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The glow curve of chloroplasts excited by continuous light of high intensity (500 W + m~2) at pH 7.5 during
cooling from +2 to —80°C consisted of seven bands appearing at about —30°C (TL_,;), —15°C
(TL_y), +10°C (TL _44), +30°C (TL ,;;), +50°C (TL . 5), +65°C (TL . ¢5) and +85°C (TL . &), in
which TL stands for thermoluminescence. In the pH range from 5.5 to 9.0 the peak positions of the TL _,,,
TL _,9, TL , 5, TL , 45 and TL 4, bands were independent of pH. On the other hand the peak positions of
the TL  ,, and TL ,; bands were gradually shifted from +25 to —5°C and from +20 to +40°C,
respectively, as the pH was decreased from 9.0 to 5.5. The same pH-induced shift (from + 25 to — 5°C) was
observed for the TL,,, band when electron transport was inhibited by DCMU. In dinoseb-treated
chloroplasts the peak position of the main thermoluminescence band also exhibited pH dependency, and
shifted from +20 to —20°C upon lowering the pH from 9.0 to 5.5. After the water-splitting system had
been inactivated by Tris or NH,OH treatment no pH-induced shifts were observed in the peak positions of
the thermoluminescence bands of DCMU and dinoseb-treated chloroplasts. The results suggest that the
effect of pH on the thermoluminescence of untreated and inhibitor-treated chloroplasts is associated with
protonation / deprotonation reactions occurring at the donor and acceptor sides of Photosystem II during the
S, — S, transition of the water-splitting system.

Introduction of chloroplasts. It has been demonstrated that
upon flash excitation the main thermolumines-
cence band appearing at about +30°C in the
glow curve (B band), originates from the charge
recombination of the S,Qg and S,Qg redox cou-
ples [1,2]. At pH 5.0 the B band is split into the B,
(S;Qp recombination) and B, (S,Qp recombina-
tion) component bands peaking at about + 20 and
+45°C, respectively [3]. In the presence of Photo-
system II inhibitors, which interrupt electron
transport between Q, and Qg the B band is
replaced by the so-called Q band [2] (also desig-
nated as the D band [4]). The Q band is assigned

Considerable progress has been achieved in the
last few years in research into thermoluminescence
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to charge recombination of the S,Q, redox couple
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In spite of our increasing knowledge of the
thermoluminescence of chloroplasts there is some
controversy in the literature, concerning not only
the origin of certain thermoluminescence bands
but even regarding the number of bands overlap-
ping in the glow curve [5]. The situation is further
complicated by the fact that the position of cer-
tain thermoluminescence bands depends on the
pH of the medium [6,7]. The shift of the B, band
to higher temperatures upon decreasing pH was
explained by a protonation of the reduced sec-
ondary acceptor, Qg at acidic pH values and by a
lack of proton release in the S; — S, transition [7].
The effect of pH on the peak position of the B
band was theoretically analyzed in order to de-
termine the pH induced change in the value of the
redox midpoint potential of Qg and in the equi-
librium constant of the equilibrium Q,Qy=
Q.Qp [6]. In contrast to the above findings re-
cently Vass et al. [8] observed a shift of the B band
to lower temperatures with decreasing pH. Fur-
thermore they also reported that in DCMU-treated
chloroplasts the peak position of the Q band was
shifted from +11°C to +30°C upon changing
the pH from 7.5 to 8.8. The phenomenon was
ascribed to an effect of pH on the redox potential
of Q4.

In the present work we investigated the effect
of pH on the thermoluminescence of DCMU-,
and dinoseb-treated chloroplasts in a wider pH
range between pH 5.5 and 9.0. It was found that
the rate of the backreaction of Q, with the donor
side of Photosystem II strongly depends on the
pH between pH 6.5 and 9.0. After Tris or NH,OH
treatment the thermoluminescence of inhibitor-
treated chloroplasts was independent of pH. This
observation implies that the donor side of Photo-
system II undergoes a deprotonation reaction dur-
ing the S$; — S, transition of the water-splitting
system.

Materials and Methods

Chloroplasts were isolated from spinach leaves
using a procedure described earlier [9]. After isola-
tion the chloroplasts were suspended in a medium
containing 0.4 M sorbitol/10 mM NaCl/1 mM
MnCl,/5 mM MgCl,/2 mM EDTA and 50 mM
Hepes (pH 7.5) to yield 2-3 mg chlorophyll /ml

and were kept on ice in darkness. Before ther-
moluminescence measurements the chloroplasts
suspension was diluted further with the suspen-
sion medium of appropriate pH to give a chloro-
phyll concentration of 125 pg Chl/ml and in-
cubated in the dark for 10 min.

DCMU and dinoseb were added to the samples
in the dark and the samples were incubated in the
presence of the inhibitors for 10 min before ther-
moluminescence measurements.

For Tris treatment, chloroplasts were sus-
pended in 0.8 M Tris-HCI (pH 8.8) to yield 2 mg
Chl/ml and incubated for 20 min under room
light at +4°C before being pelleted. After wash-
ing of the chloroplasts twice, they were resus-
pended in the standard suspension medium and
stored in the dark at +4°C until use. NH,OH
treatment was carried out by incubating the chlo-
roplasts in the presence of 5 mM NH,OH for 20
min in the dark at +4°C, followed by 5 min
centrifugation at 2000 X g. The pelleted chloro-
plasts were washed twice and resuspended in the
suspension buffer to give a concentration of 125
pg Chl/ml.

For thermoluminescence measurements 0.4 ml
aliquots of samples were excited by white light
during continuous cooling from +2 to —80°C. In
flash experiments samples were excited either
+2°C or in some experiments at —80°C by
xenon flashes (General Radio, Stroboslave, 3 pus,
0.5 J). The flashes were given at 1 s intervals.
After flash excitation at +2°C the samples were
quickly cooled down to a temperature 20-30°C
lower than the excitation temperature. Ther-
moluminescence was measured in an apparatus
similar to that described by Tatake et al. [10] at a
heating rate of 20°C/min.

Results

Dependence of the shape of the glow curve on the
excitation conditions

It has been reported by several authors that the
excitation conditions greatly affect the shape of
the glow curve [5,11,12]. Sane et al. [12] investi-
gated the effect of different light intensities on the
glow curve and came to the conclusion that all of
the peaks are present at very low light intensities.
However, at pH 7.5 at low light intensities (less
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Fig. 1. Thermoluminescence of spinach chloroplasts excited at
various light intensities. Samples were illuminated at pH 7.5
cither by white light during cooling from +2 to —80°C
(curves K, L, M, N, O) or by a single flash given at +2°C
(curve P). K: 1000 W-m~ % L: SO0 W-m~ 2, M: 1 W-m~2; N:
0.1 W-m~%; 0; 0.01 W-m™2, The distortion appearing at 0°C
in the glow curves is caused by the solid-liquid phase transition
of water.

0 0 %0

than 1 W-m™2) or at flash excitation we could
charge only the B band at +30°C and the num-
ber of the excitable bands increased with the
excitation light intensities (Fig. 1). At high light
intensities (500-1000 W -m~2) seven thermo-
luminescence bands could be charged in the glow
curve appearing at about —30°C (TL_,;), —15°C
(TL_y0), +10°C (TL,,), +30°C (TL, ),
+50°C (TL, ), +65°C (TL,() and about
+85°C(TL . 4)-

The TL_,,, TL ., and TL _ ,; bands are prob-
ably identical to the A, Q (or D) and B bands
which have already been described in the liter-
ature [1,2,5,13]. The TL_,, band is probably
equivalent to peak II of Sane et al. [13,14]. As to
the exact number of thermoluminescence bands in
the high temperature region of the glow curve
considerable confusion exists in the literature
[5,14-18].

The general consensus is that the high-tempera-
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ture part of the glow curve consists of only one
so-called, C band, superimposed at about +50°C
on a quickly rising black body radiation of the
sample holder [5]. The present work provided ex-
perimental evidence to show that by choosing
appropriate excitation conditions three ther-
moluminescence bands contribute to the high-tem-
perature region of the glow curve. One band peak-
ing at about +85°C (TL _4,) may be related to
chemiluminescence of chlorophylls [15]. Another
band appearing at about +65°C (TL, ;) may
correspond to peak VI of Desai et al. [15]. It is of
note that Klimov et al. [19] observed this band in
the glow curve of manganese free Photosystem 11
particles. The TL, ;, band is identical to the C
band of Inoue and Shibata [5] and peak V of Sane
et al. [12,14).

The effect of pH on the thermoluminescence of
isolated spinach chloroplasts

The shape of the glow curve depends not only
on the excitation conditions but is considerably
influenced by the pH of the suspension medium,
too. We have investigated the effect of pH on the
thermoluminescence bands between pH 5.5 and
9.0. Thermoluminescence was excited both at low
(1 W-m™?) and high (500 W - m~?) light intensi-
ties.

Fig. 2 shows that in agreement with previous
results [9] the TL _,, band (A band) is not consid-
erably influenced by pH. The TL_,, band seems
to vanish at both low pH and high light intensi-
ties, but can be clearly distinguished as a shoulder
on the descending side of the TL_,, band upon
excitation of chloroplasts at low light intensities.
The peak positions of the TL,  ,, TL,s and
TL , g0 bands do not depend on pH. On the other
hand the peak positions of the TL,;, (Q) and
TL , 30 (B) bands show a marked pH dependence.
At pH 8.5 the two bands cannot be distinguished
because they overlap each other. At pH 9.0 they
apparently cross each other and the TL ,,, band
appears at a little higher temperature (+25°C)
than the TL  ,, band (20°C). At pH 7.5 the two
bands become gradually separated. The TL_ .
band appears as a shoulder on the descending side
of the TL,,, band. Between pH 7.5 and 5.5 the
separation of the two bands increases. While the
TL , 3y band is shifted higher, the TL, ,, band is



270

Relative thermoluminescence intensity

L . . . . . L
-50 0 50 100 -50 0 50 100
Temperature (°C)

Fig. 2. Effect of pH on the thermoluminescence of spinach
chloroplasts. Chloroplasts were incubated in the dark for 10
min at the appropriate pH before thermoluminescence mea-
surements. Thermoluminescence was excited by white light of
either high (500 W-m~2) or low (1 W-m™?) intensity during
cooling the samples from +2 to —80°C. Continuous and
dotted curves represent high and low intensity light, respec-
tively.

shifted to lower temperatures.Simultaneously, the
emission intensity of the TL,,, band gradually
decreases until it can be barely observed at pH
5.5. At pH 5.5 the peak positions of the TL
and TL,,, bands appear at —5 and +40°C,
respectively. The pH-induced shift of the TL
band has been described earlier {6,7]. It was inter-
preted by a protonation of Qp with decreasing
pH. An explanation for the disappearance of the
TL,,, band can also be suggested. The TL _,,
band is probably related to Q, [1,2]. During the
course of thermoluminescence measurements, due
to the slow heating rate of the sample, the elec-
trons can proceed from Q, to Qp decreasing the
amount of Q, and consequently the amplitude of
the TL _ ,, band. With decreasing pH the midpoint
potential of Q, becomes more positive and the
leakage of electrons increases due to the increasing
value of the equilibrium constant of the Q,-
Qs /Qx - Qgequilibrium [6].

Fig. 2 also shows that at pH 6.5 and pH 5.5 the
TL, 4, and TL 5, bands overlap each other, due
to the shift of the TL 5, band to higher tempera-
tures. In addition, it can be seen that the ampli-
tude of the TL, 5, band is considerably enhanced
at low pH.

The effect of pH on the thermoluminescence of
DCMU and dinoseb-treated chloroplasts

Fluorescence induction experiments demon-
strate that in chloroplasts excited by continuous
light not only the plastoquinone and the sec-
ondary acceptor pools are filled up by electrons
but the primary acceptor molecules (Q,) are also
gradually reduced. In agreement with this, if the
chloroplasts are illuminated by weak light or
flashes, only the TL , 3, band, which is associated
with Qp, appears in the glow curve (Fig. 1).
However, excitation of thermoluminescence by
high intensity light charges the TL ,,, band, too.
According to earlier reports [1,2,5,11] excitation of
chloroplasts in the presence of Photosystem II
inhibitors, which block electron transport between
Q4 and Qp and result in the accumulation of Q,,
also gives rise to the appearance of a ther-
moluminescence band at about +10°C (Q band).
Thus it can be assumed that the TL, ;; and the Q
bands are equivalent to each other and are associ-
ated with the reduced primary acceptor, Q4. In
the following we will designate the TL,,, and
TL, ;, bands as Q and B bands, respectively.

Since in the presence of DCMU the leakage of
electrons from Q, is inhibited during the course
of the thermoluminescence measurement it can be
expected that DCMU treatment represents
favourable conditions for charging the Q band.
Indeed, DCMU addition resulted in an enlarge-
ment of the Q band as compared to the TL 4,
TL, (s and TL 4, bands (Fig. 3). At pH 9.0 the Q
band appeared at +25°C. Decreasing the pH to
6.5 resulted in a shift of the band to approx.
—5°C and no additional shift occurred upon fur-
ther decrease of the pH.

In the glow curve of DCMU-treated chloro-
plasts the amplitude of the TL, 5, band increased
with decreasing pH similarly as it occurred in
untreated chloroplasts.

DCMU addition abolished both the B and
TL _;, bands indicating that these bands can be
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Fig. 3. Effect of pH on the thermoluminescence of DCMU-
treated spinach chloroplasts. Prior to thermoluminescence
measurements chloroplasts were incubated in the dark for 10
min at the appropriate pH in the presence of 10 uM DCMU.
Excitation conditions are the same as were described in Fig. 2.

associated with Qg [1,2,14] (but see also Ref. 9).
However, at pH 5.5 and at high light intensities
the TL _,, and the B bands appeared in the glow
curve as small shoulders at the rising side of the Q
and TL , , bands, respectively (Fig. 3). This ob-
servation implies that at low pH and at high
excitation intensities some of the electron-trans-
port chains remained uninhibited even in the pres-
ence of 10 puM DCMU.

It has been reported that Photosystem II inhibi-
tors, which block electron transport between Q,
and Qg, can be classified into two groups on the
basis of their properties [20,21]. These inhibitors
are designated as DCMU and phenolic type in-
hibitors. The two groups can also be distinguished
by thermoluminescence measurements [22]. While
at pH 7.5 the peak position of the main ther-
moluminescence band appears between 0 and
+10°C in the presence of DCMU-type inhibitors,
chloroplasts inhibited by phenolic type inhibitors
exhibit the main band between 0 and —10°C.
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Accordingly, in dinoseb (a phenolic herbicide)
-treated chloroplasts at pH 7.5 the Q band can be
observed at about —10°C (Fig. 4). We have tested
whether in dinoseb treated chloroplasts the pH
can also affect thermoluminescence or not. Chang-
ing the pH from 9.0 to 6.5 the Q band is shifted
from +20 to —20°C. The phenomenon was simi-
lar to the one observed after DCMU addition,
except that the peak position of the Q band ap-
peared at lower temperatures in dinoseb-treated
chloroplasts than in DCMU-treated ones. Interest-
ingly, the amplitude of the band diminished con-
siderably with decreasing pH indicating that di-
noseb shows ADRY reagent characteristics at low
pH [23,24]. This conclusion is consistent with the
earlier observation of Renger [25] according to
which 2,4-dinitrophenol exhibits ADRY effect.

In DCMU- and dinoseb-treated chloroplasts
the reaction center can undergo only one turnover.
However, at low pH (pH 5.5) and at high light
intensity, continuous illumination may cause the
transfer or more than one electron through the

pH 10 (i

intensity

pH 65

Relative thermoluminescence
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Fig. 4. Effect of pH on the thermoluminescence of dinoseb-
treated spinach chloroplasts. Before thermoluminescence mea-
surements chloroplasts were incubated in the dark for 10 min
at the appropriate pH in the presence of 20 M dinoseb. Other
measuring conditions are the same as described in Fig. 2.



272

reaction center. In order to determine whether one
turnover of Photosystem II is enough to observe
pH induced shift in the peak position of the B and
Q bands chloroplasts were excited by a single
flash at —80°C. In these measuring conditions
only the S; = S, transition can proceed [26] and
the probability of double hits is negligible.

The pH dependence of the flash-induced ther-
moluminescence in untreated and inhibitor-treated
chloroplasts was very similar to the previously
described continuous-light-induced thermo-
luminescence (Fig. 5). In untreated chloroplasts
the B band was shifted from +20 to +40°C upon
changing the pH from 9.0 to 5.5. In DCMU- and
dinoseb-treated chloroplasts the peak position of
the Q band was shifted from about +25 to —5°C
and from +20 to —20°C, respectively. Conse-
quently, the results of flash experiments are in
excellent agreement with those obtained by the
use of continuous illumination. It can be con-
cluded that the pH induced shifts of the B and Q
bands are associated with the singly oxidized and
reduced state of the donor and acceptor sides of
Photosystem 11, respectively.

The effect of pH on the peak position of the B
band has been interpreted by a protonation of Qg
with decreasing pH [6,7]. The shift of the Q band
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Fig. 5. Effect of pH on the flash-induced thermoluminescence
of untreated ( ), DCMU treated (------ ) and dinoseb
treated chloroplasts (— — —). For inhibitor treatment chloro-
plasts were incubated in the dark for 10 min at the appropriate
pH in the presence of either 10 ptM DCMU or 20 M dinoseb.
Thermoluminescence was excited by a single flash at —80°C.

to lower temperatures by decreasing pH indicates
an increase in the rate of backreaction between
the negatively charged donor and positively
charged acceptor molecules which participate in
the generation of the band. This conclusion is
supported by the results of fluorescence yield ex-
periments. According to Vermaas et al. [27] the
half time of fluorescence decay in the presence of
DCMU (5,Q. recombination) decreased from
1.15 s at pH 7.6 t0 0.73 s at pH 6.0. Robinson and
Crofts [28] also reported that the rate of backreac-
tion from Q, to S, shows a marked pH depen-
dence, i.e., it increases rapidly with decreasing pH.

In order to determine whether the donor or
acceptor side of Photosystem II is responsible for
the pH dependence of the thermoluminescence of
inhibitor treated chloroplasts the water-splitting
system was irreversibly inactivated either by Tris
or NH,OH treatment. In chloroplasts treated with

S -
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Retative thermoluminescence intensity

pHS.S

a0 .
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Fig. 6. Effect of pH on the thermoluminescence of Tris-treated
(left side) and NH,OH-treated (right side) chloroplasts in the
presence of 10 uM DCMU. Tris washing and NH,OH treat-
ment were carried out as described in the Materials and
Methods section. After Tris or NH,OH treatment chloroplasts
were incubated in the dark for 10 min at the appropriate pH in
the presence of 10 uM DCMU before thermoluminescence
measurements. Thermoluminescence was excited by continu-
ous white light of 500 W-m~2 during cooling the sample from
+2 to —80°C.



1 uM DCMU, after the inhibition of the donor
side of Photosystem II by Tris or NH,OH treat-
ment, only the TL_5,, TL 5, TL 45 and TL g
bands could be excited (Fig. 6). All of the bands
observed in Tris- and NH,OH-treated chloro-
plasts in the presence of DCMU were pH inde-
pendent in the peak position. A similar observa-
tion was made if the chloroplasts having an in-
activated water-splitting system were treated by 20
pM dinoseb (not shown).

Discussion

The peak position of a thermoluminescence
band is determined by the redox span between the
positively charged donor and negatively charged
acceptor molecules undergoing charge recombina-
tion. Any change in the midpoint potentials of the
interacting donor and acceptor coniponents should
be reflected in the peak position of the ap-
propriate thermoluminescence band. If the reduc-
tion or oxidation of an electron transport compo-
nent is associated with a protonation/deprotona-
tion reaction the midpoint potential of the compo-
nent should exhibit a pH dependence. Thus inves-
tigation of the effect of pH on the peak positions
of the thermoluminescence bands can provide in-
formation as to whether certain electron-transport
steps are accompanied by proton release/uptake
or not.

The Q band observed in the presence of DCMU
and dinoseb is associated with the S,Q. redox
couple [2]. The peak position of the band is shifted
to lower temperatures with decreasing pH. This
indicates a decrease in the redox distance between
the S, state and Q4. Accordingly, either the redox
potential of the S,/S, couple should increase or
that of the Q,/Q4 redox pair should decrease
when the pH is lowered. It has been reported that
the midpoint potential of Q, exhibits a —59 mV
per pH unit dependence [29]. However, an in-
crease in the midpoint potential of Q, with de-
creasing pH should result in a shift of the peak
position of the Q band in a direction opposite to
the one observed. Furthermore, it has been shown
by Conjeaud and Mathis [30] that the rate of
backreaction from Q, to P-680"Z" is not af-
fected by pH. In a recent work [9] we have re-
ported that the peak position of the Z, and A
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bands, which are assigned to Q,, do not depend
on pH. On the basis of these observations it can
be inferred that the effect of pH on the peak
position of the Q band cannot be attributed to a
change in the midpoint potential of Q,. This
conclusion is substantiated by thermolumines-
cence measurements carried out with Tris- and
NH,OH-treated chloroplasts. Tris washing and
NH,OH treatment, which affect the action of the
donor side of Photosystem II but do not influence
the functioning of the Q, and Qp acceptors, com-
pletely removed the pH dependency of the ther-
moluminescence of DCMU-treated chloroplasts
suggesting that the effect of pH on the Q band is
associated with the donor side of Photosystem II.
It can be assumed that the pH induced shift of the
Q band is due to an increase in the redox potential
of the S, state. If an S-state transition involves a
proton release the midpoint potential of the
S,+1/S, redox couple depends on the pH of the
medium by —59 mV/pH unit. Thus one can
conclude that during the S; — S, transition the
water-splitting system is deprotonized. This as-
sumption can hardly be reconciled with the pH
independence of the multiline EPR signal of the
S, state [31] and with the pH dependence of the
absorption changes due to electrochromic band
shift of carotenoids [32]). The results of delayed
luminescence [33], EPR [34] and pH [35] measure-
ments also contradict proton release for the S, —
S, transition. Therefore another explanation can
be offered if it is assumed that in inhibitor treated
chloroplasts the proton release is due not to the
water-oxidizing complex itself but to a protolytic
reaction occurring at the level of other electrons
donors in Photosystem II. Hong et al. [36] ob-
served a cyclic protolytic reaction around Photo-
system II in DCMU-poised chloroplasts which
was not associated with water oxidation. Further-
more, in Tris-washed inside-out thylakoids the
light-induced oxidation of the intermediate donor
D, (Z) was found to be coupled with a H* release
[37].

On the basis of our thermoluminescence results
obtained by excitation of inhibitor-treated chloro-
plasts at —80°C it can be inferred that the depro-
tonation event at the donor side of Photosystem 11
proceeds at low temperatures, too. Thus, it can be
concluded that the component undergoing a de-
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protonation is not associated with the electron-
transport chain directly but could be a protein
group close to a functionally active electron donor.
This membrane group is deprotonated in the dark
either before the sample is cooled down or during
heating of the sample after thermoluminescence
has been induced by flash excitation at —80°C.
However, it must not be overlooked that accord-
ing to the recent investigation of Jursinic and
Stemler [38], NH,OH in addition to inhibiting the
water-splitting system, also has a site of action on
the reducing side of Photosystem II. An inhibitory
effect of NH,OH on the acceptor side of Photo-
system II may also affect the protonation proper-
ties of the primary and secondary quinone accep-
tors. Thus our experiments carried out with
NH,OH do not completely exclude the occurrence
of a protonation step at the acceptor side of
Photosystem II in inhibitor-treated chloroplasts.
Moreover, it has been shown that the S, state
participates in the generation of both the Q(S,Q4
recombination) and B(S,Qpg-recombination)
bands. Thus a deprotonation event occurring at
the donor side of Photosystem II during the S, —
S, transition should influence similarly the peak
positions of these bands. In contrast to this expec-
tation the Q and B bands exhibit opposite pH
dependencies. While the Q band is shifted to
lower, the B band moves to higher temperatures
with decreasing pH. This discrepancy cannot be
resolved at present. Thus, it is possible that a
pH-induced change at the acceptor side of Photo-
system II also contributes to the shifts of the Q
band. It has been reported by Rutherford and
Zimmermann [39] that the primary quinone accep-
tor has two interconvertable EPR forms. While
the protonated form (g = 1.82) appears at low pH
or in the presence of dinoseb, high pH is favorable
for the appearance of the deprotonated form (g =
1.90). The Q band may represent the charge
recombination of the two EPR forms of Q, with
the S, state. It can be assumed that depending on
the pH of the medium the midpoint potential of
the dominating form of Q, determines the peak
position of the Q band. Parallel EPR and thermo-
luminescence measurements could test the validity
of this second interpretation.
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