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Abstract: Alterations of hydrogen peroxide (H2O2) levels have a profound impact on numerous
signaling cascades orchestrating plant growth, development, and stress signaling, including
programmed cell death. To expand the repertoire of known molecular mechanisms implicated
in H2O2 signaling, we performed a forward chemical screen to identify small molecules that
could alleviate the photorespiratory-induced cell death phenotype of Arabidopsis thaliana mutants
lacking H2O2-scavenging capacity by peroxisomal catalase2. Here, we report the characterization
of pakerine, an m-sulfamoyl benzamide from the sulfonamide family. Pakerine alleviates the cell
death phenotype of cat2 mutants exposed to photorespiration-promoting conditions and delays
dark-induced senescence in wild-type Arabidopsis leaves. By using a combination of transcriptomics,
metabolomics, and affinity purification, we identified abnormal inflorescence meristem 1 (AIM1) as a
putative protein target of pakerine. AIM1 is a 3-hydroxyacyl-CoA dehydrogenase involved in fatty
acid β-oxidation that contributes to jasmonic acid (JA) and salicylic acid (SA) biosynthesis. Whereas
intact JA biosynthesis was not required for pakerine bioactivity, our results point toward a role for
β-oxidation-dependent SA production in the execution of H2O2-mediated cell death.

Keywords: H2O2 signaling; chemical genetics; catalase2-deficient Arabidopsis; photorespiration;
abnormal inflorescence meristem 1

1. Introduction

Numerous biochemical reactions involve electron transfers and are, thus, highly susceptible to
alterations in the cellular redox potential. Increased levels of reactive oxygen species (ROS) have a
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profound impact on the molecular destiny of redox-active compounds. Whereas elevated ROS levels
trigger oxidative damage, their moderate temporal and spatial fluctuations also allow for the execution
of redox-based signaling relays that orchestrate growth, development, and defense [1,2]. An extensive
network of enzymatic and non-enzymatic antioxidants further modulates these signaling pathways
and also prevents the toxic accumulation of ROS [3]. Among the different ROS types, the relatively
low reactivity and stability of H2O2 and its ability to cross membranes make it an excellent signaling
molecule [4,5]. These signaling capacities are nicely demonstrated by perturbations of H2O2 levels that
trigger extensive transcriptional rearrangements [6,7]. H2O2 oxidizes proteinaceous cysteinyl thiols to
sulfenic acid, also known as S-sulfenylation, thereby affecting the protein conformation and functionality
and affecting signaling pathways [8,9]. Sulfenylation and subsequent disulfide bond formation,
for example, regulate jasmonic acid (JA) signaling through the inhibition of cyclophylin 20-3 (CYP20-3),
the receptor of the JA precursor 12-oxophytodienoic acid (OPDA) [10,11]. H2O2-mediated cysteine
oxidation in the DNA-binding motif of the transcription factor brassinazole-resistant1 (BZR1) implicated
in brassinosteroid (BR) signaling enhances its transcriptional activity and promotes cell elongation [12].
Exogenous H2O2 oxidizes cysteine residues in mitogen-activated protein kinase2 (MAPK2), MAPK4,
and MAPK7, activating the MAPK signaling cascade, an important signal transduction pathway in
abiotic and biotic stress perception [9].

Substantial amounts of H2O2, potentially as high as 100 µM·s−1, are generated in the peroxisomes
of photosynthetic tissues during the process of photorespiration as a byproduct of glycolate oxidation to
glyoxylate by glycolate oxidase (GOX) [13]. Photorespiration is tightly intertwined with photosynthetic
metabolism, and an increase in irradiance or O2 partial pressure inevitably results in higher rates of
RuBisCO oxygenation, the initial step in the photorespiratory pathway [14]. Photorespiratory H2O2

levels are safeguarded by the enzymatic activity of catalases, and plant catalase mutants (cat) exposed
to photorespiration-promoting conditions display a range of morphological and cell death-related
phenotypes accompanied by a distinct transcriptional reprogramming and perturbation of the cellular
redox homeostasis [15,16]. Catalase-deficient mutants were essential experimental model systems
to identify H2O2-responsive genes and interacting signal transduction pathways, such as JA and
salicylic acid (SA) signaling [17,18]. Genetic evidence for the requirement of SA accumulation for lesion
formation in Arabidopsis cat2 mutants was obtained by introducing a mutation in the SA biosynthesis
enzyme isochorismate synthase1 (sid2) in the cat2 background. The inability of cat2 sid2 double
mutants to increase SA levels under photorespiratory stress also abolished H2O2-induced lesion
formation [19]. Similarly, impaired SA accumulation due to a mutation in the glutathione synthesis
pathway (cad2) led to significantly reduced lesion formation under photorespiration-promoting
conditions in the cat2 cad2 double mutants [20]. Moreover, the expression of JA signaling marker
genes is dependent on H2O2-induced glutathione accumulation [18]. Catalase-deficient mutants
that lack the NADPH-generating cytosolic enzymes isocitrate dehydrogenase1 and 2 displayed
increased lesion formation and impaired rosette growth, providing additional evidence for H2O2

signaling through glutathione since NADPH is an essential co-factor in the reduction of oxidized
glutathione [21]. More than 50 genetic combinations of cat2 with mutants affected in hormonal
signaling, redox homeostasis, and cell death-related pathways were generated to systematically explore
signaling cascades interacting with H2O2 [22]. Double mutant combinations with alleles defective in
ascorbic acid synthesis (cat2 vtc1 and cat2 vtc2) displayed decreased survival rates under conditions
promoting photorespiration, whereas cat2 mutants affected in the synthesis of the biologically active
JA-isoleucine (cat2 jar1) and auxin signaling (cat2 axr1 sgt1b) performed better. The above described
double and triple mutants were generated in a targeted and biased manner, thus limiting the possibility
to discover conceptually new players in H2O2 signaling. Further efforts made use of forward genetics
to isolate second-site mutations which can alleviate the photorespiratory phenotype of cat2 mutants.
This approach revealed a non-redundant function of the two highly similar GOX isoforms GOX1
and GOX2 in photorespiration [23]. It also led to the unbiased identification of a mutation in the
transcription factor short-root (SHR), an important developmental regulator, providing a link between
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stress responses and plant development [24]. Together, these genetics approaches revealed the
complexity of H2O2 signaling and its interplay with signal transduction pathways that regulate growth,
development, and defense.

Forward genetics approaches are often limited by functional redundancy caused by gene
duplication or embryo lethality for essential genes [25]. For example, the genetic dissection of the
mechanism behind abscisic acid (ABA) perception failed to identify any receptor proteins. Ultimately,
a chemical biology approach led to the discovery of the pyrabactin resistance (PYR/PYL) receptor
proteins [26]. Small molecules can sidestep the limitations of a forward genetics approach since they
can be applied in a dose-dependent manner, at selected developmental stages, and they have the
potential to target multiple proteins or a protein family. For example, the small molecule bikinin
inhibits seven out of the 10 Arabidopsis glycogen synthase kinase 3 (GSK3s), and it was used as a tool to
study BR signaling [27]. Apart from their potential to deliver new biological insights, small molecules
have a substantial applied potential and can be developed into agrochemicals [28].

Here, we characterized the bioactivity of pakerine, a small molecule from the m-sulfamoyl benzamide
family that alleviates the photorespiratory-induced cell death phenotype of Arabidopsis cat2 mutants
and delays dark-induced senescence in wild-type Arabidopsis leaves. Using a combination of omics
approaches and biochemical affinity purification, we identified the peroxisomal 3-hydroxyacyl-CoA
dehydrogenase abnormal inflorescence meristem (AIM1) as its putative protein target.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Arabidopsis thaliana Columbia-0 (Col-0) and Nicotiana tabacum (SR1) were used as wild-type control
plants. The following mutant lines were reported previously: cat2-2 (SALK_057998 [15]) and aim1-2
(SALK_023469 [29]), cat2-1 jar1 and cat2-1 aos [22], and Ntcat1 [30]. Double cat2-2 aim1-2 were generated
by crossing cat2-2 (pollen acceptor) with aim1-2 (pollen donor). F2 segregating populations were
screened for double mutants by PCR genotyping using respective primers (Table S1, Supplementary
Materials). Wild-type PSB-L Arabidopsis thaliana cells (Landsberg erecta (Ler) [31]) were used as input
material for the affinity purification experiments.

For photorespiratory stress treatment, seeds were surface-sterilized by chlorine gas fumigation
and cold-treated at 4 ◦C for four days prior to germination in transparent polystyrene 96-well plates.
Plants (five seeds/well) were grown in liquid half-strength Murashige and Skoog ( 1

2 MS) medium
(1.07 g/L Murashige and Skoog basal salts, 0.5 g/L 2-(N-morpholino)ethanesulfonic acid (MES), 0.25 g/L
myo-inositol, 0.5% w/v sucrose; pH 5.7, 200 µL/well) under controlled long-day (LD) conditions (16 h/8 h
light/dark, 100µmol·m−2

·s−1 light intensity, 21 ◦C, 70% relative humidity). After seven days, the original
medium was removed and replaced with 1

2 MS medium supplemented with different concentrations of
pakerine (from a 20 mM stock prepared in dimethyl sulfoxide (DMSO)). Control plants received mock
treatment with corresponding amounts of DMSO. Photorespiratory stress was triggered four days after
media replacement by sealing the plates with four layers of Parafilm® M (Bemis Flexible Packaging,
USA) and exposure to continuous light conditions (24 h light, 100 µmol·m−2

·s−1 light intensity, 21 ◦C,
70% relative humidity).

To analyze the effect of pakerine on Arabidopsis growth, seeds were surface-sterilized by chlorine
gas fumigation and cold-treated at 4 ◦C for four days before germination on agar-solidified 1/2 MS
medium (1.07 g/L Murashige and Skoog basal salts, 0.5 g/L 2-(N-morpholino)ethanesulfonic acid (MES),
0.25 g/L myo-inositol, 0.5% w/v sucrose, 0.8% Phyto-agar; pH 5.7) supplemented with different amounts
of pakerine (0.5–50 µM). Plants were grown under LD conditions (16 h/8 h light/dark, 100 µmol·m−2

·s−1

light intensity, 21 ◦C, 70% relative humidity). Rosette size projections were quantified using a
custom-designed ImageJ macro. Root length was analyzed using the ImageJ plugin NeuronJ [32].

Dark-induced senescence was performed on detached leaves (leaves three and four) of
four-week-old Arabidopsis seedlings grown under long-day conditions (16 h/8 h light/dark,
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100 µmol·m−2
·s−1 light intensity, 21 ◦C, 70% relative humidity). Leaves were floated, abaxial

side down, in liquid 1/2 MS medium (1.07 g/L Murashige and Skoog basal salts, 0.5 g/L
2-(N-morpholino)ethanesulfonic acid (MES), 0.25 g/L myo-inositol, 0.5% w/v sucrose; pH 5.7)
supplemented with pakerine or DMSO. Leaves were placed in the dark for seven days at 21 ◦C
to provoke dark-induced senescence.

2.2. Chlorophyll Fluorescence

Photosystem II (PSII) maximum efficiency (Fv’/Fm’) was monitored daily using the Imaging-PAM
MAXI-series chlorophyll fluorescence system (PAM) (Heinz Walz, Effeltrich, Germany. Fv’ is calculated
by subtracting the baseline fluorescence (Fo’) emitted by PSII, from the maximum fluorescence (Fv’)
emitted from PSII after applying a saturated pulse of actinic light (wavelength 450 nm, intensity
2800 µmol·m−2

·s−1, time 1 s). Fv’/Fm’ is a calculated as (Fm’ − Fo’)/Fm’. The Fv’/Fm’ parameter is
visualized spatially with Imaging-Win software using a false color rainbow scale ranging from black
(Fv’/Fm’ = 0) via red, yellow, orange, green, and blue to purple (Fv’/Fm’ = 1).

2.3. Metabolite Profiling

Wild-type Arabidopsis seedlings were grown vertically on 1/2 MS medium supplemented with
1 µM pakerine or DMSO under controlled long-day conditions (16 h/8 h light/dark). Three weeks
post germination, whole seedlings were harvested, freeze-dried, and processed at Metabolon (https:
//www.metabolon.com) using proprietary methods for sample extraction and gas chromatography
(GC)/liquid chromatography (LC)–mass spectrometry (MS) analysis. Briefly, samples were prepared
using Hamilton MicroLab STAR® liquid handling system, divided into two fractions, and the organic
solvent was removed on a TurboVap® (Zymark). Samples were then frozen and dried under vacuum.
The samples for GC–MS analysis were re-dried under vacuum desiccation for a minimum of 24 h prior to
being derivatized under dried nitrogen using bistrimethyl-silyl-triflouroacetamide (BSTFA). A 16-min
temperature gradient, ramping from 40 to 300 ◦C, on a 5% phenyl column was used. The samples were
analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using
electron impact (EI) ionization. For LC–MS analysis, the sample extract was split into two aliquots,
dried, and then reconstituted in acidic or basic LC-compatible solvents, containing injections standards
at fixed concentrations. The corresponding aliquots were analyzed in positive and negative ionization
mode using separate dedicated columns. The acidified aliquots were eluted using water and methanol
both containing 0.1% HCOOH. The basic aliquots were eluted with water/methanol containing 6.5 mM
NH4HCO3. The samples were analyzed on Waters ACQUITY UPLC and a Thermo-Finnigan LTQ
mass spectrometer, which consisted of an electrospray ionization (ESI) source and linear ion-trap (LIT)
mass analyzer. The MS analysis alternated between MS and data-dependent MS2 scans using dynamic
exclusion. Raw data were extracted, peak-identified, and QC processed. Compounds were identified
by comparison to library entries of purified standards using retention index, nominal mass (±0.4 amu),
and MS/MS.

2.4. Transcriptome Profiling

2.4.1. ATH1 Microarray Analysis

Arabidopsis Col-0 seedlings were grown in liquid MS medium (0.2% sucrose, pH 5.7) in a 24-well
plate set up under constant environmental conditions (16 h/8 h light/dark, 100 µmol·m−2

·s−1 light
intensity, 22 ◦C). After seven days, the original medium was replaced with medium supplemented with
5 µM pakerine (20 mM stock in DMSO). Control plants received mock treatment with corresponding
amounts of DMSO. After 24 h, seedlings from individual wells were pooled to obtain three replicates
for the treated and control group, snap-frozen in liquid nitrogen, and used to extract RNA with the
RNeasy Plant Mini Kit (Qiagen). Gene expression profiles were analyzed using Affymetrix Arabidopsis
ATH1 genome arrays following standard protocols. Quality control and robust multi-array average

https://www.metabolon.com
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(RMA) normalization were performed using the R package affy. Fold-change differences and p-values
adjusted for false discovery rate were obtained with the R packages limma and qvalue, respectively.
A cut-off of p-value ≤ 0.05 and log 2 expression ratio ± 1 was adopted. The gene expression data were
deposited in Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE155026.

2.4.2. RNA Sequencing

Arabidopsis cat2 seedlings were grown in liquid 1
2 MS medium for seven days in LD conditions,

after which the original medium was replaced with medium containing 10 µM pakerine or equal
amounts of DMSO. Non-stressed plants were harvested after four days of incubation in LD conditions.
Photorespiratory stressed plants were harvested after an additional two days of photorespiratory stress.
Three biological replicates per treatment were collected (100 mg leaf material/replicate), snap-frozen,
and ground to a fine powder. Total RNA was isolated using the SpectrumTM Plant Total RNA Kit
(Sigma-Aldrich, St. Louis, MO, USA). Library preparation and sequencing was performed by the
VIB Nucleomics Core (www.nucleomics.be). The samples were analyzed on an Illumina NextSeq
500. In total, approximately 30 million 75-bp single-end reads per sample were generated. Adapter
sequences and low-quality base pairs (length below 20 bp) were trimmed with Trim Galore v0.3.3
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), retaining high-quality reads of at
least 50 bp in length. Quality-filtered reads were aligned to the TAIR10 Arabidopsis reference genome
using the spliced aligner TopHat2 v2.1.0. The number of reads per gene was quantified with the feature
“Counts” function as implemented in the Subread package v1.4.6. Reads mapping to genes annotated
as ribosomal RNA (rRNA), transfer RNA (tRNA), and other RNA forms (TAIR10 annotation) were
not considered for further analysis. Differentially expressed genes were identified with the R v3.1.2
software package edgeR [33]. Genes with expression values greater than 0.12 CPM (count per million,
corresponding to five read counts) in at least three samples were retained. TMMnormalization was
applied using the calcNormFactors function. Variability in the dataset was assessed with a MDSplot
employing the 3000 top genes to calculate pairwise distances. False discovery rate adjustments of the
p-values were determined with the method described by Benjamini and Hochberg. Venn diagrams
were made using an online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). Hierarchical
clustering and heat maps were generated using MultiExperiment Viewer v4.9. Gene ontology (GO)
enrichment analysis was performed using AgriGO (http://bioinfo.cau.edu.cn/agriGO/). The gene
expression data were deposited in Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE155105.

2.5. Structure–Activity Relationship Analysis

Pakerine analogues were synthesized according to the method described by Verlee et al. [34].
Briefly, a continuous-flow method was developed to increase the chemoselectivity and reduced
production time allowing for quicker production of chemical libraries with higher purity. Cat2
plants were grown in liquid cultures in 96-well plates as described above and treated with different
concentrations of the analogues (0.1–150 µM). PSII maximum efficiency (Fv’/Fm’) was monitored daily
using the Walz Imaging-PAM system from the moment the chemicals were administered to the plants.

2.6. Affinity Purification

A. thaliana PSB-L cell suspension cultures were grown until log-phase (approximately three days)
before harvesting and frozen at −70 ◦C. After grinding to powder (500 mg), proteins were extracted
from cells in extraction buffer (EB) (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 Complete
Ultra Mini EDTA-free tablet (Roche)/10 mL EB) in a 1:2 w/v ratio. All steps were carried out on ice
or at 4 ◦C unless stated otherwise. After vigorous mixing, the suspension was incubated on ice for
25 min. Cell debris was removed by centrifuging at 20,200 rcf for 25 min. Supernatant was transferred
to a new tube and centrifuged for an additional 15 min at 20,200 rcf. Next, protein content was

http://www.ncbi.nlm.nih.gov/geo/
www.nucleomics.be
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinfo.cau.edu.cn/agriGO/
http://www.ncbi.nlm.nih.gov/geo/
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determined by Bradford assay. Protein content of approximately 3 mg/mL was used for the experiment.
Streptavidin-coated beads were incubated with cell lysate to remove endogenous biotin. Then, 100 µL
of Streptavidin-coated beads were washed three times with 500 µL of wash buffer (WB) (25 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40) by inverting them several times followed by a spin down
of 1 min at 1400 rcf. A fourth washing step was done with 500 µL of EB. The washed beads were
incubated with 500 µL of cell lysate for 2 h on a rotating wheel. After 2 h, the beads were removed by
spinning the cell lysate at 1400 rcf for 1 min. The cell lysate was subsequently diluted two-fold with
EB. Two 100-µL aliquots of Streptavidin beads were first washed in a similar fashion to that described
above: three washes with WB followed by one wash with EB. Beads were resuspended in 500 µL of EB.
To one aliquot, the biotinylated pakerine analog SA-004 (BSA-004) was added to a final concentration
of 50 µM. To the second aliquot, Biotin-PEG (BPEG) was added to a final concentration of 50 µM, which
served as a control treatment. Both mixes were incubated for 1 h at room temperature on a rotating
wheel. After 1 h, the supernatant was removed after centrifugation (1 min, 1400 rcf, 4 ◦C). Then, 500 µL
of the de-biotinylated cell lysate was mixed with each aliquot of the streptavidin-capturing beads
and incubated for 2 h at room temperature on a rotating wheel. After 2 h, the mix was transferred to
mobicol affinity chromatography columns (MoBiTec GmbH, Göttingen, Germany) for washing and
elution from streptavidin beads. Streptavidin beads were washed with 2.5 mL of EB. Next, the beads
were washed with 800 µL of 50 mM NH4HCO3 pH 8.0. After removal of all the wash buffer, 200 µL of
50 mM NH4HCO3 pH 8.0 and 4 µL (20 ng/µL) of Trypsin/LysC were added to the beads and incubated
overnight in an Eppendorf shaker at 37 ◦C, 600 rpm. After overnight trypsin digest, an additional 2 µL
(20 ng/µL) of Trypsin/LysC (Promega, Madison, WI, USA) was added, and the beads were incubated
for two more hours in the shaker at 37 ◦C, 600 rpm. Finally, the beads were spun down, and the
flow-through containing the digested peptides was collected. Peptides were eluted from the columns
by two washes with 150 µL of mass spec-grade water. The flow-throughs per sample were collected
and combined. Finally, the samples were dried in the speedvac and stored at −20 ◦C until further mass
spectrometry analysis.

2.7. Mass Spectrometry and Data Analysis

The obtained peptide mixtures were analyzed using a Q Exactive mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) connected to an Ultimate 3000 RSLC nano liquid chromatography
system (Thermo Fisher Scientific). The sample mixture was first loaded on a trapping column
(made in-house, 100 µm internal diameter (I.D.) × 20 mm, 5-µm beads C18 Reprosil-HD, Dr. Maisch,
Ammerbuch-Entringen, Germany). After flushing from the trapping column, the sample was loaded on
an analytical column (made in-house, 75 µm I.D. × 150 mm, 5 µm beads C18 Reprosil-HD, Dr. Maisch)
packed in the needle (PicoFrit SELF/P PicoTip emitter, PF360-75-15-N-5, New Objective, Woburn,
MA, USA). Peptides were loaded with loading solvent (0.1% trifluoroacetic acid (TFA) in water) and
separated with a linear gradient from 98% solvent A’ (0.1% formic acid in water) to 40% solvent B′

(0.1% formic acid in water/acetonitrile, 20/80 (v/v)) in 30 min at a flow rate of 300 nL/min. This was
followed by a 5 min wash reaching 99% solvent B’. Two packing columns and two analytical columns
were configured in tandem LC mode, and switching between two flow paths—an analysis flow path
and a regeneration flow path—allowed column washing and re-equilibration off-line; thus, while one
column was re-equilibrated, the system injected a sample on the other column. The mass spectrometer
was operated in data-dependent, positive ionization mode, automatically switching between MS and
MS/MS acquisition for the 10 most abundant peaks in a given MS spectrum. The source voltage was
3.4 kV, and the capillary temperature was 275 ◦C. One MS1 scan (m/z 400–2000, AGC target 3 × 106 ions,
maximum ion injection time 80 ms) acquired at a resolution of 70,000 (at 200 m/z) was followed by
up to 10 tandem MS scans (resolution 17,500 at 200 m/z) of the most intense ions fulfilling predefined
selection criteria (AGC target 5 × 104 ions, maximum ion injection time 60 ms, isolation window 2 Da,
fixed first mass 140 m/z, spectrum data type: centroid, underfill ratio 2%, intensity threshold 1.7 × 104,
exclusion of unassigned, 1, 5–8, >8 charged precursors, peptide match preferred, exclude isotopes on,
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dynamic exclusion time 20 s). The HCD collision energy was set to 25% normalized collision energy,
and the polydimethylcyclosiloxane background ion at 445.120025 Da was used for internal calibration
(lock mass).

Raw data files from the LC–MS/MS analysis were processed using MaxQuant (ver. 1.5.7.0),
followed by statistical analysis in Perseus (ver. 1.5.6.0). MaxQuant parameters used for analysis can be
found in Table S2 (Supplementary Materials).

3. Results

3.1. Two m-Sulfamoyl Benzamides Alleviate the Photorespiratory Phenotype of Arabidopsis cat2-2 Mutants

In a previously reported forward chemical screen, we identified 34 small molecules that
could alleviate the cell death phenotype of cat2-2 mutants under photorespiration-promoting
conditions [35]. Briefly, one-week-old cat2-2 seedlings grown in a 96-well plate set-up were screened with
10,000 molecules (50 µM) from the ChemBridge’s DIVERSet chemical library under photorespiratory
stress. Photorespiratory stress was imposed by restricting gas exchange between the plate and the
environment with exposure to continuous light (Figure 1A). This combination gradually depletes
the CO2 levels within the plate, thereby leading to increased rates of RuBisCO oxygenation that
fuels the photorespiratory pathway [24,36]. Plants lacking catalase (cat2-2) cannot adequately
process photorespiratory H2O2 and display a cell death phenotype within seven days of the onset of
photorespiratory stress. We used the chlorophyll fluorescence parameter photosystem II maximum
efficiency (Fv’/Fm’) as a proxy for stress sensitivity. Typically, Fv’/Fm’ decreases rapidly in cat2-2
mutant plants exposed to photorespiratory stress compared to wild-type plants that display relatively
stable Fv’/Fm’ values over time. Small molecules that could alleviate the stress sensitivity caused by
the photorespiratory stress and led to the attenuation of cell death were retained as hit compounds
(Figure 1A) [35].

Two of these shared a characteristic m-sulfamoyl-benzamide moiety, suggesting a common mode
of action (Figure 1B). Due to its more advantageous chemical properties for synthesis of structural
analogues, we prioritized 3-(1-azepanylsulfonyl)-N-(2,3-dihydro-1,4-benzodioxin-6-yl)benzamide
(further referred to as pakerine) for subsequent analysis. First, we assessed the ability of pakerine to
alleviate photorespiratory stress in a dose-dependent manner. Therefore, cat2-2 seedlings were treated
with a range of pakerine concentrations (100 nM–150 µM) and exposed to photorespiratory stress.
While no stress-alleviating effects were detected below 10 µM, concentrations from 10 µM to 150 µM
significantly attenuated the Fv’/Fm’ decline observed in mock-treated cat2-2 control plants exposed to
photorespiratory stress (Figure 1C).

To investigate whether the stress-protective effect of pakerine can be observed outside the context
of the model system Arabidopsis, we treated tobacco (Nicotiana tabacum) plants lacking catalase1 (Ntcat1),
the homolog of Arabidopsis CAT2 [30]. Ntcat1 mutants displayed a comparable Fv’/Fm’ decline upon
exposure to photorespiratory stress as Arabidopsis cat2-2 mutant plants (Figure S1, Supplementary
Materials). Pakerine at concentrations from 5 µM to 150 µM alleviated the Fv’/Fm’ drop observed
in Ntcat1 mutants under conditions promoting photorespiration suggesting that pakerine’s mode of
action is similar in different plant species.

3.2. Pakerine Treatment Results in Distinct Transcriptome Rearrangement upon Photorespiratory Stress

To probe for molecular pathways underpinning the stress alleviation effect of pakerine,
we monitored the transcriptome in mock and pakerine-treated (10 µM) cat2-2 plants, before and
after exposure to 48 h of photorespiratory stress. In a multidimensional scaling plot, differentially
expressed genes were clearly separated into four discrete clusters according to pakerine treatment
(y-axis) and photorespiratory stress (x-axis), indicating that both conditions have a specific effect on
global gene expression (Figure 2A).
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Figure 1. Strategy to identify small molecules that alleviate the photorespiratory phenotype of
catalase-deficient plants together with chemical structures of two hit compounds. (A) Schematic
depiction of the forward chemical screed used to isolate small molecules that attenuate photosystem
II (PSII) maximum efficiency (Fv’/Fm’) decrease in cat2-2 mutants plants exposed to photorespiratory
stress (sealing plates airtight with Parafilm and transfer to continuous light). In total, 10,000 chemicals
from the DIVERSet screening library were tested in 50 µM concentration. Shown are representative
color-coded Fv’/Fm’ images (black (0.0) to purple (1.0)) before and after chemical addition and exposure
to photorespiratory stress. (B) Chemical structures of two of the hit compounds identified in the forward
chemical screen. (C) Effect of different concentrations of pakerine on the photorespiratory phenotype
of cat2-2 mutant plants. Bright-field (BF) and color-coded Fv’/Fm’ (PSII) images (upper panel) together
with quantitative Fv’/Fm’ data (lower panel) from seven-day-old seedlings treated with pakerine and
exposed to photorespiratory stress for seven days. Control plants were treated with dimethyl sulfoxide
(DMSO). Data points represent means of eight biological replicates ± standard error (SE). Asterisks
indicate significant differences according to one-way ANOVA with least significant difference (LSD)
post hoc test (p < 0.05).

Photorespiratory stress altered the expression levels of 1688 genes in mock-treated cat2-2 plants,
whereas pakerine affected the levels of 1025 genes under control conditions (|log2 fold change (FC)| ≥ 1;
false discovery rate (FDR)≤ 0.01; Figure 2B; Table S3, Supplementary Materials). Photorespiratory stress
in pakerine pretreated plants showed a dramatic transcriptome reprogramming with 2520 differentially
expressed genes (Figure 2B). The effect of photorespiratory stress mostly masked the pakerine-induced
transcriptional changes (Figure 2C). Nevertheless, 73 transcripts responded to the photorespiratory
stress in a pakerine-specific manner according to two-way (pakerine × photorespiratory stress) ANOVA
(Figure 2D; Table S4, Supplementary Materials). Genes that were highly induced upon photorespiratory
stress in the presence of pakerine but showed no upregulation in pakerine-treated non-stressed plants
were the peroxidases PER10 (At1g49570) and PER59 (At5g19890). In contrast, three transcripts encoding
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for plant defensins (PDF1.2a, PDF1.2c, PDF1.3) were significantly downregulated under non-stressed
conditions but increased upon pakerine treatment during photorespiratory stress. Taken together,
the transcriptional changes elicited by pakerine point toward subtle but distinct transcriptional
reprogramming correlating with its stress-alleviating effects.

Figure 2. Rearrangement of gene expression in cat2-2 plants upon photorespiratory stress in the presence
of pakerine. (A) Multidimensional scaling plot of transcriptome profiles of cat2-2 mutant plants treated
with pakerine or DMSO before and after exposure to photorespiratory stress. “DMSO”: DMSO-treated
plants under control conditions; “Pakerine”: pakerine-treated plants under control conditions; “Stress +

Pakerine”: pakerine-treated plants exposed to photorespiratory stress; “Stress”: DMSO-treated plants
exposed to photorespiratory stress. (B) Venn diagram depicting the overlap between differentially
expressed genes (DEGs; |Log2 fold change (FC)| > 1, false discovery rate (FDR) < 0.01) in plants exposed
to photorespiratory stress (“Stress”), pakerine-treated plants (“Pakerine”), and pakerine-treated plants
exposed to photorespiratory stress (“Stress + Pakerine”) against mock-treated plants (“DMSO”).
(C) Hierarchical average clustering of 3260 DEGs identified in at least one out of the three pairwise
comparisons described in Figure 2B. (D) Heat map of 73 transcripts that responded to photorespiratory
stress in a pakerine-specific manner according to two-way (pakerine× photorespiratory stress) ANOVA.
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3.3. Bioactivity of Pakerine in Wild-Type Arabidopsis

We then set out to assess the bioactivity of pakerine outside of the photorespiratory bioassay in the
cat2-2 mutant model system. To this end, wild-type Arabidopsis seedlings were grown on agar-solidified
medium that was supplemented with a range of pakerine concentrations, and their effect on root and
shoot growth was evaluated (Figure 3).

Figure 3. Effect of pakerine on the growth of wild-type Arabidopsis. (A) Representative images
of seven-day-old seedlings grown vertically on MS medium supplemented with different pakerine
concentrations. Control plants were grown on medium supplemented with DMSO. Scale bar = 1 cm.
(B) Quantification of the primary root length of seedlings (n = 36) grown on pakerine as described in (A).
Asterisks depict significantly longer (*) or shorter (**) roots compared to DMSO control according to
one-way ANOVA with LSD post hoc test (p < 0.05). Error bars represent SE. (C) Representative images
of rosettes of 11-day-old plants grown on half MS medium supplemented with different pakerine
concentrations. Scale bar = 0.5 cm. (D) Quantification of the projected rosette area of plants (n = 36)
grown as described in (C). Asterisks depict significant differences according to one-way ANOVA with
LSD post hoc test (p < 0.05). Error bars represent SE. (E) Biomass of three-week-old plants grown on half
MS medium supplemented with 1 µM pakerine. Control plants were grown on medium supplemented
with DMSO. Box plots represent data from 32 different observations. Asterisks indicate significant
differences according to Student’s t-test (p < 0.05).
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Low pakerine concentrations had a subtle yet statistically significant growth-promoting effect,
resulting in an increase of root length by 8.4% at 0.5 µM pakerine (A,B). A trend toward an increase
in projected rosette area was similarly observed at low pakerine concentrations (Figure 3C,D) which
prompted us to explore the effect of pakerine on plant growth in a longer time frame. Three-week-old
plants grown on medium supplemented with 1 µM pakerine displayed increased biomass (15%) in
comparison to pakerine-free controls (Figure 3C,E). In contrast, the growth of plants exposed to higher
pakerine concentrations (10 µM and 20 µM) was significantly inhibited already at seven days post
germination (Figure 3A–D).

To explore the mechanisms that underlie the growth-promoting effect provoked by a low
dose of pakerine, we first performed a metabolite profiling analysis of three-week-old Arabidopsis
wild-type plants grown on medium supplemented with 1 µM pakerine (Figure 4A, Table S5,
Supplementary Materials).

The steady-state levels of more than 250 metabolites were quantified using gas and liquid
chromatography coupled to mass spectrometry (GC/LC–MS). Pakerine treatment resulted in up- or
downregulation of eight metabolites in comparison to mock samples (|FC| > 1.5, p < 0.05; Figure 4A).
Among the metabolites that accumulated in the presence of pakerine was the polyamine ornithine, its
closely related metabolite N5-acetyl-l-ornithine, and agmatine, a precursor of putrescine biosynthesis.

We then monitored the transcriptional changes triggered by a short-term pakerine treatment
(5 µM; 24 h). From the 58 differentially regulated transcripts (|log2 FC| ≥ 1; adjusted p ≤ 0.05), 52 were
induced by pakerine (Figure 4B; Table S6, Supplementary Materials). Among the upregulated genes
were several H2O2 responsive transcripts, such as UGT74E2, ANAC032, ANAC102, and At4g01870 (tolB
protein-like). Gene ontology analysis distinguished two enriched clusters containing transcripts related
to glutathione metabolism (p = 3.8 × 10−7) and auxin homeostasis (p = 2.0 × 10−4; Figure 4C). Using
the Signature tool in Genevestigator, we looked for experimental conditions that provoked similar
gene expression patterns [37]. The top three most similar signatures based on Pearson correlation
were related to hypoxia and pathogenic fungal (Rhizoctonia solani) infection (Figure S2, Supplementary
Materials). Taken together, these results indicate that pakerine displays a wider bioactivity that is
not limited to the photorespiratory bioassay in cat2-2 mutant background and has a broad impact on
transcripts and metabolites known to be involved in stress signaling cascades.

3.4. Pakerine Alleviates Dark-Induced Senescence

Senescence and programmed cell death in plants share many common features, although the
exact transcriptional and metabolic profiles that distinguish their initiation are not clearly defined [38].
Dark-induced senescence (DIS) in detached leaves is widely accepted as an experimental system to
study senescence symptoms, such as chlorophyll degradation and protein catabolism, also typically
observed during abiotic stress [39]. Given the similarities between photorespiratory-induced cell death
phenotypes in cat2-2 mutant plants and DIS, we investigated whether pakerine can also alleviate DIS.
Leaves from three-week-old Arabidopsis plants grown in vitro were floated in darkness on medium
supplemented with different pakerine concentrations (1, 5, and 10 µM). Leaves incubated with 5 and
10 µM pakerine were visually greener and retained a higher total chlorophyll content (52% and 47%,
respectively) after seven days, demonstrating that pakerine indeed can alleviate the effects of DIS in
wild-type plants (Figure 5).
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Figure 4. Transcriptome and metabolite changes triggered by pakerine in wild-type Arabidopsis.
(A) Differentially regulated metabolites (|FC| ≥ 1.5; p ≤ 0.05) extracted from three-week-old plants grown
in the presence of 1 µM pakerine. Controls were exposed to DMSO. (B) Heat map of differentially
expressed transcripts (|log2 FC| ≥ 1; adjusted p ≤ 0.05) in 10-day-old Arabidopsis seedlings treated
with 5 µM pakerine for 24 h. Controls received mock treatment with DMSO. (C) Gene ontology (GO)
analysis of differentially expressed transcripts depicted in (B). Shown are two significantly enriched
clusters (p < 0.05).
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Figure 5. Pakerine delays dark-induced senescence in wild-type Arabidopsis leaves. (A) Representative
images of detached leaves incubated on liquid MS media supplemented with pakerine or DMSO for
seven days in darkness. (B) Total chlorophyll content of leaves treated as in (A). Data points represent
means of 12 individual leaves ± SE. Asterisks indicate significant differences according to one-way
ANOVA with LSD post hoc test (p < 0.05).

3.5. Structure–Activity Relationship (SAR) Analysis of Pakerine

Affinity purification, using a small molecule as bait, can discover its protein targets. Therefore.
functionalized analogues, entailing an affinity tag, allow target enrichment within a complex protein
mixture [40]. In order to design a bioactive functionalized pakerine analogue, we first assessed which
functional groups are required for the stress-alleviating effects of pakerine through a SAR analysis.
A series of 33 pakerine analogues was synthesized and subsequently tested in a broad concentration
range (100 nM–150 µM) for their ability to alleviate the photorespiratory phenotype of cat2-2 mutant
plants. The structure of pakerine was altered by substituting the heterocyclic and aromatic moieties
attached to the amide and/or sulfonamide moieties (Figure 6A).

Replacement of the heterocyclic or aromatic moieties from either the amide or the sulfonamide
moiety, with the simultaneous removal of opposite heterocyclic or aromatic moiety, leaving a free
amide or sulfonamide moiety, resulted in eight analogues (Figure 6B). Replacement of the sulfonamide
moiety in MSA-001 and MSA-002 by sulfonic acid and substitution of the amide moiety in MSA-003
and MSA-004 by an ester group led to a complete loss of activity. Removal of the aromatic ring from
the sulfonamide side in MSA-005 and MSA-006 and of the heterocyclic moiety from the amide side
in MSA-007 and MSA-008 also resulted in reduced bioactivity. Next, 25 analogues with different
heterocyclic and aromatic ring structures on both the amide and sulfonamide side were synthesized
to identify favorable conformations for the ring structures that might lead to improved bioactivity.
The structural analogues SA-002, SA-004, SA-005, SA-006, SA-009, SA-023, and SA-024 displayed
increased bioactivity in comparison to pakerine and were able to alleviate the photorespiratory
phenotype of cat2-2 mutant plants at 5 µM concentration (Figure 6C; Table S7, Supplementary
Materials). SA-004 was functionalized by linkage of a biotinylated polyethylene glycol moiety to its
benzene ring (SA-004–PEG–biotin; Figure 7A).
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Figure 6. Structure–activity relationship (SAR) analysis of pakerine. (A) Original chemical structure of
pakerine. Functional groups that were modified in the synthesized analogues are highlighted in blue.
(B) Analogues with single substitution in the original structure. (C) Analogues with two substitutions
in the original structure. The active concentrations at which the analogues attenuated Fv’/Fm’ decline
in cat2-2 mutants exposed to photorespiratory stress are shown below each structure.

3.6. The Peroxisomal Enzyme Abnormal Inflorescence Meristem 1 (AIM1) Is a Putative Target of Pakerine and
Is Necessary for Pakerine-Induced Alleviation of Dark-Induced Senescence

Arabidopsis protein extracts were subjected to affinity purification using SA-004–PEG–biotin and
PEG–biotin (negative control) as baits (Figure 7A). Three proteins were significantly enriched in the
SA-004–PEG–biotin versus the PEG–biotin control binding fraction (Figure 7B). The peroxisomal enzyme
abnormal inflorescence meristems 1 (AIM1; At4g29010), which is a 3-hydroxyacyl-CoA dehydrogenase
involved in fatty acid β-oxidation, was exclusively trapped by SA-004–PEG–biotin, but not by control
PEG–biotin. Noteworthy is that the two other enriched proteins (5.7- and 9.6-fold, respectively)
heme-binding protein 1 (HBP1; At1g17100) and multifunctional protein 2 (MFP2; At3g06860) were also
detected in the PEG-biotin control binding fraction (Table S8, Supplementary Materials). Interestingly,
MFP2 is highly similar to AIM1 (75% amino-acid sequence similarity) and also acts in the peroxisomal
β-oxidation pathway, implying that it can be targeted by pakerine. AIM1 was prioritized for functional
characterization since it was exclusively trapped in the SA-004–PEG–biotin binding fraction.

To obtain genetic evidence for the involvement of AIM1 in the modulation of the photorespiratory
phenotype of cat2-2 mutant plants, we set out to generate aim1-2 cat2-2 double mutants. However,
double aim1-2 cat2-2 homozygous mutant seeds were non-viable, as approximately 23% of the mature
F3 seeds (18–19 days after fertilization) were aborted, suggesting that the combined effect of cat2-2 and
aim1-2 results in seed lethality (Figure S3, Supplementary Materials) [41].
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Figure 7. Abnormal inflorescence meristem 1 (AIM1) is a putative protein target of pakerine.
(A) Chemical structures used for affinity purification. The functionalized pakerine analogue SA004
fused to a polyethylene glycol (PEG) linker and coupled to a biotin tag at the end of the PEG chain
(SA004–PEG–Biotin) was used to fish out putative protein interactions. A construct consisting of biotin
attached to PEG (Biotin–PEG) was used to eliminated background proteins interacting with the matrix
and the linker. (B) Proteins significantly enriched after affinity purification. Protein isolates from
Arabidopsis cell cultures (n = 3) were incubated with SA004–PEG–Biotin and significantly enriched
proteins in comparison to Biotin–PEG controls were identified (log2 label-free quantification intensity
(LFQ) > 3.5, p < 0.05).

We then assessed how the absence of AIM1 affects dark-induced senescence. Detached leaves
of three-week-old aim1-2 mutants displayed accelerated senescence in comparison to the wild type
(Figure 8A,B). Interestingly, pakerine (10 µM) did not affect the senescence of aim1-2 mutant leaves.

Figure 8. Pakerine does not alleviate dark-induced senescence in the absence of AIM1.
(A) Representative images of detached aim1-2 and wild-type Arabidopsis leaves incubated on liquid MS
medium supplemented with pakerine (10 µM) or DMSO (control) for seven days in darkness. (B) Total
chlorophyll content of leaves treated as in (A). Data points represent means of 12 individual leaves ±
SE. Asterisks indicate significant differences according to one-way ANOVA with LSD post hoc test
(p < 0.05).
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3.7. JA Signaling Is Not Required for Pakerine Activity

AIM1 acts in the final steps of JA biosynthesis and converts 12-oxophytoenoic acid-CoA into
7-iso-JA, the precursor of the bioactive jasmonoyl-isoleucine (JA-Ile) conjugate [42]. The aim1 mutants
show dramatic developmental defects and are severely affected in wound-induced JA accumulation
and expression of JA-responsive genes [43]. Interestingly, the expression of three JA-responsive genes
PDF1.2a, PDF1.2c, and PDF1.3 was repressed by pakerine in cat2-2 mutants under control conditions
but still induced upon exposure to photorespiratory stress (Figure 2D). To further investigate the
interplay between JA signaling and pakerine activity, we assessed whether JA biosynthesis is required
for pakerine-mediated alleviation of the photorespiratory phenotype of cat2-2 mutants. To this end, we
exposed aos cat2-1 and jar1 cat2-1 double mutants, which are unable to synthesize the JA precursor
12-oxophytodienoic acid (OPDA) and JA-Ile, respectively, to photorespiratory stress in the presence of
pakerine. Both aos cat2 and jar1 cat2 double mutants displayed a drop in Fv’/Fm’ upon exposure to
photorespiratory stress comparable to that of single cat2 mutants (Figure 9).

Figure 9. Jasmonic acid (JA) signaling is not required for pakerine function. (A) Representative
bright-field (BF) and color-coded Fv’/Fm’ (PSII) images of cat2-2 jar1-1 and cat2-2 aos double mutants
treated with 10 µM pakerine and exposed to photorespiratory stress together with mock-treated
controls. (B) Quantitative Fv’/Fm’ data from plants treated as in (A). Data points represent means of
eight individual measurements ± SE. Asterisks indicate significant differences according to one-way
ANOVA with LSD post hoc test (p < 0.05).

Addition of pakerine (10 µM) still counteracted the Fv’/Fm’ decline in all genotypes, indicating
that intact JA signaling is not required for pakerine function.

4. Discussion

We characterized the sulfonamide 3-(1-azepanylsulfonyl)-N-(2,3-dihydro-1,4-benzodioxin-6-yl)
benzamide, dubbed pakerine, that could alleviate the photorespiratory-dependent cell death phenotype
of catalase-deficient Arabidopsis and tobacco plants. Through affinity-based chemoproteomics,
we isolated the peroxisomal 3-hydroxyacyl-CoA dehydrogenase AIM1 as a putative target of pakerine
in plants.

Many sulfonamides are bioactive and have applications as antibiotics in mammals and as safeners
in plants [44]. The safeners metcamifen and cyprosulfonamide used in monocot crops, for example,
induce the expression of cytochrome P450s and glutathione transferases, which likely catalyze the
detoxification of the herbicide clodinafop-propargyl [45,46]. Quinabactin, which activates the ABA
receptors PYR1, PYL 1–3, and PYL5 and confers drought tolerance in Arabidopsis and soybean, also
contains a sulfonamide group [47,48]. The m-sulfamoyl benzamide group of pakerine was essential for
its ability to alleviate the photorespiratory phenotype of cat2-2 mutant plants, which classifies pakerine
as a novel bioactive sulfonamide. Pakerine was not only active in the photorespiratory bioassay, but
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also affected the root length and shoot size of wild-type Arabidopsis seedlings and delayed dark-induced
senescence. Interestingly, low pakerine concentrations (1 µM) promoted growth, whereas growth
inhibition was observed under high concentrations. Such biphasic responses are typically associated
with hormesis, which describes the stimulation of many independent cellular processes resulting in a
beneficial effect at moderate stress levels as opposed to a high dose-inhibitory effect [49]. In contrast to
the clear dose–response inhibition of root and rosette growth by pakerine, no linear dose–response
effect was observed when a range of pakerine concentrations were tested for their potency to alleviate
the photorespiratory phenotype of cat2-2 mutant plants. These variations can stem among others from
differences in pakerine uptake and distribution in roots and shoots or distinct protein targets that
mediate both physiological effects.

4.1. Abnormal Inflorescence Meristem1 Is a Putative Protein Target of Pakerine

Attaching biotinylated polyethylene glycol needed to fish out interacting proteins inevitably
affects the pharmacokinetics of the bait molecule. This functionalization rendered the construct
SA-004–PEG–biotin, which was used for affinity purification, inactive in contrast to the functional
pakerine analogue SA-004, most likely due to a reduced uptake and inability to reach its protein
target (Figure S4, Supplementary Materials). We used protein lysates from Arabidopsis cell cultures to
sidestep the requirement for uptake of SA-004–PEG–biotin. Apart from AIM1, which was exclusively
found in the SA-004–PEG–biotin binding fraction, two additional proteins that were significantly
enriched in the SA-004–PEG–biotin binding fraction were also trapped by the PEG–biotin control.
One of these, multifunctional protein 2 (MFP2), shares high amino-acid sequence similarity (75%) with
AIM1. Both MFP2 and AIM1 are peroxisomal enzymes involved in fatty-acid β-oxidation that possess
2-trans-enoyl-CoA hydratase and l-3-hydroxyacyl-CoA dehydrogenase activities [50]. Despite their
high sequence similarity and overlapping enzymatic activities, however, MFP2 and AIM1 play distinct
roles in plant development, which suggests that pakerine might exert its activity by targeting only one
of them. Under long-day conditions, mutants lacking AIM1 are dwarfed and display impaired flower
development and reduced seed set [51]. In contrast, mutants lacking MFP2 do not display any growth
defects [52]. The aim1 seeds are resistant to indole-3-butyric acid (IBA) and 2,4-diphenoxybutyric
acid (2,4-DB), indicating perturbation of peroxisomal function, since IBA and 2,4-DB are activated to
indole acetic acid (IAA) and 2,4-dichlorophenoxyacetic acid (2,4-D), respectively, through a series of
β-oxidation steps [51,53]. Oppositely, mutants lacking MFP2 are susceptible to IBA and 2,4-DB [52,54].
Both aim1 and mfp2 cannot germinate without an external carbon source, and aim1 mfp2 double mutants
do not produce viable seeds [52].

Leaf senescence is characterized by increased expression of enzymes involved in fatty-acid
β-oxidation supporting the breakdown of long-chain fatty acids from membrane degradation [55].
Mutants lacking 3-ketoacyl-CoA thiolase 2 (KAT2), an essential enzyme in the peroxisomal β-oxidation
pathway, show delayed natural and dark-induced senescence [56]. In contrast, pxa1 mutants affected in
peroxisomal ABC transporter 1, involved in uptake of fatty acyl-CoAs, display accelerated dark-induced
senescence [57]. Whereas pakerine delayed dark-induced senescence in the wild type, detached aim1
leaves senesced faster and were not affected by the presence of pakerine. Even though it is tempting
to equate pharmacological inhibition of a protein to a genetic mutation, in many cases, the resulting
phenotypes are different, which might explain the observed senescence phenotypes [58]. On the other
hand, genes involved in auxin homeostasis were overrepresented upon pakerine treatment in the wild
type. The available evidence points toward an active role of auxin in senescence accompanied by
changes in auxin biosynthesis and signaling [59]. The auxin/indole-3-acetic acid (AUX/IAA) genes, which
are negative regulators of auxin responses, are downregulated in senescing leaves, and exogenous
auxin transiently decreases the expression of the senescence marker SAG21 [60]. Moreover, a pro-auxin,
which was discovered in the same chemical screen as pakerine, was able to alleviate the cell death
phenotype of catalase-deficient mutants exposed to photorespiratory stress [35]. Pakerine induced
the expression of IAA29, which is downregulated in senescing leaves, implying that the delayed
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dark-induced senescence can be at least partially related to pakerine’s impact on auxin homeostasis.
Given that the endogenous precursor of auxin indole 3-butyric acid (IBA) is converted into the active
indole 3-acetic acid (IAA) in the peroxisomes, perturbations of fatty-acid β-oxidation might impact
auxin homeostasis [61]. Further supporting the impact of pakerine on senescence-related pathways
was the accumulation of the polyamine ornithine, its closely related metabolite N5-acetyl-l-ornithine,
and agmatine, a precursor of putrescine biosynthesis. Polyamines were shown to delay senescence
and protect plants against various environmental stresses [62,63].

4.2. Pakerine Acts Independently of JA Signaling

Peroxisomal oxidation plays an important role in hormonal homeostasis. The synthesis of auxin,
JA, and SA involves peroxisomal β-oxidation steps mediated by fatty-acid β-oxidation enzymes,
including AIM1 and MFP2. The JA precursor OPDA is first reduced to 12-oxophytoenoic acid, which,
after three successive rounds of β-oxidation, is converted into 7-iso-JA [42]. The involvement of JA
in the regulation of cell death was reported under various adverse environmental conditions [64].
For example, Arabidopsis plants exposed to excess light and heat stress showed a dramatic increase
in OPDA, JA, and the bioactive JA conjugate JA-Ile, which was accompanied by increased cell death
and decreased survival rates [65]. On the other hand, allene oxide synthase (aos) mutants impaired in
OPDA biosynthesis displayed decreased survival rates [65]. Overexpression of wheat allene oxide
cyclase (AOC) leads to increased OPDA and JA biosynthesis, which is accompanied by improved
fitness under salinity stress [66]. Interestingly, aim1 mutants are unable to mount wound-induced JA
synthesis and JA-responsive gene expression [43]. The effect of pakerine on JA-related gene expression
suggested that it might exert its effect via modulation of JA homeostasis likely through inhibition of the
enzymatic activity of AIM1 involved in JA synthesis. Previously, cat2 mutants that carry a second-site
mutation in jasmonate resistant1 (JAR1) and are unable to synthesize the bioactive JA conjugate JA-Ile
displayed reduced lesion formation and increased survival rate under photorespiratory stress [22].
In our photorespiratory bioassay, however, cat2-2 jar1 double mutants phenocopied cat2-2 single
mutants, indicating that the lack of bioactive JA does not influence the stress response. This apparent
discrepancy can be attributed to differences in growth conditions, such as light period (12-h light
regime versus continuous light in our experiments), which are important determinants of cell death in
catalase-deficient mutant plants [15]. To further refute the role of JA signaling in pakerine function,
cat2-2 jar1 and cat2-2 aos double mutants, deficient in the JA-precursor OPDA and having lower overall
JA levels, showed similar pakerine-triggered Fv’/Fm’ attenuation in the photorespiratory assay as
single cat2-2 mutants.

4.3. SA Accumulation Is a Likely Player in Pakerine Function

AIM1 is involved in the biosynthesis of secondary metabolites derived from benzoic acid (BA),
such as benzoylated glucosinolates and substituted hydroxybenzoylcholines, which are important
players in biotic stress interactions [29]. As a result, aim1 mutants display significantly lower
levels of BA-derived metabolites, including SA, which is partially synthesized via the phenylalanine
ammonia-lyase (PAL) pathway [29]. The AIM1 enzymatic activity responsible for SA synthesis is
likely the conversion of trans-cinnamic acid into BA. A rice mutant lacking AIM1 displayed 30%
lower SA levels in roots than the wild type, which was accompanied by a decrease in BA content and
accumulation of its precursor trans-cinnamic acid [67]. Interestingly, this mutant showed reduced
root meristem activity and repressed ROS levels, likely stemming from increased expression of redox
and ROS-scavenging-related genes. One plausible explanation of the protective role of pakerine
is, hence, through the modulation of H2O2 homeostasis. Pakerine had no apparent effect of the
cellular redox homeostasis; however, given the significant impact of the photorespiratory stress
and the intrinsic difficulties associated with quantifying H2O2 levels, pakerine’s impact on H2O2

might not be easily identifiable. SA accumulation dependent on isochorismate synthase 1 (ICS1)
is necessary for lesion formation in catalase-deficient Arabidopsis mutants under photorespiratory
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conditions [19]. ICS1 functions in the isochorismate (ICS) pathway, which is the predominate pathway
for biotic stress-inducible SA biosynthesis [68]. The importance of ICS and PAL pathways varies
between plant species and is process-dependent. Whereas SA biosynthesis in tobacco seems to occur
primarily through the PAL pathway, both the ICS and the PAL pathways are equally important in
pathogen-triggered SA biosynthesis in soybean [69,70]. The involvement of PAL-derived SA in the
photorespiratory phenotype of cat2-2 was not previously shown. Impaired SA accumulation due
to perturbation of the peroxisomal β-oxidation step in SA biosynthesis might similarly alleviate the
negative effects of photorespiratory stress and deserves further investigation.

In this study, we characterized a novel sulfonamide that could alleviate the negative effects of
photorespiration in catalase-deficient mutants and delayed dark-induced senescence. Both phenotypes
could be explained by pakerine inhibition of the peroxisomal enzyme AIM1 involved in fatty-acid
β-oxidation, which was purified as a putative target of pakerine. Taken together, our results indicate a
role of fatty-acid β-oxidation in H2O2-induced cell death.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/2026/s1:
Figure S1. Reversion of photorespiratory-induced Fv’/Fm’ decline in Nicotiana tabacum cat1 mutants by pakerine;
Figure S2. Perturbations showing similarity to pakerine-induced transcriptional changes in wild-type Arabidopsis;
Figure S3. Impaired seed development in aim1-2 cat2-2 double mutant plants; Figure S4. Photorespiratory
stress alleviating effect of the chemical probes used for affinity purification; Table S1. Primer sequences used for
genotyping of T-DNA insertion lines; Table S2. MaxQuant parameters used for mass spectrometry data analysis;
Table S3. Global transcriptome profiling of cat2-2 plants treated with pakerine under control and photorespiratory
stress; Table S4. Transcripts that responded to the photorespiratory stress in a pakerine-specific manner according
to two-way ANOVA; Table S5. Metabolite profiling of wild-type plants grown in the presence of pakerine; Table S6.
Pakerine-induced gene expression in wild-type Arabidopsis; Table S7. Structure–activity relationship analysis of
34 pakerine analogues; Table S8. List of identified proteins after affinity purification.

Author Contributions: Conceptualization, F.V.B., P.K. and C.V.S.; methodology, T.v.d.M., P.K., A.V., F.I. and K.G.;
investigation, T.v.d.M., P.W. and P.K.; writing—original draft preparation, T.v.d.M. and P.K.; writing—review and
editing, T.v.d.M., P.K., F.V.B. and C.V.S.; supervision, P.K., C.V.S. and C.T.; funding acquisition, F.V.B. and C.V.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Special Research Funds of Ghent University (BOF), the European
Regional Development Fund, the Project Phytophthora Research Center Reg. No. CZ.02.1.01/0.0/0.0/15_003/
0000453, and ERC-Consolidator grant 724321 (Sense2SurviveSalt).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mhamdi, A.; Van Breusegem, F. Reactive oxygen species in plant development. Development 2018, 145,
dev164376. [CrossRef] [PubMed]

2. Choudhury, F.K.; Rivero, R.M.; Blumwald, E.; Mittler, R. Reactive oxygen species, abiotic stress and stress
combination. Plant J. 2017, 90, 856–867. [CrossRef] [PubMed]

3. Noctor, G.; Reichheld, J.P.; Foyer, C.H. ROS-related redox regulation and signaling in plants. Semin. Cell
Dev. Biol. 2018, 80, 3–12. [CrossRef] [PubMed]

4. Smirnoff, N.; Arnaud, D. Hydrogen peroxide metabolism and functions in plants. New Phytol. 2019, 221,
1197–1214. [CrossRef]

5. Levine, A.; Tenhaken, R.; Dixon, R.; Lamb, C. H2O2 from the oxidative burst orchestrates the plant
hypersensitive disease resistance response. Cell 1994, 79, 583–593. [CrossRef]

6. Willems, P.; Mhamdi, A.; Stael, S.; Storme, V.; Kerchev, P.; Noctor, G.; Gevaert, K.; Van Breusegem, F. The ROS
wheel: Refining ROS transcriptional footprints. Plant Physiol. 2016, 171, 1720–1733. [CrossRef]

7. Vanderauwera, S.; Zimmermann, P.; Rombauts, S.; Vandenabeele, S.; Langebartels, C.; Gruissem, W.; Inzé, D.;
Van Breusegem, F. Genome-wide analysis of hydrogen peroxide-regulated gene expression in Arabidopsis
reveals a high light-induced transcriptional cluster involved in anthocyanin biosynthesis. Plant Physiol. 2005,
139, 806–821. [CrossRef]

8. Huang, J.; Willems, P.; Van Breusegem, F.; Messens, J. Pathways crossing mammalian and plant sulfenomic
landscapes. Free Radic. Biol. Med. 2018, 122, 193–201. [CrossRef]

http://www.mdpi.com/2073-4409/9/9/2026/s1
http://dx.doi.org/10.1242/dev.164376
http://www.ncbi.nlm.nih.gov/pubmed/30093413
http://dx.doi.org/10.1111/tpj.13299
http://www.ncbi.nlm.nih.gov/pubmed/27801967
http://dx.doi.org/10.1016/j.semcdb.2017.07.013
http://www.ncbi.nlm.nih.gov/pubmed/28733165
http://dx.doi.org/10.1111/nph.15488
http://dx.doi.org/10.1016/0092-8674(94)90544-4
http://dx.doi.org/10.1104/pp.16.00420
http://dx.doi.org/10.1104/pp.105.065896
http://dx.doi.org/10.1016/j.freeradbiomed.2018.02.012


Cells 2020, 9, 2026 20 of 23

9. Huang, J.; Willems, P.; Wei, B.; Tian, C.; Ferreira, R.B.; Bodra, N.; Martínez Gache, S.A.; Wahni, K.; Liu, K.;
Vertommen, D.; et al. Mining for protein S-sulfenylation in Arabidopsis uncovers redox-sensitive sites.
Proc. Natl. Acad. Sci. USA 2019, 116, 20256–20261. [CrossRef]

10. Motohashi, K.; Koyama, F.; Nakanishi, Y.; Ueoka-Nakanishi, H.; Hisabori, T. Chloroplast Cyclophilin Is a
Target Protein of Thioredoxin. Thiol modulation of the peptidyl-prolyl cis-trans isomerase activity. J. Biol.
Chem. 2003, 278, 31848–31852. [CrossRef]

11. Park, S.W.; Li, W.; Viehhauser, A.; He, B.; Kim, S.; Nilsson, A.K.; Andersson, M.X.; Kittle, J.D.;
Ambavaram, M.M.R.; Luan, S.; et al. Cyclophilin 20-3 relays a 12-oxo-phytodienoic acid signal during
stress responsive regulation of cellular redox homeostasis. Proc. Natl. Acad. Sci. USA 2013, 110, 9559–9564.
[CrossRef] [PubMed]

12. Tian, Y.; Fan, M.; Qin, Z.; Lv, H.; Wang, M.; Zhang, Z.; Zhou, W.; Zhao, N.; Li, X.; Han, C.;
et al. Hydrogen peroxide positively regulates brassinosteroid signaling through oxidation of the
BRASSINAZOLE-RESISTANT1 transcription factor. Nat. Commun. 2018, 9, 1063. [CrossRef] [PubMed]

13. Tuzet, A.; Rahantaniaina, M.S.; Noctor, G. Analyzing the Function of Catalase and the Ascorbate-Glutathione
Pathway in H2O2 Processing: Insights from an Experimentally Constrained Kinetic Model. Antioxid. Redox
Signal. 2019, 30, 1238–1268. [CrossRef] [PubMed]

14. Timm, S.; Hagemann, M. Photorespiration—How is it regulated and regulates overall plant metabolism.
J. Exp. Bot. 2020, 71, 3955–3965. [CrossRef]

15. Queval, G.; Issakidis-Bourguet, E.; Hoeberichts, F.A.; Vandorpe, M.; Gakière, B.; Vanacker, H.;
Miginiac-Maslow, M.; Van Breusegem, F.; Noctor, G. Conditional oxidative stress responses in the Arabidopsis
photorespiratory mutant cat2 demonstrate that redox state is a key modulator of daylength-dependent gene
expression, and define photoperiod as a crucial factor in the regulation of H2O2-induced cel. Plant J. 2007,
52, 640–657. [CrossRef]

16. Vandenabeele, S.; Van Der Kelen, K.; Dat, J.; Gadjev, I.; Boonefaes, T.; Morsa, S.; Rottiers, P.; Slooten, L.;
Van Montagu, M.; Zabeau, M.; et al. A comprehensive analysis of hydrogen peroxide-induced gene
expression in tobacco. Proc. Natl. Acad. Sci. USA 2003, 100, 16113–16118. [CrossRef]

17. Mhamdi, A.; Noctor, G.; Baker, A. Plant catalases: Peroxisomal redox guardians. Arch. Biochem. Biophys.
2012, 525, 181–194. [CrossRef]

18. Han, Y.; Mhamdi, A.; Chaouch, S.; Noctor, G. Regulation of basal and oxidative stress-triggered jasmonic
acid-related gene expression by glutathione. Plant. Cell Environ. 2013, 36, 1135–1146. [CrossRef]

19. Chaouch, S.; Queval, G.; Vanderauwera, S.; Mhamdi, A.; Vandorpe, M.; Langlois-Meurinne, M.;
Van Breusegem, F.; Saindrenan, P.; Noctor, G. Peroxisomal hydrogen peroxide is coupled to biotic defense
responses by ISOCHORISMATE SYNTHASE1 in a daylength-related manner. Plant Physiol. 2010, 153,
1692–1705. [CrossRef]

20. Han, Y.; Chaouch, S.; Mhamdi, A.; Queval, G.; Zechmann, B.; Noctor, G. Functional Analysis of Arabidopsis
Mutants Points to Novel Roles for Glutathione in Coupling H2O2 to Activation of Salicylic Acid Accumulation
and Signaling. Antioxid. Redox Signal. 2013, 18, 2106–2121. [CrossRef]

21. Mhamdi, A.; Mauve, C.; Houda, G.; Saindrenan, P.; Hodges, M.; Noctor, G. Cytosolic NADP-dependent
isocitrate dehydrogenase contributes to redox homeostasis and the regulation of pathogen responses in
Arabidopsis leaves. Plant. Cell Environ. 2010, 33, 1112–1123. [CrossRef] [PubMed]

22. Kaurilind, E.; Xu, E.; Brosché, M. A genetic framework for H2O2 induced cell death in Arabidopsis thaliana.
BMC Genom. 2015, 16, 837. [CrossRef] [PubMed]

23. Kerchev, P.; Waszczak, C.; Lewandowska, A.; Willems, P.; Shapiguzov, A.; Li, Z.; Alseekh, S.; Mühlenbock, P.;
Hoeberichts, F.A.; Huang, J.; et al. Lack of GLYCOLATE OXIDASE1, but Not GLYCOLATE OXIDASE2,
Attenuates the Photorespiratory Phenotype of CATALASE2-Deficient Arabidopsis. Plant Physiol. 2016, 171,
1704–1719. [CrossRef]

24. Waszczak, C.; Kerchev, P.I.; Mühlenbock, P.; Hoeberichts, F.A.; Van Der Kelen, K.; Mhamdi, A.; Willems, P.;
Denecker, J.; Kumpf, R.P.; Noctor, G.; et al. SHORT-ROOT Deficiency Alleviates the Cell Death Phenotype
of the Arabidopsis catalase2 Mutant under Photorespiration-Promoting Conditions. Plant Cell 2016, 28,
1844–1859. [CrossRef] [PubMed]

25. Meinke, D.; Muralla, R.; Sweeney, C.; Dickerman, A. Identifying essential genes in Arabidopsis thaliana.
Trends Plant Sci. 2008, 13, 483–491. [CrossRef]

http://dx.doi.org/10.1073/pnas.1906768116
http://dx.doi.org/10.1074/jbc.M304258200
http://dx.doi.org/10.1073/pnas.1218872110
http://www.ncbi.nlm.nih.gov/pubmed/23671085
http://dx.doi.org/10.1038/s41467-018-03463-x
http://www.ncbi.nlm.nih.gov/pubmed/29540799
http://dx.doi.org/10.1089/ars.2018.7601
http://www.ncbi.nlm.nih.gov/pubmed/30044135
http://dx.doi.org/10.1093/jxb/eraa183
http://dx.doi.org/10.1111/j.1365-313X.2007.03263.x
http://dx.doi.org/10.1073/pnas.2136610100
http://dx.doi.org/10.1016/j.abb.2012.04.015
http://dx.doi.org/10.1111/pce.12048
http://dx.doi.org/10.1104/pp.110.153957
http://dx.doi.org/10.1089/ars.2012.5052
http://dx.doi.org/10.1111/j.1365-3040.2010.02133.x
http://www.ncbi.nlm.nih.gov/pubmed/20199623
http://dx.doi.org/10.1186/s12864-015-1964-8
http://www.ncbi.nlm.nih.gov/pubmed/26493993
http://dx.doi.org/10.1104/pp.16.00359
http://dx.doi.org/10.1105/tpc.16.00038
http://www.ncbi.nlm.nih.gov/pubmed/27432873
http://dx.doi.org/10.1016/j.tplants.2008.06.003


Cells 2020, 9, 2026 21 of 23

26. Park, S.-Y.; Fung, P.; Nishimura, N.; Jensen, D.R.; Fujii, H.; Zhao, Y.; Lumba, S.; Santiago, J.; Rodrigues, A.;
Chow, T.-F.F.; et al. Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START
proteins. Science 2009, 324, 1068–1071. [CrossRef]

27. De Rybel, B.; Audenaert, D.; Vert, G.; Rozhon, W.; Mayerhofer, J.; Peelman, F.; Coutuer, S.; Denayer, T.;
Jansen, L.; Nguyen, L.; et al. Chemical Inhibition of a Subset of Arabidopsis thaliana GSK3-like Kinases
Activates Brassinosteroid Signaling. Chem. Biol. 2009, 16, 594–604. [CrossRef]

28. Kerchev, P.; van der Meer, T.; Sujeeth, N.; Verlee, A.; Stevens, C.V.; Van Breusegem, F.; Gechev, T. Molecular
priming as an approach to induce tolerance against abiotic and oxidative stresses in crop plants. Biotechnol. Adv.
2020, 40, 107503. [CrossRef]

29. Bussell, J.D.; Reichelt, M.; Wiszniewski, A.A.G.; Gershenzon, J.; Smith, S.M. Peroxisomal ATP-binding
cassette transporter COMATOSE and the multifunctional protein abnormal INFLORESCENCE MERISTEM
are required for the production of benzoylated metabolites in Arabidopsis seeds. Plant Physiol. 2014, 164,
48–54. [CrossRef]

30. Chamnongpol, S.; Willekens, H.; Moeder, W.; Langebartels, C.; Sandermann, H.; Van Montagu, M.; Inzé, D.;
Van Camp, W. Defense activation and enhanced pathogen tolerance induced by H2O2 in transgenic tobacco.
Proc. Natl. Acad. Sci. USA 1998, 95, 5818–5823. [CrossRef]

31. May, M.J.; Leaver, C.J. Oxidative Stimulation of Glutathione Synthesis in Arabidopsis thaliana Suspension
Cultures. Plant Physiol. 1993, 103, 621–627. [CrossRef] [PubMed]

32. Meijering, E.; Jacob, M.; Sarria, J.-C.F.; Steiner, P.; Hirling, H.; Unser, M. Design and validation of a tool for
neurite tracing and analysis in fluorescence microscopy images. Cytometry 2004, 58, 167–176. [CrossRef]
[PubMed]

33. Robinson, M.; Mccarthy, D.; Chen, Y.; Smyth, G.K. edgeR: Differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

34. Verlee, A.; Heugebaert, T.; Van Der Meer, T.; Kerchev, P.I.; Van Breusegem, F.; Stevens, C.V. A chemoselective
and continuous synthesis of m-sulfamoylbenzamide analogues. Beilstein J. Org. Chem. 2017, 13, 303–312.
[CrossRef]

35. Kerchev, P.; Mühlenbock, P.; Denecker, J.; Morreel, K.; Hoeberichts, F.; Van der Kelen, K.; Vandorpe, M.;
Nguyen, L.; Audenaert, D.; Van Breusegem, F. Activation of auxin signalling counteracts photorespiratory H
2 O 2 -dependent cell death. Plant Cell Environ. 2015, 38, 253–265. [CrossRef]

36. Vanderauwera, S.; Vandenbroucke, K.; Inzé, A.; Van De Cotte, B.; Mühlenbock, P.; De Rycke, R.; Naouar, N.;
Van Gaever, T.; Van Montagu, M.C.E.; Van Breusegem, F. AtWRKY15 perturbation abolishes the mitochondrial
stress response that steers osmotic stress tolerance in Arabidopsis. Proc. Natl. Acad. Sci. USA 2012, 109,
20113–20118. [CrossRef]

37. Hruz, T.; Laule, O.; Szabo, G.; Wessendorp, F.; Bleuler, S.; Oertle, L.; Widmayer, P.; Gruissem, W.;
Zimmermann, P. Resource Review Genevestigator V3: A Reference Expression Database for the Meta-Analysis
of Transcriptomes. Adv. Bioinform. 2008. [CrossRef]

38. Van Doorn, W.G.; Woltering, E.J. Senescence and programmed cell death: Substance or semantics? J. Exp.
Bot. 2004, 55, 2147–2153. [CrossRef]

39. Weaver, L.M.; Amasino, R.M. Senescence is induced in individually darkened Arabidopsis leaves,
but inhibited in whole darkened plants. Plant Physiol. 2001, 127, 876–886. [CrossRef]

40. Jenmalm Jensen, A.; Cornella Taracido, I. Affinity-Based Chemoproteomics for Target Identification. In Target
Discovery and Validation: Methods and Strategies for Drug Discovery; Plowright, A.T., Ed.; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, Germany, 2019; pp. 25–49. [CrossRef]

41. Le, B.H.; Cheng, C.; Bui, A.Q.; Wagmaister, J.A.; Henry, K.F.; Pelletier, J.; Kwong, L.; Belmonte, M.;
Kirkbride, R.; Horvath, S.; et al. Global analysis of gene activity during Arabidopsis seed development
and identification of seed-specific transcription factors. Proc. Natl. Acad. Sci. USA 2010, 107, 8063–8070.
[CrossRef]

42. Kombrink, E. Chemical and genetic exploration of jasmonate biosynthesis and signaling paths. Planta 2012,
236, 1351–1366. [CrossRef] [PubMed]

43. Delker, C.; Zolman, B.K.; Miersch, O.; Wasternack, C. Jasmonate biosynthesis in Arabidopsis thaliana requires
peroxisomal β-oxidation enzymes—Additional proof by properties of pex6 and aim1. Phytochemistry 2007,
68, 1642–1650. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1173041
http://dx.doi.org/10.1016/j.chembiol.2009.04.008
http://dx.doi.org/10.1016/j.biotechadv.2019.107503
http://dx.doi.org/10.1104/pp.113.229807
http://dx.doi.org/10.1073/pnas.95.10.5818
http://dx.doi.org/10.1104/pp.103.2.621
http://www.ncbi.nlm.nih.gov/pubmed/12231968
http://dx.doi.org/10.1002/cyto.a.20022
http://www.ncbi.nlm.nih.gov/pubmed/15057970
http://dx.doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://dx.doi.org/10.3762/bjoc.13.33
http://dx.doi.org/10.1111/pce.12250
http://dx.doi.org/10.1073/pnas.1217516109
http://dx.doi.org/10.1155/2008/420747
http://dx.doi.org/10.1093/jxb/erh264
http://dx.doi.org/10.1104/pp.010312
http://dx.doi.org/10.1002/9783527818242.ch2
http://dx.doi.org/10.1073/pnas.1003530107
http://dx.doi.org/10.1007/s00425-012-1705-z
http://www.ncbi.nlm.nih.gov/pubmed/23011567
http://dx.doi.org/10.1016/j.phytochem.2007.04.024
http://www.ncbi.nlm.nih.gov/pubmed/17544464


Cells 2020, 9, 2026 22 of 23

44. García-Galán, M.J.; Silvia Díaz-Cruz, M.; Barceló, D. Identification and determination of metabolites and
degradation products of sulfonamide antibiotics. TrAC Trends Anal. Chem. 2008, 27, 1008–1022. [CrossRef]

45. Brazier-Hicks, M.; Howell, A.; Cohn, J.; Hawkes, T.; Hall, G.; Mcindoe, E.; Edwards, R. Chemically induced
herbicide tolerance in rice by the safener metcamifen is associated with a phased stress response. J. Exp. Bot.
2020, 71, 411–421. [CrossRef] [PubMed]

46. Giannakopoulos, G.; Dittgen, J.; Schulte, W.; Zoellner, P.; Helmke, H.; Lagojda, A.; Edwards, R. Safening
activity and metabolism of the safener cyprosulfamide in maize and wheat. Pest Manag. Sci. 2020, ps.5801.
[CrossRef]

47. Okamoto, M.; Peterson, F.C.; Defries, A.; Park, S.-Y.; Endo, A.; Nambara, E.; Volkman, B.F.; Cutler, S.R.
Activation of dimeric ABA receptors elicits guard cell closure, ABA-regulated gene expression, and drought
tolerance. Proc. Natl. Acad. Sci. USA 2013, 110, 12132–12137. [CrossRef]

48. Cao, M.-J.; Zhang, Y.-L.; Liu, X.; Huang, H.; Zhou, X.E.; Wang, W.-L.; Zeng, A.; Zhao, C.-Z.; Si, T.; Du, J.; et al.
Combining chemical and genetic approaches to increase drought resistance in plants. Nat. Commun. 2017, 8,
1183. [CrossRef]

49. Calabrese, E.J.; Mattson, M.P. How does hormesis impact biology, toxicology, and medicine? NPJ Aging Mech.
Dis. 2017, 3, 13. [CrossRef]

50. Arent, S.; Christensen, C.E.; Pye, V.E.; Nørgaard, A.; Henriksen, A. The multifunctional protein in peroxisomal
beta-oxidation: Structure and substrate specificity of the Arabidopsis thaliana protein MFP2. J. Biol. Chem.
2010, 285, 24066–24077. [CrossRef]

51. Richmond, T.A.; Bleecker, A.B. A Defect in-Oxidation Causes Abnormal Inflorescence Development in
Arabidopsis. Plant Cell 1999, 11, 1911–1924. [CrossRef]

52. Rylott, E.L.; Eastmond, P.J.; Gilday, A.D.; Slocombe, S.P.; Larson, T.R.; Baker, A.; Graham, I.A. The Arabidopsis
thaliana multifunctional protein gene (MFP2) of peroxisomal β-oxidation is essential for seedling establishment.
Plant J. 2006, 45, 930–941. [CrossRef] [PubMed]

53. Zolman, B.K.; Yoder, A.; Bartel, B. Genetic Analysis of Indole-3-butyric Acid Responses in Arabidopsis
thaliana Reveals Four Mutant Classes. Genetics 2000, 156, 1323–1337. [PubMed]

54. Li, Y.; Liu, Y.; Zolman, B.K. Metabolic alterations in the enoyl-coA hydratase 2 mutant disrupt peroxisomal
pathways in seedlings. Plant Physiol. 2019, 180, 1860–1876. [CrossRef] [PubMed]

55. Troncoso-Ponce, M.A.; Cao, X.; Yang, Z.; Ohlrogge, J.B. Lipid turnover during senescence. Plant Sci. 2013,
205–206, 13–19. [CrossRef] [PubMed]

56. Castillo, M.C.; León, J. Expression of the β-oxidation gene 3-ketoacyl-CoA thiolase 2 (KAT2) is required for
the timely onset of natural and dark-induced leaf senescence in Arabidopsis. J. Exp. Bot. 2008, 59, 2171–2179.
[CrossRef] [PubMed]

57. Kunz, H.H.; Scharnewski, M.; Feussner, K.; Feussner, I.; Flügge, U.I.; Fulda, M.; Gierth, M. The ABC
transporter PXA1 and peroxisomal β-oxidation are vital for metabolism in mature leaves of Arabidopsis
during extended darkness. Plant Cell 2009, 21, 2733–2749. [CrossRef]

58. Knight, Z.A.; Shokat, K.M. Chemical Genetics: Where Genetics and Pharmacology Meet. Cell 2007, 128,
425–430. [CrossRef]

59. Van Der Graaff, E.; Schwacke, R.; Schneider, A.; Desimone, M.; Flügge, U.I.; Kunze, R. Transcription analysis
of arabidopsis membrane transporters and hormone pathways during developmental and induced leaf
senescence. Plant Physiol. 2006, 141, 776–792. [CrossRef]

60. Quirino, B.F.; Normanly, J.; Amasino, R.M. Diverse range of gene activity during Arabidopsis thaliana leaf
senescence includes pathogen-independent induction of defense-related genes. Plant Mol. Biol. 1999, 40,
267–278. [CrossRef]

61. Kao, Y.T.; Gonzalez, K.L.; Bartel, B. Peroxisome function, biogenesis, and dynamics in plants. Plant Physiol.
2018, 176, 162–177. [CrossRef]

62. Sequera-Mutiozabal, M.I.; Erban, A.; Kopka, J.; Atanasov, K.E.; Bastida, J.; Fotopoulos, V.; Alcázar, R.;
Tiburcio, A.F. Global metabolic profiling of arabidopsis polyamine oxidase 4 (AtPAO4) loss-of-function
mutants exhibiting delayed dark-induced senescence. Front. Plant Sci. 2016, 7, 173. [CrossRef] [PubMed]

63. Chen, D.; Shao, Q.; Yin, L.; Younis, A.; Zheng, B. Polyamine function in plants: Metabolism, regulation on
development, and roles in abiotic stress responses. Front. Plant Sci. 2019, 9, 1945. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.trac.2008.10.001
http://dx.doi.org/10.1093/jxb/erz438
http://www.ncbi.nlm.nih.gov/pubmed/31565749
http://dx.doi.org/10.1002/ps.5801
http://dx.doi.org/10.1073/pnas.1305919110
http://dx.doi.org/10.1038/s41467-017-01239-3
http://dx.doi.org/10.1038/s41514-017-0013-z
http://dx.doi.org/10.1074/jbc.M110.106005
http://dx.doi.org/10.1105/tpc.11.10.1911
http://dx.doi.org/10.1111/j.1365-313X.2005.02650.x
http://www.ncbi.nlm.nih.gov/pubmed/16507084
http://www.ncbi.nlm.nih.gov/pubmed/11063705
http://dx.doi.org/10.1104/pp.19.00300
http://www.ncbi.nlm.nih.gov/pubmed/31138624
http://dx.doi.org/10.1016/j.plantsci.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23498858
http://dx.doi.org/10.1093/jxb/ern079
http://www.ncbi.nlm.nih.gov/pubmed/18441338
http://dx.doi.org/10.1105/tpc.108.064857
http://dx.doi.org/10.1016/j.cell.2007.01.021
http://dx.doi.org/10.1104/pp.106.079293
http://dx.doi.org/10.1023/A:1006199932265
http://dx.doi.org/10.1104/pp.17.01050
http://dx.doi.org/10.3389/fpls.2016.00173
http://www.ncbi.nlm.nih.gov/pubmed/26925084
http://dx.doi.org/10.3389/fpls.2018.01945
http://www.ncbi.nlm.nih.gov/pubmed/30687350


Cells 2020, 9, 2026 23 of 23

64. Yang, J.; Duan, G.; Li, C.; Liu, L.; Han, G.; Zhang, Y.; Wang, C. The Crosstalks Between Jasmonic Acid and
Other Plant Hormone Signaling Highlight the Involvement of Jasmonic Acid as a Core Component in Plant
Response to Biotic and Abiotic Stresses. Front. Plant Sci. 2019, 10, 1349. [CrossRef] [PubMed]

65. Balfagón, D.; Sengupta, S.; Gómez-Cadenas, A.; Fritschi, F.B.; Azad, R.K.; Mittler, R.; Zandalinasc, S.I.
Jasmonic acid is required for plant acclimation to a combination of high light and heat stress. Plant Physiol.
2019, 181, 1668–1682. [CrossRef] [PubMed]

66. Zhao, Y.; Dong, W.; Zhang, N.; Ai, X.; Wang, M.; Huang, Z.; Xiao, L.; Xia, G. A wheat allene oxide cyclase
gene enhances salinity tolerance via jasmonate signaling. Plant Physiol. 2014, 164, 1068–1076. [CrossRef]

67. Xu, L.; Zhao, H.; Ruan, W.; Deng, M.; Wang, F.; Peng, J.; Luo, J.; Chen, Z.; Yi, K. ABNORMAL
INFLORESCENCE MERISTEM1 functions in salicylic acid biosynthesis to maintain proper reactive oxygen
species levels for root meristem activity in rice. Plant Cell 2017, 29, 560–574. [CrossRef]

68. Lefevere, H.; Bauters, L.; Gheysen, G. Salicylic Acid Biosynthesis in Plants. Front. Plant Sci. 2020, 11, 338.
[CrossRef]

69. Pallas, J.A.; Paiva, N.L.; Lamb, C.; Dixon, R.A. Tobacco plants epigenetically suppressed in phenylalanine
ammonia-lyase expression do not develop systemic acquired resistance in response to infection by tobacco
mosaic virus. Plant J. 1996, 10, 281–293. [CrossRef]

70. Shine, M.B.; Yang, J.-W.; El-Habbak, M.; Nagyabhyru, P.; Fu, D.-Q.; Navarre, D.; Ghabrial, S.; Kachroo, P.;
Kachroo, A. Cooperative functioning between phenylalanine ammonia lyase and isochorismate synthase
activities contributes to salicylic acid biosynthesis in soybean. New Phytol. 2016, 212, 627–636. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fpls.2019.01349
http://www.ncbi.nlm.nih.gov/pubmed/31681397
http://dx.doi.org/10.1104/pp.19.00956
http://www.ncbi.nlm.nih.gov/pubmed/31594842
http://dx.doi.org/10.1104/pp.113.227595
http://dx.doi.org/10.1105/tpc.16.00665
http://dx.doi.org/10.3389/fpls.2020.00338
http://dx.doi.org/10.1046/j.1365-313X.1996.10020281.x
http://dx.doi.org/10.1111/nph.14078
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Chlorophyll Fluorescence 
	Metabolite Profiling 
	Transcriptome Profiling 
	ATH1 Microarray Analysis 
	RNA Sequencing 

	Structure–Activity Relationship Analysis 
	Affinity Purification 
	Mass Spectrometry and Data Analysis 

	Results 
	Two m-Sulfamoyl Benzamides Alleviate the Photorespiratory Phenotype of Arabidopsis cat2-2 Mutants 
	Pakerine Treatment Results in Distinct Transcriptome Rearrangement upon Photorespiratory Stress 
	Bioactivity of Pakerine in Wild-Type Arabidopsis 
	Pakerine Alleviates Dark-Induced Senescence 
	Structure–Activity Relationship (SAR) Analysis of Pakerine 
	The Peroxisomal Enzyme Abnormal Inflorescence Meristem 1 (AIM1) Is a Putative Target of Pakerine and Is Necessary for Pakerine-Induced Alleviation of Dark-Induced Senescence 
	JA Signaling Is Not Required for Pakerine Activity 

	Discussion 
	Abnormal Inflorescence Meristem1 Is a Putative Protein Target of Pakerine 
	Pakerine Acts Independently of JA Signaling 
	SA Accumulation Is a Likely Player in Pakerine Function 

	References

