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In plants, the major route for dissipating excess light is the non-
photochemical quenching of absorbed light (NPQ), which is associated
with thylakoid lumen acidification. Our data offer an interpretation
for the complex relationship between changes in luminal pH and
the NPQ response. Upon steady-state illumination, fast NPQ relaxa-
tion in the dark reflects the equilibration between the electrochemical
proton gradient established in the light and the cellular ATP/ADP+Pi
ratio. This is followed by a slower phase, which reflects the decay of
the proton motive force at equilibrium, due to gradual cellular ATP
consumption. In transient conditions, a sustained lag appears in both
quenching onset and relaxation, which is modulated by the size of the
antenna complexes of photosystem Il and by cyclic electron flow
around photosystem I. We propose that this phenomenon reflects
the signature of protonation of specific domains in the antenna and
of slow H* diffusion in the different domains of the chloroplast.
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ight conversion is a most critical step in photosynthesis. In low

light, photon capture must be optimized to aliment CO, as-
similation by the Calvin-Benson-Bassham cycle (hereafter referred
as to the Calvin cycle). Conversely, when excitation pressure
exceeds the evacuation capacity of the photosynthetic apparatus,
light absorption must be down-regulated to avoid overreduction of
the soluble electron carriers, generation of reactive oxygen species,
and possible photodamage. Plants are capable of withstanding
exposure to excess light through a variety of mechanisms associ-
ated with photosystem (PS) II, which are collectively referred to as
nonphotochemical quenching (NPQ; reviewed in refs. 1 and 2).
According to previous definition (1), this term encompasses at
least three processes: (i) qE, a quenching associated with the
acidification of the luminal pH (3). qE is the dominant form of
NPQ in vascular plants (1, 2). It reflects an increased thermal
dissipation in the light-harvesting apparatus of PSII (LHCII) re-
quiring the ApH, carotenoid deepoxidation [by the xanthophyll
cycle (XC); ref. 4] and the presence of the PSII subunit PsbS (2).
(i) qT (state transitions; ref. 5) reflects changes in the relative
size of PSII and PSI antenna, due to reversible phosphorylation.
(@ii) qlI is a slowly reversible process (>1 h), related to photo-
inhibition (6) and to long-living quenching phenomena (7). Ac-
cording to Horton et al. (1), the complex kinetics of NPQ decay
observed upon illumination should be indicative of the different
relaxation times of the three processes. On the other hand, both
qE effectors (XC and PsbS) are affected by changes in the luminal
pH. The turnover of the violaxanthin (Vx) deepoxidase, the en-
zyme producing the “NPQ-active” carotenoids antheraxanthin and
zeaxanthin (Zx), is increased at low pH (1). In parallel, PsbS senses
lumen acidification via the protonation of two conserved luminal
glutamic residues (2). Thus, the existence of multiple pH-sensitive
steps in fluorescence quenching could provide another explanation
for the complex patterns of NPQ relaxation in the dark (8).

Our analysis demonstrates that multiphasic quenching re-
laxation mainly reflects the existence of at least two phases in the
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decline of the ApH: a fast one, due to equilibration between the
Apy™ and the phosphorylating potential (AGp = AG,® + RT In
[ATP]/([ADP]+[Pi])), and a slower one, in which the AG,, slowly
declines due to cellular ATP consumption. We also report the
existence of a sustained lag in NPQ both at the onset and at the
end of illumination, in prestationary conditions. We propose that
this phenomenon reflects the protonation of specific domains in
the antenna, and the slow H* diffusion between the grana and
the stroma compartments of the chloroplast.

Results

Induction of NPQ by Light and Dark Cycles in Arabidopsis. In Fig.1,
dark-adapted Arabidopsis leaves (from WT and NPQ mutants;
ref. 2) were exposed to two consecutive short perlods of illumi-
nation (35 s) with moderate light (kipsy; ~250 s™*), separated by
90 s of dark. During the first exposure, identical NPQ kinetics was
observed for ~20 s in the WT and in npql, a mutant unable to
accumulate Zx in the light (2). Longer illumination led to a larger
NPQ generation in WT, likely reflecting the onset of Zx synthesis
via the activation of XC (7, 9). Consistent with this hypothesis,
a second illumination induced a much larger NPQ in WT but had
lesser consequences in npql. In npq2 plants, which constitutively
accumulate Zx (2), a nearly maximum NPQ was already seen
during the first illumination. A second light exposure did not
considerably change the NPQ Kkinetics, except for a shortening of
the lag phase. This indicates that NPQ onset in npg2 essentially
reflects the building of a ApH during the first illumination, and that
the reduced lag seen during the second illumination is caused by
incomplete ApH relaxation between the two illuminations (10). A
similar effect was seen in npgl leaves, although to a much smaller
extent. This suggests that either the proton gradient established in
the light relaxes differently in the two lines, or that their different
carotenoid composition results in a different pH sensitivity of
NPQ. As expected, no significant NPQ was seen in the npg4 strain,
which lacks PsbS (2), during both illuminations.

NPQ Decay Kinetics. To further investigate the relationship between
the proton gradient and NPQ, we measured the kinetics of
quenching relaxation upon light exposure. After the first illumi-
nation, npql leaves display a rather monotonous decay (t/2 ~13 s;
Fig. 1). In WT a first decaying phase was observed, which was
identical to that observed on npq! leaves. However, the existence
of a second phase of small amplitude and longer duration could be
inferred, as suggested by the presence of a residual NPQ after 40 s
of darkness. This phase fully relaxed in &3 min. In npq2, the bi-
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Fig. 1. Dynamics of NPQ during consecutive illuminations. Dark-adapted
Arabidopsis leaves were exposed to two consecutive 35-s green illuminations
(400 pmol photons m™2 s™" or kipsy 2250 s~'). (A) Solid symbols, first light
exposure; open symbols, second light exposure after 90 s of dark. (B) NPQ
decay kinetics measured after the 35-s illumination. Each curve represents
the average of six experiments performed on different leaves of the same
plant. Black bar, light off; white bar, light on.

phasic character of NPQ decay was more pronounced, with a first
phase characterized by a %2 of ~26 s and a second one completed
in several minutes. After longer illumination (>15 min), as re-
quired to load WT leaves with Zx and to achieve steady-state NPQ
(4), similar relaxation kinetics were observed in WT and npq2
strains. This suggests that the slowing down of NPQ decay in WT
is linked to Zx accumulation. Upon preloading leaves with Zx
(SI Appendix, Fig. S1), three phases of NPQ decay were observed,
completed in ~3 min (Fig. 2 Left), 20 min (Fig. 2 Right), and several
hours, respectively, in agreement with previous reports (1). Pre-
vious data indicate that a slowly relaxing Apy* component (¢4 ~5-
10 min) exists in steady-state light-exposed spinach leaves (10).
This Apy™ (2150 mV) is in equilibrium with the AG,,, which has
reached a maximum value in the light. The Apy™ comprises both an
electric (AY) and a pH component (10). Its slow relaxation in the
dark reflects the consumption of ATP accumulated in the light
phase, until a permanent Apg* is attained, the amplitude of which is
set by the [ATP]/[ADP] x [Pi] ratio in the dark. Thus, we reasoned
that the two phases of NPQ decay observed in the 0-3-min and
3-20-min time range (Fig. 2) could reflect the biphasic relaxation of
the proton motive force (11), rather than the existence of different
quenching phenomena (1). To test this possibility, we examined the
kinetics of NPQ decay upon inhibition of the respiratory chain
(Fig. 2). Blocking respiration completely abolishes the Apg™ in the
dark (10), indicating ATP equilibration between the mitochondria,
the cytoplasm, and the chloroplasts. In the presence of the re-
spiratory inhibitor myxothiazol, the cytoplasm is depleted in ATP
and acts as a sink of chloroplast-generated ATP. Hence, this in-
hibitor considerably accelerates the decay of the long-lived Apy™* in
equilibrium with ATP (10). We first checked that the effect of
myxothiazol on the Apy™ could be reproduced in Arabidopsis
leaves, and then we compared the NPQ relaxation in leaves that
were either infiltrated with a solution containing 150 mM sorbitol
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Fig. 2. NPQ decay rates in Arabidopsis WT leaves illuminated for 15 min
(Kipsy 2250 s~') in the absence (squares) and presence (circles) of 12 uM
myxothiazol. (A) The 0- to 3-min phase of the NPQ decay. (B) The 3- to 20-min
phase with an expanded vertical scale (x4).
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(control) to avoid changes in the internal osmotic force or with the
same solution containing a saturating concentration of myxothiazol
(20 uM). In the control, the first two phases of NPQ relaxation were
completed in ~3 min (#/2 ~25 s) and in ~20 min (Fig. 2), in agree-
ment with findings in noninfiltrated leaves. Conversely, myxothiazol
addition led to a monotonous NPQ relaxation, by selectively sup-
pressing the 3—20-min relaxation phase. This indicates that both the
fast and the intermediate phases of NPQ decay observed are linked
to changes in ApH: the fast one would be due to equilibration of the
Apg" with AGp, whereas the slower one should reflect Apg* decay
at equilibrium with the AGp. Both phases, therefore, represent a qE
type of quenching, instead of being indicative of qE and qT, as
previously suggested. Consistent with this conclusion, no differences
in NPQ relaxation were seen between a mutant (stn7) that is totally
impaired in state transitions because of the absence of the LHCII-
kinase (12) and WT (SI Appendix, Table S1). We note that myx-
othiazol addition did not modify the amplitude of the slowest phase
(20 min to several hours). Because this inhibitor completely sup-
pressed the dark Apgt (10), we conclude that the so-called “ql”
phase of quenching is pH independent and therefore reflects either
recovery from photoinhibition (6) or a Zx-related, pH-independent
quenching (7).

pH Equilibration and NPQ Dynamics in the Chloroplast. To further
test the relationship between pH changes and qE formation, we
studied the kinetics of generation and relaxation of NPQ and of
the qE-associated spectral shift (AAsss; SI Appendix, Fig. S2;
refs. 13 and 14) in Zx preloaded leaves. In the presence of this
carotenoid, qE and AAs3s generation reflect the protonation of
luminal exposed protein residues (8). We first checked that the
spectrum of the AAs;s signal measured upon switching the light
off in our spinach and Arabidopsis leaves was similar to the one
previously described in WT and NPQ mutants of Arabidopsis (9).
Young spinach leaves were then used for these experiments,
because they show larger NPQ and AAs;s signals than Arabi-
dopsis (SI Appendix, Fig. S2A4). Leaves were infiltrated with 150
mM sorbitol, to make illumination within the leaf more ho-
mogenous, thanks to reduced light scattering. Zx-preloaded
leaves were then submitted to light and dark cycles, and the ki-
netics of the AAsszs signals was estimated (Fig. 3) after sub-
traction of the membrane potential and of plastocyanin redox
signals (15). Surprisingly, the deconvoluted signal continued to
relax for ~15 s after the light was switched on, indicating the
existence of a lag in NPQ onset. Interestingly, a lag phase (=5 s)
is also observed in the first derivative of the AAs;s signal (Fig. 3,
Lower), suggesting that the involvement of at least two processes
limits NPQ generation. The lag phases was further investigated
in experiments in which the kinetics of NPQ and AAs3;s were
measured in a Zx-loaded leaf submitted to different light and
dark cycles (2 min light and 5 s, 25 s, and 50 s of dark; Fig. 4).
Similar kinetics and lag phases were seen in NPQ and in AAsss
changes, extending the notion of a tight correlation between the
two parameters (9, 13, 14) and the transient NPQ phase. In both
cases, the duration of the lag decreased along with the rate of
NPQ decay measured just before the light was switched on.

In Fig. 5, a spinach leaf was illuminated for 15 min and then
dark adapted for 15 min, a time sufficient to inactivate the Calvin
cycle (16), while maintaining a significant concentration of Zx
(SI Appendix, Fig. S1) (4). The leaf was then submitted alter-
natively to 8 s or 18 s of light, separated by 3 min of dark. A lag
phase (~8 s) was seen upon switching the light off after the 8-s
illumination. The duration of the lag was reduced (=3 s) after 18
s illumination (i.e., when NPQ approached the steady-state
level). Thus, similar lag phases but of opposite direction are
observed when the light is switched on (Fig. 4) and off (Fig. 5).

Role of Antenna Size in NPQ Dynamics. The lag phase observed for
both AAs;3s and NPQ suggests the existence of limiting steps in both
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Fig. 3. Kinetics of the NPQ-associated absorption change (AAs3s). Black bar,
light off; white bar, light on. The leaf is submitted to light-dark cycles (2 min
light, 5 s dark). After ~10 cycles, reproducible kinetics was obtained. Ex-
tinction coefficients needed to deconvolute the AAs35 from membrane po-
tential were evaluated from (i) the ratio R of absorption changes measured
at 517 nm and 534 nm. For this purpose a dark-adapted leaf was exposed to
a single turnover flash, which generates a transmembrane potential without
promoting any accumulation of carotenoids (R = 1 0.85). (ii) Plastocyanin
(PC) measured at 870 nm. According to the red-ox spectrum of PC (15), we
estimate that redox changes due to PC should be identical at 870 nm and in
the 534 nm - 517 nm/1.85 kinetics. Lower: First derivative of the AAs34 signal,
estimated from the solid circles shown (Upper).

NPQ formation and relaxation. What is the nature of these steps?
To answer this question, we tested the light intensity dependence of
the lag in Zx-loaded Arabidopsis leaves (WT) exposed to light and
dark cycles. After 2 min of illumination (kipsy; = 264 s‘l), the leaf
was dark adapted for 5 s before illumination for 20 s with three
different intensities (kipsyy = 116 s7!, kipgrr = 264 57!, and kipgyy =
400 s™"). Clearly, the duration of the lag was a decreasing function
of the light intensity used during the second illumination (Fig. 6),
suggesting that the rate of the limiting step could be modified by
light. Previous work has suggested that the major site of NPQ is the
PSII antenna (1, 2). To test whether the lag was related to a process
taking place in these complexes, we measured NPQ transients in
the chlorina f2 (clo-f2) mutant of barley, which lacks most of the
PSII antennae due to impaired chlorophyll b synthesis (17). In the
mutant, we could identify an NPQ-related spectral shit, having
the same spectral features as the ones observed in WT (ST Appendix,
Fig. S3). Moreover, a significant NPQ was found in clo-f2 leaves (1.2
vs. 2 in WT) when leaves were exposed to the same amount of PSII
absorbed light. This corresponds to a light intensity of 800 pmol m >
s~ for clo-f2 and of 340 pmol m~2s ™" for WT, to compensate for the
reduced absorption capacity of the latter (18). The first phase of
NPQ relaxation was faster in clo-f2 (12 ~23 s) than in WT (¢'2
~65 s), and the lag phase was largely reduced in the mutant (~1 s)
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Fig. 4. Changes in (A) AAs3s and (B) NPQ in spinach leaves exposed to dark

and light cycles of different duration (5 s, 25 s, and 50 s dark, 2 min light).
Same deconvolution of AAs3s as in Fig. 3.
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Fig. 5. Changes in NPQ in WT leaf illuminated for 15 min and then dark
adapted for 15 min, to inactivate the Calvin cycle. The leaf is then alternatively
submitted to 8 s (circles) or 18 s of illumination (squares) separated by 3 min of

dark. Several cycles of illumination were performed, to ensure reproducibility
of the results.

when compared with WT (x6 s) under a dark-light cycle regime
(1 min light, 15 s dark). This was true in the case of the AAs35 signal
(Fig. 7) and of NPQ (SI Appendix, Fig. S4). Therefore, we conclude
that the absence of LHCII in clo-f2 reduces the overall thylakoid
buffering capacity and eliminates the limiting step in NPQ onset,
while preserving a similar mechanism of energy quenching (as
suggested by the identical relationship between NPQ and the
AAs3s) and a significant fraction (~50%) of the quenchers.
Protonation of acid pK’s in the lumen is responsible for NPQ
development in plants (2). Thus, we tried to modify the duration of
the lag in NPQ by altering the light-generated proton gradient via
changes in linear flow (LEF), which involved PSII and PSI turn-
over, and in cyclic flow (CEF). The latter only requires PSI activity
and induces a proton gradient that is essentially not consumed
for carbon assimilation. Conversely, the ApH induced by LEF
promotes synthesis of ATP that is rapidly consumed at the level of
the Calvin cycle. This is likely the reason why CEF promotes NPQ
more efficiently than LEF (19). In Fig. 8, Zx-preloaded leaves
were submitted to a light—-dark regime (1 min light, 50 s dark, 6 s
light, 12 s dark) that maintains the Calvin cycle in its active state
and thus promotes essentially LEF (16). In these conditions, a short
lag (2 s) was observed at the end of the 6-s light period. The same
leaf was then submitted to light dark cycles with longer dark periods
(2 min dark, 6 s light). This condition mainly inactivates the Calvin
cycle, as evidenced by the ~4.5-fold decrease of rate of the LEF
(ref. 20; Fig. 8). Inactivation of LEF resulted in an increased NPQ
onset rate, consistent with the notion that quenching is more effi-
ciently generated by CEF. In this condition, the lag in NPQ decay
(10 s) was =5 times longer than in LEF conditions. It seems,
therefore, that although CEF enhances the ApH-mediated NPQ
response, it slows down the limiting step of fluorescence quenching.

Discussion

The similarity between the NPQ kinetics observed during the first
seconds of illumination in WT and npq! leaves, as well as the large
difference between npql and npg2 kinetics, is consistent with the
suggestion by Horton et al. (21) that quenchers of similar efficiency
decrease fluorescence emission in Vx-loaded or Zx-loaded an-
tenna complexes. This hypothesis assumes that the conversion of
Vx into Zx shifts the apparent pK of protonable residues associ-
ated with NPQ toward less acid values (from 4.7 to 5.7, re-
spectively; ref. 21). We assume here (Fig. 9), for simplicity, a single
pK of 5.7 for groups involved in NPQ in Zx-loaded membranes,
and a single pK of 4.7 for Vx-loaded membranes. By combining
this hypothesis with our estimates of the ApH dynamics in the dark
(10), it is possible to interpret most of the experimental data
presented in this work. (i) Considering that the ratio between
the NPQ levels reached after a 35-s illumination in the presence of
Zx (npq2) and Vx (npql) is ~4 (Fig. 1), we can estimate the luminal
pH in the range of 5.5 (Fig. 94, vertical line a), corresponding to
a possible ApH of ~2 in the light (ref. 22; see, however, ref. 23 for
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Fig. 6. NPQ lag as a function of the light intensity. Zx, preloaded Arabi-
dopsis leaves (WT). The leaves were then submitted to light and dark cycles.
After 2 min of illumination (kips = 264 s~"), the leaf was dark adapted for 5 s
before illumination for a short period (<20 s) with three different intensities.

a different estimate). (ii) Assuming identical ApH decay in npgl
and npq?2 leaves after illumination, we can predict a faster NPQ
relaxation in npq! than in npq2 leaves (Fig. 9B), as reported in Fig.
1. (iii) Taking into account that the ratio between the amplitude of
the 0-3-min and the 3-20-min phase is %12, we estimate that the
ApH at the end of the 0-3-min phase should be ~0.5 pH units (see
difference between vertical lines a and b in Fig. 94). This ApH
would decrease during the 3-20-min phase following the ATP con-
centration. Eventually, (iv) our model explains previous obser-
vations concerning the NPQ dynamic at limiting light. In these
conditions, a transient NPQ (maximum quenching level ~0.8) is
observed, which decreases along with the activation of the Calvin
cycle (to a steady-state level of ~0.15; ref. 24). Although biphasic
NPQ decay is observed when light is switched off at maximum
quenching, only the slow phase, completed in ~15 min, is detected
upon steady-state illumination. This suggests that weak light sus-
tains ATP synthesis and the generation of a Apy™ during the first
phase of illumination. Conversely, identical rates of ATP forma-
tion and consumption are achieved in steady state, and the Apy™
approaches the equilibrium with the AGp, owing to activation
of the Calvin cycle. In these conditions, no fast NPQ decay is ex-
pected, because the Apg ™ is relaxing at equilibrium.

Overall, Two main conclusions can be derived from this model
concerning plant light acclimation. First, heterogeneous NPQ re-
laxation upon illumination reflects a multiphasic pH- and Zx-de-
pendant process (qE), completed in ~20 min. This is followed by
a slowest phase (20 min to several hours) that is pH independent.
This slow phase likely reflects photoinhibition (6) but also a pos-
sible Zx-driven constitutive quenching (7). Second, our data suggest
that by adjusting the pK of groups responsible for NPQ to a value
close to the pH value in the light (i.e., far from the value established
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Fig. 7. Changes in AAsss in barley leaves that were exposed to dark-light
cycles (15 s light, 15 s dark). Squares, WT; circles, clo-f2. Note that all of the

spectroscopic signals (including the AAs3s) are enlarged in clo-f2 (by a factor
of ~2), owing to the lower pigment content of this mutant.
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Fig. 8. NPQ lag under linear and CEF conditions. Zx-loaded leaves were
submitted to a light-dark cycles. Squares, 50 s dark, 6 s light, 12 s dark, 1 min
light, PSII photochemical rate = kips;, times the ®PSIl (computed from ref. 20) =
63 5. Circles, the same leaf was submitted to light-dark cycles (2 min dark,
6 s light), PSIl photochemical rate = 14 s7".

at equilibrium), plants have achieved a maximum flexibility with
respect to both carbon fixation efficiency and photoprotection. This
should be relevant in case of exposure to a sudden changes in light
intensity (25), whereby the ApH can rapidly vary between the light
and the dark equilibrium value (“a” and “b”) without significant
changes in the chloroplast pigment composition. In this condition,
extremely fast NPQ responses can be predicted even for small pH
changes, owing to the very steep NPQ/pH relationship.

Although the model discussed above accounts for most of the
data observed at steady state, it cannot explain the significant delay
in the NPQ response, which we observe during quenching onset
and relaxation. In principle, this lag could simply reflect the time
required to induce a conformational change in the antenna, as
required for NPQ generation (14, 21). However, our data suggest
that the lag could also stem from delayed protons diffusion from
their sources (PSII and the cyt bgf) toward the residues responsible
for fluorescence quenching and As3s onset. Experimental evidence
supports this hypothesis: (i) the finding that the duration of the lag
is inversely proportional to the light intensity (Fig. 6) is compatible
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Fig. 9. Possible NPQ vs. pH relationship in the chlorplast. Solid line, titration
curve of Vx-loaded membranes. Dashed line, titration curve of Zx-loaded
membranes. (A) Luminal pH values in the light (vertical line a) and after illu-
mination (vertical line b) are shown. Vertical line c: Stromal pH value in the dark.
(B) Zoom on the acid pH range (normalized traces). NPQ is halved at lower pH in
Vx- (dots) than in Zx-loaded leaves (dashed lines), suggesting a faster NPQ re-
laxation when the pH increases after dark adaptation of light-exposed leaves.
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with the known modulation of the rate of proton release in the
lumen by light (26). (if) The abolishment of the lag in chlo-f2 (Fig.
7) correlates with a decrease in the buffering capacity of the thy-
lakoids in this mutant, due to removal of PSII antenna complexes.
(iii) The enhancement of the lag under conditions whereby the
photosynthetic apparatus mainly operated according to CEF is
also in line with this possibility. Although CEF augments the
quenching level, as expected because of the enhanced ApH gen-
eration, this process increases the NPQ lag instead of reducing it.
According to the model of Albertsson (27), H* produced by CEF
are mostly generated at the level of cyt bf complexes localized in
the nonappressed regions. Thus, they are released far from the
quenching sites. Conversely, H* produced by LEF are generated
by cyt bsf complexes in the appressed thylakoid regions (27, 28)
(i.e., in proximity of the site of quenching). Moreover, H* are also
produced by PSII in LEF, at variance with CEF. These H* could
be liberated directly within the LHCII complex (26), which
according to our analysis is a major actor of the modulation of the
lag. The resulting proximity between the source and the sink of
protons is expected to reduce the duration of the lag.

Overall, we propose that that limited H* diffusion between the
nonappressed thylakoid regions and target groups in the grana
regions (including the sites of qE quenching) is one parameter
delaying NPQ changes under transient conditions. This kinetic
effect would probably superimpose to the time required for con-
formational changes, which provide the structural frame for
quenching onset (1, 21). Our kinetic analysis of the AAs;5 showing
a lag not only in the absorption kinetics but also in its first de-
rivative is fully consistent with the involvement of at the least two
steps in the observed lag. Recent data (29) have shown that dis-
sociation of a five-subunit membrane complex, composed of two
monomeric Lhcb proteins (CP29 and CP24) and of trimeric
LHCI], is a prerequisite for NPQ development in high light. This
phenomenon could make quenching sites more accessible to
protons, thus affecting the lag in NPQ.

Our concept of slow H" equilibration within different mem-
brane compartments is somehow reminiscent of the notion that
“localized” and “delocalized” proton domains modulate NPQ (30),
as revealed by the differential effect of hydrophilic and lipophilic
uncoupling agents on this parameter (31). On the other hand, our
model does not imply any kinetic barrier for the membrane po-
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tential (AW), which is an essential component of the Aug ™. Thus,
the rapid delocalization of the AW (in the microsecond time range;
ref. 32) between the appressed and the nonappressed region of the
membrane would allow maintaining a “delocalized” ATP genera-
tion synthesis mechanism as required by the Mitchell’s theory.

Methods

Plant Growth and Experimental Conditions. Arabidopsis and barley plants
were grown for 5 to 6 wk in a growth chamber with a 16-h photoperiod at
a light intensity of 50 pmol photons m™2s™" and a day/night temperature of
22/18 °C. Spinach leaves were bought at the local market. Plants were dark
adapted for at least 5 h before measurement, to ensure complete caroten-
oid epoxidation (4). Experiments 2-8 were performed on leaves that were
preilluminated for more than 15 min before measurements (Zx preloaded
leaves), to induce sustained conversion of Vx to Zx.

Spectroscopic Measurements. Absorption changes were measured using a JTS
spectrophotometer (Bio-Logic), equipped with a homemade device to
measure absorption spectra. Photochemical rate constants under continuous
illumination were estimated by measuring the initial rate of the membrane
potential increase (Ri) and the membrane potential increase (A) induced by
a saturating flash (8 ns duration) on a dark-adapted leaf (16). Assuming that
green light equally excites PSI and PSII centers, we have kips), = ~kips; = ~Ri/A.

Fluorescence Measurements. Fluorescence changes were measured using the
same setup. NPQ measurements were performed with moderate light intensity
(<300 s7"), to limit development of photoinhibition. NPQ was computed
according to the formula (Fmax — Fq)/Fq (33), where Fmax is the maximum
fluorescence level on a fully dark-adapted leaf and Fq the maximum fluores-
cence level measured 100 ps after a 200-ms pulse of saturating light on illu-
minated leaf. Kinetics of NPQ relaxation in the short time range (<60 s) was
measured using a single 200-ms pulse to avoid perturbations induced by the
saturating pulses. Therefore, analysis of the NPQ relaxation required several
experiments in which a single 200-ms pulse was fired at different times after
switching the light off. We checked that a maximum fluorescence level was
reached at the end of the 200-ms pulse and that its duration was short enough
not to induce any significant decrease in photochemical activity (<5%) in light-
exposed leaves. Therefore, several pulses were used to measure NPQ during
the first 10 s of illumination, as reported in Fig. 1.
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