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Utilizing a pump-probe double flash method, the shapes of the fluorescence induction curves in spinach chloroplasts (0°C), and
the induction ratio R = Fy/F, (F, and Fy are the fluorescence yields when all PS 11 rcaction centers are open, and closed,
respectively) were studied as a function of: (1) the duration (¢,) of the pump flash, (2) the number of pump flashes, (3) absence or
presence of DCMU, and (4) the time interval Ar between the pump and the probe flashes. In the pump-probe technique, an
actinic pulse (P,) of different fluences closes a fraction g of the PS II reaction centers. After a variable time interval At a second,
weak pulse (P,), is used to measure the variable fluorescence yield F,. The shapes of the fluorescence induction curves (F, vs.
the fluence of the P, pulse) were analyzed in terms of the standard equation F, =(1 —p)q/(1 - pq), where p is a parameter
describing the connectivity between different photosynthetic units (Joliot, A. and Joliot, P. (1964) C. R. Acad. Sci. 13,
4622-4625). The shapes of the F, curves are found to depend only on the width (1,) of the pump puises. For t; < 300 ps, the
curves are exponential in shape with p=0.0 and R <2.5. However, for pulse durations {, in the millisccond range. and
employing the same probe flash method for measuring the variablc fluorescence, the F, curves assume the same familiar
sigmoidal shapes as in the case of conventional steady-state illumination. With 1, in the microsccond range (1; = 0.7-2 us), the
F, curves are more ncarly exponential than sigmoidal in shape with p values generally around = 0.3 and R < 3. For 1, > 50 us,
the fluorescence induction curves arc sigmoidal in shape and, generally, p values of 0.55-0.60 arc¢ observed with R>3. A
sequential hit mode! (Valkunas, L., Geacintov, N.E., France, L. and Breton, J. (1991) Biophys. J. 59, 397-408), in which the PS II
reaction centers evolve through different states characterized by diffcrences in fluorescence viclds. a process characterized by a
dark-time 1, of =2-50 us between two successive hits, can account for these results. This model is consistent with the concept
of interunit transfer of excitations. However, the shapes of the fluorescence induction curves cannot provide wny information on
the value of p within the context of this mocel.

1. Introduction maximum value of Fy, (ail reaction centers clcred).
The variable (or induced) fluorescence, Fy,, is defined

The fluorescence intensity of chloroplasts in green as the ratio:

plants and green algae depends on the state of the PS
11 reaction centers [1,2). The fluorescence intensity F e F-F,
varies from a minmum F, (reaction centers open) to a Y Fy-F,

(§))]

Fluorescence induction has traditionally been stud-
ied using steady-state illumination, on timescales in the

———a— H N > - A v
Correspondence (present address): L.L. France, Plum Island Animal millisecond to second range [1’3 5] Plots of FV crsus

Disease Center. USDA/ARS, P.O. Box 848, Greenport, NH 11944, Fime qf illurr_\inalion are sigr'nois':lal in shape, and the
USA. induction ratio, R = F,/F,, liesinthe range 3< R < 5.
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(UFS-200. Instruments SA., Mctuchen, NI A red.
high-band-pass filter (> 665 nm. #2-64, Corning.
Corning. NY) was placed in front of the sht to c¢limi-
nate scattered light. The signal was determined by a
photodiode array/ optical multichannel  analyzer
(OMA., Model 1205D, Princeton Applied Research),
and processed by an analog-to-digital converter module
(Model 1205A. Princeton Applicd Tescarch). The
diodc array system was gated on and off with a time-
delayed pulse from a high voltage pulse generator
(Model 1211, EG& G Princeton Applied Research,
Princeton, NJ). Each data point reported here repre-
sents the mean of three experiments, with each experi-
ment representing  100-300  accumulations, unless
stated otherwise; the error bars are within the width of
the data points. unless explicitly indicated otherwise, In
all experiments, the F, fluorcscence signal (fluores-
cence yield of dark-adapted chloroplasts, generated by
the P, flash in the absence of actinic flashes) was
recorded throughout the experiment, in order to moni-
tor the stability of the fluorescence of the sample. In
quasi-stcady-state experiments employing He-Ne laser
ilumination, the output of the photomultiplier tube
was fed directlv to a digital oscilloscope system (Model
4203, EG & G Princeton Applied Rescarch).

2.6. Data analvsis

The experimentally measured fluorescence induc-
tion curves werce fitted, in cach case, by the sigmoidal
fluorescence induction modcl based on Eqgns. 2 and 3,
in which p and ¢ were the unknown parameters; the
value of p determines the shape of the fluorescence
induction curve, while the values of o1, determine its
position along the horizontal axis (where I, is the
fluence of the P, pulse). Combining Eqns. 2 and 3. the
following expression was generated and used in the
fitting procedures:
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This equation was solved numerically for F,, (Eqn.
D in terms of 1), with the best values for p and o
being determined by a non-linear least-squares tech-
nique, based on the Marquardt algorithm [19] and
acapted from Bevington [20]. The value of p was
constrained to be non-negative. The best values for p
and o were determined by minimizing the value of y*:
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wherc N is the number of experimental data points,
F(1,) is the experimentally measured value of F,, at 1,
Fl1,) is the value of F\; calculated from given values

of I, from Eqn. 4, and v is the number of degrees of
frcedom (v =N ~ 2, since the number of floating pa-
rameters is 2). The residuals calculated in Eqn. 5 are
unweighted. and therefore, the minimum value of x? is
cxpected to approach zero in the ideal case.

The experimental data were normalized to unity at
F,, and the value for F, (Eqn. 1) was determined by
inspection of the experimental data. All experimental
data points (fluorescence yield monitored by the probe
flash vs. fluence of the actinic pulse, or FX71,) vs. I,
are plotted so that the corresponding induction ratios,
R, are clearly cvident from the data plots. It should be
noted that the calculated values of p are sensitive to
the values of Fy,. However, F, is known to be variable
over time, and from sample to sample. We generally
observed a small decrease in F,, during the first hour
after sample preparation. After this initial decrease,
F\, was stable up to =24 h at 0°C.

3. Results

3.1. General considerations

We first consider some of the factors which affect
the shapes of the pump-probe fluorescenze induction
curves. The time delay, A¢, between th~ actinic and
probe tlashes must be long enough so tha: singlet and
triplet exciton quenchers [2] created by the pulse P,,
decay prior to the arrival of P,. If the lifetimes of the
excitations are limited by quenchers, the diffusion range
of the excitations is expected to be limited, p — 0, and
the fluorescence induction curves are expected to be
exponential in shape [21]. Singlet excitations decay
within 1 ns, while the lifetimes of the chiorophyll  and
carotenoid triplets are of the order of 10 ns [22)], and
~ 5 ws [23,24], respectively. Therefore, neither singlet
nor triplet quenchers are present when the fluores-
cence yield is probed with the P, flashes, 30 us or
more after the actinic flash. However, triplet excited
states could, in principle, affect the closing of PS 11
reaction centers during the actinic flashes of microsec-
ond duration. and thus influence the shapes of fluores-
cence induction curves measured with the probe
flashes. This possibility is discussed in section 4.2 be-
fow.

The oxidized state of the primary donor (P*) of PS
Il is also an efficient exciton quencher [24-26]; thus At
must be long enough to allow for the decay of P*, prior
to the arrival of P,. The time constant for the decay of
P* after single flashes has been reported to be in the
range of 20-35 ns [24,26-28]. However, when trains of
laser flashes are used, up to 15% of the P* state
decays on microsecond time-scales [29]; since, in al-
most all of our experiments, single actinic flashes were
utilized, this effect was neglected. Experimentally, fol-
lowing a 300 ps, 337 nm actinic flash, the maximum
probe flash-fluorescence vield, F, is observed when
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Fig. 2. Fluorescence induction curve obtained under steady-state

illumination. Spinach chloroplasts with 10 uM DCMU, 0°C. Excita-

tion source: helium neon laser (fluence rate: 2-10'® photons cm ™2
s ~!. The fluorescence induction ratio, R, is 4.0.

At =30 to 50 us [16), suggesting that quenchers are no
longer operative on these time-scales [30].

It is important that ¢ should remain constant until
the probe flash P, arrives. The upper limit on 4r is
determined by the time constant for the re-oxidation of
the PS I primary acceptor Q.. In the absence of
external inhibitors (e.g., DCMU), re-oxidation of Q,
becomes apparent ~ 50-100 us after a saturating ac-
tinic flash.

Due to the constraints imposed by the decay times
of quenchers and the lifetime of the reduced form of
the primary acceptor, a time delay 47 of 30-100 us
was selected. In the presence of 10 uM DCMU, the
time delay was varied up to at least 1 s; the fluores-
cence yield generated by the P, pulse remained con-
stant in this range of At values.

3.2. Contrast berween submicrosecond actinic flash-in-
duced and steady-state illuminated fluorescence induc-
tion curves

The difference in the shapes of the fluorcscence
induction curves measured under steady-state illumina-
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tion conditions (Fig. 2}, and by the pump-probe tech-
nique using single short actinic flashes (Figs. 3A and
IB arc quite striking. Fig. 2 shows a conventional
steady-state-illuminated fluorescence induction curve,
generated by a CW He-Ne laser beam, over a 135 ms
period, and in the presence of 10 pM DCMU. The
steady-state illumination fluorescence induction ratio,
R, = Fy/F,, was equal to = 4.) in thesc experiments.
The obvious sigmoidicity and the relatively high value
of R, are typical of traditional stcady-state-il-
luminated induction curves.

In Fig. 3A, the fluorescence induction curves were
measured with a 2 us probe pulse incident on the
sample 100 us after a 700 ns, 650 nm actinic pump
flash (without DCMU); the calculated value of the
fluorescence induction ratio, R, which provides the
best fit to the data, is 1.73. The solid line represents
the best fit of Eqn. 4 to the experimental data points
(p=0265 and o =155-10"" cm?). Sigmoidicity is
negligible, and the value of R is lower than in the
steady-state illumination case (Fig. 2).

The data in Fig.3B were gencrated with a 300 ps,
337 nm pump flash, followed by a 2 us xenon probe
flash, with Ar =30 us (no DCMU). The induction
ratio is also small (R = 2.23). The solid linec presents
the best fit of Eqn. 4, to the data (p =0.0, and o =
459107 cm?).

3.3. Comparison of fluorescence induction curves mea-
sured by the pump-probe and steadv-state illumination
techniques

According to Eqns. 2 and 3, the variable fluores-
cence yield should depend on ¢ in a non-lincar man-
ner, The fraction of closed reaction centers depends on
the fluence only. and the manner of delivering photons
to PS II. either by pulsed or steady-state illumination
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Fig. 3. (A) Variable fluorescence yield { Fx(0) as a function of fluence of the actinic pulse. generated by a 2 us xenon probe flash, incident on the

sample 100 ps after a 700 ns, 650 nm, actinic laser pump flash. The solid line represents the best fit of Eqn. 4 to the experimental data points

(p=0265, ¢ =155-10"" cm?, and R= Fy, /F,="'.73)(B) Variable fluorescence vield (F,(0)) as a function of fluence of the actinic pulse,

generated by a 2 s xenon probe flash incident on the sample 30 gs after a 300 ps, 337 nm, nitrogen laser pump flash. The solid line represents

the best fit of Eqn. 4 to the experimental data points (p =0.0, ¢ =4.59 - 107" ¢m?, R =2.2). The diode array system was used in these
experiments for detecting the fluorescence signals.
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Fig. 4. {A) F. () variable fluorescence yield as a function of fluence of the actinic pulse, generated by a 2 us xenon probe flash incident on the

sample (10 M DCMU) after a time delay (37) of 18 ms following 13 ms helium neon laser pump flashes of variable fluences, I, Tue solid line

{— ) represents the best fit of Eqn. 4 to the experimental data points (p = 0612, o = 57710 % em?. R = 3.45). The dotted line ¢--- - - - )

represents an exponential rise curve (Egqn. 4. p=0.0, R =345, ¢ =10-10 " cm®); the value for o was selected so that this calculated curve

would reach the Fyy level at the same tluence as the experimental data. Fi(t) (D). variable fluorescence measured at various time points during

the single, high fluence pump flash (7, = 7.2+ 10" photons ecm 7 pulse ', ¢, = 13 ms). Maximum fluorescence induction ratio, R, = 3.44. (B) The
data in the low fluence region are shown on an expanded scale.

methods should not influence the shapes of the induc-

probe-generated tluorcscence vield (F.). the different
tion curves according to these cquations [15]. The

P, flash fluence rates were obtained by means of neu-

results shown in Fig. 4 demonstrate that this assump-
tion is valid for the millisecond time range. The fluo-
rescence induction curves were measured, using the
same sample, by two methods in which the reaction
centers were closed by a 13 ms He-Ne laser pulse. In
Method A, 13 ms actinic pulses of various fluences (/,)

tral density filters. In Method B, the instantaneous
fluorescence yield, F{(1), was measured during the
time-course of the single 13 ms actinic flash (open
squares, F (1) plotted as a function of the fluence /(t)
evaluated at the time point t)); the fluence rate of this
pulse (5.4 10" photons cm~2 s~} pulse ') was suffi-

were followed by 2 s xenon probe flashes (Ar = 18

ciently high so that the Fy, value was reached well
ms). the data points (open circies) represent the

before the end of the 13 ms illumination. This latter
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Fig. 5. (A} F, (0), variable fluorescence as a function of fluence of the actinic pulse, generated by a 2 us xenon probe flash incident on the
sample (10 «M) with & time delay A7 =5 ms after the actinic helium neon laser flashes. The fluence, I,. of the helium neon laser pulse was
varied by changing the duration, r,, of the pump flash from § ms to 140 ms, while keeping the pump flash fluence rate constant. Flep ),
variable fluorescence yield determined at the end of each pump flash. The lines represent best fits of Eqn. 4 to the experimental data points
using R=1.1.( ).... Theoretical fit o the F, data (p=0577, ¢ =493-10" % cm). (- -+ ) Theoretical fit 1o the F, data (— — —)
(p=103564, ¢ = 4.78- 10 "** cm*). (B) Variable fluorescence yield generated by a 2 us xenon probe flash incident on the sample 5 ms after 136 is
helivm neon laser flashes of variable fluence. The pump flash fluence, 7, was varied by decreasing the fluence rate of the pump flaskes with
neutral density filters, while keeping the duration, r,, constant. The solid line represents a fit of Eqn. 4 to the F, data points (p = 0.558,
a=176-10""cm*, R=4.1).




experiment c¢orresponds to the conventional stcady-
state illumination method of recording fluoescence
induction curves. In both cases, DCMU (10 uM) was
present to allow for the large separation in time be-
tween the actinic and probe pulses.

The induction ratios (3.45), were the same in hoth
experiments, and the shapes of the fluorescence induc-
tion curves are identical within experimental error in
the high fluence (Fig. 4A) and low-fluence regions (Fig.
4B).

The solid line in Fig. 4A represents the best fit of
Eqn. 4 1o the experimental data points (p = 0.612 and
o =5.77" 107" cm®). For comparison, the dashed line
represents an exponential-rise curve (Eqn. 4, with p =
0). Both the values for R and p measured by the probe
flash, are typical of curves produced using steady-state
illumination on milliseconds to seconds time-scales.
We thus conclude that the use of 2 us probe flashes is
valid for determining the yield of the variable fluores-
cence.

To further confirm the validity of this conclusion,
two other, similar experiments were performed in which
the fluence of the ac’inic He-Ne laser pulses was
varied, but a 2 us Xe flash was utilized to measure F,
(10 uM DCMU); the separation between the actinic
and probe pulses was the same in both types of experi-
ments (Ar =5 ms). In Method C, the fluence rate of
the He-Ne laser pulscs was held constant, while the
duration (¢,) of the pulses was varied incrementally
from 5 ms to 140 ms to achieve different actinic flu-
ences /. In Method D, the duration (¢,) of illumina-
tion was held constant, and the fluence (/) was varied
by using ncutral density filters to decrease the fluence
rate in increments. The data in these experiments show
a relatively poorer signal /noisc ratio, because the time
constraints imposed by the light sources and triggering
system resulted in fewer measurements per data point.
For the data in Fig. 5, generally 5-10 measurements
per data point were made, whereas in all other experi-
ments there were 50-300 measurements per data point.

The results of the experiments performed according
to Method C are shown in Fig. 5A. In addition to
measuring the variable fluorescence yield with the 2 us
probe flash (F;,0), the variable fluorescence yield was
also evaluated at the very end of the P, actinic pulse
(F(t,),0). These F, and F, data points are nearly
superimposzble, except for the high fluence region,
where the signal /noise ratio is poor. The higher values
of F, in this region are due to the well-known variabil-
ity of Fy, especially within the first hour after prepara-
tion (see above); the F, high-fluence data points (o) in
Fig. 5A are examples of this effect, since these mea-
surements were made at the beginning of this lengthy
experiment.

Best fits of Eqn. 4 to the data points, using Fy,/F,
= 3.1, is also shown in Fig. 5A (p=0.577 and ¢ = 4.93
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10 em®). Ieis clear that the variable fuorescence
measured by either the £, or F, methods are the same
within cxperimental ¢rror.

Results of the Mcthod D experiment are shown in
Fig. 5B. The duration of the actinic flash in this experi-
ment was 136 ms, and was Kept constant at ali flucnces.
The probe-generated fluoreseence (F.. circle) is plot-
ted at cach measured fluence (7,). Again, the high
flucnce F, measurements were made at the start of the
cxperiment. A value of F,,/F, = 4.1 was used to fit the
data points (p = 0564 and o= 1.76- 10" cm?),

Both Method C (which simulates steady-state condi-
tions) and Mcthod D (which simulates pump-probe
conditions) on longer time-scales, result in sigmoidal
fluorescence induction curves. with p > 0.56 and R > 3.
T'tiese results confirm the conclusion drawn from the
»ravious experiment (Fig. 4): on millisecond time-scales,
sigmoidal curves with R > 3 we observed, regardless of
the method used to measisre he variable fluorescence.

The value of ¢ deducd from the fitting of Egn. 4 to
the fluorescence induction data is =5- 107" em® in
Figs. 4 and 5A. and about 3-times larger in Fig. 5B:
these apparent variations in the cross-sections are most
likely due to differences in the spinach chloroplasts
because these experiments were carried out on differ-
ent days with different spinach samples.

3.5. Possible effects of DCMU

The redox state of PS H reaction centers depends,
in part, on their interactions with the plastoquinone
pool. The sccondary acceptor, Q, a plastoquinone,
temporarily binds to PS II; after charge separation in
which the primary acceptor Q, is reduced, Q4 is
oxidized by Q with a half-time of ~200 us [31].
While it is bound to the PS 1I complex. Qy undergoces
two successive reduction steps, before it is released. It
has been shown that the acceptor kinetics dominate
the PS 11 fluorescence during the time range ~ S50 us
to ~ 10 ms, and that during this time-range, oscilla-
tions in the fluorescence yield are observed with a
two-state periodicity, due to the difference in the re-
duction rates of Q,, and Qg by Q, [31-34].

The photosynthetic inhibitor, DCMU, preferentially
binds to PS 11 at the Q binding site. Therefore, in the
presence of 10 uM DCMU, Q4 does not bind to PS 11
and reoxidation of Q; is prevented. Steady-state-il-
luminated fluorescence induction curves are tradition-
ally observed in the presence of the inhibitor DCMU
in order to prevent re-oxidation of Q. during the
experiment. The pump-probe technique allows F,, to
be mcasured in the absence of DCMU, if the time
between the onset of the pump flash (P)) and the
arrival of the probe flash (P,) is g 100 us, since
re-oxidation of Q, is still quite limited ~ 50-100 us
after the initial charge separation. It is possible that, in
the abscnce of DCMU. the presence of the temporarily
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Fig. 6. Fluorescence induction curves (Fa) as a function of the
fluence of actinic pulses, generated by a 2 us xenon probe flash
(time delay At = 30 us) in the presence (O) and absence (0) of 10
uM DCMU. The pump flash was a 300 ps. 337 nm. nitrogen laser
flash. The theoreticul curves represent the best fits of Eqn. 4 to the
experimental data puints. ( )....no DCMU, R=26, p=100,
=122 Y am?; Geeeen ).... 10 uM DCMU. p =00, o = 118"
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bound secondary acceptor, Qy, may affect the shape of
the fluorescence induction curves.

In order to eliminate DCMU as a causative factor in
the appearance of sigmoidicity and R > 3.0, we re-
peated the pump-probe experiment using a 300 ps, 337
nm pump flash and 41 = 30 us, in the presence (Fig. 6,
squares) and in the absence (Fig. 6, circles) of 10 uM
DCMU. The data shown in Fig. 6 were collected on
the same day, using samples prepared from the same
pellet of chloroplasts. Both sets of data were normal-
ized to unity at their F,, levels, and both curves display
the same shape, and the same induction ratios (R =
2.6). It should be noted that the two curves in Fig. 6
arc identical in the range Fy < F, < F,.

The soud and dashed lines in Fig. 6 represent the
best fit of Eqn. 4 to the experimental data measured in
the absence and presence of 10 uM DCMU, respec-
tively. The values returned by computer analysis were:
p=00,0=122-10"" cm’ (no DCMUY); and p = 0.0,
o=118-10"" em? (10 uM DCMU). Thus, DCMU
does not affect the shapes of the fluorescence induc-
tion curves in these pump-probe experiments.

3.6. Possible effects of S-states on fluorescence induction
curtes

The redox state of the OEC-complex is known to
affect the fluorescence yields. The OEC-complex re-
duces the PS Il reaction center complex once after
each charge separation, and cycles through four redox
states (S-states) for each molecule of O, that is re-
leased [35-37). The rate constants for the S-state kinet-
ics are generally believed to be of the order of tens to
hundreds of microseconds [38]. Dekker et al. measured

the half-times for the reactions, S;,—»Si+1 (i=
0.1.2,3), in dark-adapted, oxygen-evolving PS Il prepa-
rations in the presence of an electron acceptor (2,5-di-
chloru-p-benzoguinone), and reported values of 30 us,
110 us, 350 us, and 1300 us, respectively [39]. The
states S, and S, are stable in the dark, whereas the
states S, and S, tend to decay to S,, with time con-
stants on the order of 40 s [40]. Thus, for dark-adapted
chloroplasts, the S-state composition is believed to be
~25% S, and ~75% S,.

It has been shown that small, predictable oscilla-
tions in the amplitude of the fluorescence yield (+ 10%)
occur as the redox state (S-state) of the water-splitting
complex is changed. Using a series of saturating actinic
flashes, spaced 1 s apart, Delosme showed that the
fluorcscence yield generated by a time-delayed probe
flash showed small (+10%) oscillations in amplitude,
which recurred with a characteristic four-state period-
icity [41,42). This was ‘ruc when the fluorescence was
probed at < 20 us (s, as well as at nearly 1 s (F,),
after the actinic flash, although the oscillatory patterns
were different for Fy, and F,. These oscillations were
damped out after ~ 16 flashes, due to a mixing of the
S-states which arises from a small fraction of the S-
complexes undergoing two transitions during a single
flash, and another small fraction undergoing no transi-
tion during the flash,

For illumination periods > several milliseconds, the
S-state composition of the system is expected to be
well-mixed. In contrast, the S-state composition during
a typical pump-probe experiment should be relatively
homogeneous, if a submicrosecond actinic flash is used.
We therefore designed a series of pump-probe experi-
ments to investigate the consequences of a heteroge-
neous S-state mixture on the shape and amplitude of
the fluorescence induction curves produced with sub-
microsecond pump flashes. The basic conditions used
to generate the results shown in Fig.3B were retained.
That is, a 300 ps, 337 nm pump flash was followed by a
2 us xenon probe flash, with A7 =30 us. No DCMU
was present. In these experiments a series of 2, 3, 4
and 15 P, pump flashes were employed to close the PS
1I reaction centers. These flashes were equal in fluence
and were spaced 1 s apart. In each case, the results
were compared with results produced using one pump
flash during the same experiment. The results are
listed in Table 1 (a more detailed description of these
results is available elsewhere [16]). In all cases, sig-
moidicity was absent, and fitting Eqn. 4 to the experi-
mental data yielded values of p =0.0. In addition, the
induction ratios ranged from R = 2.35 to 2.65, as was
typical for the pump-probe curves measured with 300
ps, 337 nm pump flashes. These data indicate that the
mixing of the S-states (which can be assumed to occur
in steady-state experiments) is not responsible for the
appearance of sigmoidicity.



TABLE |

Characteristics of pump-probe fluorescence induction curves, using
mudiiple pump flashes to mix the S-states

A series of 300 ps. 337 nm pump flashes, spaced 1 s apart was
followed by a 2 us xenon probe flash. The time delay between the
final pump flash and thc probe was 30 us. NoP, = number of pump
flashes in the series. R= Fy, /F,, as measured by the probe flash.
p = connectivity parameter (Eqn. 2). o = absorption cross-section
(Eqn. 4). x2, see Eqn. 5.

Experiment No.P, R p o (cm?) x?
1 1 235 00  145-107' 000559
2 235 00 13610 00116
3 235 00  1.23-107% 000831
2 1 265 00 762-107"° 00297
4 265 00  969-10°° 00120
3 1 225 00 134-107% 000956
15 250 00 105107 00193

3.7. The effects of pump flash duration on sigmoidicity
The results shown in Figs. 2-6 suggest that the
time-scales of the experiments may represent an im-
portant factor in determining the sigmoidicity of fluo-
rescence induction curves. The pump-probe experi-
ments using submicrosecond pump flashes are charac-
terized by values of the parameters p 0.3, and R <
3.0. In contrast, the fluorescence induction curves
measured with actinic pulse durations ¢, > 13 ms are
sigmoidal, with p > 0.5 and R > 3. To investigate the
effect of the pump flash duration, we conducted a set
of pump-probe experiments using available xenon pump
flashes with significantly different pulse durations in
the microsecond range. In these experiments, the abso-

Fluorescence, F,

00 = - - -
1] 1 2 Y 10 20

Il, relative units
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lutc energy of the actinic flashes could not be deter-
mined accurately because wide-bandpass optical filters
were used; the fluence is thus reported in relative
units,

The variable fluorescence, F,, generated with a 2 us
pump flash, followed by a 50 us xenon probe flash,
with At =900 ms, is shown in Fig. 7A. The solid line
represents Eqn. 4 with p =0.284, and F = 2.6. The
shapes of the plots in Figs. 3A and 7A are very similar
to one another, because of the similarity of the pump-
pulse durations (¢,), which are 0.7 us and 2.0 us,
respectively. The values of p determined by the least-
squares fit are = 0.3. The fluorescence induction ratios
R are < 3. It is interesting to note that the duration of
the probe flash (e.g.. 50 us in Fig. 7A) does not appear
to influence the shapes or amplitudes of the induction
curve. This result is expected, since the fluence of the
probe flash is kept as low as possible during these
experiments.

In this set of experiments, the time delay, 4t, was
increased to 500-900 ms (in the presence of 10 uM
DCMU), in order to determine whether increasing the
dark time prior to the probe flash would give rise to
sigmoidicity and R > 3. Inspection of Figs. 3A and 7A
also shows that increasing the time delay (A7) between
P, and P, does not result in sigmoidicity. The fluences
of both the 50 us and the 2 us probe pulses in the
experiments of Figs. 7A and 7B, respectively, were
adjusted so that they elicited fluorescence signals of
equal intensities; their fluences were thereforc the
same.

The differences in the degrees of sigmoidicities ob-
tained with the short (microsecond or submicrosecond)
and the millisecond actinic puises, suggest that the
duration of the actinic light pulses plays an important

Fluorescence, F,_

0.0 . L " " s
0 1 2 4 1 Ooda

Il, relative units

Fig. 7. Variable fluorescence yield (F5(0)) measured by xenon probe flashes, as a function of the fluence (/,) of actinic pulses (in relative units,
see text). (A) Actinic flash: 2 us xenon flash; probe pulse: 50 us xenon probe flash, A1 = 900 ms, 10 uM DCMU. The solid line represents a best
fit of Eqn. 4 to the experimental data using R = 2.6, p = 0.284, and ¢ = 1.32 (relative units). (B) Aciinic flash: 50 us xenon flash; probe pulse: 2
ps xenon flash, 41 =500 ms, 10 uM DCMU. These two xenon flashes are the same as those used to generate the data in (A), except that the
pump and the probe flashes have been interchanged. The solid line represents a best fit of Eqn. 4 to the data points with R = 3.19, p = 0.543,
and o = 0.76 (relative units). The dashed lines in (A) and (B) are straight-line linear regression fits of the -ata points in "¢ initial portion of the
induction curves (F, = 1.0-1.3). The greater the deviati of the subsequent {F, >1.3) data points, the greater the degree of sigmoidicity
(see text).
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Fig. 8. Low fluence region of fluorescence induction curves shown in (A) Fig. 7A and (B) Fig. 7B.

role in this effect. To test the assumption that it is the
duration (1,) of the pump flash that determines the
shape and amplitude of the fluorescence induction
curves, we exchanged the light sources (P, and P,)
whichi were used to generate the results in Fig.7A. Fig.
7B shows the results obtained using a 50 ws xenon
pump flash which was followed by a 2 us probe flash,
with 37 =500 ms. This curve is clearly sigmoidal in
shape. and the fuorescence induction ratio is higher
(R = 3.2). The solid linc, generated by means of Eqn. 4
with p = 0.543, is also shown. The dashed lines in Fig.
7 arc straight-line, linear regression fits to the experi-
mental data points in the initial portion of the fluores-
cence induction curve (F,=1.0-1.25); these initial
low-fluence regions are shown in the expanded plots of
the data in Figs. 8A and 8B. In a purely exponential
fluorescence induction curve, all of the higher F, points
(> 1.3) should lic below the extrapolated dashced line.

TABLE 11

Characteristics of fluorescence induction curies, measured with differ-
ent pump flash durations 1)) *

Ar = time delay between pump and probe flashes. R= Fy /F,. as
measured by the probe flash. R, = Fy, /F,,. as measured by steady-
state itlumination beam (=13 ms) on the same sample. p=
connectivity paramceter which gives best fit of the experimental data
(F,)to Eq. 2.

By

1 RYS R R, p X

300 ps (337 nm) s 25 00" 0.00341
300 ps (337 nm) ¥ 30 us 2.0 4.4 - -

700 ns (650 nm) 100 s 1.7 - 0.26  0.000434
1.2 s (385-555 nm) 900 ms 3.0 - 0.49  0.00695
2.0 s (385-3550m)* 90ms 2.6 31 029 0.00415
SO ps (385-555 nm) S0tims 32 34 054 0.00627
13 ms (633 ns) 18 ms 34 34 061 0.00202
136 ms (633 nm) Sms 4.1 45 056 00766
140 m» (633 nm) Sms 3.1 33 058 0.0631

Probe flash: 2 us xenon flash in all cases, except:

4 51 ps xenon flash.

" Mean values of three experiments:

¢ Mean values of two experiments. Other values represent the re-
sults of typical experiments.

In sigmoidal induction curves, all of the higher F,
points should lie above this line. It is evident that the
positive deviations from the dashed straight line of the
experimental points in Fig. 7B are significantly higher
than they are in Fig. 7A. Thus, the degree of sigmoidic-
ity is significantly higher in the case of the 50 us than
in the case of the 2 us actinic pulse.

We conclude that the threshold for the appearance
of sigmoidity and R > 3, necessitates actinic pulse du-
rations in the microsecond range (¢, in the range of
=2 - 50 us).

3.8. Correlation between t; and R

There is a crude correlation between the duration of
the actinic pump flashes (r,) and the induction ratio
(R) (Table 1I): as the lengths of the actinic flashes is
increased, there is also a genera! 1crease in the Fy,/F,
ratio, as well as in the degree of sigmoidicity as ex-
pressed by the calculated parameter p. The values of R
were determined in these pump-probe experiments
utilizing a probe flash P, incident on the sampie some
time interval Ar after the end of the actinic flash. In
some cases, the values of R, were also determined for
exactly the same samples using a 13 or 140 ms (632.8
nm) steady-state He-Ne laser beam. In the case of the
short actinic flashes, our results corrclate well with
those reported by Mauzerall {12] who employed a 7 ns,
337 nm pump flash followed by a xenon probe flash,
with At =30 us, and observed ain R value of 2.4.

4, Discussion

4.1. Variability of shapes of fluorescence induction curves

Exponential fluorescence induction kinetics have
been predicted or are observed using: (1) steady-state
illumination under certain conditions, (2) low values of
R (R < 1.5, or p <0.33 [43]), (3) low temperature [44],
(4) low magnesium ion concentrations [45], (4) pres-
ence of external quenchers (300 uM m-dinitrobenzene
(DNB)) [3], and (5) pre-illumination under certain con-
ditions [4,46). In each of these cases, the absence of



sigmoidicity could be attributed to a decrease in con-
nectivity caused by the particular experimental condi-
tions. In the case of pump-probe fluorescence induc-
tion curves employing sub-microsccond actinic {lashes,
the exponential shapes of the fluorescence induction
curves cannot he simply attributed to a lack of connec-
tivity; the same chloroplasts exhibit sigmoidal fluores-
cence induction curves when illuminated on longer
time-scales.

Furthermore, regardless of the mechanisms of clo-
sure of PS H reaction centers, the variable fluores-
cence generated by the weak xenon probe flashes
should itself yield sigmoidal induction curves even if ¢
is exponentially dependent on the fluence of the actinic
pulses ( p = 0, Eqn. 2); this latter condition could occur
for example, when actinic pulses of less than = 50 ns
duration are employed since the presence of P*
quenchers would tend to diminish interunit transfer
(section 3.1). Eqn. 2, based on the standard explana-
tion of connectivity between PS 1I units, predicts that
the dependence of the variable fluorescence on ¢
should be non-linear; this prediction should apply to
the probe-flash detected fluorescence as well [21].
Since, exponentially shaped induction curves are ob-
served with short actinic pulses, Eqn. 2 does not seem
appropriate for the interpretation of these experiments
[21]).

We have shown here that in pump-probe experi-
ments, the shapes and the amplitudes of fluorescence
induction plots depend on the duration, f,, of the
actinic excitation pulses. We have demonstrated that
sigmoidal character of induction curves, whenever pre-
sent, can indeed be revealed by weak, 2 ps xenon
probe flashes; thus the probe-flash technique cannot
account for the observation of exponential induction
curves when submicrosecond actinic flashes are em-
ployed, since the shapes of the curves are clearly
sigmoidal when the length of the actinic pulses exceeds
= 50 us.

The results summarized in Table Il indicate that
when the duration of the actinic pulses ¢, <2 us, the
fluorescence induction ratio, R, is < 3.0, and the value
of p obtained by a least-squares fit of Eqn. 4 is < 0.5,
and generally less than 0.3; occasionally, relatively high
values of p (=0.5) are observed when microsecond
duration actinic flashes are employed (see the 1 us
actinic flash result in Table 11). It should be noted that
variabilities in the p values ( p =0.4-0.65) were also
reported by Joliot and Joliot [1] in their steady-state
fluorescence induction experiments.

When t, 2 50 ps, R > 3.0, the values of p recovered
from fits of Eqn. 4 to the data are greater than 0.5;
these values are characteristic of sigmoidal fluores-
cence induction curves [1].

To summarize, the critical duration ¢, of the actinic
pulses above which sigmoidicity becomes apparent. ap-
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pears to lie in the range of = 2-50 g, This is evident
from the experimental results shown in Figs. 7A and
7B. In these two experiments, all conditiors were the
same except that the 2 us and 5{* us pump and probe
xenon flashes were interchanged. In Fig. 7A the actinic
pulse was the 2 us flash. while the 50 us xenon flash
served as the probe pulse: the Huorescence induction
curve is clearly non-sigmoidal with p = 0.264, while R
is only 2.6. In Fig. 7B, the actinic flash is 50 us long,
while the 2 us xenon flash served as the probe flash;
the induction curve is clearly sigmoidal with p > 0.5
and R > 3.0. This difference is solely due to an in-
crease in 1, from 2 to 50 us. The parameters R and p
appear to be unaffected by the presence or absence of
DCMU (Fig 5), the overall S-state composition (Tablc
D, or the length of the delay time At between the
actinic and probe pulses (Table I1).

The fact that the redox states of bota the OEC-com-
plex and the secondary acceptor, Qy, can influence the
fluorescence yield of PS 11, suggests that either of these
species may be linked to the appearance of sigmoidic-
ity, and R factors greater than 3. However, our results
do not support this hypothesis. The rate constants
generally cited for the oxidation of Q4 by Q, are
longer than the critical time ¢, = 2-50 us we observe
for the appearance of sigmoidicity. First, the half-times
for the oxidation of Q are on the order of ~ 200 us
[31]. This indicates that the shapes of fluorescence
induction curves are not affected by whether or not Qy
i< bound to the reaction center complex. Sccond. in
regard to the OEC-complex, the half-times for the
turn-over of the S-state< are > 350 us, except for the
reactions, S, = S, (z. =30 us) and §, - S, (r =110
us) [38]. In view of the similarity between the latter two
rate constants and the actinic pulse illumination time
1, marking the transition from exponcntial to sigmoidal
induction curves, the possible roles of these S-states
should be reconsiicred in more detail. The S-state
composition is predicted to be ~753% §, and ~ 25%
S, at the arrival of the probe flash (after onc saturating
actinic flash). Since we used a scries of actimc flashes
with cqual fluences (1)), rather thon saturating flashes
prior to P,. the S-state composition in the low fluence
range is somewhat indeterminate. However, in the high
fluence range of each experiment, the S-state turnover
should approach 100% (except for small fractions of
double hits and misses). Therefore, at the very least, an
increase in R should have been observed in experi-
ments 1 and 2 (Table D), if any of the individual
S-states are linked to the higher induction ratios ob-
served in sigmoidal curves. Also, a similar line of
reasoning applied to an interpretation of experiment 3
(Table 1), suggests that changes in p and R would be
observed when a train of actinic flashes is employed to
mix the S-state composition. The fact that ncither the
connectivity parameter p nor the fluorescence induc-



116

tion ratio R is sensitive to the number of identical
actinic flashes incident on the sample. suggests that the
occurrence of mixed S-states does not play a critical
rolc in the appearance ot sigmoidicity and large fluo-
rescence induction ratios (R > 3).

Possible effects of the pulsc-separation, 3¢, must
also be considered. However, we have obscrved that
increasing Ar values from 30 us to 500-900 ms (in the
presence of DCMU). does not produce sigmoidal in-
duction curves (p > 0.5 and R > 3), as long as actinic
pulse duration ¢, <2 us (Table II).

4.2 The possible role of triplet excited state quenchers
The lifetimes of carotenoid triplets. which are known
to quench the fluorescence of PS 11, are =5 us[23,24].
However, these triplet quenchers do not play a signifi-
cant role in the detection of the fluorescence yield
probed with the P, flash 30 us or more after the
incidence of the actinic flash [16] (see also [30].
However, during the actinic pulsc itsclf (cspecially
on microsecond time-scales [23,24]). quenching of exci-
tations by carotenoid triplets could, in principle, influ-
ence the shapes of fluorescence induction curves.
Quenching leads to a decrease in the mean lifetimes of
the singlet excitations (reviewed in Ref. 2), and there-
fore a decreased efficiency of interunit transfer is ex-
pected. In turn, low values of p give rise to exponential
rather than sigmoidal induction curves (Eqn. 2). The
possibility that this effect could account for the lack of
sigmoidicity in fluorescence induct.on curves measured
by microsecond actinic pulse-probe double flash tech-
niques has been considered in detail [16,21]. Briefly,
within the context of the lake model, the fraction of
reaction centers closed by an actinic flash (g) is related
tc the integrated fluorcscence yield measurced during
the actinic flash () by the following equation [2,14]:

a=1-exp{~od} (6

The values of g measured by the probe flash and
the value of @ measured during the actinic flash were
compared experimentally [16,21]. The decrease in ¢
sets in at actinic pulse fluences almost 10-times greater
than the onset of fluorescence induction as measured
by the probe flash (=1 us actinic flash, delay time
between the flashes At = 100 us). Furthermore, the
lowered values of @ due to singlet-triplet quenching
did not cause any significant deviations of g from a
truly exponential growth curve (i.c. when ¢ =1.0 in
Eqn. 6). On the basis of these results, it was concluded
that the capture of excitations by PS 11 reaction centers
is much more cfficient than singlet-triplet exciton
quenching at \he relatively low fluences required for
closing the PS II reaction centers.

In summary, triplets generated during the actinic
pulse do not appear to be effective in changing the

shapes of the fluorcscence induction curves; the ob-
served fluorescence quenching occurs at higher P, pulse
fluences when almost all of the RC’s are closed [16,21].
Therefore, our results are not inconsistent with the
strong quenching of the fluorescencc by triplets ob-
served during the actinic pulses by Sonneveld ct al.
[24] and by Breton et al. {23]. In our experiments, the
fluorescence is probed by a second pulse, which is
incident on the sample after the triplets have decayed.

4.3. Possible effects of PS Il or reaction center hetero-
geneity

Several types of PS II heterogeneity have been noted.
The growth of the area above the fluorescence induc-
tion curve ([ (Fy, — F(t))dt) in the presence of DCMU,
can be resolved into one fast and one slow-growing
component, attributed to PS 11, and PS lg, respec-
tively [6,7,47,48]. In the smaller PS 11 @ antenna system
[49,50], electron transport does not seem to involve the
two-electron-accumulating plastoquinone mechanism
[51]. Lavergne [52] found that a fraction of PS II
reaction centers are unable to transfer electrons effi-
ciently from Qp to the plastoquinone pool (non-Qg
centers), and the nature of these less active centers has
been investigated [53,54]. The possible relationship be-
tween PS I, non-Qy centers, and fluorescence induc-
tion kinetics, has been recently discussed by Cao and
Govindjee [55]. In steady-state illumination induction
kinetics in the absence of herbicides, a very rapid rise
from the initial level F, to a higher intermediate
plateau level F; (or F, level, with F,/F,=15-2
[47,55]) is observed if the time-resolution of the induc-
tion experiment is sufficiently high (the O-I-D rise
[47,55,56]); as the illumination is continued, the fluo-
rescence rises from the level D to the level P (F,,),
which corresponds to the accumulation of electrons on
the primary acceptor Q, due to the reduction of the
plastoquinone pool. Melis suggested that the F, - F,
rise is the variable fluorescence yield controlled by PS
11, [47]. Cao and Govindjee concluded that this rise
can be attributed to the reduction of Q, to Q7 in
inactive PS 1l centers, but it is not yet clear whether
these can be identified with PS I RC’s (Ref. 55, see
also Ref. 52).

In steady-state experiments, the F, level is reached
at approx. 5-10% of the fluence required to reach Fy,.
In double-pulse experiments, analogous effects might
be expected in the low fluence region of actinic pulses.
However, such effects were not observed in our dou-
ble-pulse induction experiments. In the absence of
DCMU, the variable fluorescence yield rises exponen-
tially with the actinic pulse fluence (Fig. 3). Below the
P, flueace threshold for the onset of induction, the
measured fiuorescence intensity was linearly propor-
tional to the actinic pulse fluence and the yield (F,)
was constant as the P, fluence was lowered by another



factor of 5-10 below this thrzshold [16]. In the pres-
ence of DCMU, effects at low fluences analogous to
the O-1-D induction were not observed either; the Fig.
7 values of F, measured at low actinic pulse fluences
are shown in Fig. 8 as an example.

Since, in the case of the submicrosecond actinic
pulses, the fluorescence induction growth is exponen-
tial or close to exponential, the presumed 3:1 PS II :PS
11; antenna heterogeneity [47] is not evident in these
experiments. However, this lack of manifestation of the
PS 11 /PS 11, heterogeneity may be due to the diffi-
culties associnied with determining bimodal distribu-
tions of antenana sizes from double-pulse photo-
synthetic yield and/or fluorescence induction experi-
ments }57,58].

The shapes of the fluorescence induction curves
obtained with actinic pulses > 50 us in duratien (and
in the presence of DCMU) are consistent wit:: the PS
11, /PS 11, heterogeneity, because they are sigmoidal
in shape and resemble the steady-state illumination
induction curves. However, there is no obvious reason
why this same heterogeneity in the antenna cross sec-
tions should not also manifest itself when shorter ac-
tinic pulses are employed. Since only the time-scales of
the excitation, but not the fluences are different, these
results suggest that other time-dependent effects may
be responsible for the changes in shape of the induc-
tion curves as the actinic pulse lengths are increased.

4.4. A sequential double-hit model can account for expo-
nential and sigmoidal fluorescence induction curves

The appearance of sigmoidicity ( p > 0.5) when 1, >
50 us (Fig. 7C; Table 1I) suggests that the prerequisite
for observing sigmoidicity and R> 3 involves the
absorption of two excitations by the PS II reaction
centers, with an intervening dark-lag time 7, [18,21].
This model, which is similar to a double-hit model
previcusly proposed by Lavorel [5), can be summarized
as follows:

hy, Ty hes
Q—0,—0,—Q; (M

where Q, denotes open PS II reaction centers, while
Q,, Q,, and Q, are states of PS II reaction centers.
The variable fluorescence yield is different for each of
these three states and is assumed io increase as the PS
11 reaction centers progress from left to right in Eqgn. 6.
The overall observed variable fluorescence yield de-
pends on the fractions of PS H reaction centers in each
of these three states. The state Q, acts as a delay 7,
for the effective utilization of a second excitation,
corresponding to some evolutior of the PS Il reaction
centers from the state Q, to the state Q,. Thus, a
second excitation must be absorbed in order to gener-
ate the highly fluorescent state Q,.
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According to this model, short actinic pulses of
lengths ¢, <2-50 us, such as the 300 ps and 700 ns
duration laser pulses (Fig. 3). cannot advance the PS 11
reaction centers beyond the state Q, even at high
fluences corresponding to several hits per reaction
centers; when the system is in the state Q,, the fluores-
cence yield induction ratio is relatively low (R < 3,
Table II) with the induction curves exponential or
nearly exponential in shape (p < 0.5). Actinic illumi-
nation on time-scales ¢, > 7, (in steady-state illumina-
tion experiments on millisecond time-scales ¢, > 7))
7ives rise to mixtures of Q,, Q,, and Q, states, each
with its own characteristic fluorescence yield. Within
the context of this model, as a function of increasing
fluence, either exponential or sigmoidal fluorescence
induction curves will be observed, depending on the
time-scales of the illumination used to close the PS II
reaction centers progressively. It has been shown that
this model can account for the shapes of the observed
pump-probe fluorescence induction curves using rea-
sonable values of the parameters p (18,21}

The nature of the putative intermediate states Q,,
0,, and Q, cannot be specified on the basis of the
simple fluorescence induction curves described here.
This question could be investigated by carefully corre-
lating the changes in fluorescence yields measured by
double-pulse techniques using actinic pulses of varying
lengths, with changes in the concentrations of various
known PS II intermediates [S9]. Multiple states of PS
11 with different fluorescence yields (which are formed
after one or two hits per reaction center) have been
reported [52,60,61]; the lag-time of 7, = 2-50 us is in
the same time range as the electron transfer time
between some of the different S-states {38,62], or the
reduction of P* by the tyrosine residue YZ under
certain conditions [63]. However, the relationships of
these phenomena, if any, to the different Q-states
(Eqn. 7), remain to be investigated.

4.5. Implications of the sequential hit model

Wc have shown that the sequential hit model (Eqn.
6) is consistent with the observation of sigmoidal fluo-
rescence induction curves within the context of either a
puddle model or a lake (matrix) model of the PSU [18].
The sequential hit model adequately can account for
the variabilities of the shapes of fluorescence induction
curves as a function of the lengths of the actinic pulses
in pump-probe fluorescence induction experiments.
Existing models based on Eqns. 2 and 3 cannot account
for these observations. The sequential hit model does
not contradict the principle of connectivity between
different units in PS 1I; a number of other results
suggest that the mean diffusion distances of excitations
are limited simply by their lifetimes [2]. An implicit
consequence of the sequential hit model is, however,
that the shapes of fluorescence induction curves do not
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provide any information on the degree of connectivity
in PS 1I. In fact. Ley and Mauzcrall {13] have shown
that the apparent cross-section of PS 11 reaction cen-
ters does not depend on q. the iraction of closed RCs.
The observations of non-sigmoidal and sigmoidal fluo-
rescence inductior: curves in the same chloroplast sam-
ples using illumination pulses of diffcrent duration,
suggests that the basic phenomena underlying these
differences should be investigated further.
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