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Rat cDNA encoding a 372-amino-acid peroxin was isolated, primarily by functional complemen-
tation screening, using a peroxisome-deficient Chinese hamster ovary cell mutant, ZPG208, of
complementation group 17. The deduced primary sequence showed ~25% amino acid identity
with the yeast Pex3p, thereby we termed this cDNA rat PEX3 (RnPEX3). Human and Chinese
hamster Pex3p showed 96 and 94% identity to rat Pex3p and had 373 amino acids. Pex3p was
characterized as an integral membrane protein of peroxisomes, exposing its N- and C-terminal
parts to the cytosol. A homozygous, inactivating missense mutation, G to A at position413, in a
codon (GGA) for Gly'*® and resulting in a codon (GAA) for Glu was the genetic cause of
peroxisome deficiency of complementation group 17 ZPG208. The peroxisome-restoring activity
apparently required the full length of Pex3p, whereas its N-terminal part from residues 1 to 40 was
sufficient to target a fusion protein to peroxisomes. We also demonstrated that Pex3p binds the
farnesylated peroxisomal membrane protein Pex19p. Moreover, upon expression of PEX3 in
ZPG208, peroxisomal membrane vesicles were assembled before the import of soluble proteins
such as PTS2-tagged green fluorescent protein. Thus, Pex3p assembles membrane vesicles before
the matrix proteins are translocated.

INTRODUCTION

Membrane biogenesis and its regulation are one of the major

ferent complementation groups (CGs) (Shimozawa et al.,
1992; Moser et al., 1995; Poulos et al., 1995; Kinoshita et al.,
1998; Shimozawa et al., 1998a,b). Understanding of peroxi-

foci in modern molecular cell biology (Schatz and Dobber-
stein, 1996). The peroxisome has been widely used as a
model intracellular organelle suitable for studies using
mammals and yeast (Erdmann et al., 1997; Fujiki, 1997; Sub-
ramani, 1997; Waterham and Cregg, 1997). Some human
fatal genetic disorders such as Zellweger syndrome are
linked to peroxisomal malfunction and failure of peroxi-
some biogenesis (Lazarow and Moser, 1995; Fujiki, 1997).
Genetic heterogeneity has been found in subjects with these
peroxisome biogenesis disorders (PBDs), comprising 13 dif-
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some biogenesis has significantly progressed, mainly based
on findings of topogenic signals and peroxins required for
peroxisomal protein import (Erdmann et al., 1997; Fujiki,
1997; Subramani, 1997; Waterham and Cregg, 1997). Gener-
ally accepted models include peroxisomal soluble as well as
membrane proteins being encoded by nuclear genes, trans-
lated on free polyribosomes in the cytosol, most of which, if
not all, are posttranslationally translocated to preexisting
peroxisomes (Lazarow and Fujiki, 1985). Recent evidence
suggests the involvement of endoplasmic reticulum (ER) in
peroxisomal membrane biogenesis in yeast (Titorenko and
Rachubinski, 1998).

We identified 16 CGs in mammals by CG analysis be-
tween Chinese hamster ovary (CHO) cell mutants and fibro-
blasts from PBD patients (Fujiki, 1997; Kinoshita et al., 1998;
Ghaedi et al., 1999a). Therefore, mammalian peroxisome bio-
genesis probably requires at least 16 genes or their products.
We isolated a novel CG of CHO cell mutants, ZPG208 and
ZPG209 (Ghaedi ef al., 1999b). These mutants are apparently
defective in peroxisome membrane assembly, as are the
ZP119 cells (Kinoshita ef al., 1998) and the cells of patients
(Shimozawa et al., 1998a) of CG-G, CG-J, and CG-D (Honsho
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et al., 1998). More recently, we isolated peroxin cDNA,
PEX19, by functional phenotype complementation assay,
using ZP119 (Matsuzono et al., 1999). Thus, peroxisome as-
sembly-defective CHO cell mutants are useful to investigate
molecular and cellular mechanisms involved in peroxisome
biogenesis and for elucidation of primary defects of PBD
(Fujiki, 1997, Okumoto and Fujiki, 1997; Okumoto et al.,
1998b; Otera et al., 1998; Tamura et al., 1998). Using another
approach, i.e., expressed sequence tagging search on a hu-
man DNA database using yeast peroxin genes, we identified
the human orthologue of Yarrowia lipolytica PEX16 (Honsho
et al., 1998). PEX16 (Honsho et al., 1998; South and Gould,
1999) and PEX19 (Matsuzono et al., 1999) are responsible for
PBDs of CG-D and CG-], respectively. While the present
work was in progress, human PEX3 was cloned using a
homology search and yeast PEX3 (Kammerer et al., 1998;
Soukupova et al., 1999). It interacts with Pex19p (Soukupova
et al., 1999). A potential region responsible for targeting of
human (Kammerer et al., 1998; Soukupova et al., 1999) and
yeast (Baerends et al., 1996, Wiemer et al., 1996) Pex3p has
also been reported. However, a PEX3-defective phenotype
has not been described for mammalian cells. Moreover, con-
trary to extensive investigation of the import of soluble
proteins, molecular mechanisms involved in assembly of
peroxisomal membrane vesicles are not well understood.

We isolated PEX3 ¢cDNAs from rat, human, and Chinese
hamster, primarily by genetic phenotype complementation
screening using ZPG208. We also identified an inactivating,
missense transition mutation in the PEX3 gene of ZPG208
cells. We found that Pex3p is involved at the initial stage in
peroxisome membrane assembly, before the import of ma-
trix protein. Topogenic and functional analyses of Pex3p are
also discussed.

MATERIALS AND METHODS

Rat Liver cDNA Library and Search for
Complementing cDNA

The rat (Rn) liver cDNA library, containing unidirectionally inserted
c¢DNA under the cytomegalovirus (CMV) promoter in a ZAP Ex-
press predigested vector (Stratagene, La Jolla, CA), has been de-
scribed previously (Okumoto and Fujiki, 1997; Okumoto et al.,
1998b). We screened the cDNA library by functional complementa-
tion assay, using a CHO cell mutant, ZPG208, as described (Oku-
moto et al., 1998b; Tamura et al., 1998). Among the cDNA pools
examined, a positive one (C8), containing 6000 clones that restored
peroxisomes in ZPG208, was further divided into subpools and
screened. While complementing ¢cDNA cloning was in progress,
using C8 subpools consisting of 300 clones per pool, we identified a
human expressed sequence tag clone, AA305508, that showed good
homology (47% identity) to PEX3 of Saccharomyces cerevisiae
(Hoehfeld et al., 1991). We then asked whether the cDNA pool C8
might contain a plasmid corresponding to human PEX3. We used
PCR primers, sense (5'-AAGATGCTGAGGTCTGTATG-3'; poten-
tial initiation codon, underlined) and antisense (5'-GGCTCTCG-
GAATTCAGTTGC-3'), containing nucleotide residues at positions
—3 to 17 and 246265, respectively, of the expressed sequence tag
clone AA305508. A PCR product of the expected size was obtained.
Thereby, full-length RnPEX3 cDNA cloning was facilitated by col-
ony hybridization of the C8, using as a probe the 268-bp human (Hs)
PEX3 cDNA PCR product. Three clones, pBK-CMV-1-3, were iso-
lated and separately transfected into ZPG208 cells. Numerous green
fluorescent protein (GFP)-positive punctates, presumably peroxi-
somes, were observed in respective transfectants (our unpublished

2086

results), thus indicating that PEX3 is a potential complementing
gene. An EcoRI-Xhol cDNA fragment of each of the three cDNA
clones was directly sequenced. The nucleotide sequence of both
strands was determined by the dideoxy-chain termination method,
using various oligo-DNA primers, RnPEX3 Internal F and RnPEX3
Full R1 (Table 1), and a Dye-terminator DNA sequence kit (Applied
Biosystems, Foster City, CA). Alignment was done using a GENE-
TYX-Mac program (Software Development, Tokyo, Japan). pBK-
CMV-1-3 contained the same open reading frame (ORF); pBK-
CMV-2 was named pBK-CMV-RnPEX3 (see RESULTS).

Screening of Human and Chinese Hamster cDNA
Libraries

Full-length HsPEX3 ¢cDNA was isolated by colony hybridization on a
human liver cDNA library (Tamura ef al., 1998) in pPCMVSPORT (Life
Technologies, Rockville, MD) with the 268-bp HsPEX3 cDNA (see
above) as probe. One positive clone was isolated from a subpool, F7-16,
and its nucleotide sequence, named pCMVSPORT-HsPEX3, had 1428
bp and contained a 1119-bp ORF encoding a 373-amino-acid polypep-
tide. Approximately 3.3 X 10° independent colonies of a cDNA library
from wild-type CHO-K1 cells in pSPORT I (Otera et al., 1998) were
screened using the 3?P-labeled RnPEX3 (0.35-kb PCR product and a
pair of primers, RnPEX3 F1 and RnPEX3 Internal R2), by hybridization
and washing at 37 and 55°C, respectively. Three positive clones were
isolated; a shorter one was subcloned into pBluescript II SK(—) (Strat-
agene) at the Sall-Notl site and sequenced using oligonucleotide prim-
ers CIPEX3 Internal F1 and CIPEX3 Internal FR1. The Sall-Notl frag-
ment of Chinese hamster (Cl) PEX3 was subcloned into the
PCMVSPORT I vector.

Transfection of PEX3

The BamHI-Xhol fragment of RnPEX3 in pBK-CMV vector (Oku-
moto et al., 1998b) was ligated into the BamHI-Xhol sites of an
expression vector, pcDNA3.1/Zeo(+), containing the Zeocin gene
(Invitrogen, Carlsbad, CA). ZPG208 cells were transfected with
pcDNAB3.1/Zeo-RnPEX3 by lipofection (Tamura et al., 1998; Shimizu
et al., 1999). Stable transformants were selected in the presence of
250 pg/ml Zeocin (Invitrogen) and were examined for peroxisomes
using import of peroxisome targeting signal type 2-tagged GFP
(PTS2-GFP) (Ghaedi ef al., 1999b). One of the transformants highly
expressing GFP in peroxisomes, cloned by the limiting dilution
method, was termed 208P3. Eleven other groups of CHO cell mu-
tants as well as fibroblasts derived from peroxisome-deficient pa-
tients were similarly transfected with pcDNA3.1/Zeo-RnPEX3.
Transfection HsPEX3 and CIPEX3 was likewise done.

Morphological Analysis

PTS2-GFP in TKaG2-derived cells such as ZPG208 that had been
grown on a cover glass was observed, without cell fixation (Ghaedi
et al., 1999b), under a Carl Zeiss (Thornwood, NY) Axioskop FL
microscope using a number 17 filter. Peroxisomes in CHO cells and
human fibroblasts were assessed by indirect immunofluorescence
light microscopy. Antibodies used were rabbit antibodies to rat liver
catalase (Tsukamoto et al., 1990), human catalase (Shimozawa et al.,
1992), PTS1 peptide (Otera ef al., 1998), 70-kDa peroxisomal integral
membrane protein (PMP70) (Tsukamoto et al., 1990), and Pex14p
(Shimizu et al., 1999), as well as goat anti-rat catalase antibody
(Okumoto et al., 1998b). Anti-Pex3p antibody was raised in rabbits
by immunizing with a synthetic peptide comprising the C terminus,
an 18-amino-acid sequence of human Pex3p (see Figure 2, dashed
underline) supplemented with Gly-Cys at the N terminus that had
been linked to keyhole limpet hemocyanin (Tsukamoto et al., 1991).
Antigen-antibody complex was detected using Texas Red-labeled
sheep anti-rabbit immunoglobulin G (IgG) antibody (Cappel,
Durham, NC) or donkey anti-goat IgG antibody conjugated to rhoda-
mine (Chemicon, Pittsburgh, PA).
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Table 1. Synthetic oligonucleotide primers used

Code? Sequence (5’ to 3') Underlined
CIPEX3 Full F CAGAGTCTGAAGATGCTGAGATCAATG

CIPEX3 Internal F1 TTACCTGGATAATGCAACAGTTGGAA

CIPEX3 Full R TCTTCTTGAAGGAAGAAAGTCATTTCTCCAGTTGTTG

CIPEX3 Internal FR1 AGTTAGATACACCTGATGAAGTAGACTGCTGATGAA

RnPEX3 Internal F TCAACTCGGAGAGTCTGACAGCT

RnPEX3 F1 TGGGATCCTGCTGAGATCAATGTGGAATTTTCTGAA BamHI site
RnPEX3 F1/Sall-Hyb GGTGGTCGACGCTGAGATCAATGTGGAATT Sall site
RnPEX3 F1.1 TTGGGATCCGCATCTTCCTGGGCACAGTCC BamHI site
RnPEX3 F2 GCTTGGGATCCAATATGGACAGAAAAAACTTAGAG BamHI site
RnPEX3 F3/Sall-Hyb GTGGGTCGACTTTCACAAGAAGTATTGTA Sall site
RnPEX3 Full R1 TAAGGTGCTAAATGAATCTA

RnPEX3 Internal R2 TACAATACTTCTTGTGAAACTTATTATC

RnPEX3 R1 CTCTGGGCCCCAATCATTTCTCCAGTTGTTGG Apal site
RnPEX3 R1/Ncol CATGCCATGGGGCATTTCTCCAGTTGTTG Ncol site
RnPEX3 R1/Nhel GGTAGCTAGCTTTCTCCAGTTGTTGG Nhel site
RnPEX3 R1/Notl-Hyb CCCAGCGGCCGCTCATTTCTCCAGTTGTTG Notl site
RnPEX3 R2 CTCTGGGCCCCAATCACTGCTGAGTGGGTCGGAAGAACT Apal site
RnPEX3 R2/Ncol CATGCCATGGGCTGCTCAGTGGGTCGGA Ncol site
RnPEX3 R2/Notl-Hyb CCCAGCGGCCGCTCACTGCTCAGTGGGTCG Notl site
RnPEX3 R40/Ncol CAGTCCATGGGTATTTCTCTAAGTTTTTTCTGTCCA Ncol site
RnPEX3 R40/Notl-Hyb CCACGCGGCCGCCTATATTTCTCTAAGTTT Notl site
HsPEX19 F/Sall ACGCGTCGACGGCCGCCGCTGAGGAAGG Sall site
HsPEX19 R/Notl TCATTAGCGGCCGCCTCGAGTCATCACATGATCAGACACTG Notl site

2F and R, forward and reverse primers, respectively.

Mutation Analysis

Total RNA was obtained from ZPG208 and ZPG209 cells, using an
RNeasy kit (Qiagen, Hilden, Germany). Reverse transcription (RT)-
PCR was performed using 5 ug of total RNA, Superscript reverse
transcriptase (Life Technologies), and a pair of CIPEX3-specific PCR
primers: CIPEX3 Full F and Full R (Table 1). The RT-PCR product
was cloned into the pGEM-T Easy vector (Promega, Madison, WI)
and sequenced. ZPG208-derived PEX3 c¢cDNA was inserted into
PCMVSPORT and transfected to CHO cells by lipofection.

Expression of Epitope-tagged Pex3p

Tagging of epitopes, flag, and tandem hemagglutinin (HA-HA, influ-
enza virus hemagglutinin) to the N and C terminus, respectively, of
RnPex3p was done as follows. The full length of RnPEX3 was ampli-
fied using a pair of primers: RnPEX3 F1 and RnPEX3 R1/Nhel. The
PCR product was digested with BarHI and Nhel and then ligated into
the BamHI-Nhel sites, upstream of a double-HA tag sequence, of
pBluescript II SK(—)-HsPEX16-HA (Honsho et al., 1998). BamHI-Apal
fragment of the pBluescript II SK(—)-RnPEX3-HA was inserted into the
pUcD2SRaHygflag-RnPEX12 (Okumoto et al., 1998b), in place of the
RnPEX12 cDNA. All plasmid constructs were assessed by sequence
analysis. Pex3p-HA and flag-Pex3p were detected using rabbit an-
ti-HA antibody and mouse anti-flag antibody (M2; Scientific Imaging
Systems, New Haven, CT), in cells that had been fixed with 4% para-
formaldehyde and then permeabilized with either 25 ug/ml digitonin
or 0.1% Triton X-100 (Motley et al., 1994; Okumoto and Fujiki, 1997;
Okumoto et al., 1998b). Antigen—antibody complex was detected using
fluorescein isothiocyanate-labeled sheep anti-rabbit IgG antibody
(Cappel) or sheep anti-mouse IgG antibody (Amersham Pharmacia
Biotech, Tokyo, Japan) and Texas Red-labeled goat anti-rabbit IgG
antibody (Leinco Technologies, Ballwin, MO).

Protease Protection Assay

The postnuclear supernatant (PNS) fraction of CHO-K1 cells trans-
fected with flag-RnPEX3-HA was treated with several different con-

Vol. 11, June 2000

centrations of proteinase K, in the presence and absence of 1%
Triton X-100 for 30 min on ice. The reaction was terminated with 1
mM phenylmethylsulfonyl fluoride and then by precipitation using
trichloroacetic acid (Shimizu et al., 1999). The resulting whole-cell
proteins were analyzed by SDS-PAGE. Pex3p, Pex14p, and acyl-
coenzyme A (CoA) oxidase (AOx), a matrix protein, were assessed
by immunoblot with antibodies to flag, HA, Pex14p (Shimizu et al.,
1999), and AOx, respectively.

Subcellular Fractionation

Subcellular fractionation of rat liver and CHO cells was done as
described (Tsukamoto et al., 1991; Miura et al., 1992; Kinoshita et
al., 1998; Shimizu et al., 1999). Each fraction was separated by
SDS-PAGE and electrophoretically transferred onto a polyvinyli-
dene difluoride membrane (Bio-Rad, Hercules, CA). Pex3p and
peroxisomal marker proteins, including 3-ketoacyl-CoA thiolase
(Tsukamoto ef al., 1990) and Pex13p (Toyama et al., 1999), were
probed with the respective antibodies and then visualized using
the ECL Western blotting detection reagent (Amersham Pharma-
cia Biotech). For determination of intraperoxisomal localization,
the peroxisomal fraction was diluted with 20 mM HEPES-KOH,
pH 7.6. Membrane and soluble fractions were separated by cen-
trifugation for 30 min at 100,000 X g. Sodium carbonate treatment
(Fujiki et al., 1982a) and Triton X-114 extraction (Bodier, 1981)
were done as described.

Construction of Pex3p Fusion with enhanced GFP
(EGFP)

c¢DNAs encoding fusion proteins of the wild-type Pex3p and vari-
ous truncated mutants with EGFP were constructed as follows: the
ORF coding for the full-length Pex3p and its truncated mutants
comprising amino acid residues 16-372, 1-312, and 1-40 were
generated by PCR strategy, with pPBK-CMV-RnPEX3 as the tem-
plate and primer-pairs designed for creating BamHI and Ncol at 5’
and 3’ tails, RnPEX3 F1 and RnPEX3 R1/Ncol, RnPEX3 F1.1 and
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RnPEX3 R1/Ncol, RnPEX3 F1 and RnPEX3 R2/Ncol, and RnPEX3
F1 and RnPEX3 R40/Ncol, respectively. Each of BamHI and Ncol
fragments of the resulting PCR products was inserted into the
BamHI and Ncol sites of pEGFP vector upstream of an EGFP gene
(Clontech, Palo Alto, CA). The BamHI-Apal fragments containing
the ORF encoding Pex3p-EGFP fusion proteins were inserted into
the pUcD2Hyg-flag-RnPEX12 (Okumoto et al., 1998b) in place of the
RnPEX12 cDNA.

Yeast Two-Hybrid Assay

Maintenance and transformation of yeast cells, using the Proquest
two-hybrid system (Life Technologies), were done according to the
manufacturer’s protocol. The ORFs for the full-length rat Pex3p and
its truncated mutants were amplified by PCR with pBK-
CMV:RnPEX3 as the template and primers (see below) introducing
the Sall and Notl sites at 5" and 3’ sites, respectively. Primers used
were sense primer, RnPEX3 F1/Sall-hyb, and antisense, RnPEX3
R1/Notl-hyb, for the full length, amino acid residues 1-372 (Table
1). PCR for PEX3 variants encoding amino acid residues 1-312 and
1-40 were done with RnPEX3 F1/Sall-hyb as a forward primer and
RnPEX3 R2/Notl-hyb and RnPEX3 R40/Notl-hyb as reverse prim-
ers, respectively. A PEX3 mutant for residues 110-372 was ampli-
fied with a forward primer, RnPEX3 F3/Sall-hyb, and a reverse
primer, RnPEX3 R1/Notl-hyb. The ORF for Pex3p-G138E was am-
plified using primers RnPEX3 F1/Sall-hyb and RnPEX3 R1/Notl-
hyb and ZPG208-derived PEX3 as the template. The resulting PCR
products were excised with Sall and Notl. The fragments were
separately inserted into the Sal/l-NotI sites downstream of the GAL4
DNA-binding domain in the pDBLeu plasmid or the GAL4-activat-
ing domain in the pPC86 plasmid. For the constructs encoding
fusions with human Pex19p, PCR amplification was done with
primers HsPEX19 F/Sall and HsPEX19 R/Notl wusing
pUcD2Hyg-HsPEX19 (Matsuzono et al., 1999) as the template. The
resulting product was inserted into pDBLeu and pPC86 plasmids,
as described for PEX3.

Cotransformation of two hybrid vectors into S. cerevisize MaV203
(Mata, leu2-3, 112, trp1-901, his3A200, ade2-101, gal4A, galS8OA,
SPAL10:URA3, GALl:lacZ, HIS3yas cara::HIS3@LYS2, canlX,
cyh2®) was done according to instructions of the manufacturer.
Individual transformants were screened for their potential to grow
on synthetic complete medium lacking tryptophan, leucine, and
histidine by expression of their chromosomal HIS3 gene. The trans-
formants were also assayed for B-galactosidase activity of the lacZ
marker gene.

Coimmunoprecipitation Assay

To verify the findings in vivo, we did a coimmunoprecipitation
assay. Human Pex3p and Pex19p were separately synthesized in a
rabbit reticulocyte cell-free translation system (Miyazawa ef al.,
1989) using in vitro transcripts of HsPEX3 and HsPEX19 (Matsu-
zono et al.,, 1999), in the presence and absence of 1.2 mCi/ml
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Figure 1. Restoration of peroxisomes in
CHO mutant cells. (a and f) Peroxisome-de-
ficient ZPG208 cells; (b), peroxisome-restored
ZPG208 after lipofection with a combined
pool (C8) of rat cDNA library; (c) ZPG208
transfected with pBKCMVRnPEX3 plasmid;
d, e, and g) 208P3 cells, stable RnPEX3-trans-
formants of ZPG208 cells; (h) ZPG209 was
transfected with pCMVSPORT-HsPEX3.
(a—c) Fluorescent micrograph of GFP-ex-
pressing ZPG208. Cells were stained with
antisera to catalase (d and h), PTS1 (e), and
PMP70 (f and g), respectively. Magnification,
630X; bar, 20 um.

[*>S]methionine and [**S]cysteine (Amersham Pharmacia Biotech),
respectively. [¥S]Pex3p and Pex19p were incubated overnight at
4°C and subjected to immunoprecipitation with anti-Pex19p anti-
body (Matsuzono et al., 1999), as described (Miyazawa et al., 1989).

Other Methods

In vitro transcription and translation (Miyazawa et al., 1989) were
done as described. Immunoprecipitation of [3*S]Pex3p and catalase
latency assay with digitonin were done as described (Tsukamoto et
al., 1990). Protein assay was done using a Bio-Rad protein assay kit.
Cell resistance to the 12-(1'-pyrene)dodecanoic acid/long-wave-
length UV light (P12/UV) and 9-(1'-pyrene)nonanol/UV (P9OH/
UV) treatments was determined under conditions of 2 uM, 1.5 min
and 6 uM, 2 min (Shimozawa et al., 1992), respectively.

RESULTS
Cloning of a Rat PEX3 cDNA

We used a transient expression assay as a cDNA cloning
strategy (Tsukamoto et al., 1995; Okumoto and Fujiki, 1997;
Okumoto ef al., 1998b; Tamura et al., 1998) to search for a
complementing cDNA of a CG17 CHO cell mutant, ZPG208,
defective in peroxisome assembly (Ghaedi et al., 1999b) (Fig-
ure la). A rat liver cDNA library divided into small pools
was transfected to ZPG208. Peroxisome-restoring positive
cDNA clones were isolated by searching for a punctate
fluorescent pattern of PTS2-GFP in cells, presumably restor-
ing peroxisomal import. One combined pool (C8) yielded
several peroxisome-restored cells of ZPG208 in a single dish
(Figure 1b). After a third round of screening, i.e. at the step
of 300 clones per pool screening, final cDNA cloning was
done by a colony hybridization method, using a 268-bp
HsPEX3 cDNA (see MATERIALS AND METHODS) as
probe. One positive clone, named pBK-CMV-PEX3, was iso-
lated, which restored peroxisomal import of PTS2-GFP in
ZPG208 (our unpublished data). The cDNA portion of pBK-
CMV-PEX3, sequenced on both strands, indicated that the
cDNA was 1952 bp in length with an ORF encoding a
protein consisting of 372 amino acids (Figure 2). The calcu-
lated molecular mass of its deduced amino acid sequence
was 42,209 Da. The amino acid sequence showed 25, 32, and
33% identity with those of Pex3p from S. cerevisiae (Hoehfeld
et al., 1991), Hansenula polymorpha (Baerends et al., 1996), and
Pichia pastoris (Wiemer et al., 1996), respectively. Thus we
termed this cDNA rat PEX3, RnPEX3. (The GenBank data-
base accession number for rat PEX3 is AB035306.) RnPEX3
complemented peroxisomal import of PTS2-GFP in ZPG208
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Rn MLRSMWNFLKRHKKKCIFLGTVLGGVYILGKYGQOKKLREIQEREAAEYTAQARRQYHFESNQRTC 65
C1 MLRSMWNFLKRHKKKCIFLGTVLGGVYILGKYGQKKIREIQEREAAEYTAQARRQYHFESNQRTC 65
Hs MLRSVWNFLKRHKKKCIFLGTVLGGVYILGKYGQKKIREIQEREAAEYIAQARRQYHFESNQRTC 65
Rn NMTVLSMLPTLREALMQQLNSESLTALLKNRPSNKLEIWEDLKIISFTRSIVAVYSTCMLVVLLR 130
Cl NMTVLSMLPTLREALMQQLNSESLTALLKNRPSNKLEIWEDLKIISFTRSIVAVYSTCMLVVLLR 130
Hs NMTVLSMLPTLREALMOQOINSESLTALLKNRPSNKLEIWEDLKIISFTRSTVAVYSTCMLVVLLR 130
h 4
Rn  VQLNIIGGYIYLDNATVGKNGTSILAPPDVQQOQOYLSSIQHLLGDGLTELVIVIKQAVORILGSIS 195
Cl VQLNIIGGYIYLDNATVGKNGTTVLAPPDVQOQOYLSSIQHLLGDGLTELVIVIKQAVQRILGSVS 195
Hs VQLNIIGGYIYLDNAAVGKNGTTILAPPDVQQQOYLSSIQHLLGDGLTELITVIKQAVOKVLGSVS 195
Rn LKHSLSLLDLEQKLKEIRTLVEQHRS-CWNDKDASKSSLCHYMMPDEETPLAAQAYGLSPRDITT 259
Cl LKHSLSLLDLEQKLKEIRILVEQHRSPSWIDKDVSKSSLCQYMMPDEETPLAAQAYGLSPRDITT 260
Hs LEKHSLSLLDLEQKLKEIRNLVEQHKSSSWINKDGSKPLLCHYMMPDEETPLAVQACGLSPRDITT 260
Rn IKLLNETRDMLESPDFSTVLNTCLNRGFSRLLDNMAEFFRPTEQDLQHGNSINSLSSVSLPLAKI 324
C1 IKLLNETRDMLESPDFSTVLNTCLNRGFSRLLDNMAEFFRPTEQDLQHGNSINSLSSVSLPLAKI 325
Hs IKLLNETRDMLESPDFSTVLNTCLNRGFSRLLDNMAEFFRPTEQDLQHGNSMNSLSSVSLPLAKI 325

Rn IPIVNGQIHSVCSETPSHFVQDLLMMEQVKDFAANVYEAFSTPQQLEK 372
C1 IPIVNGQIHSVCSDTPSHFVQDLLMMEQVKDFAANVYEAFSTPQQOLEK 373
Hs IPIVNGQIHSVCSETPSHFVQDLL TMEQVKDFAANVYEAFSTPOOLEK 373

Figure 2.

Amino acid sequence alignment of PEX3 protein from three mammalian species. Deduced amino acid sequence of rat (Rn) Pex3p

was compared with those of Pex3p from Chinese hamster (Cl) and human (Hs). The dash indicates a space. Identical amino acids between
species are shaded. The primary sequences with higher hydrophobicity are overlined. The sequence used for chemical synthesis of Pex3p
peptide is shown by the dashed underline. The solid arrowhead indicates the position of mutation in pex3 mutants ZPG208 and ZPG209 (see

Figure 4).

(Figure 1c). Human (Hs) and Chinese hamster (CI) PEX3
cDNA were cloned by colony hybridization from human
and Chinese hamster cDNA libraries. Both HsPEX3 and
CIPEX3 encoded 373-amino-acid Pex3p, with 94 and 97%
identity to rat Pex3p at a deduced amino acid sequence level,
whereas rat Pex3p was shorter by one amino acid, at align-
ment position 222 (Figure 2). (The GenBank database acces-
sion numbers for human and Chinese hamster PEX3 are
AB035307 and ABO035308, respectively.) Pex3p apparently
contained at least two hydrophobic segments, thereby sug-
gesting that Pex3p is a membrane protein (Figure 2, over-
lines).

PEX3 Restored Peroxisome Biogenesis in ZPG208

Several phenotypic abnormalities attributable to peroxisome
deficiency, such as impaired import of both matrix and
membrane proteins, were found in ZPG208 (Ghaedi et al.,
1999b). To determine whether RnPEX3 could correct these
mutant phenotypes, a stable RnPEX3-transformant of
ZPG208, named 208P3, was isolated. PTS1 proteins were
noted in numerous vesicular structures, presumably peroxi-
somes, when stained with antibodies to catalase (Figure 1d),
PTS1 (Figure le), and 3-ketoacyl-CoA thiolase, a PTS2 pro-

Vol. 11, June 2000

tein (our unpublished data). Numerous PMP70-positive par-
ticles were detected in 208P3 cells (Figure 1g), whereas per-
oxisomal membrane remnants were not discernible in
ZPG208 (Ghaedi et al., 1999b) (Figure 1f). These results
strongly suggested that 208P3 cells had morphologically
normal peroxisomes, as seen in the wild-type CHO-K1 cells.
When another CHO cell mutant, ZPG209 of the same CG as
ZPG208, was transfected with human PEX3 (HsPEX3), cata-
lase was likewise localized in peroxisomes (Figure 1h), thus
demonstrating that HsPEX3 is functional in CHO cells.

In peroxisome-deficient cells, peroxisomal proteins mislo-
calized to the cytosol are rapidly degraded or are not con-
verted to mature forms, despite normal synthesis (Tsuka-
moto et al., 1990; Shimozawa et al., 1992; Okumoto et al.,
1997). In the digitonin titration assay, nearly 60% of the
catalase activity was latent at the digitonin concentration of
100 pg/ml in the wild-type cells (Figure 3A). In ZPG208
cells, nearly full activity of catalase was detected at 100
pg/ml digitonin, with the same latency profile as lactate
dehydrogenase, a cytosolic enzyme (Okumoto et al., 1998b;
Tamura et al., 1998) (our unpublished results); hence catalase
was present in the cytosol. This is consistent with our earlier
observations using several CGs of CHO mutants (Tsuka-
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Figure 3. Complementation of biogenesis of peroxisomal proteins.
(A) Latency of catalase activity in CHO-K1, ZPG208, and 208P3
cells. Circles, CHO-K1; triangles, ZPG208; squares, 208P3. Relative
free catalase activity is expressed as a percentage of the total activity
measured in the presence of 1% Triton X-100 (Tsukamoto et al.,
1990). The results represent a mean of duplicate assays. (B) Biogen-
esis of peroxisomal proteins. Subcellular fractions (20-pg aliquot
each) from CHO-K1, ZPG208, and 208P3 were subjected to SDS-
PAGE and transferred to a polyvinylidene difluoride membrane.
Immunoblot analysis was done using rabbit antibodies to perox-
isomal AOx (upper panel), thiolase (middle panel), and PMP70
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moto et al., 1990; Shimozawa et al., 1992; Okumoto et al.,
1998b; Tamura et al., 1998). In 208P3 cells, catalase showed
almost the same latency as in wild-type CHO-K1 cells,
thereby demonstrating restoration of peroxisome biogene-
sis. A moderately higher level of total catalase activity in
ZPG208 and 208P3 cells, compared with that of CHO-K1,
apparently reflects cell size (Table 2).

AOx, the first enzyme of the peroxisomal fatty acid B-ox-
idation system, is synthesized as a 75-kDa polypeptide (A
component) and is proteolytically converted into 53- and
22-kDa polypeptides (B and C components, respectively) in
peroxisomes (Miyazawa et al., 1987, Miyazawa ef al., 1989;
Tsukamoto ef al., 1990). All three polypeptide components
were evident in CHO-K1 cells, exclusively in the organelle
fraction, presumably in peroxisomes, as assessed by immu-
noblotting (Figure 3B, top panel, lanes 1-3), whereas AOx
protein was under the detectable level in ZPG208, probably
because of rapid degradation (Tsukamoto et al., 1990; Ghaedi
et al., 1999b) (Figure 3B, top panel, lanes 4-6). The three
components of AOx were found in particulate fractions in
208P3, as in CHO-K1 cells (Figure 3B, top panel, lanes 7-9),
indicative of proper import and proteolytic conversion of
AOx. Peroxisomal 3-ketoacyl-CoA thiolase, the third en-
zyme of the peroxisomal B-oxidation system, is synthesized
as a larger precursor with an amino-terminal presequence,
which contains PTS2 (Osumi et al., 1991; Swinkels et al., 1991)
and is converted to a mature form in peroxisomes (Hijikata
et al., 1987; Tsukamoto et al., 1990; Miura et al., 1994; Tsuka-
moto ef al., 1994a). In wild-type CHO-K1 cells, only the
matured thiolase was detected and mostly in the PNS as
well as organelle fractions, presumably in peroxisomes, with
a little in the cytosol (Figure 3B, middle panel, lanes 1-3),
thereby reflecting rapid processing of the precursor form. In
ZPG208 cells, only the larger precursor was found in partic-
ulate and soluble fractions (Figure 3B, middle panel, lanes
4-6), implying the absence of processing activity. The thio-
lase precursor in the membrane pellet may be due to non-
specific binding to some organelles. Physiological implica-
tions remain to be clarified. 208P3 cells showed only the
mature form of thiolase, as in CHO-K1, demonstrating the
complementation of PTS2 protein import and processing
(Figure 3B, middle panel, lanes 7-9). PMP70 was absent in
ZPG208 (Ghaedi et al., 1999b) (Figure 3B, bottom panel, lanes
4-6), presumably by a rapid degradation as in the pex19
CHO mutant ZP119 (Kinoshita et al., 1998). Another perox-
isomal membrane protein such as Pex13p was also under the
detectable level in ZPG208 (see Figure 5A). Appearance of
PMP?70 in the particulate fraction of 208P3, at a similar level
as in CHO-K1, also suggested the restored biogenesis of
peroxisomal membrane proteins (Figure 3B, bottom panel,
lanes 1-3 and 7-9).

Figure 3 (cont). (lower panel). Cell types are indicated at the top.
Lanes 1, 4, and 7, postnuclear supernatant (PNS) fraction; lanes 2, 5,
and 8, organellar fraction (Pell) derived from PNS; lanes 3, 6, and 9,
cytosolic fraction (Sup) from PNS. Arrows show AOx components
A-C; P and M designate a larger precursor and mature protein of
thiolase, respectively. Open arrowheads indicate the thiolase pre-
cursor; the arrowhead shows PMP70. Dots in the top panel indicate
nonspecific bands (Tamura ef al., 1998).
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Table 2. Properties of wild-type CHO-K1, ZPG208, and RnPEX3-transformed ZPG208 (208P3) cells

Total catalase activity Catalase latency P9OH/UV P12/0V
Cell Peroxisome (mU/10° cells) (%) (%) (%)
CHO-K1 + 5.8 61 0 76
ZPG208 - 8.0 5 81 0
208P3 + 8.2 55 0 72

Catalase latency represents peroxisomal catalase, calculated from Figure 3A, as described (Tsukamoto et al., 1990). For determination of
P12/UV or P9OH/UV resistance, 200 or 1 X 10° cells were inoculated into 60-mm dishes and selected (Shimozawa et al., 1992). The numbers
of colonies were counted in triplicate experiments and expressed as percentages of that of unselected control.

P9OH, incorporated into plasmalogens at an early stage of
synthesis, produces active oxygen by UV irradiation (Mo-
rand et al., 1990). Cell culture in the presence of P9OH,
followed by short exposure to UV, kills wild-type CHO cells
but not peroxisome-defective mutants. Conversely, P12/UV
treatment specifically kills peroxisome-defective cells grown
in P12-added medium upon UV irradiation, because of lack
of synthesis of plasmalogen, an oxygen radical scavenger
(Zoeller et al., 1988). 208P3 cells were resistant to P12/UV
treatment and sensitive to POOH/UV, similar to CHO-K1
cells (Table 2). In contrast, mutant ZPG208 cells were resis-
tant to P9OH/UV treatment and sensitive to P12/UV
(Ghaedi et al., 1999b) (Table 2). Taken together, these results
demonstrated that RnPEX3 restored peroxisome biogenesis
in ZPG208.

At 3 d after RnPEX3 transfection, CG17 CHO mutants,
ZPG208 and ZPG209, were mostly complemented for per-
oxisome assembly, whereas none of the other CGs of perox-
isome-deficient CHO cell mutants showed peroxisomes (Ta-
ble 3). Furthermore, RnPEX3 was introduced into fibroblasts
from patients with PBD, such as Zellweger syndrome, of
CGs, D and G of Gifu University (Gifu, Japan) (Shimozawa
et al., 1992; Poulos et al., 1995) and CG-VI of the Kennedy-
Krieger Institute (Baltimore, MD) (Shimozawa et al., 1992)
that were distinct from CHO mutants. As expected, none of
the PBD fibroblasts was morphologically restored for perox-
isome assembly (Table 3). Collectively, these results demon-
strate that Pex3p is the peroxisome biogenesis factor only for
CG17.

Dysfunction of Pex3p in CHO Mutants

PEX3 in Mutants. To investigate dysfunction of Pex3p in
ZPG208, we determined the nucleotide sequence of Pex3p
cDNA isolated from ZPG208 by RT-PCR. In the six indepen-
dent cDNA clones isolated, all showed a point mutation at
position 413 of a codon for Gly'*® (GGA) to a codon for
Glu'®® (GAA), termed CIPEX3G138E (Figure 4A), strongly
suggesting a homozygous mutation. Therefore, dysfunction
of the Pex3p caused by a missense mutation is most likely to
be the primary defect in the mutant ZPG208. It is notewor-
thy that the mutation site, G138E, was located in the interior
of the hydrophobic segment (see Figure 2). The same ho-
mozygous missense mutation was found in ZPG209 (our
unpublished results).
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Table 3. Complementation of CHO cell mutants and PBD patient
fibroblasts by RnPEX3

CHO Peroxisome- Patient Peroxisome-
mutant positive fibroblasts positive Gene
ZPG208 + PEX3
ZPG209 +
ZP124 - (A VIII)

B (VID) — PEX10
ZP92 - (C V) PEX6

D (IX) — PEX16
724/7P107 - (E 1) PEX1
765 - (F X) PEX2
ZP139 - (I PEX5
ZP109 - (IIT) PEX12

VI —

G —
ZP128 - (H) PEX13
ZP119 - ] — PEX19
ZPG207 - R XI - PEX7
ZP110 - PEX14
ZP114 -
ZP126 -

Peroxisome-deficient CHO mutants (Fujiki, 1997; Tateishi et al.,
1997; Kinoshita et al., 1998), including ZPG208 and ZPG209 (Ghaedi
et al., 1999b), CG-A ZP124 (Ghaedi et al., 1999a), PEX6-defective
ZP92 (Shimozawa et al., 1992; Tsukamoto et al., 1995), PEX1-defec-
tive ZP107 (Okumoto et al., 1997; Tamura et al., 1998), PEX2-im-
paired Z65 (Tsukamoto et al., 1991, 1994b), PEX5-impaired ZP139
(Otera et al., 1998), PEX12-defective ZP109 (Okumoto et al., 1997,
1998b; Okumoto and Fujiki, 1997), PEX13-impaired ZP128 (Toyama
et al., 1999), PEX19-impaired ZP119 (Kinoshita et al., 1998; Matsu-
zono et al., 1999), PEX14-deficient ZP110 (Tateishi et al., 1997;
Shimizu et al., 1999), ZP114 (Tateishi et al., 1997), and ZP126 (Ghaedi
et al., 1999a), as well as patient fibroblasts of several CGs shown not
to be represented by CHO mutants (Ghaedi et al., 1999b), i.e., CGs B
(patient PBDB-01) (Okumoto et al., 1998a), D (patient PBDD-01)
(Honsho et al., 1998), and G (patient 2) (Poulos et al., 1995; Ghaedi et
al., 1999b) of Gifu University (Gifu, Japan) and CG-VI (Shimozawa
et al., 1992) of Kennedy-Krieger Institute (Baltimore, MD), were
transfected with pcDNA3.1/Zeo'RnPEX3 and examined for perox-
isome assembly by immunostaining with antisera to rat and human
catalase, respectively, at 4 d after transfection. PEX7-defective
ZPG207 (Ghaedi et al., 1999b) and fibroblasts from a patient with
rhizomelic chondrodysplasia punctata (Ghaedi et al., 1999b) were
likewise transfected and stained with anti-rat thiolase antibody.
Cells of CG in parenthesis were not used in this experiment. +,
peroxisomes were complemented; —, not complemented.
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Figure 4. Mutation of PEX3 in ZPG208 cells. (A) Mutation analysis
of PEX3 in ZPG208. Partial sequence and deduced amino acid
sequence of PEX3 cDNA isolated from CHO-K1 (left) and a mutant
ZPG208 (right) are shown. A point mutation at nucleotide residue
413 changes a codon (GGA) for Gly'®® (Figure 2, solid arrowhead) to
a codon (GAA) for Glu'®. (B) Transfection of mutated Chinese
hamster PEX3. ZPG208 cells were transfected with Chinese hamster
PEX3, CIPEX3 (a), or ZPG208-derived PEX3, CIPEX3G138E (b). A
fluorescence micrograph of intracellular localization of PTS2-GFP is
shown. Magnification, 630X; bar 20 uwm.

Complementation of Protein Transport by CIPEX3. When
mutant ZPG208 cells were transfected with wild-type
CIPEX3 cDNA, PTS2-GFP was found in numerous particles,
thereby indicating complementation of peroxisomal protein
import (Figure 4B, a), as was the case with RnPEX3 (see
Figure 1). To assess the impaired function of Pex3p in
ZPG208, ZPG208-derived PEX3 ¢cDNA, CIPEX3G138E, was
transfected back to the mutant cells. PTS2-GFP was present
in the cytosol, in a diffuse manner, in CIPEX3G138E-trans-
fected ZPG208 (Figure 4B, b), hence demonstrating dysfunc-
tion of the mutated form of Pex3p. Moreover, ZPG209, the
same CG mutant as ZPG208, showed cytosolic PTS2-GFP in
transfectants of CIPEX3G138E (our unpublished results),
confirming the impaired function of CIPEX3G138E.

Taken together, we conclude that dysfunction of Pex3p
caused by a missense mutation is the primary defect in
impaired peroxisome biogenesis in CG17 CHO mutants
ZPG208 and ZPG209.

Intracellular Localization of Pex3p

The C-terminal peptide of human Pex3p (residues 355-372)
was used to raise rabbit antibody. This antibody reacted
only with a single protein with an apparent molecular mass
of ~42 kDa, nearly the same size as the calculated one, in
immunoblot of rat liver homogenates (our unpublished re-
sults), indicating that the antibody is specific. The mobility
in SDS-PAGE of Pex3p synthesized in vitro by coupled
transcription—translation of CIPEX3 was indistinguishable
from that of Pex3p detected by immunoblot of subcellular
fractions of CHO-K1, i.e. PNS and organellar fractions (Fig-
ure 5A, upper panel, compare lane 2 and lanes 4 and 5,
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arrow), thereby indicating that a cloned CIPEX3 encodes
bona fide Pex3p associated with organelles. This result im-
plies the synthesis of Pex3p at its final size, consistent with
a general rule for peroxisomal proteins (Lazarow and Fujiki,
1985). Human Pex3p synthesized in vitro also showed a
similar mobility in SDS-PAGE (Figure 5A, lane 1), whereas
rat Pex3p showed a slightly higher mobility (lane 3, arrow-
head).

Intracellular localization of Pex3p was also investigated
by subcellular fractionation of 208P3 cells stably expressing
rat Pex3p. Pex3p was detected in the PNS fraction and then
exclusively recovered in the organellar fraction, not in the
cytosol (Figure 5A, upper panel, lanes 7-9, arrowhead), as
was the case for endogenous Pex3p in CHO-K1 (lanes 4-6).
Peroxisomal membrane remnants, called peroxisomal
ghosts, are found in most CHO cell mutants impaired in
peroxisome biogenesis (Shimozawa et al., 1992) such as a
pex2 mutant, Z65 (Tsukamoto et al., 1991), as well as in PBD
patient fibroblasts (Santos et al., 1988). Pex3p was detected in
765 cells and fractionated in the membrane fraction (Figure
5A, lanes 13-15, arrow), whereas it was not discernible in a
pex3, ZPG208 (lanes 10-12), possibly because of a rapid
degradation. This implies that Pex3p is localized in endo-
membranes in Pex2 cells, presumably in peroxisomal rem-
nants where PMP70 is targeted (see below). Biogenesis of
other peroxisomal membrane proteins such as Pex13p
(Toyama et al., 1999) and Pex14p was investigated. Pex14p
was detectable in the membrane fraction of ZPG208 (Figure
5A, lower panel, lanes 4-6) but was less in amount com-
pared with the level in CHO-K1 and 208P3 (lanes 1-3 and
7-9). In contrast, Pex13p was not detectable in ZPG208
(lanes 4-6). Pex12p, another peroxin integrated to peroxiso-
mal membranes (Okumoto and Fujiki, 1997), was likewise
below the detection level (our unpublished results). In
CHO-K1 as well as 208P3 cells, Pex13p and Pex14p were
detected in organelle fractions (lanes 1-3 and 7-9). It may be
that Pex14p locates in peroxisome-related membrane vesi-
cles not morphologically detectable or in some endomem-
branes by mistargeting. In contrast, Pex13p appears to be
degraded. The results imply that the stability of peroxisomal
membrane proteins in the pex3 mutant may vary from one
protein to another.

Upon further fractionation of the light mitochondrial frac-
tion from rat liver by sucrose density gradient centrifuga-
tion, Pex3p was detected as a single band and cosedimented
with peroxisomal marker enzymes catalase and AOx as well
as peroxisomal integral membrane proteins Pex14p
(Shimizu et al., 1999) and PMP70, thereby indicating that
Pex3p is a peroxisomal protein (Figure 5B). This is consistent
with morphological observations (see below). In addition,
the distribution of Pex3p on the gradient was different from
that of marker enzymes, glutamate dehydrogenase for mi-
tochondria, esterase for microsomes, and N-acetyl-g-glu-
cosaminidase for lysosomes, thus confirming the peroxiso-
mal location of Pex3p.

The subcellular localization of Pex3p was also determined
by immunofluorescent microscopy with Pex3p tagged at its
N terminus with an epitope flag. In wild-type CHO-K1 cells
transfected with flag-HsPEX3, Pex3p was detected in a punc-
tate staining pattern with use of an anti-flag antibody (Fig-
ure 6A, a). The pattern was superimposable on that obtained
using an anti-catalase antibody (Figure 6A, b), thereby dem-
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onstrating that flag-Pex3p was targeted to peroxisomes. Sim-
ilar results were obtained when flag-RnPEX3 was expressed
in CHO-K1 cells and stained with an anti-flag antibody (our
unpublished results). The flag-tagged Pex3p fully restored
peroxisome assembly in ZPG208, as efficiently as did Pex3p,
and was colocalized with catalase, indicating that the N-
terminal tagging did not interfere with function of Pex3p
(our unpublished results). These results were interpreted to
mean that flag-Pex3p was translocated to peroxisomes. En-
dogenous Pex3p was barely detectable using an anti-Pex3p
antibody in CHO-K1 (our unpublished results). PEX2-defec-
tive Z65, (Tsukamoto et al., 1991) representing a typical pex
phenotype with normal import of membrane proteins (Shi-
mozawa et al., 1992), was transfected with flag-RnPEX3-HA.
Flag-Pex3p-HA was colocalized with PMP70 in peroxisomal
ghosts (Figure 6A, ¢ and d). Thus, translocation of Pex3p
does not appear to be impaired in these mutant cells, con-
sistent with the notion that import of peroxisomal mem-
brane proteins is normal in mutants with peroxisomal rem-
nants. Collectively, the data demonstrate peroxisomal
localization of Pex3p.

Hydropathy analysis of Pex3p suggested that Pex3p
apparently contains at least two hydrophobic segments
(see Figure 2, overlines). Pex3p was not extractable with
50 mM HEPES-KOH, pH 7.6, from freshly isolated rat
liver peroxisomes (our unpublished results). The integrity
of Pex3p was verified by extraction with 0.1 M sodium
carbonate, pH 11.5 (Fujiki et al., 1982a), and treatment
with 1% Triton X-114 (Bodier, 1981) (Figure 6B). Pex3p
was not extractable with sodium carbonate, as was the
case for peroxisomal integral membrane proteins PMP22
(Fujiki et al., 1984) and Pex12p (Okumoto and Fujiki, 1997;
Okumoto ef al., 1998b) (Figure 6B, lane 3), in contrast to a
matrix enzyme, catalase (lane 2), thereby strongly sug-
gesting that Pex3p is an integral membrane protein. Upon
treatment with Triton X-114, Pex3p as well as PMP22 and
Pex12p were recovered in a detergent phase, and catalase
was recovered in an aqueous phase (lanes 4 and 5),
thereby indicating that Pex3p is an integral membrane
protein.

Membrane Topology of Pex3p

Topology of Pex3p in peroxisomal membranes was investi-
gated using a differential cell permeabilization procedure, in
which detection of Pex3p was done using antibodies to
epitope tags. When ZPG208 cells transfected with flag-Rn-
PEX3-HA encoding both N- and C-terminally epitope-
tagged Pex3p were treated with Triton X-100, which solubi-
lizes all cellular membranes, both flag-Pex3p-HA and
catalase were detected in particulates, in a superimposable
manner, thus indicating localization of Pex3p in peroxi-
somes (Figure 7, A and B, a and b) and consistent with
findings described above. Hence, flag and HA tagging does
not affect localization and function of Pex3p. When ZPG208
cells expressing flag-RnPex3p-HA were permeabilized with
25 pg/ml digitonin, under conditions in which plasma
membranes are selectively permeabilized and intraperoxiso-
mal proteins are inaccessible to exogenous antibodies (Oku-
moto and Fujiki, 1997; Okumoto et al., 1998b). Flag-
Pex3p-HA was observed in a punctate staining pattern with
use of an anti-flag antibody, whereas almost no staining of
cells was noted using an anti-catalase antibody (Figure 7A, ¢
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and d). Similar punctate staining was discernible using an
anti-HA antibody (Figure 7B, ¢ and d). The data strongly
suggest that both N- and C-terminal parts of Pex3p are
exposed to the cytosol. The same results regarding Pex3p
topology were obtained by expression of flag-Pex3p-HA in
CHO-K1 cells (our unpublished results).

Transmembrane topology of Pex3p was also determined by
means of protease treatment. When the PNS fraction of
CHO-K1 cells expressing flag-RnPex3p-HA was treated with
proteinase K, Pex3p was detected in immunoblots using anti-
bodies to flag and HA, before treatment with proteinase K
(Figure 7C, lane 1). With 25 ug/ml the protease Pex3p was
hardly detectable using the flag or HA antibody (lane 2). After
digestion of the PNS fraction with 50 and 100 wg/ml proteinase
K, Pex3p was no longer visible (lanes 3 and 4). Similarly, Pex3p
was completely digested when adding 1% Triton X-100 (lane
5). Pex14p, a peroxin integrated to peroxisomal membranes
and exposing its N- and C-terminal regions to the cytosol
(Shimizu et al., 1999), was likewise digested by proteinase K, as
assessed with antibody to Pex14p C-terminal peptide (Shimizu
et al., 1999). Under such conditions, AOx, a matrix enzyme, was
fully protected from digestion (lanes 2-4), whereas pretreat-
ment with Triton X-100 abolished the protease protection (lane
5). Similar results were obtained using flag-RrnPex3p-HA-ex-
pressing, peroxisome-restored ZPG208 cells (our unpublished
results). Collectively, we conclude that both N- and C-terminal
parts of Pex3p are exposed to the cytosol.

Kinetics of Peroxisome Biogenesis

We investigated kinetics of peroxisome assembly with
respect to membrane vesicle formation as well as soluble
protein import. ZPG208 originally expressing PTS2-GFP
was transfected with flag-RnPEX3-HA and monitored un-
der a fluorescent microscope. RnPex3p was detectable by
immunoblot with anti-Pex3p antibody at 12 h after the
transfection and reached a steady level at ~24 h after
transfection (Figure 8B). RnPex3p was also morphologi-
cally visible by staining with an anti-HA antibody in
several punctate structures in cells at 12 h, whereas PTS2-
GFP was diffused in the cytoplasm and apparently in the
nucleus as well (Figure 8A, a with arrow and e), as seen in
the untransfected cells (Figure 1a). At 18 h, Pex3p became
more clearly visible in punctate structures in part of the
transfected cells, possibly representing assembled perox-
isomal membranes, where PTS2-GFP was not discernible
in a punctate manner (Figure 8A, b with arrow and f).
Several PMP70-positive particles in a cell were discernible
at 18 h (Figure 8A, j, arrowheads). At 24 h, Pex3p-positive
vesicles that had increased in number were colocalized
with PTS2-GFP in a superimposable manner (Figure 8A, c
and g). This was interpreted to mean that part of the
assembled peroxisomal membrane vesicles imported
PTS2-GFP. At 24 h, PMP70-positive particles, similar in
number to Pex3p-carrying ones, were visible, thereby
demonstrating reestablishment of membrane assembly
(Figure 8A, k). In contrast, catalase was imported into
peroxisomes (Figure 8A, m-p), superimposable with
PTS2-GFP-positive vesicles (our unpublished results),
only at 36 h after RnPEX3 transfection, thereby indicating
that catalase is imported at a slower rate, compared with
the case of PTS2. Collectively, peroxisomal membrane
vesicles containing Pex3p as well as PMP70 are likely to
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Figure 5. Subcellular localization of
Pex3p. (A) Upper panel, size compar-
ison of in vitro transcription—transla-
tion products of human, Chinese

Z65

hamster, and rat PEX3 cDNAs and
subcellular localization of Pex3p in
CHO cells. The [**S]Methionine- and
[*S]cysteine-labeled in vitro tran-
scription—translation product of each
PEX3 and subcellular fractions of
CHO cells were subjected to SDS-
PAGE and transferred to a polyvi-
nylidene difluoride membrane. Au-
2 toradiography for detection of 3°S-
labeled protein was exposed for 5 d;
- immunodetection was done with
rabbit anti-Pex3p peptide antibody.
Lanes 1-3, in vitro transcription—
translation product (1 ul) of human,
Chinese hamster, and rat PEX3, re-
spectively; lanes 4-6, 7-9, 10-12, and
13-15, PNS, organellar, and cytosolic
fractions (20 pg each) of CHO-K1
and 208P3, a stable RnPEX3 transfec-
tant of ZPG208, ZPG208, and a pex2
mutant, Z65, a typical peroxisome
membrane remnant-positive CHO
mutant (Tsukamoto et al., 1991; Shi-
mozawa et al., 1992; Tsukamoto et al.,
1994b), respectively. A composite of
two separate experiments is repre-
sented. The arrow indicates the mi-
gration of human and Chinese ham-
ster Pex3p; the arrowhead shows rat
Pex3p. Lower panel, expression level
of Pex13p and Pex14p in pex3 mutant
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ZPG208. Subcellular fractions (30 ug each) of CHO-K1 and pex3 mutant ZPG208 and 208P3 were analyzed by immunoblot using antibodies
to Pex13p and Pex14p. Exposure for detection of Pex13p was several times longer than that for Pex14p. (B) Isopycnic subcellular fractionation.
A light mitochondrial fraction of rat liver was fractionated by isopycnic sucrose density gradient ultracentrifugation. The gradient was
collected into 36 tubes. After marker enzyme and protein assays, an equal volume (15 ul, 2 ul for detection of catalase) of odd-numbered
fractions plus fraction 24 was analyzed by immunoblot. Upper panel, distribution of marker enzymes: catalase for peroxisomes; glutamate
dehydrogenase, mitochondria; esterase, microsomes; and N-acetyl-B-glucosaminidase, lysosomes. Lower panel, immunoblots with antisera
against Pex3p, Pex14p, PMP70, catalase, and AOx. Arrows, AOx components A-C. Results are presented in the direction of lower to higher

density of sucrose, from left to right.

form before the import of matrix proteins. The import
kinetics of matrix proteins appears to be variable.

Functional and Topogenic Regions of Pex3p

To elucidate structural and functional aspects of Pex3p,
we constructed various truncated Pex3p variants by C-
terminally fusing to EGFP and expressed them in ZPG208
and CHO-K1 cells. Full-length Pex3p was functional as a
peroxin in restoring peroxisome biogenesis in ZPG208
and targeted to peroxisomes (Figure 9, A and B, a and e).
ZPG208-derived, full-length but functionally inactive
Pex3p was translocated to peroxisomes, as assessed by
colocalization with PTS1 proteins, when expressed in
CHO-K1 (our unpublished results). However, the endog-
enous Pex3p mutant was not found in ZPG208 on immu-
noblots, presumably because of a degradation. Pex3p
variants truncated at the N-terminal portion, such as
those of residues 1-15 (Figure 9, A and B, b and f) as well
as 1-30, 1-109, and 1-150 (Table 4), were all biologically
inactive and were apparently localized in the cytoplasm.
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In contrast, Pex3p with residues 1-312, i.e., with deletion
of the C-terminal 60 amino acids, was localized in peroxi-
somes, as assessed with PTS1, although the biological
activity was eliminated (Figure 9, A and B, ¢ and g).
Another mutant deleted from residue 204 to the C termi-
nus was also inactive but was still targeted to peroxisomes
(Table 4). All of the truncation mutants used for fusion
with EGFP were N-terminally tagged with flag and like-
wise expressed in ZPG208. These Pex3p mutants did not
restore the impaired assembly of peroxisomes (our un-
published data), consistent with results described above.
A Pex3p variant with only the N-terminal sequence 1-40
directed EGFP to peroxisomes when expressed in
CHO-K1 (Figure 9B, d and h). This 40-amino-acid Pex3p
protein was targeted to many vesicular structures in
ZPG208, where no complementation was evident (Figure
9A, d and h). Interestingly, not only full-length Pex3p-
EGFP, similar to flag-Pex3p (see Figure 6A), but also that
of residues 1-40 were targeted to peroxisomal remnants
in pex2 765 (our unpublished results). Taken together, it is

Molecular Biology of the Cell
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Figure 5 (cont).

apparent that nearly full-length Pex3p is required for
biological activity, whereas peroxisome-targeting infor-
mation resides in N-terminal residues 1-40, consistent
with the findings in humans (Kammerer et al., 1998;
Soukupova ef al., 1999) and yeast (Wiemer ef al., 1996)
Pex3p.
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Figure 6. Intracellular localization of Pex3p. (A) Morphological
analysis. Flag-HsPEX3 was expressed in CHO-K1 cells. (a and b)
CHO-K1 cells stained with antibodies to flag and catalase, respec-
tively; (c and d) PEX2-impaired, peroxisome remnant-positive Z65
was transfected with flag-RnPEX3-HA and stained with antibodies
to HA and PMP70, respectively. Magnification, 630X; bar, 20 um.
(B) Intraperoxisomal localization of Pex3p. Immunoblotting was
done with antibodies specific for Pex3p, Pex12p, PMP22, and cata-
lase. Lane 1, rat liver peroxisomes (10 ug); lanes 2 and 3, soluble and
membrane fractions after the sodium carbonate treatment (Fujiki ef
al., 1982b) of peroxisomes (25 ug); lanes 4 and 5, soluble and
membrane fractions after the Triton X-114 treatment (Bodier, 1981)
of peroxisomes (25 ug).

Identification of Pex19p as a Binding Partner of
Pex3p

To determine whether Pex3p interacts with mammalian per-
oxins, we did the yeast two-hybrid assay. Pex19p, a farnesy-
lated protein required for peroxisome assembly in CG-J (Mat-
suzono et al., 1999), gave positive B-galactosidase activity and
yeast growth in His™ /3-aminotriazole (AT)* medium (Figure
10A). In contrast, the other peroxins, including Pex16p (Hon-
sho et al., 1998), Pex14p (Shimizu et al., 1999), Pex13p (Toyama
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et al., 1999), Pex11pa (Abe et al., 1998), and Pex11pf3 (Abe and
Fujiki, 1998), as well as the RING peroxins Pex2p (Tsukamoto
et al., 1991), Pex10p (Okumoto et al., 1998a), and Pex12p (Oku-
moto et al., 1998b) resulted in negative findings (our unpub-
lished results). To search for a region responsible for the inter-
action with Pex19p, a Pex3p variant with amino acid residues
1-312 gave a weak signal (Figure 10A), whereas all of the other
mutants, including those with residues 110-372 (Figure 10A),
151-372 and 1-203 (our unpublished results), and 1-40 (Figure
10A) did not interact with Pex19p. Interestingly, ZPG208-de-
rived Pex3p-G138E was positive, both in B-galactosidase activ-
ity and yeast growth in His™ /AT* medium. Therefore, the
interaction apparently requires nearly full-length Pex3p.

To confirm the findings in the two-hybrid assay, cell-free
synthesized rat 3°S-Pex3p was incubated with the in vitro
transcription—translation product of human PEX19. Immuno-
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Figure 7. Topology of Pex3p. (A and B) Morphological
analysis. Transmembrane topology of Pex3p was determined
by the differential cell permeabilization method. ZPG208 cells
transfected with flag-RnPEX3-HA were fixed and then
treated with 0.1% Triton X-100 (A and B, a and b) or 25
pg/ml digitonin (A and B, ¢ and d) under conditions in
which plasma membranes are specifically permeabilized
(Okumoto and Fujiki, 1997; Okumoto et al., 1998b). Cells were
stained with antibodies to flag (A, a and c), catalase (A and B,
b and d), and HA (B, a and b). Note that Pex3p was detected
after both types of treatments. Magnification, 630%; bar, 20
um. (C) Protease treatment. The PNS fraction of CHO-K1
cells (1 X 10° each) transfected with flag-RnPEX3-HA was
treated with proteinase K in the absence (lanes 1-4) or pres-
ence (lane 5) of Triton X-100. The amount of proteinase K
used is indicated at the top. After terminating the reaction
with phenylmethylsulfonyl fluoride, cell proteins were re-
covered by precipitation with trichloroacetic acid and ana-
lyzed by SDS-PAGE followed by immunoblot using antibod-
ies specific for flag, HA, Pex14p, and AOx. Dots indicate
nonspecific bands (Tamura ef al., 1998), as in Figure 3B. The
upward open arrowhead shows a cleavage product of AOx,
migrating just below the AOx-B (Miura et al., 1992). Note that
both N- and C-terminal parts of Pex3p were cleaved off by
protease treatment, under which a matrix enzyme, AOx, was
protected from the digestion.

precipitation of Pex19p gave rise to concomitant recovery of
355-Pex3p, whereas that with the preimmune serum showed
no protein band (Figure 10B, lanes 1-3). It is noteworthy that
cell-free synthesized Pex19p was detected as two bands on
immunoblots: one representing the farnesylated Pex19p (solid
arrowhead) and the other (open arrowhead) for the nonmodi-
fied one (lane 4), as described (Matsuzono et al., 1999). Con-
versely, 3°S5-Pex19p coimmunoprecipitated with Pex3p
when using anti-Pex3p antibody (our unpublished results).
Collectively, the results demonstrate that Pex3p specifically
binds to Pex19p.

DISCUSSION

The CG17 CHO cell mutants ZPG208 and ZPG209 are
defective in import of both matrix and membrane pro-

Molecular Biology of the Cell
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Figure 8. Kinetics of peroxisome biogenesis. (A) ZPG208 cells expressing PTS2-GFP were transfected with pUcD2Hyg-flag-Rn-
PEX3-HA and then monitored by fluorescent microscope. (a-h) Pex3p and PTS2-GFP were detected in the same set of cells at indicated
time; (i-p) PMP70 and catalase were from the other sets, each with PTS2-GFP (our unpublished data). (a—d) Pex3p was visualized using
rabbit anti-HA antibody and Texas Red-labeled goat anti-rabbit IgG antibody; (e-h) PTS2-GFP; (i-1 and m—p) PMP70 and catalase were
detected with rabbit antibodies to rat PMP70 and catalase, respectively, and a second antibody, Texas Red-labeled goat anti-rabbit IgG
antibody. (a, e, i, and m) Twelve hours after the transfection; (b, f, j, and n) 18 h; (¢, g, k, and o) 24 h; (d, h, 1, and p) 36 h. Arrows in
a and b indicate a cell showing several Pex3p-positive particles; arrowheads in j designate PMP70-containing particles. Note that Pex3p,
but not PTS2-GFP and catalase, is already in vesicular structures at 12 and 18 h (see RESULTS). Magnification, 630X; bar, 20 um. (B)
Expression of rat Pex3p in ZPG208. Pex3p (arrowhead) was detected by immunoblotting of flag-RnPEX3-HA-transfected ZPG208 lysates

(2 X 10° cells each) with anti-Pex3p antibody, at the indicated times, where cell-doubling time was 18 h.

teins, similar to the phenotype of a pex19 mutant, ZP119
(Kinoshita ef al., 1998). Peroxisomal remnants were seen in
10 other CGs of CHO cell mutants (Zoeller ef al., 1989;
Shimozawa et al., 1992; Okumoto et al., 1997; Tateishi et al.,
1997; Otera et al., 1998; Ghaedi et al., 1999a; Toyama et al.,
1999) and 9 CGs of fibroblasts from PBD patients (Santos
et al., 1992; Wendland and Subramani, 1993; Shimozawa et
al., 1998a), excluding CG-G (Shimozawa et al., 1998a),
PEX16-deficient CG-D (Honsho et al., 1998), and PEX19-
defective CG-J (Kinoshita et al., 1998; Shimozawa et al.,
1998a; Matsuzono et al., 1999). In the present work, we
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isolated a rat Pex3p cDNA by functional complementation
of ZPG208. Expression of the full-length RnPEX3 fully
restored the impaired peroxisome biogenesis, including
membrane vesicle assembly, in ZPG208 and ZPG209. We
delineated the homozygotic mutant PEX3 allele from
ZPG208 and ZPG209: a one-base transition, G*'3 to A in a
codon for Gly'38, resulted in Glu'38. Pex3p with G138E
was not functionally active in complementing impaired
peroxisome biogenesis in ZPG208. Accordingly, PEX3 is
responsible for the peroxisome biogenesis of CG17 and is
the 12th gene to be identified to date in mammals (Table
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ZPG208

EGFP

EGFP

Figure 9. Functional and topogenic regions of Pex3p. N-terminally flag-tagged and C-terminally EGFP-fused rat Pex3p and its variants were
verified for peroxisome-restoring activity in ZPG208 and intracellular localization in wild-type CHO-K1. (A) ZPG208 was transfected with cDNAs
encoding fused proteins encompassing Pex3p with amino acid residues of the full-length, 1-372 (a and e), 16-372 (b and f), 1-312 (c and g), and
1-40 (d and h). Peroxisome-forming activity was verified by import of Pex3p-EGFP, in which peroxisomes were assessed by immunostaining of
PTS1. Bar, 20 um. (B) The same set of the full-length and truncated variants of Pex3p-EGFP fusion protein were also expressed in CHO-K1;
peroxisomal localization of Pex3p-EGFP assessed by GFP fluorescence was confirmed by immunostaining of PTS1. Bar, 20 um.

3). None of the fibroblasts from patients with PBD of 13
CGs was complemented, indicating that the PEX3 gene is
not the causal gene of human peroxisome-defective dis-

Table 4. Peroxin activity and intracellular localization of Pex3p
variants

Flag-Pex3p-EGFP Peroxisome-restoring

residues activity Localization
Full-length, 1-372 + Peroxisome
16-372 - Cytosol
31-372 - Cytosol
110-372 - Cytosol
151-372 - Cytosol
1-312 - Peroxisome
1-203 - Peroxisome
1-40 - Peroxisome

N-terminally flag tagged and C-terminally EGFP-fused full-length
Pex3p and truncated variants were verified for peroxisome-restoring
activity in ZPG208 and intracellular localization in wild-type CHO-K1
cells, as in Figure 9. +, complemented; —, not complemented.
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orders of the CGs so far classified. ZPG208 and ZPG209
are thus the first pex3 mutants to be identified in mam-
mals. It is noteworthy that yeast Pex3p expression com-
plemented peroxisome biogenesis in respective pex3 mu-
tants of S. cerevisiae (Hoehfeld et al., 1991), H. polymorpha
(Baerends et al., 1996), and P. pastoris (Wiemer et al., 1996),
where pex3 cells of H. polymorpha and P. pastoris were
apparently absent from peroxisomal structures (Baerends
et al., 1996, Wiemer et al., 1996).

Upon transfection of RnPEX3 into ZPG208 devoid of per-
oxisomal remnants, most striking was the formation of mor-
phologically recognizable peroxisomal membrane vesicles,
apparently preceding the import of matrix proteins such as
PTS1 and PTS2 proteins and catalase. Dysfunction of Pex3p
caused impaired membrane assembly, resulting in the mu-
tant phenotype defect of matrix protein import and used for
mutant screening. Pex3p can be classified as a peroxin es-
sential for the assembly of peroxisome membranes. Very
recently, Pex16p and Pex19p were also shown to function in
assembly of peroxisome vesicles in mammals (Honsho et al.,
1998; Matsuzono et al., 1999; South and Gould, 1999), as was
the case for Pex19p in yeast (Snyder et al., 1999). Mutation of
human Pex16p (Honsho et al., 1998; South and Gould, 1999)
and Pex19p (Matsuzono et al., 1999) severely affected perox-

Molecular Biology of the Cell
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Figure 10. Physical interaction of Pex3p with Pex19p. (A) Yeast two-hybrid assay. Host strain MaV203 was transformed with two plasmids,
one encoding the DNA binding domain (BD) of Gal4p fused to either the full-length or truncated forms comprising residues 110-372, 1-312,
and 1-40 of rat Pex3p or ZPG208-derived full-length Pex3p, and the other encoding the Gal4p transactivation domain (TA) fused to the
full-length Pex19p. Transformants were tested for B-galactosidase expression. Color intensities of these strains after the B-galactosidase filter
assay are shown. The BD fused to the full-length Pex3p showed no self-activation. Transformants were also verified for growth on synthetic
complete medium without histidine (—His) in the presence of 10 mM AT (+AT). (B) Coimmunoprecipitation of Pex3p with Pex19p. Pex3p
and Pex19p, indistinguishable in size in SDS-PAGE, were separately synthesized in a cell-free translation system in the presence and absence
of [®S]methionine and [**S]cysteine, respectively. After incubation of [**S]Pex3p with Pex19p, immunoprecipitation (Immunopptn.) was
done using an anti-Pex19p antibody. [3°S]Pex3p was detected using a Fujix BAS1500 Bio-Imaging Analyzer (Fuji Photo Film, Tokyo, Japan)
at an exposure for 16 h; Pex19p was visualized by immunoblot. Lane 1, [*°S]Pex3p (1 ul of translation product); lanes 2 and 3, immuno-
precipitates from 10 ul each of translation products [3°S]Pex3p and Pex19p, with preimmune serum and anti-Pex19p antibody, respectively;
lane 4, Pex19p (10 ul) detected by immunoblot with anti-Pex19p antibody. The arrow indicates Pex3p; solid and open arrowheads designate

Pex19p with and without modification by farnesylation, respectively (Matsuzono et al., 1999).

isome assembly in CG-D (CG-IX) and CG-] patients with
Zellweger syndrome. Accordingly, Pex16p and Pex19p can
also be categorized into this group of peroxins. We demon-
strated in the present study that the membrane assembly
process(es) involving integration of Pex3p is temporally dif-
ferentiated from the import of soluble proteins during per-
oxisome biogenesis. Moreover, import of PTS2 and catalase
at a different rate in PEX3-transfected ZPG208 implies tem-
porally differential translocation of matrix proteins into per-
oxisomal membrane vesicles. Similar types of protein im-
port, distinct between membrane polypeptides and soluble
proteins, have been observed in pex16 and pex19 mutant
cells, upon expression of complementing cDNAs PEX16 and
PEX19, respectively (Honsho et al., 1998; Matsuzono et al.,
1999; South and Gould, 1999). Therefore, it is most likely that
Pex3p functions as an essential factor required for the trans-
location process of membrane protein and/or membrane
vesicle assembly, possibly in a concerted manner with other
peroxins such as Pex16p and Pex19p. Taken together, our
results provide evidence that peroxisomes may form de
novo and do not have to arise from preexisting, morpholog-
ically recognizable peroxisomes. At such an early stage of
peroxisome assembly, ER may be involved, as was sug-
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gested for Pex2p and Pex16p, both initially residing in ER, in
Y. lipolytica (Titorenko and Rachubinski, 1998). However, no
direct evidence for the involvement of ER in peroxisome
assembly has been noted in mammalian cells. Accordingly,
several issues, including those regarding roles of the perox-
ins Pex3p, Pex16p, and Pex19p in assembly of membrane
vesicles as well as translocons for membrane polypeptides
and soluble matrix proteins, remain to be addressed.

We found that Pex3p interacts with Pex19p both in vivo
and in vitro. However, it is unclear whether the interaction
is direct or is mediated by a factor(s), if any, present in the
assay used. Such Pex3p-Pex19p binding was recently found
in S. cerevisiae (Goette et al., 1998) and P. pastoris (Snyder et
al., 1999) as well as in human cells (Soukupova et al., 1999).
It is interesting to note that Pex3p with G138E also interacts
with Pex19p in vivo, in yeast two-hybrid assays. Although
Pex3p-G138E was under the detectable level in the mutant
ZPG208, this mutant Pex3p appears to be stable in S. cerevi-
size used for the binding assay, as in CHO-K1 cells. We
interpreted this observation to mean that the undetectable
level of Pex3p, presumably because of a rapid turnover, is
the cause of the phenotype of pex3 ZPG208. Pex3p may
function in peroxisomal membrane assembly at an early
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stage of peroxisome assembly by interacting with Pex19p
but not with Pex16p. Pex19p is a farnesylated peroxin, partly
if not all residing on the peroxisome membrane, exposing its
N-terminal portion to the cytosol (Matsuzono et al., 1999).
However, it is not clear whether Pex3p is a prerequisite
peroxin for Pex19p to be localized to and/or anchored on
peroxisomal membranes. Because several truncated Pex3p
mutants, including that consisting of only the N-terminal 40
amino acid residues, were properly translocated to peroxi-
somal membranes despite the lack of binding to Pex19p, as
verified in yeast two-hybrid assays, Pex3p does not appear
to require Pex19p for targeting. It is possible that interaction
of Pex3p and Pex19p leads to assembly of potential mem-
brane vesicles, which then function as protein import-com-
petent machinery, comprising at least Pex14p (Fransen et al.,
1998; Shimizu et al., 1999; Will et al., 1999) and Pex13p (Liu et
al., 1999; Shimozawa et al., 1999; Toyama et al., 1999) and
possibly including the RING family Pex2p (Tsukamoto et al.,
1991), Pex10p (Okumoto et al., 1998a; Warren et al., 1998),
and Pex12p (Chang et al., 1997; Okumoto and Fujiki, 1997;
Okumoto ef al., 1998b). It is also noteworthy that Pex3p may
function upstream of Pex19p in P. pastoris (Snyder et al.,
1999). All these findings suggest that assembly processes of
peroxisome membrane vesicles are mediated by Pex3p,
Pex16p, and Pex19p in mammals. The assembled membrane
vesicles import other membrane components, including
those for a potential matrix protein import machinery, to
form “premature peroxisomes,” which are capable of im-
porting matrix proteins. The matured peroxisomes then di-
vide so that progeny peroxisomes emerge. Pex11p is more
likely involved in proliferation and division of peroxisomes
(Abe and Fujiki, 1998; Abe et al., 1998; Schrader et al., 1998)
(. Abe and Y. Fujiki, unpublished observation). Further
investigation, using ZPG208 and ZPG209 together with
PEX3, should shed light on molecular mechanisms involved
in peroxisome biogenesis, especially with respect to mem-
brane vesicle assembly at the initial stage of peroxisome
biogenesis.

Pex14p has been characterized as a convergent component
of potential peroxisomal import machinery of soluble pro-
teins such as PTS1 and PTS2 (Albertini et al., 1997; Fransen et
al., 1998; Shimizu et al., 1999; Will et al., 1999). Peroxisomal
membrane ghosts are discernible in CHO pex14 mutants,
where the matrix protein import is severely impaired
(Shimizu et al., 1999). The presence of Pex14p in the pex3
mutant is consistent with that of Pex14p found in a pex16
Zellweger patient fibroblasts (South and Gould, 1999) (M.
Honsho and Y. Fujiki, unpublished observation) and a pex19
mutant (Matsuzono et al., 1999) (Y. Matsuzono and Y. Fujiki,
unpublished observation). This may mean that Pex14p in the
sedimentable membrane fraction functions, in addition to a
role as a convergent component of the translocon for soluble
proteins, as a factor, including a scaffold for the interaction
and assembly of several peroxins such as Pex3p, Pex16p,
and Pex19p. These are all required for peroxisome mem-
brane biogenesis. Pex14p may thus regulate an early stage of
peroxisome biogenesis. However, it is also equally possible
that contrary to Pex12p, Pex13p, and PMP70, Pexl4p is
simply one of the membrane proteins that is stable in cell
mutants lacking morphologically recognizable peroxisomal
membrane vesicles. Physiological consequences of Pex14p-
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positive membranes found in pex3, pex16, and pex19 mutants
remain to be determined.

With respect to the membrane topology of Pex3p, we
concluded from several lines of morphological and biochem-
ical evidence that both N- and C-terminal parts are oriented
to the cytosol. Contrary to this observation, Soukupova et al.
(1999) suggested that myc-tagged human Pex3p faces its
C-terminal region to the cytoplasm and the N-terminal part
to the matrix side of peroxisomes, when expressed in cul-
tured human skin fibroblasts, as is the case for S. cerevisiae
Pex3p (Hoehfeld et al., 1991). It is less likely that Pex3p has
a different topology depending on cell types, even in mam-
malian cells, although different epitope tags may affect the
Pex3p topology. We showed that topogenic information of
Pex3p resides at the N-terminal region and comprises resi-
dues at positions 1-40, in good agreement with the obser-
vation by other investigators on human Pex3p (Kammerer et
al., 1998; Soukupova et al., 1999) and P. pastoris Pex3p (Wi-
emer et al., 1996). Baerends ef al. (1996) noted that the N-
terminal sequence, 1-16, of H. polymorpha Pex3p targeted
catalase lacking functional PTS1 to ER and nuclear mem-
branes, thus inferring ER-mediated peroxisome assembly.
The highly conserved residues at 9-15, LKRHKKK (pro-
posed consensus residues in boldface letters) of human
Pex3p are likely to be responsible for such targeting activity.
Pex3p (1-40)-GFP was targeted not only to peroxisomes in
the wild-type CHO-K1 cells but also to peroxisomal rem-
nants in CHO mutants defective in PTS1 and PTS2 import,
which implies that the N-terminal 40-amino-acid sequence is
sufficient for localization of Pex3p to peroxisomal mem-
branes. A potential receptor recognizing such membrane
topogenic signals may be investigated if one makes use of
Pex3p and its variants together with the pex3 mutant.
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