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The molecular machinery underlying peroxisomal membrane biogenesis is not well understood. The obser-
vation that cells deficient in the peroxins Pex3p, Pex16p, and Pex19p lack peroxisomal membrane structures
suggests that these molecules are involved in the initial stages of peroxisomal membrane formation. Pex19p,
a predominantly cytosolic protein that can be farnesylated, binds multiple peroxisomal integral membrane
proteins, and it has been suggested that it functions as a soluble receptor for the targeting of peroxisomal
membrane proteins (PMPs) to the peroxisome. An alternative view proposes that Pex19p functions as a
chaperone at the peroxisomal membrane. Here, we show that the peroxisomal sorting determinants and the
Pex19p-binding domains of a number of PMPs are distinct entities. In addition, we extend the list of peroxins
with which human Pex19p interacts to include the PMP Pex16p and show that Pex19p’s CaaX prenylation
motif is an important determinant in the affinity of Pex19p for Pex10p, Pex11pb, Pex12p, and Pex13p.

In the prevailing model of peroxisome biogenesis, peroxi-
somes arise by the budding and fission of preexisting peroxi-
somes (22). How nascent peroxisomes acquire the capacity to
import appropriate membrane and matrix proteins is a topical
subject. Matrix protein import is a sequential process that
begins with the recognition of peroxisome targeting sequences
(PTSs) in substrate proteins by specific cytosolic receptors
(22). After the docking of the receptor-substrate complexes at
the cytoplasmic face of the peroxisomal membrane, the trans-
port substrates are translocated into the peroxisomal matrix.
Whether the receptors are imported along with the transport
substrates is still a matter of debate. To date, the soluble
receptors (Pex5p and Pex7p) as well as the docking proteins
(Pex13p and Pex14p) have been identified in many organisms,
including mammals (12, 32, 33). Other mammalian peroxins
that are implicated in peroxisomal matrix protein translocation
are the RING finger proteins Pex2p, Pex10p, and Pex12p and
the AAA-ATPases Pex1p and Pex6p (6, 17).

Compared with matrix protein import, our knowledge about
peroxisomal membrane protein (PMP) import remains ex-
tremely limited. The vast majority of PMPs appear to be syn-
thesized on cytosolic ribosomes and posttranslationally in-
serted into the peroxisomal membrane (20). The targeting
signals (designated mPTSs) of only a few integral PMPs have
been defined, and at first glance, these mPTSs do not possess
a readily identifiable conserved primary amino acid sequence.
However, the mPTSs of Candida boidinii PMP47 (CbPMP47)

(7, 34), fungal and human Pex3p (2, 21, 31, 35), Saccharomyces
cerevisiae Pex15p (ScPex15p) (8), Pichia pastoris Pex22p
(PpPex22p) (22), and human PMP34 (19) all contain patches
of positively charged amino acids and are, with the exception of
human PMP34, thought to be localized to the matrix side of
the peroxisome membrane. The mPTSs of these PMPs all
require a transmembrane domain (TMD) to be functional. In
rat PMP22, the mPTS is located at the N-terminal cytoplasmic
tail of PMP22 and, in addition, requires two TMDs to be
functional (27). In the case of human PMP34, the loop region
between transmembrane segments 4 and 5 plus three addi-
tional transmembrane segments function as a peroxisomal tar-
geting and topogenic signal (19).

Experiments conducted with PMP22 in an in vitro transcrip-
tion and translation system revealed that, in the postribosomal
supernatant, PMP22 is present in two polypeptide complexes
(26). In complex I, PMP22 is associated with the cytosolic
chaperonin TCP1 ring complex (TRiC). In complex II, PMP22
is bound to a single 40-kDa polypeptide (P40). TriC may main-
tain PMP22 in a transport-compatible conformation (26).
Based on the observation that PMP22 is predominantly in-
serted into the peroxisomal membrane when present in com-
plex II, it is tempting to speculate that P40 may function as a
cytosolic PMP import receptor. However, attempts to identify
P40 at the molecular level have not been successful (26). An-
other PMP import receptor candidate is Pex19p, a predomi-
nantly cytosolic peroxin that contains a C-terminal CaaX box,
which represents a site for farnesylation (29). Pex19p binds a
broad spectrum of PMPs, and cells with a deficiency of this
peroxin lack peroxisomal membrane structures (18, 25, 28).
These data, combined with the observations that Pex19p inter-
acts with the mPTSs of some PMPs (28) and that a small but
significant amount of Pex19p is also associated with the outer
surface of peroxisomes, make Pex19p a prime candidate for a
cycling PMP receptor protein (17). However, Snyder et al. (29)
recently suggested that, at least in the yeast P. pastoris, Pex19p
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does not function as a general PMP protein import receptor
but rather acts as a type of molecular chaperone to facilitate
the insertion and orientation of PMPs in the peroxisome mem-
brane. Currently, the role of Pex19p farnesylation in peroxi-
some biogenesis is not clear. In S. cerevisiae, prenylation of
Pex19p is essential for its proper biological activity, and the
primary role of the farnesyl moiety is to trigger the binding
properties of Pex19p (16). In humans, farnesylation of Pex19p
is required for peroxisomal localization (24). However,
whether or not farnesylation of human Pex19p (HsPex19p) is
essential for peroxisome biogenesis (24) or has an ancillary
function (28) is not clear. In P. pastoris, the farnesylation con-
sensus sequence of Pex19p is dispensable for its function (30).

The observation that pretreating peroxisomes with proteases
significantly reduces PMP binding and completely abolishes
PMP insertion (20) indicated the involvement of PMPs in the
PMP docking and membrane insertion process. To date, only
the integral membrane proteins Pex3p and Pex16p have been
directly implicated in PMP protein import. Cells deficient in
these peroxins mislocalize PMPs and have no peroxisomal
remnants (17). However, the exact function of these peroxins
in the PMP assembly process is not known.

In this study, we investigated whether human Pex19p func-
tions as the mPTS receptor. We have carefully defined the
Pex19p-binding domains and the sorting sequences of a num-
ber of peroxisomal integral membrane proteins. Our results
provide evidence that human Pex19p binds PMPs at regions
distinct from their sorting sequences and, as a result, does not
function as the mPTS receptor. Furthermore, we describe a
novel interaction of Pex19p and investigate the role of
Pex19p’s prenylation signal.

MATERIALS AND METHODS

Plasmid constructions and mutagenesis. The cDNA fragments encoding the
analyzed proteins were amplified by PCR with the appropriate primers and
cloned into the yeast two-hybrid vectors pGBT9 or pGAD424 (Clontech), the
mammalian expression vectors pEGFP-N1, pEGFP-C1, or pDsRed-N1 (Clon-
tech), or the bacterial expression vectors pQE32 (Qiagen) or pBADHisA,B
(InVitrogen). PCRs were routinely performed using Pfx DNA polymerase (Life
Technologies). Error-prone PCR mutagenesis was performed exactly as de-
scribed by Cadwell and Joyce (4) by using cloned Taq DNA polymerase (Am-
ersham Pharmacia Biotech). Missense mutations were separately introduced into
the full-length BD-Pex13p and Pex13p-green fluorescent protein (GFP) fusion
proteins by sequential PCR steps using primers designed to incorporate the
desired point mutations. The identities of all essential constructs were confirmed
by DNA sequencing. Bacterial manipulations were carried out in the Escherichia
coli strain Top10F9 (InVitrogen). The detailed cloning procedures (including the
list of oligonucleotides) of the extensive number of constructs can be obtained
from the corresponding authors.

Cell culture, transfections, and fluorescence microscopy. Chinese hamster
ovary (CHO) cells were cultured in alpha minimal essential medium supple-
mented with 10% (vol/vol) fetal calf serum, 100 mg of penicillin G/ml, 100 mg of
streptomycin sulfate/ml, and 0.25 mg of amphotericin B/ml in a humidified 37°C,
5% CO2 incubator. The cells were transiently transfected by the polyethyleni-
mine transfection method (3). After transfer to coverslips, the cells were pro-
cessed for direct or indirect (immuno)fluorescence as described (10). The per-
oxisomal localization of GFP-fusion proteins was confirmed by colocalization
studies with the peroxisomal membrane marker protein Pex14p or the peroxi-
some-targeted DsRed-KSKL reporter protein. Fluorescence was observed under
a Leica DMR microscope equipped with standard fluorescein isothiocyanate and
rhodamine isothiocyanate filters.

Fractionation of CHO cells. Transfected CHO cells, grown in culture dishes to
90% confluency, were washed twice with phosphate-buffered saline and freed
from the culture dishes by scraping. To isolate the total membrane fraction, the
scraped cells were resuspended in buffer A (10 mM morpholinepropanesulfonic

acid [MOPS]-NaOH buffer–1 mM EDTA–1 mM dithiothreitol–0.1% [vol/vol]
ethanol; pH 8.0) and sonicated in ice with a Branson Sonifier B15 P Cell
Disrupter equipped with a microtip (output 5, duty 50%; six times for 15 s each
time). After centrifugation for 1 h at 100,000 3 g, the pellet was resuspended in
buffer A and the entire procedure was repeated. To isolate a membranous
fraction containing only integral membrane proteins, the scraped cells were
resuspended in 0.1 M Na2CO3 (pH 11), homogenized with a Teflon-glass Potter-
Elvehjem homogenizer (20 strokes), and subjected to a 100,000 3 g spin for 1 h
(13).

Two-hybrid analysis and blot overlay assays. The two-hybrid reporter strain
SFY526 (Clontech) was used for all yeast two-hybrid experiments. The transfor-
mation of two-hybrid vectors into competent yeast cells, the colony lift b-galac-
tosidase filter assay, and the liquid culture b-galactosidase assay with o-nitro-
phenyl-b-D-galactopyranoside as substrate were performed as described by the
manufacturer (Clontech). However, for the liquid culture b-galactosidase assay,
the yeast cells were grown for 72 h in minimal dropout medium without leucine
and tryptophan. Blot overlay assays were performed as previously described (9,
11).

Antibodies. Polyclonal antisera against His6-GFP (encoded by pEGFPH1, a
plasmid kindly provided by Y. Sakai [Kyoto, Japan]), His6-HsPex13p/SH3 (10),
His6-HsPex14p (10), His6-HsPex19p, and His6-HsPex3p(229-365) were raised in
New Zealand White rabbits as previously described (1). The anti-Pex5p anti-
serum was kindly provided by M. Baes (Leuven, Belgium). Animal care approval
was granted by the local institutional ethics committee.

RESULTS

Pex19p interacts with multiple peroxisomal integral mem-
brane proteins. As part of our ongoing attempts to define a
network of interacting mammalian peroxins, we used yeast
two-hybrid assays to identify Pex19p-interacting proteins.
Pex19p, fused to the Gal4p activation domain (AD), was
screened against rat PMP22, human PMP24, and the presently
identified mammalian integral membrane peroxins, which
were all fused to the Gal4p DNA-binding domain (BD). When
double transformants were selected, lysed, and incubated with
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal),
SFY526 yeast cells expressing Pex19p and Pex3p, Pex10p,
Pex11pb, Pex12p, Pex13p, or Pex16p turned blue (Fig. 1A).
While Pex19p interacted strongly with Pex3p and Pex16p, its
interaction with Pex10p and Pex11pb was rather weak. None of
the Gal4p fusion proteins alone were able to autoactivate the
transcription of the lacZ reporter gene (data not shown). How-
ever, since Pex19p autoactivates as a fusion with BD, we were
not able to reverse the positions of the prey and bait vectors.
No interaction of Pex19p could be observed with the integral
membrane proteins Pex2p, Pex11pa, Pex14p, PMP22, and
PMP24 (Fig. 1A).

In order to verify the two-hybrid data, we further examined
the binding properties of HsPex19p in vitro. For this, we im-
mobilized purified recombinant His6-Pex19p on nitrocellulose
and examined its interaction with bacterially expressed PMPs.
Using this approach, we could confirm the interaction of
Pex19p with Pex3p (Fig. 1B). Unfortunately, as proteins con-
taining two or more TMDs were poorly expressed and insolu-
ble (data not shown), no conclusions could be drawn for the in
vitro interactions of Pex19p with the other PMPs.

Mapping of the Pex19p-binding sites of Pex3p, Pex12p,
Pex13p, and Pex16p. The yeast two-hybrid system was again
employed to delineate the Pex19p-BDs of the Pex19p-interact-
ing PMPs. Since the binding of Pex19p to Pex10p and Pex11pb
resulted in such a weak expression of the lacZ reporter gene
(Fig. 1A), we narrowed down only the Pex19p-BDs of Pex3p,
Pex12p, Pex13p, and Pex16p (Fig. 2). For Pex3p, the
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Pex19p-BD was located to the C-terminal portion (amino acids
148 to 307) of the protein, which is exposed to the cytosol (14,
21, 31). For Pex12p, the Pex19p-BD was also localized to the
C-terminal part (amino acids 275 to 359) of the protein. This
region of Pex12p contains a C3HC4 ring finger motif, which is
reported to be essential for Pex12p function and its ability to
interact with Pex5p and Pex10p (5, 25). That the Pex12p-
Pex19p interaction is indeed mediated by the C3HC4 ring fin-
ger motif is further illustrated by the fact that mutating the
C3HC4 ring residues C-1 to W at position 304 and C-2 to Q at
position 307 abolished binding (Fig. 2). For Pex13p, the
Pex19p-BD was localized to the central matrix loop of Pex13p.

The Pex19p-binding site of Pex16p encompasses amino acids
59 to 219. Notice that the delineated Pex19p-BDs of Pex3p and
Pex16p displayed a much weaker interaction than the corre-
sponding full-length proteins. This may suggest that the affinity
or folding of this region is influenced by the corresponding
deletions.

Mapping of the mPTSs of Pex3p, Pex12p, Pex13p, and
Pex16p. In order to delineate the mPTSs of Pex3p, Pex12p,
Pex13p, and Pex16p, GFP-tagged deletion proteins were ex-
pressed in CHO cells and the localization of the fusion pro-
teins was determined by direct fluorescence microscopy (Fig.
3). Representative pictures of transfected CHO cells that illus-
trate the observed staining patterns of the GFP-fusion proteins
are shown in Fig. 4. Our results demonstrate that all the in-

FIG. 1. Pex19p interacts with multiple integral PMPs. (A) Human
Pex19p, fused to the Gal4p AD, was tested for interaction with all
known mammalian integral membrane peroxins, as well as with
PMP22 and PMP24 fused to the Gal4p DNA-BD in the yeast two-
hybrid system. Double transformants were selected and tested for
b-galactosidase expression by using a filter assay with X-Gal as the
substrate. Three representative independent transformants are shown.
(B) Two micrograms of purified His6-tagged Pex19p(1-299) (WT) and
Pex19p(31-299) (D) was subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, transferred to nitrocellulose, and incubated
with a bacterial lysate containing no recombinant protein (panel 1),
with His6-Pex3p(44-373) (panel 2), or with an anti-Pex19p antiserum
(panel 3). Pex19p-Pex3p complexes were visualized by using an anti-
Pex3p antiserum (1, 2). The migration of the molecular mass markers
(in kilodaltons) is indicated.

FIG. 2. Mapping of the Pex19p-binding sites of Pex3p, Pex12p,
Pex13p, and Pex16p. Deletion constructs of Pex3p, Pex12p, Pex13p,
and Pex16p fused to Gal4p-BD were tested for interaction with Pex19p
fused to the Gal4p-AD in the yeast two-hybrid system. Double trans-
formants were selected and assayed for b-galactosidase activity by
using a filter assay with X-Gal as the substrate. The colony staining
times were less than 2 h (111), less than 5 h (11), or less than 10 h
(1) or the colonies did not stain at all (2). TMDs are shaded. The
smallest delineated Pex19p-BDs are hatched with vertical lines. Resi-
due numbers are on top and on the left. X, alterations of the Pex12p
C3HC4 RING residues from C-1 to W at position 304 and C-2 to Q at
position 307.
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formation for the sorting of Pex3p to the peroxisome mem-
brane is contained within the amino-terminal 45 amino acids
(Fig. 3). These observations confirm the results of Kammerer
et al. (21) and Soukupova et al. (31), who determined that the
first 40 and 33 amino acids of human Pex3p, respectively, are
sufficient to target a reporter protein to the peroxisome mem-
brane. The N-terminal 33 amino acids of Pex3p include a

hydrophobic region (amino acids 18 to 33) that, in the holo-
molecule, is thought to be localized inside the peroxisome (21,
31).

Sorting of Pex12p to the peroxisome membrane is mediated
by the region present between the amino acid residues 50 and
233 (Fig. 3). Recently, it was reported that the N-terminal
region of Pex12p, including the amino acids from position 17 to
76, was necessary, but not sufficient, for peroxisomal localiza-
tion (25). In addition, internal deletions of 21 and 9 amino
acids at positions 77 to 97 and 98 to 106, respectively, did not
prevent the peroxisomal localization of the corresponding de-
letion proteins. These data, combined with our results, suggest
that the topogenic information of Pex12p does not reside
within a linear sequence but rather consists of two coopera-
tively acting subdomains. However, as amino acid residues 17
to 76 of Pex12p are also required for its stability in cells (25),
the direct involvement of the N-terminal region of Pex12p in
targeting still has to be demonstrated.

For Pex13p, we found that amino acid residues 145 to 233
drive the import of this PMP into the peroxisome membrane
(Fig. 3). In transfected CHO cells expressing fusion proteins
that still contain this domain, GFP fluorescence was observed
in numerous punctate structures (Fig. 4A, B, and M) that could
be identified as peroxisomes (Fig. 4D, E, and P). For Pex16p,
all information required for sorting to the peroxisome mem-
brane is provided by the amino acid residues present between
positions 59 and 219 (Fig. 3). These amino acids were also
found to be required for Pex19p binding (Fig. 2).

Pex19p-binding site and mPTS of Pex13p can be function-
ally separated. Recently, it was suggested that Pex19p may
function as a general PMP import receptor (28). Our results
clearly show that, in the case of Pex3p and Pex12p, the
Pex19p-BD (Fig. 2) and the mPTS (Fig. 3) of these proteins do
not physically overlap. The fact that Pex19p does not bind the
mPTSs of Pex3p and Pex12p is difficult to reconcile with the
hypothesis that Pex19p directly mediates the targeting of these
PMPs to the peroxisome membrane. However, the Pex19p-
BDs (Fig. 2) and the mPTSs (Fig. 3) of Pex13p and Pex16p do
physically overlap. To investigate whether the Pex19p-binding
site and the mPTS in Pex13p are also functionally linked, we
subjected the cDNA fragment of Pex13p encoding the amino
acids 145 to 233 to error-prone PCR mutagenesis. After clon-
ing of the resulting PCR products into the yeast two-hybrid
vector pGBT9 (82 clones) or the mammalian expression vector
pEGFP-N1 (84 clones), the corresponding BD- and GFP-fu-
sion proteins were screened for mutants displaying an altered
Pex19p-binding affinity or a different subcellular localization
pattern from Pex13p(145-233). Five mutants unable to target the
GFP-reporter protein to the peroxisomes and 10 mutants dis-
playing no Pex19p-binding affinity were isolated (Fig. 5). Ex-
changing the cDNA inserts from the selected clones between

FIG. 3. Mapping of the mPTS of Pex3p, Pex12p, Pex13p, and
Pex16p. CHO cells were transiently transfected with plasmids express-
ing deletion fragments of Pex3p, Pex12p, Pex13p, and Pex16p N ter-
minally or C terminally fused to GFP (*). After 24 h, the cells were
processed for direct fluorescence and the subcellular localization of the
GFP-fusion proteins was determined: peroxisome (PO), cytosol (C),
and peroxisome-cytosol (PO/C). TMDs are shaded. Residue numbers
are on top and on the left. The smallest delineated domains sufficient
to target the GFP reporter protein to the peroxisomes are hatched with
horizontal lines.

FIG. 4. Targeting of Pex13p-GFP fusion proteins in CHO cells. CHO cells transiently transfected with plasmids expressing the peroxisomal
marker protein DsRed-KSKL (D, E, F, J, K, L, P, Q) and Pex13p(1-403) (A), Pex13p(145-233) (B), Pex13p(155-233) (C), Pex13p(159-233) (G),
Pex13p(1-403)V164E (H), Pex13p(1-403)L191P (I), Pex13p(136-233) (M), Pex13p(145-233)R186W, S214C (N), Pex13p(145-233)F158S, V164E (O), or
Pex13p(116-197) (R) N terminally fused to GFP were examined for direct fluorescence 24 h after transfection. The subcellular localization of the
GFP-fusion proteins was determined by the staining pattern: peroxisome (A, H, I, M), peroxisome-cytosol (B, N), cytosol-peroxisome (C), cytosol
(G), endoplasmic reticulum-cytosol (O), and endoplasmic reticulum-cytosol-peroxisome (R). The punctate structures observed (A, B, C, H, I, M,
N) are peroxisomes, as illustrated by their colocalization with DsRed-KSKL. Bar 5 10 mm.
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pGBT9 and pEGFP-N1, followed by an appropriate analysis of
the corresponding fusion proteins, revealed that (i) one mutant
which mislocalized the GFP-reporter protein (Fig. 4O) dis-
played a strong Pex19p-binding affinity (Fig. 5) and (ii) another
mutant displayed no binding affinity for Pex19p (Fig. 5), yet
carried peroxisomal targeting information (Fig. 4N). These
data indicate that for Pex13p, Pex19p binding and peroxisomal
sorting can be functionally separated. A cDNA sequence anal-
ysis of the 15 selected Pex13p (amino acids 145 to 233) mutants
revealed the occurrence of 4 silent mutations (data not shown),
19 missense mutations (Fig. 5), and 4 nonsense mutations (Fig.
5). To determine the amino acids of Pex13p that are critical for
Pex19p binding or peroxisomal targeting, we introduced the
missense mutations individually into the full-length Pex13p
molecule (Fig. 6). The resulting Pex13p(1-403) mutants were
analyzed for their Pex19p-binding affinity as well as their ability
to target the GFP-reporter protein to peroxisomes (Fig. 6A).
Compared to wild-type Pex13p, five Pex13p(1-403) mutants dis-
played an enhanced Pex19p-binding affinity (Fig. 6A). In con-
trast, eight mutants lost Pex19p-binding affinity. That the al-
tered Pex19p-binding affinities of the Pex13p(1-403) mutants are
not indirectly the result of an enhanced or decreased stability
of the corresponding BD-fusion proteins is illustrated by the
fact that the expression levels of both the wild-type and mutant
proteins are similar (Fig. 6B). Interestingly, all the amino acids
that seem to be critical for Pex19p binding are clustered in the
region flanked by amino acids 175 and 196 (Fig. 6A). Surpris-

ingly, none of the 19 selected amino acid substitutions affected
the peroxisomal targeting of the full-length Pex13p-GFP re-
porter protein (Fig. 6A). These data provide additional evi-
dence that, at least for Pex13p, Pex19p binding and peroxiso-
mal sorting are not functionally linked.

Why single amino acid substitutions like V178E and L191P
affect the peroxisomal localization of Pex13p(145-233) (Fig. 5),
but not that of Pex13p(1-403) (Fig. 4H and I and 6A), is not
clear. One possibility is that regions flanking the peroxisomal
sorting signal cooperate with this signal to enhance the overall
rate or efficiency of insertion. Such an effect may be more
pronounced in cases where the mutated sorting signal is less
efficient. Another possibility is that Pex13p may contain more
than one peroxisomal sorting determinant.

Pex13p contains multiple partially functional mPTSs that
cooperate. Although deletion analysis studies of Pex13p sug-
gested that the import of this protein into the peroxisome
membrane is driven by the region spanning the amino acid
residues 145 to 233 (Fig. 3), error-prone mutagenesis studies
indicated that Pex13p may contain more than one peroxisomal
sorting determinant or that regions flanking the peroxisomal
sorting determinant may cooperate with the mPTS (Fig. 5 and
6). In order to clarify these results, we conducted an additional
series of Pex13p deletion analysis studies (Fig. 7).

We first investigated the effect of the TMDs flanking the
central matrix loop on Pex13p protein sorting (Fig. 7A). Add-
ing nine additional amino acids to the N terminus of

FIG. 5. The mPTS and the Pex19p-binding site of Pex13p can be functionally separated. Pex13p cDNA encoding the amino acids from position
145 to 233 was subjected to error-prone PCR. The resulting PCR products were subcloned into pEGFP-N1 or pGBT9, and clones with a subcellular
distribution pattern (red) or Pex19p-binding affinity (blue) different from the wild-type fragment were selected and sequenced. The corresponding
amino acid mutations are, depending on the selection procedure, indicated in red or in blue. The cDNAs coding for proteins with an altered
Pex19p-binding affinity (or subcellular distribution pattern) were transferred into the pEGFP-N1 (or pGBT9) vector and further analyzed for the
subcellular localization (or Pex19p binding) of the corresponding GFP-fusion protein (or BD-fusion protein). Translational stops are indicated by
an asterisk. The weak cytosolic staining pattern [C(2)] observed in CHO cells expressing mutants with premature stop codons is most likely the
result of the presence of a functional weak start codon further downstream in the GFP-fusion protein. The other GFP-fusion proteins were
bimodally distributed between the peroxisomes and the cytosol (PO/C) or the cytosol and the endoplasmic reticulum (C/ER). The TMDs are
shaded. The fragment subjected to random mutagenesis is hatched.
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Pex13p(145-233)-GFP, a protein which contains only the 10 C-
terminal amino acids of TMD1 and displays a combined per-
oxisomal and cytosolic distribution pattern (Fig. 4B), resulted
in a fusion protein, Pex13p(136-233)-GFP, that is exclusively
targeted to peroxisomes (Fig. 4M). Similar results were ob-
tained for fusion proteins where TMD2 alone, or together with
TMD1, was flanking the central matrix loop. Deleting the
residual 10 C-terminal amino acids of TMD1 at the N terminus
of Pex13p(145-233) resulted in a predominantly cytosolic fusion
protein, Pex13p(155-233)-GFP (Fig. 4C). However, a small part
of this fusion protein was also associated with peroxisomes
(Fig. 4C and F). These results suggest that the central luminal
domain of Pex13p contains the targeting information and that
the TMDs function as an “anchor” sequence to drive bound
Pex13p into the peroxisome membrane.

In order to narrow down the mPTS of Pex13p, three novel
constructs were generated (Fig. 7B). However, all the corre-
sponding Pex13p-GFP fusion proteins displayed an exclusively
cytosolic staining pattern (Fig. 4G). Although these results did
not yield a shorter targeting motif, they underscore the impor-
tance of the tetrapeptide YNSF (position 155 to 158) for tar-
geting. Notice that this tetrapeptide is not essential for Pex19p
binding (Fig. 7B), illustrating once again that Pex19p-binding
and Pex13p sorting can be functionally uncoupled.

Since (i) we have indirect evidence that regions flanking the
central matrix loop of Pex13p may cooperate in the peroxiso-
mal sorting process (Fig. 5 to 6) and (ii) the targeting motif in
the central matrix loop cannot be shortened in the absence of
flanking sequences (Fig. 7B), we investigated whether the
“minimal targeting motif” could be further narrowed down in

FIG. 6. The Pex13p amino acids from position 175 to 196 are essential for Pex19p binding but not for protein sorting. (A) The missense
mutations obtained by random mutagenesis were separately introduced into the full-length BD-Pex13p and Pex13p-GFP molecules. The corre-
sponding mutants were analyzed for their ability (i) to target the GFP reporter protein to the peroxisomes (PO) and (ii) to bind Pex19p in the
two-hybrid system. To compare the binding affinities between the different mutants, the expression of the yeast two-hybrid lacZ reporter gene was
quantitatively measured by using o-nitrophenyl-b-D-galactopyranoside as the substrate. The results (average of three independent clones),
expressed as the percentage of the observed b-galactosidase activity of wild-type BD-Pex13p, are shown. Amino acids that, when mutated, enhance
Pex19p binding are blue. Mutations resulting in a negative staining pattern when assayed for b-galactosidase activity using a filter assay with X-Gal
as the substrate are red. TMDs are shaded, and the fragment that originally was subjected to error-prone PCR is hatched. (B) The mutants
displaying an enhanced or reduced Pex19p-binding affinity were equally expressed in the yeast reporter strain SFY526. Double yeast transformants
were selected and analyzed for the expression of the BD-fusion proteins by using an anti-Pex13p antiserum. 3, full-length BD-Pex13p proteins;
‹, putative degradation products; ●, the C-terminal 269 amino acids of Pex13p, expressed as a BD-fusion protein (1); *, nonspecific anti-Pex13p-
cross-reactive yeast proteins. In the yeast transformant (2), the BD-domain was fused to Pex14p. The migrations of the molecular mass markers
(masses in kilodaltons) are indicated.
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the presence of flanking sequences. Indeed, additional deletion
analysis studies (Fig. 7C) demonstrated that, under these con-
ditions, the minimal targeting motif in the central matrix loop
could be shortened from both sides. Moreover, we identified
two nonoverlapping Pex13p-fusion proteins, Pex13p(1-178)-
GFP and Pex13p(179-403)-GFP, which were bimodally distrib-
uted between the cytoplasm and peroxisomes (Fig. 7C and D).
These results show that Pex13p contains multiple peroxisomal
sorting signals that can function independently. However, none
of these sorting signals alone was able to sort the GFP-reporter
protein efficiently to the peroxisomes. From this, we conclude
that these multiple sorting signals act cooperatively to ensure
peroxisomal localization of the full-length Pex13p molecule.
Notice that the flanking information required for proper sort-
ing is not provided by the SH3-domain (Fig. 7D), which is
reported to be essential for Pex14p binding (11).

Central matrix loop of Pex13p interacts tightly with perox-
isome membrane. The preceding results suggest that the cen-
tral luminal domain of Pex13p contains sufficient information
to target a reporter protein to the peroxisome membrane and

that the flanking TMDs enhance this sorting process, probably
by driving bound Pex13p into the lipid bilayer. As expected for
proteins that contain a hydrophobic domain, Pex13p(145-233)-
GFP and Pex13p(136-233)-GFP were almost exclusively recov-
ered in the membrane fraction, even after carbonate extraction
(Fig. 8B). The expression of these Pex13p deletion proteins
resulted in two protein species that were detected by Western
blotting using an antiserum raised against GFP. Surprisingly,
about half of the total amount of Pex13p(155-233)-GFP, a hy-
drophilic protein containing the central luminal domain of
Pex13p (Fig. 8A), could not be removed from the peroxisome
membrane (Fig. 8B). This result suggests that Pex13p(155-233)-
GFP tightly interacts with another, presently unidentified in-
tegral PMP. The observation that Pex13p(159-233)-GFP is com-
pletely soluble, even after carbonate extraction (Fig. 8B),
further demonstrates that the tetrapeptide YNSF (amino acids
155 to 158) plays a key role in this putative interaction. By
comparing the molecular masses of the GFP-fusion proteins, it
appears that the soluble forms of Pex13p(155-233)-GFP and
Pex13p(159-233)-GFP are proteolytically degraded. Whether or
not the partial cytosolic localization of Pex13p(155-233)-GFP is
due to its inefficient targeting or to the absence of a hydro-
phobic domain that drives this protein into the membrane is
currently not known. In the latter situation, bound Pex13p(155-

233)-GFP can again dissociate from the membrane or, once the
Pex13p(155-233)-GFP binding sites are saturated, prevent the
association of other Pex13p(155-233)-GFP molecules with the
peroxisome membrane. Notice that, by fluorescence micros-
copy studies, Pex13p(155-233)-GFP was classified as a predom-
inantly cytosolic protein (Fig. 4C). One explanation for this
discrepancy is that the fluorescence of GFP, when integrated in
a membrane, can be partially quenched (7).

CaaX farnesylation consensus sequence affects binding
properties of Pex19p. Human Pex19p can be farnesylated on
the cysteine residue of its carboxy-terminal CaaX motif (24).
Since yeast cells prenylate proteins in the same manner as
mammalian cells (36), we performed a yeast two-hybrid anal-
ysis to investigate whether the farnesylation motif of Pex19p
affected its ability to bind Pex3p, Pex10p, Pex11pb, Pex12p,
Pex13p, and Pex16p (Table 1). Deleting the CaaX prenylation
motif from Pex19p (Pex19pDCaaX) decreased its binding to
Pex10p, Pex11pb, Pex12p, and Pex13p nearly to background
levels. That this reduced binding is not the result of a lower
expression level of Pex19pDCaaX is indirectly demonstrated by
the fact that Pex19pDCaaX displays a binding strength similar
to Pex19p’s for Pex3p and Pex16p. Unfortunately, as we pres-
ently lack antibodies of sufficient titer to Pex19p, we could not
directly confirm the expression levels of Pex19p and
Pex19pDCaaX by immunoblot analysis. These experiments
demonstrate that the CaaX farnesylation motif of Pex19p af-
fects its binding properties for Pex10p, Pex11pb, Pex12p, and
Pex13p but not those for Pex3p and Pex16p.

Mapping of the peroxin-BDs of Pex19p. We have already
demonstrated that human Pex19p can bind at least six different
peroxins (Fig. 1). In addition, we showed that the CaaX far-
nesylation motif of Pex19p affects its binding to Pex10p,
Pex11pb, Pex12p, and Pex13p but not to Pex3p and Pex16p
(Table 1). To further investigate the biological significance of
these apparently different binding properties, we determined
whether or not the peroxin-binding sites on Pex19p overlapped

FIG. 7. Pex13p contains multiple partially functional sorting sig-
nals. (A to D) CHO cells were transiently transfected with plasmids
expressing Pex13p deletion proteins N-terminally fused to GFP. After
24 h, the cells were processed for direct fluorescence and the subcel-
lular localization of the fusion proteins was determined by staining
pattern: peroxisome (PO), cytosol (C), peroxisome-cytosol (PO/C),
cytosol-peroxisome (C/PO), cytosol-endoplasmic reticulum (C/ER),
and endoplasmic reticulum-cytosol-peroxisome (ER/PO/C). The
TMDs and the SH3-domain are shaded in black and in gray, respec-
tively. The Pex19p-binding affinities of the corresponding BD-fusion
proteins, analyzed in the yeast two-hybrid system, are also indicated:
the BD-fusion protein either interacted with Pex19p (1), interacted
weakly with Pex19p (1/2), or did not interact with Pex19p (2).
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(Fig. 9). The results show that residues at both termini of
Pex19p, including the farnesylation consensus sequence, were
required for efficient binding to Pex10p, Pex11pb, Pex12p, and
Pex13p. On the other hand, the Pex3p-binding site on Pex19p
could be narrowed down to a region of approximately 50
amino acids at the N terminus (Fig. 1B and 9), whereas the

Pex16p-binding site required neither the 30 N-terminal amino
acids nor the farnesylation consensus sequence (Fig. 9). That
Pex19p has different binding sites for Pex3p and Pex16p sug-
gests that Pex19p may bind both peroxins simultaneously.
Since cells deficient in Pex3p, Pex16p, and Pex19p lack peroxi-
somal membrane structures, it is tempting to speculate that
these peroxins may associate to form a functional PMP import
complex.

DISCUSSION

The observation that mammalian cells deficient in Pex19p
lack peroxisome membrane structures points towards a role for
this peroxin in PMP biogenesis (24, 28). We found that Pex19p
interacts with Pex3p, Pex10p, Pex11pb, Pex12p, Pex13p, and
Pex16p but not with Pex2p, Pex11pa, Pex14p, PMP22, and
PMP24 in the yeast two-hybrid system (Fig. 1A). Similar re-
sults were recently reported by Sacksteder et al. (28). For
unknown reasons, these authors failed to detect the binding of
Pex19p to Pex3p and to Pex16p. That Pex19p can indeed in-
teract with Pex3p in the yeast two-hybrid system was also
recently reported by Ghaedi et al. (14). The fact that Pex10p,
Pex11pb, Pex12p, Pex13p, and Pex16p interact with Pex19p in
the yeast two-hybrid system suggests that, in this system, other
(noninteracting) PMPs with two transmembrane-spanning do-

FIG. 8. The central matrix loop of Pex13p interacts tightly with the peroxisome membrane. (A) Schematic presentation of the Pex13p-deletion
mutants fused to the N terminus of GFP (*). The TMDs are shaded in black, and residue numbers are on the left. (B) CHO cells were transiently
transfected with plasmids expressing one of the deletion proteins schematically presented in panel A. After 24 h, the cells were fractionated as
described in Materials and Methods. Equivalent portions of the total (T), the buffer A-soluble (S1), the buffer A-insoluble (P1), the carbonate-
soluble (S2), and the carbonate-insoluble (P2) material were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoblotted with an antiserum raised against GFP. Similar fractions obtained from nontransfected CHO cells were probed with anti-Pex14p
antiserum, an antiserum that specifically recognizes the integral PMP Pex14p (11), and anti-Pex5p antiserum, an antiserum that specifically
recognizes the predominantly cytosolic PTS1-protein import receptor Pex5p. Arrows, the GFP fusion proteins Pex5p and Pex14p; ●, degradation
products. The migrations of the molecular mass markers (masses shown in kilodaltons) are indicated.

TABLE 1. CaaX farnesylation sequence affects binding properties
of Pex19pa

BD-hybrid
Optical density

AD-Pex19p AD-Pex19pDCaaX

Pex3p 163 162
Pex16p 22.2 15.1
Pex12p 0.540 0.002
Pex13p 0.431 0.004
Pex11pb 0.268 0.030
Pex10p 0.199 0.038

a SFY526 yeast cells, transformed with plasmids encoding one of the indicated
Ga14p DNA-BD fusion proteins (BD-hybrid) and the Ga14p AD fused to either
Pex19p or Pex19pDCaaX, were selected for leucine and tryptophan prototrophy.
Double transformants were assayed for b-galactosidase using o-nitrophenyl-b-
D-galactopyranoside as substrate. The optical densities were measured at 421 nm
and normalized for culture densities (optical density at 600 nm 5 10) and time
(24 h). The values given are the means of three measurements performed on
independent single colonies.
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mains (e.g., Pex2p, Pex11pa, and PMP24) are also theoretically
capable of being targeted to the nucleus. However, negative
two-hybrid results do not necessarily prove a lack of interac-
tion; for example, Sacksteder et al. (28) showed that Pex19p
binds to PMP34 and Pex14p in blot overlay assays. Yet, the
extent of binding is difficult to deduce from the provided data.
Why Pex14p interacts with Pex19p in a blot overlay assay (28)
but not in the yeast two-hybrid system (Fig. 1A) (28) is cur-
rently not clear. The fact that human Pex14p strongly interacts
with Pex5p in the yeast two-hybrid system (M. Fransen and
P. P. Van Veldhoven, unpublished data) eliminates the possi-
bility of poor expression or failure to be targeted to the nu-
cleus. Other mammalian Pex19p-binding proteins identified by
using the yeast two-hybrid system are the ATP binding cas-
settes half-transporters ALDP, ALDRP, and PMP70 (15).

In order to verify whether or not the observed two-hybrid
interactions are direct or bridged by an endogenous yeast pro-
tein, we further examined the binding properties of Pex19p in
vitro. However, we encountered the problem that PMPs con-
taining two or more TMDs were poorly expressed and insolu-
ble; thus, only the Pex3p-Pex19p interaction could be con-
firmed in vitro. Yet, based on the fact that (i) our tests were
performed on S. cerevisiae cells by using mammalian peroxins
and (ii) human Pex19p fails to complement the corresponding
yeast deletion mutant (16), it is likely that the interactions that
we observed in the yeast two-hybrid system are direct. In con-
clusion, our results confirm that human Pex19p can bind mul-
tiple integral PMPs and extend the list of PMPs with which
Pex19p interacts to include Pex16p.

To determine whether human Pex19p functions as a soluble
receptor for the targeting of integral PMPs to the peroxisome,
the Pex19p-BDs and the peroxisomal sorting signals of Pex3p,
Pex12p, Pex13p, and Pex16p were delineated. Deletion analy-
sis studies demonstrated that, for Pex3p and Pex12p, the
Pex19p-BDs and the peroxisomal sorting signals are distinct
(Fig. 2 and 3). For Pex13p and Pex16p, the domains essential
for Pex19p binding were also necessary for protein sorting (Fig.
2 and 3). However, further random mutagenesis studies dem-
onstrated that the Pex19p-BD and the peroxisomal sorting
signal of Pex13p(145-233) could be functionally separated (Fig.
5). The separate introduction of all the missense mutations in
the full-length Pex13p molecule showed that the amino acids
from position 175 to 196 are essential for Pex19p binding but
not for protein sorting (Fig. 6). Although similar experiments

were not performed for Pex16p, these results indicate that
human Pex19p does not function as a general soluble targeting
receptor for integral PMPs. A similar conclusion was obtained
for P. pastoris Pex19p (29). However, it has to be noted that the
targeting elements of PMP70, ALDP, ALDPR, Pex11pb, and
Pex14p are bound by Pex19p (15, 28). But, as Sacksteder et al.
(28) pointed out, these results do not indisputably establish
that Pex19p binds to the PMP targeting signals in these ele-
ments. More specifically, as we report in this study that for
Pex13p, the Pex19p-BDs and the peroxisomal targeting ele-
ments of these proteins might be functionally separated.

Since random mutagenesis studies revealed that single
amino acid substitutions like V178E and L191P affect the per-
oxisomal localization of Pex13p(145-233) (Fig. 5) but not of the
full-length Pex13p molecule (Fig. 6A), we conducted a refined
Pex13p deletion analysis to investigate whether Pex13p con-
tains more than one peroxisomal sorting determinant and/or
whether regions flanking the peroxisomal sorting determinant
cooperate with the mPTS (Fig. 7). We could demonstrate that
the central matrix loop of Pex13p alone contains sufficient
information to direct a reporter protein to the peroxisome
(Fig. 7A). However, increasing the hydrophobicity of this loop
by adding one of the flanking TMDs enhanced the overall
sorting efficiency (Fig. 7A and 8). These observations suggest
that the mPTS and the TMDs are separable entities that need
to coexist for proper Pex13p biogenesis. Importantly, the por-
tion of the central matrix loop of Pex13p (amino acids 155 to
233) that is bound to the peroxisome membrane cannot be
removed from this membrane with 0.1 M Na2CO3, pH 11 (Fig.
8). Similar observations have been reported for the mPTSs of
CbPMP47 and PpPex3p, and it has been suggested that these
mPTSs are tightly anchored to the peroxisomal membrane via
another integral PMP (7, 35). We could also show that, in the
presence of flanking sequences, the minimal targeting motif in
the central matrix loop of Pex13p can be further narrowed
down (Fig. 7C and D). One explanation may be that these
flanking sequences cooperate with the mPTS to enhance its
overall sorting efficiency. However, further progressive trunca-
tion experiments yielded two nonoverlapping deletion pro-
teins, each displaying a partial peroxisomal staining pattern.
This result demonstrates that Pex13p possesses multiple, par-
tially functional mPTSs. A cooperative recognition of these
multiple sorting signals may be important for regulating the
topology of Pex13p within the peroxisomal membrane.

FIG. 9. Identification of the peroxin-binding sites on Pex19p. Deletion mutants of Pex19p fused to Gal4p-AD were tested for interaction with
Pex3p, Pex10p, Pex11pb, Pex12p, Pex13p, and Pex16p fused to Gal4p-BD in the yeast two-hybrid system. Double transformants were selected and
assayed for b-galactosidase activity by using a filter assay with X-Gal as the substrate. The colony staining time was less than 2 h (111), less than
5 h (11), or less than 10 h (1) or the colonies did not stain at all (2). The farnesylation consensus sequence CaaX is shaded in black.
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Since it has been reported that the prenylation status of a
protein can affect its binding properties (23), we investigated
the impact of the CaaX farnesylation consensus sequence on
the binding properties of Pex19p. We demonstrated that
Pex19pDCaaX has a strongly reduced binding affinity for
Pex10p, Pex11pb, Pex12p, and Pex13p but not for Pex3p and
Pex16p (Table 1). These results suggest that prenylation of
Pex19p is important for its association with Pex10p, Pex11pb,
Pex12p, and Pex13p but not for its association with Pex3p and
Pex16p. However, in view of the recently published report that
bacterially expressed Pex19p does bind Pex12p and Pex13p in
a blot overlay assay (28), it seems that, under specific experi-
mental conditions, nonfarnesylated Pex19p does display a cer-
tain affinity for these peroxins. Currently, we don’t know
whether these observed differences are the result of the differ-
ent methodologies employed. In the context of the dilemma of
whether or not farnesylation of Pex19p is absolutely required
for its function, it is also interesting to mention the reported
discrepancy that a C296S mutant of human Pex19p does (28)
or does not (24) complement peroxisome biogenesis in
pex192/2 fibroblasts. Although our experiments do not solve
this dilemma, they demonstrate that the presence of the far-
nesylation motif of Pex19p strongly enhances its affinity for
some PMPs. Similar conclusions were also drawn for S. cerevi-
siae Pex19p (16). In this organism, the interaction of Pex3p
with Pex19p requires farnesylation of the latter molecule (16).
Mapping the PMP-BDs of Pex19p further revealed that the
prenylation-dependent interactions require not only the CaaX
motif but also the N terminus (Fig. 9). This observation may
indicate either that these PMPs bind to identical sites of
Pex19p or that the deletions change the folding of Pex19p in
such a manner that binding to distinct sites is affected. On the
other hand, the prenyl-independent interactions are mediated
by distinct domains of Pex19p (Fig. 9). These results suggest
that the prenyl-dependent and the prenyl-independent inter-
actions of Pex19p may serve another function in PMP biogen-
esis. It is tempting to speculate that Pex19p may bind to Pex3p
and Pex16p to form a functional PMP import complex at the
peroxisome membrane. What the function of Pex19p in this
complex might be is not clear. Snyder et al. (29) recently
suggested that, in P. pastoris cells, Pex19p might have a chap-
erone-like role at the peroxisome membrane. Nevertheless,
since Pex19p is predominantly present in the cytosol, this mol-
ecule most likely also has other biological functions. However,
the fact that human Pex19p binds integral PMPs at regions
distinct from the mPTS indicates that this peroxin does not
function as a general soluble targeting receptor for integral
PMPs.
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