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Most eukaryotic cells require peroxisomes, organelles housing fatty acid b-oxidation and other critical metabolic reactions.
Peroxisomal matrix proteins carry peroxisome-targeting signals that are recognized by one of two receptors, PEX5 or PEX7,
in the cytosol. After delivering the matrix proteins to the organelle, these receptors are removed from the peroxisomal membrane
or matrix. Receptor retrotranslocation not only facilitates further rounds of matrix protein import but also prevents deleterious
PEX5 retention in the membrane. Three peroxisome-associated ubiquitin-protein ligases in the Really Interesting New Gene
(RING) family, PEX2, PEX10, and PEX12, facilitate PEX5 retrotranslocation. However, the detailed mechanism of receptor
retrotranslocation remains unclear in plants. We identified an Arabidopsis (Arabidopsis thaliana) pex12 Glu-to-Lys missense
allele that conferred severe peroxisomal defects, including impaired b-oxidation, inefficient matrix protein import, and
decreased growth. We compared this pex12-1 mutant to other peroxisome-associated ubiquitination-related mutants and
found that RING peroxin mutants displayed elevated PEX5 and PEX7 levels, supporting the involvement of RING peroxins
in receptor ubiquitination in Arabidopsis. Also, we observed that disruption of any Arabidopsis RING peroxin led to decreased
PEX10 levels, as seen in yeast and mammals. Peroxisomal defects were exacerbated in RING peroxin double mutants, suggesting
distinct roles of individual RING peroxins. Finally, reducing function of the peroxisome-associated ubiquitin-conjugating
enzyme PEX4 restored PEX10 levels and partially ameliorated the other molecular and physiological defects of the pex12-1
mutant. Future biochemical analyses will be needed to determine whether destabilization of the RING peroxin complex
observed in pex12-1 stems from PEX4-dependent ubiquitination on the pex12-1 ectopic Lys residue.

Oilseed plants obtain energy for germination and early
development by utilizing stored fatty acids (Graham,
2008). Thisb-oxidation of fatty acids to acetyl-CoA occurs

in peroxisomes, organelles that also house other im-
portant metabolic reactions, including the glyoxylate
cycle, several steps in photorespiration, and phytohor-
mone production (Hu et al., 2012). For example, indole-
3-butyric acid (IBA) is b-oxidized into the active auxin
indole-3-acetic acid (IAA) in peroxisomes (Zolman
et al., 2000, 2007, 2008; Strader et al., 2010; Strader and
Bartel, 2011). Many peroxisomal metabolic pathways
generate reactive oxygen species (Inestrosa et al., 1979;
Hu et al., 2012), and peroxisomes also house antioxidative
enzymes, like catalase and ascorbate peroxidase, to
detoxify hydrogen peroxide (Wang et al., 1999; Mhamdi
et al., 2012).

Peroxisomes can divide by fission or be synthesized
de novo from the endoplasmic reticulum (ER). Preper-
oxisomes with peroxisomal membrane proteins bud
from the ER and fuse, allowing matrix proteins to be
imported to form mature peroxisomes (van der Zand
et al., 2012; Mayerhofer, 2016). Peroxin (PEX) proteins
facilitate peroxisome biogenesis and matrix protein
import.Most peroxins are involved in importing proteins
destined for the peroxisome matrix, which are imported
after recognition of a type 1 or type 2 peroxisome-
targeting signal (PTS). The PTS1 is a tripeptide located
at the C terminus of most peroxisome-bound proteins
(Gould et al., 1989; Chowdhary et al., 2012). The less
common PTS2 is a nonapeptide usually located near the
N terminus (Swinkels et al., 1991; Reumann, 2004). PTS1
proteins are recognized by PEX5 (van der Leij et al., 1993;
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Zolman et al., 2000), PTS2 proteins are recognized by
PEX7 (Marzioch et al., 1994; Braverman et al., 1997;
Woodward and Bartel, 2005), and PEX7 binds to PEX5 to
allow matrix protein delivery in plants and mammals
(Otera et al., 1998; Hayashi et al., 2005; Woodward and
Bartel, 2005). The cargo-receptor complex docks with the
membrane peroxins PEX13 and PEX14 (Urquhart et al.,
2000;Otera et al., 2002;Woodward et al., 2014), andPEX5
assists cargo translocation into the peroxisomal matrix
(Meinecke et al., 2010) before dissociating from its cargo
(Freitas et al., 2011).

After cargo delivery, PEX5 is recycled to enable fur-
ther rounds of cargo recruitment (Thoms and Erdmann,
2006). This process requires a set of peroxins that is
implicated in ubiquitinating PEX5 so that it can be ret-
rotranslocated back to the cytosol. PEX5 ubiquitination
is best understood in yeast. In Saccharomyces cerevisiae,
Pex5 is monoubiquitinated through the action of the
peroxisome-tethered ubiquitin-conjugating enzyme
Pex4 and the peroxisomal ubiquitin-protein ligase
Pex12 (Platta et al., 2009) and returned to the cytosol
with the assistance of a peroxisome-tethered ATPase
complex containing Pex1 and Pex6 (Grimm et al., 2012).
S. cerevisiae Pex5 also can be polyubiquitinated and
targeted for proteasomal degradation (Kiel et al., 2005).
The cytosolic ubiquitin-conjugating enzyme Ubc4 co-
operates with the peroxisomal ubiquitin-protein ligase
Pex2 to polyubiquitinate Pex5 (Platta et al., 2009). Pex10
has ubiquitin-protein ligase activity (Williams et al.,
2008; Platta et al., 2009; El Magraoui et al., 2012), but
whether Pex10 directly ubiquitinates Pex5 is controver-
sial. Pex10 promotes Ubc4-dependent Pex5 poly-
ubiquitination when Pex4 is absent (Williams et al.,
2008); however, Pex10 is not essential for Pex5mono- or
polyubiquitination (Platta et al., 2009), but rather en-
hances both Pex4/Pex12- and Ubc4/Pex2-mediated
ubiquitination (El Magraoui et al., 2012). Recycling of
the PTS2 receptor PEX7 is less understood, although the
Pex5 recycling pathways are implicated in shuttling and
degrading Pex7 in Pichia pastoris (Hagstrom et al., 2014).

Although PEX5 ubiquitination has not been directly
demonstrated in plants, the implicated peroxins are
conserved in Arabidopsis, and several have been con-
nected to PEX5 retrotranslocation. The PEX4 ubiquitin-
conjugating enzyme binds to PEX22, which is predicted
to be a peroxisomal membrane protein based on ability
to restore peroxisome function to yeast mutants
(Zolman et al., 2005). The pex4-1 mutant displays in-
creased membrane-associated PEX5 (Ratzel et al., 2011;
Kao and Bartel, 2015), suggesting that ubiquitin sup-
plied by PEX4 promotes PEX5 retrotranslocation. PEX1
and PEX6 are members of the ATPases associated with
diverse cellular activities (AAA) family and are teth-
ered to peroxisomes by the peroxisomal membrane
protein PEX26 (Goto et al., 2011; Li et al., 2014). The
pex6-1 mutant displays PTS1 import defects and de-
creased PEX5 levels (Zolman and Bartel, 2004), sug-
gesting that impaired PEX5 recycling can lead to
increased PEX5 degradation. Indeed, pex4-1 restores
PEX5 levels in the pex6-1 mutant (Ratzel et al., 2011),

suggesting that Arabidopsis PEX4 also is involved in
PEX5 ubiquitination and degradation when retro-
translocation is impeded.

In addition to allowing for further rounds of PTS1
cargo import, several lines of evidence suggest that in
the absence of efficient retrotranslocation, PEX5 reten-
tion in the peroxisomal membrane impairs peroxisome
function. Slightly reducing levels of the PEX13 docking
peroxin ameliorates the physiological defects of pex4-1
without restoring matrix protein import (Ratzel et al.,
2011), presumably because decreasing PEX5 docking
reduces its accumulation in the peroxisomal membrane.
In addition, overexpressing PEX5 exacerbates rather than
ameliorates the peroxisomal defects of pex4-1 (Kao and
Bartel, 2015), suggesting that pex4-1 defects are linked to
excessive PEX5 lingering in the peroxisome membrane
rather than a lack of PEX5 available for import.

The three Really Interesting New Gene (RING) per-
oxins (PEX2, PEX10, and PEX12) fromArabidopsis each
possesses in vitro ubiquitin-protein ligase activity
(Kaur et al., 2013). Null mutations in the RING peroxin
genes confer embryo lethality in Arabidopsis (Hu et al.,
2002; Schumann et al., 2003; Sparkes et al., 2003; Fan
et al., 2005; Prestele et al., 2010), necessitating other
approaches to study the in vivo functions of these
peroxins. Expressing RING peroxins with mutations in
the C-terminal zinc-binding RING domains (DZn)
confers matrix protein import defects for PEX2-DZn
and photorespiration defects for PEX10-DZn but no
apparent defects for PEX12-DZn (Prestele et al., 2010).
Targeting individual RING peroxins using RNAi con-
fers b-oxidation deficiencies and impairs PTS1 cargo
import (Fan et al., 2005; Nito et al., 2007). A screen for
delayed matrix protein degradation (Burkhart et al.,
2013) uncovered amissense pex2-1mutant and a splicing
pex10-2 mutant that both display PTS1 import defects
(Burkhart et al., 2014), suggesting roles in regulating the
PTS1 receptor, PEX5. A missense pex12mutant (aberrant
peroxisome morphology 4, apm4) has defects in b-oxidation
and PTS1 import and increased membrane-associated
PEX5 (Mano et al., 2006). These findings highlight the
essential roles of the RING peroxins in Arabidopsis de-
velopment and peroxisomal functions, but the RING
peroxin interactions and the individual roles of the RING
peroxins in PEX5 retrotranslocation remain incompletely
understood.

In this study, we describe a missense pex12-1 mutant
recovered from a forward genetic screen for b-oxidation
deficient mutants. The pex12-1 mutant displayed se-
vere peroxisomal defects, including reduced growth,
b-oxidation deficiencies, matrix protein import defects,
and inefficient processing of PTS2 proteins. Comparing
single and double mutants with impaired RING per-
oxins revealed that each RING peroxin contributes to
complex stability and influences PEX5 accumulation.
Furthermore, decreasing PEX4 function ameliorated
pex12-1 defects, suggesting that the Glu-to-Lys sub-
stitution in pex12-1 lures ubiquitination, perhaps by
pex12-1 itself, leading to PEX4-dependent degradation
of the mutant protein.
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RESULTS

Isolation of a Mutant Defective in PEX12

To identify genes important for peroxisome function,
we screened the progeny of ethyl methanesulfonate
(EMS)-mutagenized seeds for mutants displaying
elongated IBA-resistant hypocotyls (HRs) in the dark
(Strader et al., 2011) and assessed the resultant putative
mutants for incomplete processing of PTS2 proteins to
enrich for mutants defective in peroxins. We mapped
the causal lesion in one suchmutant (HR390) to a region
on the top of chromosome 3 (Fig. 1A). Sequencing
genomic DNA prepared from back-crossed mutant
lines identified seven homozygous EMS-consistent
intronic or nonsynonymous coding-sequence muta-
tions in the mapping interval (Fig. 1B), including a
mutation in PEX12 (At3g04460) that we named pex12-1.
This missensemutation in exon 4would cause a Glu-to-
Lys substitution at position 171 in the pex12-1 protein
(Fig. 1, C and D). Although Glu171 is not in a highly
conserved region of the PEX12 protein, it is intriguing
that the previously described apm4mutant (Mano et al.,
2006) carries anArg-to-Lys substitution just one residue
upstream (Fig. 1D), indicating that an ectopic Lys resi-
due is not tolerated in this region of PEX12.

The pex12-1 Mutant Displays Severe Peroxisome Defects

We compared the phenotypes of pex12-1 to mutants
defective in other peroxins implicated in recycling or
degrading the PTS1 cargo receptor, PEX5. PEX12 is part
of a peroxisomal membrane complex of three RING-
family ubiquitin-protein ligases (PEX2, PEX10, PEX12;
Fan et al., 2005; Mano et al., 2006; Kaur et al., 2013;
Burkhart et al., 2014) that together with the PEX4
ubiquitin-conjugating enzymeare thought to be involved
in the PEX5 ubiquitination that allows retrotranslocation
by the PEX1 and PEX6 ATPases. Mutations in PEX2,
PEX4, PEX6, PEX10, or PEX12 can cause peroxisomal
defects ascribed to impaired PEX5 recycling and conse-
quent defects in matrix protein import (Zolman and
Bartel, 2004; Zolman et al., 2005; Mano et al., 2006;
Burkhart et al., 2013).
Wild-type seedling growth is fueled by peroxisomal

b-oxidation of seed storage lipids (Graham, 2008) and is
similar with or without an exogenous carbon source
such as Suc (Fig. 2, A and B). Mutants with defective
peroxisomes that inefficiently metabolize fatty acids
display reduced growth that can be partially amelio-
rated by providing Suc (Hayashi et al., 1998; Zolman
et al., 2000, 2001). As previously reported (Zolman and
Bartel, 2004; Zolman et al., 2005; Burkhart et al., 2014),
some mutants defective in peroxisomal ubiquitin-
dependent machinery, pex4-1 and pex6-1, displayed
growth defects without Suc whereas pex2-1 and pex10-2
resembled wild type in this assay (Fig. 2, A and B). We
found that pex12-1 displayed more prominent growth
defects without Suc than other available mutants in the
peroxisomal ubiquitinationmachinery (Fig. 2, A and B).

Peroxisomes also house phytohormone b-oxidation,
providing a second assay to evaluate peroxisome
function (Zolman et al., 2000). In wild type, IBA treat-
ment inhibits cell elongation (Strader et al., 2011) be-
cause IBA is b-oxidized to IAA (Strader et al., 2010),
resulting in short dark-grown hypocotyls (Fig. 2A) and
light-grown roots (Fig. 2B). Mutants with impaired
peroxisomes have slowed IBA-to-IAA conversion
(Strader et al., 2010) and display resistance to the in-
hibitory effects of IBA on root and hypocotyl elonga-
tion (Zolman et al., 2000; Strader et al., 2011). We
found that pex12-1 exhibited nearly complete IBA re-
sistance in these assays, similar to pex6-1 (Fig. 2, A and
B; Zolman and Bartel, 2004). In contrast, pex10-2 and
pex4-1 roots were moderately IBA resistant, and pex2-1
showed only slight IBA resistance (Fig. 2, A and B;
Zolman et al., 2005; Burkhart et al., 2014). IBA-derived
IAA also stimulates lateral root formation in wild type
(Zolman et al., 2000; Strader et al., 2011). Like pex6-1,
pex12-1 was completely resistant to IBA-induced lat-
eral root production whereas pex2-1, pex10-2, and
pex4-1 showed intermediate resistance in this assay
(Fig. 2C).

Peroxisome-related physiological defects are often
associated with defects in matrix protein import,
which can be evaluated by immunoblotting or mi-
croscopy. After import into the organelle, PTS2 pro-
teins are proteolytically cleaved by the DEG15
protease to remove the N-terminal PTS2-containing
region (Helm et al., 2007; Schuhmann et al., 2008). The
molecular mass shift between full-length and cleaved
PTS2 cargo can be monitored by immunoblotting as a
proxy for matrix protein import (Fig. 3; Woodward
and Bartel, 2005). Because DEG15 is a PTS1 protein
(Reumann, 2004) and because the two cargo receptors
are interdependent in plants (Hayashi et al., 2005;
Woodward and Bartel, 2005; Ramón and Bartel,
2010), robust PTS2 processing requires both PTS1 and
PTS2 import. Unlike wild-type seedlings, which fully
process thiolase and peroxisomal malate dehydro-
genase (PMDH), mutants defective in components
of the peroxisomal ubiquitin-dependent machinery
display various degrees of impaired processing
(Zolman et al., 2005; Mano et al., 2006; Ratzel et al.,
2011; Burkhart et al., 2014); pex2-1 and pex6-1 accu-
mulated high levels of PMDH precursor and detect-
able thiolase precursor whereas pex10-2 and pex4-1
displayed minor defects in this assay (Fig. 3A).
We found that pex12-1 seedlings also accumulated
PTS2-containing precursor proteins, displaying more
severe defects than the previously characterized
mutants defective in peroxisomal ubiquitination
machinery (Fig. 3A). For all mutants assayed, PMDH
processing appeared to be more severely impaired
than thiolase processing (Fig. 3A). This difference
may reflect varying import efficiencies of different
PTS2 cargo proteins or varying cytosolic stabilities of
mislocalized PTS2-containing proteins.

To directly visualize matrix protein import in pex12-1,
we used a peroxisomally targetedGFP (GFP-PTS1). Unlike
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the typical punctate GFP-PTS1 fluorescence observed in
wild type (Fig. 3B), we detected cytosolic GFP-PTS1
fluorescence in cotyledon epidermal cells in pex12-1
seedlings (Fig. 3C), suggesting a nearly complete block
of PTS1 cargo import into peroxisomes. These extreme
defects in seedling growth, IBA responsiveness, PTS2
processing, and PTS1 cargo import (Figs. 2 and 3)

indicate that the pex12-1 mutation severely impairs
peroxisome function.

pex12-1 Defects Are Rescued by PEX12-CFP

To confirm that the mutation we identified in pex12-1
was responsible for the observed defects, we transformed

Figure 1. Identification of pex12-1. A, The causal mutation in an IBA-resistant mutant was mapped to an interval on the top of
chromosome 3 that included PEX12 (At3g04460). The number of recombinants at each marker over the number of chromosomes
assayed is indicated. A schematic of the PEX12 gene with exons indicated as rectangles and introns as lines is shown above the
portion of exon 4 containing the pex12-1mutation. B, Whole-genome sequencing identified a missense mutation in PEX12. Gene
identifiers are shown at their positions on the five Arabidopsis chromosomes for genes containing homozygousmutations consistent
with EMSmutagenesis in introns (gray text) or in exons and resulting in nonsynonymous amino acid changes (black or blue text). The
seven genes with mutations within the chromosome 3 mapping interval defined in (A) are indicatedwith asterisks. C, PEX12 protein
diagramwith predicted transmembrane domains in dark blue, the RING domain in purple, and the position of the pex12-1 Glu171-
to-Lys substitution in light blue. D, PEX12 amino acid alignment with the positions of the pex12-1, apm4 (Mano et al., 2006), and a
T-DNA insertion line (Salk_013612) conferring embryo lethality (Fan et al., 2005). TheMegAlign program (ClustalW;DNASTAR)was
used to compare Arabidopsis (At) PEX12 with orthologs from Oryza sativa (Os10g0467200; NP_001064809.1), Physcomitrella
patens (XP_001757098.1),Homo sapiens (O00623.1), and Saccharomyces cerevisiae (NP_013739.1). Identical residues in three or
more sequences are boxed in black; chemically similar residues are highlighted in gray. The predicted transmembrane domains are
marked in dark blue, and the RING domain is highlighted in purple. TMD, Transmembrane domain.
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a construct expressing PEX12-CFP driven by the cauli-
flower mosaic virus 35S promoter (Fan et al., 2005) into
pex12-1 and characterized physiological and molecular
phenotypes of the transformed lines. We generated five
independent pex12-1 35S:PEX12-CFP lines and found
that PTS2-processing of PMDH and thiolase were fully
restored in four lines (Fig. 4A). These lines also were Suc
independent and displayed substantially restored IBA
responsiveness (Fig. 4B). The C2 line, which accumulated

less PEX12-CFP compared to other transformants, in-
completely rescued PTS2 processing (Fig. 4A) and IBA
responsiveness (Fig. 4B), suggesting that the threshold
level of PEX12-CFP necessary for function was not
achieved in this line. This successful complementation
confirmed that the pex12-1 mutation caused the
peroxisome-related defects that we observed.

RING Peroxin Defects Destabilize PEX10 and Elevate
Peroxisomal Cargo Receptor Levels

In yeast and mammals, the three RING peroxins in-
teract with each other (Okumoto et al., 2000; Hazra
et al., 2002), and disruption of any one RING peroxin
can decrease the stability of the RING peroxin complex
(Hazra et al., 2002; Agne et al., 2003; Okumoto et al.,
2014). However, this phenomenon has not been dem-
onstrated in plants. We were unable to monitor PEX12
or PEX2 levels in pex12-1 because we lack a PEX12 an-
tibody and because an antibody recognizing PEX2
(Sparkes et al., 2005) detects overexpressed PEX2 but
not endogenous PEX2 in wild-type seedlings (Burkhart
et al., 2014). However, we were able to monitor PEX10
levels in the various mutants to assess whether the
plant RING peroxins exhibit interdependence. We
found that not only pex10-2 (Burkhart et al., 2014) but
also pex12-1 and pex2-1 seedlings had low PEX10 levels,
with the pex12-1 mutant showing several-fold more
marked PEX10 reduction than pex2-1 (Fig. 5A). PEX10
levels were restored in our complementing pex12-1 35S:
PEX12-CFP lines (Fig. 5C), indicating that the reduced
PEX10 levels in the pex12-1mutant were attributable to
the pex12-1 mutation. We concluded that both PEX12
and PEX2 are important for PEX10 accumulation in
Arabidopsis. In contrast to the reduced PEX10 levels in
the RING peroxin mutants, we found nearly wild-type
PEX10 levels in the pex6-1mutant and slightly elevated
PEX10 levels in the pex4-1 mutant (Fig. 5A), suggesting
that PEX4 might directly or indirectly contribute to
PEX10 turnover.

Although RING peroxins interact with each other,
they have distinct functions (Okumoto et al., 2000;
Prestele et al., 2010; Burkhart et al., 2014). S. cerevisiae
Pex12, assisted by the Pex4 ubiquitin-conjugating en-
zyme, is implicated inmonoubiquitinating Pex5 to allow
Pex5 recycling back to the cytosol for further rounds of
cargo delivery (Platta et al., 2009). S. cerevisiae Pex2
coupled with Ubc4 is involved in polyubiquitinating
Pex5, which targets Pex5 for proteasomal degradation
(Platta et al., 2009). S. cerevisiae Pex10 appears to assist
both Pex2 and Pex12 in these roles (El Magraoui et al.,
2012). In Arabidopsis pex4, pex6, and pex12 mutants,
PEX5 is retained in the peroxisomal membrane, indi-
cating that PEX5 recycling is defective (Mano et al., 2006;
Ratzel et al., 2011; Kao and Bartel, 2015). This defect in
PEX5 retrotranslocation is accompanied by increased
PEX5 degradation in pex6-1 (Zolman and Bartel, 2004;
Ratzel et al., 2011; Kao and Bartel, 2015). We used im-
munoblotting to evaluate PEX5 levels and found that the

Figure 2. The pex12-1 seedlings display severe peroxisome-related
physiological defects. A, The pex12-1 seedlings are resistant to the in-
hibitory effects of IBA on dark-grown hypocotyl elongation. Seedlings
were grown under yellow-filtered light for 1 d followed by 5 d in the
dark with the indicated supplements. Mean hypocotyl lengths and SD of
the means are shown (n$ 15). B, The pex12-1 seedlings are resistant to
the inhibitory effects of IBA on light-grown primary root growth.
Seedlings were grown under yellow-filtered light for 7 d with the indi-
cated supplements. Mean root lengths and SD of the means are shown
(n$ 15). C, The pex12-1 seedlings are resistant to the stimulatory effects
of IBA on light-grown lateral root formation. Five-day-old light-grown
seedlings were moved to 0.5% Suc-supplemented plant nutrient media
with or without IBA and grown for 4 d. Mean lateral roots per millimeter
root length and SD of the means are shown (n $ 13).
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RING peroxin mutants, especially pex12-1, displayed
slightly elevated PEX5 levels (1.3-fold to 2.2-fold; Fig.
5B), suggesting that the Arabidopsis RING peroxin
complex normally contributes to PEX5 degradation.

Pex7 degradation is promoted by Pex5 recycling in
P. pastoris (Hagstrom et al., 2014). We found that mu-
tations in peroxisomal ubiquitin-dependent machinery
resulted in slightly elevated PEX7 levels (1.4-fold to
2.6-fold; Fig. 5B). This elevation might reflect reduced
RING complex-mediated PEX7 degradation or might
be an indirect consequence of elevated PEX5 levels in
most of these mutants, as PEX5 and PEX7 are interde-
pendent in plants (Hayashi et al., 2005; Woodward and
Bartel, 2005; Ramón and Bartel, 2010).

Genetic Interactions between RING Peroxins

To explore the genetic interactions between RING
peroxins, we constructed double mutants of pex12-1
with pex2-1 and pex10-2. Although pex2-1 resembles
wild type in most physiological assays (Fig. 2, A and B;
Burkhart et al., 2014), pex2-1 markedly exacerbated
pex12-1 defects (Figs. 6 and 7). Elongation of dark-
grown hypocotyls (Fig. 6A) and light-grown roots
(Figs. 6C and 7A) were much further impaired in the

pex12-1 pex2-1 double mutant compared to either single
mutant even when Suc was provided. In addition, the
pex12-1 pex2-1 double mutant failed to germinate
without Suc supplementation, and IBA at the concen-
trations assayed did not inhibit elongation of pex12-1
pex2-1 hypocotyls or roots in the dark or in the light,
respectively (Fig. 6, A and C).

The pex10-2mutation also exacerbated pex12-1 phys-
iological defects, reducing IBA responsiveness and
hypocotyl growth without Suc in the dark (Fig. 6A) and
reducing light-grown root growth with Suc (Figs. 6C
and 7A). Even though the pex10-2 single mutant dis-
plays more apparent physiological defects than pex2-1
(Figs. 2 and 6, A and C; Burkhart et al., 2014), pex12-1
pex10-2 seedling growthwas less impaired than growth
of pex12-1 pex2-1 seedlings (Figs. 6, A and C, and 7A).

When grown for 2 weeks on Suc-supplemented
media, the pex12-1, pex2-1, pex10-2, and pex4-1 single
mutants displayed smaller rosettes than wild type but
relatively normal root elongation (Fig. 7A) whereas
the pex6-1mutant displayed smaller and paler rosettes
(Zolman and Bartel, 2004) as well as reduced root
growth (Fig. 7A). The three double mutants, including
the previously characterized pex2-1 pex10-2 doubleFigure 3. The pex12-1 seedlings inefficiently process PTS2-containing

proteins and display matrix protein import defects. A, Protein extracts of
7-d-old light-grown seedlings were processed for immunoblotting with
the indicated antibodies. Thiolase and PMDH are synthesized as pre-
cursors (p); the N-terminal PTS2-containing region is cleaved to give the
mature (m) form after import into peroxisomes. HSC70 was used to
monitor protein loading. The positions of molecular mass markers (in
kDa) are indicated on the right. B and C, A transgene expressing GFP-
PTS1 was introduced into wild type (B) and pex12-1 (C). Cotyledon
epidermal cells from 4-d-old light-grown seedlings were imaged for
GFP using confocal microscopy. Scale bar = 50 mm.

Figure 4. Molecular and physiological defects of pex12-1 are rescued
by a 35S:PEX12-CFP transgene. A, Protein extracts of 8-d-old wild type,
pex12-1, and pex12-1 35S:PEX12-CFP T3 lines were processed for
immunoblottingwith antibodies toGFP (to detect PEX12-CFP), thiolase,
and PMDH (to monitor PTS2 processing), and HSC70 (to monitor
loading). PEX12-CFP reactivity from a previous probing remains visible
in the HSC70 panel. B, Wild-type, pex12-1, and pex12-1 35S:PEX12-
CFP T3 lines were grown under yellow-filtered light for 1 d followed by
4 d in the dark on the indicated media. Mean hypocotyl lengths and SD

of the means are shown (n $ 10).
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mutant (Burkhart et al., 2014), all exhibited synergis-
tically reduced rosette sizes and root growth (Fig. 7A).
Similar trends were observed in 6-week-old plants;
despite the severe seedling peroxisomal defects (Figs.
2 and 3), mature pex12-1 plants resembled pex2-1 and
pex10-2 plants, displaying only slightly reduced plant
size, whereas pex6-1 was more impaired (Fig. 7B).
Unlike the corresponding single mutants, all three
RING peroxin double mutants were quite small as
mature plants (Fig. 7B) and produced limited numbers
of seeds.
We examined whether the exacerbated physiologi-

cal defects in the double mutants were accompanied
by worsened PTS2 protein processing. Indeed, both
pex12-1 pex2-1 and pex12-1 pex10-2 accumulated more

unprocessed precursor thiolase proteins than the sin-
gle mutants when grown in the dark (Figs. 6B and 7E)
or the light (Figs. 6D and 7, C and F). PMDH was al-
ready almost fully unprocessed in 8-d-old light-grown
pex12-1 seedlings (Figs. 6D and 7F), but 4-d-old light-
grown pex12-1 seedlings displayed an incomplete
defect, allowing us to detect worsened PMDH pro-
cessing defects in the pex12-1 pex2-1 and pex12-1 pex10-2
double mutants (Fig. 7C). As with the physiological de-
fects, pex2-1 more dramatically worsened the pex12-1
PTS2-processing defects than pex10-2 (Fig. 7, C and F).
Although the pex2-1 pex10-2 double mutant displayed
heightened defects in processing thiolase (Fig. 7, C, E,
and F) and PMDH (Fig. 7, C and F) compared to the
pex2-1 or pex10-2 single mutants, these defects were not
as extreme as the pex12-1 pex2-1doublemutant (Fig. 7, C,
E, and F).

Because the RING peroxin single mutants displayed
elevated PEX5 and PEX7 levels (Fig. 5B), we compared
levels of these peroxins in the double and single mutants.
Similar to 8-d-old light-grown seedlings (Fig. 5B), PEX5
levels were elevated 2-fold to 3-fold in 4-d-old light-
grown pex4-1 and RING peroxin mutants, but mark-
edly diminished in pex6-1 (Fig. 7C). PEX5 levels in the
three double mutants were elevated similarly to the sin-
gle mutants (Fig. 7C). In 5-d-old dark-grown seedlings,
PEX5 levels were slightly elevated in pex12-1 and pex2-1
and in the three doublemutants, but were not elevated in
the pex10-2 single mutant (Fig. 7E). PEX7 levels generally
mirrored PEX5 levels: in mutants with elevated PEX5,
PEX7 levels were elevated as well (Figs. 5B and 7, C and
E). This elevation suggests that PEX7, like PEX5, may be
subject to ubiquitin-dependent degradation upon recy-
cling. However, even though PEX5 levels weremarkedly
reduced in the pex6-1 mutant, PEX7 levels were not re-
duced (Figs. 5B and 7, C and E), indicating that PEX7 is
not necessarily subject to excessive degradation in con-
ditions that trigger PEX5 degradation.

We also examined PEX10 levels in the double mu-
tants. The low levels of PEX10 in the pex12-1 and
pex10-2 single mutants were further reduced in the
pex12-1 pex10-2 double mutant (Fig. 7D), suggesting
that the residual pex10-2 proteinwas destabilizedwhen
PEX12 function was reduced. In contrast, combining
pex12-1 or pex10-2with pex2-1 did not appear to reduce
PEX10 levels below levels in the pex12-1 or pex10-2
single mutants (Fig. 7D).

Reducing PEX4 Function Ameliorates pex12-1 Defects

The three Arabidopsis RING peroxins are ubiquitin-
protein ligases with autoubiquitination capabilities
in vitro (Kaur et al., 2013). Because the Glu171Lys
mutation causing pex12-1 defects was in a relatively
nonconserved region of the protein lacking Lys residues
(Fig. 1D), we speculated that the ectopic Lys in the mu-
tant proteinmight be subject to ubiquitination, triggering
pex12-1 degradation and consequent peroxisome-related
defects. Because Pex4 assists Pex12 inmonoubiquitinating

Figure 5. Mutations in RING peroxins result in PEX10 destabilization
and elevated levels of the receptor peroxins PEX5 and PEX7. A, Protein
extracts of 4-d-old light-grown seedlings were processed for immuno-
blotting with antibodies recognizing PEX10 or HSC70 (to monitor
loading). The positions of molecular mass markers (in kDa) are indi-
cated on the right. Numbers below bands indicate PEX10/HSC70 ratios
normalized to the wild-type ratio. Light yellow banner indicates sam-
ples from 4-d-old light-grown seedlings. B, Protein extracts of 8-d-old
light-grown seedlings were processed for immunoblotting with anti-
bodies recognizing PEX5, PEX7, or HSC70 (to monitor loading).
Numbers below bands indicate PEX5/HSC70 or PEX7/HSC70 ratios
normalized to the wild-type ratio. Yellow banner indicates samples
from 8-d-old light-grown seedlings. C, Protein extracts of 4-d-old light-
grown seedlings were processed for immunoblotting with antibodies
recognizing GFP (to monitor PEX12-CFP), PEX10, or HSC70 (to monitor
loading). HSC70 reactivity from a previous probing remains visible in
the PEX12-CFP panel.
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Pex5 in S. cerevisiae (Platta et al., 2009), we hypothesized
that Arabidopsis PEX4might provide the ubiquitin to the
responsible ligase. To test this hypothesis, we used two
pex4 mutants, a missense pex4-1 allele with moderate
peroxisome-related defects (Zolman et al., 2005), and an

intronic pex4-2 allele with minor peroxisome-related de-
fects and reduced PEX4 protein levels (Kao and Bartel,
2015).

We found that introducing the pex4-1 or pex4-2 mu-
tants into pex12-1 allowed longer hypocotyl growth
without Suc (Fig. 8D), suggesting that pex12-1 fatty acid
b-oxidation efficiency improved when PEX4 function
was reduced. Although the pex12-1 pex4-1 double mu-
tant showed similar IBA responsiveness as pex12-1 and
pex4-1 (Fig. 8, A and D), the pex12-1 pex4-2 double
mutant displayed only slight IBA resistance in the dark,
similar to pex4-2 (Fig. 8D), suggesting that slightly re-
ducing PEX4 function improved IBA b-oxidation in
pex12-1. Similarly, pex4-2 improved PTS2 processing of
thiolase in dark-grown pex12-1 seedlings (Fig. 8E), and
both pex4-1 and pex4-2 markedly improved PTS2 pro-
cessing of both thiolase and PMDH in light-grown
pex12-1 seedlings (Fig. 8, B and C). Finally, we found
that both pex4 mutants dramatically increased PEX10
levels in pex12-1 (Fig. 8C). The partial rescue of pex12-1
physiological and PTS2-processing defects that ac-
companied impairment of a ubiquitin-conjugating en-
zyme implies that excessive ubiquitination contributes
to pex12-1 phenotypic defects.

DISCUSSION

Peroxisome-associated ubiquitination machinery is
involved in peroxisomal matrix protein receptor retro-
translocation and maintaining peroxisome functions in
yeast (Platta et al., 2014). In plants, however, the genetic
interactions among RING peroxins and how RING
peroxins influence cargo receptor translocation are in-
completely understood. We identified an Arabidopsis
pex12-1mutant in a forward-genetic screen for mutants
with elongated IBA-resistant hypocotyls in the dark
(Strader et al., 2011). Severe peroxisomal defects were
conferred by the pex12-1 mutation, including impaired
fatty acid and IBA b-oxidation (Fig. 2), inefficient ma-
trix protein import (Fig. 3), and reduced growth (Fig. 7,
A and B). Similarly, the previously described apm4
allele of pex12 displays reduced growth that is amelio-
rated by Suc, resistance to the IBA analog 2,4,-dichloro-
phenoxybutyric acid, and inefficient import of PTS1
and PTS2 proteins into peroxisomes (Mano et al., 2006).

We combined pex12-1 with mutations in the other
two RING peroxins, pex2-1 and pex10-2 (Burkhart et al.,
2014), to investigate the genetic interactions among
RING peroxins. We found that double mutants defec-
tive in any two RING peroxins displayed worsened
peroxisomal defects compared to the single mutants
(Figs. 6 and 7). This result is consistent with distinct
functions for each RING peroxin, which also is sug-
gested by previous findings that neither overexpressing
PEX2 in the pex10-2 mutant nor overexpressing PEX10
in the pex2-1 mutant ameliorates peroxisomal defects
(Burkhart et al., 2014). Interestingly, the pex12-1 pex2-1
double mutant displayed more severe defects than the
pex12-1 pex10-2 double mutant, even though the pex2-1

Figure 6. Combining pex12-1 with mutations in other RING peroxins
exacerbates peroxisomal defects. A, Seedlings were grown with the
indicated supplements under yellow-filtered light for 1 d followed by
4 d in the dark. Mean hypocotyl lengths and SD of the means are shown
(n $ 14). B, Protein extracts of 5-d-old dark-grown seedlings were
processed for immunoblotting with antibodies to thiolase (to monitor
PTS2 processing) andHSC70 (tomonitor loading). The dark gray banner
indicates samples from 5-d-old dark-grown seedlings. C, Seedlings
were grown with the indicated supplements under yellow-filtered light
for 8 d. Mean root lengths and SD of the means are shown (n $ 16). D,
Protein extracts of 8-d-old light-grown seedlings were processed for
immunoblotting with antibodies to thiolase and PMDH (to monitor
PTS2 processing) and HSC70 (to monitor loading).
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single mutant is less impaired than the pex10-2 single
mutant. If as in other systems, Arabidopsis PEX12
monoubiquitinates PEX5 for recycling and PEX2 poly-
ubiquitinates PEX5 for degradation, then the synergis-
tic pex12-1 pex2-1 doublemutant phenotypes imply that
a defect in PEX5 recycling is particularly deleterious in
the absence of a mechanism for PEX5 degradation and
vice versa. This synergy also implies that despite very
low PEX10 levels (Fig. 7D), more RING peroxin com-
plex function remains in pex12-1 pex10-2 than in the
pex12-1 pex2-1 mutant. PEX10 function in PEX5 ubiq-
uitination is controversial; S. cerevisiae Pex10 enhances
activities of the other two RING peroxins (El Magraoui
et al., 2012), whereas mammalian PEX10 displays
ubiquitin-protein ligase activity and is needed for PEX5

ubiquitination (Okumoto et al., 2014). Our results sug-
gest that as in S. cerevisiae, Arabidopsis PEX10 assists in
but is not the predominant ubiquitin-protein ligase in-
volved in PEX5 ubiquitination.

Intriguingly, pex12-1 and apm4 (Mano et al., 2006)
carry Glu-to-Lys or Arg-to-Lys substitutions, respec-
tively, in adjacent residues in a relatively nonconserved
region of PEX12 that is N-terminal to the first predicted
transmembrane domain (Fig. 1D). The residues mu-
tated in pex12-1 and apm4 are in a 49-residue stretch
lacking Lys residues (Fig. 1D). The ectopic Lys residues
in the pex12-1 and apm4 proteins would be on the cy-
tosolic surface of the peroxisome along with the cata-
lytic RING domains (Kaur et al., 2013). We hypothesize
that pex12-1 (and apm4) is a self-destructive protein.

Figure 7. Mutations in two RING
peroxin genes result in severe growth
and molecular defects. A, RING
peroxin double mutants showed
synergistic growth defects as 2-week-
old plants. Seedlings were grown on
plant nutrient media with 0.5% Suc.
Representative 2-week-old individ-
uals were selected for imaging. Scale
bar = 1 cm. B, RING peroxin double
mutants showed synergistic growth
defects as 6-week-old plants. Two-
week-old plants were moved to soil
and grown for additional 4 weeks.
Plants were grown in constant light
and watered twice a week. Repre-
sentative 6-week-old individuals
were selected for imaging. Scale
bar = 5 cm. C to F, Single RING per-
oxin mutants had elevated PEX5
levels, especially in pex12-1 and
pex2-1, and double mutants showed
higher PEX5 levels compared to sin-
gle mutants. Thiolase and PMDH
PTS2-processing defects were wors-
ened in RINGperoxin doublemutants.
Protein extracts of 4-d-old light-grown
seedlings were processed for immuno-
blotting (C and D). The pex2-1 35S:
PEX10 (2)wasusedas anoverexpressing
PEX10 control (Burkhart et al., 2014).
Numbers below bands indicate PEX5/
HSC70, PEX7/HSC70, or PEX10/HSC70
ratios normalized to the wild-type ratio.
Protein extracts of 5-d-old dark-grown
seedlings were processed for immuno-
blotting (E). Protein extracts of 8-d-old
light-grownseedlingswereprocessed for
immunoblotting (F).
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Ubiquitin provided by PEX4 might allow pex12-1
autoubiquitination on the ectopic Lys residue, which
might prompt pex12-1 degradation, destabilization of
the RING complex, and degradation of other RING
peroxins (Fig. 9). An Arabidopsis PEX12 antibody
would be useful for testing this hypothesis directly.
Because we lack such an antibody, we explored the
downstream predictions of this hypothesis using a
PEX10 antibody. Indeed, we found reduced PEX10
levels in all three single RING peroxin mutants (Figs.
5A and 7D), indicating that disrupting PEX12 or PEX2
can lead to PEX10 degradation, like in yeast and
mammals (Hazra et al., 2002; Agne et al., 2003;
Okumoto et al., 2014). We found even lower PEX10
levels in the pex12-1 pex10-2 double mutant, further
validating that functional PEX12 promotes PEX10 ac-
cumulation. Unlike the low PEX10 levels observed in
RING peroxin mutants, PEX10 levels were increased
in pex4 mutants (Figs. 5A, 7D, and 8C), and pex4 mu-
tants fully restored PEX10 levels in the pex12-1mutant
(Fig. 8C). This PEX4-dependent RING peroxin degra-
dation suggests the presence of a quality-control sys-
tem on the peroxisomal membrane to recognize and
eliminate dysfunctional peroxisomal components. The
restored PEX10 levels in pex12-1 pex4 might be an in-
direct consequence of stabilizing pex12-1 protein,
which promotes PEX10 stability. Alternatively or in
addition, PEX4 could play a direct role in destabilizing
other RING peroxin complex members when one
member is absent or dysfunctional. The development
of specific antibodies to PEX12 and PEX2 will be nec-
essary to distinguish among these possibilities and to
test whether the similar apm4 mutation also encodes a
self-destructive ligase.

Ubiquitin-protein ligases might be prone to self-
destructive alleles. Intriguingly, the pex2-1 mutation,
like pex12-1 and apm4, results in an ectopic Lys residue
(Arg161Lys) just N-terminal to the first predicted
transmembrane domain (Burkhart et al., 2014). It would
be interesting to learn whether PEX2 levels are im-
pacted by this mutation and whether reducing PEX4
activity also restores peroxisome function to the pex2-1
mutant. This similarity of ectopic Lys residues of
pex12-1 and pex2-1 raises another possibility to explain
the synergistic defects observed in the pex12-1 pex2-1
double mutant; perhaps the pex12-1 and pex2-1 pro-
teins effectively compete with PEX5 as ubiquitination
substrates, limiting the amount of PEX4-provided
ubiquitin available to modify PEX5.

The topology and composition of the peroxisome-
associated ubiquitination machinery resembles the
ER-associated degradation machinery (Gabaldón et al.,
2006; Schlüter et al., 2006; Schliebs et al., 2010). Unlike
ER-associated degradation, which degrades a variety of
misfolded ER proteins, PEX5was until recently the only
validated substrate of the peroxisome-associated ubiq-
uitination machinery. However, PEX2 can target mam-
malian peroxisomes for autophagy by ubiquitinating not
only PEX5, but also a peroxisomal membrane protein
(Sargent et al., 2016). Intriguingly, the Arabidopsis pex2-1

Figure 8. The pex12-1 defects are suppressed by impairing the PEX4
ubiquitin-conjugating enzyme. A, Seedlings were grown with the
indicated supplements under yellow-filtered light for 8 d. Mean root
lengths and SD of the means are shown (n$ 22). B, The pex4mutations
improve thiolase and PMDH PTS2 processing in light-grown pex12-1
seedlings. Protein extracts of 8-d-old light-grown seedlings were
processed for immunoblotting. C, The pex4 mutations restore PEX10
levels in pex12-1. Protein extracts of 4-d-old light-grown seedlings
were processed for immunoblotting. D, The pex4 mutations improve
pex12-1 growth on medium lacking Suc. Seedlings were grown under
yellow-filtered light for 1 d followed by 4 d in the dark. Mean hypo-
cotyl lengths and SD of the means are shown (n $ 22). E, pex4-2 im-
proves thiolase PTS2 processing in dark-grown pex12-1 seedlings.
Protein extracts of 5-d-old dark-grown seedlings were processed for
immunoblotting.
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and pex10-2mutants were identified in a forward genetic
screen selecting for delayed degradation of the peroxi-
somalmatrix protein isocitrate lyase (Burkhart et al., 2013,
2014). Moreover, ubiquitinated isocitrate lyase and sev-
eral other peroxisomal matrix proteins were found in a
proteomic study (Kim et al., 2013), consistent with the
possibility that the peroxisome-associated ubiquitination
machinery might also retrotranslocate peroxisomal ma-
trix substrates. The single and double RING peroxin
mutants described here could be useful in learning
whether any of the peroxisome-associated ubiquitin-
protein ligases ubiquitinate isocitrate lyase or other per-
oxisomal proteins.
S. cerevisiae Pex12 is involved in monoubiquitinating

Pex5 for recycling (Platta et al., 2009). PEX5 membrane
association is heightened in the apm4 allele of pex12
(Mano et al., 2006), similarly implicating Arabidopsis
PEX12 in PEX5 retrotranslocation. We found elevated
PEX5 levels in the Arabidopsis pex12-1 mutant (Figs. 5B,
7C, and 7E), indicating that PEX12 also contributes to
PEX5 degradation. This contribution could be direct or
could be an indirect consequence of a PEX12 role in
stabilizing PEX10 (Figs. 5A, 7D, and 8C) or PEX2, as
we also detected elevated PEX5 levels in pex10-2 and
pex2-1 mutants (Figs. 5B and 7C). Alternatively, the

polyubiquitination that directs PEX5 to the proteasome
could require initial monoubiquitination provided by
PEX12.

Although a recycling-defective GFP-PEX7 fusion
promotes degradation of native PEX7 in Arabidopsis
(Cui et al., 2013), little else is known about PEX7 deg-
radation in plants. We found that mutants with ele-
vated PEX5 levels (pex12-1, pex2-1, pex10-2, and pex4-1)
also displayed increased PEX7 levels (Figs. 5B and 7, C
and E), suggesting that impairing PEX5 recycling can
slow PEX7 degradation. Mammalian PEX7 recycling
requires PEX5 and the ATP-dependent PEX5 recycling
machinery (Rodrigues et al., 2015), and Pex7 degrada-
tion is promoted by Pex5 recycling in P. pastoris
(Hagstrom et al., 2014). Interestingly, PEX7 levels were
not decreased in the pex6-1 mutant (Figs. 5B and 7, C
and E), which displays decreased PEX5 levels that can
be partially restored by inhibiting the proteasome (Kao
and Bartel, 2015) or by reducing PEX2 (Burkhart et al.,
2014) or PEX4 (Ratzel et al., 2011) function. Although
the elevated PEX7 levels in RING peroxin mutants hint
at a role for ubiquitination in PEX7 degradation, the
mismatch between PEX5 and PEX7 levels in the pex6-1
mutant (Figs. 5B and 7, C and E) suggests that PEX7,
unlike PEX5, is not subject to ubiquitin-dependent
degradation when PEX5 retrotranslocation is stalled
in pex6-1. It is possible that the topology of PEX5 and
PEX7 during matrix protein docking and translocation
explains this difference; the N-terminal domain of
mammalian PEX5 remains exposed to the cytosol
where it can be subject to ubiquitination (Gouveia et al.,
2003) but at least part of mammalian PEX7 is protease
protected in the peroxisomal matrix (Rodrigues et al.,
2014).

Interestingly, we detected slightly different PEX5 and
PEX7 accumulation in various mutants depending on
the growth conditions. In 4-d-old light-grown seed-
lings, pex2-1 accumulated more PEX5 than pex12-1 (Fig.
7C) whereas in 5-d-old dark-grown seedlings, pex12-1
had more PEX5 than pex2-1 (Fig. 7E). Perhaps PEX2-
assisted PEX5 degradation is more prevalent in light-
than in dark-grown plants. Light-dependent differences
in PEX5 levels are also described for pex7mutants, which
show reducedPEX5 levels that aremore apparent in light-
grown seedlings (Ramón and Bartel, 2010). Our findings
do not explain the low PEX5 levels in pex7 mutants
(Ramón and Bartel, 2010) because low PEX5 levels in
pex7-1 are not restored in the pex2-1 pex7-1 double mutant
(Burkhart et al., 2014). Hence, the lowPEX5 levels in pex7
mutants may reflect impacts of light on cytosolic PEX5
rather than the direct involvement of RING peroxin-
mediated ubiquitination of PEX5 in the peroxisomal
membrane.

Defective peroxisomes or b-oxidation underlie human
peroxisome biogenesis disorders. Affected patients dis-
play developmental delays and neurological defects,
and there is no cure (Braverman et al., 2016). PEX12,
PEX2, and PEX10mutations are found in approximately
4% to 9%, 15% to 4%, and 3% to 5% of peroxisome bio-
genesis disorder patients, respectively (Steinberg et al.,

Figure 9. A working model of peroxisome-associated ubiquitination
machinery in wild type (left) and the pex12-1 mutant (right). Peroxins
are numbered ovals. In wild type, the PEX5-PEX7-cargo complex docks
at the peroxisome and delivers cargo into the matrix. The PEX4 ubiq-
uitin-conjugating enzyme is suggested to work with the PEX2, PEX10,
and PEX12 RING peroxins to ubiquitinate PEX5, which allows PEX5
(and PEX7) retrotranslocation by the PEX1-PEX6 ATPase complex for
further rounds of cargo recruitment or proteasomal degradation. Al-
though ubiquitination of PEX5 has not been directly shown in Arabi-
dopsis, it is demonstrated in yeast (for review, see Platta et al., 2014) and
is inferred from the low PEX5 levels in the pex6-1mutant (Zolman and
Bartel, 2004) that can be restored by treatment with a proteasome in-
hibitor (Kao and Bartel, 2015) and in pex6-1 pex4-1 (Ratzel et al., 2011)
and pex6-1 pex2-1 (Burkhart et al., 2014) double mutants. The elevated
PEX5 levels in pex2, pex10, and pex12mutants (this work) also support
the hypothesis that PEX5 is a substrate of these ubiquitin-protein ligases.
Decreasing PEX4 function partially ameliorates pex12-1 defects, con-
sistent with the possibility that the pex12-1 ectopic Lys substitution (K) is
ubiquitinated, leading to pex12-1 degradation, RING peroxin complex
destabilization, peroxisomal retention of receptors, and severe matrix
protein import defects.
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1993; Ebberink et al., 2011). Unlike Arabidopsis PEX12
(Kaur et al., 2013),mammalian PEX12 does not appear to
have ubiquitin ligase activity but promotes PEX10 ac-
tivity (Okumoto et al., 2014). However, the elevated
PEX5 levels seen in our Arabidopsis pex12-1, pex10-2,
and pex2-1 mutants (Figs. 5B and 7, C and E) also are
observed in fibroblasts frompatients with RING peroxin
mutations, including complementation group 3 (CG3;
pex12), CG7 (pex10), and CG10 (pex2; Dodt and Gould,
1996). Isolation of genetic or chemical suppressors of the
Arabidopsis RING peroxin mutants described here
might be informative for further understanding of the
roles of these peroxins in plants as well as the etiology of
these disorders.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild type and mutants were in the
Columbia-0 accession. The pex2-1 (Burkhart et al., 2014), pex4-1 (Zolman et al.,
2005), pex4-2 (Kao and Bartel, 2015), pex6-1 (Zolman and Bartel, 2004), pex10-2
(Burkhart et al., 2014), pex2-1 pex10-2 (Burkhart et al., 2014), and wild type-
carrying GFP-PTS1 (Zolman and Bartel, 2004) were as previously described.
Double mutants including pex12-1 pex2-1, pex12-1 pex4-1, pex12-1 pex4-2,
pex12-1 pex10-2, and pex12-1 GFP-PTS1 were selected from progeny of the
corresponding crosses by PCR-based genotyping. Genotyping markers are
listed in Supplemental Table S1. We used the dCAPS Web site (http://helix.
wustl.edu/dcaps/dcaps.html) to design a genotyping marker for pex12-1
(Neff et al., 2002). pex12-1was back crossed to wild type at least once before
phenotypic assays.

The pPZP221-PEX12-CFP plasmid (Fan et al., 2005) was transformed into
Agrobacterium tumefaciens strain GV3101 (pMP90; Koncz et al., 1992), whichwas
used to transform pex12-1 plants by floral dipping (Clough and Bent, 1998). T1
seeds were selected on plant nutrient media supplemented with 0.5% Suc and
90 mg/mL gentamycin. Gentamycin-resistant T1 plants were moved to soil and
genotyped by PCR for the presence of the PEX12 cDNA and the genomic
pex12-1 mutation (Supplemental Table S1). Homozygous lines were identified
in the T3 generation and characterized.

For physiological assays and immunoblotting, seeds were surface-sterilized
using 3%NaOCl and 0.1% Triton X-100, thenwashed, suspended in 0.1% (w/v)
agar (Cat. no. 90000-762; VWR), and stratified at 4°C in the dark for 1 d to 3 d.
Seeds were then plated on plant nutrient medium (Haughn and Somerville,
1986) solidified with 0.6% (w/v) agar with indicated concentrations of Suc and
with or without IBA. The 100 mM IBA stock solution was dissolved in ethanol.
Equal volumes of ethanol were added to mock plates for normalizing ethanol
effects, although we did not observe growth effects at the tested ethanol con-
centrations (0.01–0.03% [v/v]). For physiological assays involving IBA, light
was filtered through yellow long-pass filters to reduce photochemical break-
down of auxin (Stasinopoulos and Hangarter, 1990). Plates for dark-grown
hypocotyl assays and immunoblotting experiments were incubated at 22°C in
constant yellow light for 1 d to promote germination and then wrapped in two
layers of aluminum foil for an additional 4 d or 5 d. Plates for light-grown root
assays and indicated immunoblotting experiments were incubated at 22°C in
constant yellow light for 7 or 8 d. Plates for immunoblotting experiments using
the PEX10 antibody were incubated for only 4 d because the PEX10 antibody
did not reliably detect PEX10 protein in older seedlings. For light-grown lateral
root assays, seeds were sown on 0.5% (w/v) Suc-supplemented plant nutrient
media and incubated at 22°C for 5 d, after which seedlings were transferred to
plateswith orwithout IBA for additional 4 d in constant yellow light. Physiological
assays and immunoblotting experiments were repeated at least twice with similar
results; representative results are shown. For propagation, 2-week-old plants were
moved to soil (Sungro Metro-Mix 366, Cat. no. TX366; BWI) and grown at 22°C in
constant white light for 12 to 16 weeks with watering twice a week.

Recombinant Mapping and Whole-Genome Sequencing

Wild-type seeds were mutagenized with 0.24% (v/v) EMS (Normanly et al.,
1997). The progeny of the mutagenized seeds were screened for elongated

IBA-resistant dark-grown hypocotyls as described in Strader et al. (2011).
HR390 (pex12-1) was outcrossed to Landsberg erecta for recombination map-
ping. A mapping population was selected that had IBA-resistant root elonga-
tion coupled with PMDH PTS2-processing defects. Recombination mapping
markers are listed in Supplemental Table S1.

Once-back-crossed HR390 (pex12-1) was used for whole-genome sequenc-
ing. Approximately 2000 F3 seeds pooled from two backcrossed lines were
plated on 0.5% (w/v) Suc-supplemented plant nutrient media covered with
sterile filter paper. Genomic DNA was purified from 5-d-old light-grown
seedlings as described in Thole et al. (2014) and sequenced at the Washington
University (St. Louis) Genome Technology Access Center using HiSeq 2000
(Illumina). Sequencing data processed for homozygous EMS-consistent lesions
in introns and coding sequences as described in Farmer et al. (2013) are listed in
Supplemental Table S2.

Immunoblotting

Protein extracts from seedlings grown as described abovewere processed for
immunoblotting as described in Kao and Bartel (2015). Membranes were in-
cubated overnight with rabbit primary antibodies against PEX5 (1:100, Zolman
and Bartel, 2004); PEX7 (1:800, Ramón and Bartel, 2010); PEX10 (1:500, Burkhart
et al., 2014); PMDH2 (1:2000–5000, Pracharoenwattana et al., 2007); or thiolase
(1:5000–10,000, Lingard et al., 2009) followed by horseradish peroxidase-linked
goat anti-rabbit secondary antibody (1:5000, Cat. no. sc-2030; Santa Cruz Bio-
technology). Mouse primary antibodies against GFP (1:100, Cat. no. sc-9996;
Santa Cruz Biotechnology) and HSC70 (1:100,000, Cat. no. HPA-817; Stressgen)
were paired with horseradish peroxidase-linked goat anti-mouse secondary
antibody (1:5000, Cat. no. sc-2031; Santa Cruz Biotechnology). Antibodies were
visualized by Western Bright ECL substrate (Cat. no. K-12045; Advansta) and
exposed on autoradiography film (Cat. no. 30-810C; Genesee). Representative
films were scanned, and band intensity was analyzed using ImageJ (National
Institutes of Health).

Confocal Microscopy

Cotyledons of 4-d-old light-grown seedlings of wild type and pex12-1 car-
rying GFP-PTS1 were mounted in water under a cover glass (Cat. no. 12-544-E;
Thermo Fisher Scientific). GFP fluorescence in epidermal cells was detected
using an LSM710 laser scanning confocal microscope (Carl Zeiss) equipped
with a spectral detector (META). Tissues were imaged using a 403 oil immersion
objective. GFP was excited with a 488 nm argon laser, and GFP emission was
collected between 493 nm and 530 nm.

Accession Numbers

Sequence information for PEX2 (At1g79810), PEX4 (At5g25760), PEX6
(At1g03000), PEX10 (At2g26350), and PEX12 (At3g04460) can be found in the
Arabidopsis Information Resource or GenBank.

Supplemental Material

The following supplemental materials are available.

Supplemental Table S1. Genotyping and recombinant mapping markers
used in this study.

Supplemental Table S2. Genes from whole-genome sequencing of pex12-1
with homozygous mutations consistent with EMS mutagenesis in in-
trons or in exons resulting in nonsynonymous amino acid changes.
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Supplemental Table S1. Genotyping and recombinant mapping markers used in this study. 
 

Genotyping 
markers 

Primer name Primer sequence 
Restriction 

enzyme 
Product size (bp) 
Wild 
type 

Mutant or 
transgene 

pex2-1 
PEX2-18 TGCGTTGCCTCCGTTGGTGGTCAG 

DpnII 65 93 
PEX2-DpnII CATACAGACCTGCTCAGAATCACCCGAT 

pex4-1 
PEX4-A TGCATCTCTTTTTATAACAACCTTCTCC 

MnlI 
201, 
91 

292 
PEX4-B GAACTAGAACCGAACGGGAACCAAACC 

pex4-2 
PEX4-16 ATTCGGGTTGCTTCAGTTCG 

RsaI 139 
108, 
31 PEX4-dCAPS-RsaI CTTAGAAGATTCCCTTTTTTCCATAGCAAG 

pex6-1 
F10O3-7 CAGACTTTACTGGCAAAAGCTGTGGCG 

XhoI 
270, 
115 

385 
F10O3-T GCTTGCACCTATAATAAACAGATCCTGGG 

pex10-2 
PEX10-11 CGTTGAAGTTGAATCGGAGGTAGAC 

PstI 92 120 
PEX10-PstI AATATAGTTTTGGTATTGTTCCTGCA 

pex12-1 
PEX12-dCAPS-F AGCTTGGTTACTGCCTTTTT 

HindIII 201 
171, 
30 PEX12-dCAPS-HindIII-R AACAGAAAGCTCTTCATTCCCACTAAGCT 

35S:PEX12-
CFP 

PEX12-CFP-F TGTTGTTTCAGGTGGGAGGTG 
- 284 

284, 
186 PEX12-CFP-R GAATAAGCATCAGAGCAGCAAAGA 

35S:GFP-
PTS1 

35S-F GGATGACGCACAATCCCACTATCCTTCG 
- - 321 

GFP-1 TTGAAAAGCATTGAACACCATAAGAGAAAGT 

Mapping 
markers    Col-0 Ler 

nga172 (near 
At3g03340) 

nga6172-1 TACATCCGAATGCCATTGTTCCTATCATTG 
- 170 150 

nga6172-2 AGCACATCAAGCTGCTTCCTTATAGCGTCC 

F22F7 (near 
At3g05520) 

F22F7-3 GTGATGCATGAACCTGATCTTAAATCCTAC 
EcoRV 

320, 
130 

450 
F22F7-4 CTGATATCTACATGCAACACTCTTATGCTG 

SEC304 (near 
At3g06654) 

SEC304-1 CAAAAATTCCAAGAAGAGTACAAGAGGAC 
RsaI 156 128 

SEC304-RsaI TAGAAAAAGAACAGTAGAGTAATTTGAGTA 

Col-0, Columbia; Ler, Landsberg erecta 

 


