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Pichia pastoris PEX17 was cloned by complementation of a peroxisome-deficient strain obtained
from a novel screen for mutants disrupted in the localization of a peroxisomal membrane protein
(PMP) reporter. PEX17 encodes a 267-amino-acid protein with low identity (18%) to the previ-
ously characterized Saccharomyces cerevisine Pex17p. Like ScPex17p, PpPex17p contains a putative
transmembrane domain near the amino terminus and two carboxyl-terminal coiled-coil regions.
PpPex17p behaves as an integral PMP with a cytosolic carboxyl-terminal domain. pex17A mutants
accumulate peroxisomal matrix proteins and certain integral PMPs in the cytosol, suggesting a
critical role for Pex17p in their localization. Peroxisome remnants were observed in the pex17A
mutant by morphological and biochemical means, suggesting that Pex17p is not absolutely
required for remnant formation. Yeast two-hybrid analysis demonstrated that the carboxyl
terminus of Pex19p was required for interaction with Pex17p lacking the carboxyl-terminal
coiled-coil domains. Biochemical evidence confirmed the interaction between Pex19p and Pex17p.
Additionally, Pex17p cross-linked to components of the peroxisome targeting signal-receptor
docking complex, which unexpectedly contained Pex3p. Our evidence suggests the existence of
distinct subcomplexes that contain separable pools of Pex3p, Pex19p, Pex17p, Pex14p, and the
peroxisome targeting signal receptors. These distinct pools may serve different purposes for the
import of matrix proteins or PMPs.

INTRODUCTION

The prevailing model for peroxisome biogenesis posits that
peroxisomes arise by growth and division of preexisting
peroxisomes (Lazarow and Fujiki, 1985). The coordinate reg-

ulation of these processes is essential for the proper func-
tioning of the organelle and consequently the organism.
Peroxisomes are absolutely required in multicellular organ-
isms, as evidenced by the numerous human genetic diseases
caused by peroxisomal abnormalities (Subramani, 1997). In
lower eukaryotes, such as the yeast Pichia pastoris, peroxi-

The nucleotide sequence of PpPEX17 has been submitted to somes are required specifically for the use of methanol and
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oleate as carbon sources. Because many fundamental peroxi-
somal functions are conserved at the molecular level between
yeast and humans, yeast has been heavily exploited as a model
system to gain insights into peroxisome biogenesis.

The bulk of our understanding of peroxisome biogenesis
concerns the identification of the targeting signals that direct
matrix proteins from the cytosol to the peroxisome and the
proteins essential for this process. The peroxisome targeting
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Table 1. P. pastoris strain list

Strain Relevant genotype Source
PPY12 his4 arg4 Gould et al., 1992
PPY4 his4 Gould ef al., 1992
SKF1 arg4 his4::pKNSD77 (P yoxPEX3,_4,-GFP) Wiemer ef al., 1996
MUT9 SKF1 pex17-1 This study
SWS19DM PPY12 pex19Ahis4:: pKNSD77 (P ,oxPEX3, 4,-GFP) This study
SWS1DM PPY12 pex1Ahis4::pKNSD77 (P ,oxPEX3,_4,-GFP) This study
SWS3DM PPY12 pex3Ahis4::pKNSD77 (P ,oxPEX3;_4,-GFP) This study
SWS8DM PPY12 pex8Ahis4:: pKNSD77 (P poxPEX3,_4,-GFP) This study
SMD1163 his4 pep4 prb Invitrogen
SWS17D SMD1163 pex17:: KanMX This study
SWS17HA S17D his4::p17HA This study

signals (PTSs) for import of peroxisomal matrix proteins are
PTS1 and PTS2 (Gould et al., 1987, 1989; Osumi et al., 1991;
Swinkels et al., 1991; Elgersma et al., 1996b). By isolating and
characterizing mutants defective for the localization of the
peroxisome matrix proteins (pex mutants), 22 peroxins have
been identified from various species (Distel et al., 1996; Gotte
et al., 1998; Purdue et al., 1998; Subramani, 1998; Titorenko et
al., 1998; Koller et al., 1999). Most of these peroxins are
membrane proteins, but a few of them have a predominantly
cytosolic localization. For example, Pex5p and Pex7p are
predominantly cytosolic proteins that interact specifically
with PTS1 and PTS2, respectively (Marzioch et al., 1994;
Dodt and Gould, 1996; Rehling et al., 1996; Elgersma et al.,
1998). These PTS receptors function to bring newly synthe-
sized cargo from the cytosol to docking sites at the peroxi-
some membrane. The docking sites have been defined by
protein—protein interactions between the receptors and
docking proteins at the peroxisome membrane. It has been
demonstrated that Pex5p and Pex7p bind to Pex14p (Alber-
tini et al., 1997; Brocard et al., 1997; Fransen et al., 1998;
Schliebs et al., 1999; Shimizu et al., 1999; Will et al., 1999) and
Pex13p (Elgersma et al., 1996a; Erdmann and Blobel, 1996;

Gould et al., 1996; Girzalsky et al., 1999; Shimozawa et al.,
1999) to allow docking at the peroxisome membrane. Pex17p

(Huhse et al., 1998), identified previously only in Saccharo-
myces cerevisine, binds Pex14p and is therefore part of the
receptor docking complex.

Despite our understanding of the early stages of matrix
protein import, very little is known about the growth of the
peroxisome membrane or the targeting and insertion of
peroxisomal membrane proteins (PMPs). Several PMPs are
synthesized on free polysomes (Fujiki et al., 1984; Suzuki et
al., 1987; Bodnar and Rachubinski, 1991) and targeted di-
rectly from the cytosol to the peroxisome (Lazarow and
Fujiki, 1985). The targeting signal for integral PMPs (mPTS)
has been identified for Pex3p from several species (Hohfeld
et al., 1992; Baerends et al., 1996, Wiemer et al., 1996; Kam-
merer et al., 1998). In addition, the mPTSs for S. cerevisiae
Pex15p (Elgersma et al., 1997), Candida boidinii PMP47 (Dyer
et al., 1996), and P. pastoris Pex22p (Koller et al., 1999) have
been characterized. The factors that bind these mPTS se-
quences to mediate targeting are unknown.

The phenotypes of several pex mutant strains suggest their
involvement in the biogenesis of the peroxisome membrane
or in membrane protein import. In all pex mutants exam-
ined, with the exception of human pex16 mutants (South and
Gould, 1999), pex3 mutants (Hohfeld ef al., 1991; Baerends et
al., 1996; Wiemer et al., 1996), and, in some organisms, pex19

Table 2. Plasmids used in this study

Name Relevant elements Reference

pKNSD77 P AoxPEX3,_4-GFP Wiemer et al., 1996

pMut9 pYMS 2.4 kB genomic PEX17 This study

pBL17 900 bp genomic PEX17’ This study

p17HA pIB1 PEX17-HA This study

Two-hybrid plasmids
pKNSD123 pKNSD52 PEX19 Snyder et al., 1999
pKNSD124 pKNSD55 PEX19 Snyder et al., 1999
pKNSD127 pKNSD52 PEX19[1-232] Snyder et al., 1999
pKNSD125 pKNSD52 PEX19[1-75] Snyder et al., 1999
pKNSD135 pKNSD52 PEX19[1-42] Snyder et al., 1999
p2H17 pKNSD55 PEX17[1-267] This study
p2H17NB pKNSD55 PEX17[1-124] This study
p2H17lum pKNSD55 PEX17[1-59] This study
p2H17cyt pKNSD55 PEX17[52-267] This study
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Table 3. Primers

Name DNA sequence (5'—3')

TAG17u GCGAATTCGATCTAGCTGCTCTGGAG

HApstD GCGCCTGCAAGGTCGACTTTTAGAGGATCCC

TAG17uL GAAAAGAAATAGGTCTAGTACCCCCGGGCGCATCTTTTAC

TAG17dL GTAAAAGATGCGCCCGGGGGTACTAGACCTATTTCITTTC

2h17u GTCCAGATCTATGTCGTCAAGGCGCAACG

2h17d GGAATTCGGTACTAGACCTATTTCTTTITC

2h17NB GAATTCTTAAAACTTGATCGTCTGTCTTCC

2h17lumD GCGAATTCGCTTCACATAGGTCGAATCAG

2h17cytU GCGCAGATCTCGACCTATGTTGAAGCTTC

P17up GATCTAGCTGCTCTGGAGAAC

MOISEQS8 GITACCAGCCTTGAAGGTGG

P17P5L GGGGATCCGTCGACCTGCAGCGTACCATGGTTTGGGAGTTACCAGCC
P17P3L AACGAGCTCGAATTCATCGATGATATGATAATGACTTTCATTTTGATGGC

mutants (Gotte et al., 1998; Matsuzono et al., 1999), PMPs
accumulate in membranous remnants, whereas matrix pro-
teins are mislocalized in the cytosol (Crookes and Olsen,
1999). Therefore, in most pex mutants, with the exceptions
noted above, the machinery for the propagation of the per-
oxisome membrane and the machinery that targets PMPs to
those membranes remain intact. In all pex3 mutants and in
the human pex16-deficient cell lines, no peroxisome rem-
nants have been detected. Human and S. cerevisiae pex19
mutant strains were reported to lack remnant structures.
However, in P. pastoris positive evidence has been presented
for membranous remnants that contain Pex3p (Snyder et al.,
1999), and additional evidence is accumulating that other
PMPs are also in remnants of Pppex19A mutants (our un-
published results). The morphology of the remnants in
Pppex19A mutants suggests that PpPex19p is involved in the
maturation of a tubulovesicular, early preperoxisome com-
partment to the late preperoxisome structures, Correspond-
ing to late remnant structures observed in other pex mutant
strains (Snyder et al., 1999). It is noteworthy that in P. pastoris
and S. cerevisiae, PEX16 has not been identified. The predom-
inant players for peroxisome membrane biogenesis and
PMP localization in S. cerevisiae and P. pastoris would there-
fore be Pex3p and Pex19p.

Recent evidence that could explain the source and mech-
anism of deposition of membrane lipids to growing peroxi-
somes is provided by studies that suggest that a vesicular
trafficking pathway exists between the endoplasmic reticu-
lum and peroxisomes (for review, see Kunau and Erdmann,
1998; Titorenko and Rachubinski, 1998).

We decided to take a new approach to the understanding
of PMP localization in P. pastoris by designing a novel ge-
netic screen for mutants disrupted in the targeting of an
mPTS-green fluorescent protein (GFP) reporter protein. This
reporter efficiently localizes to peroxisomes in wild-type
cells (Wiemer et al.,, 1996), and to punctate remnant struc-
tures in most pex mutants. However, in pex3A and pex19A
mutants the mPTS-GFP appeared diffuse. Differences be-
tween these localization patterns correlated with a useable
fluorescence-activated cell sorter (FACS) phenotype. Our
FACS-based enrichment procedure identified one new
complementation group of P. pastoris pex mutant, namely
PEX17. Pex17p has only been previously identified in S.
cerevisiae as a component of the PTS-receptor docking com-
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plex (see above). We provide evidence that PpPex17p is part
of the receptor docking complex required for the localization
of matrix proteins but is also required for efficient PMP

Nomarski

GFP

Figure 1. Fluorescence microscopy of mPTS(Pex3p)-GFP in wild-
type and pex mutant cells. Methanol-grown wild-type (PPY12),
pex3A (SWS3DM), pex19A (SKF13), pex1A (SWS1DM), and pex8A
(SWS8DM) strains expressing the mPTS(Pex3p)-GFP were visual-
ized by fluorescence microscopy and Nomarski optics.
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localization. This requirement for PpPex17p in PMP local-
ization is related to functional interactions with the two
main players in PMP biogenesis, Pex3p and Pex19p.

MATERIALS AND METHODS

Strains and Growth Conditions

Media and growth conditions used are described elsewhere (Snyder
et al., 1999).

Molecular Biological Techniques

P. pastoris strains are listed in Table 1. All plasmids used in this
study are listed in Table 2. All DNA oligonucleotide primers used
are listed in Table 3.

Restriction enzyme digestion, cloning, plasmid isolation, and
PCRs were performed by standard methods (Sambrook et al., 1989).
DNA sequencing was performed by the method of Sanger et al.
1977).

P. pastoris transformations, mating, sporulation, and random
spore analysis were performed as described (Gould et al., 1992).

FACS Isolation of Peroxisome Assembly
(pex) Mutants

N-Methyl-N-nitro-N-nitrosoguanidine (NTG) mutagenesis of a
wild-type strain expressing the mPTS(Pex3p)-GFP, strain SKF1, was
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Figure 2. FACS analysis of fluorescence intensity of mPTS(Pex3p)-
GFP in wild-type and pex3A cells. (A) Time course analysis of
mPTS(Pex3p)-GFP fluorescence intensity (FL1-H) versus cell number
(Counts) from a population of wild-type (SKF1) and pex3A (SWS3DM)
cells at the indicated times after induction in methanol medium. (B)
Mean fluorescence intensity of mPTS(Pex3p)-GFP in the high fluores-
cence intensity peak of the population plotted versus time.

performed as described (Elgersma et al., 1998). Cells treated with 150
png/ml NTG had 41% killing and were grown overnight in YPD to
an Agy of 1. These cells were then induced in methanol-containing
media for 6 h and subjected to a sterile sort on a FACStar fluores-
cence-activated sorter (Becton Dickinson, Mountain View, CA) to
collect bright cells. This collection pool was plated on YPD. Eighty-
six colonies appeared after plating and were individually streaked
onto methanol, oleate, and glycerol media. Nine of these colonies
were unable to grow on methanol or oleate but were able to grow on
glycerol and glucose medium. These strains were back-crossed to
wild type (PPY4) and used for complementation analysis.

Cloning and Sequencing of PEX17

A genomic library constructed in plasmid pYMS8 (Liu et al., 1995)
was used to transform the novel mutant strain (MUT9). A 2.4-kb
clone (pMut9) was identified, which complemented the mutant
strain for growth on methanol. Approximately 1.5 kb of the genomic
insert were sequenced, revealing a 801-bp open reading frame
(ORF). A 900-bp subclone was generated by cutting the original
pMut9 plasmid with BamHI and religating; there was a BamHI site
flanking the genomic insert on one side and another BamHI inside
the genomic insert, 600 bp from the other one. This removed 600 bp
of the genomic insert and left 900 bp. This plasmid, pBL17, could
only express a carboxyl-terminal truncated form of Pex17p but
nonetheless complemented the pex17 mutant strains for growth on
methanol and oleate media, confirming that this region comprised

Molecular Biology of the Cell
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Figure 3. Sequence alignment and features of P. pastoris and S. cerevisine Pex17p orthologues. The amino acid sequences were aligned using
the ClustalW program (A). Identical residues (boxed) and similar residues (gray) are shaded. Similarity rules: G=A =S5, A=V, V=1=
L=MI=L=M=F=Y=W,K=R=H,D=E=Q=N,andS =T = Q = N. Dashes represent gaps. (B) Sequence features and relative
positions. TM, putative transmembrane domain; Coil, putative coiled-coil domain.

the essential portion of the PEX17 ORF and the required regulatory
elements.

Two-Hybrid Analysis

Cloning vectors, tester strains, and screening by two-hybrid analysis
have been described (Faber et al., 1998). Two-hybrid clones contain-
ing PEX19 and subdomains were described previously (Snyder et
al., 1999). A full-length clone of PEX17 was amplified by PCR
(primers 2h17u and 2h17d) and inserted as an EcoRI-Bgl/II fragment
into pKNSD55 cut with EcoRI and BamHI, creating p2H17. Frag-
ments of PEX17, amplified by PCR, were introduced in pKNSD55 as
follows: PEX17[1-124] (primers 2h17u and 2h17NB) was cut with
EcoRI and Bg/Il and inserted into pKNSD55 cut with EcoRI and
BamHI, creating p2H17NB; PEX17[1-59] (primers 2h17u and
2h17lumD) was cut with EcoRI and Bg/II and cloned into pKNSD55
cut with EcoRI and BamHI, creating p2H17lum; PEX17[52-267]
(primers 2h17cytU and 2h17d) was cut with EcoRI and Bg/Il and
cloned into pKNSD55 cut with EcoRI and BamHI, creating
p2H17cyt.

Construction of the pex17A Strain

The 5" and 3’ flanking regions of the PEX17 ORF were amplified by
overlap extension PCR (primers P17up, M9SEQS8, P17P5L, and
P17P3L), creating a Geneticin resistance cassette between the flank-
ing regions as described (Wach ef al., 1994). This PCR product was
used to transform strain SMD1163. Transformants were selected on
YPD plates containing 200 pg/ml Geneticin, and the expected
genomic alteration in the pex17 deletion strain (SWS17D), which was
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unable to grow on methanol or oleate medium, was confirmed by
PCR.

Biochemical Techniques

Crude cell-free extracts were made as described previously (Babst et
al., 1997). SDS-PAGE (Laemmli, 1970) and Western blot analyses
(Towbin et al., 1979) were performed as described. Goat-anti-rabbit
conjugated HRP, goat-anti-rabbit conjugated alkaline phosphatase
(Bio-Rad, Hercules, CA), and goat-anti-rat conjugated HRP (Jackson
ImmunoResearch, West Grove, PA) were used as secondary anti-
bodies which were detected by ECL (Amersham, Arlington Heights,
IL) or 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(Kirkland & Perry, Gaithersburg, MD) according to the manufac-
turer’s protocols. Primary antibodies and the dilutions used were as
follows: a-Pex19p (1:4000), a-Pex3p (1:10,000), a-Pex22p (1:2000),
a-ScTHIO (1:10,000), a-CAT (1:10,000), a-Pex4p (1:1000), a-Sc-glu-
cose-6-phospate dehydrogenase (1:2000), and rat-a-hemagglutinin
(HA; 1:2000).

Immunoprecipitation and cross-linking with dithiobis(succinimi-
dyl propionate) (Pierce, Rockford, IL) was performed from 5 Ay,
units of oleate-grown cells as described previously (Rieder and Emr,
1997). One microliter of antisera was used per each immunoprecipi-
tation.

Protease protection and organelle membrane extraction assays are
described elsewhere (Koller et al., 1999).

Subcellular Fractionation Experiments

Differential centrifugation of oleate-grown cells was performed as
described (Faber et al., 1998). For floatation, all sucrose stocks con-
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Figure 4. Immunofluorescence microscopy of Pex3p in wild-type
and pex17A cells. Oleate- and methanol-grown wild-type
(SMD1163) and pex17A (SWS17D) spheroplasts were indirectly la-
beled with the anti-Pex3p antibody and visualized by fluorescence
microscopy and Nomarski optics.

tained the lysis buffer lacking sorbitol, and the gradients were
prepared as follows: 0.375 ml of postnuclear supernatant (PNS)
from the methanol-grown cells was mixed with 1.625 ml of 80%
(wt/vol) sucrose in a 5-ml ultracentrifuge tube; this was layered
with 1.5 ml of 50% (wt/vol) sucrose and 1.5 ml of 35% (wt/vol)
sucrose. The gradients were centrifuged in a Beckman Instruments
(Palo Alto, CA) SW50.1 rotor for 20 h at 40,000 rpm. Five hundred-
microliter fractions were collected from the top and adjusted to 5%
trichloroacetic acid (TCA). The material pelleted on the bottom of
the tube was resuspended in 1 ml of 5% TCA and transferred to an
Eppendorf tube. The TCA precipitates were incubated on ice for
>20 min and washed once with 5% TCA and three times with cold
acetone. The acetone was evaporated, and the pellets were resus-
pended in 100 ul of SDS-PAGE sample buffer.

Construction of a Strain Expressing Pex17HAp

The PEX17-HA construct was generated by overlap extension PCR.
PEX17 was amplified by PCR from pMut9 with primers TAG17u
and TAG17dL; HA was amplified by PCR with primers TAG17uL
and HApstD from a triple-HA construct in pBlusescript (a gift from
Markus Babst, University of California, San Diego, CA). These
products were gel purified and mixed as template for PCR with
primers TAG17u and HApstD to generate the PEX17-HA. This
fragment was cut with EcoRI and PstI and cloned into pIB1 (Sears et
al., 1998) cut with the same enzymes, creating p17HA. This plasmid
was linearized with Sall and integrated at the his4 locus of strain
SWS17D creating SWS17HA.

Fluorescence and Electron Microscopy

Samples for immunofluorescence were prepared from methanol- or
oleate-induced cells spheroplasted as described for biochemical
fractionation and then fixed and prepared as described previously
(Babst et al., 1998). Pex3p, thiolase and catalase antibodies were used
at dilutions of 1:10,000. Microscopy for immunofluorescence was as
described (Odorizzi et al., 1998). Preparation and analysis of cells
expressing GFP constructs were as described (Monosov et al., 1996).

4010

Cells for electron microscopy were prepared as described previ-
ously (Sakai et al., 1998).

RESULTS
A FACS-based Screen Yields New pex Mutants

To obtain genes encoding components required for the lo-
calization of PMPs, we developed a FACS-based enrichment
procedure for pex mutants. Using the 40-amino-acid mPTS
of Pex3p fused to GFP [mPTS(Pex3p)-GFP] to follow mem-
brane protein targeting, we observed normal, mature per-
oxisomes in wild-type cells (Figure 1; Wiemer et al., 1996). In
addition, similar peroxisome remnants, or ghosts, were ob-
served in 11 typical pexA mutants including pex1, 2, 4, 5, 6, 7,
8,10, 12, 13, and 22 (Figure 1; our unpublished results). In
contrast, the pex3A and pexI9A mutants showed diffuse
staining with the mPTS(Pex3p)-GFP that could represent
true cytosolic localization and/or small, vesicular structures
(Figure 1). To quantitate differences between cells containing
mPTS(Pex3p)-GFP in peroxisomes and those containing the
reporter in the diffuse, cytosolic pattern, we analyzed wild-
type and pex3A cells by FACS. A modest increase was noted
in fluorescence intensity of the population of wild-type cells
after induction of the mPTS(Pex3p)-GFP reporter in metha-
nol-containing media (Figure 2). As the population grew, a
small, low-intensity peak was seen after 6 h (Figure 2A),
which is likely to correspond to newly formed daughter cells
in the population that are smaller than the original mother
cells inoculated into the culture. The number of cells in this
low-intensity peak increased with time as the larger mother
cells from the original inoculum were diluted out in the
culture. By analysis of the forward light scattering of the
cells, which is proportional to the cell size, we indeed ob-
served a population of low-GFP intensity, small cells that
accumulated in the culture (our unpublished results). In
contrast, pex3A cells showed a dramatic increase in GFP
intensity after growth on methanol (Figure 2). The popula-
tion of daughter cells did not outgrow the original mothers
in the pex3A culture, because after one doubling these cells
stop growing in methanol medium. The difference in fluo-
rescence intensity of the mPTS(Pex3p)-GFP is easily quanti-
tated by plotting the mean intensity of the bright peaks from
wild-type and pex3A cells versus time (Figure 2B). After a
6-h induction in methanol, the fluorescence intensity of the
mPTS(Pex3p)-GFP detected by FACS in pex3A cells was
sixfold higher than in wild-type cells. Although we cannot
definitively explain this difference in intensity, it correlates
with the localization of the mPTS(Pex3p)-GFP in punctate
structures versus the diffuse pattern in the two cell popula-
tions. Furthermore, typical pex mutants, those containing
punctate remnants, showed a fluorescence intensity similar
to that of wild-type cells (our unpublished results).

We exploited the difference in mPTS(Pex3p)-GFP intensity
between wild-type and pex3A cells for the identification of
pex mutant cells that accumulate the mPTS(Pex3p)-GFP in a
diffuse pattern. Wild-type cells containing mPTS(Pex3p)-
GFP were mutagenized with NTG, and after 6 h of growth in
methanol medium, mutants were enriched by collecting a
pool of bright cells (intensity >120) by FACS. From 2.5
million cells analyzed, only 86 cells were collected into our
sort pool. Nine of these 86 cells were unable to grow with
methanol or oleate as the sole carbon source but grew nor-
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Figure 5. Electron microscopy of wild-type and pex17A cells. Methanol-grown wild-type (SMD1163; A and C) and pex17A (SWS17D; B and
D) cells were prepared as described in MATERIALS AND METHODS for membrane staining (A and B) and immunoelectron microscopy
with anti-Pex3p antibodies (C and D). Arrows point to the novel structures in pex17A cells (A and B). n, nucleus; m, mitochondria; v, vacuole;

p, peroxisome; ¥, peroxisme remnant.

mally on glucose- or glycerol-containing media, suggesting
that the enrichment was efficient for obtaining pex mutants.
All nine of these mutants contained diffuse, cytosolic
mPTS(Pex3p)-GFP. In contrast, brute-force screening of 300
colonies from the mutagenized pool without FACS enrich-
ment did not reveal any strains containing diffuse, cytosolic
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mPTS(Pex3p)-GFP. The mutant strains were then crossed
with all known pex mutants. Three of the mutants belonged
to the pex3 complementation group, and five more mapped
to known complementation groups. However, null mutants
from these previously identified complementation groups
contain Pex3p in typical, punctate peroxisome remnants and
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not in the cytosol. One of the mutants did not correspond to
any previously known pex complementation group and, ac-
cordingly, was chosen for further analysis.

Cloning of P. pastoris PEX17

Complementation of the methanol growth defect of the
novel mutant by a genomic DNA library identified a 2.4-kb
clone that complemented the oleate growth defect as well as
restoring the localization of mPTS(Pex3p)-GFP to punctate
structures (our unpublished results). Subcloning and se-
quence analysis revealed an ORF of 801 nucleotides encod-
ing a 267-amino-acid protein with a predicted molecular
mass of 30.5 kDa (Figure 3A). This protein is predicted to
contain a transmembrane domain near the amino terminus
(aa 35-54) and contains two regions predicted to form
coiled-coil domains (Lupas, 1996; Figure 3B). Comparison of
this ORF with the databases identified one protein with
significant homology, the S. cerevisiae Pex17p. Although the
sequence identity between ScPex17p and our ORF is only
18%, there are conserved regions throughout the alignment
(Figure 3A). In addition, the conservation of the putative
transmembrane domain near the amino terminus of both
proteins and the carboxyl-terminal coiled-coil domains fur-
ther suggested that the ORF represents the P. pastoris Pex17p
(Figure 3B). However, the ScPEX17 was unable to comple-
ment our mutant strain for growth on methanol media (our
unpublished results). Additional protein—protein interaction
data (see below) further suggested that the ORF is indeed
the PpPex17p.

Peroxisome Membrane and Matrix Protein
Localization Defects in pex17A Mutants

Strains of P. pastoris deleted for PEX17 were constructed as
described in MATERIALS AND METHODS. The pex17A
mutants were unable to grow on methanol or oleate as the
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lighter fractions as described in
MATERIALS AND METHODS.
P, pelleted material at the bottom
of the tube. Arrows point to the
normal, full-length catalase and
Pex3p.
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sole carbon source. Because the original mutant accumu-
lated the mPTS(Pex3p)-GFP in the cytosol or on small vesic-
ular structures, we wished to visualize where Pex3p accu-
mulates in the pex17A mutant. In oleate-grown, wild-type
cells, the typical peroxisome staining pattern was observed
for Pex3p (Figure 4). The pex17A cells, in contrast, exhibited
diffuse staining for Pex3p, as well as some brighter struc-
tures. Examination of methanol-grown, wild-type cells by
anti-Pex3p immunofluorescence revealed the large peroxi-
some clusters that are typical for methanol-grown P. pastoris.
By contrast, the pex17A cells contained a few bright, punctate
structures, but the Pex3p also appeared to be diffuse. This
localization pattern for Pex3p in oleate- and methanol-
grown pex17A cells is consistent with the conclusion that
Pex3p accumulated in large peroxisome remnant structures,
small vesicular structures, and, perhaps also, the cytosol.

The morphology of peroxisome remnant structures in the
pex17A mutants was observed by electron microscopy.
Methanol-grown wild-type cells contained the usual, large
clusters of peroxisomes (Figure 5A). In contrast, methanol-
grown pex17A mutants contained no normal peroxisomes.
Instead the pex17A mutants contained vesicular and tubular
structures of varying size (Figure 5B) that are not normally
seen in methanol-grown P. pastoris. To identify conclusively
the peroxisome remnant structures in the pex17A mutant,
immunoelectron microscopy was performed using the anti-
Pex3p antibody. In methanol-grown wild-type cells Pex3p
was detected on the normal peroxisome clusters (Figure 5C).
In the pex17A cells, the Pex3p was detected on the membrane
of smaller, single-membrane-bound compartments (Figure
5D). These structures are likely to represent the peroxisome
remnants in the pex17A mutant. No Pex3p was detected in
the vacuole or mitochondria of the pex17A cells.

To further characterize the protein localization defects of
pex17A cells, a subcellular fractionation was performed (Fig-
ure 6A). A whole-cell lysate after a low-speed spin to re-
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Figure 7. Subcellular localization of Pex17HAp. (A) Oleate-grown
spheroplasts of pex17A cells expressing Pex17HAp (SWS17HA)
were lysed and subjected to sequential differential centrifugation.
Equivalent amounts of the PNS, 27,000 X g supernatant (527),
27,000 X g pellet (P27), 100,000 X g supernatant (S100), and
100,000 X g pellet (P100) were resolved by SDS-PAGE, transferred
to nitrocellulose, and probed with the indicated antibodies. (B)
Methanol-grown spheroplasts of pex17A cells expressing Pex17HAp
(SWS17HA) were indirectly labeled using anti-Pex3p or anti-HA
antibodies as described in MATERIALS AND METHODS and vi-
sualized by fluorescence microscopy (Pex3p and Pex17HAp) and
Nomarski optics.

move unlysed cells and nuclei is called a PNS and is the
starting material for the fractionation experiment. Catalase
and thiolase are commonly used as markers for lumenal
protein import via the PTS1 and PTS2 pathway, respectively.
The PNS contained catalase, thiolase, Pex3p, and another
integral PMP, Pex22p (Figure 6A). Centrifugation of the PNS
at 27,000 X g created a pellet fraction (P27), which contains
organelles, including peroxisomes. In wild-type cells, the
majority of catalase, thiolase, Pex3p, and Pex22p was found
in the P27 fraction. Consistent with previous reports (Kalish
et al., 1996; Waterham et al., 1996; Elgersma et al., 1998; Faber
et al., 1998; Snyder et al., 1999), some of catalase and thiolase
leaked from the organelle during the procedure and was
found in the 27,000 X g supernatants (527). Further centrif-
ugation of the S27 at 100,000 X g left this catalase and

Vol. 10, December 1999

Role of PpPex17p in Peroxisome Biogenesis

1% TritonX-100

| w
carbonate
e

HIHF

Figure 8. Membrane extraction of Pex17HAp. Organelle mem-
branes from oleate-grown cells expressing Pex17HAp (SWS17HA)
were extracted with the indicated buffers and repelleted. The super-
natant (s) and pellet (p) fractions were analyzed by immunoblotting
with the indicated antibodies. carbonate, 0.1 M sodium carbonate,
pH 11; Tris, 10 mM Tris-HCI, pH 8.0; buffer, original lysis buffer
only; 1% Triton X-100, original lysis buffer with 1% Triton X-100.

thiolase in the supernatant fractions (5100), consistent with a
cytosolic localization. The cytosolic marker, glucose-6-phos-
phate dehydrogenase, was found only in the supernatant
fractions from both strains (our unpublished results). In
contrast to wild type, the pex17A cells contained catalase
exclusively in the supernatant fractions, indicative of a cy-
tosolic localization. Some thiolase was found in the P27 of
pex17A cells but likely represents large aggregates (see be-
low); the majority was found in the supernatant fractions. In
pex17A cells, the Pex3p and Pex22p were found equally in
the P27 and S27 fractions, and only a small fraction of the
Pex3p and Pex22p in the S27 fraction could be further pel-
leted at 100,000 X g (P100). The majority of the Pex3p and
Pex22p from the S27 fraction remained in the supernatant
(S100), consistent with a cytosolic localization, but some was
also found in the P100 fraction.

To provide additional evidence that pex17A mutants ac-
cumulate membrane-bound and non-membrane-bound
pools of integral PMPs, sucrose floatation gradients were
used with the PNS fractions (Figure 6B). Proteins able to
migrate from the bottom of the sucrose gradient, containing
high concentrations of sucrose, to lower-density fractions
are membrane associated, whereas those remaining in the
high-density sucrose at the bottom of the gradient are non-
membrane bound and likely to be cytosolic. In such gradi-
ents, the majority of the integral membrane proteins Pex3p
and Pex22p from wild-type cells left the load fraction and
migrated into the 50 and 35% fractions (Figure 6B). Glucose-
6-phosphate dehydrogenase, a cytosolic protein, never
leaves the load fraction (our unpublished results). In wild-
type cells, a portion of thiolase floated into the fractions
containing Pex3p and Pex22p. However, some of the thio-
lase remained in the load fraction and likely represents the
portion that leaks from the peroxisomes during the proce-
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dure or non-membrane-bound aggregates that were pel-
leted in the differential centrifugation experiment. The thio-
lase from pex17A mutants did not float from the load
fractions, consistent with the conclusion that it is in the
cytosol and not a membrane-bound compartment. Approx-
imately half of the Pex3p and Pex22p from the pex17A mu-
tants remained in the load fractions but the remainder
floated to the 35% sucrose fractions. These data are consis-
tent with the notion that Pex3p and Pex22p accumulate in
the cytosol of pex17A mutants but also in membrane-bound
compartments of lower density than peroxisomes. Further-
more, the data from immunofluorescence microscopy, dif-
ferential centrifugation, and sucrose density floatation taken
together support the conclusion that integral PMPs accumu-
late in the cytosol and on membrane-bound remnants in
pex17A mutants.

Pex17p Is a Peroxisomal Integral Membrane Protein
with a C-terminal Cytosolic Domain

A triple-HA epitope tag was fused to the carboxyl terminus
of Pex17p, and the tagged protein expressed from the PEX17
promoter was integrated into the chromosome of pex17A
cells (see MATERIALS AND METHODS). These cells grew
similar to wild-type cells on methanol or oleate media, dem-
onstrating that the Pex17HAp was at least partially func-
tional. The Pex17HAp had an apparent molecular mass of 40
kDa, which is slightly higher than the predicted molecular
mass of 35 kDa. Pex17HAp was detected in glucose-grown
cells, and its expression was not induced upon shift from
glucose to oleate or methanol media (our unpublished re-
sults).

The subcellular localization of Pex17HAp and its ability to
fully complement pex17A cells was determined by differen-
tial centrifugation. In pex17A cells expressing Pex17HAp, at
least half of the thiolase and catalase was in the P27 fraction
(Figure 7A), which was similar to wild type (Figure 6A).
Pex3p and Pex17HAp were found almost exclusively in the
pellet (Figure 7A). These data show that Pex17HAp comple-
ments the peroxisome protein import defects of pex17A cells
and suggest that Pex17HAp is organelle associated.

Evidence for peroxisomal localization of Pex17HAp
comes from indirect, double-labeling immunofluorescence
experiments using anti-HA and anti-Pex3p antibodies. In
methanol-grown cells expressing Pex17HAp, Pex3p staining
overlapped with the Pex17HAp staining (Figure 7B) in the
typical, large peroxisome clusters. These results and the
differential centrifugation data show that Pex17HAp local-
izes to the peroxisome.

Because Pex17p contains a putative transmembrane do-
main, we tested its membrane association properties. A
27,000 X g pellet fraction from Pex17HAp-expressing cells
was extracted with various buffers to test the strength of
interaction with the membrane (see MATERIALS AND
METHODS). Extraction with buffer alone left the majority of
peroxisomal proteins, Pex22p, Pex4p, -catalase, and
Pex17HAp, in the pellet fraction (Figure 8). Treatment with
low-ionic-strength Tris caused organelle rupture, which re-
leased catalase from the lumen and the peripheral mem-
brane protein, Pex4p, from the membrane. However, Pex22p
and Pex17HAp were resistant to extraction with Tris (Figure
8). Pex22p was resistant to extraction with sodium carbon-
ate, as observed previously (Koller ef al., 1999), as was
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Figure 9. Protease sensitivity of Pex17HAp. Organelle pellet frac-
tions from oleate-grown cells expressing Pex17HAp (SWS17HA)
were incubated with the indicated amount of trypsin in the presence
(+) or absence (—) of Triton X-100. The samples were analyzed by
immunoblotting with the indicated antibodies.

Pex17HAp, consistent with the conclusion that Pex17HAp is
an integral membrane protein. In the presence of TritonX-
100, all peroxisomal proteins were released into the super-
natant fractions as expected. These data, together with the
prediction that Pex17p contains one membrane-spanning
domain, indicate strongly that Pex17p is an integral PMP.

The topology of Pex17HAp at the peroxisome membrane
was examined using protease protection experiments. In the
absence of detergent, the matrix protein thiolase was com-
pletely resistant to exogenously added protease (Figure 9).
Pex3p, which contains a large, cytosolic domain, was sensi-
tive to exogenous protease, as observed previously (Koller et
al., 1999). Likewise, Pex17HAp was sensitive to protease in
the absence of detergent, suggesting that the HA tag was
exposed on the cytosolic side of the peroxisome and not in
the lumen. In the presence of detergent, all marker proteins,
including thiolase, were degraded by exogenous protease, as
expected.

Pex17p Interacts with the PTS—Receptor Docking
Complex and Pex19p

Protein—protein interactions of Pex17p were determined by
the yeast two-hybrid system. When expressed as a DNA-
binding domain fusion, Pex17p interacted with Pex19p
fused to the transcriptional activation domain of LexA, lead-
ing to transcriptional activation of the HIS and LacZ/p-
galactosidase reporter genes in the yeast tester strain (Figure
10A). The Pex17p DNA-binding domain fusion alone did
not activate transcription of the reporter genes (Figure 10A),
but Pex19p DNA-binding domain fusions autoactivated the
reporter gene (Snyder et al., 1999), so these interactions were
only tested with the DNA-binding domain constructs of
Pex17p. Subdomains of Pex19p lacking increasing amounts
of the Pex19p carboxyl terminus did not interact with
Pex17p by the two-hybrid test (Figure 10A), suggesting that
the carboxyl terminus of Pex19p (aa 232-299) is required for
the interaction with Pex17p. All of these activation domain
fusions to Pex19p subdomains were active for interaction
with Pex3p (Snyder et al., 1999), suggesting that all of them
are expressed and stable.
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Figure 10. Two-hybrid analysis of Pex17p and Pex19p. The indi-
cated Pex17p and Pex19p hybrid protein constructs were tested for
trans-activation of the HIS3 gene, resulting in growth on media
lacking histidine, or LacZ, resulting in the production of B-galacto-
sidase assayed as described in MATERIALS AND METHODS.
Numbers refer to amino acids from Pex19p (A) or Pex17p (B). pAD,
transcriptional activation domain fusion constructs; pBD, DNA-
binding domain fusion constructs; C, empty DNA-binding domain
plasmid (pKNSD55).

To determine the region of Pex17p that interacts with
Pex19p, three subdomains of Pex17p were created as DNA-
binding domain fusions (Figure 10B). The first subdomain,
amino acids 1-142, which stops before the first coiled-coil
domain of Pex17p, showed a positive interaction with
Pex19p. The smallest, amino-terminal fragment of Pex17p,
which includes the amino terminus through the transmem-
brane domain (aa 1-59), did not interact with Pex19p. The
carboxyl-terminal fragment of Pex17p, amino acids 55-267,
which is predicted to be the entire cytosolic domain, did not
interact with Pex19p. We conclude that the interaction be-
tween Pex19p and Pex17p requires the extreme carboxyl
terminus of Pex19p but does not require the carboxyl-termi-
nal coiled-coil domain of Pex17p. We did observe a two-
hybrid interaction between Pex17p and Pex14p (our unpub-
lished observations), as described previously in S. cerevisiae
(Huhse et al., 1998). No other two-hybrid interactions were
observed between Pex17p and all other known P. pastoris
peroxins (Pexlp, 2, 3, 4,5, 6,7, 8, 10, 12, 13, and 22).
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Figure 11. Cross-linking and coimmunoprecipitation of

Pex17HAp with the PTS-receptor docking complex and Pex19p.
Immunoprecipitations from cross-linked (+) or non-cross-linked
(—) extracts of the Pex17HAp-expressing strain (SWS17HA) were
analyzed by immunoblotting. (A) Pex19p, Pex5p, and Pex7p were
immunoprecipitated and immunoblotted with anti-HA. (B)
Pex17HAp and Pexl4p were immunoprecipitated and immuno-
blotted with anti-Pex3p. (C) Pex14p was immunoprecipitated and
immunoblotted with anti-Pex19p. (D) Pex19p, Pex5p, and Pex7p
were immunoprecipitated and immunoblotted with anti-Pex3p.
Whole-cell lysates (wc) were loaded (0.033 Agy) as a control for
immunoblotting.

To confirm the interactions we observed in the two-hybrid
system and further characterize components of the Pex17p
protein complex, we performed coimmunoprecipitation ex-
periments. For these experiments we found it useful to
include a cleavable cross-linker, dithiobis(succinimidyl pro-
pionate), to covalently link the protein complexes, which
were then immunoprecipitated under denaturing condi-
tions. The cross-linked material was dissociated by the ad-
dition of reducing agent, which cleaves the cross-linker,
before SDS-PAGE and immunoblotting to identify the indi-
vidual members of the complexes. Immunoprecipitation
with Pex19p antisera brought down Pex17HAp in a cross-
linker—dependent manner (Figure 11A). The coimmunopre-
cipitation of Pex17HAp with Pex19p only in the presence of
the cross-linker proves the specificity of the coimmunopre-
cipitation. Likewise, immunoprecipitations with Pex5p and
Pex7p antisera also brought down Pex17HAp in a cross-
linker-dependent manner. Pex5p and Pex7p have been
shown in other species to dock at the peroxisome by binding
to Pex14p (Albertini et al., 1997; Brocard et al., 1997; Fransen
et al., 1998), and this is thought to mediate the interactions
with Pex17p (Huhse et al., 1998). This was true in P. pastoris
as well and will be described elsewhere (our unpublished
results).

Unexpectedly, immunoprecipitations with the HA anti-
body, to precipitate Pex17HAp, and with the anti-Pex14p
antisera brought down Pex3p (Figure 11B). Pex3p has not
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previously been seen as part of the receptor docking com-
plex composed of Pex13p, Pex14p, and Pex17p, but these
studies were done in S. cerevisiae using immunoprecipita-
tions of Pex7p (Albertini et al., 1997; Huhse et al., 1998). We
did not see Pex3p in coimmunoprecipitation experiments
with Pex5p or Pex7p antisera in P. pastoris as well (Figure
11D). Moreover, we did not see Pex19p in coimmunopre-
cipitation experiments with Pex14p antisera (Figure 11C),
suggesting that the linkage between Pex14p and Pex3p is not
mediated by Pex19p, because it was previously shown that
Pex19p interacts with Pex3p (see DISCUSSION). These re-
sults confirmed the interactions observed by two-hybrid
analysis and suggest that Pex3p is part of the Pexl4p-
Pex17p complex.

DISCUSSION

We have identified the P. pastoris PEX17 by functional
complementation of a pex17 mutant strain obtained from a
novel, FACS-based screen for mutants impaired in the abil-
ity to localize a PMP reporter, mPTS(Pex3p)-GFP. Although,
the amino acid identity between the previously character-
ized S. cerevisine Pex17p and PpPex17p is extremely low, the
conservation of sequence features such as a putative trans-
membrane domain and coiled-coil regions, as well as the
conservation of protein—protein interactions, supports the
conclusion that we have identified PpPex17p. The fact that
the sequence identity between PpPex17p and ScPex17p is
low, and that PpPex17p is significantly larger, suggests that
PpPex17p could have different, or additional, functions be-
yond that of ScPex17p. PpPex17p behaves as an integral
PMP (Figures 7 and 8) with its large carboxyl-terminal do-
main in the cytosol (Figure 9), whereas ScPex17p, despite
having a sequence predicted to form a transmembrane do-
main, behaves as a peripheral membrane protein on the
cytosolic side of the peroxisome membrane (Huhse et al.,
1998). In both species, however, the majority of the protein
would be facing the cytosol, poised to carry out its func-
tion(s).

Role of Pex17p in Peroxisome Biogenesis

Previous studies in S. cerevisiae have implicated Pex17p as a
component of unknown function in the receptor docking
complex comprising Pex5p, Pex7p, Pex13p, Pexl14p, and
Pex17p at the peroxisomal membrane (Huhse et al., 1998).
This complex functions for the import of proteins via the
PTS1 and PTS2 pathways, but there were no data to suggest
an involvement of this complex in the biogenesis of PMPs.
Our studies clearly show that Pppex17A strains are deficient
not only in the import of PTS1- and PTS2-containing matrix
proteins, as described previously for S. cerevisiae, but also for
the localization of integral PMPs, such as Pex3p and Pex22p.
This suggests that PpPex17p has an additional role in PMP
localization that ScPex17p lacks, or the role for ScPex17p in
PMP import was missed. In S. cerevisiae, pex17A mutants
localize two PMPs, Pex11p and Pex3p, to peroxisome rem-
nants (Huhse et al., 1998), but we are not able to test the
localization of Pex11p in Pppex17 mutants because it has not
been discovered in P. pastoris.

Because pex17A mutants can still partially localize Pex3p
to peroxisome remnants, it must not be absolutely required
for the import of PMPs to membranous remnants. However,
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the significant amounts of Pex3p and Pex22p in the cytosol
of pex17A mutants suggest a major role of Pex17p in mem-
brane protein localization. It should be noted that we do not
yet know whether this function for Pex17p would start with
the formation of a cytosolic subcomplex containing newly
synthesized Pex17p and other integral PMPs, which is then
recruited to sites of insertion on peroxisomal or preperoxi-
somal membranes. Alternatively, Pex17p may be a stable
component of an mPTS receptor docking site and/or trans-
location machinery. In the yeast two-hybrid system, no in-
teractions were detected between P. pastoris Pex17p and
either Pex3p or Pex22p. However, in immunoprecipitates of
Pex17p, Pex3p was indeed present (Figure 11B), but we do
not know whether this complex is found at the peroxisome
membrane or formed in the cytosol from newly synthesized
polypeptides.

Pex17p interacts with another key component, Pex19p,
which was proposed to be required for the conversion of
early preperoxisomes to late preperoxisomes (Snyder et al.,
1999). We found evidence for this interaction using the yeast
two-hybrid system (Figure 10) as well as by coimmunopre-
cipitation (Figure 11). As noted in earlier studies, Pex19p is
primarily cytosolic with a small pool on peroxisomes (Gotte
et al., 1998; Snyder et al., 1999). Pex19p is known to interact
with two peroxisomal integral membrane proteins, Pex3p
and Pex10p (Gotte ef al., 1998; Snyder et al., 1999). Interest-
ingly, Pex19p also interacts with several other integral PMPs
such as Pex2p, Pex13p, and Pex22p (our unpublished re-
sults). This ability of Pex19p to interact with several different
integral PMPs (Pex2p, Pex3p, Pex10p, Pex13p, Pex17p, and
Pex22p) while remaining predominantly cytosolic and only
partially associated with the peroxisome membrane sug-
gests that Pex19p may bind to newly synthesized, integral
PMPs in the cytosol and chaperone their insertion into the
peroxisomal membranes. In the absence of Pex19p, these
integral PMPs would be inserted, but in such a way as to
prevent maturation of early preperoxisomes, the predomi-
nant phenotype of pex19A mutants (Snyder et al., 1999).
Alternatively, Pex19p may interact with these integral PMPs
transiently at the peroxisomal membrane to facilitate their
assembly into multimeric complexes, which could then lead
to remnant maturation. In this respect it is significant that
Pex19p interacts with the cytosolic domain of Pex3p and not
the mPTS (Snyder et al., 1999). We have not yet defined the
topological domains of other PMPs that interact with
Pex19p, but this clearly needs to be addressed.

In addition to the role of Pex17p in the biogenesis of
PMPs, it also appears to be part of the complex involved in
matrix protein import, as described previously in S. cerevisiae
(Albertini et al., 1997, Huhse et al., 1998; Girzalsky et al.,
1999). Although Pex17p did not interact in the yeast two-
hybrid system with the PTS receptors Pex5p and Pex7p, it
did interact with Pex14p, which does appear to interact
directly with the PTS receptors (our unpublished results),
and Pex17p and Pex14p were found together in coimmuno-
precipitates (our unpublished results). This confirms that in
P. pastoris Pex17p is a component of the PTS-receptor dock-
ing complex. Interestingly, immunoprecipitation of either
Pex17p or Pex14p brought down Pex3p specifically (Figure
11B), making Pex3p a component of this receptor docking
complex that had not been recognized earlier.
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Figure 12. Schematic representation of various putative Pex pro-
tein subcomplexes. The rationale for the definition of these com-
plexes is explained in DISCUSSION. The question mark by the
arrows represents a putative bridged interaction, which is not
proven or disproven by the data. Because complex formation may
occur on the membrane or in the cytosol, no membrane bilayer was
included in the diagram for A, B, and D.

In previous studies, Pex3p may have been missed as a
member of the import-receptor docking complex, because
the components were defined using immunoprecipitations
of Pex7p (Huhse et al., 1998; Girzalsky et al., 1999). We were
also unable to detect Pex3p in similar immunoprecipitations
(Figure 11D). The presence of Pex3p and Pex17p in the
matrix protein import complex (consisting of Pex13p,
Pex14p, Pex3p, and Pex17p) and in the peroxisome biogen-
esis complex (Pex19p, Pex3p, and Pex17p) could explain the
impairment of both membrane and matrix protein import in
the pex17A strains, as well as in pex3A strains. Previously no
PMP-containing remnants have been observed in pex3A mu-
tants, which led to the conclusion that there was a strong
peroxisome biogenesis defect in the absence of Pex3p (Wi-
emer et al., 1996).

Evidence for Distinct Peroxin Subcomplexes

The immunoprecipitation data presented here allow us to
start defining subcomplexes that contain separable pools of
peroxins (Figure 12). Because Pexl4p-Pex17p, Pex17p-
Pex19p, and Pex19p-Pex3p interact, it was a formal possi-
bility that the Pex14p-Pex3p complex detected by coimmu-
noprecipitation (Figure 11B) might have been bridged by
Pex19p-Pex17p. This cannot be true, because no Pex19p was
found in the immunoprecipitate with Pex14p (Figure 11C)
under the same conditions in which Pex19p and Pex3p form
a complex (Figure 11D). This argues that separable pools of
Pex3p are in a complex with Pex14p (Figure 12A) and
Pex19p (Figure 12B). Likewise, the Pex17p that forms a
complex with Pex19p must be a separate pool from the
Pex17p that forms a complex with Pex14p (Figure 12, A and
B). In addition, the pool of Pex17p that forms a complex with
Pex5p and Pex7p (Figure 12C) is separate from the pool of
Pex17p that complexes with Pex3p and/or Pex19p (Figure
12B), because no Pex3p (Figure 11D) or Pex19p (our unpub-
lished results) has been observed in the Pex5p and Pex7p
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immunoprecipitations. The mere suggestion of these sepa-
rable pools hints that complex formation between Pex19p
and Pex17p may have a separate role in peroxisome biogen-
esis from the complex of Pex17p and Pex14p, perhaps the
former for membrane protein import and the latter for ma-
trix protein import. We cannot determine from these exper-
iments whether the pool of Pex3p that is in a complex with
Pex17p is bridged by Pex19p (Figure 12B) or Pex14p (Figure
12A) or a direct interaction (Figure 12D). Nonetheless, these
data point to the diversity of peroxin subcomplexes. We
must stress that these separable pools of a peroxin may be
physically separated from each other, or they may represent
different conformational states of the peroxin, because cross-
linking depends on spacing between primary amine resi-
dues of the polypeptide chain. Moreover, because the same
cross-linker and identical conditions were used in all the
immunoprecipitations, the identification or absence of cer-
tain protein—protein interactions within a complex depends
on the conformational states of the proteins in that complex.

Future work will be aimed at determining whether the
role of Pex17p in membrane protein import begins in the
cytosol (with Pex3p and/or Pex19p) or as a stable, catalytic
component of the peroxisome membrane and matrix protein
import machinery. In addition, it will be crucial to determine
whether certain subcomplexes are formed only during new
protein synthesis, suggestive of the dynamics of biogenesis,
or whether other complexes are stable components of the
peroxisome membrane in the absence of new protein syn-
thesis. Furthermore, the requirement for ATP hydrolysis in
the formation and stability of these subcomplexes needs to
be addressed, as well as the site of formation of these sub-
complexes in either the cytosol or after insertion into the
peroxisome membrane. Finally, as additional antibodies and
reagents for studying P. pastoris integral PMPs become avail-
able, we should be able to address whether Pex17p plays a
general role in the insertion of all integral PMPs in the
membrane.
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