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Analysis of Mammalian Peroxin Interactions
Using a Non-transcription-based Bacterial

Two-hybrid Assay*

Marc Fransent§, Chantal Breest, Karen Ghyst, Leen Amerytd], Guy P. Mannaertst,
Daniel Ladant|, and Paul P. Van Veldhovent**

In recent years, substantial progress has been made in
the identification of proteins involved in peroxisome bio-
genesis. However, with the exception of the peroxisome-
targeting signal receptors and the receptor docking pro-
teins, the function of most of these proteins, called
peroxins, remains largely unknown. One step toward elu-
cidating the function of a protein is to identify its interact-
ing partners. We have used a non-transcription-based
bacterial two-hybrid system to analyze the interactions
among a set of 12 mammalian peroxins and a yeast pro-
tein three-hybrid system to investigate whether proteins
that interact with the same peroxin and have overlapping
binding sites cooperate or compete for this site. Here we
report a detailed interaction map of these peroxins and
demonstrate that (i) farnesylation, and not the CAAX mo-
tif, of Pex19p strongly enhances its affinity for Pex13p; (ii)
the CAAX motif, and not farnesylation, of Pex19p strongly
enhances its affinity for Pex11p; and (iii) the C;HC, RING
(really interesting new gene) finger domain of Pex12p
does not alter the binding properties of Pex5p for the
C-terminal peroxisome-targeting signal PTS1. Finally, we
show that the Pex5p-Pex13p interaction is bridged by
Pex14p and that the latter molecule exists predominantly
as a dimer in vivo. Collectively, as demonstrated in this
work with peroxins, these results indicate that the bacte-
rial two-hybrid system is an attractive complementary
approach to the conventional transcription-based yeast
two-hybrid system for studying protein-protein interac-
tions. Molecular & Cellular Proteomics 1:243-252, 2002.

The biogenesis of peroxisomes requires the concerted ac-
tion of at least 23 peroxins (1) and one cytosolic, peroxisome-
specific DnaJ-like protein (2). The best characterized peroxin
is Pex5p, which functions as a cycling signal recognition
factor for newly synthesized peroxisomal matrix proteins con-
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taining a C-terminal peroxisome-targeting signal (PTS1)" (3,
4). Peroxisomal matrix proteins containing an N-terminal per-
oxisome-targeting signal (PTS2) are recognized by Pex7p,
another soluble PTS receptor (5). The PTS receptors dock at
the peroxisome membrane via the peroxisomal membrane
proteins Pex13p and Pex14p, which, together with Pex17p,
constitute the receptor docking complex (6). In mammals,
docking of Pex7p at the peroxisome membrane is mediated
by the long isoform of Pex5p, Pex5pL (7). In Saccharomyces
cerevisiae, the targeting of Pex7p to the peroxisome mem-
brane requires two functionally related proteins, Pex18p and
Pex21p (8). In Yarrowia lipolytica, Pex20p is also required for
PTS2 protein import (9). Interestingly, Einwéchter et al. (10)
reported recently that this Y. lipolytica Pex20p can substitute
functionally for S. cerevisiae Pex18p and Pex21p. Other per-
oxins directly implicated in the import pathway for peroxiso-
mal matrix proteins are Pex1p, Pex2p, Pex4p, Pex6p, Pex8p,
Pex9p, Pex10p, Pex12p, Pex15p, Pex22p, and Pex23p. Epis-
tasis analyses suggest that Pex2p, Pex8p, Pex10p, and
Pex12p act downstream of the receptor docking event and
that Pex1p, Pex4p, Pex6p, and Pex22p function downstream
of the matrix protein translocation process (11, 12). An alter-
native view proposes that Pex1p and Pex6p are involved in
the fusion of small peroxisomal precursors (13, 14). Pex9p,
Pex15p, and Pex23p have not yet been placed in any partic-
ular step of the matrix protein import pathway (12). Pex3p,
Pex16p, and Pex19p are implicated in peroxisome membrane
biogenesis. Cell lines deficient in these peroxins mislocalize
peroxisomal membrane proteins and have no peroxisomal
remnants (12). Another peroxin, Pex11p, promotes peroxiso-
mal proliferation (15). However, van Roermund et al. (16)

" The abbreviations used are: PTS1, C-terminal peroxisomal target-
ing signal; PTS2, N-terminal peroxisomal targeting signal; AD, Gal4p
activation domain; b-2HS, non-transcription-based bacterial two-hy-
brid system; BD, Gal4p DNA-binding domain; CHO, Chinese hamster
ovary; DSP, dithiobis(succinimidyl propionate); HA, influenza virus
hemagglutinin epitope tag; Pexp, peroxin, including a number corre-
sponding to the order of discovery; SH3, Src homology 3; TBST,
Tris-buffered saline containing 0.05% (v/v) Tween 20; T18, amino
acids 225 to 399 of B. pertussis adenylate cyclase; T25, amino acids
1to 224 of B. pertussis adenylate cyclase; y-2HS, transcription-based
yeast two-hybrid system; y-3HS, transcription-based yeast protein
three-hybrid system.
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reported recently that in S. cerevisiae Pex11p plays a primary
role in the medium-chain fatty acid oxidation pathway and
suggested the alternative view that this pathway regulates the
level of a signaling molecule that actually modulates peroxi-
some number and size.

Defining the physical interactions between peroxins is an
essential step toward the understanding of how these pro-
teins function and how proteins are translocated through the
peroxisomal membrane. Currently, the best established strat-
egy to find connections between peroxins is the transcription-
based yeast two-hybrid system (y-2HS) (17). Strategies thus
far used to identify or to confirm physical interactions between
peroxins are co(immuno)precipitation assays, far western and
surface plasmon resonance analyses, blue native polyacryl-
amide gel electrophoresis, a transcription-based mammalian
two-hybrid assay, and the use of cleavable cross-linkers (5,
18-21).

Here we report a detailed interaction map of 12 mammalian
peroxins that are available currently in our laboratory. This
peroxin linkage map was obtained by using the classical
y-2HS, as well as a non-transcription-based bacterial two-
hybrid system (b-2HS). The latter system, developed by
Ladant and co-workers (22), exploits the functional modularity
of the catalytic domain of Bordetella pertussis adenylate cy-
clase. That is, proteins of interest are fused genetically to T18
and T25, two complementary fragments that are both essen-
tial for adenylate cyclase activity. If the corresponding fusion
proteins interact, cCAMP will be produced. In an Escherichia
coli strain deficient in endogenous adenylate cyclase, this
functional complementation can be monitored easily as sev-
eral resident genes, such as the LacZ or Mal genes, are
activated transcriptionally and give rise to a selectable phe-
notype. We show that the non-transcription-based b-2HS and
the transcription-based y-2HS are complementary ap-
proaches and compare our data with existing published in-
teractions. In addition, our results support the observation
that farnesylation of Pex19p enhances strongly its affinity for
Pex13p (23) and uncover the potential of human Pex14p to
homodimerize in vivo and to bridge the Pex5p-Pex13p inter-
action in vitro. Finally, we have delineated the different protein
interaction domains of Pex5p and Pex14p and show that
Pex5p has partially overlapping but distinct binding sites for
the C3zHC, RING finger domain of Pex12p and PTS1
molecules.

EXPERIMENTAL PROCEDURES

Strains and Cell Lines—The E. coli strain Top10F' (Invitrogen) was
used for all DNA manipulations, as well as for the expression of
recombinant proteins. The adenylate cyclase-deficient E. coli strain
BTH101 (Hybrigenics) was used for the bacterial two-hybrid assay.
Yeast two-hybrid and protein three-hybrid assays were performed
using the S. cerevisiae strain SFY526 (CLONTECH). Chinese hamster
ovary (CHO) cells were cultured in MEMa medium (BioWhittaker)
supplemented with 10% (v/v) fetal calf serum (Invitrogen), 2 mm
GlutaMAX-I (Invitrogen), and antibiotic/antimycotic (100 png/ml peni-

cillin G, 100 ng/ml streptomycin sulfate, and 0.25 ng/ml amphotericin
B) solution (Invitrogen) in a humidified 37 °C, 5% CO, incubator.

Plasmid Constructions—The cDNA fragments encoding the ana-
lyzed proteins were amplified by PCR with the appropriate primers
(Invitrogen) and cloned into the yeast two-hybrid vectors pGBT9 or
pGAD424 (CLONTECH), the yeast protein three-hybrid vector
pBridge (CLONTECH), or the bacterial two-hybrid vectors pKT25 or
pUT18C (Hybrigenics) using standard molecular biology procedures
(24). PCRs were performed routinely using Pfx DNA polymerase (In-
vitrogen). To facilitate the cloning of cDNAs into the bacterial two-
hybrid vectors, the multiple cloning sites of pKT25 and pUT18C were
modified. For pKT25, the Pstl-BamHI fragment, which contains re-
striction sites for Sall and Xbal, was replaced by a DNA cassette
(primer pair 5'-GGCTCGAGGCGGCCGCGG-3'/5'-GATCCCGCGG-
CCGCCTCGAGCCTGCA-3') containing unique restriction sites for
Xhol and Notl. For pUT18C, the BamHI-EcoRI fragment, which con-
tains restriction sites for Smal, Kpnl, and Sacl, was replaced by a DNA
cassette (primer pair 5'-GATCCGAATCCGGTACCGCGGCCGC-
3'/5"-AATTGCGGCCGCGGTACCGGATTCG-3') containing unique
restriction sites for Kpnl and Notl. The corresponding derivatives of
pKT25 and pUT18C were termed pMF413 and pMF424, respectively.
The detailed cloning procedures (including the list of oligonucleotides)
of the extensive number of other constructs can be obtained from the
corresponding authors. The identities of essential constructs were
confirmed by DNA sequencing.

Two-hybrid and Protein Three-hybrid Analyses—The cotransfor-
mation of plasmids in competent SFY526 yeast cells and the colony
lift B-galactosidase filter assay were performed as described by the
manufacturer (CLONTECH). The interactions were indicated as strong
(+) or weak (), depending on the colony staining times (<5 and <24
h, respectively). The liquid culture B-galactosidase assay with o-ni-
trophenyl-B-D-galactopyranoside as substrate was also performed as
described by the manufacturer (CLONTECH). However, for this assay
the yeast cells were grown for 72 h in minimal dropout medium
without leucine and tryptophan (y-2HS) or in minimal dropout medium
without leucine and tryptophan in the absence or presence of 1 mm
methionine (y-3HS). Bacterial two-hybrid assays were performed as
described (25) using the E. coli strain BTH101 (Hybrigenics). Trans-
formed bacterial cells were plated on indicator plates (either on Mac-
Conkey medium (Difco Laboratories) supplemented with maltose (Ac-
ros Organics) or on Luria Bertani medium supplemented with 40
ng/ml X-gal (MBI Fermentas) and 0.5 mm isopropyl-1-thio-B-p-galac-
topyranoside (MBI Fermentas)) containing 50 wg/ml ampicillin (Roche
Molecular Biochemicals) and 25 ug/ml kanamycin (Fluka). The inter-
actions were indicated as strong (+) or weak (=) depending on the
colony staining times (<28 and <52 h, respectively). Quantification of
the functional complementation mediated by interaction between two
proteins was done by measuring B-galactosidase activities in liquid
cultures (25).

Cross-linking Experiments—90% confluent CHO cells, grown in
100-mm tissue culture dishes (Sarstedt), were washed twice with 10
ml of phosphate-buffered saline. One ml of phosphate-buffered sa-
line, supplemented with 50 ul of Me,SO containing different concen-
trations of dithiobis(succinimidyl propionate (DSP; Perbio)) (0 to 2.5
mw final concentration) was added to each plate. After incubation for
60 min at room temperature, the cells were harvested by scraping
firmly with a stiff rubber policeman. The cell suspensions were trans-
ferred to a microfuge tube, and the proteins were precipitated by the
addition of 100 ul of 0.15% (w/v) deoxycholate and 100 ul of 72%
(v/v) trichloroacetic acid. After washing the pellets once with 1 ml of
acetone, pellets were resuspended in 300 pul of sample buffer (3%
(w/v) SDS, 8.7% (v/v) glycerol, 0.004% (w/v) bromphenol blue, and 60
mu Tris/HCI, pH 6.8) in the absence or presence of 5% (v/v) 2-mer-
captoethanol. The samples were boiled for 5 min, subjected to SDS-
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Fic. 1. Peroxin interaction matrix. Peroxins, indicated by their corresponding Pexp numbers, were fused to the Gal4p DNA-BD (y-2HS) or
T25 (b-2HS) and the Gal4p transcription AD (y-2HS) or T18 (b-2HS) and tested pairwise for interactions in S. cerevisiae (strain SFY526) (y-2HS)
or E. coli (strain BTH107) (b-2HS). Double transformants expressing one of the bait (BD and T25, respectively) and one of the prey (AD and T18,
respectively) fusion proteins were selected, and B-galactosidase activity was monitored (using the colony staining assay) as described under
“Experimental Procedures.” The identified interactions between full-length peroxins are shaded in black. Interactions observed with the peroxin
fragments Pex12p;5_3ss), PeX13Pas-4103, PEX14p(_g1) (Pex19p interaction), and Pex14p35_200) (Pex14p interaction), but not with the
corresponding full-length peroxins, are colored in gray. Conditions that, because of self-activation of the bait protein, could not be tested are
hatched. Notice that the Pex5p interactions represent the results obtained with both the small (Pex5pS) and long (Pex5pL) isoforms.

PAGE (ExcelGel SDS (gradient 8—18); Amersham Biosciences), trans-
ferred to nitrocellulose, and analyzed with the appropriate antisera.

In Vitro Binding Assay—For the microtiter plate assay, 1 ug of
human serum albumin cross-linked to the peptide CSYHKHLK-
PLQSKL (PTS1) (26) was coated (50 mm sodium carbonate buffer, pH
9.6) overnight onto a microtiter plate. After washing the wells five
times with TBST, the wells were blocked with 5% (w/v) Protifar
(Nutricia) in TBST for 1 h. Subsequently, each well was incubated with
200 pl of bacterial lysate, prepared as described before (27), contain-
ing no recombinant protein, (His)s-Pex5p, (His)s-Pex14p, or (His)s-
Pex13p/SH3 (18), as schematically indicated in Table Il. After exten-
sive washings with TBST, bound Pex5p, Pex14p, and Pex13p were
detected photometrically using peroxin-specific rabbit antisera, anti-
rabbit IgGs coupled to alkaline phosphatase, and p-nitrophenyl phos-
phate. The optical densities were measured at 405 nm (filter: 690 nm).
Data were corrected by performing simultaneously control experi-
ments using 1 ug of human serum albumin cross-linked to the pep-
tide CVHESYHKHLKPLQ (26) as immobilized ligand.

Antibodies —The rabbit polyclonal antibodies raised against (His)s-
Pex13p/SH3, (His)s-Pex14p, and (His)s-Pex19p are described else-
where (23). The mouse monoclonal anti-HA antibody was obtained
from Sigma. The rabbit polyclonal anti-mouse Pex5p antiserum was
kindly provided by Dr. M. Baes (Leuven, Belgium). Animal experi-
ments were approved by the local institutional ethics committee.

RESULTS

Analysis of Interactions between Full-length Peroxins Using
the Galdp-based Yeast Two-hybrid System—As a first step
toward the development of a reliable peroxin network, we
performed a matrix experiment (28) in which 12 full-length
mammalian peroxins were tested systematically for pairwise
interactions in the Gal4p-based yeast two-hybrid system (Fig.
1). Because the BD-Pex5p and BD-Pex19p fusion proteins
self-activated the LacZ reporter gene, 24 pairwise combina-
tions were not tested. Of the remaining 120 combinations,
seven protein pairs were found to interact; the PTS1 receptor,
Pex5p, interacts with its docking protein, Pex14p, whereas

Pex19p, a predominantly cytosolic protein that contains a
CAAX farnesylation consensus sequence, binds the peroxi-
somal integral membrane proteins Pex3p, Pex10p, Pex11pp,
Pex12p, Pex13p, and Pex16p. These results confirm previous
observations that these protein pairs interact in the y-2HS (23,
29-31). However, six other interactions (Pex5p-Pex5p,
Pex7p-Pex5pL, Pex12-Pex5p, Pex12p-Pex10p, Pex14p-
Pex14p, and Pex14p-Pex19p) were not found. These peroxin
pairs were demonstrated previously to interact using other
techniques including blot overlay assays, sizing chromatog-
raphy, electron microscopy, and immunoprecipitation assays
(7, 20, 29, 32, 33).

Analysis of Interactions between Full-length Peroxins Using
a Non-transcription-based Bacterial Two-hybrid System—Be-
cause two peroxins self-activated the LacZ reporter gene, and
more than 40% of the previously reported interactions be-
tween full-length peroxins were not detected in the y-2HS, we
changed our strategy and performed a new matrix experiment
using a non-transcription-based b-2HS (22). In this system,
which exploits a cAMP signaling cascade in E. coli cya cells
(i.e. deficient in endogenous adenylate cyclase), none of the
12 peroxins autoactivated the lacZ or Mal reporter genes, and
six peroxin pairs interacted efficiently and specifically in re-
ciprocal combinations of the two-hybrid moieties (Fig. 1). Four
of these interactions (Pex14p-Pex5p, Pex3p-Pex19p,
Pe11pB-Pex19p, and Pex16p-Pex19p) were also detected in
the y-2HS. The two remaining interactions, Pex14p-Pex14p
and Pex14p-Pex19p, were not found in the y-2HS. The fact
that Pex14p and Pex19p bind other peroxins in the y-2HS
(Fig. 1) largely eliminates the possibility that these peroxins
are expressed poorly or fail to be targeted to the yeast nu-
cleus. However, it may be that, because of a different folding
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Fic. 2. Expression levels of recombinant peroxins in b-2HS and
y-3HS. Equal amounts of bacterial cells (strain BTH107) (panel A)
expressing T18 or T18-Pex13p (T78-P13) and T25, T25-Pex13p (T25-
P13), T25-Pex19p (T25-P19), or T25-Pex19pACAAX (T25-P19ACaaX)
or yeast cells (strain SFY526) (panel B) expressing a Gal4p DNA-
binding domain-PTS1 fusion protein, a Gal4p activation domain-
Pex5p fusion protein, and an HA-tagged Pex12p,,5_3sg) fusion pro-
tein (P72) or no HA-tagged-fusion protein (=), grown in the absence
(=) or presence (+) of 1 mm methionine, were subjected to SDS-
PAGE and transferred to nitrocellulose. These membranes were then
probed with an antiserum raised against (His)s-HsPex13p36-403)
(His)g-HsPex19p, or the HA-tag. Only the relevant portions of the
blots are shown. The arrows indicate the full-length recombinant
expressed fusion proteins. The dots indicate the migration of nonspe-
cific, immunoreactive bacterial proteins. The arrowhead marks a pu-
tative (unreduced) dimer of the HA-tagged Pex12p.;s 359, fusion
protein. The migration of the molecular mass markers (in kilodaltons)
is shown at the /eft.

environment, distinct domains of human Pex14p are exposed
in S. cerevisiae versus E. coli. Three interactions (Pex10p-
Pex19p, Pex12p-Pex19p, and Pex13p-Pex19p) found in the
y-2HS were not detected in the b-2HS. Again, this may be
related to a different folding environment or to expression
problems. Unfortunately, as we currently lack specific anti-
bodies to T18, T25, Pex10p, and Pex12p, we were unable to
verify the expression levels of Pex10p and Pex12p. Conse-
quently, we have no conclusive evidence whether the
Pex19p-Pex10p and the Pex19p-Pex12p interactions occur in
the b-THS. However, using an antiserum raised against (His)-
HsPex13p/SH3 (23), we were able to demonstrate that
Pex13p was expressed correctly (Fig. 2). Therefore, in com-
bination with the observation that the CAAX prenylation motif
of Pex19p strongly enhances its affinity for Pex13p (23), we
hypothesize that the observed lack of interaction between
these two peroxins is caused by the fact that Pex19p is not
prenylated in E. coli. Interestingly, Pex13py e4e, @ mutant
displaying a 20-fold enhanced affinity for Pex19p over the
wild-type molecule in the y-2HS (23), does display a detect-
able binding to Pex19p in the b-2HS (Table I). Concerning the

TABLE |
Pex19p and Pex19pACaaX have different binding
properties in the b-2HS

Exponentially growing bacterial cells (strain HB101), transformed
with plasmids encoding one of the indicated T18 fusion proteins
(T18-hybrid) and T25 fused to either Pex19p or Pex19pACaaX, were
assayed for B-galactosidase using o-nitrophenyl-B-b-galactopyrano-
side as substrate (46). Formed o-nitrophenol was measured at 420
nm and normalized for culture densities (optical density at 600 nm =
1) and time (1 h). The values given are the mean (+ the S.D.) of at least
three measurements performed on independent single colonies and
corrected for the blank (T18 and T25 only, 3.3 = 0.2). When the
corresponding double transformants where grown on MacConkey/
maltose agar plates, they appeared as white (not underlined) or red
(underlined) colonies. Pex13pys4e represents a Pex13p mutant in
which the valine amino acid residue at position 164 is altered to
glutamate (23).

Optical density

T18 hybrid
T25-Pex19p T25-Pex19pACaaX

Pex3p 111 + 18 117 + 29
Pex10p 0.8 = 0.6 0.6 +0.2
Pex11pp 59 = 10 8.0+1.7
Pex12p 1.1+0.8 1.4+04
Pex13p 1.1 +£03 0.6 = 0.6
Pex13py1e4e 18+5 15+8
Pex14p 31*9 39+5
Pex16p 33+0.3 35+*6

Pex19p-Pex11pp interaction, we found that the CAAX motif,
and not prenylation, is an important determinant in the affinity
of Pex19p for Pex11pp. Indeed, Pex19p and Pex11ppB were
found to interact in the y-2HS and in the b-2HS, and deleting
the prenylation motif from Pex19p (Pex19pACAAX) resulted,
in both systems, in a strongly reduced binding affinity for
Pex11pp (see Ref. 23 and Table |). In this context, it is impor-
tant to mention that Pex19p and Pex19pACAAX are ex-
pressed similarly (Fig. 2) and display equivalent affinities for
Pex3p, Pex14p, and Pex16p (Table I).

Two-hybrid Analysis of Interactions between Peroxin Do-
mains—Although the systematic two-hybrid analysis of 12
full-length mammalian peroxins recapitulated ~70% of the
interactions known from previous studies, a substantial num-
ber of reported interactions between full-length peroxins
(Pex5p-Pex5p, Pex5pL-Pex7p, Pex5p-Pex12p, and Pex10p-
Pex12p) could not be detected. However, as the expression
of full-length mammalian peroxins in yeast and bacteria may
result in variable misfolding, we investigated whether addi-
tional interactions could be detected using peroxin domains
instead of full-length open reading frames. Using this ap-
proach, we were able to confirm that the C;HC, domain of
Pex12p, but not the full-length molecule, interacts with Pex5p
and Pex10p in the y-2HS (29, 31, 34) (Fig. 1). Evidence for the
Pex5p-Pex5p (20, 35) and Pex5pL-Pex7p (7) interactions
could not be found. However, using the domain approach, we
could confirm that the SH3 domain of Pex13p binds to
Pex14p (Fig. 1), an interaction observed previously in a blot
overlay assay (18). Interestingly, this domain of Pex13p was
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also found to interact weakly with itself, at least in the y-2HS
(Fig. 1). Finally, after using the b-2HS to delineate the domains
of Pex14p responsible for homodimerization and Pex19p
binding (see below), we could show that the domains com-
prising amino acids 138-200 and 1-81, but not the full-length
Pex14p molecule, also interact with Pex14p and Pex19p,
respectively, in the y-2HS (Fig. 1).

Pex14p Exists Predominantly as a Dimer in Vivo—Based on
(i) our two-hybrid results that suggest that Pex14p, but not
Pex5p, may homodimerize in vivo; and (ii) other reports sug-
gesting that Pex5p functions as a monomeric (36), a ho-
modimeric (35) or a homotetrameric protein (20), we further
investigated the actual oligomeric state of these peroxins in
mammalian cells. To stabilize protein-protein interactions, we
performed chemical cross-linking experiments on CHO cells

a-Pex14p a-Pex5p
= ® 94_--—---—- -

94_ 67_ B

57 s e
43 -

43 -

30 A

20 20 -

1234567 8 1234567 8

Fic. 3. Cross-linking and immunoblot analysis of Pex5p and
Pex14p in CHO cells. CHO cells were incubated with various con-
centrations of DSP as described under “Experimental Procedures.”
After 60 min, the incubations were terminated with trichloroacetic
acid, and the precipitated proteins were separated by non-reducing
(lanes 1-7) or reducing (lane 8) SDS-PAGE, transferred to nitrocellu-
lose, and immunoblotted with antisera raised against Pex14p or
Pex5p. Lanes 1 and 8, 0 um DSP; lane 2, 10 um DSP; lane 3, 31 uMm
DSP; lane 4,92 um DSP; lane 5, 277 um DSP; lane 6, 833 um DSP; and
lane 7, 2.5 mm DSP. Arrows point to the position of the non-cross-
linked peroxins. The Pex14p-containing multimeric complex is
marked by a dot. The migration of the molecular mass markers
(expressed in kDa) is indicated.

using the thiol-cleavable, homobifunctional, and amine-reac-
tive cross-linker DSP. Immunoblot analysis of the cross-linked
products after SDS-PAGE of the samples revealed that
Pex14p, but not Pex5p, exists mainly as a multimeric complex
in vivo (Fig. 3). Several lines of evidence suggest that this
complex is in fact a homodimer of Pex14p. (i) Pex14p can
homodimerize when it is expressed in E. coli (Fig. 1); (ii) the
cross-linked Pex14p-containing complex of CHO cells mi-
grates during SDS-PAGE to a similar distance as the dimer-
ized fraction of bacterially expressed (His)g-Pex14p (data not
shown); and (jii) the cross-linked Pex14p-containing complex
is not recognized by antisera raised against the Pex14p-
interacting peroxins Pex5p, Pex13p, and Pex19p (data not
shown). Interestingly, even in the absence of cross-linker a
small but significant fraction of Pex14p migrated as a dimer
on SDS-PAGE under non-reducing conditions (Fig. 3). How-
ever, deletion analysis studies revealed that the dimeric
Pex14p structure is not maintained by disulfide bonding be-
tween the subunits but by its coiled-coil structure (see below).
The ease of disulfide bridge formation and its specificity sup-
port further the view of a very close, non-covalent homotypic
interaction in vivo (37). Whether dimerization mutants of
Pex14p (i) have an altered affinity for the other interacting
peroxins, and (ji) are able to complement peroxisome biogen-
esis in a cell line deficient in Pex14p remains to be
investigated.

The Pex5p-Pex13p Interaction Is Bridged by Pex14p—In
view of published reports that the SH3 domain of yeast
Pex13p functions as a peroxisomal membrane receptor for
Pex5p (838-40), our inability to detect an interaction between
the corresponding human orthologues in the bacterial and
yeast two-hybrid systems may seem surprising (Fig. 1). How-
ever, in vitro reconstitution experiments of a putative peroxi-
somal protein import complex consisting of PTS1 ligand,
Pex5p, Pex14p, and the SH3 domain of Pex13p (amino acids
236 to 403) demonstrated that Pex14p, but not the SH3
domain of Pex13p, interacts with Pex5p loaded with PTS1
cargo (Table Il). In addition, these experiments show that
Pex14p can bind simultaneously to Pex5p and Pex13p/SH3

TaBLE I
In vitro reconstitution of a Pex5p-containing peroxisomal protein import subcomplex

Microtiter plate wells, coated with 1 ug of human serum albumin cross-linked to the peptide CSYHKHLKPLQSKL (PTS1), were exposed in
three subsequent incubations to bacterial lysates containing no recombinant protein (—), (His)s-Pex5p, (His)g-Pex14p, and (His)s-Pex13p/SH3
as indicated schematically. After extensive washings, bound Pex5p, Pex14p, and Pex13p were detected photometrically using peroxin-specific
rabbit antisera and anti-rabbit IgGs coupled to alkaline phosphatase and p-nitrophenyl phosphate. To substract the background of the
anti-Pex13p antiserum due to a weak cross-reactivity with human serum albumin, data were corrected by performing simultaneously control
experiments using one microgram of human serum albumin cross-linked to the peptide CVHESYHKHLKPLQ as immobilized ligand. The
experiments were performed in triplicate. The positive interactions are underlined.

PTS1 1 2 3 A405 nm
Pex5p Pex14p Pex13p/SH3 a-Pex5p a-Pex14p a-Pex13p
+ — + + 0.000 =+ 0.000 0.026 = 0.015 0.035 = 0.030
+ + — + 0.698 + 0.032 0.053 = 0.005 0.014 = 0.012
+ + + - 0.471 + 0.008 0.584 + 0.031 0.010 = 0.014
+ + + + 0.440 + 0.015 0.537 *= 0.015 0.122 =+ 0.055
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Fic. 4. Mapping of the interaction domains of Pex5p. Pex5p deletion mutants, fused to the Gal4p AD (y-2HS) or T18 (b-2HS), were tested
for interaction with PTS1, Pex12p,5_3sq, and Pex14p, fused to the Gal4p DNA-BD (y-2HS) or T25 (b-2HS), in the yeast (y) or bacterial (b)
two-hybrid system. Double transformants expressing one of the bait (BD and T25, respectively) and one of the prey (AD and T18, respectively)
fusion proteins were selected, and B-galactosidase activity was monitored as described under “Experimental Procedures.” The binding
affinities of the tested protein pairs are indicated as follows: strong interaction (+), weak interaction (=), or no interaction (—). The numbers on
the left indicate the amino acid residues present in the corresponding Pex5p deletion mutants, and X represents the alteration of the tryptophan
residue to glycine at position 271. The tetratricopeptide repeat motifs are shaded in gray, whereas the WXXX(F/Y) repeats are indicated by
vertical arrows. The delineated interaction domains are indicated above the schematic representation of the full-length Pex5p molecule.

(Table Il). Summarized, these results suggest that in mammals
(i) Pex14p, and not Pex13p, functions as the docking protein
for cargo-loaded Pex5p, and (ii) the Pex5p-Pex13p interaction
is bridged by Pex14p (Table ll).

Mapping the Interaction Domains of Pexbp and Pex14p—
Pex5p and Pex14p interact with each other and a number of
other proteins. We employed the yeast and bacterial two-
hybrid assays to further delineate the specific domains in-
volved in the binding of these peroxins to their respective
partners. For Pex5p, we mapped the site required for PTS1
and Pex12p interaction to the tetratricopeptide repeat do-
mains labeled 2-8 and 2-9, respectively (Fig. 4). In addition,
we found that Pex5p has multiple binding sites for Pex14p,
and these binding sites are localized in the N-terminal portion
of the molecule (Fig. 4). Similar observations were published
by Schliebs et al. (20). In addition, these authors proposed
that the di-aromatic WXXX(F/Y) pentapeptide repeat motifs in
the N-terminal portion of Pex5p are the determinants for the
interaction with Pex14p. To verify this hypothesis, we al-
tered in the deletion mutant Pex5p ,00_e0z), Which still inter-
acts with Pex14p while containing only one di-aromatic
pentapeptide motif, the amino acid residue tryptophan to
glycine at position 271. The observation that the binding
affinity of Pex5ppos_sozywar1a) for Pex14p, but not for PTS1
and Pex12p ;s 3s9), decreases nearly to background levels
(Table lll), confirms that the di-aromatic peptide repeats are
indeed important for Pex14p binding. With respect to Pex14p,
we have conducted a series of experiments to map the
Pex5p-binding site, the Pex19p-binding site, and the domain
that is capable of self-association (Fig. 5). Surprisingly, the
Pex14p-binding sites for Pex5p and Pex19p could not be
separated physically and encompass the amino acids 22 to
81 (Fig. 5). The putative coiled-coil region was sufficient and

TasLE Il
The WXX(F/Y) peptide repeats of Pex5p are important
determinants for Pex14p binding

Exponentially growing cells (yeast strain SFY526), transformed with
plasmids encoding one of the bait proteins (PTS1, Pex12p 75 _3s9), OF
Pex14p, fused to the Gal4p DNA-binding domain) and one of the prey
proteins (Pex5p22_602), PEXOP22-602)W271a) OF PEXSP(332-602), fUSE
to the Galdp activation domain), were assayed for B-galactosidase
using o-nitrophenyl-p-p-galactopyranoside as substrate (see “Exper-
imental Procedures”). The optical densities were measured at 420
nm, corrected for the blank (“empty” plasmids), and normalized for
culture densities (optical density at 600 nm = 10) and time (24 h).
The values given are the mean (+ the S.D.) of at least three meas-
urements performed on cultures derived from independent single
yeast colonies.

Optical density

Bait
Pex5p00_602) Pex5pp2o_s02) w2716
PTSH 672 + 261 478 + 38
Pex12p75_asg) 824 +11.5 792 +21.4
Pex14p 8.56 + 2.28 1.73 =+ 0.75

required for homodimerization (Fig. 5).

The C;HC, RING Finger Domain of Pex12p Has No Regu-
latory Role in the PTS1 Binding Properties of Pex5p—The fact
that () the Pex12p,5_3s9-binding domain and the PTS1-
binding domain of Pex5p are overlapping (Fig. 4), and (ii)
Pex12p acts downstream of the Pex5p-receptor docking
event (11), suggests that Pex12p may have a regulatory role in
the PTS1 binding properties of Pex5p. To investigate whether
this is indeed the case, we employed y-3HS. In this system,
which can be seen as an extension of the y-2HS, the effect of
a third protein (in our case HA-tagged Pex12ppo7s 359 OF
HA-tagged PTS1) on the binding properties of two other (in-
teracting) proteins (in our case the Gal4p DNA-BD-PTS1 fu-
sion protein and the Gal4p activation domain (AD)-Pex5p
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Fic. 5. Mapping of the interaction domains of Pex14p. Pex14p deletion mutants, fused to the Gal4p DNA-BD (y-2HS) or T18 (b-2HS), were
tested for interaction with Pex5p, Pex14p, and Pex19p, fused to the Galdp AD (y-2HS) or T25 (b-2HS), in the yeast (Y) or bacterial (B) two-hybrid
system. Double transformants expressing one of the bait (BD and T25, respectively) and one of the prey (AD and T18, respectively) fusion
proteins were selected, and B-galactosidase activity was monitored as described under “Experimental Procedures.” The binding affinities of
the tested protein pairs are indicated as follows: strong interaction (+), weak interaction (=), or no interaction (—). The numbers on the left
indicate the amino acid residues present in the corresponding Pex14p deletion mutants. The hydrophobic region and the putative coiled-coil
domain are shaded in black and in gray, respectively. The region rich in glutamate and aspartate residues is hatched with horizontal lines. The
delineated interaction domains are indicated above the schematic representation of the full-length Pex14p molecule.

fusion protein) can be investigated. Notice that in the y-3HS
we used, the expression levels of the third protein could be
regulated by the conditional Met25 methionine promoter (41).
As shown in Table IV, the PTS1 binding properties of Pex5p
were not altered when the HA-tagged Pex12p,,5_350, Mole-
cule was expressed at different levels (Fig. 2). On the other
hand, HA-tagged PTS1 did compete with BD-PTS1 for Pex5p
binding (Table IV). These results, combined with the observa-
tion that Pex12p ;s _ssg interacts with Pex5p in the y-2HS
(see Refs. 29 and 34, and see Fig. 4), suggest that Pex5p has
distinct binding sites for the C;HC, RING finger domain of
Pex12p and PTS1 proteins and that Pex5p and Pex5p-
Pex12p75_3s0) have similar PTS1 binding properties.

DISCUSSION
To decipher the peroxisomal protein import process, it is

essential to identify the physical interactions between perox-
ins. Currently, the y-2HS is the most commonly used tool to
dissect these interactions. However, as this assay may yield
false positive results (42-44) and false negative results (44,
45), it is important that identified interactions (or non-interac-
tions) are confirmed by at least one alternative, non-yeast-
based assay. Techniques used frequently to confirm yeast
two-hybrid interactions include blot overlay assays, sizing
chromatography, and co(immuno)precipitation assays. How-
ever, these in vitro assays are often laborious, require opti-
mized experimental conditions, and sometimes require spe-
cialized reagents (e.g. purified proteins, %°S-labeled proteins,
or highly specific antibodies of sufficient titer). As an alterna-
tive to these in vitro assays, the b-2HS was evaluated (22, 46).
This in vivo interaction system differs basically from the y-2HS
in that (i) a bacterial cell, and not a yeast cell, is used as host
organism, and (i) it is based on the reconstitution of a cAMP-

TABLE IV
Pexbp has distinct binding sites for the C;HC, RING finger
domain of Pex12p and PTS1 proteins.

Yeast cells (strain SFY526), transformed with plasmids coding for a
Gal4p DNA-binding domain-PTS1 fusion protein, a Gal4p activation
domain-Pex5p fusion protein, and a third (conditionally expressed
from the Met25 promotor) HA-tagged fusion protein (PTS1 or
Pex12p75_350), Were grown for 72 h in minimal dropout medium
without leucine and tryptophan, in the absence (—) or presence (+) or
1 nm methionine. The cells were assayed for B-galactosidase using
o-nitrophenyl-B-b-galactopyranoside as the substrate (see “Experi-
mental Procedures”). The optical densities were measured at 420 nm
and normalized for culture densities (optical density at 600 nm = 10)
and time (24 h). The values given are the mean (+ the S.D.) of three
measurements performed on each of four separate transformants.
Notice that the HA-tagged fusion protein is repressed in the presence
of 1 mm methionine and expressed in the absence of methionine.

Optical density

+ Methionine — Methionine
HA-PTS1 600 = 280 120 = 22
HA-Pex12p75_3s9) 532 + 165 596 + 223

dependent signal transduction pathway and not on the recon-
stitution of a functional transcriptional activator. Hence, there
is no need for nuclear localization signals on the fusion
proteins.

As a first step to validate the b-2HS, we performed a matrix
experiment in which 12 full-length mammalian peroxins were
tested systematically for pairwise interactions and compared
these results with data obtained from similar yeast two-hybrid
experiments. This validation study yielded 9 different interact-
ing peroxin pairs; four pairs (Pex14p-Pex5p, Pex19p-Pex3p,
Pex19p-Pex16p, and Pex19p-Pex11pp) were found to inter-
act in both two-hybrid systems, three pairs (Pex19p-Pex10p,
Pex19p-Pex12p, and Pex19p-Pex13p) were only detected in

Molecular & Cellular Proteomics 1.3 249

6102 ‘6T AInc uo 19nb Aq /6io0"duljuodow mammy/:dny Wol) papeo jumoq


http://www.mcponline.org/

Building a Peroxin Interaction Matrix

the y-2HS, and two pairs (Pex14p-Pex14p and Pex14p-
Pex19p) interacted solely in the b-2HS. Presumably, peroxin
interactions observed in both two-hybrid systems are likely to
have a physiologically relevant function. Indeed, it has been
reported that Pex14p functions as a Pex5p-docking protein
(18, 19, 30) and that Pex19p, a molecule required for perox-
isome membrane synthesis, binds to a broad spectrum of
peroxisomal membrane proteins (12). With respect to the
interactions that were observed only in the y-2HS, it is essen-
tial to notice that it has been reported that the CAAX preny-
lation motif of Pex19p is an important determinant in the
affinity of Pex19p for Pex10p, Pex11p, Pex12p, and Pex13p
(23). In combination with the fact that protein prenylation is a
typical eukaryotic post-translational modification process
(47), our data suggest that prenylation, and not the CAAX
motif itself, is an important determinant in the affinity of
Pex19p for Pex10p, Pex12p, and Pex13p. However, with
respect to the Pex19p-Pex11pp interaction, we provide evi-
dence that the CAAX motif, and not prenylation, of Pex19p
seems to be important. Whether the CAAX tetrapeptide is
required directly for binding to Pex11pp, or whether the cor-
responding deletion changes the folding of Pex19p in such a
manner that binding to distinct sites is affected, is not cur-
rently clear. With respect to the interactions that were only
detected in the b-2HS, it has to be mentioned that, depending
on the host organism, full-length proteins might prevent the
identification of several interactions because of various intrin-
sic folding problems (45, 48). For example, the finding that the
coiled-coil structure, but not the full-length version, of Pex14p
interacts with itself in the y-2HS supports this hypothesis.

Protein subdomains may be revealed by conformational
changes (e.g. caused by post-translational modifications
and/or interactions with other molecules) in the holomol-
ecule. Furthermore, these newly exposed domains may me-
diate interactions not necessarily found with the parent
protein. As an example of this phenomenon, we tested
systematically Pex12p 75359y and Pex13pgs_403) tO UN-
cover additional interactions. Importantly, this approach
yielded one novel (Pex13ppss-403-Pex13p) and three
known (Pex5p-Pex12p 75 350, Pex10p-Pex12p o5 3s9), and
Pex13p 236-403-PeX14p) peroxin pairs (18, 29, 34).

Two reported peroxin pairs, Pex5p-Pex5p (20, 35) and
Pex5pL-Pex7p (35), could not be detected in the yeast and
bacterial two-hybrid systems. However, we have currently
indirect evidence that human Pex7p is not properly folded
when it is expressed in yeast or bacteria.? When expressed in
a mammalian expression system, Pex7p does interact with
Pex5pL (49).

In another series of experiments, we employed the bacterial
and yeast two-hybrid assays to delineate the specific inter-
action domains of Pex5p and Pex14p that are involved in the

2 K. Ghys, M. Fransen, G. P. Mannaerts, and P. P. Van Veldhoven,
submitted for publication.

binding to their respective partners. With respect to Pex5p,
we obtained experimental evidence for the hypothesis that
the WXXX(F/Y) repeat motifs of this molecule are important
determinants for Pex14p binding (20), and showed that the
Pex12p-binding domain and the PTS1-binding domain over-
lap physically. While this work was in preparation, similar
conclusions were reached by Dodt et al. (49) and Saidowsky
et al. (50). However, by using a y-3HS, we could also show
that PTS1 ligands and Pex12p ,;5_359) d0 Not compete for the
same binding site on Pex5p. With respect to Pex14p, we also
found that the Pex14p-binding sites for Pex5p and Pex19p
could not be separated physically. Unfortunately, as Pex19p
did not interact with Pex14p in the y-2HS, we were not able to
perform a yeast protein three-hybrid assay to investigate
whether Pex19p is able to alter the Pex5p binding properties
of Pex14p.

The experiments described above demonstrate that the
bacterial and yeast two-hybrid systems are complementary
approaches for the analysis of protein interactions. In addi-
tion, the b-2HS has, compared with the y-2HS, a lower false
positive rate. That is, acidic proteins with amphipathic a-hel-
ices like Pex5p and Pex19p, which in the y-2HS act frequently
as transcriptional activators when they are fused to the Galdp
DNA-binding domain (51), do not self-activate the LacZ and
Mal reporter genes in the b-2HS. This finding underscores one
of the benefits of the non-transcription-based two-hybrid sys-
tems; specifically, the spatial separation of the association
between the hybrid proteins and the transcriptional activation
readout.

To investigate the actual oligomeric state of Pex5p and
Pex14p, we performed an in vivo cross-linking approach on
CHO cells. These experiments provided physical evidence
that Pex14p exists predominantly as a homodimer in its native
configuration. In addition, our results also suggest that Pex5p
exists predominantly as a monomer in mammalian cells. Al-
though these results are in agreement with our two-hybrid
data, they do not exclude the possibility that Pex5p can
transiently form oligomers. In this context, it is interesting to
note that purified, bacterially expressed (His)s-tagged Pex5p
does form homotetramers (20). However, the fact that the
same molecule tends to form filamentous aggregates in low
salt buffer (20) indicates that these in vitro experiments have
to be interpreted with care.

Finally, as we did not observe an interaction between Pex5p
and Pex13p in both two-hybrid systems, we investigated
further the role of the SH3 domain of Pex13p in the Pex5p-
receptor docking event. Therefore, we developed an in vitro
binding assay in which a putative peroxisomal protein import
complex consisting of PTS1 ligand, Pex5p, Pex14p, and
Pex13p/SH3 was reconstituted. These experiments revealed
that Pex14p, and not Pex13p, functions as the initial docking
site for cargo-loaded Pex5p. These findings are supported
further by the fact that Pex5p accumulates on the peroxiso-
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mal membrane in mammalian cells that are deficient in
Pex13p or overexpress Pex14p and remains cytosolic in cells
deficient in Pex14p (35).
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