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1. Introduction 

Delayed luminescence emission (a general property 
of photosynthetic systems) is closely related to pri- 

mary electron flow and energetic events in photosyn- 
thesis [ 1,2]. In particular, electrical phenomena at 
the membrane level have a marked influence on the 
emission; thus, for example, an artificially induced 
diffusion electric potential (positive inside) [3] or a 
change in the dielectric constant of the membrane [2] 

have been shown to stimulate delayed luminescence. 
An efficient and kinetically unique method to 

induce transmembrane potentials in a suspension of 
membrane-bound vesicles is the application of an 
external macroscopic electric field [4]. In this way, 
delayed luminescence can be significantly enhanced 
(by l-3 orders of magnitude) [5,6], especially in 
hypotonically extensively swollen particles originating 
from the chloroplasts (blebs [7]). This phenomenon, 
termed electrophotoluminescence (EPL) [6] has 
interesting kinetic features, not yet understood. The 
role of the electric field is explained [6,8] generally 
in terms of the primary photosynthetic charge separa- 
tion in photosystem II, its vectorial nature in the 
membrane [9] and an additional term in the activa- 
tion energy for its back reaction introduced by the 
transmembrane field [8]. The resulting charge recom- 
bination produces the chlorophyll excited singlet 
state, giving rise to luminescence. 

In order to obtain additional information on the 
mechanism of EPL production and its relation to 
membrane topology, one can make use of the direc- 
tional nature of the external electric field as a trigger- 
ing agent. Since the electric field induced within the 
membrane by the external field has a strong angular 
dependence on the external field direction [6], one 
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expects different contribution to EPL by various 
regions of a vesicle’s membrane. On the other hand, 
the chromophore responsible for the emission (chl a) 
has a preferential orientation within the membrane 
[ lo,1 11. In view of this, a relatively high degree of 
polarization of the field induced emission is to be 
expected. We report here a study of EPL emission 
induced by DC electric pulses using polarized detec- 
tion. The results show a significant electroselection in 
the membrane, and are consistent with an orientation 
of the long-wavelength transition moment Qy of 
chlorophyll a in photosystem II parallel to the plane 
of the membrane [12,13]. The kinetics and field 

dependence of the emission polarization are quite 
complex. Some of its features can be explained by 
assuming the existence of two mechanistically differ- 
ent components of EPL emission, and a rapid adjust- 
ment of the membrane and its ionic environment to 
the external electric field.. 

2. Materials and methods 

Chloroplasts were prepared from lettuce, pea and 
tobacco leaves (with no significant differences in the 
results), essentially according to [ 141, and stored for 
long periods of time at low temperatures [ 151 with 
complete preservation of all relevant photosynthetic 
activities. ‘Blebs’ [7] were obtained by resuspending 
the stock chloroplasts in distilled water, at final cont. 
100 PM NaCl and lo-50 pg/ml chl, in most cases. 
A pronounced swelling, completed within minutes, 
was induced by the hypotonicity of the medium, 
yielding quasi-spherical objects of 3-10 pm diam. 
and lo’--lo3 pm3 vol. (blebs) as in [7,16-181. In 
isotonic media, no ‘blebbing’ occurred. The samples 
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used in the experiments were characterized (fig.la,c) 
by fluorescence microscopy coupled to an image-inten- 
sified video camera [29]. 

The experimental set-up included an E-jump cell 
(similar to that in [ 191) a timing circuitry and a high- 
voltage pulser (Cober 606) capable of delivering 
rectangular DC pulses of up to 2500 V (correspond- 
ing field value E = 3200 V/cm), with very fast rise 
and fall times (<l ~.ls) and a variable duration of 
1 ~~-10 ms. Preillumination of the sample was 

provided by either saturating 10 ps flashes or conti- 
nuous light passed through a Corning 4-96 filter. The 
luminescence emission was detected by two photo- 
multipliers (EMI 9558 B and Hamamatsu R376) 
situated at 180” from one another, perpendicularly 
to both the preillumination and the external electric 
field direction. In front of the photomultipliers two 
Schott RG 5 @ > 665) cut-off filters and KS-DEM 
(Kasemann, Oberaudorf) polarizers were placed. 
Appropriate checks for the absolute directions of 

Fig.1. Polarization of EPL emission and its dependence on sample preparation. (a) Typical ‘blebs’: These large spherical particles 
are bounded by one pigmented membrane, with occasional ‘patches’ of higher fluorescence (left) probably representing aggregated 
or partially stacked membranes. Often these patches are absent (right). Conditions: pea chloroplasts resuspended in distilled 
water, at 100 PM NaCl and 25 pg/ml chl (pH 7.8). Fluorescence microscopy with image intensification [29]. (b) EPL emission 
from blebs: upper trace, EPLl (see text); middle trace, EPL,,; lower trace, the applied electric field pulse shape (E = 2200 V/cm); 
time scale, 20 &division. (c) Chloroplasts in (quasi) isotonic buffer: 10 mM Tricine, 0.2 M sucrose, 10 mM NaCl, (pH 7.8); the 
highly fluorescent ‘granules’ inside the large particles represent the thylakoids. (d) EPL emission from chloroplasts (as shown in 
(c)): The t&o upper traces are EPLl and EPL,, , respectively (detection sensitivity 5-times higher than in (b)). The lower trace iS 
the electric field pulse (identical to (b)). Time scale 20 ps/division. 
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polarization and the intrinsic polarization of the 
detection system were made [20]. The signals from 
the photomultipliers were monitored on fast-storage 
oscilloscopes (Tektronix 73 13,7623 A and Nicolet 
Nit 1170) and photographed. 

A typical experiment consisted of a 10 ~.ts flash, 
followed by a S-500 ms dark time in which the 
natural luminescence decayed, a 20-5000 ~.ls electric 
field pulse (E = 500-3000 V/cm) and monitoring of 
delayed luminescence, the field pulse and the resulting 
electrophotoluminescence (EPL), with one of the 
polarizers perpendicular and the other parallel to the 
external electric field direction. 

3. Results 

Upon application of the rectangular electric field 
pulse to the preihuminated suspension of ‘blebs’, a 
burst of luminescence (EPL) was observed, l-3, 
orders of magnitude more intense than the original 
delayed luminescence corresponding to the same dark 
time. Two typical signals of this kind are shown in 
fig.lb, corresponding to detection through polarizers 
with their axes perpendicular and parallel to the 
external field direction (EPL, and EPL,, , respectively). 
The general kinetic behaviour of both signals was 
similar in that they were produced after a certain lag 
time, increased to a maximum and decreased towards 
a steady-state during the field pulse. EPL, showed 
much more pronounced maximum than EPL,, . Upon 
termination of the field pulse both polarization com- 
ponents decayed simultaneously to the background 
level of regular delayed luminescence. The relative 
magnitude and kinetic features of these phases were 
strongly dependent on the intensity of the applied 
field, the dark time td elapsing between preillumina- 
tion and electric stimulation, the parameters of the 
medium (osmolarity, viscosity, ionic strength, pH, 
temperature) and the state of the photosynthetic 
membrane (in preparation). 

Regarding polarization, the following character- 
istics can be distinguished: 
(1) Phenomenology and kinetics (fig. lb): The (field- 

dependent) lag time is similar for both polariza- 
tions. Immediately after the lag phase EPL, is 
higher than EPL,, . We defme a (time-dependent) 
polarization ratio 4 as: 

4 = EPLJEPL,, (I) 
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Fig.2. Polarization ratio variation during the electric field 
puke. tE, thne elapsed during the pUlSe, from its apphxtion 

(logarithmic scale). Numbers on the curves indicate the inten- 
sity of the external electric field. The arrows show the posi- 
tion of the emission peak of EPL. Conditions: ‘Blebs’ from 
pea chloroplasts, td = 200 ms, 100 PM NaCl (pH 7.8). 

This ratio changes during the field pulse, as illustrated 
in fig.2. It is initially maximal through the rising phase 
of EPLand decays afterwards, tending towards 1 (i.e., 
no polarization), reaching ultimately this value for 
experiments where the pulse length is sufficiently 
long. This steady state of no polarization coincides 
with the steady state of the EPL intensity, which is 
still much higher than the natural delayed lumine- 
scence. If the exciting field pulse is interrupted before 
the steady state is reached (4 > 1) there is a parallel 
decay of both the EPL intensity to the level of the 
original luminescence and to 4 = 1, occurring usually 
within a few tens of ps. 
(2) Electric field dependence: The initial maximal 

value for 4, obtained during the rising phase of 
EPL depends on the field intensity in a rather 
interesting manner. It reaches quite high values 
(4 z 3) at relatively low fields (800 V/cm, the 
lowest field value at which measurements were not 
distorted by noise), and diminishes at higher fields, 
tending apparently to a field-independent limit 
around 4 = 2, which is observed in the range 
1500-3000 V/cm. The field at which the behav- 
iour changes from the high to low limit values is 
somewhat variable from experiment to experiment 
and seems to be dependent mainly on the size and 
condition of the blebs. The decay of q during the 
field pulse is faster the higher the field intensity. 

(3) Angular dependence: We confirmed that the 
parallel and perpendicular polarization with res- 
pect to the field direction represent indeed the 
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Fig.3. Angular dependence of EPL emission: c1 is the angle 
between the axis of the detection polarizer and the direc- 
tion of the externally applied field. EPL was measured, at 
its peak, for different CY values (EPLo-relative units). Condl- 
tions: as for flg.2, E = 2000 V/cm. 

minimum and maximum intensitites, respectively. Delayed luminescence from in vivo chl. a is cur- 

Fig.3 represents an example for the angular depen- rently explained as being a consequence of the back- 

dence of the EPL (intensity as a function of the reaction of the primary photosynthetic charge separa- 

polarization angle o). Similar dependencies were tion [ 1,2]. The recombination reactions require acti- 

observed for different field values and dark times. vation energy in order to produce the excited singlet 

(4) Structural requirements: In order to obtain state of chl a. The entities involved in this process 
polarization, ‘bleb’ formation seems to be a prere- (the primary donor and acceptor of photosystem II) 

quisite (fig.la), as chloroplasts under normal con- have a precise location within the photosynthetic 

ditions (ilg.lc), although exhibiting EPL (fig.ld), 
show practically no polarization of the emission. 
This is further substantiated by the dependence of 
the polarization on the conditions of the resuspen- 
sion medium, as summarized in table 1. 

(5) Other features: The polarization ratio and its 
variation during the field pulse are markedly 
influenced by the dark time (td). As a general rule, 
the shorter this dark time, the higher the polariza- 
tion ratio and the faster it rises and*decays during 
the pulse (for a given field value). 
A sequence of several unidirectional pulses follow- 

ing a single preillumination are able each to excite 
EPL. However, EPL intensity decreases markedly as a 
function of the pulse number and in particular the 
sharp maximum tends to disappear already in the 
second pulse. This phenomenon is paralleled by a 
decrease of the initial maximal polarization ratio q. 
(e.g., a drop from q = 2 to q = 1.2 in the second pulse 
and no polarization in the third). 

4. Discussion 

Table 1 
Effect of the suspension medium on the polarization of EPL 

Resuspension ‘Blebs’ 

Hz0 
Isotonic buffer 
Glycerol (20%, v/v) 

Present 
Absent 
Absent 

H,O + Isotonic buffer 
H,O + Glycerol 

H,O + MgCl, (3 mM) 

Present 
Present 

Present 

Av. ‘bleb’ 
size 

EPL intensity at the 
peak of emission 

Polarization ratio 
(EPLI/EPLll) at the 
peak of emissionb 

Large 100 1.8 
- 40 1.0 
- 20 1.0 

Large --f Small 
Large -+ Small 

60 1.5 + 1.1c 
30 1.4 -t 1.1c 

Large 150 1.4 

a Chloroplasts from the stock (section 2) were resuspended in the media indicated in the fist column, at pH 7.8 and the same [chl] 
b This parameter has been chosen to facilitate comparison of signals with different kinetics 
’ This is a dynamic range, as the ratio changes in time following the addition of buffer or glycerol, in parallel to the slow shrinkage 

of the Webs 
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membrane [9,21]. Assuming that the direction link- 
ing them is approximately perpendicular to the plane 
of the membrane [21], one can explain the ability of 

a properly oriented transmembrane electric field to 

enhance delayed light emission by assuming that the 

field destabilizes the photoinduced charge separation 
state, lowering the activation energy for the back-reac- 
tion(s) and facilitating recombination along the field 
direction. In the case of a diffusion-potential induced 
field [3] this is true for the whole membrane, while 
in the case of an external electric field only part of 
the membrane (for a spherical vesicle, a hemisphere) 
will have the local field oriented properly for enhanc- 

ing emission. 
As pointed out in [6], the magnitude of the 

enhanced signal (EPL) as compared to delayed 
luminescence indicates that it is induced in the mem- 

brane by an electric field much stronger than the 
externally applied one (10’ --IO6 V/cm vs lo3 V/cm). 
In order to explain this local enhancement, they pro- 

posed the following simple model (fig.4): 

t= 

Fig.4. Model for a spherical membrane-bounded parti% III 
an external electric field: E, the externally applied electric 
field (directed along the 0, axis); 0, angle between the field 
direction and the normal to the plane of the membrane, at a 
certain point; U, electric potential; A, specific conductivity; 
R, radius of the vesicle; d, membrane thickness; subscripts i, 
o and m stand for the inner, outer and membrane phase, 
respectively. Thick arrows within the membrane indicate the 
direction and angular dependence of the intensity of the 
intramembrane field (Em, see text). 

When a spherical particle of radius R, bounded by 
a membrane of thickness d and much lower con- 
ductivity than either the inner or the outer medium, 
is placed in an external electric field of strength E, 
the intensity of the radial field Em at a certain 
point within the membrane can be written as 

[6,22]: 

Ecos8 (2) 

where cos 19 is the angle between the external field 

direction and the normal to the membrane surface 
at that point. 

If the membrane thickness d is much smaller than the 
radius R, eq. (2) becomes: 

E ==EcosO 
m 2d 

(3) 

Typical values to be inserted in eq. (3) are d = 5 nm 
[6,17,18,23] and R = 5 E.trn (average of our size distri- 
bution; [ 17]), yielding q” = 1500 E for the pole of 

the spherical vesicle (cos 19 = 1). 
The angular dependence of the local field and the 

presumably monotonous dependence of the emission 
on the field intensity result in more emission coming 
from regions near the pole (i.e., where the field is 

maximum). To obtain polarization the emitting pig- 
ment must have a definite orientation with respect to 

the membrane. The highest polarization in the per- 
pendicular direction is consistent with the view that 
the chl a long wavelength transition moment Q,, is 
alligned mostly in parallel to the membrane surface, 
as concluded from linear dichroism [24], polarized 
fluorescence [25,26] and other methods [27]. 

We thought of several reasons why the polariza- 
tion ultimately decays. The relative importance of 
membrane regions further away from the pole may 
increase during the field pulse because: 

(9 

(ii) 

Stronger initial depletion of precursors at the 
pole tends ultimately to equalize the contribu- 
tions from different parts of the sphere; 

The local strong field induces partial conduct- 
ance in the membrane (dielectric breakdown 
[28]) and tends to decrease the field. This effect 
is presumably stronger at the pole; 
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(iii) EPL may consist of two mechanistically differ- Acknowledgements 

ent components (the R and S components [6]). 

To explain the kinetics, field dependence and Ed 
dependence of the polarization, one can make the 
following assumption regarding the kinetic compo- 
nents R and S: One component (R) is largely pola- 
rized and is more pronounced in the first part of the 
field pulse. This component contributes to the increase 
and decrease with a sharp maximum. The second 
component (S) is unpolarized and has shallower 

kinetics of mainly monotonous increase to a steady- 
state. The different properties of the polarization of 
the two components may stem from the field depen- 

dence of each. The S component is largely field-inde- 
‘pendent in the field range used by us (see also [6]) 
while the R component is strongly field dependent. 
The polarization changes as the ratio between the two 
components varies, either in time, or at different con- 
ditions including td . For example, the absence of 
polarization in chloroplasts and its lower values in 
smaller ‘blebs’ or in presence of MgClz (table 1) could 
be due to the fact that in these cases the majority of 
the emission is S-type, unlike in distilled water. This 
seems to be of more importance for polarization 
than the actual intensity of EPL emission which is 
enhanced by magnesium. 

(iv) ‘A field-induced orientation effect [30]. 

However, the orientation time of the whole chloro- 
plasts [ 121 and ‘blebs’ is in the order of seconds, 
while intramembrane orientation of the emitting 
chromophore should lead to polarization increasing 
with the strength of the applied field, which is not the 
case (fig.2). Moreover, the (unlikely) additional assump- 
tion of reciprocal perpendicularity of the electrical 
dipole moment and emission transition moment 
would have to be made. 
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of the Weizmann Institute of Science in Israel Career 
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