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ABSTRACT Preilluminated chloroplast membranes, and particularly hypotonically swollen vesicles (blebs), give rise to
a strong characteristic luminescence (electrophotoluminescence, EPL; Ellenson and Sauer, 1976, Photochem.
Photobiol., 23:113-123; Arnold and Azzi, 1971, Photochem. Photobiol., 14:233-240) during the application of a strong
external electric field. A detailed kinetic study of EPL was carried out and the initial kinetics from the field onset are
reported here. The fast rise time (<0.2 ,s) of the applied external electric field together with a high instrumental time
resolution allowed the observation of a characteristic delay (lag time) between the field onset and the appearance of the
induced emission. The lag time decreased with increase in the applied field strength and/or the conductivity of the
suspension and is interpreted to be a consequence of (a) the necessity to reach a threshold electrical potential difference
in the bleb membrane, below which no emission can be triggered, and (b) the finite time required to attain such a
transmembranal field during the charging process of the membrane. A quantitative analysis, connecting the lag time,
the controllable experimental parameters, and the membrane electrical characteristics is presented. Its verification was
carried out in both size-selected and heterogeneous bleb populations. In the latter, experiments were consistent with the
assumption that the lag time reflects the charging of the largest blebs. The results indicate (a) the possibility of directly
measuring the specific membrane capacitance, yielding an estimate of C_ = 1.2 + 0.3 gF/cm2 (the precision being
particle size-homogeneity dependent); (b) A minimal transmembranal potential difference (of -240 mV) is necessary
to induce electrophotoluminescence; and (c) the lag duration depends on the time elapsed between the preillumination
and the external field application. Correlated with the study of ionophore effects on the lag time, this suggests additivity
of the light- and field-induced transmembrane potentials in attaining the threshold for emission.

INTRODUCTION

Delayed luminescence emission in photosynthetic systems
is thought to result from the reversal of the light-induced
charge separation (1, 2). It can be considerably enhanced
by various methods (3, 4), of which an externally applied
electric field is unique in several respects: (a) very fast
onset and offset, allowing for monitoring of the emission
kinetics with high time resolution; (b) intensity, duration,
and profile controllable in a wide range; (c) spatial direc-
tionality and sense, and (d) chemical and physical nonal-
teration of the sample, enabling repetitive measurements.
The electric field-induced emission, first reported by
Arnold and Azzi (5) and known as electrophotolumines-
cence (EPL) (6) is very sensitive in both magnitude and
kinetics to the experimental conditions, including photo-
synthesis-related variables (photosystem II activity, preil-
lumination, presence of inhibitors), the applied electric
field (intensity, polarity, kinetics) and the suspension
medium (osmolarity, viscosity, electrical conductivity, pH
and temperature). Moreover, it is dependent on the charac-

teristics of the photosynthetic membrane, and critically sc
on the latter's being topologically closed and relatively
nonconducting. In view of all this, analysis of EPL conveys
valuable structural and functional information on photo-
synthetic systems (6-10). However, a detailed analysis of
the results is hamperd by the fact that although the basic
principle of EPL emission is readily understood (5-7), its
peculiar kinetic pattern is still described only in phenome-
nological terms, by interplay of the photosynthetic and
electrical variables that control the emission (8, 10). The
shape and size heterogeneity of the chloroplastic particles
in the suspension further complicates the quantitative
assessment of the latter.

In this work, we concentrate on the very initial kinetics
of EPL: the lag phase between the onset of the external
field and the rise of the emission. We suggest that it
reflects a simple process: the charging of the membrane as
a capacitor. From the study of this phase under different
conditions, one can evaluate the membrane's specific
capacitance, estimate the electrical requirements for EPL
production, and connect between the light-induced and
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FIGURE 1 Typical bleb structures, produced by hypotonic swelling of
pea thylakoids and viewed in an image-intensified fluorescence micros-
copy. The regions of very high brightness (right) correspond to "patches,"
piles of membraneous material.

electric field-induced transmembrane potentials. The
analysis of the results is essentially unhindered by precur-
sor depletion or electrical breakdown, whose influence is
mainly felt at later stages of EPL.

METHODS

Chloroplasts from different sources, pea (Pisum sativum), lettuce (Lac-
tuca sativa), tobacco (Nicotiana tobacum, var. Xanthi) and spinach
(Spinacea oleracea), were prepared by a standard method (11) and
stored below -100°C with complete preservation of essential photosyn-
thetic activities (12). There were no species-dependent qualitative differ-
ences between them, and for a given set of experiments the same batch
was used throughout. Blebs (13, 14) were generally preferred to thyla-
koids due to their spherical shape and larger size (Fig. 1). They were
prepared by resuspending (usually 1:100) the stored chloroplasts in either
distilled water or very dilute buffer (HEPES or Tricine, 5 mM, pH 7.8).
Final chlorophyll concentrations were 10-40 tsg/ml. The conductivity of
the resulting suspensions was controlled by adding variable concentra-
tions of KCI. The final specific conductivities were calculated from
handbook data and checked with a conductometer (Metrohm AG,
Herisau, Switzerland). The blebs showed photosystem II-related activity
in giving rise to fluorescence induction (see reference 15) and electron
transport from H20 to dichlorophenolindophenol or ferricyanide. They
were viewed and characterized by phase and image-intensified fluores-

FIGURE 2 Size distribution of blebs, determined by use of an ocular with
grating. Open areas, normal distribution; Hatched areas, size-selected
population from the cell sorter (at regular flow velocities); Black areas, a
better size selection (sorting at reduced flow velocity with a simultaneous
choice of the low fluorescence ones).
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FIGURE 3 Experimental setup for electrophotoluminescence production
and detection. Bottom, gross sketch of the electrical design for producing
the applied field with the appropriate timing and kinetics in the E-jump
cell (C). Upper, optical and monitoring portion of the instrumentation;
the external field is applied to the cell (C) in a perpendicular direction to
the plane of the drawing.
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activated cell sorter (Beckton-Dickinson & Co., Paramus, NJ, Model
FACS 11) also allowed measurement of fluorescence and low-angle
scattering of every individual particle in a suspension. We sought to
improve the size distribution by simpler methods such as additional

FIGURE 4 Schematic time course and parameters for electrophotolumi-
nescence emission. Inset, time course of experimental events. Range of
parameters for the figure given in Table I.
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TABLE I
TYPICAL RANGE OF PARAMETERS FOR FIG. 4

E = 100÷ I0,000V/cm t,- 2 10ims tl/2 3 200,us EPL/DL=1 -. 1,000
tE = I .10,000 ALS td - 3 I0,000ms tf'2 -1I0. 00 As
tE, - I gs 10 is tW.2h - I0is tIag 1 40 As
tE2 102 lO4is RIS- 0 ÷ 20

centrifugation (at 3,000 g), slower (dialysis controlled) hypotonic swell-
ing, or by starting from intact instead of broken chloroplasts, but the
advantages gained were marginal. However, in a particular set of
experiments, we succeeded in selecting a bleb population of a definite
radius, R = 4 ± I gm (Fig. 2), by use of the cell sorter (see reference 16).
We ensured that these blebs were also relatively devoid of "patches" (as in
Fig. I A), by selecting low-fluorescence ones.
The apparatus for EPL production and detection is sketched in Fig. 3.

Other details are given elsewhere (7, 8). The time resolution of both
external field production and EPL detection was better than 0.2 ,us, as
checked directly. The typical time course and range of parameters for an
experiment are shown in Fig. 4 and Table I. The lag time (tiag) was
estimated by monitoring the emission at high sensitivity (with its peak out
of scale), allowing the relatively precise determination of the moment at
which it exceeded the level of natural delayed luminescence. The light
flash-induced carotenoid absorption changes were measured in an
Aminco dual wavelength spectrophotometer Aminco, Silver Spring, MD,
model DW2. The output of its photomultiplier was fed into a Nicolet 1 70
digital oscilloscope and signal averager (Nicolet Instrument Corp., Madi-
son, WI). All measurements were performed at 230C.

RESULTS

Description of Electrophotoluminescence
Emission

When, following preillumination (by either a short flash or
continuous light), an external electric field pulse (typically
103 V/cm) was applied to a suspension of broken chloro-
plasts or blebs, a luminescence, stronger by one to three

FIGURE 5 Electrophotoluminescence produced by a single DC electric
field pulse. Lettuce chloroplasts resuspended and forced to form blebs in 5
mM Tricine buffer, pH = 7.8, 0.1 mM KCI, 2960K. E = 1,500 V/cm, td =
200 ms. Both EPL (top) and the electric field (bottom) trace were
monitored simultaneously. The lag in EPL emission is clearly visible.
Time scale and sensitivity: 10,us and 500 mV per division. (Under these
conditions, a separate measurement of the natural delayed luminescence
gave a value -8 mV).

orders of magnitude than the natural delayed lumines-
cence, was emitted (Fig. 5). The relatively complex kinetic
pattern of this emission (EPL) is given schematically in
Fig. 4, and includes most notably a rapidly rising and
decaying component followed by a relatively slowing
decreasing one, termed R and S, respectively (6, 8).
Because the rise of the external electrical field was, in our
work, extremely fast (<0.2 ,us) the kinetic shape of the
induced emission reflects the actual time-resolved response
of the sample, quite unlike other stimulated luminescences
(4). The existence of a lag phase (tag in Fig. 4) between the
onset of the field and the rise of the emission is characteris-
tic to all EPL. Its duration was typically a few microsec-
onds, and was influenced by the experimental factors as
follows: It was shortened as the intensity of the applied
field increased (Fig. 6 A), in a dark time-dependent way
(compare Figs. 6 A and 6 B), or by increasing the electrical
conductivity of the medium (Fig. 6 C). It was lengthened
by increasing the ionic permeability of the membrane, e.g.,
by gramicidin (Fig. 6 D) addition (8, 17). It was also, to a
lesser extent, dependent on other experimental parameters
like viscosity and osmolarity. (See Table III, below, for a

FIGURE 6 EPL traces showing the dependence of the lag time on
experimental conditions from raw data. Upper trace in A-C: time course
of the applied field (1,500 V/cm). A, lower traces (bottom to top): EPL
emission for applied fields of 1,000 V/cm, 1,500 V/cm, and 2,000 V/cm,
respectively. Conditions: 0.1 mM KCI, pH = 7.8, td = 220 ms. Sensitivity:
50 mV/division (DL < 1 mV under these conditions); B, the same as A
but for td = 70 ms; C, the same as A, for an applied field of 1,500 V/cm,
and for 0.1, 1, and 10 mM KCI, from bottom to top. D, upper trace: no
additions. Lower trace: with 10 MM gramicidin D; E = 1,500 V/cm, 2
mM KCI, td 5 220 m. Time scale as indicated.
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summary of tlag dependence on the field intensity and
electrical conductivity.)

The Lag Phase and the Induced
Transmembrane Electric Field

The above findings can be explained by assuming that the
lag phase reflects the time needed to charge the vesicle
(bleb) membrane to a certain minimal transmembranal
potential difference, below which no electrophotolumines-
cence was detectable. Indeed, the factors listed above as
influencing tiag had a correlated influence on the emission
itself (e.g., on EPLmaX), because they all controlled the
transmembranal electric field, both in its strength and
kinetics. Thus, the higher the externally applied field, the
stronger the membrane field is. The medium conductance
reflects the availability of ions as current carriers for the
transmembranal (local) field build up, and the viscosity
influences their mobility; ionophores facilitate the trans-
membrane movement of ions, thus diminishing the local
enhancement of the external field (17). On the other hand,
a number of factors that influence EPL markedly have
only a marginal influence on tlag. These are mostly photo-
synthetic activity-related factors such as preillumination
intensity and duration, temperature, presence of artificial
electron donors or acceptors, or presence of inhibitors.
These contrasting effects of the experimental conditions on
the initial kinetics of EPL validate the concept that the
main phenomenon reflected in the lag time is the electrical
charging of the membrane. We suggest that a certain
minimal membrane field value must be attained in the
process of the electrical charging to observe EPL at all.
This was confirmed not only by the total lack of field-
induced emission during tiag (as ascertained on a much
more sensitive scale than that used in Fig. 5), but also by
the experimental dependence of EPL on the externally
applied field intensity (Fig. 7). Indeed, below a certain
threshold applied field value (denoted E*) no EPL emis-
sion occurred. For a given sample, E* varied slightly with
the conditions (e.g., osmolarity, td), typical values being in
the 100-400 V/cm range.

A Quantitative Model
The description above can be expressed in quantitative
terms as follows:

(a) The steady-state transmembranal field Em induced
in a spherical vesicle of radius R and membrane thickness
d by an externally applied electric field E can be calculated
by solving the Laplace equation for the electrostatic poten-
tial, with the appropriate boundary conditions at the
interfaces separating between the external medium, the
vesicle's membrane, and the inner medium, respectively.
(The swollen thylakoid [bleb] can be considered as a
spherical vesicle as is shown by phase- and image-
intensified fluorescence in Fig. 1.) The most widely used

FIGURE 7 EPL peak intensity dependence on the external electric field
intensity E. td = 22 ms (-), and td = 4,000 ms (0); 0.1 mM KCI, pH =
7.8. Inset: the same, plotted on a semilogarithmic scale. The readings for
td - 4,000 ms (0) were multiplied by 5 for normalization; The dotted line
(---) represents the value of naturally delayed luminescence (DL) at 22
ms.

expression (for examples see references 7, 10, 18) is

Em/=3k (R/d) EcosO (1)

where 0 is the polar angle between the external electric
field direction and the radius vector to the membranal
plane, for any surface point. Eq. 1 is an approximate
expression, obtained by assuming that R >> d and that the
membrane electrical conductivity Xm is negligibly low,
compared with those of the external and internal media of
the vesicle. More general formulae are given in references
6, 17, and 19 and the Appendix.

(b) The rise of the transmembrane field in a vesicle is not
instantaneous, due to the finite capacitance of the mem-
brane. The specific time course for the membranal field is
derived in the Appendix. With the simple approximations
used for Eq. 1, it is given by

Em(t) = (3/2)(R/d) E cos | (2x, + RCm)

=KEcosO[ - exP - ' t] (2)

where Cm is the specific membrane capacitance, K the field
enhancement ratio and y a numerical constant depending
on the assumed ratio between the inner (Xi) and outer (X.)
medium specific conductivities.
The main assumption in the analysis is the existence of a

certain critical membranal field value E*, reflected in the
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EPL vs. E plot by a corresponding critical external field E*
(Fig. 7), below which no emission of EPL is detectable.
The plot of EPL vs. E on a semilogarithmic basis shows a
very steep (orders of magnitude) decline below 500 V/cm
(Fig. 7, inset); on a linear scale, this looks like a threshold
in the field dependence. This definition of E* is not very
precise (± 50 V/cm), and depends to a certain extent on the
experimental noise level. If, instead of fast-rising DC field
pulses, slowly rising (e.g., 50 Hz sinusoidal) external fields
are used, a more precise determination of E* is possible
(see below).

During the charging of the membrane the membranal
field increases from zero, attains the critical value E*, and
continues to increase to the steady state value. One can use
Eq. 2 to calculate the lag time that is needed to reach E*.
The critical membranal field E* will be attained first for
the polar regions of the bleb (i.e., cos 0 1), and, for a
given distribution of bleb sizes, for the largest R first (as
OEm/OR > 0 for any value of R, E, and t, as can be derived
from Eq. 2). Application of different external fields (E)
will result in different lag times for the appearance of EPL.
The point in EPL kinetics where the emission starts to rise
corresponds to t = tlag and Em = E.*. Assuming that E*
(obtained when the membranal field is almost fully estab-
lished) corresponds to E* (i.e., the threshold external
electric field that is required to observe EPL) in the
relation of EPL and the external field given in Fig. 7, we
obtain from Eq. 2 setting cos 0 = 1

tiag =A=IRC,, In EE (3)1YX E-E*

From experimental measurements of tlag vs E, analyzing
the data according to Eq. 3, Cm can be evaluated directly.
For this, the value of E* is estimated from the EPL vs. E
plots. With regard to the definition of R, the best approach
would be to have a homogeneous population of blebs, of the
same radius. However, heterogenous samples of a known
distribution are much easier to obtain; for such samples R
is defined as the largest radius of the distribution (see
above).

Experiments on Size-selected Blebs. In a certain
set of experiments, the blebs were selected by size, using
the cell sorter (see Methods). The narrow size distribution
of the resulting suspension is shown in Fig. 2 (black areas);
it can be characterized by a radius R = 4 ± 1 ,um. The
conductivity of the suspension was X0 = 2 x 105 S/cm,
and the minimal applied field to induce emission was found
to be E* = 400 V/cm. (One can calculate from this that
[cf. Eq. 1] the corresponding threshold membrane poten-
tial [Em * d] is equal to -240 mV). We measured the lag
time for this sample, for different applied voltages, and
plotted tiag vs. In [E - E*)] as according to Eq. 3. As
expected from Eq. 3, this dependence is indeed linear (Fig.
8) and allows the calculation of the specific capacitance Cm

0.3
InE

FIGURE 8 Externally applied field dependence of the lag time for size
selected (R = 4 ± 1 ,um) blebs. A0 = 2 x 10-' S/cm, td = 220 ms. E* =
400 V/cm (The value of E* was estimated from experiments on EPL vs.
field). Every point represents the mean value of two measurements, and
the different points stand for various alliquots from the same sample.

of the membrane:

Cm = 3R S (assuming Xi = X.) (4)

where S is the slope obtained from Fig. 8. It has been
assumed that Xi = ko, as the blebs were prepared directly in
a medium having this conductivity. From Eq. 4, taking into
account the errors in the measurement of the parameters
that appear in it, we estimate that the membrane specific
capacitance is Cm = 1.2 ± 0.3 ,uF/cm2.

FIGURE 9 Electrophotoluminescence traces induced by slow-rising elec-
tric fields from blebs (10 ug chlorophyll/ml in 0.1 mM KCI pH 7.8 td =
300 ms). The slow field rise was achieved by combination of an AC signal
generator and an amplifier, producing sinusoidal fields. In these experi-
ments, the time course of the field was the same (AC frequency 36 Hz)
but its peak (Epek) value varied at will: A (240), B (240), C (460), D
(470), E (1,070), F (1,070) V/cm, respectively. Upper trace, time course
of the external field (scale: in A-E -100 V/cm per division; in F -500
V/cm per division; base line in the middle). Lower trace, EPL kinetics
(scale: A-E 20 mV/division; F [25 times less sensitive], 500 mV/
division). Time scale as indicated.
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TABLE lI
VALUES OF THRESHOLD CRITICAL ELECTRIC
FIELD, E*, FOR EPL EMISSION IN DIFFERENT
RISING FIELDS. SOME CHOSEN EXAMPLES

Initial rate of field 54* 125t 201t 242* 298t
increase (V/cm ims)

E* (V/cm) 126 133 135 140 140

AC frequency 36 Hz* and 50 Hz4; various Epk

Heterogenous Distribution of Bleb Sizes
As the availability of the cell sorter apparatus was limited,
and the selection process slow, we continued this investiga-
tion on samples with relatively broad spectra of bleb radii
(e.g., Fig. 2). The basic observation of a lag period and the
necessity of a threshold field were still reproduced. The
requirement for a certain critical field was further con-
firmed in experiments where the rise of the applied field is
much slower than the presumed membrane charging rate,
so that the membranal field is practically proportional at
any moment to the external field.
A set of such experiments is shown in Fig. 9. The applied

fields increased quasi-linearly, with rates ranging between
100 and 400 V/cm per ms. Although EPL intensities
depended strongly on the rate of increase, the critical field
E * value obtained, below which EPL was undetectable
was the same (- 135 V/cm) for all voltage increase regimes
(Fig. 9 and Table II). Although this estimate of E * seems
lower than that obtained with the size-selected particles,
one must consider that here the suspension also contained
blebs having much larger radii, which attain the critical
membranal E* field at lower applied external fields. In
fact, the threshold values for lag and field must correspond
to the largest particles in the given distribution. In view of
this, the calculated threshold transmembranal potential
(Em) (estimated by use of Eq. 1 for a bleb with R = 12 ,um;
see Fig. 2) was found to be -240 mV, which is the same as
for the size-selected particles.

Turning to the case of fast-rising fields we checked Eq. 3
again by calculating ln [E/(E - E*)] for various mea-
sured values of tlag using E * = 135 V/cm. This was
repeated in different experiments varying X0 for each
experimental series by a suitable addition of salt to the
medium (Table III). The ratio of tiag to ln-[E/(E - E*)]
for each experimental series is fairly constant as predicted

TABLE III
LAG-TIME DATA FOR A HETEROGENOUS POPULATION OF BLEBS AT VARIOUS OUTER MEDIUM

CONDUCTIVITIES (Xe) AND DIFFERENT APPLIED FIELDS (E)

xo E tlag In E 106 tag XI C
E-E* ln E/(E-E*)

10's/cm V/cm As 105s/cm IF/cm2

2 1,850 9.0 0.076 118
1,450 10.5 0.098 107 Average 2 1.04 ± 0.13

(initial medium) 1,200 11.5 0.119 97 94 ± 12
900 14.0 0.162 86
600 22.0 0.254 87
480 30.0 0.33 91

10 1,850 4.0 0.076 53
1,450 5.0 0.098 51 Average 3.2
1,200 5.5 0.119 46 45 ± 6
900 7.0 0.163 43
600 11.5 0.254 45
480 14.0 0.33 42

20 1,850 3.5 0.076 46
1,450 4.0 0.098 41 Average 3.4
1,200 5.0 0.119 42 39 ± 3
900 6.0 0.163 37
600 9.5 0.254 37
480 12.0 0.33 36

40 1,850 3.0 0.076 39
1,450 3.5 0.098 36 Average 4.0
1,200 4.0 0.119 34 33 ± 3
900 5.5 0.163 34
600 8.5 0.254 33
480 10.0 0.33 30

Membrane-specific capacitance (Cm) was calculated (Eq. 3) for the initial medium conductivity, assuming Xi Xo. Inner phase conductivities (Xi) were
calculated assuming the same membrane specific capacitance (Cm = 1.04 AF/cm'). E* was taken from the data of Table I (135 V/cm). R was taken as
the largest bleb size (12 Arm). As E increases the error in ln[E/(E - E*)] due to any error in E* increases greatly. Therefore the value for E = 1,850 was
not included in the averaging.
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from Eq. 3. The calculated value of Cm for the initial (low
conductivity) medium assuming Xi = X. gives a value for
Cm (1.04 ± 0.13 ,jF/cm2) fairly close to the value obtained
for size-selected blebs. However, the data of the other
higher X0 experimental series are not consistent with Xi =
XO: The ratio tlag to ln [E/(E - E *)] does not decrease as
much as would be expected from the increase in the outer
medium conductivity (Table III). Therefore, we have to
assume that there is no full equilibration of the outer and
inner media with respect to the added salt concentration.
Assuming Cm to remain the same, as for the medium where
the blebs were prepared, we calculated Xi, using Eq. 3
(Table III). The results show indeed a very modest
increase in Xi as Xo increases. These findings underline the
importance of using for estimation of Cm, a low salt
concentration medium such as that used to prepare the
blebs, for which Xi = Xo.

Although the heterogenous population of blebs gave
results similar to the size-selected ones, we regard the latter
as more precise, in view of the uncertainty in R.

The Lag Time and the Photosynthetic
Light-induced Membrane Potential

For a given bleb size distribution and applied field intensi-
ty, the length of the lag time depends on the dark time, td
(see Fig. 4 inset), elapsing between the preillumination
flash and the application of the external electric field
(compare Figs. 6 A and 6 B). The differences are particu-
larly important in the first tens of milliseconds following
the flash (Fig. 10 B). Two parameters of the system
undergo a considerable change in this range, namely the
availability of precursors (which decreases with a second-
order kinetics in the dark [6, 7], and the light-induced
transmembrane electrical potential (Fig. 10 A), the decay
of which can be monitored by the carotenoid electro-
chromic shift (20). As the availability of precursors does
not influence tIag, the striking similarity (mirror symmetry)
between the dark-time dependence of the carotenoid shift
and that of tlag, respectively (Fig. 10) leads to the assump-
tion of the light-induced potential being responsible for the
change in tiag. This could be explained as follows: If the
external field and light-induced potentials were additive,
and a threshold potential is needed for EPL to occur (e.g.,
-240 mV as discussed above), the externally applied field
should contribute different proportion of this potential at
different dark times. For a constant applied voltage, this
would manifest itself in different lag times, increasing with
increase of td-
To further establish this view, we used ionophores such

as valinomycin and gramicidin to affect the light-induced
field. Their action on the light-induced carotenoid shift is
illustrated in Fig. 10 A. Valinomycin, being a carrier type
ionophore, accelerates the decay of the light-induced
potential, but does not affect its rise. Gramicidin, on the
other hand, being a channel-type ionophore, almost totally

FIGURE 10 Decay of the light-induced carotenoid electrochronic spec-
tral shift (A) and dark-time (td) dependence of EPL lag time (B). Applied
field intensity of E = 1,000 V/cm. Initial suspension (no addition)
medium contained 0.1 mM KCI. Additions were 2 mM KCI, 5 ,uM
valinomycin, and 10 ,M gramicidin D, as indicated. The top curves were

obtained after averaging and smoothing of the response to a 10-jus
saturating flash, while tIag for various dark times was measured directly.

collapses the light-induced potential. These ionophores
affect EPL emission itself (see Fig. 6 D and reference 17),
but we concentrate here on their action on the lag phase
only. As shown in Fig. 10, in the presence of valinomycin
tiag vs. td is almost a mirror image of the light-induced
potential decay in the presence of the same ionophore, in
spite of the change of kinetics. In the presence of gramicid-
in, the lag time is severely lengthened as the membrane
conductivity increases considerably, requiring, therefore,
much longer time to achieve the threshold potential. This
lag time is not influenced at all by td, in consistence with
the total absence of the light-induced potential.

DISCUSSION

The Membrane Capacitance

Our estimate of the membrane specific capacitance (Cm =

1.2 ± 0.3 IAF/cm2) agrees well with values usually obtained
for natural membranes (21, 22). As pointed out by Cole
(23), practically all the values obtained for membrane
capacitances range between 0.6 and 2.0 AF/cm2. There-
fore, we view the result mostly as a confirmation of the
approach. It should be stressed, however, that there are
relatively few direct measurements of the photosynthetic
membrane capacitance in the literature (24). Recently,
Packham et al. (25) measured the charging capacitance of
the chromatophore membrane, obtaining a value of 1.1
,uF/cm2, by analysis of the light-induced carotenoid shift.
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Absorption changes of carotenoids were also the basis for
the measurements of De Grooth et al. (26, 27) on chloro-
plastic blebs. In their work, the electrochromic shift was
induced by externally applied electric fields, similar to
those we used. The capacitance values obtained were 2.0
and 1.7 oF/cm2, respectively. In comparison with the
method we describe here, it seems to us that the approach
of Packham et al. (25) suffers from the necessity to
introduce parameters that are difficult to estimate, such as
the number of charges translocated through the membrane
by one flash, the average number of pigments in a vesicle,
and the membrane thickness. The method of De Grooth et
al. (26, 27) seems more reliable, but is hampered some-
what by the minuteness of the monitored effect itself; this
would make measurements on a size-selected sample very
difficult, while for a heterogenous size distribution very
similar complications to those in the EPL method appear
(the difference being that in our method one does not have
to know the whole size distribution, just the largest bleb
radius).

Having justified the validity of our approach, the main
improvements needed to arrive at a more accurate estima-
tion of the membrane electrical parameters are (a) achiev-
ing size homogeneity of the sample, (b) a more precise
procedure to find the lag in EPL vs. t and EPL vs. E, and
(c) a clear separation between the two components of EPL,
the rapid and slow emission, each with its own dependency
on E.

EPL vs. the Electric Field Strength
Our results indicate different dependence of EPL vs. the
electric field strength than is customary [6, 10] to assume.
Usually it was thought that EPL manifests a direct
increase of the recombination rate, and that the increase of
this rate is due to lowering of the activation energy by a
term proportional to Em that leads to an exponential factor
exp (Em/kT) in the expression for the rate of recombina-
tion. From the polar-angle,O, and external field dependence
(Eq. 1) integration over the whole sphere leads, in this
model, to luminescence proportional to cos h (E/kT),
approximated by an exponential when EPL is much higher
than ordinary delayed luminescence. Such a concept does
not really lead to our observations of a threshold voltage
and a lag time in the EPL kinetics. The results in Fig. 7
(inset) particularly show that above a certain threshold,
EPL increases over a narrow range of field intensities by
more than two orders of magnitude, but it then increases
very moderately as the field increases further. This is in
contrast to an exponential dependence.

Moreover, not only the maximal EPL, but also the total
integrated luminescence increases with the field. This hints
to the fact that there are two recombinational routes,
radiative and nonradiative, and that both the rate and yield
of the radiative route increase with the field (however, see

reference 10). Thus, the present theory (5, 6, 10, 28) is too
naive to explain these experimental facts.

Without going presently to any new concept, if one
assumes monotonous dependence of EPL vs. Em over a
positive range of Em (i.e., when directed from the inside to
the outside of the membrane bleb) and no EPL for negative
values of Em, the threshold could indicate the presence of
permanent negative (static) field that must be added to the
induced field. Only when the sum of the two fields reaches
above zero does EPL result. The effect of the photo-
induced potential on the lag time, which supports such
additivity of fields, is also in accord with such a concept.
The threshold field cannot be very sharp experimentally
because of the polar-angle, 0, dependence and the wide size
distribution.

Electrophotoluminescence as a Probe of
Membrane Properties

The external electric field-induced luminescence (EPL)
from photosynthetic (thylakoid) membranes can be
regarded as an intrinsic, fast-responding, voltage-sensitive
probe yielding information on membrane structure and
function. Some of the results obtained already in this
direction include (a) pigment orientation at the reaction
center of photosystem II, studied by EPL emission polari-
zation due to electroselection in the membrane by the
angular dependence of the induced field (7) and (b) the
kinetics, effectiveness, and intercationic selectivity of ion
translocation by ionophores (17), monitored by the
changes induced in EPL due to the latter's extreme
sensitivity to membrane electrical conductivity (see Eq.
A30 and Fig. 6 D). More generally, basic features of the
interaction between an external electric field and a vesicu-
lar membrane system can be studied by electrophotolumi-
nescence. The investigation presented here has been
devoted to the initial kinetics of this interaction, by making
use of the fast rise time, or the variable profile of the
applied field. A study of dielectric breakdown and recov-
ery, using a succession of field pulses of reversed polarities
and the opposite field action on the two bleb hemispheres,
will be presented elsewhere.

APPENDIX

Let us consider the chloroplastic bleb as a microscopic, spherical particle
of radius R, bounded by a single dielectric shell (the membrane) of
thickness d (Fig. 1 1). Let us calculate the intensity and time course of the
electric field induced in the membrane by an externally applied electric
field of intensity E.
The electrostatic potential U obeys the Laplace equation

AU = 0. (Al)

We will choose a system of spherical coordinates (r, 6, 4) having its origin
at the center of the particle, and the Oz axis parallel to the direction of the
applied field E. In these spherical coordinates, after separation of
variables and taking into account the symmetry relative to the polar axis
Oz, the general solution of Eq. Al can be expressed in the following
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FIGURE 11 Model for a spherical membrane-bound particle in an
external electric field: E, the externally applied electric field; 0, angle
between the field direction and the normal to the plane of the membrane,
at a certain point; U, electrostatic potential; Ao, A;, Am specific electrical
conductivity; R, radius of the vesicle; d, membrane thickness. Subscripts
o, i, and m stand for the outer, inner, and membrane phases, respectively.
Thick arrows within the membrane indicate the direction and angular
dependence of the intramembrane field intensity (Em).

form:

U(r, 0) = n,, [Anrr + +B] P. (cos 0) (A2)

where P. (cos 0) are the Legendre polynomials. Limitation of Eq. A2 to
one term (n - 1) gives a solution that is still general enough to meet the
boundary conditions, and therefore should also represent the unique
solution. Division of the space into three regions, namely, the outer
(subscript o), inner (subscript i), and the membrane (subscript m) leads
then to the solution

Uj(r,0) =Ajrcos0

+ Bj cos 0 (j = o, i, m, respectively). (A3)r2

Here Aj and Bj are six coefficients to be determined. We will assume them
to be time dependent, as we are interested in the time course of the
potential difference. The six conditions necessary for finding the coeffi-
cients will be given by the following:

(a) The continuity of the potential at the boundaries separating the
regions, i.e.

Ui(r = R - d, 0) = Um(r = R-d, 0) (A4)

Um(r = R, 0) = U. (r = R, 0). (A5)

(b) The finiteness of the potential everywhere, including the origin,
yielding

Bj(r = 0, 0) = 0, i.e., Bi = 0. (A6)

(c) The nonperturbation of the external field by the particle, at large
distances, giving

cl (r 4)=c-A0.

the membrane surface. These are obtained by taking the time derivatives
of the equation expressing the dependence of the discontinuity of the
displacement vectors (E = EE) normal to the surface, on the surface
charge densites, aj (i.e., 6[eE J = 4raj), and equating the rate of the
surface charge density change with the radial currents at the surface. The
currents are expressed with the aid of the specific ion conductivities Xj and
the radial field E, = (-OU/Or). One obtains

dEmr dE- dar
dt idt dt

I 2Bm 147r1-|Aj cos 0 + Am Am (R- d)3 cos ( )

dE, dEmr da.
° dt m dt dt

=47r Xo -E-R3]-Am Am- ]} (A9)
where Eqs. A6 and A7 have already been taken into account. Expressing
Ai and Bo in Eqs. A8 and A9 from Eqs. A4 and A5, setting

(AIO)fo= i -E

and considering

(R -d) R

- 3R2d (as typically Rld = 1,000 for blebs) (Al 1)

we obtain by substitution in Eqs. A8 and A9 and rearrangement:

(2e + Em) dA + 2(E - E) d + 47r(2X + Xm)A
dIt dt

+ 4,ir(2X, - 2Xm)B + 127rAXR3E = 0 (A12)

and

(-Em)( 1 -R)d+(E+ m) dt

+ 4ir(X - Xm) (I - R)A + 4wr(Xi + 2Am)B = 0.

Here we substituted

R3Am = A

Bm = B

Ej" = _ dUj, = - Aj + 2Bj cosO.
~' dr r J

(A13)

(A14)

(A15)

(A16)

Let us assume that Am << (Xi, kA) as is usually the case. To solve for A =
A(t) and B = B(t), we will write for them the general form of a solution
for the above system of first-order differential equations with constant
coefficients:

A = AO + A,eu"" + A2e-021

B = Bo + B e-a" + B2e-o2'(A7)

(A17)

(A18)

(d) The conditions related to charge movement and accumulation at
Substitution of Eqs. A17 and A18 into Eqs. A12 and A13 leads to the
following homogeneous algebric equations for either the unknowns A1, B1,
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or A2, B2:

[87rX0 - (2E + Em))ak]Ak + [8irXo - 2(E - Em))ak]Bk =

47rXi I
-
R )- ( -E.) I

- R )a(k -

Ak

+ [47rX - (E + 2Em)ak]Bk = 0 k = 1.2. (A19)

The solution are nonzero, providing that the determinant of the coeffi-
cients is zero. This condition will set the solutions for a, and a2. From this
the following quadratic equation for a, (i = 1, 2) is obtained:

[9EEm + (E -Em)] ak

- R[3Em(8rXo + 47rX,) + -(E-Em)(47rO + 47rX)] ak

R~~~

+ 967r2XO0X
d

= 0 (A20)

written briefly as Ma2 + Na + P = 0. We will consider the orders of
magnitude of the coefficients appearing in Eq. A20, to make a reasonable
approximation for a, and a2. Setting d/R = 0 (i.e., P = 0) gives the
approximation limits, which are a, = 0 and a2 = -N/M. Considering P
finite but still small compared with N2/4M, one will obtain a, as a small
quantity approximated by -P/N while a2 is still fairly closed to -N/M.
Thus

4ird 2X0Xi 1 2X,OX (21

EmR 2X +Xi RCm 2X0+ Xi

and

4ir
a2 = - (2Xo + Xi). (A22)

In Eqs. A21 and A22, M and N were approximated by dropping the terms
containing d/R. This is justified since dIR - 1/ 1,000, while e/em 40.
To find Ak, Bk (k = 0, 1, 2) we identify the coefficients of the

exponentials after introducing Eqs. A17 and A18 into Eqs. A12 and A13.
We obtain, again dropping terms in dIR,

R4E
Ao = -Al = A2 =-Bo = B, = 2B2 =- 2d .(A23)2d

With these, and a, and a2 from Eqs. A21 and A22, we get

m (Am + 2Bm)

=E'axcosO. [-I-exp(- (2X0O2XRm)] (A24)
m | P( (2Ao + Ai)RCm )

with

m = 1.5 (R/d)E. (A25)

Eq. A24 has been obtained with the simplifying assumptions d << R and
Xm << A;, Xo. Without these assumptions, a more general expression can be
obtained. Let us calculate E.' for the general case. For the steady state,
Eqs. A8 and A9 can be replaced by

X i (r = R-d) =X m d m(r = R-d) (A26)
clr Olr

and

Xm aum (r = R) = X -U° (r = R). (A27)
clr lr

With the other four conditions (Eqs. A4 to A7), these lead, after some
algebra, to

nmaxEm
9X0XiE

(2Xo + Xm)(2Xm + Xi) - (2X0 - )(X-m)[(R -d)3/R3]
(A28)

For specific cases Eq. A28 can be simplified. Thus, for X0 = Xi >> Xo, it
becomes

Emax (9/2) 1 - E(R- (A29)

i.e., the same as in reference 6. Of course with R >> d, Eq. A29 reduces to
Eq. A25 as in references (10, 18, 26). On the other hand, ifR >> d, but A0
XXi, and Am is not neglected Eq. A28 becomes

mx (3/2)(R/d)E
+ 2X0 + Xi m/(R/D) (A30)

2X0Xi
which again reduces to Eq. A25 for Am << (Ao, AX).
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