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Abstract--Delayed light emission emanating from'preilluminated chloro-
plasts can be perturbed with pulsed DC electric fiélds (200 to 4000
v-cm']). The perturbation produces a strong stimulation of chloro-
phy11l lumineséence. During the field perturbation the stimulated
emission rises to a maximum, typically within 100 us, and then decayé.
Two kinetic components, R (rapid) and S (siow), are distinguished on
the basis of their rise and decay times and their,fie]d-depéndence.

- The R compohent_increases exponentially at high fie]ds,4decays within

100 to 300 us during the field pulse and collapses with t]/2 = 15 us at

the end of the field pﬁlse. The S zomponent occurs at low fields, exhibits

near saturation at 500 v-cm'], decayty with t]/z about 3 ms during the
fiéld pulse, and collapses with t]/z = 38 ps at the end of thé'field
pulse. Studies using inhibitors, ionophores, e]ettroﬁ donors andv'k
electron acceptbrs associate the R‘compcnent with ion transport procésses.
The relation to electron transport associated with Photosystem Il is
discussed.

Abbreviations: CCCP, m4ch1orocarbony1c;anidé pheny]hydraione;

DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethy 'urea; DBMIB, 2,5-dibromo-
3-methyl-6-isopropy1-l,4—benzoquiﬁone; P¢ T and PS II, Photosystem

I and Photosystem II; EPL,-electrophoto]uninescence.}



INTRODUCTION

De]éyed fluorescence from higher plant organisms is aftributed to back
- reactions of the primary electron acceptor and donof of Photoéystém II
(Lavorel, 1968). The rate of the dark back reaction is stimulated by
‘a number of perturbations, including salt (Mi]es‘and-dagendorf, ]969),’
acid (Miles and Jagendorf, 1969; Malkin and Hardt, 1972), acid-base
(Mayne and Clayton, 1966), temperature (Mar and Govindjee, 1971),
organic so]veht (Hardt and Malkin, 1972) and electrié‘field transients
(Arnold and Azzi, 1971 a,b). Crofts et al. (1971) expressed the rate
of.delayed f]uoreécence in terms ofve]ectrical and chemica] transmembrane
potentia1s. They concluded that the perturbations alter one or both 6f
‘ tﬁese poteﬁtia]s, léading to increased rates of delayed fTuorescence.
Fow]ér énd'Kok (1974) measufed an electric field generated across

Eh]oroplasté in the light, concluding that a transfer of qharges.occurs
in é direction berpendicu]ar to the membrane from PS I and II electron
donors located on the interior of the membrane to acceptors: located on
the exterior. These results are consistent with the earlier work 6f
Witt and collaborators (Junge and Witt, 1968; Schmidt, et al., 1971)
who presented evidence that the fast 1ight-induced 518 nm absorption °
‘change is due to an electric field-induced shift in pigmeht spectra.

| Arnold and.Azzi (1971 a,b) showed that an external electric field
directly applied to ch]orop1a$ts causes a stimulation of delayed light
emissioh. 'Théir observations were consistent With a mechanism involving
a fie]d-stiﬁu]ated recombination of electrons and holes that exhibits a

hyperbolic cosine dependence on field intensity.
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The purpbse_df thé present work'is td exb]ore the interaction of
electric fields with preiljumihated'chlorop1asts. Qe,present results
of experiments in whi;h preiliuminated chloroplasts were pertufbed with
DC e]ectric_field»pu]ses. We have chosen to call this emission electro-
photoluminescencé,(EPL) in deference to a similar so}idlstate phenomenon

~ described by Ivey (1957).

MATERIALS AND METHODS

Chloroplast preparation and  treatments

Broken chloroplasts were prepared from 6 to 8 week”oid spihach
‘grown'in a growth chamber under a 10 hoyr light, 14 hour dark cyc]e.'
Typicé]ly, 10 g'of deveined spinach leaves was ground’for’lo s in a Waring . :
blender. The_grinding medium consisted of 75 ml of é solution consisting |
of .4 M sucrose, .01 M NaCl, and .05 M tricine or HEPES buffer adjusted
to pH 7.6. The resulting suspension was filtered_through two 1ayers
of Miracloth. Larger particles were discarded with the sediment from
- al min,IIOOO X g centrifugation, and the final pellet Wés collected
after a 5 min, 2000 X g centrifugation. "Aqueous" chloroplasts were
prepared from broken chloroplasts by resuspending the'aboVe pellet
in distilled watef and recentrifuging for 10 min at'ZOOO X g. The resulting
be]]et was resuspended in 1 to 5 ml of distilled watef. Aliquots of |
that stock solution were diluted in distilled water, or distilled water
plus added reagents, to chlorophyll concentrations.between-10 and 50 ug/ml.
"Buffered" ch]ordplasts were prepared similarly in 0.01 M tricine. Ch]oro;
phy1l concentrations were determined acéording to'Mackinney (1941).

Tris-washed chloroplasts were prepared by suspending broken |

chloroplasts for 30 to 60 min in about 20 ml of 0.8 M tris buffer,

| A . . v ’ g‘ g, E -5 oo .
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pH 8.0, at 3°C. The chloroplasts were centrifuged from the tris buffer
and resuspended twice.in distilled water.

Heat treatment cohsjsted of suspending a test tube containing
ch1orop1asts in a water bath maintained between 55 and 6050‘for about
3 min.

Chloroplasts treated with either gramicidin (Calbiochem) or
valinomycin (Calbiochem) were incubated in the dark at room temperature

for 5 min before making measurements.

EPL detection apparatus

The apparatus used for producing and detecting EPL (Fig. 1) consists
of a 500 watt tungsten lamp (L), two stepping motor shutters (SL and SD),
a multiplier phototube (MPT) and two platinum electrodes (E). The timing
sequence of the experiment is controlled by logic circuitry'(LC) whose
sequential pulses directed shutter positions, voltage pulses, and
recording devices. A motor drive unit (MD) activates the stepping
motors (Phillips PD-22). .A pulse generating circuit (PG) is employed
to generate square bipolar voltage pulses. Detaiis.of fhe electrode and
detecting assembly are found elsewhere (E1lenson, ]973).

. The protocol of a typical EPL experiment is illustrated schematically -
in Fig. 2. Following a 3 to 5 s i]]umipation period, tp, the excitation
is turned off and the shutter in front of the photomultiplier is opened.
The delayed fluorescence is observed during all or part of an interval
“of 100 ms or 1ongér (td), whgfgupon a brief electric field pulse (tf
= 0505 to 10 ms) is applied. A dramatic- rise in the ch]orophy]]-f]uoreg-_
cence occurs during the field pulse. When the applied field is turned
off, this EPL §1gna1 relaxes rapidly (- 100 us) during t.. In all of our

studies the signal always returned preciée]y to the value characteristic

@Z S 1 apbr0tog
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of the de]ayed_fTuorescence; Evéﬁ under applied fields that produce
'aS much as 100-fold increase in intensity durfﬁg the fiéld'pulse, no
evidence was. ever seen of a'competition that resulted in attenuation
of normal de]ayéd fluorescence. The signal detected by the MPT is
stored in a Biomation 610 transient recorder (BI0-610) triggered simul-
tanéous]y With the voltage pulse. The stored data is transmitted to
a Nuclear Data Enhancetron or Nuclear Data ND-180M memory unit (ND- -
180). Both §ystehs provide paper tape output.for computer proceséing;
or-the results can be plotted in analog form onvaﬁ X-Y recorder. |

A-modiffed version of this equipment was used in éonjunction with a
xenon flash lamp. Instead of two shutters, a sing]é é]ectronic shutter
(INex) protects the MPT from direct excitation and is opened after the
vf1ash; Tﬁe fiash lamp is a special unit designed by'ILC of Sunnyva]e,
Calif. (Babcock andeauer, 1973), and has a 10 us flash duration.

The "BipoTar enérgy swftch", desighated_as PG in Fig. 1, produces
either single pulses or sequential pair pulses of’similar (unipolar) or
opposite (bipd]ér) polafity. The magnitude of the field is assumed
to be the magnitude of thg external voltage (up t6 400 v) divided by
the intefé]ectrode distance (0.25 cm generally, but 0.1.cm for some high

field studies).

RESULTS

EPL kinetics

! The spectrum of the emission resulting from an electric field
perturbation of preilluminated chloroplasts roughly matches the spectrum
of in vivo ch1drobhy]1 a fluorescence (determined by interference

filters). A typical record of emission stimulated during the field
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transient is shown in Fig. 3. There is a delay, or indQCtion, of the
emission at the onset of the field pulse, as shown on an expanded time
scale in Fig. 4. The ]engfh of thié induction decreases with increasing
field strength orrwith ihcreasing temperature (Arrhenius'Ea»= 5+42
kcal;m']); The time for the EPL to reach half its maximum intensity,
(t]/z)f’ varies inversely with the applied field from 0 to 4000 v-cm™ !
(Fig. 5). | |
 The maximum intensity of the EPL response exhibits a bfphasic
dependence oh field strength. For unbuffered chloroplasts at‘fie]ds

less than 1600 v-cm']

the EPL intensity increases with the third power
of the field (Fig. 6a), whereas at fields in the 2000-4000}V-cm'] range
if exhibits an exponential dependence on the field (Fig. 6b).

The EPL intensity and kinetic‘profile during te depend sensitively
on the applied field strength (Fig. 7). We presént evidence below
showing that this field dependehce arises from two distinguishable

kinetic components. The first of these, component R, rises rapidly in

| strong fields, decays in less than a millisecond, and' is unobservable

at low fields (Fig. 7). The second, component S, rises slowly at low
fields, persists to longer times and has a weaker dependence on field
strength.

The electric field response is altered by compounds such as glycerol
(30%), po]yethylene glycol (0;5%) or sucrose (]-5%) that increase the
viscosity and osmotic strength 6f the medium. Emission from such

suspensions'shows a retarded initial rise and an overall dominance

- of é-type emission. In the case of chloroplasts §u5pendéd‘in approximately

.5% polyethylene glycol, (20,000 avg. molecular weight) the total
emission was actually greater than for the control sample, owing to

an increase in the S component emission.

2
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| . The production 6f EPL depends critfca]1y~on the integrity of the
thylakoid méhbranes.. E{thér sonication, treatment with the noniohic
detergent Triton X-100 (0.01% or greater), of heating chloroplast samples
to 60°C for 3 min completely abolishes EPL emission.

| Extractiqn of carotenoids from chloroplasts using the procédure
of Strichartz (1971) has little effect on EPL. Thfs is in contrast
to the fié]d—indicating absorbance change at 515 nm, which is abo]ished-.

by the carotenoid extraction.

Field dependence of the R and S components

Using single field pulses of 10 ms duration it is possible to
separate the field dependence of the R and S componehts on the basis .
of their different kinetics (above, and Fig. 7). The results for one
- such study are shown in Fig. 8 for intermediate field strengths.
Whereas the R'compohent amplitude increases smoothiy_with increasing
field, the S éémponent heafly saturates ét about 500'v-cm;].

~ From an anajysis.of EPL as a field-assisted detrapping process,
Arnold and Azzi (197]‘b) proposed that the dependence of fie]d enhanced

emiésion,‘AL, on field strength follows a relation of the‘type:

AL £ .

or - | ' | (1)

é%—= cosh ( AE ) —.1
where L fs-the'de]ayed fluorescence, ¢ = ﬁE is .the change in trap depth
proauced by the external fie]d E, and ¢ is a constant such that A = ¢/kT.
The.solid line of Fig. 8 is a theoretical curve o% this form. The data
for the R component fit this function with a.bestfif value of A = (1.0 4

.2) x 1073 cm-v'.  The data for the S component cénnot be fit by any

o3 i Y b . "
Y H Yo
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the case of unbuffered chloroplasts in the range from 2000 to 4000 v-cm
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choice of the A parameter. [This analysis is consistent with the observed
exponential dependence of the unseparated EPL at high fields (Fig. 6b). In
]
the R component dominates the total signal and the function cosh (AE) - 1

approaches the limiting form exp (AE).]
For a given field the decay halftimes of the.R and S components
measured from the time of maximum emission vary soméwhat from one prepara-

tion to another. Halftimes for the R component decay during the field

pulse range from 90 us under hypotonic buffered (pH 7.6) conditions to

300 us for unbuffered hypotonic conditions. The halftime for decay of
the S component is 2 to 4 ms, the shorter times againvassociated with
hypotonic buffered (pH 7.6) conditions. “

| Twoidecay components have been observed in the co]]apse of the EPL
when the e]ecfric field is removed. If the field is removed after short
bu]se lengths, when the R component dominates EPL emission, an exponential
decay is observed [t]/2 = (15 + 2) us]. However, if the field is removed
after the majority of R component emission has decayed, a siower field-off

exponentié] decay is obsefved [t]/2 = (38 + 3) usj. Intermediate times

“result in a decay that can be decomposed into 15 and 38 us components.

We therefore associate the 15 us decay with the R component and the 38

us decay with the S component.

Bipolar pulse results

The nature of EPL emission derived from a 'second field pulse
foliowing the ffrst depends both on the polarity of the second pulse

relative to the first and on the length of time between the two pulses.

If an electric field pulse is followed by another pulse of the same

polarity (a unipolar sequence) within 50 to 500 usec; the intense

¢ et opbka?0D
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transient of the R component emission is missing (Fig. 9 a, b'and c).
If_the polarity of the second pulse is reversed with respect to the
first (a bipolar sequence) and applied immediate]y'after'the ffrst,
the R component is missing and a dip in thé emission occurs (Fig. 9
a and d) followed by a slower rise to maximum EPL emission.

By increasing the time between the two pulses of‘a unipolar éequence
we find that the R component réqqires more than 20 ms to fetover._ This |
is in contrast fo sequential bipolar pulse emissions where R component
emission is fully recovered in less than 10 ms. Examples of this
behavior are'shown in Fig. 10. EPL emission resulting from a sing]é 3.5

! pulse occurring 9 ms after an actinic light flash is shown

ms 1400 v-cm™
fn-ng. 10 a. When a 300 us field pulse of the same polarity is app]fed

5 ms previously, there is a decrease in the R componéht emissibn}intensity
of EPL during the second pulse (Fig. 10 b). However, if the polarity

of the 300 us.pu]se fs reversed with respect to the 3.5 ms pulse, no such

change in intensity is observed, and the emission is idEntical to the

case where no previous pulse was given (compare Fig. 10 a and c).

Actinic intensity dependence

The EPL emission at 200 ms following illumination (unbuffered ch]orop]asts,_
fixed td and field strength) increaseS'yith the sqﬁahe root of actinic
intensity before satUrating at higher intensities (Fig.:]]).‘ A similar
light dependeﬁce hés beeh reported for the 1 ms (Clayton, 1969) and 5 ms
(Ruby, 1971) deiayed‘fluorescence, and for HCl-induced emission (Hardt
and;MaTkin, 1973). The time p;ofile of EPL is entirely independent of
actinic light intensity, however. Curves of the response during tf over
nearly 100-fold fénge'in actinic intensity were superimposab1e after |
normalization of thei; amplitudes.

[ " - . N 3} ¢ ‘x " ,,‘! . ‘,(3
: B ~ .
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10 usec f]ash‘sequences

EPL emission yields from isotonic buffered or hypotonic buffered
chloroplasts (pH 7.6) were observed at either 5 or 300 ms after each of
a series of 10 us saturating flashes spaced 1 s apart:- Only the 300 ms
emission from isotonic chibrop]asts exhibited a reproducible flash.yiéld
dependence. The yield for the first flash was about 30% 1ess than the
‘yield for succeeding flashes, all of which appeared to be of the same

magnitude. No oscillations of period 4 or of period 2 were observed.

‘Dark- decay of EPL capacity

During an interval of several seconds fo]]owiné illumination
chloroplasts lose their capacity for generating EPL in résponse to
an e]ectrié'fie1d. This decay follows second-order kinetics (Fig. 12),
as has been repdrted'for delayed fluorescence (Mayne, T968§ Ruby, 1971;
Malkin and Hardt, 1972) and for salt stimulated delayed f]udreécence
(Mayne, 1968; Barber and Kraan, 1970; however, see Miles and‘Jagendorf,
1969; Malkin and Hardt, 1972). |

The relative contribution#of.the R-component'to the total EPL
emission signal decreases during the 1nterya] (td, évto 300 ms) following
an actinic flash (Fig. 13). The ratio of the magnitude of the R
component to the Slcompohent measured at 5 ms increases wiih pH in

the range pH 6.5 (R/S~1) to pH 8.5 (R/S~4).

Action of inhibitors

When the electron transport inhibitor DCMU is added'(lo'sM) to
aqueous unbuffered or buffered (pH 7.6) chloroplasts there is a small
decrease in EPL yield but no discernible effect on the decay of EPL

yield with time (data not shown).
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The procedure of irﬁs—washing.(see MATERTALS AND,METHODS),-which
serves to iﬁhibit oxygen evolution by chloroplasts (Yamashita and
Butler, 1968), produces a profound alteration in the profile of EPL
during t. (Fig. i4 a). ' The rise time fdr Fris-treqted ch]ordplasts is
accelerated and the 1arge'fnitia1 responsevdecays wifhin 100 us to a
1ow level which then decays more slowly during'tf. Addition of o-phehan-
throline (IO‘SM)'to tris-washed chloroplasts causes a further decrease.
— in ohset time, whereas addition o% DCMU does not. In both cases (tris
and tris plus o-phenanthroline) reciprocal plots df.(yl/z)f_were linear
(Figs. 5b and c) over the range observed. o-Phenanthro]jne also caused,
though inconsistently, an increase in the magnitude of the R component,
an effect_whfch we observed also upon chloroplast aging. DCMU did
not show these anomalies.

The uncdup]ér CCCP suppresses the emission inténsity but does hot
alter EPL decay kinetics during tf. A 50% inhibition of emission occurs

7 M CCCP for unbuffered chloroplasts (fCh]] N 75 ug/m]);

at about 8 x 10°
' 7

Gramicidin D in the 1077 to 1070 M range with buffered or unbuffered
aneous chloroplasts decreases the.R compbnent emiséipn more strongly
than tﬁe S componént emission. .By contrast, valinomycin added alone
(]O"7 to 10'5M) or with KC1 up to 10 mM produced no noticeab]é effect
on EPL. When gramicidin D (1 x 10'7M) is added to tris-washed chloro-
plasts (Fig. 14 b), the fast decaying ihitial.componént of EPL is
abolished. ‘
Observations of the effects of hydroxylamine, DBMIB, and ferricyanide
have also been made. Hydroxylamine (]0'4M)}serves to accelerate the
décay of R component emission during te. Addition of DCMU (]0'5M) with
the hydroxy]amine»produced no further effects. DBMIB (]0'4M and higher)

reduced EPL emission intensity overall by greater than 50%. Ferricyanide

9 .
H ~ [
H 'l! 1
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(TO‘4M) also lowered the overall intensity of EPL emission and resulted

in a slightly faster R component decay.

Other systems tested

Chloroplasts isolated from barley, both wild-type and a mutant
devoid of chlorophyll b, exhibit EPL. We did not observe any measurable
EPL from suspensions of whole Chlorella cells, in agreement with the

findings of Arnold and Azzi (1971 a).

DISCUSSION

The EPL of chloroplasts exhibits similarities to other stimulated
delayed light emissions associated with acid-base transitions (Mayne
and Clayton, 1966; Mayne, 1968), with salt, acid (Miles and Jagendorf,
1969) or organic solvent (Hardt and Ma]kin, 1972 a) gfadients, or with
a temperature jump (Mar and Govindjee, 1971). These similarities include
the requirement for preiliumination, dependence on the square-root of
light intensity (Malkin and Hardt, 1973), association with Photosystem
II,remissjon spectrum (Hardt and, Malkin, 1974) and second-order decay of
the photo-produced metastable species (Mayne, 1968). In several respects
these stimulated emissions differ,from EPL, however. In particular, the
other stimulated emissions exhibit a sensitivity to DCMU (Mayne and Clayton,
1966; Miles and Jagendorf, 1969), a response of period four to a train
of flashes (Hardt and Ma]kin, 1973) and a'simple first-ordér relaxation

foltowing the stimulus (Miles and Jagendorf, 1969; Hardt and Malkin, 1971).

 EPL_and 100 ms delayed f1uorescgggg

The relation between tPL and ordinary delayed {luorescence is more

difficult to characterize because of the many kinetic components of

AR SR S B T O S I o ¢
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delayed fluorescence. [See Lavore] (1975) for a cOmprehensive review.]
“In our experiments the eTectric field pulse is appiied ]OOVms or longer
after the i]]uhination period, after the shorter components of delayed
fluorescence have disappeared. The response of thebre]atively slow (100 ms
to 1.s) delayed fluorescence of isolated broken chloroplasts to factors
that affect system II photochemistry is similar to that of EPL in the'
following respects: little sensitivity to DCMU (Bertsch, et al., 1963;
Mohanty, et al., 1972); the absence of period 4 phenomena at room:
‘temperature (Joliot, et al., 1971; Velthuys and Amesz, 1975); a decreese
in intensity-in»the presence of electron acceptors like ferricyanide
(Goedheer, 1962; Wells, et al., 1972) or electron donors 1ikelhydroxylamine
(Arthur and Strehler, 1957). 1In each of these cases the fast (ms) deleyed
flqorescence_behaves quite differently in response to the treatment.

Factors which affect membrane permeability or integrity also result
in similar responses. The moderately slow delayed fluorescence from
broken chloroplasts is decreased by the uncoupler CCCP (Clayton, 1969),
decreased by gramicidin but unaffected by valinomycin nith or without
KC1 (Kraan, et al., 1970), and strongly inhibited by Triton treetment
-(Kraan, gt_gl;, 1970). These extensive similaritieSISUQQest that the
metastable intermediates of EPL are closely related or identical to
those giving rise to delayed fluorescence in the 100 to 1000 ms region.

There is extensive evidence to support the idea tnat delayed
fluorescence results from the regeneration of the chlorophyll excited
singlet state from oxidized ano reduced intermediates 1ying somewhat
below it in energy (Artnur and Strehler, 1957; Layorel, 1968). A current
formulation of components associatedtwith PS I1 is (D)iP6800(A),~where
P680 is the reaction center pigment, Z and D are e]ectron'dOnors and Q

and A are electron acceptors. The parentheses indicate that the'secondary

¥ M -

{
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donors and acceptors are multiple species.. The shortest components,(ms) of
delayed fluorescence arise from intermédiates like P686+Q-’ where the
separated chargés are closevto the réaction-center. The 1on§er—1ived
delayed fluorescence and the EPL that we observe‘afise from intermediates
1ike"(D+)ZP6800;(A) where the separated charges are initially more remotely
situated. Thevinsensitivity to DCMU and the absence of period 4 pﬁenomena'
suggest that the S states on tﬁe water side (Kok, et al., 1970) and compo-
nents beyond Q on the acceptor side are not involved directly in EPL.

At the end of the electric field pulse the field-generated inter-

mediates decay via first-order processes with half-decay times of 38 us

(S component) and 15 us (R component). The former is similar to the

decay time reported for P680 absorption changes (G]&ser, et al., 1974;
Floyd, et al., 1971) and for a fast component of delayed luminescence
(Zankel, 1971). This decay has been attributed to the process

+ 35 us ”Z+ +p

2.+ Pegg 680

In the case of EPL, the corresponding process
+ - + -

would result in terminatioﬁ of the stimulated luminescence. In this view
the S component of EPL would originate from the transfer of holes from
the oxidized donor system to reaction centers that a]reédy contain Q.

The other obvious way in which the state (D)ZPEBOQ°(A) can be
deagtivated is by a process in.which the e]ectrbn on Q is 1ost; for
example

(D)ZPEgQ (A) ——> (D) 2P 0(A7)
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The absence of a DCMU effect on EPL argues against the participation of
the Q to A e1e¢tron transfer step. -Furthermore, the time required is
reported to be much slower (Forbush and Kok, 1968) than the 15 s relaxa-
" tion time for the R component. It is possible that the R Compqnent'involves
species that are not in the main chain of e]ectrdn transport between

PS II and PS I.

Membraneve]eqtrical properties

"Arnold and Azzi (1971‘b)Aformu1ated.a model for EPL in terms of a
'fie}d-dependenf change in the actiyation energy required to untrap a
bqhnd electron (reduced acceptor) and hole (oxidized donor) leading»to
the regeneration of excited chlorophyll. In their terms the réte of
delayed fluorescence is given as |

L = NF exp (-E,/kT) | (2),
where N is the number of photosynthetic units containing an EIectron-
v hale pair,}Fvis a frequency factor and Ea is the activation energy |
(trap depth). The presence of an external field produces opposite effects
V; on the photosyhthétié units on opposite suffaces'of the enclosed thylakoids:
on one side the activation energy is increased by an amount €, and on the
othérﬁthé actiyation energy is decreased by the same_amount. The ratio
of the chahge ih.emission‘rate, AL, to tpe normal delayed 1ight emission,
L, becomes | |

é%—= cosh (t%) -1 a : (3).
As e.beCOmég large compared with kT, the cosh function tends.toward an
) exp&hentia]. Tﬁe data of Figs. 6 and 8 suggest that at least the‘R
component fits this hyperbolic cosine_function. |

The EPL induction or onset time of 100 vs or jonger-permits us to

distinguish amongst the four different mechanisms for delayed luminescence

-y
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production presented by Arnold and Azzi (1971 a). Ihiparticnlar it
pfovides a powerful argumént against a mechanism involving simp]e
recombination of electrons and holes. The rise time of our’field pulse
is less than 6 us (Ellenson, 1973), and electron-hole recombination should
give a luminescence response that rises as rapidly as the field. No such

‘rapid component of the EPL was ever observed. This is the first time,
to our know]edge; that such a rapid perturbation has been applied to
provide stimulated luminescence from ch]orop]aéts. ‘Théubccurrence of
the induction period for EPL suggests fhat its appearance is limited byA

kinetic steps involving electron transfer between specific donor and
acceptor mo]ecu]es, These are seen more clearly in reverse in the
unimolecular decays of the R and S components at the end of the field '
pulse. The processes occurring upon the onset of the field are not
simple and unimolecular, because the EPL rise time decreases linearly
with increasing field under a wide variety of conditions (Fig. 5).

The interaction of an external electric field with thy]ékoid
. membranes requires special aftention.' The magnitude of the free space
. eiectric fields (600 to 4000,v-Cm'1) emb]oyed in our EPL measurements

5 1 photoinduced transmembrane field

" falls far below the 10° v-cm™
éstimated from absorption changes (Schmidt, et al., 1971; Barber, 1972)
énd.the 1 ms component of delayed 1umingscence (Barber and Varley, 1972).
To appreciate the're1ation between theée different fie]d.estfmates,
consider that chloroplasts suspended in hypotonic media become swollen

 ‘ and appear'éomewhat 1ike infla?ed balloons (Izawa and Good, 1966).
The;efore, we model the swollen thylakoid as a thin dielectric shell

N which is placed in a uniform electric field (Fig. 15). Maxwe]] (1892)
described a solution to this problem for the.case where the shell is

spherical. With the assumption that the fesistivity of the membrane

P eetlaorb B0
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 is much greater than that of either the interior or the exterior medium,
a term can be derived from Maxwell's general expression (Eq. 9, Chap.

10 of Maxwell, 1892) that describes the radial (or transmembrane) field

as
E(r) = {9/2f1-(a/b)3]']Eocos 8} r - (2)

where a, b and ¢ are defined in Fig. 16,.and I is a unit vector in the
radial direction. Three conclusions are evident:

a) The induced radial fieid is maximum at the two horizontal
poles.

b) The magnitude of the induced field is steeply dependent on the
ratio of the radius to its thickness, since [1-(a/b)3]'] =
b3/ (a3-b3). | | |

¢) The induced field, although pointing in the same direction on
opposite faces of the shell, is directed from fhe inside out
on one face and from the outside in on the other.

For a “représehtativé thylakoid" with a membrane thickness of 7 nm

and a radius‘of 500 nm, the fnduced‘radia]\field at the horizontal poles

is approxfmately 100 times the externally applied field. Free space

5 1

fields of 4000 vo]t-cm'] may thus induce local fields of 4 x 10° v-cm
across the membrane. Although thylakoid membranes brobab]y do not form
ideal spheres, they should exhibit the general features of the model.
We believe that these high local fields give rise to EPL.

. Any'tfeatment which destrgys the integrity'of the membrane as a
c]oged die]ectrfc shell of high resistivity'wgll also destroy the field
~ enhancement mechanism. This undoubtedly accounts for our observation

that detergent treatment or scnication of chloroplast membranes result

in a loss of EPL activity. The decrease in chloroplast EPL with increased

1
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osmotic strength (Arnold and Azzi, 1971 a),“which shou]d decrease the
thylakoid size, is also consistent with this model. For intact cells
such as Ch10fe11a'the field will be enhanced only af the outer, unpigmented
cé]] membrane; and the intrace11ular space containihg the chloroplast
will be largely field-free. As a consequence, no EPL is observed for

"~ Chlorella.

Membrane polarization

There is good evidence that.the e]ettrbn donors and accéptors
associated withvthe reaction centers are vectorially distributed across
the photosynthetic membrane. [See Trebst (1974) for a recent review. ]
Recently, Witt and Zickler (1973) and Fowler and Kok (1974) have directly
- measﬁred a photogenerated electric field across spinach chloroplast
membranes . 'Thévresultant local electric moments are directed toward
the exterior of the thylakoid. This is the expected result if the
absorption of light at the photosynthetic reaction centers leads to
the transfer of electrons from donors on the inside to acceptors on
the outside of the thylakoid membranes. .,

The application of an external electric fie]d_immediate]y'
différentiates the reaction center complexes on opposite faces of the
thylakoid. On one face (F;ce 1, Fig. 15) the externé] field is anti-
parallel to the photoinduced:electric moment. On the opposite face
(Face 2) the field and the moment are parallel. The iﬁteraction_of the
anti-para]1é1-f1e]d over Face ] stabilizes or enhances the photoinduced
cha;ge Separatibn (D+)ZP6800-(A).f The parallel exterba] field over
Face 2 is destabilizing and has the effect of collapsing the photo-

induced charge separation by inducing the process
.. - + -
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which leads to enhanced luminescence. Only when the external field is
reversed will emission occur simflarly from Face 1. |

Our studies using paired field pulses sUpport;thiS model. _F611owing.
a short initial field puise, a second pulse of the same polarity (Fig. 10b)
prodhces a signiffcantly smaller EPL response than does a second pqlse
of the opposité'po1arity (Fig. 10c). The latter EPL sfgna] is, in fact,
indistinguishéb]e from that résu]ting from a single comparable pulse
(Fig; 10a). In these experiments’Face lkand Face 2 apﬁear'to respond
independenfly. This simple picturé must be modified to account for the
response shown in Fig. 9 (eSbecia]]y Fig. 9d), however. When there is
no relaxation'periéd between the bipolar pulses, there is a pronounced
decrease in EPL accompanying the transient field réversal. Furthermore,
- the recovery is slower than for a pair of unipolar pu]seﬁlseparated by
é time long enough for the EPL nearly to decéy (Fig. 9b). The slow
recovery upon répid field reversal may reflect the reorganization of
induced gradients of ions or other mobile charged species that have
formed in response to the applied field. The recovéry présumably
occurs in the interval between pulses (5.5 ms) used for the experiments
shown in fig. 10. There remains, however, a distinction between the
behavior of thé R and S components in response to paired field pulses.
The R component remains intact When the ‘'second pulse after 5.5 ms has
" reversed polarity (Fig. 10c), but it has not yet returned after 20 ms
when fhe second pulse has the same polarity (data not §hown). This
observation emphasizes the apparently quite different origins of these
two kinetic components.

Witt and coworkers have shown that photoinduced absorbance changes
at 515»nm‘1n chioroplasts result.from ion grédients and membrane-associated

electric fields. [See Witt (1975) for a recent review.] The steady state
. _ T >
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amplitude of this absorbance change is abolished by membrane disruptive

treatments such as incubation with low concentrations of Triton X-100
(Kraan, et al., 1970) and soniéation of chloroplast membranes (Strichartz
and Chance, 1972). The ionOphore.gramicidin D greatly accelerates the
decay of the 515 nm absofption change (Junge and Nitt, 1968). The results
of the present study suggest that common factors goVérn'the origin of
the 515 change and at least the R component of EPL. _

Finally, it ié-important to recall that after the'app]iéation~of.
an electric field pulse up to 4000 vo]t-cm'] the delayed fluorescence

returns to precisely what it would have been in the absence of any field

pulse. Similar observations were reported by Arnold and Azzi (1971 a).

This suggests that the external field perturbations do not significant]y |
deplete the reservoir of metastable charge-separated species associafed
with the reaction center complexes. The kinetics of the R and S
components durfng the field pulse do not reflect changes in the concen-
trations of these metastable intermediates. The R and S component

kinetics most probably result frém changes in the ion gfadients across

vthe membrane. These gradients would respond direct]y'to the field

 perturbation and undergo changes as a consequence of ion migration.

The ion gradient; in turn mediate the recombination of the charge-

separated intermediates, which serve primarily as indicators of the

. ion-field interactions.

SUMMARY

. The perturbation of preilluminated chloroplasts by electric field

pulses provides very large (up to 100-fold) stimulation of delayed

fluorescence. The method has special advantages over other stjmu]ated
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luminescences in the ability to turn the field on within a.few micfof
seconds to study onset kinetics. It is the only perturbatidn investi-
gated to date thét can also be turned off rapidly to study the terminal
relaxation. | B

1. EPL is closely related to delayed f]ﬁorescence in the range
0.1 to 1 sec and probabiy arises from the reveréal of steps in the
electron transport chain close to PS II.

2. The driving force for EPL has two kinetic components that
behave quite'dffferent]y in the presence of ionophores. The R'cbmponent
is probably associated with an ion transfer process. Thé S component ‘
| may involve the transfer of electrons to P680 from its normal donor in
the é]éctron‘transport chain from water. | |

3. The metéstab]é species involved in EPL apparently lie between
the S states associated with water oxidation and the site of interaction
of DCMU. |

4. The occurrence of a slow onset étage upon turning on the field
“rules out mechanisms invo]ving'detrapping'of e]éctrohs and holes from

conduction bands.

5. EPL requires intact thylakoid membranes from isolated ch]orop]asts.

o Neither diskupted membranes nor whole cells show the effect. " The Tow

dielectric constant of the membrane of swollen thylakoids provides a means.
- of enhancing the local applied field by 100-fold or more.

6. Directional effects seen upon reversing the.fie]d occur in a time
short compé}ed with thylakoid rotational diffusion. EPL appears from
: éha;ge recombinétion that is enhanced on one face but not_fhé other for
a given field direction. The field disturbs the ionic environment of

the membrane in a way that takes several milliseconds to recover.
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7. No decrease is seen in delayed f]uorescenCe following an EPL
pulse. Although the EPL may.arise from.the same set of métastab]e inter-
mediates és ddes deiayed fluorescence, this pool is not measurably
depleted by the electric field pulse under the conditions.of our

experiments.

ACKNOWLEDGEMENTS

We wish to thank Dr. G. T. Babcock for his very helpful discussions
“of our work. The research was supported by the United States Atomic

Energy Commission and the National Science Foundation”(GB-36361).



-24-

REFERENCES

Arnold, W., and J. Azzi (1971 a) Photochem. Photobiol. 14, 233-240.

Arnold, W. A.,.and J. Azzi (1971 b) in Biomembranes, Vol. 2, (Edited
by L. A.-Mansbn), pp. 189-191, Plenum, New York.

Arthur, W. E. and B. L. Strehler (1957) Arch. Biochem. Biophys. 70, |
507-526. | |

Babcock, G. T. and K. Sauer (1973) Biochim. Biophys. Acta 325, 483-503.

~ Barber, J. (1972) FEBS Lett. 20, 251-254.

Barber, J. and G. P. B. Kraan (1970) Biochim. Biophys. Acta 197, 49-59.
Barbef, J. and W. J. Varley (1971) Nature New Biol. 234, 188-189. |
Bertsch, W. F., J. B. Davidson and J. R. Azzi (1963) in Photosynthesis
Mechanisms in Green Plants, NAS-NRC Publ. 1145, pp;‘701-7]0. '
~ Clayton, R. K. (1969) Biophys. J. 9, 60-76. '
Crofts, A. R., C. A. Wraight, and D. E. F]eischmann (1971) FEBS Lett.
15, 89-100. | | |
Ellenson, J. L. (1973) Ph.D. thesis, Univ. of California, Berkeley.
~ USAEC Report, LBL-2135. |
Floyd, R. A., B. Chance, and D. DeVault (1971) Biochim. Biophys. Acta.
226, 103-112. |
Forbush, B. and B; Kok (1968) Biochim. Biophys. Acté 162, 243-253.
Fowler, C. F. and B. Kok (1974) Biochim. Biophys. Acta 357, 308-318.
Gldser, M., C. Wolff, H.-E. Buchwald, and H. T. Witt (1974) FEBS Lett.
42, 81-85. ' - o
‘Goedheer, J. C. (1962) Biochim. Biophys. Acta 64, 294-308.
"Hardt, H. and S. Malkin (1971) Photochem. Photobiol. 14, 483-492;

Hardt, H. and S. Malkin (1972) Biochim. Biophys. Acta 267, 588-594.



-25- .
Hardt, H. and S}-MaJkin (1973) Photochem. Phbtobio]. lz, 433-440.
Hardt, H. and S. Malkin (1974) FEBS Lett. 42, 293-295. |
Ivey, H. F. (1957) J. Electrochem. Soc. 104, 740-748.
Izawa, S. and N. E. Good (1966) Plant Physiol. 51, 544-552.
Joliot, P., A. JO]]Ot B. Bouges and G. Barbieri (1971) Photochem.
Photobiol. 14, 287 305.
Junge, W. and H. T. Witt (1968) Z. Naturforsch 23b, 244-254.
Kok, B., B. Forbush, and M. Mcﬁlofn (1970) Photochem. Photobiol. 11,
- 457-475. |
Kraan, G. P. B., J. Amesz, B. R. Velthuys, and R. G. Steemers (1970)
Biochim. Biophys. Acta 223, 129- 145,

‘Lavorel, J. (1968) Biochim. Biophys. Acta 153, 727-730.

Lavorel, J. (1975) in B1oenerget1cs of Photosynthesis (Ed1ted by
Govindjee), pp. 223-317, Academ1c Press, New York.

Mackinney, G. (1941) J. Biol. Chem. 140, 315-322.

Malkin, S. and H. Hardt (]972) Proc. 2nd International‘Congress on
Photosynthesis Research, Stresa (Edited by G. Forti, M. Avron and
A. Melandri), Vol. 1, pp. 253-269, Dr. W. Junk, Publ., The Hague.

Malkin, S. and H. Hardt (1973) Biochim. Biophys. Acta 305, 292-301.

Mar, T. and Govindjee (1971) Biochim. Biophys. Acta 226, 200-203.

Mayne, B. C. (1968) Photochem. Photobiol. 8, 107-113.

Mayne, B. C. and R. K. Clayton (1966) P;oc. Natl. Acad. Sci. USA 55,
494-497. | |

Maxwell, J. C. (1892) Electricity and Magnetism, 3rd Ed., Vol. 1, p. 437,
Oxford. ' | |

Miles, C. D. and A T. Jagendorf (1969) Arch. Blochem Biophys. 129,

711- 719

Mohanty, P., B. Z. Braun and Govindjee (]972) FEBS Lett. 20, 273-276.



. =26~
Ruby, R. H. (1971) Photochem. Photobiol. 13, 97-111.
Schmidt, S., R. Reich, and:H. T. Witt (1971) Naturwiésenschaftén 8,.414.
Strichartz, G. R. (1971) Plant Physiol. 48, 553-558."
Stricharti, 6. R. and B. Chance (1972) Biochim. Bithys. Acta 256,
71-84. | B
Trebst, A. (1974) Ann. Rev. Plant Physiol. 23, 423-458.
Velthuys, B. R. and J. Amesz (1975) Biochim. Biophys. Acta §Z§,.162-168.
Wells, R., W. Bertsch and W. Cohen (1972) Proc. 2nd International
Congress on_Photosynthesis,Research, Stresa (Edited by G. Forti,-
M. Avron and A. Me]andri), Vol. 1, pp. 207-215, Dr. W. Junk, Publ.,
The Hague. ’
- Witt, H. T. (1975) in Bioenergetics of Photosynthesis (Edited by
Govindjee) pp. 493-554, Academic Press, New York |
Witt, H. T. and A. Zickler (1973) FEBS Lett. 37, 307-‘3]-0..
Yamashita, T. and W. L..But1er (1968) Plant Physiol. §§5 1978-1986.
Zankel, K. L. (1971) Biochim. Biophys. Acta 245, 373-385. |



Figure 1.

- Figure 2.

FigUre 3.

~ subjected to a 1600 v-cm

Figure 4.
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FIGURE CAPTIONS

Schematic diagram of experimental apparatus. See text
for description of components. The electrdphoto]uminescence
(hvEPL)vis monitored on the opposite side of the sample from

~

the actinic pre-illumination (hva).

Time course of a typical EPL éxperimentﬁ The sample is
illuminated for time tp (tyﬁica]]y 3-5 sec) during which
the defector is blocked. Actinic 1i§ht_is then blocked,
and detector shutter opens to observe deTayed Tuminescence
during time td’ typically 100 ms or longer. The e]ectri;
field is applied for the time te. The time after the
electric field pulse is designated tr.‘ Field pulses

generally were not shorter than 50 us nor longer than 10 ms.

Stimd]ated emission from aqueous unbuffered chloroplasts
1 field pulse. tp = 4'§ec,

td = .1 sec. The curve is an average of 10 séans;

The EPL onset kinetics on an expanded time scale starting

with field application and showing its sigmoid nature.

Aqueous chloroplasts subjected to a 1200 v—cm'] field puTse

and at a temperature of 3°C.

Figure 5.

Variation of reciprocal of time to reach one-half maximum

-1

EPL emission, (t]/z)f , as a function of app]ied electric



Figure 6.

Figure 7.

Figure 8.
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field. (a), aqueous unbuffered chloroplasts, untreated.
(b), tris-washed équeous ch]orop]asté. (c), tris-washed

aqueous chloroplasts plus ]O'SM_o-phenanthroline.
Log-log, (a), and semi-log, (b), plots of maximum EPL
emission measured during a 1 ms, 1600 v-cm'j field pulse

as a function of applied field.

Variation of initial EPL response with applied field.

Numbers beside each curve refer to the magnitude of the

externally applied field. Aqueous unbufferéd ch]orop]asts}_

Field dependent intensities of R and S components-of'EPL
plotted logarithmically. The solid 1iné is a theoketical
cufvé for a hyperbolic cosine function. 'The'componehts
were educted from EPL curves resulting from 10 ms field
pulses. After 10 ms the R component has éomp]ete]y decayed}

The S component with a half decay time of 3.5 ms was extra-

- polated back to the peak‘intensity of EPL emission and

"Figure 9.

subtracted from it. The difference is plotted as the
magnitude of R component emission. Aqueous unbuffered

chloroplasts.

Variation of EPL response with pulse sequence. (a) through

(c),'uhipo1ar sequences. (d), dipolar sequence. Aqueous

unbuffered chloroplasts.



Figure 10.

Figure 11.

Figure 12.

" Figure 13.

Figure 14.

-29-

(a) EPL emission from single 3.5'ms, 1600 v-em™! field
pulse startihg 9 ms dfter a single saturating 10 us
actinic flash. |

(b) Same as (a), but‘with a 300 us field pulse of the‘same_

~polarity occurring 3.5 ms after the actinic flash.

(c) Same és (b), but with polarity of 3.5 ms pulse

‘reversed. Aqueous unbuffered chloroplasts.

- P]ot of EPL emission maxima against the square root of

prei]iumination intensity. Aqueous chloroplasts were
preilluminated for 4 sec with broad band blue light.

1

Maximum intensity was about 1 mw-cm~2-sec” . Chlorophyl1

concentration was about 10 ug/ml. E = 1600'v-cm'1, tf =2 ms.

Second order plot of the maximum EPL emission measured as |
a fhnction of the dark time td after a 4 sec preillumination
with broad band blue light at saturating inteﬁsity. Unbuffered

aqueous chloroplasts. E = ]600.v-cm']

. tf =2 ms.
Series of EPL emissions recorded at various times td after
a 10 us flash and normalized using intensity at te = 3.0 MS.

Curves are labeled using td values. Samp1e: aqueous chloro-

_plasts with a chlorophyll concentration of 20 ug/ml. pH 8.5.

!

EPL emission from (a) tris-washed aqueous chloroplasts and

7

(b) tris-washed chloroplasts plus 10°'M gramicidin. Field

pulse 5 ms; chlorophyll concentration lUO wg/ml.

a0 000
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Spherical shell model discussed in text. Eo is the external

applied electric field in the Z direction. Face 1 refers to

~ the hemisphere in the -Z direction, and Face 2 is the

hemisphere in the +Z direction. a is the radius of the
inner spherical surface; b is the radius of the outer
spherical surface. Arrows show relative magnitude and
direction of electric field induced across-the spherical

shell.
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