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Peroxisomes are eukaryotic specific organelles that perform diverse metabolic functions
including fatty acid β-oxidation, reactive species metabolism, photorespiration, and
responses to stress. However, the potential regulation of these functions by post-
translational modifications, including protein phosphorylation, has had limited study.
Recently, we identified and catalogued a large number of peroxisomal phosphorylated
proteins, implicating the presence of protein kinases in this organelle. Here, we employed
available prediction models coupled with sequence conservation analysis to identify 31
protein kinases from the Arabidopsis kinome (all protein kinases) that contain a putative,
non-canonical peroxisomal targeting signal type 1 (PTS1). From this, twelve C-terminal
domain-PTS1s were demonstrated to be functional in vivo, targeting enhanced yellow
fluorescent protein to peroxisomes, increasing the list of presumptive peroxisomal protein
kinases to nineteen. Of the twelve protein kinases with functional PTS1s, we obtained full
length clones for eight and demonstrated that seven target to peroxisomes in vivo.
Screening homozygous mutants of the presumptive nineteen protein kinases revealed
one candidate (GPK1) that harbors a sugar-dependence phenotype, suggesting it is
involved in regulating peroxisomal fatty acid β-oxidation. These results present new
opportunities for investigating the regulation of peroxisome functions.
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INTRODUCTION

Peroxisomes are eukaryotic specific, single-membraned organelles involved in a host of specialized
metabolic events, but are best characterized for their role in fatty acid β-oxidation and
photorespiration (Li-Beisson et al., 2013; Kao et al., 2018). Peroxisomes derive from the
endoplasmic reticulum (ER), have the ability to bind to and move on the cytoskeleton, to
proliferate (Agrawal and Subramani, 2016; Neuhaus et al., 2016; Kao et al., 2018) and in plants
were recently discovered to have intralumenal vesicles (Wright and Bartel, 2020). Pre-peroxisomes
bud from specific ER domains and becomemature peroxisomes through importing nuclear-encoded
peroxisomal membrane (PMPs) and matrix proteins. Proteins synthesized in the cytosol enter
peroxisomes via short sequence signals named peroxisome targeting signal type 1 (PTS1) and 2
(PTS2) located at protein C-termini and N-termini, respectively. The majority of peroxisomal matrix
proteins have PTS1 with a prototype SKL> (this is the single amino acid code and >indicates a
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C-terminal stop codon), while some harbor PTS2 with RLX5HL
as a prototype (Gould et al., 1987; Hu et al., 2012; Kao et al., 2018;
Kunze, 2020). Bioinformatic prediction tools have been
developed primarily for PTS1 identification and have been
widely utilized to identify putative peroxisomal candidate
proteins (Reumann, 2004; Lingner et al., 2011; Chowdhary
et al., 2012; Skoulding et al., 2015; Wang et al., 2017;
Reumann and Chowdhary, 2018).

Peroxisome biogenesis, functions (Kao et al., 2018),
remodelling (Paudyal et al., 2017; Luo and Zhuang, 2018) and
crosstalk with other organelles (Oikawa et al., 2015; Thazar-
Poulot et al., 2015; Jaipargas et al., 2016) is expected to be
fine-tuned under varying cellular conditions through various
post-translational modifications (PTMs) (Sandalio et al., 2019).
Yeast protein kinase and phosphatase mutants show a role for
protein phosphorylation in peroxisome formation, size, fission,
and pexophagy (Saleem et al., 2008; Oeljeklaus et al., 2016). We
proposed that phosphorylation could control plant proteins
shuttling between peroxisomes and other organelles, possibly
under specific conditions (Kataya et al., 2019), similar to yeast
glycerol-3-phosphate dehydrogenase 1 (GPD1), which changes
its localization from the nucleus and cytosol to peroxisomes by a
phosphorylation-dependent event (Jung et al., 2010). A limited
number of studies have investigated protein phosphorylation in
mammalian, yeast, and Arabidopsis peroxisomes (for a full
overview we refer readers to two comprehensive reviews about
this topic (Oeljeklaus et al., 2016; Kataya et al., 2019)). Recently,
Arabidopsis and Zea mays peroxisomal photorespiratory
glycolate oxidase activity was found to be modulated by
phosphorylation (Jossier et al., 2019) and our recent analysis
found more than half of the known peroxisomal proteome to be
phosphorylated (Kataya et al., 2019). However, it is not known
how phosphorylation controls these proteins or the identity of the
protein kinases and phosphatases that regulate them. Over the
last 2 decades, four Arabidopsis peroxisomal protein
phosphatases were identified (Fukao et al., 2002; Matre et al.,
2009; Kataya et al., 2015b; Kataya et al., 2016; Kataya et al., 2019).
The number of protein kinases and phosphatases in Arabidopsis
is ~1100 and ~150, respectively (reviewed in (Uhrig et al., 2013;
Lillo et al., 2014)). Only calcium-dependent protein kinase 1
(CPK1) and glyoxysomal protein kinase 1 (GPK1) were reported
as peroxisome targeted protein kinases (Dammann et al., 2003;
Fukao et al., 2003; Coca and San Segundo, 2010) with no
information about their impact on peroxisome function.

In this study, we screened the Arabidopsis kinome for
potential PTS1 sequences, studied their conservation and
experimentally investigated 31 protein kinases harboring
putative PTS1s or PTS1-like tripeptide sequences. We
confirmed functional peroxisomal targeting signals that belong
to twelve of these protein kinases and studied the subcellular
localization for eight of their full-length proteins. Seven
additional protein kinases have previously been implicated as
peroxisomal or at least harboring functional PTS1s. Here, we have
used an array of approaches to confirm or refute these seven as
true peroxisomal proteins. The peroxisomal protein kinase types,
sequence relationship, and expression were studied, and several
homozygous T-DNA insertion lines were isolated. These mutants

were tested for sugar dependence phenotypes, implicating a role
for one protein kinase in the peroxisomal degradation of
fatty acids.

MATERIALS AND METHODS

Gene Cloning for in Planta Expression
The 31 fusion constructs Supplementary Table 1 of the protein
kinase peroxisomal targeting domains (PTD) were amplified from
enhanced yellow fluorescent protein (EYFP) template using
forward primer (CACCATGGCAATGGTGAGCAAGGGCGA
GGAG) and reverse synthesized primers obtaining the sequence
that covers each C-terminal decapeptide of each (primer sequences
are in Supplementary Table 2). Arabidopsis protein kinases
cDNAs were either amplified from isolated RNA or obtained
from the ABRC (Columbus, OH, United States) and RIKEN
BioResource Center (Ibaraki, Japan), for more details see
Supplementary Table 3. The amplified cDNAs were cloned/
subcloned into pCAT-EYFP vector (Lingner et al., 2011; Kataya
et al., 2016) to create N-terminal protein fusions with EYFP. The
subcloning vector has a 35S promoter of cauliflower mosaic virus
with a duplicated enhancer region and a 35S polyadenylation site.

RT-PCR
Total RNA was extracted using RNAeasy Plant Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol.
First-strand cDNA synthesis was performed using Superscript
IV reverse transcriptase (Invitrogen, Carlsbad, CA, United States)
in a 20-µl standard reaction mixture containing gene-specific
primers. PCR amplification was done using the Expand High
FidelityPLUS PCR System (Roche, Mannheim, Germany).
Primers for RT-PCR amplifications, and cloning are found in
Supplementary Table 3.

Bioinformatics
Sequencing the recombinant constructs was accomplished by
Seqlab (Gottingen, Germany) using their facility of Extended
Hotshots reactions and the DNA Core DNA services, the
University of Calgary (Calgary, Canada). The general
promoters T7, SP6, 35S, and NOS terminator primers were
used for sequencing in pGEM-T Easy and EYFP-containing
plasmids. Sequence analysis was done using Vector NTI
(Invitrogen, Carlsbad, CA, United States) in combination with
web-based programs for reversing DNA (http://www.
bioinformatics.org/SMS/rev_comp.html) and protein
translation (http://us.expasy.org/tools/dna.html).

Sites used for predicting PTS1 scores are PredPlantPTS1,
http://ppp.gobics.de/ (Lingner et al., 2011; Reumann et al.,
2012) and PPero, https://biocomputer.bio.cuhk.edu.hk/PP/
(Wang et al., 2017). The prediction threshold was reported to
be 0.412 and 0.218 for the PWM and RI models, respectively. To
further facilitate the prediction, model-specific posterior
probabilities were used to quantify the peroxisome targeting
probability (Lingner et al., 2011). PPero, a new computational
model for predicting PTS1 was developed and reported to
improve the PTS1 prediction where the coauthors used and
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TABLE 1 | Summary of full-length protein kinases and peroxisomal targeting validation studies. Protein kinase candidates found to harbor functional PTS1s (from this study
and previous studies) and those found in a previous peroxisomal proteome are listed. The table is divided into three parts: protein kinases targeted to punctate structures
in onion and co-localized with a peroxisomal marker in tobacco; protein kinases targeted partly to peroxisomes in tobacco and remained undetected in onion; non-
peroxisomal targeting in both tobacco and onion, and untested protein kinases that harbor functional PTS1. All candidate full-length cDNAs were either subcloned or cloned
N-terminally with EYFP from plasmids provided by ABRC or RICKEN or isolated Arabidopsis total RNA (Supplementary Table 3). Only 4 of 12 protein kinase cDNAs
were not retrieved.

AGI Annotation Acronym
(TAIR)

Kinase
number

Full-length
localization

Oniona

Full-length
localization
tobaccoa

PTDb PTDPeroxisomal
localizationc

Confirmed peroxisomal localization
AT5G07180.1 Receptor-like kinase;

ERECTA-LIKE 2
ERL2 K1 Punctate

structures
Peroxisomes FREDISKSSL This study

AT5G60300.3 L-type lectin receptor
kinase I.9

LECRK-I.9,
P2K1,
DORN1

K2 Punctate
structures,
aggregates

Peroxisomes LFFFLQLARL This study

AT4G13190.1 Protein kinase superfamily
protein

PBL24 K3 Punctate
structures,
nucleus?

Peroxisomes,
nucleus?

ESPRDVYSLL This study

AT5G49660.1 Leucine-rich repeat
transmembrane protein
kinase family protein

CEPR1, XIP1 K4 Punctate
structures

Peroxisomes VSDHLTQTRL This study

AT3G57760.1 Protein kinase superfamily
protein

ZRK6 K8 Punctate
structures,
nucleus?

Peroxisomes SNNRSQMSSI This study

AT4G31230.1 Kinase with adenine
nucleotide alpha hydrolases-
like domain-containing
protein

PK2 K13 Cytosol, punctate
structures,
nucleus?

Peroxisomes,
nucleus?, cytosol

TESQTSSPKL Ma and Reumann, (2008)

AT3G08720.1 Serine/threonine protein
kinase 2

ATPK19,
ATPK2, PK6

K15 Punctate
structures,
network-like

Peroxisomes SFLHRTTSNL Ma and Reumann, (2008)

AT3G20530.1 Protein kinase superfamily
protein

PBL23, PK1 K16 Punctate
structures

Peroxisomes EEEEDERSKL Ma and Reumann, 2008;
Lingner et al., 2011; Wang
et al., 2017

Partial peroxisomal localization
AT2G26830.1 Protein kinase; Embryo

defective 1187; Choline/
Ethanolamine kinase 4

CEK4,
EMB1187

K5 Cytosol, nucleus? Cytosol, nucleus?
partly in
peroxisomes

LVTSHLSASL This study

AT1G76540.1 Cyclin-dependent kinase CDKB2-1 K6 Cytosol, network-
like, nucleus?

Network-like, partly
in peroxisomes

FDDLPEKSSL This study

AT3G17420.1 Glyoxysomal protein kinase 1 GPK1, PK7 K17 Cytosol, little
punctate
structures

Partially in
peroxisomes

DNDITTDAKI Ma and Reumann, (2008)

AT5G03730.1 Constitutive triple response 1;
sugar insensitive 1

CTR1, SIS1 K19 Punctate
structures,
nucleus?

Partially in
peroxisomes

AVPPPNRSDL Chowdhary et al. (2012)

Non-peroxisomal localization and untested full-length protein kinases
AT1G29720.1 Transmembrane protein

kinase
RFK1 K9 ND ND STVENSSSSL This study

AT5G51560.1 Leucine-rich repeat protein
kinase family protein

ND K10 ND ND HELGNCSSCL This study

AT1G34420.1 Leucine-rich repeat
transmembrane protein
kinase family protein

ND K11 ND ND KTVLRMLTRL This study

AT1G74330.1 Protein kinase superfamily
protein

ND K12 ND ND KKILLFSSEL This study

AT3G61960.1 Protein kinase superfamily
protein

ATG1A,
ATPK4

K7 Cytosol Cytosol, network-
like

SNLQHRRSHL This study; Ma and
Reumann, 2008

AT1G69270.1 Receptor-like protein kinase 1 RPK1, PK5 K14 Cytosol, network-
like

Cytosol, network-
like

LLKRIQPSRL Ma and Reumann, 2008;
Narsai et al., 2011

AT5G04870.1 Calcium-dependent kinase 1 CPK1 K18 Cytosol, network-
like

Cytosol, network-
like

EKSFSIALKL Lingner et al. (2011)

aThe results of subcellular localization of EYFP fusions in onion epidermal cells and tobacco, respectively (Figures 3–5; Supplementary Figures 3–6).
bThe cloned presumptive PTD (C-terminal decapeptides of each kinase).
cThe study where the PTS1/PTD investigation was reported. ND, not determined.
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compared their scores with the posterior probability from
Lingner et al. and set their prediction threshold to 1.5
(Lingner et al., 2011; Wang et al., 2017). PPero developed a
bi-profile Bayesian SVM method to extract and learn position-
based amino acid features for both PTS1 motifs and their
extended adjacent sequences (beyond 14 aa) in plants (Wang
et al., 2017). Phylogenetic relationships were inferred by
preferential alignments of the protein sequences obtained from
NCBI. This was done using the program MEGAx (Kumar et al.,
2018) and vector NTI (Invitrogen, Carlsbad, CA, United States).

Transformation and Microscopy
For transformation analysis in onion epidermal cells and
Nicotiana tabacum leaves, plasmids were transiently
introduced by a helium-driven particle accelerator (PDS/1000;
Bio-Rad, Hercules, CA, United States). The bombarded tissues
were incubated for one to 2 days in the dark at room temperature
and then observed under the microscope. Peroxisomal markers
used were gMDH-CFP (Fulda et al., 2002) that contains
50 N-terminal amino acids (including the PTS2) from
Cucumis sativus glyoxysomal malate dehydrogenase linked
with cyan fluorescent protein, and RFP::SKL that contains red
fluorescent protein fused with the tripeptide Ser-Lys-Leu to have
a C-terminal PTS1 (Matre et al., 2009). Epifluorescence and
confocal imaging microscopy and image processing were
carried out following the procedures described in Kataya et al.
(2016), Uhrig et al. (2017), Alberts et al. (2019). Typically, 5 to 10
images were captured for each construct in three independent
experiments, with a representative image shown. Figures 3–5 and
Supplementary Figures 3–5 are showing localization images,
which were captured by confocal and epifluorescence imaging,
respectively for the same constructs.

Plant Growth
Arabidopsis (Col-0) WT and T-DNA lines were obtained from
the European Arabidopsis Stock Centre (Nottingham,
United Kingdom, see Supplementary Table 4). Homozygous
mutant selection was performed by PCR using primers (see
Supplementary Table 4 for genotyping primers sequences) for
the T-DNA insertion lines recommended at the SALK institute
website SIGnAL (http://www.signal.salk.edu/tdnaprimers.2.
html). For plant material grown on soil, seeds were sown
directly in a regular soil plant mix. Seeds were stratified for
2 days and transferred to standard growth conditions.

Sugar Dependence Assay
For sugar dependence analysis, seeds of WT Col-0 and mutant
were sown on ½ MS medium with vitamins (SIGMA,
United States) with or without 1% (w/v) sucrose and stratified
in the dark at 4°C for 2 days before being transferred to light for
8 h, and subsequently to darkness at 20°C. Five-day-old seedlings
were scanned, and hypocotyl length was measured using ImageJ
(Schneider et al., 2012) (http://rsb.info.nih.gov/ij/).

Accession Numbers
Accession numbers are provided in Supplementary Table 1 and
Table 1.

RESULTS

Bioinformatic Screening for Putative
Peroxisomal Signals in the Arabidopsis
Kinome
The updated Arabidopsis peroxisomal proteome harbors
approximately 200 unique members (catalogued in Pan and
Hu (2018)). However, to date, only two peroxisomal protein
kinases have been reported by proteomic and subcellular
localization studies. The fragile nature and the low number
of peroxisomes in cells have made it difficult to identify low-
abundance proteins, some of which may only transiently
shuttle into peroxisomes under special circumstances (Ma
and Reumann, 2008; Bussell et al., 2013). To determine
protein kinase candidates for their peroxisomal
localization, the Arabidopsis kinome (Zulawski et al., 2014)
was searched for the presence of canonical and non-canonical
PTS1s. Our search utilized the prediction tools position-
specific weight matrices (PWM) and residue
interdependence (RI) models in identifying putative PTS1s
(Lingner et al., 2011). We extracted scores for seven unstudied
protein kinases (Supplementary Table 1), which are
predicted to harbor functional PTS1 tripeptides (SSL>,
ARL>, SQM>, SLL>, SEL>, KRL>, SEL>) at their
C-termini. Also, using the newly developed model “PPero”,
we were able to extract seven additional protein kinases that
harbor putative PTS1s (SKD>, 3 with SSL>, SCL>, 2 with
SHL>), that were not detected by the PWM or RI models
(Supplementary Table 1).

Although these prediction algorithms are able to correctly
infer peroxisomal targeting for many plant proteins, it is
advised to use caution and verify predictions because in the
past several below-threshold examples proved to be positive,
and some predicted examples failed to target to peroxisomes
(Lingner et al., 2011; Chowdhary et al., 2012; Kataya et al.,
2015b; Wang et al., 2017). Taking this into consideration,
we expanded our selection to include several candidates
located below the threshold of all prediction methods.
Thus, we included several candidates harboring non-
canonical PTS1s (TRL>, GKL>, SLM>, ASL>, SSL>, ANL>,
SEM>), or tripeptides with novel residues at different
positions (SIM>, SGM>, RRL>) (Supplementary Table 1).
Canonical tripeptides are the dominant signals of high-
abundance peroxisomal proteins and are sufficient for
peroxisomal targeting, while non-canonical signals are
usually found in low-abundance peroxisomal proteins and
require target enhancing elements, which are located
upstream of the tripeptide and generally fall in the next
seven residues N-terminal to the PTS1 (Lingner et al.,
2011). We also selected two protein-kinase candidates
found harboring KRR>, an unusual tripeptide reported to
be a functional PTS1 (Ramirez et al., 2014). Because the
Q at position -3 was reported in QRL> (Chowdhary
et al., 2012) and KM> recently was reported in a novel
PTS1 (PKM>, (Kataya et al., 2020a)), we added a protein
kinase ending with QKM> to our list. In total, we gathered
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31 protein kinase candidates that harbor putative functional
PTS1s.

Conservation of PTS1-Like Tripeptides in
Protein Kinase Orthologs
To further support our selection process, we examined if the
candidate PTS1 or the PTS1-like tripeptides are conserved
(Supplementary Figure 1). We extracted orthologous
sequences using BLAST and performed alignments. Our
analysis used two major parameters for finding orthologs:
1) the conservation of predicted putative PTS1 tripeptides,
and 2) the presence of divergent, but known PTS1 tripeptides
in the ortholog. Out of the 31 candidates, 15 displayed
conservation of their putative PTS1s, including 10 with
wide conservation in planta (Supplementary Figure 1).
For the PWM-selected candidates, the protein kinases
AT4G13190.1 and AT3G24790.1 ending with the PTS1
tripeptides SLL> and SQM>, respectively, were found to
have conservation of the PTS1 in their orthologs (see
PTD3 and PTD15 in Supplementary Figure 1). The PWM
and RI predicted candidate, AT5G60300.3 (ARL>), has only
two orthologs with the PTS1 tripeptides QRL>, and ASL>,
respectively (see PTD2 in Supplementary Figure 1). For the
PPero-selected candidates, six had wider conservation of the
PTS1 tripeptides (Supplementary Figure 1). For example,
the tripeptides SHL> and SCL> were widely conserved and
fulfilled parameter 1 in the orthologs of AT3G61960.1 and
AT5G51560.1, respectively (see PTD7 and PTD10 in
Supplementary Figure 1). The rest of the PPero-selected
candidates fulfilled both conservation parameters (see PTD1,
PTD9, PTD23, and PTD26 in Supplementary Figure 1). The
targeting sequence conservation supports the idea that this
group of protein kinases reside in peroxisomes and
encouraged us to pursue further studies.

Additional candidates were found to have a conserved
PTS1 in their orthologs. For example, AT2G26830.1
(ASL>), AT3G57760.1 (SSI>), and AT1G66880.1 (ASL>)
have limited orthologs that are found primarily in the same
family/tribe (Brassicaceae/Camelineae). AT2G26830.1 has an
ortholog from the genus Capsella (Capsella rubella, SSV>) and
other two orthologs with SSV> and SSL> (see PTD5 in
Supplementary Figure 1). AT3G57760.1 retrieved one
ortholog with STI> (see PTD8 in Supplementary Figure 1)
from the same genus as Arabidopsis (Arabidopsis lyrata).
AT1G66880.1 retrieved several orthologs with the PTS1-
tripeptide in the genus Arabidopsis and Capsella, in
addition to two in Camelina sativa with ASL> (see PTD24
in Supplementary Figure 1). This pattern of limited
conservation aligns with the evolution of peroxisomal
signals such as seen for the PP2A B’θ-SSL> signal, which
was found to be limited to the same family/tribe
(Brassicaceae/Camelineae) (Kataya et al., 2015b; Booker
and Delong, 2017). The candidates: AT5G49660.1 (TRL>),
AT1G34420.1 (TRL>), and AT1G76540.1 (SSL>) were found
to have a broader conservation of PTS1 (Supplementary
Figure 1). These outcomes strengthen the probability that

these expanded selected candidates have functional
peroxisomal targeting signals.

Experimental Validation of Protein Kinase
PTS1s
Peroxisomal Targeting With Protein Kinase
C-Terminal Residues
To study the functionality of the protein kinase C-terminal
tripeptides as peroxisomal targeting signals, we fused the
C-terminal ten residues of the selected 31 protein kinases to
EYFP (Supplementary Table 2) and performed subcellular
localization. This screening step was performed in onion
epidermal cells due to the ease of the bombardment procedure
and visualization. Of the 31 fusion proteins, 12 sequences
containing either canonical or non-canonical signals were
found to target punctate structures that resemble peroxisomes
when transformed (Supplementary Figures 2A–L). Having 12
potential positive localizations, the peroxisomal identity of these
structures was determined by co-localization studies through co-
transformation with PTS2-CFP derived from the peroxisomal
protein gMDH (Figures 1A–L). One of these kinase derived
constructs (PTD7, SHL>, Figure 1G; Supplementary Figure 1G;
from AT3G61960) acted as an experimental positive control
because it was shown previously to target to peroxisomes, but
was only predicted by PPero (Ma and Reumann, 2008; Wang
et al., 2017). The other 19 constructs appeared to remain in the
cytosol and lacked any organelle or structure-like targeting
(Supplementary Table 1; data not shown). This approach
allowed us to identify 11 novel functional peroxisomal protein
kinase C-terminal tripeptides (3 with SSL>, ARL>, SSL>, SCL>, 2
with TRL>, ASL>, SEL>, SSI>) (Supplementary Table 1;
Figure 1) and confirm 1 previously studied protein kinase
sequence that targets peroxisomes. Of the 12, 7 (three for
PWM and 4 for PPero) were predicted, while five signals fell
below the prediction thresholds, but were selected for study here
(Supplementary Table 1; Figure 1). We will refer to them as
protein kinases 1-12, or K1-K12.

The sequence immediately N-terminal to the last three
residues of the peroxisomal targeting protein includes the
target enhancing or inhibiting elements and can affect
targeting both positively and negatively and along with the last
three residues is referred to as the PTD, or peroxisomal targeting
domain. In general, basic residues, especially R, at positions -4
and -6 and proline (P) at -7 from the C-terminus enhance
peroxisomal targeting (Lingner et al., 2011; Chowdhary et al.,
2012; Reumann and Chowdhary, 2018). We analyzed the 31-
protein kinase PTD sequences and compared the targeted
(peroxisomal) versus non-targeted (non-peroxisomal)
outcomes (Figure 2). What we did note was the prevalence of
hydrophobic residues (V, L, I, F) in the peroxisomal targeted
EYFP, in particular F. Also was the apparent negative targeting
effect of G which appeared abundantly at positions -4, -5, -7 and
-8 in sequences that did not localize to the peroxisome (Figure 2).
Although this is a limited number of sequences, this analysis
indicates that additional exploration of target elements is
warranted, and refinement of prediction tools is important. It
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FIGURE 1 | Peroxisomal targeting validation of twelve protein kinase peroxisomal targeting domains (PTD). The ten amino acid PTD of 31 protein kinases were
fused to the C-terminus of EYFP and the translated products visualized through transient expression in onion epidermal cells. Twelve PTDs localized EYFP to punctate
structures (Supplementary Figure 2) and here the peroxisomal identity of these structures were verified by signal coincidence with the gMDH-CFP reporter (Fulda et al.,
2002). PTD number refers to the protein kinase it was derived from (ex. PTD1 = K1) and the C-terminal 3 residues are indicated in brackets. Shown left to right are
EYFP signals (A1), CFP signals (A2) and merge (A3). The subcellular localization of the extended reporter proteins was investigated through transient expression in onion
epidermal cells (after ~18 h expression at room temperature) upon biolistic bombardment. The cyan fluorescence was converted to red. Representative images
(produced by fluorescence microscopy) are shown. Scale bars are 20 μm.
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is also presumed that PTMs can enhance or block binding to the
peroxisomal import receptor. For instance, phosphorylation has
been detected in several peroxisomal proteins upstream of the
PTS1 tripeptides (Kataya et al., 2019), and S, T, and Y are found in
many peroxisomal PTD signals in the protein kinases explored
here (Figure 2).

Subcellular Localization of Full-Length
Protein Kinases
To investigate the peroxisomal targeting of the full-length protein
kinases with the newly identified functional peroxisomal signals, we
amplified the cDNA from either cDNA-clones or RNA
(Supplementary Table 3). Out of 12 candidates harboring
functional PTDs, we were able to amplify and fuse eight full-
length protein kinases N-terminally with EYFP. The EYFP-kinase
fusions were first investigated in onion epidermal cells for their
subcellular localization through biolistic transformations. Results
indicated that four kinases (K1-K4) were found targeting to
punctate structures (Supplementary Figures 3A–D; Table 1),
and three (K5-K7) remained primarily in the cytosol
(Supplementary Figures 3E–G; Table 1), while K8 targets both
punctate structures and a region that is likely the nucleus
(Supplementary Figure 3H; Table 1). To confirm or refute the
results with onions, we switched to Nicotiana tabacum because, like
Arabidopsis, tobacco is a dicot and has fewer, larger peroxisomes
making co-localization studies easier. Subcellular localization in
Nicotiana tabacum (Havana) leaves was performed through
biolistic transformations in the presence of a peroxisomal marker
(RFP-SKL>) using confocal (Figures 3, 4) and epifluorescence
microscopy (Supplementary Figures 4, 5) in several independent
experiments with similar outcomes. Using this approach, K1-K4
proved to be peroxisomal (Figures 3A–D; Supplementary Figures
4A–D; Table 1). In addition to peroxisomes, K3 (AT4G13190)
appeared to target the nucleus as well (Supplementary Figure 4C).

In tobacco leaves the protein kinase K5 (At2g26830; Table 1)
fusion targeted primarily to the cytosol and possibly to the

nucleus (Figure 4A; Supplementary Figure 5A), but also
partially coincided with the RFP-SKL in peroxisomes in
different cell types (Figure 4B; Supplementary Figure 5B).
The cyclin-dependent kinase, K6 (At1g76540; Table 1) was
mostly localized to the cytosol and network-like structures, but
also proved to partially target to peroxisomes (Figures 4C,D;
Supplementary Figure 5C). Although having a functional and
conserved PTS1, K7 (AT3G61960) failed to target to peroxisomes
and remained in the cytosol and a network-like structure
surrounding the nucleus, which resembles ER (Figure 4E;
Supplementary Figure 5D) similar to a previous investigation
(Ma and Reumann, 2008). K8 (AT3G57760) targeted to
peroxisomes (Figure 4F; Supplementary Figure 5E) consistent
with targeting punctate structures in the onion epidermal
localization experiments (Supplementary Figure 3H). Our
work supports the idea that seven full-length protein kinases
can indeed target to peroxisomes and aligns with predicted
functional PTDs, and PTS1 tripeptides (Figure 2).

Re-Examination of Protein Kinases
Predicted to Target Peroxisomes
Previously, three studies have investigated several putative
peroxisomal protein kinases (Ma and Reumann, 2008; Lingner
et al., 2011; Wang et al., 2017) and for completeness we re-
explored targeting for several of these. Using our nomenclature,
K13 (AT4G31230, PKL>), K14 (AT1G69270, SRL>), and K15
(AT3G08720.1, SNL>) were previously investigated (Table 1)
and experimentally verified to harbor functional PTS1s (Ma and
Reumann, 2008; Narsai et al., 2011). The kinase K16
(AT3G20530, SKL>) PTD, although not originally thought to
target to peroxisomes (Ma and Reumann, 2008), was later
reported to enter peroxisomes with high cytosolic background
(Lingner et al., 2011; Wang et al., 2017). Although these protein
kinases are also predicted by the updated algorithms (PWM, RI
and PPero), in previous studies the full-length proteins were not
associated with peroxisomes when investigated in onion

FIGURE 2 | Logo plots for the peroxisomal versus cytosolic localized putative peroxisomal targeting domain (PTD) sequences of the 31 selected protein kinases.
The 31 PTD sequences that were fused to EYFP are grouped according to their bioinformatic selection method and their final localization (peroxisome or cytosol). The
height of each letter represents the frequency of the corresponding amino acid at each position. Logos were done using https://skylign.org/ (Wheeler et al., 2014).
Peroxisomal refers to targeting of EYFP-PTD fusions to labelled peroxisomes in vivo, while cytosol refers to the accumulation of EYFP-PTD in the cytosol. Plots are
based on the outcome of experiments shown in Figure 1 and Supplementary Figure 2. Details of sequence, scores and localizations are provided in Supplementary
Table 1.
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epidermal cells, with the lack of any study for full-length K15 (Ma
and Reumann, 2008). Due to the continuous improvement in
peroxisome detection ability, we decided to re-study these full-
length proteins. Interestingly, the fusion for K13 was noted in
punctate structures but with a high cytosolic and nuclear
background in onion epidermal cells (Supplementary
Figure 3I). In tobacco leaves we were able to see different
localization patterns for K13: only cytosolic (Supplementary
Figure 6A), or nuclear and punctate structures
(Supplementary Figure 6B), which coincided with the marker
in peroxisomes (Figure 5A; Supplementary Figure 6C). K14 was
non-peroxisomal in both plant systems consistent with previous
studies (Figure 5B; Supplementary Figure 3J). The fusion

protein K15 was detected in punctate structures and network-
like structures in onion epidermal cells (Supplementary
Figure 3K) and confirmed to localize in peroxisomes in
tobacco leaves (Figure 5C; Supplementary Figure 6E). The
fusion protein of K16 was detected in punctate structures in
onion epidermal cells (Supplementary Figure 3L) and confirmed
to be in peroxisomes in tobacco leaves (Figure 5D;
Supplementary Figure 6F). In summary, we were able to
verify the ability of three additional protein kinases to target
to peroxisomes. This update is consistent with the finding of
many conserved PTS1s in the orthologs of these protein kinases
(Supplementary Figure 7). Results for full-length protein kinases
are summarized in Table 1.

FIGURE 3 | In vivo targeting of full-length RLK and RLCKs.Nicotiana tabacum cells were transformedwith EYFP fusion constructs that were C-terminally fused with
Arabidopsis protein kinase full-length cDNAs that are annotated as receptor-like or receptor-like cytosolic kinases. These RLK/RLCKs were shown to have functional
PTS1s (Figure 1; Supplementary Table 1) and here their full-length fusion constructs targeted to punctate structures that coincided with RFP::SKL> in peroxisomes.
Shown left to right are EYFP-kinase (A1), RFP::SKL signals (A2), and merge (A3). The protein kinase expressed as an EYFP fusion is shown in brackets (accession)
and annotated K# as defined in Table 1. Representative images (produced by confocal microscopy) are shown. Scale bars are 5 μm.
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FIGURE 4 | In vivo targeting of full-length soluble protein kinases. Nicotiana tabacum cells were transformed with EYFP fusion constructs that were C-terminally
fused with Arabidopsis protein kinase full-length cDNAs. These protein kinases were shown to have functional PTS1s (Figure 1; Supplementary Table 1) and their
full-length fusion constructs were targeted to either cytosol, punctate structures that coincided with RFP::SKL> in peroxisomes, or both. Shown left to right are

(Continued )
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Investigating GPK1, CPK1, and CTR1
Peroxisome Import
GPK1, CPK1 and constitutive triple response 1 (CTR1) have been
previously implicated as peroxisomal protein kinases. K17
(GPK1, AT3G17420) was previously identified in the
proteome of Arabidopsis glyoxysomes (specialized
peroxisomes) (Fukao et al., 2003) and was localized in
punctate structures in onion epidermal cells while studying its
possible targeting by the predicted PTS1 AKI> (Ma and
Reumann, 2008). Our full-length fusion for GPK1 also showed
several punctate structures being targeting in onions
(Supplementary Figure 3M). Although it did not coincide
with RFP-SKL> in peroxisomes in many tobacco leaf cells, we
demonstrate peroxisomal targeting in tobacco mesophyll and
guard cells (Figure 5E; Supplementary Figure 6G).

K18, calcium-dependent protein kinase 1 (CPK1), was
previously reported to target to peroxisomes and lipid bodies
in an N-myristoylation dependent-fashion (Dammann et al.,
2003; Coca and San Segundo, 2010; Kataya et al., 2019). CPK1
was also found to have a predicted PTS1 (LKL>), which was
verified experimentally to target to peroxisomes (Lingner et al.,
2011). To get a comprehensive overview about CPK1-
peroxisomal import, we fused CPK1 N-terminally with EYFP
in order to block peroxisomal localization by N-myrsitoylation,
and to study if CPK1 can also target to peroxisomes in a PTS1-
dependent manner. The fusion remained in the cytosol and
network-like structures in both onions and tobacco
(Supplementary Figures 3N, 6H; Figure 5F). This implies
that K18, although having a functional PTS1, relies on
N-myristoylation for peroxisome membrane targeting.

K19, (CTR1; SDL>) harbors an atypical predicted PTS1 due to
the presence of N-terminal target enhancing residues
(Chowdhary et al., 2012). The full-length protein was detected
in punctate structures in onion epidermal cells (Supplementary
Figure 3O), and in peroxisomes in tobacco (Figure 5G).
Although peroxisomal targeting was reproducible, many
transformed cells displayed a different localization pattern
(Supplementary Figure 6I), which raises the question if
CTR1, like GPK1 and some other kinases studied here, are
targeting peroxisomes under specific cellular conditions, which
might affect PTS1 signal exposure and binding to the PEX5
peroxisome import receptor.

Sequence, Phylogenetic, and Expression
Analysis of the Peroxisomal Protein Kinases
The Arabidopsis protein kinases have been catalogued and a
recent sequence and phylogenetic analyses divided the protein
kinases into so called “soluble”, “receptor-like” (RLK; have a
transmembrane and extracellular domain) and “receptor-like but
lacking a transmembrane and extracellular domain, therefore

likely cytosolic” (RLCK), plus a few non-categorized protein
kinases (Zulawski et al., 2014). Mapping K1-K19 onto this tree
shows the peroxisomal kinases are distributed broadly in each
group (soluble, RLK and RLCK). Table 1 is a list of the 19
peroxisome protein kinases studied here (12 identified in this
study plus 7 previously studied). Most of these kinases harbor a
non-canonical PTS1 (Figure 2; Supplementary Figure 8). These
kinases belong to the subclades/superfamilies LRR clade 1, 2, 3, 4,
and 11, RLCK 9, RLCK clade2, L-LPK, mixed clade 1, CDK and
AGC (Zulawski et al., 2014). To gain potential insight into the
function of each peroxisomal protein kinase we generated a
phylogenetic tree with the sequences of K1-K19 plus 86
protein kinases with defined roles (Zulawski et al., 2014). This
is presented in Supplementary Figure 9. It is interesting to note
that K6 (cyclin-dependent kinase B2/ CDKB2) resides nearest
CDKA1 and both are described as regulators of mitosis and RNA
polymerase II CTD heptapeptide repeat kinases. K12 groups with
CDKF1, which is in fact a CDK activating kinase (CAK) that
phosphorylates and activates CDKs, suggesting that K12 may be
K6’s (CDKB2) activating kinase in the peroxisome. Two other
groupings of interest are K3 and K16 which sit near the protein
kinase PBS1 that is involved in PAMP-triggered immunity
signaling and defense responses downstream of FLS2 (Rao
et al., 2018).

Different factors and conditions are expected to influence
protein kinase targeting and the exposure of PTS1 to the PEX5
peroxisome receptor for import into peroxisomes. Therefore, it is of
importance to study the PTMs and expression of these kinases to
ultimately decipher their roles. In addition to K18 (CPK1), K12
(AT1G74330) has a predicted N-myristoylation site (Zulawski et al.,
2014). Several of these protein kinases are phosphorylated at
multiple sites with K13 having 22 mapped phospho-sites. Four
kinases (K15, K16, K17 and K19/CTR1) are phosphorylated in their
activation loops, and several phosphopeptides appear to be tissue
specific (Zulawski et al., 2014; Mergner et al., 2020). The transcripts
of these kinases are found in most tissues and developmental
stages as seen in the public GENEVESTIGATOR (microarray,
Supplementary Figures 10, 11), and ATHENA (RNAseq/
proteome) databases (Zimmermann et al., 2008; Mergner et al.,
2020). In addition, several kinase transcripts are found either
induced or suppressed in response to external perturbations such
as biotic and abiotic stresses (Supplementary Figure 12).
Peroxisomes are now known to be involved in several stress
response pathways through the synthesis of a jasmonic acid (JA)
precursor via 12-oxophytodienoate reductase isoform 3 (OPR3)
and β-oxidation, and salicylic acid (SA) signaling and antifungal
defense through the peroxisomal enzyme PEN2 myrosinase
(reviewed in (Kataya et al., 2020b)). Several protein kinases
(K11, K12, K14, and K15) show higher expression, not only
under fungal and bacterial infections, but also when plants are
exposed to different elicitors such as FLG22 and GST-NPP1 and to

FIGURE 4 | EYFP-kinase (A1), RFP::SKL signals (A2), and merge (A3). The protein kinase expressed as an EYFP fusion is shown in brackets (accession) and annotated
K# as defined in Table 1. Circles and arrows represent co-localized EYFP and RFP signals in peroxisomes inC1–3 and D1–3. Representative images (produced by
confocal microscopy, except for E, which was done by epifluorescence microscopy) are shown. Scale bars are 5 μm.
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SA (Supplementary Figure 12), suggesting these kinases are
involved in peroxisome-dependent defense responses. K13 and
K16 gene expression are specifically upregulated upon the
treatment of stamens of opr3 plants with methyl jasmonate and
12-oxophytodienoic acid (Supplementary Figure 12), suggesting a
regulatory role for these kinases in jasmonic acid signaling,
involving peroxisomes.

Isolating Kinase Knockout Mutants and
Investigating Links to Fatty Acid β-Oxidation
Fatty acid β-oxidation is important for seedling development, and
growth is halted in mutants deficient in this process, unless
exogenous sucrose is provided. As most β-oxidation enzymes
are phosphorylated (Kataya et al., 2019) and protein

FIGURE 5 | In vivo targeting of previously reported peroxisomal protein
kinases. Nicotiana tabacum cells were transformed with EYFP fusion
constructs that were C-terminally fused with Arabidopsis full-length cDNAs
(K13-K19). These proteins were previously shown to have functional
PTS1s and/or detected in isolated peroxisome proteomes (see Table 1 for
details), but their full-length peroxisomal targeting was not previously

(Continued )

FIGURE 5 | validated. Shown left to right are EYFP-kinase (A1), RFP::SKL>
signals (A2), and merge (A3). The protein kinase expressed as an EYFP fusion
is shown in brackets (accession) and annotated K# as defined in Table 1.
Representative images (produced by confocal microscopy) are shown. Scale
bars are 5 μm.

FIGURE 6 | The T-DNA knock-out lines of K17 (GPK1) seedlings show
sugar dependency. To investigate the potential role of the peroxisomal protein
kinases in fatty acid β-oxidation, we performed a sucrose dependence assay
on selected homozygous lines (details of the lines and the results are
summarized in Supplementary Table 4). Hypocotyl length (cm) of seedlings
grown for 1 day in light followed by 5 days in the dark on one-half-strength
Murashige and Skoog (MS) medium with or without 1% sucrose. Only, K17
(SAIL_1250_C08) mutant seedlings show significant sucrose dependence
phenotypes when compared to WT (Supplementary Table 4, data not
shown). To further confirm the K17 knockout mutant phenotype, an additional
T-DNA mutant “K17_SALK_047485” seedling was investigated and
displayed a significant sugar dependence phenotype. The PEX14 mutant
control seedlings also show a significant sucrose dependence phenotype
when compared to WT. Columns marked with three stars are significantly
different from WT at p < 0.01 (Student’s t-test). The experiments were
repeated three times with more than 50 seedlings; error bars represent
standard deviation.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 74588311

Kataya et al. Peroxisomal Protein Kinases

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


phosphatase 2A (PP2A) was shown to have a potential role in
regulating the β-oxidation proteins KAT1 and LACS5 (Kataya
et al., 2015b), we were keen to investigate if any of the peroxisomal
protein kinases are involved in regulating fatty acid β-oxidation.
We genotyped T-DNA insertion lines and isolated homozygous
plants for 17 lines (see Supplementary Table 4 for full summary).
Subsequently, the homozygous mutants were used to assess
hypocotyl elongation defects that could be ameliorated by
addition of sucrose. The basis of the screen is germination and
growth (measured by hypocotyl elongation) in the dark being
dependent on the mobilization of stored triacylglycerol via fatty
acid β-oxidation, a peroxisomal metabolic process. Protein kinases
that are regulators of β-oxidation in the peroxisome may yield a
phenotype in insertional lines. Growth on sucrose will bypass the
need for β-oxidation in the dark. In dark conditions, on sucrose-
free medium, hypocotyl elongation was retarded in one protein
kinase-mutant (K17) relative to sucrose-containing medium and
compared to WT (Supplementary Table 4, data not shown). This
implicates a potential role for K17 in regulating fatty acid β-
oxidation. K17 (GPK1) was identified as peroxisomal
(Figure 5E) and was previously identified in the glyoxysome
proteome (Fukao et al., 2003). We confirmed the effect of K17
with a second homozygous line (Figure 6; K17 Salk). PEX14 with a
nonsense mutation was used as a control because it lacks the ability
to import β-oxidation enzymes, and thus requires sucrose to
support hypocotyl elongation in the dark (Hayashi et al., 2000;
Zhang and Hu, 2010; Kataya et al., 2015a).

CPK1 (K18) is targeted to the membranes of oil bodies and
peroxisomes, and previously has been implicated in regulating
triacylglycerol degradation in oil bodies, fatty acid β-oxidation in
peroxisomes, and possible crosstalk between these organelles
during early germination (Dammann et al., 2003; Coca and
San Segundo, 2010; Kataya et al., 2019). To test this, we
obtained two CPK1 mutants (cpk1-1 (Salk_007698); cpk1-2
(Salk_080155)) to examine the effects of sucrose on
germination. No significant differences were observed between
control and sucrose-containing media, in both CPK1 lines when
compared to WT (data not shown). This indicates that CPK1 is
likely not involved in regulating early germination.

DISCUSSION

Identifying Functional Protein Kinase PTS1
Signals
Over the past 2 decades, a combination of methods (proteomics,
prediction algorithms, and subcellular verification tools) has
helped identify ~200 peroxisomal proteins and suggested
many new functions for plant peroxisomes, as compiled in
recent reviews (Pan and Hu, 2018; Kataya et al., 2019). We
have established protein phosphorylation as a regulatory
mechanism in Arabidopsis peroxisomes by cataloging over 100
peroxisomal phosphoproteins (Kataya et al., 2019). We identified
four peroxisomal protein phosphatases and predict a higher
number of peroxisomal protein kinases based on the genomic
ratio of protein phosphatases to kinases (Matre et al., 2009;
Kataya et al., 2015b; 2016). To initiate exploring the

peroxisome kinome we employed three prediction algorithms
(PWM, RI, and PPero) and identified a group of putative
peroxisomal protein kinases, which harbor non-canonical
PTS1s. This approach generated a list of 31 putative
peroxisomal protein kinases (Figure 2; Table 1). Although
twelve protein kinase-PTDs proved to be functional in vivo we
cannot eliminate the possibility that the other PTDs target their
parent proteins to peroxisomes under unique cellular conditions
to promote this shuttling. Consistent with this idea, targeting
efficiency varied for all identified functional PTDs harboring non-
canonical PTS1s. For example, PTDs 3, 4, 6, 8, 9 and 12 show
higher cytosolic than peroxisomal localization implicating a
weaker targeting efficiency (Figure 1; Supplementary
Figure 2). Targeting strength has been correlated with the
ability to bind to the peroxisomal PEX5 receptor and this in
turn is controlled by the target inhibiting and enhancing elements
located upstream of the PTS1 (Reumann and Chowdhary, 2018).
In some cases, the prediction tools did identify functional non-
canonical PTS1s and failed to predict others. This emphasizes the
need of using multiple approaches to define the putative
peroxisomal proteome using a combination of prediction
methods, searching for non-canonical PTS1s, and PTS1
conservation in multiple (plant) species. By increasing our
knowledge about peroxisomal proteins, the prediction tools
could be trained with additional positive datasets, which
hopefully could further improve their prediction accuracy.

Testing Peroxisomal Targeting of
Full-Length Protein Kinases
From the 12 newly identified PTS1 signals, we confirmed the
ability of 7 full-length protein kinases (K1-K6 and K8) to target to
peroxisomes as predicted. We also were able to re-examine a
group of additional protein kinases that harbor functional PTS1
tripeptides (K13-16, K18, and K19/CTR1) or were previously
detected in the peroxisomal proteome (K17) (Fukao et al., 2003;
Ma and Reumann, 2008; Lingner et al., 2011; Wang et al., 2017),
from which we were able to provide evidence for five full-length
protein kinases (K13, K15-17, and K19/CTR1) having the ability
to target to peroxisomes in vivo. Although having canonical
PTS1s, full-length K13 and K16 were previously reported to
reside in the cytosol (Ma and Reumann, 2008). Conversely, we
show these protein kinases do target to peroxisomes, although
weakly in onion cells, but more pronounced in tobacco cells.

Although having a predicted PTS1, K17 (GPK1) was the only
protein kinase that had a non-functional PTS1 but has been
found in the glyoxysome proteome (Fukao et al., 2003; Ma and
Reumann, 2008). As previously reported, full-length K17/GPK1
targeted to punctate structures in onion epidermal cells
(Supplementary Figure 3M) but these failed to coincide with
peroxisomes or mitochondria (Ma and Reumann, 2008).
Although GPK1 might be localizing to peroxisomes by the
mPTS/PEX19 pathway (Sacksteder et al., 2000), it could be
localizing to or moving through intermediate vesicles that did
not fuse with peroxisomes in onion cells. This is supported by its
localization in tobacco, where it was found to target to
peroxisomes in some cells but not others. Also, GPK1 has two
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predicted glycosylation sites that are possibly modified in the ER to
be exported in vesicles which could fuse with peroxisomes under
specific conditions. This hypothesis fits with glycosylation and ER-
to-peroxisome transport currently established for some
peroxisomal membrane proteins (PMPs) (Buentzel and Thoms,
2017). For instance, PEX2 and PEX16 from Yarrowia lipolytica
were reported in the ER-to-peroxisome pathway and are
glycosylated (Titorenko and Rachubinski, 1998; Kim and
Hettema, 2015). Similarly, Arabidopsis purple acid phosphatase
7 (PAP7) has been shown to follow the same pathway and has a
predicted glycosylation site (Kataya et al., 2016). In our study, we
also provide evidence that K18 (CPK1) uses N-myristoylation for
peroxisomal targeting, rather than its functional PTS1.

Subcellular targeting within the eukaryotic cell is governed by
a sophisticated suite of protein-protein interactions specific to the
subcellular compartment. It is precisely this specificity that
prevents mistargeting of proteins. The flexibility in the protein
kinases PTS1 amino acid substitutions likely indicates functional
specificity, but we cannot eliminate the possibility that these
changes are functionally irrelevant or are an evolutionary artifact.
Determining the relevance of these substitutions is the arduous
challenge of the plant cell biology community. From our new and
re-examined peroxisomal protein kinases, we developed an
inventory of 19 protein kinases that are associated with
Arabidopsis peroxisomes (Table 1) with some having a
canonical PTS1, but with the majority having a non-canonical
PTS1 (Supplementary Figure 8). The prevalence of non-
canonical and weak targeting PTS1s in the peroxisomal
kinases is possibly due to a need for weak binding with PEX5
to prevent over-accumulation or to allow proper folding inside
peroxisomes. This idea is supported by catalase, which needs a
weak PTS1 for proper targeting, and if changed to a strong PTS1
(SKL>) leads to accumulation of catalase protein aggregates
(Williams et al., 2012).

The 19 protein kinases from this study are predicted by SUBA
to target plasma membrane, extracellular, cytosol, or nucleus
(Hooper et al., 2016). We believe that the protein kinases K1-6,
K8, K13, K15-16, and K19 are targeting to peroxisomes, because
their C-terminal sequences acts as PTS1 in reporter-domain
fusions as shown in this study and previous reports (Ma and
Reumann, 2008; Wang et al., 2017) and the full-length proteins
were found in peroxisomes. However, in some of these proteins the
mechanism of transport is not clear, because kinases K1-4 encode
transmembrane domain and kinase K16 is predicted to be
extracellular. Previous reporter fusion studies have only shown
K1 in the plasma membrane, and K6 and K15 in cytosol and
nucleus, while proteomics indicated the presence of K3 in the
plasma membrane, and K8 that has no predicted chloroplast signal
in the plastid (Hooper et al., 2016). We believe that proteins K1-4
and K16 can become imported into the peroxisomal lumen
(despite the predicted transmembrane domains) upon
recognition of the PTS1 by PEX5 in the cytosol and the
alternative signals could allow transport to different subcellular
locations. However, we cannot exclude other possible alternative
routes similar to the reports that show proteins harboring
transmembrane domains and alternative N-terminal signals are
imported into peroxisomes in a PTS1-dependent fashion. For

example, purple acid phosphatase 7 that has an N-terminal
hydrophobic/transmembrane stretch, targets peroxisomes through
the ER in a PTS1-dependent fashion (Kataya et al., 2016). Also, a
peroxisomal protein phosphatase 2C has been shown to target
mitochondria through its N-terminal mitochondrial signal, this is
followed by a transmembrane segment necessary for proteolytic
processing in the intermembrane space. It is proposed that
the remainder of the protein phosphatase 2C, which has a
C-terminal PTS1, is now localized to peroxisomes (Stehlik et al.,
2020). Moreover, we cannot exclude that a PTS1-independent
mechanisms might be responsible for the transport of those
proteins harboring a transmembrane as has been described for
GPK1 and might be mediated by the mPTS1/PEX19 pathway.
If these 19 kinases are indeed present in peroxisomes,
conditionally targeting to peroxisomes, dual- or multi-targeted to
cell compartments remains unknown.

Linking Peroxisomal Protein Kinases to Cell
Function
The Arabidopsis peroxisomal protein kinases have previously been
grouped into receptor kinases (RLKs), receptor-like cytoplasmic
kinases (RLCKs), soluble and unclassified kinases (Supplementary
Figure 9). Here, K1-2, 4, 9–11, 13–14 are RLKs, and 16–17 RLCKs
(Supplementary Figure 9). Transcripts for two RLKs, K1 and K11,
were downregulated and upregulated, respectively, in response to
biotic stress and different elicitors (Supplementary Figure 12). K1
and K11 reside in the same clade with several leucine-rich repeat
receptor kinases (LRR-RKs) including the pattern recognition
receptors EFR and FLS2, which might imply importance in
peroxisome signaling and crosstalk with other organelles and
pathways (Supplementary Figure 9). This also aligns with the
prediction and experimental verification of a number of resistance
proteins of the nucleotide-binding site leucine-rich repeat (NB-LRR)
protein family targeting peroxisomes, and may play major roles in
signaling during innate immunity (Kataya, 2011; Sorhagen et al.,
2013). The RLCKs, K3 (PBL23) and K16 (PBL24), group together
during phylogenetic analysis (Supplementary Figure 9) and belong
to the RLCKVII subfamily (Supplementary Figure 9). Both K3 and
K16 aremembers of the PBS1-like proteins (PBL), which is a group of
47 proteins primarily associated with innate immunity (Lu et al.,
2010; Rao et al., 2018).Why both kinases can target to peroxisomes is
unclear. Taken together, both RLKs and NB-LRR proteins might
constitutively or transiently target to peroxisomes during stress
conditions to perform strategic functions needed for the
peroxisomal role during innate immunity responses (Kataya,
2011). The peroxisomal POL-like phosphatase 3 is expressed in
leaves only after Pseudomonas syringe infection (Kataya et al.,
2016), implicating an induction mechanism for (at least some)
peroxisomal phosphoregulatory proteins during innate immunity.

CPK1, a soluble kinase, has been associated with peroxisomes and
is known to have a stress-response role based upon gene induction by
fungal elicitors and susceptibility to both biotic and abiotic stresses
when knocked out (Coca and San Segundo, 2010). Although CPK1
targeted to peroxisomes and lipid bodies, mutant cpk1-1 seedlings did
not show sugar dependence (Cassin-Ross and Hu, 2014). We
produced similar results for both cpk1-1 and cpk1-2 and show
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that CPK1 localization to peroxisomes is PTS1-independent. CPK1’s
role in JA-signaling pathways has been proposed because over-
expresser plants show higher expression of genes needed for
OPDA synthesis (Coca and San Segundo, 2010). Also, the
peroxisomal proteins OPR3 and benzoate-CoA ligase, involved in
JA and SA synthesis, respectively, are phosphorylated (Kataya et al.,
2019). Therefore, it will be intriguing to investigate OPR3 and/or
benzoate-CoA ligase phosphorylation status in CPK1mutants or the
other peroxisomal kinases (K13 and K16) mutants.

We demonstrate that protein kinase K19/CTR1 targets to
peroxisomes (Figure 5G). We speculate that placing the
fluorophore on the N-terminus to expose the C-terminal PTD,
may have blocked ER localization, but also allowed recognition of
the PTD by the peroxisome import machinery. The CTR1 PTDmay
normally be masked letting the enzyme reside in the ER, then under
certain conditions, it is exposed to allow peroxisome import. Indeed,
CTR1 was suggested to be quarantined in peroxisomes under stress,
which could be an alternative strategy for the cell to regulate stress
responses (Sorhagen et al., 2013; Kataya et al., 2020b). K6 (CDKB2-1),
a soluble cyclin-dependent protein kinase, partially targets
peroxisomes and is annotated to be involved in the regulation of
cell division (Gutierrez, 2009). Peroxisomes are known to also divide
and increase in number under stress. Mitogen-Activated Protein
Kinase17 (MPK17) was shown to affect peroxisomal proliferation
under abiotic stress (Frick and Strader, 2018) and emphasizes the
presence of a phosphorylation-dependent mechanism controlling
peroxisome proliferation. Future studies could use our results to
investigate if K6 is one of the regulators of this process.

Our results demonstrate that many more protein kinases can
target the peroxisome than previously thought and that more
variant, but functional PTD sequences exist. This leads us to
speculate that the protein kinases studied here, perhaps additional
protein kinases and even other proteins could reside in the
peroxisome (or be excluded) depending on cellular conditions,
cell or tissue types. Perhaps this is not surprising given the
abundance of protein phosphorylation in the peroxisome, the
growing list of peroxisome functions and the dynamic nature of
this organelle (Kataya et al., 2016).

GPK1 (K17) Is Associated With Fatty Acid
β-Oxidation
The reduced ability of K17/GPK1 mutant line to elongate their
hypocotyls in the dark unless provided with sucrose implicates
K17/GPK1 protein kinase as a regulator of fatty acid β-oxidation.
Phosphorylation of glyoxosomal proteins was reported biochemically
to occur in the presence of various metal ions and ATP (Fukao et al.,
2003), and the majority of fatty acid β-oxidation and glyoxylate cycle
proteins are phosphorylated (Kataya et al., 2019). The seedlings of the
protein phosphatase knockouts pp2a b′θ and pll3-7 have shown a
sugar-dependence phenotype during early germination with a mild
effect on auxin metabolism for PP2A (Kataya et al., 2015b, 2016;
Kataya et al., 2019). Here, we also show a sugar-dependence
phenotype for K17/GPK1 mutant seedlings implying a possible
function of this protein kinase in fatty acid β-oxidation. Fukao
et al. (2003), have shown K17/GPK1 is a peripheral membrane
protein (with a kinase domain facing the peroxisome lumen) and

phosphorylates an as yet unidentified 40 kDa peroxisomal protein. In
the same study, they confirmed KAT1 to be phosphorylated, and this
was recently detected in the mutant seedlings of pp2a-b′θ, but not
WT (Fukao et al., 2003; Kataya et al., 2015b). K17/GPK1 is
phosphorylated (Mergner et al., 2020), has autophosphorylation
activity (Nemoto et al., 2011), and was found physically to
interact with E3 ubiquitin-protein ligase SINAT3 in a Y2H screen
(Arabidopsis Interactome Mapping, 2011). K17/GPK1 expression is
upregulated during early germination likemost fatty acid β-oxidation
and glyoxylate cycle enzymes (Supplementary Figure 12). Notably,
the K17/GPK1 mutant phenotype was not particularly strong
compared with other mutants disrupting β-oxidation processes,
including PEX14 (Figure 6F). Our view is that knockout of an
enzyme in the β-oxidation process should give a dramatic effect (as
expected), but a loss of an enzyme that covalently modifies one or
several proteins in the process of β-oxidation would likely give a less
pronounced phenotype for a variety of reasons. Firstly, if a protein
kinase phosphorylates one or several proteins, we do not know the
impact or effect until the biochemistry can be done. Secondly, if
phosphorylation directly affects activity, it is likely that this is not a
complete on/off switch for enzyme activity, and thus wewould expect
a less dramatic phenotype than knocking out a β-oxidation enzyme. It
will be interesting in the future to decipher the role of K17/GPK1 in β-
oxidation.
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