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¢ Phase separation of proteins into membraneless compartments is emerging as an important
mechanism of plant developmental and stress responses. We show Arabidopsis catalase 2
(CAT2) is recruited to phase-separated condensates with LESION SIMULATING DISEASE1
(LSD1), a plant-specific regulator of programmed cell death, in a redox-dependent manner
that regulates its intracellular localisation and activity.

e Using recombinant proteins, we showed that CAT2 and LSD1 form ternary complexes with
the peroxisome import receptor PEX5. The ability of LSD1 to form phase-separated conden-
sates is a property of zinc fingers 1 and 2. The interactions between all three proteins and the
fluidity of the LSD1 condensates are redox-regulated.

e Using confocal microscopy, the in vivo trafficking of CAT2 to peroxisomes and the nuclei
was shown to be redox-regulated, and LSD1 was shown to control CAT2 localisation in vivo.
¢ We propose a model whereby the redox-dependent differential accessibility of CAT2, PEX5
and LSD1 within condensates not only regulates CAT2 activity but also compartmentalisation
between peroxisome, cytosol and nucleus. Relocation of catalase to the nucleus may provide
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protection to nuclear processes under conditions of biotic stress.

Introduction

The redox environment of plant cells regulates every aspect of
growth, development and defence, including the transcription
factors and enzymes involved in genetic and epigenetic changes
(Auverlot ez al., 2024). Within this context, the ability of cells to
enhance antioxidant enzyme capacity is an essential facet of adap-
tive oxidative responses to environmental challenges. Many pro-
teins have been shown to separate from the dilute, soluble phase
through phase separation, forming membraneless organelles or
condensates through protein—protein (Banani
et al., 2017). Such condensates play versatile roles in the sensing
and scavenging of reactive oxygen species to maintain cellular

interactions

redox homeostasis in animals (Saito & Kimura, 2021). In recent
years, it has emerged that the formation of biological condensates
also regulates key processes in plants (Emenecker et al., 2020,
2021; Wang & Gu, 2022). However, biological condensate
research in plants is still in its infancy (Q. Liu ez al., 2024). The
redox-mediated regulation of development is highlighted by
the cysteine oxidation-dependent control of the formation
of condensates of the TERMINATING FLOWER (TMF) tran-
scription factor that determines the flowering transition in the
tomato shoot apical meristem (X. Huang ez 4/, 2021). Guanylate
binding protein-like GTPases undergo phase transition to

© 2025 The Author(s).
New /’/{1‘/0/«){({\'/ © 2025 New l’hymlog[\r Foundation.

regulate transcriptional responses involved in plant immunity
(S. Huang er al, 2021). The NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES 1 (NPRI1) protein,
which is an important transcription factor regulating systemic
acquired immunity, also forms condensates to regulate plant cell
death responses (Zavaliev ¢t al., 2020). Phase separation of the
central barrier of the nuclear pore complex regulates nucleocyto-
plasmic transport of immune regulators (Wang ez al, 2023).
Reactive oxygen species production and redox processing are cen-
tral mechanisms in the regulation of plant growth and responses
to environmental stresses (C. Liu ez al, 2024). While phase
separation is established as a mechanism that regulates plant
development and immunity, its role in controlling the redox state
of plant cells remains to be established.

Caralases are important antioxidant enzymes that regulate
levels of H,O; in cells (Baker ez al., 2023). Catalase is predomi-
nantly localised to the peroxisomes in eukaryotes, although cyto-
solic pools have been reported (Mhamdi ez 4/, 2012). Catalase is
imported by the major peroxisomal PTS1 import receptor PEX5
but via a so called ‘noncanonical’ pathway (Rymer ez al., 2018)
and the cycling of the PEX5 receptor between cytosol and peroxi-
some is also sensitive to cellular redox state via the oxidation of a
conserved cysteine in the N terminus of PEX5 (Apanasets
et al., 2014). In Arabidopsis thaliana, there are three isoforms of
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catalase with different expression patterns (Frugoli et al, 1996).
CAT2 accounts for ¢. 80% of total activity in leaf (Queval
et al., 2010). Despite being predominantly localised in peroxi-
somes, plant catalases have an ever-expanding list of protein
interactors, most of which are cytosolic proteins (reviewed in
Foyer er al., 2020). These include endogenous plant proteins
(Zhou et al., 2018) and pathogen effectors (Zhang et al., 2015),
the latter study showing that these effectors could traffic catalase
to the nucleus to manipulate cell survival. A re-examination of
catalase targeting in planta using a split Green Fluorecent Protein
(GFP) system provided evidence for nuclear-localised catalase in
uninfected cells (Al-Hajaya er al, 2022). Collectively, these
observations point to the redirection of catalase activity and loca-
tion as a potential mechanism for controlling redox processing
and signalling (Baker ez al., 2023).

One of the endogenous interacting proteins of catalase is
LESION SIMULATING DISEASE1 (LSD1) (Li ez al., 2013),
which itself can interact with a wide range of binding partners in
a redox-dependent manner (Czarnocka ez al., 2017). LSD1 is a
plant-specific protein that participates in the control of redox sig-
nals to suppress programmed cell death (PCD). The /441 mutants
show a runaway cell death phenotype (Jabs ez al., 1996). LSD1 is
localised in the nucleus and cytosol, where it acts as a scaffold
protein and a transcriptional regulator/coregulator (Czarnocka
et al., 2017; Li et al., 2022). LSD1 can modulate the activity of
the bZIP10 transcription factor, a positive regulator of the hyper-
sensitive response and PCD by preventing the movement of this
protein into the nucleus (Kaminaka ez al., 2000).

In this study, we show that LSD1 forms biomolecular conden-
sates to recruit CAT?2 and upregulate its activity iz vitro, and that
between CAT2, LSD1 and PEX5 are
redox-sensitive. /n vivo, LSD1 colocalises with CAT2; moreover,
CAT?2 is mislocalised in the /sdI mutant. The redox-dependent
control of CAT2 and LSD1 localisation and function has impor-
tant implications for redox signalling under stress conditions.

the interactions

Materials and Methods

Molecular cloning

For recombinant protein production, the CAT2 gene fragment
was amplified and cloned into a pET28b vector using Ndel and
Xhol. LSD1 (full-length and individual domains) fragments were
amplified and cloned into a pET28b vector using Ndel
and Notl.

Protein expression and purification

6xHistidine-tagged LSD1, PEX5 and CAT2 proteins were
expressed and purified from BL21(DE3) cells. Ten millilitres of
cells grown overnight were used to inoculate 1 | of LB media
with 50 pg ml™" kanamycin and grown with constant shaking
(200 rpm) at 37°C until the ODgp = 0.8. At this point, the cul-
ture was cooled to 20°C before being induced by the addition of
0.1 mM IPTG (BP1755100; Fisher Scientific UK Ltd, Lough-
borough, UK). The culture was allowed to grow for a further
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12 h at 20°C before harvesting by centrifugation. Cells were
resuspended in 50 mM Tris buffer ac pH 8.0, containing
300 mM NaCl, in the presence of protease inhibitors (1 tablet
for a 10 ml cell suspension, 11 836 170 001; Sigma) and lysed
by sonication. Cell debris was removed by centrifugation
(20 000 gat 4°C for 60 min). The soluble fraction was applied
to an affinity column previously loaded with the above buffer fol-
lowed by washing in 20 mM imidazole. Protein was eluted from
the column with 200 mM imidazole.

LSD1 protein was dialysed into a 20 mM HEPES buffer at
pH 7.2 or 8.3, containing 20 mM NaCl. PEX5 and CAT?2 pro-
teins were further concentrated to 5 ml and applied to a Super-
dex SD200 or a Sephacryl S-100 gel filtration column
equilibrated with 20 mM HEPES buffer at pH 7.2 or 8.3, con-
taining 20 mM NaCl. Analysis of pure proteins on SDS-PAGE
(Biorad Mini-PROTEAN TGX Precast Protein Gels, 4561 093,
4561 096, 4561 034 and 4561 036) showed > 95% purity using

Coomassie staining.

Microscale thermophoresis

Microscale thermophoresis (MST) was performed as described
(Jerabek-Willemsen et al., 2011). The binding affinities were mea-
sured using the Monolith NT.115 from Nanotemper Technologies
GmbH, Munich, Germany. Proteins were fluorescenty labelled
with Atto-488 dye according to the manufacturer’s protocol. Label-
ling efficiency was determined to be 1 : 1 (protein to dye). A solu-
tion of unlabelled binding partner was serially diluted and added
to 100 nM of labelled protein. The samples were loaded into
premium capillaries (Nanotemper Technologies Gmbh) after incu-
bation at room temperature for 10 min. Measurements were per-
formed at 25°C in 20 mM HEPES buffer, pH 7.5, with 20 mM
NaCl and 0.05% (v/v) Tween 20. Data analyses were performed
using NANOTEMPER ANALYSIS software, v.1.2.101.

Protein fluorescent labelling

Highly purified LSD1, PEX5 and CAT2 proteins (in 20 mM
HEPES, pH 7.5 and 20 mM NaCl) were prepared in 100 mM
NaHCOj buffer (pH 8.3) at 2 mg ml™! and labelled with Atco-
488 NHS ester (41698; Sigma), Atto-550 (92835; Sigma) or Atto-
647 NHS ester (07376; Sigma) respectively and incubated at room
temperature for 1 h (fluorophore to protein molar ratio was 1 : 1).
Excess dye was removed, and buffer was exchanged using a G-15
desalting column (G15120; Sigma). Proteins were concentrated,
and labelling efficiency was measured by Nanodrop 2000
(ThermoFisher Scientific (Life Technologies), Paisley, UK).

Plant materials and growth conditions

Arabidopsis thaliana L. Heynh wild-type (Col-0) was from
laboratory stocks. The LSD1 knockout line (sd1-2, CS68738
Salk_042687) (Kaminaka et al, 2006) was obtained from the
Arabidopsis Biological Resource Center.

Seeds were sterilised in 70% (v/v) ethanol for 5 min, followed
by 7% (v/v) bleach solution for 15 min. After washing five times

© 2025 The Author(s).
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with water, seeds were resuspended in 0.1% (w/v) sterile agarose
solution and stratified at 4°C for 48 h. Seeds were sown on %2
Murashige & Skoog media plates and placed for 5d in a
16 h : 8 h, light : dark photoperiod in a growth chamber.
Then, seedlings were transferred into soil and grown for 4 wk in
a controlled environment growth chamber (16 h light, 20°C,
60% humidity).

Preparation of protoplasts

Arabidopsis protoplasts were prepared from leaves of 5- to 6-wk-
old plants grown under controlled conditions and transfected
via Polyethylene Glycol (PEG)-mediated transient transforma-
tion according to Wu er al (2009). Plasmid CFP-SKL is
described in the publication (Sparkes ez 4/, 2005).

Immunofluorescence

Protoplasts were seeded on coverslips in a 24-well plate. Cells were
fixed for 15 min with 4% (v/v) paraformaldehyde at 37°C, then
washed three times at room temperature with washing buffer (1x
TBS and 1% (v/v) Tween-20) for 10 min each with gentle rocking
and incubated in blocking buffer (1x TBS with 3% (w/v) BSA
and 1% (v/v) Tween-20) for 1 h. To investigate the effect of redox
conditions on the changes of CAT?2 cellular localisation, H,O, or
B-ME was added to reach a final concentration of 10 mM and
incubated at room temperature for a further 4 h before PFA fixing.
Blocking buffer was aspirated and cells were incubated with pri-
mary antibody (1 : 200 dilution; LSD1: Agrisera, AS122104;
CAT2: PHYTOAB, PHY3044A; monoclonal anti-CAT2 specific
(gift from Dr Changle Ma (Su et al, 2018)); PEX14: Rabbit,
AS08372, Agrisera; PEX5: Genosphere, Customised, antigen:
recombinant Arabidopsis PEX5 amino acids 340—728) as indicated
overnight in the dark at 4°C. The following day, cells were washed
three times with washing buffer for 10 min each with gentle rock-
ing, incubated with fluorophore-conjugated secondary antibodies
(1 : 1000 dilution; Anti-chicken secondary-Alexa 405, Thermo-
Fisher, A-31556; Anti-rabbit secondary-Alexa 488, ThermoFisher,
A-11008; Anti-rabbit secondary-Alexa 546, ThermoFisher, A-
11035; Anti-mouse secondary-Alexa 488, ThermoFisher, A-
11001) and nuclear stain for 1 h at room temperature in the dark,
washed and then mounted. Slides were analysed using a Zeiss LSM
880 inverted or upright confocal microscope, and images were ana-
lysed using IMAGE] software.

Confocal microscopy of purified protein condensates

Phase-separated condensates of purified LSD1 were formed by
dialysis of the purified protein into a buffer containing 20 mM
HEPES (pH 7.2 or 8.3) and 20 mM NaCl to reach the final
protein concentration of 1-2 mg ml™! at room temperature for
3 h. For the complexes, purified CAT2 and/or PEX5 were added
to the LSD1 condensates and incubated for 1 min before ima-
ging. To investigate the effect of redox conditions on condensate,
H,0, or B-ME was added to reach a final concentration of
10 mM and incubated at temperature for a further 1 min before

© 2025 The Author(s).

New /’/{)'r(;/(/(gi‘\fﬂ(', 2025 New Phytologist Foundation.

Research

-
o
Nl

o
1

|
(]
i

I
-
o

100 1000 10 000

Concentration (nM)

Normalised fluorescence response
o e
S

(b)

a0

T T R | T T T
0.1 1 10 100 1000
Concentration (nM)

Normalised fluorescence response

10 000 100 000

()

Hﬁ#

|
N
1

ok

10 000 100 OOO

|
s
1

Normalised fluorescence response

0.1 100 1000
Concentration (nM)

Fig. 1 Biophysical analysis of Arabidopsis thaliana LSD1 interaction with
CAT2 and PEX5. (a) MST characterisation of LSD1 binding to fluorescent
labelled CAT2. Data are presented as mean £ SD of technical duplicates.
(b) MST characterisation of PEX5 binding to fluorescent labelled CAT2.
Data are presented as mean =+ SD of technical triplicates. (c) MST
characterisation of LSD1 binding to fluorescent-labelled CAT2 saturated
with PEX5. Data are presented as mean + SD of technical triplicates. MST
monitors the movement of molecules in a directed manner within a
temperature gradient. The direction of the curves is influenced by the size,
charge and solvation shell of the molecules. Therefore, the PEX5-CAT2
complex and the LSD1-CAT2-PEX5 complex show different movement
properties.

imaging. To investigate how 1,6-hexanediol regulates LSD1 con-
densate formation, 50% (v/v) of 1,6-hexanediol stock was added
to the sample solution to reach the indicated concentrations.
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1,6-Hexanediol was purchased from Sigma (240117), warmed
up to 45°C, and dissolved to a 50%(v/v) stock solution in water.
Samples imaged with confocal microscopy were added to

glass-bottom 3-well chamber slides to image at 40x magnifica-
tion (oil lens, 1.4 numerical aperture) on a Zeiss LSM880
upright or inverted laser scanning confocal microscope. Proteins

(@ Chlorophyll LSD1 Alexa 405 CAT2 Alexa 488 Merged Zoomed

(b) Chlorophyl

© Chlorophyll LSD1 Alexa 488 CFP-SKL Merged Zoomed
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Fig. 2 Co-localisation of LSD1 with CAT2 or PEX5 in Arabidopsis thaliana protoplasts. (a) Immunofluorescent images showing the co-localisation (white
arrows) of endogenous LSD1 (yellow) and CAT2 (magenta) in protoplasts. LSD1 and CAT2 were stained with specific primary antibodies and visualised
through Alexa dye-labelled secondary antibodies (Alexa 405 for the LSD1 and Alexa 488 for the CAT2). Chl is shown in grey. Bar, 10 um. (b)
Immunofluorescent images showing the co-localisation of endogenous LSD1 (yellow) and PEX5 (magenta) in protoplasts. Both LSD1 and PEX5 were
stained with their specific antibodies and visualised through Alexa dye-labelled secondary antibodies (Alexa 405 for the LSD1 and Alexa 488 for the PEX5).
Chlis shown in grey. Bar, 10 um. (c) LSD1 is partially localised with peroxisomes in protoplasts. (i, ii) LSD1 was stained with a specific LSD1 primary
antibody and visualised through Alexa dye-labelled secondary antibodies (Alexa 488, shown in yellow). A CFP-tagged SKL peroxisomal marker (shown in
magenta) was transformed to localise peroxisomes in protoplasts. The CFP-SKL marker localises to small motile structures c. 1 pm in size, typical of
peroxisomes. Chlis shown in grey. Bar, 10 pm. (iii) LSD1 was stained with a specific LSD1 primary antibody and visualised through Alexa dye-labelled
secondary antibodies (Alexa 488, shown in yellow). Peroxisomal PEX14 was stained with a specific PEX14 primary antibody and visualised through Alexa
dye-labelled secondary antibodies (Alexa 546, shown in magenta). Chl is shown in grey. Bar, 10 pm.

were labelled with Atto 488, 550, or 647 dyes as indicated.
Images were taken at the indicated times, and proteins were at
the indicated concentrations. Image analysis was used to measure
the extent of condensate formation, number, size and fluores-
cence intensity using Fij1 IMAGE] software.

Fluorescence recovery after photobleaching (FRAP) assay

The FRAP assay of LSD1 was performed on a Zeiss LSM880
inverted confocal microscope at room temperature. Fluorescent
signals were bleached using the appropriate corresponding laser
beam. Fluorescence intensity was recorded in two regions: a
region that was bleached and a region of equal size that was not
bleached. The unbleached region was used as a control for the
stability of the fluorescence signal throughout the FRAP experi-
ment. Fluorescence signal from the bleached region was normal-
ised to the unbleached region, which is then expressed as a
fraction of the normalised signal before bleaching. The fluores-
cence intensity at time 0 was normalised to 1.

Catalase activity assay

Catalase activity is measured by the UV spectrophotometric
method, which depends on monitoring the change at 240 nm
absorbance when catalase is added to a 30 mM H,O, solution.
Briefly, samples are added to the H,O, solution and incubated at
room temperature for 1 min, and the changes in absorbance are
measured (Beers Jr. & Sizer, 1952).

Results

LSD1 interacts with CAT2 in the presence of PEX5 in
solution

Catalase was previously reported to bind to LSDI, but to estab-
lish whether this binding is direct, MST with recombinant Arabi-
dopsis LSD1 and CAT2 proteins was used, but no significant
interaction was detected (Fig. la, Supporting Information
Fig. S1). By contrast, CAT2 bound to the recombinant Arabi-
dopsis PEX5 protein in the MST assays with an affinity of
2.35 £ 0.279 puM (Fig. 1b). To determine whether LSD1 binds
to the PEX5-CAT2 complex, Atto-488-labelled CAT2 was satu-
rated with PEX5 (at a concentration 10-fold above the affinity
values) before MST measurements. A clear interaction event was

© 2025 The Author(s).
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observed upon titrating LSD1, and a sigmoidal curve with an
affinity of 0.136 £ 0.0398 UM could be fitted (Fig. 1c), indicat-
ing the formation of a ternary complex where PEX5 brings
CAT?2 and LSD1 together.

LSD1 forms granule-like structures in cells and co-localises
with PEX5 and CAT2 and peroxisome markers

Endogenous LSD1 was detected in the nucleus and the cytosol of
Arabidopsis protoplasts by immunofluorescence, where it forms
granule-like speckles (Fig. S2ai,ii). The specificity of the anti-
LSD1 antibody is demonstrated by the lack of staining in /[sd
mutant protoplasts (Fig. S2aiii,iv). CAT2 is one of three very
similar isoforms of catalase that are not distinguished by many
polyclonal antibodies. To be certain we are observing CAT2 spe-
cifically, we compared staining of wild-type protoplasts with a
monoclonal anti-CAT2 specific antibody (Su ez 4/, 2018) and
a polyclonal anti-catalase antibody (Fig. S2b). These showed an
identical staining pattern; therefore, the more readily available
polyclonal antibody was used in subsequent experiments.

In protoplasts from wild-type leaves, the endogenous cytosolic
LSD1 co-localised with the endogenous CAT2 protein in the
granule-like structures (Fig. 2a). Endogenous PEX5 appears as
ring-like structures, possibly bound to the peroxisome mem-
brane, that partially co-localise with LSD1 (Fig. 2b). To deter-
mine whether a portion of the LSD1 is present in peroxisomes
because of the formation of a complex with CAT2 and PEX5, a
peroxisomal matrix marker CFP-SKL was transiently expressed
in protoplasts, and the location of endogenous LSDI1 was
detected by immunofluorescence (Fig. 2ci,ii). Endogenous
PEX14, a peroxisomal membrane marker, was also evaluated
(Fig. 2ciii). Confocal imaging demonstrated the partial
co-localisation of endogenous LSD1 with both CFP-SKL and
PEX14 peroxisome markers.

LSD1 undergoes phase separation in vitro

During the preparation of recombinant proteins for MST, it was
noticed that LSD1 tended to aggregate at high protein concentra-
tions. Recombinant LSD1 protein displayed a high phase separa-
tion ability at concentrations as low as 1.8 pM and formed
spherical droplets at different protein concentrations and pH
values (Fig. 3a), reagents that mimic the crowding environment in
the cell (Fig. S3b) and salt concentrations (Figs 3b, S3¢). High salt
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concentrations dissolve LSD1 condensates, while pH has limited
effects on the phase separation of LSD1. The addition of the

formation, but it was not essendal. The addition of 1,6-
hexanediol, which disrupts hydrophobic interactions, disrupted

crowding agent PEGS550  stabilised/facilitated  condensate the LSD1 condensates with limited efficiency (Fig. 3c).
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Fig. 3 Recombinant Arabidopsis thaliana LSD1 undergoes phase separation in vitro. (a) Concentration-dependent LSD1 condensate formation.
Recombinant LSD1 was labelled with an Atto-550 dye (shown in red) and its condensation at the indicated pH values and concentrations was observed
using confocal microscopy. Bar, 5 um. Inset: Phase diagram of LSD1 showing the number of condensates (> 0.1 pum) for each condition. Condensate
numbers were calculated from a 45 177.5 um2 area. (b) Effect of salt on condensate formation. Confocal images showing the formation of LSD1
condensates (shown in red) under various concentration combinations of pH and NaCl with constant protein concentration (10 uM). Bar, 5 pm. Inset:
Phase diagram of LSD1 showing the number of condensates (> 0.1 um) with the NaCl concentration ranging from 300 mM to 20 mM at two different
pHs. Condensate numbers were calculated from a 45 177.5 pm? area. (c) Effect of 1,6-hexanediol on condensate formation. Representative fluorescence
microscopy images showing LSD1 condensates (shown in red) under various concentration combinations of pH and 1,6-hexanediol with constant protein
concentration (10 uM). Bar, 5 um. Inset: Phase diagram of LSD1 showing the number of condensates (> 0.1 um) with the 1,6-hexanediol concentration
at 0% (v/v), 10% (v/v) and 20% (v/v) at two different pHs. Condensate numbers were calculated from a 45 177.5 pm2 area. (d) Fluorescence recovery
after photobleaching (FRAP) shows the slow recovery rates of LSD1 condensates (shown in yellow) at different pH values (10 uM LSD1 protein in 20 mM
HEPES pH 7.2 and 20 mM NacCl, or 20 mM HEPES pH 8.3 and 20 mM NaCl). The bleaching events occurred at the second image capture. Upper panel:
represented images of LSD1 condensates at the pre-bleach, bleach and recovery states. Lower panel: quantification of FRAP. Black: control, red: recovery
after bleaching. Bar, 1 um. Data are presented as mean + SD of five biological repeats. (e) 10 uM of LSD1 was prepared in 20 mM NaCl at pH 8.3, and
the time-lapse microscopy showed LSD1 condensates (shown in red) in direct contact without any evidence of fusion or fission events. Bar, 2 pm.

Fluorescence recovery after photobleaching experiments showed
that the intensity of the Fluor-550-labelled LSD1 fluorescence sig-
nal recovered partially at a slow rate after photobleaching
(Fig. 3d). Time-lapse imaging revealed no significant liquid-like
dynamic fusion/fission events (Fig. 3e). Together, these results
demonstrate that LSD1 proteins undergo phase separation into
gel-like condensates 77 vitro.

Zinc finger domains drive the phase separation of LSD1

LSD1 contains three zinc finger domains and one C-terminal
disordered region (Fig. S3a). The zinc finger domains are posi-
tively charged, while the disordered C-terminal region is nega-
tively charged (Fig. S3a), suggesting that these regions function
in mediating protein—protein interactions. To pinpoint the key
region(s) for phase separation, we purified the disordered region
of the LSD1 sequence (residues 128-184 aa), as well as the
three zinc finger domains (zinc finger 1: 1-46 aa; zinc finger 2:
47-93 aa; zinc finger 3: 94-127 aa); (Fig. S3d). Phase separa-
tion ability was tested in vitro using the optimal conditions for
the full-length LSD1. Surprisingly, the purified C-terminal dis-
ordered region did not form spherical droplets 7z vitro. Rather,
zinc finger domains 1 and 2 formed condensates like the full-
length LSD1 protein (Fig. S3d). However, the addition of
10 mM of H,O, or B-mercaptoethanol (B-ME) did not affect
the morphology of LSD1 condensates, at either pH 7.2 or
pH 8.3 (Fig. S3e).

Phase separation of LSD1 recruits CAT2 and PEX5

LSD1, CAT2 and PEX5 form a ternary complex in solution
when the LSD1 concentration is sub-micromolar (< 1 pM), as
shown by MST analysis (Fig. 1b). Since LSD1 undergoes gel-like
phase separation when concentrations exceed 1.8 pM (Fig. 3a),
the recruitment of CAT2 and PEX5 to LSD1 condensates in
vitro was examined. All three full-length proteins were recombi-
nantly produced, labelled with Atto dyes and their abilities to
undergo phase separation alone were examined. While LSD1
underwent phase separation without the addition of other pro-
teins, neither CAT2 nor PEX5 formed condensates under these
conditions (Fig. 4a).

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

Although it was not possible to measure the direct interaction
between LSD1 and CAT2 in MST (Fig. 1a), CAT2 was clearly
absorbed onto the LSD1 condensate surfaces (Fig. 4b, upper
panel). The recruitment of CAT2 onto the LSD1 condensate
surfaces increased CAT?2 activity by a factor of 2.5 (Fig. 4c).
This observation is consistent with the finding that catalase
activity was decreased in the 4l mutants and that the bdl
mutants are more sensitive to the catalase inhibitor 3-amino-
1,2,4-triazole than the wild-type (Li ez @/, 2013). In addition,
the absorption of the PEX5 protein onto the LSD1 condensate
surfaces was observed (Fig. 4b, lower panel). These results are
consistent with the suggestion that LSD1 could function as a
scaffold protein (Czarnocka ez al., 2017) by virtue of its phase
separation ability.

To investigate how the phase separation of LSD1 affects the
formation of a ternary complex, PEX5 and CAT2 were sequen-
tially added to LSD1 condensates, and the formation of the tern-
ary complex was observed using confocal imaging. Multilayer,
onion-like structures of the ternary complex were observed
(Fig. 4d). The LSD1 condensates formed the core of the struc-
ture, with the PEX5 proteins outside the LSD1 core. These
structures absorbed CAT2 onto the outer layer without mixing of
the individual proteins.

Redox-dependent regulation of LSD1-PEX5-CAT2 phase
separation

While the addition of oxidants or reductants had no effect on
the LSD1 condensates (Fig. S3e), it had a significant effect
on the preformed LSD1-CAT2 condensates. The addition of
10 mM of H,O, greatly enhanced the accumulation of CAT2
onto the LSD1 condensate surfaces (Fig. 5a, middle panel). In
striking contrast, the addition of 10 mM B-ME resulted
in CAT?2 penetration of the LSD1 condensates (Fig. 5a, lower
panel). However, the addition of 10 mM of H,0, or B-ME
to the preformed LSD1-PEX5 condensates did not affect their
morphology (Fig. 5bi,ii,iii); PEX5 was observed on the outer
layer of these complexes, as was the case in the untreated sam-
ples. Treating the LSD1 condensates with 10 mM of H,0,
before the addition of PEX5 also had no effect on the mor-
phology of LSD1-PEX5 condensates (Fig. 5biv). Intriguingly,
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treating the LSD1 condensates with 10 mM B-ME before add- Next, we examined the effects of redox treatments (10 mM

ing PEX5 resulted in the mixture of the LSD1 and PEX5 pro- H,0; or 10 mM B-ME) on the preformed LSD1-PEX5-CAT2

teins within the complex (Fig. 5bv). ternary complex, and the morphology and distribution of the
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Fig. 4 Phase separation of Arabidopsis thaliana LSD1 recruits PEX5 and CAT2, resulting in the upregulation of CAT2 activity in vitro. (a) LSD1 alone forms
condensates. 10 pM of recombinant (i) CAT2, (ii) LSD1 and (iii) PEX5 were labelled with Atto 488, Atto 550 and Atto 647 dyes, respectively, and their
ability to undergo phase separation as individual proteins was examined using confocal imaging. Only LSD1 could undergo phase separation and form
condensates (shown in yellow), whereas PEX5 alone and CAT2 alone do not undergo phase separation. Bar, 2 um. (b) LSD1 condensates can recruit PEX5
and CAT2 independently. 10 pM of recombinant LSD1, CAT2 and PEX5 were labelled with Atto 550 (shown in yellow), Atto 488 (shown in blue) and Atto
647 (shown in magenta), respectively. The abilities of LSD1 condensates to recruit (i) CAT2 or (ii) PEX5 were monitored using confocal imaging. The results
indicated that LSD1 condensate absorbed CAT2 or PEX5 to the surfaces, but both CAT2 and PEX5 were excluded from the centre of the condensates. Bar,
2 um. (c) LSD1 binding stimulates CAT2 activity. 10 uM of recombinant LSD1 was mixed with 10 pM of recombinant CAT2 to form the LSD1-CAT2
condensates and incubated at room temperature for 10 min. After incubation, 300 mM of NaCl was added as indicated in columns 6-8. LSD1-CAT2
condensates and control samples, as indicated, were added to 30 mM of H,O,, and the catalase activity was measured by monitoring the change of

240 nm absorbance at room temperature. Data are presented as mean + SD of three biological repeats (two repeats for CAT2 + PEG550 + NaCl). (d)
LSD1, CAT2 and PEX5 form a ternary complex. 10 pM of recombinant LSD1, CAT2 and PEX5 were labelled with Atto 550 (shown in yellow), Atto 488
(shown in blue) and Atto 647 (shown in magenta), respectively. PEX5 and CAT2 were added to the LSD1 condensates sequentially, and the ability of LSD1
condensates to recruit both CAT2 and PEX5 was monitored using confocal imaging. The results indicated that LSD1 condensates recruit PEX5 on their
surfaces first, then recruit CAT2. Importantly, these proteins form an onion-like multilayer structure without mixing of individual proteins, as seen in the
zoomed-in images. Bar, 2 um. Inset: quantification of fluorescent intensity of LSD1 Atto 550, CAT2 Atto 488 and PEX5 Atto 647 from the red box.

individual proteins were analysed. Instead of forming the three-
layer structure (Fig. 4d), treatment of the preformed LSDI1—
PEX5-CAT?2 condensates with H,O, resulted in a mixture of
the PEX5 and CAT?2 proteins on the LSD1 condensate surface
(Fig. 5ci). The B-ME treatment on the preformed complex
(Fig. 5cii) caused CAT?2 to mix with the LSD1 in the condensate
cores (Fig. 5a lower panel). However, PEX5 largely remained on
the condensate surface (Fig. 5biii).

In further experiments, LSD1 condensates were treated with
10 mM H,0, or B-ME before the addition of PEX5 and CAT2
proteins. Exposing LSD1 condensates to an oxidised environ-
ment did not result in mixing of the PEX5 and CAT2 proteins
within the LSD1 condensates. However, the arrangement of the
PEX5 and CAT2 proteins within the LSD1 condensates chan-
ged. Instead of PEX5 coating the LSD1 condensate, and a CAT2
protein coat around the PEX5 proteins in the absence of redox
treatments (Fig. 4d), the oxidation of LSD1 prior to the addition
of PEX5 and CAT?2 resulted in an exchange of PEX5 and CAT2
distributions (Fig. 5ciii). Finally, exposing LSD1 condensates to
a reducing environment before ternary condensate formation
resulted in a mixture of CAT2 and LSDI proteins within the
LSD1 condensates (Fig. 5civ). These results are summarised in
Fig. S4(a). FRAP assays were performed to determine whether
the redox environment might change the fluidity of the LSD1
condensates and therefore the distribution of PEX5 and CAT2.
The results indicated that a reducing environment significantly
increases the average fluorescent recovery rate from 5.2%
(untreated) to 25.7% within 60 s (Fig. 5d). By contrast, an oxi-
dising environment did not influence the fluidity of LSD1 con-
densates, as the recovery rate remained at 3.2%.

Redox-dependent regulation of the subcellular localisation
of CAT2

Next, we explored the effects of the redox environment on the
subcellular localisation of the CAT2 protein. As shown earlier,
CAT?2 was localised in the cytoplasm, presumably in the peroxi-
somes and/or granule-like structures, and those structures were
distributed evenly throughout the cell (Fig. 6a, upper panel). The
H,0, treatment caused CAT2 staining to be more diffuse in the

© 2025 The Author(s).
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cytosol (Fig. 6a, middle panel). Under reducing conditions, how-
ever, CAT2-containing structures were more concentrated
around the nuclei. Moreover, some of the CAT2-containing
structures were co-localised with nuclei (Fig. 6a, lower panel).
The intracellular distribution of CAT2 was further analysed
using confocal Z-stack images, which revealed that a proportion
of CAT2 was internalized in the nucleus (Fig. 6b). As a control,
the effect of an altered redox environment on the intracellular
distribution of a different peroxisomal protein, glycolate oxidase,
was examined (Fig. S4b). While H,O, treatment resulted in a
more diffuse staining of glycolate oxidase, reducing conditions
had no effect on the localisation of glycolate oxidase. Therefore,
the redox-dependent intracellular localisation of CAT2 is a speci-
fic property of this protein.

LSD1 controls CAT2 cellular distribution in Arabidopsis

Having demonstrated the interactions between LSD1 and
CAT?2 in vitro (Figs 1, 3, 4, 5) and the co-localisation of LSD1
and CAT2 in protoplasts (Fig. 2), we explored the biological
importance of LSD1 condensates on CAT?2 localisation. The
effects of the loss of LSD1 proteins on CAT2 distribution were
evaluated in [i/I-2 mutants that have an undetectable presence
of LSD1 using immunofluorescence (IF) (Fig. S23aiii,iv). The
lsd1-2 mutants have much smaller mesophyll protoplasts than
the wild-type (Czarnocka et al, 2017). A punctate pattern of
CAT?2 staining was observed in the wild-type, whereas CAT2
distribution was changed in the mutants, appearing more dif-
fuse (Fig. 6¢), suggesting a role for LSD1 in CAT?2 localisation

in vivo.

Discussion

In this study, we demonstrate that CAT?2 forms a phase separated
structure with LSD1 that not only greatly enhances its activity
but also increases its localisation within the nucleus. We present
evidence that LSD1 recruits CAT2, and the peroxisome import
receptor PEXS5, into a ternary complex that has LSD1 at the core,
with PEX5 on the surface and CAT2 bound to the PEX5 in a
layered structure (Fig. 4d). The properties of these complexes are
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modified in response to changes in the redox environment, which Zinc fingers 1 and 2 of LSD1 can undergo condensate forma-

has differential effects on the distribution of the individual pro-  tion and are also required for interactions with other proteins

teins within the complex (Fig. S5a). (Kaminaka ez al., 2006; Coll et al, 2010; He et al, 2011; Li
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Fig. 5 Recruitment of Arabidopsis thaliana PEX5 and CAT2 to LSD1 condensates is regulated by redox states. (a) LSD1 condensates (shown in yellow)
recruit CAT2 (shown in blue) in a redox-dependent manner. CAT2 was recruited to the surfaces of LSD1 condensates. The oxidised condition (10 mM
H,O,, middle panel) promotes the recruitment of CAT2 to the surfaces of LSD1 condensates. However, the reduced condition (10 mM B-ME, lower panel)
causes the partitioning of CAT2 into LSD1 condensates. Bar, 2 um. (b) The formation of the LSD1 (shown in yellow)-PEX5 (shown in magenta)
condensates protects the condensates from redox treatments. Treating the pre-formed LSD1-PEX5 condensates (i) with the oxidised condition (10 mM
H,0,, (ii)) or the reduced condition (10 mM B-ME, (iii)) does not affect the morphology of LSD1-PEX5 condensates. 10 mM H,O, treatment on LSD1
condensates alone before the formation of LSD1-PEX5 (iv) condensates also has no effect on the morphology of LSD1-PEX5 condensates. However,

10 mM B-ME treatment on LSD1 condensates alone before the formation of LSD1-PEX5 condensates resulted in the diffusion of PEX5 protein within the
LSD1 condensate (v). Bar, 2 um. (c) Effects of redox treatments on the LSD1 (shown in yellow)-PEX5 (shown in magenta)-CAT2 (shown in blue)
condensates: (i) treating the preformed formation of LSD1-PEX5-CAT2 condensates with 10 mM H,O,; (ii) treating the preformed formation of
LSD1-PEX5-CAT2 condensates with 10 mM B-ME; (iii) treating LSD1 with 10 mM H,O, before the addition of PEX5 and CAT2; (iv) treating LSD1 with
10 mM B-ME before the addition of PEX5 and CAT2. Inset: quantification of fluorescent intensity of LSD1 Atto 550, CAT2 Atto 488 and PEX5 Atto 647
from the white box. Bar, 2 um. (d) Fluorescence recovery after photobleaching (FRAP) shows that the reducing environment increases the liquid-like
property of LSD1 condensates (shown in yellow). LSD1 condensates were untreated or treated with 10 mM H,O,/B-ME for 10 min followed by FRAP
analysis within 60 s. The bleaching events occurred at the second image capture. Upper panel: represented images of LSD1 condensates at the pre-bleach,
bleach and recovery states. Lower panel: quantification of FRAP. Data are presented as mean + SD of three biological repeats. Red: control, Black:

recovery after bleaching. Bar, 1 pum.

et al., 2013). The redox states of cysteines have been demon-
strated to have significant impacts on condensate formation both
in plants (X. Huang et al, 2021) and in animals (Ambadipudi
et al., 2017; La Cunza et al., 2021). Zinc fingers in proteins can
act as redox switches (Ilbert ez 4/, 2006), and the zinc fingers in
LSD1 are sensitive to changes in hydrogen peroxide concentra-
tion (Dietrich et al, 1997). Active LSD1 protein is converted
into an inactive form by redox signals generated by modulation
of the plastoquinone pool in the thylakoid membranes, and
addition of Dithiothreitol (DTT) converts LSD1 dimers to
monomers (Chai ez 4/, 2015). Reduction of disulphide bonds by
B-ME could explain the increased fluidity observed within the
condensates. Although the LSD1 condensates do not show an
increase in fluidity (as measured by FRAP) upon the addition of
H,0,, the addition of H,O, to preformed LSD1-CAT2 com-
plexes massively increased CAT?2 recruitment onto the conden-
sate surface. These properties could explain the previous
observation that the LSD1 interactome is highly sensitive to
redox conditions (Czarnocka ez al., 2017).

The CAT2 and LSD1 proteins colocalise in protoplasts. In
addition, LSD1 partially colocalises with PEX5, a peroxisomal
matrix marker CFP-SKL, and the peroxisomal membrane marker
PEX14 (Fig. 2) suggesting the possibility that a portion of LSD1
is localised to peroxisomes via its interactions with PEX5. The
significance of a peroxisome localised pool of LSD1 is unclear
but could function to increase catalase activity in that compart-
ment. Additionally, under the redox conditions pertaining in
protoplasts, which are highly oxidised compared to seedlings (C.
Lett & C. Foyer in preparation), recruitment of PEX5 to LSD1
condensates could then recruit other PEX5 targeted peroxisomal
proteins, thereby reducing import into peroxisomes in a redox
sensitive manner. Under oxidising conditions, the import of pro-
teins into mammalian peroxisomes is decreased via two mechan-
isms: inhibition of PEX5 recycling (Apanasets ¢t al., 2014) and
phosphorylation of ser232 in PEX14 (Okumoto ez al., 2020).
While it has not been shown that similar mechanisms operate in
plants, the relevant amino acid residues are conserved, and our
in vivo data (Figs 6a, S4b) provide evidence for decreased peroxi-
somal import i vive in HyO,-treated protoplasts. Conversely,

© 2025 The Author(s).
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NADPH specifically inhibited import of proteins into glyoxy-
somes (Pool et al., 1998). Peroxisomal import may, therefore,
depend on a specific window of redox state, regulated at multiple
levels. Interestingly, inhibition of peroxisome protein import in
C. elegans through downregulation of PEX5 led to peroxisome
retrograde signalling, which upregulated catalase expression
(Rackles et al., 2021).

We demonstrate that LSD1 is required for proper CAT2
localisation (Fig. 6¢). LSD1 contains a nuclear targeting signal
and interacts with the nuclear transport receptor importin o
(He et al, 2011). Intriguingly, the importin o binding site of
LSD1 also lies within the Zn fingers. We present a model
(Fig. 7) of how the redox environment regulates condensate
properties and could influence the targeting of catalase between
the peroxisomes, cytosol and nucleus. We speculate that the
effect of reducing conditions, which promote the internalisation
of CAT?2 and PEX5 within the condensates, increases accessibil-
ity of LSD1 for interaction with importin o and hence nuclear
transport of condensates (Figs 7, S4a). By contrast, under oxi-
dising conditions, LSD1 is coated by CAT2 and PEXS5, redu-
cing its accessibility (Fig. S4a). Import of proteins into the
nucleus has long been known to occur through a gel-like phase
in the lumen of the nuclear pore. Nuclear transport receptors
can penetrate this phase and bring their cargo into the nucleus
before being recycled (Ng ez al., 2021; Wing et al., 2022). More
recently, peroxisomal import was also shown to occur via a
phase-separated mechanism. The PEX13 component of the
translocation machinery has a YG-rich domain which can a
form a phase-separated state into which cargo-bound PEX5 can
diffuse (Gao et al., 2022; Ravindran et 4/, 2023) and mutations
which impact this property also inhibit PTS1 import (Gao
et al., 2022, Ravindran ez al., 2023).

What is the broader significance of these findings? The impor-
tance of catalase in stress signalling is well established, and cata-
lases are targets of many pathogen effectors of bacteria, viruses
and oomycetes, which manipulate their transcription (Zhu
et al., 2023), activity (Mathioudakis er a/, 2013; Roshan
er al., 2018), stability (Zhang et al., 2015; You et al., 2022) and
location (Zhang ez al., 2015). Root knot nematodes even produce
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Fig. 6 Arabidopsis thaliana LSD1 is
required for the subcellular organisation
and distribution of CAT2. (a) Redox
regulates CAT2 distribution in
protoplasts. Under untreated
conditions, protoplasts were isolated
and endogenous CAT2 was stained with
an antibody captured with Alexa 546-
labelled secondary antibody (shown in
magenta). Chl is shown in grey, and
nuclei were stained with Hoechst
(shown in cyan). CAT2 localises in the
cytoplasm, presumably in the
peroxisomes. DTT treatment (10 mM
for 6 h at room temperature) causes
CAT2 to translocate to the nucleus,
while H,O, treatment (10 mM for 6 h
at room temperature) results in the
diffuse localisation of CAT2 both in the
cytosol and in the nucleus. Bar, 10 um.
(b) Z-stack images showing the
localisation of CAT2 in the nucleus upon
DTT treatment. Sixteen images were

Nucleus

o 5 1 1

(c)

20
Distance (pm)

captured with an interval of 1 um. The
Z-stack projection image showed the
overall distribution of CAT2 in the

=
25 30 3

Isd1-2

[ LI |
CAT2
Alexa 546

Chlorophyll Hoechst

Merged

an effector with catalase activity to manipulate cell survival
(Zhu et al., 2024). We propose that the relocation of catalase to
the nucleus is a means to provide antioxidant capacity, specifi-
cally the ability to remove hydrogen peroxide generated by
nuclear-localised superoxide dismutase under stress conditions
(Karpinska & Foyer, 2024). The mechanism of activation and

CAT2
Alexa 546

cytosol and the nucleus. The white-
boxed area was used for the fluorescent
density analysis; magenta: CAT2
fluorescent signal, cyan: nuclear staining
fluorescent signal. Bar, 10 um. (c) The
presence of LSD1 controls the
subcellular localisation of CAT2. Left
panel: The /sd7-2 mutant results in an
abnormal localisation of CAT2. The sizes
of protoplasts are also smaller than
those of wild-type protoplasts. Right
panel: CAT2 is restricted in defined
areas, presumably in the peroxisomes.
Immunofluorescent images for both
Isd1-2 and wild-type protoplasts show
the location of endogenous CAT2
(magenta), Chl (grey) and Hoechst
nucleic acid stain (cyan). Four
independent images are presented for
both /sd7-2 (Bar, 5 um) and col-0
protoplasts. Bar, 10 um.

Hoechst Merged

recruitment of catalase to the nucleus by LSD1 biomolecular
condensates may provide protection for LSD1 (and other zinc
finger transcription factors) against hydrogen peroxide oxidation
of Zn finger domains. Additionally, the ability to precisely regu-
late nuclear antioxidant capacity is important to protect against
DNA damage and for redox regulated gene transcription
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Fig. 7 Model for redox-regulated targeting of Arabidopsis thaliana CAT2 between the nucleus and peroxisomes. CAT2 and PEX5 bind to LSD1
condensates in the cytosol. Under reducing conditions, LSD1 is more accessible to bind the nuclear transport receptor importin o (left hand arrow), LSD1
and some CAT2 are targeted to the nucleus. Under more oxidising conditions, PEX5 is more accessible on the surface of condensates (right hand arrow)
and promotes CAT2 targeting to peroxisomes, along with some LSD1, which upregulates catalase activity. Under higher levels of oxidation, peroxisome
import is blocked (illustrated by a blunt arrow), retaining CAT2 and LSD1 in the cytosol. Not to scale and no stoichiometry is implied in this schematic
diagram. Importin alpha: purple, CAT2: red, LSD1: yellow and PEX5: light blue. Created in BioRender. Baker (2025) https://BioRender.com/bnk67r3.

(Zavaliev et al., 2020). This latter is a key mechanism for plants
to respond to biotic and abiotic stress.

Acknowledgements

This project was funded by the Leverhulme Trust (RPG2021-
126). We acknowledge Wellcome Trust WT104918MA for the
LSM880 + Airyscan confocal microscope. We thank Dr Chris
West for his generous help in the preparation of protoplasts. We
thank Dr Kin Man Suen for her assistance in confocal image
analysis, Dr Changle Ma for the generous gift of monoclonal
anti-CAT2 specific antibody, and Dr Barbara Karpinska and
Ms Casey Lett for useful discussions. We are grateful to Profs.

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.

Brendan Davies and Richard Bayliss for critical comments on the
manuscript.

Competing interests
None declared.

Author contributions

All authors contributed to the design of the work. AB, CHF and
MW obtained funding. C-CL performed all experiments. All
authors contributed to the analysis and interpretation of results.
AB and C-CL wrote the first draft of the manuscript. CHF and

New Phytologist (2025)
www.newphytologist.com

o
g
g
g
§
Z
7
3
>
S
2
Q"
2
5
2
8
8
2
org
1S
3
=
2
g
N
g
=
&
s
2
o
2
3
C
g'
3
S
g
g
3
g
3
=
Q
2
2
(=%
g
<3
g
?
Z
R
)
g
g
3
=
2
8
El
Q
E|
7
]
e
8
a
g
3
S
s
2
o
=1
5
C
g"
g
<
=
]
Q.
c
8
3
2
Qo
]
2
@
g
]
=1
g
<
3
8
=
g
@
Q
g
5
15
E|
3
o
3
C
g
8


https://biorender.com/bnk67r3

i feh

MW revised the manuscript, and all authors approved the final
manuscript.

ORCID

Alison Baker (12 https://orcid.org/0000-0003-2181-4057
Christine H. Foyer (2} https://orcid.org/0000-0001-5989-6989
Chi-Chuan Lin () https://orcid.org/0000-0003-3071-172X
Megan Wright (2} hetps://orcid.org/0000-0003-2731-4707

Data availability

The data that support the findings of this study are available in
the manuscript and the Supporting Information of this article

(Figs S1-54).

References

Al-Hajaya Y, Karpinska B, Foyer CH, Baker A. 2022. Nuclear and peroxisomal
targeting of catalase. Plant, Cell & Environment45: 1096-1108.

Ambadipudi S, Biernat J, Riedel D, Mandelkow E, Zweckstetter M. 2017.
Liquid-liquid phase separation of the microtubule-binding repeats of the
Alzheimer-related protein Tau. Nature Communications 8: 275.

Apanasets O, Grou CP, Van Veldhoven PP, Brees C, Wang B, Nordgren M,
Dodt G, Azevedo JE, Fransen M. 2014. PEX5, the shuttling import receptor
for peroxisomal matrix proteins, is a redox-sensitive protein. 7raffic 15: 94—
103.

Auverlot ], Dard A, Saez-Vasquez J, Reichheld J-P. 2024. Redox regulation of
epigenetic and epitranscriptomic gene regulatory pathways in plants. Journal
of Experimental Botany 75: 4459—4475.

Baker A, Lin C-C, Lett C, Karpinska B, Wright MH, Foyer CH. 2023.
Catalase: a critical node in the regulation of cell fate. Free Radical Biology and
Medicine 199: 56-66.

Banani SF, Lee HO, Hyman AA, Rosen MK. 2017. Biomolecular condensates:
organizers of cellular biochemistry. Nazure Reviews. Molecular Cell Biology 18:
285-298.

Beers RF Jr, Sizer IW. 1952. A spectrophotometric method for measuring the
breakdown of hydrogen peroxide by catalase. The Journal of Biological
Chemistry 195: 133-140.

Chai T, Zhou ], Liu J, Xing D. 2015. LSD1 and HY5 antagonistically regulate
red light induced-programmed cell death in Arabidopsis. Frontiers in Plant
Science 6: 1256.

Coll NS, Vercammen D, Smidler A, Clover C, Van Breusegem F, Dangl JL,
Epple P. 2010. Arabidopsis type I metacaspases control cell death. Science 330:
1393-1397.

Czarnocka W, Van Der Kelen K, Willems P, Szechyniska-Hebda M, Shahnejat-
Bushehri S, Balazadeh S, Rusaczonek A, Mueller-Roeber B, Van Breusegem
F, Karpinski S. 2017. The dual role of LESION SIMULATING DISEASE 1
as a condition-dependent scaffold protein and transcription regulator. Plant,
Cell & Environment 40: 2644-2662.

Dietrich RA, Richberg MH, Schmidt R, Dean C, Dangl JL. 1997. A novel zinc
finger protein is encoded by the Arabidopsis LSD1 gene and functions as a
negative regulator of plant cell death. Cel/88: 685-694.

Emenecker R], Holehouse AS, Strader LC. 2020. Emerging roles for phase
separation in plants. Developmental Cell 55: 69-83.

Emenecker R], Holehouse AS, Strader LC. 2021. Biological phase separation and
biomolecular condensates in plants. Annual Review of Plant Biology 72: 17—46.

Foyer CH, Baker A, Wright M, Sparkes IA, Mhamdi A, Schippers JHM, Van
Breusegem F. 2020. On the move: redox-dependent protein relocation in
plants. Journal of Experimental Botany71: 620-631.

Frugoli JA, Zhong HH, Nuccio ML, McCourt P, McPeek MA, Thomas TL,
McClung CR. 1996. Catalase is encoded by a multigene family in Arabidopsis
thaliana (L.) Heynh. Plant Physiology 112: 327-336.

New Phytologist (2025)
www.newphytologist.com

New
Phytologist

Gao Y, Skowyra ML, Feng P, Rapoport TA. 2022. Protein import into
peroxisomes occurs through a nuclear pore-like phase. Science 378: eadf3971.

He S, Huang K, Zhang X, Yu X, Huang P, An C. 2011. The LSD1-type zinc
finger motifs of Pisum sativa LSD1 are a novel nuclear localization signal and
interact with importin alpha. PLoS ONE 6: €22131.

Huang S, Zhu S, Kumar P, MacMicking JD. 2021. A phase-separated nuclear
GBPL circuit controls immunity in plants. Nature 594: 424—429.

Huang X, Chen S, Li W, Tang L, Zhang Y, Yang N, Zou Y, Zhai X, Xiao N,
Liu W ez al. 2021. ROS regulated reversible protein phase separation
synchronizes plant flowering. Nature Chemical Biology 17: 549-557.

Ilbert M, Graf PCF, Jakob U. 2006. Zinc center as redox switch—new function
for an old motif. Antioxidants & Redox Signaling 8: 835-846.

Jabs T, Dietrich RA, Dangl JL. 1996. Initiation of runaway cell death in an
Arabidopsis mutant by extracellular superoxide. Science 273: 1853-1856.

Jerabek-Willemsen M, Wienken CJ, Braun D, Baaske P, Duhr S. 2011.
Molecular interaction studies using microscale thermophoresis. Assay and Drug
Development Technologies 9: 342-353.

Kaminaka H, Nike C, Epple P, Dittgen J, Schiitze K, Chaban C, Holt BF,
Merkle T, Schifer E, Harter K ez al. 2006. bZIP10-LSD1 antagonism
modulates basal defense and cell death in Arabidopsis following infection.
EMBO Journal 25: 4400—4411.

Karpinska B, Foyer CH. 2024. Superoxide signalling and antioxidant processing
in the plant nucleus. Journal of Experimental Botany75: 4599-4610.

La Cunza N, Tan LX, Thamban T, Germer CJ, Rathnasamy G, Toops KA,
Lakkaraju A. 2021. Mitochondria-dependent phase separation of disease-
relevant proteins drives pathological features of age-related macular
degeneration. JCI Insight 6: 415.

Li MP, Lee KP, Liu T, Dogra V, Duan JL, Li MS, Xing WM, Kim CH. 2022.
Antagonistic modules regulate photosynthesis-associated nuclear genes via
GOLDEN2-LIKE transcription factors. Plant Physiology 188: 2308-2324.

LiY, Chen L, MuJ, Zuo J. 2013. LESION SIMULATING DISEASEI interacts
with catalases to regulate hypersensitive cell death in Arabidopsis. Plant
Physiology 163: 1059-1070.

Liu C, Liu Q, Mou Z. 2024. Redox signaling and oxidative stress in systemic
acquired resistance. Journal of Experimental Botany75: 4535—4548.

Liu Q, Liu W, Niu Y, Wang T, Dong J. 2024. Liquid—liquid phase separation in
plants: advances and perspectives from model species to crops. Plant
Communications 5: 5789.

Mathioudakis MM, Veiga RSL, Canto T, Medina V, Mossialos D, Makris AM,
Livieratos I. 2013. Pepino mosaic virus triple gene block protein 1 (TGBp1)
interacts with and increases tomato catalase 1 activity to enhance virus
accumulation. Molecular Plant Pathology 14: 589—G01.

Mhamdi A, Noctor G, Baker A. 2012. Plant catalases: peroxisomal redox
guardians. Archives of Biochemistry and Biophysics 525: 181-194.

Ng SC, Giittler T, Gorlich D. 2021. Recapitulation of selective nuclear import
and export with a perfectly repeated 12mer GLFG peptide. Nature
Communications 12: 4047 .

Okumoto K, El Shermely M, Natsui M, Kosako H, Natsuyama R, Marutani T,
Fujiki Y. 2020. The peroxisome counteracts oxidative stresses by suppressing
catalase import via Pex14 phosphorylation. eLife 9: 12569.

Pool MR, Lépez-Huertas E, Horng J-T, Baker A. 1998. NADPH is a specific
inhibitor of protein import into glyoxysomes. The Plant Journal15: 1-14.

Queval G, Chaouch S, Noctor G, Mhamdi A, Van Breusegem F, Vanderauwera
S. 2010. Catalase function in plants: a focus on Arabidopsis mutants as stress-
mimic models. Journal of Experimental Botany 61: 4197—4220.

Rackles E, Witting M, Forné I, Zhang X, Zacherl J, Schrott S, Fischer C,
Ewbank JJ, Osman C, Imhof A ez al. 2021. Reduced peroxisomal import
triggers peroxisomal retrograde signaling. Cell Reports 34: 108653.

Ravindran R, Bacellar IOL, Castellanos-Girouard X, Wahba HM, Zhang Z,
Omichinski JG, Kisley L, Michnick SW. 2023. Peroxisome biogenesis
initiated by protein phase separation. Nazure 617: 608—615.

Roshan P, Kulshreshtha A, Kumar S, Purohit R, Hallan V. 2018. AV2 protein
of tomato leaf curl Palampur virus promotes systemic necrosis in Nicotiana
benthamiana and interacts with host Catalase2. Scientific Reporss 8: 1273.

Rymer L, Kempinski B, Chelstowska A, Skoneczny M. 2018. The budding yeast
Pex5p receptor directs Fox2p and Cralp into peroxisomes via its N-terminal
region near the FxxxW domain. Journal of Cell Science 131: jcs216986.

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

85UB0 |7 SUOWIWOD BAITeaID 9 |gedtjdde au Aq peusenob ae sejoilie O ‘8sn J0 S9N 10} Arelg1 8UIUO AS|IM UO (SUONIPUOD-PUE-SWLB)/W00 A8 1M Aeld1jeul Uo//SAny) SUONIPUOD pue sLue | 8y 8es *[520z/80/y0] Uo Areiqiauliuo Ae|im ‘soL Ad ¥2€02 ydu/TTTT 0T/10p/wod Ao |1m Arelqjeutjuoyduy/sdny wouy pepeojumod ‘0 ‘/ET869YT


https://orcid.org/0000-0003-2181-4057
https://orcid.org/0000-0003-2181-4057
https://orcid.org/0000-0003-2181-4057
https://orcid.org/0000-0001-5989-6989
https://orcid.org/0000-0001-5989-6989
https://orcid.org/0000-0001-5989-6989
https://orcid.org/0000-0003-3071-172X
https://orcid.org/0000-0003-3071-172X
https://orcid.org/0000-0003-3071-172X
https://orcid.org/0000-0003-2731-4707
https://orcid.org/0000-0003-2731-4707
https://orcid.org/0000-0003-2731-4707

New
Phytologist

Saito Y, Kimura W. 2021. Roles of phase separation for cellular redox
maintenance. Frontiers in Genetics 12: 265.

Sparkes IA, Hawes C, Baker A. 2005. AtPEX2 and AtPEX10 are targeted to
peroxisomes independently of known endoplasmic reticulum trafficking routes.
Plant Physiology 139: 690-700.

SuT, Wang P, Li H, Zhao Y, Lu Y, Dai P, Ren T, Wang X, Li X, Shao Q ez al.
2018. The Arabidopsis catalase triple mutant reveals important roles of
catalases and peroxisome-derived signaling in plant development. Journal
of Integrative Plant Biology 60: 591-607.

Wang ], Pei G, Wang Y, Wu D, Liu X, Li G, He J, Zhang X, Shan X, Li P ez al.
2023. Phase separation of the nuclear pore complex facilitates selective nuclear
transport to regulate plant defense against pathogen and pest invasion.
Molecular Plant 16: 1016-1030.

Wang W, Gu Y. 2022. The emerging role of biomolecular condensates in plant
immunity. Plant Cell 34: 1568-1572.

Wing CE, Fung HYJ, Chook YM. 2022. Karyopherin-mediated
nucleocytoplasmic transport. Nature Reviews Molecular Cell Biology 23: 307—
328.

Wu FH, Shen SC, Lee LY, Lee SH, Chan MT, Lin CS. 2009. Tape-Arabidopsis
Sandwich — a simpler Arabidopsis protoplast isolation method. Plant Methods
5: 16.

You X, Zhang F, Liu Z, Wang M, Xu X, He F, Wang D, Wang R, Wang Y,
Wang G ez al. 2022. Rice catalase OsCATC is degraded by E3 ligase APIP6 to
negatively regulate immunity. Plant Physiology 190: 1095-1099.

Zavaliev R, Mohan R, Chen T, Dong X. 2020. Formation of NPR1 condensates
promotes cell survival during the plant immune response. Cel/ 182:
1093-1108.

Zhang M, Li Q, Liu T, Liu L, Shen D, Zhu Y, Liu P, Zhou JM, Dou
D. 2015. Two cytoplasmic effectors of Phytophthora sojae regulate
plant cell death via interactions with plant catalases. Plant Physiology 167:
164-175.

Zhou YB, Liu C, Tang DY, Yan L, Wang D, Yang YZ, Gui JS, Zhao XY, Li LG,
Tang XD et al. 2018. The receptor-like cytoplasmic kinase STRK1
phosphorylates and activates CatC, thereby regulating H,O, homeostasis and
improving salt tolerance in rice. Plant Cel/30: 1100-1118.

Zhu XG, Guo L, Zhu RQ, Zhou XY, Zhang JN, Li D, He SD, Qiao YL. 2023.

Phytophthora sojae effector PsAvh113 associates with the soybean transcription

© 2025 The Author(s).

New /’/{1'f(//(/(g[‘\r‘L‘;,‘ 2025 New PI])’I(,)I()gisl Foundation.

85UB0 17 SUOWIWOD BAITeRID 9 |edljdde au Aq peusenob e ssjoilie YO 8sn Jo Sa|n. 10} Areig1 8UIUO 4|1 UO (SUONIPUD-PUE-SWLBW0D A8 | 1M Aelg 1 Ul Uo//:Sdny) SUoIPUOD pue swie | ay)aes *[520z/80/y0] uo Arigiauliuo A8|im s8L Ag ¥2£0, ydu/TTTT 0T/10pwod Ao im Arelqpuljuo yduy/sdny wouj pepeojumoq

Research

factor GmDPB to inhibit catalase- mediated immunity. Plant Biotechnology
Journal21: 1393-1407.

Zhu ZL, Dai DD, Zheng MZ, Shi YL, Siddique S, Wang FF, Zhang SR, Xie
CS, Bo DX, Hu BY ez al. 2024. Root-knot nematodes exploit the catalase-like
effector to manipulate plant reactive oxygen species levels by directly degrading

H,0,. Molecular Plant Pathology 25: 369.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Production of recombinant Arabidopsis thaliana proteins
used in this study.

Fig. S2 Cellular expression and distribution of endogenous Ara-

bidopsis thaliana LSD1.

Fig. S3 Recombinant Arabidopsis thaliana LSD1 undergoes

phase separation iz vitro.

Fig. S4 Effect of redox treatment on the localisation of Arabidop-
sis thaliana glycolate oxidase in protoplasts.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the

New Phytologist Central Office.

Disclaimer: The New Phytologist Foundation remains neutral with regard to
jurisdictional claims in maps and in any institutional affiliations.

New Phytologist (2025)
www.newphytologist.com



	Outline placeholder
	 Summary
	 Introduction
	 Materials and Methods
	 Molecular cloning
	 Protein expression and purification
	 Microscale thermophoresis
	 Protein fluorescent labelling
	 Plant materials and growth conditions
	 Preparation of protoplasts
	 Immunofluorescence
	 Confocal microscopy of purified protein condensates
	 Fluorescence recovery after photobleaching (FRAP) assay
	 Catalase activity assay

	 Results
	 LSD1 interacts with CAT2 in the presence of PEX5 in solution
	 LSD1 forms granule-like structures in cells and co-localises with PEX5 and CAT2 and peroxisome markers
	 LSD1 undergoes phase separation in vitro
	 Zinc finger domains drive the phase separation of LSD1
	 Phase separation of LSD1 recruits CAT2 and PEX5
	 Redox-dependent regulation of LSD1-PEX5-CAT2 phase separation
	 Redox-dependent regulation of the subcellular localisation of CAT2
	 LSD1 controls CAT2 cellular distribution in Arabidopsis

	 Discussion
	 Acknowledgements
	 Competing interests
	 Author contributions
	 References
	Supporting Information


