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ARTICLE INFO ABSTRACT

Keywords: Cylic electron flow (CEF) around Photosystem I in photosynthetic eukaryotes is likely to be necessary to augment
Photosynthesis ATP production, rapidly- and precisely balancing the plastid ATP/NADPH energy budget to meet the demands of
Cyclic electron flow downstream metabolism. Many regulatory aspects of this process are unclear. Here we demonstrate that the
Ezi;ﬁ:l(:;y higher plant plastid NADH/Fd:plastoquinone reductase (NDH) and proposed PGR5/PGRL1 ferredox-

in:plastoquinone reductase (FQR) pathways of CEF are strongly, rapidly and reversibly inhibited in vitro by ATP
with K; values of 670 uM and 240 uM respectively, within the range of physiological changes in ATP con-
centrations. Control experiments ruled out effects on secondary reactions, e.g. FNR- and cytochrome bgf activity,
nonphotochemical quenching of chlorophyll fluorescence etc., supporting the view that ATP is an inhibitor of
CEF and its associated pmf generation and subsequent ATP production. The effects are specific to ATP, with the
ATP analog AMP-PNP showing little inhibitory effect, and ADP inhibiting only at higher concentrations. For the
FQR pathway, inhibition was found to be classically competitive with Fd, and the NDH pathway showing partial
competition with Fd. We propose a straightforward model for regulation of CEF in plants in which CEF is
activated under conditions when stromal ATP low, but is downregulated as ATP levels build up, allowing for
effective ATP homeostasis. The differences in K; values suggest a two-tiered regulatory system, where the highly
efficient proton pumping NDH is activated with moderate decreases in ATP, with the less energetically-efficient
FQR pathway being activated under more severe ATP depletion.

1. Introduction

In the linear electron flow (LEF) pathway of oxygenic photosynth-
esis, energy from light is stored by extracting electrons from water and
transferring them through a series of membrane-bound and soluble
redox carriers to reduce NADP™". During this process a chemiosmotic
proton electrochemical gradient (proton motive force, pmf) is estab-
lished across the thylakoid membrane (at a ratio of 6H* /2e ™), which is
harnessed by the plastid (CF,F;)-ATP synthase to storing more energy
in the synthesis of ATP from ADP and inorganic phosphate [1]. The
osmotic component of pmf, ApH, also plays a central role in the reg-
ulation of the light reactions of photosynthesis, by acidifying the thy-
lakoid lumen, which triggers the activation of ‘energy dependent’ (qg)
component of nonphotochemical quenching (NPQ), which, through the
participation of photosystem PsbS and the xanthophyll cycle, dissipates
excess energy from light (which can lead to photodamage due to
oxygen radical production) as heat [2,3]. Photosynthetic control by the

slowing of plastoquinol (PQH,) oxidation by the cytochrome bgf com-
plex as lumenal pH decreases, is also critical for preventing the accu-
mulation of electrons on Photosystem I (PSI) centers, which can lead to
photodamage [1,4,5].

The pmf-regulatory system also responds to changes in the physio-
logical and metabolic states of the cell. The activity of the ATP synthase
can be down-regulated to retard proton efflux, increasing pmf and
down-regulation of the light reactions [1]. In addition, the regulatory
impact of pmf can be altered by adjusting fluxes of counterions across
the thylakoid membrane through the action of various ion transporters
or permeable buffers [6]. Furthermore, the responses of qg to lumen pH
may be modulated by altering the expression of qg-related components
[1,71.

Another important constraint on photosynthesis is the need to bal-
ance the “plastid energy budget”, the ratios of ATP/NADPH produced
to precisely match their consumption by downstream biochemistry,
thus avoiding metabolic congestion. The ATP/NADPH production ratio
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for LEF is determined by the tight coupling of the proton- and electron
transferring reactions of LEF, and the ratio of protons translocated
through the ATP synthase for each ATP synthesized (H* /ATP), which is
governed by the subunit stoichiometry of the proton-translocating c-
ring stoichiometry. Assuming that 3H™ are translocated into the lumen
for each electron transferred from water to Fd, and a H* /ATP ratio of
4.67 (based on a c-subunit stoichiometry of 14), results in an ATP/
NADPH production ratio of about 1.3:1. This falls short of the 1.5:1
requirement of the carbon-fixing reactions of the Calvin-Benson-
Bassham (CBB) cycle, as well as changes in the engagement of other
assimilatory and biosynthetic processes, such as nitrite reduction, ion/
metabolite transport and protein/DNA synthesis [1,4].

The most cited process proposed to provide fine balancing of ATP/
NADPH in the chloroplast is cyclic electron flow (CEF) around PSI (see
reviews in [8-10]). In CEF, electrons from photoexcited PSI are re-
cycled back into the thylakoid plastoquinone (PQ) pool via a PQ re-
ductase (PQR), resulting in proton flux through the ATP synthase, but
no net production of NADPH. The buildup of pmf can also activate
photoprotective mechanisms [4,9]. At least three PQR reductases have
been proposed to function in higher plant CEF (see review in ([10]); i)
the protonmotive Fd/NADPH dehydrogenase complex (NDH), an
analog of respiratory Complex I; ii) the antimycin A-sensitive Fd:PQ
reductase, which is proposed to be associated with the PGR5 and/or
PGRL1 proteins; and iii) direct reduction of heme by; (or heme c;) within
the cytochrome bef complex by Fd with associated PQ reduction via the
Q; site of this complex. These pathways may operate in parallel or in an
organism-specific manner, NDH-CEF is likely to be the most energy
efficient, with a proposed H* /2e ™ ratio of 8, with the others (through
associated bgf Q-cycle activity) most likely yielding 4 [9-11].

CEF appears to be only incrementally activated under non-stressed,
steady-state conditions in C3 plants, when LEF nearly meets the ATP
required for chloroplast metabolism, but up-regulated when high ATP
demand is expected, e.g. under environmental stress, during induction
of photosynthesis in dark-adapted plants [12], or in mutants with
modified ATP/NADPH demands [13]. CEF is thought to play a larger
role in supplementing the ATP needed to drive the CO, concentrating
mechanisms in green algae or in C4 photosynthesis [14,15]. Note that
Amaranthus hybridus, the subject of the current study, uses the NAD-
malic enzyme C4 pathway, with enriched NDH content in mesophyll
chloroplasts versus the bundle sheath [15]. CEF may also play a reg-
ulatory role via its acidification of the thylakoid lumen, but it is im-
portant to note that increasing CEF will also increase the output of ATP
relative to NADPH, and the resulting energy imbalances may limit the
extent to which CEF can contribute to activation of NPQ [1,16]. It is
important to note that other processes, such as the control of proton
efflux by modulation of the ATP synthase, and partitioning of pmf into
ApH can account for modulation of qg responses (see discussion in
[17D).

Given that different CEF pathways may operate in different organ-
isms under different conditions, we expect there to be a range of reg-
ulatory systems that fine tune their activities. However, if the major
role of CEF is to balance ATP/NADPH output, it seems likely that its
regulation will, either directly or indirectly, respond to the adenylate or
redox state of the chloroplasts. Within this context, there are many
possible regulatory components that can sense these factors, and these
may operate simultaneously to fine tune the engagement of CEF.
Contrary to earlier proposals, state transitions (the phosphorylation-
associated migration of LHCII antenna between photosystems I- and II)
do not appear to regulate CEF in plants and algae [18-20]. Based on
observations of CEF activation during induction of photosynthesis in
spinach and Arabidopsis thaliana leaves under moderate osmotic stress,
Joliot proposed that ATP levels may regulate CEF through the bef
complex:PSI supercomplexes, which were proposed to dissociate as the
stromal ATP concentration increases, favoring LEF [12]. More recently,
Ca®* has been proposed to regulate CEF via the chloroplast-localized
calcium sensor protein (CAS) [21], which also modulates stomatal
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conductance in A. thaliana, and controls expression of LHCSR3 in
Chlamydomonas reinhardtii, a component of the qg pathway in this or-
ganism [22,23]. Furthermore, CAS has been proposed to interact with
the PGRL1 protein in the C. reinhardtii, forming a supercomplex con-
taining PSI, PGRL1, ferredoxin:NADP™* oxidoreductase (FNR) and bf,
although the importance of this complex in CEF is still being debated
[21]. A novel Ca“—binding chloroplast-localized thioredoxin, calre-
doxin, has been characterized in C. reinhardtii, with its activity asso-
ciated with stress acclimation and increased activation of CEF, linking
CEF regulation to the complex network of thiol-regulated processes
within the chloroplast [24,25]. Relatedly, we have shown that hy-
drogen peroxide induces NDH-CEF in A. thaliana, either directly, or by
redox modulation of key enzymes, possibly linking changes in the redox
status of the stroma with the regulation of CEF in higher plants [26].
We also reported that the FQR activity requires reduction of thiols,
suggesting that redox status may be involved in CEF regulation [27].
However, it has remained unclear how the NDH-CEF and FQR-CEF are
regulated in responses to rapid changes in the relative demands for ATP
and NADPH imposed by environmental conditions, including rapid
fluctuations in light intensities.

Recently, we demonstrated that NDH in vascular plants can catalyze
high-efficiency CEF by acting as a proton pump [11]. During this work,
we explored the effects of thylakoid pmf on NDH activity. One approach
was to produce pmf in thylakoids by running the chloroplast ATP syn-
thase in “reverse,” hydrolyzing ATP to translocate protons into the
lumen. Surprisingly addition of ATP to uncoupled thylakoids led to
strong inhibition of NDH, whereas light-induced pmf of similar ampli-
tude did not, leading us to hypothesize that ATP acts as an inhibitor of
NDH. In this work, we present evidence that ATP inhibition constitutes
regulatory mechanisms for both NDH- and FQR-CEF that responds ra-
pidly to changes in stromal ATP, to maintain energy homeostasis.

2. Materials and methods
2.1. Reagents and plant material

Reagents were purchased from Sigma-Aldrich unless otherwise
noted. Ferredoxin was prepared from market-bought spinach as de-
scribed in [28].

A. hybridus (cv. ‘Opopeo’) seeds were originally obtained from
Swallowtail Garden Seeds (Santa Rosa, CA), with the plants grown in
vermiculite under a 16 h:8 h (light:dark) photoperiod (white fluorescent
illumination at 100 pmol of photons m ~2s™ 1) at 30 °C. A. thaliana Col-0
and STN7 (SALK 073254) were grown in peat-based potting media
using a 16 h:8h (light:dark) photoperiod (white fluorescent illumina-
tion at 100 pmol of photons m ~2s~ ') at 21 °C. Spinach was purchased
from a local market, with chloroplasts prepared- and used on the day of
purchase.

2.2. Chloroplast preparation and chlorophyll quantification

Chloroplasts from spinach, A. hybridus and A. thaliana were pre-
pared on ice as described in [28], using 21-28 day-old A. hybridus and
A. thaliana plants. DTT was reduced with sodium borohydride prior to
inclusion in the leaf grinding buffer at a final concentration of 2 mM as
described in [27]. Crude chloroplast preparations were resuspended to
a chlorophyll concentration of 2-4 mg/ml in grinding medium (0.33 M
sorbitol, 2mM EDTA, 5mM MgCl,, 2mM (reduced) DTT, 5mM as-
corbate, 0.1% (w/v) BSA, 50 mM HEPES, pH7.6). Chlorophyll was
quantitated using the method as described in [27].

2.3. Post illumination (chlorophyll) fluorescence rise measurements
All in vitro assays described in this study were performed at 21 °C

unless stated otherwise.
The post illumination (chlorophyll) fluorescence rise was measured
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in broken chloroplast preparations from spinach, A. hybridus and A.
thaliana as described in [11]. Chloroplasts were osmotically shocked on
ice for 30s in situ, with the samples consisting of 50 pg Chl/ml in 10 mM
HEPES (pH 7.6), supplemented with 5 mM MgCl,, 10 mM KCI, 1 pM Fd,
100 uM NADPH, 10 uM nigericin and 10 uM valinomycin. Antimycin A,
when used, was present at 10 uM. Chlorophyll fluorescence was mea-
sured using a laboratory-constructed spectrofluorimeter [29], with a
cyan (505 nm) measuring pulse at an intensity of 0.5 pumol of photons
m~ s

For the PIFR assays discussed here, samples were maintained and
manipulated under dim green illumination (~0.1pmol photons
m~2s™ 1) prior to the start of measurement, the PQ pool was pre-re-
duced nonphotochemically by the presence of exogenous NADPH and
Fd, and so fluorescence data were not normalised to F,. After initial
dark adaptation, samples were illuminated with a pulse of saturating
red light (1s, 620nm, 5000 umol photons m~2s™ 1, allowing de-
termination of F,/Fy,, followed by 60 s of actinic illumination (620 nm,
250 umol photons m~2s™ '), during which both species reached the Fs’
steady state fluorescence level (Fs’). The actinic light was then switched
off, during which time the fluorescence yield decreased (Fs*), and was
then further decreased by the application of far red light (720 nm,
50 umol photons m~2s™') for 15s, preferentially driving PSI photo-
chemistry to oxidize the PQ pool, at which point the fluorescence yield
with oxidized Qa (F,*) was recorded. When the far red light was
switched off, the fluorescence rose again due to the reduction of PQ by
PQ reductases, reaching a steady state level (Fj;). The pattern was re-
peated upon additional applications of far red illumination (reaching
F,2*) and darkness (F,5). Finally, a second saturating flash was applied
at the end of the experiment, and the maximal fluorescence at the end
(Fimo)- Finp and Fp,» were consistently within a few percent of each other,
indicating that changes in fluorescence yield caused by state transitions,
NPQ or photodamage, were minimal. The initial rate of the PIFR was
obtained by linear regression (typically for a 10s range) on Fo* nor-
malised fluorescence data using Kaleidagraph (Synergy Software, PA).

2.4. FNR (NADPH/Fd:cytochrome c reductase) activity assay

FNR-mediated NADPH/Fd:cytochrome ¢ reductase activity was
measured spectrophotometrically at 550- minus 542 nm in a laboratory
constructed spectrophotometer as described in [28]. Spinach FNR was
purchased from Sigma-Aldrich and used without further purification.
The reaction medium consisted of 10 mM HEPES (pH 7.6), 5 mM MgCl,,
1 uM spinach Fd, 20 pM equine cytochrome c and approximately 1 ug of
spinach FNR. The reaction was initiated by the addition of 100 uM
NADPH.

2.5. P700 redox spectrophotometry

P700 redox changes in osmotically ruptured spinach and A. hybridus
chloroplasts (50 pg Chl/ml) were monitored in a laboratory-constructed
spectrophotometer [29] utilizing a pulsed 720 nm LED filtered through
a 700 nm bandpass filter (10 nm bandwidth, Edmund Optics) as the
measuring beam source. Actinic light (620nm) was provided at
250 umol photons m~2s~!. The assay medium consisted of 10 mM
HEPES (pH 7.6), 5mM MgCl,, 10 mM KCl, 1uM spinach Fd, 100 uM
NADPH, 1 mM hydroxylamine, 10 uM DCMU, 10 uM nigericin, and
10 uM valinomycin. Antimycin A, when used, was present at 10 pM.

2.6. LEF-dependent ferricyanide photoreduction

Ferricyanide photoreduction was measured in a laboratory-con-
structed spectrophotometer utilizing a pulsed (10Hz) white LED
(0.1 umol photons m~2s~!, 420 nm bandpass-filtered, 10 nm band-
width, Edmund Optics), with a BG18-filtered detector. Actinic light
(620 nm) was provided at 250 umol photons m~2s~'. Broken chlor-
oplasts were resuspended to 40 ug Chl/ml in assay medium consisting
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of 10 mM HEPES (pH 7.6), 5mM MgCl,, 10 mM KCl, 10 uM nigericin,
10 uM valinomycin and 200 pM potassium ferricyanide.

2.7. Antenna cross-sectional area

Antenna cross-sectional area in spinach and A. hybridus broken
chloroplast preparations was measured in the spectrofluorimeter de-
scribed for the PIFR assay above. Chloroplasts were resuspended to
50 pg Chl/ml in 10 mM HEPES (pH 7.6), 5 mM MgCl,, 10 mM KCl, 1 uyM
Fd, 100 uM NADPH, 10 uM nigericin, 10 uM valinomycin. Antimycin A
was included at 10 uM for the A. hybridus experiments. The (cyan)
measuring pulse frequency was 10Hz (0.5 umol photons m~2s™1),
with two weakly actinic flashes (600 ms duration, 620 nm, 100 umol
photons m~2s™ ') separated by an interval of 3 min.

2.8. ODE simulation of stromal adenylate equilibria

Steady-state concentrations of AMP, ADP and ATP as a function of
phosphorylation potential (AGp) were modeled using a simple 1st order
ordinary differential equation solver provided online by Prof. Robert
Hanson (St Olaf College, MN) at https://www.stolaf.edu/depts/
chemistry/courses/toolkits/126/js/kinetics/.The stromal adenylate
pool was set to physiologically relevant composition initial concentra-
tions of AMP, ADP, ATP and Pi (0.6-, 2-, 0- and 4 mM respectively) and
allowed to equilibrate, via adenylate kinase, as in [30,31] and AG® for
ATP hydrolysis assumed to be —30.5kJ mol~! [32]. Kinetic simula-
tions were run for 1000 (arbitrary) time points, by which point the
concentrations of all components had reached a steady state.

3. Results
3.1. Evidence for inhibition of CEF by ATP

The post illumination fluorescence rise (PIFR) signal observed as a
rise in the (chlorophyll) fluorescence quantum yield following light-
dark transition, and reflects the accumulation (and equilibration) of
electrons on Qu within PSII as the PQ pool becomes progressively re-
duced in the dark by the activity of PQ reductases in the thylakoid
(Fig. 1A) [11,33-35]. The PIFR signal in vivo is typically associated with
the activity of NDH, and has been used in high throughput screening to
isolate mutants defective in the synthesis and activity of the NDH
complex [34,36]. In vitro, the assay has been used to estimate the rates
of both NDH and FQR-CEF, though certain controls are needed to
eliminate alternative interpretations of the signal [11,28,37]. Far-red
illumination was periodically applied during the dark phase of the PIFR
experiment to preferentially drive PSI photochemistry, oxidizing the PQ
pool and hence favorably poising the system for repeated measurement
of the PIFR during the course of a single assay. Without further addi-
tions, a sequence of more than five consistently reproducible PIFR
signals can be obtained in a single run [11].

Fig. 1A, shows complete traces for typical in vitro PIFR experiments,
without addition of inhibitors for spinach and A. hybridus broken
chloroplast preparations. While the traces for the two species were
qualitatively similar, PIFR was substantially faster in A. hybridus, likely
reflecting the higher capacity for CEF in this species. The in vitro PIFR
signals require a reductant (NADPH or NADH) and (endogenous) FNR
activity, to generate reduced Fd, which acts as the electron donor
substrate for NDH and FQR [11,37]. Note that all PIFR experiments
described here were performed in the presence of uncouplers (10 uM
nigericin, 10 pM valinomycin, 10 mM KCl) to eliminate any thermo-
dynamic backpressure on NDH activity from CEF-generated pmf. In our
experiments on both spinach and A. hybridus thylakoid preparations, no
PIFR was observed in the absence of exogenous NADPH and/or Fd,
demonstrating that the rise was not an artefact due to measuring beam
activity, consistent with previous reports [11]. The kinetics and am-
plitude of the PIFR saturated at 100 uM NADPH in both spinach and A.
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Fig. 1. (A). Post illumination fluorescence rise (PIFR)
signals in A. hybridus (black) and spinach (red)
broken chloroplast preparations antimycin A-sensi-
tivity of the PIFR in A. hybridus (black) and spinach
(red) thylakoids. Chloroplasts were osmotically
shocked in situ, with the samples consisting of 50 ug
Chl/ml in 10mM HEPES (pH7.6), supplemented
with 5mM MgCl,, 10mM KCl, 1pM Fd, 100 uyM
NADPH, 10puM nigericin and 10uM valinomycin.
The black bar along the abscissa indicated periods of
darkness (black), illumination with red light (red),
and illumination with far-red (maroon). Details of
experiments are presented in the Materials and
methods. (B) As in panel A, but with addition of
10 uM antimycin A at the point marked with an as-
terisk.
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hybridus thylakoids, with apparent Michaelis constants (K,) of
2.1 = 0.6uM and 1.3 = 0.4uM for (spinach) Fd in A. hybridus and
spinach respectively (SI Fig. S1). Kinetic data were obtained from linear
fits to the initial rate of the PIFR. Absolute values for V, (and k()
cannot be ascertained from these fluorescence data, however, the re-
lative CEF activity observed is in broad agreement with the magnitudes
of CEF reported by pmf-dependent ACMA quenching in DCMU-inhibited
spinach and A. hybridus thylakoid preparations [27].

It is important to note that the PIFR kinetics are complex largely due
to the fact that in this assay (PSlI-associated) Q™ is employed as a
reporter for the (bulk) PQ redox state [11], and the QA/Qa~ redox
couple is more reducing than that of pool-localized PQ/PQH,. Hence a
kinetic ‘lag’ will be observed in Qs accumulation until an inflection
point when the PQ pool is partially reduced. However, this inflection
point should be similar for all the conditions used here and thus the
time required for fluorescence to increase to a particular level should be
a reasonable (semiqualitative) indicator of the PQ reduction rate.

The PIFR signals were largely insensitive to antimycin A (AA) in A.
hybridus, as indicated by the similar PIFR kinetics prior to and following
addition of AA (Fig. 1B, black trace), indicating that NDH activity is the
predominant CEF pathway in this genus [11,15]. By contrast, PIFR in
spinach and A. thaliana (Fig. 1B, red trace) was inhibited AA, implying
the FQR-dependent CEF pathway predominates in these species, con-
sistent with previous reports [11,37]. The contrast between these two
species and the effects of AA allowed us to study the enzymology of the
two CEF pathways, and in the following we probed the NDH pathway in
A. hybridus in the presence of antimycin A to abolish FQR activity, and
the FQR pathway in spinach, checking to be sure that the majority of
signal was sensitive to antimycin A.

Fig. 2 shows that PIFR signals associated predominantly with both

NDH (A. hybridus in the presence of antimycin A, Fig. 2A) and FQR (AA-
sensitive signal in spinach, Fig. 2B) were inhibited by ATP at physio-
logically relevant (1 mM) concentrations. Typical variability in the
NDH- and FQR PIFR response to ATP is presented in Fig. S2 (SI). ADP
was approximately a two- to threefold-fold weaker inhibitor than ATP
at this concentration. The FQR pathway was more strongly inhibited by
adenylates than the NDH pathway (Fig. 2B). AMP was a weak inhibitor
of the PIFR in both spinach and A. hybridus, with an IC50 value of
approximately 3 mM. We also investigated the sensitivity of the PIFR to
the non-hydrolyzable ATP analogs adenosine 5’-(3-thiotriphosphate)
(ATP-y-S) and adenosine 5’-(f,y-imido)triphosphate (AMP-PNP). The
sensitivity of the PIFR to ATP-y-S in spinach and A. hybridus broken
chloroplast preparations was similar to that shown for ATP, with IC50
values of 1.1- and 0.5 mM respectively. In contrast, the PIFR in these
species was insensitive to AMP-PNP (SI, Fig. S3) which suggests that the
inhibition has strict steric requirements that are impacted by the bond
between the adenylate - and y phosphates, and makes it unlikely that
non-specific ionic strength effects were the origin of the ATP-dependent
fluorescence quenching reported here (see discussion in [38]).

Because these samples were uncoupled we can exclude the possi-
bility that ATP inhibition of PIFR was caused by pmf (i.e. thermo-
dynamic backpressure) resulting from hydrolysis of ATP by the thyla-
koid ATP synthase. As the in vitro PIFR may be affected by other
processes, including direct reduction of Q5 through stromal donors [28]
or ATP-induced chlorophyll fluorescence quenching in vitro [39,40], we
also examined the effect of ATP on a variety of PIFR-associated pro-
cesses within our spinach- and A. hybridus broken chloroplast pre-
parations, as discussed below.

Changes in antenna cross-sectional area due to the presence of
exogenous adenylates might be expected to affect the kinetics and

Fig. 2. The effects of adenylates on NDH and FQR

F/Fo*

activity, measured using the PIFR signal. Panels A
and B, effects of ATP and ADP on PIFR signals in
uncoupled thylakoid preparations from A. hybridus
(panel A) and spinach (panel B). Experimental con-
ditions as Fig. 1 except that 1.0mM ATP (red) or
1.0mM ADP (blue) were added as indicated (*) and
the A. hybridus sample also contained 10 uM anti-
mycin A to inhibit FQR. Control data (no adenylate
additions) are presented in black. Shown are re-
presentative traces from 3 independent samples, all
of which showed very similar responses. For details
of the fluorescence parameters labelled in panel (A),
- refer to Fig. 1A or the main body of the text.
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amplitude of the PIFR signal. We tested for such effects by measuring
the kinetics of chlorophyll fluorescence rise induced by a weak actinic
pulse (620 nm, 100 pmol photons m~2s~1) in uncoupled spinach- and
A. hybridus thylakoid preparations in the presence of 1uM Fd and
100 uM NADPH (to pre-reduce the PQ pool), and found no effects of
2mM ATP (p > 0.05, Student's t-test). Possible effects of non-
photochemical quenching were tested by measuring F,/Fy, values prior
to- and after adenylate addition (see, for example, Fig. 6). F,/Fy, de-
creased by a small amount (about 5%) in the presence of 1 mM ATP
(from 0.73 = 0.02 to 0.69 = 0.03, c.f. 0.71 * 0.02 for the no ade-
nylate control, n = 6-10 independent samples, mean * S.D. reported),
although no further decrease was observed on addition of additional
ATP. It has been reported that ATP can induce state transitions in plant
thylakoid preparations (from state 1 to state 2, quenching variable
fluorescence [41]) when the thylakoid PQ pool is reduced, additional
controls were undertaken. However, we found similar effects of ATP on
PIFR in A. thaliana wild type and stn7 mutant, deficient in state tran-
sitions [42] (SI Fig. S4).

The in vitro PIFR experiment is reliant upon the NADPH:Fd re-
ductase activity of endogenous FNR to provide stromal reducing
equivalents for NDH and FQR [11]. As such we tested the sensitivity of
purified spinach FNR to ATP by means of an NADPH/Fd:cytochrome c
reductase assay [28]. No effect on FNR activity was observed with
2mM ATP (p > 0.05, Student's t-test). The remaining steps in CEF, i.e.
turnover of the cytochrome bgf complex and PSI, are common in LEF.
We found no effects of ATP on the rate of in vitro LEF in uncoupled
spinach thylakoid preparation as measured by light-dependent ferri-
cyanide reduction (p > 0.05, Student's t-test), indicating that the ATP
effect is likely specific to the PQ reductase. We note in passing that
there is no evidence in the literature for the regulation of the re-
spiratory homolog of NDH by adenylates, however the plastid enzyme
exhibits considerable structural divergence from its respiratory coun-
terpart [43,44].

To quantify the inhibition of PIFR we plotted the initial fluorescence
rise kinetics (using a linear fit, see Materials and methods) as a function
of adenylate (ATP or ADP) concentrations (Fig. 3). From four-parameter
(sigmoidal) regression fits to these titration data we obtained ICs, (half-
inhibitory concentration) values ( = S.D.) for ATP inhibition of
0.98 + 0.18 and 0.39 = 0.04mM for A. hybridus and spinach re-
spectively, suggesting that the NDH- and FQR pathways of CEF (in their
respective species) are inhibited by ATP, but that the latter is more
sensitive. Both pathways were also inhibited by ADP, but at higher
concentrations (IC50 values of 1.80 = 0.40 and 1.23 = 0.12mM for
A. hybridus and spinach respectively). Note also that while inhibition of

T T T T

relative PIFR activity

[adenylate]/mM

Fig. 3. In vitro PIFR activity as a function of adenylate (ATP (solid lines) and
ADP (broken lines)) concentration in spinach (black) and A. hybridus (red)
thylakoids. Initial rates of the PIFR were measured from fluorescence data
normalised to F,,. Ferredoxin was present at 1 uM, with other conditions as in
Fig. 1. Data are presented from 4 to 5 independent replicates.

BBA - Bioenergetics 1860 (2019) 148081

0.05 : . I .

0.04 g

0.03 - !

0.02 - -

initial rate (arbitrary units)

[Fd]/uM

Fig. 4. Inhibition of the PIFR initial rise kinetics in A. hybridus (red) and spi-
nach (black) in the presence of 0.75 mM- (spinach) and 1 mM (A. hybridus) ATP
(dotted lines). Data from 4 to 6 independent experiments. Solid lines show the
uninhibited rates as presented in Fig. 2.

both FQR and NDH activities by ATP appeared to be reasonably
monotonic and was essentially complete at [ATP], above 3- and 2 mM,
the inhibition by ADP appeared multiphasic and never reached com-
pletion at the highest concentrations, possibly indicating slightly dif-
ferent binding niches on the target enzyme (see below).

3.2. Competition between ATP and Fd at NDH and FQR

In our initial assays, we noticed that high concentrations of Fd could
reverse inhibition of NDH inhibition by ATP. We thus performed a
competition analysis of PIFR kinetics as a function of Fd concentration
at fixed concentrations of ATP (Fig. 4). Using Cheng-Prusoff analysis
[45] and assuming a competitive mode of inhibition of the initial rates
of PIFR gives inhibitory (dissociation) constants (K;, = S.D.) of 240
( £ 22)- and 670 ( = 120) uM for the FQR- and NDH-related in vitro
PIFR responses (in spinach and A. hybridus, respectively). Using the
same approach, the K; values for ADP inhibition of the PIFR in spinach
(FQR) and A. hybridus (NDH) were found to be 0.7 ( = 0.07) - and 1.2
( + 0.26) mM, respectively. For most enzyme-catalysed reactions it is
reasonable to assume that K,, is approximately equal to the dissociation
constant (Ky4) for the enzyme-substrate (ES) complex (i.e. the ratio of the
rate constants Kog/K,, for the formation of ES from free enzyme and
substrate). Thus, we estimate that ATP binds 350-fold more weakly to
NDH and 200-fold more weakly to FQR than substrate Fd under the in
vitro conditions employed in the current study. Notably, ADP binds
approximately 550-fold more weakly than Fd to both NDH and FQR,
indicative of the differing selectivity for ATP over ADP in the enzyme
systems under study.

3.3. Assessing ATP inhibition of NDH and FQR in a single species

While the A. hybridus and spinach systems are convenient for
probing NDH and FQR inhibition, it is not clear from these experiments
whether the observed differences in inhibition of NDH and FQR are
related to species differences. We note, however, that NDH displays a
high degree of sequence conservation in plants [11,43,46,47], likewise
PGR5/PGRL1 [48]. Previously we have reported that about 75% of the
PIFR in A. thaliana Col-0 in vitro is due to FQR activity and the re-
maining to NDH [11], thus making it possible to compare inhibition of
the two pathways in a single species. Although difficulties in obtaining
large quantities of chloroplasts exhibiting CEF activity from A. thaliana
[27] prevented us from performing a detailed in vitro analysis, we were
able to estimate a K; value of 300 + 100 uM (n = 3 independent re-
plicates) for ATP inhibition of CEF (in the absence of AA) in this species.
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Fig. 5. Kinetics of CEF-mediated P700 + re-reduction

in uncoupled broken A. hybridus (A) and spinach (B)
chloroplast preparations as a function of ATP con-
centration, control (black trace), 1mM ATP (blue
trace), 2 mM ATP (red trace). The red- and black bars
underneath the traces indicate the application- and
removal of actinic light (620 nm, 250 pmol photons
m~2s71), respectively. The green trace in panel (B)
shows the effect of 10 uM AA on the rate of P700™* re-
reduction in spinach (10 uM AA was present in all
measurements show in panel (A)). DCMU and hy-
droxylamine were present at 10pM and 1 mM re-
spectively to inhibit PSII activity. The sample also
contained 1puM Fd and 100 uM NADPH, acting as

stromal electron donors. Representative data from 3
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Fig. 6. (A) Predicted steady-state stromal adenylate (ATP (black), ADP (red), AMP (green)) concentrations as a function of phosphorylation potential. For the ODE
simulation of the adenylate equilibria, initial conditions were 2mM ADP, 4 mM phosphate, 0.6 mM AMP, and nil ATP, with a AG® value for ATP hydrolysis of
—30.5kJ. mol~'. The adenylate kinase equilibrium constant was set at 2.22 (in the direction of ADP formation). The simulation was run for 1000 (arbitrary) time
points, by which point the concentrations of all components had reached a steady state. For further details, see Materials and methods. (B) Predicted fraction of
uninhibited NDH (red) or FQR (black) as a function of phosphorylation potential. Note that both ADP- and ATP-inhibited forms of NDH and FQR were considered in
the construction of this fig. (C) Fractional contributions to total (NDH + FQR) CEF of NDH (red) and FQR (black) and predicted net H*/2e” yield (blue) of the CEF

pathway as a function of phosphorylation potential (AGp).

In the presence of AA the remaining PIFR activity in Col-0 broken
chloroplast preparations also displayed sensitivity to ATP, with an es-
timated K; value of 700 = 100 puM, similar to that observed in A. hy-
bridus. We thus conclude that, at least across the species we studied,
FOR is about 2-3-fold more sensitive to ATP than NDH.

3.4. Measurement of P700™ re-reduction kinetics validates the observation
of inhibition of CEF by adenylates

As discussed above, the PIFR is a somewhat indirect assay for in-
vestigating CEF-related PQ reductase activity. An additional, more di-
rect assay for CEF activity in vitro is provided by measuring absorbance
changes associated with the redox status of P700 within PSI when
electron donation from PSII is inhibited. Illumination of broken chlor-
oplast preparations with red light in the presence of DCMU (blocking
PSII activity) results in essentially full oxidation of P700 that, in the
absence of electron donors, is only very slowly re-reduced in the dark.
On addition of NADPH and Fd, the rate of re-reduction increases, re-
flecting activation of the CEF pathway(s) and reduction of the PQ pool
(for details, see Materials and methods). Fig. 5A shows that the rate of
P700* re-reduction in A. hybridus broken chloroplast preparations (in
the presence of 10 uM AA) decreases progressively with increasing ATP,
with a K; of approximately 1 mM, consistent with results from the PIFR
assay in the current study. In agreement with this observation, the rate
of P700* re-reduction in broken chloroplast preparations from spinach
(measured in the absence of AA) exhibits a similar sensitivity to ATP

(Fig. 5B).

As a side note, the extent of re-reduction of P700* decreased with
the addition of ATP, while the half time increased from approximately
350- to 550ms in the presence of 2mM ATP, most likely reflecting
competition between PQ reduction by NDH and PQH, oxidation by the
plastid terminal oxidase (PTOX), which becomes more pronounced
when NDH is partially inhibited by ATP.

4. Discussion

The results above indicate that ATP inhibits both NDH and FQR
pathways of CEF, at physiologically relevant concentrations, leading us
to propose a straightforward model for regulation of CEF in plant
chloroplasts in which CEF is activated under conditions when stromal
ATP low, but is downregulated as ATP levels build up, allowing for
effective ATP homeostasis. The differences in K; values suggest a two-
tiered regulatory system, where the highly efficient (4H* /2e ) proton
pumping NDH is activated with moderate decreases in ATP, with the
(presumably) less energetically efficient FQR pathway (which is un-
likely to be thermodynamically constrained) being activated under
more severe ATP depletion.

We develop this idea further using a first-order simulation the
model the effects of stromal adenylate pool composition on NDH and
FQR activity. Fig. 6A shows the expected stromal ATP, ADP and AMP
steady -state concentrations as a function of a physiological range of
phosphorylation potentials (AGp), predicted using a simple 1st order
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ordinary differential equation model using starting conditions for the
composition of the adenylate and phosphate pool as reported in the
literature [30,31,49] (for further details, see Materials and methods).
These steady-state concentrations are consistent with those proposed on
the basis of pmf measurement in spinach leaves [50]. Fig. 6B shows the
predicted activities (fraction uninhibited) of NDH and FQR as a func-
tion of the adenylate pools calculated in Fig. 6A, assuming competitive
inhibition with Fd at 1 uM. At AGp > 30kJmol ™!, activity of FQR is
predicted to be less than 10% its maximal activity, but increases sharply
as AGp decreases below about 27 kJ mol ~'. The activity dependence of
NDH is similar with some complexities, with NDH activity predicted to
increase sharply at AGp < ~33kJmol ™. However, the weaker K; for
ATP, in combination with the competitive nature of the inhibition with
Fd, prevents full inhibition of NDH higher AG; values, suggesting that
this mode of regulation would leave NDH partially active under all
conditions.

Fig. 6C shows the relative contributions of the two CEF pathways in
a hypothetical (for illustrative purposes) chloroplast with equal V.«
values for NDH and FQR. It should be noted that the model would need
to be modified to account for actual enzyme content within the chlor-
oplast, as well as other CEF regulators (see below). Nevertheless, the
model provides a useful illustration of the effects of proposed adenylate
regulation. NDH is predicted to contribute more under high AGp con-
ditions, whereas FQR constitutes progressively more as adenylate
charge is decreased below about 30kJ mol~!. Because NDH-CEF in-
volves the highly efficient proton pumping NDH complex, it should
translocate 8H " /2e ~, whereas FQR is (presumably) not a proton pump
and thus relies solely on the Q-cycle for proton pumping, resulting in
H*/2e” of 4 [10,11]. Using these values, the model predicts that, while
the rate of CEF will increase with decreasing AGp, the efficiency of
proton translocation by CEF will decrease. Under moderate ATP defi-
cits, the more efficient NDH pathway is preferred, but under severe
deficits, the less thermodynamically constrained FQR pathway is acti-
vated. It may be that the more efficient NDH becomes thermo-
dynamically limited at higher pmf, so that the build-up of larger extents
of ApH needed to fully downregulate photosynthesis can only be pro-
duced using FQR.

The “ATP feedback mechanism” hypothesis that we propose here
can, in a straightforward way, account for much of the known phe-
nomenology of CEF and the regulation of the photosynthetic energy
budget by activating the PQ reductases under ATP deficit, and is
compatible with earlier proposals of regulation of CEF by ATP [12]. It
should be noted that the current study does not answer whether any
CEF occurs through the proposed cytochrome bgf-PSI supercomplexes
(although it is not incompatible with this suggestion), and does not
exclude other proposed regulatory mechanisms for CEF
[14,16,18,19,21]. Furthermore, additional studies are required to de-
fine the structural basis of the “ATP feedback mechanism” that we
propose here. Nevertheless, the model can explain how a number of
mutants that affect diverse metabolic processes, all produce a high CEF
(hcef) phenotype. The majority of hcef mutants isolated in our past work
showed defects in assimilatory, photorespiratory or related processes
that likely induce futile cycling or require metabolic bypass pathways,
both of which consume more ATP than the wild type metabolic path-
ways [13]. The resulting ATP deficit should activate NDH and/or FQR,
tending to restore ATP/NADPH balance. We proposed in our earlier
work that (tobacco) mutants with diminished glyceraldehyde-3-P-de-
hydrogenase = (GAPDH) activity should accumulate bispho-
sphoglycerate, which is unstable and decays rapidly to phosphoglyce-
rate, setting up a futile cycle that consumes ATP through the activity of
phosphoglycerate kinase [51]. More recently, it has been suggested that
hcefl, which is defective in chloroplast fructose-1,6-bisphosphotase
(FBPase), bypasses the hcef1 lesion through an alternative assimilatory
“shunt” that uses the cytosolic FBPase [52]. The new pathway is me-
tabolically balanced for NADPH but uses three extra ATPs (one at
phosphoribulokinase and two at PGA kinase), potentially inducing a
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strong ATP deficit that could lead to activation of NDH-CEF by releasing
inhibition of NDH.

Another common phenotype of hcef mutants is increased production
of H,0,, and we have demonstrated that induction of H,O, by itself can
induce high rates of CEF [53]. We hypothesized that high levels of H,O5
could either active CEF directly (by increasing NDH expression and
enzyme activity, or indirectly, inducing ATP deficits. The data pre-
sented here suggest that the latter model is the most parsimonious,
because any imbalance in ATP consumption would results in elevated
CEF, and there are several plausible mechanisms by which H,0, could
elevate ATP demand, e.g. altering the thiol redox regulation (governed
by the ferredoxin/thioredoxin (Fd/TRX) system) that normally acts to
prevent futile cycling between the light and dark adapted states of CBB
cycle- or oxidative pentose phosphate pathway enzymes. Excess H;0,
can effectively oxidize free thiol groups, either directly or possibly
through the peroxiredoxin system, or induce post-translational mod-
ifications such protein nitrosylation or glutathionylation, potentially
resulting in regulatory states where both anabolic and catabolic en-
zymes are simultaneously active, inducing futile cycling that would
deplete ATP and thus activate CEF [54].

It is important to note, that there is independent evidence for ad-
ditional regulation of CEF in plant chloroplasts, that can provide further
tuning mechanisms for both pathways, such as, TROL activity, thiol
status, phosphorylation, redox poise and membrane heterogeneity
[10,14,24,27,54,55]. However, our results suggest that the proposed
ATP feedback mechanism may well be the most rapidly responding. The
effects of ATP addition were rapidly induced, as is seen in e.g Fig. 2A
and B where the PIFR measured a few seconds after ATP addition was
strongly inhibited, implying that the on rate for inhibition is very rapid.
Because the inhibition is reversible (e.g. addition of Fd decreased in-
hibition) and has a relatively high K;, we conclude that the off rate for
ATP under physiological conditions is similarly fast. Thus, ATP feed-
back may account for critical energy balancing under fluctuating en-
vironmental conditions, especially light intensities, which are known to
strongly impact mutants defective in CEF or the buildup of ApH [5,56].

In conclusion, the data presented here lead to a straightforward
mechanism for the management of the plastid energy budget in vas-
cular plants via adenylate regulation of CEF activity, that may be par-
ticularly important under rapid fluctuations in the ATP/NADPH energy
budget.
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