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Current dogma holds that CO, fixation by photosynthesis requires
additional ATP production via cyclic electron transfer, mediated by two
distinct pathways involving the NADH dehydrogenase-like complex (NDH)

and proton gradient regulation 5 protein (PGRS5), to augment the ATP
relative to NADPH produced by linear electron transfer. Here we use the
MgATP* fluorescent biosensor ATeam1.03-nD/nA and find that, while proton
motive force in the Arabidopsis pgrSCAS and pgr5 ndho mutantsis only 50-
75% that of the wild type, chloroplast MgATP? levels are unchanged. These
data demonstrate that disequilibrium exists between the proton motive
forceand MgATP* concentration in vivo, indicating that cyclic electron
transfer is not required for ATP augmentation.

CO, fixation in plants via the Calvin-Benson-Bassham (CBB) cycle is
fuelled by conversion of light energy into chemical energy and reduc-
ing power in the form of ATP and NADPH. NADPH is formed via linear
electron transfer (LET) from water to NADP* and is coupled to move-
ment of 6H" across the thylakoid membrane via the water-splitting
reaction at photosystem Il (PSII) and Q-cycle at cytochrome b f (cyt
bf). The transmembrane proton motive force (pmf) is harnessed by
the chloroplast ATP synthase to generate ATP from ADP and phosphate
(Pi). As the ATP synthase possesses 14 proton-binding c-subunits, the
H*/ATP stoichiometry has been generally assumed tobe 4.7 (14 divided
by the 3 ATP molecules formed per 360° rotation of the enzyme)'.
Therefore, 1.28 ATPs (6/4.7) can be formed per 1 NADPH? However,
the CBB cycle requires 9 ATP and 6 NADPH for CO, fixation—a ratio
of 1.5 (ref. 3). This is the central bioenergetic dogma underpinning
oxygenic photosynthesis.

Any shortfall in ATP synthesis relative to NADPH production
requires either the generation of additional pmf or the export of
reductant from the chloroplast. In C3 angiosperms additional pmf
can be generated via cyclic electron transfer (CET)*. CET involves the
movement of electrons from the photosystem I (PSI) electron acceptor
ferredoxin, which normally reduces NADP*, instead to the cyt b felec-
tron donor plastoquinone. This ensures that electrons pass through
the Q-cycleasecondtime, thus increasing the H*/e” stoichiometry. In
C3angiosperms, CET is mediated mainly by proton gradient regulation
5 (PGR5) and to a lesser extent by NADH dehydrogenase-like com-
plex (NDH)°. Arabidopsis thaliana mutants lacking the NDH complex
(ndho, crr) show only subtle phenotypes in, for example, low light,

suggesting NDH’s role in pmfproduction canbe largely compensated
by increased PGR5-CET"®, Mutants lacking PGR5 have been generated
by ethyl methane sulfonate (pgr5) and CRISPR/CAS9-engineering
(pgrSCAS), and these plants show substantially lower pmf>'°, Lower
LET, decreased CO,-fixation rates and over-reduction of PSl electron
acceptorsareall consistent with ashortfallin ATP augmentation due to
loss of pmfprovided by CET"'%. Indeed, we previously interpreted the
photosynthetic oscillations observed in pgr5 during light transitions
as evidence for a transient ATP shortfall arising from impaired CET".
However, whilst the aforementioned phenotypes have been measured
using well-established gas-exchange and fluorescence techniques,
direct evidence of a shortfall in ATP production in pgr5 and pgr5CAS
plants has never been provided in vivo.

Aninteresting and consistently observed feature of pgr5and pgr-
SCAS plants s their much higher proton conductivity (gH*) compared
with the wild type (WT) at moderate-to-high lightintensities’. High gH*
couldindicate alower phosphorylation potential in pgr5 chloroplasts
(less displacement of the ATP = ADP + Pi reaction from equilibrium)
due to lower ATP concentrations’. Indeed, it has been suggested that
ATPsynthaseinpgrSis ‘leaky’ (thatis, it exhibits anon-productive pro-
ton leak), but this hypothesis was later ruled out through analysis of
double mutants™. Alternatively, it was suggested that PGR5 might nega-
tively regulate ATP synthase, restricting gH" to enable pmf build-up,
whichwouldimply higher ATP levels in the pgr§ mutant (a productive
proton ‘leak’)”.

As CET generates additional pmf, of which the major componentis
the proton concentrationgradient (ApH) in chloroplasts®, it also plays
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akeyroleintriggering ApH-dependent photoprotective mechanisms.
Theseinclude photosynthetic control (PCON), which controls the rate
of electrontransferinthe cyt bf complex, preventing over-reduction
and damage to PSI1”, and non-photochemical quenching (NPQ), which
protects PSII by dissipating excess excitation energy with its light
harvesting antenna system'®, Consistent with this concept, pgrS and
pgr5CAS plants suffer from photoinhibition of PSland astrong decrease
inthelevel of NPQ*". Therefore, the loss of the additional pmfrequired
for triggering photoprotective mechanisms on its own might explain
thelow LET and CO, fixation phenotype in both pgrS mutants® 2,

Clearly, new approaches are required to distinguish between
whether CET plays akey role in ATP augmentation, in photoprotection
or both. Recently, a MgATP? fluorescent biosensor (ATeam1.03-nD/
nA) was successfully expressed in Arabidopsis chloroplasts via the
transketolase chloroplast transit peptide (TKTP) demonstrating how
MgATP?* levels change upon illumination due to LET activity***. The
MgATP? biosensor relies on Forster resonance energy transfer (FRET)
transfer betweena monomeric super-enhanced cyan fluorescent pro-
tein (CFP) and circularly permuted monomeric Venus (ayellow fluores-
cent protein variant, YFP), which are both fused to an MgATP* -sensing
epsilon subunit of a bacterial ATP synthase*. The binding of ATP will
bring both fluorophores into closer proximity increasing FRET effi-
ciency, thatis, upon excitation of CFP at 458 nm, energy will be trans-
ferred from CFP to YFP, resulting in an increased YFP:CFP emission
ratio with increasing MgATP? concentration. Here, we establish the
ATeam1.03-nD/nA fluorescent biosensor as anewtoolin photosynthe-
sisresearch tounderstand how MgATP* levels are correlated with pmf
across the thylakoid membrane in WT and pgr5CAS plants.

InFig.1a, we show confocal fluorescence microscopy images of the
TKTP-ATeam1.03-nD/nA biosensor in the WT background (hereafter
WT-TA); as previously reported, the CFP and YFP fluorescence signals
are co-located with the chlorophyll fluorescence, confirming their
localizationin the chloroplast®. We transformed the pgrSCAS mutant
with the same construct to obtain two independent lines, pgr5CAS
TKTP-ATeam 25 and 1513 (hereafter pgrSCAS-TA1 and pgr5CAS-TA2,
respectively) (Fig. 1a and Extended Data Fig. 1). As with the WT, the
YFP and CFP fluorescence signals co-locate with the chlorophyll auto-
fluorescence of the chloroplast. We next performed growth assays to
confirm that the transformed WT-TA, pgrSCAS-TA1 and pgr5CAS-TA2
plants did not show perturbed growth compared with the parent back-
ground strains (Fig. 1b and Extended Data Fig. 1). We used WT-TA and
pgr5CAS-TA1for all further experiments and confirmed that photosyn-
thetic parameters were not significantly different compared with the
respective background strains (Extended Data Fig. 4).

As confocal fluorescence microscopy measurements required
detached leaves sandwiched between glass coverslips (limiting air
contact) (Extended Data Fig. 3a), we sought to identify conditions
yielding results comparable to those from attached leaves. We found
thatincubatingleaves with 100 mM NaHCO; (asa CO, source) yielded
results similar to those from attached leaves (Extended Data Fig. 3b-d);
therefore, we used this concentration in all subsequent experiments.
Previous work showed that the TKTP-ATeam1.03-nD/nA biosensor
affinity (K,) for MgATP> decreases with increasing temperature; there-
fore, werigorously controlled temperature, ensuring it did not exceed

22.5°C even at the highest light intensity (Extended Data Fig. 3e). We
then validated that the ATeam biosensor had sufficient dynamic range
by infiltrating leaves with 0, 0.8, 1.6 and 3.2 mM equimolar ATP and
MgCl, in the presence of digitonin (Extended Data Fig. 3f), confirm-
ing that the sensor is well within the range of previously reported
stromal ATP concentrations in the range of 0.5-1.8 mM (refs. 23-26).
At this range of physiological ATP concentration, the ATeam1.03-nD/
nAbiosensor also displayed no pH sensitivity between pH 7.0 and 8.0
(refs. 23,27), which covers the previously measured stromal pH in
the dark of ~7.2 and in the light of ~7.8 (refs. 28-33). The YFP variant
(mVenus) used in the FRET sensor has a fluorescence pKa of ~6.0
(ref. 23), such that acid quenching of YFP emission only becomes sig-
nificant below pH 6, well outside the physiological stromal range. The
directionality of any residual pH sensitivity is nonetheless informa-
tive: the lower ApH characteristic of pgrSCAS would predict decreased
light-driven stromal alkalinization and therefore a more acidic stromal
pH than WT, which through acid quenching of mVenus would tend to
decrease the apparent YFP:CFP ratio and underestimate MgATP?". The
WT-level MgATP* we observe in pgrSCAS therefore represents a conserv-
ative measurement and cannotarise froma pH-related sensor artefact.

We next confirmed that the ATeam1.03-nD/nA biosensor
responded to light in the pgrSCAS-TA1 mutant (Fig. 1c). As expected,
the CFP fluorescence decreased and the YFP fluorescence increased
duringadark-to-light transition and thenreturned to close to the dark
baseline upon cessation of illumination (Fig. 1c). This change was sensi-
tive to 20 pM of the herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU)which poisons PSIland thusblocks LET (Fig. 1c). Theratio of the
YFP:CFP fluorescence, indicative of the MgATP? levelin the chloroplast,
thusincreasedinthelight and decreased again uponreturnto darkness
(Fig.1d), and this change was eliminated by DCMU. The MgATP* level
in the pgr5CAS-TA1 mutant also showed a response which scaled with
increasing light intensity, consistent with increased proton-coupled
photosynthetic electron transfer (Fig. 1e). MgATP? levels decline more
rapidly in the dark following higher intensity illumination, consistent
with enhanced CO, fixation rates resulting from increased CBB cycle
activation (Fig. 1f). The rate of this post-illumination MgATP* decline,
which reports CBB-driven ATP consumption once photophospho-
rylation ceases, was not significantly different between pgr5CAS-TA1
and WT-TA at matched light intensities in this saturating CO, regime
(100 mM NaHCO,) (Fig. 1e,f). This indicates that CBB-driven ATP
demandis notappreciably altered in pgr5CAS despite its substantially
lower pmf.

Subsequently, we confirmed the photosynthetic phenotype of
the pgrSCAS-TA1 plants was consistent with the previously reported
phenotype for the pgrSCAS mutant using chlorophyll fluorescence,
P700 and electrochromic shift (ECS) absorption measurements
at light intensities of 0, 54, 83, 178, 228 and 390 pumol photons per
m? per s. Compared with the WT-TA, the pgrSCAS-TA1 plants showed
decreased NPQ (Fig. 2a) and lower PSII quantum yield (Y(II))
(Extended Data Fig. 2a) with increasing light intensity. Similarly, pgr-
SCAS-TAlshowed faster P700 oxidation under far-red light, indicative
of lower CET (Extended Data Fig. 2b), and under red light showed a
lower PSIquantumyield (Extended DataFig. 2c), decreased PSIdonor
side limitation (Extended Data Fig. 2d) and increased PSlacceptor-side

Fig.1|Light-dependent MgATP> accumulationin pgr5CAS-TAl.

a, Representative confocal images of single plants of WT-TA and pgr5CAS-TA1
lines transformed with the chloroplast stroma-localized FRET MgATP* biosensor
ATeaml1.03-nD/nA.b, The rosette area of untransformed WT and pgr5CAS lines
and transformed lines shownina(n= 6,6, 6 and12). ¢, The intensities of the
single CFP and YFP channels during dark-light-dark transitions, normalized

to the last dark time-point (¢ = 0) of pgrSCAS-TAl of leaves infiltrated with mock
or20 pMDCMU (n =4).d, The MgATP> dynamics derived from normalized
log,o-transformed FRET ratios of mock and DCMU-treated pgrSCAS-TAl leaves
during dark-light-dark transitions (n = 4). e, MgATP? dynamics of pgrSCAS-TA1

and WT-TA leaves during 3 light intensities (n = 3).f, Acomparison of the linear
slope of the initial dark decay of MgATP?* level following illumination (n = 3). For
all panels, data points represent the mean of biological replicates (the nindicated
above) and shaded areas/error bars represent s.e.m. Asterisks indicate significant
differences between WT-untransformed and other genotypes in a, between mock
and DCMU ind and between the photon flux density (PFD) of 390 and 113/21ine.
Letters indicate differences between light intensities in f calculated from a one-
way anova followed by a Tukey HSD test; confidence level of 0.95. For cand d, the
red bar corresponds to 390 pmol photons per m? per s of red actinic light. For e,
the red bar indicates when the light was turned on.

Nature Plants


http://www.nature.com/natureplants

Brief Communication

https://doi.org/10.1038/s41477-026-02374-w

YFP
525-561 nm

Chlorophyll

autofluorescence
670-690 nm

Merged

a
CFP
465-500 nm
5
=
=
=
2
)
el
2
(o)
Q
C
115 4 Mock
---- DCMU
1.10
Q
(8]
c
Q
(8]
o
2
o
= 105 -
[
2
5
(0]
o
1.00
0.95
|
0
e

CFP

mVenus

| |
2.5

5.0

Time (min)

pgr5CAS-TA1

MgATP? (log,, relative (YFP/CFP))

PFD (umol photons per m? per s)

o 21

* 113 e 390
I I
4 6
Time (min)

|
8

—

| | | |
0 2 4 6

Time (min)

Rosette area (mm?)

MgATP?" (log,,, relative (YFP/CFP))

Genotype
® WT-untransformed
e WT-TA
600 1 @ pgr5CAS-untransformed
pgr5CAS-TA1
|
]
400 -
200 A
*
" |
%
pe
TS =
04
T T
2 4

Weeks after sowing

d o075 {

Infiltration
Mock
0.050 - e- DCMU
0.025 4
*
*
*ok Kk K ™
*
* *x* *
01 e
I I I I I
o 25 5.0 7.5 10.0
Time (min)
f
Genotype
o WT-TA a
pgr5CAS-TA1
[ ]
-0.15
>
©
[$]
(5}
o
=<
o -0.10 +
°
°
[}
&
@ b
-0.05 - °
b
®
T T T
| N S Q
10 v N P

PFD (umol photons per m? per s)

Nature Plants


http://www.nature.com/natureplants

Brief Communication

https://doi.org/10.1038/s41477-026-02374-w

|
Genotype
- WT-TA

|
2 -
pgr5CAS-TA1 /'/f\)’_’
o
o
=

I
0 5 10 15
Time (min)
C
& oos |l |
[8)
4
[a )
[T
Z 0.06 |
[
=
5
2 0.04
o
o)
o
& 002
[a
5 I
(o))
= o4 &
| | | |
0 5 10 15
Time (min)
© —
2.0 1 R e WT-TA -DCMU
. o WT-TA +DCMU
"5 15 | pgr5CAS-TA1 -DCMU

pmf (ECS, ECS
5
Il

0.5

O .
T T T T T T
o] 1 2 3 4 5
Time (min)
0.06 -
——
0.04 -

MgATP? (log,, relative (YFP/CFP))@

| | | | | |
0o 1 2 3 4 5

Time (min)

Fig.2|Photosynthetic parameters and MgATP* dynamics in WT-TA and
pgrSCAS-TAlplants. a, NPQ (n=4).b, The pmf calculated as ECS,ECSs; ! (n=4
and7).c, The MgATP?* dynamics derived from the chloroplast stroma-localized
FRET MgATP? biosensor ATeam1.03-nD/nA. Log,,-transformed FRET ratios
relative to the last dark time-point (¢ = 0) before onset of illumination are shown
(n=5and4).d, The ratio of pgrSCAS-TA1MgATP? and pmflevels relative to WT
TKTP-ATeam atincreasing light intensities derived fromb and c. e, The pmf
during dark-to-light transitions of WT TKTP-ATeam and pgr5CAS-TAlinfiltrated
without or with4 puM DCMU (n =3, 5and 3).f, The NPQ of the same plants and

treatments asine (n=3,4 and 3).g, The MgATP?> dynamics of the same plants and

treatmentsasine (n =11, 6 and 5). h, The proton conductance of the thylakoid
membrane of the same plants and treatments asin e (n=3,5and 3). For all panels,

| |
T”:B 1.0 - N.\N

1]

(@]

w
s
(@]

w
~ 05 - '

£

a M

0 -
I I I I
0 5 10 15
Time (min)
|

£ 15
=
= 4 § y N :
= < .:\",,- o008 %0 ® .';.. o 00080 o0y,

T ) | Y
n 1.0 o\‘
<
2 WW
['s]

0
>
qQ
%5 0.5 +
kel 2-
= * MgATP
& * pmf

o4 p
| | | |
0o 5 10 15
Time (min)

o
o
z

T T T T T T
[0] 1 2 3 4 5
Time (min)
h
40 -
30 -
N
L
T 20 -
=)
*
10 -
0 -
I I I I I I
(0] 1 2 3 4 5
Time (min)

data points represent the mean of biological replicates (the n values indicated
above, inthe order of each legend) and shaded areas represent s.e.m. Asterisks
indicate significant differences between WT-TA (-DCMU) and other genotypes
or treatments, calculated from a one-way ANOVA followed by a Tukey HSD test;
confidence level of 0.95. No statistics were performed for d. Coloured bars at
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peakA=622):0,50,77,152,287 and 378 pmol photons per m? per s. For ¢ (LED
ring combined with confocal microscope, peak 1= 644): 0, 54, 83,178,228 and
390 umol photons per m? per s. The light intensities during induction shown in
e-hwere 383,378,390 and 378 pmol photons per m? per s, respectively.
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limitation (Extended DataFig. 2e). Consistent with this phenotype, the
pgrSCAS-TA1 plants showed lower pmf with increasing light intensity
compared with WT-TA (Fig. 2b), mostly as a result of lower proton flux
(VH") consistent with aloss in CET (Extended Data Fig. 2f).

Despite these differences in key photosynthetic parameters and
pmf, we found the pgrSCAS-TAl plants showed very similar chloroplast
MgATP?* levels compared with the WT-TA (Fig. 2c). In both cases the
increasing light intensity led to an increase in MgATP?* levels with
saturation reached at 228 pmol photons per m? per s for both sets
of plants. The disparity between pmf and MgATP? levels is shown in
Fig.2d, where pgrSCAS-TA1 plants maintain ~-100% of the WT ATP level
with only ~70-75% of the pmf.

Our biosensor datareveal significant disequilibrium between thy-
lakoid pmfand chloroplast MgATP?* levelsin vivo. We tested this further
by infiltrating WT-TA leaves with subsaturating 4 pM DCMU. Partial
inhibition of photosynthetic electron transfer lowered pmfinthe WT
by ~50%, to a level consistent with that observed in pgr5CAS-TA1 after
5minillumination at 390 pmol photons per m? per s (Fig. 2e). The lower
pmfinthe4 pMDCMU-treated WT-TA leaves also lowered NPQtoalevel
commensurate with thatin pgrSCAS-TA1 (Fig. 2f). Nonetheless, despite
the 50% drop in pmf, ATP levelsin the 4 uM DCMU-treated WT-TA leaves
were not significantly different from those in untreated WT-TA or
pgrSCAS-TA1(Fig. 2g). Interestingly, despite asignificantly higher gH*
in pgrSCAS-TA1 compared with the WT-TA, the MgATP? levels remain
similar (Fig. 2h). Inthe independent pgrSCAS-TA2 line, we also observed
asignificantly decreased pmfandincreased gH* but no differencesin
MgATP? levels compared with WT-TA (Extended Data Fig. 1c-e).

We considered the possibility that chloroplast MgATP? levels
in pgr5CAS-TA1 plants were augmented by increased mitochondrial
respiratory electron transfer and ATP import as observed in Chla-
mydomonas**. To test this further, we infiltrated plants with the
specific inhibitor of the mitochondrial ATP synthase, oligomycin
(Extended Data Fig. 5). Crucially, no differences were observed in
chloroplast MgATP? levels between WT-TA and pgrSCAS-TA1 plants
in the presence of oligomycin, showing that no augmentation of
chloroplast ATP levels by mitochondria occursin Arabidopsis.Indeed,
infiltration rather increased chloroplast MgATP* levelsinboth WT-TA
and pgr5CAS-TAl plants (Extended Data Fig. 5). This finding is consist-
ent with previous demonstrations that cytosolic ATP cannot readily
enter chloroplasts of photosynthetically active tissues*, and with
the observation that pgr5 mutants preferentially upregulate the
non-proton-pumping mitochondrial alternative oxidase (AOX) rather
than the proton-pumping complex Il pathway***¢, a metabolic shift
that disposes of chloroplast-derived reductant exported via the
malate valve without compensatory mitochondrial ATP production.

Previous work has shown that the growth phenotype of pgr5plants
was significantly worsened in a double mutant also lacking the NDH
pathway, which could indicate some redundancy between the two path-
ways in ATP augmentation®®. To test this idea further we transformed
the pgr5 ndho double mutant with the ATeam1.03-nD/nA biosensor,
obtaining two independent lines: pgr5 ndho-TAl and pgr5 ndho-TA2
(Fig.3a). The growth of these lines was similar to pgr5 ndho and signifi-
cantly slower than the WT (Fig. 3b), and photosynthetic parameters
were identical to the background strain (Extended Data Fig. 4). Con-
sistent with our DCMU titration above, although pmf was decreased
tojust50% of the WT levelin pgr5 ndho-TA1/2 (Fig.3c), the chloroplast
MgATP? levels were not significantly different to the WT-TA.

Overall, our results overturn two decades of dogmain photosyn-
thesis research that CET is necessary to augment chloroplast ATP levels
for maximal CO, fixation. Instead, they reveal disequilibrium between
thylakoid pmfand stromal MgATP? levelsin vivo, with just 50% of the
WT pmf sufficient to sustain ~-100% of the maximum MgATP?* level
observedinour experimental setup, consistent with pastin vitrowork
onintact chloroplasts®®. Animportant caveat is that the TKTP-ATeam
biosensor reports MgATP? rather than total adenylate charge, raising

the possibility that stromal adenylate kinase (AK) in pgr5CAS buffers
MgATP? via the reaction ADP + ADP = ATP + AMP*%, However, chlo-
roplast AK protein levels are unchanged in pgr5™, and significant AK
activity would tend to restrict gH" in pgrSCAS as ADP concentrations
decreased, the opposite of what we and others observe®. Our data
are therefore consistent with previous evidence that MgATP* and
adenylate charge in chloroplasts are closely correlated*®***,

How is the disequilibrium between thylakoid pmf and stromal
MgATP? maintained? Our biosensor data suggest that ATP synthase
activity is downregulated in the WT above a threshold MgATP? con-
centration, consistent with reports of so-called ‘metabolic control’
of gH"'*2 aregulatory mechanism that preserves ApH for PCON,
NPQand stromal alkalinization. The oligomycininfiltrations confirm
this regulation can be overridden (Extended Data Fig. 5): inhibition
of mitochondrial ATP synthase elevates cytosolic and hence chlo-
roplastic Pi*®, and our data are consistent with Pi itself acting as the
metabolic regulator of chloroplast ATP synthase activity”**. These
experiments also confirm that the MgATP? levels in non-infiltrated
leaves do not represent a ceiling in ATeam1.03-nD/nA biosensor sen-
sitivity, as substantial additional dynamic range is clearly available
(Extended Data Fig. 3f).

We next consider whether CBB cycle activity is itself attenuated
in pgr5/pgr5CAS, which would reduce ATP demand and potentially
mask a putative ATP production shortfall. We address this directly
using an in-system readout of ATP consumption: the rate of stromal
MgATP? decline inthe darkimmediately following illumination, which
reflects continued CBB-driven ATP turnover once photophospho-
rylation has ceased. This post-illumination decay was similarin WT-TA
and pgr5CAS-TAl at matched light intensities under our experimental
regime, which included 100 mM NaHCO,; (Fig. 1e,f), indicating that
CBB-driven ATP demand is not appreciably decreased in pgrSCAS. The
equivalent MgATP?* levels in pgrSCAS therefore cannot be attributed
to acompensatory fallin CBB ATP demand. This leaves open the basis
of the lower CO, fixation rate reported for pgr5/pgr5CAS under ambi-
ent CO, and higher or fluctuating light" . Redox activation of CBB
enzymes is WT-like in pgr5**, ruling out a thiol-mediated mechanism.
However, the lower ApH characteristic of pgr5/pgr5CAS would necessar-
ily attenuate the light-driven stromal alkalinization that brings stromal
pH from ~-7.2 in the dark to -7.8 in the light*"*, potentially displacing
stromal pH further from the alkaline optimum of rubisco and other
CBBenzymessuch asfructose-1,6-bisphosphatase and sedoheptulose
-1,7-bisphosphatase**°. We consider it likely that such ApH-dependent
attenuation contributes to the decreased CO, fixation observed under
these more limiting conditions. A direct prediction of thismodel is that
the post-illumination MgATP? decay should correspondingly slow in
pgr5CAS at ambient CO,, where stromal alkalinization is rate-limiting
for CBB flux, a prediction we identify for future testing. Either way,
itis clear from our data that CO, fixation in pgr5CAS is not limited by
ATP production.

Our findings reframe our understanding of the pgr5/pgr5SCAS and
pgrsndho phenotypes: the photosensitivity under fluctuating light,
the impairment to growth under low or ambient CO, conditions" and
the photosynthetic oscillations® derive not from an ATP shortfall but
fromtheloss of the additional ApH, whichis required both to activate
photoprotective processes (Extended Data Fig. 4) and to drive stro-
mal alkalinization towards the optimum for CBB cycle activity*>*°.
The latter mechanism also revises our earlier interpretation of the
pgrs oscillations™: rather than reflecting transient ATP shortfall, they
more plausibly arise from disrupted ApH-dependent regulation of
stromal pH, with the slow kinetics of stromal alkalinization during
light transitions transiently slowing the CBB cycle and providing the
feedback delay characteristic of oscillatory systems. Consistent with
aApH-centred model, the pgr5 phenotypeis ameliorated by processes
that boost ApH such as flavodiiron-protein dependent pseudocyclic
electron transfer®.
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Fig. 3| Light-dependent MgATP> accumulationin pgrsndho-TA.

a, Representative confocal images of single plants of pgrsndho-TAl and pgrSndho-
TA2lines transformed with the chloroplast stroma-localized FRET MgATP*
biosensor ATeam1.03-nD/nA. b, The rosette area of untransformed WT and
pgrSndho lines and transformed lines shownina (n = 4). c, The pmf calculated

as ECS, ECS; " during photosynthetic induction at 378 pmol photons per
m?pers(n=3,4and4).d, MgATP* dynamics during photosynthetic induction
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at 390 pmol photons per m? per s (n = 6,3 and 3). For all panels, data points
represent the mean of biological replicates (the n values indicated above, in

the order of the legend) and shaded areas/error bars represent s.e.m. Asterisks
indicate significant differences between WT-untransformed and other genotypes
ina, and between WT-TA and the two pgr5 ndholines in cand d, calculated froma
one-way ANOVA followed by a Tukey HSD test; confidence level of 0.95.

Our findings also bear on the broader question of how the chlo-
roplast balances the ATP/NADPH stoichiometric mismatch between
LET (1.28) and the CBB cycle (1.5). An established alternative to
CET-mediated ATP augmentation is the export of excess reducing
equivalents from the chloroplast via the malate valve*®*, The close cor-
respondence between Y(II) and net CO, assimilation observed across
many C3species®® has historically been takentoindicate that essentially
all LET-derived reductants are consumed by the CBB cycle. However,
recent biosensor measurements in Arabidopsis provide direct in vivo
evidence that thisreductantexport fromthe chloroplast operates rap-
idly and at quantitatively significant rates during photosynthesis: the
chloroplast-targeted TKTP-iNap NADPH biosensor reveals pronounced
light-induced reduction of the stromal NADPH pool, while acytosolic
NADH/NAD" biosensor shows a fast and pronounced reduction of
the cytosolic NAD* pool upon illumination, consistent with signifi-
cant malate valve activity®®. A stoichiometric shortfall of 0.22 ATP per
NADPH would mandate that approximately 15% of LET-derived NADPH
must be disposed of by export under purely carboxylating conditions
to balance the stromal adenylate and pyridine nucleotide pools, a
fraction well within the residual variance of the Y(II)-CO, assimilation
relationship in past measurements*’. Under photorespiratory condi-
tions, the chloroplast ATP/NADPH demand rises substantially above

1.5 (ref. 51), further increasing the fraction of stromal NADPH requiring
export. Together, these considerations support amodel in which the
LET-CBB ATP/NADPH imbalance, exacerbated by photorespiration, is
balanced primarily by exporting reducing equivalents via the malate
valve rather than by augmenting chloroplast ATP via CET. These ideas
now require further testing.

Our data do not resolve whether PGRS5 acts primarily in CET or in
direct regulation of ATP synthase activity, but they do constrain the
mechanism: elevated gH"in pgrSCAS-TAland pgrSCAS-TA2is notaccom-
panied by elevated MgATP* (Fig. 2h), excluding a productive proton
leak. The hope2 mutant, which also displays high gH*, compensates
by upregulating PGR5-dependent CET and thereby maintains WT-like
pmfand NPQ'>", arguing for arole of PGR5 in protoninflux rather than
ATP synthase regulation. The elevated gH" in pgr5 itself may instead
reflect altered ECS decay kinetics arising from Q-cycle mis-regulation
atcytochrome bfin the absence of PGR5"*,

In conclusion, we show that the primary role of CET is not in ATP
augmentation for CO, fixation. Rather, we propose that it provides
the additional ApH required both for activating ApH-dependent
photoprotective processes (PCON and NPQ) (summarized in
Extended Data Fig. 6) and for driving stromal alkalinization to sup-
port optimal CBB cycle activity.
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Methods

Generation of pgr5CAS and pgr5CAS ndho lines expressing
TKTP-ATeam and plant growth

Seeds lacking the PGRS5 protein®, (generated via CRISPR-Cas9 and
referred to as pgr5CAS) and the pgr5 ndho double mutant (lacking PGR5
and the NDH complex®) were sterilized in 70% (v/v) EtOHand 0.1% (v/v)
Triton-X100 and stratified at 4°C for 48 h. Seeds were sowed on Leving-
ton Advance Seed and Modular F2S Compost + Sand and placed under
long-day conditions (16 hlight/8 h dark, 23/18 °C) and grown until flower-
ing. For floral dip, Agrobacterium tumefaciens GV3101 cells were trans-
formed with pEarleyGatel00 containing the ATeam1.03-nD/nA sequence
fusedtotheleader sequence from Nicotiana tabacumtransketolase for
targetingthe plastid stromaunder the control of a35S promoter. T1seeds
were selected viaresistance to glufosinateammonium (120 mg 17, 0.05%
Silwet-77 (v/v)). Resistant plants with high TKTP-ATeam fluorescence
were selected and backgrounds from twoindependent transformation
events were taken to homozygosity and used for the analyses. The line
pgr5CAS-TA1 exhibited the strongest fluorescence and displayed a low
level of generational silencing. The second line pgrSCAS-TA2 was used for
additional validation experiments (Extended DataFig.1). For pgrSndho
twoindependentlines (pgr5Sndho-TAland pgr5ndho-TA2) were selected
for microscopy. For confocal imaging and photosynthetic measure-
ments, Arabidopsis thaliana WT, pgr5CAS and pgr5 ndho expressing
the TKTP-ATeambiosensor were grownin Levington Advance Seed and
Modular F2S Compost +Sand under short-day conditions (9 hlight/15 h
dark, 23 °C/15 °C) for 4-5 weeks. Detached leaves were placed between
two cover slipsinthe presence of 100 mM NaHCO,as a CO, source during
confocalimaging and photosynthesis measurements (validation shown
inSupplementary Fig. 3b-d).

Confocal imaging

All confocal imaging was performed with a Zeiss Airyscan LSM880
using ZEN 2.3 (blue edition) in combination with a custom-built LED
illumination chamber (Supplementary Fig. 3a). CFP was excited at
458 nmand emission was collected at 465-500 nm (CFP), 525-561 nm
(YFP) and 670-690 nm for chlorophyll fluorescence. The pinhole was
adjusted to 150 um, pixel time to 2.05 ps, time to scan a full frame to
1.5 s and the resolution of the images was 512 x 512 pixels. The main
beam splitter selected was the 458-Plate and adichroic beamsplitter 1
was the mirror. For FRET measurements, an EC Plan-Neofluar 10x/0.3
objective was used, and for localization of the TKTP-ATeam biosensor
to the chloroplast, a Plan-Apochromat 63x/1.4 Oil DIC M27 objective
was used.

For time-series experiments, the ‘time series and experiment
designer’ features were used, enabling the acquisition of images at
specific timeintervals. Turning the actinic light on/off during the time
series was controlled viathe software, whereas light intensity during a
light curve was controlled manually via the dimmer switch. The dim-
mer intensity was calibrated before measurements to light intensities
matching the WALZ DUAL PAM and DUAL KLAS machines.

Detached leaves were placed between two cover slipsin the pres-
ence of 100 mM NaHCO, to avoid CO, limitation. This was placed in a
custom-made LED illumination chamber, which was integrated with
the trigger interface of the Zeiss Zen software as described previ-
ously” (Supplementary Fig. 3a). Confocal images were processed with
aMATLAB-based redox ratio analysis software®. First, the background
signal was removed using theintegrated functionality of the redox ratio
analysis software. Then, for each biological replicate, 12 regions of inter-
est (corresponding to12individual chloroplasts) were selected and the
intensities of the single YFP and CFP channels were exported and used
for further analysis and plotting in RStudio. The YFP:CFP intensity
ratio was normalized to the value at time O, the last time-point in the
dark before onset of illumination and log,,-transformed to approach
the normal distribution. Spectra of the LEDs of the custom-built LED
rings and Walz machines (described below) were determined using a

LI-180 (LI-COR). Tomeasure theimpact of LED illumination on the tem-
perature of leaves mounted between two cover slips, athermocouple
was placed between the cover slips onto the leaves and temperatures
were measured at increasing light intensities after 3 min at each light
intensity (Supplementary Fig. 3e).

Photosynthesis measurements
The ECS at 515 nm was measured using a Dual-PAM analyser with a
P515/535 emitter/detector module (Heinz Walz GmbH)**, Plants were
dark adapted for at least 1 h before measurements, and leaves placed
between two cover slips, as described above. The pmfwas calculated
fromthe amplitude of asingle exponential decay fit to the first 500 ms
ofthe ECSdecayinthedark (ECS,), normalized to the height ofa50 ps
single turnover flash (ECS;) applied before the onset of actinic light.
Conductance of the thylakoid membrane to protons (gH") was calcu-
lated as the inverse of the time constant 7. of the single exponential
decay and proton flux was calculated as vH" = pmf x gH".
ADual-KLAS-NIR photosynthesis analyser (Heinz Walz GmbH) was
used for pulse-amplitude modulation chlorophyll fluorescence measure-
ments and P700 absorption spectroscopy in the near-infrared*. Meas-
urements were performed as described in ref. 12. In brief, after plants
haddarkadaptedforatleast1h, detachedleaves were placedin100 mM
NaHCO,; between two cover slips and four pairs of pulse-modulated
near-infrared measuring beams were zeroed and calibrated before
each measurement. For each genotype, one leaf was used to generate
differential model plots according to manufacturer’s protocol, which
were used for online deconvolution to determine redox changes of P700.
Before each measurement, maximum oxidation of P700 was determined
by using the preprogrammed NIRmax routine. DCMU treatments for
photosynthesis measurements were performed as described above.

Inhibitor treatments

For DCMU measurements, detached leaves were incubated in the dark
for 40 min in water containing 4 or 20 uM DCMU and 0.2% EtOH (v/v)
or 0.2 % EtOH (v/v) as amock control. For oligomycin treatments, leaf
infiltration buffer (20 mM HEPES pH 7.5, 150 mM sorbitol and 50 mM
NaCl) was supplemented with 15 uM oligomycin and injected into
leaves. Plants were then returned to the growth chamber for 3 h and
dark adapted for atleast1h.

Statistical analysis

Overall, 3-5biological replicates were used for all experiments. Statisti-
calanalysis was performed in RStudio 2025.09.1+401 (R version 4.5.1).
Theaov function was used to perform a one-way ANOVA in conjunction
with the Tukey HSD function to calculate the Tukey honest significant
differences (HSD) for performing multiple pairwise-comparisons
between the means of groups, with the confidence level set to 0.95.
Asterisks indicate significant differences between either treatments
or between WT-TA and other genotypes (indicated in the figure leg-
ends). Letters indicate significant differences between treatments
or genotypes where indicated. Statistics for all figures is provided in
Source Data Table1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets used to generate Figs. 1-3 are available in Source Data
Table 1. Additional data will be made available upon reasonable request.
Source data are provided with this paper.
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Extended Data Fig.1|Supplementary Fig. 1: Validation of asecond pgr5CAS-TA2.
a) Confocal microscopy of WT-TA and pgrSCAS-TA2 showing the stable expression
of the chloroplast stroma-localized FRET MgATP* biosensors ATeam1.03-nD/
nA.b) Rosette area between untransformed and transformed WT and pgr5CAS
lines, (n=6,6,6,12).c) pmfin WT-TAand pgrSCAS-TA2, (n=3,5).d) gH" in WT-TA

and pgrSCAS-TA2, (n=3,5).e) MgATP* levels in WT-TA and pgrSCAS-TA2, (n=4, 3).
For all panels, data points represent the mean of biological replicates (nindicated
above) and shaded areas/error bars represent SEM. Asterisks indicate significant
differences between WT-TA and pgr5CAS-TA2, calculated from a one-way anova
followed by a Tukey HSD test, confidence level = 0.95.
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Extended Data Fig. 2| Supplementary Fig. 2: Photosynthetic parameters of
WT TKTP-ATeam and pgr5CAS-TAlin response to increasing light intensities.
a) Yield of photosystem I1 (Y(II)), (n = 4). b) Oxidation of P700 under far red light
normalized to asaturating flashat10 s, (n = 4). ¢) Yield of photosystem 1 (Y (1)),
(n=4)d)Donor-side limitation of PSI, also referred to as P700 oxidation (Y(ND)),
(n=4)e)Acceptor-side limitation of PSI, also referred to as P700 reduction
(Y(NA)), (n =4).f) Proton flux through the thylakoid membrane, (n =4, 7). For
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all panels, data points represent the mean of biological replicates (nindicated
above) and shaded areas represent SEM. Asterisks indicate significant differences
between WT-TA and other genotypes, calculated from a one-way anova followed
by a Tukey HSD test, confidence level = 0.95. Coloured bars at the top of the panel
indicatered actinic lightintensities. The same light intensities as in Fig. 2a-d
were used.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Supplementary Fig. 3: Experimental setup of the
ATP biosensor. a) Top: Combination of the Zeiss Airyscan LSM880 with ared
dimmable LED ring. The 12 V LEDs integrate with the Zeiss ZenBlack software via

the Trigger.Out interface. This allows switching the LEDs on/off at desired times.

Light intensities can be manually controlled via the dimmer up to amaximum
light intensity of 390 umol photons ms™. Bottom: Emission spectrum of

the biosensor and LED ring and detection windows. b-d) Validation of the
experimental setup to include 100 mM NaHCO; to avoid CO,-limitation of the
leaf mounted between two cover slips. At 100 mM NaHCO;, similar (b) NPQ, (c)
Y(II) and (d) Y(NA) values of WT TKTP-ATeam to an attached leaf were achieved.

e) Temperature effect of the LED on the leaf mounted between two cover slips.
The temperature of the leaf was determined after 3 min at each light intensity,
corresponding to the setup used in Fig. 2. f) Response of the ATP biosensor in
WT-TA leaves infiltrated with equimolar concentrations of ATP and MgCl, in

the presence of 100 pM digitonin to partially permeabilise the cell membranes
and to test the responsiveness of the sensor to ATP increase. Asterisks indicate
significant differences between O mM and other ATP/MgClI, treatments
calculated from a one-way anova followed by a Tukey HSD test, confidence level =
0.95, (n=24,35,13,36).
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Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4 | Supplementary Fig. 4: Photosynthetic parameters of differences between WT-TA and other genotypes, calculated from a one-way
untransformed (Untr.) and transformed (TA) WT, pgr5CAS and pgr5 ndho anova followed by a Tukey HSD test, confidence level = 0.95. Coloured bar at the
lines. (a-b) Yield of photosystem I1 (Y(II)). (c-d) PSll acceptor-side limitation top of the panel indicates when red actinic light (401 pmol photons m?s™) was
(1-qL). (e-f) NPQ. For all panels, data points represent the mean of 3 biological turned on/off.

replicates and shaded areas represent SEM. Asterisks indicate significant
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Extended Data Fig. 5| Supplementary Fig. 5: MgATP> dynamicsin
oligomycin-treated leaves after 5 min of illumination. Leaf infiltration buffer
supplemented with or without 15 uM oligomycin was injected into leaves and
returned to the growth chamber for 3 h. Leaves were then dark adapted for1h
and measurements carried out as described previously. For all panels, data points
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Time (min)

represent the mean biological replicates (n =3, 3,4, 5) and shaded areas represent
SEM. Asterisks indicate significant differences between WT-TA -Oligomycin and
other genotypes, calculated from a one-way anova followed by a Tukey HSD test,
confidence level=0.95.
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Extended Data Fig. 6 | Supplementary Fig. 6: New role of PGR5-dependent CET. In the WT, LET and CET drive the build-up of sufficient pmf for synthesis of ATP and
induction of NPQ. In pgr5CAS, lack of CET results in alower pmf, sufficient for ATP synthesis but not induction of NPQ, resulting in photoinhibition.
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Sample size A sample size of >3 biological replicates were used, common in the field of plant biology to generate statistically significant results.
Data exclusions No data was excluded.

Replication Measurements with the ATeam biosensor were carried out for two indepdendently transformed pgr5CAS and two pgr5 ndho lines, yielding
similar results.

Randomization  The order of plants was randomised during data collection.
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Plants

Seed stocks

Novel plant genotypes

Authentication

pgr5CAS seeds (lacking the PGR5 protein) were obtained as a gift from Prof. Dario Leister and was described in Penzler et al. 2022.

Seeds for pgr5 ndho were a gift form Eva-Marie Aro and described in Degen et al. 2023

pgr5CAS and pgr5 ndho were transformed using the floral dip method using Agrobacterium containing the TKTP-ATeam plasmid.
Plants were selected using resistance to glufosinate ammonium and lines with high biosensors fluorescence were selected.

Growth assays comparing untransformed with transformed WT, pgr5CAS and pgr5 ndho plants were performed, showing no
detrimental effect on plant health.
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