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Peroxisome Biogenesis: Involvement of ARF and Coatomer
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Abstract. Peroxisomal membrane protein (Pmp)26p
(RnPex11p), a major constituent of induced rat liver
peroxisomal membrane, was found to contain a
COOH-terminal, cytoplasmically exposed consensus
dilysine motif with the potential to bind coatomer. Bio-
chemical as well as immunocytochemical evidence is
presented showing that peroxisomes incubated with
preparations of bovine brain or rat liver cytosol recruit
ADP-ribosylation factor (ARF) and coatomer in a
strictly guanosine 5’-O-(3-thiotriphosphate)-depen-

dent manner. Consistent with this observation, 1dIF
cells expressing a temperature-sensitive mutant version
of the e-subunit of coatomer exhibit elongated tubular
peroxisomes possibly due to impaired vesiculation at
the nonpermissive temperature. Since overexpression
of Pex11p in Chinese hamster ovary wild-type cells
causes proliferation of peroxisomes, these data suggest
that Pex11p plays an important role in peroxisome bio-
genesis by supporting ARF- and coatomer-dependent
vesiculation of the organelles.

concepts have been postulated. Based on morpho-
logical data that demonstrated close spatial rela-
tionships between peroxisomes and the ER, Novikoff and
Novikoff (44) favored the idea that new peroxisomes are
formed by budding and fission from the ER. However, a
series of biochemical studies initiated by de Duve and
coworkers (36, 51) in the early 1970s, focusing on the bio-
genetic route of catalase as a peroxisomal marker, did not
reveal an ER involvement in the import of catalase. Subse-
quent findings of Goldman and Blobel (19) and particu-
larly the group of Lazarow and coworkers (52, 54) con-
firmed this view demonstrating that peroxisomal matrix
proteins, such as catalase, urate oxidase, and enzymes of
the peroxisomal B-oxidation pathway, are synthesized on
free polyribosomes and thus are imported posttranslation-
ally. Accordingly, Goldman and Blobel (19) postulated a
model in which peroxisomal matrix proteins are found in
nascent peroxisomes, whereas peroxisomal membrane
proteins (Pmps) are sorted to the peroxisomes via the ER.
However, when Fujiki et al. (16) demonstrated that
Pmp22p, a major constituent of the peroxisomal mem-
brane is synthesized on membrane-free polyribosomes,
these authors no longer considered ER involvement but,
instead, proposed an autonomous mechanism of peroxi-
some formation (37).
Very recently, this view has again been questioned by
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studies on Pex15p, a phosphorylated peroxisomal mem-
brane protein (Pmp)! of Saccharomyces cerevisiae and a
chimeric product of Pex3p and catalase in the yeast
Hansenula polymorpha (4, 14). Overexpression of both of
these polypeptides was reported to cause remarkable in-
duction of multimembrane layers reminiscent of the ER.
These observations again may ascribe a distinct role to the
ER in the biogenesis of peroxisomes.

As our knowledge on membrane vesiculation has in-
creased considerably within the last few years, we have
learned that, with only a few exceptions (34), protein coats
are required to shape membranes into vesicles. Therefore,
irrespective of whether formation of new peroxisomes oc-
curs by an autonomous or endomembrane system-derived
process, both most likely may implicate coat protein—
mediated membrane vesiculation. The protein coats iden-
tified so far are the clathrin coat involved in endocytosis
and vesiculation of the trans-Golgi net work (50) as well as
the coat proteins (COP) I and COP II (56, 57, 60). Al-
though still a matter of debate, COP I-coated vesicles are
believed to mediate anterograde intra-Golgi transport and
retrograde Golgi to ER transport, whereas COP II-coated
vesicles bud from the ER and likely transport cargo to the
ER-Golgi intermediate compartment (ERGIC; references
3,9, 59). Assembly and membrane binding of clathrin is

1. Abbreviations used in this paper: ARF, ADP-ribosylation factor; COP,
coat protein; GDP-BS, guanosine 5'-O-(2-thiodiphosphate); GTP-vS, gua-
nosine 5'-O-(3-thiotriphosphate); Pmp, peroxisomal membrane protein;
PTS, peroxisomal targeting signal; PVDF, polyvinylidene difluoride; RT-
PCR, reverse transcriptase PCR; SLO, streptolysin O; ERGIC, ER Golgi
intermediate compartment.
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mediated by adaptor proteins that, like clathrin, are re-
cruited from a soluble pool (50). Formation of COP I- and
COP Il-coated vesicles, on the other hand, requires bind-
ing of ADP-ribosylation factor 1 (ARF1) and SARI, re-
spectively, small GTPases that initiate coat assembly in
their GTP-bound state (5, 61).

We have investigated the structure and function of ma-
jor components of rat liver peroxisomal membranes and
the mechanism of their membrane integration (10, 24, 29,
32, 49). In the course of these studies we noticed by thy-
roid hormone induction of a membrane protein, Pmp26p,
and concommittant abundance of organelles with a diame-
ter of <0.2 wm (24, 30). Since these observations indicated
a function of Pmp26p in peroxisome biogenesis and prolif-
eration, we cloned and sequenced the Pmp26p-cDNA
from a rat liver cDNA library. Here we describe the mo-
lecular structure and membrane topology of Pmp26p. In-
terestingly, we found a COOH-terminal dilysine motif ex-
posed toward the cytoplasm. Such motifs have been shown
to be involved in binding coatomer and may help to gener-
ate vesicles for the retrieval of ER resident transmem-
brane polypeptides from the ERGIC back to the ER (8,
38). In studies with purified rat liver peroxisomes and per-
meabilized hepatocytes, we show a GTP-yS—-dependent
recruitment of ARF and coatomer to the peroxisomal
membrane as well as a change in peroxisome morphology
of a cell line defective in one of the coatomer subunits.
Our results suggest that ARF and coatomer are involved
in peroxisome biogenesis.

Materials and Methods

Molecular Biology

Isolated peroxisomal membranes of clofibrate-induced rat liver peroxi-
somes were subjected to SDS-PAGE and the polypeptides blotted onto
polyvinylidene difluoride (PVDF) membranes. Pex11p was excised from
the membrane and the tryptic fragments were analyzed by HPLC and mi-
crosequencing. The following peptide sequences were identified: (1)
AF(I)QATEQSIQATDLVPR; (2) NLETSVSTGR; (3) SVGLTSGIN;
(4) NFE(C)DILIPLN. According to the sequence of peptide 1, two de-
generated splitting oligonucleotide primers were synthesized and used for
reverse transcription-PCR (RT-PCR). A 51-bp fragment was amplified
that exactly contained the sequence related to those five amino acid resi-
dues (SIQAT) not encoded by the primers. A 35-mer oligonucleotide of
the 51-bp fragment was further used to screen a rat liver cDNA library.
Eight positive clones were identified and the cDNA cloned behind the T7
promoter into pBluescriptSK(—) phagemid using the BamHI and HindIII
restriction sites.

The DNA sequence encoding a human c-myc epitope (EQKLISEEDL)
was introduced into the cDNA at the 3’-end directly behind the triplet for
the last COOH-terminal amino acid residue yielding Pex11p-Cmyec. This
construct in which the COOH-terminal KXKXX motif present in Pex11p
is masked by the c-myc epitope was made by PCR using oligonucleotide
primers containing BamHI restriction sites. The digested PCR fragment
was cloned behind the cytomegalovirus promoter of the eukaryotic ex-
pression vector pcDNA3. The intracellular location of Pex11p-Cmyc was
studied after stable expression of the construct in AT3 mouse hepatocytes
(2) by immunofluorescence using a monoclonal anti-myc antibody.

Isolation of Subcellular Organelles and Membrane
Topology of Pex11p

Male Wistar rats weighing 120-150 g were treated with clofibrate (0.5%)
or trifluoroacetate (TFA, 1%), both added to the chow for 10 consecutive
days. Liver peroxisomes and mitochondria were isolated by isopycnic cen-
trifugation of the light mitochondrial fractions in 14-45% wt/vol Nyco-
denz density gradients containing an inverse sucrose gradient as described
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previously (25). Purified microsomal and Golgi vesicles were isolated by
sucrose density gradient centrifugation as described (68). The activities of
glucosylceramide synthase and sphingomyelin synthase, two marker en-
zymes of the Golgi apparatus, were measured as described (35).

To analyze the orientation of Pex11p within the peroxisomal mem-
brane, isolated peroxisomes were resuspended in 0.25 M sucrose, 100 mM
Pipes-NaOH, pH 7.6, and incubated for 30 min at 0°C with subtilisin
added in a concentration of 0.5% of the peroxisomal protein. This concen-
tration was previously shown not to affect peroxisomal content proteins,
such as catalase, which becomes degraded only at protease concentrations
>5% (10). The protease was blocked with 1 mM PMSF and the fragmen-
tation of Pex11p analyzed by SDS-PAGE and immunoblotting. Antisera
against Pex1lp and Pmp69p were raised by immunizing rabbits with
Pex11p and Pmp69p excised from SDS—polyacrylamide gels after separat-
ing peroxisomal membrane proteins. The antisera raised against the
COOH termini of the polypeptides were obtained by coupling the
COOH-terminal octapeptide of Pex11p and the COOH-terminal unde-
capeptide of Pmp69p to keyhole limpets hemocyanin.

Binding of Coatomer and ARF to Rat
Liver Peroxisomes

Cytosol from bovine brain was isolated as described (70) except that fresh
unfrozen tissue was used. The same procedure was applied for the isola-
tion of cytosol from rat liver. These cytosol preparations usually had a
protein content of ~40 mg/ml. To study binding of coatomer and ARF,
the organelles (250 pg) were incubated with 20 mg bovine brain cytosol
(10 mg rat liver cytosol) and 20-50 uM GTP-yS (guanosine 5'-O-[3-thio-
triphosphate]) or GDP-BS (guanosine 5'-O-[2-thiodiphosphate]) in a total
volume of 3 ml essentially as described (39). After incubations, peroxi-
somes were recovered by centrifugation at 15,000 g for 10 min and sub-
jected to SDS-PAGE and immunoblotting. The various coatomer sub-
units were identified using specific antibodies raised against the individual
coatomer subunits a-, B’-, y-, 8-, €-, and {-COP (18, 23, 65, 66). B-COP was
visualized using the monoclonal antibody M3A5 (12). Binding of ARF to
peroxisomes was demonstrated by an antibody raised against recombinant
ARF1 (17, 48). Coatomer binding to mitochondria or microsomes from
rat liver was performed as described for peroxisomes except reisolation of
microsomes was carried out by flotation rather than sedimentation. After
incubation of peroxisomes with bovine brain or rat liver cytosol in the
presence of GTP-yS or GDP-BS, organelles were recovered either by pel-
leting at 12,000 g for 15 min or by centrifugation in a 14-45% Nycodenz
density gradient at 80,000 g for 1 h. Fractions were diluted and pelleted by
high speed centrifugation and analyzed by immunoblotting for both ARF
(anti-ARF1 antiserum diluted 1:5,000) and coatomer (anti-a-COP antise-
rum diluted 1:1,000).

Binding of coatomer and ARF to protease-pretreated peroxisomes was
studied by incubating peroxisomes for 60 min at 12°C with increasing con-
centrations of subtilisin, as indicated, in order to digest the NH,- and
COOH-terminal cytoplasmic extensions of Pex11lp. Controls remained
untreated or were treated with the same concentrations of subtilisin previ-
ously inactivated by 1 mM PMSF. After digestion, the reisolated peroxi-
somes were incubated with rat liver cytosol (10 mg) in the presence of
GTP-yS or GDP-BS (50 pM). Peroxisomes were identified by the poly-
clonal anti-Pex11p antiserum, whereas coatomer and ARF binding was
detected by anti-a-COP and anti-ARF 1 antiserum, respectively.

Rat liver hepatocytes of clofibrate-treated animals were prepared as
described previously (26). The cells (50 mg wet weight) were resuspended
in 200 pl of 0.25 M sucrose, 10 mM Hepes-KOH, pH 7.4, and treated with
10 hemolytic units of preactivated streptolysin O (SLO) at 4°C for 3 min
as described (6, 53). After permeabilization the cells were incubated with
an ATP regenerating system (53), rat liver cytosol (20 mg/ml) and GTP-yS
or GDP-BS (50 pM) in a total volume of 500 wl for 30 min at 37°C. The re-
covered cells were homogenized in sucrose medium and after removal of
nuclei and debris by centrifugation at 1,000 g for 3 min, the postnuclear su-
pernate was separated on a linear 14-45% Nycodenz gradient.

Binding of Coatomer to Synthetic Peptides

The coupling of peptides to thiopropyl-Sepharose was performed via an
NH,-terminal cysteine residue and followed quantitatively. Equal molar
amounts of each coupled peptide were used in the coatomer binding as-
says. For these assays 2 nmol of coupled peptide were incubated with 500 pg
bovine brain cytosol in a total volume of 250 .l of high salt buffer (50 mM
Hepes-KOH, pH 7.4, 300 mM NaCl, 1 mM EDTA, 0.5% NP-40), for 2 h
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at 4°C. After incubation, the Sepharose beads were washed twice with
high salt buffer and three times with 25 mM Tris-HCI, pH 7.4, 100 mM
NaCl, 1 mM EDTA, 0.5% NP-40, and finally with 25 mM Tris-HCIl, pH
7.4, by low speed centrifugation. The bound material was eluted with 4%
SDS, 5% mercaptoethanol, 10 mM Tris-HCI, pH 6.8, and analyzed for the
presence of a- and B’-COP by SDS-PAGE and immunoblotting.

Light and Electron Microscopy

CHO wild-type cells and mutant IdIF cells were grown as described (21,
22, 53). Immunofluorescence staining of peroxisomes was performed as
described previously using anti-Pmp69 peptide antiserum (53).

Tissue samples of liver induced with clofibrate or trifluoroacetate were
fixed by perfusion and embedded in LR-White (41). Ultrathin sections
were incubated for 24 h with the polyclonal anti-Pex11p antiserum affinity
purified against a COOH-terminal Pex11p tail peptide. The first antibody
was visualized by 14-nm protein A—gold on sections that were stained with
uranyl acetate and lead citrate.

For preembedding immunogold labeling, isolated peroxisomes were
primed with bovine brain cytosol in the presence of GTP-yS or GDP-BS
as described above. The organelles were washed and incubated with the
first antibodies at 37°C for 30 min and at 10°C for 4 h and with the gold-
labeled second antibodies for 2 h at 4°C. Washing was performed by pel-
leting the organelles at 15,000 g for 10 min onto a 55% wt/wt sucrose cush-
ion and resuspending the pelleted organelles in 0.25 M sucrose, 25 mM
glycylglycine, pH 7.4, 1 mM EDTA. The final pellets were fixed for 30 min
on ice with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.6 con-
taining 0.05% CaCl,, rinsed in buffer and embedded in agar. The agar-
embedded specimens were processed by the osmium-tannic acid postfix-
ation method as described (62).

Transmission electron microscopy after DAB-staining of catalase and
Epon embedding was done as previously described (20).

Results

Molecular Characterization and Membrane Topology
of Pex11p

We cloned the cDNA encoding Pex11p from a rat liver
Agt10 cDNA library. The cDNA-derived polypeptide se-
quence contains 246 amino acid residues with a calculated
molecular weight of 27,922 D (Fig. 1). Hydropathy analy-
sis (33) as well as the use of the ProteinPredict program
(55) revealed two putative transmembrane spanning sec-
tions in Pex11p (amino acid residues 85-104 and 218-238)
the first exhibiting the characteristics of an amphipathic
a-helix with the polar residues of Arg93, Tyr96, and Asp100
positioned to one side of the helix. The presence of trans-
membrane domains within Pex11p is compatible with its
complete resistance to extraction by sodium carbonate
(24), a frequently used criterium indicating membrane in-
tegration. Computer search revealed amino acid sequence
homology to the peroxin Pex11p, represented by Pmp27p
of Saccharomyces cerevisiae and Pmp30/31p of Candida
boidinii (15, 58), with a similarity of 49% and an identity
of 25% between Pmp26p and ScPmp27p. This weak but
significant identity is spread over the entire molecule, indi-
cating a certain degree of evolutionary conservation of the
gene. Although there may be differences between Pmp26p
and yeast Pex11p, such as membrane topology (40) and to-
pogenic signals (see below), the obvious homology in
amino acid sequence suggests that Pmp26p is the rat ortholog
of the Pex11p family and therefore, we will name it Pex11p
(RnPex11p; reference 11).

By two different approaches we studied the membrane
topology of Pex11p. First, the molecule was tagged at the
COOH terminus with a c-myc epitope and the tagged
polypeptide, Pex11p-Cmyc, expressed in AT3 cells (results
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Figure 1. Nucleotide and nucleotide-derived amino acid se-
quence of rat liver Pex11p-cDNA. Two putative transmembrane
spans, as revealed by the Kyte-Doolittle algorithm (33) and the
ProteinPredict program (55) are shaded. The consensus PTS2 se-
quence and the consensus-like sequence of a mPTS are under-
lined by a double and a single broken line, respectively. The
COOH-terminal KXKXX dilysine motif is underlined in bold.
These sequence data are available from GenBank/EMBL/DDBJ
under accession number AJ224120.

not shown). Peroxisomal localization was demonstrated by
colocalizing Pex11p-Cmyc with Pmp69p, which served as a
peroxisomal membrane marker. When these cells were
differentially permeabilized by digitonin, a monoclonal
anti-myc antibody visualized the protein tag. Since digito-
nin effectively permeabilizes the plasma membrane but
leaves peroxisomes impermeable for the antibody (64),
this result indicates that the myc epitope in Pex11p may be
exposed toward the cytoplasm.

Second, intact, isolated peroxisomes were treated with
low concentrations of exogenously added subtilisin, and
the membrane-associated cleavage products were ana-
lyzed by SDS-PAGE and Western blotting. Using a poly-
clonal antiserum against Pex11p, we observed the un-
cleaved polypeptide as well as one major fragment of 18 kD.
An antiserum directed against the COOH-terminal oc-
tapeptide of Pex11p only recognized the uncleaved pro-
tein (Fig. 2 A). A membrane-bound 18-kD fragment is ex-
pected if (a) only the first predicted transmembrane span
is functional and the NH, terminus is exposed to the cyto-
plasm or (b) both transmembrane spans are functional and
both termini are oriented cytoplasmically. Since in the
former case the proteolytic fragment should also be recog-
nized by the anti-COOH-terminal peptide antibody, which
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Figure 2. Membrane topology of Pex11p. (A) Treatment of intact
isolated rat liver peroxisomes (200 wg) with subtilisin (1 pg)
shortened Pex11p to a 18-kD fragment that is recognized by the
anti-Pex11p antiserum raised against the entire Pex1llp (anti-
Pex11p) but not by an antibody directed against its COOH-termi-
nal peptide (anti-C-term.). The characteristic fragmentation of
Pex11p is only obtained with intact peroxisomes and does not oc-
cur in the presence of Triton X-100 (7X-100). The antipeptide
antiserum cross-reacted with an unidentified 23-kD peroxisomal
polypeptide (arrowhead). (B) Proposed membrane topology of
Pex11p. The polypeptide is inserted into the peroxisomal mem-
brane by two hydrophobic transmembrane spans exposing the
NH, and COOH termini to the cytoplasm. mPTS, peroxisomal
membrane targeting signal.

was not the case, these proteolysis experiments, in agree-
ment with the immunofluorescence data on the epitope-
tagged Pex11p, suggest that Pexllp is inserted into the
membrane by two transmembrane domains and that both
the NH, and COOH termini face the cytoplasm (Fig. 2 B).

The amino acid residues of positions 16-24 contain the
exact consensus sequence of peroxisomal targeting signal
2 (PTS2), originally described in rat liver peroxisomal pre-
thiolase (46) and later on in several other peroxisomal ma-
trix enzymes of different species (67). The presence of a
PTS2 in ScPmp27p remains to be proven, because the pub-
lished consensus motif does not fit with amino acid residue
8 (Y instead of H/Q) of this peptide sequence. In addition
to the PTS2, Pex11p contains a sequence in a loop domain
between the two transmembrane spans that is strikingly
similar but not identical to a peroxisomal membrane tar-
geting signal (mPTS) recently identified in Pmp47p of
Candida boidinii (13).

Rat Liver Peroxisomes Bind Coatomer and ARF

As revealed by the sequence data, the COOH terminus of
Pex11p carries a dilysine motif of the general type KXKXX.
Nilsson et al. (43) first described this motif and demon-
strated its function in ER retention of integral membrane
proteins. The motif that consists of two lysine residues po-
sitioned COOH-terminally at —3 and at either —4 or —5
was subsequently shown to be essential for coatomer bind-
ing to Golgi membranes, facilitating the retrieval of ER
resident proteins from the ER-Golgi intermediate com-
partment back to the ER (7, 8, 38).

The presence of this motif in a peroxisomal membrane
protein at a site accessible from the cytoplasm prompted
us to investigate the ability of peroxisomes to bind coatomer.
To this end, we incubated highly purified peroxisomes in
the presence of bovine brain cytosol and GTP-yS. Control
incubations were performed without cytosol and by re-
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Figure 3. GTP-yS—dependent binding of coatomer and ARF to
isolated rat liver peroxisomes. Peroxisomes (250 pg) were incu-
bated with bovine brain cytosol (20 mg) in the presence of GTP-yS
or GDP-BS (50 pM). Controls were run without peroxisomes
and/or without cytosol. After incubation the organelles were re-
covered by centrifugation and 10-pg aliquots were subjected to
SDS-PAGE and immunoblotting using monospecific antibodies
against the seven coatomer subunits and ARF 1. The immunore-
activities of the different anti-COP antibodies against isolated bo-
vine brain coatomer and recombinant ARF 1 are shown on the
separate lane.

placing GTP-yS for GDP-BS. The reisolated peroxisomes
were analyzed by Western blotting for binding of the vari-
ous coatomer subunits. As shown in Fig. 3, specific associ-
ation of coatomer subunits was only detected when both
cytosol and GTP-yS were present in the incubations. All
seven coatomer subunits were found to be associated with
the peroxisomal membrane.

The observed GTP-vyS dependence of coatomer binding
to peroxisomes suggested an involvement of ARF. ARF
belongs to the family of small GTPases and was shown to
trigger Golgi-derived vesicle budding and uncoating (61).
Therefore, we tested binding of ARF to peroxisomes by
Western blotting of organelles reisolated from incubations
with cytosol and GTP-yS or GDP-BS. Bound ARF, which
was identified using an antiserum directed against ARF 1,
was recognized on reisolated peroxisomes only in those in-
cubations that contained both cytosol and GTP-yS (Fig. 3).
These peroxisomes exactly cosedimented with coatomer
and ARF upon isopycnic centrifugation in a Nycodenz
density gradient suggesting tight binding of coatomer and
ARF to the organelles.

Most critical for the interpretation of these results is the
degree of purity of the isolated peroxisomes, particularly
with respect to Golgi contamination. According to a previ-
ously published protocol we isolated highly purified per-
oxisomes with catalase activity enriched ~50-55-fold over
the crude homogenate. In these peroxisomal preparations,
using a sensitive radioactive assay, galactosyltransferase
activity was not detectable (25). Based on the activities of
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A Figure 4. Analysis of Golgi
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. liver peroxisomal fractions.
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membranes. In B varying
amounts of unprimed Golgi
membranes and peroxisomes (Pox) were separated by SDS-
PAGE and visualized by immunoblotting using antisera directed
against Golgi P23 and Pmp69p, respectively. Note that the anti-
P23 antiserum reliably recognizes 2 pg and even less of Golgi
membranes and that even with 10 pg of peroxisomes no P23 im-
munoreaction product is observed.

two other Golgi markers, glucosylceramide synthase and
sphingomyelin synthase, Golgi contamination of this per-
oxisomal fraction was calculated to be negligible (Table I).
Nevertheless, we analyzed the fraction for Golgi contami-
nation by an additional immunological approach. First, we
compared the efficiency in coatomer binding of Golgi
membranes and peroxisomes. With equal amounts of
Golgi and peroxisomal protein in the assay, Golgi mem-
branes bind approximately five times more coatomer than
peroxisomes (Fig. 4 A). If this peroxisomal coatomer bind-
ing activity was entirely due to contaminating Golgi, con-
tamination must account for ~20% of the protein present
in the peroxisomal preparation. Second, the peroxisomal
fraction was analyzed by Western blotting for its content
of P23, a major constituent of Golgi membranes and COP
I-coated Golgi-derived vesicles (63). As shown in Fig. 4 B,
the anti-P23 antibody reliably identifies its antigen to a
level of below 2 wg of Golgi protein. In contrast, 10 g of
peroxisomal protein did not yield any visible P23 signal.
GTP-yS—dependent binding of coatomer and ARF to
isolated peroxisomes was also achieved using cytosol from
rat liver instead of bovine brain. Comparison of the effi-
ciency of the two cytosol preparations revealed that perox-
isomes bind eight times more coatomer (Fig. 5 A) and
ARF (not shown) from rat liver cytosol than from an
equal amount of bovine brain cytosol. That this recruit-
ment of coatomer is specific for peroxisomes is further
demonstrated by analyzing the coatomer-binding activities
of isolated mitochondria and ER-derived vesicles. First,
highly purified isolated rat liver mitochondria do not bind
coatomer (Fig. 5 A). Second, based on the content of cyto-

Table 1. Activity of Glucosylceramide- and
Sphingomyelin-Synthase in Purified Rat Liver Golgi and
Peroxisome Fractions

Peroxisomes Golgi
GlcCer-Synthase [nmol min~! mg™'] ND 765 X 1073
SM-Synthase [nmol min~' mg '] 0.141 X 1073 29 X 1073
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chrome P 450, our peroxisomal preparation contains ~3%
of contaminating ER-derived microsomes. Compared with
the same amount of peroxisomes, however, microsomes
bind coatomer six times less efficiently (Fig. 5 B). Thus,
the microsomal contamination cannot account for the ac-
tivity observed in peroxisomes.

In vitro binding of coatomer to peroxisomes clearly
raises the question as to the physiological significance of
this observation. Does binding also occur in vivo? To an-
swer this question, we used an SLO-permeabilized cell sys-
tem in order to allow access of nucleotides and exogenous
cytosolic components to the peroxisomal compartment.
To this end, permeabilized primary rat hepatocytes were
incubated with rat liver cytosol and GTP-yS or GDP-3S
and the postnuclear supernate was prepared from the cell
homogenate and subjected to Nycodenz density gradient
centrifugation. Subsequently, the gradients were analyzed
for the distribution of B’-COP and Pmp69p, as markers for
coatomer and peroxisomes, respectively (Fig. 6). Whereas
in the presence of GDP-BS no coatomer binding is ob-
served, two peak fractions (4, 5 and 7, 8) exhibit binding in
the presence of GTP-yS. In fractions 4 and 5 the two
markers clearly colocalize suggesting peroxisomal coatomer
binding. The second peak fraction of B’-COP represents
Golgi-bound coatomer.

To obtain information about the nature of membrane
factors involved in peroxisomal coatomer binding, peroxi-
somes were treated with various concentrations of subtili-
sin before incubation with rat liver cytosol. Whereas treat-
ment with PMSF-inactivated subtilisin did not influence
AREF and coatomer binding, protease treatment, which se-
verely diminished the concentration of immunoreactive
Pex11p, considerably reduced it (Fig. 7 A). These data in-
dicate that at least one peroxisomal membrane factor
present on the outer surface is involved in binding of ARF
and coatomer. Since Pex1lp was supposed to mediate
coatomer binding, we studied the interaction of the perox-
isomal KXKXX motif with coatomer by means of an im-
mobilized synthetic COOH-terminal tail peptide of Pex11p
(CPQLKLKAR). As shown in Fig. 7 B (lane 2), this pep-
tide specifically recognizes and binds coatomer, as re-
vealed by the presence of a- and B’-COP. Only faint
amounts of COP I components were detected when the
peptide was mutated by substituting lysine residues for
serine (Fig. 7, lanes 3 and 4). As controls, the COOH-ter-
minal octapeptide of ScPmp27p (CMQDMWKAT) that
contains one lysine residue at position —3, and an unde-
capeptide representing the COOH-terminal tail of rat per-
oxisomal acyl-CoA oxidase carrying a PTS1 (CRYHLK-
PLQSKL) were unable to bind coatomer (Fig. 7, lanes 5
and 6). In lane 7, 10% of the cytosol present in a binding
assay is analyzed. These results provide evidence that the
COOH-terminal tail of Pexllp is directly involved in
coatomer binding.

Specific localization of Pex11p to the peroxisomal mem-
brane was also shown by postembedding immunoelectron
microscopy of rat liver sections obtained from animals
treated with peroxisomal proliferators (Fig. 8, A and B).
Compared with untreated liver in which peroxisomes are
only scarcely labeled, the labeling density increased re-
markably after induction of the peroxisomal compart-
ment. Whereas Pex11p in most peroxisomes exhibited a
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Figure 5. Comparison of the coatomer
binding activity of isolated rat liver peroxi-
somes, mitochondria, and microsomes.

- - Peroxisomes or mitochondria (250 pg)
+ + were incubated with bovine brain (BB) or

rat liver (RL) cytosol (10 mg) in the pres-
¥ B ence of GTP-yS or GDP-BS (50 pM).
= + Coatomer binding was analyzed in ali-
+ + quots of the reisolated organelles sepa-

rated on SDS-PAGE by Western blotting

| using anti-a-COP antiserum. Peroxisomes

and mitochondria were detected by anti-

a-COP| - - | o-COP |.-
P30 e ] P450 |
Pex11p| == == | Pextip[= ==

Pex11p and anti-P30 (30-kD inner mito-
chondrial membrane proteins) antiserum,
| respectively. Densitometric evaluation of
the o-COP signal revealed that peroxi-

somes bind eight times more a-COP from

rat liver than from bovine brain cytosol. Note that isolated mitochondria do not bind coatomer. (B) Peroxisomes and microsomes (250
pg) were incubated with rat liver cytosol (10 mg) in the presence of GTP-yS and GDP-BS (50 wM) and aliquots of the organelles, recov-
ered by flotation, were analyzed for coatomer binding as above. Densitometric evaluation revealed that microsomes, detected by a poly-
clonal anti-P450 antiserum, bind coatomer six times less efficiently than peroxisomes.

rather uniform membrane distribution, in some others it
appeared to be concentrated in clusters (Fig. 8 B). Based
on the idea of coatomer-mediated peroxisomal vesicula-
tion, clustering of Pex11p might precede budding. We also
analyzed in vitro peroxisomal coatomer binding by preem-
bedding immunogold labeling using the mouse mono-
clonal antibody CM1A10 alone (Fig. 8, C-FE) or in combi-
nation with an anti-Pmp69p peptide antiserum (Fig. 8 F).
Whereas the peroxisomal marker, Pmp69p (decorated
with 6-nm gold particles), uniformly labels the organellar
membrane, coatomer (decorated with 12-nm gold parti-
cles) is detected on some peroxisomes in cap-like patches
(Fig. 8 C) as well as on budding and vesiculated structures
(Fig. 8, D-F). This characteristic pattern was predomi-

GTP/S
£"-COP»
Pmp69p

GDP@S
B"-COP> ~

2 34567891
Fractions

Figure 6. GTP-yS—dependent colocalization of coatomer and
peroxisomes in SLO-permeabilized hepatocytes after density gra-
dient fractionation. Permeabilized hepatocytes were incubated
with rat liver cytosol and GTP-yS or GDP-BS for 30 min at 37°C.
After homogenization of the recovered cells the postnuclear su-
pernate was fractionated on a linear Nycodenz density gradient.
The distribution of coatomer and peroxisomes was visualized by
Western blotting using rabbit anti-’'-COP and anti-Pmp69p pep-
tide antisera, respectively. Note that the anti-B’-COP antiserum
in the Golgi fractions (fractions 7 and 8) recognizes a cross-reac-
tion product of molecular weight slightly higher than B’-COP.

The Journal of Cell Biology, Volume 141, 1998

nantly observed when peroxisomes were incubated in the
presence of cytosol and GTP-vyS, and not when GDP-BS
replaced GTP-yS.

Phenotypic Changes of Peroxisome Morphology by
Overexpression of Pex11p or Functional Inactivation
of Coatomer

The presence of a KXKXX motif in Pex11p and the ability
of the corresponding peptide to bind coatomer in vitro led
us to assume an interaction of coatomer with Pex11p in
vivo. Therefore, we transfected CHO cells with Pex11p-
cDNA and isolated several stably transfected cell clones.
Using immunological techniques, we then analyzed con-
trol cells transfected with vector containing no insert
(clone LC11) and Pexllp-cDNA transfectants (clone
SES5) for their content of Pex11p as well as their peroxiso-
mal phenotype. Overexpression of Pexllp was demon-
strated by immunoblotting, as shown in Fig. 9 A. However,
the degree of overexpression was hardly determined with
accuracy, since the amount of Pex11p in the control clone
LC11 was extremely low. Comparative visualization of the
peroxisomal compartment of LC11 and SES5 cells by im-
munofluorescence and electron microscopy showed an in-
crease in number and a decrease in size of SES peroxi-
somes (Fig. 9, B and C). Quantitative evaluation revealed
twice the number of peroxisomes in SE5 cells, demonstrat-
ing that proliferation had occurred.

If coatomer is involved in peroxisomal vesiculation, as
suggested by the phenotypic change of peroxisomes upon
overexpression of Pex11p, a defect in coatomer function
would be expected to block vesiculation, causing an en-
largement of individual peroxisomes. The temperature-
sensitive IdIF CHO mutant, recently established by Guo et al.
(21, 22), contains a point mutation in e-COP (Glu251 to
Lys251) resulting in an instability of this coatomer subunit
at the nonpermissive temperature of 39.5°C. As visualized
by immunofluorescence, 1dIF cells, exposed for 24 h to this
temperature, exhibited a dramatic change in the morphol-
ogy of the Golgi apparatus and peroxisomes. The Golgi
apparatus disappeared (not shown) and dissociated into
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Figure 7. Involvement of the dilysine mo-
tif of Pexllp in peroxisomal coatomer
binding. (A) Binding of coatomer and
AREF to peroxisomes (250 ng) pretreated
with increasing concentrations of subtili-
sin, as indicated, was performed by incu-
bations with rat liver cytosol (10 mg) in
the presence of GTP-yS or GDP-BS (50
wM). Controls remained untreated or
were treated with the same concentrations
of subtilisin previously inactivated by 1
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| mM PMSF. Peroxisomes were identified
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as well as the 18-kD proteolytic fragment

(see legend to Fig. 2), whereas coatomer
and ARF binding was detected by anti—

a-COP and anti-ARF 1 antiserum, respectively. Note that proteolytic degradation of Pex11p correlates with a decrease in binding of
both a-COP and ARF. (B) Selective binding of coatomer to the COOH-terminal Pex11p tail peptide containing the dilysine motif. The
synthetic peptide (lane 2) and two mutated versions of it (lanes 3 and 4) as well as the COOH-terminal octapeptide of ScPmp27p (lane 5)
and an undecapeptide containing the nine COOH-terminal amino acid residues of rat peroxisomal acyl-CoA oxidase (lane 6) were cou-
pled to thiopropyl-Sepharose via an NH, terminally attached cysteine residue. After incubation with bovine brain cytosol and extensive
washing of the Sepharose, bound coatomer was released by SDS and visualized by SDS-PAGE and immunoblotting using monospecific
antisera directed against a- and B'-COP. An aliquot (50 pg) of cytosol used in these incubations was loaded onto the gel as a control

(lane 7).

vesicular structures (see Fig. 10 B). Peroxisomes instead of
being spherical and highly dispersed were heavily clus-
tered (Fig. 9, D and E) and appeared as strikingly elon-
gated tubules consistent with impaired peroxisomal vesic-
ulation. The peroxisomal morphology of wild-type CHO
cells kept at the nonpermissive temperature for the same
time span was indistinguishable from normal controls (not
shown).

Fine structural analysis largely confirmed the data ob-
tained by immunofluorescence and in addition provided
insight into details of the peroxisomal compartment in this
mutant cell line. At permissive temperature, peroxisomes
appear as small round or rod-shaped particles (~150 nm in
mean diameter) that are scattered throughout the cyto-
plasm, though a few are always present near the Golgi ap-
paratus (Fig. 10 A, arrowhead). At nonpermissive temper-
ature, peroxisomes are tubular and tortuous, frequently
exceeding 1 wm in length (Fig. 10, B—E). They occur iso-
lated or in clusters (Fig. 10, B and C), the majority inti-
mately associated to smooth ER cisternae. Occasionally,
they are arranged in parallel forming rows or stacks (Fig.
10, C-F) that are located at the periphery of lipid vacuoles
(Fig. 10 D) or near the nucleus (Fig. 10, E and F). Continu-
ities between the perinuclear cisternae and ER (Fig. 10 F)
are frequently found developing into characteristic ER-
peroxisome clusters that are also easily identified at the
light microscopic level (Fig. 9 D).

Discussion

Membrane Topology and Intracellular Localization
of Pex11p

We have characterized RnPex11p, an integral peroxisomal
membrane protein with an NH,-terminal PTS2 and a
COOH-terminal dilysine motif both oriented to the cyto-
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plasm, and a putative lumenal mPTS sequence. At present
it is not clear which signal is responsible for correct perox-
isomal targeting of Pex11p. The PTS2 exactly matches the
consensus sequence (67) and is located 15 amino acids dis-
tant from the NH,-terminal methionine, quite similar as in
rat thiolase B (46). Its presence in a peroxisomal mem-
brane protein is highly unusual and thus, its functional sig-
nificance has to be proved. Our data on membrane inte-
gration and intracellular location of Pex11p indicate that it
is directly inserted into the peroxisomal membrane be-
cause (a) sequence comparison with typical ER targeting
signal peptides did not reveal an ER signal sequence in the
Pex11p cDNA-derived structure (69), (b) the in vitro
translation product of Pex11p on SDS gels has the same
molecular mass as mature Pex11p, and (c) is not inserted
into ER membranes neither co- nor posttranslationally
(results not shown), but is inserted posttranslationally into
peroxisomal membranes.

Specificity of Coatomer Binding to Peroxisomes

The following observations demonstrate specificity of coatomer
recruitment to peroxisomes.

First, coatomer binding is strictly dependent on GTP-yS
and does not occur with GDP-S that is assumed to render
AREF in its inactive state. This not only holds for isolated
peroxisomes but also for peroxisomes in a permeabilized
cell system. After binding, both coatomer and ARF cosed-
imented in a Nycodenz gradient with peroxisomes, sug-
gesting their close physical association. In mammalian tis-
sues at least six distinct ARFs have been identified so far
that are highly conserved and function at distinct intracel-
lular locations (27, 42, 45). Our observation that peroxi-
somes recruit more coatomer from liver cytosol than from
brain cytosol might indicate at least one peroxisome-spe-
cific cytosolic factor, because liver contains far more per-
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Figure 8. Peroxisomal localization of Pexllp (A and B) and
coatomer binding (C-F) by immunogold electron microscopy
(post- [A and B] and preembedding [C-F]). Clusters of Pex11p
(arrowheads) are localized to the peroxisomal membrane in rat
liver treated with clofibrate (A) or trifluoroacetate (B).
Coatomer binding to clofibrate-induced isolated rat liver peroxi-
somes primed with bovine brain cytosol and GTP-yS was de-
tected on peroxisomes, buds, and small vesicular structures. Note
the nucleoid core in D and E that clearly distinguishes these or-
ganelles as peroxisomes. The mouse monoclonal antibody CM1A10
decorated with 12-nm gold-labeled second antibody was used to
detect coatomer (C-F). A polyclonal anti-Pex11p tail peptide an-
tiserum decorated with 14-nm protein A-gold (A and B) and
anti-Pmp69p peptide antiserum decorated with 6-nm gold-labeled
second antibody were used to detect the peroxisomal membrane
(F). Bar, 100 nm.

oxisomes than brain. Moreover, cytosol prepared from liv-
ers of rats treated with peroxisome proliferators that
strongly increase the number of hepatic peroxisomes, is
about twice as active in delivering coatomer to peroxi-
somes as normal rat liver cytosol (result not shown). The
cytosolic factor might be a peroxisome-specific subtype of
ARF that cross-reacts with the polyclonal antibody against
ARF1 used in this study. This ARF subtype remains to be
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SE5 LC11

Figure 9. Phenotypic change in peroxisomal morphology by
overexpression of Pex11p (A-C) as well as functional deficiency
of coatomer (D, E). CHO cells were stably transfected with ei-
ther Pex11p-cDNA cloned into pcDNA3 (SES) or pcDNA3 lack-
ing an insert (LC11). Carbonate membranes of postnuclear su-
pernates (10 wg) were analyzed for their content of Pmp69p and
Pex11p by SDS-PAGE and Western blotting (A). The peroxiso-
mal compartment of SE5 (B) and LC11 (C) was visualized by im-
munofluorescence using the polyclonal anti-Pmp69p antiserum.
1dIF cells expressing a ts mutant of e-COP were kept for 24 h at
nonpermissive (39.5°C, D) or permissive (34°C, E) temperature
before immunofluorescence staining of peroxisomes using the
anti-Pmp69p antiserum. Note numerical increase in small spheri-
cal peroxisomes (B) and clustering of tubular peroxisomes (D).
Bar, 3 pm.

identified. However, at present we cannot exclude the pos-
sibility that additional GTP-binding proteins are involved
that might be activated by GTP-vS.

Second, protease-pretreated peroxisomes have com-
pletely lost their coatomer binding capacity suggesting
that binding is mediated by at least one peroxisomal mem-
brane factor (Fig. 7 A), most likely the cytosolic COOH-
terminal domain of Pex11p that in vitro binds coatomer ef-
ficiently (Fig. 7 B).

Third, mitochondria and ER-derived microsomal vesi-
cles are unable to bind coatomer or bind it with much
lower efficiency than peroxisomes, respectively (Fig. 5, A
and B). Since the microsomal preparations used for these
assays still contained Golgi membranes, the observed re-
sidual microsomal coatomer binding activity might well be
due to the presence of this contamination.

Based on protein content Golgi membranes are about
five times more efficient in recruiting coatomer from the
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cytosol than peroxisomes. This may be explained by differ-
ent amounts of organelles used: whereas the protein to
phospholipid ratio of highly purified Golgi fractions on a
mg scale was analyzed to be 1.4, that of peroxisomes was 9
(Briigger, B., personal communication). If the amount of
peroxisomes and Golgi used for the assays is based on
phospholipid rather than protein content (which may re-
flect more accurately comparable amounts of membranes)
then one equivalent of peroxisomal membrane binds ap-
proximately the same amount of coatomer as one equiva-
lent of Golgi membrane.

Peroxisomal binding of coatomer does not seem to in-
volve subspecies of the coat complex other than those that
mediate biogenesis of Golgi-derived COP I-coated vesi-
cles. The complete set of COPs is recruited to the peroxi-
somes, different from the binding of subcomplexes as
Aniento et al. (1) have suggested on endosomal vesicles.

Peroxisome Biogenesis

There is general agreement that biological membranes
cannot be synthesized de novo (47), but are derived from
existing membranes. As mentioned, cells are equipped
with various protein coats that mediate membrane bud-
ding and vesiculation (50, 56, 57, 60). The way peroxi-
somes are formed is being a matter of continuous discus-
sion during the last 20 years. A variety of models have
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Figure 10. Fine structure of
peroxisomes in the perinu-
clear region of mutant 1dIF
cells at permissive (34°C, A,
arrowhead) and nonpermis-
sive (39.5°C, B-F) tempera-
ture. Phenotypic peroxisome
clustering and formation of
peroxisome-ER aggregates is
revealed, due to functional
deficiency of e-COP. At non-
permissive temperature, the
intensely DAB-stained per-
oxisomes frequently exhibit a
highly  tortuous, tubular
shape (B-E). They cluster at
the periphery of lipid vacu-
oles (D) and form rows alter-
nating with ER cisternae (E),
the latter of which are often
in continuity with the perinu-
clear membrane (F, arrow-
head). G, Golgi complex.
Bars: (A-C and F) 500 nm;
(D and E) 150 nm.

been forwarded, and most recently, the ER has again been
invoked as a peroxisomal precursor organelle (4, 14). Our
finding of an inducible membrane protein in peroxisomes
that binds to coatomer, together with a GTP-yS—depen-
dent recruitment to the peroxisomal membrane of ARF
and the coatomer complex strongly indicates that coatomer
is involved in peroxisomal biogenesis. Coatomer may ei-
ther function in the formation of vesicles that would re-
trieve ER resident membrane proteins escaped from the
ER (provided that the ER is a donor organelle, indeed),
and/or in fission of peroxisomes to generate nucleating
centers for the growth of new organelles. Consistent with
this view are (a) the phenotypic changes of the peroxiso-
mal compartment after overexpression of Pex11p or func-
tional inactivation of coatomer, as described here, and (b)
previous observations of a peroxisome population of
lower equilibrium density but with protein import compe-
tence strikingly exceeding that of mature peroxisomes (26,
28, 31).
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Note Added in Proof. Higher eukaryotes contain a second constitutively
expressed Pex11p distinct from the inducible one described by us (Gould,
S.J., personal communication). In order to discriminate between these two
proteins, we suggest to name the inducible protein Pex11pa and the con-
stitutively expressed one Pex11pB. We also would like to indicate a recent
paper (Titorenko, V.I., and R.A. Rachubinski. 1998. Mutants of the yeast
Yarrowia lipolyrica defective in protein exit from the endoplasmic reticu-
lum are also defective in peroxisome biogenesis. Mol. Cell. Biol. In press).
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