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Demonstration of thermal dissipation of absorbed quanta during
energy-dependent quenching of chlorophyll fluorescence in
photosynthetic membranes
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Abstract When plant leaves or chloroplasts are exposed to
illumination that exceeds their photosynthetic capacity, photo-
protective mechanisms such as described by the energy-dependent
(non-photochemical) quenching of chlorophyll fluorescence are
involved. The protective action is attributed to an increased rate
constant for thermal dissipation of absorbed quanta. We applied
photoacoustic spectroscopy to monitor thermal dissipation in
spinach thylakoid membranes together with simultaneous mea-
surement of chlorophyll fluorescence in the presence of inhibitors
of opposite action on the formation of ApH across the thylakoid
membrane (tentoxin and nigericin/valinomycin). A linear rela-
tionship between the appearance of fluorescence quenching
during formation of the ApH and the reciprocal variation of
thermal dissipation was demonstrated. Dicyclohexylcarbodi-
imide, which is known to prevent protonation of the minor
light-harvesting complexes of photosystem II, significantly
reduced the formation of fluorescence quenching and the
concurrent increase in thermal dissipation. However, the addition
of exogenous ascorbate to activate the xanthophyll de-epoxidase
increased non-photochemical fluorescence quenching without
affecting the measured thermal dissipation. It is concluded that
a portion of energy-dependent fluorescence quenching that is
independent of de-epoxidase activity can be readily measured by
photoacoustic spectroscopy as an increase in thermal deactiva-
tion processes.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Exposure of plant leaves or chloroplasts to illumination
that exceeds their photosynthetic capacity leads to photoin-
hibition and degradation of the electron transport system. To
avoid premature photoinhibition, excessive excitation energy
can be dissipated by protective mechanisms such as described
by the energy-dependent (non-photochemical) quenching of
chlorophyll fluorescence [1,2]. It is thought that chlorophyll
fluorescence is quenched by zeaxanthin (and antheraxanthin)
molecules bound to the minor chlorophyll binding proteins of
photosystem II [3,4]. Building of the pH gradient, presumably
in the localized membrane domains [5], would activate the
violaxanthin de-epoxidase with the resulting formation of an-
theraxanthin and zeaxanthin molecules [6] and promote the
formation of binding sites on the chlorophyll binding proteins
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for these xanthophylls [7]. Protonation of the proteins would
be a prerequisite for xanthophyll binding [4]. It is proposed
that de-epoxidized xanthophylls could directly trap the singlet
excited states of chlorophyll ¢ whereas violaxanthin cannot
[8]. Alternatively, it is suggested that the binding of zeaxan-
thin or protonation itself would favor an aggregated state of
the chlorophyll binding proteins with the concurrent forma-
tion of weakly fluorescent traps for chlorophyll excited states
[9]. Another hypothesis implies that the increased pH in the
thylakoid lumen deactivates the oxygen evolving complex of
photosystem II resulting in the formation of the oxidized pri-
mary donor P680" which would directly quench chlorophyll
fluorescence [10].

The protective action of energy-dependent fluorescence
quenching against excess light is attributed to an increased
rate constant for radiationless energy dissipation processes
in the antenna chlorophyll as calculated from chlorophyll flu-
orescence data [3]. Thermal dissipation processes can be meas-
ured by photoacoustic spectroscopy. It was recently shown,
using this technique, that photochemical quenching of chloro-
phyll fluorescence due to open photosystem II reaction centers
is directly correlated with a coinciding photochemical quench-
ing of thermal dissipation [11-13]. An increased thermal dis-
sipation during non-photochemical fluorescence quenching
was also reported using photoacoustic spectroscopy [14-17],
though some other reports concluded that energy-dependent
quenching was not associated with significant modification in
the yield of thermal dissipation [18,19].

In this report, we use photoacoustic spectroscopy to mon-
itor thermal dissipation simultaneously with chlorophyll fluo-
rescence in spinach thylakoid membranes under conditions
where energy-dependent fluorescence quenching is observed.
Various inhibitors were used to support the clear demonstra-
tion that energy-dependent fluorescence quenching is directly
correlated with an increase in thermal deactivation processes.

2. Materials and methods

Thylakoid membranes were isolated from deveined spinach leaves
as reported previously [20] and resuspended at 2 mg chlorophyll/ml in
330 mM sorbitol, 50 mM TES-NaOH (pH 7.5) and 2 mM MgCls.
When required, the inhibitors were prepared in 80% acetone and less
than 1% of the stock solution was mixed with the thylakoid prepara-
tions. Thylakoid membranes (250 ug chlorophyll/ml, 1 ml) were aspi-
rated onto a nitrocellulose filter (Millipore, 0.4 UM pore size) using a
gentle vacuum to obtain a homogeneous layer of photosynthetic
membranes [21]. Simultaneous fluorescence and thermal dissipation
measurements were performed with a laboratory-constructed system
using a photoacoustic cell (MTEC Photoacoustic Inc., Ames, IA) in
combination with a PAM-101 chlorophyll fluorometer (Walz, Effel-
trich, Germany), as previously described [11,13].
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Fig. 1. Simultaneous recordings of fluorescence (left panels) and thermal dissipation (right panels) in thylakoid membranes. A and D: With the
addition of 0.1 uM tentoxine. B and E: Control. C and F: With the addition of 5 uM nigericin and valinomycin. Up and down arrows indi-
cate light on and off, respectively: light 1, weak 1.6 kHz fluorometer probe beam; light 2, intensity-modulated photoacoustic measuring beam
(680 nm, 3.8 W/m?, 35 Hz). Pulses of saturating white light are applied for 2 s each at 5 s intervals.

3. Results and discussion

Typical traces obtained from simultaneous recordings of
chlorophyll fluorescence (pulse amplitude modulated fluorom-
eter) and thermal dissipation (photoacoustic signal) in spinach
thylakoid membranes are presented in Fig. 1. In these meas-
urements, the weak 1.6 kHz fluorometer probe beam induces
the fluorescence rise to the initial level F,. The analogous
thermal dissipation level Q, is not detectable directly as ex-
plained in a previous report [11]. The photoacoustic signal Q;
is induced by an intensity-modulated measuring beam (680
nm, 3.8 W/m?, 35 Hz). Upon absorption of this modulated
light, thermal deactivation processes produce a pressure wave
at the surface of the sample which is detected by a sensitive
microphone connected to a lock-in amplifier. The modulated
photoacoustic measuring beam also raises the fluorescence to
an intermediate level of variable fluorescence F; due to elec-
tron transport in photosystem II.

The total closure of the reaction centers is obtained by the
further addition of saturating pulses of non-modulated light.
This will provide the conditions for the specific measurement
of non-photochemical quenching in photosystems where the
photochemical activity is saturated. The 2 s pulse duration is
required to provide an accurate acoustic signal measurement.
The relatively weak intensity of the photoacoustic measuring

beam and the low duration of saturating pulses together with
the very short duration of an entire experiment (128 s) prevent
any photoinhibition. The first pulse provides the maximal
fluorescence level F,, and a thermal dissipation level Q..
During illumination with the photoacoustic measuring beam
and the saturating pulses, a pH gradient is progressively
formed across the thylakoid membranes and the energy-de-
pendent fluorescence quenching gradually increases. The
above causes the progressive decline of Fy, to various F,,’
levels. It is shown in Fig. 1 that this decline in chlorophyll
fluorescence coincides with a gradual increase of the thermal
dissipation Q" to the level Q,, that determines the maximal
thermal dissipation obtained at the last pulse used.

Various terminology and equations have been used to
quantify non-photochemical fluorescence quenching (NPQ)
or the quenching coefficient gy [22]. However, the increasing
thermal dissipation from Q' to Q,, observed during the for-
mation of the pH gradient across the thylakoid membrane
(Fig. 1) is better quantified as (Qy,,—Ow')/ O X 100%, a pa-
rameter that can be viewed as a coeflicient of non-photochem-
ical quenching of thermal dissipation, gnQ. To use a term
analogous to what can be used for thermal dissipation, non-
photochemical fluorescence quenching will be expressed as
gNF= (Fy—Fo) ) Fy X 100%.

The values obtained at each saturating pulse for both gxQ
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and gy F are quantified in Fig. 2 (circles) together with the
values obtained in the presence of two inhibitors of opposite
action tentoxin and nigericin/valinomycin. Fig. 2 shows that
gnF obtained from a control experiment such as shown in Fig.
1 increases with illumination period. Also, during the increase
of gnF, gnQ is progressively released (Fig. 2) as calculated
from the increasing Q,," values seen in Fig. 1. The quenching
values are kept relatively small due to the short duration of
the saturating illumination as mentioned above. Tentoxin, an
uncompetitive inhibitor of the chloroplast CF1-ATPase [6], is
known to induce an increase in ApH [23] and consequently an
increase in energy-dependent fluorescence quenching, in com-
parison with the control experiments, is found in Fig. 2. Con-
versely, the couple nigericin/valinomycin, which is known to
dissipate the electrochemical H* gradient, strongly reduced
the fluorescence quenching. The corresponding variations of
gnQ are also seen in Fig. 2. The thermal deactivation proc-
esses increased to an higher extent (¢gnQ decreases) in the
presence of tentoxin in comparison with the control experi-
ment which is apparent from a higher initial value of gxQ.
Further, the couple nigericin/valinomycin reduced the gradual
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Fig. 2. Values for gnF and gnQ obtained from experiments such as
presented in Fig. 1 as a function of the saturating pulse number: @,
without additive; a, with 0.1 uM tentoxin; M, with 5 uM nigericin
and valinomycin; O, with 0.5 mM dicyclohexylcarbodiimide. The
values for F,,” and Q,,’ are obtained from averaging the values
measured during a given saturating pulse.
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Fig. 3. Linear correlation between ¢gnF and ¢gnQ (the correlation
factor R is given in parentheses) obtained from the data of Fig. 2:
®, without additive (R=0.988); a, with 0.1 uM tentoxin (R=
0.994); m, with 5 uM nigericin and valinomycin (R =0.980).

increase in thermal deactivation coinciding with a weaker ini-
tial value of ¢gnQ. In these experiments, the inhibitors elicited
only a partial effect in comparison with the expected action of
these compounds at the concentrations used. However, the
samples are aspirated onto a nitrocellulose filter before meas-
urements. This procedure dramatically increases the chloro-
phyll/inhibitor ratio.

In control experiments, an increase of gnF by 7.5% corre-
sponded to a decrease of gnQ by 1.3% indicating that total
fluorescence emission with the photosystems in the closed
state accounted for about 14% of the de-excitations processes
which nearly corresponds to the value of 10% previously sug-
gested [24]. The values of ¢gnQ and gy F were affected in sim-
ilar proportion by the uncouplers (about 40% increase or
decrease of maximal values, respectively, at the uncoupler
concentrations used). Further, in all cases studied in Fig. 2,
a clear linear relationship, with correlation factors near unity,
was found between gy F and ¢gnQ (Fig. 3). The above demon-
strates that the changes in fluorescence intensity are strictly
correlated with the increase in thermal dissipation and there-
fore that the energy-dependent fluorescence quenching is as-
sociated with a proportional increase in thermal deactivation
processes.

As mentioned, protonation of pigment binding proteins
may be a prerequisite for non-photochemical quenching of
chlorophyll fluorescence. In line with the above, we have
used the known inhibitor of energy-dependent fluorescence
quenching dicyclohexylcarbodiimide (DCCD). It was shown
that DCCD short circuits the proton pumping activity of
photosystem II due to its binding to the minor pigment bind-
ing proteins and thus prevents protonation at these sites [25].
Interestingly, the inhibition of gxF by DCCD is accompanied
by the corresponding effect on ¢gnQ demonstrating that pro-
tonation of minor pigment binding proteins is involved in the
increased thermal dissipation observed during fluorescence
quenching.

It is demonstrated that activation of the enzyme violaxan-
thin de-epoxidase requires both low pH and ascorbate [26]. In
isolated thylakoid preparations, endogenous ascorbate is re-
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Fig. 4. Maximal values of gnF and gnQ obtained from data such as presented in Fig. 2 but with various ascorbate concentrations. The maxi-
mal values were obtained at the last pulse applied (25th) for ¢gnF and at the first pulse for gnQ. Inset: Values for gnF obtained from experi-
ments such as presented in Fig. 1 as a function of the saturating pulse number: O, without additive; ®, with 60 mM ascorbate. The values of

F,, and Q,, were normalized to 1 before calculation.

moved during isolation procedures and the fluorescence
quenching measured is likely independently from de-epoxidase
activity. Ascorbate can be added to isolated thylakoid mem-
branes or to the purified enzyme to accelerate the violaxanthin
cycle [26]. As expected, addition of ascorbate to the thylakoid
preparations resulted in a substantial increase in gy F (Fig. 4,
inset) showing that the enhanced formation of de-epoxidized
xanthophylls increased non-photochemical fluorescence
quenching during illumination. This increase was dependent
on ascorbate concentration (Fig. 4). Interestingly, gnQ re-
mained totally unaffected by exogenous ascorbate at all the
ascorbate concentrations used (Fig. 4).

The apparent absence of an increased thermal dissipation
following the addition of ascorbate indicates that the en-
hanced thermal dissipation is not measured by the technique
used. Indeed, only the events with a life-time short enough to
follow the modulation frequency of the incident photoacoustic
measuring beam are monitored by the corresponding pressure
wave. It has been suggested that energy dissipation through a
retarded pathway such as energy transfer from chlorophylls to
carotenoids and thermal dissipation of the carotenoid triplet
states may be responsible for a sufficient delay that would
impair the detection by the modulated technique [27]. This
is consistent with the lack of correlation between the increased
thermal dissipation measured by photoacoustic spectroscopy
and zeaxanthin formation during non-photochemical fluores-
cence quenching in leaves [16].

The present demonstration of the enhanced thermal dissi-

pation of absorbed quanta in relation to the energy-dependent
fluorescence quenching together with the modulation-inde-
pendent positive action of exogenous ascorbate in the non-
photochemical quenching coincides with the current mecha-
nistic view of this photoprotection mechanism regarding the
involvement of two different processes, one that depends on
the de-epoxidase activity and the other that is independent of
it. In the former process, fluorescence quenching may occur in
the pigment binding proteins protonated upon formation of
the localized pH gradient. In that case, newly de-epoxidized
xanthophyll molecules could readily bind to their site to
quench the excited states of chlorophyll [2,7]. Alternatively,
the fluorescence quenching may proceeds through de-epoxi-
dase-independent processes. Then, protonation of the pigment
binding proteins could provide the conformational changes
required for the formation of dissipating centers as previously
proposed [9] or inhibition of oxygen evolution and formation
of dissipating photosystem II reaction centers may be involved
[10]. All these de-epoxidase-independent processes are likely
to proceed at the modulation frequency of the incident photo-
acoustic measuring beam because they are directly related to
the formation of the ApH. Our results showing the inhibition
of gnQ in the presence of DCCD demonstrate that the pro-
tonation of pigment binding proteins is implicated in the en-
hanced thermal dissipation. Those data favor the hypothesis
of thermal dissipation in the pigment bead.
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