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ACHT4-driven oxidation of APS1 attenuates starch
synthesis under low light intensity in
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The regulatory mechanisms that use signals of low levels of
reactive oxygen species (ROS) could be obscured by ROS produced
under stress and thus are better investigated under homeostatic
conditions. Previous studies showed that the chloroplastic atypical
thioredoxin ACHT1 is oxidized by 2-Cys peroxiredoxin (2-Cys Prx)
in Arabidopsis plants illuminated with growth light and in turn
transmits a disulfide-based signal via yet unknown target proteins
in a feedback regulation of photosynthesis. Here, we studied the
role of a second chloroplastic paralog, ACHT4, in plants subjected
to low light conditions. Likewise, ACHT4 reacted in planta with
2-Cys Prx, indicating that it is oxidized by a similar disulfide ex-
change reaction. ACHT4 further reacted uniquely with the small
subunit (APS1) of ADP-glucose pyrophosphorylase (AGPase), the
first committed enzyme of the starch synthesis pathway, suggest-
ing that it transfers the disulfides it receives from 2-Cys Prx to
APS1 and turns off AGPase. In accordance, ACHT4 participated in
an oxidative signal that quenched AGPase activity during the di-
urnal transition from day to night, and also in an attenuating
oxidative signal of AGPase in a dynamic response to small fluctu-
ations in light intensity during the day. Increasing the level of
expressed ACHT4 or of ACHT4,c, a C terminus-deleted form that
does not react with APS1, correspondingly decreased or increased
the level of reduced APS1 and decreased or increased transitory
starch content. These findings imply that oxidative control mech-
anisms act in concert with reductive signals to fine tune starch
synthesis during daily homeostatic conditions.

oxidative signal | homeostasis | light intensity regulation | starch
synthesis | chloroplast

he ever-fluctuating environment in nature has driven the

nonmotile plants to evolve homeostasis control mechanisms
for optimal growth. Homeostasis regulation is important during
the diurnal transitions from night to day and day to night, when
photosynthesis commences or diminishes, correspondingly, and
concomitantly chloroplast metabolism is drastically reconfigured.
Similarly, rapid changes in light intensity throughout the day
serve as environmental cues fine tuning such processes. Perhaps
because of the short response time required to keep photosyn-
thesis-derived reactive oxygen species (ROS) from becoming
harmful, plants use redox signals as a direct and dynamic means
of regulating multiple posttranscriptional events and alleviating
damage (1-7).

For a redox change of a protein to function as a regulatory
signal, it must meet certain criteria: The half-life of the signal
should be long enough to elicit a response, and, for reversible
regulation, the signal has to be quenched by a counteracting
activity (8). Although the activating reductive pathway of the
chloroplast has been extensively investigated, very little is known
of the oxidative pathway. In the reductive regulatory pathway, a
small fraction of photosynthetic reducing equivalents are chan-
neled for regulatory purposes from photosystem I to several
chloroplast thioredoxins (Trxs). The Trxs subsequently reduce
disulfide bonds in regulatory allosteric sites of target chloroplast
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proteins, thereby modulating their activity (5). It is important to
note that, to perceive the Trx reductive signal, the allosteric
disulfide site of its target protein must be in an oxidized form (8),
which is also the form required to turn off the protein activity at
the end of day.

During the day, a portion of plant photosynthates accumulate
in the chloroplasts as transitory starch, which is used at night for
respiration and export of reduced carbon to sink organs (9, 10).
Starch turnover is regulated such that it is almost consumed by
dawn, thereby maximizing investment in growth, while avoiding
reduced carbon starvation. Starch synthesis inhibition at night is
required to avoid a futile cycle of degradation and resynthesis (9,
10). AGPase, which catalyzes the first committed step in the starch
synthesis pathway, is allosterically regulated by its substrate,
3-phosphoglycerate, and inhibited by its product, orthophosphate
(11). The small subunit of Arabidopsis AGPase (APS1) is redox-
activated both in the light and in response to sucrose accumu-
lation, via reversible reduction of an intermolecular disulfide
between two small subunits (12-15). Light-dependent activation of
APS1 presumably depends on ferredoxin-dependent reduction of
Trx-f1 (16). The NADPH-dependent Trx reductase C (NTRC)
has been implicated in the sugar-induced redox activation of
AGPase (17). In leaves, these mechanisms and additional mech-
anisms integrate and coordinate end-product synthesis with the
rate of CO, assimilation and control the partitioning of photo-
assimilates between sucrose and starch. The combined regulation
results in a homeostatic mechanism that balances immediate ex-
port for growth of sink organs with the need to retain adequate
reserves in the leaf to last through the night (9, 18).

The Arabidopsis thaliana atypical cysteine histidine-rich Trxs
(ACHTSs) constitute a small family of plant-specific and
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chloroplast-localized Trxs that have an atypical redox-active site,
and a less reducing redox midpoint potential than that of ca-
nonical chloroplast Trxs, and that were shown to be good cata-
lysts of 2-Cys Prx reduction, but not of malate dehydrogenase,
in vitro (19). Study of the thylakoids-associated ACHT1 revealed
that it transmits a disulfide-based oxidative signal in feedback
regulation of photosynthesis under homeostasis growth condi-
tions (6). ACHT1 oxidation is driven by 2-Cys Prx, a peroxidase
with a low K, for hydrogen peroxide (20-22) that is conceivably
required for the low level of ROS that are typical in signaling
events. ACHT1 undergoes rapid redox state changes during the
transition of plants from dark to light and afterward, such that,
after a short period of net reduction, the ACHT1 pool is main-
tained in a partially oxidized state in the light. Thus, a mecha-
nism through which ACHT]1, together with 2-Cys Prx, transmits
an oxidative signal in response to illumination of plants with
normal light intensity was proposed (6).

Here, we studied the role of a second thylakoids-associated
member, ACHT4 (19), and found that it also reacted in plants
with 2-Cys Prx, suggesting that its oxidation in vivo is mediated
by a common disulfide exchange mechanism to that of ACHT1I.
In contrast to ACHT1, ACHT4 also reacted with an additional
major target protein that was identified as APS1, suggesting that
it transfers disulfides it receives from 2-Cys Prx to APSI to de-
activate AGPase. We found that a deletion of ACHT4 C terminus
(ACHT4,c) abolished its reaction with APS1 but not with 2-Cys
Prx. Analyses of the APS1 redox state and of the intermolecular
disulfide intermediates of the ACHT4 reaction with APS1 or with
2-Cys Prx in planta suggested that ACHT4 participated in the
oxidative signal that attenuates AGPase during the diurnal tran-
sition from night to day. The ACHT4 disulfide exchange reaction
with APS1 and APS1 redox state also changed concomitantly with
small fluctuations in light intensity during the day. Increasing the
level of expressed ACHT4 or of ACHT4,c, correspondingly, in-
creased or decreased the level of oxidized APS1 during the day
and decreased or increased transitory starch content at the end of
the day, further corroborating the oxidative role of ACHT4 in the
intricate regulation of starch synthesis in daytime.

Results

Reoxidation of ACHT4 by 2-Cys Prx Shortly After Illumination. To
examine whether other thylakoid-associated members of the
ACHT family have similar or unique roles to that of ACHT1, we
analyzed the redox state changes of the ACHT4 catalytic site
after the onset of growth light (80-100 pE-m~>-s™") after a typical
16-h night period in plants expressing ACHT4 (19). The catalytic
site of ACHT4 was found to be mostly disulfide-bonded at the
end of the night and to undergo rapid reduction within 1 min of
exposure to the light (Fig. 14). As reported for ACHT1, signif-
icant oxidation of the ACHT4 catalytic site was observed within
30 min of illumination and counteracted its reductive state.
Thereafter, the ACHT4 redox state seemed to be in a dynamic
quasi-oxidized state. A control experiment demonstrated that
the total amount of ACHT4 did not change significantly (Fig.
14, reduced) under the experimental conditions.

To investigate the identity of the proteins that ACHT4 ex-
changes disulfides with in planta, we captured, as in ref. 6, its
intermolecular disulfide reaction intermediates. Protein blot
analysis of denatured, but not reduced, plant extracts identified
three intermolecular disulfide-linked ACHT4-containing protein
complexes, verified by their susceptibility to chemical reduction
by DTT (Fig. 1B, ACHT4). A comparison with the ACHT1 in-
termolecular disulfide-linked protein complexes (Fig. 1B, ACHT1)
showed that two of the main ACHT4 complexes, with estimated
sizes of ~55 kDa and ~70 kDa, corresponded to the combined
molecular mass of the previously characterized heterodimeric and
the heterotrimeric ACHT1 and 2-Cys Prx complexes, respectively
(6). Interestingly, an additional third intermolecular disulfide
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Fig. 1. (A) Immunoblot assay showing the oxidized state of ACHT4 active-site

Cys residues captured in plants expressing ACHT4 fused with HA-tag (19) at the
end of the night (oxidized) and at 1 min (m), 5 min, 30 min, 1 h, and 2 h after
beginning of illumination. Analysis of the purified proteins under reducing
conditions (reduced) indicated that the changes in the oxidized level of ACHT4
were not the result of altered protein content. Equal loading was verified by
ribulose-1,5-bis-phosphate carboxylase/oxygenase (RBCL) levels. (B) Immuno-
blot assay showing the ACHT4 intermolecular disulfide complexes, 2-Cys Prx
heterotrimeric (Prx-t) and heterodimeric (Prx-d), and a unique additional
complex (marked with a star) extracted under nonreducing conditions (NR)
from plants expressing either ACHT4yr or ACHT 1\y1. The conversion of the
complexes to the monomer (mono) by chemical reduction (R) indicated the
disulfide nature of the complexes. Reciprocal immunoprecipitation identified
2-Cys Prx (C) and APS1 (D) as the intermolecular disulfide partners of ACHT4.
Immunoblot assay of proteins immunoprecipitated with anti-HA (ACHT4 IP),
anti-2-Cys Prx (Prx IP), and anti-APS1 (APS1 IP) affinity matrixes or with a
nonspecific matrix (Cont IP) from plants expressing ACHT4. Purified proteins
were run under reducing conditions and blotted with antibodies specific to the
HA-tagged ACHT4 (aHA), 2-Cys Prx (a2-Cys Prx), or APS1 (aAPS1).

ACHT4 complex (marked with a star in Fig. 1B), with a higher
molecular mass than that of the 2-Cys Prx-ACHT4 heterotrimer,
and which did not form in ACHT1 extracts, was identified as well.

To verify their authenticity, the 2-Cys Prx-ACHT4 intermolecular
disulfide complexes were pulled down in a reciprocal analysis
performed under nonreducing denaturing conditions, with either
anti-HA (for ACHT4) or anti-2-Cys Prx sera. Protein blot
analysis of denatured and reduced samples identified the 2-Cys
Prx in the anti-HA pulled down complexes and ACHT4 in the
anti-2-Cys Prx pulled down complexes (Fig. 1C). As expected,
mass spectrometry analysis identified both ACHT4 and 2-Cys
Prx in the gel slice containing the heterotrimer complex but not
in a corresponding gel slice containing extracts that were sepa-
rated under reducing conditions (Table S1). We concluded that
ACHT#4 exchanged disulfides with the 2-Cys Prx in plants, in a
similar manner as that reported for ACHT1.

APS1 Is a Unique Target of ACHT4. The comparison of the in-
termolecular disulfide complexes formed in planta by ACHT4
and ACHT1 uncovered a major disulfide linked complex unique
to ACHT4 (Fig. 1B). A mass spectrometry analysis identified
APS1 in the gel slice containing the unique complex of ACHT4
but not in a corresponding reduced gel slice (Table S1). To verify
these findings, the protein intermolecular disulfide complexes
were reciprocally pulled down under nonreducing denaturing
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conditions with either anti-HA, for ACHT4, or anti-APSI.
Protein blot analyses identified the APS1 in the anti-HA pulled-
down complexes and ACHT4 in the anti-APS1 pulled-down
complexes (Fig. 1D), suggesting that APS1 is a target protein of
ACHTH4. These findings also implied that, although ACHT1 and
ACHT4 share a similar mode of oxidation by 2-Cys Prx, they
differ in at least one major target, suggesting that they may serve
to regulate distinctive processes.

ACHT4 Participates in the Diurnal Redox Regulation of AGPase. The
trapping in vivo of APS1-ACHT4 and 2-Cys Prx-ACHT4 disulfide
exchange reaction intermediates (RIs) opened the possibility of
studying the environmental stimuli that influence ACHT4-driven
AGPase redox control. First, we analyzed the changes in the 2-Cys
Prx-ACHT4 and APS1-ACHT4 RIs and the corresponding
changes in the APS1 redox state upon light onset of plants grown
under an 8/16-h light/dark regime. Intriguingly, the low APSI-
ACHT4 Rl level and the high 2-Cys Prx-ACHT4 level in the dark
contrasted each other (Fig. 24). Because the 2-Cys Prx RIs were
high in the dark also with ACHT1 (6), it suggested that the
ACHT4 disulfide transfer reaction with APS1 differs from the
reducing reaction of either ACHT1 or ACHT4 with 2-Cys Prx (19).
Because the dark is a relatively stable condition (i.e., changes in the
redox state of reacting proteins are not expected), these findings
could conceivably reflect an opposite directionality of the disulfide
transfer reaction, ACHT4 to APS1 versus 2-Cys Prx to ACHT4,
which could possibly be derived from dissimilar redox midpoint
potentials of the proteins. Consequently, the contrasting levels of
ACHT4 RIs in the dark would be a result of the levels of its two
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Fig. 2. Immunoblot assay with HA Ab showing the ACHT4 intermolecular
disulfide complexes during the transition from night to day (A) and from day to
night (E). Immunoblot assay showing APS1 redox state during the transition from
night to day (B) and from day to night (F). The panels of APS1 dimer and the
monomer were taken from the same immunoblot exposure. (C). Immunoblot
assay with APS1 Ab of gel slice of 50-kDa monomer extracted from plants in the
dark (D) or in the light (L) before (-DTT) and after (+DTT) chemical reduction
with DTT. (D). Immunoblot assay with APS1 Ab showing the reduced 50-kDa
APS1 monomer (red). Equal loading was verified as in Fig. 1. The results shown
are representative of three independent experiments.
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substrates, a high level of oxidized 2-Cys Prx and low level of re-
duced APS1. Notably, the increase in the level of APS1-ACHT4
RIs upon illumination (Fig. 24) matched the increase in reduction
of APSI1 at this time period, further supporting this notion. The
APS1-ACHT4 RI level approached a steady-state level after a
30-min transition period in the light. The 2-Cys Prx-ACHT4 RI levels
(Fig. 24) showed a similar pattern to those of 2-Cys Prx-ACHT1
(6), also during illumination, a transient decrease, and then an
increased level, which reached a steady state after the 30-min
transition period in the light.

Similarly to previous findings (12-15), the analysis of the
concomitant changes in the redox state of APS1 showed that
APS1 was resting in the inactive intermolecular disulfide form in
the dark (Fig. 2B). In addition, in dark conditions, a monomeric
form of APS1, with slightly lower molecular weight (MW) that
was converted to the monomeric form with the expected MW
during the first 5 min of illumination, was observed. The con-
version of the faster migrating form to the slower form upon
illumination suggested that the lower MW monomer could be a
compacted APS1 form bearing an intramolecular disulfide, the
reduction of which creates a stretched molecule in the light; to
verify that, we compared the migration of the APS1 monomer,
purified from dark protein extracts and chemically reduced with
DTT in vitro, with the monomer purified from light extracts (Fig.
2C). The DTT-reduced monomer derived from dark extracts
migrated parallel to the monomer from light extracts whereas
the DTT-reduced monomer isolated from light extracts did not
alter its migration, indicating that an APS1 intramolecular
disulfide indeed participated in the redox control of APS1. Thus,
we analyzed the monomeric APS1 via a methodology that ex-
clusively measures the levels of reduced monomer. In this
method, the reduced cysteines are first blocked with N-ethyl
maleimide (NEM), and the disulfides are then chemically re-
duced and reacted with methoxypolyethylene glycol-maleimide
(mPEG). We found that the level of reduced monomer was
barely detectable in the dark, gradually increased during the
30-min transition period, and reached a steady-state level thereafter
(Fig. 2D). In parallel, 2-Cys Prx-ACHT4 RI levels, indicative of an
ACHT#4 oxidative signal, were low during the transition period
and also reached relatively stable values only thereafter (Fig. 24),
suggesting that the oxidative signal of ACHT4 dynamically coun-
teracted APSI1 reduction by Trx-fl and approached a dynamic
equilibrium after 30 min in the light.

Both 2-Cys Prx ACHT4 and APS1 RI levels and the APS1 redox
state after the light was switched off (i.e., the period in which ox-
idation is expected to turn off AGPase) were inverse to those ob-
served after the onset of light. The 2-Cys Prx-ACHT4 RI remained
stable during the first 5 min and then increased, suggesting in-
creased oxidation by 2-Cys Prx during that time period (Fig. 2F).
Levels of the reduced monomeric APS1 form gradually decreased
alongside a concomitant increase in the oxidized, intramolecular
disulfide-bearing monomer and intermolecular disulfide-linked di-
mer (Fig. 2F). At the same time, the level of the APS1 reaction
intermediate, which was high at the end of the day, gradually de-
creased and reached levels similar to those observed before the
beginning of the day (Fig. 2E). These results are consistent with an
increased oxidation rate of APS1 by ACHT4 during the transition
from day to night, resulting in diminishing APS1 activity.

ACHT4 Participates in the Regulation of APS1 During Fluctuations in
Light Intensity. We found that ACHT4 participated in the diurnal
regulation of APS1, which has been proposed to influence the
day and night cycles of starch synthesis and degradation (18).
The reactions of ACHT4 with APS1 and 2-Cys Prx, as judged by
the levels of their disulfide exchange reaction intermediates,
seemed to reach balanced levels after a transition period in the
light (Fig. 24), as manifested by APS1 activation levels (Fig. 2B),
suggesting that ACHT4 oxidation of APS1 is active and dynamically
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counteracting its reduction by Trx-fl during the day. Such ac-
tivity might be important for the rationing of photosynthates to
starch and sugars exported from the chloroplast during the day.
Alternatively, as shown in the unicellular green alga Chlamy-
domonas reinhardtii, such activity may regulate the levels of
starch to be used as a transient pool for reduced carbon in a
fluctuating light environment (23). We tested this hypothesis
by subjecting the plants to small fluctuations of light intensity
during the day. Interestingly, when light intensity was reduced to
10 pEm™=s~" after a 2-h 50-pE-m~%s~! light period, APSI-
ACHT#4 RI levels declined within 5 min and rose again when
the light intensity was switched back to 50 pE-m~2.s~" (Fig. 34).
Although 2-Cys Prx-ACHT4 RI levels remained steady upon
decreased light intensity, they rapidly declined after the transfer
back to the higher light intensity (Fig. 34). In parallel, a lower
ratio of reduced-to-oxidized APS1 was obtained after the
transfer to the lower light and a higher ratio was observed
upon increased light intensity (Fig. 3B). These results suggest
that, in addition to its diurnal role, ACHT4-driven oxidation
of APS1 may also participate in the dynamic regulation of
AGPase activity in response to natural fluctuations in light
intensity. Furthermore, the reduction of APS1 upon in-
creased light intensity occurred rapidly in comparison with
its oxidation upon decreased light intensity (Fig. 3B), suggesting
that AGPase redox regulation might also play a role in stimulat-
ing a transient burst of starch synthesis to accommodate an
abruptly increased light intensity, as suggested in ref. 23. The
concomitant gradual decrease of both APS1-ACHT4 RIs
levels and reduced APS1 upon lowering the light intensity
and the abrupt increase in both upon increased intensity
further supported the notion that ACHT4 reacted with the
reduced APSI1.

The C Terminus of ACHT4 Is Important for Its Reaction with APS1. We
then assessed whether the distinct 47-aa-long ACHT4 C terminus
(19) (Fig. 4A4) is responsible for its in planta differences from
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Fig. 3. Immunoblot assay showing the ACHT4 intermolecular disulfide
complexes (A) or APS1 redox state (B) in plants treated for 2 h with
50 pE-m~2:s7" light intensity (50 pE) and after abrupt decreased (10 pE)
followed by abrupt increased light intensity (50 pE). Equal protein
loading was verified as in Fig. 1. The results shown are representative of
three independent experiments.
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ACHT1, by analyzing the 2-Cys Prx and APS1 RIs in plants
expressing ACHT4 lacking the C terminus (ACHT44¢). Notably,
the ACHT4,c form reacted with 2-Cys Prx and formed the two
intermolecular disulfide-linked 2-Cys Prx ACHT4 RIs, but failed
altogether to interact with APS1 (Fig. 4B). The preferential re-
action of ACHT4,c with 2-Cys Prx and not with APS1 was
maintained throughout the transition from night to day (Fig. 4C).
Moreover, the profile of the reaction of ACHT4,¢ with 2-Cys Prx
during the first 2 h of illumination was similar to that of ACHT4,
indicating that the oxidation of ACHT4,c by 2-Cys Prx does not
involve the protein’s C terminus and that the C terminus deletion
affected only ACHT4-driven redox control of APSI.

Both ACHT4 and ACHT1 are thylakoid-associated proteins
(19). The distinct reaction of ACHT4, and not of ACHT1, with
APS1 prompted us to investigate whether the disparity might be
due to different thylakoid localization, either the grana, the grana
margins, or the stroma lamella. Protein blot analysis showed that
ACHT1 was primarily found in both the grana and the stroma
lamella domains whereas ACHT4 was mainly present in the
stroma lamella domain and was undetectable in the grana (Fig.
4D), further promoting distinct roles of ACHT4 and ACHT1. The
membrane association of ACHT4,c was then analyzed to de-
termine whether ACHT4 localization is influenced by its
unique C terminus. Only a small increase in the partitioning of
ACHT4,c to the grana margins was observed, suggesting that
the ACHT4 C terminus deletion effect on its disulfide exchange
reaction with APS1 was direct and not mediated via its thyla-
koid domain localization.

The finding that the deletion of the ACHT4 C terminus di-
minished its disulfide exchange reaction with APS1 (Fig. 4B)
facilitated studying the effect of ACHT4 on the APS1 redox state
and on transitory starch content. We first compared the APS1
redox state after 2 h in the light, representing steady-state con-
ditions in which transitory starch is synthesized, and when light
intensity was reduced, conditions in which APS1 is being oxi-
dized (Fig. 3). Consistently with the expected oxidative role of
ACHT4 and the dominant negative effect of the C terminus
deletion, plants expressing increased levels of ACHT4 exhibited
lower levels of reduced APS1 monomer, and plants expressing
ACHT4 ¢ contained higher levels of the reduced APS1 mono-
mer, than WT plants (Fig. 54). Next, to determine whether the
influence of ACHT4 on the redox state of APS1 impacts starch
accumulation, we assayed the starch content of WT ACHT4 and
ACHT4,c plants at the end of the day (Fig. 5B). In agreement
with the changes in the APSI redox state, plants expressing
ACHT4 showed reduced starch levels whereas plants expressing
ACHT4,c contained increased starch levels. These results cor-
roborate the notion that disulfides transferred by ACHT4 to
APSI1 are used in planta to fine-tune APSI activity by counter-
balancing the reduction of APS1 by the reductive type Trxs.

Discussion

Intrinsic redox changes stimulate allosteric control of the bi-
ological activity of redox-regulated proteins, such as AGPase.
The reversible breakage and formation of the internal regulatory
intermolecular disulfide of the APS1 subunit of AGPase are
used, correspondingly, to activate and inactivate AGPase and
subsequent starch synthesis (9-18). In vivo, the redox state of
APSI1 at any time point is the sum of each of the reductive sig-
nals, presumably driven by Trx-f1 (16) and NTRC (17), and the
oxidative signals it perceives. Because the timing and the extent
of the reductive APS1-activating signal are important for turning
on starch synthesis, the timing and the extent of the counter-
acting quenching oxidative signal might be conceivably as im-
portant toward turning off the signal and a dynamic fine-tuning
of starch synthesis. Our results indicate that ACHT4, together
with 2-Cys Prx, participates in both the transduction of an oxi-
dative signal during the diurnal inactivation of AGPase at the
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Fig. 4. (A) Schematic representation comparing ACHT1 and ACHT4 protein
sequences. Transit peptide (TP). (B) Immunoblot assay of intermolecular
disulfide complexes of ACHT4c as in Fig 1B. (C) Immunoblot assay with HA
Ab showing the ACHT4,c intermolecular disulfide complexes during the
transition from night to day. (D) Immunoblot assay of thylakoid membranes
(T), enriched grana (G), grana margin (GM), and stroma lamellae (SL) and
decorated with anti-HA Ab (ACHT1, ACHT4, ACHT4,(), or with Ab against
the PS Il protein PsbA (PsbA) or the PS | protein PsaD Ab (PsaD).

beginning of night (Fig. 2), and in a dynamic attenuation of
APS] activity in response to small fluctuations in light intensity
during the day (Fig. 3). These findings portray a homeostasis
control mechanism by which the APS1 redox state is dictated by
a dynamic counterbalance between the activating reductive sig-
nals, carried by either Trx-f1 or NTRC, and an attenuating oxi-
dative signal carried by ACHT4, which confers rapid alteration
of APS1 redox state (Fig. 3B) and consequently starch synthesis
in response to small and abrupt fluctuations in light intensity
during the day. In a recent study assessing photosynthesis, me-
tabolism, and growth responses to an increase in irradiance in
the unicellular green alga C. reinhardtii, a rapid increase in starch
levels was suggested to uncouple photosynthesis from growth in a
fluctuating light environment, by providing a transient buffer for
carbon until growth increased (23). The rapid response of the
APS1 redox state in Arabidopsis plants exposed to fluctuating
light intensity (Fig. 3B), is consistent with the hypothesis that
APSI1 redox regulation drives a transient change in starch con-
tent in response to abrupt changes in light intensity. The in-
triguingly intricate posttranscriptional regulation of AGPase,
allosteric by PPi and AGP, protein turnover and redox control
might be required for a precise control of starch synthesis, which
is used both for the accumulation of the daily ration by the end of
day (9) and for the transient accumulation of starch upon abrupt
increased light intensity.

Accumulating evidence has indicated that low levels of ROS
play a role in oxidative signaling in the chloroplast. We hy-
pothesized that, because physiological conditions are relatively
devoid of oxidative stress, they provide an ideal platform for
study of the homeostatic mechanisms of low levels of oxidative
signals. The rapid oxidation of APS1, driven by the 2-Cys Prx—
ACHTH4 interaction (Fig. 34), in response to a small decrease in

12880 | www.pnas.org/cgi/doi/10.1073/pnas.1515513112

light intensity (Fig. 3B) is consistent with this hypothesis. The
high catalytic efficiency of the 2-Cys Prxs with k.,/K,, values of
~10” M~'s™! and high affinity with K, values in the pM range
(20-22) presumably ensure rapid oxidation kinetics of their Trx
partner in response to small changes in low peroxide levels (24,
25). In turn, the identified preference of ACHT4 disulfide
transfer reaction toward APS1 (Fig. 2) will result in diminishing
APSI1 activity. According to this view, a series of disulfide ex-
change reactions, the 2-Cys Prx reaction with ACHT4 and that of
ACHT4 with APS1, are involved in mediating the oxidative
signal of APS1, which counterbalances the reductive signals of
Trx-f1 and NTRC. Our findings also indicate that, whereas
ACHT4 and ACHT1 are both oxidized by 2-Cys Prx, they differ
in at least one major target, APS1, suggesting that they may serve
to regulate distinct processes. It is possible that their unique roles
might be spatiotemporally governed by their protein sequences.
This assumption is supported by the different thylakoids locali-
zation of ACHT4 and ACHT1 (Fig. 4D) and by the impact of
deletion of the ACHT4 C terminus (Fig. 4). Although this spa-
tiotemporally dictated Trx-target interaction hypothesis is also
consistent with the multiplicity of the reductive and oxidative
type Trxs in the chloroplast, its validation still requires extensive
additional studies.

Materials and Methods

Plant Material and Growth Conditions. A. thaliana var Columbia was grown as
in ref. 19. Plants were grown under an 8/16-h light/dark cycle at 20 °C/18 °C,
respectively, at 80 to 100 pE-m~2s~" (unless otherwise stated) for 3-4 wk.
Thylakoid membranes were isolated as previously described (26).
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Fig. 5. (A) Immunoblot assay with APS1 Ab showing APS1 redox state in WT
plants (WT), plants expressing increased level of ACHT4,c (ACHT4,(), or
plants expressing increased level of ACHT4 (ACHT4). Equal protein loading
was verified as in Fig.1. (B) Leaf starch content of plants expressing increased
level of ACHT4,c, or plants expressing increased level of ACHT4 relative
to that of WT plants. The results shown are representative of three in-
dependent experiments.
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Generation of Transgenic Plants. ACHT4, ACHT4yr (in which the non-
nucleophilic cysteine of the active site was replaced with a serine),
ACHT4,c, and ACHT1 ORFs were ligated upstream and in frame of the HA3
affinity tag and under the control of the 35S promoter into pART7 vector
as in ref. 19.

Protein Redox Assays, Immunoblot, and Affinity Purification Analyses. The
disulfide state of plant-extracted proteins, the identification of intermolecular
disulfide complexes, and the isolation of the intermolecular disulfide complexes
by immunoprecipitation were assayed in planta as previously described (6). The
mass spectrometry (MS) analysis is detailed in Table S1. Trapped intermolecular
disulfide protein complexes were incubated overnight at 4 °C in RIPA buffer
(1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 10 mM Tris-HCl, pH 8,
and 140 mM Nacl) with either anti-HA (A2095; Sigma) resin or anti-2-Cys Prx—
or anti-APS1-coated protein G beads (Amersham). The proteins were eluted
with either reducing or nonreducing 2x sample buffer and separated on SDS/
PAGE gels for immunoblots or for MS analysis. Anti-APS1 polyclonal anti-
bodies were raised in rabbits at GenScript HK Ltd., using a purified peptide
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