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Tail-anchored PEX26 targets peroxisomes via
a PEX19-dependent and TRC40-independent

class | pathway
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'Graduate School of Systems Life Sciences and ?Department of Biclogy, Faculty of Sciences, Kyushu University, Higashiku, Fukuoka 812-8581, Japan

ail-anchored (TA) proteins are anchored into cellular

membranes by a single transmembrane domain

(TMD) close to the C terminus. Although the target-
ing of TA proteins to peroxisomes is dependent on PEX19,
the mechanistic details of PEX19-dependent targeting and
the signal that directs TA proteins to peroxisomes have
remained elusive, particularly in mammals. The present
study shows that PEX19 formed a complex with the per-
oxisomal TA protein PEX26 in the cytosol and translo-
cated it directly to peroxisomes by interacting with the

Introduction

Tail-anchored (TA) proteins are anchored into the lipid bilayer
by a single transmembrane domain (TMD) close to the C termi-
nus and display their N-terminal domain to the cytosol (Kutay
et al., 1993). These TA proteins are found in virtually all cellu-
lar membranes and play essential roles in various processes that
range from protein translocation to vesicular trafficking, apop-
tosis, and many others. Therefore, their correct targeting and
localization are of basic cellular importance across all eukary-
otes (Borgese et al., 2007). Recent studies have increased our
knowledge of the machineries and mechanisms by which TA
proteins are targeted to and inserted into the ER membrane. Of
several proposed pathways, the GET pathway that involves a
cytosolic ATPase (mammalian TRC40 or yeast Get3) is now
widely accepted as the dominant targeting pathway (Borgese
and Fasana, 2011; Hegde and Keenan, 2011).

In contrast, the pathway and molecular mechanism for the
delivery of TA proteins to peroxisomes remain elusive, mainly
because two pathways are proposed for the import of peroxisomal

Correspondence to Yukio Fujiki: yfujiki@kyudai.jp

Abbreviations used in this paper: AOx, acyl-CoA oxidase; Cyt bs, cytochrome
bs; Fis1, fission1; MOM, mitochondrial outer membrane; mPTS, peroxisomal
membrane-argeting signal; PMP, peroxisomal membrane protein; PTS1, peroxi-
somal targeting signal type 1; RRL, rabbit reticulocyte lysate; TA, tail anchored;
TMD, transmembrane domain; VAMP2, vesicular-associated protein 2; WT,
wild type.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 200 No. 5 651-666
www.jcb.org/cgi/doi/10.1083/jcb.201211077

peroxisomal membrane protein PEX3. Unlike in yeast, the
adenosine triphosphatase TRC40, which delivers TA pro-
teins to the endoplasmic reticulum, was dispensable for
the peroxisomal targeting of PEX26. Moreover, the basic
amino acids within the luminal domain of PEX26 were es-
sential for binding to PEX19 and thereby for peroxisomal
targeting. Finally, our results suggest that a TMD that es-
capes capture by TRC40 and is followed by a highly basic
luminal domain directs TA proteins to peroxisomes via the
PEX19-dependent route.

membrane proteins (PMPs): a “direct import” pathway and an
“ER to peroxisome trafficking” pathway, both of which are medi-
ated by PEX3, PEX19, and in mammals, PEX16 (Fujiki et al.,
2006; Ma et al., 2011; Nuttall et al., 2011; Rucktischel et al.,
2011). In the former pathway, PMPs are imported directly from
the cytosol to peroxisomes. PEX19 functions as a chaperone and
soluble receptor for PMPs (Jones et al., 2004; Matsuzono et al.,
2006). PEX3 provides a docking site for PEX19, probably PMP-
loaded PEX19, at the membrane (Fang et al., 2004). PEX16 acts
as a membrane receptor for the soluble PEX3-PEX19 complex
during PEX3 import (Matsuzaki and Fujiki, 2008). In contrast, in
the latter pathway, PMPs are inserted into the ER and then sorted
to peroxisomes. PEX3 and PEX19 mediate the sorting of PMPs
from the ER to peroxisomes (Hoepfner et al., 2005; Lam et al.,
2010; van der Zand et al., 2010). PEX16 was reported to recruit
PEX3 to the ER (Kim et al., 2006).

Earlier studies on two peroxisomal TA proteins, yeast
Pex15p and plant peroxisomal ascorbate peroxidase, suggested
that they traffic through the ER en route to peroxisomes
(Elgersma et al., 1997; Mullen et al., 1999; Schuldiner et al., 2008).
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Recently, Get3 was shown to interact physically with Pex15p
and, together with other components of the GET (guided entry
of TA proteins) pathway, to mediate its insertion into the ER
(Schuldiner et al., 2008; Jonikas et al., 2009; Costanzo et al.,
2010). Moreover, the yeast Pex19p-dependent budding of Pex15p-
containing vesicles from the ER was reconstituted in vitro (Lam
et al., 2010). In contrast, studies using mammalian PEX26, a
TA protein functionally homologous to Pex15p, showed that
the import of PEX26 requires PEX 19 (Halbach et al., 2006) and
that cell-free synthesized PEX26 is transported to isolated
peroxisomes in a PEX19-stimulated manner (Matsuzono and
Fujiki, 2006), implying PEX19-dependent direct import. Indeed,
two PEX19 binding sites, one overlapping with the TMD and
the other in the hydrophilic luminal region (hereafter referred
to as C segment), were identified in PEX26 as well as Pex15p
(Halbach et al., 2006); however, the precise route and molecular
mechanisms underlying the import of peroxisomal TA proteins
in mammalian cells remain unclear, including the function of
PEX19, the requirement of a membrane component, and the in-
volvement of TRC40. Furthermore, the signal that directs TA pro-
teins to mammalian peroxisomes remains to be characterized.

The present study analyzed the import of PEX26 using a
semi-intact cell system and showed that PEX19 forms a com-
plex with PEX26 in the cytosol and delivers it to peroxisomes
in a manner dependent on the PEX3-PEX19 interaction. Nei-
ther the targeting nor the insertion of PEX26 requires ATP, in-
dicating TRC40-independent import. Our results indicate that
PEX26 follows the PEX19- and PEX3-mediated direct import
pathway. Moreover, the data demonstrate that basic residues
within the C segment of TA proteins are important but not suf-
ficient for peroxisomal targeting. Peroxisomal TA proteins
seem to require both a relatively hydrophilic TMD and a highly
basic C segment to escape capture by TRC40 and ensure bind-
ing to PEX19. Based on these and earlier findings, a model for
the selective targeting of TA proteins to the appropriate organ-
elle membrane in mammalian cells is suggested.

Results

PEX19 is required for peroxisomal
targeting of PEX26

PEX19, a predominantly cytosolic protein, was shown to be in-
volved in the import of the mammalian peroxisomal TA protein
PEX26 (Halbach et al., 2006). This result was confirmed by
siRNA-mediated knockdown of PEX19. Transfection of PEX19-
specific siRNAs into HeLa cells resulted in a prominent de-
crease in the level of PEX19, whereas the level of PEX14, a
PMP, was not affected (Fig. S1 A). In control siRNA-treated
cells, newly synthesized EGFP-fused PEX26 (EGFP-PEX26)
was colocalized with proteins harboring peroxisomal targeting
signal type 1 (PTS1), indicating the translocation of EGFP-
PEX26 to peroxisomes (Fig. S1 B, a—c). In contrast, although
the peroxisomal targeting of EGFP-PEX26 was still observed
to some extent, EGFP-PEX26 was mistargeted to mitochon-
dria in PEX19 siRNA-treated cells, as demonstrated by colo-
calization with cytochrome ¢, a mitochondrial marker protein
(Fig. S1 B, d—e). The frequency of cells showing mislocalization
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of EGFP-PEX26 was >60% in PEXI19 siRNA-treated cells,
whereas that in control siRNA-treated cells was ~30% (Fig. S1 B,
graph). Mislocalization observed in control siRNA-treated cells
was probably caused by overexpression; overexpression of
EGFP-PEX26 readily resulted in its targeting to mitochondria
even in untreated cells (unpublished data). These observations
are consistent with the previous study (Halbach et al., 2006) and
demonstrate that PEX/9 knockdown impairs the peroxisomal
import of EGFP-PEX26.

PEX19 forms soluble complexes with
PEX26 in the cytosol and maintains it in

an import-competent state

As a step toward delineating the precise role of PEX19 in the
biogenesis of PEX26, FLAG-tagged PEX26 (FLAG-PEX26)
was expressed with or without HA-tagged PEX19 (HA-PEX19)
in CHO-K1 cells, and its subcellular distribution was veri-
fied by cell fractionation. FLAG-PEX26 was detected exclu-
sively in the organelle fraction when expressed alone, whereas
it was found both in the cytosolic and in the organelle frac-
tions when coexpressed with HA-PEX19 (Fig. 1 A, lanes 1-6).
The steady-state level of FLAG-PEX26 was significantly higher
in HA-PEX19-expressing cells than in mock-transfected cells,
implying that FLAG-PEX26 was stabilized, most likely in
the cytosol, by HA-PEX19. A further coimmunoprecipitation
assay revealed that HA-PEX19 indeed formed a soluble com-
plex with FLAG-PEX26 in the cytosol (Fig. 1 A, lanes 7-9).
As suggested in a previous study (Halbach et al., 2006), the
interaction of PEX19 with PEX26 is dependent on the per-
oxisomal membrane-targeting signal (mPTS); HA-PEX19
failed to interact with FLAG-PEX26AC, a variant lacking
the TMD and the C segment (Fig. S2). These findings are con-
sistent with previous studies suggesting that PEX19 func-
tions as a chaperone and/or soluble receptor for nascent PMPs
(Sacksteder et al., 2000; Jones et al., 2004; Rottensteiner et al.,
2004; Shibata et al., 2004; Halbach et al., 2005; Matsuzono and
Fujiki, 2006).

To examine whether the PEX19-PEX26 complex in the
cytosol is an import-competent intermediate, import assays were
performed in vitro using semi-intact cells. HeLa cells were
treated with digitonin to selectively permeabilize the plasma
membrane and subsequently incubated with the cytosolic frac-
tion obtained from CHO-KI1 cells coexpressing HA-PEX26
and FLAG-PEX19. Immunofluorescence microscopy analysis
showed that HA-PEX26 colocalized with catalase, a peroxi-
somal matrix protein, indicating that HA-PEX26 was translo-
cated to peroxisomes (Fig. 1 B, a and b). When semi-intact cells
were incubated as a control with the cytosolic fraction of CHO-
K1 cells expressing HA-PEX26 alone, peroxisomal targeting
of HA-PEX?26 was not observed (Fig. 1 B, ¢ and d), which is
consistent with the fact that PEX26 was recovered exclusively
in the organelle fraction when expressed alone (Fig. 1 A). To
confirm that PEX26 complexed with PEX19 is translocated to
peroxisomes, in vitro import assays were performed using iso-
lated PEX19-PEX26 complexes. FLAG-PEX19-HA-PEX26
complexes formed in the cytosol were immunoaffinity purified
with the anti-FLAG antibody conjugated to agarose beads
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Figure 1. PEX19 forms a soluble complex with PEX26 in the cytosol and maintains its import-competent state. (A, leff CHOK1 cells transiently trans-
fected with FLAG-PEX26 and either empty vector (lanes 1-3) or HA-PEX19 (lanes 4-6) were fractionated into postnuclear supernatant (T, total), cytosolic
(S, supernatant), and organelle (P, pellet) fractions. Equal aliquots of the respective fractions were analyzed by SDS-PAGE and immunoblotting using the
indicated antibodies. Lactate dehydrogenase (LDH) and PEX14, a PMP, are markers for supernatant and pellet fractions, respectively. (right) Supernatant
fraction obtained from CHOK1 cells coexpressing FLAG-PEX26 and HA-PEX19 was subjected to immunoprecipitation with the anti-HA antibody (lane 8)
or preimmune serum (lane 9). Inmunoprecipitates and input (10%; lane 7) were analyzed by immunoblotting using the indicated antibodies. (B) Hela cells
were semipermeabilized and incubated at 26°C for 1 h with the cytosolic fraction of CHOK1 cells expressing either HA-PEX26 plus FLAG-PEX19 (a and b)
or HA-PEX26 alone (c and d). Cells were immunostained with antibodies against HA and catalase, a peroxisomal matrix protein. (C) Cytosolic fractions
of CHOK1 cells coexpressing HA-PEX26 and either FLAG-PEX19 (lanes 1 and 3) or Myc-PEX19 (lanes 2 and 4) were subjected to immunoprecipitation
with anti-FLAG agarose beads. Immunoprecipitates were eluted with FLAG peptides and analyzed by immunoblotting using the indicated antibodies. Input
(10%) was loaded in lanes 1 and 2. (D) In vitro import assay was performed as in B using the eluted fraction shown in C (lane 3) containing FLAG-PEX19-
HA-PEX26 complexes (a and b). Another eluted fraction shown in C (lane 4) was used as a control (c and d). Cells were immunostained as in B. (E) Cells
shown in D (top) were treated with 0.1 M Na,CO; and separated into soluble (supernatant) and membrane (pellet) fractions. Equal aliquots of respective
fractions were analyzed by immunoblotting with the indicated antibodies. PEX13, a PMP; acyl-CoA oxidase (AOx), a peroxisomal matrix enzyme. Of the
three components of AOx (A, B, and C), only the B chain is shown. Solid and open arrowheads in A and C indicate unmodified and farnesylated epitope-
tagged PEX19, respectively. [P, immunoprecipitation. Bars, 10 pm.

(anti-FLAG agarose beads; Fig. 1 C) and subjected to the import
assay. HA-PEX26 was detected in peroxisomes, demonstrat-

ing that HA-PEX?26 copurified with FLAG-PEX19 was specif-
ically targeted to peroxisomes (Fig. 1 D). Importantly, HA-PEX26
targeted to peroxisomes was resistant to alkaline extraction,
thereby suggesting that it was firmly anchored into the membrane
(Fig. 1 E). These data clearly demonstrate that PEX26 in the
cytosolic PEX19-PEX?26 complexes is indeed transported to
peroxisomes in semi-intact cells. Collectively, it is most likely
that PEX19 forms a complex with PEX26 in the cytosol and
maintains it in an import-competent state, thereby assisting its
import into peroxisomes.

Given that the import of most mitochondrial outer membrane
(MOM)—directed and several ER-directed TA proteins seems
not to require any specific membrane component (Borgese and
Fasana, 2011), it is of particular interest to investigate whether
the PEX19-mediated import of PEX26 depends on a membrane
component. Because PEX3 and PEX16 were proposed to func-
tion as a membrane receptor for PEX19-PMP complexes (Fang
et al., 2004; Matsuzono and Fujiki, 2006; Matsuzaki and Fujiki,
2008), we focused on these two PMPs and verified the targeting
of PEX26 in PEX3- or PEX16-overexpressing semi-intact cells.

PEX18- and PEX3-mediated direct import of PEX26
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Figure 2. PEX3 is required for targeting of PEX26.

(A) Hela cells transfected with empty vector (mock; A + llz—ing-EPsz)E(;w B I HA-PEX26 + FLAG-PEX19 |
lane 1), PEX3-EGFP (3-EG; lane 2), or EGFP-PEX16 — o-HA o-Catalase
([EG-16; lane 3) were semipermeabilized and then in- % 5?

cubated at 26°C for 1 h with the cytosolic fraction con- § '-'c: o

taining FLAG-PEX19 and HA-PEX26. After the import
reaction, semi-infact cells were lysed and analyzed by
SDS-PAGE and immunoblotting using the indicated
antibodies. Targeted HA-PEX26 levels were quantified
by densitometry, normalized to PEX14, and shown as
ratios to mock+ransfected cells (bottom). Values in the
graph represent the means = SD of three independent
experiments. (B) Hela cells were treated with control
(a and b) or PEX3 #1 (c and d) siRNA for 56 h, sub-
jected fo in vitro HA-PEX26 import assay as in A, and
then immunostained with antibodies against HA and
catalase. (C) In vitro HA-PEX26 import assay was like-
wise performed using semi-intact Hela cells treated

o-PEX14 5 |

HA PEX26
. PEX -E FP
EGFP-PEX16

HA-PEX26 3
targeting 2

PEX3 #1 siRNA Control siRNA

O

with control siRNA (lane 1) or three different siRNAs AR Targeted
against PEX3 (PEX3 #1-3; lanes 2-4). Lysates of semi- SIRNA : & _\;9 _\(_b .{_b 1.4_ HA-PEX26 PEX3 PEX14
intact cells were analyzed by immunoblotting using the X « QQ/ QQ/ € 1.2 ' v v !
indicated antibodies. (D) Levels of targeted HA-PEX26 (kD) HA-PEX26 2 1.0
and those of the indicated proteins in C were quantified o-HA 37-E|_(targeted) 5 0.8
by densitometry, normalized to cytochrome P450 re- 2 06
d : : a-PEX3 374 =

uctase (P450R), and shown as ratios to control siRNA- IZI B 04
treated cells. Data represent the means + SD of three .
; : a-PEX14 x 02
independent experiments. (E) Hela cells were treated 50 IE, 0.0 - )
with control siRNA or three different PEX3-specific ) S S S
siRNAs for 44 h and then transfected with EGFP-PEX26.  0-PAS0R 5| ce o s e siRNA : 5 129 I3 129 13 129
After a further 12-h incubation, cells were fixed and 5> 3 4 S PEX3 S PEX3 S PEX3
immunostained with antibodies to PTST and cytochrome ¢
(Cyt ). (left) Typical confocal images of control (a—) and E <invivo >
PEX3 #1 (d-f) siRNA-reated cells. (right) Graph shows o-PTS1
percentages of cells exhibiting nonperoxisomal localiza- L
tion of EGFP-PEX26. Data were collected from three in- s =]

dependent experiments in which >200 cells were scored
in each experiment and are represented as the means +
SD. Bars, 10 pm.

EGFP-PEX26
PEX3 #1 siRNA Control siRNA

After the import reaction, the level of targeted HA-PEX26 was
determined by immunoblotting. Results showed that overex-
pression of PEX3-EGFP, but not EGFP-PEX16, significantly
increased the targeting of HA-PEX26 (Fig. 2 A). Conversely,
the peroxisomal targeting of HA-PEX26 was markedly com-
promised in PEX3-depleted semi-intact cells in which the ex-
pression level of PEX3 was specifically reduced (Fig. 2, B-D).
In line with these results, PEX3 knockdown gave rise to an in-
crease in mislocalization of newly synthesized EGFP-PEX26 to
mitochondria in vivo (Fig. 2 E). Together, these results strongly
suggest that peroxisomal targeting of PEX26 depends on PEX3
and that PEX3 functions as a membrane receptor for cytosolic
PEX19-PEX26 complexes.

PEX3 was shown to interact with PEX19 (Gotte et al., 1998;
Snyder et al., 1999; Soukupova et al., 1999; Ghaedi et al., 2000;
Sacksteder et al., 2000), and the interaction has been proposed to
play a prominent role in the biogenesis of peroxisomal membranes,
probably by mediating the import of PMPs (Fang et al., 2004;
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Shibata et al., 2004; Matsuzono et al., 2006; Sato et al., 2008,
2010). Therefore, the role of the PEX3-PEX19 interaction in
the peroxisomal targeting of PEX26 was investigated using the
in vitro import assay system. A PEX3 mutant harboring a Trp104
to Ala substitution (PEX3-W104A), which is defective in bind-
ing to PEX19 (Sato et al., 2008), was first used. Results showed
that unlike the wild-type (WT) PEX3, overexpression of PEX3-
W104A-EGFP failed to stimulate the targeting of HA-PEX26
in semi-intact cells (Fig. 3 A). This result is interpreted to mean
that the PEX3 mutant failed to recruit HA-PEX26. Next, chime-
ric constructs were generated in which the N-terminal mPTS
of PEX3 was replaced by the first 69 amino acid residues of
the MOM protein Tom20, which contain its MOM-targeting
signal (Kanaji et al., 2000). The chimeric proteins, termed Mito-
PEX3-EGFP and Mito-PEX3-W104A-EGFP, were expressed
in HeLa cells and subjected to the in vitro HA-PEX26 import
assay. As expected, the chimeric proteins were localized to
mitochondria (unpublished data). In semi-intact cells express-
ing Mito-PEX3-EGFP, HA-PEX26 colocalized with Mito-
PEX3-EGFP in tubular and/or punctate structures as well as
with catalase (Fig. 3 B, a—c), indicating that HA-PEX26 was
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Figure 3. Peroxisomal targeting of PEX26 is mediated by the PEX3-PEX19
interaction. (A) In vitro HA-PEX26 import assay was performed as in Fig. 2 A,
using semi-intact Hela cells that had been transfected with empty vector
(mock; lane 1), PEX3-EGFP (WT; lane 2), or PEX3-W104A-EGFP (W104A,;
lane 3). Lysates of semi-intact cells were subjected to SDS-PAGE and immuno-
blotting using the indicated antibodies. Levels of targeted HA-PEX26 (top
right) and those of PEX3 (bottom right) were determined as in Fig. 2 A.
Values are the means + SD of three independent experiments. Dark and
light bars in the bottom graph indicate endogenous (endo.) and exog-
enous PEX3, respectively. Error bars in the bottom graph are given for total
PEX3 levels. (B) Semi-intact Hela cells expressing Mito-PEX3-EGFP (a—c) or
Mito-PEX3-W104A-EGFP (d-f) were subjected to in vitro HA-PEX26 import
assay as in Fig. 2 A and then immunostained with antibodies against
HA and catalase. Insets show magnified images of the boxed areas.
Arrowheads indicate examples of colocalization of HAPEX26 with catalase.
(C) Semi-intact Hela cells were incubated with the cytosolic fraction con-
taining HA-PEX26 and either FLAG-PEX19 (a and b) or FLAG-PEX19AN23
(c and d) and then immunostained as in B. (D) Cytosolic fractions used in
C were analyzed by immunoblotting using the indicated antibodies. Full,
FLAG-PEX19; AN23, FLAG-PEX19AN23. Solid and open arrowheads in-
dicate unmodified and farnesylated FLAG-PEX19 (Full and AN23), respec-
tively. Bars, 10 pm.

recruited to mitochondria in addition to peroxisomes and sup-
porting the idea that PEX3 functions as a receptor for cyto-
solic PEX19-PEX?26 complexes. In sharp contrast, HA-PEX26
was translocated to peroxisomes in semi-intact cells express-
ing Mito-PEX3-W104A-EGFP, demonstrating that Mito-PEX3-
W104A-EGFP failed to recruit HA-PEX26 to mitochondria

(Fig. 3 B, d-f). In agreement with these findings, FLAG-
PEX19AN23, which is a PEX19 variant lacking the N-terminal
23 amino acid residues and thereby defective in binding to PEX3
(Matsuzono et al., 2006), failed to deliver HA-PEX26 to per-
oxisomes (Fig. 3, C and D). Of note, PEX19AN23 formed solu-
ble complexes with PEX26 as efficiently as WT (Fig. S3). Thus,
these data strongly suggest that the import of PEX26 depends
on the PEX3-PEX19 interaction and that PEX26 is transported
directly from the cytosol to peroxisomes onto PEX3.

We next asked whether ATP is required for the targeting and
membrane integration of PEX26. EGFP-PEX26 was synthesized
in a rabbit reticulocyte lysate (RRL) translation system supple-
mented with RRL-synthesized HA-PEX19 and then was incu-
bated with semi-intact cells in the presence or absence of apyrase.
It should be noted that the addition of RRL-synthesized PEX19
during, but not after, the synthesis of PEX26 resulted in effi-
cient translocation of PEX26 to peroxisomes in semi-intact
cells, whereas PEX26 synthesized in the absence of supplemen-
tal PEX19 was barely transported to peroxisomes (unpublished
data; Pinto et al., 2006). To confirm that ATP is effectively de-
pleted from the import reaction by treatment with apyrase, Myc-
Sec61f, a well-defined substrate of TRC40, was synthesized
together with EGFP-PEX26 and subjected to the import reac-
tion, and its targeting to the ER was also assessed. As expected,
without apyrase (i.e., in the presence of endogenous ATP), EGFP-
PEX26 and Myc-Sec61 were transported to peroxisomes and
ER-like structures, respectively (Fig. 4 A, top). In contrast, in
the presence of apyrase, the import of Myc-Sec613 was almost
completely inhibited, whereas peroxisomal targeting of EGFP-
PEX26 was observed (Fig. 4 A, bottom). Furthermore, immuno-
blotting and alkaline extraction showed that the targeting to
and integration into the membrane of EGFP-PEX26 were not
affected at all by apyrase treatment (Fig. 4 B). These data clearly
indicate that neither ATP nor TRC40 is required for the target-
ing and membrane insertion of PEX26.

Recently, yeast Get3 was shown to interact with the per-
oxisomal TA protein Pex15p, to mediate the delivery of Pex15p
to the ER, and to be required for the peroxisomal localization of
Pex15p as well as, to some extent, for the maintenance of func-
tional peroxisomes (Schuldiner et al., 2008; van der Zand et al.,
2010). To determine whether TRC40 is involved in the biogen-
esis of PEX26, the binding of TRC40 to PEX26 was examined.
FLAG-tagged Sec613 and PEX26 were synthesized in RRL
and subjected to immunoprecipitation under detergent-free con-
ditions. Endogenous TRC40 in RRL was coimmunoprecipitated
with FLAG-Sec61f3, but not with FLAG-PEX26, thereby indi-
cating that TRC40 did not bind to PEX26 (Fig. 5 A). Moreover,
FLAG-PEX26 coincided with cytochrome ¢ upon expression in
CHO pex19 ZP119 cells (Kinoshita et al., 1998; Matsuzono et al.,
1999), whereas FLAG-Sec61p was colocalized with EGFP tar-
geted to the ER (ER-EGFP; Fig. 5 B). This result suggests that
PEX26 is targeted to mitochondria but not to the ER in PEX19-
deficient mammalian cells where the GET pathway is func-
tional. This is different from the finding that Pex15p is targeted

PEX18- and PEX3-mediated direct import of PEX26

9z0z Arenigad 60 uo 1senb Aq ypd-2201 12102 A2l/2£88.G1/159/5/00Z/4Pd-8[onie/qol/Bi0"ssaidnu//:dny woyy papeojumoq


http://www.jcb.org/cgi/content/full/jcb.201211077/DC1

656

A Myc-Sec61p + EGFP-PEX26 + HA-PEX19
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Figure 4. Pex26 is targeted to and integrated into the peroxisomal mem-
brane in an ATP-independent manner. (A) Myc-Sec618 and EGFP-PEX26
were synthesized in RRL in the presence of RRL-synthesized HA-PEX19 and
then incubated at 26°C for 1 h with semi-intact Hela cells in the absence
(a—c) or presence (d-f) of 5 U/ml apyrase. After fixation, cells were immuno-
stained with antibodies against Myc, GFP, and PEX14. Bars, 10 pm. (B, left)
Semi-intact cells shown in A were lysed and analyzed by immunoblotting
using the indicated antibodies. (right) Cells shown in A were treated with
0.1 M Na,CO;. Soluble (S, supernatant) and membrane (P, pellet) frac-
tions were analyzed by immunoblotting using the indicated antibodies. Of
the three components of AOx (A, B, and C), only the B chain is shown.

to the ER in PEX19-deficient yeast cells (Schuldiner et al., 2008;
van der Zand et al., 2010). Collectively, these observations sug-
gest that TRC40 is not involved in the biogenesis of PEX26 in
mammalian cells.

Next, we attempted to characterize the signal that directs TA
proteins to mammalian peroxisomes. Here, we focused on the
basic amino acids within the C segment of PEX26 because (a)
the C segment of PEX26 containing a PEX19 binding site is re-
quired for the correct targeting of PEX26 (Halbach et al., 2006),
(b) basic amino acids are found in the mPTSs of many PMPs
(Van Ael and Fransen, 2006), and (c) at least in some cases, the
basicity of the C segment determines the subcellular localization
of TA proteins in mammalian cells (Borgese and Fasana, 2011).

To assess the importance of basic amino acids in the C
segment of PEX26, EGFP-PEX26 variants were generated in
which one to four positively charged residues within the luminal
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Figure 5. TRCA4O is not involved in the biogenesis of PEX26 in mammalian
cells. (A) FLAG+tagged Sec61B and PEX26 were synthesized in RRL and
subsequently subjected to immunoprecipitation (IP) with anti-FLAG agarose
beads in detergent-free conditions. Inmunoprecipitates and input (10%)
were analyzed by SDS-PAGE and immunoblotting using the indicated
antibodies. (B) pex19 ZP119 cells were transfected with ER-EGFP to-
gether with either FLAG-PEX26 (a—c) or FLAG-SEC61p (d and e). Cells were
immunostained with antibodies against FLAG and cytochrome ¢ (Cyt ¢).
Bars, 10 pm.

PEX19 binding site were replaced by serine residues (termed
K18, RRK3S, and KRRK4S; Fig. 6 A). When WT EGFP-PEX26
was transiently expressed in HeLa cells, it was efficiently local-
ized to peroxisomes, as demonstrated by colocalization with PTS1
proteins (Fig. 6 B, a and b). As noted in the previous section,
however, in several cells, WT EGFP-PEX26 was partly local-
ized to mitochondria probably because of overexpression (un-
published data). Upon reduction of the positive charges in the
luminal PEX19 binding site, the efficiency of peroxisomal lo-
calization was decreased, and conversely, the extent of mito-
chondrial localization was increased (Fig. 6 B, c—h). These results
suggest that positively charged residues in the C segment are es-
sential for peroxisomal targeting of PEX26. Consistent with this
finding and the previous study (Halbach et al., 2006), the variant
lacking the C segment (ACS) was not localized to peroxisomes
and was rather localized to mitochondria (Fig. 6 B, i and j). In-
terestingly, the variant in which only charged residues within
the C segment were fused to the region downstream of the TMD
(CHARGE) was localized to peroxisomes and partly to mito-
chondria (Fig. 6 B, k and 1), implying that a C-terminal TMD
and a following cluster of basic amino acids could function as an
mPTS in mammalian cells. Strikingly, the PEX26 variants with
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Figure 6. Basic amino acid residues in the C segment are essential for peroxisomal targeting of PEX26. (A) Schematic representation of EGFP-PEX26
variants used. Amino acid sequences of the C segment are indicated by the single letter code. Basic and acidic amino acid residues are shown in red and
blue letters, respectively, and mutated residues are underlined. (B) Hela cells transiently expressing the respective EGFP-PEX26 proteins indicated on the
left were fixed and then immunostained with the anti-PTS1 antibody. Bars, 10 pm. Intracellular localization of each EGFP-PEX26 protein is shown on the
right. Per, peroxisome; Mito, mitochondria; marks (= and >) represent equal frequency and higher frequency, respectively. For instance, the label “Mito &
Per > Per” for RRK3S indicates that cells showing both mitochondrial and peroxisomal localization of the EGFP-fused protein were found more frequently
than cells showing only peroxisomal localization. (C) FLAG-PEX26 variants indicated at the top were synthesized in RRL in the presence of RRL-synthesized
HA-PEX19 and subjected to immunoprecipitation with anti-FLAG agarose beads. Immunoprecipitates (IP) and input (10%) were analyzed by immunoblot-
ting (IB) using the indicated antibodies. Solid and open arrowheads indicate unmodified and farnesylated HA-PEX19, respectively. The asterisk indicates
a cross-reactive, nonspecific band.
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reduced peroxisomal targeting efficiency, such as RRK3S and
KRRKA4S, showed reduced binding affinity to PEX19 (Fig. 6 C),
suggesting that the reduced peroxisomal targeting efficiency is
accounted for by the lower binding affinity to PEX19 and that
positively charged residues in the C segment of PEX26 are pre-
requisite to binding to PEX19.

Basic amino acid residues in the C segment
are important, but not sufficient, for
peroxisomal targeting of TA proteins

As described in the previous section, the TMD of PEX26 fol-
lowed by a short cluster of basic amino acids serves as an mPTS
(Fig. 6 B), thus raising the possibility that positive charges in the
C segment determine the peroxisomal targeting of TA proteins.
To assess this possibility, we selected a set of well-known TA
proteins (Fig. 7 A; Borgese et al., 2003; Borgese and Fasana,
2011), including EGFP-fused constructs (WT) as well as their
variants (R) in which the net positive charge in the C segment
was increased to match that of PEX26 (Fig. 7 B, left), and deter-
mined their localization in HeLa cells. The WT form of a MOM-
destined TA protein, OMP25, was localized to mitochondria, and
those of ER-localized TA proteins, cytochrome bs (Cyt bs) and
Sec61p, were localized to the reticular ER structures (Fig. 7 B,
a, e, and i). The WT vesicular-associated protein 2 (VAMP2),
which is transported from the ER to synaptic vesicles in neuro-
nal cells (Kutay et al., 1995), was localized to the plasma mem-
brane and intracellular membranes in HeLa cells (Fig. 7 B, m).
Strikingly, the R variants, termed OMP25-R and Cyt bs-R, were
localized to peroxisomes (Fig. 7 B, c, d, g, and h). The aberrant
peroxisome morphology observed in OMP25-R—expressing cells
might be related to the function of OMP?2S5 in the recruitment of
synaptojanin 2A to mitochondria (Nemoto and De Camilli, 1999).
In contrast, Sec613-R and VAMP2-R were not localized to per-
oxisomes (Fig. 7 B, k, 1, o, and p). These findings suggest that
the basicity of the C segment is important, but not sufficient, for
the peroxisomal localization of TA proteins. Notably, although
EGFP-Sec61B-R seemed to be localized to ER-like structures,
the pattern of EGFP fluorescence was not the same as that of
the corresponding WT protein. For instance, EGFP-Sec61(3 was
localized to the nuclear envelope, but EGFP-Sec613-R was not
(Fig. 7B, iand k). Thus, the basicity of the C segment may affect
the postinsertional sorting of ER-localized TA proteins to a sub-
domain of the ER.

Next, we investigated whether the peroxisomal targeting
of OMP25-R and Cyt bs-R depends on PEX19. In PEX19 siRNA-
treated cells, EGFP—OMP25-R and EGFP-Cyt bs-R were de-
tected in both peroxisomes and mitochondria, as assessed by
colocalization with PTS1 proteins and cytochrome c, respec-
tively (Fig. 7 C and Fig. S4, A and B). These results suggest that
PEX19 knockdown impairs the targeting of OMP25-R and Cyt
bs-R to peroxisomes.

TRCA40 interferes with PEX19 in binding
to Sec613-R and VAMP2-R

By increasing the basicity of the C segment, the C-terminal
regions of OMP25 and Cyt bs, but not Sec613 and VAMP2,
can be converted into targeting signals for peroxisomes (Fig. 7).
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To address whether this difference can be explained simply by
binding to PEX19, the interaction between PEX19 and the
EGFP-fused proteins used in Fig. 7 was examined. Digitonin
lysates of HeLa cells overexpressing each of the EGFP-fused
proteins together with Myc-PEX19 or FLAG-PEX19 were sub-
jected to immunoprecipitation with anti-FLAG agarose beads
followed by immunoblot analysis. All of the R variants were
coimmunoprecipitated efficiently and specifically with FLAG-
PEX19 (Fig. 8 A), indicating that PEX19 recognized and in-
teracted with not only EGFP-OMP25-R and EGFP-Cyt bs-R
but also EGFP-Sec613-R and EGFP-VAMP2-R. Furthermore,
the amounts of R variants coimmunoprecipitated with FLAG-
PEX19 were similar (Fig. S4 C). Therefore, the failure of Sec613-R
and VAMP2-R to localize to peroxisomes is unlikely to be caused
by the defect in binding to PEX19. It should be noted that al-
though the efficiency was quite low, a portion of WT EGFP-
OMP25, -Sec61, and -VAMP2 was also coimmunoprecipitated
with FLAG-PEX19. The physiological significance of this inter-
action is unclear; however, this interaction may not occur under
physiological conditions because none of the three proteins is tar-
geted to peroxisomes (also see the following paragraph).

An intriguing question remains as to why Sec613-R and
VAMP2-R are destined for the ER but not for peroxisomes, de-
spite the fact that they are recognized by PEX19. Importantly,
OMP25 and Cyt bs can spontaneously insert into the membrane,
whereas both Sec61 and VAMP2 require TRC40 for insertion
into the ER membrane (Fig. 7 A). In this context, association
of TRC40 with its substrates was shown to depend primarily on
TMD hydrophobicity (Mariappan et al., 2010), implying that
TRC40 may bind to Sec613-R and VAMP2-R. Moreover, cyto-
solic factors other than TRC40, including chaperones and qual-
ity control factors, may also interact with them (Abell et al.,
2007; Leznicki et al., 2010; Hessa et al., 2011). Therefore, we
supposed that under physiological conditions and with endoge-
nous levels of PEX19, PEX19 might have little chance to bind
to Sec61B3-R and VAMP2-R. To verify this issue, FLAG-tagged
proteins were synthesized in RRL and then immunoprecipitated
under detergent-free conditions. Endogenous TRC40 in RRL
was coimmunoprecipitated with the WT as well as the R forms
of Sec61p and VAMP2 but not with PEX26 (Fig. 8 B), thereby
demonstrating that TRC40 indeed recognizes and captures the
R variants. Notably, the amounts of TRC40 coimmunoprecipi-
tated with the R variants were comparable to those coimmuno-
precipitated with the corresponding WT proteins.

A similar result was obtained when these variants were
synthesized in the presence of RRL-synthesized HA-PEX19
(Fig. 8 C), implying that the addition of HA-PEX19 did not affect
the binding of TRC40 to the R variants. Importantly, Sec613-R
and VAMP2-R did not appear to interact with HA-PEX19 under
this experimental condition. First, because anti-FLAG agarose
beads nonspecifically adsorbed HA-PEX19 under detergent-
free conditions (not depicted), HA-PEX19 was found even in
the immunoprecipitates of PEX26AC lacking the PEX19-binding
domains, though the amount of HA-PEX19 was lower than
that in PEX26 immunoprecipitates (Fig. 8 C, lanes 1 and 2).
Second, the amounts of HA-PEX19 found in immunoprecip-
itates of Sec61f and VAMP?2 variants were comparable to those
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Figure 7. Basic residues in the C segment are important, but not sufficient, for peroxisomal targeting of TA proteins. (A) Amino acid sequences of the
C-terminal part of several TA proteins and their insertion sites as well as their targeting pathways are shown. The TMDs are bolded, and basic and acidic
amino acid residues are shown in red and blue letters, respectively. (B, leff) Schematic representation of various EGFP-fused TA proteins (WT) and their
variants (R) in which the net positive charge in the C segment was increased. Amino acid sequences of the respective C segments of the proteins are also
indicated. (right) The WT and R forms of EGFP-OMP25 (a~d), EGFP-Cyt bs (e-h), EGFP-Sec618 (i-l), and EGFP-VAPM2 (m-p) were transiently expressed
in Hela cells and assessed for intracellular localization. EGFPfused proteins and peroxisomes were detected by EGFP fluorescence and immunostaining
with the anti-PTS1 antibody, respectively. (C) Hela cells were treated with PEX19 #1 siRNA for 44 h and then transfected with cDNA encoding EGFP-
OMP25R (a—) or EGFP-Cyt bsR (ef). After a further 12-h incubation, cells were fixed and immunostained with antibodies to PTS1 and cytochrome ¢ (Cyt ).
Bars, 10 pm.
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in immunoprecipitates of PEX26AC (Fig. 8 C, lanes 2-6). These
results are interpreted to mean that Sec613-R and VAMP2-R
are captured by TRC40 and/or possibly by other cytosolic fac-
tors, but not PEX 19, under physiological conditions, thereby being
destined for the ER.

Discussion

Great attention has been paid to the mechanisms underlying the
delivery of TA proteins to their target membranes; however, the
molecular basis for the import of peroxisomal TA proteins has
remained elusive, particularly in mammals.

Peroxisomal import of TA proteins in
mammalian cells

The mechanistic details of the PEX19-dependent targeting of
PEX26 have yet to be elucidated. The present work demon-
strates that (a) PEX19 forms a complex with PEX26 in the
cytosol and delivers it to peroxisomes in semi-intact HeLa cells
(Fig. 1 and Fig. 3), (b) the peroxisomal import of PEX26 de-
pends on PEX3 and more specifically on the PEX3-PEX19 in-
teraction (Fig. 2 and Fig. 3), and (c) the entire process of PEX26
import is energy independent (Fig. 4). Based on these results,
we suggest a PEX19-PEX3-dependent direct import of PEX26,
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which is further supported by our earlier finding that cell-free
synthesized PEX26 is imported into isolated peroxisomes in a
PEX19-stimulated manner (Matsuzono and Fujiki, 2006).

The PEX19-PEX3-dependent direct import of PMPs,
termed the class I pathway, was first proposed by Fang et al. (2004)
and Jones et al. (2004). Most importantly, our results provide
the first evidence that PEX3 indeed recruits PMP-loaded PEX19
and thereby mediates the direct import of PMPs. Whether the
direct import requires any factors besides PEX3 and PEX19
remains to be defined. Remarkably, the PEX19-PEX26 complex
immunoaffinity isolated from the cytosolic fraction of CHO-K1
cells contains the minimal factors required for PEX26 import
(Fig. 1, C-E). The mechanistic basis of the membrane insertion
also awaits future studies. Given the fact that TA proteins with
moderately hydrophobic TMDs can insert spontaneously into
protein-free liposomes (Brambillasca et al., 2005, 2006; Kemper
et al., 2008), the membrane insertion of PEX26 could occur
without assistance from any factors. Biochemical reconstitution
studies might provide the answer to these questions.

Meanwhile, the ER to peroxisome trafficking of TA pro-
teins was suggested in yeast and plant cells (Elgersma et al.,
1997; Mullen et al., 1999). More recent studies suggest that
yeast Pex15p is inserted into the ER via the GET pathway and
sorted to peroxisomes via a poorly characterized mechanism

920z Atenige 60 uo 1senb Aq ypd 220112102 A9l/zE88.251/159/G/00Z/4pd-al0mue/qol/Bi10 ssaidnyy/:dny wol pspeojumoq



involving yeast Pex19p and ATP (Schuldiner et al., 2008; Jonikas
et al., 2009; Costanzo et al., 2010; Lam et al., 2010; van der
Zand et al., 2010). We demonstrate that ATP depletion abolishes
the import of Sec61f but not that of PEX26 (Fig. 4) and that
TRCA4O0 fails to interact with PEX26 (Fig. 5 A). Moreover, the
ER localization of PEX26 was not observed even in pex/9
ZP119 cells (Fig. 5 B). These results argue against the involve-
ment of the ER in PEX26 import. Thus, the targeting pathway
of peroxisomal TA proteins may not be evolutionarily con-
served. Nevertheless, the 1-h incubation used in our in vitro im-
port assay might still leave room for an ER targeting before the
peroxisomal targeting. Given that the direct import and ER to
peroxisome trafficking pathways are not necessarily mutually
exclusive, it is possible that these two pathways might operate
simultaneously in one organism and that eukaryotic cells might
use either one or both pathways depending on requirements.

In mammalian cells, several TA proteins, including fis-
sionl (Fisl), are found in both mitochondria and peroxisomes
(Koch et al., 2005; Kobayashi et al., 2007; Gandre-Babbe and
van der Bliek, 2008; Dixit et al., 2010). A recent study suggested
that peroxisomal targeting of Fisl depends on PEX19 (Delille
and Schrader, 2008). Hence, the PEX19-PEX3-dependent direct
import pathway appears to deliver a small pool of nascent Fisl
to peroxisomes, although this remains to be demonstrated ex-
perimentally. The dual localization of Fis1 may be explained by
its weak affinity for PEX19. Consistently, PEX26 variants with
reduced affinity for PEX19 are indeed targeted to both peroxi-
somes and mitochondria (Fig. 6). Further studies are required to
understand precisely how the dual targeting of Fisl and the others
is achieved and/or regulated.

mPTS of peroxisomal TA proteins
The targeting signal of PEX26 was also analyzed by focusing
on the positively charged residues within the luminal PEX19
binding site (Halbach et al., 2006). The positive charges are in-
deed essential for peroxisomal targeting of PEX26 because a
decrease in the positive charges lowers the efficiency of peroxi-
somal targeting (Fig. 6 B). The impaired peroxisomal targeting
appears to mirror the decrease in binding to PEX19 (Fig. 6 C).
The peroxisomal localization of PEX26-CHARGE, OMP25-R,
and Cyt bs-R further supports the importance of the positive
charges and suggests that a C-terminal TMD with a following
short cluster of basic amino acids serves as an mPTS (Fig. 6 B
and Fig. 7). Plant peroxisomal ascorbate peroxidase indeed
harbors such a short, highly basic C segment, although such a
C segment remains to be identified in mammals. Given that a short
cluster of basic amino acids does not fit the predicted PEX19
binding motif (Rottensteiner et al., 2004; Halbach et al., 2005),
the presence of a PEX19 binding site within the C segment may
not be essential for peroxisomal targeting. In the case of PEX26,
however, the luminal PEX19 binding site is likely to secure the
efficient peroxisomal targeting (Fig. 6 B). The structural analy-
sis of PEX19-PEX26 complexes would address the roles of the
two PEX19 binding sites found in PEX26.

A highly basic C segment is important, but not sufficient, for
the peroxisomal targeting of TA proteins, as noted for Sec613-R
and VAMP2-R, which are not localized to peroxisomes and

rather are destined for the ER (Fig. 7). Surprisingly, PEX19
interacts with Sec613-R and VAMP2-R under conditions of
overexpression and detergent solubilization (Fig. 8 A). However,
it is most likely that under physiological conditions, Sec613-R
and VAMP2-R are captured by TRC40, not PEX19 (Fig. 8,
B and C), in accordance with the fact that the association of
TRC40 with its substrate depends primarily on TMD hydropho-
bicity (Mariappan et al., 2010). Collectively, our results suggest
that TA proteins that not only interact with PEX19 but also es-
cape from capture by TRC40 are targeted to peroxisomes. Per-
oxisomal TA proteins would therefore require a less hydrophobic
TMD to avoid capture by TRC40 and require a highly basic C
segment to ensure binding to PEX19.

Selective targeting of TA proteins to the
correct membranes in mammalian cells
Recent studies, including ours, have uncovered the targeting
pathways of TA proteins in mammalian cells: the GET pathway
for most ER-destined TA proteins (Stefanovic and Hegde, 2007),
the PEX19-PEX3-dependent pathway for peroxisomal TA pro-
teins (this study; Halbach et al., 2006), and the unassisted path-
ways for several ER-destined and most, if not all, MOM-targeted
TA proteins (Brambillasca et al., 2005; Setoguchi et al., 2006;
Kemper et al., 2008; Colombo et al., 2009). To achieve selec-
tive targeting, newly synthesized TA proteins must be sorted to
the appropriate targeting pathway. Sec61p3-R and VAMP2-R,
showing significant affinity to PEX19, are captured by TRC40
and destined for the ER (Fig. 7 and Fig. 8), thereby suggesting
that the GET pathway outcompetes the PEX19-PEX3-dependent
pathway. Given that the GET pathway (a) appears to thoroughly
hinder the potential targeting of ER-destined TA proteins to
mitochondria (Schuldiner et al., 2008; Jonikas et al., 2009) and (b)
succeeds in substrate loading onto TRC40 despite the pres-
ence of competing cytosolic factors (Mariappan et al., 2010), it
is more likely that the GET pathway can uptake ER-destined
TA proteins before other targeting pathways gain access to them
(Fig. 9). Notably, the substrate recognition by the GET pathway
seems to begin before the TMDs of TA proteins emerge from
ribosomes (Mariappan et al., 2010).

TA protein sorting in several targeting pathways is likely
dictated by a combination of substrate properties and availabil-
ity of binding partners. With respect to substrate features, TMD
hydrophobicity is possibly a key determinant for the access to,
or exclusion from, the GET pathway (Borgese et al., 2007; Rabu
et al., 2008; Mariappan et al., 2010). TA proteins excluded from
the GET pathway are more likely to be sorted based on C-terminal
basicity (Fig. 9; this study; Isenmann et al., 1998; Kuroda et al.,
1998; Borgese et al., 2001; Horie et al., 2002; Kaufmann et al.,
2003); however, as there is some overlap in the hydrophobicity
and basicity between TA proteins (Borgese et al., 2007), further
biochemical and structural studies using a large number of bona
fide and artificial sequences are required to envisage how each tar-
geting pathway discriminates specific substrates from closely re-
lated TA substrates. Moreover, it should be also clarified whether
and how the activities of the components of each targeting path-
way are regulated. Addressing these issues should lead to a com-
prehensive understanding of the selective targeting of TA proteins.

PEX1 8- and PEX3-mediated direct import of PEXZ26 ¢ Yagita et al.
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Newly synthesized TA proteins

{

Recognition and capture by TRC40
Yes No

Net charge in the C-terminal region
- 4 +
i 1 1

_ . PEX19/3-
GET unassisted? unassisted? dependent

1 1 1 .

ER ER MOM Peroxisome

Figure 9. A model for selective targeting of TA proteins in mammalian
cells. TA proteins are suggested to be sorted by any of several targeting
pathways. Upon synthesis, TA proteins harboring a TMD suitable for as-
sociation with TRC40 are trapped in the GET pathway and delivered to the
ER. TA proteins excluded from the GET pathway are then sorted according
to the C-terminal basic charge: those highly positive are delivered via the
PEX19-PEX3-dependent pathway to peroxisomes, and those with moder-
ate and low basicity are targeted via the unassisted pathway to the MOM
and the ER, respectively.

Materials and methods

Antibodies

Rabbit antibodies to acyl-CoA oxidase (AOx; raised against full-length rat
AOx; Tsukamoto et al., 1990), catalase (raised against full-length human
catalase; Shimozawa et al., 1992), PTS1 peptide (raised against aa 652
661 of rat AOx; Otera et al., 1998), PEX3 (raised against aa 356-373 of
human PEX3; Ghaedi et al., 2000), PEX13 (raised against aa 256403 of
human PEX13; Mukai and Fujiki, 2006), PEX14 (raised against aa 358-
376 of rat PEX14; Shimizu et al., 1999), HA (raised against HA epitope
[YPYDVPDYA]; Otera et al., 2000), and guinea pig anti-PEX14 antibody
(raised against aa 241-376 of rat PEX14; Mukai et al., 2002) were de-
scribed previously. Rabbit anti-TRC40 antibody (raised against fulllength
human TRC40; Mariappan et al., 2010) was a gift from R.S. Hegde (Medical
Research Council Laboratory of Molecular Biology, Cambridge, England,
UK). The following primary antibodies were purchased from the indicated
vendors: rabbit antibodies against FLAG (Sigma-Aldrich) and GFP (Medi-
cal and Biological Laboratories); mouse monoclonal antibodies against
FLAG (M2; Sigma-Aldrich), HA (16B12; Covance), cMyc (9E10; Santa Cruz
Biotechnology, Inc.), GFP (B-2; Santa Cruz Biotechnology, Inc.), cytochrome
P450 reductase (F-10; Santa Cruz Biotechnology, Inc.), cytochrome ¢ (BD),
PEX19 (BD), and a-tubulin (Abcam); and goat anti-lactate dehydroge-
nase antibody (Rockland Immunochemicals). Secondary antibodies used

Table 1. Sequences of siRNAs used in this study

for immunoblotting were HRP-linked sheep anti-mouse IgG, donkey anti-
rabbit IgG (GE Healthcare), and rabbit anti-goat IgG (Invitrogen) anti-
bodies. Secondary antibodies for immunostaining included Alexa Fluor
488-, 568-, or 647—conjugated goat anti-mouse IgG and anti-rabbit
IgG antibodies and Alexa Fluor 647—conjugated goat anti-guinea pig IgG
antibody (Invitrogen).

Cell culture, DNA transfection, and RNAi

CHO cells, including CHO-K1 and CHO pex19 ZP119 (Kinoshita et al.,
1998; Matsuzono et al., 1999), were maintained in Ham’s F-12 medium
(Invitrogen) supplemented with 10% FBS, and Hela cells were maintained
in DMEM (Invitrogen) supplemented with 10% FBS. All cell lines were cul-
tured at 37°C under 5% CO,. DNA transfections were performed using
Lipofectamine 2000 (Invitrogen) for Hela cells and Lipofectamine reagent
(Invitrogen) for CHO cells according to the manufacturer’s instructions. siRNA-
mediated knockdown of PEX3 and PEXT9 in Hela cells was performed using
predesigned Stealth RNAi siRNAs (Invitrogen) with Stealth RNAi Negative
Control Medium GC Duplex (Invitrogen) as a control. The sequences of
siRNAs are listed in Table 1. Hela cells were transfected twice at a 24-h in-
terval with 33 nM siRNA duplexes using Lipofectamine 2000.

Plasmids

All plasmids used in this study (Table 2) were constructed by standard
methods and verified by DNA sequencing. The cDNAs encoding human
PEX26, human PEX19, rat PEX3, and EGFP were amplified by PCR from
pCMVSPORT/PEX26 (Matsumoto et al., 2003), pUcD2Hyg/HA,-PEXT9
(Matsuzono et al., 2006), pcDNAZeo/RnPEX3 (Ghaedi et al., 2000), and
PEGFP vector (Takara Bio Inc.), respectively. The cDNAs encoding human
Sec61B, human Hsp47, mouse OMP25, mouse Cyt bs, mouse VAMP2, and
rat Tom20 were obtained by RT-PCR using total RNA isolated from Hela
cells, mouse brain tissue, and rat liver tissue, respectively.

The cDNAs encoding full-length PEX26, PEX26AC (aa 2-246), and
PEX26ACS (aa 2-270) were PCR amplified and cloned into a modified
pcDNA3.1/Zeo(+) vector (Invitrogen) encoding an N-erminal FLAG tag
(pcDNAZeo/FLAG) or EGFP (pcDNAZeo/EGFP) via the BamHI-Not! sites.
The ¢cDNA coding for fulllength PEX26 was also cloned into a modified
pcDNA3.1/Zeo(+) vector encoding an N-erminal 2xHA tag. The cDNAs
encoding PEX26-K1S, PEX26-RRK3S, and PEX26-KRRK4S were generated
by overlap extension PCR (Ho et al., 1989) and ligated into the BamHI-
Notl sites of pcDNAZeo/FLAG and pcDNAZeo/EGFP. The cDNAs en-
coding PEX26-CHARGE, OMP25, OMP25-R, Cyt bs, Cyt bs-R, Sec618,
Sec61B-R, VAMP2, and VAMP2R were cloned into the BamHI-Xhol sites of
pcDNAZeo/FLAG and pcDNAZeo/EGFP. The cDNA coding for Sec61p8
was also cloned into a modified pcDNA3.1/Zeo(+) vector encoding an
N-terminal 6xMyc tag.

The cDNAs encoding PEX19 and PEX19AN23 (aa 24-299) were
cloned into the BamHI-Xhol sites of pcDNAZeo/FLAG and a modified
pcDNA3.1/Zeo(+) vector encoding an N-terminal Myc tag. The cDNA
coding for fulllength rat PEX3 was cloned into the BamHI-Xhol sites of
pcDNAZeo/C-EGFP, a modified pcDNA3.1/Zeo(+) vector encoding a
C+erminal EGFP. The cDNA encoding a fusion of aa 1-69 of rat Tom20
and aa 40-373 of rat PEX3 was generated by overlap extension PCR
(Horton et al., 1989) and ligated into the BamHI-Xhol sites of pcDNAZeo/
C-EGFP, yielding pcDNAZeo/Mito-PEX3-EGFP. For pcDNAZeo/PEX3-
W104A-EGFP and pcDNAZeo/Mito-PEX3-W104A-EGFP, the W104A

Code Strand Sequence
Human PEXT9 #1 Sense 5-AGAAUGGUUGCAGAGUCAUCGGGAA:3’
Antisense 5"-UUCCCGAUGACUCUGCAACCAUUCU-3'
Human PEX19 #2 Sense 5'-GGAGCUUCUGGAAAGUGCUCUUGAU-3'
Antisense 5'-AUCAAGAGCACUUUCCAGAAGCUCC-3’
Human PEXT9 #3 Sense 5'-GCCAGUGGUGAACAGUGUCUGAUCA-3’
Antisense 5"-UGAUCAGACACUGUUCACCACUGGC-3'
Human PEX3 #1 Sense 5-GGGAGGAUCUGAAGAUAAUAAGUUU-3’
Antisense 5’-AAACUUAUUAUCUUCAGAUCCUCCC-3’
Human PEX3 #2 Sense 5"UAUUUACCUGGAUAAUGCAGCAGUU-3’
Antisense 5'-AACUGCUGCAUUAUCCAGGUAAAUA-3’
Human PEX3 #3 Sense 5'-UCCUCGAGACAUUACCACUAUUAAA-3’
Antisense 5"UUUAAUAGUGGUAAUGUCUCGAGGA-3’
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mutation was introduced by overlap extension PCR. To generate pcDNAZeo/
ER-EGFP, the cDNA encoding aa 1-414 of human Hsp47 was ligated into
the Nhel-BamH! sites of the pcDNA3.1/Zeo(+) vector in which a BamHI-
Spel fragment encoding EGFP followed by a KDEL retention signal had
been inserted into the BamHI-Xbal sites. pcDNAZeo/HA-PEX19 (Matsuzono
et al., 2006) and pEGFP-C1/EGFP-PEX16 (Matsuzaki and Fujiki, 2008)

were as described previously.

Immunoblotting

Immunoblotting was performed as described previously (Otera et al.,
2000). In brief, protein samples were separated by SDS-PAGE and electro-
transferred to a polyvinylidene fluoride membrane (Bio-Rad Laboratories).
After blocking in PBS containing 5% nonfat dry milk and 0.1% Tween 20,
blots were probed with appropriate primary and HRP-conjugated secondary
antibodies, developed with ECL Western blotting detection reagents (GE
Healthcare), and exposed to an x-ray film (Hyperfilm ECL; GE Healthcare).

Table 2. Plasmids used in this study

For densitometric analysis, immunoblot films were scanned in translucent
mode with a scanner (GT-X900; Epson), and the intensity of protein bands
was analyzed using the gel analysis tool in Image] software (National
Institutes of Health). The relative amounts of proteins were determined as
described in the figure legends.

Immunofluorescence microscopy

Cells on glass coverslips were fixed with 4% PFA in PBS for 15 min at RT,
permeabilized with 1% Triton X-100 in PBS for 5 min at RT, and blocked
with PBS-BSA (PBS containing 1% BSA) for 30 min at RT. Subsequently,
cells were incubated for 60-90 min at RT with primary antibodies diluted
in PBS-BSA, washed extensively with PBS, and incubated for 45 min at RT
with appropriate Alexa Fluor 488-, 568-, or 647—conjugated secondary
antibodies diluted in PBS-BSA. After extensive washing with PBS, coverslips
were rinsed with ultrapure water and mounted on slides with aqueous mount-
ing medium (PermaFluor; Thermo Fisher Scientific). Images were acquired
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Name Expressed protein Reference
pcDNAZeo/HA-PEX26 FulHength human PEX26 with an N+erminal 2xHA tag This study
pcDNAZeo/FLAG-PEX26 Fulllength human PEX26 with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-PEX26AC PEX26AC (aa 2-246) with an N+erminal FLAG tag This study
pcDNAZeo/FLAG-PEX26ACS PEX26ACS (aa 2-270) with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-PEX26K1S PEX26-K1S (Fig. é) with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-PEX26-RRK3S PEX26-RRK3S (Fig. 6) with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-PEX26-KRRK4S PEX26-KRRK4S (Fig. 6) with an N-erminal FLAG tag This study
pcDNAZeo/FLAG-PEX26-CHARGE PEX26-CHARGE (Fig. 6) with an N-terminal FLAG tag This study
pcDNAZeo/EGFP-PEX26 FulHength human PEX26 with an N-terminal EGFP This study
pcDNAZeo/EGFP-PEX26ACS PEX26ACS with an N-terminal EGFP This study
pcDNAZeo/EGFP-PEX26-K1S PEX26-K1S with an N-terminal EGFP This study
pcDNAZeo/EGFP-PEX26-RRK3S PEX26-RRK3S with an N-terminal EGFP This study
pcDNAZeo/EGFP-PEX26-KRRK4S PEX26-KRRK4S with an N-terminal EGFP This study
pcDNAZeo/EGFP-PEX26-CHARGE PEX26-CHARGE with an N-terminal EGFP This study
pcDNAZeo/EGFP-OMP25 Full-length mouse OMP25 with an N-terminal EGFP This study
pcDNAZeo/EGFP-Cyt bs Full-length mouse Cyt bs with an N-terminal EGFP This study
pcDNAZeo/EGFP-Sec6 18 Fulllength human Secé1p with an N-+erminal EGFP This study
pcDNAZeo/EGFP-VAMP2 Full-length mouse VAMP2 with an N-erminal EGFP This study
pcDNAZeo/EGFP-OMP25-R OMP25R (Fig. 7) with an N-erminal EGFP This study
pcDNAZeo/EGFP-Cyt bsR Cyt bsR (Fig. 7) with an N-terminal EGFP This study
pcDNAZeo/EGFP-Sec618-R Sec61B8R (Fig. 7) with an N-erminal EGFP This study
pcDNAZeo/EGFP-VAMP2-R VAMP2-R (Fig. 7) with an N-terminal EGFP This study
pcDNAZeo/FLAG-OMP25 FulHength mouse OMP25 with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-Cyt bs FulHength mouse Cyt bs with an N-erminal FLAG tag This study
pcDNAZeo/FLAG-Sec6 1B Fulllength human Secé1p with an N-erminal FLAG tag This study
pcDNAZeo/FLAG-VAMP2 Fulllength mouse VAMP2 with an N-erminal FLAG tag This study
pcDNAZeo/FLAG-Sec6 18-R Sec61B-R with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-VAMP2-R VAMP2-R with an N-terminal FLAG tag This study
pcDNAZeo/Myc-Secé 1 FulHength human Secé1 with an N-erminal 6xMyc tag This study
pcDNAZeo/HA-PEX19 Fulllength human PEX19 with an N-erminal 2xHA tag Matsuzono et al., 2006
pcDNAZeo/FLAG-PEX19 Fulllength human PEX19 with an N-terminal FLAG tag This study
pcDNAZeo/FLAG-PEXT9AN23 PEX19AN23 (aa 24-299) with an N-terminal FLAG tag This study
pcDNAZeo/Myc-PEX19 FulHength human PEX19 with an N-terminal Myc tag This study
pcDNAZeo/Myc-PEXT9AN23 PEX19AN23 with an N-+erminal Myc tag This study
pcDNAZeo/PEX3-EGFP Fulllength rat PEX3 with a Cterminal EGFP This study
pcDNAZeo/PEX3-W104A-EGFP PEX3 carrying the W104A mutation with a C-terminal EGFP This study
pcDNAZeo/Mito-PEX3-EGFP A chimeric protein, termed Mito-PEX3-EGFP, comprising aa 1-69 of This study
rat Tom20, aa 40-373 of rat PEX3, and EGFP
pcDNAZeo/Mito-PEX3-W 104A-EGFP Identical to Mito-PEX3-EGFP except that PEX3 in this construct harbors This study
the W104A mutation
pcDNAZeo/ER-EGFP A fusion protein comprising aa 1-414 of human Hsp47, EGFP, This study
and a KDEL retention signal
pEGFP-C1/EGFP-PEX16 FulHength human PEX16 with an N-terminal EGFP Matsuzaki and Fujiki, 2008

pEGFP-C1/EGFP-PEX16 is based on pEGFP-C1 (Takara Bio Inc.), whereas other plasmids are based on pcDNA3.1/Zeo(+) (Invitrogen).
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at RT using a laser-scanning confocal microscope (LSM 710 with Axio
Observer.Z1; Carl Zeiss) equipped with a 100x/1.46 NA « Plan-Apo-
chromat oil immersion objective and the ZEN 2009 acquisition soft-
ware (Carl Zeiss). Image contrast and brightness were adjusted in Photoshop
CS4 (Adobe).

In vitro import assay using semi-intact Hela cells

Hela cells were semipermeabilized as described previously (Matsuzaki
and Fujiki, 2008) using 50 pg/ml digitonin in buffer S (0.25 M sucrose,
20 mM HepesKOH, pH 7.4, 2.5 mM magnesium acetate, 25 mM KCl,
2.5 mM EGTA, 1 mM DTT, and protease inhibitor cocktail [5 pg/ml apro-
tinin and 10 pg/ml each of antipain, chymostatin, E-64, leupeptin, and
pepstatin]). Semi-intact Hela cells were incubated for 60 min at 26°C with
cytosolic fractions containing epitope-tagged PEX19 and PEX26, immuno-
affinity-purified PEX19-PEX26 complexes, or in vitro—synthesized proteins
in buffer S. To deplete ATP from the import reactions, 5 U/ml apyrase
(Sigma-Aldrich) was added to the reactions. After extensive washing, cells
were either fixed for immunofluorescence microscopy or lysed for immuno-
blot analysis. For alkaline extraction (Fujiki et al., 1982), cells were treated
with 0.1 M Na,COj3 on ice for 30 min, and soluble and membrane frac-
tions were separated by ultracentrifugation at 100,000 g for 30 min.

Subcellular fractionation

CHOKT cells expressing epitopetagged PEX19 and PEX26 were collected
in buffer H (0.25 M sucrose, 20 mM Hepes-KOH, pH 7.4, 1 mM EDTA,
and protease inhibitor cocktail) and homogenized by passing through a
27-gauge needle (with 1-ml syringe) on ice. Homogenates were centri-
fuged at 800 g for 5 min to yield a postnuclear supernatant. The postnuclear
supernatant was then separated into cytosolic and organelle fractions by
ultracentrifugation at 100,000 g for 30 min. Cytosolic fractions used in the
in vitro import assays were prepared in a similar manner using buffer S.

Cell-free synthesis of proteins

In vitro transcription/translation reactions in RRL were performed using the
quick coupled transcription/translation system (TNT T7; Promega) accord-
ing to the manufacturer’s instructions. Where indicated, reaction mixtures
were supplemented with the in vitro transcription/translation product of
PEX19 to synthesize proteins in the presence of PEX19. The volume of
PEX19 transcription/translation product added was 5-15% (typically 7%)
of the final reaction volume, which was suitable for the reconstitution of ef-
ficient peroxisomal targeting of cellfree synthesized PEX26 in semi-intact
Hela cells. Samples were cleared by centrifugation at 100,000 g for 30 min
before use in the immunoprecipitation and in vitro import assays.

Immunoprecipitations

Immunoprecipitation from cytosolic fractions was performed after dilution
with an equal volume of buffer C2 (0.2% CHAPS, 20 mM Hepes-KOH,
pH 7.4, 300 mM KCl, 1 mM EDTA, 2 mM DTT, 20% glycerol, and protease
inhibitor cocktail) using anti-FLAG agarose beads (Sigma-Aldrich). After
extensive washing with buffer C (0.1% CHAPS, 20 mM Hepes-KOH,
pH 7.4, 150 MM KCl, T mM EDTA, 1 mM DTT, 10% glycerol, and protease
inhibitor cocktail), proteins bound to the anti-FLAG agarose beads were
analyzed by SDS-PAGE and immunoblotting. To prepare immunoaffinity-
purified FLAG-PEX19-HA-PEX26 complexes for use in the in vitro import
assay, the anti-FLAG agarose beads were further washed with buffer S,
and immunoprecipitates were eluted with 100 pg/ml FLAG peptide (Sigma-
Aldrich) in buffer S. Where indicated, immunoprecipitation was performed
similarly using protein A-Sepharose beads (GE Healthcare) and rabbit
anti-HA antibody or preimmune serum.

Immunoprecipitation assays were also performed using cellfree syn-
thesized proteins. Unless otherwise indicated, translation products were
subjected to immunoprecipitation with anti-FLAG agarose beads after dilu-
tion with buffer C. For immunoprecipitation under detergentfree conditions,
translation products were diluted with buffer P (20 mM Hepes-KOH, pH 7.4,
100 mM potassium acetate, 2 mM magnesium acetate, and protease in-
hibitor cocktail) and then incubated with anti-FLAG agarose beads. After
extensive washing with buffer P, the beads were further washed with buffer P
contfaining 250 mM potassium acetate. Immunoprecipitates were subjected
to SDS-PAGE and subsequent immunoblotting.

For immunoprecipitation from cell lysates, Hela cells expressing epi-
tope-tagged PEX19, and EGFP-fused TA proteins were lysed in buffer D
(1% digitonin, 20 mM Hepes-KOH, pH 7.4, 150 mM KCI, 1 mM EDTA,
1 mM DTT, 10% glycerol, and protease inhibitor cocktail). Cell lysates
were cleared by centrifugation and incubated with anti-FLAG agarose
beads. After extensive washing with buffer D, bound proteins were analyzed
by SDS-PAGE and immunoblotting.
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Online supplemental material

Fig. S1 demonstrates that PEX19 knockdown impairs peroxisomal target-
ing of newly synthesized PEX26. Fig. S2 shows that the C+erminal region
of PEX26 is required for binding to PEX19. Fig. S3 shows the inferaction
between PEX19AN23 and PEX26 in the cytosol. Fig. S4 shows that peroxi-
somal targeting of EGFP-OMP25-R and EGFP-Cyt bs-R depends on PEX19
and also shows the interaction of PEX19 with EGFP-fused OMP25R, Cyt
bsR, Sec61BR, and VAMP2R. Online supplemental material is available
at http://www.jcb.org/cgi/content/full /icb.201211077/DC1.
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