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The intensity of chlorophyll fluorescence in isolated chloroplasts of Peperomia metallica and in situ
chloroplasts of Anthoceros sp. was found to change by 5-10% on passing the electric current through the
microelectrode inserted in the intrathylakoid space. The dependence of fluorescence deflections on the
direction of a current flow and the absence of electro-induced fluorescence changes in chloroplasts made
ion-permeable with gramicidin indicate that the emission was affected by the membrane potential created
during the passage of current. A hyperpolarizing displacement of the membrane potential, positive on the
inside, produced an increase in the emission in the absence of inhibitors, but has no effect on the
fluorescence in chloroplasts treated with DCMU. A stimulation of a variable fluorescence by a positive
membrane potential was interpreted as due to slowing down of charge separations and a respective decrease
of excitation trapping in Photosystem II. A displacement of the membrane potential to the negative direction
resulted in a decrease of chlorophyll fluorescence in both the absence and presence of DCMU. The
fluorescence emission seems to be sensitive to variations of the membrane potential of about 100 mV or
even less. Possible effects of the light-induced membrane potential on charge separations and the fluores-
cence emission in Photosystem II are discussed.

Introduction

The light-induced membrane potential in chlo-
roplasts originates from a combined operation of
several spatially separated electrogenic processes
associated with PS I and PS II [1]. Variations of
the membrane potential may influence the rates of
forward and backward electron transport across
the membrane at different sites of photosynthetic
chain [2-5]. The potential-sensitive steps of elec-

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid; PS, Photosystem; P-680 and Q, the primary electron
donor and the primary electron acceptor in the reaction center
of Photosystem II, respectively.

tron transport are often studied through the appli-
cation of an external electric field to a suspension
of osmotically swollen chloroplasts. Particularly, a
delayed light emission from photosynthetic mem-
branes is highly stimulated by an external electric
field [6—10]. This phenomenon, called electropho-
toluminescence [7], is due to a strong effect of the
membrane potential on the reverse electron trans-
port in reaction centers of PS II. Meiburg et al.
[11] reported recenlty that an application of an
external electric field to a suspension of large
spherical vesicles (swollen chloroplasts) brings
about either an increase or a decrease in the yield
of chlorophyll fluorescence, depending on the state
of reaction centers of PS II. It has been suggested
that excitation trapping and the light-induced
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electron transfer in PS II are only influenced by a
large membrane potential opposing photochemical
charge separations [11]. v

One obvious disadvantage of an external appli-
cation of an electric field is that it induces mem-
brane potentials with opposite polarities in each
half of a spherical vesicle. The fluorescence
changes induced in each hemisphere may superim-
pose which complicates the interpretation of the
results. Therefore it seems appropriate to find out
whether the yield of chlorophyll fluorescence is
sensitive to an electric field imposed between the
inside of thylakoids and the external solution. In
this paper we describe changes of chlorophyll
fluorescence of individual intact chloroplsts, both
isolated and located within the cell, induced by
applying an electric field across the thylakoid
membrane by means of current injections through
the microcapillary electrode. It is shown that chlo-
rophyll fluorescence in intact chloroplasts is en-
hanced or quenched, depending on the polarity of
the membrane potential displacement. The results
are discussed in terms of a regulation by a mem-
brane potential of electron transfer reactions in PS
II.

Materials and Methods

Experiments were done on in situ chloroplasts
of Anthoceros and isolated chloroplasts of
Peperomia metallica. Growth conditions of plants
and procedures for chloroplast preparations were
essentially the same as described in Refs. 12 and
13. Thin sections of Anthoceros thalli were placed
in a medium containing 10 mM KCl/1.0 mM
NaCl/0.5 mM Ca(NO,),/5 mM Hepes-NaOH
buffer (pH 7.0). Isolated chloroplasts were im-
mersed into the medium containing 0.25 M
sucrose/ 25 mM Tris-HCI buffer (pH 7.5) /10 mM
KCl/25 g-17! phycoll and bovine serum albumin
(1 mg/10 ml solution).

The experimental arrangement for microelec-
trode and fluorometric recordings on single chlo-
roplasts was similar to that previously described
[14]. Chlorophyll fluorescence was excited with a
broad band blue light through the microscope
epi-illuminator. The actinic light was focused on
the preparation at a spot of 50 pm in diameter.
Fluorescence transmitted by a red filter with a
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bandpass above 650 nm was detected by a micro-
scope photometer. A set of apertures installed in
front of a photomultiplier allowed to delimit the
area of photometric assay to a diameter of 50 um
which was sufficient for collecting light emission
from a single chloroplast.

Measurements of light-induced membrane
potentials and the passage of current in the same
chloroplast were accomplished with microcapillary
electrodes having a resistance 100-150 MQ when
filled with 1 M choline chloride. By means of a
switch with a remote control, the lead from the
microelectrode assembly was connected either to
an input of a high-impedance amplifier for poten-
tial measurements or, alternatively, to an output
of a pulse generator through a 1.5 G load resis-
tor for passing current. Depending on the commu-
tation of the microelectrode, either light-induced
membrane potential or the current flowing through
the membrane was displayed at one channel of a
dual-beam oscilloscope. A signal from photomulti-
plier was continuously displayed at the other
channel of an oscilloscope.

Microelectrode impalements were done under
weak transmitted light with a photomultiplier
shielded from illumination. After the insertion of
a microelectrode, the transmitted light was
switched off and light-induced changes of the
membrane potential and chlorophyll fluorescence
were recorded. This procedure served as a test for
a successful penetration of the microelectrode tip
in thylakoids and for proper scaling the fluores-
cence signal. After that, microelectrode was
switched to the current circuit and the experiment
proceeded on the same chloroplast. Within the
course of one experiment, the connection of the
microelectrode could be repeatedly switched be-
tween measuring and current circuits.

Results

Effect of imposed membrane potential on chlorophy!ll
fluorescence

By recording a characteristic light-induced
membrane potential it was possible to verify the
intrathylakoid location of a microelectrode tip in
each particular experiment. The time-course of the
membrane potential formation was multiphasic in
dark-adapted Anthoceros chloroplasts [13,14], but
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Fig. 1. Changes of chlorophyll fluorescence (traces F) of indi-
vidual Anthoceros chloroplast induced by injecting pulses of
current (traces I) through the microelectrode. Deflections of I
from a baseline downward correspond to an inward current
and a negative displacement of the membrane potential, while
upward deflections correspond to an outward current and a
positive shift of the potential. (A) Control; (B) in the presence
of 10 pM DCMU. The fluorescence trace denoted 1 shows a
response to a first application of a current and the trace
denoted 2 shows reproducible responses to seven subsequent
pulses of a current applied in succession with pulses of oppo-
site polarity at a frequency of one per min (1,/60 Hz). Arrows
indicate the beginning of illumination.

it looked simpler in preilluminated Anthoceros
chloroplasts and isolated plastids of P. metallica.
A positive electric potential attributed to the inner
volume of the thylakoid system [15] was rapidly
generated in the light and decayed gradually within
one or several seconds to a stationary level. After
verifying the internal location of a microelectrode

tip, light exposures were applied in a combination
with pulses of an electric current.

Fig. 1 shows typical changes of chlorophyll
fluorescence induced in Anthoceros chloroplasts
by 30 nA current pulses of opposed polarities in
the absence and in the presence of DCMU. Under
control conditions (Fig. 1A), the displacement of
the membrane potential by an inward current to
the negative, i.e., in the direction opposed to the
polarity of light-induced membrane potential, re-
sulted in a decrease of a chlorophyll fluorescence,
and the positive displacement of the membrane
potential in the direction coinciding with the
light-induced potential produced an increase of
chlorophyll fluorescence by a similar or somewhat
smaller extent. The fluorescence changes were re-
versible and constituted 5-10% with respect to the
overall intensity of a fluorescence. The rates of
electro-induced fluorescence changes were roughly
similar to that of discharging the membrane
capacity of thylakoids after a flash [15].

On addition of 10 pM DCMU, a total intensity
of the fluorescence increased almost twofold indi-
cating a complete reduction of a primary acceptor
of PS II, Q. Under these conditions (Fig. 1B), the
negative displacement of the membrane potential
by an inward current produced a decrease of the
emission with a sharp minimum, but the positive
displacement of the potential had no effect on the
fluorescence or — occasionally — produced a small
decrease of the fluorescence after a long delay.
Biphasic changes of the emission with a transient
minimum could also be induced in untreated chlo-
roplasts by applying inward currents of higher
strength.

When a treatment of chloroplasts with 1 mM
hydroxylamine and 0.1 mM methyl viologen was
used to keep the primary acceptor Q largely
oxidized in the light, we found a strong expression
of the current-induced fluorescence increase, but a
weak one if any current-induced fluorescence was
quenching. From the above experiments it appears
that the chlorophyll fluorescence can be stimu-
lated or suppressed by the imposed voltage only
within the range between F, and F,_,, , where F;,
and F,, are the fluorescence yields in chloro-
plasts with fully open and completely closed PS I1
reaction centers, respectively.

Apart from a shift of the membrane potential



by a current flow, the interfering concomitant
factors were considered and rejected as a possible
source of electro-induced fluorescence changes.
These changes of emission were not caused by a
local heating of a chloroplast as evidenced by their
dependence on the polarity of an applied voltage.
Passing of a current did not produce any discern-
ible change in the position or geometry of a chlo-
roplast, both isolated and located within the cell.
Electrophoretic injection of choline from a micro-
electorde tip was not involved, since similar fluo-
rescence changes were recorded with KCl-filled
microcapillary electrodes. By applying short bi-
polar current pulses known to minimize the elec-
trophoretic injection of an electrolyte, we observed
an intermittent stimulation and a decrease of a
fluorescence.

Additional tests were done on chloroplasts
treated with gramicidin D (Boehringer Mannheim
GmbH). Since this ionophore increases the con-
ductance of lipid bilayers and biological mem-
branes it was expected that the membrane voltage
produced by the passage of an electric current
would be diminished. In accord with the expecta-
tion, in Anthoceros chloroplasts treated with
gramicidin at 1 pm ‘overall’ concentration, there
were no detectable electro-induced changes of the
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Fig. 2. Fluorescence changes of Anthoceros chloroplast induced
by application of bipolar 1 V pulses of voltage to a series
connection of a microelectrode and a chloroplast. Downward
and upward deflections in the bottom trace indicate the ap-
plication of a negative and a positive voltage, respectively, to a
thylakoid interior. The arrow marks the beginning of illumina-
tion.
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fluorescence or were only faint changes, less than
0.5% with respect to a total emission, although
light-induced changes of the membrane potential
in the same chloroplasts remained uninhibited or
were even stimulated. The inhibitory effect of
gramicidin suggests that electro-induced fluores-
cence deflections were caused by the imposed
membrane potential, not by altered ionic composi-
tion of a chloroplast. A weak sensitivity of the
light-induced membrane potential for gramicidin
was probably due to counteracting effects of an
increased membrane conductance and an uncou-
pler-stimulated electron transport.

In some experiments, the load resistor was re-
moved from a current circuit so that the output
voltage of a pulse generator was totally applied to
a microelectrode and chloroplast membranes in
series. In the absence of the load resistor, fluores-
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Fig. 3. Fluorescence changes of one isolated P. merallica
chloroplast induced by various negative voltages applied to a
microelectrode and a chloroplast in series. Figures along the
curves indicate the voltage applied. The beginning and the end
of current pulses are marked with arrows.
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cence changes of about 10% in magnitude were
observed under application of 1 V voltage pulses
(Fig. 2). With a resistance of a microelectrode
100-150 MQ and an input resistance of a chloro-
plast 20-50 MQ [12,16], a voltage drop at the
chloroplast membrane would not exceed one third
of the applied voltage and could be much smaller.
Hence the fluorescence changes were caused by
membrane potential displacements not exceeding
0.3-04 V.

In Fig. 3 are shown fluorescence changes in-
duced in an isolated P. metallica chloroplast by
applying negative voltages of various magnitude.
Discernible fluorescence changes, about 1% of the
overall emission, were detected under application
of 250 mV voltage to a series circuit consisting of
a micropipette, a chloroplast envelope and
thylakoid membranes. This fact indicates that a
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displacement of the membrane potential by 100
mV or even less would be sufficient to affect the
fluorescence yield. On increasing the applied volt-
age the fluorescence change increased up to a
saturation, and a sharp transient minimum ap-
peared. Current pulses of increasing strength pro-
duced similar effects on chlorophyll emission both
in isolated and in situ chloroplasts. Unfortunately,
a meaningful relationship between the imposed
membrane potential and the fluorescnece change
could not be determined with the method em-
ployed because of nonlinear voltage-current char-
acteristics of chloroplast membranes [12,16] and
nonhomogeneous density of the transmembrane
current injected through the microelectrode into a
folded membrane system of interconnected
thylakoids.
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Fig. 4. Fluorescence induction time curves under variable membrane potential. (A-C) Simultaneous measurements of light-induced
membrane potential (1) and the induction curves of chlorophyll fluorescence (2) in isolated chloroplasts of P. metallica from various
preparations. (D) The ratio of half-times, #; (slow phase of the fluorescence rise) and ¢, (a decay of the membrane potential to a
stationary level), plotted against the peak value, ¥, of the light-induced membrane potential.



Time-course of the fluorescence induction in chloro-
plasts showing different membrane potentials

In view of the described sensitivity of chloro-
phyll fluorescence to variations of the membrane
potential we compared the kinetics of the fluores-
cence induction in chloroplasts exhibiting light-in-
duced membrane potentials of various extnet. Ob-
servations made on Anthoceros and Peperomia
chloroplasts were essentially similar.

Typical results obtained with isolated plastids
are shown in Fig. 4. In chloroplast preparations
showing light-induced membrane potentials of low
extent (peak level below 30 mV), a slow rise of the
fluorescence and the potential decay to a steady
level occurred with similar half-times (Fig. 4A). In
contrast to this, a rise of the fluorescnece to a
maximum occurred essentially faster in chloro-
plasts showing high photopotentials (Fig. 4C). The
observed relation is additionally illustrated by the
ratio of half-times of the fluorescence rise (a slow
phase) and the potential decay in the light, plotted
against the peak level of the light-induced mem-
brane potential (Fig. 4D).

Although the accelerated fluorescence rise
accompanied with a high-level electric potential
could be interpreted in various ways (e.g., a higher
rate of PS II turnovers or stimulation of PS I-de-
pendent electron flow after a short delay), these
results are consistent with the assumed direct ef-
fect of the membrane potential on the fluores-
cence.

Discussion

The present results show that the yield of chlo-
rophyll fluorescence in intact chloroplast is
influenced by an imposed transmembrane electric
field. Two main effects were discovered: a stimu-
lation of the emission by a positive membrane
potential (‘plus’ inside the thylakoid) and the
quenching of the fluorescence by a negative
imposed potential.

These findings are consistent with observations
by Meiburg et al. [11] made on swollen thylakoid
vesicles, called blebs, in that a positive membrane
potential induces a fluorescence increase if the
primary acceptor of PS II, Q is partially or totally
oxidized. Our results also support the observation
of field-induced fluorescence quenching under
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conditions of complete reduction of Q (that is in
the strong light in the presence of DCMU) [11],
but suggest clearly that this fluorescence quench-
ing should be ascribed to a negative, not positive
membrane potential. In contrast to experiments
with blebs exposed to an external electric field, in
our experiments there is no uncertainty regarding
the polarity of the imposed membrane potential to
which the field-induced fluorescence changes
should be ascribed.

Because of a certain similarity of potential-de-
pendent fluorescence deflections in individual
chloroplasts and swollen thylakoids it appears that
changes in the emission of intact chloroplasts are
determined by a direct effect of the membrane
potential on the electron transport in reaction
centers of PS II [11] rather than by the field-in-
duced redistribution of Mg2* between thylakoids
and stroma compartments and the associated
change in spill-over {17].

It can be assumed, as in Ref. 11, that in the
presence of a sufficiently large positive membrane
potential, charge separations between the primary
donor P-680 and the primary quinone acceptor Q
are prevented which leads to a decrease of excita-
tion trapping and a fluorescence increase as if Q
were in the reduced state. This effect of the mem-
brane potential is only possible if Q is present in
an oxidized form. When Q is completely reduced
in the light in the presence of DCMU, then the
rate of charge separations becomes negligible, and
the applciation of a positive membrane potential
has no additional effect on excitation trapping
and fluorescence yield.

Electron is transported from P-680 to Q at least
in two steps via an intermediary acceptor
pheophytin [18-20]. The sensitivity of the initial
and the secondary step of charge separation to
variations of membrane potential would depend
on several factors such as the difference of mid-
point redox potentials for primary reactants (ex-
cited state of P-680, pheophytin and Q), the dis-
tances between these reactants in their proportion
to the total membrane thickness and the heights of
electrostatic barriers for electron transfer across
the hydrophobic layer of the membrane {21]. Re-
markably, fluorescence changes could be evoked
by a relatively small variations (of about 100 mV
or even less) in a membrane potential. This fact
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may indicate that the difference between energy
levels of the donor and the acceptor in the poten-
tial-sensitive step is relatively small. In particular,
the electron transfer from the excited state of
P-680 to pheophytin (the midpoint potential dif-
ference 0.08 V [18]) might perhaps be very sensi-
tive to variations of membrane potential on the
condition that the distance between P-680 and
pheophytin is not too small with respect to the
total thickness of the membrane. In bacterial pho-
tosynthesis, charge separation between the primary
donor and the intermediary acceptor was reported
to be electrogenic and controlled by the mem-
brane potential [22].

It is conceivable therefore that the positive
membrane potential superimposed over the light-
induced electric potential in intact chloroplast
leads to a lower rate of charge separations or/and
to a stimulation of a back reaction. Such an
explanation, based on the assumed electrostatic
control of electron transfer through a hydrophobic
region of the membrane, is, however, insufficient
to account for the electro-induced fluorescence
quenching observed in the presence of DCMU,
i.e., when the rate of charge separation is negligi-
ble. A stimulation by a negative potential of
DCMU-insensitive electron transport around PS
IT i1s excluded, since electro-induced fluorescence
quenching was also observed in the presence of
DCMU and 1 mM hydroxylamine, known to in-
activate oxygen evolution. Qur tentative explana-
tion of the field-induced fluorescence quenching is
that a negative membrane potential (‘minus’ in-
side the thylakoid) promotes an accumulation of
reduced pheophytin which acts as an efficient
fluorescence quencher [18,23]. Alternatively, one
may assume that a strong electric field brings
about reversible conformational changes of mem-
brane proteins leading to alterations of light-
harvesting in PS II.

It should be clear that the current injection
through the microelectrode into a folded lamellar
system produces a nonhomogeneously distributed
membrane potential. A considerable fraction of
PS II reaction centers is apparently not subjected
to the imposed electric field, whereas other centers
experience the electric field of various strength. It
seems likely that the amplitude of electro-induced
fluorescence changes could have been higher than

reported here if the overall membrane surface of
thylakoids were exposed to an electric field. Com-
paring our data with those obtained on blebs [11],
we go to a proposal that the fluorescence yield in
regions exposed to a high negative or positive
membrane potential is close to levels F, and F,,,,
respectively, where F; and F,,, stand for fluores-
cence yields before and after photoreduction of Q.
A decrease of an overall emission by 10% due to a
change of a variable fluorescence indicates that a
considerable fraction (at least 15% according to
our estimate) of the total membrane surface was
exposed to an electric field during a current injec-
tion. This is in line with the assumed interconnec-
tions of thylakoids into a continuous system
[16,24].

A biphasic change of a fluorescence shown in
Figs. 1A and 3 might be caused by a reversible
breakdown of the thylakoid membrane. Then, an
overshoot in the fluorescence response reflects an
initial high negative membrane potential and its
subsequent decline due to a sudden increase of the
membrane conductance. A transient overshoot of
the membrane potential was indeed noticed in
Peperomia chloroplasts upon injection of high-in-
tensity current [16] and was inferred also from
studies of electrophotoluminescence of swollen
thylakoid vesicles [9].

The relation of the biphasic fluorescence
transients to a phenomenon of a reversible
breakdown is further substantiated by a peculiar
fluorescence response to an application of a posi-
tive membrane potential (bottom trace in Fig. 1B).
In DCMU-treated chloroplasts, an applied posi-
tive voltage does not induce usually any fluores-
cence change, but sometimes a small reproducible
fluorescence decrease was noted after a long lag
period. We believe that this signal develops after a
local breakdown of the thylakoid membrane. In-
deed, after a breakdown a low resistance contact
of the microelectrode with a chloroplast stroma is
established so that additional pathways for cur-
rent flow become operative. In addition to ex-
trathylakoid shunting pathway, some current flows
across the foldings of the thylakoid membrane
system, thus giving rise to a local negative and
positive membrane potentials at regions where it
enters and leaves the thylakoid, respectively.
Membrane regions exposed to positive membrane



potential give no fluorescence response, whereas
the regions exposed to a negative potential pro-
duce a small decline of the fluorescence.

From Fig. 1 it appears that higher inward cur-
rents are required to induce a breakdown in un-
damaged chloroplasts than in DCMU-treated
plastids. This may result from a superposition in
untreated chloroplasts of artificial negative mem-
brane potential with the light-induced positive
electric potential.

The results of the present study indicate that
the light-induced membrane potential may in-
fluence the excitation trapping and charge sep-
aration in PS II. Significant changes of the mem-
brane potential in first seconds of illumination
should then be considered as a factor affecting the
induction curves of chlorophyll fluorescence in
intact chloroplasts.
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