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Summary

� The plant hormone abscisic acid (ABA) plays crucial roles in regulation of stress responses

and growth modulation. Heterotrimeric G-proteins are key mediators of ABA responses. Both

ABA and G-proteins have also been implicated in intracellular redox regulation; however, the

extent to which reversible protein oxidation manipulates ABA and/or G-protein signaling

remains uncharacterized.
� To probe the role of reversible protein oxidation in plant stress response and its dependence

on G-proteins, we determined the ABA-dependent reversible redoxome of wild-type and Gβ-
protein null mutant agb1 of Arabidopsis.
� We quantified 6891 uniquely oxidized cysteine-containing peptides, 923 of which show

significant changes in oxidation following ABA treatment. The majority of these changes

required the presence of G-proteins. Divergent pathways including primary metabolism, reac-

tive oxygen species response, translation and photosynthesis exhibited both ABA- and G-

protein-dependent redox changes, many of which occurred on proteins not previously linked

to them.
� We report the most comprehensive ABA-dependent plant redoxome and uncover a com-

plex network of reversible oxidations that allow ABA and G-proteins to rapidly adjust cellular

signaling to adapt to changing environments. Physiological validation of a subset of these

observations suggests that functional G-proteins are required to maintain intracellular redox

homeostasis and fully execute plant stress responses.

Introduction

Plants are sessile organisms with fascinating adaptive mechanisms
to optimize growth and development under unfavorable condi-
tions. Phytohormones such as abscisic acid (ABA), brassinos-
teroids, cytokinins and strigolactones act cooperatively to
modulate adaptive responses (Ha et al., 2014; Kuromori et al.,
2018). Abscisic acid not only serves as a signal for several abiotic
stresses, but also enables plants to balance their energy allocation
for growth and development with that needed to alleviate stress
by regulating photosynthesis under abiotic stress conditions
(Foyer, 2018). In aboveground parts, ABA acts primarily
through the stomatal aperture; plants promote stomatal closure
in response to both drought and ABA treatment to help retain
water. Smaller stomatal apertures result in decreased transpiration
as well as the inhibition of photosynthesis, thereby modulating
the established energy balance (Gururani et al., 2015; Albert et
al., 2017; Kuromori et al., 2018).

Decreased transpiration and photosynthesis result in the accu-
mulation of reactive oxygen/nitrogen species (ROS/RNS) fol-
lowed by an alteration of redox homeostasis (Zhou et al., 2013;
Song et al., 2014; Qi et al., 2018). Once hypothesized to be

markers of stress, ROS/RNS are now known to play an essential
role in modulating signaling and metabolic pathways in response
to stress (Apel & Hirt, 2004; Mittler, 2017; Fichman et al.,
2019; Huang et al., 2019). Precise spatial and temporal regula-
tion of ROS/RNS generation and dissipation is required for
maintaining normal plant physiology and function (Suzuki et al.,
2013; Postiglione & Muday, 2020). Protein cysteine thiols are
particularly susceptible to oxidation by ROS and RNS and are
capable of forming an array of physiologically significant post-
translational modifications, including disulfide bonds, sulfenyla-
tion, S-nitrosylation, S-glutathionylation and persulfidation,
among others (Ying et al., 2007; Fra et al., 2017). Further,
reversible oxidative signaling is propagated through redox
enzymes such as thioredoxin and glutaredoxin to regulate cellular
metabolic activities (López-Grueso et al., 2019).

Abscisic acid is a known modulator of redox changes in plants
and therefore must employ reversible oxidative signaling for rapid
proliferation of intracellular signals following environmental
stimuli (Hossain & Dietz, 2016; Noctor et al., 2018; Chapman
et al., 2019). Abscisic acid has a substantial effect on differential
expression of proteins related to photosynthesis (a key contribu-
tor to intracellular ROS accumulation), redox homeostasis and
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stress signaling (Alvarez et al., 2011, 2013). Additionally, ABA-
triggered persulfidation has been connected to regulation of
stomatal guard cell function and autophagy in Arabidopsis,
demonstrating cysteine thiols as an essential component of
ABA signaling pathways (Chen et al., 2020; Laureano-Marı́n et
al., 2020; Shen et al., 2020). However, there is only a nascent
understanding of proteins modulated in the redox state by ABA.

Heterotrimeric G-proteins are universal signaling proteins
in eukaryotes and are established mediators of ABA signaling
and redox regulation in plants (Pandey et al., 2009; Alvarez et
al., 2013; Torres et al., 2013; Xu et al., 2015). The G-protein
heterotrimer consists of one Gα protein subunit, one Gβ protein
subunit and one Gγ protein subunit, which alternate between
signal-dependent inactive, associated (GDP-Gαβγ) and active,
dissociated (GTP-Gα and Gβγ) forms (Pandey, 2019). In Ara-
bidopsis thaliana, the G-protein complex is represented by four
Gα (one canonical Gα, GPA1, and three extra-large Gα,
XLGα1–3), one Gβ (AGB1) and three Gγ (AGG1–3) proteins
(Pandey, 2019). Specific Gα and Gγ proteins interact with the
single Gβ protein to form distinctive heterotrimeric complexes.
This unique G-protein repertoire in Arabidopsis allows the
absence of the sole functional AGB1 (agb1 mutant) to effectively
represent the loss of all heterotrimeric G-protein function (Urano
et al., 2016; Roy Choudhury et al., 2020). AGB1 is critical for
multiple biological processes including growth, architecture,
immune response, stomatal development/movement, salinity and
drought stress response, supporting the central role of G-proteins
in regulating plant form and physiology (Nilson & Ass-
mann, 2010; Chakravorty et al., 2015; Yu & Assmann, 2015;
Urano et al., 2016; Liang et al., 2017; Roy Choudhury et al.,
2020). Surprisingly, only a few effectors of AGB1 are known.
Despite its functional and genetic link with the key ROS-
producing NADPH oxidases AtRbohD and AtRbohF in Ara-
bidopsis (Torres et al., 2013), the role of AGB1 in regulating
oxidative signaling has not been explored.

To determine the role of reversible protein oxidation in plant
stress response and its dependence on G-proteins, the agb1 null
mutant (representing the loss of G-protein function) was com-
pared with wild-type (WT) Col-0 plants in the presence or
absence of ABA (as a proxy for abiotic stresses). Comprehensive
global and redox proteomics combined with physiological mea-
surements demonstrate that ABA modifies global protein redox
status in a G protein-dependent manner, altering multiple signal-
ing and metabolic networks to regulate a multitude of biological
processes.

Materials and Methods

Plant growth, stress treatment and measurement of
physiological parameters

Arabidopsis thaliana WT (Col-0) and agb1-2 mutant plants
(Ullah et al., 2003) were grown side-by-side on media containing
½ Murashige & Skoog medium (½MS), 1% sucrose, 1% agar,
pH 5.7 in a growth chamber (16 h : 8 h, light : dark,
200 μmol s−1 m−2 light intensity, 22°C) for 14 d. Pooled

seedlings from 10 plates were treated with ABA (100 μM) or an
equal amount of EtOH (control) for 2 h and frozen in liquid N2.

For the quantification of physiological parameters, we obtained
an additional allele of agb1 (salk_204268C, stock no. N692967)
from the Arabidopsis Biological Resource Center (ABRC), con-
firmed it by genotyping and named it agb1-5. Two independent
alleles of the MAPK14 gene (Lv et al., 2021) were also obtained
from ABRC. agb1-2, agb1-5, mapk14-1 and mapk14-2 mutants
and WT plants were grown for 5 wk in growth chambers. Various
photosynthetic parameters, such as F 0

q=F
0
m, nonphotochemical

quenching (NPQ), electron transfer rate (ETR) and anthocyanin
index were quantified by the Phenovation CropReporter system at
0 and 4 h after dehydration treatment. For ROS and starch con-
tent measurement, plants were grown on MS media plates for 14
d and treated with 50 μM ABA for 2 h. Seedlings were stained
with nitroblue tetrazolium (NBT) to detect superoxide and with
3,30-diaminobenzidine (DAB) to detect hydrogen peroxide. For
quantification of ROS staining, the total number of pixels occu-
pied by the Arabidopsis rosette and the number of brown or blue
pixels (produced by NBT and DAB, respectively) within that
rosette was measured using the PYTHON libraries OpenCV and
NumPy (Gehan et al., 2017; Harris et al., 2020). The percentage
of colored pixels is used to represent the ROS content. Lugol’s
reagent was used to stain for starch and imaged as previously
described (Nguyen et al., 2017). WT, agb1 and mapk14 mutant
seeds from the same batch were used for the inhibition of germina-
tion assays. Seeds were sown on plates containing different
amounts of ABA and grown in growth chambers. Germination,
defined as breakage of the seed coat and emergence of the radicle,
was measured at 48 h poststratification.

Protein extraction

All groups had four biological replicates. Liquid N2 ground sam-
ples (c. 100 mg each) were mixed with 1 ml of cold 10%
trichloroacetic acid (TCA) in acetone, briefly vortexed and incu-
bated at −20°C for 30 min before centrifugation for 5 min at 20
000 g and 4°C. The supernatant was removed and the pellet was
washed with 1 ml cold acetone and resuspended in 0.5 ml lysis
buffer (50 mM Tris–HCl pH 8, 100 mM NaCl, 100 mM
diethylene triamine pentaacetic acid (DTPA), 0.5% SDS and
4 M urea) containing 100 mM iodoacetamide (IAM) to block
reduced thiols, and incubated in the dark for 2 h at room tem-
perature with shaking. Cellular debris was separated from soluble
proteins by centrifugation and the supernatant was added to 10
ml of cold acetone and incubated for 30 min at −20°C to precip-
itate proteins and remove excess IAM. Following centrifugation
for 5 min at 3220 g and 4°C, the pellet was resuspended in 0.5
ml lysis buffer. Protein concentration was estimated using the
CB-X Protein Assay (G-Biosciences, St Louis, MO, USA) and
adjusted to 1 mg ml−1 for normalization.

Enrichment of reversible cysteine oxidation

Protein-level enrichment of reversible cysteine oxidation was per-
formed as described previously (McConnell et al., 2018;
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Smythers et al., 2020). To show that alkylation of reduced cys-
teines was complete and to reduce false positive changes in
reversible oxidation, a negative enrichment control was generated
by pooling 15 μg from every sample (480 μg total) and then
mock-reduced with water. Samples (500 μg) were incubated with
10 mM dithiothreitol (DTT) for 1 h to reduce cysteine residues
with any reversible oxidation back to a free thiol. Excess reducing
agent was removed by adding samples to 10 ml of cold acetone
and incubating at −20°C for 1 h. Following centrifugation, the
protein pellet was dissolved in 500 μl resuspension buffer (50
mM Tris–HCl pH 8, 0.5% SDS and 4 M urea).

Thiopropyl Sepharose 6B resin (GE Healthcare, Boston, MA,
USA) was prepared in a single batch (50 mg per sample) and
rehydrated in water for 10 min. The resin was washed twice with
washing buffer (50 mM Tris–HCl pH 8) and resuspended to a
500 mg ml−1 slurry. Samples were added to 100 μl of resin
slurry held in a spin column (Thermo Fisher Scientific, Waltham,
MA, USA) and incubated for 2 h. The resin was washed with
500 μl of washing buffer containing 0.5% SDS and centrifuged,
followed by washing buffer with 2 M NaCl, 80% acetonitrile
(ACN) with 0.1% trifluoroacetic acid (TFA), and finally with
washing buffer alone. The resin was resuspended in 500 μl of
washing buffer, and 5 μg of Trypsin Gold (Promega, Madison,
WI, USA) was added for on-resin digestion of cysteine-bound
proteins. Samples were incubated for 16 h at room temperature,
centrifuged to remove unbound peptides and washed following
the previously outlined washing procedure. Bound cysteine-
containing peptides were eluted from the resin twice using 250 μl
of washing buffer with 50 mM DTT for 30 min and collected
after centrifugation.

Peptide eluate was acidified with 25 μl of 5% TFA and
desalted by solid-phase extraction (SPE) using 50 mg/1.0 ml
Sep-Pak C18 cartridges (Waters Corp., Milford, MA, USA).
Vacuum-dried peptides were dissolved in 50 μl of 0.1% TFA
before LC-MS/MS analysis.

Global proteomics

An aliquot of each protein extract (100 μg) was reduced using
10 mM DTT for 30 min, alkylated with 30 mM IAM for 30
min, and precipitated with 1 ml of cold acetone. Samples
were centrifuged and the protein pellet was resuspended in
100 μl of digestion buffer (50 mM Tris–HCl pH 8 and 2 M
urea). Proteins were digested with 5 μg of Trypsin Gold
(Promega) for 16 h at room temperature before quenching
with 25 μl of 5% TFA. After desalting by SPE and vacuum
centrifugation, samples were resuspended in 250 μl of 0.1%
TFA before analysis.

LC-MS/MS analysis

Samples were analyzed using a NanoAcquity UPLC system
(Waters) coupled to a TripleTOF 5600 mass spectrometer (AB
Sciex, Framingham, MA, USA). Mobile phase A consisted of
water with 0.1% formic acid and mobile phase B was ACN with
0.1% formic acid. Injections (5 μl) were made to a Symmetry

C18 trap column (100 Å, 5 μm, 180 μm × 20 mm; Waters)
with a flow rate of 5 μl min−1 for 3 min using 99.9% A and
0.1% B. Peptides were separated on an HSS T3 C18 column (100
Å, 1.8 μm, 75 μm × 250 mm; Waters) using a linear gradient
to 35% mobile phase B over 90 min at a flow rate of
300 nl min−1.

The mass spectrometer was operated in positive polarity and
high-sensitivity mode. MS survey scans were accumulated across
an m/z range of 350–1600 in 250 ms. For information-
dependent acquisition, the mass spectrometer was set to automat-
ically switch between MS and MS/MS experiments for the first
20 features above 150 counts having +2 to +5 charge state. Pre-
cursor ions were fragmented using rolling collision energy with
an accumulation time of 85 ms. Dynamic exclusion for precursor
m/z was set to an 8 s window. Automatic calibration was per-
formed every 8 h using a tryptic digest of BSA protein standard
to maintain high mass accuracy in both MS and MS/MS acquisi-
tion.

Database searching and label-free quantification

Acquired spectral files (*.wiff) were imported into PROGENESIS QI
for proteomics (v.2.0; Nonlinear Dynamics, Northumberland,
UK) according to settings described previously (McConnell et
al., 2018) and a combined peak list (*.mgf) was exported for
peptide sequence determination and protein inference by MAS-

COT (v.2.5.1; Matrix Science, Boston, MA, USA). Database
searching was performed against the UniProt reference proteome
(39 196 canonical entries) for A. thaliana. Sequences for common
laboratory contaminants (www.thegpm.org/cRAP; 116 entries)
were appended to the database. Searches of MS/MS data used a
trypsin protease specificity with the possibility of two missed cleav-
ages, peptide/fragment mass tolerances of 15 ppm/0.1 Da, and
variable modifications of acetylation at the protein N-terminus,
carbamidomethylation at cysteine, deamidation at asparagine or
glutamine and oxidation at methionine. For global proteomics,
carbamidomethylation at cysteine was included as a fixed modifica-
tion instead. Significant peptide identifications above the identity
or homology threshold were adjusted to < 1% peptide false dis-
covery rate (FDR) using the embedded PERCOLATOR algorithm
(Käll et al., 2007) and results (*.xml) were uploaded to Progenesis
for peak matching. Identifications with a score < 13 were removed
from consideration in Progenesis and, for global proteomics, rela-
tive quantification was performed using the Hi-N setting with up
to three peptides and protein grouping employed. Results were
then exported as ‘Peptide Measurements’ and ‘Protein Measure-
ments’ from the ‘Review Proteins’ stage.

Statistical analysis of proteomics data

Data were processed using custom scripts written in R (v.3.5.1)
as described previously (McConnell et al., 2018). For the
reversible oxidation analysis, the peptide measurements file was
filtered for only sequences containing an unmodified cysteine
residue (the absence of IAM modification on at least one cysteine
in the sequence). Individual peptides were mapped to the intact
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protein sequence to get the position(s) of unmodified cysteine
sites and then represented as identifiers by joining the protein
accession with the oxidized position(s). Matching identifiers
were then grouped together by summing the abundance of
contributing peptides. For global proteomics, the protein mea-
surements file was filtered for proteins with more than two
unique peptides. Because the oxidized-cysteine-containing pep-
tides (i.e. identifiers) are measured on the peptide level and
these peptides were not aggregated to form one protein mea-
surement, a single peptide was sufficient for redox proteomics
analysis.

Rows were removed if there was not at least one biological
condition with 3/4 nonzero values across the Progenesis-
normalized abundance columns. Values were log2-transformed
and we applied a conditional imputation strategy using the IMP4P
package (https://cran.r-project.org/web/packages/imp4p), where
conditions with at least one nonzero value had missing values
imputed using the impute.rand function with default parameters.
For cases where a condition had only missing values, the
impute.pa function was used to impute small numbers centered
on the lower 2.5% of values in the data.

Statistical significance was determined using a two-tailed,
equal variance t-test and P-values were adjusted for multiple com-
parisons with the method of Benjamini and Hochberg
(Hochberg, 1995). Fold changes were calculated by the differ-
ence of the mean abundance values between conditions being
compared. Only observations with FDR-adjusted P < 0.05 and
log2-transformed fold change ≥ 1 or ≤ −1 were considered sig-
nificantly different.

Results

Global and redox proteomics of WT and agb1 following
ABA treatment

To examine the role of reversible protein oxidative signaling in
ABA responses as well as its dependence on functional G-
proteins, both the global and redox proteomes of the WT plants
were compared with the agb1 mutants following 0 (control) and
2 h of ABA treatment (Fig. 1). Global proteomics quantified
9984 unique peptides corresponding to 1892 proteins (Support-
ing Information Table S1A). Of these, 261 exhibited significant
changes in abundance following ABA treatment in WT plants,
with 194 and 67 decreasing and increasing, respectively, mirror-
ing our previous study on Arabidopsis roots (Alvarez et al., 2011)
(Fig. 2; Table S1B). Surprisingly, the agb1 mutant showed a
markedly diminished proteomic response to ABA compared to
WT plants (Fig. 2b), with only 64 proteins showing significantly
changed in abundance following ABA (46 decreasing and 18
increasing). Of the 261 changed proteins in the WT, 242 (93%)
did not change in the agb1 mutant, suggesting that the proteomic
changes to ABA exposure are dependent on the presence of func-
tional G-proteins. Only three and 10 proteins that exhibited
increased and decreased abundance, respectively, in response to
ABA were common between WT and agb1 mutants. Further-
more, 45 (70%) proteins that were differentially abundant fol-
lowing ABA treatment in the agb1 mutant did not change in the
WT, indicating the existence of alternative ABA response mecha-
nisms in the absence of functional G-proteins.

(a)

(b)

Fig. 1 Schematics of the experimental design of proteomics and redox proteomics analysis. (a) Wild-type (WT) and agb1 null mutant seedlings of Ara-
bidopsis were ground under liquid nitrogen, extracted via the trichloroacetic acid (TCA)/acetone method, and reduced thiols were blocked with iodoac-
etamide (IAM). Global proteomics analysis included reduction, alkylation and digestion of the lysate before analysis via MS-based label free quantitative
(LFQ) proteomics. (b) For redox analysis, the lysate with blocked reduced cysteine thiols was reduced subsequently using dithiothreitol (DTT), therefore
reducing all thiols that were reversibly oxidized in vivo. The lysate was then enriched for these now free thiols using TPS6B resin where they were bound,
washed and digested on resin. The eluate was analyzed via LFQ proteomics.
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The proteome of agb1 was also inherently different from the
WT with 161 proteins showing differential abundance (WT-C vs
agb1-C). Surprisingly, these proteins showed substantial overlap
with the ABA-responsive proteome of the WT (WT-C vs WT-
ABA) plants (Fig. 2c,d; Table S1B), with 135 (84%) proteins
overlapping between the two datasets. Of these, 37 showed oppo-
site abundance changes; these proteins were more abundant in
the WT plants in response to ABA treatment, but were inherently
less abundant in the agb1 mutants compared to the WT plants.
This suggests that not only are the G-proteins required to fully
execute the ABA response, but their absence also results in molec-
ular phenotypes (i.e. proteomic changes) similar to those gener-
ated by ABA treatment (Fig. 2c,d). Thus, the lack of functional
G-protein results in similar proteomic changes as exogenous
stress treatment.

The PANTHER Overrepresentation Test (http://www.
pantherdb.org) was used to determine the pathways most affected

by ABA treatment with loss of G-proteins (Table S2). An analysis
of Gene Ontology (GO) biological processes indicated that sev-
eral categories related to primary metabolism, photosynthesis and
several biotic and abiotic stresses were overrepresented in the WT
plants in response to ABA but not in agb1. The mutant showed
enrichment of the proteins involved in response to fungal
pathogens, which was not observed in other comparisons (Table
S2). Many of the categories overrepresented in the WT ABA-
responsive proteome overlapped with the overrepresented cate-
gories caused by the loss of AGB1 (WT-C vs agb1-C, Table S2);
however, the loss of AGB1 also showed enrichment of GO cate-
gories related to water deprivation, toxin metabolic processes (c.
18-fold) and hexose catabolic processes (c. 78-fold), which were
not enriched in the ABA-responsive proteome. A comparison of
GO categories in cellular components showed a significant
enrichment of the proteasome pathway proteins and components
(> 45-fold) in the ABA-responsive proteome of agb1 mutants,

(a)

(b)

(d)

(c)

Fig. 2 Effects of abscisic acid (ABA) and the
loss of AGB1 on the global proteome of
Arabidopsis. (a) Number of proteins with
significantly changed protein abundance in
agb1 and WT plants. (b) Venn diagram
representing overlapping and unique
differentially abundant proteins when
comparing the ABA response in the WT and
agb1. (c) Venn diagram representing
overlapping and unique differentially
abundant proteins when comparing the
response of the WT to ABA and to the loss of
AGB1. (d) Heatmaps of all differentially
abundant proteins at the global proteome
level in different comparisons. Red and blue
indicate the log2 fold change value of
increased and decreased protein levels,
respectively.
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but not the WT plants (Table S2). Overall, these analyses suggest
distinct effects of ABA on WT and agb1 mutants, as well as an
inherent effect of the loss of AGB1 on the Arabidopsis proteome.

To determine the role of oxidative signaling in ABA response
networks and to assess the dependence of this response on AGB1,
oxidized resin-assisted capture (OxRAC) was used to delineate
the differential redox proteome following ABA treatment in WT
and agb1 (Fig. 1b). Across both genotypes, this method resulted
in identification of 6891 unique oxidized cysteine-containing
peptides, referred to as identifiers, derived from 3300 proteins
(Table S3A), constituting the largest redoxome identified in
plants to date (Ameztoy et al., 2019; Huang et al., 2019;
McConnell et al., 2019). Abscisic acid treatment in the WT
resulted in 923 redox identifiers significantly changed in abun-
dance, with 711 increasing and 212 decreasing (Fig. 3a; Table
S3B). This corroborates that ABA induces an oxidative burst
which probably acts as a signaling mechanism via modification of
cysteine thiols (Watkins et al., 2017; Ha et al., 2018). The num-
ber of proteins mapping to oxidized cysteine-containing peptides

(3300) is significantly higher than the total number of proteins
(1892), as identification of oxidized proteins requires an enrich-
ment step. This is also reflected in low overlap between these
datasets. For example, of the 1018 unique proteins with differen-
tially abundant oxidized cysteines, only 142 (c. 14%) are also dif-
ferentially abundant in the global proteome (Table S3C).

The ABA-dependent redoxome of the agb1 mutants was sub-
stantially different from the WT plants, with only 255 signifi-
cantly changed redox identifiers (Fig. 3a). Mirroring the global
proteomic analysis, 175 (69%) of the ABA-dependent differen-
tially oxidized identifiers in the agb1 mutants did not change in
the WT. Furthermore, of the 80 protein identifiers that over-
lapped between the WT and agb1 mutants in response to ABA
(Fig. 3b), only 26 showed similar redox changes (Fig. 3d). These
observations further establish that a functional G-protein com-
plex is required for proper execution of ABA-dependent redox
responses.

The substantially altered ABA-dependent redoxome of agb1
prompted us to evaluate whether there are inherent differences in

(a)

(b)

(d)

(c)

Fig. 3 Effects of abscisic acid (ABA) and the
loss of AGB1 on the redox proteome of
Arabidopsis. (a) Number of peptides with
significantly changed oxidation of cysteine
thiols in agb1 and WT plants. (b) Venn
diagram representing overlapping and
unique differentially oxidized proteins when
comparing the ABA response in the WT and
agb1. (c) Venn diagram representing
overlapping and unique differentially
oxidized proteins when comparing the
response of the WT to ABA and to the loss of
AGB1. (d) Heatmaps of all differentially
oxidized peptides at the redox proteome
level in different comparisons. Red and blue
indicate the log2 fold change value of
increased and decreased cysteine oxidation,
respectively.
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its redox status compared to the WT plants. Under control con-
ditions, agb1 revealed a significantly different oxidative state than
that of the WT, with 481 identifiers increased and 207 decreased
(Fig. 3a; Table S3A). These 688 differential identifiers were
derived from 564 unique proteins, many not known to be oxi-
dized. Similar to what was seen at the total proteome level, c.
75% of the identifiers exhibiting higher oxidation and 42% of
the identifiers exhibiting lower oxidation were common between
WT plants treated with ABA or the plants lacking a functional
AGB1 (Fig. 3c). Only two identifiers exhibited opposite trends
between these comparisons. A mitogen-activated protein kinase
14 (MAPK14) showed significant ABA-dependent higher oxida-
tion in WT plants, but lower oxidation due to the loss of AGB1.
Conversely, a small acidic protein, thionin 2, which is involved
in the defense response, showed c. 5-fold lower oxidation in WT
plants due to ABA treatment, but higher oxidation in agb1
mutants under control conditions. Oxidation changes specific to
agb1 mutants were also detected, with 118 protein identifiers
showing higher and 119 showing lower oxidation compared to
the WT plants. These data suggest that AGB1 plays a significant
role in maintaining the overall basal redox status in plants.

Functional categorization of ABA- and G protein-
dependent redoxome

The ABA- and G-protein-dependent redoxome revealed that the
differentially oxidized proteins span multiple cellular localizations
(Table S4). In each of the major cellular components, the redox
proteome of agb1 was substantially different from that of the WT
plants, as visualized via density plots (Fig. 4). The WT experi-
ences a higher density of increased oxidation than agb1, whereas
agb1 experiences a higher density in decreased oxidation regard-
less of localization.

An analysis by the PANTHER overrepresentation test corrobo-
rated these observations. Many enriched protein categories were

common to the ABA-responsive redox proteome of the WT
plants and the redox changes due to the loss of AGB1 (Fig. 3;
Table S4). Gene Ontology analysis of biological processes
revealed an overrepresentation of proteins related to multiple pri-
mary and secondary metabolic processes in the WT plants in
response to ABA that were not enriched in the agb1 mutant
plants following ABA treatment (Table S4A).

Gene Ontology analysis of molecular functions showed nearly
no overlap between ABA-responsive, differentially oxidized pro-
tein categories between the WT and agb1 mutants, although a
substantial overlap was seen between ABA-treated WT plants
(WT-C vs WT-ABA) and due to the loss of AGB1 (WT-C vs
agb1-C), representing proteins with transferase, dehydrogenase
and ligase activities among others (Table S4B). The agb1
mutants showed an enrichment of pentosyltransferase activity (c.
16-fold), which was not seen in other comparisons. A significant
enrichment in oxidoreductase activity was also seen in the ABA-
treated WT plants and due to the loss of AGB1, which is not sur-
prising due to the known reliance of oxidoreductases on cysteine
thiol oxidation (Couturier et al., 2013). Interestingly, the ABA-
treated WT plants showed an enrichment of oxidoreductases that
acted on CH-OH donors, whereas those due to AGB1 loss acted
on the sulfur group of donors (Table S4B).

Using a combination of KEGG analysis, GO enrichment and
Uniprot annotations, the significantly changed identifiers were
manually annotated into several broad categories, which show the
major effect of ABA and G-proteins on key metabolic and cellu-
lar energetics processes (Table S5). The differentially oxidized
proteins were also mapped using the PATHVIEW mapping tool of
KEGG.

Reversible oxidation across stress responsive proteins A total of
191 protein identifiers derived from 141 stress-responsive pro-
teins exhibited differential oxidation, with WT plants showing
differential oxidation across 90 proteins (120 identifiers). The

Fig. 4 Density plots depicting significant
oxidation changes in different cellular
compartments. Oxidation changes in the WT
and agb1 following abscisic acid (ABA)
treatment in the chloroplast, cytosol, plasma
membrane and mitochondria. The x-axis
indicates the magnitude of increase or
decrease in oxidation, expressed as log2 fold
change. The y-axis indicates the
accumulation of differentially oxidized
identifiers. The density plots indicate that the
WT has an increased accumulation of
cysteine oxidation throughout cellular
compartments.
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oxidation status of ABA-responsive proteins was significantly dif-
ferent in agb1, with only 48 protein identifiers exhibiting altered
oxidation (Table S5A). Moreover, as seen at the whole redoxome
level, many ABA-responsive proteins exhibiting altered oxidation
in the WT were inherently differentially oxidized in the agb1.
These included known markers of ABA signaling, dehydration
stress, osmotic stress and salt stress. Corroborating these observa-
tions, the agb1 mutants exhibited altered sensitivity to exogenous
ABA during seed germination. The agb1 mutant seeds showed
reduced germination in the presence of 0.1–2 μM exogenous
ABA, which was different from the WT seeds. In the presence of
1 μM exogenous ABA, c. 35% and 65% inhibition of seed ger-
mination was observed for WT and agb1 mutant seeds, respec-
tively, at 48 h postimbibition (Fig. 5a). The agb1 mutants also
showed a significantly higher anthocyanin index, another mea-
sure of stress response, both inherently and in response to dehy-
dration (Fig. 5b).

Defense response-related proteins also experienced major
changes in oxidation, constituting almost half of all proteins
identified in stress-responsive categories. These corroborate the
role of ABA and G-proteins during pathogenesis and the immune
response in plants (Ton et al., 2009; Nitta et al., 2015). The
defense-related redoxome of the WT was distinct from the agb1
mutants and several protein identifiers from agb1 mutants with-
out ABA treatment (WT-C vs agb1-C) showed similar oxidation
changes as the ABA-treated WT plants, as shown for a subset of
proteins that were mapped using the PATHVIEW mapping tool
(Fig. S1) (Luo et al., 2017).

A large number of proteins implicated in the oxidative stress
response were also identified. Unsurprisingly, these proteins were
represented by identifiers largely increasing in oxidation, with 30
identifiers denoting increased oxidation and six identifiers denot-
ing decreased oxidation. Of these, 16 identifiers were derived
from 12 proteins that are directly involved in ROS mitigation.
These include several peroxidases, which showed some of the
largest changes in oxidation. Importantly, all these peroxidases
exhibited altered oxidation levels between ABA-treated WT and
agb1 mutant plants (Fig. 5c). In addition to ROS quenchers,
enzymes that propagate oxidative signaling via the oxidation of
methionine and cysteine residues were also differentially oxidized
following ABA treatment in the WT. This is illustrated through
several family members of both methionine sulfoxide reductase
and thioredoxin (Fig. 5d). Proteins involved in glutathione
metabolism, peroxisome metabolism and fatty acid degradation
(Figs S2–S4) followed similar patterns, where significant changes
in oxidation level were observed in the WT plants in response to
ABA, which overlapped with the changes observed due to the loss
of AGB1. Many of these were not observed in the agb1 mutants
in response to ABA, confirming the requirement of a functional
G-protein for these pathways to be active. In agreement with
these data, agb1 showed higher ROS accumulation than WT
plants under control conditions and under ABA treatment (Fig.
5e,f). While these data may appear counterintuitive, given fewer
redox identifiers in the agb1 mutants compared to the WT
plants, it is likely to be due to the fact that the agb1 mutants
already accumulate more ROS, even without ABA treatment.

Therefore, when treated with additional ABA, we do not see
more redox changes. Additionally, these redox proteomics experi-
ments identify targets of reversible oxidative signaling; an inher-
ently increased ROS level in agb1 mutants may cause irreversible
oxidative damage on protein residues that will not be reflected in
the number of quantified identifiers.

Reversible oxidation of photosynthesis-related proteins The
photosynthetic electron transport chain (pETC) and chloroplas-
tic NADPH oxidase provide the integral ROS needed for stom-
atal responses following ABA exposure (Foyer & Noctor, 2003;
Iwai et al., 2019). Abscisic acid treatment in the WT resulted in
28 photosynthesis-related proteins, including 26 identifiers with
increased oxidation and nine identifiers with decreased oxidation
(Table S5B). By contrast, ABA perturbed oxidation of only
nine identifiers from photosynthetic proteins in agb1, of which
two overlapped with the WT and showed similar changes. Simi-
lar to what was observed for stress responsive proteins, the
photosynthesis-related ABA-dependent redox modified identi-
fiers showed major overlap with the identifiers showing differen-
tial oxidation due to the loss of functional AGB1 (Fig. S5).

The largest increase in oxidation occurred on several Chl
biosynthesis enzymes such as HEMA1 (Brzezowski et al., 2015),
Mg-chelatase CHLI (Eckhardt et al., 2004) and GUN4, which
directly binds to Mg-chelatase to stimulate activity. Eight identi-
fiers on seven proteins related to photosynthetic electron transfer
were also differentially oxidized in the WT following ABA expo-
sure. The largest change in oxidation was observed on subunit X
of photosystem I (PsaK), which also showed higher oxidation
due to the loss of AGB1. Lhca2 likewise increased in oxidation,
but only in WT, ABA-treated plants. Outside of PsaK, three
other subunits along the integral pETC had identifiers with dif-
ferential oxidation, cytochrome f (PetA), the Fe–S subunit of
cytochrome b6f (PetC) and photosystem II (PSII) subunit T
(PsbT). Neither PetC nor PetA were differentially oxidized in the
nontreated agb1 mutant compared to the WT or in the ABA-
treated agb1 (Fig. S5).

Abscisic acid-responsive oxidative changes on proteins respon-
sible for functions related to chloroplastic and photosynthetic
damage repair were also observed. Differential oxidation occurred
across 10 identifiers of six proteins, with the largest increase in
oxidation occurring on low PSII accumulation 3 (LPA3), fol-
lowed by high Chl fluorescence phenotype 244 (HCF244), both
of which are involved in PSII repair (Lu, 2016; Li et al., 2019).
Many of these oxidized cysteines were also differentially oxidized
in agb1, but only when comparing the basal level of oxidation
with that of the non-ABA-exposed WT. In addition, thylakoid
formation 1 (THF1), which is involved in thylakoid biogenesis
and G-protein-dependent glucose signaling (Huang et al., 2006),
was also highly oxidized.

To corroborate the redox proteomics data, we measured the
photosynthetic efficiency of the WT and agb1mutants, in response
to dehydration stress (as a proxy for ABA). The agb1 mutants
exhibited inherently distinct photosynthetic efficiency, in part due
to their higher stomatal density. However, a comparison of
dehydration-dependent changes across two genotypes showed
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(a)

(c)

(d) (e)

(b)

Fig. 5 Effect of abscisic acid (ABA) on agb1mutants. (a) agb1mutants are hypersensitive to ABA for inhibition of germination compared to the WT. (b)
agb1mutants show a higher anthocyanin index in response to dehydration compared to the WT. (c) ABA-dependent oxidation changes in all peroxidases
identified in this study are distinct in WT vs agb1mutants. agb1mutants show reduced or no change in oxidation of thioredoxins, but higher oxidation of
thioredoxin reductase identified in this study. agb1mutants show higher reactive oxygen species (ROS) levels compared to WT plants, inherently and in
response to ABA, as measured by (d) nitroblue tetrazolium (NBT) staining and (e) 3,30-diaminobenzidine (DAB) staining. Top, representative images, bot-
tom, quantification of NBT and DAB staining, n = 4. Error bars represent�SE. Asterisks in (a, b, d, e) represent significant differences: *, P < 0.05 and
**, P < 0.01 using Student’s t-test.
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significant differences in their photosynthetic efficiency, NPQ and
ETRs, thus showing an altered photosynthetic response following
increased ABA levels in the WT compared to agb1 (Fig. 6). These
alterations suggest an essential function for AGB1-mediated
reversible cysteine oxidation across the photosynthetic apparatus.

Reversible oxidation of proteins related to sugar and carbohy-
drate metabolism Abscisic acid signaling has been linked to
large-scale reorganization of carbohydrate metabolism in Ara-
bidopsis (Kempa et al., 2008; Thalmann et al., 2016). We iden-
tified 79 differentially oxidized identifiers (62 higher and 17
lower oxidation) from 69 proteins involved in carbohydrate
metabolism in WT plants in response to ABA (Table S5C). This
suggests that reversible oxidation is an essential regulator of car-
bohydrate metabolism in response to ABA. Moreover, 76 of these
identifiers did not experience differential changes in the agb1
mutant following treatment. As was observed with other
metabolic processes, many of the identifiers showed inherently
differential oxidation in the nontreated agb1, suggesting that
maintaining the intracellular redox state in basal conditions is
dependent on functional AGB1 (Fig. 7a).

Of the increased differentially abundant identifiers, 14
belonged to enzymes involved in starch biosynthesis and degrada-
tion. Starch synthase enzymes AtSS5 and AtSS2 had some of the
highest increases in oxidation in the WT in response to ABA and
in the nontreated agb1 mutants. Starch staining of WT and agb1
mutant leaves under control and ABA-treated conditions con-
firmed these observations and showed inherent differences in the
starch content of the mutant as well as an effect of ABA treatment
on WT and mutant plants (Fig. 7b).

Abscisic acid treatment of the WT or the loss of AGB1 also
caused significant and overlapping changes in cysteine oxidation
on proteins involved in glycolysis, gluconeogenesis and pentose
phosphate pathway (Figs S6, S7), including quantification of sev-
eral newly identified oxidation sites. Only two identifiers
involved in glycolysis/gluconeogenesis decreased in oxidation
upon ABA treatment; triose phosphate isomerase (TIM) in both
the WT and agb1 and glyceraldehyde-3-phosphate dehydroge-
nase C2 (GAPC2) only in the WT. TIM is regulated via S-glu-
tathionylation and S-nitrosylation on C127 and C218, but redox
modifications on C186 have not been previously reported
(Dumont et al., 2016). By contrast, GAPC2 modifications C156
and C160 have been characterized to delineate both glutathiony-
lation and nitrosylation, and have been shown to decrease in
activity following exogenous oxidation (Bedhomme et al., 2012).
It is hypothesized that GAPC2 and TIM function in concert to
regulate metabolic flux under stress conditions and that the flux
of starch biosynthesis is both ABA- and G-protein-dependent
(Dumont & Rivoal, 2019).

ABA- and G-protein-dependent reversible oxidation of mito-
chondrial energy metabolism Mitochondria are second only to
chloroplasts in the propensity for organelles to produce ROS,
and have been specifically shown to generate ROS as a second
messenger following ABA exposure (He et al., 2012; Huang et
al., 2016). The proteins related to oxidative phosphorylation

showed some of the most distinct differences between the WT
and agb1 mutants (Fig. S8). In the WT, ABA treatment caused
differential oxidation of 24 identifiers, 21 of which increased in
oxidation, deriving from 16 mitochondrial proteins (Table
S5D). All but three of these identifiers are from proteins that
directly participate in electron transfer via the mitochondrial

(a)

(b)

(c)

Fig. 6 AGB1 has a role in regulation of photosynthesis during dehydration
stress. Multiple photosynthetic parameters were quantified in WT, agb1-2
and agb1-5 plants under control (Con) and 4 h of dehydration treatment
using the Phenovation CropReporter. (a) F0q=F

0
m (operating efficiency of

PSII), (b) nonphotochemical quenching (NPQ) and (c) electron transfer
rate (ETR), of agb1 relative to WT plants under control and dehydration
stress conditions are shown. Data represent the mean and standard errors
(�SE) (n = 3) of one of the two independent experiments with similar
results. Asterisks represent significant differences: *, P < 0.05 and **,
P < 0.01 using Student’s t-test.
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electron transport chain (mtETC). None of these changed in the
agb1 mutants in response to ABA, although five identifiers
showed inherently higher oxidation in the agb1 mutants. Most
identifiers came from ATP synthase with eight showing increased
oxidation and one showing decreased oxidation, with oxidation
occurring across both F- and V-type proteins.

Succinate dehydrogenase (SDH-1), an essential component
both in the mtETC as well as the TCA cycle, exhibited an ABA-

and G-protein-dependent increase in oxidation on several cys-
teines, including C526 that has previously been shown to
undergo S-nitrosylation. SDH-1 is a component in the thiore-
doxin regulatory system (Fares et al., 2011) and has been shown
to be essential in the proliferation of ROS (Gleason et al., 2011).
Incidentally, ABA-mediated reversible oxidation of SDH-1 has
also been reported in Brassica napus (Zhu et al., 2014). Further
targeted studies would help delineate the redox dependence of

(a)

(b)

Fig. 7 Effect of abscisic acid (ABA) and agb1 on starch and sucrose metabolism. (a) KEGG pathways related to starch and sucrose metabolism were
visualized using PATHVIEW mapping tools. Dashed lines show links to connecting pathways. Red and blue show increased and decreased oxidation,
respectively. Letters A, B and C included in the color-coded fold changes refer to the oxidation level of a particular protein in different comparisons. (b) WT
and agb1mutant leaves were stained for starch content using Lugol’s solution under control conditions and ABA treatment.
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SDH-1 and its roles in both electron transfer and carbohydrate
synthesis.

MAPK14 may act as a direct target of AGB1 in redox signal-
ing We identified MAPK14 as one of the proteins oxidized in
an AGB1-dependent manner. MAPKs are known downstream
effectors of G-proteins in many eukaryotes (Sanchez-Fernandez et
al., 2014; Xu et al., 2015; Alvaro & Thorner, 2016; Yuan et al.,
2017). To elucidate a functional connection, we analyzed the
mutants lacking the MAPK14 gene (mapk14-1 and mapk14-2)
for physiological traits that differ between the WT and agb1
mutants. The overall plant phenotype of the mapk14 mutants
was indistinguishable from the WT plants (Fig. S9A) and the
mapk14 mutant seeds germinated with similar efficiency as the
WT seeds in the presence of exogenous ABA (Fig. S9B). The
general photosynthetic parameters of the mapk14 mutants were
also similar to the WT plants under both control and dehydra-
tion stress conditions (Fig. S9C–E). However, the mutants
showed higher accumulation of ROS under both control

conditions and ABA treatment, similar to what was observed for
the agb1 mutants (Fig. 8a,b). The anthocyanin index of mapk14
mutants was similar to WT plants under control conditions, but
was significantly higher that WT plants after dehydration (Fig.
8c), suggesting their altered response to exogenous stresses.

Discussion

Levels of transcripts, proteins and metabolites are carefully and
dynamically controlled to ensure proper plant adaptive responses
(Takahashi et al., 2018; van der Reest et al., 2018; Cimini et al.,
2019; Mergner et al., 2020). The proteins are not only affected
in their overall abundance, but also at the level of multiple post-
translational modifications that have critical roles in controlling
their stability, activity and function (Liu et al., 2014; McConnell
et al., 2019; Mergner et al., 2020; Smythers & Hicks, 2021).
Exposure to various abiotic stresses leads to generation of ROS
(Zandalinas et al., 2018; Xu et al., 2019), which then proliferate
signaling across protein pathways through reversible oxidation of

(a)

(b) (c)

Fig. 8 mapk14mutants show altered stress
responses. (a)mapk14mutants have a
higher anthocyanin index in response to
dehydration compared to WT plants.
mapk14mutants show higher reactive
oxygen species (ROS) levels compared to WT
plants, inherently and in response to abscisic
acid (ABA), as measured by (b) nitroblue
tetrazolium (NBT) staining and (c) 3,30-
diaminobenzidine (DAB) staining. Top,
representative images, bottom quantification
of NBT and DAB staining, n = 4. Vertical
lines in some of the images are the edges of
coverslips/slides. Error bars represent�SE.
Asterisks represent significant differences:
**, P < 0.01 using Student’s t-test; ns,
nonsignificant difference.
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cysteine thiols, resulting in sulfenylation, nitrosylation and glu-
tathionylation, among others (Liu et al., 2014; van der Reest et
al., 2018; Ameztoy et al., 2019; McConnell et al., 2019). While
ABA has been previously shown to exert redox changes in plants
(Choudhury et al., 2017; Mittler, 2017; Xu et al., 2019), its
effects have been mostly analyzed in the context of a few proteins
without a comprehensive analysis of how it might affect the over-
all redox status of the proteome. Therefore, guided by an estab-
lished connection between ABA, redox changes and G-proteins
(Alvarez et al., 2013; Liu & He, 2016; Liu et al., 2017), we
aimed to elucidate the interrelationship between them at the
global and redox proteome levels. We report one of the largest
plant redox proteomes identified to date (Liu et al., 2014; Slade
et al., 2015; Ameztoy et al., 2019; Huang et al., 2019; McCon-
nell et al., 2019), by site-specific mapping and quantification of
6891 oxidized-cysteine sites on 3300 proteins (Figs 2–4;
Tables S1–S4). Abscisic acid-dependent protein abundance
changes as well as redox changes were significantly compromised
in the agb1 mutants (Figs 2, 3), implying that a functional G-
protein signaling system is required to transduce ABA/stress-
related cues.

G-proteins and ABA have overlapping roles in cellular redox
regulation

One of the most significant findings from these analyses is the
surprisingly similar oxidative changes due to the exogenous ABA
treatment and the loss of G-protein function (Figs 5–7).
Although G-proteins have long been identified as key regulators
of plant stress responses (Pandey, 2019), the details of their sig-
naling mechanisms remain unclear. This study establishes that
the loss of G-protein function in plants dramatically shifts the
redox environment of the cell, as shown through overlapping pat-
terns of oxidative changes in multiple protein categories between
the ABA-treated WT and the agb1 plants (Tables S3, S5). Fur-
thermore, several proteins across varied pathways including ROS
response, carbohydrate metabolism and photosynthesis were
dependent on AGB1 for oxidative regulation, indicating that the
proliferation of redox-related G-protein signaling extends
throughout cellular metabolic pathways (Table S5). These data
corroborate that G-proteins are required for plants’ optimal
response to ABA and may also explain the reported and observed
(Fig. 5) altered sensitivity of G-protein mutants to various abiotic
stresses (Urano et al., 2016; Roy Choudhury et al., 2020).

This study also suggests a relatively direct role of G-proteins in
redox regulation via the control of thioredoxin (TRX) proteins,
an important component of a plant’s thiol redox regulatory
machinery (Fig. 5). Moreover, the magnitude of differential oxi-
dation both in response to ABA as well as due to AGB1 loss sug-
gests a circuitry of redox regulation that is exceedingly complex,
with several proteins dependent on both ABA and AGB1. For
example, GSTU17 increased in oxidation following ABA treat-
ment in the WT, but experienced no difference in agb1.
GSTU17 is a known negative regulator of ABA signaling in
plants; by decreasing the intracellular glutathione pool, GSTU17
inhibits ABA signaling during periods of ideal growth (Chen

et al., 2012). However, GSTU17 expression is also decreased fol-
lowing exogenous ABA application and increased under osmotic
stress, showing diverging signaling processes (Wu et al., 2020).
Since the oxidation of GSTU17 following ABA exposure is
clearly AGB1-dependent, this suggests an interdependency
between G-protein-, ABA-, redox- and glutathione-mediated sig-
naling to exquisitely coordinate the redox state in response to
changing stress conditions. We also identified an MAPK14 which
is oxidized in an AGB1-dependent manner. Physiological experi-
ments performed with the mutant plants lacking MAPK14 gene
showed that a subset of AGB1-mediated responses are altered in
these mutants (Fig. 8), suggesting that this MAPK could be a
direct downstream target of AGB1 for redox responses. Inciden-
tally, a recent study reported the role of MAPK14 in auxin-
dependent lateral root formation (Lv et al., 2021), a plant phe-
notype known to be regulated by AGB1 (Ullah et al., 2003).

ABA-generated carbohydrate flux is mediated by redox
signaling

Enzymes related to starch degradation have been experimentally
shown to be regulated via redox mechanisms, with many degra-
dation proteins activated by the reducing conditions found in
low-light conditions, thus enabling plant cells to rapidly mobilize
energy stores during periods of low photosynthetic flux (Santelia
et al., 2015). However, following ABA exposure, the exceedingly
elevated oxidation of biosynthesis-related enzymes suggests that
ABA uses ROS-mediated signaling to decrease the activity of syn-
thetic enzymes while simultaneously increasing the activity of
degradative components. Both AtSS5 and AtSS2 experienced
large increases in oxidation (Table S5). Despite lacking glycosyl-
transferase activity, the noncanonical starch synthase isoform
AtSS5 promotes the initiation of chloroplast-localized starch
granules by providing a binding site for both glucans and
myosine-resembling chloroplast proteins (Abt et al., 2020). By
contrast, AtSS2 enzymatically elongates intermediate-length glu-
can chains during the formation of starch granules and is regu-
lated by phosphorylation from chloroplast casein kinases (CKII)
(Commuri & Keeling, 2001; Patterson et al., 2018). In response
to oxidative stress, maltose is released from starch and metabo-
lized into sucrose, which can then scavenge ROS in the cytosol
(Thalmann et al., 2016). The increase in cysteine oxidation on
both AtSS5 and AtSS2 may therefore be a sensor that diminishes
starch synthesis in favor of degradative processes. Our analysis
identified a key role of G-proteins in this process, which was con-
firmed by physiological assays (Fig. 7).

Reversible cysteine oxidation primes bioenergetic pathways
for stress induction

Abscisic acid exposure in plants has been shown to have minimal
effects on the overall efficiency of photosynthesis, potentially due
to its ability to shift energy resources away from those needed to
increase growth and toward processes related to metabolic main-
tenance (Franks & Farquhar, 2001; Yoshida et al., 2019). The
increased oxidation across cysteine thiols on subunits of
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V-ATPase, which has been previously shown to accumulate disul-
fide bonds under stress to downregulate activity, could correlate
with a decreased flux of ATP production following ABA exposure
as bioenergetic pathways reallocate resources toward metabolic
maintenance (Feng & Forgac, 1994; Tavakoli et al., 2001; Seidel
et al., 2012). Similarly, unlike the overoxidation that results in
protein degradation, the increased cysteine oxidation of pETC
proteins such as PetC, PetA and PsnB3 probably confers stability
and/or protection (Foyer, 2018). These proteins are important
regulators of electron flow, with variations in regulation leading
to cyclic electron flow that avoids counterregulation by the well-
characterized proton gradient regulation 5 pathway (Jin et al.,
2017). While oxidative regulation of PetC, PetA and PsnB3 is
not surprising due to their Fe–S subunits, these proteins have not
previously been linked to ABA or G-protein signaling. Similarly,
the previously described oxidation increase on photorepair pro-
teins LPA3 and HCF244 only occurred in the WT following
ABA treatment, further connecting AGB1 with photosynthetic
regulation, this time by way of repair pathways.

Collectively, our analysis identified an array of signaling,
metabolic and regulatory proteins that can undergo redox-
dependent modification in response to stress (Table S5; Figs 7,
S1–S8). Such nontargeted studies are necessary to identify new
pathways, proteins and networks which may not be obvious when
performing targeted functional analysis. It also showed an extensive
and similar effect of exogenous stress and the loss of G-protein
function on plants on processes as fundamental as photosynthesis,
redox balance and energetics, corroborating the roles of G-proteins
in adjusting optimal plant growth under any given environment.
This implies that the loss of key proteins (e.g. AGB1), which have
been established to have pleotropic effects, appear to modulate not
just one specific pathway or protein, but probably something at
the fundamental level (e.g. redox changes), which is eventually
manifested as different phenotypes. Furthermore, in the particular
example presented in this study, the loss of functional G-protein
complexes is perceived as ‘stress’ by plants, similar to what is
caused by ABA. This explains why plants lacking different G-
proteins are more sensitive to nonoptimal growth conditions, as
these are already not in their ideal physiological state.
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