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CHAPTER I

INTRODUCTION

1.1 The photosynthetic apparatus

The photosynthetic apparatus in higher plants is situated in the

1
thylakoid membranes. The thylakoids are flattened sacs

within the

chloroplast.
1.1.1 Architecture. A schematic picture of the chloroplast in mesophyll
cells is given in Pig. 1.1.

Pig. 1.1. Schematic representation of a chloroplast of higher plants.
om — outer-membrane; im — inner-membrane; g - granum, stack
of thylakoids; si - stroma lamellae or large singular thyla
koids; s - stroma.
The chloroplast is surrounded by two membranes which enclose the photo
synthetic membranes and the stroma (s). The outer-membrane (om) is per
meable to molecules of low molecular weight like sucrose in contrast
to the inner—membrane (im) which is shown to have some specific ion
translocation systems

2

just like in mitochondria. The photosynthetic

lamellae are formed by the grana (g), or stacks of thylakoids,and by the
stroma lamellae (si), which consist of larger thylakoids and which in
terconnect the grana. All these lamellae or thylakoids are closed mem
branes with osmotic activity to ions and non-electrolytes3 ’^.
Within these membranes the pigment systems (photosystems), the

8

electron transport chain and the photophosphorylation system are locat
ed. There is evidence that the thylakoids of the grana contain both
photosystem 1 and photosystem 2, whereas the stroma lamellae have only
photosystem 1 (ref. 5)- The stroma or inter-membrane space contains en
zyme systems for synthesis of carbohydrates, proteins and nucleic acids.
The length of an intact mature chloroplast varies from 3 "to 10 fi
and its thickness is 1 -

2 fi . The thylakoids of the grana have lengths

from 200 to 600 nm (refs. 5, 6), whereas the thickness of the thylakoid
membranes was found to be 130 X (spinach^). The interlamellar distance
(thickness of the internal thylakoid space) was reported to be about
*7 A

200 - 220 X (spinach'’ ). The thickness of the thylakoid and its mem
branes decreases upon illumination by about 20 - 30

% (refs. 7» 8), at

least in vivo.
1

.1.2 Function. In photosynthesis of algae and plants light energy ab

sorbed by the photosynthetic pigments, mainly in the visible region,
is converted into the chemical energy of organic molecules according
to the overall equation:

H20 + C02

lisht > (CHgO) + 02

(1)

Carbondioxide is reduced to the level of carbohydrate with concomitant
evolution of oxygen.

fluorescence

acc . p i g m c h l a ,

cyt f
H„0 —► ZH —* chla'

X -> Fd -» fp - NADP -» C02

Fig. 1.2. Simplified scheme of the electron transport chain in photo
synthesis of algae and plants. ZH - primary electron donor
to PS2; chlaA - chlorophyll a of the reaction center of PS2;
q _ primary electron acceptor of PS2; PQ - plastoquinone;
cyt f - cytochrome f ; PC - plastocyanin; P700 - chlorophyll a
of the reaction center of PS1; X - primary electron acceptor
of P S 1 ; Fd - ferredoxin; fp - flavoprotein; NADP - nicotin
amide—adenine dinucleotide phosphate.

9

The light energy (hi>9 , hr.) is absorbed by the accessory pigments and
t

I

chlorophyll a in both pigment systems

2^

o

t

(see Fig. 1.2). The excita

tion energy then is transferred by dipole—dipole interaction to the
photoactive chlorophyll molecules, chlorophyll a£ and P700, the react
ion centers of pigment system 2 (PS2) and 1 (PS1), respectively. These
molecules then become oxidized with concomitant reduction of the prim
ary acceptors Q and X and are reduced in the subsequent dark reaction
by the primary donor ZH and by cyt f or PC, respectively. The arrows indicate the direction of the electron transport. The electron carriers
between the two reaction centers become reduced upon photochemical
activity of PS2, and oxidized upon that of PS1. By means of the two
photoacts^-^

electrons are transported from H„0 to NADP+ (refs. 9,

10) with concomitant synthesis of ATP (not shown). Both NADPH and ATP
are necessary for the COg fixation. For sake of simplicity cyclic
electron transport and pathways to photophosphorylation are omitted.
Part of the absorbed light energy is emitted as fluorescence of chloro
phyll a. Most of the fluorescence is emitted by chlorophyll a^. Its
yield, which is in vivo about 2 to 8 per cent, is governed by the re
dox state of Q2° and by the conformational state of the thylakoid mem.
141,142
branes
•

.1.2 Delayed fluorescence

1.2.1 Early experiments. Luminescence* or delayed fluorescence emitted
by photosynthetic preparations was discovered in 1950 by Strehler and
Arnold ^ in an attempt to demonstrate formation of ATP with the fire
fly-luminescence assay system. Control experiments, however, showed
that delayed light emission also occurred in the absence of the luciferin-luciferase system, that this light was emitted in the red instead
of the green region of the spectrum, and that in contrast to the fire
fly-bioluminescence, which is induced By the high-energy compound ATP,
*Luminescence and delayed light emission from photosynthetic organisms
have exactly the same meaning as delayed fluorescence, i.e. a reex
citation of the first singlet state of chlorophyll a 2 (algae and high
er plants) from a metastable state induced by the light.

10

this luminescence was induced by light.
The light emission persisted for several minutes, i.e. long after
the prompt fluorescence,which has a lifetime of the order of 1 nsec,
had died out. Its emission spectrum as measured with Chlorella turned
out to be similar to that of chlorophyll a fluorescence

which in_

dicated that the luminescence was emitted by the first excited singlet
state of chlorophyll a. The intensity of this delayed fluorescence from
Chlorella was measured as a function of temperature between 0 and 50° C
and was found to be optimal at about 37° C. The luminescence was meas
ured about 0.2 to 1 sec after illumination. This indicated that (an)
enzyme-catalyzed reaction(s) (was) were involved

. The activation ener

gy was calculated to be about 19*5 Kcal (4 0.85 eV). Following Duysens'
6

discovery of light-induced changes in absorbance at 48O and 515 nm
Strehler and lynch

16

15

demonstrated that the change at 515 and also the

change at 648 nm paralleled in many respects delayed light emission
with regard to the time course (induction) and dependency on illuminat17
ion intensity. Strehler
also showed that the shape of the induction
curve of luminescence in Chlorella was similar to that of fluorescence.
The action spectra of delayed light of blue-green, red and green algae
and of spinach chloroplasts^’^
of fluorescence

20

were also found to be similar to those
•

,,

and showed a high activity of the phycobilins in the

20

red and blue-green algae due to energy transfer

from these accessory

pigments to chlorophyll a.
When evidence for the existence of two pigment systems in photo21 —2 ^
synthesis had been found
(see Fig. 1.2 for the overall scheme of
2

A

photosynthetic electron transport) Goedheer H observed that light ab
sorbed by the short-wavelength system, called pigment system 2 (ref.

21), caused luminescence whereas light absorbed by the long-wavelength
system, called pigment system 1 (ref. 21), quenched luminescence.
Bertsch2^ obtained similar results. At very low intensities of exciting
light, however, the additivity2^ ’ ^ of the luminescence signals induced
by both sorts of light given at the same time was demonstrated and no
quenching effect could be observed. The action spectra of luminescence

24

of Chlorella and the blue-green alga Synechococcus were roughly similar
to the corresponding spectra mentioned before

18 19

’ .

11

1.2.2 Relation between luminescence and the redox state of the primary
acceptor of pigment system 2. The yield of chlorophyll a fluorescence
in pigment system 2 is postulated to he governed by the oxidation-re
duction state of the quencher Q, the primary electron acceptor of this

26

photosystem

(see Pig. 1.2). When all Q is oxidized, due to photochem

ical activity of photosystem 1 or to a long period of darkness, the
yield of fluorescence is minimal. Upon absorption of light by photosys—
tem 2, Q becomes reduced with a concomitant rise of the yield of maxim
ally up to 4 times the base or minimal yield (see also refs. 27 - 29).
Duysens

suggested that the luminescence measured by Goedheer^ depend

ed on two factors: (1) a chemical reaction, which excites chlorophyll a^
and (2) the yield of prompt fluorescence. An increase in luminescence
could be partly due to a higher yield of fluorescence of chlorophyll a„.
24
^
The quenching of the luminescence intensity n by action of pigment sys-

26 . A

tem 1 may then be due to oxidation of Q
31
Bade by Franck and Rosenberg .

similar suggestion was

Prom measurements of delayed light from minutes up to very short
darktimes (5*10

sec) Arnold and Bavidson

concluded that lumines

cence, excited by saturating light, would constitute an appreciable
part of the prompt fluorescence yield when the curve as represented in
a log-log-plot was extrapolated to the lifetime of fluorescence. How
ever, later on Arnold^ found that the luminescence curve levelled off
at short darktimes if the exciting light was non-saturating. The result
of the new extrapolation was that at most 1 $ of the prompt fluorescence
might be rapidly decaying delayed light. Müller and L u m r y ^ analyzed
the prompt and the delayed fluorescence at very short darktimes (t<SC
_C

5*10

sec). Using an excitation beam modulated at very high frequen

cies they found that less than 10 ^ of the total emission, as compared
to that obtained e.g. with fluorescein, which did not give luminescence,
might be luminescence from bulk chlorophyll a^ molecules, which were
not reexcited via the reaction center of PS2. This luminescence, name
ly, was not changed by DCMU, hydroxylamine^ or heat treatment^, and
therefore could only be part of the above mentioned minimal yield of
fluorescence.
Evidence that delayed light does not occur in the absence of prim-

12

ary photochemistry was obtained, hy Clayton and Bertsch^ and by Bertsch
and coworkers^. A photosynthetically inactive mutant of the bacterium
Rhodopseudomonas spheroides without P87O did not luminesce in contrast
to the wild type^, whereas two non-photosynthetic mutants of the green
alga Scenedesmus obliquus, mutant 11 (no photoreaction 2) and mutant 8
(no photoreaction 1) emitted about

250

times less and 3 times more

37

delayed light, respectively, than the wild type at 1 msec of darktime

.

Azzi^® measured very carefully the emission spectra of delayed
(1 msec) and prompt fluorescence for several algae and found that the
luminescence spectra of the green algae Chlorella and Scenedesmus were
identical to the fluorescence spectrum showing the emission of chloro

685

phyll a with a maximum at

nm. These results were in agreement with

earlier results of Arnold and coworkers^’^ ’^ . Whereas the fluores
cence spectra of the blue-green alga Anacystis and the red alga Porphyridium also showed emission of the accessory pigments , the phyco—
bilins, the relative contributions of which were dependent on the wave
length of the exciting light, the luminescence spectra showed the emis
sion of chlorophyll a and at most only a minor contribution of phycocyanin.
The similar kinetics of the variable fluorescence and of the
3 msec-delayed fluorescence of the green bacterium Chloropseudomonas
ethylicum and the algae Chlorella and Anacystis together with the dif
ferent emission spectra between the initial and the variable fluores—
39
cence, the latter being proportional to the luminescence spectra ,

°. By

were explained by Butler4

a reasoning similar to that of Duysens

(see above) he proposed that the yield of luminescence, caused by reexcitation of chlorophyll a of system 2, should be, like the yield of
the prompt fluorescence, dependent on the oxidation—reduction state of
Q2^. In the case of the bacterial emission spectra similar arguments

^
were u s e d ^ as those mentioned above (see Azzi

30

).

Lavorel^1 ,^2>and Clayton^3 measured quantitatively the relation
ship between luminescence and fluorescence. Evidence was obtained by
Lavorel that the intensity of delayed fluorescence of algae is propor
tional to the yield of prompt fluorescence and also, under certain con
ditions, proportional to the yield of variable fluorescence, which

13

suggests a linear relationship to the concentration of the reduced
primary electron acceptor Q- . Clayton^ found the yield of luminescence
in isolated chloroplasts to he proportional to what he called "livefluorescence", which was assumed to he only slightly larger than the
variable fluorescence. He also showed that ferricyanide added to chlo
roplasts illuminated with strong light initially decreased the 250 msecdelayed light. This decrease was proportional to the decrease of the
"live" fluorescence. DCMU2^ added at low light intensities increased
the delayed fluorescence^ proportionally to the increased "live"
fluorescence. Both phenomena are thus related to the amount of Q ,
which is depressed hy reoxidation upon addition of ferricyanide and in
creased hy DCMU. This inhibitor of electron transport prevents the reoxidation of Q~ hy electron carriers between the two pigment systems

26

Continued illumination in the presence of DCMU caused the luminescence
to decline to a small fraction of its initial value, presumably due to
inhibition of photochemistry which should exhaust the concentration of
oxidized ZH.
However, at high light intensities and at very short darktimes
(msec-range) addition of DCMU caused an immediate drop of delayed light
emission. Here DCMU could not further increase the "live fluorescence
yield" (amount of Q- ), so the remaining activity of DCMU is blocking
stimulation resulting from electron transport and lowering the concen
tration of oxidized ZH (see above). Under the same conditions, but
without DCMU, ferricyanide caused an initial inhibition of delayed
fluorescence (5 msec) followed, however, by a stimulation higher than
necessary to overcome only the initial inhibition. This stimulation is
maybe explained by a completely different phenomenon which was recent
ly discovered in different laboratories and which is described in
Chapter V. This phenomenon is associated with a higher electrochemical
potential difference across the thylakoid membrane caused by a rapid
electron transport.
Taken together these results and the earlier mentioned, like the
luminescence action spectra

18

iQ

’

2A

, which demonstrated high activity

of light absorbed by pigment system 2 (see also refs. 24, 25), the
need of functional reaction c en te rs ^’^ , and the various emission

14

spectra^°’^ ,

these facts indicate that luminescence or delayed fluor

escence of algae and higher plants might be caused by the back reaction
of the primary photoproducts^2

of pigment system 2 causing reexcitat

ion of chlorophyll a of this photosystem.
1.2.3 Relation between luminescence and the redox state of the donor(s)
of pigment system 2. In the previous section it was described that in
the presence of DCMU luminescence, excited by weak light and measured
at 250 msec of darktime, finally was inhibited^ . It was proposed that
this inhibition was due to a diminished concentration of the oxidized
primary donor "to PS2 caused by a blocked photochemical reaction*
Recently Kok and coworkers^ described a model to explain the re
lation between oxygen evolution and its precursers. Based on results
45
obtained by Joliot and colleagues
they proposed a four linear step
mechanism, in which the reaction center of PS2 or an associated donor,
S, accumulates 4 tcharges before one molecule of oxygen is evolved.
Each of these 4 steps needs a photochemical turnover in the reaction
center:
S

o

^ > s 2+

- ^ s ^ +

hr 4 s4 + _____
*

47 ^

s.

2H20 02 + 4H

Further they obtained evidence that in the dark 75
centers was in the stable state S. and 25

%

%

of ihe reaction

in state SQ .

Jones^° concluded from flash experiments that dark-adhpted cells
of Chlorella emitted only delayed fluorescence when two or more flashes
had been received. More detailed information about the mechanism which
causes this effect was obtained by Barbieri and coworkers^. They found
that when a series of short flashes of light was given after a suf
ficiently long dark period, the 20 msec delayed fluorescence showed an
oscillatory pattern with a periodicity of 4* This was apparently relat
ed to a similar oscillatory pattern observed for oxygen evolution

’

The difference was that the luminescence was maximal after the second
flash and that of oxygen evolution after the third flash. At shorter
times (50 nsec) 3 flashes were needed^

to get the highest intensity
4+
of delayed fluorescence, just like oxygen evolution, so that
might
be the precursor of a very rapidly decaying luminescence component.

.

15

In "terms of "the hypothesis of Kok et a l .

it might he that the
3+
oxidized donor to PS2 necessary for the luminescent reaction is S
3
if the darktime t^ ^ 1 msec and S 4+
. if t , <S 1 msec,
d
1.2.4 "Chemiluminescence" or stimulated delayed fluorescence. As would
he expected from the early concept of Mitchell's chemiosmotic hypothe49
sis
on the coupling of electron transport to phosphorylation Neumann
50
and Jagendorf
demonstrated that unbuffered chloroplasts showed an in
crease in pH in the medium upon illumination, which disappeared after
the light period. This light-induced change in pH, leading to an acid
ification of the interior of the thylakoid membrane was shown to he
correlated with a so called high-energy state necessary for photophos
phorylation, which was thought to he driven by effluxing protons through
49
the membrane-hound reversible ATP-ase system . A pH gradient across
the thylakoid membrane, however, could also be formed artificially,
51
and Jagendorf and Uribe
succeeded in the demonstration of a high
yield of ATP formed by the disappearancé of such a gradient, which was
brought about by an acidification of the chloroplast suspension (down
to about pH

4)

followed by a rapid mixing with base, giving a final pH

of about 8.5» Light was not needed for ATP formation in these experi51
was also inhibited
52-54
by the known uncouplers of photophosphorylation
.
ments. The artificially induced phosphorylation

Meanwhile Mayne"^ had obtained some evidence that the delayed
fluorescence, measured after

4 msec

of darktime, was also related to

the high-energy state. This evidence was based on the finding that uncouplers of photophosphorylation inhibited this delayed fluorescence.
If instead of uncouplersthe complete phosphate acceptor was added the
luminescence intensity was lower, but in the presence of the so called
"energy transfer inhibitors", which inhibit between the high-energy
state and the phosphorylation of ADP, this inhibition of light emission
was reversed.
51.55
56
These results^
suggested to Mayne and Clayton
that the highenergy state may cause luminescence and that such an acid-base trans
ition could bring about delayed fluorescence. This was found to be true
and the pH jump caused a flash of luminescence, the emission spectrum
of which was roughly similar to that of prompt fluorescence of chloro-

16

phyll a. The induced light emission was inhibited by uncouplers of
photosynthetic phosphorylation and also by DCMU, which blocks electron
transport close to the reducing side of pigment system 2 (ref. 26),
51
but not the acid-base transition induced phosphorylation . Later on
57
Mayne
found, however, that preillumination was required for the acidbase induced luminescence which was measured 20 sec after switching off
the light. This is understandable, because the energy of the emitted
red light is about 1.81 eV per photon (685 nm), which corresponds to

-1

42 kcal.einstein

, whereas a pH gradient of 4*0 pH units provides on

ly 5*4 kcal.Mole

per hydrogen ion at 20° C. The luminescence spike
58
might be the result of the pH gradient , which provided the activation
57
energy for the delayed fluorescence . "The pH transition triggers the
57
release of light from some metastable state within the chloroplast"
Another possibility proposed was the change of redox potentials of one
or more intermediates in the electron transport chain causing reversed
57
electron transport to the luminescence reaction . A further discussion
of these points is given in Chapter VIII. The action spectrum of the
pH jump induced luminescence was suggested to be that of pigment system
57
2, because at wavelengths larger than 680 nm a red drop was observable .
57
Varying the intensity of exciting light Mayne
found that the metastable
state needed for the induced spike of luminescence was formed via an
apparent first order process, whereas its decay was second order.
59
61
Miles and Jagendorf
and independently Barber and Kraan
demon
strated that addition of salts to preilluminated chloroplasts also in
duced considerable intensities of luminescence emission (t^ = 10 sec)
as did a sudden decrease of the pH below 4 (ref. 59)- Both phenomena

_

59

were inhibited by uncouplers of the photophosphorylation and by DCMU
57
just like the acid-base induced luminescence
and had about the same
emission spectrum. A more detailed study of the effect of uncoup—
lers will be reported in Chapters IV, V and VI (of this thesis).

The results there will show that the inhibition by uncouplers was de
pendent on experimental conditions applied to bring about luminescence.
A striking difference between the addition of salts and the acid-base
transition was that in contrast to the latter^1
the former treatment
59
did not cause ATP formation or ATP-ase activity . No further conclus-

17

ions, however, were obtained, hy Miles and. Jagendorf about the mechanism
of the salt-induced luminescence. Evidence was also presented that the
acid-base induced phosphorylation and luminescence must have at least
partly different mechanisms and could be inhibited separately

59,

al

though these processes were initiated by the same pH gradient.
In this thesis evidence will be presented that the stimulation of
delayed fluorescence by addition of salt to chloroplasts is caused by
a diffusion potential across the thylakoid membranes. This potential
stimulates the back reaction between the charged photoproducts of sys
tem 2 , which are located at opposite sides of the membrane. As will be
discussed, the stimulation lpy a pH gradient, formed by an acid-base
transition is probably due to a shift in pH-dependent equilibria of
components on both sides of the membrane.
As will be shown the integrity of these membranes determines strong
ly the extent of the stimulation of delayed fluorescence.
Part of the results described in the following chapters have also
been published elsewhere **

^.
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CHAPTER II

MATERIALS AND METHODS

2.1 Isolation of chloroplasts

Chloroplasts were isolated from leaves of spinach (Spinacea oleracea), obtained from market stores or grown in a greenhouse (var. "Nores"
or "Glares"*). For some experiments the leaves were washed and macerat
ed in a blendor at 0 - 4

in a solution of pH 7*8 containing 0.4 M su

crose and either 0.05 M Tris—HC1, 0.05 M N-tris(hydroxymethyl)-methylglycine (Tricine)-KOH or 0.05 M N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)—KOH. The homogenate was filtered through two
layers of nylon or perlon gauze (mesh width 60 - 80 /x), and the filtrate
was centrifuged at 1000 x g for 5 min. The chloroplast pellet was re
suspended in the same buffered sucrose solution and stored at 0° in the
dark. Chloroplasts isolated in this way will be referred to as "normal
chloroplasts".
For other experiments chloroplasts were isolated from freshly
picked leaves (greenhouse) hy a method described by Kraayenhof ^ . Brief
ly, the leaves were cut into small pieces in cold 0.4 M sucrose with
0.05 M Tricine, brought to pH 7*8 with NaOH or KOH, and the chloroplasts
were gently squeezed from the leaf fragments by means of a ribbed per
spex mortar and a ribbed teflon roller, filtered through two layers of
perlon net (56 fi) and centrifuged at high speed (up to 8000 x g) for a
short time. After gentle resuspension in the same buffer as used for
the isolation the chloroplasts were stored at a high concentration
(1.10

— 5.10 3 M chlorophyll) on ice in the dark. This procedure

yielded at least 50 % Class I chloroplasts (as defined by Spencer and
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Unt

Chloroplasts prepared by this method will be referred below to

as "Class I chloroplasts".
The chlorophyll concentrations were determined according to
Whatley and Arnon
x

.

Thanks are due to D. van der Ploeg, Barendrecht, who kindly donated
the seeds.
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2.2 Apparatus and procedure

In order to study the stimulation of delayed light emission caused
by a change in the concentrations of ions in the medium a mixing device
was constructed. Two possibilities were considered. The first was to
add the mixing solution to the preilluminated chloroplast suspension in
front of the photomultiplier, which would enable a continuous observat
ion of the luminescence but would also result in a less rapid and ef
ficient mixing. The second one, which we chose,' was to mix the sus
pension with the mixing solution outside the measurihg cuvette, sub
sequently transport the suspension into the cuvette and measure with
some small delay the luminescence intensity. This delay was, however,
much shorter than the delay, which would have been occurred by the less
efficient mixing in the first method.
The apparatus used consisted of the following parts (see Fig. 2.1a).
2.2.1 Preillumination chamber. This consisted of a one mm perspex cu
vette, attached to a shutter on one side and to an identical one on the
other side. These cuvettes contained the chloroplast suspension and the
first mixing solution, respectively. For the acid-base experiment the
first solution was the acid. For both the control and the salt exper
iments the cuvette was filled with buffer (pH 7*8).
2.2.2 Mixing device. After preillumination the contents of both vessels
were mixed and transferred by means of pressed air and within 1 sec
into a stainless steel syringe (see Fig. 2.1b). An identical one was
mounted in a parallel position close to the first syringe and contained
the second mixing solution, which in the sequence of the type of ex
periments, mentioned in Section 2.2.1 was base, buffer or salt solution.
The exits were connected via stainless steel tubes with a Y-shaped tap
made from a cylindrical piece of teflon surrounded by a stainless steel
housing. When this tap was opened the contents of the syringes were ex
pelled automatically into a common delively pipe, by means of an airdriven piston attached to both plungers, and transported into the
measuring cuvette at such a speed that turbulent mixing occurred in the
mixing tube. The total mixing time used with most experiments described
in this thesis was about 250 msec. In this time 2.0 ml chloroplast sus-
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Pig. 2.1a. Survey of the apparatus (partly schematic) for measuring de
layed. and prompt fluorescence. PM - photomultipliers; m mirrors; c - cuvettes; f - filters; s - shutters; g - a glass
plate; hs - a hearn splitter. The lamps L-| and L2 served to
provide the preillumination and the fluorescence excitation
light, respectively. Io provided preillumihation in the ex
periments of Table 6.4 and the results described in Chapter
V. The light intensities were measured by means of calibrated
photocells (pc). Further details are given in the text.
pension and 2.0 ml of mixing solution were pressed from the syringes in
to the measuring cuvette. Because the filling time of the part of the
cuvette that was viewed by the photomultipliers was approximately 200
msec, the luminescence of each individual particle could not be regis—
trated during about 50 msec after mixing. This was the time of trans—
port of the mixed suspension from the mixing point (in the tap) just to
the bottom of the observable part of the measuring cuvette (Fig* 2*1b)*
The average speed during this transport through the common delivery
pipe (inner diameter 0.2 cm) in which turbulent flow occurred, neces2
-1
sary for satisfactory mixing, was about 5*10 cm .sec .
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Fig. 2.Vb. Details of the mixing procedure in a schematic drawing.
pr ch - preillumination chamber; sy - metal syringes; mp mixing point: the Y-shaped tap; me - measuring cuvette.
In the middle of the measuring cuvette a horizontal cross
section through it is given. Further details are given in
the text.
Just before the suspension came into view of the photomultipliers this
.
-1
speed was reduced to about 20 cm.sec
Some of the experiments were performed within a shorter time as report61
3
ed earlier . Then the two speeds were respectively about 1 .8.1Cr
cm.sec

-1

and

70

cm.sec

-1

.

2.2.3 Measuring cuvette. Because of the desirability to record both the
prompt and the delayed fluorescence simultaneously a special cuvette
was made (see Fig. 2.1b). It consisted of a gap of 4 x 4 cm

in a

sheet of stainless steel (2 mm), enclosed by two sheets of black per
spex and divided by a thin wall of the same material into two ident
ical and optically isolated halves with transparent perspex windows
facing two photomultipliers. The bottom of the measuring vessel was a
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2 ram layer of sintered glass situated 1 mm above the entrance to obtain
uniform filling of the vessels.
2.2.4 Measuring compartment. Close to the measuring cuvette a photo
multiplier (EMI type 9558» S-20 sensitivity) was mounted, equipped with
a shutter (ILEX No.

4)

and two glass filters, Schott RG 645> 3 mm and

RG 630, 2 mm. The distance between the measuring cuvette and the front
of this photomultiplier was about 5 cm. The fluorescence, measured
with the other photomultiplier of the same type, was excited by blue
light, transmitted by a Balzers B40-472 interference filter and filter
ed by a Schott AL 688 interference and two RG
/

-1 2

intensity of the measuring light (3*10

645

cut off filters. The
-

Einstein.cm

2

-

.sec

1*

)

was too

low to affect the yield of variable fluorescence.
For experiments which did not involve a change in the medium after
the illumination period a measuring cuvette of the same dimensions but
without black lucite was used which could be illuminated both by actinic
and excitation light (L^ and

, respectively, in Fig. 2.1a). Shutters

controlled by electronic timers made it possible to control the periods
of illumination and the length of the darktime before the measurements
of luminescence or fluorescence yields in the dark. The signals then
were measured in separate experiments with the same photomultiplier
close to the cuvette. The increase of the fluorescence yield caused by
the actinic light beam was measured with the other photomultiplier.
The anode currents from the photomultipliers were fed into currentvoltage converters and registrated by a 2—channel Clevite Brush stripchart recorder or a Siemens oscillomink. Part of the delayed fluores
cence signal was also fed into an electronic integrator connected to a
recorder which plotted the integrated delayed fluorescence.

2.3 Some typical experiments

Some typical results obtained with the luminescence apparatus are
shown in Fig. 2.2. The recordings in the left-hand column show the
characteristic traces of delayed fluorescence. Curve a shows the de
layed fluorescence in a control experiment, where the chloroplasts were
diluted twice with the same buffer; upon the second mixing, 3 sec after
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Pig. 2.2. Recordings of luminescence in-tensity (l ), fluorescence yield
(p) and integrated delayed light emission (jLdt) of normal
chloroplasts (see Section 2.1). The chloroplasts, suspended
in 0.4 M sucrose and 0.05 M Tricine, brought to pH 7.8 with
KOH, were preilluminated for 5 sec with saturating red light.
The first mixing was with the same sucrose-Tricine buffer
(Recordings a, b and c) or with a solution containing 0.4 M
sucrose and 0.02 M succinic acid (d, pH after mixing 4 .2).
The second mixing, after a darktime of 3 sec, was with buffer
(a), NaCl, final concentration 0.3 M (b), succinic acid-su
crose solution (c), or with a solution of 0.3 M sucrose and
0.1 M Tris (d, pH after mixing 8 .7 ). The final chlorophyll con
centration was 7.5.10
M. Recording started immediately after
the second mixing. The recordings of the left-hand row were
made with different sensitivities of the apparatus; the num
bers give the relative heights of delayed fluorescence immed
iately after the second mixing. The recordings for P and fLdt
are given on the same relative scales. The fluorescence re
cordings were corrected for a contribution caused by delayed
fluorescence. This correction was 29 % for the initial value
of Recording d and correspondingly smaller for the other re
cordings. The dashed line indicates the fluorescence level
after 2 min. The stimulation induced by mixing with NaCl
varied with different batches of chloroplasts; it was usual
ly 2 - 3-fold.
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preillumination, the light emission was recorded, (see Section 2 .2 ).
This signal represents what we shall call the "normal" delayed fluores
cence of preilluminated chloroplasts. A six times higher signal (Curve
h), was obtained when the second mixing was done with NaCl solution,
and a 16-fold stimulation was observed (Curve d) when the suspension was
first mixed with acid and subsequently with base. Mixing with acid alone
resulted in a decreased luminescence signal (Curve c).
Addition of salt or acid-base treatment gave only an initial stim
ulation, as can be seen from the rapid decay, especially of the acidbase luminescence. This is also shown by the curves at the right-hand
side of the figure, which give the total light emission, integrated over
up to 2 min. The differences in total light output for Curves a, b and
c are much smaller than for the corresponding initial luminescence levels
at the left. The slopes of the curves show that the intensity of light
emission for the acid-base experiment becomes lower than that of the
control within 3 sec, whereas the stimulation in the salt experiment,
although smaller, lasted for about 25 sec.
Recordings of the relative yield of chlorophyll fluorescence
(middle column) showed much smaller differences than the luminescence
recordings. Curve a shows the kinetics of fluorescence measured simul
taneously with the luminescence for the control experiment. The fluor
escence yield slowly decreased with time and after 2 min reached the
level indicated by the dashed line. The latter level was approximately
the same as that obtained without preillumination, and will be called
"base" level. The difference between the total yield and the "base"
yield will be called the "variable" fluorescence; at the beginning of
the recording this amounted to about 55 $ °f "the "base" fluorescence.
The variable fluorescence is probably caused by Q , the primary electron
acceptor of system 2 (ref. 26) which is reduced in the light and reox—
idized in the dark. The base fluorescence and the initial yield of var
iable fluorescence were only slightly affected by salt or acid-base
treatment. This indicates that the stimulated emission cannot be explain
ed only by changes in the concentration of Q

or in the fluorescence

yield (see refs. 41-43), but is due to an increase in "intrinsic" de
layed fluorescence, probably caused by a more rapid recombination of
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Q- and an oxidized product of the light reaction. The more rapid decay
of the fluorescence yield shown hy Recording d, suggesting a more rapid
reoxidation of Q~, would be in line with this assumption. For experiment
c there appears to be a correlation between the variable fluorescence,
the luminescence signal and the total light emission which will be dis
cussed in Chapter III.
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CHAPTER III

STIMULATION OP DELAYED FLUORESCENCE INDUCED BY AN ACID-BASE TRANSITION

3.1 Introduction

After the initial discovery By Mayne and Clayton^ that an acidhase transition could bring about delayed fluorescence many aspects of
this phenomenon were investigated. The most relevant fact was that this
"oldest" type of stimulated luminescence was reported to exist only af57
ter preillumination . This and further introductory details are discus
sed in Section 1.2.4*
In this chapter it will be shown that the intensity of the stimul
ated delayed fluorescence as induced by an acid-base transition, after
saturating preillumination, is not only dependent on the size of the
pH change in the medium but also on the time of acidification, the pH
during the acid phase and on the type of buffer used. These latter three
factors determine the pH inside the thylakoid membrane.
The permeability of the thylakoid membranes to protons is amongst
67
other things dependent on the type of buffer used . Tris-buffer and its
zwitterionic analogue Tricine were used for the determination of the pH
dependency of luminescence and of the acid-base jump induced stimulation
of luminescence.
Chapter VI will give further information about the effect of the
different buffers upon the luminescence phenomena and Chapter IV (Section

4.3)

and VII will deal with other aspects concerning the stimulated

luminescence brought about by an acid-base transition.

3.2 Results

3.2.1 pH dependence of delayed fluorescence. A decrease of pH after pre
illumination caused a decrease of delayed fluorescence. Fig. 3*1a shows
the results of a series of experiments in which the chloroplasts, pre
pared in Tricine-KOH, pH 7 >8, were subjected to sudden pH jumps by mix
ing with various concentrations of 2-(N-morpholino)ethanesulfonic acid
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pH
Fig. 3«1a. Effects of pH changes upon initial luminescence (O--O),
integrated luminescence (A--A), base fluorescence ( ■ ---■ )
and variable fluorescence ( □ ---□ ). The base fluorescence
gives the fluorescence yields without preillumination. Init
ial luminescence and fluorescence were measured immediately
after mixing with the solutions indicated below, as described
for Pig. 2.2. Class I chloroplasts in 0.01 M Tricine-KOH
buffer (pH 7*8). The pH was lowered with MES-HC1, or increas
ed with Tricine-KOH. Darktime was 2 sec. Pinal chlorophyll
concentration 2.5 >10—5 jj. The variable fluorescence yield at
pH 7*8 was about 45 % of the base fluorescence yield.
(MES)-HCl or Tricine-KOH buffers. An increase of pH, up to pH 11, caused
an increase in delayed fluorescence, and a decrease, down to pH 3» caus
ed an inhibition. Decreasing to pH below 3 caused a strong temporary
stimulation of delayed fluorescence. The same results were obtained
when MES-HC1 was partly replaced by succinic acid, in such a way that
its total concentration was kept constant at 1.5 mM from pH 5 down to
pH 2. The variable fluorescence was affected qualitatively in a similar
way, but less strongly than the delayed fluorescence, whereas the level
of base fluorescence was almost independent of pH.
It thus appears that part of the effect of pH on delayed fluores-
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cence is due to a change in the yield of the variable fluorescence43
(see Discussion). The effect may also be partly caused by the pH gradient
generated, which is favourable for light emission when the pH outside
of the chloroplast lamellae is increased, but unfavourable when it is
lowered. The stimulation at very low pH may be due to damage of the
lamellar structure, which results in a lower pH inside the thylakoid
membrane, causing an increase in delayed fluorescence.

Fig. 3 .1b. Effects of pH changes upon initial luminescence (O--O),
integrated luminescence (A--A), base fluorescence ( ■ ---■ )
and variable fluorescence ( □ ---□ ). The base fluorescence
gives the fluorescence yields without preillumination. Init
ial luminescence and fluorescence were measured immediately
after mixing with the solutions indicated below, as described
for Fig. 2.2. Normal chloroplasts in 0.05 M Tris-HCl (pH 7*8).
The pH was lowered with succinic acid, or increased with Tris.
Darktime was 3 sec. Chlorophyll concentration 9.10- -5 M. The
osmolarity of the suspensions was kept constant at 0 . 4 M
with sucrose throughout the experiments. The variable fluor
escence yield at pH 7 . 8 was about 50 $ of the base fluores
cence yield.
Fig. 3.1b shows analogous experiments with Tris-buffers. The results
were similar to those with Tricine, except that stimulation occurred
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even below about pH 5-0 to 4*7, perhaps because acidification of the
/■.7

inside of the thylakoid might be easier when Tris-buffer

is used. The

stimulation in the region above pH 7*8 was smaller, and was absent in
the integrated luminescence signal, perhaps because of an uncoupler ac59
tion by Tris. Miles and Jagendorf , also using Tris-buffer, observed
only an enhancement of luminescence upon lowering the pH, possibly be
cause of different measuring techniques and experimental conditions.

Pig. 3-2. Kinetics of luminescence and fluorescence after addition of
acid to preilluminated chloroplasts in Tris-buffer. Normal
chloroplasts in 0.05 M Tris-HCl buffer (pH 7*8). The pH was
lowered with succinic acid. The maxima shown in (b) and in
(a) indicate the luminescence values and the fluorescence
yields the data of which are plotted in Pig. 3.1 Id . The curves
in Pig. 3»2a indicate the fluorescence yield obtained (from
the top downwards) at pH 7*8, 7*1i 6.3, 5*4i 4*6 and 4*2.
The two dotted lines indicate the fluorescence yield without
preillumination at pH 4-2 and 7*8. In Pig. 3-2b the lumines
cence signals are given. The numbers 1 - 7 indicate the curves
at pH 7*8, 7*1» 6*3i 5*4» 5*0» 4*6 and 4*2. The other condit
ions as indicated in Pig. 3 -lb.
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Prom the kinetics of the fluorescence signals (see Pig. 3-2),
measured after addition of acid to chloroplasts in Tris-buffer and ob
tained with a higher speed of the recorder, it appeared that the actual
yield was decreased within the mixing time of about 50 msec. The cor
responding luminescence signals showed biphasic kinetics during the fil
ling time of the cuvette (50 - 250 msec). The initial slope (pH 6.3 -

4.6)

was slightly lower than the control signal at pH 7*8, which demon

strates a small inhibition due to the lowered fluorescence yield. Sub
sequently the curve rose very slowly, starting just before the cuvette
was filled completely and showed its maximum at t^ > 0.25 sec. In con
trast to the control experiments, where the observed "maximum" coincid
ed with a complete filling of the cuvette, these "delayed" maxima, plot
ted in Pig. 3.1b, indicate an increase of luminescence, decreased init
ially by the lowered pH, at a time after the cuvette was totally filled.
This increase of light emission might be due to a subsequent influx of
protons into the thylakoid interior. Below about pH 5 "the slope of the
second part of the rising curve increased again and finally at pH 4*2
equalled that of the initial part of the trace, and no delay of the
"maximum" was observed. However, the fluorescence yield did not rise in
this region of pH values.
A similar pattern was obtained with Tricine, although in the
initial biphasic part of the luminescence curve at low pH values no
change occurred unless below pH 3*5•
The slower kinetics, speeded up by a further decrease of pH or by
the presence of an uncoupler (see Section 6.2), might be explained in
a plausible way (see Discussion, Section 3*3). The initial slope, how
ever, at a pH between

7.8

and

4.6

(Tris) can be understood satisfactor

ily in relation to the lowered fluorescence yield.

3.2.2 Effect of acidification time upon the stimulated delayed fluores
cence induced by an acid-base transition. Pig. 3 -3a shows the effect
of the acid time on the stimulated luminescence from Tris-buffer chloro
plasts induced by an acid-base transition. In comparison to the results
of Pig. 3.3b where the time of acidification was kept constant and as
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td= 3Q5 s *c

— »t(sec>

Pig.

3.3.

The effect of acid time on the acid-hase transition stimulat
ed luminescence with Tris. Normal chloroplasts were isolated
and used in 0.05 M Tris-HCl buffer, pH 7-8 (see Section 2.1).
After preillumination during 5 sec the chloroplasts were
acidified to a pH of 4.4 with 0.02 M succinic acid during a
time ta as indicated in Pigs. 3.3a and 3*3b. The subsequent
rise in pH to 8.6 with 0.1 M Tris was achieved after a dark
time tj as indicated. The final chlorophyll concentration was
6.-|0~5 M. Luminescence intensity is plotted in arbitrary units.
In Pig. 3.3c the reciprocal luminescence intensities of Pigs.
3.3a and 3.3b are plotted against the acid time (a) or dark
time (b). Other details are given ih Section 2.2.

short as possible, it can be concluded that the capacity for stimulated
light emission decreased more strongly at pH

4.4

(3«3a) than at pH

7.8

(3.3b). This can be found too from the slopes shown in Pig. 3«3c, where
the reciprocal intensities of the stimulated delayed fluorescence were
plotted versus the time of acidification (a) or darktime (b).
Pig. 3*3a further indicates that apparently no optimal time of
acidification was observable. This was also found by Miles and JagencLorf-^. The optimal acid time for chloroplasts in Tris-buffer at pH

4.4

(see also Pig. 3.1b) is apparently shorter than 2 sec, which was the
limit of time in the mixing procedure. A higher pH during the acid
period (see Pig. 3.1b) the optimal time of acidification may be longer
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than

2

sec, because the permeability of the thylakoid membranes to pro

tons may increase with decreasing pH.

— ~ tq(»ec)

Fig. 3*4* The influence of the acid time in acid-base transition induced
stimulation of luminescence with Tricine. Class I chloroplasts
were isolated in 0.01 M Tricine-KOH, pH 7*8. After saturating
preillumination for 5 sec the chloroplasts were acidified to
pH 4.4 with MES-HC1 during a time ta as indicated. After 5*5
sec of darkness the pH was raised to pH 8.4 with Tricine-KOH.
Final chlorophyll concentration was 2.5*10~5 m . The stimulated
luminescence is given in arbitrary units. Other conditions are
given in Section 2.2.
From Fig. 3*4 it is clear that under circumstances which were similar
to those described for Fig. 3*3a the influence of the zwitterionic buf
fer Tricine is different from that of Tris. Instead of a decrease of
stimulated luminescence with increasing time of acidification a steady
increase was found. It is likely that due to a lower permeability of the
thylakoid membranes to protons with Tricine the acidification of the in
terior space of the thylakoid is retarded in comparison to the effect
with Tris.
3.2.3 pH optimum of the basic stage and influence of the acid pH on the
stimulated delayed fluorescence during the acid-base transition. In
Tricine the pH optimum of the basic stage in the acid-base experiment
was found to be about
Fig-

3*5

8.5.

This was also reported for Tris preparations

shows that the stimulated light emission approximately equal

led the normal luminescence intensity at pH 7 *8 if the pH jump was from
pH

4.4

to about pH

7.

If the jump was up to pH

7.8

the stimulation fac

tor was about 2. This indicates that the stimulation is not due to the
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final pH

Pig. 3 .5 . The basic pH optimum of stimulated delayed fluorescence in
duced by an acid-base jump. Class I chloroplasts were isolat
ed in 0.01 M Tricine-KOH, pH J.8. Pinal chlorophyll concen
tration was 2 .5 «10~5 m . Immediately after preillumination the
chloroplasts were acidified to pH 4*4 with MES-HC1. After 2.5
sec of darkness the pH was increased to the pH as indicated
in the figure. The stimulated luminescence is given in arbit
rary units in a semilogarithmic plot. The dashed horizontal
line represents the luminescence value in the control experi
ment at pH 7 .8 . Other conditions are given inSection 2.2.
restoration of
(see also

the variable fluorescence lowered during the acid phase

Pig. 3*6), but only to the pH gradient across the thylakoid

membrane. This seems to be reasonable, because the pH inside was the
same for all these experiments.
However, between pH 7*0 and 8.5 the increase of the stimulated de
layed fluorescence was higher than one would expect from an exponential
relationship between the luminescence and final pH (see Discussion in
Chapter V). The extra increase was not due mainly to the variable fluor
escence, which increased slightly with higher pH values (see Pig. 3.1a),
but may be due also to increased concentrations of K+-Tricine

(16 mM
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8.4

at pH

and 5 mM at pH 7*0)- This is in line with similar observations
59
.
3
described previously . As will be discussed in Chapter IV the sudden

addition of salt might cause a membrane potential across the thylakoid
membrane which, if positive on the inside with respect to the outside,
stimulates delayed fluorescence.
If the pH exceeded

8.5

a decrease in the stimulation was observed.

This might be an artifact due to, or at least partly due to loss of
luminescence already highly stimulated during the short period

(50 msec)

during which no luminescence could be measured (see Section 2.2). This
explanation is supported by the observation that addition of base to a
chloroplast suspension at pH 7 *8 did not result in a pH optimum at pH

8.5

(see Fig. 3*1a)*
Fig. 3*6 shows analogous results although obtained under quite dif

ferent circumstances. The final pH in the acid-base experiments was kept
at pH

7.8

in order to exclude changes in the variable fluorescence yield

in comparison to the control experiment. The pH in the acid stage was
varied as indicated in the figure. Between pH 5*0 and 7*8 an exponential
relation was obtained. The extra increase obtained if the previous acid
pH was 4 or lower was possibly caused both by a slight increase of
K+-Tricine

concentrations and more likely by easier access of protons

to the thylakoid interior during the acid phase.

3-3 Discussion

The results described in this chapter can be explained by the as
sumptions outlined below. The oxidized primary electron donor and re
duced acceptor of photosystem 2 are responsible for the reexcitation
of the first singlet state of chlorophyll a (ref. 42). This is a re
versal of the photochemical act in pigment system 2s
hu + ZHchlaQ *- ZHchla*Q — ZH+chlaQ

(2)

In this equation chla stands for chlorophyll a in the reaction center
of pigment system 2, ZH for the primary electron donor and Q for the
primary electron acceptor. In general the excitation of the reaction
center will take place by energy transfer from chlorophyll a^ of the
bulk of system 2 (see Fig. 1.2 and refs. 20 and 21)• The emission of
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1000

pH-acid
Fig. 3.6. The effect of the acid pH on the luminescence stimulated by
an acid-hase transition. Class I chloroplasts were isolated
in 0.01 M Tricine-KOH, pH 7 .8 . The final chlorophyll concen
tration was 2.5 .10~5 m . Immediately after illumination the
chloroplasts were acidified with MES— HC1 to the pH indicated
in the figure. At a darktime of 2 sec the pH was increased to
7.8 with Tricine-KOH. The stimulated fluorescence is given in
arbitrary units in a semilogarithmic plot. Other conditions
are given in Section 2.2.
luminescence is the reverse of this reaction. Thus the reexcited sing
let state of chlorophyll a of the reaction center will transfer its
energy to the chlorophyll a of the hulk and this in general will emit
the delayed fluorescence.
According to Mitchell's chemiosmotic theory of photoinduced electron transport and phosphorylation
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and to conclusions of Witt and co-

workers^ the primary electron acceptor and donor are thought to he lo
cated on the outside and inside of the thylakoid membrane. Our results
strongly support this location (see also Chapters IV and VI)•
The results in this chapter suggest that the photoproducts react
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in a pH dependent equilibrium, formally written as
ZH+ ^ Z + H+

(3)

where ZH+ may represent S^+ (see Section 1.2.3), and.
Q~ + H+ - QH

(4)

The concentration of ZH
and of Q

increases upon pH lowering inside the thylakoid

upon a pH rise on the outside. This is the result of an acid-

base transition. Because the increase of the concentration of Q

upon

addition of the base to a final pH of about 8*5 is normally low with
respect to the control experiment at pH ^.8 the main cause for the stim
ulated light emission might be the increased concentration of ZH+ or,
similarly,the free energy (chemical potential) of the pH gradient, which
stimulate the back reaction between ZH+ and Q . As will be discussed in
Chapter Till, kinetical considerations could suggest an exponent
ial relation between the extent of the pH jump and the intensity of de
layed fluorescence (cf. Section 4*3*2)• The rather small changes in the
concentration of Q

as indicated by simultaneous measurements of the

variable fluorescence suggest that the luminescence stimulation reflects
an increase of the rate of the back reaction between the primary photo
products, which is not primarily due to an increase in the concentration
of the reduced electron acceptor Q , but probably to an increase in that
+

—

of the oxidized electron donor Z . The small increase in Q

may be caus

ed by reversed electron flow.
From the results shown in Figs. 3*1a, 3*1b and 3*2 it is clear
that acidification of preilluminated chloroplasts leads to lowering of
the luminescence unless the access of the protons into the thylakoid
is facilitated by further decrease of the pH outside, by uncouplers
(see Chapter VI) or by detergents (Chapter VII). The lowering of lumin
escence is partly correlated with a concomitant decrease of the variable
fluorescence (Section 1.2.2).
A sudden increase of pH from 7*8 to higher values after the preillumination stimulated the delayed fluorescence and also the variable
fluorescence. This stimulated delayed light emission may be caused by
an increase of the variable fluorescence, by a pH gradient across the
thylakoid membrane and, to a minor extent, by the presence of an in
creased salt concentration (see Fig. 3*1a and Chapter IV).
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The difference between the two buffers used in the experiments as
described in Pigs. 3.1a and 3-1b suggests that the permeability of the
thylakoid membrane to protons is higher in Tris than in Tricine (see
Chapter Vi). This conclusion is in line with the observation that the
optimal time of acidification in the experiments of acid-base trans
ition induced luminescence was shorter than 2 sec if Tris was used
(Pig. 3.3) and longer than 5 sec when Tricine was used (Fig. 3*4)•
The apparentNpH optimum in the basic stage at
served, if the acid pH was at pH

4.4

8.5

which was ob

(see Pig. 3«5)> was also found by

Miles and Jagendorf^ . However, it might be possible that due to loss
of delayed fluorescence immediately after the beginning of the second
mixing the real pH optimum is higher. This is suggested by the relation
between stimulated luminescence and the higher pH values shown in Pig.
3.1a.
The deviations in the exponential relationships between lumines
cence and the pH difference as shown in Pigs. 3*5 and 3*6 might have
different origins. In Pig.

3.5

where the acid pH was constant the extra

light emission could be due to slightly increased concentrations of
salt. It was not correlated with the variable fluorescence yield which
did not change to such an extent. In Pig. 3*6, however, where the "basic"
pH was kept constant at 7*8 the extra luminescence if the acid pH was
below

4,

was possibly caused by a more easy acidification of the thyla

koid interior. This is only true if the permeability of the thylakoid
membrane to protons increases with decreasing pH and might be related
with the nett electrical charges of the structural proteins within the
membranes. More details and discussion are given in Chapters VI and VIII.
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CHAPTER IV

STIMULATED DELAYED FLUORESCENCE AS INDUCED BY ADDITION OF SALT

4«1 Introduction

Besides a sudden change in pH, another way to enhance delayed flu
orescence after its excitation hy light is to Bring about a rapid in61 ,59,62
crease of salt concentration outside the chloroplasts
• Results
which will he described below

62

’

strongly suggest that the salt-in

duced enhancement is due to a development of a diffusion potential across
the thylakoid membrane which is positive on the inside with respect to
the outside. This membrane potential is the result of a higher passive
permeability of the thylakoid membrane to the cations than to the anions
of the added salts. From luminescence data as a function of concentrat
ions of salts like potassium benzoate and potassium chloride it will be
concluded that an exponential function of the membrane potential deter
mines the lowering of the energy barrier (activation energy) between
the light—induced energy level of the reaction of photosystem

2 and

the

first singlet state of chlorophyll a.
Some experiments reported in this chapter were done in cooperation
with Dr. J. Barber (presently at the Imperial College of London) and
are described in more detail elsewhere

4.2

Relationship between membrane potential and ion distribution

A concentration gradient of ions across biological membranes has
been measured for many types of tissues, microorganisms and cell organ- '
71 72
73 74,75
elles, like Chlorella' , isolated chloroplasts * > mitochondria
and axons76 by use of radioactive isotopes. These concentration gradients
give rise to a so-called membrane potential, which has been detected by
70
77
means of microelectrodes in Chlorella
and Nitella .
The relation between the membrane potential and the concentration
of all the ions present at both sides of the thylakoid membrane can be
found from thermodynamic considerations. When pressure P and temperature
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T are constant the difference in (Gihhs) free energy is defined as the
electrochemical potential difference Lft . For one particular monovalent
cation, C+ , this difference is given hy the sum of its chemical and its
electrical potential differences

(5)
c+

^ ‘chem + ^“electr

from which follows:
+ PE

RTln-

where (C+ )

(6)
o-i

and (C+ )i denote outside and inside concentrations (or more

precisely activities), respectively, of the C+ - ion, EQ_i is the dif
ference in electrical potential across the membrane, and the other sym
bols have their usual meanings. In general this electrochemical potent
ial gradient in chloroplasts and mitochondria depends on the rate of
electron transport. However, when there is thermodynamic equilibrium
+ = o, equation (6) converts into the well-known Nernst equation:

D.

1-0

RTn (C+)„
-in-

(7)

(C+),

^

7Ö

When there is no equilibrium the Goldman equation

(equation 8)^can be

applied. This equation is based on the constant-field hypothesis

, i.e.

the electrical gradient within the membrane is assumed to be linear. It
is restricted in its application on passive and independent ion fluxes
and on the absence of a nett electrical current.
Assuming only monovalent ions to be present, the Goldman equation
can be written as:
E.
C .
j

1-0

PC
RT,
-in-

.

<CPo + »c_<02,<

Pc/^i

+ PC 0(C2>:

PA

J^i +

(8)

(A?o

where pQ and pA are the permeability coefficients for the cations (C )
and anions (A- ). The permeability coefficient was defined

approximat

ely to be equal to

(9)
u.RTk./a
0
¥
where u. is the mobility of jth ion in the membrane, k. is the partition
coefficient between membrane and solution and a the thickness of the
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membrane.
The membrane potential developed, over the thylakoid membrane im
mediately after addition of a monovalent salt C+A
„

may be written as:

RT. a + pC(C+)o

Ei-o “ T lnb + p.(A )
yA

(10)

'o

where a and b are determined according to equation (8) by the products
of the permeability coefficients and the concentrations of ions inside
and outside the membrane before salt addition, and (C )Q and (A )Q are
the concentrations (activities) of the added ions outside the thylakoid.
The change in membrane potential is positive if p^ > P^-

4.3

Experimental results

4.3.1 Ionic permeabilities. Preliminary experiments showed that addition
of salts to preilluminated chloroplasts enhanced the delayed fluores
cence*^ . This was not due to a change in external osmolarity as appeared
from maintenance of the sucrose concentration at 0.4 M. The kinetics were
compared to those of the acid-base induced enhancement and it was found
that the initial stimulation by salt addition was much less than by the
acid-base jump, whereas its decay was much slower (see Figs. 2.2 and
4.1). Various salts were used in order to obtain an understanding of the
mechanism of stimulation. These experiments showed that the stimulation
by different alkali-chlorides was virtually the same except for NaCl
which caused a larger enhancement (not shown). Similar experiments made
by Miles and Jagendorf^ showed that lithium chloride was less effective
than sodium or potassium chloride, whereas choline chloride caused al
most no stimulation of luminescence. A comparison of the results obtain
ed by addition of various potassium salts showed that the magnitude of
the enhancement of delayed light was dependent on the anion used

(see

Table 4.1). The multiply-charged anions like sulphate and citrate ef
fected a higher stimulation than monovalent anions like the halogenides
and nitrate except for the organic monovalent species like acetate and
benzoate. Similar results were obtained by Miles and Jagendorf

59.

Especially salts of benzoic acid were very effective in stimulating de-
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1

SFn

Fig. 4*1• The effect of gramicidin on the kinetics of the salt- and
pH-induced enhancements of delayed light emission. Normal
chloroplasts were prepared and used as indicated in Tahle 4*1 1
except for the pH which was 7*4- The curves on the left side
represent the time courses of luminescence upon mixing with
potassium benzoate (final concentration of 0.3 M), whereas
those on the right side show the time courses of acid—base
experiments, in which the pH was shifted from 7*4
4*1 bur
ring the acid period and raised again to 8.8. For the exper
iments as shown in the lower curves chloroplasts were incubat
ed for 20 min with 0.1 mg/l gramicidin before excitation by
light. The other conditions were the same as given in Table
4.1.
C

delayed fluorescence

a

• Because "the acid—base induced increase of lum—

inescence'’6 was inhibited by uncouplers of photophosphorylation, it was
.

80,81

somewhat surprising to find that a compound like gramicidin
C

further enhancement of delayed light

.

caused

a

upon salt addition to chloroplasts

in Tris-buffer. This is shown in Pig. 4*1* The curves on the left side
refer to stimulations by 0.3 M potassium benzoate with (lower) and with
out (upper) gramicidin, respectively. The same applies to the curves on
the right side which represent the stimulations of light emission by an
acid—base transition. This phenomenon is dealt with into more detail in
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Type of

Initial

experiment

luminescence

Control

1.0

Potassium salts >
of
Chloride

2.3

Bromide

2.3

Jodide

2.2

Nitrate

2.7

Sulphate

5.0

Citrate

6.2

Acetate

8.0

Benzoate

44.0

Acid—base
transition

143.0

Table 4.1. Luminescence induced, by addition of various potassium salts.
Normal chloroplasts were prepared and suspended in 0.4 M
sucrose buffered with 0.02 M Tris—HC1, pH 7*2. Preillumination
time was 20 sec, and the darktime was 10 sec. The final con
centration of the potassium salts was 0.3 M, whereas in the
control experiment a final concentration of 0.6 M sucrose was
used. For comparison an acid-base induced increase of delayed
light is shown. Here the time of acidification at pH 4*1 was
8 sec and 10 sec after preillumination the pH shifted up to
pH 8 .7 . The luminescence data are given in relative units.
The optical density of the chloroplast suspension during pre
illumination was 0.66 per mm at 67O nm. The other conditions
are described in Section 2.2.
the previous chapter and in Chapter VI.
Valinomycin strongly increased the effect of potassium— , but not
of sodium salts (see Fig. 4*2). This, however, is in line with previous
observations that valinomycin increases the permeability to potassium

82 83

ions and not or slightly to sodium ions

’

.

4 .3.2 Experiments with mixtures of salt. The observations reported in
the previous section may be explained by the assumption of a change in
membrane potential across the thylakoid membrane due to a difference in
permeability between the cation and anion used. If the membrane is more
permeable to the cations the membrane potential is positive inside the
membrane with respect to the outside. The high luminescence intensity
observed with potassium benzoate may then well be caused by a very low
permeability to the benzoate ion. A further increased permeability to
the cations used by the cation translocators gramicidin and valinomycin,
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t

t

Fig.

t

|

1 SFR

t

4.2. The

effect of valinomycin on the kinetics of stimulated light
emission upon addition of potassium- and sodium benzoate.
The curves on the left side show delayed fluorescence stimulat
ed by 0.3 M potassium benzoate. The other two show correspond
ing time courses with 0.3 M sodium benzoate. The lower curves
indicate the luminescence signals obtained from chloroplasts
to which 3*3*10“° M valinomycin was added 20 min before pre
illumination. The optical density of the suspension was O.4O
per mm at 67O nm. The other conditions were the same as given
in Table 4 •1•

will enhance this membrane potential as can be seen in equation (10).
In order to obtain further support for this assumptions we did ex
periments the results of which are given in Table 4*2 and Fig. 4*3b.
If the membrane is more permeable to the chloride ions than to the ben
zoate ions, addition of KC1 to potassium benzoate would inhibit the mem
brane potential according to equation (10). If the idea of the changed
membrane potential were incorrect one should probably not expect to find
inhibition but an extra enhancement of luminescence. Application of
equation (10) shows that if the permeability to chloride is higher than
to benzoate the denominator will increase more than the numerator:
E(K-benzoate) > E(K-benzoate + KCl), if (p^ - Pgenz) > (Pg - P q ^)
It must be mentioned that by replacing sucrose for KCl as an extra addit
ion slight inhibition was obtained too, but this happened also for the
control experiments, if sucrose solution was used instead of buffer
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type of
experiment
Control*
0.3 M KC1
0.2 N K Benzoate
0«2 N K Benzoate
0.2 N K Benzoate
0.3 M K Benzoate
0.3 M K Benzoate
0*3 M K Benzoate

Extra addition

Initial
luminescence

0.4 M sucrose
0.2 N KC1

2.6
5-5
44
37
32
59
50
41

0.4 M sucrose
0.2 N KC1

3t

Integrated
light emission
6.0
9.4
10.1
9.7
8.8
9.6
9.6
8.2

v

'

Control experiment was performed with normal buffer solution instead
of mixing with 1.2 M sucrose as for Table 4*1•

Table 4-2 • Inhibition of the stimulated delayed fluorescence by addition
of a mixture of salts. Normal chloroplasts were prepared and
suspended in 0.4 M sucrose buffered with 50 mM Tris-HCl,
pH 7 .8 . Final chlorophyll concentration was 1.1.10“4 M, where
as the final concentrations of the added salts or sucrose were
as indicated. After illumination the suspension was mixed with
a solution containing either benzoate or KC1 alone or a mix
ture of benzoate and KC1 or sucrose to the final concentrations
indicated. The time of preillumination was 5 sec, and the dark
time was 10 sec. The integrated light emission was registrated
from 10 sec up to 2 min. The other conditions were as des
cribed in Table 4 •1•
(see Table 4*6).
According to equation (10) the membrane potential increases upon
addition of salt if pc > p^; the quotient after the logarithm increases
linearly with the concentration of the cation when b » p .(A )q , as occurs
with low concentrations of added salt or when p^ is relatively small.
With potassium benzoate, which was assumed to have a low p^, a lin
ear relation was observed between the intensity of the stimulated lumin
escence and the concentration, up to a high concentration (see Fig. 4•3a).
This suggested that the delayed fluorescence is proportional to the ex
ponential of the changed membrane potential:
_
RT, a + p K^K ^o
E = — In--------- -----—
b + P-,
(Benz )
rBenz'
o

~

RT a +
TTln

^o
b

Thus, because the increase in luminescence by potassium benzoate is as
sumed to be proportional to the potassium concentration:
_
e .f /r t
L oc e
'

(12 )
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[-benzoate

300
200

Final salt conc.(mM)

30

►K-benzoate
Final salt conc.(mM)

Fig. 4 .3 . Luminescence increased upon addition of various concentrations
of potassium chloride and/or of potassium benzoate. Normal
chloroplasts were prepared and suspended in 0.4 M sucrose buf
fered with 0.05 M Tris-HCl, pH 7*8. Final concentration of
chlorophyll was 8.3-10“5 M (a) and 6.7*10-^ M (b). The salts
were added after a darktime of 10 sec. The control experiment
(in Fig. 4 .3a) was performed by mixing finally with 1.2 M un
buffered sucrose solution instead of buffer, which gave a 20 I
lower value than the "normal" control experiment (not shown).
The indicated concentrations of salt were obtained by addition
of an appropriate mixture of 1.2 M sucrose and 0.6 M KC1 or
0.6 M K-benzoate (Fig. 4.3a), or of a mixture of 0.6 M K-benzoate and 0.6 M KC1 with a constant K+ concentration of 0.6 M
(Fig. 4-3b). The final osmolarity was 0.8 M. The other condit
ions as indicated in Table 4*2.
and

a + P j j/ K

)

L oc ----------- x (K+ )

(13)

With KC1, in contradistinction to observations of Miles and Jagendorf
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,

we observed a saturation of the delayed emission below 0.1 M (Fig. 4 •3a).
The normally used buffered sucrose mixing solution for the control ex
periment was replaced by 1.2 M sucrose. This caused a lowering of the
initial value by 20

%.

Such an inhibition was also obtained if Tricine

was used instead of Tris-buffer. The explanation might be that due to
sudden halving of the outside concentrations of R-NH^ (Tris) or Na
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(Tricine) an efflux of these ions caused a membrane potential of opposite
sign. The saturation with KC1 could he explained by the assumption of
a PC 1 , which although smaller than p^, is nevertheless of the same order
of magnitude. At relatively high concentrations of salt, a and b then
become small compared with the other terms. This results in a constant
membrane potential
_
RT. a + p K (K >o
E = T ln-----------b +
PC1^C1 ^o

RT.
— In—

,v +\

since (K )q

(Of),

PC1

According to the assumed exponential relation between delayed fluores
cence and the membrane potential, the luminescence then is proportional
to the constant ratio:

(14)

L

Pig. 4*3b shows data obtained upon addition of mixtures of potassium
chloride and potassium benzoate in such a way that the final potassium
concentration was the same for all experiments, so that the numerator
in eq. (10) was constant. In agreement with the results of Table 4*2
it can be seen that the luminescence stimulated by K-benzoate is decreas
ed by the KC1. Mathematically:

a + PK(K >o
_
RT.
E = — Inb + p_
(Benz
Benz'
>o + PCl(C1">c
which, assuming p^,. »
rlnb +

-Benz’

(15)

reduces to

where c is a constant.

pCl(C1'>o

Finally

(16 )

L oc
b +

pCl(C1'>o

which represents a hyperbolic function.
The results of Fig. 4*36 are in qualitative agreement with the
above considerations, and show an approximately hyperbolic relation
between the luminescence and the chloride concentration. However, the
decrease of stimulation was smaller than would be expected (see eq.(15))•
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E.g. mixing with 150 mM K-benzoate and 150 mM KC1 gave a signal which
was only 20 ^ lower than that upon mixing with 150 mM K—benzoate alone,
and still 4*8 times that upon mixing with 150 mM KC1 alone. Even if one
assumes that the permeability of the benzoate ion is negligible compared
with that of Cl , then the quotient after the logarithm of equation (15)»
and thus presumably the signal with benzoate and Cl

should have been

only twice that with KC1. This suggests that the stimulation by benzoate
is partly due to effects other than the establishment of a membrane po
tential. The possibility exists that part of the stimulation is due to
an internal acidification (see Section 3*3) hy penetration of the un-
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charged benzoic acid

and this effect would not be inhibited by the

presence of KC1. Therefore the straight line shown in Fig. 4*3a might
have a smaller slope if the membrane potential only is involved.
4.3.3 The permeability of anions of zwitterionic and dicarboxylic acids.
Jagendori^Expressed doubts about the assumed relatively low(er) perme
ability of the acetate (Table 4 * 0 and especially of the benzoate anion.
Or

The acetate ion was reported to be "rather" permeable J

Qrj

'. Further it

must be realized that the postulated low permeability of benzoate is in
contrast to what has been concluded for related anions in the case of
synthetic lipid membranes

88 .

84

He also suggested ^ that according to the

membrane potential theory the delayed fluorescence should be stimulated
more upon addition of salts of aliphatic zwitterionic or dicarboxylic
89
acids, the anions of which reportedly have a low permeability , than
upon addition of salts of monovalent acids like hydrochloric acid. This
prediction was correct as can be concluded from the data shown in Table

4.3.

Sodium malate stimulated more than sodium chloride and potassium

glutamate more than potassium chloride. Similar results were obtained
by Barber°®. Also potassium rhodanide (thiocyanate) increased the de
layed fluorescence more than KC1, although from ion transport measure
ments in mitochondria it is known that the permeability of the inner
mitochondrial membrane to the rhodanide ion is higher than that to pot
assium"^ .
4.3-4 The effect of KC1 and valinomycin on the negative membrane potent
ial. In Section 3*3 it was proposed that the free energy of the chemical
potential gradient of protons across the thylakoid membrane could stim-
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Type of

Initial luminescence

experiment

(relative units)

Control
Potassium salts of

470

Cl”

690
880

CHS”
Glutamate

1145

Sodium salts of
Cl”

Table

890

Malate

1210

Benzoate

2610

4.3. Effect

of different potassium and sodium salts on stimulated
delayed fluorescence. Class I chloroplasts were prepared and
suspended in 0.4 M sucrose buffered with 0.01 M Tricine-NaOH,
pH 8.2, and containing 3 mM MgClg. The indicated salts were
solved in this buffered solution, from which sucrose was omit
ted, up to a concentration of sodium or potassium ions equal
to 0.6 M, giving a final concentration of 0.3 M. The other
conditions were as for Table 6.3.

ulate luminescence brought about by an acid—base transition. Because
protons would tend to "leak" out the thylakoids down their concentration
gradient after an acid-base jump, one may predict that a negative mem
brane potential, i.e. positive outside with respect to the inside of the
thylakoid, would be generated.
According to this hypothesis the negative membrane potential could
depress the stimulation of delayed fluorescence brought about by the pH
gradient. Consequently this inhibition could be diminished by the pres
ence of low concentrations of K+ especially in the presence of valinomycin. The results are shown in Table 4>4- The relatively low stimulat
ion by the acid-base transition, due to the rather small pH gradient,
was considerably enhanced by K+ ions and valinomycin added to the chlor
oplasts 10 min before preillumination. The explanation for this then
would be that the negative membrane potential was almost prevented by
an influx of the highly permeable potassium-valinomycin complex.
Table

4.4 also

indicates that the NaCl-induced stimulated lumines

cence was inhibited in the presence of KC1 and valinomycin, presumably
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Type of

No addi

experiment

tions

Control
NaCl
KC1
Sodium benzoate

Acid-base

Table

4.4.

KCl

Valinomycin

KCl

+ va

linomycin

73

82

70

150

195

107

71

88

98

235

161

-

-

300

170

260

310

280

465

,

74

Effect of valinomycin and. KC1 upon stimulated delayed fluor
escence. Normal chloroplasts were isolated and suspended in
0.05 M TES-NaOH, pH 7.8 ( (Na+ ) = 33 mM). Final chlorophyll
concentration was 7*10—^ M. Valinomycin and KC1 were added
at a concentration of 2 . 1 0 and 10 mM, respectively before
the preillumination. Final salt concentration was 0.3 M. The
pH in the experiment of the acid-base transition shifted from
7.8 to 5.6 and finally to 8.5, brought about by 0.02 M suc
cinic acid and 0.1 M Tris, respectively. Darktime was 3 sec.
Other conditions as indicated for Fig. 2.2.

because the diffusion potential effected by NaCl was diminished by the
efflux of the potassium-valinomycin complex. A similar result was ob
tained with sodium benzoate. The lowering by valinomycin alone (2

row)

can be explained by the presence of a low concentration of endogenous
K+ . The KCl-induced stimulation of delayed fluorescence was stimulated
by valinomycin as mentioned in Section 4*3*1. If KC1 was already present
the stimulation by mixing with KC1 was lower, probably because of a lower
diffusion potential due to a smaller gradient of K+ ions.

4.3.5

Preincubation with salts. According to equation (8) the size of

the potential across the thylakoid membrane, induced by the added salt,
is also dependent upon the concentrations of ions already present.
Therefore it was desirable to study the delayed and stimulated delayed
fluorescence after preincubation with various salts. Fig. 4*4 shows that
the NaCl and KCl-induced enhancement of delayed light unexpectedly in
creased with increased salt concentration in the medium. This also ap
plied to the normal delayed light emission and the initial fluorescence
yield. However, the increase of the latter emission might explain the
higher intensities of luminescence only to a minor extent.
It was previously reported that with isolated chloroplasts light-
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---- 100'

mMKCI

mM Na Cl
20

mM NaCI

30

Fig. 4-4* Effect of the preincuhation of salt upon delayed and stimul
ated delayed fluorescence, induced by NaCI and KC1. Chloroplasts were isolated and used as.indicated in Table 4-2. Pin
al chlorophyll concentration was 4*10~^ M (e) and 5*10-"* M
(a - d). The time of preillumination was 5 sec, and the dark
time was 3 sec. The chloroplasts were incubated in Tris-buffer
to which NaCI or KC1 was added to a concentration as indicated
in the figures. The preincubation time was at least 10 min.
The arbitrary intensities of luminescence, salt-induced stim
ulated luminescence as well as the initial yield of fluores
cence and that after 2 min were plotted, relative to the val
ues of the control experiments, as a function of concentration
of salt used for the preincubation. The symbols used refer to
the luminescence and total fluorescence (P0 + AF) of 0— 0,
control experiment; □ ---□, the experiment in which NaCI (0.3 M)
was added in the darkjV-- V, the experiment in which KC1
(0.3 M) was added in the dark; and to the PQ of +
+, control
experiment; x---x,NaCl experiment; A---A, KC1 experiment.
The closed symbols refer to the corresponding values of inte
grated luminescence. The other conditions as indicated in
Table 4 .2 .
induced electron transport, photophosphorylation, formation of the highenergy state (X_), the change of absorption at 515 11111 and the 3 msec
Jii'
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delayed, light emission increased with higher concentrations of sucrose
and salts of mono- or especially divalent cations^2

Salts of the

latter ions were found to increase also the variable fluorescence yield
(see Discussion), both at room temperature and at the temperature of
liquid nitrogen

95•

During preparation of this manuscript recent results

of Barber

and Varley came to our attention, who observed a lowering of KCl-stimulated luminescence after preincubation with KC1, in qualitative agreement
with what would be expected. The reason for this discrepancy is not clear
at present, but may be due to the different experimental procedure and
preparation of the ohloroplasts*
From the Tables 4-5 and 4*6 it can be seen that an apparent stim
ulation of luminescence was also observed, when the ohloroplasts were
mixed before illumination with concentrations of NaCl, K-acetate or
K-phosphate as high as the final concentration in salt jump experiments.
If these high concentrations were kept constant during the two mixing
periods, the luminescence intensity was higher than when the salt was
added during the second mixing time (as in a "normal" experiment). How
ever, the initial and the variable fluorescence yield also were found
to be higher. The Tables

4-5

and

4*6

also show the "intrinsic" lumines

cence, calculated by dividing the observed luminescence by the variable
fluorescence, AF (see Section 1.2.2). It can be seen that these values
for the incubation experiments are about the same or even lower than for
the controls, in contrast to the results of salt jump experiments (see
e.g. also Tables 6.2 and

6. 3).

This indicates that a "true" stimulation

of luminescence does not occur. A further correction is possible by
additionally dividing by the factor F q + A F , the actual fluorescence
yield. This correction would be justified if (see Section 1.2.2) the
luminescence yield is proportional not only to the concentration of Q
(i.e. roughly proportional to AF) but also to the actual yield (see Fig. 6
of ref. 42). More details about this relationship are given in the dis
cussion.
With NaCl gramicidin gave a stimulation of the intrinsic lumines
cence and the corrected intrinsic luminescence in a salt jump, but an
inhibition in a preincubation experiment. The effect of gramicidin will
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Gramici
Type of

din D

Integrated
Luminescence

experiment

L

10“ 6 N

Control

-

Control
*

NaCl

■f

Buffer/NaCl
Buffer/NaCl

+
Gramici-

continued

cence

90 (100)

167 (100)

Control

NaCl

+

34.5

17.5 (135)
14.1 (1 0 8 )

(124)

202

(1 9 9 )

288 (172)

663

(7 3 6 )

331

(1 9 8 )

38.5

15.6 (120)

182 (2 0 2 )

280

(1 6 8 )

4 2 .0

2 6 .1

(2 0 0 )

154 (171)

326

(1 9 5 )

42.O

3 4 .2

(2 6 3 )

Intrinsic

6 .9 2

(1 0 0 )

6.40 ( 93)

(1 2 1 )

3 8 .0

Luminescence
corrected for
fluorescence
102

NaCl

AF
13.0 (100)

112

din D

-

F
3 5 .5

179

l/&F
Control

Fluorescence yield

lumines—

.I/(Fq .*AF)a f

14.3

(100)

Relative
ation factor of
luminescence
-Gram.D

1 2 .3

(

(171)
(560)

1 .7 1 *>

(625)

24.4
80.0
10.2

(71.4)

0 .7 1

-

1 2 .7

(1 8 4 )

♦

4 3 .3

Buffer/NaCl

-

6.98 (101)

Buffer/NaCl |

+

4.64 ( 67)

86

)

6.09 (42.6)

+Gram.D

1 .0 0
1 .0 0

6.502 )

0.50

1)
If the "pure" stimulation factor by addition of NaCl is due to the
membrane potential in Tris-buffer, exp(EP/RT) = 1.71 , according to
equation (12), then the membrane potential at 20° is E-; „ = 0.058.
2)loS 1.71 = 13.5 mV (= 0.31 Kcal.Mole-1).
Analogously to 1) with gramicidin D f c „ = 0.058.log 6.50 = 58.0.813 =
47 mV (5 1.08 Kcal .Mole-1).
Table 4 .5 . Influence upon luminescence by gramicidin D and NaCl present
during the preillumination. Chloroplasts were prepared and
used as indicated in Table 4*2. Final chlorophyll concentrat—
ion was 4*10 ^ M, and that of gramicidin D, if used, was
10 ° M. The experiments denoted "NaCl" refer to "normal"
measurements where the chloroplasts were mixed with 0.6 M
NaCl after preillumination. In the buffer/NaCl experiment
the chloroplasts were incubated in a medium composed of buf
fer and 0.6 M NaCl in a ratio 1 s 1 (v/v) before the preil
lumination. After the light period the concentrations of the
solutions were not changed during the two mixings so that
the final concentration of NaCl was 0.3 M like in the normal
NaCl experiment. The 3rd and the 4th columns give the initial
and integrated luminescence, respectively. The 5th column
gives the base and the variable fluorescence, the 8th column
the intrinsic luminescence (see text), the 9th the intrinsic
luminescence divided by the total yield of fluorescence. The
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Table 4*5 (continued) last column gives the relative stimulation fac
tors of luminescence. These were calculated from the ratios
of luminescence by salt treatment and the corresponding val
ues of the control experiment, as shown in the 9th column.
The numbers in parentheses refer to the values normalized to
the value of tfte control experiment in each column. Other
conditions as indicated in Pig. 4*4*
be discussed more extensively in Chapter VI.
The presence of high concentrations of K-benzoate during the illum
ination period (see Table 4*6) caused a strong inhibition of the luminescenc®Ncapacity, whereas the addition of this salt after the preillum
ination gave a high stimulation as was mentioned before. Another striking
effect of benzoate was a strong, but slow, increase of the "base" fluor
escence (measured 2 min after preillumination). This effect was inde
pendent of light and was also noticed when the mixing occurred after the
prei1lumination.
If one assumes that the membrane potential and pH gradient induced
by light has almost disappeared after 3 sec (as indicated by experiments
discussed in Chapter V) one might suppose that the inhibited corrected
luminescence in the presence of NaCl and other salts reflects a lower
concentration of the oxidized primary electron donor to photosystem 2,
Z H . The presence of NaCl might cause a higher rate of decay of this
compound due to enhanced rate of electron transport. The rate of decay
of ZH+ might be accelerated further by the uncoupler gramicidin D.
Addition of NaCl to chloroplasts in Tris-buffer, preilluminated in
the presence of gramicidin D (see Table 4-5)» caused a strongly enhanced
luminescence intensity as mentioned for KC1 and K-benzoate in Chapter
VI (see Table 6.3). This also applied to the luminescence corrected for
the dependence on both the total and the variable fluorescence yield
(see Discussion). If it is true that this corrected luminescence depends
on the concentration of the oxidized primary electron donor of system 2,
ZH+ (s^, see Section 3*3), and exponentially on the free energy of the
energy-rich state brought about by addition of NaCl, the shown stimulat
ion factors could reflect the contribution of the NaCl-induced membrane
potential. Calculation of these potentials according to equation (12)
resulted in values of 13*5 mV and 47 mV without and with gramicidin,
respectively (see Table 4*5).
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lumines

T^pe of
experiment

Fluorescence

Intrinsic
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F increased, continuously and independently of illumination. The init
ial fluorescence without preillumination was 8.0 and therefore AF was
„\assumed to he 9*5 - 8*0 = 1«5*
'The initial fluorescence after preillumination was 9.0.
Table 4*6. The influence of salts of weak acids added before or after
preillumination. Normal chloroplasts were isolated and used
as indicated in Table 4*2. Pinal chlorophyll concentration
was 5*10-5 m . The pH of all salt solutions was brought to
pH 7 *8 with HC1 and the K-phosphate solution was composed of
0.3 M KgHPO. and 0.6 M KHgPO. so that the pH was 7.8. Like
in Table 4*3 buffer/salt refers to chloroplasts suspended in
a medium composed of buffer and K-salt in a ratio 1 : 1 (v/v)
before preillumination. Pinal K+ concentration was 0.3 M.
The other conditions as indicated in Table 4* 54«3«6 The dependence of luminescence and intrinsic luminescence, changed
by addition of NaCl, on the light intensity. The difference between the
enhancements of delayed fluorescence by a high concentration of NaCl
added before and after the preillumination using various intensities of
light can be observed also in Pig. 4.5* It' is clear that like the vari
able fluorescence yield in the dark (AF) both the normal delayed light
and the two types of luminescence, enhanced by NaCl, were saturated at

-2

about 4000 erg cm

-1

sec

-T \

/

( x 2 nEinstein sec

).

In contrast to the small difference in AP between the control ex
periment and that in which NaCl was added after the preillumination the
difference between the intensities of the corresponding luminescence
signals was rather high at low light intensities and low at relatively
high intensities. This can be seen more clearly from the data of the
intrinsic delayed fluorescence in Pig.
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• Apparently the contribution
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— • 1*rg cm'

Fig.

4 .5 .

— • I«rg cm'

ik'

Influence of the intensity of preillumination upon the vari
able fluorescence and the delayed fluorescence of chloroplasts
in the presence of high concentration of NaCl. Chloroplasts
were prepared and used as indicated in Table 4 «2. Final chlo
rophyll concentration was 6.1CT-5 M. The intensity of preillum
ination was varied from JO - 6000 erg cm sec
(4*10
~
3.1o~9 Einstein sec-1). The NaCl experiments were performed
like those described in Table 4*5. 0---0, control; □ ---□,
NaCl; A---A, buffer/NaCl. Other conditions as indicated in
Fig. 4.4»

by the NaCl-induced membrane potential to the stimulation is higher if
the chloroplasts are weakly illuminated.
Saturation of the three types of intrinsic luminescence seemed to
occur at lower light intensity than that of the observed luminescence
values. It can be seen also that the increase of the different types
of intrinsic delayed fluorescence is relatively low or negative in the

—2

range from about 100 up to 6000 erg cm

—1

sec

. These observations might

suggest that the formation of the oxidized primary electron donor satur
ates, at least in Tris-buffer chloroplasts, at a somewhat lower light
intensity than that of Q- , as measured by the variable fluorescence
yield.

4.4 Discussion
Upon addition of salt to preilluminated chloroplasts the intensity
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of delayed fluorescence is stimulated. The results mentioned in this
chapter can he explained hy the hypothesis that the stimulation is caus
ed by a diffusion potential across the thylakoid membrane which is posi
tive on the inside with respect to the outside.
This potential is then caused by a higher permeability of the thy—
lakoid membrane to cations like K+ and Na+ , more than to anions such as
Cl , SO”

benzoate, glutamate, succinate, etc. The polarity of the mem

brane potential was deduced from experiments in which the permeability
to the cations Na+ and K+ was enhanced by the presence of gramicidin
and to K

i

82

by valinomycin

’ ^

8^

’ J (see Figs. 4-1 and 4*2, and Tables 4*4

and 4*5)» In the presence of a low concentration of KC1, valinomycin
caused complete inhibition of the extra delayed fluorescence caused by
the addition of NaCl (Table 4*4)•
Application of the Goldman equation (8) (ref.

78)

and the derived

equation (10) support these results and conclusions. Moreover the mem
brane potential theory as pointed out above is also supported by the
results shown in Table 4*2 and Fig. 4*3b. The experiments described
there were performed with a mixture of salts consisting of 0.6 M potas
sium benzoate and

0.4

M potassium chloride (Table 4*2) or with various

mixtures of these salts in such a way that the final concentration of
potassium was kept constant at 0.3 M (Fig. 4*3b). Equation (15) can explain the lowering of the membrane potential due to potassium benzoate
if potassium chloride is present too. This is based on the assumption
that the permeability to the benzoate anion is much smaller than that
to chloride, which is in line with the results shown in Fig. 4*3a.
If the stimulation of luminescence were not related to the diffusion
potential but only to the concentration of K , one should not expect
to observe inhibition but an extra enhancement of delayed fluorescence
if KC1 was added to potassium benzoate (Table 4*2).
The straight line in Fig. 4*3a shows the linear relationship be
tween luminescence by potassium benzoate and its concentration. Accord
ing to equation (10) and the assumption that the quotient after the
logarithm increases linearly with the potassium concentration when the
variable term in the denominator is very small (see above and eq. (11)),
it is likely that the delayed fluorescence is proportional to the ex-
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ponential of the changed membrane potential (eq. (12)), because the in
crease in the luminescence intensity then is proportional to the potas
sium concentration (eq. (1 3 )).
Salts of reportedly low permeability to anions such as those of
89
aliphatic zwitterionic or dicarboxylic acids
were also found to stim
ulate the luminescence more than salts like NaCl or KC1 (see Table 4*3).
This iè in agreement with the membrane potential theory as was suggest84
ed by Jagendorf .
The light-induced absorbance change at 515 11111 is assumed to be an
indicator for a membrane potential
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. The addition of salt to chloroplasts

also may generate a membrane potential of the same polarity if the thylakoid membrane is more permeable to the cation than to the anion used.
96
Recently Strichartz
found that salt addition to a suspension of
chloroplasts in the dark caused changes in absorbancy at 515 n m . The
difference spectrum obtained in this way by addition of potassium salts,
especially in the presence of valinomycin, was identical to the photoinduced one. Moreover, under the latter conditions the absorbance changes
were proportional to the logarithm of the concentration of the added
salt. This result seems to confirm the exponential relationship between
delayed fluorescence and the membrane potential (eq.(l2)) as induced by
salt addition.
It was suggested that salt present during the light phase might
give a better control of electron flow to the energy conserving mechan94
92
ism
in chloroplasts and induce a conformational change
in the thy7

lakoid membrane together with a configurational change . Indeed a lightinduced decrease of the thickness of the thylakoid membrane (conformat
ional change) and of the internal membrane distance within the thylakoid
(configurational change) was observed recently by means of electronmicroscopy and microdensitometric measurements^’

. ipMs decrease was

found in the presence of NaCl and phenylmercuriacetate or sodium acetate
if isolated chloroplasts were used. The same effect without added salt
97
was observed in vivo with the algae Ulva and Porphyra . The results
obtained on the enhanced yield of fluorescence in broken chloroplasts
by low amounts of divalent cations were explained by the hypothesis
that the light-induced movement of ions caused a modification of the

7
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membrane structure which upon illumination by light of pigment system 2

„

99

favoured, the transfer of excitation energy to this photosystem

. The

typical high intensities of delayed fluorescence caused by preincubation
with salts could be fully explained by the equally increased variable
fluorescence yield (Pigs.

4*4 and 4-5 and

Tables

4*5 and 4*8).

Table

4 «5 indicates that the intrinsic delayed fluorescence as obtained from
chloroplasts incubated with a high concentration of NaCl before the il
lumination was equal to the normal intrinsic delayed fluorescence in
contrast to the "’observed luminescence.
This table also shows that if that part of the luminescence intens
ity was considered which is not related to the total and to the variable
yield of fluorescence (see Sections 1.22 and 3«3) the ratio of the thus
corrected luminescence increased by NaCl to that without salt addition,
which is called the stimulation factor, might be related to the contri
bution of the NaCl-induced membrane potential. Calculations according
to equation (12) resulted in values of about

15

and

50

mV without and

with gramicidin D, respectively. Lavorel's conclusion, however, that the
luminescence intensity divided by the total fluorescence yield is lin
early related to the variable fluorescence y i e l d ^ i s

not confirmed

by the results obtained by Clayton^ (see Section 1.2.2). However, as
far as NaCl addition after the preillumination is concerned, the stim
ulation factors mentioned in Table

4-5 <1°

not change in a relevant way

if the ratios were taken from the intrinsic luminescence values, because
the differences between the base fluorescence in the control and that
in the NaCl experiments and similarly the differences between the cor
responding values of the variable fluorescence were rather small. Also
the variable fluorescence was smaller than the base fluorescence. For
these reasons the membrane potentials do not change too and in fact the
indicated method to calculate these potentials is rather independent on
the use of one of the two mentioned columns (see Table

4*5)•

The influence of Tris-buffer and also of gramicidin D on the saltinduced stimulation of delayed fluorescence will be dealt with more
fully in Chapter VI.
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CHAPTER V

RELATION BETWEEN DELAYED FLUORESCENCE AND THE LIGHT-INDUCED HIGH-ENERGY
STATE

5-1 Introduction

From the previous two chapters and the general introduction it is
obvious that delayed fluorescence can be stimulated by an "energized
state" of the thylakoid membrane brought about by an acid-base transition
or salt addition. The delayed fluorescence is also relatively high if an
energy-rich state induced by light exists

.

After prolonged illumination the intensity of delayed light decays
— ^

about 100-fold between 1.10

—

and 1.10

1

sec (refs. 32, 100). This fast

decay is remarkable in view of the much slower disappearance of reduced
Q as indicated by the decrease of the fluorescence yield in the dark
(see Fig. 5-3b and Table 6.1), especially for chloroplasts without add
ition of an electron acceptor, and of the disappearance of the various
oxidized forms of Z, as deduced by Joliot et al.^^1^

from measurements of

oxygen evolution.
However, according to the theories of Mitchell^

and Witt et a l . ^

the preillumination generates an electrochemical potential difference,
consisting of a positive membrane potential and a pH difference. Both
these would, according to the results and discussions of Chapters III
and IV, strongly stimulate delayed fluorescence. After switching off the
light the stimulation factor then decreases upon decay of the membrane
potential and proton gradient which are dependent on the degree of coup
ling between electron transport and photophosphorylation and on phos
phorylation conditions. This is supported e.g. by the decay kinetics of
the light-induced absorbance change at 5 1 5 11111 which seems to be an in
dicator for the membrane potential^
In this chapter a few experiments will be described, which show
that the luminescence measured after 2 or 3 sec and after shorter darktimes, respectively, have different saturation intensities and behave
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differently to uncouplers like gramicidin D. A similar effect by the
uncoupling agent Triton X-100 will be shown in Chapter VII.

5.2 Results

In order to get more information about the influence of the stimul
ation factor induced by light, the effect of the preillumination inten
sity was studied on delayed fluorescence measured at different darktimes
(see Pig. 5.1). The insert shows that the yield of the variable fluores
cence measured at the end of the preillumination in the absence of an
artificial electron acceptor was saturated at a rather low intensity.
This also applied to the delayed light emission measured after 2 or 3
sec (see the two lower curves). The top curves show that at shorter darktimes the saturation intensity was much higher and the delayed fluores
cence measured after 40 msec did not saturate, although the highest light
intensity used was about 25 times that of the intensity which yielded
saturation of the variable fluorescence. The top curve (40 msec) also
3
-2
indicates that the increase in the luminescence at about 10 erg.cm .
-1

sec”

was larger than the increase of the 3 sec luminescence. This is

presumably due to a higher variable fluorescence left at 40 msec than
at 3 sec of darkness (see Pig. 5*3b, top curve).
Separate experiments (not shown) indicated that the change in ab
sorbance at 515 nm which is an indication of the membrane potential
3
.«4
-2
-1
and 10 erg.cm .sec

was not saturated at intensities between 10

Thus the "rapid" but not the "slow" phase of delayed fluorescence might
be stimulated by a membrane potential generated during the preilluminat
ion.
The uncoupling compound gramicidin D is known to inhibit strongly
the absorbance change at 515 nm (ref. 69), and with continuous illumin
ation no change at all was observed in the presence of 10

M gramicidin

(unpublished observation). The effect of this antibiotic on delayed
fluorescence is shown in Pig. 5*2* It can be seen that the apparent in
hibition of the luminescence by this compound decreases with increasing
time of darkness. This seems to indicate that without gramicidin D the
contribution of the membrane potential to the luminescence intensity is
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40ms«<

1,0see

2,0 sec

Fmox-Fo

intensity : ergscrn2sec*'

Pig. 5*1• Effect of preillumination intensity upon delayed fluorescence
at different darktimes and upon the increase of the fluores
cence in the steady state. Class I chloroplasts were suspended
in a solution containing Ó.03 M Tricine-NaOH, pH 7.8, 3 mM
MgCl2 and 0.4 M sucrose. Pinal concentration of chlorophyll
was 2.5.10~5 m . The chloroplasts were preilluminated for 5
sec in the measuring cuvette with blue light of indicated in
tensity, transmitted by a Balzers Calflex C, and Corning 4-96
and Schott 18-2 colour filters and varied by neutral grey
filters. Luminescence was measured from 40 msec up to 3 sec
after preillumination. Fluorescence (insert at the bottom)
was measured just before ending the preillumination.
diminishing with increasing darktime.
A third indication that a high-energy state may contribute to the
luminescence intensity was obtained by the measurements of luminescence
and the "dark" fluorescence yield induced by high light intensities in
the presence of potassium ferricyanide (see Pig. 5 «3). The electron
acceptor, which has a higher oxidation-reduction potential (E^ =
+430 mV) ^

than the primary electron acceptor of PS2, Q (E^ = -35 mV)^ ^ ,
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♦ 10

M GramD

102

darktime msec

Fig. 5-2. Inhibition of delayed fluorescence by gramicidin D (1.0.10
M) as a function of darktime. Measurements were done as in
dicated in Fig. 5.1 at the highest light intensity.
kept at least during the short period of illumination (5 sec) the con
centration of qT below its maximal value. This is shown in Fig. 5>3b,
where the variable fluorescence yield measured at the end of the illum
ination and during the subsequent sec of darkness is plotted. Also the
rate of reoxidation of Q~ was higher in darkness with the electron ac
ceptor present than in its absence. However, the luminescence excited
in the presence of ferricyanide (Fig. 5 #3a ) was higher at darktimes be
low about 200 msec than in its absence, and the intrinsic luminescence
(L/AF) (section 1.2.2 and Chapter IV) was higher up to about 1 sec.
The higher luminescence in the presence of ferricyanide may be due
to two causes. Firstly the possibly higher concentration of ZH

(S^ ,

in the presence of the electron acceptor is due to the higher rate of
electron transport. Secondly the high-energy state or electrochemical
potential gradient coupled to the higher rate of electron transport may
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Fig. 5 «3* Effect of the electron acceptor potassium ferricyanide (5-0.
10“5 m ) upon the normal and intrinsic delayed fluorescence
and upon the variable fluorescence yield in the dark. Measure
ments were done as indicated in Fig. 5«1 at the highest light
intensity. Fig. 5*3a shows the observed luminescence from 40
to 1000 msec. In Fig. 5»3b the variable fluorescence yield is
plotted and in Fig. 5•3c the intrinsic luminescence is repre
sented. The symbolsG---□ refer to experiments without and
A---A to experiments with 5• 10~5
ferricyanide.
be increased too. The decay of luminescence cannot be attributed to that
of ZH

only,

because if the concentration of Q_ is not maximal, its

halftime of decay in chloroplasts is about 30 sec (ref. 103). The rate
99
of disappearance of the 515 change , which has been attributed to the
disappearance of the membrane potential is of the same order of magni
tude as the difference in decay between the intrinsic luminescence
signals. The results shown in Fig. 5 *3c are consistent with the as
sumption that the contribution of the high-energy state to the lum
inescence has disappeared in about 1 sec of darkness.

5*3 Discussion

Consideration of some results previously described in the literat
ure have led to indications about the influence of the so-called highenergy state on delayed fluorescence. Although at that time the absorb
ance change at 515 mi (refs. 15» 16) was not interpreted as a highenergy state
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it was found that delayed fluorescence (Chlorella) paral-

leled in many respects this absorbance change

16

, both measured about

64

0.1 sec after actinic illumination (see Section 1.2.1). The 4 msec de
layed fluorescence was inhibited either by uncouplers of photophosphor
ylation or by formation of ATP after addition of the complete phosphate

2+

acceptor system (ADP, P. and Mg

) to isolated chloroplasts. The latter

^

inhibition was reversed upon addition of the energy transfer inhibitors
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DIO-9 and phlorizin, which block one of the final steps of photophosphor
ylation. These results suggest that luminescence was affected by the
high-energy state.
In contrast to the luminescence of chloroplasts measured after
about 0.2 sec or longer time (see also Fig. 5*3a ), which was lower in
43,104
the presence of an electron acceptor such as potassium ferricyanide
,
the corresponding values measured in the msec range were found to be
higher if electron acceptors were present, e.g. ferricyanide^3 ’
methylviologen10^ or NADP + ferredoxin10
of luminescence at longer times^3 ’

’

,

(see Fig. 1.2). The lowering

was caused by a lower fluorescence

yield^3 . The higher luminescence intensity at shorter times can be ex
plained by the accumulation of the high-energy state due to increased
electron transport in the presence of the electron acceptors. This is
in agreement with Clayton's conclusion that high luminescence is asso43
ciated with an increased photochemical turnover
Fig. 5«3b shows that the fluorescence and thus Q

decreased only

little in 40 msec of darkness in the absence of ferricyanide. The top
curve of Fig. 5-1 which has been measured also after 40 msec in the ab
sence of the electron acceptor shows a "rapid" increase in luminescence
at an intensity of about 103 erg.cm"2 .sec"1. This increase also occurred
in the variable fluorescence measured in the steady state (see bottom
insert). Thus this increase in luminescence is probably largely due to
_
3
-2
“1
the accumulation of Q . For intensities higher than 10 erg.cm .sec
a "slow" but large increase in the 40 msec luminescence was found while
the fluorescence stayed constant. This increase also occurred in the
absorbance change at 515 nm under these conditions. The latter increase
in the luminescence is attributed to the appearance of an electric field
across the thylakoid membrane. The luminescence measured after 3 sec
shows a much less pronounced increase due to the accumulation of Q ,
because at about 103 erg.cm 2 .sec 1 the fluorescence has decreased after
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3 sec as indicated in Fig. 5* 3b. No increase in the luminescence measur
ed after 3 sec occurs at higher intensities. Apparently the electric
field has disappeared at this time, which again is in agreement with the
decay of the 515 nm change. This interpretation is in line with the ef
fect of gramicidin (see Fig. 5-2), which lowers the luminescence after
40 msec. This is attributed to the removal of the electric field by the
uncoupler gramicidin.
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CHAPTER ¥1

EFFECT OF SUSPENSION MEDIUM, MEMBRANE PERMEABILITY MODIFYING AGENTS AND
DCMU ON THE VARIOUS TYPES OF LUMINESCENCE

6.1 Introduction

In Section 3-3 it was mentioned that the intensity of stimulated
delayed fluorescence was dependent on the type of buffer used. Therefore
it was important to study the effect of Tris and of the zwitterionic buf
fers, Tricine and TES upon the several types of luminescence. The effect
of compounds, which enhance the permeability of thylakoid membranes to
monovalent cations, like gramicidin D, FCCP and DIP, will also be report
ed in this section.

6.2 Results

6.2.1 Effects of Tris, Tricine and DCMU on the variable fluorescence
yield. Table 6.1 shows that the fluorescence yields of chloroplasts sus
pended in Tricine and Tris-buffers (with or without added KCl) are, ex
cept for those in the second column, basically the same, '’’he fluorescence
level in weak light (the base level, Fq , when Q is presumably largely
oxidized), and in stronger light with 3-( 3,4-dichlorophenyl)-1,1-dimethylpzT
urea (DCMU)
(the maximal level, F. , when Q is probably completely re
duced) were approximately the same in both buffers. The main difference
was in the fluorescence level in stronger light without DCMU, which may
indicate a higher level of reduction of Q in Tris than ih Tricine buffer.
Upon cessation of illumination the variable fluorescence level decreased
to approximately

50

%

in about 2 sec in most experiments.

6.2.2 The effects of the various buffers on fluorescence and on the
several types of luminescence. Tables 6.2 and 6.3 demonstrate the effects
of suspension medium on luminescence and fluorescence. The main differ
ence between chloroplasts suspended in TES, Tricine and Tris-buffers was
in the stimulation of the observed luminescence induced by NaCl or KCl.
The stimulation induced by NaCl or KCl was larger TES or in Tricine buf—
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No additions

1.10“6 DCMU

Medium
F

",

^(2 sec)

9.4

18.9

14*1

Tris-HCl + KC1

9.7

29.7

17.9

Tris-HCl

9.7

24.4

17.5

Tricine-KOH

F
10.0

ri

^(2 sec)

28.7

17.3

11.7

30.5

22.6

12.1

30.2

22.9

Talale 6.1. Relative fluorescence yields of chloroplasts suspended in
different media. Class I chloroplasts were isolated in Tricine-KOH buffer (see Materials and Methods) and suspended in
the various buffers indicated (pH 7*8)- The concentration of
K+ , if present, was 15 mM, that of chlorophyll was 5*10“^ M.
Fluorescence was excited by weak modulated blue light (472
nm, 4.10- '1 Einstein.cm- 2 .sec-1). The yield of fluorescence
was modified by additional actinic light (487 nm, 1.10~°
Einstein.cm- .sec" ) in a way similar to that described by
Duysens and Sweers^ . The steady-state fluorescence yield
without actinic light is denoted by F0 ; F-j denotes the stea
dy-state yield with actinic light, and. F(2 sec) 'the yield,
2 sec after cessation of actinic illumination. The fluores
cence yields are expressed in arbitrary units, different from
those of the other tables and figures.
fer than in Tris. However, as for the intrinsic luminescence or for the
luminescence corrected for both the variable and the total fluorescence
yield, the difference between the light emission stimulated by NaCl or
KC1 addition and the normal luminescence was smaller. The changed vari
able fluorescence yields in the salt experiments may be due to an un
known mechanism, which might be related to ion-induced structural change
of the thylakoid membranes^^. The significance of-the corrections ap
plied for the two last columns of both tables was discussed already in
Chapter IV (see Table 4*5)*
Another difference between chloroplasts suspended in the buffers
mentioned above was found in the luminescence upon pH lowering. In
agreement with the results shown in Figs. 3 -1a and 3.1b acidification
of the chloroplasts caused a decrease or an increase of luminescence if
the suspension contained the zwitterionic buffers or Tris, respectively.
The intrinsic luminescence at low pH turned out to be more increased
than the observed luminescence (Tris experiments), less decreased (TES)
or even slightly higher than the control (Tricine) (see Tables 6.2, 6.3
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Luminescence

experiment

L

lumines-

Luminescence
corrected for
fluorescence

Intrinsic

Integrated
Type of

Fluorescence yield

luminescence

L/(F q + AF ) A F

L/AF

AF

cence

Po
TES-KOH

119

(110)

'3.0 ('3.0)

3 .0

(4 .0 )

2 1 .6

(

NaCl

155 ('30)

172

(142)

1 3 .0

(1 2 .0 )

5 .0

(6 .5 )

3 1 .0

( 20.0)

1 .7 2

(1.08)

Acid

24 ( 36)

37 ( 55)

13.0 ('3.0)

'. 5

(2.5)

1 6 .0

(

)

1 .1 0

(0 .9 0 )

(610)

'43 ( 97)

'3.0 (12.5)

5-0 (5.5)

)

5.5

(6.'7)

Acid-base

«

500

(

59

100

1 4 .7

1 4 *0

(111

)

'•35 (0 .8 7 )

)

Control

Tris-HCl + KC1
Control

70 ( 69)

120 (1 1 6 )

'3.0 (13.0)

T.5 (8.0)

NaCl

88 ('5')

173

(1 7 3 )

'5.0 (15.0)

7.0 (8.0)

Acid
Acid-base

96 ('6 4 )

71

980 (860)

141

(

8

')

(1 0 8 )

1 4 .O

(14*0)

'4.5 ('5.0)

9.34(

8.62)

0.45 (0.4')

.6

4-0 (4.5)

24

.O ( 36.5)

'. 3 3

('.9 7 )

(6 .0 )

'3 0

('43

5.9

(6.80)

7 .5

( '8 .9 )

0.57 (0.82)

'2

)

Table 6.2. Influence of different buffers and gramicidin on the various
types of luminescence, after rapid mixing. Normal chloroplasts
were isolated in TES-KOH buffer and suspended either in 0.05 M
TES-KOH (pH 7.8) or in 0.05 M Tris-HCl (pH 7.8) with added
KC1 (30 mM). Final chlorophyll concentration was 2.5-10 J M.
In the acid experiments the pH was lowered to 5*6 (TES) and
4.2 (Tris), respectively, by addition of 0.02 M succinic acid
during the second mixing period. In the acid-base experiments
the pH lowered during the first mixing period (see acid exp.)
was subsequently raised to 8.5 and 8.6, respectively, with
0.1 M Tris. The darktime was 3 §ec• The numbers in parentheses
refer to experiments with 1 .10~ M gramicidin D, added 10 min
before preillumination. NaCl concentration was 0.3 M. The
meanings of the various columns are described already in
Chapter IV, Table 4.5. The other conditions as given in Fig.

2 .2 .
and 6.5). This might be due to a partial increase of luminescence not
correlated to the lowered variable fluorescence yield but caused by pen
etration of protons into the interior, which is favourable for the de
layed fluorescence (see Section 3*2, Fig. 3*2 and Section 3*3, eq. (3))*
An increase in luminescence caused by an increase in pH was found for
both types of buffer, in line with results of Figs. 3-1a and 3-1^. The
corresponding increase in variable fluorescence yield was more pronounced
if Tris was used instead of Tricine. This also applied to the decrease
in the experiments in which the pH was lowered (Table 6.3).
In normal luminescence signals ("control") and considering the
smaller pH jump in the case of the TES experiment, the acid-base signals
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Intrinsic

Integrated
T^pe of

Luminescence

experiment

Fluorescence yield

luminescen-

luminescence

L

l7 a f

*0

Luminescence
corrected for
fluorescence
L/(F + AF)AF

Trie ine—NaOH
Control

)

490

<

KC1

'75

( 167)

700

( 640)

K—benzoate

325

( 650)

475 ( 665)

Acid
Base

71

(

81

50.5( '25)
138

(

72)

540)

10.3

(10.2)

4.7 ( 6.3)

15-' ( '3.0)

1 .0 1

(

0

10.3

(11.2)

6.0 ( 6.1)

29.1 ( 27.3)

1 .7 8

(

1 .5 8

.7 9 )

1 0 .3 *

( 1 1 .2 )*

6.0 ( 7.0)

55

( 93

)

3 .3

(

5

)

.1 0 )

275 ( 335)

11.2

(10.2)

3.0 ( 5.3)

1 6 .8

(

2 3 .6

)

1.18 ( 1.52)

470 ( 360)

12.1

(12.3)

4.9 ( 5-0)

2 8 .1

<

1 4 .4

)

1 .6 5

450 ( 605)

12.6

(12.2)

6.3 ( 7.4)

1 1 .3

(

1 2 .1

)

0.60 ( 0.62)

(1110)

1 2 .6

(1 3 .5 )

6.0 ( 8.1)

2 0 .0

(

79

)

1.08 ( 3-66)

( O.8 3 )

T ris-HCl

Control

71

(

90

KC1

120

(

640)

)

K-benzoate

48O

(1 9 9 0 )

605 (1105)

1 2 .6 *

(1 3 .5 )*

7 .6

( 5-0)

63

(398

)

3.12 (21.5 )

Acid

105

( 580)

375 ( 653)

1 5 .0

(1 4 .O)

1 .4

( 3.4)

75

('70

)

4.5

Base

133

(

550 ( 512)

12.3

(13.0)

9 .1

(1 0 .1 )

14.6 (

97)

680

9-6)

( 9-75)

0.68 ( 0.42)

*Like in Table 4.6 F slowly increased independently of illumination.
Therefore the F0 vaïues of the KC1 experiment are given in this col
umn and also used in the last two columns.
Table 6 .3 . The absence of KC1 in the Tris suspension and the effect of
gramicidin on luminescence affected by a pH jump. Normal
chloroplasts were prepared in 0.05 M Tris—HC1 buffer, pH 7*8,
and suspended either in 0.05 M Tricine—NaOH, pH 7*8, or in
the isolation buffer. Final chlorophyll concentration was
5.10“5 M. In the acid experiment the pH was lowered with an
equal volume of a sucrose solution containing 0.02 M succinic
acid to pH 4.2 (Tricine) and 4.0 (Tris), respectively, where
as in the basic experiment the pH was raised from pH 7-8 to
pH 9.1 (Tricine) and to pH 9.0 (Tris) by addition of an equal
volume of sucrose solution plus 0.1 M Tris. The darktimè was
3 sec. The numbers in parentheses refer to experiments with
1 .10“° gramicidin D, added 10 min before the measurement.
The other conditions as for Table 6.2.
in Table 6.2 were of comparable magnitude.
6.2.3 Gramicidin D. This uncoupler in general had little effect on the
normal luminescence as pointed out in Chapter V (see Fig. 5*2 at 3 sec
of darktime), and also on the base fluorescence. However, gramicidin
slightly increased the variable fluorescence yield. This observation
cannot be explained in line with equation (4 ) (Section 3 •3 )*
Q“ + H+ ~ QH

(4)

If acidification would cause a lowering of the concentration of Q ,
which is supposedly a precursor of luminescence (Section 3*3» eq. (4 ))»
an increase in pH then must give an increase in Q . In almost all ex
periments, the uncoupler enhanced the variable fluorescence yield. This
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may suggest that the effect is not related to pH-induced changes in the
concentration of Q .
Prom Table 6*3 it can he seen that gramicidin increased the lumin
escence values at low pH and decreased the delayed light emission at
hirfi pH. This was also true for the intrinsic luminescence values. Both
D

■

-

Q

gij

q

changes are possibly related to the uncoupling effect of gramicidin

*

•

The antibiotic increases the permeability to all monovalent cations.
Therefore it may enhance the acidification of the thylakoid interior and
accelerate the decay of the proton gradient in the case of the low and
of the higher pH experiments, respectively.
In general the acid-base induced increase of delayed fluorescence
was inhibited by gramicidin D (see Tris experiments in Tables 6.2 and
6.5, and the Tricine experiment in Table 6*5), apparently due to the
accelerated decay of the proton gradient as can be seen also from the
integrated luminescences. As for the Tris experiments the higher the
enhancement of the acid-induced increase of luminescence in the presence
of the uncoupler, the smaller was the stimulation of luminescence in the
corresponding acid—base experiment (see Tables 6.5 and 6.2). Besides the
accelerated decay of the pH gradient here the lowering of delayed fluor
escence is also due to loss of luminescence capacity during the acid
period.
With Tris the NaCl and KCl-induced increase of delayed light was
stimulated by gramicidin (see Section 4*3*5» Table 4*5)

even more

strongly if the medium did not contain KC1 added previously. According
to the explanation that the increase of stimulation by gramicidin is
due to the enhanced permeability to Na

and to K

(see Chapter IV, eq.

(10)), the stronger stimulation can be explained by the larger gradient
of the cation, which corresponds to a larger membrane potential (see
Chapter IV, eq. (8)). The latter reasoning can be applied also to the
corresponding experiments without the uncoupler• In contrast to the re
sults with Tris-buffer the NaCl or the KCl-induced increase of lumines
cence in TES or Tricine buffer was slightly inhibited by the uncoupler
80 81
(see Tables 6.3 and 6.5). In the presence of gramicidin ’
the perme
ability of the thylakoid membrane to both H+ and Na

or K

ions is much

higher, although it might be possible that the increase of permeability
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"to protons by gramicidin is lower in Tris than in the zwitterionic buf
fers (see below). Therefore it could be possible that in contrast to Trisbuffer the increase of membrane potential induced t>y NaCl or KC1 in TES
or Tricine is roughly cancelled by an increased rate of effluxing protons
in the presence of the uncoupler. The stimulated delayed fluorescence
induced by potassium benzoate in Tris was highly increased by gramicidin.
This is in agreement with the results shown in Pig. 4*1• However, gram
icidin did not inhibit the corresponding stimulation in Tricine. This
could mean that potassium benzoate partly stimulates luminescence by an
internal acidification caused tjy penetration of uncharged benzoic acid
(see Section 4«3*2).
6.2.4 The uncoupling effect of Tris. The differences between the results
with zwitterionic buffers and Tris are not quite clear, but may be related to the well known uncoupling action of Tris
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. In Tris buffer without

gramicidin but with KC1 present (Table 6.3) the stimulation by salt ad
dition is smaller than in Tricine or TES. This indicates that the dif
fusion potential upon addition of NaCl (or KCl) may be lowered due to
effluxing protons driven by the electric field. To accept this suggest
ion one has to assume that the permeability to protons in Tris is higher
than in TES, caused by cyclic permeation of Trisonium cation and free
Tris base

110

O’

„84

. This was also found by Miles and Jagendorf

.

The inhibiting effect of Tris upon the salt-induced increase of
luminescence was not dependent on a long time of incubation. If Tris
buffer replaced Tricine after the preillumination period, the KCl-increased light emission was lowered.
The effect of gramicidin on the normal luminescence was much more
conspicuous after a shorter darktime (0.1 sec) as shown in Table

6.4.

Here the luminescence signal was considerably higher in Tricine than in
Tris-buffer. Gramicidin gave a more than two-fold inhibition of the sig
nal in Tricine. However, it had a much smaller effect on the lumines
cence in Tris-buffer, dependent on the presence of added KCl. In com
parison to the lowering of luminescence by gramicidin as shown in Pig.
5.2 after 0.1 sec which was slightly less than

50

the inhibition here

in Tricine was larger, presumably due to the lower intensity of actinic
light. Inhibition of photophosphorylation by gramicidin increases with
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Lumines

Integrated

cence

lumines-

Medium

L
Gramicidin

Tricine-KOH

4120

Fluorescence yield

cence
♦

-

F

AF

♦

-

+

8.0

7.7

1650

1270

810

6.7

+"
'

7.0

Tris-HCl + KC1

1570

1120

960

760

9.0

8.5

14.5

14.5

Tris-HCl

2180

2490

930

930

9.0

8.0

11.3

/l.0

Table 6 .4 . Effects of gramicidin on the prompt and delayed fluorescence
measured after 0.1 sec. Chloroplasts were isolated in TricineKOH buffer, pH 7-8» and suspended in the various buffers in
dicated (pH 7 .8). Pinal chlorophyll concentration was 5 -10~5 m .
The chloroplast suspension was preilluminated with blue light
(see Pig. 5.1) at an ^ntensity of I.5.108 erg.cm-^.sec- ^
( x 0.6 nEinstein.cm- .sec- ') in the measuring cuvétte. After
a darktime of 0.1 sec luminescence was measured. The fluores
cence yield was measured in a separate experiment with the
luminescence photomultiplier (see Section 2.2.4). AE1 denotes
the variable fluorescence yields measured after 0.1 sec.
The concentration of gramicidin was 1.0.10“° M. The integrat
ed luminescence was recorded up to 100 sec. Further conditions
as given in Pig. 2.2.
decreasing light intensity

107 The lower yield of delayed light in Tris

and the smaller inhibition by gramicidin is in line with the discussed
uncoupling action of Tris.
6.2.5 The various effects of the uncouplers 2,4-BNP and FCCP on lumin
escence. The above explanation for the different effects of the buffer
used on the normal and salt-induced increase of luminescence is support
ed by results of similar experiments in the presence of 2,4-ENP (see
68 108
Table 6 .5 ). This compound0 ’
is known to enhance the permeability to
protons only. Addition of NaCl to chloroplasts in Tricine buffer in the
presence of BNP (7.5.10~^ M), which was added after the preillumination,
caused a smaller stimulation of delayed fluorescence than without BNP.
The inhibition by HIP is slightly higher in the salt experiment than in
the control one, not only when NaCl but also when Na—benzoate (not shown)
was added. An explanation is that ENP- anions driven by the electrical
fi el d^ due to NaCl addition enter the thylakoid interior, and reduce
the membrane potential. This could furthermore result in a slight in-
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Integrated
T y p e of
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L

expe r i m e n t

Luminescence
corrected for
fluorescence
L/(F q + AF ) A F

Intrinsic
F l uorescence y i e l d
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1
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luminescence
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"
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NaCl
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G

D

501'

52

J70 2001 ' 246

A cid

32

A c id -b ase

501

?50 780

43
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G
120 114

s
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G
1 0.5

0

, 2 . 5 , J 1 1 .3

G
4 .5

G

D

3 .0 ’ ) 4 .0

13.6

1 6.7

1 2 .5 2 ) 1 2.5

1 2.2

148^

3 6 .4

68

46

1 2.0

1 2 .0

1 2 .0

2 .5 2> 5 .5
2 .0
3 -5

3 .6

60

2 .0

16 .0

1 6.6

2 1 .5

150 105

44

1 2 .0

1 2 .0

1 2 .0

3 .0

4 .5

6 .0

8 .0

214 160 130
43

317

173

G

D
1 3.0

52

0 .91
102
1 .14
21

D

1 .0 8 0 .8 5
2 .2 9 4*32
1 .07 1.54
1 0 .5

2 .8 8

T ris-H C l + KC1
G
C o n tro l

82

G

D

81

85

NaCl

135 225

125

A c id

115 275

228

A c id -b ase

980 520

490

a

D

G

s

G

D
8 .0

10.1

D
1 0.6

G
0 .5 6

D

0 .5 0 0 .5 2

137 151 105

1 2.0

1 2 .0

1 2.5

7 .5

228 219 151

1 4.0

1 4 .0

1 4.0

6 .5

7 .5

6 .5

2 0 .8

3 0 .0

19*2

1.01

1 .3 9 0 .9 4

80

1 4 .0

1 3 .0

1 6 .0 ^

2 .5

4 .5

0^

46

61

1143 )

2 .7 9

3 .4 9 7 . 13

55

13 .5

1 4.0

1 4.0

7 .0

5 .5

140

95

49

6 .8 3

4 .8 5 2 .0

85 114
163

56

10

1 0 .9

Ti

First mixing after illumination was performed with Tris-buffer instead
„\of Tricine.
'Very often the fluorescence after 2 min in the NaCl experiment was re
latively not so much higher than the corresponding value in the control
experiment. Therefore the NaCl-induced luminescence values as given in
,\the last two columns might he about 30 % lower.
J 'At the low pH in Tris-buffer DNP enhanced the base fluorescence yield
independently of preillumination. Therefore the calculations in the
last two columns are performed with the F0 of the NaCl experiment.
Table 6.5* The effects of 2,4-DNP and gramicidin on the various types of
luminescence from chloroplasts in different buffers. Normal
chloroplasts were isolated in Tricine-KOH, pH 7.8, and sus
pended either in 0.05 M Tricine-KOH, pH 7*8, or in 0.05 M
Tris-HCl (pH 7*8) + 0.016 M KC1. Final chlorophyll concen
tration was 2.5"10“5 M. In the acid experiments the pH was
lowered with 0.02 M succinic acid to pH 4*2 (Tricine) and
4«0 (Tris), respectively. In the acid-base experiments the
pH was subsequently raised to pH 8.J with both buffers used.
The data given in the "subcolumns" G and D refer to experi
ments with 1.10~6 M gramicidin D, added 10 min before preil
lumination, and to 2,4-DNP, added immediately after preillum
ination during the first mixing. Its final concentration was
7«5*10~5 m . The other conditions are given in Table 6.2.
crease of the internal pH, if DNP

picks up a proton (possibly within

the hydrophobic membrane) and leaves the thylakoid as an uncharged mole
cule. This latter process, however, must be limited, due to the neutral
pH inside.
Upon acidification DNP increased slightly the low luminescence sig-
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nal of chloroplasts in Tricine buffer. This can he explained by an ac
celerated lowering of the pH on the inside of the thylakoid membrane.
This would also result in a higher pH gradient upon mixing with the base
(Tris), which, however, would rapidly dissipate because of transport of
the free acid out of the membrane down to the proton gradient. There
fore the acid-base induced increase of delayed light was expected to be
lower with the 250 msec mixing time used, including a 50 msec "dead"
period. A strong inhibition, especially of the integrated signal, was
indeed observed.
With Tris-buffer ENP also gave a slightly inhibited stimulated lum
inescence upon salt addition. This is in contrast with gramicidin D.
This observation supports the hypothesis that inhibition by DNP is due
to DNP~ influx. Both IMP and gramicidin stimulated the luminescence sig
nal in Tris upon acidification, which without these uncouplers was high
er than the control signal (see Section 3*2•1)• The acid—base transition
induced increase of delayed fluorescence was inhibited also, although
the inhibition here (with Tris present in the acid phase) might be part
ly due also to extra loss of luminescence capacity during the acid period.
The integrated luminescence signals in both tables support the conclusions
described above. IMP had no significant effect upon the base and variable
fluorescence in these experiments.
The effect of various concentrations of ENP and FCCP on luminescence
was studied for the two types of pH jumps in Tris-buffer. The results
were related to the uptake or release of protons and/or of undissociated
acid molecules109. FCCP1°7 ’111 is a strong uncoupler of photophosphoryl111
_1o8
ation, especially at low light intensities
, whereas INP
, at least
at neutral pH

112

, is not.

At relatively low concentrations both weakly acidic compounds, which
increase the membrane permeability to protons, had similar effects on
the acid or acid-base stimulated luminescence, as demonstrated for INP
in Pig. 6.1 and for FCCP in Table 6.6. Like in Table 6.5 (Tris-buffer)
normal delayed light (see Pig. 6.1) was not affected initially by addit
ion of 2,4-INP, whereas the integrated signal was inhibited 20 to 25 $
at 1 to 2.10-^ M INP. The kinetics of the integrated normal luminescence
(not shown) showed that the inhibitory action started only after about
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300

—• DNP, fin a l c o n c e n tra tio n (M)

Pig. 6.1. The effects of various concentrations of 2,4-DNP on different
types of luminescence. Normal chloroplasts were isolated and
suspended in 0.05 M Tris-HCl sucrose, pH 7 .8 (see Materials
and Methods). Pinal chlorophyll concentration was 8 .5 .10~5 jj,
whereas that of 2,4-DNP is indicated on the abscissa. Addition
of this compound occurred after the preillumination during the
first (1 ) or second (2 ) mixing period, as indicated at each
curve. Open symbols refer to initial luminescence and closed
symbols to integrated luminescence values. Except for the
acid-base experiments (7 0 msec) the second mixing time was
250 msec. 0,#, normal delayed light; A,A (2);V>^(l)i lumin
escence upon acidification with 0.02 M succinic acid to a
final pH of 4*2; □ , ■ (l), acid-base induced increase of lum
inescence to a final pH of 8.6 after mixing with 0.1 M Tris
sucrose. Darktime after preillumination was 3 sec. The other
conditions: Sections 2.2 and 2.3* The data with DNP were nor
malized to those without IMP, which were in relative units:
__________________ Luminescence
Integrated luminescence
Control

Acid
Acid-base

47
67
950

10.2
6.3
10.3

15 to 20 sec.
The luminescence upon addition of acid was further increased with
increasing concentrations of DNP, up to about 2.5-10~^ M. The integrated
light emission was increased too, but to a lesser extent, and was in
hibited at concentrations higher than 10 ^ M. At no concentration of
IMP the total light emission was higher than the corresponding values
at neutral pH. The stimulation may be caused by an increased rate of
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Type of

FCCP1^, final

experiment

concentration (UM)

Control

Acid

Integrated
luminescence
9r8

0

52

1.0

47

5.0

5.0

42

2.2

2.52)

14

1.4

0

61

7.1

1.0

69

6.0 *

5.0

68

3.9

23

3.1

0

1110

13.7

0.1

1190

13.5

0.5

1230

12.6

2.5

1195

10.1

2.5J)
Acid-base^

Luminescence

1xAddition of PCCP after preillumination during second mixing.
2)
?t
»»
»»
»»
»*
,f
first
11
^'These experiments were performed, with, the 70 msec mixing procedure*
Table 6.6. Influence of FCCP on various types of luminescence. Chloro“plasts were isolated and suspended in Tris-buffer. Final concentration of chlorophyll was 6.9 *10“5 m . Further conditions
as for Fig. 6.1.
proton uptake (via the free acid), whereas the inhibition of the inte
grated signal correlated roughly with a decreased yield of prompt fluor
escence (not shown). The decrease in stimulation of the acid—changed
luminescence at high concentration of BNP was not caused by delay in
registration (50 msec), because at the maximal stimulation of this type
of delayed fluorescence by HIP (2.5.10-4 M) no difference was obtained
if the more rapid (70 msec) or the slower (250 msec) mixing procedure
was used.
The above results are partly similar to corresponding data obtained
with the uncoupler FCCP (see Table 6.6). Here the integrated light emis
sion in the acid-base experiments was inhibited less than the integrated
normal delayed light. Normal delayed light was inhibited immediately by
FCCP in contrast to BNP, whereas the integrated light emission was more
strongly affected, indicating that FCCP not only reduces the rate of
back reaction in the reaction center of PS 2, but also the amount of
luminescence capacity. It may be that FCCP113’114 besides its uncoupling
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activity also inhibits electron transport between H^O and. PS2 by in
creasing the rates of de-activation of the different stages between H^O
and the primary electron donor Z (refs. 44* 45)* However, this effect
was published also for high concentrations of ammonium chloride
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.

More details can be found in ref. 116. Because of these facts the stim
ulation of the acid-induced luminescence must be observed in relation
to corresponding data at normal pH. From the corresponding data of in
tegrated light emission one may observe that apparently the inhibition
by FCCP at low pH is less than at neutral values. The stimulation of
acid-changed luminescence by BNP and FCCP at pH 4*2, compared to their
effects on normal delayed light (see Fig. 6.1 and Table 6.6), was equal
-5
-6
at concentrations of 1.0.10
and 1.0.10
M, respectively. At these
concentrations the variable fluorescence yields were not affected by the
uncouplers. On the assumption that the extra increase of delayed light
emission is due to penetration of the protonated molecules of IMP and
117
(approximately 4*1 and

FCCP, and taking into account the p^ values

6.1, respectively), this suggests that the permeability to FCCP might
be 4 ~ 5 "times higher than that to BNP.
6.2.6 The effect of DCMU on luminescence. It was assumed that the stim
ulation of luminescence in the acid-base experiment was caused by in
creased concentrations of Q

and ZH+ on the outside and the inside of

the thylakoid membrane, respectively (see ref. 62 and eqs. (2) - (4) in
Section 3-3). To test this hypothesis experiments were performed with
DCMU. The effect of DCMU (1.3.10 ^ M) on delayed fluorescence is sum
marized in Table

6.7.

As shown in Table 6.1 the variable fluorescence in Tricine remain
ing after 2 sec of darktime was higher in the presence of DCMU. The
normal delayed fluorescence was found to be higher approximately to the
same extent (see also ref. 43).
The NaCl and the acid-base transition induced increase of delayed
light emission was partially inhibited. This is in agreement with ear57 .59
lier r e p o r t s ^ ' • Like with the control experiment, the variable fluor
escence was enhanced by DCMU. The mechanism of the inhibition is uncer
tain. If one assumes that the concentration of ZH

after 2 sec is un

affected by DCMU (see control experiment) the inhibitory activity must
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- DCMU
•type of

Lumines

experiment

cence

Integrated
lumines
cence

+ DCMU
Lumines
PQ

AF

Control*.
Control

cence

Integrated
lumines
cence

Fo

AF

34

158

42

47

49

236

58

56

64

321

62

'73

104

363

68

47

80

304

70

72

Acid (2)

22

110

65

32

34

271

62

80

Acid (1,2)

19

120

70

30

42

242

62

78

SIS

438

87

52

247

224

65

64

NaCl

Acid-base

Table 6 .7 . The effect of DCMU on the various types of luminescence and
on the variable fluorescence. Class I chloroplasts were iso
lated in Tricine-KOH, pH 7*8 , and suspended in the sarnie medium
without or with DCMU in such a way that its final concentrat
ion was 1 .3.10_5 M. Final chlorophyll concentration was
2.5.10-5 M. In the acid experiments the pH was lowered with
MES-HC1 to a final pH of 4 .1 during the second mixing (Acid
(2)) or during the first mixing after which the pH was kept
constant during the second mixing (Acid (1,2)). In the acidbase experiment the pH was increased to 9-5 by addition of
Tricine-KOH. Acid (1,2) is the control experiment for the
acid-base jump experiment. Darktime was 2 sec. F q denotes
^
the base fluorescence yield without preillumination. Control
indicates the normal experiment without DCMU. The experiments
in the left and in the right part of the table were performed
with different batches of chloroplasts. The other conditions
as for Fig. 2.2.
be on the reversed electron transfer on the acceptor side of PS2, i.e.
from PQHg to Q*
An important difference between the luminescence and the variable
fluorescence was obtained on lowering of the pH after preillumination in
the presence of DCMU. Although a lowering of the luminescence intensity
was observed, the variable fluorescence remained constant. This might
be explained as outlined below. One may assume that DCMU does not affect
the electron donor S in its various states as influenced by addition of
salt or acid. Further the pH sensitive redox reaction between Q

and PQ

is involved in delayed fluorescence:
DCMU
Q“ + H+ + 1/2 PQ

Q + l/2 PQH2

(17)
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Prom this equation the inhibition of the lowering of the variable fluor
escence yield upon acidification is understandable. On the other hand,
the decrease in luminescence by lowering the pH is not inhibited by DCMU.
This cannot be explained by the above equation, but can be accounted for
by the earlier proposed equilibrium reaction (see Section 3-3 and ref.
62):
Q~ + H+ - QH ,

(4)

which is not blocked by DCMU and in which only Q

is a precursor of lum

inescence .
The above considerations thus suggest that both mechanisms operate
in normal and stimulated delayed fluorescence.
All these assumptions may account for a remaining stimulation of
luminescence by an acid-base transition or by salt addition.

6.3 Discussion

In section 6.2.6 it is concluded from acidification experiments
that both eq. (4) and eq. (17) can be used for describing the fluores
cence and luminescence phenomena. DCMU blocks the reversed electron flow
from PQH_ to Q (eq. (17)) but not the shift from QH to Q

(eq. (4))«

Both processes give rise to stimulation of luminescence. The increase of
the concentration of ZH

due to pH lowering on the inside is presumably

not affected by DCMU. Although it is possible that in the presence of
DCMU the concentration of ZH+ during the acidification is somewhat low
ered due to reaction with Q , the inhibition by DCMU of the stimulated
luminescence in the acid-base experiment may be due to a faster decay
of Q . This is caused by the possibly increased rate of back reaction
between Q

and ZH+ (see Section 3*3» eq. (2)) and the inhibition of re

duction of Q by PQH2 • A similar reasoning can be applied for the inhibi
tion by DCMU of stimulated delayed light in the salt experiment.
As stated, the absence of inhibition by DCMU of the normal delayed
fluorescence, measured 2 sec after a 5 sec lasting preillumination period
(see Table 6.7 and also Pigs. 3 and ^ in ref. 43) and of the intrinsic
luminescence might be explained by the assumption that the concentration
of ZH+ remains rather unaffected and has a low rate of decay. On the
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other hand in the presence of 5*10

M DCMU, used in the luminescence

experiments, no oxygen evolution can be observed if the foregoing dark3+
119
time is long enough to exhaust the S, state
. Therefore one may con-

^

+

elude that the oxidized primary electron donor to PS2, ZH , reacts with
Q

in producing luminescence. ZH+ is the same as Z

Sweers' scheme

26

+

. It is assumed here that Z

in Duysens and

.
oxidizes secundary donor(s),

giving rise to the states S^+ of K o k ^ (Section 1.2.3). The concentration
of ZH+ can be "buffered" by S^+ after switching off the light.
The above conclusion which is in line with results recently published

120

, is confirmed by results from investigations concerning the relation

between the 0.1 sec luminescence and the pH of incubation of chloroplasts
in zwitterionic buffers. The actinic light was very low in order to ex
clude contribution of the high-energy state (see Chapter V) to the lum
inescence and the fluorescence yield in the light increased only a few
per cent at neutral pH. The observed luminescence was very low at pH
values between 5 and

7»

hut increased strikingly below pH 5- This was

not caused by a corresponding increase of the variable fluorescence yield.
Because electron transport is inhibited at these low pH values, the ox
idation of the Sn+ states by ZH+ is blocked. Therefore the relatively
n
high concentration of ZH in this pH region (see Section 3*3, eq. (3))
121
caused a relatively high luminescence intensity
. These results will
be published elsewhere.
The salt-induced membrane potential (see Chapter IV) may be lower
in Tris than in Tricine or TES due to cyclic permeation of Trisonium cat
ion and free Tris base, which cause an efflux of protons (see Tables 6.2,
6.3 and

6.5).

In the presence of gramicidin D the increase of the membrane

potential due to enhanced Na+ or K+ permeability may be almost cancelled
in the zwitterionic buffers in contrast to the Tris experiments. This then
is due to a relatively more increased permeability to protons in the former
buffers than in Tris in the presence of gramicidin.
The weak acid 2,4-OTP, which inhibits in both types of buffers the
stimulated light emission induced by salt (see Table

6.5),

lowers presum

ably the membrane potential due to influx of OTP- anions driven by the
electrical field.
The stimulated luminescence on acidification in Tris in the presence
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of DNP or FCCP is maybe caused by increased penetration of protons into
the thylakoid interior. The inhibition of luminescence in the acid-base
experiments by DNP may be interpreted by the assumptions that the pH
gradient upon addition of the base, although higher, decays faster and
that the capacity to luminesce is lowered during the acid period, because
increased luminescence was observed.

82

CHAPTER VII

DAMAGING OP THE THYLAKOID MEMBRANE

7*1 Effects of the non-ionic detergent Triton X-100

7 «1«1 Introduction. Another way to obtain information about the correl
ation between the integrity of the thylakoid membrane system and the stim
ulation of the delayed fluorescence was to study the influence of the
non-ionic detergent Triton X-100. This is a water soluble polyether

122 12 ^
’

(isooctylphenoxypolyethoxyethanol) with 9 or 10 oxyethylene groups in se
quence per molecule resulting in an average molecular weight of 630.
At very low concentrations it uncouples photophosphorylation
123,124
■
. If the

^

with concomitant increased rate of electron transport

amount of the detergent is increased the electron transport between water
and NADP is inhibited

123,124
’

. Electron transport can be restored upon ad

dition of suitable electron donors for system 1 or 2 (refs. 123, 126).
Still higher concentrations effect a partial separation into particles
with photochemical activities belonging to photosystem 1 (ref. 127) and.
to photosystem 2 (ref. 126), respectively.
7.1.2 Results and Discussion. In order to get a well defined experimental
procedure the chloroplast suspension (see legend of Pig. 7-1) was mixed
thoroughly with an equal volume of buffer containing the detergent and
kept for 5 min at room temperature before preillumination started. This
method prevented variations in Triton concentration larger than a factor
of two for each individual chloroplast during the mixing. Triton concen
trations were determined by absorption measurement at 275*5 nm, on basis
of a molar extinction coefficient of 1.33*10^ (Rohm and Haas Cy, see
ref. 123).
Pig. 7*1 shows the effect of increasing concentrations of Triton
X-100 upon the various types of delayed fluorescence. The salt-induced
stimulation of luminescence (NaCl) was affected already at concentrations
slightly higher than 0.16 molecule Triton per chlorophyll molecule
(0.001 $ (v/v)). The enhanced luminescence due to an acid-base transition
showed a sharp drop at 0.01 %• Above 0.02 $ the acid-base, signal was al-

% Triton-X-100

Pig. 7.1. Effect of different concentrations of Triton X-100 upon vari
ous types of luminescence. Class I chloroplasts (chlorophyll
concentration 1 .10“4 m ) were suspended in a solution of 0.4 M
sucrose and 0.01 M Tricine-KOH (pH 7 .8 ), and preincubated for
5 min at room temperature with the concentration of Triton in
dicated. A concentration of 0.10 # corresponds to a molar ratio
of Triton to chlorophyll of 15*9* 0— 0, normal delayed light;
A---A, NaCl-induced luminescence;
— □, luminescence upon
acidification with MES-HC1 to a final pH of 4*6;V — V, acidbase induced luminescence (final pH 8.8 obtained by mixing
with Tricine-KOH). The darktime after preillumination was 2
sec. Further conditions as for Fig. 2.2.
ready lower than the slightly inhibited "normal" delayed light, whereas
some salt-induced stimulation persisted at much higher concentrations.
Measurement of the activity of the Hill reaction with ferricyanide
for the same chloroplast preparations (Fig. 7*2) at various concentrat
ions of detergent gave results similar to those reported by Vernon and
Shaw123, and Izawa and Good124. The stimulation of electron transport,
maximal at 0.02 % , has been attributed to uncoupling of photophosphoryl-
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X Triton-X. 100

Pig. 7-2. Effect of Triton X-100 upon the rapid phase of delayed fluor
escence (□-- □ ), ferricyanide Hill reaction (0— 0) and ab
sorption increase at 515 nm (A---A). Delayed fluorescence was
measured with a Becquerel phosphoroscope. The wavelength of
exciting light was 48 1 nm, the intensity 3*10--^ Einstein^cm- .
sec- "', the avèrage darktime 5 msec. Ferricyanide reduction was
measured spectrophotometrically as the initial rate of reduct
ion in saturating light of 656 nm (12.10 ' Einstein.cm- .sec- );
without Triton the reduction rate was 40/“ moles/mg of chloro
phyll per h. The concentration of ferricyanide was 5*10-4 M.
The steady-state absorption increase at 515 nm was measured
with the same intensity and wavelength of actinic light. The
other conditions were as for Pig. 7*1•
ation12^"1

, the inhibition at higher concentrations to disruption of

the electron transport system. The uncoupling of photophosphorylation,
the inhibition of the luminescence stimulated by the acid-base shift
and the partial inhibition of the NaCl effect are probably due to dis
ruption of the structure of the thylakoid lamellae. Parallel measurements
showed that the light-induced increase in absorption at 515 nm, thought
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to be an indicator of membrane functioning

, was completely inhibited

85

at a Triton concentration of 0.01

In contrast to the delayed fluores

cence after 2 sec, which was apparently largely independent of the in
tegrity of the thylakoid membrane, the luminescence after 5 - 1 0 msec,
measured by means of a Becquerel phosphoroscope, decreased to about 20

$

at 0.01 $ Triton, as shown by Fig. 7*2.
Disruption of the thylakoid membrane by Triton X-100, which was
shown to increase the permeability to protons at very low concentration

,

gave rise to enhancement of the delayed light intensity by about a factor
of 7 upon acidification at a concentration of Triton at which electron
transport was largely inhibited. The effect is probably due to easier
access of acid to the inner side of the membrane, which enhances the con
centration of the oxidized primary electron donor of photosystem 2. It
also explains the inhibition of luminescence upon acid-base transition.
Apparently most of the energy stored during preillumination had been dis
sipated upon pH lowering alone.
Comparison of the data of Fig. 7-1 and 7-2 shows that the NaCl-induced and the rapid phase of delayed fluorescence and the changes of ab
sorption at 515 nm are equally sensitive to Triton. The stimulation of
luminescence 'hy the acid-base transition appears to be somewhat less
sensitive, suggesting that the membrane potential collapses earlier than
the artificial pH gradient with increasing Triton concentrations. The pH
gradient at the low concentrations of detergent might initially be even
larger than without detergent due to more rapid acidification inside.

112

o

In agreement with observations of Sauer and Park
centrations above 0.02

f, was

Triton at con

found to enhance considerably the base

fluorescence yield (Fq ). This complicates a comparison of the yield of
delayed fluorescence at high concentrations of Triton. The Triton con
centration at the maximum of acid-induced luminescence caused a base
fluorescence yield which at the low pH was only 50

%

higher than that

of the control experiment at the same concentration of Triton. This base
fluorescence yield was 2 times higher than that in the control experiment
without Triton. The NaCl-induced fluorescence yield was about 25

%

higher

than the corresponding value for the control experiment. Apparently the
higher intensities of luminescence in the acid experiments cannot or on
ly for a small part be ascribed to higher yields of the base fluorescence
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yield. This also applied to the increased variable fluorescence yield,
which in all types of experiments was enhanced enormously. The effect
may he due to high pressure or friction during the second mixing and the

—2

presence of the detergent, especially above 5*10

Jo.

Experiments per

formed on a laboratory constructed apparatus without a mixing device,
and adapted to fluorescence experiments

123

with a modulated excitation

beam made it clear that, for a stationary suspension of chloroplasts in
buffer, with increasing concentrations of Triton the increase in fluor
escence yield by actinic light and thus the reduction of Q was inhibited
(not shown).

■type of
experiment
Control

NaCl

Acidification

Triton X-100

Luminescence

Integrated
luminescence

5.10'3 %

p o*

AF*

-

405

1910

60

51

+

410

2030

74

57

- •

1690

4510

70

53

♦

940

3490

65

61

*

181

1205

60

38

♦

192

1350

75

43

*corrected for a small increase of fluorescence yield observed without
preillumination which was apparently due to the mixing procedure in the
presence of Triton X-100.
Table 7.1. Effects of Triton X-100 added after the preillumination on
prompt and-delayed fluorescence. All conditions are the same
as for Pig. 7.1 except that addition of the detergent occur
red immediately after the light period (first mixing).
Table 7.1 shows the effect of 5.10-^ $ Triton, added immediately after
preillumination, on luminescence and fluorescence upon addition of salt
or acid. Here the time of incubation was slightly less than 2 sec. The
effects agree with both the luminescence intensities as shown in Pig.
7.1 and the integrated light signals measured for those experiments.
The data show that Triton reacts rapidly with thylakoid membrane

125

,

and indicate that the phenomena shown in Pig. 7*1 1 st least at low con
centration, are not due to an effect of the detergent occurring in the
preillumination phase. The base and variable fluorescence were not sig-
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nificantly affected by Triton at this concentration (5*10 ^ %)•

7.2 Heating

7.2.1 Results. It is well known that heating of isolated chloroplasts
will affect the Hill activity1

, and possibly also the structural

integrity of the thylakoid membrane

. The loss of capacity to evolve

oxygen by heat treatment may be due to loss of Mn

(refs. 133» 135)»

whereas the decrease of membrane integrity seems to be indicated by the
increase of Hill reaction rate1^

if the heating time is very short,

suggesting uncoupling.
Experiments on normal and stimulated luminescence performed after
heating of chloroplasts at

45°

indicated that both these phenomena were

observable. Upon heating at 45° "the inactivation of normal delayed flu
orescence started immediately as can be seen in Pig. 7*3» whereas the
stimulation of the delayed fluorescence by a KC 1 gradient was inhibited
too. The luminescence in the acid—base transition, however, showed a
further enhancement, at least if compared to the heated control values,
which seemed to indicate that a slightly higher permeability to protons
could effect a more decreased pH inside the thylakoid membrane during
the short acidification time (3 sec), resulting in a higher pH gradient.
The increase in luminescence upon acidification (Tris—buffer) was also
enhanced which supports the above explanation.
Upon longer heating the stimulation by the acid-base shift (the
same applied to K-benzoate) was more strongly inhibited than the control
values at pH 7 *8•
Prom the integrated signals (not shown) a similar pattern was ob
served. The values of integrated delayed light upon acidification of
heated chloroplasts were higher in relation to those of the control ex
periments, even after

5 min.

of heating.

The base fluorescence scarcely increased with heating time (see
also ref. 132). The variable fluorescence was found to be slightly high-

0P

(not shown) but the effect was insufficient to explain the initial

increase, if any, in luminescence. The effect, like with Triton, may be
an artifact due to the mixing, since for a stationary suspension it has
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been repor-ted. -that the variable fluorescence is inhibited t>y heat treat.132
ment
.

2500

500

•

-

20a-

un.

heated
control

time of heating (min)

Fig. 7-3• Effect of heating on delayed and stimulated delayed fluores
cence. Normal chloroplasts were isolated and suspended in
0.05 M Tris-HCl, pH J.8. Final chlorophyll concentration was
4.10“ 5 M. Just before heating chloroplasts were diluted from
the stock suspension in 10 ml of buffer to a concentration of
1.6.10“4 M of chlorophyll. The vessel containing this suspen
sion (0°) was heated in about 15 sec to 45° under rotation in
a water bath at 60° C . Heating was continued in another bath
at 45° during the time indicated in the figure. After heating
the vessel was quickly cooled down to 0°. The pH of the acid
experiment was 4*6 by addition of 0.02 M succinic acid and the
subsequent rise in pH to 8.5 in the acid-base experiments was
performed with 0.1 M Tris. Except for the luminescence in the
control experiment, 0
0, which is plotted as the percentage
of the unheated control, all other luminescence data are given
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Pig. 7*3 (continued) as percentage of the luminescence of the heated
control: KC1, A---A; K-benzoate, » ■ *; acidtO ---Cl , and
acid-hase,V -- V • All other conditions are as indicated in
Fig. 2.2.
7.2.2 Discussion. The heat inactivation of normal and stimulated lumin
escence might he caused Jay inhibition of electron transport between water
and photosystem 2 due to loss of Mn

2+

which is an intermediate electron

carrier^^’^ ^ . The result of this depletion could be a lower yield of
the variable fluorescence

133

, caused by insufficient transfer of elec

trons to Q, and therefore lower intensities of luminescence.
The relative increase of the stimulated delayed fluorescence induced
by an acid-base transition might be explained by an increase of the stim
ulating pH gradient. This could be due to an increase of the permeability
of the thylakoid membranes to protons

136

• At longer times of heating the

stimulated delayed fluorescence was found to be inhibited more strongly
than the control values at pH 7-8. It is likely that this is due to a
more rapid collapse of the pH gradient after adding the base, and to loss
of luminescence capacity during the preceding acid period.
The fact that even 5 min of heating inhibits only partly the lumin
escence emission and especially the relatively increased integrated lum
inescence upon acidification, indicates that the primary photochemistry
of PS2 is rather insensitive to mild heating. This conclusion is support
ed by the restoration of the variable fluorescence yield of heat inacti_
133
vated chloroplasts, if DCMU or hydroxylamine is present
.
The extent of heat inactivation of both membrane integrity and
electron transport was dependent not only on the heating time and tem
perature, but also on the concentration of chlorophyll used. Further the
137
presence of serum albumin
which retards the inhibition of both the
rate of uncoupled electron transport and of photophosphorylation effici
ency (aging) and is known to bind unsaturated fatty acids released from
biological m e m b r a n e 1.13 , prevented largely the heat-induced decrease
139
of normal luminescence at pH 7-8 as measured after 0.1 sec of darkness
.
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Control c h l oroplasts
l y p e of

Lumines

expe r i m e n t

cence

I n tegrated
lumines
cence

Sonicated chloroplasts
Lumines

P

AF

cence

Integrated
lumines
cence

Pq

AF

Control

54

215

10

6.5

39

210

20

12

A c i d (2)

51

130

14

3.2

250

293

20

13

138

19

10

118

21

8

A c i d (1,2)
A cid— b ase

26

140

13

5.8

224

269

12

10.9

36.5
160

Table 7.2. The effect of sonication on luminescence and fluorescence.
Class I chloroplasts were isolated in Tricine-NaOH buffer,
pH 7.9 in the presence of 10 mM KC1. Final chlorophyll con
centration was 1 .3 .10“ 5 m . Part of the concentrated chloroplast suspension (see Section 2.1) was sonicated for 5 min
at 0° (Branson sonifier; 20 kHz, full power). Addition of
0.03 M succinic acid in 0.4 M sucrose lowered the pH to 4*3.
Acid (2) means: acidification during 2nd mixing, whereas
acid (1,2) stands for acidification during 1st mixing and ad
dition of a same acid mixture during the second mixing with
out any change in pH. In the acid—base experiment the pH was
increased to 8.6 by addition of 0.1 M Tris + 0.3 M sucrose.
Acid (1,2) was the control experiment for the acid-base ex
periment. The darktime was 2 sec, whereas the acid time out
side the measuring cuvette was 1 . 5 - 2 sec.

7.3 Sonication
Chloroplasts frozen and stored at about -30

possess damaged tby-

lakoid membranes as do chloroplasts which were sonicated (Table 7.2) at
0° for 5 min in a Branson sonifier (20 kHz). Both types of chloroplast
preparations showed a marked increase in luminescence intensity upon
mixing with acid and a decrease in acid-base induced stimulation as com
pared with normal chloroplasts.
Like with the other treatments, mentioned in this chapter, a higher
permeability to protons caused by damaging of the thylakoid membranes
may lead to an accelerated and extended acidification and to a decrease
of the size of the pH gradient (acid-base experiment) together with an
increased decay of this gradient. However, closer examination of Table
7.2 suggests in addition the possibility that with sonicated chloroplasts
the damaged thylakoid membranes are partly inside-out like with mito-
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chondria^ ^ , because the total light emission upon acidification is high
er than in the control experiment, whereas the corresponding value in the
acid-base experiment is lower. This phenomenon is in contrast to what was
observed after treatments with uncouplers or up to 0.03

%

of Triton X-100,

where the integrated signal upon acidification was lower than the control
one. The other indications are obtained by measurement of the variable
fluorescence yield.
The variable fluorescence yield of the control experiment in soni
cated chloroplasts was higher than that of normal chloroplasts. Upon
acidification no lowering of the variable fluorescence yield was observed
in contrast to the corresponding value of the control sample, whereas the
variable yield in the acid—base experiment was lower than that of the con
trol experiment. These observations suggest an alternative explanation,
similar to that discussed in Section 6.2.6, if it is assumed that sonication acts in the same way as DCMU. The low yield of variable fluores
cence in the acid-base experiment may be due to a fast decay of Q
then caused by blocked electron flow from PQHg to Q (see eq. (17))* The
increased luminescence upon acidification is different from the corres
ponding value in the DCMU experiment (see Table 6 .7) and is caused, as
pointed out above, by penetration of protons into the "leaky" tbylakoids.
Experiments with salt addition (e.g. KC1 with valinomycin) may dis
tinguish between these two explanations.
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CHAPTER VIII

PINAL DISCUSSION

In Chapter I, Section 1.2.2 arguments are given according to which
delayed fluorescence in algae and higher plants is caused by reexcitation
of chlorophyll a due to a reversed reaction of the primary photoproducts
of PS2, OT and ZH+ . Its intensity is dependent on temperature during both
preillumination and measurement

13 100
’

, and on the redox state of the pri

mary electron acceptor of PS2, Q, which governs the variable fluorescence
y i e l d ^ and also the yield of delayed fluorescence^

It has also

been demonstrated that luminescence depended on the redox state of elec
tron donor(s) of PS2 (refs. 48» 120).
Five years ago an unspecified correlation was discovered between
luminescence and the energy conservation mechanism which leads to photophosphorylation^. A first indication that also "chemical" treatments
caused an increase of luminescence came from acid-base transition exper
iments'^ ,'^r. The stimulus for these experiments came from the observat51
ion of ATP formation in the dark by such a treatment . However, the
C*7

stimulated luminescence needed preillumination

.

(see Section 1.2.4)*

It was the purpose of the investigations reported in this thesis
to find more information about the relationship between changes in con
ditions of the preilluminated chloroplasts and the stimulated delayed
fluorescence.
After the discovery that salt added to preilluminated chloroplasts
59 61
led also to stimulation of delayed l i g h t ’
it was proposed that the
increase was caused by a diffusion potential across the thylakoid mem
brane

. This membrane potential, positive inside with respect to the

outside, was attributed to a higher passive permeability of the thyla
koid membrane to the cations than to the anions of the added salts. From
a linear relationship obtained between luminescence and various concen
trations of potassium benzoate it was concluded that luminescence is
exponentially dependent on the membrane potential

62 1 43
’

which is gener

ated on addition of salt. This conclusion is only correct if one assumes
that the Goldman and derived equations (see Chapter IV, eqs. (8) - (16))
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are valid for the thylakoid. This result and other indications, as des
cribed in Chapter IV, led to a direct support of that part of Mitchell's

68

chemiosmotic hypothesis0

according to which the primary electron donor

ZH and acceptor Q of PS2 are located on the inside and on the outside of
the thylakoid membrane, respectively. Upon illumination a charge separat
ion in the reaction center of PS2 results in the formation of Q

and ZH+ .

The potential generated in this way can be observed, according to con69
elusions of Witt and colleagues, by the absorbance change at 515 nm
This change, however, is partly caused by a similar charge separation in
PS1. The half-rise time of the absorbance change upon excitation by laser
flashes was found to be less than 20 nsec, which seems too fast to be
associated with secondary, non-photochemical reactions. The decay of the

515 change is very much dependent on the degree of coupling between elec
tron transport and photophosphorylation; the presence of uncouplers,
aging of the chloroplasts, Tris-buffer etc., increased this rate. In
tightly coupled chloroplasts its halftime of decay was reported to be
99
5 upon complete uncoupling the decay time may become a

about 230 msec
f ew msec.

The generation of a membrane potential by salt addition of the same
polarity, as caused by illumination, therefore will stimulate the react
ion rate between Q

and ZH+ , and thus luminescence. Additon of salt to

chloroplasts in the dark was found to cause a change in absorbance at

515 urn (ref. 96). The difference spectrum obtained upon addition of KC1
in the presence of valinomycin was stated to be identical to the lightinduced difference spectrum . Moreover these latter changes were pro
portional to the logarithm of the concentration of added KC1 (ref. 96).
These results confirm the idea of the stimulation of delayed fluorescen
ce by a membrane potential generated by salt addition. Analogous absorp149
tion changes on bacterial chromatophores ^ w e r e earlier reported and
similarly interpreted.
The acid-base induced stimulation of luminescence occurs upon the
establishment of a temporary pH gradient such that the pH inside the
thylakoid is lower than outside. This process has been described in
*A preprint”'^ received after completion of this manuscript casts some
doubt on this point.
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Chapter III, where it is pointed out that the low pH inside and the high
pH outside favor a shift of the equilibrium of the reactions shown in
eqs. (3) and (4) towards the formation of ZH

and Q , and consequently

enhance the rate of reversal of the photochemical reaction in PS2 (see
eq. (2)). The results and suggestions described here can be summarized
in the following scheme (see Pig. 8.1).

Pig. 8.1. Hypothetical scheme for delayed and stimulated delayed fluor
escence as discussed in Chapters III and IV.
In this model one may expect that the luminescence intensity L is pro
portional to
L

<x

in which E

..
r +.
(-E + EP)/!®
[Q ] . [ZH ] .e^ a
"

(18)

is the activation energy and EP the potential energy. If

relation (18) is correct, the above mentioned linear relation between
luminescence and concentration of potassium benzoate confirms the valid
ity of the Goldman equation for the thylakoid membrane.
Acidification of .the preilluminated chloroplasts would tend to dim
inish delayed fluorescence due to a decrease of the concentration of Q^.
The effect is apparently not fully compensated by the production of ZH
which may be assumed to occur when the acid subsequently penetrates into
the thylakoid (see Pig. 3-2). If the pH outside is below about 3-0 in
Tricine and about 5-0 - 4-7 in Tris (see Pigs. 3»1a and 3.1b) or if the
membrane integrity is affected by the presence of uncouplers, Triton
X-100 or by heating the increase in ZH+ is high enough to overcome the
inhibition of luminescence hy a decreased fluorescence yield.
The variable fluorescence yield is lowered in the absence, but not
in the presence of DCMU upon acidification of the preilluminated chloro
plasts. The luminescence, however, is lowered, independently of DCMU
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(see Table

6.7).

The explanation for this apparent discrepancy was that

besides the shift from Q~ to QH which decreases luminescence due to a
decrease in the concentration of Q~, but which does not cause a change
in the variable fluorescence yield, the acid-induced shift in the redox
reaction with plastoquinone (eq. (17)) is blocked by DCMU. Upon addition
of base to chloroplasts treated in this way the concentration of Q

would

then be restored initially but would decrease more rapidly by reaction
with ZH+ than without DCMU, because the electron transport inhibitor
blocks the reduction of Q by PQH„. This mechanism may explain the partial
inhibition of the pH jump stimulated luminescence. In Section 6.3 it
is also argued that in contrast to previous assumptions ZH1’ must be the
reactant of the luminescent reaction and not S^+ , although the concen
tration of the former is dependent on that of the latter. The stimulation
of this type of luminescence is caused by increased concentrations of Q
and ZH+ , brought about by shifts in the pH sensitive redox reactions
with the secondary electron acceptor and donor, respectively. One may
expect that the product of the concentrations of Q

and ZH+ ,[Q ] . (ZH \

then is exponentially dependent on the pH difference. Therefore the
stimulated luminescence must depend exponentially on the pH gradient.
Our experiments (see Chapter III) indicate that this is the case in a
first approximation.
Besides the argument derived from the DCMU experiments, the masking
of the possible stimulation of luminescence in the acid-base experiment
by changes of the redox potentials of q/ q

and Z+/Z may be explained by

the assumption that going from pH 7*8 finally to about
of Pig. 2.2) the actual increase in Q

8.5

(see legend

as indicated by the variable

fluorescence is low.
If the revised mechanism is real, this is a further difference be
tween the stimulated luminescence and the ATP formation by an acid-base
transition (of. ref. 59). Although it was shown that in the presence of
reduced cytochrome c, acidification caused a reduction of cytochrome b
reversed ty addition of base1^ , the ATP formation in this way was not
inhibited by the simultaneous presence of electron transport inhibitors
DCMU and e.g. Antimycin A (ref. 146). DCMU, however, is demonstrated to
inhibit partially the stimulation of luminescence in an acid-base ex-
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periment.
The generation of an electrochemical potential gradient

hy addit

ion of salt (membrane potential) or by a pH gradient (chemical potential
gradient of protons), which both stimulate delayed fluorescence, is pre
ceded by a light-induced one, the size of which is dependent on’the light
intensity, time of illumination and the presence of an electron acceptor
etc. Therefore it is suggested that during the lifetime of this electro
chemical potential gradient or high-energy state in the dark the lumin
escence intensity is "intrinsically" increased. The results are given in
Chapter V, where it is shown that the intensity for saturation of lumin
escence decreases with increasing darktime (see Fig. 5.1) up to 2 or 3
99
sec, which is the limit of lifetime of the 515 change in the dark .
Illumination in the presence of potassium ferricyanide caused a further
increase in luminescence, the absorbance change at 515 nm, and in the
pH gradient. This also supports the interpretation given above (Fig. 5-3).
The dependence of the light-induced stimulation of delayed fluores
cence on the membrane potential and the pH gradient across the thylakoid
membrane is also strongly indicated by the induction curve of the 1 msec
luminescence

which showed a variation of the luminescence during il

lumination of high intensity in the presence of an electron acceptor.
Two phases have been distinguished. A rapid rise due to both the increase
of fluorescence yield and membrane potential and a slower phase due to an
increase of pH gradient. The conclusions were deduced from the use of
ionophorous antibiotics, because the rapid rise was largely reduced by
valinomycin, whereas the slow increase was completely inhibited by the
144
presence of sufficient nigericin
The mechanisms discussed above also present an explanation for the
observed rapid decay32’100 in intensity of delayed light shortly after

_3

preillumination by about 100-fold or more between 1.10

-1

and 1.10

This fast decay cannot be deduced from the rate of reoxidation of Q

sec.
as

indicated by the decrease of variable fluorescence yield (see e.g. Fig.
5.3b) and from the disappearance of the various oxidized intermediates
. 45 147
between H20 and ZH as indicated by measurements of oxygen evolution
The above explanation also accounts for the much higher sensitivity
towards Triton X-100 treatment of the 5 msec than of the 2 sec phase of
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delayed fluorescence (Chapter VII, Fig. 7.1). A similar sensitivity to
Triton was found for the salt and the acid-base transition induced lum
inescence and also for the absorbance change at 515 nm (Fig. 7-2).
Along the above lines one can also explain why gramicidin and other
uncouplers of photophosphorylation inhibit the fast phase of luminescence
(see ref. 55 and Fig. 5.2, and Table 6 .4 ) much more strongly than the
slow phase. Gramicidin also enhances the decay of the 515 nm change
An investigation was done on the kinetics of luminescence after

0.1 sec excited ly strong light in the presence of several uncouplers
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It was found that 2.5.10~7 M FCCP decreased the initial (0.1 sec) lumin
escence to 20 % and the integrated light emission (up to 2 min) to 30 %.
Also 1.10"7 M S - 1 3 (5-Cl-,3t-butyl-2'-Cl,4'-N02 salicylanilide (Dr. Ph.
C. Hamm, Monsanto Cy, St. Louis)) caused a deerease to about 30 % and
“2
*
40 fo, respectively, and 1.10— M methylamine to about ^0 f and 20%, res
pectively. From these data one might conclude that FCCP and S— 13» although
less pronounced, inhibit not only the rate of the back reaction giving
luminescence but also the total light output, in contrast to methylamine.
On the other hand 1.10~^ M 2,4-DNP caused an inhibition which increased
with increasing time of darkness as could be concluded from the lowering
of the respective signals to 80 % and 60 fo . The inhibition of the stim
ulated luminescence in an acid-base experiment by compounds like grami
cidin D and DNP increases with both a lower pH and with incubation time
of the preceding acid period and depends also on the type of buffer.
This conclusion was based on the results reported in Chapters III and VI.
This may account for the larger inhibition of luminescence in acid-base
57
59
experiments reported by Mayne^ and also by Miles and Jagendorf , who
applied a much longer acidification period (10 sec). During this time
much of the luminescence capacity may have been dissipated, owing to the
luminescence stimulation by e.g. gramicidin at low pH (see Tables 6.2,

6.3 and 6 .5 ).
The lowering of stimulated luminescence in Tricine by gramicidin
or DNP after addition of NaCl or KC1 was proposed to be caused by abolish
ment of the increase of membrane potential either by an increased efflux
of protons (gramicidin D) or by an influx of DNP

anions (Chapter Vl).

The saturation of stimulated delayed fluorescence, which is
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induced, by an acid-base transition (not shown; cf. ref. 57)i or by a
salt jump (Fig. 4*5) occurs at the same light intensity as the normal
long lived delayed fluorescence. This supports the conclusion that salt
and acid-base treatments may only stimulate the normal luminescence re
actions .
Finally, as shown e.g. in Fig. 2.2, the higher total light emission
induced by these treatments indicates that during the measurement of the
normal luminescence radiationless decay pathways occur.
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SUMMARY

In this thesis the results are described, of a study of stimulated
delayed fluorescence of chlorophyll a in isolated chloroplasts•
Chapter I gives an introduction to the subject and a review and
discussion of the pertinent literature* Various factors which determine
the yield of delayed fluorescence are discussed, including the concen
tration of primary photoproducts in PS2 and the existence of a lightinduced high-energy state or electrochemical potential gradient across
the thylakoid membrane. The phenomenon of stimulation of the light emis
sion due to treatments (acid-base transition or salt addition) after
the preillumination is also briefly considered in relation to older
experiments.
Chapter II gives a description of the apparatus and of the experi
mental procedure.
In Chapter III a possible mechanism of the acid-base induced stim
ulated luminescence is investigated together with the phenomenon of a
change in luminescence intensity due to the preceding acid treatment.
Amongst other things the results suggest that the luminescence intensity
is exponentially dependent on a pH gradient across the thylakoid membrane
Chapter IV deals with the stimulation of delayed fluorescence upon
addition of salts of monovalent cations. It is suggested that the stim
ulation is caused by a diffusion potential which is positive inside,
with respect to the outside of the thylakoid membrane, and which is due
to a higher permeability of the membrane to the cations than to the
anions used. This conclusion is supported amongst other things by ex
periments with valinomycin, which increases the permeability for potas
sium, but not for sodium ions.
Chapter V describes the relation between delayed fluorescence and
-fchg intensity of preillumination. Different saturation intensities were
observed for a rapid phase of delayed fluorescence on the one hand, and
for a slow phase (as for the acid-base and salt-stimulated delayed flu
orescence) and the prompt fluorescence on the other hand. These results
and the effects of uncouplers and electron acceptors are explained by
the generation of an electrochemical potential gradient across the mem—
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brane by the preillumination which decays in about 2 sec.
In Chapter VI the effects of Tris—buffer and its zwitterionic
analogues Tricine and TES are studied on the various types of lumines
cence and on fluorescence. It also describes the effects of membrane
modifying agents such as gramicidin D, FCCP and DNP.
On basis of experiments with DCMU and results described in Chapter
III a model is discussed to explain the stimulation of delayed fluores
cence by an acid-base transition. It is concluded that two kinds of
mechanisms occur which cause the stimulation. The first one is based on
the occurrence of pH dependent redox reactions of the primary reactants
of PS2 with plastoquinone and with intermediates between water and PS2,
respectively. The second one is based on pH dependent non-redox equili
brium of both the oxidized primary electron donor and the reduced elec
tron acceptor of PS2.
Chapter VII deals with the effects of damaging the thylakoid mem
branes by the detergent Triton X-100, by mild heating at 45° and by
sonication at 20 kHz. The results seem to indicate that the inhibition
by these treatments of the various stimulations of delayed fluorescence
is related to the increased permeability of the thylakoid membrane to
protons and to an inhibition of electron transport.
Chapter VIII gives a final discussion of the main aspects of our
investigations.
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ABBREVIATIONS

DCMU

3-(3,4-dlchlorophenyl)-1,1-dimethylurea

HJP

2,4-Dinitrophenol

FCCP

Carbonyl cyanide p-trifluoromethoxyphenylhydrazone

MES

2-(N-morpholino)ethane-sulphonic acid

*>Ka

negative logarithm of the acid-dissociation constant

PS1

Pigment system 1 (photosystem 1'

PS2

Pigment system 2 (photosystem 2)

TES

N-tris(hydroxymethyl)methyl-2-aminoethane-sulphonic acid

Tricine

N-tris(hydroxymethyl)methyl-glycine

Tris

Tris(hydroxymethyl)aminomethane

CHEMICALS

The grade of purity of all the chemicals used was as high as possible.
MES was obtained from Calbiochem; Tris from Merck. Gramicidin D, TES
and Tricine were purchased from Sigma. All other chemicals were obtain
ed from BDH.
Dr. P.G. Heytler kindly donated FCCP to Professor Duysens and the valinomycin was a gift from Dr. B.C. Pressman and from Dr. C.W. Pettinga
(Eli Lilly and Cy.).
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In november 1963 legde ik het kandidaatsexamen f en g af. Hierop
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1966

het doktoraalexamen biochemie met als bijvak bio

fysica.
Vanaf juni 1966 was ik als wetenschappelijk medewerker verbonden
aan het Laboratorium voor Biofysica van de Rijksuniversiteit te Leiden,
in dienst van de Nederlandse Organisatie voor Zuiver Wetenschappelijk
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Amesz werd sindsdien het hier beschreven onderzoek verricht.

S T E L L I N G E N

I
Bestudering van vertraagde fluorescentie leidt mogelijkerwijs tot een
beter inzicht in zowel de fotochemie van. pigmentsysteem 2 als in de
eigenschappen van biologische membranen; gestimuleerde luminescentie
kan dienen als indikator van de integriteit van het thylakoidmembraan.
R.H.Ruby, Photochem.Photobiol.,

8

(1968) 299;

dit proefschrift, hoofdstuk VI en VII.

II
De eenvoudige relaties tussen de intensiteiten van direkte en van
vertraagde fluorescentie, zoals geformuleerd door Lavorel en
Clayton, gelden slechts als er geen veranderingen optreden in het
thylakoidmembraan.
J.Lavorel, in H.Metzner, Progress in Photosynthesis Research,
H.Laupp Jr., Tubingen, 1969» Vol.2, p .883
R.K.Clayton, Biophys.J.,

(1969)

60

C.A.ffraight and A.R.Crofts, Eur.J.Biochem., J_2 (1971)

386

Dit proefschrift, hoofdstuk V, VI en VII.

III
Een acceptabele methode om de fotochemische activiteit van geïso
leerde systeem 2 deeltjes te testen is wellicht het meten van de
door sterk aanzuren verhoogde luminescentie.
Dit proefschrift, hoofdstuk VII.

IV
Het is zeer wel mogelijk, dat de verlaging van luminescentie door
verhitting of veroudering van chloroplasten ondermeer te verklaren
is door de aktiviteit van vrije onverzadigde vetzuren.

R.E.McCarthy and A.T.Jagendorf, Plant Physiol., kO (1965) 725
M.Friedlander and J.Neumann, Plant Physiol.,

(1968) 12^9

P .A.Siegenthaler, Plant and Cell Physiol., 1_0 (1969) 811
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