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The amplitude and the kinetics of the fast photovoltage from pea chloroplasts, which arise from the
light-gradient effect, were reexamined with respect to the relative contributions of the two photosystems.
Chloroplasts prepared under stacking conditions displayed no photovoltage due to Photosystem II. The
photovoltage observed originated exclusively from Photosystem 1. This conclusion was drawn from various
experimental assays that have been chosen to separate the two photosystems: (i) reduction of the quinone
acceptor, Q,, of Photosystem II either by 3-(3,4-dichlorophenyl)-1,1-dimethylurea and preillumination or by
dithionite; (ii) kinetic analysis of the fast photovoltage elicited by 30-ps flashes; (iii) oxidation of
Photosystem I by ferricyanide and continuous far-red light; (iv) the effect of the artificial quencher of the
excited state, dinitrobenzene; and (v) the use of Photosystem-I-deficient mutants of the alga Chlamy-
domonas reinhardtii and barley chloroplasts. We ascribe the lack of electrogenicity of Photosystem II to a
delocalization of the excitation energy within the grana stacks, such that the anisotropy of the light-gradient
is equilibrated before trapping takes place (‘excitonic short-circuit’ of the light-gradient effect). This
conclusion is substantiated by the observation that chloroplasts prepared under destacking conditions (‘blebs’
or EDTA-vesicles) did display a photovoltage due to Photosystem II. In this case we could show (i) that the
primary charge separation proceeds in two kinetically distinct steps, the first occurring in less than 50 ps and
the second in 300-450 ps; (ii) that the charge separation between the primary donor, P-680, and the
intermediary acceptor, pheophytin, accounts for approx. 1,/2 to 2 /3 of the total charge separation; (iii) that
the trapping kinetics is on the order of 200 ps at 50 pJ / cm?; (iv) that no charge separation occurs when Q,
is reduced; and (v) that there is no electrogenicity connected with the rereduction of P-680 by the
water-splitting enzyme.

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea; DNB, dinitrobenzene; PS I, Photosystem I of green
plants; PS II, Photosystem II of green plants; P-700, primary
donor of PS I; A, primary acceptor(s) of PS I; P-680, primary
donor of PS II; Pheo, intermediary pheophytin acceptor of PS

Introduction

Current literature on the light-gradient photo-
voltage from chloroplasts consistently reports a

II; Q,, first quinone acceptor of PS II; RC, reaction center.
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straBe 11, D-4500 Osnabriick, FR.G.

nearly equal contribution of the two photosystems
to the photovoltage [1-5]. This finding is in ap-
proximate agreement with the reported stoichio-
metric ratios of PSI/PS Il of 1:1 as, for instance,
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established by measurements of the field-indicat-
ing electrochromic bandshift at 515 nm [6] or by
other methods [7-9]. However, also lower values
than 1 have been reported, and the ratio may vary
considerable in different plants and different stages
of development [10-12).

In the early light-gradient photovoltage mea-
surements, technical reasons necessitated suspen-
sion media of low ionic conductance [1-4]. In
some cases distilled water or 2 M sucrose were
used [2,4]. In hypo-osmolar media the stacked
thylakoid membranes convert into large vesicles
[13], called ‘blebs’ [14], whereas in hyper-osmolar
media the overall shape of the chloroplasts is
maintained, but the exact structure of the thylakoid
membranes is not known, particularly the degree
of stacking of the grana membranes. In none of
the studies the stacking of the thylakoid mem-
branes was controlled by defined concentrations
of divalent ions (e.g., Mg?*). However, one might
suspect that the photovoltage may be affected by
the structure of the membranous system under
investigation.

Methodological developments of the light-
gradient method allow now the measurement of
the photovoltage under any ionic condition in the
time range below 50 ns [15]. This suggests a rein-
vestigation of the influence of the structure of the
thylakoid membranes on the photovoltage as well
as of the contributions of the two photosystems.
Surprisingly, when we worked with chloroplasts
under stacking conditions, we found no electric
activity of PS II. Since the light-gradient itself is a
physical phenomenon being necessarily present,
the reason for this lack of electrogenicity has to be
searched in the membrane structure, the only
parameter different between this and the former
experiments.

It is known that under stacking conditions (the
presence of Mg?*-ions) the two photosystems are
laterally separated: PS II is located almost exclu-
sively in the appressed membranes of the grana
stacks and PS I mainly in the stroma lamellae
[16,9,17]. Under destacking conditions, however,
the two photosystems mix and distribute over the
interconnected thylakoid membranes [18,19].
Hence, the light-gradient photovoltage from the
two photosystems originates from different struc-
tures under stacking conditions, and from alike

structures under destacking conditions (especially
in the case of the small vesicles obtained after
EDTA incubation).

A further factor that may be intimately related
to the generating mechanism of the light-gradient
photovoltage, is the extent of connectivity of the
antenna system of PS II. The antenna organiza-
tion of PS II can be described by a lake model,
i.e., the excitation energy absorbed in one photo-
synthetic unit may visit several other units (more
than five) before it is trapped (for a review, see
Ref. 20). Whether the energy migration occurs
only in the planes of the membranes (two-dimen-
sional diffusion) or whether it occurs also per-
pendicular between appressed membranes
(three-dimensional diffusion) is not known. Thus,
it is conceivable to assume that the optical asym-
metry of the light-gradient, which is necessarily
present in the first few picoseconds after the ab-
sorption of a photon, might equilibrate perpendic-
ular to the membranes in a grana stack, so that no
electrical asymmetry is left at the time the photo-
chemical energy conversion occurs. This would
lead to a lack of electrogenicity in the light-gradi-
ent experiment.

In the present study we reinvestigate with
capacitative metal electrodes and with short laser
flashes the ability of the two photosystems to
generate a fast photovoltage from pea chloro-
plasts. The experiments aim at isolating the PS II
signal and at measuring the trapping kinetics, as
well as the electrogenicity of the various primary
reactions of PS II, particularly the possible elec-
trogenicity connected with the reaction

P-680*-Phe-Qj = P-680"-Pheo™-Qx

when all antenna pigments are present (known as
Klimov’s backreaction [21]).

According to a recent report there was no elec-
trogenicity connected with PS II when Q, was
reduced (closed RCs) [5]. This leaves open two
explanations: either the yield of this reaction is
very low because the equilibrium is shifted to-
wards the excited state [22-24,34], or both Pheo
and P-680 lie at the same level in the membrane.
The only chance to distinguish by means of the
photoelectric method between the two possibilities
arises if (in open RCs) the formation of the two



states (P-680%-Pheo™-Q,) and (P-680* - Pheo -
QL) is electrogenic.

The characterization by the light-gradient pho-
tovoltage of the primary processes of trapping and
charge separation due to PS I has been described
in a preceding article [25].

Materials and Methods

Experimental. Chloroplasts were prepared as
described [26]). Destacked chloroplasts were pre-
pared by omitting MgCl, in all media. Blebs were
prepared by suspending stacked chloroplasts in
distilled water (100-fold dilution) at 4° C for more
than 1 h. EDTA-treated thylakoids (EDTA-
vesicles) were obtained by incubating stacked
chloroplasts in 100 pM EDTA, 1 mM Na(Cl], 1
mM Tricine buffer (pH 7.8) at a chlorophyll con-
centration of 10-20 pM. After 10 min the NaCl
concentration was adjusted to 30 mM. After the
suspension step both preparations were con-
centrated by centrifugation. For most experiments
the chlorophyll concentration was adjusted to 3.5
mM. Chloroplasts from the barley mutant viridis-
zb%® were prepared analogously. In the following
the blebs and the EDTA-vesicles are subsumed
under ‘destacking conditions’.

The equipment for the photovoltage measure-
ments was the same as described in Ref. 25. Either
a 1-GHz or a 7-GHz oscilloscope was used. The
distance between the electrodes, i.e., the optical
path length, was 0.1 mm.

The excitation source was a frequency-doubled
Nd-YAG laser in the Q-switched mode, delivering
flashes of 12-ns duration at 532 nm. To achieve
30-ps flashes the laser could be operated under
mode-locking conditions [25].

Fluorescence induction curves were measured
by d.c. light from a slide projector equipped with a
wide band interference filter (WB 550, Ditric
Optics, Inc.). The excitation light was adjusted
with neutral density filters to 2 mW /cm?, It ex-
tended from 530 to 570 nm. This wavelength
regime falls into the absorption minimum of chlo-
rophyll and makes sure that all chloroplasts of the
concentrated suspension in the 0.1 mm cuvette
were equally exposed to the excitation light. Fluo-
rescence emission was measured at wavelengths
longer than 665 nm with a large area photodiode
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(Oriel, OSD 300). The geometry of this set-up
corresponded to the geometry of the light-gradient
set-up. The maximum fluorescence level, F,,,,
was reached after approx. 100 ms.

The preillumination conditions used in this
study were: 200 ms light as specified above fol-
lowed by a 200 ms dark period before sending the
test flash. After this dark period the fluorescence
level was shown to be still F, ., in the presence of
DCMU and ascorbate. After the preillumination
and the dark period, the F; level in the absence of
DCMU but ascorbate present was 20% higher
than F, without ascorbate after 5 min dark adap-
tation. By absorption flash spectroscopy it was
shown that in the presence of DCMU and 10 mM
ascorbate, P-700 was fully rereduced after the
dark period.

Kinetic analysis of the photovoltage. The photo-
voltage in this study was inspected for either
consecutive or parallel reactions, depending on the
wanted information. The case of consecutive reac-
tions was treated in Ref. 27. The case of parallel
reactions, that are needed to account for the two
photosystems of higher plants, is treated in Ap-
pendix L.

The kinetic analysis of the photovoltage was
done by minimizing the residuals between experi-
mental and computer-calculated curves. The
parameters used for the calculated curves can be
divided into two classes. One class accounts for
invariant instrumental parameters, as are the rise
time of the apparatus, 7, and the discharge time of
the capacitative cell at 50-@ impedance, 7;. The
other class comprises fit parameters that account
for the kinetics of the charge separation, 7,, and
the electrogenicity, K or 4.

The rise time of the apparatus was calibrated in
flash experiments with purple membranes from
Halobacterium halobium which were electrically
preoriented in the coaxial cell. We assume that the
primary charge separation is at least as fast as the
formation of the K-intermediate (5 ps) and that
this is the only electrogenic reaction in the time
range studied [28-30]. The corresponding dis-
placement current in the dielectric of the cell
capacitor can then be taken as a &-function test
pulse that probes the response characteristics of
the whole apparatus, including the laser flash (30
ps), the measuring cell, the preamplifiers and the
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oscilloscope. We found that this photovoltage fol-
lowed an error function

V(1) =V0f' e/ dy 1)

{ = — o0

with 7 =1330 ps in the case of the 1-GHz oscillo-
scope (ten averaged traces) and with 7= 80 ps in
the case of the 7-GHz oscilloscope (single shots).

The discharge of the capacitative electrodes via
the 50-2 input resistance of the preamplifier oc-
curred with two exponential phases when milli-
molar concentrations of mono- and divalent ions
were present. The fast decay phase had a 7, of 1.2
ns, which corresponded to the calculated RC time
constant. The slower decay phase had a 7, of 30
ns. It is tentatively ascribed to electrode/
electrolyte relaxations known from electrolyte
capacitors [31). The relative contribution of the
slow phase depended on the salt composition of
the medium and ranged typically from 0 to 15%.
Accordingly, the decay (in the absence of backre-
actions) is described by the weighting function of
the capacitative electrodes which integrate the dis-

charge separation:

A = 1.0 Ty = 100 ps
apparatus: T = 320 ps
Y decay: Tq = 1.6 ns
\
N
|
N
N,
N ©@
1
508 ps
) %
+ 5
e 0,

placement current:
C(t)=C, e /™4 C,e "/ ()

where C, and C, are proportionality constants.

The parameters used to fit a given experimental
curve are due to the displacement current, given
by Egn. A-6 in Appendix 1. These are the two rate
constants k; and k, and the electrogenicity
parameters 4, and A,.

Supposing a linear system, the photovoltage,
V(t), can then be calculated by the convolution of
the displacement current, I(z), with the weighting
functions of the subsystems

V(t)y=I(1)®A(1)®C(1) (3)

where A(¢) is the weighting function of the whole
apparatus which was shown to be a gaussian func-
tion with the time constant, r (see Eqn. 1).

The following two examples shall illustrate how
the signal-to-noise ratio determines the achievable
time resolution at 1 GHz bandwidth. This can be
done by plotting the deviations (residuals) (Fig. 1,

charge separation:

A; = 1.0 T, = 10 ps
A, = 0.5 T, = 180 ps
apparatus: T = 320 ps
.. decay: Tq = 1.6 ns
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Fig. 1. Determination of the time resolution by the convolution procedure and the residual representation (lower part of the figures)

at a given deviation of +5%. The dashed line in the lower part indicates zero deviation. The rise time of the apparatus is assumed to

be an error function with an invariant time constant of 7= 320 ps. (a) Comparison of a calculated response characteristics of the

apparatus for a delta-function displacement current (narrow curve) with that for an exponential displacement current, () =

A, exp(—t/7) (broader curve). (b) Comparison of a calculated response characteristics of the apparatus for a delta-function

displacement current (narrow curve) with that for two exponential displacement, occurring as parallel reactions according to
i(t)=A,exp(—t/m) and i, = A, exp(— t/T,) (broader curve).



lower parts) between two computed curves with
slightly different parameters. The difference be-
tween the parameters was increased until the devi-
ation exceeded a given signal-to-noise ratio (typi-
cally 10 in most experiments).

In a first example it was attempted to find the
‘worst’ fit within +5% deviations of a photovolt-
age arising from a displacement current I(¢) = 8(¢)
with one arising from I(¢)=e™¥™ (K,=0 in
eqn. A-5). The ‘worst’ fit occurred at 7, =100 ps
(Fig. 1a), when at the same time a ‘best’ fit was
tried by shifting the two curves on the time axis.

In a second example it was attempted to find
the ‘worst’ fit of a photovoltage arising from a
displacement current i(¢z) = §(¢) with one arising
from two parallel reactions according to Eqn. A-5.
Particularly, we chose a case where one reaction
was extremely fast, 7, =10 ps, contributing with
2/3 (A, =67%) to the total electrogenicity, and
the second reaction was slow (7, = running param-
eter), contributing with 1/3 (A4, =33%) to the
total electrogenicity. The +5% deviations oc-
curred at 7, = 180 ps (Fig. 1b).

In summary, a signal-to-noise ratio of 10 allows
to deduce kinetics that are up to 3-times faster
than the rise time of the apparatus.

Results

Separation of the contribution from Photosystem I
and Photosystem II primary reactions

When studying primary electrogenic reactions
of Photosystem II (PS II) by the light-gradient
method in chloroplasts, one is confronted with the
problem of a clear separation of the two photosys-
tems on the level of the electrical signals. At high
time resolution this is not a trivial problem, since
in the picosecond and nanosecond time ranges
several different reactions with unknown electro-
genicity may take place [32-34], and different
lines may be followed in achieving a separation of
the contributions of the two photosystems to the
electrogenicity. One possibility would be to
eliminate PS I by chemical oxidation of the
primary donor of PS I, P-700, in order to observe
exclusively PS II. However, with chloroplasts this
oxidation is difficult to achieve in a quantitative
way [35]. Another possibility to oxidize P-700
would be to apply a saturating preflash a few
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microseconds prior to the non-saturating measur-
ing flash. This, however, reduces the acceptor site
of PS II. Still another possibility is to leave PS 1
active and to compare the photovoltage with
oxidized and reduced acceptor site of PS II (by
addition of DCMU and preillumination), in order
to extract electrogenic PS II reactions by a dif-
ferential analysis of the corresponding photovolt-
ages. It would be also feasible to work with PS-I-
deficient mutants. We used all of these possibili-
ties to gain a consistent picture of the primary
electrogenic reactions in PS II, since each of these
procedures alone would allow only ambiguous
interpretations.

Photovoltage from stacked chloroplasts in the
nanosecond range

To achieve an invariant activity of PS I, 10 mM
ascorbate was added to the suspension medium.
When stacked chloroplasts were excited in a micro
coaxial cell by 12-ns flashes at 532 nm and the
photovoltage was measured with a high imped-
ance amplifier (rise time, 1 ns) the signals were a
step function rising with the kinetics of the flash
(see Fig. 2 in Ref. 25). For consistency the experi-
ment was carried out with a preillumination as
described in Mat. and Meth. Under this condition
both photosystems are active. The energy depen-
dence of the photovoltage amplitude is shown in
Fig. 2 (square symbols). The data could be fit
(smooth line) by an exponential saturation law
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Fig. 2. Dependence of the peak photovoltage from stacked pea

chloroplasts with and without DCMU as a function of the

energy of 12-ns flashes. Experimental conditions: 10 mM

ascorbate; preillumination. The data were fit by exponential
functions according to Eqn. 4.
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according to
V=V,1-e ") 4

where ¥V, is the maximal photovoltage at high
energy, n is the number of antenna pigments per
trap, « is the quantum yield for primary photo-
chemistry, and / is the fluence (expressed in pho-
tons/cm? per pulse). If the quantum yield is taken
to be k=1 and 6=1.6-10"" cm? [25,36], an
antenna size of n = 300 follows.

The reduction of the first quinone acceptor of
PS II, Q,, by DCMU and preillumination had no
effect on the photovoltage, neither on the kinetics
(12-50 ns) nor on the amplitude (Fig. 2; crosses).
The almost coinciding data without and with
DCMU demonstrate that the PS I antenna size is
unaffected by closing the PS II reaction centers.

Also the reduction of Q4 by dithionite had no
effect on the photovoltage (data not shown). To
establish that all reaction centers (RCs) of PS 11
were closed, we measured the fluorescence induc-
tion curve in parallel experiments and found F,_
at the time the test flash was given (data not
shown). The lack of a difference in amplitude and
kinetics demonstrates the absence of electrogenic-
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ity of PS II in this time range, since the PS I
activity was constant. A possible contribution of
the photochemical reduction of the intermediary
acceptor, Pheo, can be neglected in these experi-
ments because its lifetime of less than 2 ns is short
compared to the laser flash duration of 12 ns
{21,23,24,33,34).

In further experiments the preillumination was
omitted and no changes were observed. Also, when
the chloroplasts with DCMU were dark-adapted
for 5 min (which restores PS II activity) and then
flashed, the photovoltage remained unchanged.

Photovoltage from stacked chloraplasts in the pico-
second range

At high time resolution (bandwidth, 1 GHz) the
photovoltage from stacked chloroplasts was evoked
by 30 ps flashes at 532 nm and measured with
50-2 impedance (Fig. 3a and b) in the absence
and presence of DCMU. For consistency both
experiments were carried out with preillumination.

As was the case for 12-ns flashes, the ampli-
tudes without and with DCMU were equal within
+ 5%. This is indirect evidence that DCMU caused
no loss of PS I activity, and further that there is
no electrical activity connected with the reduction

charge separation:
Ay = 1.0 Ty = 36 ps

A, = 0.1 T, = 80 ps
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.. Dy =0.06 Tgq, = 30 ns
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Fig. 3. Photovoltage evoked by 30 ps flashes of 100 pJ/cm? from stacked pea chloroplasts, recorded at a bandwidth of 1 GHz. (a)
Without and (b) with DCMU (both experiments with preillumination). Number of averaged traces, N =10. The residuals are the
deviations of the experimental curve from a calculated one using the convolution parameters labeled in the figure.



of Pheo or Q,, since in either case the amplitude
would be expected to decrease in the presence of
DCMU.

Both signals in Fig. 3 could be described with
the same set of fit parameters, i.e., a step function
convoluted with the rise time of the apparatus and
the discharge characteristics of the capacitative
cell [15,25]. The signal-to-noise ratio of the traces
allowed to estimate that the charge separation
occurs to the major part (more than 90%) with a
single exponential kinetics of 7, <50 ps. When a
second slower parallel reaction was assumed (e.g.,
7, = 130 ps in Fig. 3a), good fits could be attained
only for a less than 10% contribution of such a
phase. We conclude from these experiments that
both trapping and charge stabilization are faster
than 50 ps at the given excitation energy of 100
wJ/cm?. These are the typical characteristics of
PS I [25]. Thus the kinetic analysis of the photo-
voltage in Fig. 3 delivers indirect evidence for a
lack of PS-II electrogenicity, since the trapping
kinetics in PS II is expected to be between 180
and 600 ps [37]. However, such slow components
in the rising phase were never observed in stacked
chloroplasts, even when lower excitation energies
were chosen (down to 30 pJ /cm?; data not shown).

Quenching of the excitation energy by dinitroben-
zene

Dinitrobenzene is known to quench excited
states (i.e., fluorescence) in photosynthetic
organellae [38,39]. The quenching can be de-
scribed by Stern-Volmer plots. Since the fluores-
cence at the Fy-level stems predominantly from PS
IT [20,40], the quenching of F, by an artificial
quencher probes this photosystem. In contrast, the
photovoltage from stacked chloroplasts, if it arises
from PS I, could be quenched differently by an
artificial quencher, thus allowing for a possible
distinction.

In Fig. 4 are plotted the reciprocal yields of F,,
and the reciprocal yields of the photovoltage from
stacked pea chloroplasts in the absence and pres-
ence of DCMU (ascorbate and preillumination) as
a function of the DNB concentration. The yields
at a given concentration of the quencher were
normalized to the yields where no quencher was
present. Straight lines result that meet the ordinate
at 1 (Appendix II). The slope of the quenching
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Fig. 4. Reciprocal yields of the fluorescence at F, and the
photovoltage, V, as a function of the concentration of the
fluorescence quencher DNB. The chloroplasts in these two
experiments were stacked and the medium contained ascor-
bate. F, was measured with dark-adapted chloroplasts. The
photovoltage was measured after a preillumination period in
the absence and presence of DCMU. Excitation conditions of
the photoelectric measurements: 12-ns flashes of 30 uJ /cm?.

line for fluorescence data was 3,5-times steeper
than for the photoelectric data. Furthermore, the
same quenching line for the photovoltage was
found whether DCMU was present or not.

As derived in Appendix II, the difference be-
tween the slopes, m=0.35 mM~! for F, and
m=0.10 mM~! for V, allows the conclusion that
fluorescence and photovoltage originate from dif-
ferent antenna beds (see Discussion). The inef-
ficiency of DCMU in affecting the photovoltage
and the fact that straight lines were observed in
the Stern-Volmer plots give strong evidence that
PS II does not contribute to the photovoltage
from stacked chloroplasts.

Photovoltage from Photosystem-I deficient mutants

The above experiments suggested that the pho-
tovoltage from stacked pea chloroplasts was en-
tirely due to PS I. To support this finding further,
we studied mutants that are deficient in PS 1, like
barley chloroplasts (viridis-zb%*) and broken cells
from the alga Chlamydomonas reinhardtii (mutant
strain M19). Thin-section electron micrographs of
barley chloroplasts show an internal membrane
structure similar to the one commonly known,
displaying grana stacks and stroma lamellae [41].

In the presence of MgCl, (without and with
artificial acceptors), neither of the two membrane
preparations displayed ever a photovoltage in the
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time range between 100 ps and 50 ns. The accep-
tors used were either ferricyanide, 2,6-dimethyl-p-
benzoquinone or no additions.

Photovoltage from destacked chloroplasts

In contrast to the experiments with stacked pea
chloroplasts (Fig. 2), there was a difference be-
tween the photovoltage amplitudes under destack-
ing conditions in the absence or presence of
DCMU (Fig. 5). These experiments were carried
out with 12-ns flashes. When the acceptor site of
PS II was reduced by DCMU and preillumination
the photovoltage vs. energy curve was fit by a ¥,
(see Eqn. 4) that was approx. 40% smaller than the
one obtained when both photosystems were active,
and also no was 25% larger. We ascribe the dif-
ference to the electrogenic contribution of PS II,
particularly to the charge separation between P-680
and Q,. An explanation for the appearance of a
PS-II photovoltage under destacking conditions
will be given below.

To substantiate this PS-II photovoltage, we
studied PS-I-deficient barley chloroplasts (viridis-
zb®®) prepared as blebs. The photovoltage evoked
by 30-ps flashes at an energy of 80 + 15 uJ/cm?
recorded at 1 GHz bandwidth is shown in Fig. 6a.
The trace displayed an obviously broader summit
than the ones in Fig. 3. Good fits could be ob-
tained only with two consecutive electrogenic re-
actions. The range of the parameters which al-
lowed reasonable fits of this and other traces
(N = 8) were: first reaction, m, =60-190 ps and
A, =1 (normalized to one); second reaction, T, =

-DCMU
——«—+— +DCMU

01 3

photovoltage / mV

l
1 10

1 PR P 1a "l

00000
energy / pl-cm?

Fig. 5. Dependence of the peak photovoltage from EDTA-
vesicles (pea) with (+) and without (o) DCMU as a function
of the energy of a 12-ns flash. Experimental conditions: 10
mM ascorbate; preillumination. The data were fit by an ex-

ponential saturation law (see text).
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Fig. 6. (a) Upper trace: normalized photovoltage evoked by
30-ps flashes from blebs (PS-I-deficient barley mutant, viridis
2b%?), recorded at a bandwidth of 1 GHz. Number of averaged
traces, N =10. Middle trace: residuals between the upper trace
and a calculated fit using the convolution parameters labeled
in the figure. Excitation energy: 80+ 15 pJ/cm?. (b) The same
blebs after addition of sodium dithionite (final concentration,
10 mM).

300-450 ps and A4, =0.3-0.6. We ascribe tenta-
tively the first phase as being due to the trapping
kinetics at this energy as revealed by the initial
P-680" - Pheo™ charge separation, and the second
phase as being due to the forward electron trans-
fer from Pheo to Q, (see following section and
Discussion).

It might be conceivable that the slower kinetics
observed for PS II could be due to spurious re-
laxations occurring only in media of low ionic
strength. This possibility was excluded by control
experiments in which we measured the PS-I pho-
tovoltage of destacked chloroplasts. These traces
obtained at low ionic strength were indistinguisha-
ble from those obtained at high ionic strength [25].

Since this barley mutant has no detectable levels
of P-700 chlorophyll a-protein 1 (CP1) [42], the
signal in Fig. 6a can be taken as a pure PS-II
photovoltage. When the quinone, Q,, was reduced
by addition of dithionite, the photovoltage disap-
peared (Fig. 6b). There was also no photovoltage
when a saturating preflash from a Q-switched
ruby laser was given 5-15 us prior to the probe
flash (data not shown). This indicates the absence
of an electrogenic reaction in PS II with reduced



Q, and fully connected antenna system in the
time range between 300 ps and 5 ns (see Discus-
sion).

Trapping time in Photosystem 11

In Fig. 7a is shown at our highest time resolu-
tion the photovoltage from PS II in a destacked
pea chloroplast preparation (EDTA-vesicles)
elicited by 30-ps flashes of high energy (600 uJ/
cm?). To shut down PS-I activity 2 mM fer-
ricyanide was added and far-red background light
(longer than 700 nm) was given. The trace could
not be fit by a single exponential electrogenic
reaction alone and its convolution with the re-
sponse characteristics of the apparatus (Fig. 7a;
faster decay). However, a satisfying fit was ob-
tained when, in addition to a fast rise with =, = 20
+ 15 ps (A4, =1), a second consecutive electro-
genic reaction with 7, =450 ps and 4, = 0.8 was
assumed. The second rising phase would corre-
spond to the second step in the forward charge
separation in open PS II reaction centers

P-680*-Phe™ Q, — P-680*-Phe-Qj

The time constant for this reaction of 450 ps,
which was used in the fit of Fig. 7, was taken from

A,=10 1= 20ps
A,=08 T,=450ps

t=80ps_ 600 |.:J/cm2
T(zo
A,=10 T,=160ps
A,=08 T,=450ps
50 f.uJ/cm2

100 ps/div

Fig. 7. Photovoltages evoked by 30-ps flashes of high (a) and
low energy (b) from EDTA-vesicles (pea) recorded at a band-
width of 7 GHz. The suspension medium contained 2 mM
ferricyanide and far-red background light was given. The drawn
lines represent computer curves resulting by convolution of
charge displacements in a capacitor with assumed exponential

kinetics.
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recent spectroscopic measurements of PS-1I par-
ticles from Synechococcus sp. [23]). A time constant
of 250-300 ps of PS-II particles from spinach has
been reported by Nuijs et al. [43]. From the analy-
sis of five analogous traces as in Fig. 7a (N =5)
obtained at energies between 300 and 1000
pJ/cm?, we can give the following estimates for
the first reaction: 7, < 35 ps with 4, =1 (normal-
ized to one) and for the second reaction: =, =
300-450 ps with 4, =0.6-1.0.

The fast kinetics of the first step and the rela-
tively slow kinetics of the second electrogenic step
give the basis for an attempt to measure the
trapping time in PS II in the low-energy limit.
When the excitation energy was reduced to 50
pJ/cm? (lower energies gave photovoltages with a
too poor signal to noise ratio), the photovoltage
rose significantly slower. The photovoltage rise
shown in Fig. 7b was fit by an electrogenic reac-
tion with a first phase of +; <180 ps. (The second
rising phase had very little influence on the quality
of the fits.) Repetition of such single-shot traces
yielded 160 ps <, <220 ps.

Is the rereduction of P-680 electrogenic?

The reduction of P680 by Z, an electron donor
located between the water-splitting enzyme and
P-680, is known to occur in 20-30 ns [44,45]. To
study the location of Z with respect to the mem-
brane dielectric we measured at high impedance
the photovoltage in this time domain.

The experiment was carried out with blebs from
pea chloroplasts and 30-ps flashes. With both

. PSI+PSII
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Fig. 8. Photovoltage in the 50 ns range evoked by 30-ps flashes
from blebs (pea). The photovoltage was measured with a
amplifier of high impedance to avoid the RC-decay in this time
range. (a) With ascorbate only; (b) with ascorbate and DCMU;
(c) difference between the above traces, normalized to each
other by multiplication of (b) by a factor of 1.78.
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photosystems active (absence of DCMU) the pho-
tovoltage was 1.8-times bigger than with only PS I
active (presence of DCMU) (Fig. 8, upper and
middle traces). Within the experimental error this
amplitude ratio corresponds to the one found with
12-ns flashes (Fig. 5). It indicates a smaller
electrogenicity arising from PS II than from PS 1.
The difference between the curves can be ascribed
to PS 11.

The ringing and the curvature seen after the
steep rise are due to imperfect impedance match-
ing between the coaxial cell and the high imped-
ance amplifier. Nevertheless, one can see that the
shape of the two traces are alike. To extract the
wanted information on the electrogenicity in this
time range we applied a differential method: the
middle trace was digitally amplified by a factor of
1.78 and substracted from the upper trace. The
result of this operation was a straight line (Fig. 8,
lower trace). Hence, within the limit of less than
10% there was no electrogenic phase around 30 ns.
This is in very good agreement with the conclu-
sions derived from electrochromic measurements
[46].

Discussion

Two steps in the primary charge separation of Pho-
tosystem 11

The fast photoelectric measurements monitor
the first steps of the primary photosynthetic charge
separation. These may appear monophasic like in
PS I [25] or biphasic like in purple bacteria [27,47].
In general, if kinetically different rising phases of
the photovoltage are found, it is not obvious how
to attribute them to the physical event: a slow
rising phase may either mean a slow charge sep-
aration kinetics or a fast charge separation pre-
ceded by a slow trapping. These two possibilities
can be distinguished by the approach of high and
low excitation energy [25].

In the low energy limit there is less than one
exciton in a domain at the same time (in vivo
condition). Using the random-walk description of
the trapping process, an exciton has to jump stat-
istically from pigment to pigment as many times
as the mean number of pigments per RC [20]. The
time it takes to find an open trap and to get
trapped is the trapping time, usually determined

under the low-energy limit (fluorescence measure-
ments). In contrast to fluorescence methods, the
fast photoelectric method allows principally to
measure also the trapping time at high energy
when several excitatons reside in a domain at the
same time. Then the trapping time may be ex-
pected to be shortened (to values beyond the
present time resolution), because the number of
Jjumps necessary to reach an open trap decreases
drastically.

The acceleration of the trapping time in PS II
with increasing energy is documented in Fig. 7a, b.
At high energy the trapping kinetics could not be
time-resolved (7, < 35 ps). Therefore, this condi-
tion could be used to analyse for a second step of
the primary charge separation, which was found to
contribute with an electrogenicity of 4, of 0.6-1.0
to the total charge separation. This yields an
estimation of the location of the intermediary
acceptor, Pheo, with the neighbouring electron
carriers P-680 and Q,: if the total charge sep-
aration is assumed to be 1, the dielectrically
weighted distance between P-680 and Pheo is 1,/2
to 2/3, and between Pheo and Q, it is 1/3 to
1/2. This relative distance is similar to the corre-
sponding one found for RCs of purple bacteria
[27,47,48]. Both the similar relative distance and
the existence of a second step in the forward
electron transfer of several 100 ps suggests that
the structure and function of PS II reaction centers
resemble the RCs of bacteria rather than the RC
of PS I [25,47). This may be considered as an
indication for a possible common evolutionary
origin of PS II and purple bacteria. Our result is
at variance with the conclusions of Meiburg et al.
[49], who suggest that the electron transfer be-
tween Pheo and Q, spans 90% of the potential
difference across the membrane. At present we
cannot offer an explanation for the discrepancy.

The Klimov hypothesis

According to the well-known hypothesis of
Duysens and Sweers [50], the increase in the yield
of fluorescence of chloroplasts observed upon il-
lumination (so-called variable fluorescence) is due
to the reduction of Q, (i.e., the closing of PS II
reaction centers). Furthermore, ample evidence ex-
ists that establishes Pheo to act as the inter-
mediary electron acceptor between P-680 and Q,



[21,33,34]. A reversible photoaccumulation of
Pheo™ under reducing conditions has been in-
vestigated by Klimov and coworkers [21,33]. In
addition, these authors have proposed that the
variable fluorescence in closed RCs was in fact
luminescence produced by the charge recombina-
tion between P-680" and Pheo~ by opposition to
prompt fluorescence. This proposal, generally re-
ferred to as the ‘Klimov hypothesis’, has been
derived from simultaneous measurements of fluo-
rescence lifetimes and flash-induced absorbance
change (AA4) measurements on small PS II par-
ticles with reduced Q,.

More specifically, Shuvalov et al. [51] observed
a A A signal decaying in approx. 4 ns which paral-
leled the fluorescence decay. The AA spectrum
could be assigned to P-680" - Pheo ™. This observa-
tion has been recently confirmed and extended to
the time range of hundreds of picoseconds by
Nuijs et al. [43] on PS II particles containing
about 80 chlorophylls per P-680. However, the
Klimov hypothesis has also been questioned by
several researchers involved in the measurements
of the fluorescence lifetimes of chlorophyll in vivo
as reviewed in Ref. 52.

Going beyond the controversy on the validity
of the Klimov hypothesis, one of the problems
which should be solved in order to understand the
physical processes involved in the trapping of
excitation by PS II is the question, already addre-
ssed by Van Gorkom [34], of the partition of the
excitation energy between the excited antenna
chlorophylls and the charge-separated state in
closed RCs

Chi* - P-680-Pheo- Q5 == Chl-P-680*-Pheo™ Qx

and the dependence of this equilibrium on the
antenna size.

The lack of PS-II electrogenicity in chloroplasts
with fully connected antenna system when Q, is
reduced together with our finding that in open
RCs the formation of the state (P-680" - Pheo™) is
electrogenic, demonstrates that in chloroplasts with
intact membranes the equilibrium between the
excited state in the antenna pigments and the
charge-separated state of the RC rests on the
excited state. Thus our results do not support an
extension of the Klimov hypothesis to chloro-
plasts, but rather support the view proposed by
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Holzwarth and Schatz [22-24], namely that the
equilibrium is progressively shifted to the excited
state the larger the number of connected antenna
pigments. This latter explanation has been sub-
stantiated recently by picosecond absorption spec-
troscopy of PS-II particles (80 Chl a/PS II) where
a more than two-fold lower yield of the state
(P-680" - Pheo ™) was found with closed RCs (re-
ducing conditions) as compared to the yield with
open RCs [23]. Concomitantly, the lifetime of the
excitation energy in the antenna increased, as indi-
cated by the appearance of slower phases in the
fluorescence decay {22-24,37).

Trapping kinetics

The photovoltage from chloroplasts with open
PS II reaction centers at the lowest feasible energy
of 50 pJ/cm? rose significantly slower than the
one evoked by higher energy (Fig. 7a and b). At
this low energy there is approx. one exciton/PS
II. We attribute the kinetics of approx. 200 + 40
ps to the time needed for the exciton to reach the
trap and to get photochemically converted into
the state (P-680"-Pheo™) (= trapping kinetics).
The conclusion is based on the fact that the first
step of charge separation is electrogenic and is
faster than 50 ps (see preceeding subsections).

Unfortunately, this excitation energy lies above
the low-energy limit, where less than one exciton
resides at the same time in a domain. Therefore,
the trapping time determined photoelectrically
may not be directly compared to the correspond-
ing kinetics obtained from single-photon-counting
fluorescence [37]. However, our trapping time is
Just at the lower limit of the values determined by
the fluorescence method for the major population
of PS II, the a-centers [37]. It should be men-
tioned here that the trapping kinetics as measured
by the primary-charge separation may not be as
sensitive to annihilation effects as is the fluores-
cence method. The signal-to-noise ratio of the
present photoelectric data is not sufficient to make
a statement on the electrogenicity and the trap-
ping time of B-centers, which would be expected
to contribute to only about 20% [37].

Connectivity between Photosystem-II units
There is general agreement that the antenna
organization of PS II can be described by a matrix
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(or lake) model [20]. At least five PS-II units share
a common pool of antenna pigments forming a
so-called ‘domain’. Commonly a domain is viewed
as interconnected antenna systems between which
an exciton can move as to visit several PS II
reaction centers, may they be open or closed.
Particularly, when a fraction of RCs is closed, an
exciton that has visited a closed trap has an in-
creased probability to escape and to find another
open trap as compared to the probability when all
traps are open. However, this latter case was re-
cently called in question by Ley and Mauzerall
who found that the absorption cross section of PS
IT did not increase with increasing fractions of
closed traps [53]. The authors conclude that either
the probability for escape from closed traps is
small, or the probabilities for escape from open
and closed traps are nearly equal.

The photoelectric data reported here support a
matrix organization of PS-II units. We suggest
that the lack of PS-II electrogenicity in stacked
chloroplasts in the light-gradient experiment is
due to an ‘excitonic short circuit’ of the ani-
sotropy caused by the gradient of light within the
stacked thylakoid membranes. The excitonic short
circuit may be viewed as a migration of excitons
either over at least one thylakoid or across the
partition region between at least two appressed
membranes. The excitonic equilibration of the
light-gradient anisotropy must take place before
trapping (i.e., charge stabilization) in the RCs
oceurs.

The present signal-to-noise ratio of the photo-
electric data is not sufficient to study trapping
times and trapping efficiencies in chloroplasts with
partially closed PS-II traps. Such experiments (that
are envisaged by the authors) would allow to gain
more insight into the probabilities of an exciton to
escape from open or closed traps and to migrate
to neighbouring PS-II units.

The excitonic short circuit could be canceled by
destacking the thylakoid membranes. This was the
condition to observe a light-gradient photovoltage
from PS II (Figs. 5-8). However, we cannot ex-
clude that even under destacking conditions there
would be still partial energy transfer around the
small EDTA-treated vesicles (mean diameter, 600
nm [54]) that would diminish the actual photovolt-
age. Within this context it may be mentioned that

inside-out vesicles from chloroplasts (enriched in
PS II) displayed only a small photovoltage [55],
and that chromatophores from the purple
bacterium Rhodobacter sphaeroides displayed sig-
nificantly smaller photovoltage than whole cells
[56].

Spill-over from closed Photosystem 11

It had been considered that excitation energy
might migrate directly from PS II to PS I [57-60].
The process, termed spill-over, depends on various
physiological parameters which regulate the en-
ergy distribution between the two photosystems
[57,61]. We examined our data for a possible
spill-over due to a closure of PS II. The presence
of such an effect would be expected to result in an
increase of the apparent antenna size of PS 1. The
experiment shown in Fig. 2 excludes spill-over due
to PS 1II closing for chloroplasts with stacked
thylakoid membranes. First, the finding of the
same maximal photovoltage with and without
DCMU demonstrates that only PS 1 contributes
to the photovoltage, in agreement with the other
experiments that show the lack of PS-II electro-
genicity. Second, the identical exponentials (=
antenna sizes) needed to fit the energy dependence
of the photovoltage under F, (without DCMU)
and F_ ., (with DCMU) conditions restrict an
additional energy supply of PS I to less than 6%.
This is in agreement with other photoelectric mea-
surements of PS I [25].

In line with this conclusion is the finding that
the effect of the artificial quencher of the excited
state, DNB, on the PS-I photovoltage is indepen-
dent of whether the RCs of PS Il are open or
closed (Fig. 4; + DCMU).

In contrast, in chloroplasts with destacked
thylakoid membranes we do have evidence for an
increase of the effective antenna size of PS I when
the RCs of PS II are closed. This became manifest
by the different exponents in Eqn. 4 needed to fit
the two saturation curves in Fig. 5. A more de-
tailed investigation of this spill-over will be sub-
ject of another study.

Appendix 1. Displacement current from two paral-
lel reactions

Let us assume two parallel reactions as they
occur in chloroplasts of higher plants from PS 1



and PS II. To treat the simplest cases, each reac-
tion shall be assumed to proceed with one rate-
limiting step. It may be either the first step of the
primary charge separation

P-700*-AX1,P-700+ A~ (A-1)
P-680*- Pheo X%, P-680* - Pheo ™ (A-2)

or the trapping process

(antenna* )-P-700-A—k’—>(antenna) -P-700*-A” (A-1a)

(antenna* )- P-680- Pheo X2 (antenna) - P-680*-Pheo™ (A-2b)

where k, and k, are the corresponding rate con-
stants. Then the time-dependent concentrations of
the states P-700"- A~ and P-680"-Pheo*, de-
noted n,(¢) and n,(¢) respectively, are given by:

ni(t)=Ny(1-e k") (A-3)

ny(t) = Ny’ (1—e k2% (A-4)

The formation of the states P-700*-A~ and
P-680" - Pheo™ is connected with a displacement
current given by

dn, dn,

I(y=K,— +K,—/—= (A-5)
t dr

where K, and K, are electrogenicity parameters
that represent the change of the dipole strength
associated with the charge transfer steps in Eqns.
A-1 and A-2. Introducing Eqns. A-3 and A-4 into
Eqn. A-5 yields the analytical expression for the
displacement current

I(t) = Ak, e 5 + Ak, e k2! (A-6)

where 4, = K| N] and 4,=K,N;’. Note, that in
the case of two parallel reactions, photovoltage
measurements alone do not allow the separation
between the electrogenicity parameters K and the
initial concentrations N,, unless the N, are de-
termined independently. In the case of a two-step
consecutive reaction, however, it is possible to
determine different K ’s as relative ratio [27].
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Appendix II. Quenching of fluorescence and trap-
ping by an artificial quencher

Several possible decay paths exist for an excited
singlet state in a given antenna system with open
traps, one of them being the loss by fluorescence.
To correlate the effect of an artificial quencher on
the fluorescence path and on the trapping path,
the following statistical average rate constants are
needed: k;= fluorescence; k,= trapping; k,= all
loss processes, including fluorescence; k&, =
quenching by the artificial quencher.

The fluorescence yield is then given by

k¢

T Tk + kD (B-D

where D is the average number of quenching
molecules per RC. The trapping yield is given by

kl

P T kot kD

(B-2)

When the reciprocal yields are taken and when the
yields are normalized to the yields at D = 0, these
equations become

-1 kq
#id =14 1D (B-1a)
-1 kq
¢l.n =1+ kl+k D (B'zb)
t

The last two equations show that the slopes are
necessarily equal when the artificial quencher acts
in the identical antenna system, in which fluores-
cence and trapping takes place. A reverse conclu-
sion can also be drawn: when different slopes are
found, the processes cannot originate from one
and the same antenna system.
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