
PEX5L stabilizes the interaction between PTS2 and PEX7 
 

1 
 

Mechanistic Insights into PTS2-mediated Peroxisomal Protein Import: The Co-receptor PEX5L 
drastically increases the Interaction Strength between the Cargo Protein and the Receptor PEX7  

 
Markus Kunze1, Naila Malkani2, Sebastian Maurer-Stroh3,4, Christoph Wiesinger1, Johannes A. 
Schmid2, Johannes Berger1 
 
From the Center for Brain Research, Medical University of Vienna, Spitalgasse 4, 1090 Vienna, 
Austria1, Department of Vascular Biology and Thrombosis Research, Medical University of Vienna, 
Schwarzspanierstrasse 17, 1090 Vienna, Austria2, Bioinformatics Institute (BII), Agency for Science, 
Technology and Research (A*STAR), 30 Biopolis Street, Singapore 1386713, School of Biological 
Sciences (SBS), Nanyang Technological University (NTU), 8 Medical Drive, Singapore 1175974 

 

† Running head: PEX5L stabilizes the interaction between PTS2 and PEX7 
 
Correspondence to:  
Markus Kunze, PhD, Center for Brain Research, Department of Pathobiology of the Nervous System, 
Medical University of Vienna, Austria, Tel.: +43-1-40160-34094; Fax: +43-40160-934203; email: 
markus.kunze@meduniwien.ac.at 
 
Key words: peroxisome, PTS2, PEX7, PEX5L, conformational change, signal recognition, modified 
mammalian two-hybrid assay, trimeric complex, protein import, receptor  
_________________________________________________________________________________ 
Background: Interaction between the type 2 
peroxisomal targeting signal and its receptor 
initiates import of the cargo protein. 
Results: The binding of an additional co-
receptor converts this cargo-receptor dimer 
into a highly stable import-competent complex.  
Conclusion: The effective recognition of the 
signal requires the sequential binding of 
receptor and co-receptor.  
Significance: This mechanism of sequential 
binding avoids the peroxisomal transport of 
cargo-free receptor.  
 
ABSTRACT 

The destination of peroxisomal 
matrix proteins is encoded by short peptide 
sequences, which have been characterized as 
peroxisomal targeting signals (PTS) residing 
either at the C-terminus (PTS1) or close to 
the N-terminus (PTS2). PTS2-carrying 
proteins interact with their cognate receptor 
protein PEX7 that mediates their transport 
to peroxisomes by concerted action with a 
co-receptor protein, which in mammals is 
the PTS1 receptor PEX5L. Using a modified 
version of the mammalian two-hybrid assay, 
we demonstrate that the interaction 
strength between cargo and PEX7 is 
drastically increased in the presence of the 
co-receptor PEX5L. In addition, cargo 
binding is a prerequisite for the interaction 
between PEX7 and PEX5L and ectopic 

overexpression of PTS2-carrying cargo 
protein drastically increases the formation 
of PEX7-PEX5L complexes in this assay. 
Consistently, we find that the peroxisomal 
transfer of PEX7 depends on cargo binding 
and that ectopic overexpression of cargo 
protein stimulates this process. Thus, the 
sequential formation of a highly stable 
trimeric complex involving cargo-protein, 
PEX7 and PEX5L stabilizes cargo binding 
and is a prerequisite for PTS2-mediated 
peroxisomal import.                                      
___________________________________ 
 
Proteins compartmentalized within organelles 
reach their destination by the concerted action 
of a targeting signal and the corresponding 
receptor protein that recognizes such signals 
and mediates the initiation of protein transport 
(1). A variety of signal-receptor combinations 
have been investigated that govern the 
transport of newly synthesized proteins to 
mitochondria, the ER or peroxisomes (2-4). 
Soluble proteins destined for peroxisomes are 
folded before the import and, thus, this import 
system has a special status. Peroxisomes are 
single membrane-bound organelles that exert a 
variety of metabolic functions such as 
degradation of hydrogen peroxide and fatty 
acids (α- and β-oxidation) (5) and the synthesis 
of complex lipids (docosahexaenoic acid, 
ether-phospholipids such as plasmalogens and 
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bile acids). Their importance is highlighted by 
the existence of severe inherited human 
disorders caused either by the absence of all 
peroxisomal functions (peroxisome biogenesis 
disorders, PBD) (6) or by single peroxisomal 
enzyme or transporter deficiencies (7). The 
import of peroxisomal matrix proteins is 
initiated by the recognition of a peroxisomal 
targeting signal (PTS) by cognate receptors. 
One type of signal (PTS1) is found at the 
extreme C-terminus of the protein and is 
recognized by the receptor PEX5, whereas 
another type of signal (PTS2) is located in 
proximity to the N-terminus of the protein and 
is recognized by the receptor PEX7. In fungi 
and metazoa the majority of peroxisomal 
matrix proteins is imported via the PTS1-
dependent pathway, whereas in plants 
numerous proteins use the PTS2-dependent 
import pathway (8).  

The PTS2-type peroxisomal targeting 
signal was originally described as a peptide 
with the consensus sequence 
(R/K)(L/V/I)X5(Q/H)(L/A) (9). We recently 
suggested a specification of this nomenclature 
that is derived from this original description, 
but labels the less defined residues as well 
(10). Thereby, the previously defined positions 
are indicated as S1 to S4, whereas the 
intermediate five less characterized positions 
are indicated from X1 to X5 resulting in 
S1S2X1X2X3X4X5S3S4, which will be used 
throughout the text. Frequency-based 
approaches predicted revised consensus 
sequences for PTS2-motifs: R-(L/V/I/Q)-X-X-
(L/V/I/H)-(L/S/G/A)-X-(H/Q)-(L/A) for the 
most common PTS2 variants and (R/K)-
(L/V/I/Q)-X-X-(L/V/I/H/Q)-(L/S/G/A/K)-X-
(H/Q)-(L/A/F) comprising essentially all 
known possibilities (11). These reports 
observed a preference for hydrophobic 
residues at position X3 (8,10,11) and its 
relevance has been verified experimentally 
(10). Furthermore, we demonstrated that the 
PTS2 has to form an alpha-helical 
conformation, in which all important residues 
orient their side chains in the same direction 
and that a flexible linker domain connects the 
PTS2-helix with the core protein to expose the 
signal properly (10). The PTS2 receptor PEX7 
belongs to the family of seven-bladed WD-40 
repeat proteins, which share a characteristic 
shape (12). Patients harbouring a mutation in 
PEX7 suffer from rhizomelic chondrodysplasia 
punctata type 1 (RCDP1) presenting with a 

variety of pathological manifestations such as 
shortening of the proximal limbs and aberrant 
calcification patterns of the cartilage (13). The 
structure of human PEX7 has been predicted 
independently several times (10,14,15), but 
only after the identification of an evolutionary 
conserved groove on top of the cone-shaped 
WD-40 structure, the binding site of the PTS2-
helix could be predicted and experimentally 
verified (10). In this model, two evolutionary 
conserved glutamate residues (E113, E200) are 
part of the binding groove and charge-inverting 
substitutions of these residues interfere with 
cargo binding, whereas a third similarly 
conserved glutamate (E287) is proximal to the 
binding groove but its mutation retains cargo 
binding (10) (schematically presented in Fig. 
1A). This model for the human PEX7-cargo 
interaction has recently been corroborated by 
the resolution of the 3D-structure of the yeast 
ScPex7p bound to a PTS2-carrying cargo 
protein, which shows a virtually identical 
binding mode (16). 

The transport of PEX7-cargo 
complexes to the peroxisomal surface is 
exerted by additional proteins summarized as 
co-receptors. In metazoan and plant species, 
the PTS1 receptor PEX5 acts as co-receptor 
(17-19), whereas in various yeast species the 
co-receptor function is performed either by one 
protein such as Pex20p in Yarrowia lipolytica 
(20) or a corresponding protein complex 
consisting of Pex18p and Pex21p in 
Saccharomyces cerevisiae (21). All these co-
receptor proteins share a short, highly 
conserved domain, which is capable of PEX7 
binding (22,23). In mammalian PEX5 this 
domain is encoded by an independent exon 
that is facultatively omitted by alternative 
splicing giving rise to a long and a short 
isoform of PEX5 (PEX5L and PEX5S), 
whereas in plants the short isoform occurs only 
in rice (24). Furthermore, all co-receptors 
harbour sequences for docking at the 
peroxisomal membrane and further integration 
(25,26), but also for ubiquitination and the 
recycling of the co-receptor/receptor complex 
from peroxisomes to the cytosol (27,28). From 
this perspective, PEX7 exerts a bridging 
function that links various cargo proteins 
harbouring a PTS2 signal with the co-receptor 
protein such as PEX5L that mediates the 
transport and receptor recycling. Thus, PTS2-
carrying proteins are imported by a piggy-
back-like mechanism that has been amply 
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demonstrated in peroxisomal protein import 
(29-31), whereby PEX7 acts as platform to 
handle diverse proteins. The subsequent 
translocation of PTS2-carrying cargo proteins 
across the peroxisomal membrane is 
mechanistically still enigmatic, but most likely 
resembles the better-understood import of 
PTS1-carrying proteins (32).  

In the present work we use a modified 
application of the mammalian two-hybrid 
assay to reveal the counter-wise stabilizing 
effect of cargo- and co-receptor-binding to 
PEX7 on the stability of the trimeric complex. 
Thereby, we provide evidence that in PTS2-
mediated protein import the interaction 
between PEX7 and cargo protein is 
prerequisite for co-receptor binding, which 
reciprocally stabilizes the receptor-cargo 
interaction and initiates transfer of this 
complex to peroxisomes.  
 
EXPERIMENTAL PROCEDURES 
Cell culture and immunofluorescence 
microscopy: The green monkey kidney cell 
line COS7 (ATCC), and human fibroblasts 
from healthy patients (33) and fibroblasts from 
RCPD1 patients carrying mutations 
H39P/W206X have been previously described 
(14). Cells were cultivated in DMEM (COS7) 
or RPMI1640 (fibroblasts) supplemented with 
10% fetal calf serum (FCS), 2 mM L-
glutamine, 50 units/ml penicillin, and 100 
μg/ml streptomycin (BioWhittaker). For 
transfection cells were incubated with 
Lipofectamine 2000 (Invitrogen) according to 
the manufacturer's instructions using opti-
MEM (Invitrogen) or electroporation. 32-48 
hours after transfection, cells were fixed for 15 
minutes with 4% paraformaldehyde in 
phosphate-buffered saline (PBS). Cells were 
washed, permeabilized (5 minutes with 0.1% 
Triton X-100 in PBS), and blocked in blocking 
solution (PBS with 10% FCS and 5% bovine 
serum albumin (BSA, Roche Applied 
Science)). After incubation with primary 
antibodies from different species (rabbit, α-
PMP70 (1:2000, ABR); mouse, α-EGFP 
(1:800, Roche Applied Science)), slides were 
washed with PBS several times and exposed to 
compatible secondary antibodies (Cy2- and 
Cy3-labeled goat α-rabbit IgG and goat α-
mouse IgG, 1:300, Jackson ImmunoResearch, 
PA). Finally, cells were mounted in 
PBS/glycerol (1:9) with 3% DABCO (Sigma). 
For microscopic analysis the invert microscope 

IX71 equipped with a CCD camera (CAM-
XM10) and an appropriate filter set was used 
together with analysis and C-M-cell software 
(Olympus). During the analysis of subcellular 
distribution, cells that showed extremely high 
expression levels were avoided, because in 
these usually a cytosolic distribution of the 
reporter protein was observed, probably due to 
saturation of the PTS2-dependent import 
pathway.  
Cloning of plasmids: The expression plasmid 
pcDNA3.1_zeo-PEX5L was cloned by 
excising the ORF of PEX5L from pCD2 
(PEX5L-IRES-EGFP-SKL, kindly provided by 
Marc Fransen, Leuven, BE) by using the 
restriction enzymes BglII/SalI and inserting 
this DNA-fragment into pcDNA3.1_zeo that 
had been linearized using BamHI and XhoI. 
PTS2thiolase (RS1E)-EGFP was generated by 
digesting the reporter protein lacking a PTS2 
signal (PTS2-tester) (10) with restriction 
enzymes PstI and EcoRI and inserting 
oligonucleotides 1674 and 1675. pcDNA3.1-
mRFP-PEX7: the plasmid myc-PEX7 (Kunze, 
2011) was digested with restriction enzymes 
EcoRI/NdeI and the ORF of mRFP-C1 
together with the CMV-promoter was inserted 
by excising the EcoRI/NdeI fragment from the 
plasmid mRFP-C1, in which the reading frame 
had been shifted by digestion with XhoI, filling 
in of recessive ends with Klenow polymerase 
and religation. The variants encoding the 
mutations E113R, E200R and E287R were 
obtained by the same procedure using the 
corresponding myc-PEX7 plasmids with the 
mutations (10). Two-hybrid plasmids: 
GAL4DBD-HA-PEX5L (pM-HA-PEX5L) was 
obtained by combining (i) the vector backbone 
of the empty plasmid pM digested with SalI 
and NdeI, (ii) a variant of pM-variant 
containing an additional HA-tag behind the 
GAL4-DBD digested with NdeI and BamHI 
and (iii) the ORF of PEX5L obtained by 
digestion of CD2 with BglII/SalI. VP16AD-HA-
PEX5L (pVP16-HA-PEX5L) was generated by 
digesting a variant of the empty plasmid 
pVP16 that also harbours the HA-tag insertion 
(including a NotI site) with SalI and NotI and 
inserting the ORF of PEX5L by digestion of 
pM-HA-HsPEX5 with SalI/NotI. GAL4DBD-
PEX7 was generated by digesting the empty 
plasmid pM with EcoRI and XbaI and ligating 
with the ORF of PEX7 that was obtained by 
excision from the expression plasmid myc-
PEX7 (10) as EcoRI/XbaI fragment. Variants 
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of GAL4DBD-PEX7 were obtained by the same 
procedure using the ORFs from myc-HsPEX7 
variants using plasmids encoding the 
corresponding mutations (plasmids are listed in 
Suppl.Table 1).  
Mammalian Two-hybrid Assay/Luciferase 
Assay: COS7 cells were transfected in 24-well 
plates using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer's instructions 
(1.5 µl lipofectamine) with the following 
plasmids: with 0.1 μg of luciferase reporter 
plasmid pFRluc (Stratagene) and 0.05 μg of 
pCMV-β-Gal (P204, Promega) for 
normalization were combined with the 
appropriate combination of either (i) for 2 
plasmids of 0.35 μg of bait (GAL4DBD 
encoding plasmids) and 0.35 μg of prey 
(VP16AD-DNA-BD encoding plasmids) or (ii) 
for 3 plasmids: with each 0.23 µg of bait, 
0.23µg of prey and 0.23 µg of expression 
vector. After 48 h, the cells were washed once 
with PBS and incubated with 50 μl of lysis 
buffer (100 mM phosphate buffer, pH 7.8, 
0.5% Triton X-100, cOmplete protease 
inhibitor mixture (Roche Applied Science)) for 
20 minutes. The extracts were centrifuged for 
20 minutes at 15,300 × g, and the supernatant 
was measured. The luciferase assay was 
performed according to the protocol of the 
MatchmakerTM system (Clontech) using the 
pRF-Luc vector (Stratagene) as reporter 
plasmid for the detection of interaction by 
luminescence based luciferase activity 
measurements (SynergyH4 reader; BioTek) 
and using the plasmid pCMV-β-Gal for 
normalization of transfection efficiency by 
measuring β-galactosidase activity (34).  
 
RESULTS 
Identification of a mutation in human PEX7 
that interferes with PEX5L binding 
In the predicted structure of human PEX7, a 
highly conserved glutamate residue at position 
287 is located in proximity to the PTS2-
binding groove (Fig. 1A) and the charge-
inverting mutation E287R reduced the affinity 
of PEX7 to the cargo-protein, although binding 
was retained (10). This raised the question, 
whether a PEX7 variant harbouring this 
mutation is functional and able to compensate 
for PEX7 deficiency. Thus, we cotransfected 
human skin fibroblasts obtained from a healthy 
human subject (Fig.1B) or from an RCDP1 
patient lacking functional PEX7 (Fig.1C-E) 
with the PTS2-reporter protein (PTS2thiolase-

EGFP) and either an empty vector (Fig.1B,C), 
an expression plasmid encoding myc-tagged 
human PEX7 (myc-PEX7) (Fig.1D) or a 
variant thereof harbouring the mutation E287R 
(myc-PEX7E287R) (Fig.1E). In cells transfected 
with the empty plasmid the reporter protein 
appeared punctate in cells from the healthy 
person and colocalized with the peroxisomal 
marker protein PMP70 (Fig.1B), whereas in 
cells from the RCDP1 patient the protein was 
evenly distributed across the cell (Fig.1C). In 
cells from an RCDP1 patient expressing myc-
PEX7 the reporter protein showed a punctate 
staining pattern colocalizing with the 
peroxisomal marker PMP70 indicating 
peroxisomal import (Fig.1D), but in cells 
expressing the mutated form myc-PEX7E287R 
the reporter protein was again evenly 
distributed across the cell (Fig.1E). This 
demonstrates that the mutation E287R destroys 
the ability of PEX7 to restore PTS2-mediated 
import in RCDP1 cells although cargo binding 
is retained in this PEX7 variant. Since the 
transport of cargo-loaded PEX7 to the surface 
of peroxisomes requires the interaction 
between PEX7 and the long isoform of PEX5 
(PEX5L), we hypothesized that the mutation 
E287R interferes with the binding to PEX5L. 
Thus, we tested the interaction between PEX7 
and PEX5L in a mammalian two-hybrid assay. 
When COS7 cells were cotransfected with 
expression plasmids encoding PEX5L fused to 
the C-terminus of the VP16-activation domain 
(prey) (VP16AD-PEX5L) and PEX7 fused to 
the GAL4-DNA-binding domain (bait) 
(GAL4DBD-PEX7) together with a luciferase 
reporter plasmid (five copies of the GAL4-
binding element in front of luciferase, 
UAS5xGAL4-BE-luciferase) and a β-galactosidase 
reporter plasmid for normalization, we 
obtained a significant and specific increase in 
the relative luciferase activity compared to the 
controls indicating a specific interaction 
between the proteins (Fig.1F). However, when 
VP16AD-PEX5L was cotransfected with the 
PEX7 variant harbouring the mutation E287R 
the reporter protein activity was comparable to 
the background level suggesting that an 
interaction between the proteins does not occur 
(Fig.1F). These results indicate that the 
mutation E287R interferes with the interaction 
between receptor and co-receptor and, thus, the 
inability of PEX7E287R to restore PTS2-
mediated import is caused by a defect in 
peroxisomal transport of the receptor.  
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Binding of co-receptor PEX5L increases the 
interaction strength between PEX7 and the 
PTS2-carrying cargo 
To confirm the reduced interaction between 
PEX7E287R and the prototypic cargo protein 
(PTS2thiolase-EGFP) relative to native PEX7, 
we performed again a mammalian two-hybrid 
assay using GAL4DBD-PEX7 and VP16AD-
PTS2thiolase-EGFP, thus inverting bait and prey 
compared to our previous work (10). We found 
that the specific interaction between PTS2-
carrying protein and PEX7 was well reflected 
by the high relative luciferase reporter activity 
upon cotransfection of the encoding plasmids, 
whereas controls using empty plasmids 
showed low activity levels (Fig.2A). 
Furthermore, we found that PEX7 retained its 
ability to interact with PTS2-carrying proteins 
upon introduction of the mutation E287R 
(PEX7E287R), although the apparent interaction 
strength1 was reduced to about half (Fig.2A). 
This demonstrates that PEX7E287R can still 
interact with the cargo protein and, thus, the 
protein is neither misfolded nor degraded. 
Moreover, it suggests that the binding of 
endogenous PEX5L strengthens the interaction 
between PEX7 and cargo, which cannot occur 
in the PEX7 variant with the mutation E287R.  
To corroborate the hypothesis of a stable 
trimeric complex consisting of cargo, receptor 
and co-receptor we performed a modified 
version of the mammalian two-hybrid assay, in 
which a putatively stabilizing factor is co-
transfected together with the bait and the prey 
encoding plasmids. The involvement of such a 
third interaction partner that modifies the 
interaction between bait and prey proteins is a 
well-known effect in two-hybrid assays, which 
can also generate false positives due to an 
incorrect attribution of direct interactions. 
However, the power of this approach for the 
investigation of the contribution of a protein in 
trimer-complex formation has hardly been 
exploited. Provided that the interaction 
strength between two proteins is markedly 
increased in the presence of the third protein, 
the reporter protein activity should become 
                                                 
1 We use the term apparent interaction 
strength to emphasize that the relative 
luciferase activity only correlates with the 
stability of the transcriptionally active nuclear 
complex consisting of bait and prey proteins 
and thus reflects the actual interaction strength 
between the tested proteins only indirectly. 

higher upon ectopic expression of this protein. 
Here, this approach was prototypically used to 
investigate the stabilizing effect of PEX5L on 
the interaction between PTS2-carrying cargo 
and PEX7.  
Therefore, we co-transfected COS7 cells with 
the reporter plasmids for luciferase and β-
galactosidase together with expression 
plasmids encoding GAL4DBD-PTS2thiolase-
EGFP and VP16AD-PEX7, and in addition 
either an expression plasmid for PEX5L or an 
empty vector. We observed that the apparent 
interaction strength between PTS2thiolase-EGFP 
and PEX7 was drastically increased by the 
addition of PEX5L, which supports the 
hypothesis that PEX5L binding stabilizes the 
interaction between cargo and receptor 
(Fig.2B). In contrast, PEX5L overexpression 
did not have a stabilizing effect on the 
interaction between PTS2thiolase-EGFP and 
PEX7E287R, which cannot bind PEX5L. Instead, 
PEX5L appeared to even have a destabilizing 
effect on the interaction. This probably reflects 
a dominant negative effect exerted by the 
sequestration of GAL4DBD-PTS2thiolase-EGFP 
into a stable, but transcriptionally inactive 
protein complex together with PEX5L and 
endogenous PEX7, whereas VP16AD-
PEX7E287R cannot form a stable trimeric 
complex. Finally, the question was, whether 
the mutations in the cargo-binding groove of 
PEX7 (PEX7E113R and PEX7E200R) (10) can be 
overcome by the stabilizing effect of highly 
abundant co-receptor PEX5L. Thus, we co-
transfected the VP16AD-PTS2thiolase-EGFP 
together with the PEX7-variants GAL4DBD-
PEX7E113R and GAL4DBD-PEX7E200R and 
compared the stabilizing effects of PEX5L 
overexpression. We found that the 
overexpression of PEX5L also slightly 
increased the apparent interaction strength 
between these PEX7 variants and the PTS2-
carrying cargo protein (Fig.2C), but the values 
remained low compared to the unaffected 
PEX7 protein. This indicated that in the 
presence of PEX5L the number of 
transcriptionally active complexes is increased 
and that this effect is retained in PEX7 
variants, which show no detectable interaction 
with the cargo. Thus, the stabilizing effect of 
overexpressed PEX5L generates a more 
sensitive detection system for low-abundant 
PEX7-cargo complexes, which are also present 
in case of PEX7 variants that harbor a mutation 
in the PTS2-binding groove. However, the 

 at L
ibrary M

edU
ni V

ienna (501026) on January 26, 2015
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


PEX5L stabilizes the interaction between PTS2 and PEX7 
 

6 
 

number of dimers, which are putative targets 
for the stabilizing effect of PEX5L, is expected 
to be very low for these PEX7 variants and 
thus the apparent complex stability remains 
low.  
Altogether, these results corroborated the 
hypothesis that the binding of the co-receptor 
PEX5L drastically stabilizes the interaction 
between PEX7 and its PTS2-carrying cargo 
protein, but is not essential. However, it 
remained unclear, whether cargo binding has 
to precede co-receptor binding or whether 
trimer formation involves a preformed 
receptor-co-receptor complex.  
 
Interaction between PEX7 and PEX5L 
requires cargo binding 
To discriminate between these possibilities we 
investigated, whether cargo binding to PEX7 is 
a prerequisite for the interaction between 
PEX7 and the co-receptor PEX5L. Therefore, 
we performed a mammalian two-hybrid assay 
to compare the apparent interaction strength 
between PEX5L and PEX7 with that of the 
PEX7 variants, in which mutations in the 
PTS2-binding groove (E113R, E200R) 
interfere with cargo binding. The variant that 
cannot bind PEX5L (E287R) served as control. 
COS7 cells were cotransfected with the 
reporter plasmids (luciferase and β-
galactosidase) together with VP16AD-PEX5L 
and GAL4DBD-PEX7 or with the corresponding 
PEX7 variants (GAL4DBD-PEX7E113R, 
GAL4DBD-PEX7E200R and GAL4DBD-
PEX7E287R). We found that the relative 
luciferase activity reflecting the apparent 
interaction strength between PEX5L and PEX7 
was reduced to background level by the 
mutations in the cargo-binding domain 
(Fig.3A). This suggested that the binding of 
endogenous PTS2-carrying proteins 
contributes to the receptor-co-receptor 
interaction even if the relative cytosolic 
abundance of these proteins might be low 
under standard conditions. Moreover, it 
demonstrates that cargo binding is required for 
an effective interaction between PEX7 and 
PEX5L and thus a cargo-independent 
interaction between receptor and co-receptor 
appears improbable. This suggests a sequential 
binding of cargo and co-receptor to PEX7 in a 
defined two-step process. 
 
 
 

Cargo binding is necessary for peroxisomal 
transport of PEX7 
As peroxisomal targeting of PEX7 requires the 
interaction with PEX5L and cargo binding is 
necessary for their interaction, the inability of 
PEX7 variants to bind cargo should block 
peroxisomal targeting of the receptor. 
However, even native myc-PEX7 was nearly 
exclusively found in the cytosol ((35) and our 
own observation) and cannot serve as reporter 
protein. Thus, we took advantage of the 
observation that PEX7 was found at 
peroxisomes, when it was tagged at its N-
terminus with a large protein such as EGFP 
(35), possibly due to an inhibitory effect on 
receptor recycling. Based on this, we generated 
a PEX7 variant, which is extended by the 
monomeric red fluorescent protein (mRFP) at 
its N-terminus (mRFP-PEX7). When this 
protein was expressed in COS7 cells and its 
subcellular localization was investigated by 
immunofluorescence microscopy, we found 
that mRFP-PEX7 appeared as punctate 
structures colocalizing with PMP70 against a 
cytosolic background (Fig.3B). However, the 
mRFP-PEX7 variant that cannot interact with 
PEX5L due to the mutation E287R (mRFP-
PEX7E287R) was evenly distributed across the 
cytosol (Fig.3E) demonstrating that PEX5L 
binding is required for peroxisomal targeting 
of mRFP-PEX7. Next, we expressed the 
mRFP-PEX7 variants that cannot interact with 
PTS2-cargo proteins (mRFP-PEX7E113R, 

mRFP-PEX7E200R) and found that both variants 
were evenly distributed across the cytosol, but 
could not be detected in punctate structures 
(Fig.3C and 3D). This confirms that cargo 
binding is a prerequisite for peroxisomal 
targeting of the receptor, which is induced by 
endogenous PTS2-carrying proteins. 
 
Binding to the cargo affects the interaction 
between PEX7 and PEX5L 
However, we assumed that the amount of 
endogenously expressed PTS2-carrying 
proteins that support the interaction between 
PEX7 and PEX5L in the two-hybrid assay is 
comparably low and, consequently, a high 
level of ectopically expressed cargo protein 
should increase the interaction between PEX7 
and PEX5L. Therefore, we again performed 
the modified version of the mammalian two-
hybrid assay using VP16AD-PEX5L and 
GAL4DBD-PEX7 and investigated the effect of 
ectopically expressed PTS2-carrying cargo 
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protein on the apparent interaction strength 
between PEX5L and PEX7. Thus, COS7 cells 
were co-transfected with the reporter plasmids 
and the expression plasmids for the above-
mentioned bait and prey proteins together with 
an expression plasmid for PTS2thiolase-EGFP. 
As control we used expression plasmids for 
EGFP alone or for a variant of PTS2thiolase-
EGFP in which arginine at the key residue S1 
was substituted by glutamate (PTS2thiolase

RS1E-
EGFP), which destroys the PTS2. We found 
that in the presence of the PTS2-cargo protein 
PTS2thiolase-EGFP the apparent interaction 
strength between PEX7 and PEX5L was 
markedly higher than in the presence of EGFP 
alone or of PTS2thiolase

RS1E-EGFP (Fig.3F). 
These results confirmed the hypothesis that the 
amount of available PTS2-carrying cargo 
determines the apparent interaction strength 
between PEX7 and PEX5L. Moreover, the 
results are in agreement with sequential 
binding of cargo and co-receptor, provided that 
only the level of cargo-loaded PEX7 limits the 
formation of trimeric complexes, which is 
reflected by the apparent PEX7-PEX5L 
interaction strength.  
 
Formation of PEX7-cargo dimers limits the 
generation of trimeric complexes 
To corroborate this interpretation, we 
investigated, whether cargo overexpression can 
also overcome the effects of the mutations in 
the PTS2-binding domain of PEX7 that 
abrogate the interaction between PEX7 and 
PEX5L (Fig.3A), because cargo binding is 
only drastically reduced, but not completely 
blocked in these PEX7 variants (Fig.2C). 
However, in the latter experiment the 
overexpression of the co-receptor increased the 
level of the third interaction partner that snaps 
pre-formed dimer complexes, but does not 
change the amount of these dimers. In contrast, 
the number of pre-formed dimeric complexes 
should be increased when the PEX7 variants 
are exposed to high levels of ectopically 
expressed cargo protein, whereas the number 
of snapping PEX5L is not limiting. 
Consequently, the increase of the apparent 
interaction strength between PEX5L and these 
PEX7 variants should be much higher and 
might be limited by the levels of receptor and 
co-receptor. In contrast, the interaction with 
the PEX7 variant harbouring the mutation in 
the PEX5L-binding site (E287R) should not be 
affected and serves as control. Thus, COS7 

cells were co-transfected with the reporter 
proteins, the vectors encoding VP16AD-PEX5L 
and GAL4DBD-PEX7 or the variants thereof 
(PEX7E113R, PEX7E200R and PEX7E287R) 
together with the cargo protein (PTS2thiolase-
EGFP) or a variant thereof, in which the PTS2-
signal is substituted by an arbitrary sequence 
(PTS2emtpy-EGFP) (Fig.4A). We observed that 
cargo overexpression increased the apparent 
interaction strength between PEX5L and the 
PEX7 variants affected in cargo binding close 
to control level (E200R) or at least to more 
than half of the value (E113R), whereas the 
interaction between PEX5L and PEX7 
harbouring the mutation in the PEX5L binding 
site (E287R) was not restored. This result 
confirmed that a high level of cargo protein 
can suppress the effect of mutations in the 
PTS2-binding groove on the apparent PEX5L-
PEX7 interaction suggesting that the level of 
PEX7-cargo dimers is rate-limiting for the 
apparent interaction between PEX5L and 
PEX7. Nonetheless, the apparent interaction 
strength between PEX5L and PEX7 
harbouring the mutation E113R was 
surprisingly high taking into account the 
inability of this variant to compensate for 
PEX7 deficiency (10). Provided that the 
amount of endogenous PTS2-carrying proteins 
is sufficiently high to mediate PEX5L binding 
of native PEX7, but not of PEX7E113R (Fig.4A, 
bright grey), then these interactions should be 
differentially dependent on the amount of 
ectopically expressed cargo. Therefore, we 
investigated the effect of a stepwise reduction 
(serial dilution) of ectopically expressed PTS2-
carrying cargo protein on the apparent 
interaction strength between PEX5L and PEX7 
or PEX7E113R, respectively (Fig.4B). We found 
that for native PEX7 a relatively low level of 
PTS2-EGFP is sufficient to reach the 
maximum value of the apparent interaction 
strength (about 1:27 dilutions are stimulating 
to a similar extent). In contrast, the interaction 
of PEX7E113R was highly sensitive to a 
reduction of the PTS2-EGFP level (already a 
dilution of 1:3 reduced the apparent interaction 
strength to less than half of the value). Thus, 
already at a dilution of 1:9 we observed drastic 
differences in the apparent interaction strength 
of PEX5L with PEX7 and PEX7E113R, 
respectively. Altogether, these results support 
the hypothesis that the primary interaction of 
PEX7 with the cargo protein is the rate limiting 
step for trimer formation. Endogenous PTS2-
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carrying proteins solely contribute to the 
apparent interaction strength of PEX5L with 
PEX7, but not with PEX7E113R, because this 
mutation drastically reduces the affinity of 
PEX7 to standard PTS2.  
However, even this mutation in the PTS2 
binding groove can be suppressed by a high 
level of cargo protein, because of the rapid 
conversion of the receptor-cargo dimer into a 
very stable trimeric complex. Therefore, we 
next investigated, whether the number of 
directly interacting residues at the interface 
between the signal-binding groove of PEX7 
and the PTS2 is critical for the apparent 
interaction strength between PEX7 and 
PEX5L. The affinity between PEX7 and a 
PTS2 signal should be determined by the 
fitting between the five key residues of PTS2 
signals (S1, S2, X3, S3, S4) and the 
corresponding residues in the cargo-binding 
groove of the receptor, although other residues 
might be involved. Therefore, we compared 
the stabilizing effect of the standard cargo 
protein PTS2thiolase-EGFP with a modified 
variant thereof, in which the histidine at 
position S3 was substituted by glutamate 
(HS3E). This PTS2 variant appeared especially 
suitable, because on the one hand this mutation 
abolished the ability of the nonapeptide to act 
as a PTS2, but on the other hand this ability 
could be restored by the expression of 
PEX7E200R, which acts as receptor variant with 
a compensatory charge inverting mutation 
(cross-complementation) (10). Consequently, 
this modified PTS2-reporter protein 
(PTS2thiolaseHS3E-EGFP) has an optimal fitting 
with PEX7E200R, the fitting with native PEX7 
lacks one interaction and the fitting with 
PEX7E113R lacks two interactions. We 
performed a modified two-hybrid experiment 
to measure the apparent interaction between 
VP16AD-PEX5L and the different GAL4DBD-
PEX7 variants as described for Fig.4A, but co-
transfected expression plasmids encoding 
either PTS2thiolase-EGFP or the variant 
PTS2thiolaseHS3E-EGFP (Fig.4C). We observed 
that the apparent interaction strength between 
PEX5L and the PEX7 variant with optimal 
fitting (PEX7E200R) was similar when 
comparing the effect exerted by this PTS2 
variant with the effect of the optimal PTS2. 
However, the apparent interaction strength 
between PEX5L and native PEX7 was only 
modestly stabilized by this PTS2 variant and 
the interaction of PEX5L with PEX7E113R 

remained at the level of the PEX7 variant that 
cannot interact with PEX5L. This 
demonstrated that the stabilizing effect was 
more sensitive to mutations in the PTS2 signal 
compared to mutations in the PTS2-binding 
groove, which might be due to the fact that a 
residue of the PTS2 signal can interact with 
more than one residue of the receptor.  

 
Binding of the cargo protein induces 
peroxisomal targeting of PEX7 
To confirm that the sequential binding of cargo 
and co-receptor protein to PEX7 is reflected by 
the induction of its peroxisomal transport, we 
investigated whether the subcellular location of 
mRFP-PEX7 or its variants changes upon 
overexpression of the cargo protein 
PTS2thiolase-EGFP. Ectopic overexpression of 
an EGFP variant that is imported into the 
peroxisomal matrix via the PTS1-dependent 
import pathway (EGFP-SKL) and, thus, does 
not interact with PEX7 served as control. 
Therefore, we co-transfected COS7 cells with 
an expression plasmid encoding mRFP-PEX7 
together with an expression plasmid that 
encodes either PTS2thiolase-EGFP or EGFP-
SKL. When we determined the subcellular 
distribution of mRFP-PEX7 by 
autofluorescence microscopy, we found that in 
cells expressing the PTS2-carrying cargo 
protein mRFP-PEX7 appeared in an intense 
punctate pattern colocalizing with the cargo 
protein with hardly any cytosolic staining 
(Fig.5A). In contrast, mRFP-PEX7 appeared 
slightly punctate against a strong cytosolic 
background when cells express PTS1-carrying 
EGFP (Fig.5E). The amount of mRFP-PEX7 
that is not imported into peroxisomes and thus 
distributed across the cytosol and the nucleus 
can be best evaluated by comparing the 
intensity of the red mRFP-signal that is 
observable in the area of the nucleus. Red 
nuclear staining was clearly recognizable in 
cells with a weak peroxisomal transport of 
PEX7, but was hardly visible in cells with 
efficient peroxisomal transport. This latter 
pattern resembled the protein´s localization in 
the absence of ectopically expressed 
peroxisomal protein (Fig.3B). In contrast, the 
expression of PTS2thiolase-EGFP did not change 
the localization of the mRFP-PEX7 variant, 
which cannot interact with PEX5L due to the 
mutation E287R (Fig.5B). However, when the 
effect of PTS2-carrying cargo on the 
subcellular localisation of the mRFP-PEX7 
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variants harbouring mutations in the cargo-
binding site (E113R, E200R) was investigated, 
we found that the overexpression of PTS2-
EGFP induced peroxisomal transport of 
mRFP-PEX7 harbouring the mutation E200R 
(Fig.5D), but not of the one harbouring the 
mutation E113R (Fig.5C). PTS2-less EGFP-
SKL did not induce peroxisomal targeting of 
any mRFP-PEX7 variant (Fig.5F-H). These 
results suggest that peroxisomal transport of 
PEX7 is increased by high levels of PTS2-
carrying cargo protein due to an induction of 
the interaction between PEX7 and the co-
receptor PEX5L. Moreover, the results confirm 
that the absence of peroxisomal targeting of a 
PEX7 variant with severely reduced cargo-
binding properties is overcome by the 
overexpression of cargo protein, as suggested 
by the modified two-hybrid assay.  
 

DISCUSSION 
In mammalian cells PTS2-harbouring proteins 
are shuttled to the peroxisomal membrane by 
the concerted activity of the receptor PEX7 
and the co-receptor PEX5L. In this paper we 
identify the first point mutation in HsPEX7 
that interferes with PEX5L binding and 
demonstrate that PEX5L binding is required to 
stabilize the interaction between PEX7 and 
PTS2-carrying proteins. This extends the 
previously described function of PEX5L in 
transporting PEX7-cargo complexes to the 
peroxisomal surface. Since cargo binding has 
to precede the interaction between PEX7 and 
PEX5L, a defined sequence of interactions 
governs the peroxisomal import of PTS2-
carrying proteins and avoids peroxisomal 
transport of cargo-free PEX7 (futile cycles). 
The cone-like structure of PEX7 is shaped by 
the characteristic WD-40 motifs, whereupon its 
top side appears enriched in evolutionary 
conserved residues. These conserved residues 
are involved in the formation of the binding 
groove for PTS2 helices, but also of the 
binding site for co-receptors such as PEX5L in 
mammals. We demonstrate that the latter 
interaction is abrogated upon charge inversion 
at a conserved glutamate residue of human 
PEX7 (E287R) that has been previously 
described on the top side of PEX7 next to 
glutamate 113 (E113) and glutamate 200 
(E200), which are involved in cargo binding 
(10). Based on the observation that this 
mutation also reduces the interaction of PEX7 
with a PTS2-carrying reporter protein, we 

hypothesized that binding of endogenous 
PEX5L strengthens the interaction between 
PEX7 and the cargo. Thus, we investigated the 
stabilizing effect of the co-receptor PEX5L on 
the receptor-cargo dimer using a modified 
variant of the mammalian two-hybrid assay, in 
which the stabilizing effect of an ectopically 
expressed third binding partner on the 
interaction strength between bait and prey is 
measured. We found that the apparent 
interaction strength between PEX7 and a cargo 
protein was drastically increased (about 20-
fold) upon ectopic expression of PEX5L, when 
using the change in relative luciferase activity 
as measure of the interaction strength. This 
effect was not observed in the PEX7 variant 
that cannot interact with PEX5L (PEX7E287R), 
and even a dominant negative effect was 
observed that probably arises from the 
sequestration of the bait protein (GAL4DBD-
PTS2-EGFP) by the concerted action of 
endogenous PEX7 and the ectopically 
expressed PEX5L. These results suggest that 
the basic interaction between PTS2-carrying 
cargo protein and the receptor PEX7 is 
drastically strengthened by the formation of a 
trimeric complex with PEX5L, but would also 
be compatible with other mechanisms by 
which PEX5L stabilizes the dimer. PEX5L 
could either induce a conformational change in 
PEX7 that tightens the grip of the binding 
groove around the PTS2-helix, or it could close 
the binding groove of PEX7 without a specific 
interaction with individual residues of the 
PTS2-helix, but physically prohibiting its 
release. Finally, PEX5L could engage in direct 
interactions with the PTS2-helix rendering 
PEX5L a part of a bi-partite receptor model 
together with PEX7. The latter model appears 
less likely considering the low conservation of 
physical properties at those positions within 
naturally occurring PTS2 motifs that are 
averted from PEX7 and their insensitivity to 
mutations at these positions (10). However, the 
recently elucidated structure of a similar 
trimeric complex in the yeast consisting of the 
PTS2-carrying protein Fox3p (thiolase), Pex7p 
and parts of the co-receptor Pex21p suggests a 
direct interaction between individual residues 
of Pex21p and the PTS2-helix (16). However, 
this might be specific for yeast, because in this 
organism thiolase represents the nearly 
exclusive substrate for the PTS2-dependent 
import pathway. 
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A model of sequential binding, in which 
PEX5L binding succeeds the primary 
interaction between PEX7 and its PTS2-
carrying cargo is corroborated by our 
investigation of the interaction between PEX7 
and PEX5L and its dependence on cargo 
binding. We demonstrate that PEX7 variants 
that hardly bind cargo (PEX7E113R or 
PEX7E200R) show no detectable interaction with 
PEX5L, which indicates that binding of 
endogenous PTS2-carrying proteins 
contributes to the basic interaction between 
PEX7 and PEX5L. Furthermore, it suggests 
that cargo binding is a prerequisite for the 
formation of the PEX7-PEX5L complex and 
renders a cargo-less dimer not plausible. 
Conversely, the ectopic expression of cargo 
protein drastically increases the apparent 
interaction strength between PEX7 and PEX5L 
in the modified version of the mammalian two-
hybrid assay, which supports the hypothesis of 
an exceedingly stable trimer compared to the 
dimeric forms. A similar observation was 
reported in vitro for the corresponding trimeric 
protein complex in the yeast S.cerevisiae, 
which appears drastically more stable than the 
dimeric complexes, when mixtures of purified 
proteins were analysed by pull-down 
experiments (16). Moreover, in yeast cells 
lacking the predominant PTS2-carrying protein 
(Fox3p), less Pex7p was bound to the co-
receptor Pex18p indicating that cargo binding 
supports the interaction between receptor and 
co-receptor (36). Altogether, the interaction 
between PEX7 and its cargo is stabilized upon 
ectopic expression of the co-receptor PEX5L 
and the interaction between PEX7 and PEX5L 
is stabilized upon ectopic expression of a 
prototypical cargo protein. However, it needs 
to be stressed that the sequence of binding 
events cannot be delineated from the relative 
stability of the di- and trimeric complexes, but 
an analysis of the effects caused by mutations 
in PEX7 allows some hypotheses. The 
mutation E287R only reduces the apparent 
interaction strength between this PEX7 variant 
and cargo proteins, but prohibits co-receptor 
binding. Accordingly, a dominant negative 
effect of PEX7E287R on the import of PTS2-
EGFP into peroxisomes is not expected, 
because the competitive binding of a cargo 
protein results only in the formation of an 
instable dimer, but cannot effectively sequester 
PTS2-EGFP. However, a direct stabilizing 
effect of PEX5L on the receptor-cargo protein 

interaction is demonstrated by the ectopic 
expression of the co-receptor, which does not 
act on PEX7E287R. Furthermore, a loss of the 
cargo-receptor interaction due to mutations in 
the PTS2-binding site cannot be compensated 
by the overexpression of PEX5L suggesting 
that in the absence of the primary cargo 
binding the stabilizing effect of PEX5L cannot 
be observed (Fig. 3C). However, when the 
apparent interaction strength between PEX7 
and PEX5L has been reduced to background 
level due to mutations in the PTS2-binding 
groove of PEX7 (E113R, E200R) this 
interaction can be restored to a certain extent 
upon ectopic overexpression of cargo protein 
(Fig. 4A). On the one hand this demonstrates 
that these PEX7 variants are properly folded 
for the interaction with cargo protein and with 
the co-receptor, but on the other hand it 
demonstrates that the effect of a mutation in 
the PTS2-binding groove of PEX7 can be 
compensated by a high level of cargo protein. 
However, the compensatory effect of ectopic 
cargo expression is dose dependent and less 
effective for PEX7E113R, which reflects the 
lower affinity of this variant for PTS2-EGFP. 
This result is in agreement with a model, in 
which cargo binding is the rate-limiting step in 
the formation of the trimeric complex. If the 
individual mutations in the binding groove 
drastically reduce the affinity of these PEX7 
variants for cargo proteins, the formation rate 
of dimeric complexes is drastically reduced 
and PEX5L cannot bind to cargo-less PEX7. 
However, drastic overexpression of cargo 
protein facilitates the formation of a 
sufficiently high cargo-receptor complex level 
to allow the fixation in a trimeric complex by 
PEX5L. This model is also corroborated by the 
investigation of the stabilizing effects exerted 
by a cargo protein variant harbouring the 
mutation HS3E in the PTS2 on the interaction 
between PEX5L and the PEX7 variants. 
Thereby, we observed that the fitting between 
cargo and receptor is predictive for the 
apparent interaction strength between PEX7 
and PEX5L.  
Thus, in the course of PTS2-mediated 
peroxisomal protein import the sequential 
assembly of a highly stable, trimeric complex 
consisting of cargo protein, PEX7 and PEX5L 
is required for the peroxisomal transport of this 
complex (schematically depicted in Fig.6). 
This model is reflected by our investigation of 
the peroxisomal targeting of the receptor PEX7 
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using an N-terminally tagged version that can 
be detected at peroxisomes. We demonstrate 
that cargo binding is necessary for peroxisomal 
transport, because PEX7 variants harbouring a 
mutation in the cargo-binding groove are 
solely cytosolic. Furthermore, peroxisomal 
targeting of the receptor can be increased by 
ectopic expression of cargo protein, which can 
actually overcome a mutation in the signal-
binding domain. The observation reflects the 
relative interaction strength between the PEX7 
variant and PEX5L.  
Our results are not compatible with a simplistic 
model, in which PTS2-carrying cargo proteins 
are just gathered by PEX7 and imported in a 
piggy-back-like mechanism, because the 
binding of the co-receptor drastically stabilizes 
the receptor-cargo complex and, thus, acts as a 
second step in cargo recognition. The necessity 
of a sequential assembly also prevents 
peroxisomal transport of cargo-less PEX7 and, 
thus, futile cycles of the receptor at the 
peroxisomal membrane. This assembly 
functionally corresponds to the conformational 
change in PEX5 upon cargo binding (37) that 
reflects the necessity of cargo binding for an 
efficient integration of PEX5 into the 
peroxisomal membrane (38). A similar 
mechanistic coupling between the recognition 
of a targeting signal and the transport of the 

receptor to the organellar destination is found 
in the co-translational transport of proteins 
destined for the ER or secretion. There, the 
signal peptide (SP) is recognized by the signal 
recognition particle (SRP), which interrupts 
translation and initiates the transport of the 
complex consisting of the ribosome, the SRP 
and the SP together with the mRNA to the 
docking site on the ER, SEC61 (2).  
However, our findings also shed light on the 
second important step specific for PTS2-
dependent protein import, namely the release 
of cargo inside peroxisomes. The dramatic 
difference in stability between dimeric and 
trimeric complexes implies that the 
disassembly of the complex and the release of 
the cargo within peroxisomes can be initiated 
by each of the interacting partners. Possible 
mechanisms involve the processing of the 
cargo´s N-terminus by the peroxisomal 
protease TYSND1, a conformational change in 
PEX5L resembling the conformational change 
upon release of PTS1-carrying cargo proteins 
or any change in PEX7 that changes the 
interaction with the PTS2-helix or PEX5L.    
Altogether, our investigation provides a 
detailed insight into the sequential assembly of 
PTS2-carrying proteins, PEX7 and PEX5L into 
a trimeric complex that is required for 
peroxisomal transport.
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FIGURE LEGENDS  

FIGURE 1. Glutamate 287 of PEX7 is involved in the binding to the co-receptor PEX5L: (A) 
Schematic representation of the top side of the PEX7-cone indicating three conserved glutamate 
residues and the PTS2-helix. (B-E) Human fibroblasts obtained from a healthy subject (B) or an 
RCDP1 patient (C-E) were co-transfected with the reporter protein PTS2thiolase-EGFP together with 
either the empty vector (B, C) or expression plasmids for native myc-PEX7 (D) or for myc-PEX7E287R 
(E) and after about 40 hours cells were processed for immunofluorescence microscopy. 
Autofluorescence of EGFP (green) and α-PMP70 antibody (red) were used for detection of the 
proteins. (F) Mammalian two-hybrid assay: COS7 cells were co-transfected with the expression 
plasmids for VP16AD-PEX5L and GAL4DBD-PEX7 or GAL4DBD-PEX7E287R together with the luciferase 
reporter plasmid pFR-Luc (GAL45xUAS-luciferase) and the β-galactosidase reporter plasmid (pCMV-β-
Gal). The ratio of luciferase activity and β-galactosidase activity is indicated. 

FIGURE 2. Co-receptor binding stabilizes the interaction between PEX7 and its cargo: (A) 
Mammalian two-hybrid assay measuring the interaction strength between the PTS2-reporter protein 
PTS2thiolase-EGFP (VP16AD-PTS2thiolase-EGFP) and either native PEX7 (GAL4DBD-PEX7) or a variant 
thereof harbouring the mutation E287R (GAL4DBD-PEX7E287R). (B) Modified mammalian two-hybrid 
assay measuring the interaction strength between GAL4DBD-PTS2thiolase-EGFP and VP16AD-PEX7 or 
VP16AD-PEX7E287R in the absence or presence of ectopically expressed co-receptor PEX5L. (C) 
Modified mammalian two-hybrid assay measuring the interaction strength between VP16AD-
PTS2thiolase-EGFP and either GAL4DBD-PEX7 or variants thereof harbouring the mutation E113R 
(GAL4DBD-PEX7E113R), E200R (GAL4DBD-PEX7E200R) or E287R (GAL4DBD-PEX7E287R) in the absence 
or presence of the co-receptor PEX5L. COS7 cells were transfected with expression plasmids for bait 
and prey proteins, the luciferase and β-galactosidase reporter plasmids and the expression plasmid 
encoding PEX5L or the respective empty vector. The ratio of luciferase activity and β-galactosidase 
activity is indicated. 

FIGURE 3. Binding of cargo protein to PEX7 is required for its interaction with PEX5L: (A) 
Mammalian two hybrid assay: COS7 cells were transfected with the luciferase and β-galactosidase 
reporter plasmids and either the empty plasmids or VP16AD-HA-PEX5L and GAL4DBD-PEX7 or 
mutated variants thereof that either severely interfere with cargo binding (E113R, E200R) or directly 
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affect the interaction between PEX5L and PEX7 (E287R). (B-E) Immunofluorescence microscopy of 
COS7 cells transfected with mRFP-PEX7 (B) or variants thereof that harbour mutations interfering 
with cargo binding, mRFP-PEX7E113R (C) or mRFP-PEX7E200R (D), or interfering with PEX5L 
binding,  mRFP-PEX7E287R (E). mRFP autofluorescence (red) and α-PMP70 antibody staining (green) 
were used for detection of the protein´s cellular location. (F) Modified mammalian two-hybrid assay: 
COS7 cells were co-transfected with bait and prey plasmids encoding HA-PEX5L and PEX7 together 
with expression plasmids for EGFP (light grey), the PTS2-carrying cargo protein PTS2thiolase-EGFP 
(dark grey) or a variant of the PTS2-carrying reporter protein harbouring a mutation in the PTS2 
(PTS2thiolase

RS1E-EGFP) (grey). The ratio of luciferase activity and β-galactosidase activity is indicated. 

FIGURE 4. Complex formation between cargo and PEX7 determines the apparent interaction 
strength between PEX7 and PEX5L: (A, B, C) Modified mammalian two-hybrid assay in COS7 
cells: (A) Cells were transfected with the reporter plasmids together with bait and prey plasmids 
encoding VP16AD-HA-PEX5L and GAL4DBD-PEX7 or the respective variants thereof (PEX7E113R, 
PEX7E200R or PEX7E287R) and either an expression plasmid encoding a prototypic PTS2-carrying 
protein (PTS2thiolase-EGFP) or a variant thereof lacking the PTS2 (PTS2empty-EGFP). (B) Cells were 
transfected as described before in (A) using expression plasmids that encode VP16AD-HA-PEX5L and 
GAL4DBD-PEX7 (filled circles) or GAL4DBD-PEX7E113R (open circles) together with different amounts 
of the expression plasmid encoding PTS2-EGFP. For serial dilution a variant of PTS2-EGFP lacking 
the core PTS2 (PTS2empty-EGFP) was used. The values are presented as percentage of the apparent 
interaction strength between PEX5L and native PEX7 in the presence of the same level of PTS2-
EGFP as in (A). The dashed line represents the apparent interaction of native PEX7 without 
ectopically expressed cargo protein. (C) A charge inverting mutation in the PTS2-signal causes 
amplifying or compensatory effects towards different mutations in PEX7: Cells were transfected like 
above, but were co-transfected with the expression plasmid for either PTS2thiolase-EGFP or a variant 
thereof that harbors the PTS2 mutation HS3E (PTS2thiolaseHS3E-EGFP), which  severely decreases the 
affinity to native PEX7, but allows the interaction with PEX7E200R. The ratio of luciferase activity and 
β-galactosidase activity is indicated. 

FIGURE 5. Cargo binding induces transport of PEX7 to the peroxisomal surface: (A-H) 
Subcellular localization of PEX7 upon cargo binding: COS7 cells were co-transfected with mRFP-
PEX7 (A, E), mRFP-PEX7E287R (B, F), mRFP-PEX7E113R (C, G) or mRFP-PEX7E200R (D, H) together 
with PTS2thiolase-EGFP (A, C, E and G) or EGFP-SKL (B, D, F and H) and the subcellular location of 
the proteins was determined using the autofluorescence of mRFP (red) and EGFP (green).  

FIGURE 6. Hypothetical model of PTS2-mediated peroxisomal protein import: The primary 
interaction between a PTS2-carrying cargo protein and PEX7 is drastically stabilized by this 
incorporation into a stable trimeric complex with the co-receptor PEX5L. The latter subsequently 
mediates the transfer of the complex to the peroxisomal surface. 
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