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Background: Peroxisome import receptor Pex5 harbors multiple WXXX(F/Y) sequences for Pex14 binding.
Results: Pex5 contains a novel essential Pex14-binding site with faster binding kinetics than the canonical WXXX(F/Y).
Conclusion: The new Pex14-binding site is critical for matrix protein import due to fast dissociation rates.
Significance: Peroxisomal protein import requires sequential Pex14 binding of Pex5, which may trigger docking and formation
of the translocation pore.

Protein import into peroxisomes relies on the import recep-
tor Pex5, which recognizes proteins with a peroxisomal target-
ing signal 1 (PTS1) in the cytosol and directs them to a docking
complex at the peroxisomal membrane. Receptor-cargo dock-
ing occurs at the membrane-associated protein Pex14. In
human cells, this interaction is mediated by seven conserved
diaromatic penta-peptide motifs (WXXX(F/Y) motifs) in the
N-terminal half of Pex5 and the N-terminal domain of Pex14. A
systematic screening of a Pex5 peptide library by ligand blot
analysis revealed a novel Pex5-Pex14 interaction site of Pex5.
The novel motif composes the sequence LVAEF with the evolu-
tionarily conserved consensus sequence LVXEF. Replacement
of the amino acid LVAEF sequence by alanines strongly affects
matrix protein import into peroxisomes in vivo. The NMR
structure of a complex of Pex5-(57–71) with the Pex14-N-ter-
minal domain showed that the novel motif binds in a similar
�-helical orientation as the WXXX(F/Y) motif but that the tryp-
tophan pocket is now occupied by a leucine residue. Surface
plasmon resonance analyses revealed 33 times faster dissocia-
tion rates for the LVXEF ligand when compared with a
WXXX(F/Y) motif. Surprisingly, substitution of the novel motif
with the higher affinity WXXX(F/Y) motif impairs protein

import into peroxisomes. These data indicate that the distinct
kinetic properties of the novel Pex14-binding site in Pex5 are
important for processing of the peroxisomal targeting signal 1
receptor at the peroxisomal membrane. The novel Pex14-bind-
ing site may represent the initial tethering site of Pex5 from
which the cargo-loaded receptor is further processed in a
sequential manner.

Import of peroxisomal matrix proteins is a cycling multistep
process comprising the post-translational recognition of fully
synthesized and folded peroxisomal proteins in the cytosol,
transport to the peroxisome, docking of the receptor cargo
complex at the organelle surface, and receptor-dependent for-
mation of a transient protein-conducting channel (1, 2). After
translocation of the matrix proteins across the membrane, the
receptors are released into the cytosol to initiate a further round
of import (3).

For the cytosolic cargo recognition, folded and even oli-
gomerized peroxisomal matrix proteins interact with the per-
oxisome targeting signal (PTS)5 receptors Pex5 or Pex7 via cog-
nate targeting sequences PTS1 or PTS2, respectively (4). Only a
minor class of peroxisomal proteins contains the PTS2 signal,
which corresponds to a nonapeptide sequence near the N ter-
minus. The majority of matrix proteins harbor PTS1 motifs that
consist of the tripeptide –SKL (or a conserved variant thereof)
at the extreme C terminus of the protein. The PTS1 motif inter-
acts with the tetratricopeptide repeat domain in the C-terminal
half of Pex5. The intrinsically disordered N-terminal half of
Pex5 per se is capable of performing all transport steps of the
receptor cycle, including docking and pore formation and dis-
location from the peroxisomal membrane (5, 6).

A peroxisomal membrane complex consisting of Pex13 and
Pex14 (and Pex17 in yeast) provides the primary docking site
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for the cargo-loaded receptors (7, 8). Pex14 fulfills additional
important functions in cargo translocation across the peroxi-
somal membrane. For the model organism Saccharomyces
cerevisiae, it was shown that Pex14 together with Pex5 consti-
tutes a large dynamic channel at the peroxisomal membrane,
which is supposed to act as a protein conducting pore (9).
Recent data suggest that the Pex14-Pex5 interaction also plays a
critical role for release of the cargo protein into the lumen of the
peroxisome (10).

Pex5 interacts with Pex14 via diaromatic penta-peptide motifs
that were originally defined by the signature WXXX(F/Y) and are
located in the N-terminal halves of all Pex5 proteins. The number
of the conserved WXXX(F/Y) motifs varies depending on the spe-
cies with, for example, two in yeast or seven in human Pex5 (11).
It was shown that each of the seven WXXX(F/Y) motifs of the
human PTS1 receptor can interact with the highly conserved
N-terminal domain (NTD) of Pex14 with equilibrium dissocia-
tion constants in the nanomolar range (12, 13). A recent bio-
physical study showed that the presence of multiple
WXXX(F/Y) motifs in the N terminus of Pex5 allows the for-
mation of higher order complexes with the Pex14-NTD in vitro,
although it is not clear whether this also reflects the situation in
peroxisomes in vivo (14, 15). Interestingly, human Pex19, which
is supposed to act as an import receptor/chaperone for perox-
isomal membrane proteins, binds competitively to the same
surface in Pex14-NTD via an amphipathic helix-forming penta-
peptide sequence (16). In contrast to typical Pex5 WXXX(F/Y)
motifs, the identified FFXXXF of Pex19 binds with opposite
directionality. The mode of binding is essentially similar as the
ligand adopts an amphipathic �-helical conformation from
which the protruding conserved aromatic side chains are posi-
tioned into hydrophobic pockets formed by Pex14-NTD.

A crystallographic study (17) and NMR analysis (16) of the
free Pex14-NTD revealed that the Pex5 binding domain of
Pex14 adopts a three helical fold. S. cerevisiae Pex5 binds the
N-terminal Pex14 domain via a short segment containing the
reverse motif FXXXW (18), whereas the Pex14-binding site of
Leishmania Pex5 has been mapped to a region without any
sequence similarity to WXXX(F/Y) motifs (19). Recently, it was
reported that Pex14 interacts with tubulin and that this inter-
action also depends on the Pex14-NTD (20).

Taken together, these data demonstrate that the Pex14-NTD
is a small structured domain that mediates versatile protein-
protein interactions linked to peroxisomal function. For bind-
ing to the N-terminal Pex14 domain, ligands harbor the well
studied WXXX(F/Y) motif or variants thereof. However, not all
conserved WXXX(F/Y) motifs form stable complexes with
Pex14, indicating that the consensus sequence might be essen-
tial but not sufficient for Pex14 binding. Prominent examples
are two typical WXXX(F/Y) motifs of S. cerevisiae Pex5 (18, 21)
or one of the three WXXX(F/Y) motifs of Trypanosoma brucei
Pex5 (22). These sequences may mediate the interaction with
other peroxins, as shown for human and yeast Pex5 motifs,
which both can interact with the Src homology 3 domain of
Pex13 (8, 13, 24, 25).

In this study, we identified a novel LVXEF-binding motif for
human Pex14 in the N-terminal half of human Pex5. The new
motif binds to the Pex14-NTD with a comparable affinity but

with notably distinct binding kinetics than the well character-
ized diaromatic WXXX(F/Y) motifs. NMR data and structural
analysis revealed that the novel motif binds in a similar orien-
tation as the WXXX(F/Y) motif but that the tryptophan pocket
is now occupied by a Leu residue. Interestingly, replacement of
the new motif by a canonical WXXX(F/Y) motif with different
binding properties impairs Pex5-dependent protein import.
Our data suggest that the novel Pex14-binding site represents
the initial tethering site of Pex5 from which the cargo-loaded
receptor is further processed in a sequential manner.

EXPERIMENTAL PROCEDURES

Construction of Pex5 Fragment Expression Vectors—For
DNA cloning, Escherichia coli strain DH5� was used. The
human His-tagged Pex5 fragments Pex5-(1–113) and Pex5-(1–
131) were amplified by PCR from pET9d-His6-Pex5L (11) using
the forward T7 promotor primer (Novagen) and the reverse
primers KU582 (Pex5-(1–131)) and KU644 (Pex5-(1–113)) and
subcloned into NcoI/SalI-digested pET9d-His6-Pex5L. The
essential tryptophan in the first WXXX(F/Y) motif (Trp-118)
was replaced by an alanine using the QuikChange XL site-di-
rected mutagenesis kit (Stratagene) using primer pair KU690/
KU1278. Pex5-(1–110) was amplified by PCR from pET9d-
His6-Pex5L (11) using primer pair 1–110 forward and 1–110
reverse. The resulting PCR fragment was subcloned into a
pETM11 vector (EMBL, Heidelberg, Germany) using NcoI and
Acc65I restriction sites. Mutagenic disruption of the novel
Pex14-binding site was achieved by substitution of the amino
acid sequence LVAEF by AAAAA. Mutagenesis was carried out
by overlapping PCR using the primer pairs (forward, T7 pro-
motor primer/reverse; KU1102 and KU1101/reverse T7 termi-
nation). As templates both pET9d-His6-Pex5L and pET9d-
His6-Pex5-(1–131) were used.

Amplification products were subcloned in a modified E. coli
expression plasmid pET24d, allowing N-terminal fusion of a
His6 tag (modified by G. Stier, EMBL) by using XbaI and NotI
restriction endonuclease recognition sites. In addition, the full-
length PCR product was restricted with NcoI and blunted
before it was digested by NotI for subcloning into EcoRV/NotI-
digested mammalian expression vector pcDNA3.1-zeo�. All
point mutations were verified by DNA sequencing. The
sequences of the primers used are listed in Table 1.

Expression and Purification of Recombinant Proteins—The
genes coding for recombinant proteins were all expressed in
E. coli strain BL21(DE3). Expression of the genes encoding
His6-tagged Pex5 proteins and GST-Pex14-(1–78) were carried
out as described previously (11). Purifications of His6-tagged
Pex5 fragments using nickel-nitrilotriacetic acid-agarose and
ResourceQ (GE Healthcare) anion exchange chromatography
and GST-Pex14-(1–78) were carried out as described previ-
ously (11).

Pex14-(16 – 80) and Pex5-(1–110) for NMR studies were
expressed as fusion proteins with a His6 tag followed by a
tobacco etch virus cleavage site as described previously for
Pex14-(16 – 80) (16). 13C,15N- or 15N-labeled proteins were
expressed in minimal M9 medium supplemented with 2 g/liter
[13C]glucose and/or 1 g/liter [15N]ammonium chloride, respec-
tively. Protein samples for NMR studies were purified by Ni2�
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affinity chromatography followed by tobacco etch virus cleav-
age and removal of the His6 tag by a second Ni2� affinity chro-
matography step. The final step of purification consisted of size
exclusion chromatography on a HiLoad 16/60 Superdex75 col-
umn (GE Healthcare) in 20 mM sodium/phosphate buffer, pH
6.5, 100 mM NaCl, and 1 mM DTT.

Peptide Binding—Synthetic peptides were purchased from
Peptide Specialty Laboratories (Heidelberg, Germany) and dia-
lyzed extensively against water before use in NMR studies.
Immobilized peptides were synthesized by the Fmoc (N-(9-
fluorenyl)methoxycarbonyl) method of solid phase peptide
chemistry on a Milligen/Biosearch 9050 Pep-synthesizer.
Cleavage of the peptides from the resin and removal of the
protecting groups were achieved by treating the peptide with
90% trifluoroacetic acid, 2.5% phenol, 2.5% 1,2-ethanedithiol,
1% triisopropylsilane (all from Sigma), and 5% water (26). A
peptide library of the protein sequences of human Pex5-(1–
343) and a combinatorial library to analyze amino acid substi-
tutions of Pex5-(59 – 67) were generated by the Spots technique
according to the manufacturer’s protocol (ABIMED, Auto-
Spot-Robot ASP 222) as described previously (26). The library
representing Pex5-(1–343) consisted of 15-mer peptides with a
13-amino acid overlapping region that were immobilized on a
cellulose membrane. The library was incubated with purified
His6-tagged Pex14-(1–78) as described previously (16). Bound
Pex14-(1–78) was immunodetected using monoclonal anti-His
antibodies (Qiagen).

NMR Spectroscopy—NMR experiments were recorded at
25 °C on 900, 600, or 500 MHz Bruker Avance NMR spectrom-
eters equipped with cryogenic triple resonance gradient probes.
All spectra were processed with NMRPipe (27) and analyzed in
Sparky (33). NMR spectra for assignment and structural deter-
mination of the Pex14-(16 – 80)�Pex5-(57–71) complex were
acquired on a sample containing 13C,15N-labeled Pex14-(16 –
80) bound to unlabeled Pex5-(57–71). Protein backbone and
side chain assignments were obtained using standard triple-
resonance experiments (28).1H chemical shifts of unlabeled
Pex5-(57–71) in the bound form were assigned based on �1-fil-
tered TOCSY and NOESY spectra. Intermolecular NOEs
between Pex14-(16–80) and Pex5-(57–71) were obtained from a
�1-filtered NOESY spectrum (28) with a mixing time of 80 ms.
Paramagnetic relaxation enhancements (PREs) were recorded on

Pex14-(16–80) in complex with either of two 16-mer Pex5 pep-
tides (CASEDELVAEFLQDQN or ASEDELVAEFLQDQNC).
The additional cysteine residue at the N or C terminus of each
peptide was used for covalent attachment of the iodoacetamido-
proxyl spin label. PRE data were recorded and analyzed as
described elsewhere (30).

Structure Determination—The solution structure of the
Pex14-(16 – 80)�Pex5-(57–71) complex was calculated with the
previously established protocol using a modified version of
Aria1.2/CNS (30). The structure of free Pex14-(16 – 80) (Pro-
tein Data Bank code 3FF5) (17) was used as input for structure
calculation and maintained using noncrystallographic symme-
try restraints. Distance restraints were derived from intermo-
lecular (Pex14-Pex5) and intramolecular (Pex5) NOEs. Back-
bone torsion angle restraints were obtained from chemical
shifts of Pex5-(1–110) in complex with Pex14-(16 – 80) using
TALOS� (31). All restraints were employed during a molecular
dynamics and simulated annealing run. The final structures
were refined in a shell of water molecules (32) and validated
using the iCing web interface. Molecular images were gener-
ated with PyMOL (Schrödinger, LLC).

Pex5-Pex14 Interaction Assays—Isothermal titration calo-
rimetry (ITC) measurements were carried out at 25 °C using an
iTC200 calorimeter (GE Healthcare). Pex14-(16 – 80) at a con-
centration of �600 �M in buffer A (20 mM sodium phosphate,
100 mM NaCl, pH 6.5) was injected in the cell containing Pex5-
(1–110) at a concentration of �35 �M in buffer A. After correc-
tion for heat of dilution, the data were fitted to a one-site bind-
ing model using the Microcal Origin 7.0 software.

The interaction between Pex5 proteins and GST-Pex14-(1–
78) was also studied using surface plasmon resonance spectros-
copy with a BIAcore 2000 instrument (BIAcore AB) as described
previously (11). Data were evaluated with the BIAevaluation soft-
ware version 4.1.1 (BIAcore AB) using the 1:1 Langmuir binding
fit. Interaction assays using size exclusion chromatography were
performed on a Superose 6 PC 3.2/30 column (GE Healthcare) as
described previously (11).

In Vivo Studies—Pex14-binding sites in full-length Pex5 were
disrupted either individually or simultaneously by substituting
amino acids 62– 66 by penta-alanine (LVAEF3AAAAA) or by
replacing essential tryptophans of respective WXXX(F/Y)
motifs, Trp-118 (W118A) and Trp-140 (W140A) by alanine.

TABLE 1
Oligonucleotides used

Designation Sequence (5� to 3�)

T7 promotor TAATACGACTCACTATAG
T7 termination GCTAGTTATTGCTCAGCGG
KU582 CTAGGTCGACTATACATCCACAGCATCTCCAGC
KU644 CTAGGTCGACCTAGGCCAAGTCTGCCACACC
KU690 TGGCCTTGTCTGAGAATGCGGCCCAGGAGTTTCTT
KU1101 GGAGTAGCTTCTGAAGATGAGGCGGCGGCGGCGGCGCTGCAGGACCAGAATGCACCC
KU1102 GGGTGCATTCTGGTCCTGCAGCGCCGCCGCCGCCGCCTCATCTTCAGAAGCTACTCC
KU1255 TATAATGAGACTGACGCGTCCCAAGAATTCATCTCTG
KU1278 AAGAAACTCCTGGGCCGCATTCTCAGACAAGGCCA
KU1279 CAGAGATGAATTCTTGGGACGCGTCAGTCTCATTATA
RE2142 GAGTAGCTTCTGAAGATGAGTGGGCGCAGGAGTTCCTGCAGGACCAGAATGC
RE2143 GCATTCTGGTCCTGCAGGAACTCCTGCGCCCACTCATCTTCAGAAGCTACTC
RE3533 GATCAGATCTATGGCAATGCGGGAGCTGG
RE3534 GATCGTCGACTCACTGGGGCAGGCCAAAC
1–110_F TAATCCATGGCAATGCGGGAGCTGGTGG
1–110_R TATTGGTACCTTATGCCACACCAGGGGCTCTCTGG
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Mutagenesis of LVAEF was carried out by overlapping PCR
using mutagenic primers KU1101 and KU1102 and pcDNA3-
PEX5S (23) as a template. Substitution of the tryptophans of the
first and the second WXXX(F/Y) motif with alanines was
achieved by using QuikChange XL site-directed mutagenesis
kit (Stratagene) and primer pairs KU690/KU1278 and KU1255/
KU1279, respectively. For substitution of LVAEF by WAQEF,
primers RE2142/RE2143 were used. A bicistronic expression
plasmid coding for EGFP-SKL and nontagged Pex14 (pMF120
(29)) was kindly provided by Marc Fransen (Leuven, Belgium).
pIRES2-EGFP-SKL was constructed by replacing the open
reading frame of PEX14 with the original multiple cloning
site from pIRES2-EGFP. The PEX5S open reading frames with
and without mutations were amplified using primer pair
RE3533/3534 and subcloned into pIRES-EGFP-SKL using
BglII and SalI restriction sites. Primer sequences are shown
in Table 1.

The bicistronic expression vectors coding for Pex5 variants
and EGFP-PTS1 were transfected into the human cell line
�PEX5T, which was derived from Pex5-deficient Zellweger
patient fibroblasts (20). Forty-eight hours after transfection,
cells were subjected to immunofluorescence microscopy using
polyclonal rabbit antiserum against human Pex14 and mono-
clonal antibody against AFP (MP Biomedicals, Heidelberg,
Germany). For quantitative analysis, three to six independent
transfections of each pIRES-Pex5-EGFP-SKL expression plas-
mid were monitored. Based on the appearance of EGFP-SKL
fluorescence pattern, about 100 cells of each experiment were
visually categorized in full or partial complementation of per-

oxisomal import as visualized by punctate staining pattern or
no complementation indicated by diffuse nonpunctate cytoso-
lic background staining. All micrographs were recorded on a
Zeiss Axioplan 2 microscope with a Zeiss Plan-Apochromat 63
�/1.4 oil objective and an Axiocam MR digital camera and were
processed with AxioVision 4.6 software (Zeiss, Jena, Germany).
The steady-state level of Pex5 expression was assessed by
immunoblot analyses of transfected cells using polyclonal rab-
bit antibodies against HsPex5. Anti-prohibitin antibodies
(Abcam) were used as loading control.

RESULTS

Identification of a Novel Pex14-binding Site in the N-terminal
Domain of Human Pex5—To identify the Pex14-binding sites
of human Pex5, we performed a peptide scan analysis. The
membrane array consisted of synthetic 15-mer peptides that
sequentially overlap by 13 residues and represented Pex5-(1–
343) composing the entire sequence of the Pex14-interacting
region (11). The cellulose-bound peptides were incubated with
His-tagged Pex14-NTD, and bound protein was visualized by
immunodetection with anti-His antibodies. Peptides contain-
ing one of the seven known WXXX(F/Y) motifs did bind the
Pex14 probe resulting in a staining pattern of clusters of four to
six successive peptides (Fig. 1A, white boxes). In accordance
with previously reported dissociation constants (KD) for
WXXX(F/Y) binding (12), the strongest immunological label-
ing was obtained with peptides containing either the first
WXXX(F/Y) sequence (amino acids 118 –122, spots 56 – 60) or
the fifth WXXX(F/Y) motif (amino acids 243–247, spots 117–

FIGURE 1. Identification of a novel Pex14-binding motif in the N-terminal domain of the human PTS1 receptor. A, peptide scan analysis of Pex5 for
Pex14-binding sites. 15-mer peptides with two amino acid (aa) shifts between successive peptides representing amino acids 1–343 of Pex5 were synthesized
on a cellulose membrane. The first spot of each row is indicated by numbers. After incubation with purified His-tagged Pex14-NTD, interacting peptide spots
were detected with anti-His antibodies. Sequences of interacting peptide arrays (dashed boxes), including the novel binding motif (spots 27–31), are shown,
and the overlapping amino acids of all peptides within each array are highlighted in gray, and core sequences with highest structural similarity are indicated
by bold letters. B, substitution analysis of the conserved residues of the novel Pex14-binding region of human Pex5. Each row represents a variant of the human
Pex5-(59 – 67) sequence, EDELVAEFL, in which the indicated core amino acid was replaced with any of the 20 proteinogenic amino acids. His-tagged Pex14-
NTD interacting peptides were detected by immunoblot analysis using anti-His antibodies. C, LVXEF motifs within the N-terminal domain of Pex5p are
conserved among several groups of metazoans. Representative sequences are shown. Similar sequences with the consensus MXXEF were detected in Pex5
sequences of C. elegans and filamentous fungi represented here by A. fumigatus.
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122). Surprisingly, the peptide scan revealed, in addition to the
seven known Pex14-binding sites, staining for five consecutive
peptides that do not contain a WXXX(F/Y) motif (Fig. 1). The
overlapping region of the new binding site represents 7 amino
acids with the sequence ELVAEFL. The core sequence LVAEF
resembles the Pex5 WXXX(F/Y) motifs with the major differ-
ence that tryptophan is replaced by the hydrophobic amino acid
leucine (Fig. 1A).

To further characterize the sequence requirements of the
novel Pex14-binding motif, we carried out a peptide scan sub-
stitution analysis. To this end, 15-mer peptides corresponding
to the Pex5 sequence 59EDELVAEFL67 were synthesized to har-
bor a single amino acid exchange at each position of the mini-
mal binding sequence (Fig. 1B). The major difference between
the novel LVAEF and canonical WXXX(F/Y) motifs concerns
the two first residues. Whereas in WXXX(F/Y) motifs only the
tryptophan is invariant for interaction with Pex14 (12, 16),
in the monoaromatic 62LVAEF66 binding sequence, two hydro-
phobic residues Leu-62 and Val-63 are critical for Pex14 binding.
However, the leucine residue in the new motif is interchangeable
with the aromatic residues tryptophan, phenylalanine, and tyro-
sine (Fig. 1B). Interestingly, the peptide containing tryptophan
instead of leucine seems to bind to Pex14-NTD with a higher affin-
ity than the original sequence. Common to all Pex14-binding
motifs of human Pex5 is the invariant position of an aromatic res-
idue, either phenylalanine or tyrosine at position 5 of the penta-
peptide as well as the preference for a glutamate in position 4.

Sequence alignment of known PTS1 receptors revealed that
an LVXEF sequence motif preceding the first canonical
WXXX(F/Y) motif is conserved in many metazoa (Fig. 1C). In
Caenorhabditis elegans, the residues at positions 1 and 2 of the
corresponding sequence are methionine and alanine, respec-
tively, both of which would interfere with binding of the peptide
to human Pex14. Remarkably, the LVXEF sequence motif is
absent in Pex5 from plants and yeasts but similar sequences
were found in Pex5 of several filamentous fungi, including
Aspergillus fumigatus.

NMR Analysis and Structure of the Complex of Pex14-NTD
with the Novel Pex5 LVXEF Motif—To further characterize the
binding of Pex5 to Pex14-NTD using NMR spectroscopy, we
studied a construct comprising only the first 110 residues of
human Pex5, which lacks any of the known WXXX(F/Y) motifs.
NMR fingerprint spectra of 15N-labeled Pex5-(1–110) show
very little dispersion, characteristic of an unstructured protein.
However, upon addition of unlabeled Pex14-NTD, the spec-
trum changes significantly, indicating a strong interaction
between Pex5-(1–110) and Pex14-NTD (Fig. 2A). Analysis of
13C�/� secondary chemical shifts revealed that the region
including residues Glu-59 to Gln-70 of human Pex5 (59EDEL-
VAEFLQDQ70) forms an �-helix upon interacting with Pex14-
NTD (Fig. 2B). The identified �-helix contains the core
sequence LVAEF, matching the sequence obtained from our
peptide scan analysis.

The binding site of the LVXEF motif on the structure of
Pex14-NTD was mapped based on chemical shift perturbations
seen upon addition of a 16-mer Pex5 peptide containing the
LVAEF sequence to 15N-labeled Pex14-NTD (Fig. 3A). The
chemical shift perturbations (data not shown) involve the same
set of residues that have been previously shown to bind to a
WXXX(F/Y) motif of Pex5, indicating that the new motif inter-
acts with the same surface of Pex14-NTD (16). To elucidate
molecular details for the recognition of the novel Pex5 motif by
Pex14-NTD, we determined the solution structure of the com-
plex. The structure of the complex was determined based on
the previously reported structure of Pex14-NTD (16, 17), using
a protocol that we have recently established (30), and included
47 intermolecular NOE-derived distance restraints between
Pex14-NTD and Pex5-(57–71) (Table 2). The Pex14-NTD
adopts a three-helical bundle in which helices �1 and �2 con-
stitute the main binding interface. The Pex5 LVXEF motif binds
in an �-helical conformation to the hydrophobic surface of
Pex14-NTD (Fig. 3B). Three conserved residues (Leu-62, Val-
63, and Phe-66) of the LVXEF motif are involved in hydropho-
bic interactions with Pex14-NTD. Phe-66 is inserted into a

FIGURE 2. Residues Glu-59 to Gln-70 of Pex5 form an �-helix upon interacting with Pex14-NTD. A, 1H,15N HSQC spectra of 15N-Pex5(1–110), free (black) and
in complex with Pex14-NTD (cyan). Few residues undergoing large chemical shift perturbations are labeled. B, plot of 13C�/� secondary chemical shifts of
Pex5-(1–110) in complex with Pex14. Positive values indicate an �-helical conformation for residues Glu-59 to Gln-70 of Pex5 that harbor the novel LVXEF motif
(highlighted in cyan).
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hydrophobic pocket in Pex14 and engages contacts with Pex14
Phe-35 and Phe-52 on helices �1 and �2, respectively. Leu-62 is
not deeply buried in the second hydrophobic pocket of Pex14

but interacts with the aliphatic side chain of the conserved
Lys-56 in Pex14. In addition, Pex5 Val-63 is involved in hydro-
phobic interactions with Pex14 Val-41 and Phe-35. The con-

FIGURE 3. NMR structure of the Pex14-NTD-Pex5-(57–71) complex. A, 1H,15N HSQC spectra of 15N-Pex14-NTD, free (black), and titrated with 2-fold excess of
Pex5-(57–71) (red). B, ribbon representation of the lowest energy NMR structure of the Pex14-NTD�Pex5-(57–71) complex. C, structural comparison of Pex14
interaction with LVAEF (left) and WAQEF (right) peptide ligands of Pex5. Side chains of residues involved in intermolecular interactions are shown as sticks. The
recognition of Phe (in LVAEF and WAQEF) by Pex14 is similar in the two structures; however, the main difference lies in the recognition of LV (in LVAEF) and Trp
(in WAQEF) residues. Plausible salt bridges between Glu and Lys side chains are indicated by red dashed lines in both structures.
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served Val-41 is centrally located in the short 310-helix of
Pex14-NTD between helices �1 and �2 and makes contact with
both Val-63 and Phe-66 in the LVXEF motif of Pex5 (Fig. 3C).
Thus, similar to the previously reported structures, where
hydrophobic pockets in Pex14-NTD accommodate aromatic
side chains of WXXX(F/Y) motifs or the inversely oriented
FFXXXF motif in Pex5 and Pex19, respectively (16), the LVXEF
motif uses the same pocket for recognition of phenylalanine. In
contrast, recognition of the LV sequence in the newly identified
LVXEF motif is distinct from the interactions with Phe or Trp
in canonical WXXX(F/Y) motifs (Fig. 3C).

Electrostatic interactions also play an important role in
ligand binding by Pex14-NTD. As described previously, the
binding interface of Pex14-NTD forms a highly positively

charged surface complementary to the negatively charged Pex5
and Pex19 ligands (16). The structure of the Pex14-Pex5 LVXEF
motif suggests that Lys-55 and Lys-56 of Pex14 form salt
bridges with Glu-65 and Glu-59 of Pex5, respectively (Fig. 3C).
According to our peptide scan analysis, Glu-65 in the Pex5
LVXEF motif is critical for Pex14 binding. Furthermore, char-
ge-reversal substitution of Glu-59 located C-terminally to the
LVXEF motif leads to loss of Pex14 binding (Fig. 1B). Thus,
electrostatic interactions make important contributions to the
recognition of the Pex5 LVXEF motif by Pex14.

Our previous structural studies have shown that Pex14-NTD
can interact with helical motifs of Pex5 and Pex19 in opposite
orientations. The Pex5 LVAEF peptide adopts the same direc-
tionality as the previously reported Pex5 WXXX(F/Y) peptide
(16). To further validate the orientation of the novel Pex5
LVXEF motif helix, we used PRE data for two spin-labeled pep-
tide ligands with the spin label attached either to the N or C
terminus. Addition of a spin-labeled peptide to Pex14-NTD
leads to line broadening of amide protons that are in the vicinity
of the spin label. Analysis of the PRE data for both peptides
shows that experimentally observed line broadening effects are
in agreement with the theoretically calculated ones based on
our NMR structure (Fig. 4). Thus, the PRE data independently
confirm that the Pex5 LVXEF motif binds to Pex14 in the same
orientation as the Pex5 WXXX(F/Y) peptide.

Equilibrium and Kinetic Binding Properties of Pex14-
NTD�Pex5 Complexes—We determined the binding affinities
and kinetic rate constants for the complex of Pex14-NTD with
the novel Pex5 motif using isothermal titration calorimetry and
surface plasmon resonance experiments. The ITC data show
that Pex5-(1–110) binds to Pex14-NTD with a dissociation
constant (KD) of 157 � 9 nM (Fig. 5A), demonstrating high
affinity binding, similar to the WXXX(F/Y) motifs (12, 16). The
stoichiometry of binding was 1:1, confirming that the identified
binding sequence represents the only accessible interacting site
within the N-terminal 110 residues of Pex5.

For analysis by surface plasmon resonance experiments,
GST-Pex14-NTD was coupled to the surface of sensor chips

FIGURE 4. PRE experiments confirm the orientation of the Pex5-(57–71) peptide bound to Pex14-NTD observed in the NMR structure. Comparison of
experimental (blue squares) and back-calculated PRE data (black circles, error bars indicate variations across the NMR ensemble) obtained for Pex14-NTD in
complex with C-terminally (left panel) and N-terminally (right panel) spin-labeled Pex5 peptides. In both cases, there is excellent agreement between experi-
mental and back-calculated values, as judged from the low value of the quality factor QPRE. The paramagnetic spin label was attached to a terminal cysteine
residue added to the Pex5 peptide (shown in red).

TABLE 2
NMR and structural statistics
Statistics are reported for the 10 lowest energy structures from a total of 100 calcu-
lated. r.m.s.d. is root mean square deviation.

NMR restraints
Total NOE distance restraints 173

Inter(Pex14-Pex5 peptide) 47
Intra(Pex5 peptide) 126

PRE-derived distance restraints 113
Hydrogen-bonds 16
� � � torsion angle restraintsa 30

Restraint violations
Distance violations �0.3 0.0
Dihedral angle violations �5° 0.0
r.m.s.d. from experimental distance restraints 0.031 � 0.007
r.m.s.d. from experimental torsion angle restraints 0.698 � 0.273°

Deviations from idealized geometry
Bonds 0.005 � 0.000
Angles 0.668 � 0.007°
Impropers 0.965 � 0.083°

Coordinate precision r.m.s.d.b
Backbone 0.56 � 0.16
Heavy atom 1.17 � 0.07

Ramachandran plot analysisb

Residues in most favored regions 97.5%
Residues in additionally allowed regions 2.5%
Residues in generously allowed regions 0%
Residues in disallowed regions 0%

a Dihedral angle restraints were derived from TALOS�.
b This applies to residues 25–70 of Pex14 and 57–71 of Pex5.
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and incubated with increasing concentrations of the N-termi-
nal Pex5 fragment. The LVXEF containing Pex5-(1–117) inter-
acted with Pex14-NTD with a KD of 87 nM (Table 3). Interest-
ingly, a longer N-terminal fragment, Pex5-(1–131), which
harbors both the LVXEF and an additional WXXX(F/Y) motif
(amino acids 118 –122), exhibited a much higher binding affin-
ity with a KD of 4.6 nM.

To analyze and compare the kinetic properties for the inter-
action of the novel and canonical Pex14-binding motifs, frag-
ments containing mutations disrupting either the novel Pex14-
binding site or the WXXX(F/Y) motif (WAQEF) were analyzed
(Fig. 5B). The kinetic binding constants of monovalent complex
formation were assessed by fitting the surface plasmon reso-
nance binding curves assuming the 1:1 Langmuir binding
model.

Inactivation of the Pex14-binding W1 motif was achieved by
substitution of the tryptophan by alanine (12). The LVXEF-
containing Pex5-(1–131) (with inactive W1) exhibited similar

binding kinetics as the shorter fragment Pex5-(1–117) (Table
3). To study the kinetics of W1-containing Pex5-(1–131), the
newly identified LVXEF motif was replaced by penta-alanine.
As shown by in vitro binding assays, this mutation abolishes the
monovalent interaction between N-terminal fragments of Pex5
and Pex14 (Fig. 6).

The fragment containing the functional WXXX(F/Y) motif
displayed a 3-fold slower association rate (kon) and a 33-fold
reduced dissociation rate (koff) compared with the same frag-
ment containing only the functional LVXEF motif (Table 3).
Thus, the novel LVXEF motif exhibits significantly faster bind-
ing kinetics with Pex14 than the adjacent WXXX(F/Y) motif.

Functional Analysis of the Novel Pex14-binding Site—To
study the physiological relevance of the LVXEF motif, we
replaced these amino acids with five alanines in the context of
full-length Pex5 and tested its ability to rescue the peroxisome
import defect of Pex5-deficient fibroblast cells. For this pur-
pose, a pIRES vector was constructed, which encodes a bicis-

FIGURE 5. Rate and equilibrium binding constants of the interaction of regions of Pex5 and Pex14. A, ITC curve of the interaction between Pex5-(1–110)
and the N-terminal domain of Pex14 (Pex14-NTD). Pex14-NTD was injected into the cell, containing Pex5-(1–110), and the heat of binding was measured per
mol of injectant. The raw data were fitted to a one-site binding model, which yielded a KD of 157 � 9 nM with a stoichiometry of 0.97 � 0.002. B, for surface
plasmon resonance spectroscopy analyses, 700 response units (RU) of purified GST-Pex14-NTD were immobilized on an anti-GST sensor chip surface, and
varying concentrations of purified Pex5-(1–131)(W118A) and Pex5-(1–131)(LVAEF � AAAAA) were applied. The concentrations used for both Pex5-(1–131)
constructs were as follows: 1, 4, 15, 60, and 240 nM (graphs from bottom to top). Analyses were performed as described under “Experimental Procedures,” and
the results are summarized in Table 3.

TABLE 3
Rate and equilibrium binding constants of the interaction of immobilized GST-Pex14-NTD and Pex5 proteins
Association rate constants, kon, dissociation rate constants, koff, and equilibrium binding constants, KD, were determined by surface plasmon resonance spectroscopy using
GST-Pex14-NTD immobilized on an anti-GST surface as ligand and the various Pex5 proteins as analytes. Disruption of Pex14-binding sites, either of the new motif
(LVAEF) or the N-terminal WXXX(F/Y) motifs (Trp-118 and Trp-140), by alanine replacements are indicated. For each Pex5 construct, the number of remaining
Pex14-binding sites is shown (Pex14-BS(n)).

Pex5- Pex14-BS kon koff KD

n M	1s	1 s	1 M

1–117 1 7.0 � 104 6.1 � 10	3 87 � 10	9

1–131 (W118A) 1 7.5 � 104 6.6 � 10	3 87 � 10	9

1–131 (LVAEF3 AAAAA) 1 2.6 � 104 0.2 � 10	3 9.2 � 10	9

1–131 2 31 � 104 1.4 � 10	3 4.5 � 10	9

Full length 8 55 � 104 1.2 � 10	3 2.2 � 10	9

Full-length (LVAEF3 AAAAA) 7 67 � 104 1.7 � 10	3 2.5 � 10	9

Full-length (LVAEF3 AAAAA, W118A, W140A) 5 65 � 104 2.8 � 10	3 4.3 � 10	9
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tronic mRNA for full-length Pex5 harboring the respective
point mutations and EGFP fused with the peroxisomal matrix
protein targeting sequence –SKL (EGFP-PTS1) at its C termi-
nus. 48 h after transfection, cells were inspected by fluorescence
microscopy. A peroxisomal punctate pattern indicates either
partial or full complementation of the import phenotype (Fig.

7A). Wild-type Pex5 rescued the PTS1 import defect of most of
the transfected cells (82%), whereas the LVAEF 3 AAAAA
mutant restored peroxisomal protein import in only 43% of the
cells. Thus, most cells exhibited no punctate staining, indicative
of a complete mislocalization of the peroxisomal marker pro-
tein to the cytosol and thus a severe import defect. Moreover,
almost all cells that still exhibited a punctate staining upon
expression of the LVAEF3AAAAA mutant displayed a partial
import defect with strong cytosolic background (Fig. 7A, lower
panel). The data indicate that inactivation of the novel Pex14-
binding motif strongly affects the efficiency of peroxisomal
protein. Importantly, the inactivation of the LVXEF motif
(LVAEF 3 AAAAA) showed a more severe effect on matrix
protein import than mutations of the adjacent first WXXX(F/Y)
motif (W118A) or the second WXXX(F/Y) motif (W140A).
When these mutations were combined with mutation of the
LVAEF sequence (LVAEF 3 AAAAA, W118A, W140A), the
complementing activity of the triple mutant protein was almost
completely abolished (Fig. 7A). Remarkably, the severe import
defect of the triple mutation does not correlate with a notable
loss of affinity with Pex14 as indicated by surface plasmon res-
onance binding experiments with purified proteins (Table 3).
Fig. 6B shows that the different complementing activity of wild-
type and mutant Pex5 is not due to different steady-state levels
of the proteins.

We next asked whether a canonical WXXX(F/Y) sequence
can functionally replace the novel monoaromatic LVXEF motif.
To this end, the residues Leu-62, Val-63, and Ala-64 of the
LVAEF sequence were substituted by tryptophan, alanine, and
glutamine. The corresponding penta-peptide sequence
(62WAQEF66) matches exactly the sequence of the N-terminal
WXXX(F/Y) motif. Remarkably, this mutant displays a similar
phenotype as the Pex5 variant that lacks a functional Pex14-
binding site at this position (Fig. 7A). Most of the cells trans-
fected with the substitution mutant (LVAEF 3 WAQEF)
exhibit a severe import defect. Apparently, a WXXX(F/Y) motif
cannot fully account for the LVXEF motif, indicating that not
only the presence of a Pex14-binding site at this N-terminal
position determines import efficiency but that also the kinetic
properties of the binding site play a critical role. Replacement of
the first WXXX(F/Y) motif by LVAEF did not affect the com-
plementing activity of full-length Pex5 or of the variants Pex5-
(LVAEF3 AAAAA) and Pex5-(LVAEF3WAQEF) (data not
shown). This further supports the view that the fast on/off rates
of Pex14 binding are only critical at the N-terminal position.

DISCUSSION

The highly conserved N-terminal domain of Pex14 possesses
a much broader binding specificity for peptide ligands as antic-
ipated. Originally, the sequence signature of the core binding
region has been defined as WXX(QED)(FY) based on the anal-
ysis of human Pex5-Pex14 interaction (12). However, the exist-
ence of 2–9 WXXX(F/Y) motifs in each of the known Pex5
sequences can neither predict that the regions containing the
consensus sequences indeed interact with Pex14 nor does it
exclude that additional Pex14-binding sites exist. By using a
peptide scan approach, we here identified all linear Pex14-bind-
ing sites of human Pex5 experimentally. Besides the seven

FIGURE 6. Substitution of LVXEF motif with AAAAA inhibits in vitro bind-
ing of an N-terminal fragment of Pex5 to the N-terminal domain of
Pex14. A, surface plasmon resonance spectroscopy shows that Pex5-(1–113)
binds to immobilized GST-tagged N-terminal domain of Pex14 (GST-Pex14-
NTD), although Pex5-(1–113)(LVAEF � AAAAA) lacking the LVXEF motif does
not. For the binding experiments, the concentration of the Pex5 fragments
was 50 nM. B, isolated N-terminal domain of Pex14 (Pex14-NTD) was preincu-
bated with wild type or the mutant Pex5-(1–113), which lacks the LVXEF motif,
and the mixtures were analyzed by size exclusion chromatography. The
curves in the upper panel were recorded after applying mixtures of GST-
Pex14-NTD either with Pex5-(1–113) (solid line) or with Pex5-(1–113)(
LVAEF � AAAAA) (dotted line). The data show that incubation of GST-Pex14-
NTD with the Pex5-(1–113) results in a shift to higher molecular weight, indic-
ative of complex formation. This shift is not observed with the mutated Pex5
fragment Pex5-(1–113)(LVAEF � AAAAA). As control, the lower panel displays
gel filtration profiles of the purified fragments in the absence of binding part-
ners: GST-Pex14-NTD (dashed line), Pex5-(1–113) (solid line), and Pex5-(1–
113)(LVAEF � AAAAA) (dotted line). Optical density, OD, of the column efflu-
ent was monitored at 280 nm.
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WXXX(F/Y) motifs, we detected a novel site that includes Pex5
residues 62– 66 with the sequence LVAEF. NMR analysis
showed that similar to WXXX(F/Y) motifs, the novel penta-
peptide motif adopts an amphipathic �-helix where the pheny-
lalanine residue is recognized by one of the two hydrophobic
pockets in Pex14-NTD. However, compared with canonical
WXXX(F/Y) ligands, the Leu and Val residues do not com-
pletely occupy the corresponding pocket but form alternative
hydrophobic interactions with residues in the proximity. Fur-
thermore, our structural and mutational analyses suggest that
electrostatic interactions may play a more important role in
binding of Pex14 to LVXEF compared with the canonical
WXXX(F/Y) motif. The length and helical conformation show
that the novel LVXEF motif is a variant of the WXXX(F/Y)
motif that binds to the same surface of Pex14. The LVXEF
ligand has a comparable affinity to human Pex14 (KD around
100 nM) as the seven WXXX(F/Y) motifs of Pex5 (KD values
ranging from 3 to 150 nM) (12, 16).

Interestingly, comparison of the newly identified LVXEF
motif with the first WXXX(F/Y) motif at amino acids positions
118 –122 of human Pex5 revealed distinct binding kinetics.
Most remarkably, the LVXEF motif exhibits a 33 times higher
dissociation rate when compared with a diaromatic Pex14
ligand (Fig. 5B and Table 3). One possible explanation for these
differences could be that the hydrophobic pocket in the binding
surface of Pex14 is better suited to accommodate a single tryp-
tophan residue as in the WXXX(F/Y) motif than the two amino
acids Leu and Val of the LVAEF sequence.

Alanine substitution of the hydrophobic residues or the
whole penta-peptide sequence of the LVXEF motif disrupts
interaction with Pex14-NTD. However, site-directed mutagen-
esis of the new motif in full-length constructs of Pex5 does not
significantly disturb Pex14-NTD interaction in terms of affinity
and kinetic properties (Table 3). These in vitro results could be
expected because each of the remaining WXXX(F/Y) motifs per
se can act as high affinity ligands for Pex14. Thus, a triple
mutant of full-length Pex5 lacking the novel motif and two adja-
cent WXXX(F/Y) motifs retains full affinity with Pex14-NTD
(Table 3). In contrast, the same triple mutant expressed in
Pex5-deficient cells almost completely failed to rescue the
import defect (Fig. 7A). In fact, comparison of the complement-
ing activities of single site mutants revealed that mutagenesis of
the LVXEF motif has the most severe effect on the protein
import into peroxisomes.

The in vivo results indicate a critical role for the new Pex14-
binding site, which cannot be efficiently substituted by other
Pex5 WXXX(F/Y) motifs even with higher affinity for Pex14. A
possible mechanistic role for the new motif could be derived
from the fast kinetics of LVXEF interaction with Pex14. In com-
parison with WXXX(F/Y) motifs, the LVXEF ligand associates
three times faster, and the dissociation rate is even 33 times
faster. Accordingly, it is tempting to speculate that the novel

FIGURE 7. Functional complementation of PEX5-deficient fibroblasts
by Pex5 carrying mutations in distinct Pex14-binding sites. Full-
length Pex5 was mutagenized either in single Pex14-binding sites by ala-
nine substitution of the LVXEF motif (LVAEF � AAAAA), the first (W118A),
or the second (W140A) WXXX(F/Y) motif, or in combination (LVAEF �
AAAAA, W118A,W140A). Furthermore, the LVXEF motif was substituted by
the first WXXX(F/Y) motif, indicated by LVAEF � WAQEF. All constructs
were expressed in Pex5-deficient fibroblasts (�PEX5T) from bicistronic
expression vectors coding for the full-length Pex5 variants as indicated
and EGFP fused to a PTS1 (EGFP-SKL). A, localization of the peroxisomal
matrix marker protein EGFP-SKL was monitored by immunofluorescence
microscopy using antibodies against EGFP. Peroxisomes were labeled in
red by immunofluorescence microscopy of the peroxisomal membrane
marker Pex14. Representative cells expressing the Pex5-LVAEF � AAAAA
mutant are shown in the lower panel. A congruent punctate red and green
fluorescent pattern indicates partial or complete restoration of peroxi-
somal protein transport, whereas diffuse cytosolic staining of EGFP-SKL
shows that the protein is at least partially mislocalized to the cytosol,
indicating a low complementation activity of transfected Pex5 variant.
The graph shows a quantitative analysis of mutant phenotype comple-
mentation by the individual Pex5 variants. Values were obtained from
three or six independent transfection experiments. For each experiment,
100 transfected cells were categorized into those enabling EGFP-PTS1
import (peroxisomal) and those without complementation of the import

defect (cytosolic). B, immunoblot analysis shows that all Pex5 variants are
present at the same steady-state level as the plasmid-encoded full-length
wild-type Pex5. Negative controls show lysates of cells either nontrans-
fected or transfected with empty vector (pIRES2). The analysis of prohibi-
tin served as loading control.
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Pex14-interacting site in vivo also establishes the first contact
between the PTS1 receptor and its docking protein Pex14. On
the basis of the relatively high dissociation rate of the
LVXEF�Pex14 complex, it seems possible that after initial con-
tact, Pex14 is then transferred to other WXXX(F/Y) motifs with
higher affinity for further processing of the PTS1 receptor at the
peroxisomal membrane. The hypothesis that the LVXEF
sequence serves as the initial docking and loading site is sup-
ported by in vivo studies. Intriguingly, replacement of the novel
motif in human Pex5 with a high affinity WXXX(F/Y) motif
impairs the function of Pex5 in the same way as its substitution
with a sequence that does not interact with Pex14 at all. This
further suggests that the structural and kinetic features of the
LVXEF motif but not simply the presence of a Pex14-binding
site at the N terminus of Pex5 are important for the function of
the receptor in matrix protein import.

In conclusion, our data clearly demonstrate that human Pex5
contains eight Pex14-binding sites, and each of these motifs per
se is a high affinity ligand for the peroxisomal docking protein
Pex14. An intriguing question is whether these eight motifs can
interact with Pex14 in a sequential manner or whether simul-
taneous binding of these motifs would form higher order com-
plexes of Pex14 and Pex5. The presence of multiple, partially
redundant binding sites could be advantageous for docking of
the PTS1 receptor by increasing the avidity of Pex5-Pex14
interaction. However, this work and other recent data suggest
distinct roles of the different Pex14-binding sites in Pex5 during
protein import.

Although still speculative, we propose a mechanistic model
enabling sequential binding of the receptor during the protein
import cascade (Fig. 8). In this model, the new motif serves as a
preferred docking site for cargo-loaded PTS1 receptor. Disso-
ciation and sliding along the Pex5 polypeptide chain could ini-
tiate further binding of Pex14 to WXXX(F/Y) motifs 1–5 result-
ing in the formation of a multimeric Pex5-Pex14 complex that
presumably represents the protein-conducting channel ena-
bling matrix protein translocation across the peroxisomal
membrane. Interestingly, a stable subcomplex consisting of

Pex5 and Pex14 with a 1:5 stoichiometry could be isolated from
rat liver peroxisomes (6). Finally, Pex14 binding to the down-
stream-located WXXX(F/Y) motifs six and seven triggers cargo
release (10). Pex13 might also play a critical role in pore assem-
bly or disassembly because it was shown that WXXX(F/Y)
motifs 2– 4 of Pex5 are able to interact with this peroxin (13). To
test the model, future studies need to be initiated to character-
ize the membrane topology of Pex5 mutants defective in one or
more Pex14-binding sites.
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