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ABSTRACT

Ceramide synthases (CerSs) are central to
sphingolipid biosynthesis and influence plant
development and defense responses. However,
how CerS activity is regulated in plants remains
unclear. Here, we discovered that LAG ONE
HOMOLOG 2 (LOH2), the sole long-chain CerS in
Arabidopsis (Arabidopsis thaliana), is post-
translationally regulated by the ubiquitous
kinase casein kinase 2 (CK2). CK2 interacts with
LOH2 and phosphorylates serine residues S289
and S291 within its C-terminal region. We mu-
tated these two serines to alanines and ex-
pressed the resulting non-phosphorylatable

LOH2 variant in transgenic plants and proto-
plasts. We found that phosphorylation enhances
LOH2 enzymatic activity, partially by increasing
its substrate-binding affinity, but concurrently
promotes LOH2 polyubiquitination and degra-
dation via the 26S proteasome without affecting
its subcellular localization. Plants expressing a
non-phosphorylatable LOH2 variant showed di-
minished cell death, reduced C16 ceramide bi-
osynthesis and salicylic acid (SA) accumulation,
and compromised resistance to the fungal toxin
Fumonisin B1 and the bacterial pathogen Pseu-
domonas syringae. Pathogen infection induces
LOH2 phosphorylation, promoting C16 ceramide
accumulation, SA production, and resistance
gene expression. Collectively, our findings dem-
onstrate that CK2 fine-tunes LOH2 enzymatic
activity and stability, and thus the production of
long-chain ceramides through phosphorylation,
thereby regulating plant development and de-
fense responses.

Keywords: Arabidopsis, casein kinase 2, ceramide, enzymatic
activity, LOH2, phosphorylation, plant immunity, stability

Zhang K, Chen Y.-L,, Lin J-T., Lu, Z.-X,, Yang, Y.-B., Li, Y.-K,,
Yang, C., Lin, J., Liu, S.-K., Wang, L.-Y., et al. (2025) Phosphor-
ylation fine-tunes ceramide synthase activity and stability to mod-
ulate sphingolipid biosynthesis and immune responses. J. Integr.
Plant Biol. 00: 1-19.

INTRODUCTION

Ceramides (Cers) are composed of fatty acids linked by
amide bonds to a sphingoid base backbone and
are categorized as long chain (C16 or C18) or very
long chain (> C20), depending on the length of the fatty acid
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chain (Markham et al., 2011; Ternes et al., 2011; Luttgeharm
et al, 2015). Ceramides are present in all eukaryotic
organisms, where they serve as the building blocks
of all complex sphingolipids. In plants, Cers are critical
signaling molecules that regulate growth, programmed
cell death, and responses to biotic and abiotic stress
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(Luttgeharm et al., 2015; Ali et al., 2018; Liu et al., 2021;
Cahoon et al., 2024).

Ceramides are primarily biosynthesized by ceramide
synthase (CerS) enzymes. The budding yeast Saccha-
romyces cerevisiae contains two functionally redundant CerS
enzymes, Longevity-assurance gene Cognate 1 (Lac1p) and
Longevity-assurance gene 1 (Laglp), as well as their
regulatory subunit Lag1p/Lac1p Interacting Protein 1 (Lip1p),
with C26-Coenzyme A (CoA) being the preferred acyl-CoA
substrate (Megyeri et al., 2019; Xie et al., 2023). The six
mammalian CerS enzymes (CerS1-CerS6) show character-
istic substrate selectivity toward acyl-CoAs with different
chain lengths (Laviad et al., 2008; Sassa et al., 2016).
Arabidopsis (Arabidopsis thaliana) has two classes of CerS
enzymes: Class | and Class Il. The Class | enzyme LAG ONE
HOMOLOG 2 (LOH2) produces long-chain Cers, whereas the
Class Il enzymes LOH1 and LOH3 produce very-long-chain
Cers (Markham et al., 2011; Ternes et al., 2011; Luttgeharm
et al., 2015, 2016; Zeng and Yao, 2022).

Very-long-chain Cers typically play crucial roles in plant
growth and development (Markham et al., 2011; Zeng et al,,
2020), whereas long-chain Cers are strongly linked to cell
death and immune responses (Bi et al., 2014; Luttgeharm
et al., 2015). LOH1 and LOH3 are functionally redundant; in
Arabidopsis, their simultaneous absence leads to an almost
complete lack of very-long-chain fatty acid sphingolipids and
severely impaired growth and development (Markham et al.,
2011). Overexpression of LOHT or LOH3 promoted cell
differentiation and root growth and increased plant biomass,
despite resulting in only a slight increase in very-long-chain
fatty acid Cer levels (Luttgeharm et al., 2015). By contrast,
loss of LOH2 function caused no clear developmental de-
fects in Arabidopsis (Markham et al., 2011), whereas LOH2
overexpression caused extreme overaccumulation of C16
Cers and salicylic acid (SA), leading to dwarfing and cell
death (Luttgeharm et al., 2015).

The fungal toxin Fumonisin B1 (FB1) is derived from
Fusarium moniliforme Sheld and inhibits CerS owing to its
structural similarity to long-chain bases (LCBs). FB1 is widely
used to study the effects of CerS inhibition on sphingolipid
metabolism and signaling in eukaryotes (Zeng et al., 2020;
Pascoa et al., 2024; Zhang et al., 2024). Fumonisin B1
treatment induces the accumulation of LCBs and C16 Cers in
Arabidopsis (Markham et al., 2011; Zeng et al., 2022). Plants
overexpressing LOH2 or LOH3 showed increased resistance
to FB1, whereas LOH7-overexpressing plants did not, sug-
gesting that LOH1 was most strongly inhibited by FB1
(Markham et al., 2011; Luttgeharm et al., 2015, 2016). However,
despite the significant roles of LOHSs, the regulatory mecha-
nisms underlying their functions remain to be fully characterized.

Post-translational modifications, such as phosphorylation
and dephosphorylation mediated by protein kinases and
phosphatases, modulate protein function and stability in
eukaryotes (Vu et al., 2018). Casein kinase 2 (CK2), a highly
conserved serine/threonine protein kinase found in eukar-
yotes, has unique structural and biochemical characteristics
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(Niefind et al., 2001; Mulekar and Hug, 2014). In yeast and
mammals, CK2 forms a heterotetrameric complex com-
prising two catalytic subunits (« and/or a’) and two regulatory
subunits (8) (Padmanabha et al., 1990; Niefind et al., 2001). In
plants, CK2 is typically encoded by multiple genes and exists
in both monomeric and oligomeric forms in vivo (Klimczak
et al., 1995; Mulekar and Huq, 2014; Wang et al., 2022). Four
genes encoding a subunits of CK2 and four genes encoding
g subunits have been identified in Arabidopsis (Salinas
et al., 2006).

In plants, CK2 is an essential housekeeping kinase that
functions in regulating various processes such as light sig-
naling and circadian rhythms, and in maintaining normal
growth and development (Mulekar and Hug, 2014). Casein
kinase 2 also plays significant roles in plant responses to
various biotic and abiotic stresses. For example, in rice
(Oryza sativa), CK2 phosphorylates the TGA family tran-
scription factor OsTGA5, thereby alleviating its repression of
downstream resistance genes and enhancing rice blast re-
sistance (Niu et al., 2022). Zhu et al. (2023a) reported that
CK2 promotes the response to jasmonic acid signaling by
phosphorylating MYC2 in Arabidopsis. By contrast, CKa4
suppresses SA accumulation to negatively regulate plant
resistance to hemibiotrophic pathogens (Rui et al., 2024).
Casein kinase 2 participates in abscisic acid responses and
stem cell exhaustion under aluminum toxicity and phosphate
deficiency (Wei et al., 2021; Zhang et al., 2022a). Although
CK2 regulates various essential physiological processes, its
potential role in plant sphingolipid metabolism has not been
investigated previously.

Here, we show that CK2 phosphorylates Arabidopsis
LOH2 at the serine residues S289 and S291 and that
pathogen infection promotes CK2 phosphorylation activity.
Phosphorylation of LOH2 enhanced its activity but reduced
its protein stability, thereby affecting growth and pro-
grammed cell death, as well as resistance to the fungal toxin
FB1 and the bacterial pathogen Pseudomonas syringae pv.
maculicola. Our study reveals a CerS regulatory mechanism
that is evolutionarily conserved, yet biochemically distinct
from the mechanisms regulating CerS in mammals and yeast,
and provides insight into the regulation of sphingolipid
biosynthesis during plant development and pathogen
defense responses.

RESULTS

Casein kinase 2 promotes the accumulation of

C16 Cers

Arabidopsis LOH1, LOH2, and LOH3 are phosphoproteins
with phosphorylation sites on three serine (Ser) residues
(Ser-300, Ser-302, and Ser-304), two serine residues (Ser-289
and Ser-291), and two serine residues (Ser-298 and Ser-300),
respectively, all located in their C-terminal regions (Figure S1A)
(Nakagami et al., 2010; Roitinger et al., 2015). As indicated
by an amino acid sequence alignment of multiple CerSs
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(Figure S1B), the first serine residue (Ser-300 of LOH1, Ser-289
of LOH2, and Ser-298 of LOH3) is the most conserved across
yeast, mice, humans, and plants. All serine phosphorylation
sites in Arabidopsis LOH match the consensus sequence for
CK2 phosphorylation, that is (S/T)XX(D/E) (Sassa et al., 2016;
Zhu et al., 2023a). The serine residues that are phosphorylated
in Arabidopsis LOH are also present in CerS-related proteins
from other plant species, including rapeseed (Brassica napus),
tomato (Solanum lycopersicum), tree cotton (Gossypium ar-
boreum), rice (Oryza sativa), yuzu (Citrus junos), apple (Malus
domestica), tea plant (Camellia sinensis), rose (Rosa sp.),
maize (Zea mays), and foxtail millet (Setaria italica)
(Figure S1B). These plant CerS homologs fall into two clusters
in the phylogenetic tree: the first contains proteins that are
more closely related to LOH2, whereas the second contains
proteins that are more closely related to LOH1 and LOH3
(Figure S2). With the exception of the Class | CerS homolog in
maize, which lacks the C-terminal region, and OsASC1L2 in
Oryza sativa, all other plant CerSs possess the (S/T)XX(D/E)
motif (Figures S1B, S2), indicating that this motif is highly
conserved in plants.

Because all Arabidopsis LOHs possess putative CK2
motifs, we investigated whether CK2 influences Cer biosyn-
thesis by phosphorylating LOHs. Lu et al. (2011b) reported
that loss of function of three out of the four CK2« subunits in
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Arabidopsis caused an ~70% decrease in bulk CK2 kinase
activity compared with that of the wild type (WT). We ana-
lyzed the sphingolipid profiles of 4-week-old WT and ckal
cka?2 cka3 triple-mutant plants and observed no significant
differences in total LCB, Cer, hydroxyceramide (hCer), or
glucosylceramide (GlcCer) contents compared with those of
WT plants (Figure S3; Dataset S1). However, the ckal cka2
cka3 triple mutant accumulated significantly lower levels of
C16 Cers (mainly t18:0 ¢16:0 and t18:1 ¢16:0) (Figure 1A) and
h16 GilcCers (all individual h16 GlcCer species) (Figure 1B)
than the WT. These results suggest that CK2 modulates the
biosynthesis of Cers, particularly C16 Cers.

Casein kinase 2 interacts with and

phosphorylates LOH2

LOH2 is primarily responsible for the biosynthesis of C16
Cers (Ternes et al., 2011; Luttgeharm et al., 2015). To in-
vestigate whether LOH2 is a substrate of CK2, we used bi-
molecular fluorescence complementation (BiFC) assays to
examine the potential interactions of LOH2 with individual
CK2 subunits. We detected no evidence of interactions be-
tween LOH2 and the CK2 subunits CKa2, CKa3, CKa4,
CKp2, CKf3, or CKp4 (Figure S4). However, LOH2 interacted
with CKa1 and CKf1 (Figure 2A). To investigate LOH2 inter-
action partners in planta, we generated stable transgenic
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Figure 1. Casein kinase 2 promotes the accumulation of C16 Cers
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(A) Contents of ceramide (Cer) species with various fatty acid moieties and various C16 Cer species. (B) Contents of glucosylceramide (GlcCer) species
with various fatty acid moieties and various h16 GlcCer species. Values are means + standard error (SE) (n = 3 independent samples). Sphingolipids were
extracted from the rosettes of 4-week-old soil-grown wild-type (WT) and cka1 cka2 cka3 plants. Significant differences were determined using a two-tailed

Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 2. CK2 interacts with and phosphorylates LOH2

(A) Bimolecular fluorescence complementation (BiFC) assay testing the interactions between CK2 subunits (CKa1 or CKg1) and LOH2. The constructs
LOH2-nYFP and CKa1-cYFP, LOH2-cYFP and CKB1-nYFP, LOH2-nYFP, and cYFP, LOH2-cYFP and nYFP, CKa1-cYFP and nYFP, or CKB1-nYFP and cYFP
were co-transfected into wild-type (WT) protoplasts, and photos were taken by confocal microscopy at 16 h after transfection. Empty vectors were used as
negative controls. Merged images show YFP (yellow), chlorophyll autofluorescence (blue), and bright-field signals. Scale bars, 4 um. The interactions
between other subunits of CK2 (CKa2, CKa3, CKa4, CKB2, CKB3, and CKf4) and LOH2 are shown in Figure S4. (B) Co-immunoprecipitation (Co-IP) assay
of the interaction between CK2 (CKal or CK@B1) and LOH2. The constructs CKa1-Flag or CK2-Flag were transfected into protoplasts isolated from
35S:GFP or LOH2pro:LOH2:GFP:HA plants, and protein complexes were immunoprecipitated with anti-GFP beads. Free GFP and LOH2-GFP-HA were
detected with an anti-GFP antibody; precipitated CKa1-Flag and CK@2-Flag were detected with an anti-flag antibody. “+” or “—” denotes the presence or
absence of the protein in each sample. Free GFP was used as a negative control. (C) In vitro pull-down assay showing the interactions of LOH2 with CKa1
and CKp1. Recombinant purified glutathione S-transferase (GST), GST-CKa1, or GST-CK@B1 was incubated with LOH2-His. Following pull-down with GST
beads, the proteins were separated by sodium dodecy! sulfate polyacrylamide agarose gel electrophoresis (SDS-PAGE) and subjected to immunoblot
analysis with an anti-His antibody. (D) Phosphorylation of LOH2 by CK2 in vitro. Recombinant purified LOH2-His was incubated with purchased human
glioblastoma recombinant CK2 (NEB) in a CK2 reaction buffer containing ATPyS and p-nitrobenzyl mesylate (PNBM) and separated by SDS-PAGE.
Phosphorylated LOH2-His was detected with anti-thiophosphate ester rabbit monoclonal antibodies (anti-51-8); recombinant purified LOH2-His was
detected with an anti-His antibody. Reactions lacking the specified components (-) were used as controls. (E) Mass spectrometry identifies Ser-289 and
Ser-291 as CK2-mediated phosphorylation sites in LOH2. Recombinant purified LOH2-His was incubated with human glioblastoma recombinant CK2
(NEB) and subjected to mass spectrometry. The amino acid residues highlighted in red are the phosphorylation sites detected in this study. Experiments in
(A-D) were repeated at least two times with independent samples.
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Arabidopsis lines harboring the LOHZ2pro:LOH2:GFP:HA
transgene in the WT background (Figure S5) and carried out
co-immunoprecipitation (Co-IP) assays. When we transfected
protoplasts prepared from this LOH2pro:LOH2:GFP:HA
line with constructs encoding Flag-tagged CKal or CKf1
(CKal-Flag and CKp1-Flag), we detected CKal-Flag
and CKfB1-Flag among the co-precipitated proteins after im-
munoprecipitation of GFP-tagged LOH2 (LOH2-GFP-HA)
(Figure 2B). We performed in vitro pull-down assays using
the recombinant purified glutathione S-transferase (GST)
fusions GST-CKa1 and GST-CKfp1 with LOH2-His, and found
that GST-CKa1 and GST-CKg1, but not GST alone, pulled
down LOH2-His (Figure 2C). These results suggest that CKa1
and CKf1 interact with LOH2 in vitro and in vivo.

Because LOH1 and LOH3 also contain potential CK2
phosphorylation sites, we examined their interactions with
CK2 using BiFC and yeast two-hybrid assays. We found that
none of the eight CK2 subunits interacted with LOH1 or
LOHS3 (Figure S6). These results are consistent with the lack
of significant change in very-long-chain Cer levels in the cka
cka?2 cka3 triple mutant (Figure 1A).

To test whether LOH2 might be a substrate for
CK2-mediated phosphorylation, we purified recombinant
LOH2-His and performed in vitro phosphorylation assays
using commercially available human glioblastoma
recombinant CK2. Indeed, CK2 phosphorylated LOH2 in
the presence of ATPyS and p-nitrobenzyl mesylate
in vitro (Figure 2D). To identify which residues are
phosphorylated by CK2, we subjected phosphorylated
LOH2-His to mass spectrometry analysis. We detected
two phosphorylated residues in LOH2, S289, and
S291 (Figure 2E), indicating that these two sites are
phosphorylated by CK2.

LOH2 phosphorylation promotes spontaneous cell
death and biosynthesis of C16 fatty acid-containing
sphingolipids

To confirm the phosphorylation sites of LOH2 in vivo, we
overexpressed the 35S:LOH2:GFP:HA (designated LOH2
OE) construct in the WT background (Figure S7A) and
performed phosphoproteomic analysis, again identifying
phosphorylation at serine residues S289 and S291 (Figure
S7B; Dataset S2). To investigate the functional significance
of S289 and S291 phosphorylation, we simultaneously
mutated these two amino acids to alanine (S289A, S291A)
to generate a non-phosphorylatable form of LOH2. We then
overexpressed the 35S5:LOH252894S291A.GEP:HA construct
(designated LOH25289A4.529TA_OF) in the WT background
(Figure S7C). We chose two lines harboring each construct
(LOH2-OE #12 and LOH252894.5297A_QE #18 as one group
and LOH2-OE #10 and LOH252894.S297A_QE #7 as the other
group) for further analysis (Figure S7A, C).

Compared with the WT, LOH2-OE #12 seedlings had
significantly shorter roots (Figure 3A) and showed a sponta-
neous cell death phenotype (Figure 3B, C). Compared with
LOH2-OE #12, LOH25289A4529TA OE #18 plants displayed
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phenotypes intermediate between those of the WT and
LOH2-OE, with greater root growth (Figure 3A) and less
severe cell death (Figure 3B, C). Notably, the high expression
level of PATHOGENESIS-RELATED PROTEIN 1 (PR1)
observed in LOH2-OE #12 was completely abolished in
LOH252894.5291A_OF #18 plants, returning to the low levels of
the WT, although both lines had similarly increased LOH2
transcript levels (Figure 3D). The LOH2-OE #12 plants also
accumulated high levels of free SA and SA glucoside (SAG).
By contrast, levels of these compounds were much lower in
LOH25289A.529TA OE #18 plants: SA levels were approx-
imately 50% of those in LOH2-OE and SAG levels were as
low as those of the WT (Figure 3E). Thus, preventing S289
and S291 phosphorylation in LOH2 in transgenic plants ap-
peared to compromise the ability of this enzyme to regulate
plant immunity.

To specifically examine the effects of LOH2 phosphor-
ylation at S289 and S291 on sphingolipid biosynthesis, we
measured the sphingolipid contents of WT, LOH2-OE #12,
and LOH252894S29TA OE #18 plants (Dataset S3). Com-
pared with the WT, LOH2-OE #12 contained approximately
three times more total Cers, especially C16 Cers (Figure
3F). Levels of total hCers, h16 hCers, h16 GlcCers, total
GIPCs, and h16 GIPCs were also significantly higher in
LOH2-OE #12 plants than in the WT (Figures 3G, S8A).
Compared with those in LOH2-OE #12, levels of these
sphingolipids were much lower in LOH252894.5297A_OE #18
and closer to those in the WT (Figure 3F, G), suggesting that
LOH2 function is enhanced by phosphorylation. Surpris-
ingly, compared with  WT and LOH2-OE #12 plants,
LOH252894.5291A OE #18 plants accumulated abnormally
high levels of LCBs, particularly t18:0 and t18:1 species
(Figure S8B). Perhaps, these CerS substrates reached
higher levels due to a compromised ability of
LOH2S289A.S291A 44 convert LCBs into Cers. We obtained
similar results for the other two lines: LOH2-OE #10 and
LOH252894.5291A_OE #7 (Figure S9).

To further explore the functions of LOH2 and
LOH2S289AS291A " \ve  crossed LOH2-OE #12 and
LOH252894.52914 OE #18 with loh2-2 mutants and obtained
homozygous plants, LOH2-OE-loh2-2 and LOH25289A.52914_
OE-loh2-2 (Figure S10A-C). Compared with WT and loh2-2
plants, LOH2-OE-loh2-2 plants showed dwarfism and cell
death. By contrast, LOH2526945297A_QE_joh2-2 plants showed
no discernible phenotypic differences from WT and /oh2-2
plants (Figure S10A). Sphingolipid profiling revealed that LOH2
expression rescued the deficiency in C16 fatty acid-containing
sphingolipids in the loh2-2 mutants, whereas LOH252894.52914
did not (Figure S10D, E; Dataset S4). Plants overexpressing
LOH2 in the Iloh2-2 background showed increased SA
contents, but the SA contents of plants expressing
LOH25289A:5291A id not differ significantly from that of the WT
and loh2-2 mutants (Figure S10F). These data demonstrate
that phosphorylation at S289 and S291 plays an important role
in LOH2 function, affecting the biosynthesis of C16 fatty acid-
containing sphingolipids.
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Figure 3. Phosphorylation of LOH2 affects plant growth and cell death

(A) Representative images of 9-d-old seedlings grown on half-strength Murashige and Skoog (1/2MS) medium (left) and root length (right). Values are
means + standard error (SE) (n>29 seedlings per genotype). Significant differences were determined using a two-tailed Student's t-test (*P < 0.05;
**P <0.01; ***P <0.001). (B) Representative photograph of 4-week-old wild type (WT), LOH2-overexpressing (LOH2-OE #12), and LOH252894.52914_
overexpressing (LOH252894.5297A_OF #18) plants. Arrows indicate leaves showing cell death. (C) Images of trypan blue staining of the 4-week-old plants
shown in (B). Arrows indicate leaf regions showing cell death. (D) Relative expression levels of LOH2 and PR1 in 4-week-old WT, LOH2-OE, and
LOH25289A45291A_QE plants. ACTZ transcript levels were used as an internal reference. Expression levels were normalized to WT levels, which were set to 1.
(E) Quantification of free salicylic acid (SA) and SA glucoside (SAG) levels in 4-week-old plants of the indicated genotypes. (F) Contents of total ceramides
(Cers) (left), total C16 Cers (middle), and various C16 Cer species (right) in 4-week-old plants of the indicated genotypes. (G) Contents of total h16 hCers,
h16 GlcCers, and h16 GIPCs in 4-week-old plants of the indicated genotypes. Scale bars in (A-C), 1 cm. Values in (D-G) are means + SE (n = 3 independent
samples). Data sets marked with different letters in (D-G) indicate significant differences among genotypes assessed using one-way ANOVA, followed by

Fisher's LSD test (P < 0.05).

Phosphorylation of $289 and $291 enhances LOH2
enzymatic activity
To directly address whether LOH2 function is affected by
phosphorylation, we performed in vitro CerS activity assays
using equal amounts of microsomal proteins isolated from
the leaves of WT, LOH2-OE #12, and LOH25289452914 O
#18 plants. Microsomal proteins from LOH2-OE #12 pro-
duced 10.3-fold more d18:0 C16:0 and 25.7-fold more t18:0
C16:0 than WT proteins, whereas LOH252894-52974A O #18
proteins produced a similar amount of d18:0 C16:0 but
4.8-fold more t18:0 C16:0 compared with WT proteins
(Figure 4A). We obtained similar results using LOH2-OE #10
and LOH25289AS29TA.OE  #7: microsomal proteins from
LOH2-OE #10 produced significantly more d18:0 C16:0 and
t18:0 C16:0 than WT and LOH252894S29A.OE #7 proteins,
whereas microsomal proteins from LOH252894S297AOE 47
produced significantly more t18:0 C16:0 than WT proteins
(Figure S11). These results, which are consistent with the
sphingolipid profiles of these genotypes, indicate that the cata-
lytic activity of LOH25289AS291A 5 |ower than that of intact LOH2.
We next examined the effect of LOH2 phosphorylation
status on LOH2 enzymatic activity at protein levels that are
closer to endogenous levels. We extracted microsomal

6 Month 2025 | Volume 00 | Issue 00 | 1-19

proteins from the leaves of LOH2pro:LOH2:GFP:HA plants
and treated them with A protein phosphatase (APPase) to
remove phosphorylation marks; we then measured LOH2
activity using d18:0 and C16-CoA as substrates. Treatment
with APPase reduced total LOH2 activity toward d18:0 and
C16-CoA by 11.1%, confirming that phosphorylation pro-
motes LOH2 enzymatic activity in vitro (Figure 4B). We then
transfected  protoplasts prepared from LOH2pro:-
LOH2:GFP:HA plants with CKa1-Flag and CKfB1-Flag con-
structs and performed sphingolipid quantification. The pres-
ence of CK2 promoted the accumulation of C16 Cers
(including d18:0 c16:0 and t18:0 ¢16:0), h16 hCers, and h16
GlcCers (Figure 4C-E; Dataset S5), demonstrating that CK2
enhances LOH2 enzymatic activity in vivo.

To more accurately assess the effect of phosphorylation
status on LOH2 enzymatic activity, we performed an in vivo
CerS assay by measuring sphingolipids in protoplasts
prepared from the /oh2-2 mutant (Zeng et al., 2022) tran-
siently transfected with constructs encoding LOH2 or its
phosphorylation-site variants (Dataset S6). Protoplasts
transfected with LOH2-Flag produced 14-fold more C16 Cers
than protoplasts transfected with an empty vector control
(Figure 4F). LOH25289AS291A Elag activity was significantly
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Figure 4. Mutations in the phosphorylation sites of LOH2 decrease its enzymatic activity

(A) In vitro activity of LOH2 from the leaves of 4-week-old wild-type (WT), LOH2-OE, and LOH252894-5297A_QE plants. Assays were conducted using 20 uM
d18:0 or t18:0 long-chain bases, 50 uM 16:0-CoA, and 10 ug of microsomal protein purified from each genotype at 37°C for 30 min. Sphingolipids were
extracted, and d18:0 c16:0 or t18:0 c16:0 were detected by liquid chromatography-mass spectrometry (LC-MS) as described in the Materials and Methods.
Values are means =+ standard error (SE) (n = 3 independent assays). (B) Effect of A-protein phosphatase (APPase) treatment on LOH2 activity. Microsomal
proteins (10 pg) prepared from the leaves of WT and LOH2pro:LOH2:GFP:HA plants were treated with APPase as indicated at 30°C for 1 h, followed by
incubation with 20 uM d18:0 long-chain bases and 50 uM 16:0-CoA at 37°C for 30 min. Values are means + SE (n =3 independent assays). (C-E) CK2
promotes LOH2 enzyme activity in vivo. Protoplasts prepared from LOH2pro:LOH2:GFP:HA plants were transfected with the plasmids empty vector or CK2
(CKa1-Flag and CKp1-Flag). Twenty hours after transfection, sphingolipids were extracted. Values represent the percentage of the contents of C16
ceramides (Cers), d18:0 c16:0, t18:0 c16:0 (C), h16 hCers (D), and h16 GlcCers (E) relative to total Cers and are shown as means + SE (n = 3). (F) In vivo
activity of LOH2. Protoplasts prepared from /oh2-2 plants were transfected with the plasmids LOH2-Flag, LOH252894.5291A Flag | OH25289P:5291D_Flaq,
LOH25%%%A_Flag, or LOH252°"A_Flag. Twenty hours after transfection, sphingolipids were extracted, and the contents of Cers were determined. Values
represent the percentage of the contents of C16 Cers, d18:0 ¢16:0, and t18:0 c16:0 relative to total Cers and are shown as means + SE (n = 3). Experiments
were repeated three times with independent samples. (G) Microscale thermophoresis (MST) assays showing the binding affinity of palmitoyl CoA to GFP-
LOH2 and GFP-LOH25289A8291A Graph shows means + SE (n = 3 independent assays). Data sets marked with different letters in (A, F) indicate significant
differences assessed using one-way ANOVA, followed by Fisher's LSD test (P < 0.05). Significant differences in (B-E) were determined using a two-tailed
Student's t-test (*P < 0.05; **P < 0.01).

lower than LOH2-Flag activity (Figure 4F), consistent with the
results of in vitro CerS assays with microsomal proteins from
LOH2-OE #12 and LOH252894-52974_ OF #18 (Figure 4A). We
also constructed vectors driven by the native LOH2 promoter
and obtained similar results from in vivo CerS assays (Figure
S12; Dataset S7). We then generated phosphomimetic mu-
tants (Ser (S) to Asp (D)) and found that LOH25289P:5291D 54
significantly higher enzymatic activity than LOH25289A.S291A

www.jipb.net

(Figure 4F; Dataset S6), indicating that phosphorylation at
S289 and S291 increases LOH2 activity. We next evaluated
the contributions of the individual C-terminal phosphorylation
sites to LOH2 activity by generating single S-to-A mutants.
The activity of LOH25%®A_Flag was more severely impaired
than that of LOH252°'A.Flag, showing a 92.9% decrease in
activity compared with LOH2-Flag, whereas the activity of
LOH2%29' \yas largely normal (Figure 4F). These results
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suggest that S289 is the more important phosphorylation site
for modulating the enzymatic activity of LOH2, consistent with
its high conservation across plants and other eukaryotes
(Figure S1B).

Because the activity of LOH was low, we
speculated whether its substrate-binding ability had
changed. We therefore examined the in vitro affinity of
recombinant purified LOH2-His and LOH25289A-S291A Hig o
ward d18:0 and t18:0 by performing lipid—protein membrane
binding assays using filters spotted with various amounts of
lipids. Compared with LOH2-His, LOH2S289AS291A yiq
showed weaker binding to d18:0 and t18:0 (Figure S13A).
Microscale thermophoresis assays also demonstrated
binding of palmitoyl CoA to GFP-LOH2 with a dissociation
constant (Ky) of 129.4 uM, which was lower than the Ky for
binding of palmitoyl CoA to GFP-LOH25289AS291A (177 g uM)
(Figure 4G). These results suggest that a lack of phosphor-
ylation at S289 and S291 may partially disrupt substrate
binding by LOH2.

We next asked whether phosphorylation at these two
sites directly affects the structure of LOH2. We used Al-
phaFold3 to predict the structures of LOH2 and LOH2-
S289A,S291A \We also compared the structures of LOH2 and
LOH2S289AS291A t4 g previously reported structure for
human CerS6 (Pascoa et al., 2024), which was shown to
have the same substrate specificity as LOH2. Arabidopsis
LOH2 and human CerS6 share very similar 3D structures,
as both contain seven transmembrane (TM) helices. The
TM2-TM7 barrel of CerS6 resembles a six-TM barrel
structure, which is likely optimized for recognition of and
reaction with acyl-CoA substrates (Pascoa et al., 2024).
Replacement of S289 and S291 with alanine appeared to
have little effect on the predicted 3D structure of LOH2
(Figure S13B). However, these two sites are located in the
cytoplasmic opening of the central cavity formed by the
TM2-TM7 barrel (Figure S13B), and S289 and S291 might
therefore affect LOH2 activity by influencing substrate ac-
cess to the catalytic site.

28289A,3291A

Phosphorylation reduces the stability of LOH2 but
does not alter its subcellular localization

The stability of many proteins is regulated by phosphorylation
and dephosphorylation mediated by kinases and phospha-
tases. For example, in the plant light-signaling pathway, CK2-
mediated phosphorylation stabilizes ELONGATED HYPO-
COTYL 5 (HY5) and LONG HYPOCOTYL IN FAR-RED LIGHT 1
(HFR1), which positively regulate photosynthesis; however,
CK2-mediated phosphorylation also promotes degradation of
the negative regulator PHY-INTERACTING FACTOR 1 (PIF1)
(Hardtke et al., 2000; Park et al., 2008; Bu et al., 2011). To
investigate whether the phosphorylation status of LOH2 af-
fects its protein stability, we examined the intensity of GFP
fluorescence in LOH2-OE #12 and LOH252894S29A OF #18
leaves by confocal microscopy. The average fluorescence in-
tensity of LOH25289AS2914A O #18 leaves was significantly
higher than that of LOH2-OE #12 leaves (Figure 5A).

8 Month 2025 | Volume 00 | Issue 00 | 1-19
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To confirm the confocal microscopy results, we extracted
total proteins from the same overexpression lines and
performed immunoblotting using an anti-HA antibody to
detect LOH2-GFP-HA and LOH2S289AS297AGFP_HA. The
abundance of LOH25289AS291A GEP.HA was 42% higher
than that of LOH2-GFP-HA (Figure 5B). These overexpression
lines had similar LOH2 expression levels (Figure 3D), sug-
gesting that the lack of phosphorylation at residues S289 and
S291 increases LOH2 stability.

We then investigated whether CKa1 and CKfg1 regulate
LOH2 stability. We transfected protoplasts prepared from
LOH2pro:LOH2:GFP:HA plants with the CKa7-Flag and
CKp1-Flag constructs and quantified LOH2-GFP-HA abun-
dance by immunoblotting after 16-20h of incubation. We
detected lower levels of LOH2-GFP-HA in protoplasts trans-
fected with CKa1-Flag and CKfB1-Flag than in control non-
transfected protoplasts (Figure 5C), suggesting that CKa1
and CKB1 reduce LOH2 protein stability in vivo. To further
explore how CKa1 and CK@1 affect LOH2 protein stability,
we used an anti-ubiquitin (Ub) antibody to detect poly-
ubiquitinated LOH2 after transiently expressing CKal and
CKB1 in LOH2pro:LOH2:GFP:HA protoplasts, followed by
immunoprecipitation with anti-GFP beads. The abundance of
poly-ubiquitinated LOH2 was 39% higher in the presence of
CKal1 and CKp1 (Figure 5D). We also observed a shift in
LOH2 mobility, with a larger predicted molecular mass in the
presence of CKal and CKp1 (Figure 5D). These results
demonstrate that CK2-mediated phosphorylation of LOH2
promotes its polyubiquitination in vivo.

Protein turnover is often regulated by the 26S protea-
some and autophagy (Isono et al., 2024; Sharma et al.,
2024). We therefore treated LOH2-OE #12 seedlings with
cycloheximide (CHX), a protein synthesis inhibitor, and
tested the effects of inhibitors of the 26S proteasome
(MG132) or autophagy (concanavalin A (ConA)) on LOH2
turnover. The faster degradation of LOH2 was fully inhibited
by MG132 and moderately inhibited by ConA treatment
(Figure 5E). Taken together, these data suggest that LOH2
phosphorylated by CK2 is primarily degraded via the 26S
proteasome pathway.

Phosphorylation is required for the proper endoplasmic
reticulum (ER) localization of Lacip and Laglp in yeast
(Fresques et al, 2014). We therefore investigated
whether manipulating LOH2 phosphorylation would affect its
subcellular localization. We prepared protoplasts from
35S:GFP, LOHZ2pro:LOH2:GFP:HA, LOH2-OE #12, and
LOH252894.529TA_OFE #18 transgenic plants and transfected
them with fluorescent markers for the ER, Golgi apparatus,
nucleus, and peroxisome or stained them with MitoTracker
Red (to stain mitochondria). We detected GFP fluorescence
signals for LOH2pro:LOH2:GFP:HA, 35S:LOH2:GFP:HA, and
355:L OH252894.5291A.GEP:HA in the ER (Figure 5F) and Golgi
apparatus (Figure 5G), but very little signal was present in
the nucleus (Figure S14A), peroxisomes (Figure S14B), or
mitochondria (Figure S14C). Because intact LOH2 and its
phosphorylation variants showed identical localization, these
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Figure 5. Phosphorylation of LOH2 affects its stability but not its subcellular localization

(A) Confocal live cell images of representative epidermal cells from the leaves of 4-week-old stable transgenic LOH2-OE #12 and LOH252894S297A_OE #18
plants (left) and the corresponding average fluorescence intensity (right). Scare bar, 20 um. Data represent means + standard error (SE) (n > 20 fields per
genotype). Significant differences were determined using a two-tailed Student's t-test (***P < 0.001). (B) Immunoblot analysis of LOH2-GFP-HA abundance
in 4-week-old wild type (WT), LOH2-OE #12, and LOH252894-5297A_OE #18 plants. Numbers below the blot represent protein abundance after normalization
to the loading control (ACTIN). (C) Immunoblot analysis showing the effect of CK2 on LOH2-GFP-HA abundance. Protoplasts prepared from LOH2pro:-
LOH2:GFP:HA plants were transfected with CKa1-Flag and CKB1-Flag as indicated. Anti-HA and anti-FLAG antibodies were used for immunoblotting.
Numbers below the blot represent LOH2-GFP-HA abundance normalized to ACTIN. (D) Effect of CK2 on the ubiquitination of LOH2 in vivo. Total proteins
were extracted from the protoplasts in (C) and enriched using GFP beads. LOH2-GFP-HA was detected with an anti-HA antibody. The poly-ubiquitination of
LOH2-GFP-HA was detected with an anti-Ub antibody. Numbers below the blot represent poly-ubiquitinated LOH2-GFP-HA abundance normalized to
LOH2-GFP-HA. (E) Immunoblot analysis of LOH2 protein abundance in LOH2-OE #12 seedlings. Arabidopsis seedlings were grown on half-strength
Murashige and Skoog (1/2MS) medium for 10 d, transferred to liquid 1/2MS medium containing 200 uM cycloheximide (CHX) alone or together with 50 uM
MG132 or 10 uM concanavalin A (Con A), and incubated for various durations. ACTIN and Rubisco were used as loading controls. Numbers below the blot
represent abundance normalized to ACTIN. (F-G) Subcellular localization of LOH2. The ER-mCherry marker (CD3-960) (F) or the Golgi-mCherry marker (G)
was transfected into protoplasts prepared from 35S:GFP, LOH2pro:L OH2:GFP:HA, LOH2-OE #12, or LOH2528% S291A_QE #18 plants. The images were
obtained by confocal microscopy 16 h after transfection. Scale bars in (F-G), 10 um. Quantifications in (B-E) were carried out using Adobe Photoshop
2020. Experiments were repeated at least two times with independent samples.
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results suggest that dephosphorylation at S289 and S291
does not affect the subcellular localization of LOH2.

Phosphorylation enhances LOH2-mediated resistance
to FB1

LOH2-overexpressing plants are more resistant to FB1 than
WT plants (Luttgeharm et al., 2015). To test whether the
phosphorylation status of LOH2 affects LOH2-mediated
FB1 resistance, we grew WT, LOH2-OE #12, and
LOH252894.52914_ OE #18 seedlings on half-strength Mura-
shige and Skoog (1/2MS) medium containing methanol
(Mock) or 0.5 uM FB1 for 10 d. LOH2-OE #12 showed much
higher resistance to FB1 (Figure 6A, B), and it contained
78.8% lower levels of free LCBs (Figures 6C, S15A; Dataset
S8) and 42.2% higher levels of C16 Cers under FB1 treat-
ment compared with the WT (Figure S15B; Dataset S8).
Similarly, LOH252894.5297A_ OE #18 seedlings were more
resistant to FB1 (Figure 6A, B) and contained 35% lower
levels of free LCBs under FB1 treatment compared with the
WT (Figure 6C). LOH252894.529TA_QF #18 showed slightly
lower FB1 resistance compared with LOH2-OE #12 (Figure
6A, B), and LOH252894.5291A OF #18 seedlings contained
higher levels of free LCBs and lower levels of C16 Cers
(Figures 6C, S15). These results indicate that a lack of

Journal of Integrative Plant Biology

LOH2 phosphorylation impairs LOH2-mediated FB1 re-
sistance.

To further investigate the regulatory role of CK2 in
sphingolipid metabolism upon FB1 treatment, we grew WT
and ckal cka2 cka3 seedlings on 1/2MS medium containing
methanol (Mock) or 0.5 uM FB1 for 10 d. The ckal cka2 cka3
mutant showed increased sensitivity to FB1 (Figure S16A, B),
and the FB1-induced accumulation of C16 Cers was mark-
edly lower in the ckal cka2 cka3 mutant than in WT plants
(Figure S16C). These results demonstrate that FB1-induced
accumulation of C16 Cers is dependent on the activity
of CK2.

Phosphorylation enhances LOH2-mediated resistance
to Pseudomonas syringae

We previously reported the different roles of two classes of
CerSs in plant immunity and cell death (Zeng et al., 2022).
However, little is known about how sphingolipid metabolism
is regulated by pathogen infection and how sphingolipids
regulate plant responses to pathogen infection, especially at
early infection stages. To explore the effects of pathogen
infection on sphingolipid metabolism, we inoculated 4-week-
old WT plants with Pseudomonas syringae pv. maculicola
(PsmDG3) (Dataset S9). Six hours after infection, we
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Figure 6. Phosphorylation of LOH2 affects plant sensitivity to FB1

(A) Sensitivity of wild type (WT), LOH2-OE #12, and LOH252894.5297A_OF #18 plants to FB1 treatment. Seedlings were grown on half-strength Murashige
and Skoog (1/2MS) medium containing methanol (Mock) or 0.5 uM Fumonisin B1 (FB1) for 10d and photographed. Scare bar, 1 cm. (B) Percentage of
seedlings with different levels of FB1 sensitivity after 0.5 uM FB1 treatment. The seedlings were categorized based on the number of cotyledons and true
leaves: mild (four), moderate (two or three), and severe (one or zero). Values are means + SE (n = 4 biological replicates). At least 30 seedlings per genotype
were quantified in each replicate. (C) Contents of total long-chain bases (LCBs), d18:0, and t18:0 in the seedlings shown in (A). Values are means + SE
(n =3 independent samples). Data sets marked with different letters indicate significant differences among genotypes assessed using one-way ANOVA,
followed by Fisher's LSD test (P < 0.05).

10  Month 2025 | Volume 00 | Issue 00 | 1-19 www.jipb.net

85U80]7 SUOWILIOD A1) 3|cedl|dde 8y Aq pausenob afe saoiie VO @S JO S3|NnJ 104 A%eid1 78Ul UO 48] 1M UO (SUORIPUOD-PUe-SLUBIA0D A8 |im A eIq U1 [UO//:SANY) SUORIPUOD pue SWie | 8u 885 *[9202/10/.2] Uo AriqiTaulluo A8|im eiqwnioD usiug JO Aisieaun Aq T8002 qd1/TTTT OT/I0pAW0D A8 1M Aeiq Ul UO//SARY WOy pepeojumod ‘0 ‘606.1772T



Journal of Integrative Plant Biology

collected plant samples and examined their sphingolipid
profiles. The total contents of Cers, C16 Cers, C24 Cers, and
C26 Cers were significantly higher upon infection, whereas
those of C18 Cers, C20 Cers, and C22 Cers remained largely
unchanged (Figure S17A, B). We also measured the ex-
pression levels of genes involved in Cer biosynthesis.
LOH2 transcript levels increased significantly after in-
oculation with PsmDG3, whereas those of LOH7 and LOH3
were much less responsive (Figure S17C), suggesting that
LOH2 participates in plant responses to pathogen infection.
Expression of the SA synthase gene SA INDUCTION DEFI-
CIENT 2 (SID2) was significantly higher 1 h after PsmDG3
inoculation than in mock-treated plants. Like LOH2, SID2 was
rapidly upregulated from 3 h post inoculation onward (Figure
S17D). The expression levels of both SID2 and LOH2 peaked
at 9 h after inoculation (Figure S17C, D). Notably, CKB1 ex-
pression was also significantly induced by PsmDG3 infection
(Figure S17E). We therefore speculated whether PsmDG3
infection might induce the phosphorylation of LOH2,
thereby activating LOH2 at both the transcriptional and
post-translational levels.

To test this hypothesis, we inoculated 4-week-old WT,
LOH2-OE #12, and LOH252894S297AOE #18 plants with
PsmDG3 to investigate whether LOH2 phosphorylation would
affect plant resistance to pathogens. Both LOH2-OE #12 and
LOH252894.5291A_OFE #18 plants showed enhanced resistance
to PsmDG3 infection (Figure 7A, B), higher SA contents
(Figure 7C), and increased expression of defense-related genes
(Figure 7D) compared with the WT. LOH25289A4S297A O #18
showed lower resistance to PsmDG3 infection compared with
LOH2-OE #12 (Figure 7A, B). Consistent with their observed
phenotypes, LOH25289A-5291A_ OE plants accumulated less free
SA and expressed defense-related genes at lower levels
compared with LOH2-OE #12 plants (Figure 7C, D). These re-
sults demonstrate that a lack of LOH2 phosphorylation pre-
vents full LOH2-mediated PsmDGS3 resistance.

Sphingolipids such as d18:0, t18:0, and C16 Cers play
important roles in plant responses to pathogens (Magnin-
Robert et al., 2015; Zeng et al., 2022); therefore, we analyzed
the sphingolipid profiles of 4-week-old WT, LOH2-OE #12, and
LOH252894S291A OE  #18 plants inoculated with PsmDG3
(Dataset S10). At 12 h post-infection, WT plants showed a 2.5-
fold increase in C16 Cer compared with mock-infected con-
trols. Infected LOH252594529"A.OE #18 plants accumulated
much higher levels of C16 Cers than infected WT plants but
contained lower levels of C16 Cers than infected LOH2-OE
plants (Figure 7E). Although LOH25289A4S297A OE #18 plants
accumulated more d18:0 and t18:0 than LOH2-OE #12 plants
after PsmDGS3 infection (Figure S18), these plants were less
resistant to PsmDG3 (Figure 7A, B), further highlighting the
roles of C16 Cers in plant responses to pathogen infection.

LOH2 is phosphorylated and degraded upon PsmDG3
infection

Because PsmDG3 infection promoted the expression of CKB1,
we asked whether inoculation with PsmDG3 would induce the
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phosphorylation of LOH2 (Figure S17E). LOH2 protein abun-
dance was reduced by 60% upon PsmDG3 infection (Figure 7F),
supporting our findings of CK2-mediated phosphorylation of
LOH2 (Figure 5D). We therefore hypothesized that PsmDGS3 in-
fection induces phosphorylation of LOH2, leading to its degra-
dation. To test this possibility, we inoculated LOH252894.5297A,
OE #18 plants with PsmDG3. The levels of LOH2S289AS291A
which cannot be phosphorylated by CK2, remained high and
unchanged regardless of inoculation (Figure 7F). This result
suggests that PsmDGS3 infection indeed induces the phosphor-
ylation of LOH2 at S289 and S291 to initiate its protein degra-
dation. Our earlier results showed that CK2-mediated phos-
phorylation of LOH2 promotes its polyubiquitination (Figure 5E),
and we therefore tested whether PsmDG3 infection induces the
ubiquitination of LOH2. After inoculation with PsmDG3, the
abundance of poly-ubiquitinated LOH2 increased significantly in
LOH2-OE#12 (Figure 7G). These results demonstrate that
PsmDGS3 infection induces polyubiquitination of phosphorylated
LOH2 in vivo.

To further examine the regulatory role of CK2 in sphingolipid
metabolism upon PsmDG3 infection, we treated WT and cka1
cka2 cka3 plants with PsmDG3. Although no significant dif-
ferences in phenotypic characteristics or bacterial growth were
observed between ckal cka2 cka3 mutants and the WT,
PsmDG3-induced accumulation of C16 Cers was significantly
lower in the mutants than in the WT (Figure S19).

Based on these findings, we propose a model for the role
of the LOH2-CK2 module in plant-pathogen responses
(Figure 7H). Under non-stress conditions, ER- and Golgi-
localized LOH2 proteins exist primarily in a low-activity,
stable, non-phosphorylated form. This situation allows for the
biosynthesis of basal levels of Cers, which are essential for
cellular homeostasis. Upon pathogen infection, rapid phos-
phorylation of LOH2 by CK2 converts it into a highly active
form that significantly increases C16 Cer biosynthesis.
The accumulation of Cers, in turn, activates SA signaling to
enhance plant resistance to pathogens. To ensure Cer
homeostasis and prevent excessive Cer accumulation, the
phosphorylated form of LOH2 is rapidly degraded via the
26S ubiquitination pathway.

DISCUSSION

In this work, we addressed the critical need for plants to
precisely regulate the activity of a Class | CerS to protect
against cellular toxicity or excessive immune activation. We
demonstrated that the activity and stability of the long-chain
CerS enzyme LOH2 are post-translationally regulated
through CK2-mediated phosphorylation of two conserved
C-terminal serine residues: S289 and S291. This mechanism
fine-tunes Cer biosynthesis, modulating plant immune re-
sponses and programmed cell death. Notably, our findings
reveal a dual role for LOH2 phosphorylation: phosphorylation
enhances the enzymatic activity of LOH2 while
simultaneously promoting its degradation via the
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Figure 7. Phosphorylation of LOH2 enhances the resistance of Arabidopsis to PsmDG3

(A) Representative photograph of rosette leaves from 4-week-old wild-type (WT), LOH2-OE #12, and LOH2528945291A_OF #18 plants following mock inoculation
with 10 mmol/L MgSO, (Mock) or inoculation with PsmDG3. The plants were photographed 2 d after inoculation. Scale bar, 1 cm. (B) Titer of PsmDG3 in the leaves
of plants shown in (A). Bacterial titer was defined as colony-forming units (CFUs). Values are means + standard error (SE) (n = 12 leaves). (C) Quantification of free
salicylic acid (SA) levels in plants of the indicated genotypes at 24 h post inoculation with PsmDG3. Values are means + SE (n=3 independent samples).
(D) Relative expression levels of the defense-related genes PR7 and PAD4 in 4-week-old plants of the indicated genotypes at 24 h post inoculation with PsmDG3.
ACT2 transcript levels were used as an internal reference. Expression levels were normalized to WT levels (Mock), which were set to 1. Values are means + SE
(n=23). (E) Contents of C16 ceramides (Cers) in plants of the indicated genotypes at 12 h post inoculation with PsmDG3. Values are means + SE (n = 3 independent
samples). (F) Immunoblot analysis showing the abundance of LOH2-GFP-HA and LOH252894.529TA_GEP_HA in LOH2-OE #12 and LOH2528945297A O #18 plants at
6 h post inoculation with PsmDG3. ACTIN and Rubisco were used as loading controls. Numbers below the blot represent protein abundance normalized to ACTIN.
(G) Effect of PsmDGS3 inoculation on the ubiquitination of LOH2 in vivo. Total proteins were extracted from LOH2-OE #12 plants at 6 h post inoculation with
PsmDGS3 and enriched with GFP-beads. LOH2-GFP-HA was detected with an anti-HA antibody. Poly-ubiquitinated LOH2-GFP-HA was detected with an anti-Ub
antibody. Numbers below the blot represent polyubiquitinated LOH2-GFP-HA abundance normalized to LOH2-GFP-HA. (H) Working model for the regulation of
LOH2 activity and Cer biosynthesis in response to pathogen infection: Under normal conditions, LOH2 in the endoplasmic reticulum (ER) and Golgi apparatus
(Golgi) primarily exists in a low-activity, stable, non-phosphorylated state, producing basal levels of Cers. Upon pathogen infection, LOH2 becomes highly active via
phosphorylation by CK2, leading to increased Cer biosynthesis, resulting in the accumulation of SA and increased pathogenesis-related (PR) gene expression,
thereby enhancing resistance to Pseudomonas syringae pv. maculicola (PsmDG3). To ensure Cer homeostasis in plants, the phosphorylated LOH2 is rapidly
degraded via the 26S ubiquitination pathway. Data sets marked with different letters in (B-D) indicate significant differences among genotypes assessed using one-
way ANOVA, followed by Fisher's LSD test (P < 0.05). Asterisks in (B, E) indicate a significant difference using a two-tailed Student's t-test (*P < 0.05; **P < 0.01).

ubiquitin-proteasome system, ensuring tight control over (Vu et al., 2018; Zhang et al., 2023). Although CerS undergoes

sphingolipid homeostasis during pathogen challenges.
Phosphorylation is a ubiquitous regulatory mechanism in
eukaryotes, influencing protein function, localization, and stability

12  Month 2025 | Volume 00 | Issue 00 | 1-19

phosphorylation in mammals and yeast, the underlying mecha-
nisms are poorly characterized. In yeast, Lac1 and Lag1 can be
phosphorylated by Ypk1 at the N terminus and by CK2 at the C
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terminus, and both of these modifications enhance CerS activity
(Fresques et al., 2014; Muir et al., 2014). Moreover, CK2-
mediated phosphorylation increases the stability of Lag1 and
Lac1 and facilitates their proper localization to the ER (Fresques
et al., 2014). Although CK2-mediated phosphorylation also po-
tentiates CerS activity in mammals (Sassa et al., 2016), its effects
on protein stability and subcellular localization have not been
characterized. Our data demonstrate that CK2 physically inter-
acts with and phosphorylates LOH2 at S289 and S291, en-
hancing its enzymatic activity but decreasing its stability without
affecting its subcellular localization (Figures 2, 4, 5). Therefore,
our observations show that the effects of phosphorylation at
these highly conserved phosphorylation sites differ between
plants and yeast, as CK2-mediated phosphorylation decreases
LOH2 stability in Arabidopsis but increases Lag1 and Lac1 sta-
bility in yeast. Examining the effect of phosphorylation on the
stability of animal CerS enzymes and exploring the conserved
and divergent mechanisms involved therefore remain intriguing
avenues for future work.

In contrast to LOH2, LOH1 and LOH3 (which also contain
the potential CK2 phosphorylation site) showed no inter-
actions with CK2 subunits in plants. Similarly, human CerS3
also harbors potential CK2 phosphorylation sites but is not
regulated by CK2 (Sassa et al., 2016). LOH1 and LOH3 have
diverged evolutionarily from LOH2 and show functional dif-
ferences: for example, LOH1 and LOH3 regulate plant growth
and development, but LOH2 primarily regulates programmed
cell death and immunity (Markham et al., 2011; Bi et al., 2014;
Luttgeharm et al., 2015; Zeng et al., 2021). The regulatory
mechanisms of LOH1 and LOHS3 require further investigation.

Although the promotion of CerS enzymatic activity by CK2-
mediated phosphorylation is evolutionarily conserved, the pre-
cise molecular mechanisms by which phosphorylation state
modulates CerS function remain unclear. Our results reveal that
phosphorylation may enhance LOH2 activity in part by facilitating
its substrate binding (Figures 4, S13). In addition to phosphor-
ylation, oligomerization can also regulate the activity of mam-
malian CerS enzymes. For example, mammalian CerS2, CerS5,
and CerS6 form heterodimers, with CerS2-CerS5 oligomeriza-
tion significantly enhancing activity (Mesicek et al., 2010; Laviad
et al., 2012). A conserved DXRSDXE oligomerization motif,
unique to CerS, is essential for this interaction and for Cer syn-
thesis (Kim et al., 2022). We identified this same conserved motif
at the C termini of all three Arabidopsis CerS (LOH1-LOH3),
suggesting potential oligomerization-dependent modulation of
LOH activity. Furthermore, this motif overlaps with phosphor-
ylation sites in the LOHs, raising the question of whether phos-
phorylation influences LOH oligomerization and enzymatic ac-
tivity, a possibility that warrants further investigation.

A particularly intriguing finding is that CK2-mediated
phosphorylation also promotes LOH2 turnover. This mecha-
nism creates a feedback loop coupling activation with desta-
bilization, preventing the cytotoxic Cer accumulation observed
in LOH2-overexpressing plants. Such dual regulation is remi-
niscent of key immune regulators like NPR1. In systemic ac-
quired resistance, inducers promote NPR1 phosphorylation at
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Ser11 and Ser15, facilitating both its turnover and transcrip-
tional activity; phosphorylated NPR1 is hypothesized to un-
dergo degradation after interacting with the target promoter
(Spoel et al., 2009). A related mechanism was demonstrated
for the yeast activator GCN4, in which proteasome inhibition
impaired its ability to recruit RNA polymerase |l (Lipford et al.,
2005). In addition, studies in mammals have shown that CerS1
activity itself influences stability: stress-induced turnover of
CerS1 requires its enzymatic activity, as active-site mutations
of CerS1 abrogate its degradation (Sridevi et al., 2009). Our
results are consistent with this scenario: PsmDGS3 infection
promoted the degradation of phosphorylated (active) LOH2,
whereas the low-activity, non-phosphorylatable LOH2 per-
sisted at high levels regardless of inoculation (Figure 7F).

The physiological importance of LOH2 phosphorylation is
underscored by the phenotypes of plants expressing the non-
phosphorylatable LOH2528945291A These mutants showed at-
tenuated cell death, reduced SA accumulation, and compro-
mised resistance to FB1 and PsmDG3 (Figures 3, 6, 7, S10),
suggesting that phosphorylation is essential for the native func-
tions of LOH2, not just its overexpression. The fact that PsmDG3
infection itself induces LOH2 phosphorylation and subsequent
degradation provides further support for the in vivo significance
of this regulatory pathway during immune responses.

C16 Cers are known to induce cell death and confer re-
sistance to pathogens. In yeast, Lac1p and Lag1p do not pro-
duce C16 Cers, suggesting that C16 Cer biosynthesis may
represent an adaptive mechanism in multicellular eukaryotes
(Megyeri et al., 2019). The ckal cka2 cka3 triple mutant showed
reduced FB1- and pathogen-induced C16 Cer accumulation,
positioning CK2 upstream of this metabolic shift. Although the
mutant did not show altered bacterial growth in our assays, this
may reflect the multifaceted regulatory role of CK2 in plant
immunity and/or potential functional compensation by other
CK2 subunits. Our finding that plant defense pathways regulate
sphingolipid biosynthesis through phosphorylation of key en-
zymes like CerS aligns with a recent study on the phosphor-
egulation of serine palmitoyltransferase (Li et al., 2023). Given
the critical and diverse roles of sphingolipids in plant develop-
ment and plant-pathogen interactions (Ali et al., 2018; Zhu
et al., 2023b) and the conservation of the CK2 phosphorylation
motif in CerSs across plant species, manipulation of phos-
phorylation sites in enzymes like LOH2 and serine palmitoyl-
transferase via gene editing could have promising applications
for fine-tuning plant resistance in crop breeding.

MATERIALS AND METHODS

Plant materials and growth conditions

Arabidopsis thaliana ecotype Col-0 was used as the WT in this
study. Plants were grown in soil under a 16-h light/8-h dark
photoperiod at 22°C. To generate LOH2pro:L OH2:GFP:HA
transgenic plants, the genomic LOH2 sequence, including 2 kb
of the endogenous promoter and 2.5 kb of the full-length coding
sequence without the stop codon, was cloned into the EcoRI/
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and BamHl| sites of the binary vector pFGC-35SPPDK promoter
to remove the 35SPPDK promoter and generate the vector
PFGC-LOH2pro:LOH2:GFP:HA using the In-Fusion Cloning Kit
(catalog number E1101; Vazyme Biotech, Nanjing, China). To
generate 35S:LOH2s (LOH2 and LOH252894S2914).GFP:HA
transgenic plants, the coding sequence of LOH2 was amplified
and cloned into the BamH| sites of the binary vector pFGC-
35SPPDK using corresponding primers (Table S1). These con-
structs were transformed into WT plants using the floral-dip
method. To generate LOH2-OE-loh2-2 and LOH252894S291A,
OE-loh2-2 plants, LOH2-OE #12 and LOH2528%AS297AOF #18
plants were crossed with loh2-2 mutants. The ckal cka2 cka3
triple mutant (N67786) was obtained from the Nottingham Ara-
bidopsis Stock Centre. The loh2-2 mutant has been described
previously (Zeng et al., 2022).

Chemical treatments

For FB1 treatment, seeds were surface-sterilized and sown
on 1/2MS medium supplemented with methanol (Mock) or
0.5 uM Fumonisin B1 (F1147; Biofroxx, Einhausen, Germany).
After 2d at 4°C in the dark, plates were transferred to growth
chambers under a 16-h light/8-h dark photoperiod at 22°C.
Phenotypic characterization and sphingolipid detection were
performed after 10 d of germination.

For CHX, MG132, and Con A treatments, 10-d-old Arabi-
dopsis seedlings grown on 1/2MS medium were transferred to
liquid 1/2MS medium containing 200 uM CHX (HY-12320;
MedChemExpress, Shanghai, China), 200 yM CHX with 50 uM
MG132 (M8699; Sigma-Aldrich, Darmstadt, Germany), or
200 uM CHX with 10uM Con A (A8633; APEXBIO, TX, USA).
Treatments were administered for the specified durations prior
to protein extraction.

Sphingolipid assay

Samples were prepared as described previously (Huang et al.,
2022; Liu et al., 2024), with minor modifications. In brief,
lyophilized samples (10-30mg) were extracted in 1 mL of ex-
traction solvent (isopropanol/hexane/water, 55:20:25, v/v/v)
containing internal standards (d17:1-sphingosine, d18:1/12:0-
ceramide, d18:1/12:0-glucosylceramide, and GM1 ganglioside).
The mixtures were incubated at 60°C for 15 min after a 2-min
ultrasonic bath. After centrifugation at 12,000 g for 30 min, the
supernatant was dried using nitrogen gas. The samples were
dissolved in 200 uL of methanol and analyzed using a triple
quadrupole mass spectrometer (AB SCIEX 4500 Triple Quad-
rupole LC/MS System). For glycosyl-inositol phosphorylcer-
amide detection, samples dried under nitrogen gas were de-
esterified in 33% (w/v) methylamine in ethanol-water (7:3, v/v)
for 1 h at 50°C. The samples were then dried and dissolved in
250 uL of methanol-tetrahydrofuran-water (1:2:2, v/v/v) and
analyzed using a triple quadrupole mass spectrometer (Agilent
6470 Triple Quadrupole LC/MS System).

Co-immunoprecipitation and BiFC assays
Plasmids for transient transfection were extracted from the

relevant Escherichia coli cultures using a HiPure Plasmid EF
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Maxi Kit (P1156-03; Magen, Guangzhou, China). Arabidopsis
mesophyll protoplasts were prepared and transfected as
described previously (Li et al., 2016). In brief, protoplasts
were isolated from 3- to 4-week-old rosette leaves and
transfected with the indicated plasmids, and then cultured for
16 h to facilitate protein expression. For Co-IP assays, total
proteins were extracted with IP buffer (50 mmol/L Tris—HCI
(pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA, 10% glycerol,
1% Triton X-100, and 1x Roche EDTA-free protease inhibitor
cocktail). For each sample, 30 uL (10%) of lysate was re-
tained as the input fraction, and the remaining supernatant
was incubated with anti-GFP beads for 1-3h at 4°C with
gentle rotation. Beads were washed five times with IP buffer
containing 0.1% (v/v) Triton X-100, and then eluted in IP
buffer at 37°C for 20 min before immunoblot analysis.

For BiFC assays, the full-length coding sequences of LOH1,
LOH2, LOH3, PTPLA, and CK2 subunits were cloned into
pSATN-nEYFP-C1 (nYFP) or pSATN-cYFP-C1 (cYFP) vectors
(Citovsky et al., 2006) and co-transfected into leaf protoplasts.
Fluorescence was detected after incubation for 16 h under
normal conditions using an SP8 confocal laser scanning mi-
croscope (Leica Microsystems GmbH). The PTPLA-nYFP and
PTPLA-cYFP vectors were used as positive controls (Morineau
et al., 2016), and empty vectors were co-transformed as neg-
ative controls.

Pull-down assay

The pull-down assays were performed as described pre-
viously (Wang et al., 2019), with minor modifications. Purified
recombinant proteins (GST, GST-CKa1, or GST-CKp1) were
incubated with LOH2-His recombinant protein at 12°C for 2 h
with continuous rocking. The mixture was then incubated
with glutathione beads (GE Healthcare Bio-sciences AB,
Uppsala, Sweden) at 4°C for another 2 h. After centrifugation
and supernatant removal, the beads were washed five times
with wash buffer (40 mmol/L Tris (pH 8.0), 300 mmol/L NaCl,
10% glycerol, and 0.1% Triton X-100). Bound proteins were
used for immunoblotting with an anti-His antibody.

Yeast two-hybrid assay

Yeast two-hybrid assays were performed as described pre-
viously (Wang et al., 2023a), with minor modifications. In brief,
the open reading frames of LOH71 and LOH3 were cloned into
the pGBKT?7 vector and those of the CK2 subunits were cloned
into pGADTY. All constructs were transformed into yeast strain
AH109. Yeast colonies were selected on SD medium lacking
Leu and Trp (—L—W) and were then serially diluted and plated
onto SD medium without Leu, Trp, His, and Ade (—L—W—-H-A)
at 28°C for 2d. The interaction between pGBKT7-p53 and
pGADT7-T served as the positive control and pGBKT7-Lam co-
expressed with pGADT7-T served as the negative control.

In vitro phosphorylation assay and mass spectrometry
analysis

The in vitro phosphorylation assay was performed as de-
scribed previously (Zhou et al., 2022). Human glioblastoma
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recombinant CK2 (x2@2 tetrameric holoenzyme) was pur-
chased from New England Biolabs (NEB, MA, USA). Re-
combinant LOH2-His (10 ug) was incubated with CK2 in 10x
CK2 reaction buffer (NEB, MA, USA) and 3 uL of 10 mmol/L
N6-substituted ATPyS at 30°C for 30 min, followed by sup-
plementation with 1.5 uL of 50 mmol/L p-nitrobenzyl mesy-
late and additional incubation at 30°C for 1 h. The reactions
were terminated by the addition of 5x sodium dodecyl
sulfate (SDS) loading buffer. Phosphorylated substrate
proteins were detected with a thiophosphate ester-specific
antibody (ab92570, 1:5,000; Abcam, Cambridge, UK) after
separation by 8%-10% SDS polyacrylamide agarose gel
electrophoresis (SDS-PAGE).

For mass spectrometry analysis, recombinant LOH2-His
(40 ug) was incubated with human glioblastoma recombinant
CK2 (NEB, MA, USA) and then subjected to mass spec-
trometry.

Protein extraction, trypsin digestion, and LC-MS/MS
analysis

Fresh leaf tissues (1 g) from LOH2-OE #12 plants were ground
into powder in liquid nitrogen and then suspended in ice-cold
extraction buffer (0.1 M Tris—HCI (pH 8.0), 10 mmol/L EDTA,
5 mmol/L DTT, 0.9 M sucrose, and protease and phosphatase
inhibitors). After mixing with Tris-buffered phenol (pH 8.0),
sonication in an ice bath, and centrifugation, the phenol phase
was mixed with five volumes of ice-cold methanol with 0.1 M
ammonium acetate and incubated at —20°C for 3h. Pre-
cipitated proteins were collected by centrifugation, washed
sequentially with cold methanol and acetone, and air-dried.
Pellets were resuspended in 50 mmol/L NH4HCO3; and 8 M
urea, reduced with 10 mmol/L DTT (37°C, 30 min), and alkylated
with 40 mmol/L iodoacetamide for 30 min at room temperature
in the dark. The solution was diluted with 50 mmol/L NH4;HCO3
to reduce the urea concentration to 1 M. Protein concentration
was quantified using the BCA assay (Thermo Fisher Scientific,
MA, USA). Proteins were digested with trypsin (Catalog No.
90057, MS grade; Thermo Fisher, MA, USA) (1/100, w/w) at
37°C for 8 h. The digest was acidified to pH <3 with trifluoro-
acetic acid, desalted using Pierce peptide desalting spin col-
umns (Thermo Fisher Scientific, MA, USA), lyophilized, and
stored at —20°C for further analysis.

The online phosphoproteome analysis was performed as
described previously (Zhang et al., 2022b). Enriched peptides
were separated on a C18 analytical column (75 um x 250 mm,
1.9 um) using an acetonitrile (ACN) gradient with a flow rate of
300 nL/min. The gradient profile was as follows: 5%-25%
ACN, 0-90min; 25%-35%, 90-105min; and 35%-85%,
105-120 min. The source voltage was 2.0kV, and the ion
transfer tube temperature was 320°C. Data-dependent ac-
quisition mode was used, with MS1 spectra acquired in the
Orbitrap over m/z 375-1,500 at 120K resolution. MS2
spectra were triggered at an intensity threshold of 5.0E4,
using higher-energy collisional dissociation at 30% collision
energy and 15K resolution. Peptides were identified using
Proteome Discoverer software.
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Trypan blue staining

Trypan blue staining was performed as described in Zeng et al.
(2021), with minor modifications. In brief, plants were sub-
merged in a trypan blue staining solution consisting of
2.5 mg/mL trypan blue (Sigma-Aldrich, Darmstadt, Germany) in
25% (v/v) lactic acid, 25% (v/v) water-saturated phenol, 25%
(v/v) glycerol, and 25% (v/v) distilled water. The samples were
immediately heated in a boiling water bath for 2 min, and then
destained in chloral hydrate solution for at least 12 h.

Phytohormone content determination

Salicylic acid and SAG were extracted as described pre-
viously (Zeng et al., 2021), with minor modifications. In brief,
fresh leaf tissues (100-300 mg) were immediately frozen in
liquid nitrogen and homogenized using an oscillatory tissue
pulverizer (50 Hz, 2 min). Subsequently, 0.9 mL of extraction
buffer (2:1:0.002, v/v/v, isopropanol-water-concentrated
HCI) with an internal standard (10ng D4-SA; Olchemim,
Olomouc, Czech Republic) was added. The mixtures were
gently mixed for 30 min at 4°C, followed by addition of 1 mL
dichloromethane and shaking for another 30 min at 4°C. The
mixtures were centrifuged at 13,000 g for 5 min, and 1 mL of
solvent from the lower phase was dried. The dried samples
were dissolved in 200 uL of a solution containing 120 uL of
methanol and 80 uL of distilled water and analyzed using a
triple quadrupole mass spectrometer (AB SCIEX 4500 Triple
Quadrupole LC/MS System).

Real-time quantitative polymerase chain reaction
Total RNA was extracted from leaf tissues using the Plant
RNA Kit (R6827-02; Omega Bio-Tek, GA, USA) and reverse-
transcribed into first-strand cDNA using HiScript Il Q RT
SuperMix for quantitative polymerase chain reaction (QPCR)
(+gDNA wiper) (R223; Vazyme Biotech, Nanjing, China). Real-
time PCR was performed using Genious 2X SYBR Green Fast
gPCR Mix (RK21204; ABclonal, Wuhan, China) on a Light-
Cycler 480 System (Roche) under the following cycling con-
ditions: initial denaturation at 95°C for 30s, followed by 40
cycles of 95°C for 5's, 60°C for 30 s, and 72°C for 20 s. ACTIN
2 was used as the internal control gene. The primers used in
this study are listed in Table S1.

Ceramide synthase assays

In vitro CerS assays were performed as described previously
(Zeng et al., 2021). In brief, LCB/BSA complexes were prepared
by combining 100 uM bovine serum albumin (BSA) and 20 uM
d18:0 or t18:0 LCBs dissolved in a 2:1 (v/v) ethanol:dimethyl
sulfoxide solution. All solutions were standardized to contain
10% (v/v) ethanol:dimethyl sulfoxide (2:1), with LCB/BSA
complexes representing a 10x stock solution. The 100-uL re-
action mixture contained 20 mmol/L potassium phosphate
(pH 7.5), 250 mmol/L sorbitol, 50 uM palmitoyl-CoA (16:0-CoA),
10uM BSA, 20 uM d18:0 or t18:0, and 10 ug of microsomal
protein. Following a 30-min incubation at 37°C, reactions were
terminated by addition of 750uL of methyl-tert-butyl ether
(MTBE):methanol (1:1, v/v) and vigorous vortex mixing. Ten
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picomoles of C12-ceramide internal standard were added, and
phase separation was induced by addition of 850 uL of MTBE
and 312 uL of water. The MTBE upper layer was removed to a
clean tube, evaporated using nitrogen gas, and analyzed on a
SCIEX QTRAP 4500 LC/MS System; quantification was per-
formed using SCIEX OS software.

In vivo CerS assays were performed as described pre-
viously (Sassa et al., 2016), with minor modifications. LOH2-
Flag, LOH252894_Flag, L OH25%'A_Flag, and L OH25289A.S297A
Flag plasmids were transformed into protoplasts isolated
from loh2-2 mutant plants. After transfection for 16-20h,
sphingolipids were extracted, and Cers with C16 fatty acid
moieties were analyzed on a SCIEX QTRAP 4500 LC/MS
System and quantified using SCIEX OS software.

In vitro lipid-protein binding assay

Lipid—protein membrane binding assays were performed as
described previously (Zhou et al., 2022). In brief, recombinant
LOH2-His and LOH2528945291A s hroteins were purified using
Ni Sepharose (17-5318-01; GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). Sphingolipids solubilized in chloroform were
spotted onto polyvinylidene difluoride membranes, and then
incubated at room temperature for 1 h in the dark. The lipid-
bound membranes were blocked in Tris-buffered saline (TBS)
with 1% (w/v) nonfat milk for 1 h and then incubated with 20 ug
LOH2-His or LOH25289AS291A s in blocking buffer for 3 h. The
membranes were gently washed three times for 10 min each
with TBST (TBS + 0.05% Tween-20). After incubation with an
anti-His antibody for 3h at room temperature, the filters were
washed 3 times for 10 min each with TBST and then incubated
with a horseradish peroxidase-conjugated secondary antibody
for 1 h before immunoblotting.

Microscale thermophoresis assay

Microscale thermophoresis (MST) assays were performed as
described previously (Wang et al., 2023b). In brief, plasmids
encoding GFP-LOH2 or GFP-LOH25289AS291A \yere trans-
formed into protoplasts isolated from loh2-2 mutant plants.
After 16-20 h of transfection, total proteins were extracted with
lysis buffer (50 mmol/L HEPES, pH 7.0, 150 mmol/L NaCl,
5mmol/L  MgCl»-6H>O, 10mmol/L NaF, 10% glycerol,
0.5mmol/L DTT, 0.05% Tween-20, and 1x Roche EDTA-free
protease inhibitor cocktail). Affinity between whole-cell lysates
and palmitoyl CoA was assessed using a Monolith NT.115 in-
strument (NanoTemper). The palmitoyl CoA ligands were seri-
ally 2x diluted from 2.5 mmol/L to 76.3 nM. The data were ob-
tained from three independent repeated experiments, and the
results were displayed by GraphPad Prism 8.0.

Protein preparation and immunoblot analysis

Proteins were prepared as described previously (Zhou et al.,
2022), with minor modifications. Arabidopsis tissues were
homogenized in liquid nitrogen and then resuspended in
protein extraction buffer (50 mmol/L Tris-HCI (pH 7.5),
150 mmol/L NaCl, 1 mmol/L EDTA, 10% (v/v) glycerol, 1%
(v/v) Triton X-100) supplemented with protease inhibitor
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cocktail. The lysate was incubated on ice for 30 min, and then
centrifuged at 12,000 g for 30 min at 4°C. The supernatant
was collected for subsequent analysis.

For immunoblot analysis, total proteins were separated by
SDS-PAGE and transferred to nitrocellulose membranes (GE
Healthcare Bio-sciences AB, IL, USA). Immunoblotting was
performed using the following primary antibodies: anti-HA
(H6533, 1:5,000; Sigma-Aldrich, Darmstadt, Germany), anti-
GFP (B1156, 1:5,000; Biodragon, Jiangsu, China), anti-FLAG
(A8592, 1:5,000; Sigma-Aldrich, Darmstadt, Germany), anti-
His (12698S, 1:2,000; Cell Signaling Technology, MA, USA),
anti-thiophosphate ester (ab92570, 1:5,000; Abcam, Cam-
bridge, UK), and anti-plant actin (R3772-1P, 1:2,000;
Abiocode, CA, USA). Protein bands were detected using an
enhanced chemiluminescence system after incubation with
species-matched horseradish peroxidase-conjugated sec-
ondary antibodies.

Subcellular protein localization

Subcellular protein localization assays were performed as de-
scribed previously (Li et al., 2016), with minor modifications. An
ER mCherry marker (CD3-960; TAIR), a Golgi mCherry marker,
a nucleus mCherry marker (ARF4-mCherry), or a peroxisome
mCherry marker was transformed by transient expression into
protoplasts of 35S:GFP, LOHZ2pro:LOH2:GFP:HA, LOH2-OE
#12, and LOH25289452914_QF #18 plants. Mitochondrial local-
ization was visualized using MitoTracker Red staining. Proto-
plasts of 35S:GFP plants were transformed as controls. The
transfected protoplasts were cultured for 16-20h at room
temperature and observed using an SP8 confocal laser scan-
ning microscope (Leica Microsystems GmbH). The excitation/
emission wavelengths were 488 nm/500 to 530 nm for GFP and
561 nm/580 to 630 nm for mCherry.

Pathogen inoculation assay

Culturing and inoculation of Pseudomonas syringae pv. mac-
ulicola ES4326 strain DG3 (PsmDG3) were performed as de-
scribed previously (Zeng et al., 2022), with minor mod-
ifications. In brief, the third to fourth leaves of 3- or 4-week-old
plants were infiltrated with PsmDG3 at an ODgoo of 0.001
(1.08 x 107 colony-forming units/mL) or 10 mmol/L MgSO,4
(Mock). For bacterial growth assays, at least 30 plants per
genotype were tested, with six to 12 independent leaf disks
harvested at 0 and 2 d post-inoculation. The leaf disks were
homogenized in 200 uL of 10 mmol/L MgSO,, and then plated
in serial dilutions on King's B medium containing 100 ug/mL
streptomycin and 50 ug/mL kanamycin. Bacterial colony-
forming units were counted after 2 d of incubation at 28°C.

Statistical analysis

Data are presented as means + standard error (SE). Stat-
istical analyses were performed by one-way ANOVA, fol-
lowed by Fisher's LSD test (P < 0.05), or a two-tailed Stu-
dent's t-test (*P<0.05; **P<0.01; and **P <0.001). The
numbers of biologically independent replicates are shown in
the figure legends.
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Accession numbers

Sequence data discussed in this article can be found in The
Arabidopsis Information Resource (https://www.arabidopsis.org)
under the following accession numbers: LOH1 (AT3G25540),
LOH2 (AT3G19260), LOH3 (AT1G13580), CKA1 (AT5G67380),
CKA2 (AT3G50000), CKA3 (AT2G23080), CKA4 (AT2G23070),
CKB1 (AT5G47080), CKB2 (AT4G17640), CKB3 (AT3G60250),
CKB4 (AT2G44680), PR1 (AT2G14610), and PAD4 (AT3G52430).
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