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Fig.3. Characterization of the interactions between Pex14p and Pex17p. (A) Map of connections between side chains of Pex14p and Pex17p identified by XL-
MS. Purified Strep,-Pex14p/Hiss-Pex17p complexes were cross-linked using BS3 and subjected to in-solution digestion using trypsin. Straight red lines rep-
resent intermolecular cross-links, gray curved lines intra- or intermolecular cross-links, and blue lines indicate homomultimeric linkages. The line thicknesses
indicate the number of matches found for each cross-link. Gray flags denote identifications of residues modified by the hydrolyzed cross-linker. All cross-link
identifications can be found in Dataset S1. (B) Structure prediction of Pex14p and Pex17p overlaid with our cryoEM density of the Pex14p/Pex17p complex. An
ab initio 3D structure prediction of the individual proteins using trRosetta (57) was manually expanded to visualize the secondary structure elements of the
prediction and their potential position in our cryoEM density. The positions at which the model of the prediction was manually rearranged are indicated by
orange triangles, and the predicted secondary structure elements are indicated. The amino acid residues that form intermolecular cross-links between Pex14p
and Pex17p in our cross-linking experiment are marked as red sticks, and the observed cross-linking pattern as red dashed lines. (C) Gal4p binding domain
(DB)/Pex14p fusions with progressive N- and/or C-terminal deletions of Pex14p were assayed for their interaction with Pex17p167_199. Double transformants of
PCY2 pex14A cells expressing the indicated fusion proteins were selected, and p-galactosidase activity was determined by a filter assay using X-gal as sub-
strate. Three representative independent double transformants are shown. The p-galactosidase activity shown on the Right is the average of triplicate
measurements for three independent transformants harboring each set of plasmids. SEM, SE of mean; U, units. (D) Native complexes were isolated from
solubilized membrane fractions from wild-type cells expressing either Pex17pTPA or Pex17p4_16,TPA eluted from IgG-Sepharose with TEV protease. An eluate
of wild-type cells served as control. Equal portion of the solubilisate (Left) and eluate (Right) were subjected to immunoblot analysis with antibodies as
indicated. (E) Cells of wild-type, pex17A, or pex17A cells expressing plasmid-based Pex17p variants as indicated were grown overnight on glucose minimal
media. Subsequently,10-fold dilutions were prepared, and 2 pL of each dilution were spotted onto oleate plates, which were scored for the appearance of
colonies and halo formation. In contrast to wild-type cells, pex77A mutant was not able to utilize oleate. Expression of wild-type Pex17p as well as Pex17p;_167

restored the growth defect of pex717A cells, whereas Pex17pq_q25 lost its ability for functional complementation.

order to characterize possible secondary binding sites, Pex17p
lacking its C terminus (Pex17p;_;67) Was analyzed in its endog-
enous environment, the peroxisomal membrane, instead of the
nucleus, as is the case in yeast two-hybrid assays. To this end, a
wild-type strain expressing either Pex17p or Pex17pi_i¢7
genomically tagged with protein A (Pex17pTPA, Pex17p;_i67
TPA) with a TEV cleavage site between both fusion partners was
used. In line with published data and the function of Pex17p as a
constituent of the receptor docking complex, Pex13p, Pex14p as
well as the PTS1-receptor Pex5p, were coisolated when full-
length Pex17p served as bait (Fig. 3D) (44). As originally de-
scribed (23), other components of the importomer, represented
by the two RING-finger proteins Pex10p and Pex12p, were also
part of the Pex17p complex. Pex17p lacking its C-terminal
Pex14p binding module displayed a significant reduction in its
steady-state level when compared with wild-type protein and the
constituents of the importomer that were present in the Pex17p
complex, were also associated with Pex17p,_;5;TPA, albeit in a
much lower amount (Fig. 3D). Thus, the results demonstrate that
Pex17p1_167 is still associated with the importomer, although it is
lacking its C-terminal Pex14p binding region. This is again in line
with the XL-MS results, corroborating that interactions between
the first putative coiled coils and between the N termini of
coexpressed Pex14p and Pex17p (Fig. 3 A and B) promote the
insertion of Pex17p;_ 167 into Pex14p membrane complexes
(Fig. 3D). Interestingly, growth on oleic acid of cells deficient in
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Pex17p was restored upon expression of Pex17p;_;¢7, indicating
that the truncated Pex17p;_j47 is biologically active (Fig. 3E).

Intermolecular Interactions within the Predicted Coiled-Coil Domains
of Pex14p Are Essential for Its Oligomerization. To assess which of
the Pex14p/Pex14p interactions are essential for oligomerization,
we used recombinantly expressed truncated Pex14p variants and
monitored formation of oligomers by chemical cross-linking and native
MS. One N-terminal variant, Pex14p;_os, and two C-terminal variants
comprising solely the second coiled-coil domain (Pex14p,;3_341) or
both coiled-coil domains (Pex14p;9 341), were incubated with the
cross-linker BS3 and products of the reactions separated by SDS/
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
(Fig. 44). Whereas the N-terminal and the shorter C-terminal
variant remained in the monomeric form, the larger C-terminal
variant including both coiled-coil domains showed additional
bands indicative of the formation of dimers and trimers (Fig. 44).
With increasing concentrations of the cross-linker, the trimer band
became stronger than the dimer band, but no higher molecular
weight bands of tetrameric or higher oligomeric species appeared
(SI Appendix, Fig. S10). The same Pex14p variants were analyzed
by native MS to study their oligomerization behavior (Fig. 4B).
In line with the cross-linking results, the two shorter variants
were observed solely monomeric, whereas the longer variant
comprising both coiled-coil domains predominantly formed tri-
mers and, to a considerably lesser extent, dimers and monomers.
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Fig. 4. Oligomerization properties of Pex14p variants. (A) Recombinant variants of Pex14p comprising its N-terminal domain (Pex14p,_gs; calculated mo-
lecular mass of 13.8 kDa; circle), a shorter (Pex14p213-341; 17.3 kDa; triangle) and a longer C-terminal part (Pex14p119_341; 28.1 kDa; square) were cross-linked
using BS3 and separated by SDS/PAGE. Bands assigned to monomeric, dimeric, and trimeric forms are marked by one, two, or three symbols. (B) Native MS of
Pex14p_gs5 (Top), Pex14p,13_341 (Middle), and Pex14pq19_341 (Bottom). Main charge states are indicated based on assignments of peak series to monomeric and
oligomeric complexes. The respective charge-state deconvoluted spectra are shown on the Right and indicate molecular masses of the monomeric proteins
(Top: observed molecular mass of 13.8 kDa; Middle: 17.3 kDa; and Bottom: 28.1 kDa) as well as the dimeric and trimeric Pex14p19_341 (Bottom: 56.2 kDa and
84.3 kDa). (C) Schematic view of homomultimeric (straight blue lines) and intramolecular (gray curved lines) cross-links as well as peptide modifications by
loop links (gray angled lines) and monolinks (flags) identified and quantified by LC-MS in monomeric (Top) and trimeric (Bottom) Pex14pq19-341. Quantitative
analysis further distinguished linkages recovered equally from monomeric and trimeric forms (gray) and monomer-specific linkages (purple). All quantified
cross-link residue pairs can be found in Dataset S2. (D) Side-by-side comparison between reference-free class averages of Strep,-Pex14p(M51L)/Hise¢-Pex17p in
nanodisc (cryoEM) and the homotrimeric Pex14py19_341 Variant (negative stain).

From the cross-linking experiment, gel-separated monomeric
and oligomeric forms of Pex14p;;9_34; Were subjected to diges-
tion using trypsin and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) for peptide identification. In addi-
tion, a quantitative MS analysis was performed, enabling a direct
comparison of the abundance of individual cross-linked peptides
identified in the trimer to those in the monomer (SI Appendix,
Fig. S11). The map of interactions resulting from this analysis is
summarized in Fig. 4C. We identified a set of 13 residue pairs
specifically enriched with the trimer representing (homomulti-
meric) intermolecular interactions along the full region of both
predicted coiled-coil domains (Fig. 4C, blue lines, and SI Ap-
pendix, Fig. S11C, red dots). Four cross-linked residue pairs,
Lys128 and Lys130 to Lys161 as well as Lys130 and Lys135 to
Lys190 had ratios close to 1:1 and thus were present in almost
equal abundance in monomers and oligomers (Fig. 4C, gray
lines, and SI Appendix, Fig. S11C, red dots). They represent
contacts between the beginning and the center of Pex14p’s
coiled-coil domain 1 (Fig. 4C, gray lines) and were not identified
in the Pex14p/Pex17p complex (see Fig. 34), indicating a higher
degree of flexibility of this part of Pex14p in the absence of its
TMD and Pex17p. Of note, one residue pair of high abundance
(199/233) and two pairs of lower abundance (162/190 and 161/
190) were monomer specific (Fig. 4C, purple lines, and SI Ap-
pendix, Fig. S11C), suggesting that these linkages may prevent
assembly into oligomeric forms. This is in agreement with their
absence in the pattern of connections detected in the Pex14p/
Pex17p complex (compare Fig. 34).

In conclusion, in vitro formation of Pex14p oligomers (pre-
dominantly homotrimers) required the presence of its first
coiled-coil domain. The identified intermolecular interactions
along the full length of both predicted coiled-coil domains of
Pex14p homotrimers confirm the parallel assembly of the individual
molecules. Connections between the two coiled-coil domains within
Pex14p monomers in absence of the transmembrane domain in-
terfere with the formation of higher oligomers, possibly by forcing
bended conformations not compatible with the parallel geometry.

We further subjected the longer trimeric variant (Pex14p 19341
homotrimers including the two coiled-coil domains and the
C-terminal domain of Pex14p) to negative-stain analysis. The trimeric
subcomplex forms 16-nm rods that appear similar to the full-length
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Pex14p/Pex17p complex without the nanodisc density (Fig. 4D and ST
Appendix, Fig. S12). This further confirms that three parallel arranged
predicted coiled-coil domains of Pex14p indeed assemble to form the
backbone of the elongated extramembrane rod-like domain of the
Pex14p/Pex17p complex.

Membrane Topology of Pex14p/Pex17p. At this point, it is impor-
tant to emphasize that yeast Pex14p contains two binding sites
for the PTS1 receptor PexSp: the first at the N-terminal domain
and the second at the C-terminal domain (Fig. 14). Both do-
mains are not resolved in our cryoEM structure. The C-terminal
domain of Pex14p (~100 aa) is predicted to be intrinsically dis-
ordered and thus highly flexible, whereas the N-terminal domain
is highly conserved and forms a three-helix bundle (43), which is
however connected to the transmembrane domain by a long
flexible linker peptide (SI Appendix, Fig. S9), allowing apparently
a high degree of flexibility. With regard to Pex17p, only the
helices forming the two-short coiled-coil domains above the
membrane are identified in our cryoEM structure.

To verify the presence of the N-terminal domains of both
Pex14p and Pex17p within the rod complexes observed by cryoEM
and clarify their membrane topology, we coexpressed (Pex14p/Hisg-
Pex17p) and (Hiss-Pex14p/Pex17p), reconstituted the respective
complex in MSP1ID1AHS nanodiscs, labeled with Ni-NTA gold,
and imaged by negative-stain EM (Fig. 5 A and B and SI Appendix,
Fig. S13). In both cases, the gold particles bound below the nano-
discs, suggesting colocalization of the N termini of Pexl4p and
Pex17p. This is in agreement with the XL-MS data that revealed
linkages between the N-terminal domains of Pex14p (Lys67) and
Pex17p (Lys20 and Lys21) (Fig. 3 4 and B).

In order to exclude the possibility that the narrow nanodiscs
prevent the formation of higher-order assemblies and challenge
the oligomerization and overall structure of the Pex14p/Pex17p
complex in a more close-to-native lipid environment and mem-
brane curvature, we reconstituted the complex in liposomes and
visualized the liposomes by negative-stain EM and cryoET
(Fig. 5 C-E). After successful reconstitution, the liposomes were
shaped like sea urchins, with multiple copies of rods (spikes)
covering isotropically their outer surface. The 20-nm single rods
were visible around the circumference of the liposomes mostly
arranged perpendicular to the bilayer plane, clearly resembling
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a His-Pex14p/Pex17p b Pex14p/His -Pex17p

Fig. 5. Immunogold labeling of the N termini of Pex14p/Pex17p and in-
corporation into liposomes. (A, B) Localization of the N-terminal Hisg-tag in
the recombinant Hisg-Pex14p(M51L)/Pex17p (A) and Pex14p(M51L)/Hise-
Pex17p (B) with Ni-NTA nanogold. The topology of the gold label is also
shown graphically mapped on the model of Pex14p/Pex17p. The N termini of
both proteins are clearly located closely to the nanodisc MSP1D1AHS5. (C)
Representative negative-stain image of Pex14p/Pex17p incorporated into lipo-
somes. (D and E) Slices through the tomographic cryoEM volume of a single
Pex14p/Pex17p liposome (D) and corresponding 3D segmentation (E), showing
the bilayer (gray) and the characteristic Pex14p/Pex17p rods (yellow).

the cryoEM structure in the nanodisc (Fig. 5 C-E and Movie S3).
Pex14p/Pex17p do not form larger supercomplexes upon liposome
incorporation.

Discussion

It is well established that Pex13p, Pex14p, and Pex17p mediate
the docking of cytosolic receptor-cargo complexes to the per-
oxisomal membrane (10-14, 45-47). Pex13p and Pex14p recog-
nize and physically bind both of the import receptors, Pex5p and
Pex7p. This, and the fact that Pex17p interacts with Pex14p (14,
47, reviewed in ref. 48) led to the conclusion that these three
peroxins form the receptor—docking complex. However, docking
of the receptor cargo complex supposedly is mediated by Pex14p
(21, 22). Along this line, transport of the peroxin Pex8p into
peroxisomes, requires only the presence of Pex14p and the im-
port receptor Pex5p (49). Moreover, in vitro, Pex5p and Pex14p
alone are capable of forming a gated ion-conducting channel
(15). Taken together, these data suggest that Pex14p oligomers
constitute minimal receptor—docking complexes.

In our study, we characterize the overall architecture of
Pex14p in complex with Pex17p. We show that Pex14p and
Pex17p together form a ~143-kDa rod-like complex (Fig. 1C and
SI Appendix, Fig. S5), containing three copies of Pex14p and one
copy of Pex17p. The cryoEM structure suggests a homotrimeric
parallel helical bundle formed by three copies of the predicted
coiled-coil domain 1 of Pex14p and further association of both
predicted coiled-coil domains of a single Pex17p copy into this
arrangement (Fig. 64). The resulting heterotetrameric parallel
a-helical bundle shows however several kinks and does not dis-
play a typical tetrameric coiled-coil structure, as we initially
expected, thereby allowing possibly a higher degree of flexibility.
The XL-MS data, the yeast two-hybrid assays, and functional
expression of a Pex17p variant suggest a parallel arrangement of
Pex14p and Pex17p along their complete sequence (Fig. 64).
Importantly, we show that both predicted coiled-coil domains of
Pex14p are required for its homooligomerization (Fig. 4).

Pex17p has been identified in yeast, whereas a human coun-
terpart is missing. According to previous studies, Pex17p seems
dispensable for receptor docking, but important to increase the
efficiency of the docking event (23, 24). Our data suggest that in
absence of Pex17p yeast Pex14p is capable of forming rod-like
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homotrimers (SI Appendix, Fig. S5C), which are however more
heterogeneous and flexible compared to the Pexl14p/Pex17p
complex (SI Appendix, Fig. S7). Pex17p associates tightly with
Pex14p and increases the stability of the Pex14p homotrimers.
Thus, Pex17p might not be required for peroxisomal protein
translocation or pore formation per se but for the stabilization of
higher oligomeric state Pex14p complexes. Such a supporting
function seems not to be required in higher eukaryotes. Indeed,
mammalian Pex14p does not contain the predicted coiled-coil do-
main 2, which according to our data is one of the main interaction
sites to Pex17p in yeast, and might thus possess altered oligomer
stability and/or oligomerization properties in general (50).

The topology of Pex14p at the peroxisomal membrane has
been a matter of debate. However, it is well established in the
field, that the C-terminal two-thirds of Pex14p are exposed into
the cytosol (46, 51). The EM analysis clearly shows these struc-
tural regions, including the predicted coiled-coil domains, lo-
cated above the nanodisc. The C-terminal domain of Pexl4p
(~100 aa) is not resolved in our cryoEM structure. According to
secondary and 3D structure predictions (Fig. 3B and SI Appen-
dix, Fig. S9A4), this domain containing the cytosolic receptor
binding domain is apparently flexible. Furthermore, the three
C-terminal domains of Pex14p within the Pex14p/Pex17p com-
plex do not show homomultimeric linkages (Fig. 34), suggesting
that they do not homooligomerize but possibly flexibly wobble
around the helical rod instead (Fig. 64). Gold-labeling experi-
ments allowed us to directly detect the N termini of both Pex14p
and Pex17p colocalized below the nanodisc, hence on the opposite
side of the membrane with regard to the cytosolic C-terminal do-
mains. According to our results, the two receptor binding sites of
Pex14p are thus located on opposite sides of the peroxisomal
membrane: the first at the N-terminal domain (intraperoxisomal)
and the second at the C-terminal domain (facing the cytosol) (52).
In addition, the 2D class averages of Pex14p/Pex17p indicate that
the conserved N-terminal domain is highly flexible, only appearing
as blurry density below the nanodisc (Movie S1).

The N-terminal domain of Pex14p, which also contains one of
the receptor binding sites, is indeed connected to the trans-
membrane domain by a flexible interdomain linker peptide (S7
Appendix, Fig. S9 and Fig. 64).

The cryoEM tomograms of reconstituted Pex14p/Pex17p in
liposomes revealed isotropic decoration of the liposomes by the
complex resulting in a sea urchin-like proteoliposome. Thus, the
Pex14p/Pex17p complexes do not locally modify membrane
curvature and do not form higher-order assembly structures or
clusters in the close-to-native lipid environment of a liposome.

Our data thus strongly indicate that the peroxisomal docking
complex, mainly formed by Pex14p, resembles a rod-like struc-
ture that emanates into the cytosol and uses highly flexible ter-
minal peptides to recruit the cargo-loaded receptor complexes
(Fig. 6B). The further steps of pore formation and cargo trans-
location can only be speculated at this stage. The overall Pex14p
architecture presented in this study renders the possibility of
entry of further Pex14p domains into the membrane upon re-
ceptor binding rather unlikely. A cluster of charged residues in-
between the transmembrane helix and the first coiled-coil helix
(SI Appendix, Fig. S9) would prevent insertion of the coiled-coil
helices into the membrane bilayer. The possible distance of the
C-terminal receptor binding site to the membrane is unlikely to
allow entry of this unstructured domain into the membrane
without dramatic conformational changes of the predicted
coiled-coil domain. Furthermore, the o-helices of the conserved
intraperoxisomal N-terminal domain containing the first recep-
tor binding site are not amphipathic, and thus not capable of
entering the membrane (Fig. 6B). The overall fishing rod-like
architecture of the complex suggests a pivotal role of Pex14p
in recruitment of PexSp/cargo complexes. The rod-like domains
position the flexible C-terminal tail of Pexl4p far into the
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Fig. 6. Organization of the Pex14p/Pex17p complex. (A) Model of the Pex14p/Pex17p complex. The topology and arrangement of the different domains are
indicated, according to the results of the present study. (B) Model for triggering peroxisomal translocation upon binding of the receptor-cargo complex to

Pex14p/Pex17p at the peroxisomal membrane.

cytosol. This way, a maximal amount of cargo-receptor com-
plexes in the vicinity of the peroxisome can be captured and fixed
in proximity to the peroxisomal membrane to enforce the for-
mation of the translocation pore. This would imply that the pore
may be exclusively formed by the receptor PexSp, which is in line
with the transient pore model (53), suggesting that Pex5p is
functioning like a pore-forming toxin (Fig. 6B). Indeed, import-
deficient pexI4A yeast mutants are capable of importing matrix
proteins after Pex5p overexpression (54) and in vitro, Pex5p is
capable of entering the membrane without any help from the
docking complex, when present at high concentrations (55). The
interaction of the N-terminal domain of Pex14p to membrane-
embedded PexSp might then further stabilize the Pex5p transient
pore assembly (Fig. 6B).

Our results provide mechanistic insight into the yeast peroxi-
somal docking complex and thus into major aspects of the per-
oxisomal import machinery in general. Achieving near atomic
resolution is beyond our grasp now, but we are confident that our
study will provide a strong foundation and trigger future in vivo
and in vitro structural and integrative studies of higher-order
assemblies, toward understanding key events of peroxisomal
translocation.

Materials and Methods

Strains (S/ Appendix, Table S1), culture conditions, plasmids (S/ Appendix,
Table S2), yeast cell extraction including two-hybrid analysis and isolation
of the native Pex14p/Pex17p complex, were performed in this study and
are provided in S/ Appendix. Protein purification and corresponding
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immunoblotting including antibodies as well as SEC-MALS were performed
as described and listed in S/ Appendix, SI Materials and Methods. Details for
negative-stain electron microscopy, cryoEM, sample preparation including
reconstitution studies and processing strategy in SPHIRE, are provided in S/
Appendix. Native MS and LC-MS including the associated proteolytic diges-
tion and chemical cross-linking are described in S/ Appendix.

Data Availability. The EM density map has been deposited in the Electron
Microscopy Data Bank under accession code EMD-12047. MS raw data and
result files have been deposited in the ProteomeXchange Consortium via the
PRIDE repository (56) and are publicly accessible from its website with the
dataset identifier PXD016304. All study data are included in the article and
supporting information.
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