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Abstract The Benson—Calvin cycle enzymes are acti-
vated in vivo when disulfide bonds are opened by reduction
via the ferredoxin-thioredoxin system in chloroplasts.
Iodoacetamide reacts irreversibly with free —SH groups of
cysteine residues and inhibits the enzymes responsible for
CO, fixation. Here, we investigate the effect of iodoacet-
amide on electron transport, when infiltrated into spinach
leaves. Using fluorescence and absorption spectroscopy,
we show that (i) iodoacetamide very efficiently blocks
linear electron flow upon illumination of both photosys-
tems (decrease in the photochemical yield of photosystem
II) and (ii) iodoacetamide favors cyclic electron flow upon
light excitation specific to PSI. These effects account for an
NPQ formation even faster in iodoacetamide under far-red
illumination than in the control under saturating light. Such
an increase in NPQ is dependent upon the proton gradient
across the thylakoid membrane (uncoupled by nigericin
addition) and PGRS (absent in Arabidopsis pgr5 mutant).
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Iodoacetamide very tightly insulates the electron current at
the level of the thylakoid membrane from any electron
leaks toward carbon metabolism, therefore, providing
choice conditions for the study of cyclic electron flow
around PSIL.
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Introduction

Photosynthetic electron transfer in algae or plants can
operate according to two modes: linear and cyclic electron
flow. In the linear mode, electrons are transferred from
water to NADP™ and then to the Benson—Calvin cycle via
the three major complexes of the photosynthetic chain,
photosystem (PS) II, cytochrome b¢f complex, and PSI. In
the cyclic mode, which involves only PSI and cyt
bef complexes, electron transfer is coupled to proton
transfer and generates a transmembrane electrochemical
proton gradient (AuH™) that leads to ATP synthesis (Arnon
et al. 1954). It has been shown that illumination of dark
adapted leaves leads to a rapid increase in their ATP
concentration (Harbinson and Foyer 1991; Joliot and Joliot
2008). This cannot be solely due to linear electron transfer,
because the Benson—Calvin cycle consumes slightly more
ATP per NADPH than that produced by linear electron
flow (Seelert et al. 2000; Allen 2003). Thus, the large
increase in ATP concentration observed during the first
minute of illumination is witness to the additional contri-
bution of the cyclic process and possibly of the Mehler
reaction. There is general agreement that cyclic electron
flow obligatory involves cyt bgf and PSI. In addition, the
cyclic process involves electron transfer from NADPH or
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ferredoxin (Fd) to the plastoquinone pool. The low con-
centration of NADPH-dehydrogenase (~1 % of PSI
(Sazanov et al. 1996)) may suggest that this pathway plays
a minor role under strong illumination. A faster electron
transfer may occur between reduced Fd, which binds to the
stromal side of cyt bgf complex, and plastoquinones (Joliot
and Joliot 2002; Iwai et al. 2010).

After a longer period of illumination, a large variety of
mechanisms protect the photosynthetic apparatus against a
perceived excess of light. Such mechanisms, reviewed in
(Horton et al. 1996), are referred to as non-photochemical
quenching (NPQ) and are involved in the protection of the
PSII centers and of the antenna localized in the appressed
region of the membrane. Several NPQ components can be
distinguished. (i) A major component, denoted qE, requires
the presence of the PSBS subunit (Li et al. 2004) and is
associated with the acidification of the lumen (Gilmore and
Bjorkman 1995). Lumenal acidification induces the de-
epoxidation of violaxanthin into zeaxanthin (xanthophyll
cycle) (Siefermann and Yamamoto 1975) and a confor-
mational change in the environment of zeaxanthin detected
as a red shift in absorbance (Heber 1969; Ruban et al.
2002). This red shift is possibly associated with an elec-
trochromic change induced by the protonation of protein
residues localized in the vicinity of zeaxanthin. (ii) Another
component, qT, reflects small changes in the relative size
of PSII and PSI antenna (state transition (Allen 1992)). (iii)
The last component, ql, is a slowly reversible process
(>1 h), generally attributed to photoinhibition of PSII. The
amplitudes of qT and gl are small compare to qE, and their
relaxation in the dark is several orders of magnitude slower
than qE.

Strong light also induces the oxidation of a large frac-
tion of the primary electron donor of PSI, P74, (Harbinson
and Woodward 1987; Harbinson and Foyer 1991; Ott et al.
1999) that reflects a limitation of intersystem electron
transfer at the level of cyt bef. Oxidation of P7gg to Pygot
protects PSI from photodamage by preventing the occur-
rence of back reactions that generate reactive oxygen
species (Rutherford et al. 2012). The molecular basis of
this limitation of intersystem electron transfer is that the
proton gradient formed in the light slows down the rate of
PQH, oxidation at the Q, site of cyt bef (Kok et al. 1969;
Finazzi and Rappaport 1998), accounting for the accumu-
lation of P in the light (Harbinson and Woodward
1987; Harbinson and Foyer 1991; Ott et al. 1999). Addition
of nigericin at low concentration (~1 uM) dissipates the
proton gradient ApH without drastically affecting the
membrane electrochemical potential (AuH™) (Joliot and
Johnson 2011). Expectedly, nigericin addition collapses
most of the NPQ (Gilmore and Bjorkman 1995) but it also
prevents the accumulation of P;oo" in the light (Joliot and
Johnson 2011). As a consequence of nigericin addition, PSI
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is prone to charge recombination and is rapidly photoin-
activated in the light (Joliot and Johnson 2011). Thus,
under strong illumination, cyclic electron flow generates a
proton gradient that protects both photosystems: PSII
because NPQ decreases PSII antenna size, and PSI because
cyt bef limits electron transfer at the donor side of PSI
rather than at its acceptor side. It thus appears that the
regulatory processes that control the bifurcation of elec-
trons in the stroma between the cyclic and linear pathways
play a key role in the adaptation of plants to changes in the
light environment.

Hald et al. (2008) have compared wild-type tobacco
leaves to mutants partially depleted in ferredoxin NADP™
reductase (FNR), involved in the oxidation of ferredoxin,
and in glyceraldehyde phosphate dehydrogenase (GAD-
PH), which oxidizes NADPH. Under steady state illumi-
nation, the FNR mutant showed a lower amount of
oxidized P7og than the WT whereas the GAPDH mutant
shows a larger P;o¢ oxidation. To account for the latter
observations on P50 ", Hald et al. (2008) proposed that the
reduction of the pool of NADP" induced the down regu-
lation of the cyt bef turnover in the WT. More recently it
was shown in the FNR mutant that NPQ was largely
inhibited as well as P7q, oxidation, suggesting that this
enzyme is directly involved in the cyclic process (Joliot
and Johnson 2011).

FNR and cyt b¢f were copurified (Clark et al. 1984;
Zhang et al. 2001) and supercomplexes including PSI, cyt
bef and FNR were isolated from Chlamydomonas (Iwai
et al. 2010). FNR likely provides a binding site for ferre-
doxin (Fd) localized in the vicinity of the Q; site of cyt
bef (Joliot et al. 2004). On this basis, a structural model for
cyclic electron flow has been proposed in which electrons
are trapped within supercomplexes that associate cyt bgf,
FNR, PGRS5 and PGRL1 (cyclic configuration (Joliot and
Johnson 2011)). When FNR is not bound to cyt bgf (linear
configuration), electrons would be lost for cyclic electron
flow and transferred to the Benson—Calvin cycle via
NADPH. The equilibration between linear and cyclic
electron flows would rely on the redox poise of the stroma,
an accumulation of NADPH putatively inducing the bind-
ing of FNR to the cyt bef complex and thus a shift from the
linear to the cyclic mode.

In this work, we have compared the efficiency of the
cyclic process in the presence or absence of iodoacetamide
that has been characterized as an inhibitor of the “dark”
reactions of the photosynthetic process, especially CO,
fixation (Kohn 1935). In the presence of iodoacetamide, we
observed that illumination under weak far-red light induces
a faster and larger NPQ than that observed under saturating
light in the absence of inhibitor. As expected from our
bifurcated model of electron transfer in the stroma, a full
inhibition of electron flow toward the Benson—Calvin cycle
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leads to a large redirection of the electron flow toward the
PGRS-mediated cyclic pathway.

Materials and methods

Experiments were performed on mature spinach leaves
(Spinacia oleracea) or on Arabidopsis leaves. Arabidopsis
WT plants (Columbia GL1) and the pgr5 mutant were a
kind gift from Toshiharu Shikanai (Munekage et al.
2002). Arabidopsis plants were grown with a 14-hour
photoperiod at a light intensity of 50 pmol pho-
tons m 2 s~ '. Spinach and Arabidopsis leaves were
adapted in the dark for more than 2 h prior to analysis.
~5 x 10 mm leaf fragments were infiltrated with an
isotonic 0.15 M sorbitol buffer by depressurisation in a
20 ml syringe, and further used for spectroscopic exper-
iments. During experiments, air was continuously flowed
into the measuring cuvette to avoid CO, or O, limitation.
As the experiments presented here were performed on
infiltrated leaves, the air space localized in the spongy
mesophyll cells is filled with buffer, which could perturb
CO, and O, exchange. Nevertheless, under such condi-
tions, the PSII photochemical yield reached typical values
around ~0.14 after 10 min illumination (kpgy =
1,000 s7"). It gives a photochemical turnover of about
~140 s™', close to the maximum value reported for linear
electron flow in intact leaves. Form this, we concluded that
photosynthetic processes were not significantly affected by
the infiltration with isotonic sorbitol buffer.

Inhibitors were purchased from Sigma and added to the
infiltration buffer at concentrations indicated below. Iodo-
acetamide (IA) was used as an inhibitor of the Benson—
Calvin cycle. Todoacetyl radical reacts irreversibly with
free —SH groups of Cys residues in proteins and therefore
inhibits several enzymes involved in the Benson—Calvin
cycle: phosphoribulokinase, fructose 1,6-bisphosphatase,
sedoheptulose 1,7-bisphosphatase and GAPDH (see Ferri
et al. (1981) for the latter). In our hands, we confirmed the
slowness of penetration of this poison in intact cells of
unicellular algae as reported in (Kohn 1935), and we would
similarly recommend the use of high concentrations (up to
10 mM) and long incubation times (1-2 h). In spinach
leaves, however, we found 10 min incubation after infil-
tration of the leaves with 4 mM of iodoacetamide in
0.15 M sorbitol led to a complete inhibition of the Benson—
Calvin cycle, and we estimated that 2 mM addition led to
90 % inhibition.

Spectroscopic measurements (fluorescence yield and
absorbance changes were measured using a JTS-10 spec-
trophotometer (Bio-Logic). The fluorescence yield was
probed using weak detecting flashes (420 nm) of 4 ps

duration with negligible actinic effects. Green and far red
actinic illumination was provided by LEDs peaking at
540 nm (150 pE m~2 s~ ') and 740 nm (500 uE m 2 s,
respectively. It is worth pointing out that green and far-red
light are poorly absorbed, i.e., also homogenously distrib-
uted throughout the leaves, explaining the high intensities
used. Pulses of saturating light are provided by LEDs
peaking at 620 nm (6,500 pE m>s™'). Blue detecting
flashes and green and far-red actinic illumination were
provided on the upper face of the leaf. Being strongly
absorbed, blue detecting flashes probe the fluorescence
yield in a layer of limited thickness (palisade cells) local-
ized on the upper face of the leaf. This layer is excited
homogeneously inasmuch as the green actinic light is
weakly absorbed. PSII photochemical rate constant was
estimated by measuring the kinetics of fluorescence rise in
the presence of DCMU. PSI photochemical rate constant
(kpst = 100 s™' in green light, kps; = 40 s~' in far-red
light) is estimated on the basis of the rise time of the
membrane potential measurement (520 nm absorption
change) in the presence of DCMU according to the method
described in (Joliot and Joliot 2002). By comparing the
data obtained with and without DCMU, we have estimated
that green light excites PSI and PSII about equally
(kpst = kpsir = 100 S_l)-

NPQ was computed according to the formula: (F,, —
F.)/F, where Fy, is the maximum fluorescence level on a
dark adapted sample and F,,’ the maximum fluorescence
level measured during the course of the illumination. F,
and F, were measured at the end of a saturating pulse
(200 ms duration) provided by several LEDs (peak emis-
sion at 620 nm, 6,000 pmol photons m 2 s_l). Photosys-
tem II photochemical yield is measured using the formula
(Fw' — F))IF,,, where F' is the fluorescence yield measured
50 ps before the pulse of saturating light (see above). The
maximum PSII yield (F,, — Fy)/F,,, measured on leaves
adapted in the dark for more than 2 h varies between 0.78
and 0.83.

P;o0 redox state is determined by measuring the
absorption changes at 705 nm using short detecting flashes
of 12 ps duration (Joliot and Johnson 2011).

Our spectroscopic instruments are highly sensitive and
the error bars are generally smaller than the symbols used
in the Figures. In our hands, the highest reproducibility
between experiments is obtained when repeating experi-
ments on different fragments from the same leaf. When
experiments are compared with and without iodoacetamide
or with or without nigericin, they were performed on
neighboring fragments of the same leaf that are in the same
physiological state. When comparing various leaves, some
small physiological differences are generally observed.
However, the effect of inhibitor addition was similar in
each different sample.
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Results and discussion

We have investigated the effect of 4 mM iodoacetamide
(IA) on the photosynthetic activity of spinach leaves. In
each experiments, depicted in Fig. 1, spinach leaves were
dark adapted for 2 h prior to a continuous illumination of
3 min (curves 1 and 3). Figure 1 also shows the curves
obtained during a second illumination delivered to the
same sample after a 5 min dark relaxation after the first
illumination (curves 2 and 4). The yield of photosystem II
(left panels) and non-photochemical quenching (NPQ, right
panels) have been plotted against the time of illumination
after the onset of a green (top panels) or far-red (bottom
panels) illumination. While far-red light specifically
excites PSI, green light is equally distributed between PSI
and PSII. Each 5 s during the course of the illumination, a
pulse of saturating light of 100 ms duration was used to
probe the maximum fluorescence yield.
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Fig. 1 Yield of photosystem II (left panels) and NPQ (right panels)
measured during the course of a green (top panels) or a far-red
(bottom panels) illumination in the control (curves I and 2) or in the
presence of iodoacetamide (curves 3 and 4). Downward arrows show
the time the light was turned off. Both experiments were performed
on neighboring fragments of the same leaf. In fop panels a and b,
curves 1 the yield of PSII (a) and NPQ (b) are measured on leaf
fragments, pre-adapted in the dark for more than 2 h, and then
illuminated with green light (kps; ~ kpsy ~ 100 sfl) and saturating
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Under PSII + PSI illumination, iodoacetamide blocks
linear electron flow

Experiments in Fig. 1a show the induction phase of photo-
synthesis. Under a green illumination of medium intensity
(about 100 photons absorbed per PSI and PSII per second,
kpst ~ kpsy ~ 100 s_l), and in the absence of inhibitor
(curve 1), the PSII yield first decreases abruptly after 5 s of
illumination, then increases steadily during the first minutes
of illumination, reflecting the activation of the Benson—
Calvin cycle. Despite the infiltration of leaves, the activation
of the Benson—Calvin cycle is quite similar to that observed
on non-infiltrated leaves. The large yield observed at the
onset of the second illumination (curve 2) shows that the
Benson—Calvin cycle has not been significantly deactivated
during the 5 min dark period that separated the two illumi-
nations. Addition of 4 mM IA (15 min incubation time)
blocks the induction phase of photosynthesis, inducing a
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pulses of 200 ms duration, 5 s apart, to probe F,,. Curve 2 the same
leaf fragment is submitted to a second illumination after 5 min of dark
adaptation. Panels ¢ and d, yield of PS II (¢) and NPQ (d) measured
on a fragment of the same leaf as in panels a and b. Curve 1 same
protocol as in panels a and b but the leaf fragment is illuminated
under far-red light (kpsyy ~ 4 s~' and kpg; ~ 40 s™'). Curves 3 and
4 show the results obtained on 4 mM iodoacetamide infiltrated leaves
during a first illumination (curve 3) or a second illumination (curve 4)
5 min after a dark relaxation
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large and constant inhibition of the PSII yield (curve 3 and
4), as expected from an alkylating agent reacting irreversibly
with cysteine residues, therefore hindering the thioredoxin
activation of the Benson—Calvin enzymes. No further inhi-
bition of the yield is observed for longer periods of incu-
bation (up to 1 h) or in the presence of 10 mM IA (not
shown), suggesting that under such conditions, the Benson—
Calvin cycle is fully inhibited. The ratio of the yield mea-
sured in the presence of inhibitor and the maximum yield
(QAx fully oxidized) is 0.12/0.82 = 0.15, giving a remaining
flow of 0.15 x 100 s~' = 15 s~'. The activity of malate
dehydrogenase (malate shunt) being as well very likely
inhibited by iodoacetamide, we ascribe this residual rate to
the direct oxidation of primary PSI acceptors by oxygen
(Mehler reaction), as shown in (Radmer and Kok 1976).
Figure 1b shows the kinetics of NPQ formation obtained in
the same experiment as in Fig. la. In the absence of inhib-
itor, a first NPQ increase (curve 1) that peaks after about
1 min of illumination is followed by a decrease that corre-
lates with the activation of the Benson—Calvin cycle. A
faster increase in NPQ is observed during the second illu-
mination (curve 2), likely due to the presence of zeaxanthin
formed during the first illumination and still present after
5 min of darkness. Addition of 4 mM IA induces a large
inhibition of the initial rise in NPQ (curve 3). During the
course of illumination, however, NPQ slowly increases. In
the dark, most of the NPQ relaxes in 12 min (see straight red
line through the break in the time scale) suggesting that the
mechanism involved in the quenching is mainly of the qE
type, quickly reversible in the dark.

Under PSI illumination, iodoacetamide stimulates NPQ

In Fig. lc, d the leaves were illuminated under far-red
light, specific to PSI (kps; ~ 40 s kpsy ~ 4 s_l), to
which was superimposed a series of light pulses 5 s apart to
probe Fy,. In the absence of inhibitor (curve 1 and 2 in
Fig. 1c¢), after 2 min of illumination, the PSII yield reaches
a steady state value of 0.75, a value slightly lower (91 %)
than the initial level measured on the dark adapted leaf,
showing that most PSII centers stay in their ‘open’ state
under far-red light. In the presence of inhibitor (curve 3 and
4), the PSII yield slowly decreases down to a value of 0.36
(~50 % of the initial level) at the end of the second illu-
mination period (curve 4). In the absence of inhibitor, the
kinetics of NPQ formation (Fig. 1d curves 1 and 2) shows a
peak of smaller amplitude than that observed under green
light (Figure 1b curves 1 and 2). A very low NPQ level
(0.24) is reached at steady states at the end of the second
illumination, only half of which relaxes in 12 min. It shows
that a negligible amount of qE quenchers is generated
under far-red light in the absence of inhibitors. Addition of
IA largely enhances NPQ formation, reaching a value of

2.7 at the end of the second illumination (curves 3 and 4).
Most of this NPQ relaxes in ~ 12 min decaying to a level
similar to that observed in the absence of inhibitor (see red
line), again suggesting that the mechanism involved in the
quenching is mainly of qE type, quickly reversible in the
dark.

In order to check if NPQ measured under far-red light in
the presence of IA is actually dependant on the formation of
the pH gradient (QE quenching), we have analyzed the
kinetics of NPQ formation and PSII yield in the presence of
IA and of increasing concentrations of nigericin (Fig. 2).
Nigericin is a proton/potassium ion exchanger that specifi-
cally collapses the proton gradient and decreases NPQ
(Gilmore and Bjorkman 1995). In Fig. 2b, a significant
inhibition of NPQ is observed for 0.2 pM nigericin while an
almost complete inhibition is reached for a concentration of
1 pM. As expected, NPQ relaxation in the dark is acceler-
ated by nigericin (see the yield measured 10 s and 50 s after
switching off the light. We thus conclude that the large NPQ
generated under far-red light is predominantly of qE type
and reflects a rapid acidification of the lumen generated by
an efficient cyclic process. In Fig. 2a (same experiment as in
Fig. 2b), the yield of PSII has been measured in the presence
of nigericin. PSII yield increased when increasing the con-
centration of nigericin. During the course of the far-red
illumination with IA, because the residual rate constant
(attributed to the Mehler reaction, see above, representing an
electron outflow of ~ 15 s7') is faster than the PSII photo-
chemical rate constant (electron inflow ~4 sfl), one
expects that most of intersystem electron carriers, including
Qa, stay in their oxidized form.

A stimulation of NPQ in low light has been reported in an
Arabidopsis mutant devoid of ATPase (Dal Bosco et al.
2004). We have thus checked if the luminal acidification,
detected as an increase in NPQ, was associated to an inhi-
bition of the ATPase by IA. Following a saturating light
pulse, the decay kinetics of the membrane potential (moni-
tored as an electrochromic shift of carotenoids at 520 nm)
displayed a fast phase completed in ~ 100 ms, reflecting
proton translocation associated with ATP synthesis (Junge
et al. 1970; Joliot and Joliot 2008). The kinetics and
amplitude of the fast decay in absorbance at 520 nm being
similar in both treated and untreated samples (see Supple-
mentary Information and comments therein), we thus con-
clude that the large pH-dependant NPQ observed in the
presence of IA is not related to an inhibition of ATPase but is
rather related to an enhancement of cyclic electron flow.

In Fig. 3, the effects of the two light sources, saturating
pulses and far-red light were discriminated by switching
off the far-red light. It is worth noting that different
amplitudes of NPQ formation are observed when com-
paring independent experiments (after 3 min of illumina-
tion: NPQ = 2.5 in curve 1 Fig. 3 and NPQ = 1.5 in curve
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Fig. 2 Effect of nigericin on the yield of PSII (left) and NPQ (right).
The experiment was performed in the same conditions as in Fig. Ic, d.
Downward arrows show the NPQ relaxation 10 and 50 s after the
light was turned off. PSII yield (a) and NPQ (b) have been measured

3 Fig. 1d). It shows some variability among spinach leaves.
However, reproducible amplitudes are obtained when
comparing fragments from the same leaf. Doubling the far-
red light intensity does not increase NPQ (not shown),
showing that, under such conditions of illumination, the
rate of NPQ formation was limited by a dark reaction.
Curve 2 shows the kinetics of NPQ induced by the sole
pulse series, 5 s apart, in the absence of far-red illumina-
tion. These repetitive pulses alone induce a slow and very
small linear increase in NPQ. Interestingly, at the end of
the pulse series, NPQ does not relax in the dark but keeps
on increasing to reach the same level as in curve 1 after
12 min of darkness (black line). Thus, illumination with
saturating pulses induces a weak quenching, slowly
reversible, whether far-red light was present or not. This
quenching is likely of the type photoinhibition (qI type)
rather than state transition (qT) inasmuch as a far-red
illumination would favor state 1 (unquenched state) rather
than state II (quenched state).

NPQ formation under far-red light in the presence
of iodoacetamide depends upon the presence of PGR5

As discussed above, the large NPQ observed under far-red
illumination in the presence of IA reflects the formation of
a large proton gradient induced by an efficient cyclic
electron flow rather than an inhibition of ATPase. In Fig. 4,
we have compared the kinetics of NPQ formation and PSII
yield on leaves from Arabidopsis wild type and from the
pgr5 mutant (Munekage et al. 2002). In the pgr5 mutant
illuminated under far-red light in the presence of IA, the
initial rate of NPQ formation is considerably decreased
(about tenfold) and the PSII yield is less affected than in
the WT. The slow PSII electron flow (<4 s~') operating
under far-red light is likely coupled to the Mehler reaction,
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in the presence of 4 mM iodoacetamide during the course of a far-red
illumination, and 10 and 50 s after the end of illumination. The 4
experiments have been performed on fragments of the same leaf dark
adapted for more than 2 h

/L
1 ML
4 12
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Fig. 3 Effect of saturating pulses on NPQ formation in the presence
of iodoacetamide under different conditions of illumination. Curves I,
2 are obtained on fragments of the same leaf. Curve I NPQ formation
upon illumination with far-red light with saturating pulses 5 s apart
(same conditions as in Fig. 1d). Curve 2 NPQ formation upon
illumination by a series of pulses 5 s apart (no far-red light in this
case). NPQ relaxation in the dark has been measured after 12 min (see
black and red lines)

as the Benson—Calvin cycle is inhibited by IA. Such a
water—water cycle (or pseudocyclic photophosphorylation)
is likely to generate a weak proton gradient accounting for
the small increase in NPQ observed in the pgr5 mutant. On
this basis, we confirm that there is no significant cyclic
electron flow in the pgr5 mutant.

Iodoacetamide enhances cyclic electron flow under PSI
illumination

In Fig. 5 we have quantified the efficiency of the cyclic
process in the presence or absence of iodoacetamide by
measuring the kinetics of P,y oxidation, according to a
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Fig. 4 Effect of the presence or absence of PGR5 in Arabidopsis
leaves on the yield of PSII (leff) and NPQ (right) in the same
conditions as in Figs. lc, d and 2, downward arrows show the time

method described previously in (Joliot and Joliot 2002;
Joliot and Johnson 2011). Curves 1 and 2 obtained for
untreated spinach leaves are similar to those we previously
obtained in Arabidopsis (Joliot and Joliot 2002; Joliot and
Johnson 2011). The two different preillumination protocols
used for curves 1 and 2 aim at preconditioning the leaves in
the linear or cyclic electron flows respectively (Joliot and
Johnson 2011). In curve 1, a spinach leaf infiltrated without
IA has been illuminated for more than 5 min under far-red
light (kps; ~ 40 s™ 1. After far-red preillumination, the
leaf was subjected to a pulse of saturating light (200 ms
duration) that fully reduced the PQ pool. Following a 2 s
dark adaptation, Poo oxidation is monitored upon far-red
illumination (kps; ~ 40 s™'). The kinetics shows a lag
phase that has been ascribed to the oxidation of the PQ
pool. Assuming that during the lag (0.3 s), PSI operates
close to its maximum efficiency, the number of electrons
transferred via PSI is about ~0.3 x 40 = 12 electrons, a
number roughly corresponding to the pool size of PSI
secondary electron donors (PQ pool) previously reduced by
the 200 ms pulse of saturating light. We thus confirm that,
following a long far-red preillumination, the photosynthetic
apparatus operates according to the linear mode (Joliot and
Johnson 2011). Curve 2 has been obtained in the same
conditions as curve 1 except that the saturating illumination
lasted for 15 s instead of 200 ms. Kinetics of P;q, oxida-
tion, including the lag phase, is about ~2.5 times longer
after the long pulse than after the short pulse. According to
(Joliot and Johnson 2011), this slowing down does not
reflect a PSI acceptor side limitation but rather implies that
a fraction of the electrons transferred to PSI acceptors are
transferred back to the PQ pool via the cyclic process. The
~2.5-fold increase in the lag duration implies that during
the first second of illumination ~2.5 x 12 = 30 electrons
are transferred through the PSI centers. Thus, during the
lag, ~18 and ~ 12 electrons are transferred via the cyclic
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when the light was turned off. PSII yield (a) and NPQ (b) have been
measured in the presence of 4 mM iodoacetamide during the course
of a far-red illumination

and linear processes, respectively. Under such conditions,
~2/3 of the electrons transferred at the acceptor side of
PSI are therefore engaged in the cyclic process and ~ 1/3
in the linear process. Curve 3 shows the kinetics of P;qg
oxidation measured in the presence of 4 mM IA (same
protocol as in curve 1). Following the 200 ms pulse, the
kinetics shows a much longer lag period than in the
absence of inhibitor (>10 s duration). Applying a 20 ms
saturating pulse at the end of the far-red illumination
induces a full oxidation of P;y (green arrow). It rules out a
possible limitation of electron transfer at the acceptor side
of PSI. In the presence of inhibitor, the duration of the lag
is ~30 times longer than in curve 1 (linear mode). On this
basis, we estimate that the probability for reduced PSI
electron acceptors to be oxidized via the cyclic pathway is
20-30 times larger than via the linear pathway. This
implies that most of PSI centers contribute to the cyclic
process. The unprecedented efficiency of the cyclic process
in the presence of iodoacetamide explains the fast rate of
NPQ formation reported in Fig. 1d, curves 3 and 4.

In the presence of iodoacetamide, a green illumination
that excites both PSI and PSII reduces F and Fg in PSI

In Fig. 5, curve 4 shows the kinetics of P;oy measured in
the presence of 4 mM IA using the same preillumination
protocol than that is used in curve 3 except that at time zero
the leaf is illuminated with green light (kpsyy ~ kpsi
~ 100 s™") and not far-red light. Following a small peak
of oxidation, and similarly to that observed in far-red light
(curve 3), P;gp stays mainly reduced throughout the period
of the green illumination. However, contrary to that
observed on curve 3, a 20 ms pulse of saturating light
superimposed to the green illumination does not induce a
significant P,(, oxidation, showing a limitation of electron
transfer at the acceptor side of PSI. It implies that most of
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Fig. 5 Evaluation of cyclic electron flow using P;oo kinetics
(absorbance changes at 705 nm). Preillumination protocols aim at
preconditioning the system in linear or cyclic modes. Curve 1 a dark
adapted leaf fragment is preilluminated for 5 min under far-red light
(kpsy ~ 40 s71), this preillumination ends with a pulse of saturating
light (200 ms duration). After a dark adaptation of 2 s, P;¢( oxidation
is measured upon illumination with the same far-red light. At the end
of the far-red illumination the maximum P;0o" level is measured by
delivering a pulse of saturating light (20 ms duration), see downward
arrows. The amplitude of the P;oo" signal is normalized to the total
PSI concentration. Curve 2: same as curve 1 but the leaf is illuminated
for 15 s (instead of 200 ms) under saturating red light at the end of the
5 min far-red illumination. Curve 3 same as curve 1 but in the
presence of 4 mM iodoacetamide. Curve 4 same as curve 3 but P;g
oxidation is measured under green light (kpsy ~ kpsi ~ 100 s_l)
instead of far-red light

the PSI acceptors were reduced by the continuous green
light prior to the pulse. We propose that under green illu-
mination, the large electron flow originating from PSII
induces the reduction of most of the PSI electron acceptors,
leading to back reactions and a block of PSI photochem-
istry and cyclic electron flow. Such an obstruction of linear
and cyclic electron flows under green illumination also
accounts for the low PSII yield (Fig. 1a, curve 3) and the
slow initial rate of NPQ formation (Fig. 1b, curve 3). Back
reactions between P* and F, and Fg are multiphasic with
rate constants in the range of 5-20 gt (Brettel 1997). Such
back reactions do not compete with the forward reduction
of Pyt by electrons produced at the level of PSII under
green illumination (kpsyy ~ 100 sfl). We thus conclude
that, in the presence of 1A, F5 and Fg are reduced in green
light. Under such conditions, back reactions are expected to
occur between PT and A, or Fx, depending upon the
equilibrium constant between theses two electron carriers.
Under far-red illumination, the PSII photochemical rate
constant (kpsyy ~ 4 s_l) is slower than the rate constant of
the electron leak via the Mehler reaction (~ 15 sfl). Under
such conditions, even in the presence of IA, the weak
electron flow generated by PSII is unlikely able to steadily
reduce F,, Fp, thus preventing the occurrence of back
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reactions. On the other hand, the efficient cyclic electron
flow observed in these conditions requires that most of
NADP™ is reduced to NADPH (Joliot and Johnson 2011).
This is compatible with the large equilibrium constant
(>1000) between Fo/Fa (E,, = —530 mV) and NADP*/
NADPH (E,, = —320 mV). We can therefore reasonably
estimate that the redox poise of the stroma in the presence
of IA and far-red light is in between these two midpoint
potentials, say around —420 mV. Such a moderate reduc-
ing pressure from far-red light would leave ~98 % of Fu
oxidized but would maintain NADPH 98 % reduced,
therefore, optimizing the rate of the cyclic process.

Concluding remarks

Inhibition of the Benson—Calvin cycle by iodoacetamide
provides an efficient tool to stimulate, with far-red light,
cyclic electron flow around PSI. It confirms that this pro-
cess is controlled by PGRS and the redox state of stromal
reductants (Arnon and Chain 1975; Hosler and Yocum
1987; Allen 2003; Breyton et al. 2006; Alric 2010; Alric
et al. 2010; Joliot and Johnson 2011; Kramer and Evans
2011). Under such conditions, a large acidification of the
lumen is evidenced as a large nigericin-sensitive NPQ (qE
component). As emphasized in (Alric 2010), the optimal
conditions to observe the maximal cyclic electron flow rate
are not easily assessed experimentally. The large efficiency
of the cyclic process we observed with far-red illumination
in the presence of IA is the result of a subtle balance
between the rate of PSII electron flow, sufficient to main-
tain the reducing pressure on the electron transport chain
(and ultimately on NADPH), and the rate of electron leaks,
probably via the Mehler reaction, sufficient to prevent the
reduction of F, and thus the occurrence of back reactions.
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