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Protein transport to peroxisomes requires various proteins,
such as receptors in the cytosol and components of the trans-
port machinery on peroxisomal membranes. The Arabidopsis
apem (aberrant peroxisome morphology) mutant apem?7 shows
decreased efficiency of peroxisome targeting signal 1-depen-
dent protein transport to peroxisomes. In apem? mutants,
peroxisome targeting signal 2—dependent protein transport is
also disturbed, and plant growth is repressed. The APEM?7 gene
encodes a protein homologous to peroxin 4 (PEX4), which
belongs to the ubiquitin-conjugating (UBC) protein family;
however, the UBC activity of Arabidopsis PEX4 remains to be
investigated. Here, we show using electron microscopy and
immunoblot analysis using specific PEX4 antibodies and
in vitro transcription/translation assay that PEX4 localizes to
peroxisomal membranes and possesses UBC activity. We found
that the substitution of proline with leucine by apem?7 muta-
tion alters ubiquitination of PEX4. Furthermore, substitution
of the active-site cysteine residue at position 90 in PEX4, which
was predicted to be a ubiquitin-conjugation site, with alanine
did not restore the apem? phenotype. Taken together, these
findings indicate that abnormal ubiquitination in the apem?”
mutant alters ubiquitin signaling during the process of protein
transport, suggesting that the UBC activity of PEX4 is indis-
pensable for efficient protein transport to peroxisomes.

Peroxisomes are ubiquitous organelles that are present in
most eukaryotic cells. In higher plants, peroxisomes differen-
tiate into several classes according to cell type and develop-
mental stage (1), and they are involved in various biological
metabolic processes, such as fatty acid p-oxidation, photores-
piration, and detoxification of reactive oxygen species (2, 3).
Peroxisomes do not have their own genomes, and all peroxi-
somal proteins are encoded in the nuclear genome. Therefore,
efficient and exact protein transport to peroxisomes is
required to support various peroxisome functions. Peroxi-
somal matrix proteins are transported into the peroxisome
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after translation in the cytosol. There are two types of perox-
isome targeting signals (PTSs): PTS1, located at the carboxyl
terminus (4-8), and PTS2 in the extension sequence of pre-
cursor proteins located near the amino terminus (9-12).
PEROXIN (PEX) genes are responsible for peroxisome
biogenesis, including protein transport from yeast, mammalian
cultured cells, and plants (13—19). PEX5 and PEX7 function as
the PTS1 and PTS2 receptors, respectively, in yeast (20, 21),
mammals (22, 23), and plants (24-30). These receptors
recognize PTS1 or PTS2, bind to them in the cytosol, and
direct them to the transport machinery consisting of PEX14
(31), PEX12 (16, 32), PEX13 (16, 32), and other unidentified
factors on the peroxisomal membrane. After dissociation of
matrix proteins and receptors, each receptor is recycled from
peroxisomes to the cytosol and engages in the next round of
protein transport; some PEXs, including PEX1, PEX2, PEX4,
PEX6, PEX10, and PEX12, are involved in the transport of
receptors from peroxisomes to the cytosol, as observed in yeast
and mammalian cultured cells (33-37).

PEX4 genes were originally identified in Saccharomyces
cerevisiae as PAS2 (38), in Pichia pastoris as PAS4 (39), and in
Hansenula polymorpha as PER2 (40) in a screening of mutants
showing growth defects when cultured under a limited carbon
source. The defect of PAS2 results in impaired growth of the
yeast on medium containing oleic acid as the sole carbon
source, mislocalization of peroxisomal matrix proteins, and the
absence of functional peroxisomes (38). Similarly, pas4¢ and
per2 mutants are unable to grow on medium containing
methanol as the sole carbon source (39, 40). PEX4 gene
products belong to the ubiquitin-conjugating (UBC) protein
family (38). UBC proteins function as E2 enzymes in the
ubiquitin-conjugation cascade. UBC proteins accept ubiquitin
from a ubiquitin-activating enzyme (E1) and transfer the
ubiquitin molecule to the lysine residue of a target protein,
which occurs either directly or through the action of a
ubiquitin-protein ligase (E3) (41). Ubiquitin attaches to UBC
proteins via a thioester bond between the carboxyl group at
the carboxyl terminal glycine of ubiquitin and the active-site
cysteine residue in the UBC protein. The cysteine residue is
conserved among all UBC proteins and essential for the
enzymatic activity (42). Analysis of yeast mutants shows that
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the UBC activity of PEX4 is necessary for the recycling of
PEX5 from peroxisomes to the cytosol (43—-45). Proteins ho-
mologous to PEX4 have not been identified in mammalian
genomes such as human, mouse, and rat, whereas they have
been identified in several plant species, such as Arabidopsis
thaliana, Oryza sativa, Populus trichocarpa, and Physcomi-
trella patens. In Arabidopsis, Zolman et al. (34) identified the
PEX4 gene in an analysis of inodole-3-butyric acid-response
mutants and showed that the defect of PEX4 causes inhibi-
tion of normal root hair growth. However, a biochemical
characterization of plant PEX4, including its UBC activity, has
not been performed to date.

In previous work, we investigated the molecular mecha-
nisms of peroxisome biogenesis using Arabidopsis apem mu-
tants and found that apem1 and apem3, which are defective in
dynamin-related protein 3A and peroxisomal membrane
protein 38, respectively, cause elongation and enlargement of
peroxisomes, indicating defects of peroxisome proliferation
(15, 17). Analysis of apem2, apemd4, and apem9 mutants
indicated that the APEM?2, APEM4, and APEM9 genes encode
proteins homologous to PEX13, PEX12, and a Pex15p/PEX26
homolog, respectively, which function in protein transport to
peroxisomes (16, 18). In addition, we presented evidence that
the coordinated function of APEM10/Lon protease 2 in pex-
ophagy is indispensable for quality control of peroxisomes (19,
46). Here, we report the isolation of another apem mutant,
apem?7, which is characterized by decreased efficiency of pro-
tein transport to peroxisomes. We show that the APEM?7 gene
encodes PEX4, and that PEX4 has UBC activity. We also
analyzed the relationship between PEX4-dependent ubiquiti-
nation and protein transport to peroxisomes in planta. The
present findings indicate that the ubiquitination activity of
APEM7/PEX4 on peroxisomal membranes is necessary for
protein transport to peroxisomes.

Results

Decrease of efficiency of PTS1- and PTS2-dependent protein
transport in the apem7 mutant

Arabidopsis apem mutants were screened from the pool of
ethylmethanesulfonate-mutagenized transgenic Arabidopsis
plants (termed GFP-PTS1), which expressed the peroxisome
marker GFP-PTSI. We isolated a number of mutants that
showed different GFP fluorescence pattern under the fluo-
rescence microscope. The apem mutants were classified into
four classes. These were mutants with (1) elongated perox-
isomes, (2) enlarged peroxisomes, (3) GFP fluorescence in
the cytosol as well as in peroxisomes, and (4) different dis-
tributions of peroxisomes. Of them, analysis of the apem?”
mutant detected GFP fluorescence in the cytosol and per-
oxisomes as punctate structures (Fig. 1), whereas in the
parent plant, GFP-PTS1, GFP fluorescence was detected in
peroxisomes but not in the cytosol (Fig. 1). Because GFP-
PTS1 is transported into peroxisomes via a PTS1-
dependent pathway, the GFP fluorescence in the cytosol
suggests that the apem” mutation slightly affects the protein
transport through this pathway.
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Figure 1. Cytosolic GFP fluorescence in apem7 mutants. Peroxisomes
were visualized as spherical structures in both GFP-PTS1 and apem? plants.
In addition, GFP fluorescence was observed in the cytosol of apem7 mu-
tants. In root and trichome cells, central vacuole is so well developed that
the fluorescence in cytosol between the cell wall and the vacuole is
observed to frame the cell. Some representative cytosolic GFP is indicated
by arrowheads. Bars represent 50 pm. dpem, aberrant peroxisome
morphology; PTS, peroxisome targeting signal 1.

In addition to the PTS1-dependent pathway, some
peroxisomal matrix proteins are transported via a PTS2-
dependent pathway (9-12). 3-Ketoacyl-CoA thiolase is a
PTS2-containing protein that is translated as a high-
molecular weight precursor protein in the cytosol and then
transported into peroxisomes, where the amino-terminal
PTS2-containing extension sequence is cleaved (47). For
example, apem?2, apem4, and apem9 mutants are defective in
PTS2-dependent protein transport, resulting in the accu-
mulation of high-molecular weight precursor proteins,
whereas these precursor proteins are hardly detected in WT
plants (16, 18). In apem? mutants, small amounts of the
precursor protein of 3-ketoacyl-CoA thiolase were detected
(arrowheads in Fig. 2, A and B), indicating that PTS2-
dependent protein transport is also slightly affected in
apem?7 mutants. However, the level of protein accumulation
was almost the same for PTS1-containing (isocytolate lyase,
hydroxypyruvate reductase, and glycolate oxidase in Fig. 24)
and PTS2-containing (Thio in Fig. 2A4) proteins. Overall,
these results suggest that the aperm”7 mutation affects protein
transport to peroxisomes via both PTS1- and PTS2-
dependent pathways, whereas it does not alter the total
peroxisomal protein content of the cell.

Peroxisomal functions in apem7 mutants

We investigated whether the apem?7 mutation affects plant
growth and peroxisomal functions, and the results showed that
plant growth was repressed in apem?7 mutants compared with
GFP-PTS1 plants (Fig. 3, A and B).
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Figure 2. Imnmunodetection of peroxisomal proteins. A, GFP-PTS1 parent
plant and apem7 mutants were grown under continuous darkness for
3 days (lanes 1 and 5), 5 days (lanes 2 and 6), 7 days (lanes 3 and 7), or
2 days under continuous illumination after 5 days (lanes 4 and 8). Five
micrograms of total protein were subjected to immunoblotting using
antibodies against 3-ketoacyl CoA thiolase (Thio), isocytolate lyase (ICL),
hydroxypyruvate reductase (HPR), and glycolate oxidase (GO). B, 10 ug of
total protein prepared from 6-day-old plants under continuous darkness
(6D) and 7-day-old plants under continuous light (7L) were used for
immunoblotting. The arrowheads and asterisk represent the positions of the
precursor proteins of thiolase and the nonspecific band, respectively. apem,
aberrant peroxisome morphology; PTS1, peroxisome targeting signal 1.

Oilseed plants such as Arabidopsis store lipids as sub-
strates for the production of sucrose by gluconeogenesis,
which is used as energy for postgerminative growth. Fatty
acids are produced by lipases in oil bodies and transported
to peroxisomes, where they are metabolized to succinate by
B-oxidation and the glyoxylate cycle. Therefore, f-oxidation
is essential for producing sucrose, and peroxisomal
[-oxidation-defective mutants, such as peroxisome defective 1
(pedI) mutants, cannot germinate without exogenously
supplied sucrose (Fig. 3C and (34, 48)). Although apem?7
mutants, unlike the pedl mutant, were able to germinate on
medium without sucrose, the root length was shorter than
that of the GFP-PTS1 parent plant (Fig. 3C). However, the
root length of both apem?7 and GFP-PTS1 plants was almost
the same on medium containing sucrose (Fig. S1). As
another assay of peroxisomal [-oxidation, we analyzed
growth on  medium  supplemented  with  2,4-
dichlorophenoxybutyric acid (2,4-DB), which is metabolized
to the herbicide 2,4-dichlorophenoxyacetic acid by peroxi-
somal B-oxidation. The growth of WT plants, but not that of
pedl mutants, is suppressed on medium containing 2,4-DB
(Fig. 3D and (48)). The root length of apem7 mutants was
slightly longer than that of GFP-PTS1 plants on medium
containing 2,4-DB (Fig. 3D). This result is good agreement
with the previous data indexing the protoauxin indole-3-
butyric acid into active indole-3-acetic acid conversion (34).
These results indicate that peroxisomal [-oxidation was
slightly, but not completely, decreased in apem? mutants.
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The APEM7 gene encodes PEX4, a member of the UBC family

The apem7 mutation segregates as a monogenic recessive
gene. Map-based cloning revealed that the APEM?7 gene is
located between the F6A4 and F15A18 bacterial artificial
chromosome (BAC) clones on chromosome 5. We examined
the nucleotide sequences in this region in the Arabidopsis
genome sequence project and identified At5¢25760 as a
possible candidate for the APEM?7 gene, which encodes a
protein annotated as PEX4. We found a single nucleotide
substitution on At5¢25760 in apem?7, which caused an amino
acid substitution of the 123rd proline to leucine (Fig. 4A).

To confirm that we had identified the correct gene, the
apem? mutant was transformed with the WT PEX4 gene. GFP
fluorescence was observed only in peroxisomes in T1 plants of
apem? transformed with the PEX4 gene in contrast to the
cytosolic location in apem? mutants (Fig. 4B). In addition, T1
plants of apem?7 transformed with PEX4 showed normal
postgerminative growth (Fig. 4C). The same result was
obtained when PEX4 complementary DNA (cDNA) was
expressed in the apem? background under the control of a
constitutive 35S promoter from cauliflower mosaic virus
(Fig. 4C). These results demonstrate that the PEX4 gene can
complement apem?7, thus confirming that APEM?7 is PEX4.

PEX4 is localized on peroxisomal membranes

To determine the subcellular and suborganellar localization
of PEX4, we generated antibodies against the amino-terminal
fragment of PEX4 (Metl-Glu50). These antibodies detected
an 18 kDa band, which is consistent with the deduced mo-
lecular mass of PEX4, in extracts from GFP-PTS1 and apem?7
mutants (arrow in Fig. 5A). An additional band was present in
the extract from apem?7 mutants (arrowhead in Fig. 5A). This
band is described in Figure 6 in more detail. The total proteins
were divided into soluble and membrane fractions, which were
validated by detecting GFP and PEX14 proteins (soluble and
membrane proteins, respectively) (Fig. 5B). PEX4 was detected
exclusively in the membrane fraction.

To investigate the suborganellar localization of PEX4, we
performed immunoelectron microscopic analysis. Arabidopsis
leaves were treated with antibodies against PEX4 (15 nm gold
particles represented by arrows) as well as with catalase, a
peroxisome matrix protein (10 nm gold particles represented
by arrowheads). As shown in Figure 5C, large gold particles
were detected near the membrane of organelles labeled with
catalase. This result together with the aforementioned
immunoblot analyses indicates that PEX4 is localized on
peroxisomal membranes. Although neither a transmembrane
domain nor a membrane-bound domain has been found in
PEX4, it has been shown to bind to a membrane protein,
PEX22 (34). Our results are consistent with the previous
results (34).

PEX4 is ubiquitinated, and the apem7 mutation disturbs the
ubiquitination of PEX4 in vivo

PEX4 is a member of the UBC protein family and functions
as an E2 enzyme in the ubiquitination process in yeast (38). A
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Figure 3. Phenotype of apem7 mutants. A, 21-day-old and (B) 34-day-old p|
D, GFP-PTS1, pedl, and apem7 mutants grown on medium without sucros
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lants grown under the light conditions are shown. Bars represent 1 cm. C and
e (C) or medium containing 2,4-DB (D) in the normal conditions. Statistical

significance was analyzed by one-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 2,4-DB, 2,4-dichlorophenoxybutyric acid; apem,

aberrant peroxisome morphology; PTS1, peroxisome targeting signal 1.

search of public databases revealed that Arabidopsis PEX4 has
sequence similarity to UBC proteins regarding the region
surrounding the putative active-site cysteine residue that is
essential for the formation of a thioester bond with ubiquitin
(Fig. S2). If Arabidopsis PEX4 functions as an E2 enzyme, this
protein should be ubiquitinated under nonreducing conditions
because conjugation of ubiquitin to the E2 enzyme requires
the formation of a thiol bond between ubiquitin and cysteine.
To determine the state of PEX4 in the GFP-PTS1 plant and in
the apem?7 mutant, we performed immunoblotting after SDS-
PAGE under reducing or nonreducing conditions. The anti-
bodies against PEX4 detected an 18 kDa polypeptide in the
extracts from the parent plant, GFP-PTS1, and in apem?7
mutants under reducing conditions (lanes 1-3 in Fig. 6A).
Because the apem7 mutation causes an amino acid substitu-
tion, but it does not produce a termination codon, the

4 Biol. Chem. (2022) 298(6) 102038

polypeptides in the extracts from apem?7 mutants were
thought to be mutated PEX4. In addition to an 18 kDa poly-
peptide, a 28 kDa polypeptide was detected under nonreducing
conditions (lanes 4—6 in Fig. 6A4). This 28 kDa polypeptide was
not detected in GFP-PTS1 extracts under reducing conditions
(lane 1 in Fig. 6A). The 28 kDa polypeptide was present in
apem?7 mutants even under reducing conditions, although its
amount was decreased (lane 2 in Fig. 6A). Expression of the
PEX4 gene dramatically reduced the amount of 28 kDa poly-
peptide in the apem? mutants (compare lane 3 with lane 6 in
Fig. 6A), although a faint 28 kDa band was detected.

To investigate the 28 kDa polypeptide in more detail, we
generated two mutated PEX4 constructs by substituting the
90th active-site cysteine residue with alanine or the 123rd
apem7-mutation proline with leucine (PEX4C90A and
PEX4P123L, respectively). We tried to synthesize WT

SASBMB
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Figure 4. Positional cloning of the APEM7 gene and rescue of the
apem7 phenotype. A, mutation position in the apem7 mutant. The apem7
mutation causes a nucleotide substitution of the 368th cytidine to thymi-
dine (nucleotide residue 1 corresponds to the adenosine of the first
methionine codon). Exons are indicated by boxes. Bar represents 100 bp.
B, the PEX4 gene restored the GFP fluorescence pattern in the apem7
mutant. Some representative cytosolic GFP is indicated by arrowheads. Bars
represent 50 um. C, recovery of root growth of T1 plants of apem7;PEX4
gene and apem7;35S:PEX4. Plants were grown for 7 days on medium
without sucrose. Photographs were taken after the seedlings were removed
from the medium and rearranged on agar plates. apem, aberrant peroxisome
morphology; PEX4, peroxin 4.

(PEX4WT), PEX490A, and PEX4P123L proteins in vitro to
investigate whether PEX4 could form conjugates with ubiq-
uitin. Rabbit reticulocyte lysates are used for in vitro ubiqg-
uitination assays because they contain a rich source of
ubiquitin, ubiquitin-activating E1 enzyme, and ATP (49). We
therefore used rabbit reticulocyte lysates to express PEX4WT,
PEX4C90A, and PEX4P123L and detected the polypeptides
using PEX4 antibodies. In addition to the 18 kDa form of
PEX4, a 28 kDa form of PEX4 was detected under nonreducing
conditions (lane 6 in Fig. 6B). This 28 kDa form was not
detected under reducing conditions in PEX4WT (lane 2 in
Fig. 6B) and in PEXC90A even under nonreducing conditions
(lane 7 in Fig. 6B). The 28 kDa form was still detected in
PEX4P123L, which contains an amino acid substitution from
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Figure 5. Inmunodetection of PEX4 polypeptides and immunocyto-
chemical localization of PEX4. A, 30 ug of total protein extracts from 7-day-
old plants were used for immunoblot analysis with antibodies against PEX4.
Lane 1: GFP-PTS1 plants; lane 2: apem7 mutants. Molecular markers are indi-
cated in kilodalton on the right. An arrow and an arrowhead on the left represent
PEX4 and ubiquinated-PEX4, respectively. B, fractionation of total proteins into
soluble and membrane fractions. Total proteins from the aerial parts of GFP-
PTS1 plants grown for 13 days were fractionated into soluble and membrane
fractions by centrifugation and immunoblotted for the indicated antibodies.
Ten micrograms of protein were loaded on all lanes for PEX4 and PEX14, and
5 ug of protein was used for GFP. Lanes 1 and 2 represent soluble and mem-
brane fractions, respectively. Molecular markers are indicated in kilodalton on
the right. C,immunogold labeling of ultrathin sections of 3-day-old dark-grown
cotyledons was performed using antibodies against PEX4 (15 nm, arrows) and
catalase (10 nm, open arrowheads). Bar represents 500 nm. Mt, mitochondrion;
Ob, oil body; P, peroxisome; PEX, peroxin; PTS1, peroxisome targeting signal 1.

proline to leucine in the apem? mutation (lane 8 in Fig. 6B).
This 28 kDa peptide in PEX4P123L showed the same behavior
as the 28 kDa form in PEX4WT (lane 4 in Fig. 6B). These
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Figure 6. Enzymatic activity of PEX4 as a ubiquitin-conjugating
enzyme. A, 30 ug of total extracts prepared from 7-day-old seedlings of
GFP-PTS1 plants (lanes 1 and 4), apem?7 plants (lanes 2 and 5), and trans-
genic plants of apem7;PEX4 gene (lanes 3 and 6) were used for immuno-
detection with antibodies against PEX4 under reducing (lanes 1-3) and
nonreducing conditions (lanes 4-6). Chloroplast-Cpn20 antibody was used
as a loading control for 10 ug of total extracts. B, WT (PEX4WT) and mutant
PEX4 cDNAs (PEX4C90A and PEX4P123L) were translated in a total volume
of 12.5 ul using a rabbit reticulocyte lysate system, and each extract was
divided into two fractions. After adding SDS sample buffer with and without
B-mercaptoethanol, 7.5 pl was used for immunodetection with antibodies
against PEX4. Lanes 1 and 5: empty vector as a negative control. Lanes 2
and 6: PEX4WT. Lanes 3 and 7: PEX4C90A. Lanes 4 and 8: PEX4P123L. Lanes
1 to 4: reducing conditions. Lanes 5 to 8: nonreducing conditions. Open and
closed arrowheads represent PEX4 and ubiquitinated PEX4 polypeptides,
respectively. Asterisks indicate nonspecific bands. Molecular markers are
indicated in kilodalton on the center. apem, aberrant peroxisome
morphology; cDNA, complementary DNA; PEX4, peroxin 4; PTS1, peroxisome
targeting signal 1.

results indicate that PEX4 with the apem?” mutation can accept
a ubiquitin molecule as does WT PEX4. The same pattern of
18 and 28 kDa polypeptides was observed by autoradiography
using [3°S]-labeled methionine, which was substituted with
nonlabeled methionine in Figure 6B in rabbit reticulocyte
lysates (Fig. S3). These results indicate that the 28 kDa form is
a PEX4-ubiquitin conjugate and that the 90th cysteine func-
tions as the ubiquitin-conjugation site.

To examine the role of UBC activity in vivo, PEX4WT,
PEX4C90A, and PEX4PI123L c¢DNAs were expressed in
apem?7 mutants under the control of the PEX4 promoter. As
shown in Fig. S4, the fluorescence pattern in T1 plants
expressing WT PEX4 was the same as that of the parent
plant GFP-PTS1 (Fig. S4, A and B), whereas fluorescence was
observed in the cytosol and peroxisomes in T1 plants
expressing PEX4P123L (Fig. S4, C and D) because the
PEX4P123L is the apem? mutant-type protein. In T1 plants
expressing PEX4C90A, the pattern of fluorescence was the
same as that of PEX4P123L (Fig. S4, E and F). These results
indicate that UBC activity is responsible for protein transport
to peroxisomes in vivo.

6 . Biol. Chem. (2022) 298(6) 102038

Abnormal localization of PEX5 in apem7 mutants

PEXS5 is essential for PTS1-dependent protein transport in
Arabidopsis (28, 29). We previously reported that PEX5
accumulates at peroxisomal membranes in PTS1- and PTS2-
dependent protein transport such as in apem2 and apem4
mutants (16). Therefore, we examined the localization of PEX5
in apem7 mutants. In extracts from the parent plant
GFP-PTS]1, a large amount of PEX5 was detected in the soluble
fraction, although small amounts of PEX5 were detected in the
membrane fraction (lane 1 in Fig. 7). By contrast, the amount
of membrane-associated PEX5 increased in apem” mutants
(lane 4 in Fig. 7), and a minor portion was still detected in the
soluble fraction. This result indicates that PEX5 binds to and
does not move on peroxisomal membranes in apem” mutants.

PEX4 is expressed in various tissues

We examined the expression of PEX4 using transgenic
Arabidopsis plants harboring a PEX4 promoter-GUS gene
fusion. As shown in Figure 8, GUS expression was detected in
varjous tissues at different developmental stages, which was
mostly consistent with the data provided by public gene
expression databases such as Arabidopsis eFP Browser (49) at
the organ level. Figure 8 shows GUS expression at the tissue
and cell levels. PEX4 was strongly expressed in the veins of
leaves and roots, especially in the vascular cylinder (Fig. 8, A—
D, F and H), stigma (Fig. 8E), filaments of the stamen (Fig. 8F),
septum (Fig. 8G), and root caps of main and lateral roots
(Fig. 8, B and H). In addition, strong PEX4 expression was
observed in 3-day-old cotyledons, which have high peroxi-
somal B-oxidation activity (Fig. 8H), indicating a need for
peroxisome functions in these organs and tissues.

Discussion

Here, we report the characterization of Arabidopsis PEX4
based on the analysis of the apem?7 mutant, which is defective
in protein transport to peroxisomes. PEX4 belongs to the UBC
protein family, although whether PEX4 has UBC activity was
unclear. This study showed that PEX4 possesses UBC activity

1 2 3 4 kDa
=103.1
PEX5 +.
=81.4
PEX14 — —
=34,2
GFP s —_
=-27.3

Figure 7. Membrane-associated PEX5 is increased in apem7 mutant.
Total proteins from 14-day-old GFP-PTS1 and apem?7 plants were fraction-
ated into soluble and membrane fractions. Ten micrograms of protein were
used for immunodetection. Lanes 1 and two represent soluble and mem-
brane fractions from GFP-PTS1 plants, respectively. Lanes 3 and 4 represent
soluble and membrane fractions from apem7 mutants, respectively.
Molecular markers are indicated in kilodalton on the right. apem, aberrant
peroxisome morphology; PEX5, peroxin 5; PTS1, peroxisome targeting
signal 1.
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e

Figure 8. Histochemical analysis of PEX4:GUS reporter gene expression in various organs at different stages. Transgenic Arabidopsis plants harboring
the PEX4:GUS construct were grown for 7 days in the light (A and B), 21 days in the light (C), 28 days in the light (D-G), and 3 days in the dark (H). A and
H, seedlings. B, lateral root. C, cauline leaf. D, flower. E, pistil. F, stamen. G, fruit. Scale bars represent 1 mm (A, C, D, F~-H) and 200 pm (B and E). H, two images
were neatly connected and arranged. An, anther; Co, cotyledon; Fl, filament; Gy, gynoecium; Hy, hypocotyl; Pe, petal; PEX4, peroxin 4; R, root cap; S, seed;

Se, sepal; St, stigma; V¢, vascular cylinder.

and defined the relationship between the state of ubiquitina-
tion of PEX4 and protein transport.

Effects of the apem7/pex4 mutation on protein transport to
peroxisomes

The Arabidopsis pex4 mutant was originally reported as
pex4-1 (34). The position of the apem7 mutation is the same as
that in pex4-1, suggesting that this position is the hot spot. The
apem?7 mutation affects normal plant growth (Fig. 3) because it
alters the transport of matrix proteins inside peroxisomes,
which is essential for peroxisomal functions such as -oxida-
tion and photorespiration. Although some amounts of proteins
are transported to peroxisomes, it may not be in enough
amounts for various biological processes in peroxisomes. In
the H. polymorpha pex4 mutant, the typical PTS1 proteins,
alcohol oxidase and dihydroxyacetone synthase, and catalase
are predominantly present in the cytosol, whereas the PTS2
protein, amine oxidase, is located exclusively in peroxisomes
(40). In S. cerevisiae, the PEX4 null mutant shows impaired
transport of thiolase and catalase (38). Taken together with
these previous findings, the present results indicate that
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mutation and/or knockout of the PEX4 gene affects the effi-
ciency of protein transport.

In apem7 mutants, the accumulation of peroxisomal pro-
teins was not affected (Figs. 2 and 7). In H. polymorpha pex4,
however, the major peroxisomal matrix proteins accumulate
normally, whereas Pex3p, Pex5p, and Pex14p are increased,
which may be due to a compensatory response to the import
defect (40). Since PEX4 is expressed in Arabidopsis at various
stages of the tissue (Fig. 8), it remains possible that PEX4 is
involved in protein accumulation in different peroxisomal
proteins and tissues not investigated here.

Detection of UBC activity and the effect of PEX4 ubiquitination
on protein transport

A cysteine residue conserved among plant and yeast PEX4s
is assumed to be the ubiquitin-conjugation site (Fig. S2). In
plants, however, there is no evidence supporting that PEX4 has
UBC activity or that the conserved residue is essential for UBC
activity. We detected an additional PEX4 polypeptide (Figs. 5
and 6) with a molecular size that was almost the same as
that of ubiquitinated PEX4. This additional polypeptide was
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sensitive to reducing agents such as [(-mercaptoethanol
(Fig. 6). When the conserved cysteine was replaced with
alanine, this additional PEX4 polypeptide was not detected
(Fig. 6). These results suggest that conjugation of ubiquitin to
PEX4 occurs via the formation of a thioester bond at the 90th
cysteine. This Cys90-dependent ubiquitination was detected
even in the apem7 mutant under nonreducing conditions (lane
2 in Fig. 6A4). However, ubiquitinated PEX4 in the apem?
mutant was detected even under reducing conditions (lane 6 in
Fig. 6A), suggesting that PEX4 ubiquitination in the apem?”
mutant occurs at a different amino acid residue that is not
affected by reducing agents or that the ubiquitin at the 90th
Cys was not dissociated. The ubiquitination of apem7 PEX4
(lane 4 in Fig. 6B) showed the same sensitivity to the reducing
agent as that of WT PEX4 (lane 2 in Fig. 6B) in vitro. The
difference between the in vivo (Fig. 6A) and in vitro (Fig. 6B)
processes could be attributed to conditions related to PEX4,
such as the accessibility of other factors interacting with PEX4
directly and indirectly. In addition to PEX4, several factors
involved in the ubiquitination process in peroxisomes have
been identified in Arabidopsis, such as PEX1 and PEX6 as
AAA ATPases (36, 50-52); PEX2, PEX10, and PEXI12 as
ubiquitin ligases (16, 53-56); and PEX22 and APEM9 for
tethering of PEX4 or the PEX1-PEX6 complex to peroxisomal
membranes (18, 34). These factors are present on the perox-
isomal membrane, and their defects result in decreased protein
transport (16, 18, 36, 52). Therefore, the interaction of these
factors with PEX4 may affect the ubiquitination status of PEX4
in vivo. The apem?7 mutation may alter the interactions with
these and other unidentified factors, and/or the conformation
of PEX4 itself, resulting in its ubiquitination even under
reducing conditions.

In yeast and mammalian cells, the PTS1 receptor PEX5 is
recycled from peroxisomes to the cytosol after dissociation of
cargo proteins and then participates in the next round of
protein transport (57, 58). There is currently no evidence
supporting the existence of this recycling system in plant cells.
However, in this study, the amount of membrane-associated
PEX5 was increased in Arabidopsis pex4 mutants (Fig. 7
(59)), which is consistent with the reports in yeast and
mammalian cells (40, 43). Previous findings together with the
present data indicate that ubiquitinated PEX4 at peroxisomal
membranes and abnormal accumulation of PEX5 at peroxi-
somal membranes disturbs the recycling of the two receptors.
As a result, receptor-dependent protein transport may fail to
function normally. In yeast and mammalian cells, PEX5 is a
target for ubiquitination (43-45, 60, 61). However, the final
target proteins that are ubiquitinated via the PEX4-dependent
system remain undefined in plants. We found that membrane-
associated PEX5 had a slightly larger molecular size than PEX5
in the soluble fraction (compare lanes 1 and 2 in Fig. 7) and
that the amount of this larger polypeptide was increased in the
apem? mutant (lane 4 in Fig. 7). This suggests that Arabidopsis
PEX5 is modified at the peroxisomal membrane, and it is
possible that this modification is ubiquitination. /n vitro UBC
assay is a powerful tool to characterize E2 and E3 enzymes in
the ubiquitin cascade, and this system has been widely used in
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plants (62—65). We attempted to perform this assay to char-
acterize PEX4 but were unable to express the PEX4 protein in
a soluble form in Escherichia coli or via an in vitro tran-
scription/translation method, despite using different condi-
tions. Kraft et al. (66) characterized Arabidopsis E2 and E3
enzymes by expressing proteins in E. coli or in insect cells.
Among the proteins analyzed, the PEX4 UBC activity was not
detected because the protein was obtained in the insoluble and
not the soluble form (66). The present results are in good
agreement with their report. A different system needs to be
developed to obtain PEX4 proteins in an active soluble form to
investigate PEX4-dependent ubiquitin signaling, which would
considerably advance our understanding of the ubiquitination
process at peroxisomes.

Experimental procedures
Plant materials

The GFP-PTS1 parent plants (accession Columbia), apem?
mutants, and transgenic plants were grown as described pre-
viously (15).

Confocal microscopic observation

Tissues of GFP-PTS1 and apem” mutants were prepared
and examined using an LSM510META laser-scanning
confocal microscope (Carl Zeiss) as previously described (67).

Map-based cloning of the APEM7 locus

The apem?7 homozygotes were backcrossed three times with
the parent plant GFP-PTS1 and then crossed with another
accession, Landsberg erecta. A total of 29 F2 progenies
expressing mutant phenotypes were scored according to their
genetic background as revealed by a series of cleaved amplified
polymorphic sequences and simple sequence length poly-
morphism markers, which were made according to the Mon-
santo  Arabidopsis Polymorphism and Ler Sequence
Collections (http://www.arabidopsis.org/browse/Cereon/
index.jsp). Markers on BAC clones F6A4 and F15A18 indi-
cated that the APEM?7 locus is located in the region between
17 BAC clones. Examination of the nucleotide sequences in
this region identified A£5¢g25760 as a candidate locus. Based on
this nucleotide sequence, the DNA fragments corresponding
to this region were amplified from the genomic DNAs of a
GFP-PTSI1 plant and an apem? mutant using the same primer
set and were fully sequenced.

Generation of transgenic plants

The APEM?7 gene conjugated at the Kpnl and Xhol sites at
the 5" and 3’ ends, respectively, was amplified by PCR. The
DNA fragment contained a 2340 bp upstream region, an open
reading frame, and a 590 bp downstream region. The PCR-
amplified fragments were then subcloned and sequenced.
After digestion with Kpnl and Xhol, the DNA fragments were
inserted into the KpnI-Xhol site on the pENTR2B vector
(Thermo Fisher Scientific), and the insert was then transferred
to the binary vector pGWB1 (68) by an LR recombination
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reaction (Thermo Fisher Scientific),
pGWI1APM7G.

To generate pGW2PEX4 bearing PEX4 ¢cDNA under the
control of the constitutive 35S promoter from cauliflower
mosaic virus, Sall-Notl sites were introduced into the 5’ and 3’
ends of PEX4 cDNA, respectively, by PCR. Then, the Sall-NotI
fragments were inserted into the Sall-Notl site on the
PENTR2B vector (Thermo Fisher Scientific), and the insert
was transferred to the binary vector pGWB2 (68) by an LR
recombination reaction (Invitrogen).

To generate pPEX4pWT, PPEX4pC90A, and
pPEX4pP123L, in which WT PEX4, PEX4 with 90th cysteine
to alanine substitution, or PEX4 with 123rd proline to leucine
substitution, respectively, was regulated under the PEX4 pro-
moter, site-directed mutagenesis was performed using WT
PEX4 cDNA. Each fragment was amplified by PCR to conju-
gate attB1l and attB2 sites at the 5’ and 3’ ends, respectively,
and then transferred to the donor vector, pPDONR221, by a BP
recombination reaction (Thermo Fisher Scientific), generating
the entry clones of p221PEX4WT, p221PEX4C90A, and
p221PEX4P123L. DNA fragments containing the upstream
region of PEX4 (-1939 to +3) conjugated at attB4 and a#tB1R
sites at the 5" and 3’ ends, respectively, were amplified by PCR.
The PCR-amplified fragments were transferred to the donor
vector, pDONR P4-P1R, by a BP recombination reaction
(Thermo Fisher Scientific), generating pPEX4pro-P4P1R. Each
entry clone, pPEX4pro-P4P1R and R4pGWB501 (69), was
subjected to LR recombination reaction.

Each vector was then transformed into Agrobacterium
tumefaciens (strain C58CIRif®) by electroporation. The apem?7
mutants were transformed using the infiltration method (70).
Transformants were selected on medium containing 50 pug/ml
hygromycin.

To generate pAPM7GUS containing the fusion of the PEX4
promoter with the B-glucuronidase gene, pPEX4pro-P4P1R
and R4L1pGWB550 (71) were subjected to LR recombina-
tion reaction to generate pPEX4proGUS. pPEX4proGUS was
used for transformation into WT Arabidopsis plants as
described previously.

generating

Preparation of antibodies against PEX4

A DNA fragment encoding the amino acid sequence from
the first methionine to the 50th amino acid residue of PEX4
conjugated to BamHI and HindIII sites at the 5" and 3’ ends,
respectively, was amplified by PCR using PEX4 cDNA as a
template. The amplified DNA was digested with BamHI and
HindIIl and inserted into the pET32a vector (Novagen). A
PEX4 and His-tag fusion protein was synthesized in E. coli
cells (strain BL21), purified, and used for production of rabbit
antibodies against PEX4 as described previously (72).

Immunoblot analysis

For extraction of total proteins, Arabidopsis cotyledons
grown to various stages were homogenized with extraction
buffer (20 mM Tris—HCI, pH 6.8, 2% SDS, and 24% glycerol),
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and the homogenates were centrifuged at 20,400g for 15 min at
4 °C.

Membranes were fractionated as described previously (73)
with slight modifications. Briefly, the Arabidopsis cotyledons
grown for 14 days were homogenized with buffer A (10 mM
Hepes—KOH, pH 8.0, 10 mM MgCl,, and a Protease Inhibitor
Cocktail) (Boehringer Mannheim) and then centrifuged at
10,000¢ for 5 min at 4 °C to separate into soluble and mem-
brane fractions. The membrane fractions were lysed in buffer
B (10 mM Hepes—KOH, pH 8.0, 10 mM MgCl,, 1 mM EDTA,
1% digitonin, and a Protease Inhibitor Cocktail) (Boehringer
Mannheim) and centrifuged at 10,000g for 5 min at 4 °C again.
The protein content of each extract was estimated using a
protein assay kit (Bradford ULTRA; FUNAKOSHI) with
bovine serum albumin as the standard protein. Each extract
was divided into two fractions, and the same volume of SDS
sample buffer with or without f-mercaptoethanol was added.

Proteins were separated by SDS-PAGE on a 7.5% or 15%
polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane (Merck) in a semidry electroblotting
system. Immunologic reactions were detected by monitoring
the activity of horseradish peroxidase—coupled antibodies
against rabbit immunoglobulin G (Chemi-Lumi One Super;
Nacalai). Antibodies against chloroplast-Cpn20 (74) were used
as a loading control in Figure 6A.

Electron microscopic analysis

The methods used for sample preparation and detection by
electron microscopic analysis were described previously (75).
Cotyledons from 3-day-old seedlings grown under dark con-
ditions were frozen in a high-pressure freezing machine
(HPM-010; Bal-Tec). After freeze substitution, cotyledons
were embedded in LR white. Ultrathin sections (80 nm) of cells
were obtained using a diamond knife ultramicrotome (EM
UC7; Leica) and placed on nickel grids treated with 2% Bioden
Mesh Cement (Okenshoji Co, Ltd). The one-side sections were
immunoreacted with primary antibodies against Arabidopsis
PEX4 (1:100 dilution [v/v]) for 8 h at 4 °C and then treated
with protein A-gold (15 nm; BBInternational) as a secondary
antibody for 60 min at room temperature, followed by washing
with distilled water and drying. Subsequently, the other-side
sections were immunoreacted with primary antibodies
against catalase (1:1000 dilution [v/v]) for 3 h at room tem-
perature, treated with protein A-gold (10 nm; BBInternational)
as the secondary antibody for 60 min at room temperature,
and then washed with distilled water and dried. Sections were
stained with 4% uranyl acetate for 10 min at room temperature
and examined under a transmission electron microscope
(H-7650; Hitachi High-Tech Co) at 80 kV.

In vitro transcription/translation for ubiquitination

In vitro transcription/translation for ubiquitination was
performed using a rabbit reticulocyte lysate system according
to the method described (39) with slight modifications. WT
PEX4 and PEX4 containing C90A or P123L mutation cDNAs
were subcloned into the pBluescript SK(+) vector to generate
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pSKPEX4WT, pSKPEX4C90A, and pSKPEX4P123L. Each
plasmid was used for in vitro transcription/translation using
TNT rabbit reticulocyte lysate (Promega) in the presence of
[**S]methionine according to the manufacturer’s instructions.
Each extract was divided into two fractions, mixed with SDS
sample buffers with and without 3-mercaptoethanol, boiled for
5 min, and separated by SDS-PAGE. The gels were washed
with Tris—glycine buffer (25 mM Tris, 192 mM glycine, pH
8.3) briefly, dried onto a paper filter (Cytiva), and detected
using BAS-5000 (Fujifilm). The same experiments were per-
formed with nonradiolabeled methionine for immunoblot
analysis using antibodies against PEX4.

Data availability

All data are available in the main text or in the supporting
information.

Supporting article  contains

information.
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