2) Ad,, = 0.11+ 0.25b,,. This means that, in comparison exciton trapping in semiopen (-closed) centers is low. This
with a dark-adapted open state whegd << 1, the prob-  low efficiency is conclusive with the quasistationary fluo-
ability for radical pair recombination in a dark-adapted rescence level in the 100-5QG time range in Fig. 2. With
system that has been preilluminated with one saturatingr, ~ 1 for the semiclosed state, the fluorescence yield of
flash is at least 0.11. Moreover, AP |o/[Pr ], relaxes in  this state, according to Eq.1, is given by
minutes (Fig. 4), the increase @, persists for several tens
of seconds. Becausk, + @, = 1, the increase i, has, O = [Pelso=1— Dy2. (1b)
of course, caused an identical decrease in the trapping
probability ®,,. This means that, for the experiment illus- The quasisteady-state fluorescence yield at treDJlevel
trated in Fig. 5, the efficiency of exciton trapping in the F;p, is not necessarily identical withb |, because of 1)
pre-flashed (sf-)leaf in a first turnover, i.e., during the first contributions of turnovers that have caused a transient clo-
100 us, is 89% of the rate of trapping in the dark-adaptedsure and subsequent back transfer to semiopen centers or 2)
(da-) leaf. The experimental curves indicate an approxiback transfer of the semiopen state to the closed state due to
mately equal efficiency. It might be, as we will discuss reoxidation of A~ (Q,) by Qg. The first may, for instance,
below, that the~10% decrease in trapping efficiency asso- have occurred in the second and third turnover, at wih
ciated with the increase i, is compensated by an in- may still be appreciably less than 1 because of the ratée of P
crease in the antenna size. The quasi stationary fluorescenteduction (k) is not yet determined by the rate of 'D
level reached after 10Q.s suggests that a transfer of the reduction and still of the order of 6™ * as in the first
open centers into their semiopen state has been completéagrnover. As we will discuss below, the numerical fit of the
and that the efficiency of exciton trapping in these centersxperimental fluorescence data of the sf-leaf (Fig. 2) sug-
(P9 during subsequent turnovers in the 100—2@0time  gest that this is the case in the second turnover. With respect
range is low, or, in other words, that the efficiency of radicalto the second possibility, it can easily be derived that the
pair recombination thereird(y) is high. relation for the fluorescence yield of the semiopen state

The efficiency of charge recombination of the radical pair([®Pg]so) is modified into

P" I~ is determined by the rate constant of this recombi-
nation (k_,) and that of the rates of electron donation o P Op = [Pe]so=1— Dy(1 — B/2), (1c)
and A (Q.) at the donor and acceptor side of the RC,
respectively (Fig. 5). Because the rate constant of electrowhen the fraction of RCs that can become semiclosed in a
transfer to A (k) in a first flash with all centers in the open firstturnover @) islessthan 1. 1B <1, [Pg], <1 - d /2.
state is about X 10° s~ (Schatz et al., 1988; Roelofs et al., This, for instance, will be the case if the rate of @xida-
1992; Dau and Sauer, 1992; Dau, 1994) and (with S,,  tion cannot be neglected during the turnover, even at the
due to the pre-flash) to that of'Rk) is about 5% 10’ st maximal light intensity. This, for instance, is the case when
(Meyer et al., 1989; Dau, 1994, in a first flash will be  the excitation rate is not sufficiently below k
determined mainly by k; and k, With ®7P (= k_,/(k_;+ The closure of the semiopen centers widbr[Jg, ~ 1 —
Ky) = 0.11and kK = 3 X 10° one gets, in fair agreement ®,/2 is due to the decrease d), and occurs with a relative
with reported values (Roelofs et al., 1992),k= 3.7 X 10°  low rate as a consequence of the low efficiency of exciton
s 1. In second and following turnovers starting with nearly trapping in the semi-closed centers. According to Eq.1, the
100% of the RCs in the semiclosed state with A reducedluorescence vyield of the system with 100% of the centers
(Qa) the actual electron transfer rate to A is determined byclosed (, = 0) is
the rate constant of Qreduction (k ;) and that of subse-
guent reduction steps in the electron transport chain at the [De]y = 1. (1d)

If we assume that the increase b, is not contaminated
with an altered contribution of a low PS1 emission compo-
nent, then the difference i, responsible for the 22%
increase in®g], (Fig. 2) can be quantified from Eq. 1. If we
take A[Pg ]o/[Pe ]o = & then, with @, assumed to be
constant, it easily follows that
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The fluorescence rise in the sf-leaf (Fig. 2) in the 1-10-mdirst and second turnover, respectively.
time range from the J- to the I-level at+5.7 is presumed _b K

to be the reflection of the full closure of the semiopen Fuo= by [1— exp(—koit)]

reaction centers. It is the final step in RC closure in asso- #[B+ (1—p)*(1—exp—k_ )], @)

ciation with exciton trapping.
in whichb;, = [®]., — [P, andB is equal to the fraction

of centers that has become (semi)closed in the first turnover;
Simulations of the O-J-D-I fluorescence rise ko; is the rate constant of the fluorescence rise associated
with the semiclosure of the RC,_k is related, but not

Figure 6 shows a quantitative simulation of the ﬂuorescenc‘?\ecessarily identical with, the rate constant gf @duction
increase during the subsequent O-J-D- and J-D-I phases fflg, Qs -oxidation).

the pre-flashed Peperomia leaf. The O-J-D phase of the
fluorescence rise can be fitted with the sum of two func-F2 = B(t) * b, * [1 — exp(—K,.dt)] * exp(—kat), (4)

ginzheF;tiZT?ur%tiEr?scgnzf ;rheezsmjafcir:;spg?ciﬁgt szf ;V\Eg in which B(t) is the fraction of semiclosed centers at titne
P m b, = [®Pelo — [Prlso Kog; IS the rate constant of the closure

and full (F,) closures of the open and semiopen RC in theof a semiopen RC. The reversion of a closed center into a

semiopen center is approximated with the relaxation con-

stant k This back transition is caused by the decrease in

&g, i.e., in k4, due to, as outlined before, the decrease in

ks with turnover number and by the rate of;Qurnover,

which, in ongoing turnovers, becomes limited at its oxida-
tion side. The exponential rise functions f1exp(—kt)] in

F, and F;, can be transferred into an algorithm by introduc-

ing for each of them the connectivity paramete¢o accom-

modate the experimental data of the O-J-D rise. \WWith O

(i.e., separate units) the algorithm is identical with the

exponential function. In Table 1, the algorithm is charac-

terized by both parameters. The J-1 and I-P rise can be fitted
with an algorithm derived from the functiobh * [1 —
exp(—kt)] and a connectivity parameter in which the am-
plitudeb represents the difference between the fluorescence
yields at two subsequent levels, and k is the rate constant
fitting the experimental rise. The pertinent values of the fit
parameters are given in Table 1. As is shown for the
pre-flashed (sf-) Peperomia leaf (see insert in right-hand
panel of Fig. 6) the simulated curve in the 0.01-5-ms time
interval deviates less than 1% from the experimental
response.

Figure 7 and Table 1 show the fit and parameters of the
fluorescence induction in the dark-adapted (da-) Peperomia
_ leaf, i.e., in the absence of a single turnover pre-flash, using
0.01 a1 1 10 the same set of equations as in Fig. 6. It is seen that the main

time ms differences between the da- and sf-leaf are 1) lodgh]

, and [Pg],, 2) an approximately twofold higher rate,(ky)
1 ' ' ' of the increase in fluorescence in the second and following
0.01 01 1 10 100 1000 tyrnovers, attributed to closure of semiopen centers, and 3)

time-ms an approximately eightfold lower rate jjkof back transfer

FIGURE 6 Simulated fluorescence induction curves (with symbols) forof these closed cgnters du”n_g the (O-_)J-D phase of the

a dark-adapted Peperomia leaf after a single turnover pre-flash. Simulatiouorescence transient. The difference in these parameter

was based on the presented model; the time 0 point of the simulated curwealues in the da- and sf-leaf and the relatively invariability

was taken as the 10s datapoint of the experimental curve (see Fig. 1). of the other fit parameters suggests a major and exclusive

The fit parameters are given in Table 1. The lower thin curves in the timeaffact of 3 single turnover preillumination on the rate of

region between 0.01 and 5 ms represent the calculated accumulation of

semiclosed centers in the absence of their slow conversion in the J-D-liadICaI pair recombination in a dark-adapted system. The

phase.nsert The difference between simulation and experimental data-Kinetics of the single turnover induced increase in lare
points on a percentage scale. Further details are in the text. unknown. We presume that it is coupled to the charge

-J-D-1 fluorescence (F)
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34 Vredenberg
TABLE 1 Fit parameters for simulating the fluorescence rise kinetics in a Peperomia and a Chenopodium leaf
0-J 0-J 0-J 0-J 0-J-D 0-J-D 0-J-D J-1 J-1 I-P I-P
Ko K_q Koj-d k, Kii Kip
[Pdde  [Pso [P (M)t B Py (MS)* (M)t pyg (M)t (msyt p (ms)*t py
P. metallica
dark 1.0 2.8 6.2 0.05 0.87 0 0.24 0.5 0 3.8 4.5 0 n.d. n.d.
(2.5)
+ flash 1.24 3.4 6.0 0.05 0.9 0 0.25 0.9 0 0.3 3.7 0.2 n.d. n.d.
(3.2)
Chenopodium
dark 1.0 25 5.0 0.15 0.9 0 0.15 0.6 0.4 4 6.0 n.d. n.d. n.d.
(2.3)
+ flash 1.13 2.9 45 0.14 0.75 0 0.15 1 0.2 3 4 n.d. n.d. n.d.

The meaning of the parameters is explained in the text. The numbers in parentheses in the third column from the left refer to théJpyelssiociated

with the B-value in column 6.

transfer ($ — S,) in the S-complex at the donor side or

makes the data fit with the equations given above less

between Q and @ at the acceptor side. These transfersaccurate that in an sf-leaf because of this light-dependent

occur with time constants in the range betweefditd 16

change of k ;.

s 1. As said before, the unknown time response of the A preillumination flash apparently has hardly an effect, if

change in k,; upon excitation of a dark-adapted system

7L da-
(bl
[y
851
(]
2
o
o
pa i
-
a -
2
[o]
3 |-
1 r | | |
0.01 0.1 1 10 100 1000
time-ms

FIGURE 7 Simulated fluorescence induction curves (with symbols) for

at all, on k, B, or any of the other parameters. It is
interesting to note that the rate constant of closure of a
semiopen center is about 10 and 5% of that of the (semi)
closure of an open center in an sf- and a da-leaf, respec-
tively. The rate of exciton trapping in an RC is in a first
approximation equal to the product of the rate constant of its
conversion (k; and k,; 4, respectively) and the accompa-
nying increment in fluorescence yield, i.e., the variable
fluorescence yield® [ /[P 1, — 1 and e ] J[Pe |0 —

1, respectively.

Figure 8 shows the fluorescence induction curves of
dark-adapted Chenopodium chloroplasts (thylakoids) in the
absence and presence of 30 DCMU and the effect
thereupon of a single turnover saturating light flash given
~1 s before the start of the fluorescence measurement. The
figure is presented in particular to show the effect of the
pre-flash on the initial fluorescence leveltat 10 ws, which,
in the presence of DCMU, has increased to a value close to, if
not identical with, P ] = 0.5 * [[Pe ] — [P 1 =
[®r ]so It was found (data not shown) that this increase
from [®f ], to [Pf ], in the presence of DCMU is hardly
affected if a few more flashes are given and has a dark
recovery with a halftime of 10-15 s. Other details will be
dealt with in a separate paper (Rodrigues, to be published).

DISCUSSION

The fluorescence experiments with dark-adapted leaves
show an intriguing effect of flash preillumination on the
chlorophylla fluorescence yield and the initial phases of its
induction kinetics in a high intensity 1-s multiturnover light
pulse. Inasmuch as the experiments are similar or compa-
rable, they confirm experiments with intact chloroplasts

a dark-adapted Peperomia leaf. The fit parameters are given in Table {Schreiber and Neubauer, 1987) and leaves of other plant

Further details are in the legend of Fig. 6 and in the text.
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6 - used so far, provides a means to interpret and quantify these
effects. A schematic visualization with the two-step closure
of an initially open RC is given in Fig. 9. It defines and
discriminates between open, semiopen (-closed) and closed
reaction centers. A semiopen (-closed) state refers to a
dynamic state, capable of charge separation, withr&
duced and with a low trapping efficiency because the rate of
electron transfer at donor and acceptor side dkd k,
respectively) in this state is relatively small as compared to
the rate of radical pair recombination_(). The concept
provides tools for a quantitative description of the fluores-
cence yield of a system with 100% open and semiopen
centers (P(], and @], respectively) in relation to the
efficiencies of exciton transfer tod[] and radical pair
recombination ¢, ] in the reaction centers.

In a multiturnover light pulse, the fluorescence will rise
from the lowest level F (all centers open) to its maximum
level R, upon completion of the trapping (all centers
closed). Suppose that, at an intermittent stage of the trap-
ping process, the fractions of open (0), semiclosed (so), and
closed (c) arex:B:y. Then the fluorescence yield at that
stage will be given by

D = o[ De], + B[q)F]so + V[q)F]cr )
open . I

0 1 ’ 2 in which [®], [P£]., and [P]. designate the fluorescence
yield with 100% RCs in the open, semiopen, and closed
state, respectively, and(+ B + y = 1). Here we see that
FIGURE 8 Changes in the fluorescence yield in a suspension of darkthe commonly used variabléf] — [®g], (i.e., the variable
adapted broken Chenopodium chloroplasts g20ml~2) upon excitation ~ fluorescence fper unit of 1) is dependent on theg- and

with a 1-s light pulse of-600 W m ? intensity in the absencéopver two  [D] /[P]ssratio, and, thus, cannot easily be related to the
curve§ and presenceupper two curvesof 30 uM DCMU. In either case,  ratio between open and closed centra with &idized and

the chloroplasts were preilluminated with a single turnover flash (indicateq,educed respectively Two of the extreme cases with 1
at the curves with “+flash”) or not. In the case of a pre-flash, the onset of ! )

the 1-s multiturnover light pulse was given 1.5-2 s after the pre-flash. The(aII RCs open) and’ =1 (a” RCs Closed) are aSS'gned as
maximum fluorescence yield in the presence of DCMU was at 5.5. Thishitherto adopted, witkbg = [®], and®dp = [D(], = [Pg],
level is indicated at thg axis with “closed.” The “semiclosed” level then for « = 1 andy = 1, respectively. Another special case is
is at 3.25, as indicated also. Note that the fluorescence level after gonsidered now when all centers are in the Semiopen state
pre—ﬂash in the presence of DCMU is somewhat below the level |nd|cat|ve(B _ 1) andfb,: _ [q)':]sc The condition for a quasistation-
for semiclosed RCs. (See further the text). . . .

ary state with nearly 100% semiopen RCs is met when the
rate of @, and P -reduction (k and k, respectively) are
small as compared to k and, consequently, the probability

for radical-pair recombinatio®,, = ®F5 (= k_,/(k_; +

closed fwee . d+DCMU+flash

d+DCMU

E-N
1

d(dark)

i

fluorescence yield

Chenopodium chioroplasts

time ms

thylakoids (cf. Fig. 8) show strong similarities in effects

with those illustrated here for intact leaves (Rodrigues,k 4 k. + ky) ~ 1. This condition is promoted after one
. . . . . _ q S d .
pgﬁti}ﬁ?ﬂwx?%@;k;ﬁz T:énsefsffecrf Sorzosmgle gzszturnover in a high-intensity light pulse (Figs. 2 and 3), and
25 Izl:',tyl' : inthe d kﬂp y i) W utah 23 likely to be reached after a single turnover flash in the
—25% increase in the dark fluorescence yidid I, at the resence of DCMU at the onset of a light pulse thereafter

F’F‘?elt B ?.“ﬂht _pulsed(F|gs. .2_4gan§)'.2) change ]ln th Fig. 8). Thus, for the quasistationary state at which, in a

|n|t|a| mu t'lp a?jlc_ an | tran3|§_nt 2 A dr|359 ex(;:espt or astrong light pulse (Figs. 2 and 3) or a single (pre-)flash in

nearly unaltered initia ratel(l igs. 2 and 3), an ) a Ve¥ihe presence of DCMU (Fig. 8), all RCs have been trans-

low rate (of the order of min®) of dark reversion of these formed into the semiopen statg & 1):

effects (Fig. 4). In addition, but not dealt with in the present '

study, the effe_ct mentioned under 1) s_hows a four-periodic  ¢_=[d ], =1— Dy (1— Df2) ~ 1 — B2

modulation with flash number (Schreiber and Neubauer,

1987; Strasser and Strasser, 1998). In the hitherto used concepts, the relatively low fluores-
The present so-called three-state model of energy trapsence yield in PSUs with nearly 100%,Q@educed, which

ping in PSU, which is conceptually different from models therefore were identified as being closed, was attributed to
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FIGURE 9 The three-state model of energy trapping in PSII under physiological (in vivo) conditions. Schematic visualization of six particsilaf stage

the two-step closure of an open R@aéhed rectangularin a multiturnover light pulse in a dark-adapted system=S,). Electron transfer to P at the

donor side after a first and second turnover causes transfer ffen8s—S;. Open vertical and closed horizontal straight arrows represent exciton transfer

(rate constant R and associated charge separation in the RC. The bent closed arrows mark electron transfer. The rate constants of the pertinent reactions
are designated with k(Qa-reduction), k; (radical pair recombination), andsk., (P*-reduction by ¥, with S = S; and S, respectively). Right- and
left-oriented arrows symbolize the forward and backward transfer of an RC state, respedijvaly, and®,, are efficiencies for fluorescence emission,

exciton transfer, and radical pair recombination, respectively. The thickness of an arrow is qualitatively related with the efficiency ofsthenmemetion

it represents. Boxes 1, 4, and 6 (viewed from the left) represent the open, semiopen (-closed), and closed state, respectively. Boxes at gosition 2, 3,

5 are transient closed states, which are transferred efficiently in the semiclosed state with transfer times in the submicrosecond time detransidrites

states are beyond the 16 time resolution of the fluorescence detection method (PEA, Hansatech) that has been used. The present scheme illustrates the
situation at which the excitation rate-£00 us)~* is high as compared to the rate of @xidation kg~ (250 us)™1). At lower excitation rates, the figure

is representative for a system in the presence of DCMU; the lifetime of the semiopen state in the presence of DCMU is about 10 s (data not shown). The
figure illustrates that at least two turnovers are required for stationary closure of an RC, the first and second step (semi- and full closivelyesfpect

the closing mechanism occur with a large difference in trapping efficiency, and in the presence of DCMU the RCs of the system are transferred by one
flash into a quasistationary semiclosed state with the initial fluorescence yield of the system ebpat fab],, = 1 — @, * (1 — OF52) ~ 1 — /2.

Further explanations are in the text.

either P" quenching (Butler, 1972) or to limitation of elec- kinetics of the fluorescence induction upon a multiturnover
tron transport at the donor side of PSIl (Schreiber anchigh-intensity light pulse in the time range beyond (.
Neubauer, 1987). In the present three-state model, this lovhe relation (Eqg. 1) emphasizes that stationary closure of an
fluorescence is attributed to a high population of PSUs withRC requires at least two turnovers (Figs. 4 and 9), and that
semiclosed centers. With a 100% population density ofPgis dependent o, and®,,. The novelty and basic value
these PSUs, the fluorescence yield can be approximated tf the model and of Eqg. 1, which is a principle and straight-
be [Pr] = [Pe]eo= 0.5 [[Pr 1. — [Pe 14, i.€., 50% of  forward modification of the Vredenberg—Duysens equation
the maximal yield when all centers are closed. In this(Vredenberg and Duysens, 1963), is that it quantifies a
context, it is of interest to refer to recent work (Kolber et al., relation betweernb. and®,, under conditions at whickb,
1998), which shows that, using a novel fast repetition rateloes not alter. Thus, according to Eg. 2 and with a (con-
technique, the increase in fluorescence yield toward a firsstant) value ofP, = 0.83 (data from Table 1), arn22%
stationary level was shown to be independent of the numbdower value of {b.], in a dark-adapted leaf as compared to
of single turnovers. Varying this number from 1 to 4 did not a pre-flashed leaf is due to a differencediy, in their open
alter the variable fluorescence yield, which was 65—-70% ofeaction centers of about 0.11. A difference of this size of
the maximum yield in these turnovers. This is, indeed, abou®,,, combined with the observation (Fig. 2 and Table 1,
50% of the maximal attainable yield and therefore wouldcolumns 5 and 9) that the initial rate of closure of open)Xk
agree with the present model, which predicts that this inand of semiopen centers j(k;) in a dark-adapted leaf
termediate yield originates from semiopen centers. The exdiffers by two orders of magnitude is conclusive with an
periment shown in Fig. 8 nicely illustrates that, with 100% approximately tenfold lower rate of radical-pair recombina-
of the RCs in a relatively long-lived semiclosed state (i.e.tion in a dark-adapted system, with_k of the order of
with Q, fully reduced) the fluorescence yield is about half 10" s .
the yield of the system with all centers closed. The 10-15% decrease in exciton trapping efficiernby)(
The present model on a relation between efficiencies foin an open RC of a dark-adapted chloroplast after a single
exciton transfer @), trapping @, ~ 1 — &), and fluo-  turnover pre-flash might be related to what hitherto was
rescence emissiondg) provides reliable parameters for attributed to the formation of so-called inactive centers
quantifying this relation and to simulate to some extent thglLavergne and Leci, 1993). Photocurrent measurements
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have indicated that the number of excitable RCs in a train ofhe antenna—RC system that is different from the original
single-turnover flashes given to a dark-adapted chloroplasiark-adapted state. The difference among others shows up
is independent of the flash number. Thus, the lower trappings substantially higher Flue to a light-dependent increase
efficiency in RCs after a first flash is likely to be due to an in k_,. To circumvent interference of these changes with the
increase in k, rather than to the formation of inactive measurement of fluorescence parameters, the fluorescence
centers. The fact that a pre-flash has not caused a changeimduction in a dark-adapted state should be monitored
the rate (k) of the initial O-J rise (Table 1, column 5), shortly after a few single turnover flashes (even one flash
notwithstanding an-10% decrease in the rate of exciton would be sufficient) have been given. These pre-flashes will
trapping, would suggest an increase in the absorption crossause a subtle but saturated change in the energetic state of
section caused by the flash preillumination. Such change ithe system, reflected by a decrease in the lumen conduc-
cross-section could have occurred in association with théance and an increase in k which is reflected by changes
single flash-induced lumen contraction observed in a darkin the O-, J-, and D- levels. In that case, the open state of the
adapted chloroplast (Vredenberg et al., 1998a,b). reaction center is characterized by an electrostatically sta-

An important fact, which follows from measurements of bilized value of k ;. The fluorescence at the J-level,(F
submillisecond fluorescence kinetics and the model, is thatvhich reflects accumulation of a large fraction of PSUs with
the dark-adapted open state of the RC after it has made orsemiopen RC, then becomes closest to the fluorescence
(or more) turnovers has changed its properties with a lowield [®g]., (= 0.5 * [[®g]. — [Pgl,]) of this population
rate of reversibility. The present data and analysis suggestnd is likely to be less hampered by the input dose. How-
evidence that the rate of radical pair recombination after onever, no data are available as yet whether such an effect can
turnover has increased about one order of magnitude corpe excluded. They appear to exist during J-I-P phase, which,
comitantly with an increase indic],. The rate of charge for instance, can be concluded from other published work
recombination of the radical pair has been suggested to bStrasser et al. 1995). The fluorescence at the I-levigligF
controlled by electric fields of dipoles in the vicinity of the interpreted to be of the system with 100% of the RCs closed,
RC (Dau and Sauer, 1991, 1992). A first experimental hinf.e., with [®¢], = F/l = [®(]. = 1. The I-P rise, which is
for the likeliness and effectiveness of this kind of interactionfound to be inhibited by DCMU (Rodrigues, private com-
has come from measurements of flash-induced photocumunication), needs further evaluation. The change in fluo-
rents in combination with measurements of (changes injescence during this phase has been suggested to be asso-
[®H, in Peperomia metallica(van Voorthuysen et al., ciated with changes in quenching by the plastoquinone pool
1997; Vredenberg et al., 1998a,b). These measuremenf¥ernotte et al., 1979).
showed, for a single chloroplast, a decrease in the electrical In conclusion, our data show the necessity and usefulness
conductance of the thylakoid lumen and, for a leaf, a 15-of a three-state energy trapping model of PSII that takes into
25% increase in®g],, both saturable by a single turnover account an electrostatic effect of local charges in the vicin-
flash and with a dark recovery in the time domain of ity of the RC affecting the rate of radical pair recombination
minutes. The lumen conductance change has been intewith a subtle light regulation. The model provides tools for
preted to be caused by a contraction of the lumen, whiclguantifying and simulating the multiphasic fluorescence
will alter the proximity of membrane proteins and is likely induction in photosynthetically competent tissues and prep-
to be accompanied by changes in energy transfer within angrations. It is recommended that the measuring protocols in
between LHCs. The change in kis interpreted to be due the widely used PAM- and PEA-fluorescence instruments
to an altered electrostatic interaction of dipoles in the vicin-are accommodated with a routine to ensure thgard F,
ity of the RC (Vredenberg et al., 1998a,b). Therefore, the(PAM) or O-J-I-P (PEA) measurements are also done with
dark-adapted open state can only be taken as a referenceference to a dark-adapted sample to which one saturating
for the semiopen and closed states if the change inik  flash has been given.
considered.

The ratio between variable (= F — F,) and maximal | thank my colleagues Jack van Rensen and Jan Snel for many stimulating
fluorescence (F) in general is taken as the measure for thediscussions, and Lesleigh Force, Gustavo Rodrigues, and Hans Dassen for
yield of photochemistry of PSli&p = F,/F,). This now their skillful experimental assistance.
appears to be in disagreement with the three-state trappinhe PEA machine was kindly put at our disposal by Prof Reto Strasser,
model of PSII. Moreover, E usually taken as the minimal University of Geneva, Switzerland.
fluorescence in a dark-adapted system, is strongly lighThis work was partly financed by a grant from the Netherlands Organiza-
dependent with a very low light requirement and a low ratetion for Scientific Research (NWO).
of reversibility. Thus, it cannot be excluded, and prelimi-
nary experiments have shown (paper in preparation), thadREFERENCES
the maximal fluorescence fat the P-level, measured with _ _ _ _ ,

. . L Amesz, J., and A. J. Hoff (editors). 1996. Biophysical Techniques in
a saturating light pulse of a few hundreds of milliseconds Photosynthesis. Kluwer Academic Publishers, Dordrecht/Boston/
duration is from an energetic and/or conformational state of London.

Biophysical Journal 79(1) 26-38



38 Vredenberg

Bernhardt, K., and H.-W. Trissl. 1999. Theories for kinetics and yields of Robinson, H. H., and A. R. Crofts. 1983. Kinetics of the oxidation-
fluorescence and photochemistry: how, if at all, can different models of reduction reactions of the photosystem Il quinone acceptor complex and

antenna organization be distinguished experimentaiicthim. Bio- the pathway of deactivatiofsEBS Lett 153:221-226.

phys. Actal409:125-142. Roelofs, T. A., C. H. Lee, and A. R. Holzwarth. 1992. Global target
Bulychev, A. A., and W. J. Vredenberg. 1999. Light triggered electrical analysis of picosecond chlorophyll fluorescence kinetics from pea chlo-

events in the thylakoid membrane of plant chloroplaBtsysiol. Plant. roplasts.Biophys. J.61:1147-1163.

105:577-584. ) ) Schatz, G., H. Brock, and A. R. Holzwarth. 1988. Kinetic and energetic
Butler, W. L. 1972. On the primary nature of fluorescence yield changes model for the primary processes in photosystem.Bibphys. J.54:

associated with photosynthesiBroc. Natl. Acad. Sci. USA69: 397-405.

3420-3422.

- ~__ Schreiber, U. and C. Neubauer. 1987. The polyphasic rise of chlorophyll
Curwiel, V. B., and J. J. S. van Rensen. 1993. Influence of photoinhibition  fluorescence upon onset of strong illumination: II. Partial control by the
on electron transport and photophosphorylation of isolated chloroplasts. photosystem 1l donor side and possible ways of interpretation.

Physiol. Plant.89:97-102. Z. Naturforsch 42¢:1255-1264.
Dau, H. 1994. Molecular mechanisms and quantitative models of variableschreiber, U. and A. Krieger. 1996. Two fundamentally different types of
photosystem Il fluorescenc@hotochem. Photobiob0:1-23. variable chlorophyll fluorescence in viveEBS Lett.397: 131-135.

Dau, H., and K. Sauer. 1991. Electric field effect on chlorophyll fluores- schyreiper, U., U. Schliwa, and W. Bilger. 1986. Continuous recording of
cence and its re_Iation to photo_systgm II_ charge separation reactions photochemical and non-photochemical chlorophyll fluorescence
studied by a salt jump techniquBiochim. Biophys. Actel089:49—60. quenching with a new type of modulation fluorometehotosynth. Res

Dau, H., and K. Sauer. 1992. Electric field effect on the primary charge 10:51-62.
separation of PS II- comparison with electron transfer theofies. ~ gihet, A., Govindjee, B. J. Strasser, and R. T. Strasser. 1998. Chlorophyl
Research in Photosynthesis, Vol I. N. Murata, editor. Kluwer Academic 5 fiyorescence induction in higher plants; modeling and numerical
Press Publishers, Dordrecht, The Netherlands. 239-242. simulation.J. Theor. Biol 193:1341-151.

Dekker, J. P., J. J. Plijter, L. Ouwehand, and H. J. van Gorkom. 1984gya5qer B, J., and R. T. Strasser. 1998. Oscillations of the chlorophyll a
Kinetics of manganese redox transitions in the oxygen evolving complex™ g ,grescence related to the S-states of the oxygen evolving comiplex.
of Photosystem IIBiochim. Biophys. Actar67:176-179. Photosynthesis: Mechanisms and Effects, Vol. 5. G. Garab, editor.
Delosme, R. 1967. tiide de I'induction de fluorescence des algues et des  Kluwer Academic Publishers, Dordrecht, The Netherlands. 4325-4328

chloropla§ts au deit dune illumination intenseBiochim. Biophys. Strasser, R. T. 1981. The grouping model of plant photosynthesis: heter-

Acta. 143:108-128. ogeneity of photosynthetic units in thylakoids.Photosynthesis, Vol. 3.
Duysens, L. N. M., and H. E. Sweers. 1963. Mechanisms of the two G. Akoyunoglou, editor. Balaban International Science Serv., Philadel-

photochemical reactions in algae as studied by means of fluores¢ence. phia, PA. 727-737.

Studies on Microalgae and Photosynthetic Bacteria. Edited by the JapS

; ) : . - Strasser, R. T., A. Srivastava, and Govindjee. 1995. Polyphasic chlorophyll
gggig?zomety of Plant Physiologists. University of Tokyo Press, Tokyo. a fluorescence transient in plants and cyanobact&fietochem. Pho-

tobiol. 61:32—42.
Govindjee, J. Amesz, and D.C. Fork (Editors). 1986. Light Emission by . . .
Plants and Bacteria. Academic Press, Orlando. FL. Trissl, H.-W., Y. Gao, and K.Wulf. 1993. Theoretical fluorescence induc-

tion curves derived from coupled differential equations describing the

Jansen, M. A. K., J. H. Hobe, J. C. Wesselius, and J. J. S. van Rensen. primary photochemistry of photosystem Il by an exciton radical pair
1986. Comparison of photosynthetic activity and growth performance in - gquilibrium. Biophys. J 64:974-988.

triazine-resistant and suscepible biotypes @ienopodium album van Voorthuysen, T. 1997. The electrical potential as a gauge of photo-

Physiol. Veqg24:475-484. ; .

) . . . . synthetic performance in plant chloroplasts. A patch-clamp study.
Joliot, P. and A. Joliot. 1964. Etude Ctimale de la reaction photochimique PhD Thesis, Wageningen Agricultural University, Wageningen, The

liberant I'oxygene au cours de la photosyntheéSeR. Acad. Sci. Paris. Netherlands.

248:4622—4625.
van Voorthuysen, T., A. A. Bulychev, J. F. H. Snel, J. H. A. Dassen, and

Klimov, V. V., and A. A. Krasnovskii. 1981. Participation of pheophytinin =~y " 5 "redenberg. 1997. Flash-induced conductance changes in chloro-
the primary processes of electron transfer at the reaction centers of plast thylakoid lamellae. A patch-clamp studgioelectrochem. Bioen-
photosystem IIBiophysics27:186-198. erg. 43:41-49.

Kolber, Z. S., O. Prasil, and P. Falkowski. 1998. Measurement of variablg,an Voorthuysen, T., J. H. A. Dassen, J.F.H. Snel and W.J. Vredenberg
fluorescence using fast repetition rate techniques: defining methodology 1996. Patch-cle;m;)’ study on ﬂash-inauced secondary electrogenic trans-

and experimental protocol8iochim. Biophys. Actal367:88-106. port in the thylakoid membrane: Interpretation in ternisadQ cycle.
Krause, G. H., and E. Weiss. 1991 Chlorophgllfluorescence and Biochim. Biophys. Actal277: 226—236.

photosynthesis: the basicAnnu. Rev. Plant Physiol. Plant Mol. Biol. Velthuys, B. R., and J. Amesz. 1974. Charge accumulation at the reducing

42:313-349. ) ) ) ] side of system 2 of photosynthesgiochim. Biophys. Acté833:85-94.
Lavergne, J., and E. Leci. 1993. Properties of inactive photosystem I\;ernotte, ., A, L. Etienne, and J.-M. Briantais. 1979. Quenching of the
centersPhotosynth. Res35:323-343. . ... system Il chlorophyll fluorescence by the plastoquinone pBichim.

Lawlor, D. W. 1993. Photosynthesis, Molecular, Physiological and Envi- Biophys. Acta545:519-527.
ronmental Processes (2nd edition). Longman Scientific & TeChn'Caleredenberg, W. J. 1997. Electrogenesis in the photosynthetic membrane:

Marlow, England. 52-59. fields, facts and feature8ioelectrochem. Bioenergi4:1-11.
Lazar, D. 1999. Chlorophyt fluorescence inductiorBiochim. Biophys.  vyedenberg, W. J., J. H. A. Dassen, and J. F. H Snel. 1998a. Patch
Acta.1412:1-28. clamping the photosynthetic membrane: a sensitive tool to study chlo-
Mauzerall, D. C. 1972. Light induced changes in Chlorella and the primary roplast bioenergeticsn Photosynthesis: Mechanisms and Effects, Vol.
photoreactions for the production of oxygé&hoc. Natl. Acad. SCUSA. 5. G. Garab, editor. Kluwer Academic Publishers, Dordrecht, The Neth-
69:1358-1362. erlands. 4271-4276.

Meyer, B. E., E. Schlodder, J. P. Dekker, and H. T. Witt. 1989. O Vredenberg, W. J., and L. N. M. Duysens. 1963. Transfer and trapping of
evolution and chlg” (P680") nanosecond reduction kinetics in single  excitation energy from bacteriochlorophyll to a reaction center during
flashes as a function of pHBiochim. Biophys. Acte974:36—43. bacterial photosynthesislature.197:355-357.

Neubauer, C. and U. Schreiber. 1987. The polyphasic rise of chlorophylVredenberg, W. J., J. F. H. Snel, and J. H. A. Dassen. 1998b. A sizeable
fluorescence upon onset of strong continuous illumination. |. Saturation decrease in the electric conductance of the thylakoid lumen as an early
characteristics and partial control by the photosystem Il acceptor side. event during reaction center and Q cycle turnov@hotosynth. Res
Z. Naturforsch 42¢:1246-1254. 58:111-121.

Biophysical Journal 79(1) 26-38



