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Strong externally applied electrical field pulses are known to stimulate delayed luminescence from preil- 
luminated blebs (hypotonically swollen vesicles originating from thylaknid membranes of broken chloro- 
plasts) by up to 3 orders of magnitude. This phenomenon is known as electrophotoluminescence. Previous 
analysis showed the kinetics of the electrophotoluminescence to be biphasic, displaying a rapid (R) phase 
which decays towards a slower one (S) (Ellenson, J .L  and Sauer, K. (1976) Photochem. Photobiol. 23, 
113-123). We demonstrate that these two components represent different processes. At low pH, a good 
kinetic separation is obtained between the two phases, which become distinct, with the S phase manifesting 
also an initial rise period. Under these conditions, it is possible to estimate separately the approximate rise 
times of the two phases. It is shown that the R and S components have a different dependence on the pH and 
on the time between the actinic flash and onset of the field. The field dependence is also different, with the S 
phase requiring a lower threshold field than R. From these observations, it is concluded that the R and S 
luminescence components are formed by different precursors. The difference in behaviour of the two phases 
during formation of the bleb indicates that the precursors of the R and S phases belong to different parts of 
the bleb. We suggest that R precursors are located in the wall of the swollen thylaknid and S precursors in 
the membrane formations which are attached to this wall. 

Introduction 

Delayed luminescence from photosynthetic 
membranes presumably results from a reversal of 
the light-induced charge separation [1-3]. It is 
very sensitive to the prevailing conditions of the 
membrane [4]. For instance, in blebs (i.e., swollen 
vesicles originating from the chloroplasts under 
hypotonic conditions) externally applied electrical 

Abbreviations: DCMU,  3-(3-4-dichlorophenyl)-l,l-dimethyl- 
urea; PS II, Photosystem II. 
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fields can stimulate the luminescence up to 3 orders 
of magnitude [5]. This phenomenon, called electro- 
photoluminiescence [5], was first reported by 
Arnold and Azzi [6] and studied extensively by 
Ellenson and Sauer [5]. Through its dependence on 
the experimental conditions, including photosyn- 
thetic-related parameters (Photosystem II activity, 
preillumination, presence of inhibitors and mem- 
brane permeability) and parameters of the suspen- 
sion medium (osmolarity, viscosity, electrical con- 
ductivity, pH and temperature), analysis of elec- 
trophotoluminescence promises to be a valuable 
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tool for monitoring structural and functional 
parameters of the photosynthetic membrane 
[7,8,19,20]. However, the present state of under- 
standing of this phenomenon is still unsatisfactory 
in terms of specifying a detailed mechanism [7-9], 
except for a general belief that it involves recombi- 
nation of charges formed by the obligatory preil- 
lumination [1]. 

Previous analysis of the kinetics of electropho- 
toluminescence for chloroplasts suspended in dis- 
tilled water showed that upon onset of the external 
electrical field, the luminescence rises rapidly 
(within 50/~s) to a maximum (R phase) and subse- 
quently decays with multiphasic kinetics, rapid 
(typically within 400/~s) and slow (in the ms time 
range). The slow S phase was rather arbitrarily 
defined as the extent of the stimulated lumines- 
cence at some time during the slow decay [5,9]. 
The rise of the R phase appears to be determined 
by the charging capacitance of the membrane with 
a requirement for a threshold value of the stimu- 
lating electric field [9]. The purpose of this re- 
search is to characterize the R and S components 
and to find the conditions under which they can 
be studied separately. Furthermore, we demon- 
strate that the two phases belong to different 
precursors and argue that these precursors are 
located in different parts of the bleb. 

A preliminary account of part of this work has 
been presented at the VIth International Congress 
of Photosynthesis. 

Materials and Methods 

Class C chloroplasts from lettuce and spinach 
were prepared according to Avron [10]. The isola- 
tion medium routinely comprised 0.4 M sucrose/10 
mM NaC1/5 mM MgC12/20/~M ascorbic acid/30 
mM Tris (pH 7.5). The washing and storage 
medium comprised 0.4 M sucrose/10 mM Tris 
(pH 7.5). The chloroplasts were freshly used or 
stored at liquid nitrogen temperature. In the latter 
case, the storage medium was supplemented by 
30% ethylene glycol [11]. The results were indepen- 
dent of the way of storage. In some cases, 10 mM 
NaCI and 5 mM MgCI 2 were added to the wash- 
ing and storage media (see Discussion). Upon 
dilution in various hypotonic media (typically by a 
factor of 500), blebs [8,13,14] were formed. The 

blebs were viewed and characterized by a phase- 
contrast microscope equipped with an image-in- 
tensified video camera, as described previously 
[12]. They had a spectrum of diameters ranging up 
to 20 #m. In distilled water, the average diameter 
of the blebs was between 3 and 11 ~m, depending 
on the preparation. In a buffered suspension (10 
mM Tris), the average size was about 25% smaller, 
and virtually pH-independent. However, in these 
conditions, a substantial amount of the chloro- 
plasts did not seem to bleb, amounting to about 30 
and 20% at pH 6 and 9, respectively. This did not 
influence the results to any significant extent, since 
electrophotoluminescence from chloroplasts sus- 
pended in an isotonic medium is about an order of 
magnitude smaller. In distilled water, virtually all 
the chloroplasts appeared to form blebs. Full bleb 
formation, as monitored by electric-field-stimu- 
lated luminescence, could take up to an hour or 
more, depending on the preparation and pH (see 
Results), the slower-formed blebs remaining stable 
for several hours at room temperature. We 
routinely prepared the blebs by incubating the 
broken chloroplasts during the appropriate time in 
the respective media at room temperature. The 
suspension was then transferred to ice until mea- 
sured. Special care was taken not to break the 
extremely fragile bleb membrane formations: 
shaking, handling with microsyringes or even the 
slight pressure of a microscopic cover glass was 
sufficient to destroy part of the material. We ob- 
served substantial variations in the ratio of the 
extent of the R and S luminescence components 
and in the separation between their rise times 
depending on the preparation, in otherwise similar 
conditions, however. The time needed to complete 
bleb formation was also strongly variable. No 
systematic difference was observed between 
material from different origin (i.e, lettuce or 
spinach). Bleb formation was faster however with 
fresh chloroplasts than with those stored in liquid 
nitrogen. Moreover, in the latter case, at low pH, S 
was more predominant. Final chlorophyll con- 
centration varied between 5 and 20 ~g/ml .  Specific 
conductivity was measured with a conductometer 
(Radiometer, Copenhagen). 

The experimental set-up was essentially as de- 
scribed by Farkas et al. [15]. The sample holder 
was provided by a pair of stainless-steel electrodes 
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with a variable gap. A typical experiment started 
by preillumination with either a 10/~s flash or with 
continuous illumination of variable duration, both 
filtered by a Corning 4-96 filter limiting the wave- 
length band to approx. 400-600 nm. After a varia- 
ble dark time, td, an external electrical field pulse 
was applied. The minimum t d value was limited by 
the shutter system: 8 ms after a flash and 21 ms 
after continuous illumination. The electric field 
pulses were delivered by a high-voltage pulser 
(Cober 606) capable of delivering rectangular di- 
rect current pulses of up to 2500 V with a duration 
t E between 20 and 5000/Ls. For the double-pulse 
experiments, a trigger system was used eliciting 
two pulses of the same polarity with a variable 
time between them. All experiments were carried 
out at room temperature. 

Results 

The kinetics of the electric-field-induced 
luminescence obtained from chloroplasts sus- 
pended in Tris buffer at different pH are shown in 
Fig. 1. At pH 4.5, the emission intensity has two 
maxima (Fig. 1A), indicating the existence of two 
components, which we will term R and S, respec- 
tively. These components can be characterized by 
their respective rise times t R and t s, defined here 
as the time needed to reach the respective maxima 
from the onset of the field. At higher pH, the slow 
phase may be visible as a shoulder or may be 
completely buried under the fast phase (Fig. 1B 
and C). Previously, the electric-field-stimulated 
luminescence was only observed under conditions 
showing a similar pattern as in Fig. 1C. R was also 
defined as the maximum extent of the fast-rising 
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Fig. 1. Kinetics of electric-field-induced luminescence of lettuce 
blebs suspended in various media. Applied field strength is 1.6 
kV.cm -1. t a after flash is 10 ms. Medium contains 10 mM 
Tris. A, pH 4.5, B, pH 7, C, pH 8. Bieb formation time is 20 
min, 1 h and 2 h, respectively. 

component, but what then has been defined as S 
phase represents evidently only the tailing edge of 
the slow component [5,9]. This is corroborated by 
the fact that under conditions where the maximum 
of the S phase is usually not resolved from the R 
phase, e.g., at pH 9, as depicted in Fig. 1C, S is 
distinctly visible during the initial stages of bleb 
formation. This is demonstrated in Fig. 2, showing 
kinetics of stimulated luminescence at different 
times during the swelling process of the thylakoids 
at pH 9. It is seen that during the first 0.5 min, the 
S phase is observed alone and only afterwards the 
R phase develops. Subsequently, as bleb formation 
progresses, the S phase becomes hidden under the 
R phase. 

Another parameter which differentiates the two 
phases is the polarization of the emission: it was 
demonstrated previously that the R phase was 
polarized (perpendicular to the field) whereas the 
S phase was not [15]. This is actually what is 
observed at low pH (Fig. 3), where there is a clear 
separation between the two phases. The polariza- 
tion extent decays in time and tends already to 
zero when the S phase is still growing. 

Fig. 4 shows the electric field dependencies of 
the peak values of the R and S phases. Corre- 
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Fig. 2. Kinetics of electric-field-induced luminescence at vari- 
ous times during formation of blebs from lettuce chloroplasts. 
Suspension medium is 10 mM Tris (pH 9). Other conditions as 
in Fig. 1. 
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Fig. 3. Polarization of electric-field-induced luminescence. Sus- 
pension medium is 10 mM Tris (pH 9). t d after flash is 10 ms. 
Applied field strength is 2 kV-cm-1. Upper and lower traces 
are polarized _L and II, respectively. 

sponding kinetics of the stimulated luminescence 
at three different external field strengths are de- 
picted in Fig. 5. Although there is an overlap of 
the two phases, for the present purpose the maxi- 
mum extents of R and S are a sufficiently accurate 
measure of the relative size of the two compo- 
nents. As seen in Fig. 4, the field dependencies of 
both R and S follow a similar trend. There are 
significant differences however, which are mostly 
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Fig. 4. External electric field dependence of R and S compo- 
nents of electric-field-induced luminescence, t a after flash is 10 
ms. O O, R component; • • ,  S component. 
Points are an average of 3 or 4 measurements. Error bars mark 
standard deviations. For each experiment, another sample was 
taken. Suspension medium is 8 mM Tris (pH 4.5). Bleb forma- 
tion time, 15 rain. Inset, expansion of the low external field 
region. EPL, electrophotoluminescence. 
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Fig. 5. Kinetics of electric-field-induced luminescence at vari- 
ous external electrical field strengths. (A) E = 0.9 kV.cm- I ;  
(B) E =1.2 kV.cm-1;  (C) E = 4 kV.m 1. Other conditions as 
in Fig. 4. 

marked at lower fields. Part of these differences 
can be accounted for by a difference in threshold 
field (the minimal field strength below which no 
stimulation of the luminescence occurs). The effect 
of this threshold is evidently more pronounced at 
low external electrical fields. Farkas et al. [9] sug- 
gested the existence of a threshold in order to 
explain the field dependence as well as the initial 
kinetics of the field-induced luminescence. They 
experimentally determined the value of the (in- 
tramembrane) threshold field for the R phase to 
be about 240 mV [9]. In Fig. 4, one can thus see 
that there is a difference between R and S compo- 
nents with respect to the threshold field and that 
the threshold for S is lower than for R. This is 
substantiated by the fact that the two curves cross 
each other. Due to increased overlap between the 
two components, it is much more difficult to ob- 
serve this phenomenon above pH 5 or 6. Another 
difference between the two phases is that, for field 
strengths smaller than 1.5 kV.  m -a, the field de- 
pendence of R is significantly stronger than that of 
S. The field dependence of both R and S show a 
tendency to saturate at higher fields. This is sub- 
stantiated by the presence of an inflection point 
which is located at about the same field (2 kV.  
cm-1)  for the two components. The trend towards 
saturation could be brought about by electro- 
perforation of the membrane [8,16]. This electri- 
cally induced breakdown limits the membrane 
potential generated by the external field by caus- 
ing a drastic increase in the conductance of the 
membrane [17]. 

The R and S differ also in their dependence on 
the dark time between preillumination and the 
electrical pulse. Increasing the dark time from 10 
ms to 1 s at pH 4.5 and for an applied field of 2.8 
kV.  cm -1 causes R to decrease by a factor of 120, 
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whereas S decreases by less than a factor of 20. 
Similar differences between R and S were ob- 
served at higher pH or in distilled water. 

The degree to which the two phases can be 
separated is evidently determined by the difference 
in their respective rise times t R and t s. The rise 
times of both R and S become shorter with in- 
creasing field strength. They are also affected in a 
similar way by increasing the dark time from 10 
ms to 1 s; both t R and t s increase by about 30% in 
this case. The pH affects t R and t s in an opposite 
way, however. The t R increases from pH 4.5 to 9, 
which can be quantitatively explained by the lower 
conductivity of the medium at high pH (cf. Ref. 
9). The t s decreases markedly in the same pH 
range, a phenomenon which at this moment  we 
cannot explain. 

The inset of Fig. 6 shows the kinetic of the 
field-stimulated luminescence in a double-pulse 
experiment for two different preillumination times. 
In these experiments, the blebs are exposed to a 
sequence of two pulses of identical polarity, in- 
stead of a single rectangular one. The blebs, here, 
are formed in distilled water. It can be seen that in 
the second pulse only the S phase remains: all the 
precursors creating the R component  seem to have 
been depleted. In this way, for some conditions, 
we can study the two phases separately. A detailed 
analysis of these double-pulse experiments will be 
covered in a subsequent paper. Suffice it to say 
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Fig. 6. Preillumination time dependence of R and S compo- 
nents  of  electric field luminescence, t a = 21 ms. External field 
1.6 kV-cm -1. Illumination intensity is 0.6 n E . c m  -2, which is 
about 1% of saturating light intensity. Suspension medium, 
distilled water. Bleb formation time is 1 h. Inset, kinetics of the 
luminescence stimulated by two unipolar field pulses corre- 
sponding to (1) 30 ms and (2) 5 s illumination time. EPL, 
electrophotoluminescence. 

here that these experiments clearly illustrate that 
the precursors of R and S are different. The com- 
plete preillurnination time dependence of the two 
compounds is presented in Fig. 6. It can be seen 
that the illumination time required for half satura- 
tion of S is more than 5-times longer than for R 
and this holds for all the intensities of actinic 
illumination tested. In the presence of DCMU,  
this effect is less marked but still significant (about 
a factor of 2). Furthermore, when preillumination 
is provided by a short light flash, the S / R  ratio is 
twice as large in the presence than in the absence 
of DCMU. 

As already demonstrated in Fig. 2, it is possible 
to follow the process of bleb formation by moni- 
toring the electric field luminescence at different 
times after dilution of the chloroplast in the sus- 
pension medium. The shortest time lapse possible 
between the initiation of bleb formation and the 
first measurement was about 20 s. Fig. 7 shows 
how both phases develop at pH 4.5. The S phase 
seems to be fully developed within 20 s and decays 
before R reaches its maximum, which takes about 
7 rain. Afterwards, R and S decay at a similar 
pace. The difference in the formation of the two 
components indicates that, at least to some extent, 
they arise independently of each other. Similar 
discrepancies between the development of R and S 
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Fig.  7. Rise  a n d  d e c a y  o f  R a n d  S c o m p o n e n t s  o f  e lectr ic-f ie ld-  

induced luminescence during formation of bleb from lettuce 
chloroplasts at pH 4.5. Suspension medium, 8 mM Tris. t d after 
flash is 10 ms. Applied field strength is 2 kV.cm -]. 
0 O, R phase; • @, S phase. Inset, kinetics of 
electrophotoluminescence (EPL) at (1) 20 s and (2) 7 min. 
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have been observed at higher pH, but here the 
swelling process is substantially slower: at pH 6, 
full formation of S takes about 2 min. R is only 
half formed during this time, taking more than 1 h 
to reach saturation. At pH 9, half formation of S 
and R takes about 1 and 30 min, respectively (see 
Fig. 2). Here, R was maximally developed after 3 h 
and decayed slowly thereafter. Bleb formation at 
0 °C takes about 5-times as long. There is a strong 
variation of the kinetics of the swelling process 
depending on the preparation, however. 

Discussion 

In this work, the R and S phases of the 
electric-field-induced luminescence reported previ- 
ously [5,7,9] were further characterized. We show 
that the S phase is a separate component  from R 
and is probably always present, even when only a 
single emission component  is apparent at first 
sight. It is the difference between the respective 
rise times of R and S, t R and t s, which will 
determine whether S will be differentiated as a 
separate phase. In those cases where t s is close to 
t R (e.g., at high pH;  see Fig. 1), both R and S are 
mingled and show up as a single component. This 
conclusion is important to the study of electric- 
field-induced luminescence in general, since both 
phases depend differently on a variety of parame- 
ters such as external field strength, pH, dark time, 
and show different properties of the emission 
polarization. Therefore, in those cases in which 
there is no clear separation between the two com- 
ponents, the effect of electrical as well as photo- 
synthetic-related parameters cannot be unambigu- 
ously studied. 

The kinetic separation of the two components 
depends on several experiemtnal parameters. The 
predominant factor is the pH of the final suspen- 
sion medium: it is shown in Fig. 1 that R and S 
are separated optimally at low pH (between pH 
4.5 and 5). Below pH 4, however, the overall 
intensity of the luminescence is very much lower. 
Both t R and t s are similarly influenced by the 
external electrically field strength and the dark 
time, which implies that the latter parameters are 
less critical for the separation of the R and S 
components. These parameters do however drasti- 
cally alter the ratio between R and S, which also 
influences the cross-contamination between the two 

phases. This can be observed in Fig. 5, where at 
the lower and upper values of the external field, 
the extents of R and S, are defined less precisely. 

The data in this report provide evidence that 
the R and S components of the electric-field-in- 
duced luminescence are created by different pre- 
cursors. This is particularly substantiated by the 
marked difference in their dependency on photo- 
synthetic parameters such as the preillumination 
and dark time, as well as by the effect of DCMU. 
Concerning the difference in dark time depend- 
ency of the two phases, it could be alternatively 
argued that the induced variation in the R / S  ratio 
(e.g., by a factor of 6 when t d varied between 10 
ms and 1 s) is caused by the decay of the light-in- 
duced transmembrane potential, which adds itself 
to the external field [9]. This argument must be 
rejected, however. A typical potential difference 
set up by the light flash is about 50 mV [18]. Given 
a membrane thickness of 5 nm, this corresponds to 
105 V . c m  -1 in the bleb membrane. The maxi- 
mum value of the intramembrane field E m created 
by an externally applied field E is given E m = 

1.5(R/d)E, where R is the bleb radius and d the 
thickness of the bleb membrane [9]. An external 
field of 2.8 kV.  cm -1 across a bleb with a radius 
of 1.5 m amounts then to 1.26- 1 0  6 V . c m  1. The 
contribution of the actinic-induced potential to the 
electrical field in the photosynthetic membrane is 
much lower and thus negligible. Therefore, the 
light-induced transmembrane potential should not 
influence the R / S  ratio to any significant extent. 

As shown in Fig. 3, a remarkable difference 
between R and S is that R is polarized and S is 
not. The small apparent residual polarization of 
the S phase is probably due to contamination by 
R, as no such polarization was observed at low 
field strengths, where S is predominant (Fig. 5A). 
This also renders support for the R and S compo- 
nents to originate from different precursors. The 
polarization has been explained by electroselection 
of membrane regions which have a close to per- 
pendicular orientation with respect to the external 
field direction and the fact that the emitting transi- 
tion dipoles are oriented in the plane of the mem- 
brane [8,15]. Thus, it could be that the pigment 
environment of the system which gives rise to S is 
different and is much less membrane-oriented. This 
point should be investigated in more detail. It also 



has been observed previously that the luminescence 
polarization decreases with time during the appli- 
cation of the external field [8,15]. De Grooth and 
Van Gorkom [8] explained the phenomenon de- 
scribing a mechanism whereby the precursors are 
first depleted at the top (pole) of the bleb (with 
respect to the electric field direction) so that the 
overall emission during field application appears 
to migrate from the pole to the equator of the 
bleb, thus decreasing the degree of polarization. 
From the present work, it appears that the sub- 
stantial contribution to the polarization decay is 
caused by the fact that the field-induced 
luminescence contains indistinguishable R and S 
components of which the R decays much faster. 
Thus, the relative extent of the unpolarized S 
increases with time. 

The two luminescence phases show also marked 
differences in their field dependency, as can be 
seen in Fig. 4. For instance, the apparent threshold 
field for S seems to be lower than the one for R. 
This difference in apparent threshold field could 
be explained if one assumes that the two lumines- 
cence phases reside in different populations of 
blebs, i.e., if S belongs to bigger blebs the effective 
field would be larger and an apparent lower 
threshold would be observed. Such a possibility is 
not consistent however with the observations of 
irreversible electrical breakdown, occuring at high 
electric fields, which are expected to destroy the 
largest blebs first. On the contrary, it was found 
that R and S are inhibited to a similar extent by 
such high fields (data not shown). Similarly, both 
R and S diminish equally upon shaking the bleb 
suspension or very mild sonication (1 or 2 s in a 
sonication bath). Furthermore, from inspection of 
the blebs by phase contrast microscopy, no indica- 
tion for two distinct bleb polulations was ob- 
tained. Considering the large stimulation of de- 
layed luminescence (an order of magnitude larger 
than in chloroplasts) to produce the components 
of electrophotoluminescence by the external elec- 
tric field pulse, both R and S precursors must be 
situated in a blebbed membrane system. There- 
fore, most probably, the precursors of the R and S 
phases have to be located on one bleb. We can 
thus infer that the true threshold field to produce 
S is indeed smaller than the one for R. This 
difference in threshold field would be even more 
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pronounced if the S precursors reside in the patches 
attached to the bleb wall, as is discussed below. 
We estimate the intramembrane threshold field of 
S to be at the most 40 mV. The threshold of R 
varied between 50 and 100 mV. The difference in 
threshold and the fact that R depends more steeply 
on the external field strength are consistent with 
the conclusion that the two phases are created by 
different precursors. The apparent contradiction 
of our results with previous observations [5,7,9[ 
that S saturates at much lower fields than R, is 
explained by the fact that in the latter studies, S 
was defined at some arbitrary point along the 
decay of the actual S phase. This decay is accel- 
erated at higher fields causing an apparent satura- 
tion in the extent of S. 

In earlier work [5], it was proposed that the R 
and S phases could also be characterized by the 
half-time of the field-off decay, i.e., it was found 
that for R and S, the respective half-times were 15 
and 38/~s. We found, however, that for a situation 
where a pure S signal can be distinguished (e.g., at 
pH 4.5 for field duration longer than 50/ts),  the 
half-time of the field-off decay of the S phase 
substantially increased with the pulse duration. 
For example, after 400 ~ts, the half-decay-time is 
30/~s, which is twice as long as the half-time after 
100/~s. This implies that the field-off decay does 
not provide a reliable parameter for the differenti- 
ation of the two luminescence phases. 

The fact that R and S behave independently 
during bleb formation (see Figs. 2 and 7) strongly 
suggests that they belong to different regions of 
the blebbed membrane system. The most likely 
attribution is that R is located in the bleb wall and 
S in the patches which are attached to the bleb. 
Although it is extremely difficult to evaluate the 
development of R and S during the initial stages of 
the blebbing process quantitatively, the fact that S 
develops before R suggests that the membrane 
system where the S precursors reside is closely 
related to the unblebbed chloroplast. The patches 
observed on the bleb wall undoubtedly stem from 
unblebbed chloroplast material. Furthermore, very 
mild treatment with a homogenizer of the bleb 
suspension in distilled water invariably increases 
R, while S is increased much less or sometimes 
even decreases. This could suggest that by this 
careful manipulation, the blebbing process is as- 
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sisted by donation of material from the patches. 
The observation that during the course of the 
blebbing process, S decays long before R reaches 
its maximum, also points in the same direction. 
Based on these lines of argument alone, one obvi- 
ously cannot rule out completely the possibility 
that the R and S precursors are actually the same, 
having a different environment which is provided 
by the bleb wall and patches, respectively. 
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