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The peroxisomal AAA-ATPase Pex1/Pex6 unfolds
substrates by processive threading
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James H. Hurley1,3,4, Gabriel C. Lander 2 & Andreas Martin1,4,5

Pex1 and Pex6 form a heterohexameric motor essential for peroxisome biogenesis and

function, and mutations in these AAA-ATPases cause most peroxisome-biogenesis disorders

in humans. The tail-anchored protein Pex15 recruits Pex1/Pex6 to the peroxisomal mem-

brane, where it performs an unknown function required for matrix-protein import. Here we

determine that Pex1/Pex6 from S. cerevisiae is a protein translocase that unfolds Pex15 in a

pore-loop-dependent and ATP-hydrolysis-dependent manner. Our structural studies of Pex15

in isolation and in complex with Pex1/Pex6 illustrate that Pex15 binds the N-terminal domains

of Pex6, before its C-terminal disordered region engages with the pore loops of the motor,

which then processively threads Pex15 through the central pore. Furthermore, Pex15 directly

binds the cargo receptor Pex5, linking Pex1/Pex6 to other components of the peroxisomal

import machinery. Our results thus support a role of Pex1/Pex6 in mechanical unfolding of

peroxins or their extraction from the peroxisomal membrane during matrix-protein import.
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Peroxisomes are membrane-bound organelles that perform
specialized metabolic reactions, including the β-oxidation of
very long chain fatty acids1. The function, size, and number

of peroxisomes can be adjusted by eukaryotic cells according to
metabolic needs2. Peroxisomes are formed by either division of
existing peroxisomes or by de novo biogenesis, a process that
depends on ~35 dedicated peroxin (Pex) proteins3. Disruption of
peroxisome function through mutations of Pex genes in humans
causes a spectrum of developmental disorders called peroxisome
biogenesis disorders (PBDs). The severity of these disorders
depends on how the mutation affects the formation of functional
peroxisomes4.

Current models of de novo peroxisome biogenesis posit that
the peroxisomal membrane proteins traffic through the
endoplasmic reticulum or mitochondria, and subsequently bud
into pre-peroxisomal vesicles that fuse to form an empty
membrane-bound compartment, the “peroxisome ghost”5,6.
Peroxisomal matrix proteins are made in the cytosol and targeted
to peroxisomes by one of two peroxisomal targeting signals:
PTS1, a C-terminal tripeptide, or PTS2, an N-terminal
nonapeptide7,8. Distinct receptor proteins recognize the target-
ing signals (Pex5 for PTS1, Pex7 for PTS2), shuttle the matrix
proteins to the peroxisomal membrane, and then interact with the
docking complex Pex13/149–11. By an unknown mechanism, the
cargo receptors mediate the import of the fully folded matrix
protein into the peroxisome. During this import, the cargo
receptors assume a protease-protected state, likely embedded in
the peroxisomal membrane12,13. A transmembrane complex of
RING domain-containing E3 ubiquitin ligases, Pex2/10/12, then
ubiquitinates an N-terminal cysteine of the cargo receptors and
thereby primes them for membrane extraction and subsequent
rounds of import14–17.

Pex1 and Pex6 form a single, heterohexameric Type-2
AAA-ATPase motor with an architecture similar to Cdc48/p97
and NSF, but with alternating subunits18–20. Akin to the roles of
NSF in the recycling of SNARE proteins and Cdc48/p97 in
ER-associated degradation (ERAD), Pex1/Pex6 has been
proposed to have roles both in peroxisome vesicle fusion5,21 and
in extraction of the ubiquitinated cargo receptors from
peroxisomal membranes17,22–24. Closer examination of cells
lacking functional Pex1 revealed empty peroxisome membrane
compartments25 and continued delivery of peroxisome
membrane proteins26, indicating that Pex1/Pex6’s primary role is
in peroxisomal matrix-protein import. Without functional Pex1
or Pex6, ubiquitinated Pex5 accumulates on peroxisomes, which
are then targeted for specific autophagy22,27,28, suggesting that
Pex1/Pex6 is also important for peroxisome stability. While
inhibiting autophagy can stabilize peroxisomes and allow
peroxisomal matrix-protein import in cells with hypomorphic
Pex1, it could not recover peroxisome function in Pex1-null
cells28. It therefore appears that Pex1/Pex6 has a primary role in
peroxisomal matrix-protein import, whose impairment leads to
peroxisome-specific autophagy.

Like other Type-2 AAA-ATPases, the Pex1/Pex6 motor con-
tains two stacked rings of ATPase domains, termed D1 and D2,
which are preceded by N-terminal domains that are typically
involved in binding of substrates or cofactors29. Pex1 and Pex6
each have two N-terminal domains that are structurally related to
the singular N-terminal domains on Cdc48/p97 and NSF20,30.
The nucleotide-binding pockets of AAA-ATPases are located at
the interfaces between neighboring subunits, with the Walker A
(WA) and Walker B (WB) motifs contributed by one subunit,
and the arginine-finger/box VII motif provided by the clockwise-
next neighbor. In the yeast Saccharomyces cerevisiae, all Pex1/
Pex6 ATP hydrolysis derives from the C-terminal D2 ring, which
contains active ATPase sites at the Pex1–Pex6 and the Pex6–Pex1

interfaces18,19. Mutational analyses of these D2 sites revealed that
the ATPase activity of Pex1 is strongly coordinated with that of
Pex618.

Hexameric AAA-ATPases usually employ one of two main
mechanisms to couple ATP binding and hydrolysis with the
mechanical disassembly of protein substrates. Protein
translocases-like Cdc48/p97, Vps4, and Clp’s31–34 utilize
ATP-hydrolysis-driven conformational changes in their
AAA-motor domains to thread substrates through the central
pore of the hexamer. In these translocases, pore loops that
contain a conserved aromatic-hydrophobic dipeptide motif
engage a disordered region of the substrate, and apply unfolding
force to structured domains by attempting to pull them through
the narrow central pore33. Non-processive protein remodelers
such as NSF also contain these conserved pore loops, but use
them to hold and stabilize the substrate above the AAA ring,
while large nucleotide-dependent conformational changes in their
N-terminal domains facilitate substrate unfolding or rearrange-
ment35,36. It had previously been observed that yeast growth on
oleic acid, which requires peroxisomal β-oxidation, depends on
intact pore loops in the Pex1 and Pex6 D2 domains19. However, it
is unclear whether Pex1/Pex6 functions as a protein unfoldase
that threads its substrates or a remodeler that exerts force through
its N-terminal domains. Pex1/Pex6’s proposed function in
pre-peroxisomal vesicle fusion5,21 resembles the activity of
NSF, while its potential role in cargo-receptor extraction
resembles the threading mechanism of Cdc48/p97 in ERAD. The
membrane-embedded, ubiquitinated cargo receptors have long
been considered substrates of Pex1/Pex6, because cells lacking
functional Pex1/Pex6 accumulate ubiquitinated Pex5 on the
peroxisomal membranes, and exogenously added Pex1/Pex6
activity prompts the release of Pex5 from peroxisomes in vitro17.
However, there is no evidence of Pex1/Pex6 robustly binding or
processing Pex5, and the lack of any known substrate has so far
prevented further investigations into Pex1/Pex6’s mechanism for
substrate processing.

The function of Pex1/Pex6 depends on the tail-anchored
membrane protein Pex15 in yeast or Pex15’s homologs Pex26 in
humans and APEM9 in plants37–40. Despite low sequence iden-
tity, Pex15, Pex26, and APEM9 appear to have a similar function
of recruiting Pex1/Pex6 to the peroxisomal membrane. Deletions
of Pex15 closely resemble the phenotype of Pex1 and Pex6
deletions, leading to the accumulation of ubiquitinated Pex5 at
the peroxisome membrane and to increased peroxisome-specific
autophagy27. Genetic and biochemical evidence suggests that
Pex15 uses its N-terminus to directly bind to Pex641,42, which
appears to be a common mechanism amongst homologs43,44. We
recently found that the cytosolic domain of Pex15 inhibits the
basal ATPase activity of Pex1/Pex618, and Grimm et al. proposed
that Pex15 binding to Pex1/Pex6 depends on the nucleotide state
of Pex642. These observations suggested that Pex15 was not just a
passive binding partner, but may function as a regulator of
Pex1/Pex6 ATPase activity.

Here we show that Pex15 inhibits the ATPase activity of
Pex1/Pex6 because its cytosolic portion is recognized as a sub-
strate, engaged by the pore loops, and completely unfolded by the
AAA motor. Using a combination of X-ray crystallography,
negative-stain electron microscopy (EM), and hydrogen
deuterium exchange with mass spectrometry (HDX-MS), we find
that Pex15 initially binds Pex1/Pex6 at the N1/N2 domain
interface of Pex6, which positions the disordered C-terminal
region of Pex15 for engagement by the D2 pore loops. Pex1/Pex6
then unfolds Pex15 and any N-terminally fused proteins by
processive threading through the central pore in an ATP-
hydrolysis-dependent manner. We found that a pore-loop
mutant of Pex1/Pex6 is temperature sensitive in both our
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Pex15-unfolding assays in vitro and in peroxisomal matrix-
protein import in vivo, suggesting a corresponding mechanism of
action. While the identity of in vivo substrates remains unclear,
Pex1/Pex6’s identified function as a protein unfoldase is
consistent with a role in extraction of Pex proteins from the
peroxisomal membrane.

Results
Pex15 inhibits Pex1/Pex6 in a pore-loop-dependent manner.
We previously observed that the cytosolic domain of Pex15
inhibits the basal ATPase activity of the recombinant Pex1/Pex6
motor in vitro18. Changes in the basal rate of other AAA-
ATPases can be caused either by binding of a cofactor or by
substrate processing31,45,46. Since both main mechanisms of
substrate processing by AAA motors, threading and external
remodeling, involve the central pore loops, we compared the
ATPase activities of wild type and D2 pore-loop mutated
Pex1/Pex6 in the presence and absence of Pex15. Interestingly,
mutation of the aromatic pore-loop residues to alanine in the D2
domains of both Pex1 (F771A) and Pex6 (Y805A) eliminated the
ATPase inhibition by Pex15, but did not significantly affect the
basal ATP-hydrolysis rate (Fig. 1a). Successful pull-down binding
assays ruled out that this lack of ATPase response is due to a
Pex15-binding defect (Fig. 1b), and titration experiments
confirmed that Pex15 concentrations of up to 20 μM had no effect
on the ATP-hydrolysis activity of pore-loop mutated Pex1/Pex6
(Fig. 1c). When pore loops are mutated in only Pex1 or Pex6,
however, Pex15 still inhibits ATPase activity, albeit much more
weakly (Fig. 1c). Since Pex1/Pex6 has also been proposed to act
on the ubiquitinated cargo receptor Pex514,15,17 and bind the
de-ubiquitinating enzyme Ubp1547, we tested the effects of
recombinant Ubp15, Pex5, and a linear ubiquitin–Pex5 fusion on
the motor’s ATPase activity as well, but observed minimal
changes that did not depend on the D2 pore loops (Fig. 1a). The
pore-loop dependence of Pex1/Pex6’s ATPase inhibition by
Pex15 thus suggests that the cytosolic portion of Pex15 is
recognized and processed as a substrate.

Pex15 structure and interaction with Pex1/Pex6. Pex15 and its
homologs are tail-anchored proteins with poor sequence
conservation and no known structure, yet they share a common

function in recruiting the Pex1/Pex6 AAA-ATPase motor to the
peroxisome membrane. Using limited proteolysis on the cytosolic
domain of yeast Pex15, we determined that Pex15 consists of a
stable core region (aa 43–253) with disordered N-terminal and
C-terminal tails (Supplementary Figure 1). We confirmed this
result using hydrogen deuterium exchange coupled with mass
spectrometry (HDX-MS) (Supplementary Figure 1). HDX-MS
monitors the exchange of a protein’s backbone amide hydrogens
for deuterium from the solvent, which depends on solvent
accessibility and hydrogen bonding and reports on the folded
state of the protein48,49. HDX-MS analysis of Pex15 showed 72%
peptide coverage and confirmed that peptides at the N and C
termini were quickly deuterated in contrast to those within the
region protected from limited proteolysis. Without these
disordered regions, the 25 kDa core was readily amenable to
crystallization, and we solved its structure at 1.55 Å resolution
(Fig. 2a, Supplementary Figure 1c, Supplementary Table 1). The
core consists of 12 α-helices that fold into a compact, curved
structure stabilized by a network of hydrophobic interactions.
Structure predictions of Pex26 by JPred4 also indicated an
entirely α-helical fold50, suggesting that despite its highly
diverged primary sequence, this homolog shares a common
structure with Pex15.

Previous EM studies of Pex1/Pex6 in the presence of different
nucleotides did not reveal any large conformational changes of
the N-terminal domains18,19 similar to those observed for protein
remodelers such as NSF. However, these studies could not rule
out that alternative conformations are only transiently adopted
and potentially stabilized by binding partners or substrates.
To determine if Pex15 binding alters the conformation of the
Pex1/Pex6 N-terminal domains, we compared the negative-stain
EM reconstructions of Pex1/Pex6 in the absence and presence of
the Pex15 cytosolic portion. The Pex1/Pex6/Pex15 complex
revealed additional density extending from the N-terminal
domains of each Pex6 subunit (black arrowhead, Fig. 2b), as well
as above the central pore of the hexamer (red arrow, Fig. 2b), but
no Pex15-induced conformational changes of Pex1/Pex6 itself
(Fig. 2b, Supplementary Figure 2). Guided by its curved shape
and the orientation of its longest helix, the core-domain structure
of Pex15 was docked into the difference density above the Pex6
N-terminal domains (Fig. 2c). Building upon the atomic model
for Pex1/Pex6 proposed by Blok et al.20, this placement suggests
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Fig. 1 Pex15 inhibits the ATPase activity of Pex1/Pex6 in a pore-loop-dependent manner. a ATPase activity of wild-type (WT) and D2 pore-loop (PL2)
mutant Pex1/Pex6 alone and in the presence of Pex15, Ubp15, Pex5, or a linear ubiquitin-Pex5 fusion (mean and s.d. for n= 3 technical replicates). The D2
pore loop mutations are Pex1-F771A and Pex6-Y805A. b Pex15’s cytosolic domain binds both wild-type Pex1/Pex6 and the Pex1/Pex6 D2 pore-loop
mutant. c Pore-loop mutations in either Pex1 or Pex6 reduce the inhibitory effect of Pex15. ATPase data shown are the mean±s.d. for n= 3 technical
replicates
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that Pex15’s N-terminus binds between the N1 and N2 domains
of Pex6 (Fig. 2c). We note that the 42 N-terminal residues of
Pex15 that are not included in the crystal structure can be
accommodated in the additional, unfilled density at the contact
sites between Pex15 and Pex6. This orientation of Pex15 is also
supported by previous in vivo studies alluding to the functional
importance of Pex15’s N-terminal region41,51, as well as our
observation that removal of Pex15’s N-terminal domain alters its
apparent affinity for Pex1/Pex6 and competence for peroxisomal
matrix protein import in vivo.

To verify that Pex15 contacts the Pex6 N1 and N2 domains, we
performed HDX-MS to identify regions of Pex1/Pex6 that are
shielded from the solvent by Pex15. Using an ATPase-deficient
Pex1/Pex6 to eliminate any processing and assess only initial
binding, we observed a peptide in the Pex6 N2 domain (aa
241–250, magenta peptide in Fig. 2c) and a 21,978 Da undigested

fragment with increased protection from the solvent in the
presence of Pex15 (Supplementary Figure 3, Supplementary
Table 2). We hypothesized that this undigested fragment
comprises aa 2–195 of His-Pex6 (green in Fig. 2c), because this
region has a similar molecular weight (21,979 Da) and did
not yield any individual peptides after peptic proteolysis
(Supplementary Figure 3). In support of this hypothesis, pull-
down binding assays showed that recombinant Pex6 N1 domain
binds Pex15 (Supplementary Figure 4B). Additionally, mutations
in the Pex6 N2 peptide (V245A and T246A) decreased the
apparent affinity of Pex1/Pex6 for Pex15 1-309 from 0.6 to 2 μM
as judged by the concentration-dependent inhibition of Pex1/
Pex6 ATPase activity (Supplementary Figure 4A). Together, the
negative stain EM, HDX-MS, ATPase, and pull-down-binding
assays indicate that Pex15 binds Pex1/Pex6 at the interface
between the Pex6 N1 and N2 domains. Notably, Pex15 can
simultaneously occupy the N-terminal domains of all three
Pex6 subunits in the hexamer, but it did not induce any large
conformational changes in these N-terminal domains that could
allosterically regulate Pex1/Pex6’s ATP hydrolysis. Instead, the
additional density above the central pore of the complex (red
arrow, Fig. 2b) suggests a potential engagement and processing of
Pex15, which would alter ATPase activity through pore-loop
contacts.

Pex15 processing by Pex1/Pex6. To determine whether Pex15 is
unfolded by Pex1/Pex6, we monitored its solvent accessibility by
HDX-MS. While HDX-MS is commonly used to study protein
unfolding52, it has recently been demonstrated to be a useful
technique to monitor motor-mediated substrate unfolding32,53.
Backbone amide hydrogens in the core region of Pex15 were
protected from solvent when incubated in isolation or in the
presence of pore-loop mutant Pex1/Pex6 (Fig. 3a) and pulse
deuterated for 15 s. In contrast, after a 60 s incubation of Pex15
with wild-type Pex1/Pex6 in the presence of ATP, pulse-
deuterated peptides from the core domain exhibited both a pro-
tected, partially deuterated state and an intermediate, more
deuterated state (Fig. 3a). This behavior is a characteristic feature
of global protein unfolding, which exposes multiple backbone
amide hydrogens in a single event, and it suggests that Pex1/Pex6
mechanically unfolds the cytosolic domain of Pex15. By mapping
the deuteration level of a series of peptides on the crystal structure
of Pex15, it is apparent that Pex1/Pex6 can globally unfold the
cytosolic domain of Pex15, exposing peptides throughout the core
domain to the solvent (Fig. 3b, Supplementary Figure 5).

The crystal structure of Pex15 shows a single domain that we
predicted would unfold cooperatively in one step. Consistently,
measurement of the denaturant-induced equilibrium unfolding
by circular dichroism exhibited a single transition with no
indication of stable intermediates (Supplementary Figure 6A, 6B).
Pex1/Pex6 could therefore accomplish the cooperative unfolding
of Pex15 by tugging and releasing or by processively threading
Pex15 through the central pore. To distinguish these mechanisms,
we fused a maltose-binding protein (MBP) to the N-terminus of
Pex15 to determine whether Pex1/Pex6 would unfold only Pex15
or also subsequently unfold MBP. The N-terminal MBP moiety
had no effect on Pex15’s function in vivo or its inhibition of Pex1/
Pex6’s ATPase activity in vitro (Supplementary Figure 6C, 6D).
Using HDX-MS, we found that peptides from both Pex15 and
MBP in an MBP–Pex15 fusion protein exhibited a new unfolded,
more deuterated population when incubated with Pex1/Pex6, but
not with buffer (Fig. 3c). This result confirms that substrate
processing occurs by threading through the central pore, rather
than by tug and release or conformational changes of Pex1/Pex6’s
N-terminal domains.
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Fig. 2 Structure of the Pex15 core domain and its interaction with Pex1/
Pex6. a A ribbon diagram of Pex15’s core domain (aa 43–253) is shown in a
blue spectrum with the darkest blue at the N terminus (see also
Supplementary Figure 1C). b 3D reconstructions from negative-stain EM of
wild-type Pex1/Pex6 alone (yellow, EMD-6254) and in complex with the
cytosolic domain of Pex15 (aa 1–327) at 23.2 Å resolution (gray, EMD-
7005), showing additional density above the Pex6 N-terminal domains
(arrowhead) and the central pore (red arrow) (see also Supplementary
Figure 2). c Close-up views of the rigid-body fit of the Pex15 crystal
structure (blue spectrum as in a) in the additional density above the Pex6
N-terminal domains. An atomic model of the Pex6 N-terminal domains20 in
ribbon representation is colored gray, with the regions protected by Pex15
in the HDX-MS experiments in green (the N1 domain) and magenta (Pex6
aa 241–250) (see also Supplementary Figures 3, 4 and Supplementary
Table 2)
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To determine the rate of Pex15 unfolding by Pex1/Pex6, we
altered our experimental setup such that Pex15 was simulta-
neously exposed to both the motor and the deuterated solvent,
rather than pre-incubated with the motor and subsequently
deuterated. Under these conditions, Pex15 was continuously
deuterated as it unfolded, and we were able to calculate the initial
rate of unfolding to be ~60 min−1 for peptide 1 (aa 71–85) and
~42min−1 for peptide 2 (aa 216–234) (Fig. 4). At this rate, all
available Pex15 in our sample is unfolded by Pex1/Pex6 within
60 s. Considering that our previous experiments (Fig. 3a), which
used a 15-s deuteration after a 60-s pre-incubation with Pex1/
Pex6, showed a considerable population of protected Pex15, we
surmise that Pex15 can rapidly refold after Pex1/Pex6 processing.

Under identical conditions as in the HDX-MS experiment,
recombinant Pex1/Pex6 in the presence of Pex15 hydrolyzed
~3000 ATP per minute (Supplementary Figure 6E). Considering
the unfolding rate of ~60 Pex15 per minute, Pex1/Pex6 thus
utilizes ~50 ATP to process one Pex15 molecule. Since some of
this ATP is likely consumed during mechanical unfolding, we
conclude that the motor translocates the 309-residue polypeptide
of our cytosolic Pex15 construct with a step size of at least
seven amino acids per ATP. This step size is consistent with

single-molecule measurements of the AAA proteases ClpXP and
ClpAP, which exhibited maximal translocation increments of 10
and 8 amino acids per ATP, respectively54,55.

In vitro and in vivo requirements for Pex1/Pex6 activity.
Having established that Pex1/Pex6 unfolds Pex15 in vitro by
threading through the central pore, we wanted to determine
whether the motor requirements in vitro reflect the same
requirements for peroxisome matrix-protein import in vivo. In
order to measure the unfolding of Pex15 by Pex1/Pex6 with
higher throughput, we took advantage of the observation that all
of the cysteine residues of Pex15 reside within the folded core and
are inaccessible to solvent. The percent of unfolded Pex15 after
incubation with Pex1/Pex6 can therefore be quantified by pulse-
labeling of exposed cysteines with fluorescein-5-maleimide (F5M)
(Fig. 5a). To compare the requirements for in vitro processing of
Pex15 with the efficiency of peroxisomal matrix protein import
in vivo, we used a colorimetric assay that is capable of detecting
subtle changes in the efficiency of peroxisome import in yeast
(Fig. 5b). It employs the violacein pathway from Chromobacter-
ium violaceum, which converts tryptophan into the green
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Fig. 3 Pex1/Pex6 unfolding of Pex15 measured by HDX-MS. a Mass spectra of selected Pex15 peptides after a 60 s pre-incubation alone, with wild-type
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pigment prodeoxyviolacein. In this assay, the final enzyme of the
pathway, VioE, is tagged with a PTS1 signal (SKL), and is
therefore rapidly imported into peroxisomes and separated from
its colorless cytosolic substrate56. Yeast cells with intact peroxi-
somes and efficient matrix-protein import consequently are
white, while yeast cells with impaired import accumulate cytosolic
VioE-SKL and turn green due to formation of prodeoxyviolacein.

For the in vitro unfolding assay, we optimized the maleimide-
labeling time to maximize the difference between the labeling of
folded Pex15 in isolation and unfolded Pex15 in the presence of 6
M urea. Consistent with our HDX-MS experiments, we observed
strong fluorescein labeling and thus robust unfolding of Pex15 in
the presence of wild-type Pex1/Pex6, which we then compared
with Pex1/Pex6 mutants (Fig. 5a). Interestingly, Pex15 unfolding
by the D2 pore-loop mutants was temperature dependent:
mutations in the D2 pore loop of either Pex1 or Pex6 reduced
Pex15 unfolding at 30 °C, and further reduced it at 24 °C. Pex1/
Pex6 with D2 pore-loop mutations in both subunits was unable to
unfold Pex15, which is consistent with our results by HDX-MS
(Fig. 3a). While the importance of the D2 pore loops had
previously been observed in vivo, a temperature-dependent
phenotype as predicted from our in vitro assay had not yet been
reported. Using the in vivo colorimetric assay for peroxisomal
matrix-protein import, we detected a partial defect for the Pex6
D2 pore-loop mutant at 30 °C, but complete deficiency at 24 °C
(Fig. 5b). The consistency of this cold-sensitivity of the Pex6
pore-loop mutant therefore suggests that Pex1/Pex6 uses the
same unfolding mechanism in vitro and in vivo. We note that
Cdc48/p97 was also originally identified as a cold-sensitive
mutant57, which may suggest a particular sensitivity of unfoldases
to changes in the stability of their protein substrates or the

reduction of motor speed and thus pulling frequency at lower
temperature.

Since pore-loop movement is driven by ATP hydrolysis, we
next assessed the activities of ATPase-deficient Pex1/Pex6
mutants. As expected, in vitro unfolding and maleimide labeling
of Pex15 depended on ATPase activity of the motor, and it did
not occur when Pex1, Pex6, or both contained Walker-B
mutations in the D2 domains. The in vivo colorimetric assay
confirmed the importance of Pex6 ATP hydrolysis for efficient
peroxisomal import: the Pex6 D2 WA and WB motifs, and the
Pex1 D2 arginine finger are essential for import of VioE-SKL.
However, the Pex1 D2 Walker B (WB2) mutant imported VioE-
SKL similar to wild-type Pex1/Pex6, even though it failed to
unfold Pex15 in vitro, as determined by maleimide labeling, as
well as HDX-MS (Supplementary Figure 7). There are several
plausible explanations for this inconsistency. For instance, our
in vitro assays may not be sensitive enough to detect slow rates of
Pex15 unfolding that could be sufficient in vivo. Another
possibility is that either Pex15 is more readily unfoldable in the
context of the cell or Pex1/Pex6 has other, more labile substrates
with critical roles in matrix-protein import.

In vitro and in vivo requirements for Pex15. To test if the
features of Pex15 that are important for Pex1/Pex6 binding and
engagement in vitro are also critical in vivo for peroxisomal
matrix-protein import, we compared the unfolding of Pex15
mutants in our maleimide-labeling assay with their ability to
support efficient protein import in vivo. As indicated by our
structural studies, the Pex15 N-terminal region is important for
binding Pex1/Pex6 (Fig. 2). Indeed, we found that truncations
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from Pex15’s N-terminus decreased the apparent KD in ATPase
inhibition (Fig. 6a, Supplementary Table 3), with a step-wise
reduction in affinity that directly correlated with the impairment
of peroxisomal matrix-protein import in vivo (Fig. 6b). Removal
of the first 12 amino acids from the N-terminus of Pex15 did not
change Pex1/Pex6 binding and consequently showed no in vivo
effect. However, deletion of residues 1–29 or 1–42 reduced the
apparent affinity (Fig. 6a) and led to partial defects in VioE-SKL
import (Fig. 6b) suggesting that aa 12–29 contain part of the
Pex6-binding motif. Previous mutational analysis indicated that
Pex15 L22 was important in vivo41, and indeed we found that
mutation of L22 and L23 to alanine led to a reduction in apparent
affinity for Pex1/Pex6 equivalent to the 1–29 or 1–42 truncations.
The Δ1–56 mutant, which lacks the first helix in the crystallized
core domain of Pex15, did not inhibit Pex1/Pex6 ATPase activity
in vitro or support matrix-protein import in vivo (Fig. 6b). These
data thus confirm that Pex15 uses its N-terminal flexible region to
bind between the N-terminal domains of Pex6, as indicated by
our EM reconstruction for the Pex1/Pex6/Pex15 complex (Fig. 2),
and that this interaction is essential for efficient peroxisomal
matrix protein import.

Consistent with the N-terminus of Pex15 mediating binding to
Pex1/Pex6, we found that truncations from the C-terminus did not
impair Pex15 binding: both MBP-Pex15 1-309 and MBP-Pex15 1-
253 interacted with Pex1/Pex6 in pull-down binding assays
(Supplementary Figure 8A). However, only the variant with the
longer C-terminal tail, MBP-Pex15 1-309, was engaged and
unfolded (Supplementary Figure 8B). A series of C-terminal
truncation mutants revealed a sharp disparity between Pex15 1-
299, which is rapidly unfolded and strongly inhibits Pex1/Pex6
ATPase activity, and Pex15 1-288, which is not processed by the
motor (Fig. 6c, Supplementary Figure 8B). These data suggest a
strict dependence of mechanical processing on a long C-terminal
tail on Pex15, which is likely required to bridge the distance
between the Pex15-binding site on the N-terminal domains of Pex6
and the D2 pore-loop residues for engagement and threading.

To test this dependence on length, we attempted to recover
Pex1/Pex6 engagement of the Pex15 1-288 truncation mutant by
extending its C-terminus through the addition or insertion of a
glycine-serine segment. Even though these extensions did not
restore the inhibition of Pex1/Pex6’s ATPase activity (Supple-
mentary Figure 8D), they partially recovered Pex1/Pex6-mediated
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unfolding of Pex15 (Supplementary Figure 8C), indicating that
the length of the C-terminal segment is an important requirement
for motor engagement. In addition, the sequence of the tail may
determine the motor “grip” on a substrate. The glycine-serine
segment is expected to lower the unfolding efficiency of Pex1/
Pex6, but may also reduce motor stalling in front of the
mechanical barrier and thus alleviate ATPase inhibition58–60.

In vivo Pex15 is tail-anchored, with the long disordered region
preceding its transmembrane domain. Pex1/Pex6 would therefore
have to engage this disordered region as a loop rather than as a
free C-terminus. Consistent with this model, we found that a
Pex15 variant without the C-terminal disordered region did not
support the import of VioE-SKL (Fig. 6d).

Pex15 links Pex1/Pex6 with Pex5/Pex14. While Pex15 binding
to Pex1/Pex6 is clearly important for peroxisomal matrix-protein
import in vivo, it is possible that Pex1/Pex6 processes other
substrates, and Pex15 plays a primary role in mediating their
interaction or co-localization. For instance, Pex1/Pex6 has been
proposed to extract the Pex5 cargo receptor from the peroxisomal
membrane to recycle it for subsequent rounds of matrix-protein
import, but there has been little evidence of direct interaction
between Pex1/Pex6 and Pex5. We observed no pore-loop depen-
dent effect of Pex5 on Pex1/Pex6’s ATPase activity, even with a

linear ubiquitin fusion, and pull-down binding assays of Pex5 and
Pex14 revealed no direct interactions with Pex1/Pex6 (Fig. 7a, see
also Supplementary Figure 11). Tamura et al. observed that the
human Pex15 homolog, Pex26, could bind both Pex5 and
Pex1451, and we hypothesized that Pex15 might mediate a similar
interaction between Pex1/Pex6 and Pex5. Indeed, we found that
Pex1/Pex6 pulled-down with Pex5 and Pex14 only in the presence
of Pex15 (Fig. 7a). Furthermore, we observed direct binding
between MBP-Pex15 and fluorescein-labeled Pex5, but not MBP-
Pex6/Pex1 (Supplementary Figure 9, Fig. 7b). The interaction
between MBP-Pex15 and Pex5 was not altered by the presence of
Pex1/Pex6 or by a PTS1 peptide (Fig. 7b). Interestingly, similar to
the unstructured regions of Pex15 that are critical for binding and
processing by Pex1/Pex6, Pex5 also has a long, flexible N-terminal
domain61 (Supplementary Figure 10). We were unable, however,
to detect any unfolding of Pex5 in the presence of Pex1/Pex6 and
Pex15 by HDX-MS (Supplementary Figure 10), so the context
requirements for potential Pex5 engagement and processing by
Pex1/Pex6 remain unclear.

Discussion
Pex1 and Pex6 form a heterohexameric motor protein related to
NSF, which disassembles post-fusion SNARE complexes, and
Cdc48/p97, which can unfold proteins, extract them from
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membranes, and disassemble protein complexes. These Type 2
AAA-ATPases that contain two ATPase rings, D1 and D2, and
substrate interacting N-terminal domains, typically convert the
energy of ATP hydrolysis into mechanical force by either driving
conformational changes in their N-terminal domains or move-
ment of hydrophobic central pore loops. The large conforma-
tional changes in the N-terminal domains, such as those used by
NSF, appear to depend on only a single round of ATP hydrolysis
to pull apart protein complexes62. In contrast, substrate proces-
sing by movements of the hydrophobic central pore loops, such as
those used by the Clp unfoldases, requires successive rounds of
ATP hydrolysis to processively thread a protein through the
central pore, thereby leading to protein unfolding, extraction
from membranes, and disassembly of complexes. Cdc48/p97
performs a combination of these mechanisms, both mechanically
threading substrates through the central pore and exhibiting N-
terminal domain movements that may mediate co-factor
engagement or activity31.

Pex1 and Pex6 are essential for proper peroxisome biogenesis
and maintenance and have been proposed to function similarly to
NSF in pre-peroxisomal vesicle fusion and/or similarly to Cdc48/
p97 in the extraction of ubiquitinated proteins from membranes. In
the latter, better-established model, Pex1/Pex6 extract the ubiqui-
tinated cargo receptor Pex5 from the peroxisomal membrane to
recycle it for continuous rounds of peroxisomal matrix protein
import. While Pex1/Pex6 ATPase activity has been correlated with
Pex5 release from purified membranes in vitro17, no direct pro-
cessing or robust interaction with Pex5 has been observed. Fur-
thermore, while no nucleotide-dependent conformational changes
of the Pex1 or Pex6 N-terminal domains have been detected, it
remained unclear whether Pex1/Pex6 could use its central pore
loops to unfold substrates by mechanical threading.

Here, we showed that the Pex1/Pex6 hexamer is an unfoldase
that processively threads its substrates through the central pore,
which is consistent with a role in extracting proteins from the
peroxisomal membrane. However, we did not observe this activity

through any direct processing of Pex1/Pex6’s expected substrate,
Pex5, but rather uncovered the unfolding of the cytoplasmic
domain of Pex15, Pex1/Pex6’s receptor on the peroxisomal
membrane. This raises questions about the identity of Pex1/
Pex6’s native substrates in vivo and suggests a model in which
Pex5 extraction or release from the membrane could be an
indirect consequence of Pex1/Pex6-mediated unfolding of a dif-
ferent Pex protein, such as Pex15.

Our data suggest that Pex1/Pex6 uses its N-terminal domains
to initially bind its substrates, which are subsequently engaged by
the D2 pore loops and translocated through ATP-hydrolysis-
driven movements of the pore loops. Substrate proteins thus
require both affinity for Pex1/Pex6 and a disordered region long
enough to reach from the binding sites on the N-terminal
domains through the inactive D1 ring to the pore loops in the
active D2 ring. Other Pex proteins, including Pex5, Pex13, and
Pex14, contain intrinsically disordered regions that could be
engaged by Pex1/Pex6. While we did not observe Pex1/Pex6
processing of Pex5 or any influence of Pex5 or a linear ubiquitin-
Pex5 fusion on Pex1/Pex6 ATPase activity, it is possible that Pex5
recognition requires additional modifications, such as site-specific
mono-ubiquitination14,15, or binding partners that we have thus
far been unable to recapitulate in vitro. We note that the Pex1 and
Pex6 subunits have unique N-terminal domains that could bind
different sets of substrates, perhaps allowing Pex1/Pex6 to process
a range of proteins and therefore play multiple roles in peroxi-
some function. We expect all these roles, however, to rely on the
hydrolysis-driven conformational changes and substrate translo-
cation by the central pore loops.

Pex15, whose cytoplasmic domain we found to be an in vitro
substrate of Pex1/Pex6, binds the Pex6 N-terminal domains and
presents a long, disordered C-terminal tail for engagement and
processing in vitro. This observation readily agrees with earlier
reported data, but invites a new interpretation. We previously
observed that Pex15 binding inhibits Pex1/Pex6’s ATPase activ-
ity18, which we proposed could act through an interaction
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between Pex6’s N-terminal domain and the Pex1 D2 ATPase.
Instead, we now found that Pex15 inhibition of Pex1/Pex6
ATPase activity is dependent on the central pore loops and
correlates with Pex15’s engagement as a substrate in the central
pore and not as an external binding partner. Other labs reported
that Pex1/Pex6 ATPase activity reduces Pex15 binding and the
motor’s association with the peroxisomal membrane42. These
observations had led to the model that Pex15 binds in a
nucleotide-dependent manner to the Pex6 N-terminal domains,
which allows Pex1/Pex6 to cycle on and off the peroxisomal
membrane controlled through its ATPase activity. However,
given our observation that Pex1/Pex6 unfolds Pex15, we proffer
the alternative model that Pex15’s initial binding to the Pex6 N-
terminal domains is independent of the nucleotide state and that
Pex1/Pex6 ATPase activity reduces the motor’s affinity for Pex15
because it actively translocates, unfolds, and dissociates Pex15.
The observation that the Pex6 Walker B mutant increases the
association of Pex1/Pex6 with the peroxisomal membrane and
also a number of Pex proteins including Pex15 and Pex542 sug-
gests that the ATPase activity of Pex1/Pex6 is required to unfold
one or more of these Pex proteins and permit complex dis-
sociation. It remains unclear, however, which of Pex15 or other
Pex proteins are Pex1/Pex6 substrates in vivo.

In our in vitro assay, the cytoplasmic domain of Pex15 is
engaged through its disordered C-terminal region, which would
be followed by a transmembrane helix in vivo. The Pex1/Pex6
motor would thus have to engage this region as a loop and
eventually release Pex15 by extraction of its transmembrane
domain or by disassembly of the ATPase hexamer. In vivo, we
found that peroxisomal matrix-protein import depends on
Pex15’s disordered C-terminal region, supporting the model that
Pex15 is an in vivo substrate. Surprisingly, a Pex1-WB2/Pex6
mutant that could not unfold Pex15 in vitro had no defect in our
colorimetric assay for peroxisomal matrix-protein import in vivo.
Others have observed that Pex1-WB2 mutants can grow on oleic
acid19, and in human cells the Pex1-WB2 mutant had no defect
for the peroxisomal import of GFP-SKL, albeit showing less
efficient import of catalase63. However, consistent with our
observations that Pex1-WB2/Pex6 has lower ATPase activity18

and fails to unfold Pex15 in vitro, others found that the Pex1-
WB2 mutant is also impaired for Pex5 extraction from

membranes17 and dissociating Pex26 from Pex14 in human
cells51. This inconsistency between in vitro and in vivo experi-
ments remains to be resolved, but could possibly be caused by a
difference in folding environments that makes substrates easier to
unfold in vivo.

We and others have observed that efficient peroxisomal matrix-
protein import in vivo depends on Pex15’s affinity for Pex1/Pex6.
Thus, even if Pex15 is not a substrate itself, it may serve as an
important co-factor for recruiting other substrates to Pex1/Pex6.
We found that Pex15 can directly bind Pex5 and link the Pex5/
Pex14 complex to Pex1/Pex6. Pex15 may thus deliver substrates,
rather than just recruiting Pex1/Pex6 to the peroxisomal mem-
brane and the nearby proteins. Since Pex15 has been shown to be
mistargeted to the mitochondrial membrane64,65, specific sub-
strate selection by Pex1/Pex6 seems critical to prevent aberrant
unfolding of alternative substrates based solely on proximity.

In summary, our data establish that Pex1/Pex6 is a protein
unfoldase that uses aromatic pore-loop residues to processively
thread its substrates through the central pore. Based on these
findings, the current model (Fig. 8) is that Pex15 recruits Pex1/
Pex6 to the peroxisomal membrane and directly links it to Pex5/
Pex14 and potentially other Pex proteins. Pex1/Pex6 may then
engage and unfold one or more Pex proteins that contain long,
disordered regions, leading either directly or indirectly to Pex5
extraction from the membrane, resetting of the peroxisomal
import machinery, and disassembly of the Pex1/Pex6 substrate
complex. Our work sets the stage for future investigations into the
identity of endogenous Pex1/Pex6 substrates and the mechanisms
that couple protein unfolding on the cytosolic surface of per-
oxisomes with the import of peroxisomal matrix proteins.

Methods
Cloning. Coding regions for Pex proteins were amplified from S. cerevisiae W303
and cloned into bacterial and yeast plasmids using primers listed in Supplementary
Table 4.

Pex1/Pex6 purification. Pex1-FLAG and His-Pex6 wild type and mutant com-
plexes were co-expressed in E. coli BL21* (ThermoFisher Scientific) from the
pETDuet and pCOLADuet vectors. The expression strain was grown in 6 L of DYT
(16 g tryptone, 10 g yeast extract, 5 g NaCl) and appropriate antibiotics at 30 °C and
induced at OD600 = 0.6–0.9 with IPTG (final concentration Cf=0.3 mM) before
overnight incubation at 18 °C. The E. coli were harvested at 6000×g for 20 min at 4
°C, and the pellet was resuspended in Ni–A buffer (25 mM HEPES pH 7.6, 100 mM
NaCl, 100 mM KCl, 10% glycerol, 10 mM MgCl2, 0.5 mM EDTA, 20 mM imida-
zole) with benzonase, lysozyme (0.2 mg mL−1), and protease inhibitors and frozen
at −80 °C. Cells were lysed by sonication at 90 mA with 15 s pulses on, 90 s off for a
total of 120 s on. Cell debris and unlysed cells were pelleted at 30,000×g, and the
supernatant was transferred to conical tubes containing 5 mL of pre-washed Ni-
NTA resin (HisPur Ni-NTA Resin, Thermo). The cell lysate and agarose were
incubated with gentle rocking for 1–2 h at 4 °C before the agarose was batch
washed with 2 × 50 mL washes of Ni_A with 1 mM ATP. After the batch washes,
the agarose was poured into a gravity flow column and washed until the flow-
through contained no protein, as judged by a Bradford assay. The bound protein
was then eluted with Ni_B buffer (25 mM HEPES pH 7.6, 100 mM NaCl, 100 mM
KCl, 10% glycerol, 500 mM imidazole) with 1 mM ATP, and the elution was added
to re-suspended and pre-washed anti-FLAG M2 affinity resin (Sigma) for 2 h of
batch binding at 4 °C. After 2 h, the anti-FLAG affinity resin was poured into a
gravity flow column, and washed with 50 mL of Ni_A with 1 mM ATP. The bound
protein was eluted with Ni_A with 1 mM ATP and 0.3 mgmL−1 FLAG peptide and
concentrated on a 100 MWCO spin concentrator before snap-freezing in liquid
nitrogen. To separate the Pex1-FLAG/His-Pex6 hexamer from other oligomers, the
concentrated FLAG elution was loaded on a Superose6 size exclusion column
equilibrated in GF buffer (60 mM HEPES pH 7.6, 50 mM NaCl, 50 mM KCl, 10%
glycerol, 10 mM MgCl2, 0.5 mM EDTA) with 1 mM ATP. The concentration of
protein was determined by a Bradford assay. The amino acid changes in the
ATPase motifs of Pex1 and Pex6 are as follows: Pex1-Walker B D2 (E798Q), Pex6-
WB D2 (E832Q), Pex1-D2 poreloop (F771A), and Pex6-D2 pore loop (Y805A).

For Pex1-Strep/His-Pex6, we followed the same protocol through the elution
from the Ni-NTA agarose, at which point the elution was batch bound to
Streptactin Superflow Plus resin (QIAGEN) and eluted with Ni_A buffer with 1
mM ATP and 2.5 mM desthiobiotin. Pex1-Strep/His-Pex6 was used for the HDX-
MS experiments and related ATPase activity assay and pull-down binding assays.
Pex1-FLAG/His-Pex6 was used for all other experiments including negative stain

Pex5

Pex1/Pex6

Pex14

Pex15

Cytosol

Peroxisomal matrix
?

Fig. 8 Model for Pex1/Pex6 activity at the peroxisomal membrane. Pex1/
Pex6 is recruited to the peroxisomal membrane by binding to Pex15, which
mediates its interaction with Pex5, Pex14, and potentially other Pex proteins
(gray). Pex1/Pex6 ATPase activity at the peroxisome membrane leads to
unfolding of one or more members of this complex, which either directly or
indirectly causes Pex5 extraction from the peroxisomal membrane
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EM, ATPase assays with Pex15 constructs, and fluorescein maleimide labeling
experiments.

His-Pex1-FLAG and His-Pex6-FLAG were each purified individually by solo
expression in BL21* E. coli. The cells were induced and harvested in the same way
as described for hexameric Pex1/Pex6. Pex1 and Pex6 were then purified with a
first-step Ni-NTA column and a second-step FLAG affinity column. His-Pex6 1-
215 was expressed in BL21* E. coli in the same manner as the full-length protein
and was purified in the same way through the first Ni-NTA affinity column.

Purification of Ubp15. Ubp15 was expressed as a GST-Ubp15-His fusion protein
from pGEX6P-2 in E. coli BL21*. Expression was induced at OD600 = 0.6 with IPTG
(Cf=0.3 mM) overnight at 18 °C. The harvested cells were resuspended in Ni_A
buffer supplemented with protease inhibitors, 2 mg mL−1 lyzosyme, and benzonase,
and lysed with 2 min of sonication on ice. The lysed cells were centrifuged for 30
min at 30,000×g, and the supernatant was batch bound to Ni-NTA resin for 30
min, rotating end-over-end. The protein-bound resin was washed with Ni_A buffer
for ~20 CVs. Ubp15 was eluted with 10 CVs of Ni_B buffer, and the eluate was
batch bound to glutathione agarose (Pierce). The slurry was poured into a gravity
flow column and washed with 20 CVs of wash buffer (60 mM HEPES pH 8, 100
mM KCl, 100 mM NaCl, 10% glycerol), before the GST bound protein was eluted
with 20 mM reduced glutathione in the same buffer. The GST tag was cleaved from
Ubp15 in an overnight incubation with PreScission protease at 4 °C. Ubp15 cleaved
from GST was collected as the flowthrough of a second glutathione agarose col-
umn, concentrated, and run over a Superose 6 increase sizing column into GF
buffer.

Pex15 protein purification. Protein was expressed in E. coli BL21* cells in DYT.
Cultures were grown shaking at 37 °C and were induced at OD600 = 0.6 by the
addition of IPTG (Cf=0.3 mM), then incubated shaking for ~18 h at 18 °C. Cells
were harvested by centrifugation at 6000×g for 20 min at 4 °C, then resuspended in
Ni_A buffer supplemented with protease inhibitors: leupeptin, pepstatin, aprotinin,
2 mg mL−1 lysozyme, and benzonase (Novagen). Resuspended cell pellets were
stored at −80 °C until thawed for purification. Thawed cells were sonicated on ice
for 2 min, then the lysate was clarified by centrifugation for 30 min at 30,000×g.
The subsequent soluble extract was batch bound to Ni-NTA resin for 30 min,
rotating end-over-end. The protein-bound resin was washed with Ni_A buffer for
~40 CVs. Pex15 was eluted with 10 CVs of Ni_B buffer. The affinity purification
tags were cleaved by PreScission protease overnight while dialyzing into Ni_A
buffer. Uncleaved protein Pex15-His and PreScission Protease were removed by
incubation with Ni-NTA resin. The resulting flow-through was concentrated and
run on a HiLoad 16/60 Superdex 200 column (GE Life Sciences) into GF Buffer.
MBP-Pex15-FLAG-His constructs were purified with His and FLAG affinity steps
as for Pex1/Pex6, but without ATP, so that the maltose-binding protein could be
used for pull-down binding assays.

Selenomethionine-Pex15 expression for crystallography. Cultures were grown
shaking in minimal media at 37 °C. At OD600 = 0.5, dry stocks of amino acids were
added, including selenomethionine (SeMet; 75 mg/L). After addition of amino
acids, cultures were grown for an additional 15 min before induction with IPTG
(Cf = 0.3 mM) and overnight growth at 18 °C. SeMet-containing Pex15 protein was
prepped as described above. During size exclusion chromatography, SeMet-Pex15
was buffer exchanged into a minimal buffer (20 mM HEPES pH 7.6, 50 mM NaCl,
50 mM KCl, 0.5 mM TCEP).

Pex5 purification. FLAG-Pex5-His and His-Ub-Pex5-FLAG were expressed in E.
coli BL21* cells in DYT. Cultures were grown shaking at 30 °C and were induced at
~OD600 = 0.6 by the addition of IPTG (Cf=0.3 mM), then incubated shaking for ~5
h at 30 °C. Cells were lysed by sonication and the 25,000×g supernatant was batch
bound to Ni-NTA resin for 30 min. The protein-bound resin was washed with
Ni_A buffer for ~40 CVs. Pex5 was eluted with 10 CVs of Ni_B buffer. Pex5 was
then repeatedly flowed over anti-FLAG affinity resin 5–7 times, before being eluted
with ~10 CVs of Ni_A buffer containing 0.15 mgmL−1 FLAG peptide. The Pex5
eluted from FLAG resin was concentrated and run on a Superdex 200 increase 10/
300 GL size exclusion column (GE Life Sciences).

Pex5 conjugation to FAM. For Pex5 constructs containing a Sortase cleavage site
(LPETGG) just upstream of the C-terminal 6xHis tag, Pex5 (30 μM) were incu-
bated with sortase (5 μM) and fluorescein-conjugated peptide GGGK-FAM peptide
(50 μM, Elim BioPharm) for 2 h at 4 °C. The mixture was run back over fresh Ni-
NTA resin to remove uncleaved protein, and the resulting flow-through was
concentrated and run on a Superdex 200 increase 10/300 GL size exclusion column
(GE Life Sciences).

Pex14 purification. Pex14 was expressed as an N-terminal GST fusion protein.
GST-Pex14 was expressed in E. coli BL21* cells in 6 L of DYT. Cultures were grown
shaking at 37 °C and were induced at OD600 = 0.6 by the addition of IPTG (Cf=0.3
mM), then incubated shaking for 5 h at 30 °C. Cells were harvested by cen-
trifugation at 6000×g for 20 min at 4 °C, resuspended in Ni_A buffer supplemented

with 0.1% TritonX-100, lysozyme, benzonase, and protease inhibitors, and stored
frozen at −80 °C. Thawed cells were lysed by sonication on ice for 2 min, and then
lysate was clarified by centrifugation for 30 min at 25,000×g. The subsequent
soluble extract was batch bound to glutathione agarose (Pierce) for 30 min, rotating
end-over-end. The protein-bound resin was washed with Ni_A buffer with 0.1%
TritonX-100 for ~40 CVs. Pex14 was eluted with 10 CVs of Ni_A buffer with 0.1%
TritonX-100 and 20 mM reduced glutathione. The elution was concentrated and
run on a Superose6 Increase 10/300 GL size exclusion column (GE Life Sciences).

Circular dichroism. Circular dichroism was measured using an Aviv CD spec-
trophotometer, model 140. Pex15 protein was dialyzed into CD buffer (50 mM PBS
pH 7.6, 50 mM KCl) overnight using a 10,000 MWCO Slide-A-Lyzer MINI Dia-
lysis Unit (Thermo) before being diluted to a final concentration of 0.04 mgmL−1

and loaded into an Agilent Technologies Open-top UV quartz cell (10 mm path-
length, 3.0 mL volume). CD buffer without any Pex15 was used for subtraction of
the baseline signal in later calculations. CD spectra were measured between 300
and 200 nm with 1 nm intervals and a 1 nm bandwidth. Each measurement was an
average of the signal collected for 5 s at each wavelength. The mean residue
ellipticity (MRE) was calculated by subtracting the buffer-alone CD signal from the
Pex15 CD signal (θPex15−θbuffer).

CD measurements of the chemically induced equilibrium unfolding of Pex15 1-
309 was performed at 30 °C. Samples with increasing concentrations of urea in CD
buffer were allowed to equilibrate overnight. Before recording the CD signal at 222
nm for 60 s each sample was temperature-equilibrated in the instrument’s cuvette
holder at 30 °C for 60 s while mixing. The average value for the 60 s data collection
was plotted against the concentration of urea, which was determined for each
sample by measuring its refractive index.

Limited proteolysis. In 100 mM Tris (pH 8.0) buffer, 0.75 μg/μL Pex15 protein
was digested with 0.002 or 0.02 μg/μL trypsin protease (Sigma) for 10 min at 23 °C.
Immediately prior to quenching, 10% of the reaction volume was removed and
quenched with the addition of PMSF (Cf=0.7 mM) and SDS-PAGE sample buffer
(12.5 mM Tris pH 6.8, 10% glycerol, 2% SDS, 0.005% bromophenol blue). This
sample was run on an SDS-PAGE gel for analysis. The remaining reaction mixture
was quenched with an equal volume of 6M guanidinium–HCl and flash frozen
until analyzed by mass spectrometry. Mass spectrometry revealed four prominent
cleavage sites after residues K36, R42, K253, and K255.

Crystal-structure determination of Pex15. Crystal conditions were screened
using JCSG screens I-IV (Qiagen). Initial screens were set at 18 °C in sitting-well
Intelli-Plate 96-3 LVR (Hampton Research). Two hundred microliters of 5, 10, and
15 mgmL−1 Pex15 were mixed with 200 μL of screen solution using a mosquito
liquid-handling robot (TTP Labtech). Promising conditions were further screened
and scaled up 10-fold to 4 μL hanging drops with a 500 μL reservoir volume. The
best crystals were obtained from 4 μL hanging drops in which 2 μL of 10 mgmL−1

SeMet-Pex15 was mixed with 2 μL of a precipitant solution containing 5% PEG
6000 and 0.1 M MES pH 6.0, then streak-seeded with a cat whisker using previous
crystals diluted and shattered by vortexing for 45 s. Crystals were harvested after
soaking for 30 s in a cryoprotectant solution containing 5% PEG 6000, 0.1 M MES
pH 6.0, and 25% 2-methyl-2,4-pentanediol.

Diffraction data for SeMet-Pex15 were collected at the ALS beamline 8.3.1 at
Lawrence Berkeley National Laboratory. Data were collected at a temperature of
~100 K using a wavelength of 0.979560 Å after a selenium element scan of the
crystals. The datasets were processed in the P21 21 21 space group using XDS66 and
the structure of SeMet-Pex15 was solved using Autosol67, from Phenix68. The
structure was further refined with a 1.55 Å resolution cutoff using Phenix and
Coot69 to an Rwork/Rfree of 0.1734/0.1881. The crystal structure of Pex15 (43–253)
includes the 6-residue PreScission Protease cleavage remnant LEVLFQ, which
crystallized as a helix extending off of the last helix in the Pex15 structure. These six
amino acids have been omitted from the structure shown in Fig. 1.

Negative-stain EM. Twenty nanomolar of Pex1-FLAG/His-Pex6 complex was
mixed with 200 nM Pex15 and incubated on ice for 5 min in the presence of 5 mM
ATP. The sample was then diluted 100-fold with GF buffer without glycerol and
containing 5 mM ATP, and 4 µL of the sample was applied to freshly plasma-
cleaned 400 mesh Cu–Rh maxtaform grids (Electron Microscopy Sciences) that
was coated with a thin layer of carbon. Prior to application of the sample on the
grid, the carbon film was pre-treated with 0.1% (w/v) poly-L-lysine hydrobromide
(Polysciences) to overcome preferred orientation of the complex on the carbon
surface. These steps along with negative staining with 2% (w/v) uranyl formate
were carried out as described in Gardner et al.18.

Negative stain data was acquired on a Tecnai Spirit (Thermo Fisher FEI)
transmission electron microscope, operating at 120 kV, using the Leginon
automated data acquisition system70. Micrographs were acquired at a nominal
magnification of ×52,000 on an F416 CMOS 4K×4K camera (TVIPS), at a pixel size
of 2.05 Å/pixel at the specimen level using a cumulative electron dose of 20
electrons/Å2, and a nominal defocus range between 0.5 and 1.5 µm.

A total of 1097 micrographs were collected for the complex. Initial steps of data
processing and 2D analyses were performed using the Appion image processing

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02474-4 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:135 |DOI: 10.1038/s41467-017-02474-4 |www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


pipeline71. The contrast transfer function (CTF) of each micrograph was
determined using CTFFIND v372 implemented within Appion. Particles were
selected from micrographs using Difference of Gaussians (DoG)-based automated
particle picker73. Phases for each micrograph were corrected using EMAN74.
Particles were extracted using a 224 × 224 pixel box. Individual particles were
normalized using the normalization function in the XMIPP package75 by
eliminating pixels with values above or below 4.5σ of the mean pixel value. The
particles were binned by a factor of two for faster computation. An initial stack of
102,101 particles was subjected to five rounds of iterative multivariate statistical
analysis (MSA)76, and multi-reference alignment (MRA) in Appion to remove any
erroneously picked non-particle features and aggregates, resulting in a final stack of
78,118 particles.

The Pex1/Pex6 map (EMD-6254) was low passed filtered to 60 Å resolution and
used as a starting model for 25 iterations of three-dimensional classification in
Relion v1.377. 14,678 particles belonging to the best resolved three-dimensional
class average of the full complex, out of ten classes, were subjected to three-
dimensional refinement by projection matching in Relion. The final three-
dimensional reconstruction (Fig. 1b) after convergence of refinement was at a
resolution of 23.2 Å (Supplementary Figure 1C) by Gold Standard Fourier Shell
Correlation, at a cutoff of 0.143. This final EM map was deposited in EM data bank
(EMD-7005). All rigid-body fitting of atomic models into EM density, as well as
generation of figures were performed using UCSF Chimera78.

ATPase assays. Pex1/Pex6 ATPase activity was monitored using an ATP/NADH
coupled enzyme assay in which the regeneration of hydrolyzed ATP is coupled to
the oxidation of NADH79. The reaction contains 5 nM Pex1/Pex6, 3 UmL−1

pyruvate kinase, 3 UmL−1 lactate dehydrogenase, 1 mM NADH, 7.5 mM phos-
phoenolpyruvate, 2 μM BSA, and 5 mM ATP, with additional Pex15, Pex5, Ub-
Pex5, or Ubp15. The absorbance of NADH was measured at 340 nm in a 96-well
plate using a SpectraMAX 190 plate reader.

Hydrogen deuterium exchange with mass spectrometry. For all HDX-MS
experiments, the 100 μL exchange reactions were quenched by an equal volume of
ice-cold quench buffer (400 mM KH2PO4/K2HPO4, pH 2.2) and the 200 μL sam-
ples were injected into an HPLC (Agilent 1100) system at a flow rate of 400 μL min
−1 using 0.05% TFA as a mobile phase. Peptic peptides were generated in-line with
digestion on two homemade columns (2 mm × 2 cm) with immobilized pepsin. The
peptides resulting from inline-digestion were trapped on the reversed-phase col-
umn (1 mm × 2 cm; POROS 50 R2 material) and desalted for 3 min. After
desalting, the peptides were eluted from the trap column over a 0.5 mm × 5 cm
BioBasic-8 analytical reversed-phase column directly into the Orbitrap Discovery
(Thermo) ESI source. The elution gradient profile was 15–55%B in 10 min,
55–100%B in 1 min, and then 100-15%B in 1 min at a flow rate of 17.5 μLmin−1 in
which buffer A is 0.05% TFA and buffer B is 90% acetonitrile, 0.05% TFA. To
minimize back exchange, the system, including all columns, was immersed in an
icebath. We extensively cleaned the HPLC system between runs and periodically
ran blanks runs to mitigate peptide carryover. We note that the 100% deuterated
control samples were always run last, so the appearance of the more deuterated,
unfolded peaks are not due to carryover. Typical ESI source conditions used were:
positive ionization mode, spray voltage 5.0 kV, capillary temperature 275 °C,
nitrogen sheath gas 30 (arb) and capillary voltage/tube lens voltage 11/120 V.
Collision-induced dissociation (CID) was carried out by selecting the 10 most
intense ions from a high resolution (30,000) MS1 scan and subjecting them to the
ion trap MS2 scan with following typical conditions: collision energy between 35
activation (Q), 0.25 V, and activation time 30 ms. Mass range was between 300 and
2000 m/z. The mass spectrometer was calibrated in positive mode using Pierce
LTQ ESI positive ion calibration solution. Mass accuracy was 10 ppm.

Peptides from Pex1/Pex6, Pex15, and Pex5 were initially identified by running
tandem MS/MS experiments of each protein alone. Peptides were identified using
Proteome Discoverer 2.1 (Thermo). Data analysis was performed using HD-
Examiner software (Sierra Analytics), followed by manual inspection of every
peptide to check retention time, charge state, m/z range and the presence of
overlapping peptides. The level of deuteration incorporation was calculated based
on a non-deuterated and 100% deuterated control samples to account for back-
exchange during sample preparation. For peptides without a 100% control, we
estimated the back exchange to be 20%. Fully deuterated control samples were
prepared by three cycles of drying and resolubilization in D2O buffer with 1 mM
TCEP and 6M guanidine HCl. For all samples in which we calculated a relative
deuteration level, the relative deuteration levels were calculated using HDExaminer
on a unimodal distribution.

To determine the Pex15-binding site on Pex1/Pex6, 60 μM Pex15 was incubated
with 2 μM Pex1-WB2/Pex6-WB2 hexamer for 1 min. The amide hydrogen
exchange was initiated by diluting the 5 μL reactions with 95 μL D2O buffer (60
mM HEPES pD 7.6, 50 mM NaCl, 50 mM KCl, 10% glycerol, 10 mM MgCl2, 0.5
mM EDTA, 5 mM ATP). The amide hydrogen exchange reaction consisted of 3
μM Pex15 1–309 and 100 nM Pex1/Pex6 and was quenched after 15 or 600 s. The
relative deuteration level of Pex6 peptides with a score >0.85 were compared
between the samples in the presence and absence of Pex15 using HDExaminer. We
observed 65% protein coverage of Pex6.

In Pex1/Pex6 containing samples, an undigested fragment eluted after the Pex1
and Pex6 peptides, and its undeuterated mass was estimated using Thermo
Excalibur ProMass to be 21978.2 Da, nearly the mass of 6XHis-Pex6 2-195 (the
sequence GSSHHHHHHSQDPMKASLTFSLSGIYAPCSISRDIYLEYGDKKAECL
YGTIRLPQYGPGCTPGKIVHCQVLDDSLPFCSIVVPSKLFGFMPTQPTMDFCY
FEPILDNVVPVLDSVTFLINEQLYSKLMDLPQEMQQIQFLHYKYNINSMETVV
HSRDILTSGLCQILNCSPFPQGLVDFTETQLILVNDTEQKLSA is 21,979 Da). We
used Thermo Excalibur ProMass to calculate the molecular weight of this fragment
in the presence and absence of Pex15 after deuteration for 0, 15, and 600
s (Supplementary Table 2).

For experiments shown in Fig. 3a and Supplementary Figure 7, we incubated 30
μM Pex15 1-309 with 2 μM Pex1/Pex6 hexamer or buffer for 60 s at 30 °C with 30
mM ATP. Amide hydrogen exchange was initiated by a 20-fold dilution into D2O
buffer for 15 s, and the exchange reaction was quenched and the samples were
analyzed as described above. For Fig. 3b, we incubated 30 μM Pex15 1-309 in buffer
or with 2 μM Pex1/Pex6 hexamer for 5 s at 30 °C with 30 mM ATP before a 30 s
deuteration. Using HDExaminer, we calculated the relative deuteration level of
selected peptides compared to not deuterated or 100% deuterated controls and
mapped the deuteration level by color on the crystal structure of Pex15’s core
domain. The peptide spectra are shown in Supplementary Figure 5. Note that not
all peptides are mapped onto the core domain structure, but the relative
deuteration levels are also shown in Supplementary Figure 1A. For experiments
shown in Fig. 3c, we incubated 10 μM MBP-Pex15 1-309 with 2 μM Pex1/Pex6 or
buffer for 60 s at 30 °C with 6 mM ATP. After the 60 s incubation, the samples were
diluted 20-fold into D2O buffer, quenched after 15 s of deuteration and analyzed as
described above.

In Fig. 4, we combined 5 mM ATP and 100 nM Pex1/Pex6 (WT or WB2) in 99
μL D2O buffer (60 mM HEPES pH 7.6, 50 mM NaCl, 50 mM KCl, 10% glycerol, 10
mM MgCl2, 0.5 mM EDTA), and initiated Pex15 unfolding and amide hydrogen
exchange simultaneously by the addition of 1 μL of 150 μM Pex15 1-309, for a final
concentration of 1.5 μM Pex15. The exchange reaction was quenched at various
time points with ice-cold quench buffer (400 mM KH2PO4/K2HPO4, pH 2.2), and
analyzed as previously stated.

For analysis of the EX1 kinetics of Pex15 peptides, we calculated the percent of
the total in the folded and unfolded population of two representative peptides (aa
71–85 and aa 216–234) by fitting the curves with a double Gaussian and plotting
over time80. We used the first two points to estimate the initial linear rate of Pex15
unfolding by Pex1/Pex6 at 60 Pex15 unfolded per Pex1/Pex6 hexamer per minute
for peptide 1 (aa 71–85) and 42 Pex15 unfolded per Pex1/Pex6 hexamer per minute
for peptide 2 (aa 216–234).

For Supplementary Figure 10, we looked for changes in Pex5 amide hydrogen
exchange in the presence and absence of Pex1/Pex6, Pex15 1-309, and MBP-Pex15
1-327. Pex5 and Pex15 were pre-incubated together, and then deuteration
and potential unfolding were initiated simultaneously by the addition of 43 nM
Pex1/Pex6, 3 mM ATP in D2O buffer. The exchange reaction with final
concentrations of 1.2 μM Pex5, 1.5 μM Pex15, and 43 nM Pex1/Pex6 was quenched
after 20 s at 30 °C .

Maleimide-labeling of Pex15. Maleimide-labeling reactions were performed using
fluorescein-5-maleimide (Anaspec Inc.). Substrate proteins were used at a final
concentration of 2.5 μM, and each reaction included an ATP regeneration mixture
(ATP, creatine kinase, creatine phosphate). Substrates were diluted using Buffer1
(50 mM HEPES, 50 mM NaCl, 50 mM KCl, 10 mM MgCl2, pH 7.5) before the
addition of Pex1/Pex6 complex (Cf= 0.1–0.2 μM). The reaction was incubated at
the designated temperature for 60 s with the motor for unfolding, then for an
additional 30 s with fluorescein maleimide (Cf=50 mM) before quenching
with equal volume quench buffer (2% SDS, 10% β-mercaptoethanol). “Urea”
samples were diluted in Buffer2 (50 mM HEPES, 50 mM NaCl, 50 mM KCl, 10 mM
MgCl2, 8 M urea, pH 7.5) to a 6 M urea final concentration and incubated with
F5M at the designated temperature for 10 min before quenching. Excess F5M was
run off 10% or 12% acrylamide SDS-PAGE gels, and the gels were imaged in the
fluorescein channel (Bio-Rad ChemiDoc MP Imaging System) prior to Coomassie
staining.

To quantify the percent of unfolded Pex15 by maleimide labeling, each reaction
was run in triplicate and the SDS-PAGE gels were imaged on a Typhoon Trio
Variable Mode Imager using the Typhoon Scanner Control v5.0 software (GE
Healthcare). Gels in a single experiment were scanned simultaneously in a single
channel 526 SP/Blue (488 nm) with a pixel size of 50 μm. The resulting gel images
were quantified using ImageQuant TL’s 1D gel analysis toolbox (GE Healthcare
Life Sciences). Gel lanes were adjusted to exclude signal from adjacent lanes.
Bands corresponding to Pex15 were manually selected using ImageQuant’s
automatic detection peak boundaries and snap to peak editing. Background
signal was subtracted using the rolling ball subtraction. The peak signal volume,
excluding background signal, was used for quantification. For each Pex15
construct, the percent unfolded was calculated by subtracting the basal fluorescence
signal from the signal of all samples within each replicate of a given construct.
The signals for each sample were then averaged, and the percent unfolded
calculated by setting basal fluorescence to 0% and urea-containing sample
fluorescence to 100%.
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Pull-down binding assays of Pex1/Pex6 with Pex15. Pull-down binding assays
with Pex1-Strep/His-Pex6 WT and pore-loop mutants were performed in 50 μL
reactions containing 1.2 μM Pex1/Pex6, 21 μM Pex15 1-327-FLAG-His, and ATP
regeneration mix. Each reaction was incubated with beads from 30 μL of slurry of
IBA MagStrep magnetic beads and washed with 4 × 1 mL with 1 mL of 60 mM
HEPES pH 7.6, 150 mM NaCl, 150 mM KCl, 10% glycerol, 0.05% Tween-20, 10
mM MgCl2, 0.5 mM EDTA, and 1 mM ATP. Pex1-Strep and bound proteins were
eluted with 2 mM biotin.

Pull-down binding assays of Pex1/Pex6 with GST-Pex14. Pull-down binding
assays with GST-Pex14 were performed in 60 μL reactions containing 4 μM GST-
Pex14, 1.7 μL FLAG-Pex5-His, 2 μM Pex15 1-327-FLAG-His, 0.5 μM Pex1/Pex6
hexamer, and ATP regeneration mix. Each reaction was incubated with 15 μL of
slurry of glutathione magnetic agarose beads (Pierce) and washed with 4 × 1mL
washes of 60 mM HEPES pH 7.6, 150 mM NaCl, 150 mM KCl, 10% glycerol, 10
mM MgCl2, 0.5 mM EDTA, 1 mM ATP, 0.05% Tween-20, and 0.1% Triton X-100.
GST-Pex14 and bound proteins were eluted with 20 mM glutathione. FLAG-tagged
Pex15 was detected by Western blot with an anti-FLAG M2 HRP-conjugated
antibody (Sigma A8592).

Pull-down binding assays of MBP-Pex15 and Pex5. Two micromolars of MBP-
Pex15 1-327 was incubated with 350 nM Pex5-FAM, 1 μM Pex1-WB2/Pex6-WB2,
and 100 μM SKL peptide and ATP in 50 μL reactions with magnetic amylose resin
(New England BioLabs) for 1 h in 60 mM HEPES pH 7.6, 150 mM NaCl, 150 mM
KCl, 10% glycerol, 0.05% Tween-20, 10 mM MgCl2, 0.5 mM EDTA, and 5 mM
ATP at 4 °C. The magnetic beads were washed four times with 1 mL of the same
buffer, and eluted in buffer+20 mM maltose. Proteins from the input and elution
were separated by SDS-PAGE and visualized by fluorescein on the Typhoon prior
to Coomassie staining.

Pull-down binding assays with Pex6-N1 domain. One micromolar of MBP-
Pex15 1-327-FLAG-His was incubated alone or with 0.5 μM Pex1-Strep/His-Pex6
hexamer, His-Pex1-FLAG, His-Pex6-FLAG, or 5 μM His-Pex6 1-215 and
magnetic amylose resin (New England BioLabs) for 1 h in 60 mM HEPES pH 7.6,
150 mM NaCl, 150 mM KCl, 10% glycerol, 0.05% Tween-20, 10 mM MgCl2, 0.5
mM EDTA+5mM ATP at 4 °C. The magnetic beads were washed four times
with 1 mL of the same buffer, and eluted in buffer+20 mM maltose. Proteins from
the input and elution were separated by SDS-PAGE and either visualized by
SYPRO-Ruby on the Typhoon or transferred to a PVDF membrane for detection
by western blot with an anti-His HRP-conjugated antibody (ThermoFisher
PA1-23024).

Peroxisome matrix-protein import assays. All yeast strains were constructed in a
background of W303 MATa ura3-1 his3-11 trp1-1 leu2-3 leu2-112 can1-100.
Individual knockout strains for pex1Δ::NatR, pex6Δ::NatR, and pex15Δ::KanR were
constructed using standard transformation techniques and the pFA6A-NatMX or
KanMX plasmids.

The violacein pathway (VioA, VioB, and VioE-SKL) was integrated into the
knockout strains at the leu2 locus by digesting pWCD1401 or pWCD1402 with
NotI-HF, gel extraction of the 11.5 kB fragment, subsequent transformation into
yeast and selection on SD-Leu media56.

To complement the pex1Δ, pex6Δ, or pex15Δ gene deletions, we incorporated a
genomic fragment containing the ORF and endogenous promoter and terminator
into the pRS316 plasmid backbone using NotI and SalI: Pex1 ORF with 300
nucleotides upstream, 350 nucleotides downstream; Pex6 ORF with 200
nucleotides upstream, 148 nucleotides downstream; and Pex15 ORF with 352
nucleotides upstream, 150 nucleotides downstream. Mutant alleles of Pex1 and
Pex6 were incorporated by Gibson cloning combining a PCR containing the Pex1
or Pex6 ORF from E. coli expression plasmids and a PCR of the pRS316 vector
backbone containing the promoter and terminator regions. Truncations of the N-
terminus of Pex15 were made by around the horn PCR of the vector backbone and
blunt-end ligation of the phosphorylated ends.

The recovering plasmids were transformed into the knockout, violacein-
pathway containing yeast strains and selected on SD-Ura-Leu. Three colonies from
each transformation were streaked for singles on SD-Ura-Leu plates, then a single
colony from each was picked for growth overnight, dilution and growth to log-
phase the next day, and spotted with 5 μL at OD600 = 0.3.

Data availability. Crystallographic coordinates have been deposited in the RCSB
with accession code 5VXV. Electron microscopy density has been deposited in the
EMDB with accession code 7005. The datasets generated during and/or analyzed in
the current study and other data are available from the corresponding author on
reasonable request.

Received: 28 June 2017 Accepted: 4 December 2017

References
1. Wanders, R. J. Metabolic functions of peroxisomes in health and disease.

Biochimie 98, 36–44 (2014).
2. Liu, F., Lu, Y., Pieuchot, L., Dhavale, T. & Jedd, G. Import oligomers induce

positive feedback to promote peroxisome differentiation and control organelle
abundance. Dev. Cell 21, 457–468 (2011).

3. Smith, J. J. & Aitchison, J. D. Peroxisomes take shape. Nat. Rev. Mol. Cell Biol.
14, 803–817 (2013).

4. Wanders, R. J. & Waterham, H. R. Peroxisomal disorders I: biochemistry and
genetics of peroxisome biogenesis disorders. Clin. Genet. 67, 107–133 (2005).

5. van der Zand, A., Gent, J., Braakman, I. & Tabak, H. F. Biochemically distinct
vesicles from the endoplasmic reticulum fuse to form peroxisomes. Cell 149,
397–409 (2012).

6. Sugiura, A., Mattie, S., Prudent, J. & McBride, H. M. Newly born peroxisomes
are a hybrid of mitochondrial and ER-derived pre-peroxisomes. Nature 542,
251–254 (2017).

7. Lametschwandtner, G. et al. The difference in recognition of terminal
tripeptides as peroxisomal targeting signal 1 between yeast and human is due to
different affinities of their receptor Pex5p to the cognate signal and to residues
adjacent to it. J. Biol. Chem. 273, 33635–33643 (1998).

8. Swinkels, B. W., Gould, S. J., Bodnar, A. G., Rachubinski, R. A. & Subramani, S.
A novel, cleavable peroxisomal targeting signal at the amino-terminus of the rat
3-ketoacyl-CoA thiolase. Embo J. 10, 3255–3262 (1991).

9. Barnett, P., Bottger, G., Klein, A. T., Tabak, H. F. & Distel, B. The peroxisomal
membrane protein Pex13p shows a novel mode of SH3 interaction. Embo J. 19,
6382–6391 (2000).

10. Bottger, G. et al. Saccharomyces cerevisiae PTS1 receptor Pex5p interacts with
the SH3 domain of the peroxisomal membrane protein Pex13p in an
unconventional, non-PXXP-related manner. Mol. Biol. Cell 11, 3963–3976
(2000).

11. Saidowsky, J. et al. The di-aromatic pentapeptide repeats of the human
peroxisome import receptor PEX5 are separate high affinity binding sites for the
peroxisomal membrane protein PEX14. J. Biol. Chem. 276, 34524–34529 (2001).

12. Gouveia, A. M. et al. Characterization of the peroxisomal cycling receptor,
Pex5p, using a cell-free in vitro import system. J. Biol. Chem. 278, 226–232
(2003).

13. Kerssen, D. et al. Membrane association of the cycling peroxisome import
receptor Pex5p. J. Biol. Chem. 281, 27003–27015 (2006).

14. Williams, C., van den Berg, M., Sprenger, R. R. & Distel, B. A conserved
cysteine is essential for Pex4p-dependent ubiquitination of the peroxisomal
import receptor Pex5p. J. Biol. Chem. 282, 22534–22543 (2007).

15. Carvalho, A. F. et al. Ubiquitination of mammalian Pex5p, the peroxisomal
import receptor. J. Biol. Chem. 282, 31267–31272 (2007).

16. Platta, H. W., Girzalsky, W. & Erdmann, R. Ubiquitination of the peroxisomal
import receptor Pex5p. Biochem. J. 384, 37–45 (2004).

17. Platta, H. W., Grunau, S., Rosenkranz, K., Girzalsky, W. & Erdmann, R.
Functional role of the AAA peroxins in dislocation of the cycling PTS1 receptor
back to the cytosol. Nat. Cell Biol. 7, 817–822 (2005).

18. Gardner, B. M., Chowdhury, S., Lander, G. C. & Martin, A. The Pex1/Pex6
complex is a heterohexameric AAA+motor with alternating and highly
coordinated subunits. J. Mol. Biol. 427, 1375–1388 (2015).

19. Ciniawsky, S. et al. Molecular snapshots of the Pex1/6 AAA+complex in action.
Nat. Commun. 6, 7331 (2015).

20. Blok, N. B. et al. Unique double-ring structure of the peroxisomal Pex1/Pex6
ATPase complex revealed by cryo-electron microscopy. Proc. Natl. Acad. Sci.
USA 112, E4017–E4025 (2015).

21. Titorenko, V. I. & Rachubinski, R. A. Peroxisomal membrane fusion requires
two AAA family ATPases, Pex1p and Pex6p. J. Cell Biol. 150, 881–886 (2000).

22. Kragt, A., Voorn-Brouwer, T., van den Berg, M. & Distel, B. The Saccharomyces
cerevisiae peroxisomal import receptor Pex5p is monoubiquitinated in wild
type cells. J. Biol. Chem. 280, 7867–7874 (2005).

23. Miyata, N. & Fujiki, Y. Shuttling mechanism of peroxisome targeting signal
type 1 receptor Pex5: ATP-independent import and ATP-dependent export.
Mol. Cell Biol. 25, 10822–10832 (2005).

24. Platta, H. W. et al. Regulation of peroxisomal matrix protein import by
ubiquitination. Biochim. Biophys. Acta 1863, 838–849 (2016).

25. Knoops, K., de Boer, R., Kram, A. & van der Klei, I. J. Yeast pex1 cells contain
peroxisomal ghosts that import matrix proteins upon reintroduction of Pex1. J.
Cell Biol. 211, 955–962 (2015).

26. Motley, A. M., Galvin, P. C., Ekal, L., Nuttall, J. M. & Hettema, E. H.
Reevaluation of the role of Pex1 and dynamin-related proteins in peroxisome
membrane biogenesis. J. Cell Biol. 211, 1041–1056 (2015).

27. Nuttall, J. M., Motley, A. M. & Hettema, E. H. Deficiency of the exportomer
components Pex1, Pex6, and Pex15 causes enhanced pexophagy in
Saccharomyces cerevisiae. Autophagy 10, 835–845 (2014).

28. Law, K. B. et al. The peroxisomal AAA ATPase complex prevents pexophagy
and development of peroxisome biogenesis disorders. Autophagy 13, 868–884
(2017).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02474-4 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:135 |DOI: 10.1038/s41467-017-02474-4 |www.nature.com/naturecommunications 13

www.nature.com/naturecommunications
www.nature.com/naturecommunications


29. Erzberger, J. P. & Berger, J. M. Evolutionary relationships and structural
mechanisms of AAA+ proteins. Annu. Rev. Biophys. Biomol. Struct. 35, 93–114
(2006).

30. Shiozawa, K. et al. Structure of the N-terminal domain of PEX1 AAA-ATPase.
Characterization of a putative adaptor-binding domain. J. Biol. Chem. 279,
50060–50068 (2004).

31. Bodnar, N. O. & Rapoport, T. A. Molecular mechanism of substrate processing
by the Cdc48 ATPase complex. Cell 169, 722–735 (2017). e9.

32. Yang, B., Stjepanovic, G., Shen, Q., Martin, A. & Hurley, J. H. Vps4
disassembles an ESCRT-III filament by global unfolding and processive
translocation. Nat. Struct. Mol. Biol. 22, 492–498 (2015).

33. Martin, A., Baker, T. A. & Sauer, R. T. Pore loops of the AAA+ClpX machine
grip substrates to drive translocation and unfolding. Nat. Struct. Mol. Biol. 15,
1147–1151 (2008).

34. Hinnerwisch, J., Fenton, W. A., Furtak, K. J., Farr, G. W. & Horwich, A. L.
Loops in the central channel of ClpA chaperone mediate protein binding,
unfolding, and translocation. Cell 121, 1029–1041 (2005).

35. Zhao, M. et al. Mechanistic insights into the recycling machine of the SNARE
complex. Nature 518, 61–67 (2015).

36. Zhao, C., Matveeva, E. A., Ren, Q. & Whiteheart, S. W. Dissecting the N-
ethylmaleimide-sensitive factor: required elements of the N and D1 domains. J.
Biol. Chem. 285, 761–772 (2010).

37. Elgersma, Y. et al. Overexpression of Pex15p, a phosphorylated peroxisomal
integral membrane protein required for peroxisome assembly in S.cerevisiae,
causes proliferation of the endoplasmic reticulum membrane. Embo J. 16,
7326–7341 (1997).

38. Goto, S., Mano, S., Nakamori, C. & Nishimura, M. Arabidopsis ABERRANT
PEROXISOME MORPHOLOGY9 is a peroxin that recruits the PEX1-PEX6
complex to peroxisomes. Plant Cell 23, 1573–1587 (2011).

39. Matsumoto, N., Tamura, S. & Fujiki, Y. The pathogenic peroxin Pex26p recruits
the Pex1p-Pex6p AAA ATPase complexes to peroxisomes. Nat. Cell Biol. 5,
454–460 (2003).

40. Rosenkranz, K. et al. Functional association of the AAA complex and the
peroxisomal importomer. FEBS J. 273, 3804–3815 (2006).

41. Birschmann, I. et al. Pex15p of Saccharomyces cerevisiae provides a molecular
basis for recruitment of the AAA peroxin Pex6p to peroxisomal membranes.
Mol. Biol. Cell 14, 2226–2236 (2003).

42. Grimm, I., Saffian, D., Girzalsky, W. & Erdmann, R. Nucleotide-dependent
assembly of the peroxisomal receptor export complex. Sci. Rep. 6, 19838 (2016).

43. Weller, S. et al. Alternative splicing suggests extended function of PEX26 in
peroxisome biogenesis. Am. J. Hum. Genet. 76, 987–1007 (2005).

44. Fujiki, Y., Nashiro, C., Miyata, N., Tamura, S. & Okumoto, K. New insights into
dynamic and functional assembly of the AAA peroxins, Pex1p and Pex6p, and
their membrane receptor Pex26p in shuttling of PTS1-receptor Pex5p during
peroxisome biogenesis. Biochim. Biophys. Acta 1823, 145–149 (2012).

45. Morgan, A., Dimaline, R. & Burgoyne, R. D. The ATPase activity of N-
ethylmaleimide-sensitive fusion protein (NSF) is regulated by soluble NSF
attachment proteins. J. Biol. Chem. 269, 29347–29350 (1994).

46. Matveeva, E. & Whiteheart, S. W. The effects of SNAP/SNARE complexes on
the ATPase of NSF. FEBS Lett. 435, 211–214 (1998).

47. Debelyy, M. O. et al. Ubp15p, a ubiquitin hydrolase associated with the
peroxisomal export machinery. J. Biol. Chem. 286, 28223–28234 (2011).

48. Englander, S. W. & Kallenbach, N. R. Hydrogen-exchange and structural
dynamics of proteins and nucleic-acids. Q. Rev. Biophys. 16, 521–655
(1983).

49. Wales, T. E. & Engen, J. R. Hydrogen exchange mass spectrometry for the
analysis of protein dynamics. Mass Spectrom. Rev. 25, 158–170 (2006).

50. Drozdetskiy, A., Cole, C., Procter, J. & Barton, G. J. JPred4: a protein secondary
structure prediction server. Nucleic Acids Res. 43, W389–W394 (2015).

51. Tamura, S., Matsumoto, N., Takeba, R. & Fujiki, Y. AAA peroxins and their
recruiter Pex26p modulate the interactions of peroxins involved in peroxisomal
protein import. J. Biol. Chem. 289, 24336–24346 (2014).

52. Deng, Y., Zhang, Z. & Smith, D. L. Comparison of continuous and pulsed
labeling amide hydrogen exchange/mass spectrometry for studies of protein
dynamics. J. Am. Soc. Mass Spectrom. 10, 675–684 (1999).

53. Bhat, J. Y. et al. Mechanism of enzyme repair by the AAA+ chaperone Rubisco
activase. Mol. Cell 67, 744–756 (2017). e6.

54. Maillard, R. A. et al. ClpX(P) generates mechanical force to unfold and
translocate its protein substrates. Cell 145, 459–469 (2011).

55. Olivares, A. O., Nager, A. R., Iosefson, O., Sauer, R. T. & Baker, T. A.
Mechanochemical basis of protein degradation by a double-ring AAA+
machine. Nat. Struct. Mol. Biol. 21, 871–875 (2014).

56. DeLoache, W. C., Russ, Z. N. & Dueber, J. E. Towards repurposing the yeast
peroxisome for compartmentalizing heterologous metabolic pathways. Nat.
Commun. 7, 11152 (2016).

57. Moir, D., Stewart, S. E., Osmond, B. C. & Botstein, D. Cold-sensitive cell-
division-cycle mutants of yeast: isolation, properties, and pseudoreversion
studies. Genetics 100, 547–563 (1982).

58. Tian, L., Holmgren, R. A. & Matouschek, A. A conserved processing
mechanism regulates the activity of transcription factors Cubitus interruptus
and NF-kappaB. Nat. Struct. Mol. Biol. 12, 1045–1053 (2005).

59. Hoyt, M. A. et al. Glycine-alanine repeats impair proper substrate unfolding by
the proteasome. Embo J. 25, 1720–1729 (2006).

60. Too, P. H., Erales, J., Simen, J. D., Marjanovic, A. & Coffino, P. Slippery
substrates impair function of a bacterial protease ATPase by unbalancing
translocation versus exit. J. Biol. Chem. 288, 13243–13257 (2013).

61. Carvalho, A. F. et al. The N-terminal half of the peroxisomal cycling receptor
Pex5p is a natively unfolded domain. J. Mol. Biol. 356, 864–875 (2006).

62. Ryu, J. K. et al. Spring-loaded unraveling of a single SNARE complex by NSF in
one round of ATP turnover. Science 347, 1485–1489 (2015).

63. Tamura, S., Yasutake, S., Matsumoto, N. & Fujiki, Y. Dynamic and functional
assembly of the AAA peroxins, Pex1p and Pex6p, and their membrane receptor
Pex26p. J. Biol. Chem. 281, 27693–27704 (2006).

64. Okreglak, V. & Walter, P. The conserved AAA-ATPase Msp1 confers organelle
specificity to tail-anchored proteins. Proc. Natl. Acad. Sci. USA 111, 8019–8024
(2014).

65. Chen, Y. C. et al. Msp1/ATAD1 maintains mitochondrial function by
facilitating the degradation of mislocalized tail-anchored proteins. Embo J. 33,
1548–1564 (2014).

66. Kabsch, W. Xds. Acta Crystallogr. D 66, 125–132 (2010).
67. Terwilliger, T. C. et al. Decision-making in structure solution using Bayesian

estimates of map quality: the PHENIX AutoSol wizard. Acta Crystallogr. D 65,
582–601 (2009).

68. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D 66, 213–221 (2010).

69. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D 66, 486–501 (2010).

70. Suloway, C. et al. Automated molecular microscopy: the new Leginon system. J.
Struct. Biol. 151, 41–60 (2005).

71. Lander, G. C. et al. Appion: an integrated, database-driven pipeline to facilitate
EM image processing. J. Struct. Biol. 166, 95–102 (2009).

72. Mindell, J. A. & Grigorieff, N. Accurate determination of local defocus and
specimen tilt in electron microscopy. J. Struct. Biol. 142, 334–347 (2003).

73. Voss, N. R., Yoshioka, C. K., Radermacher, M., Potter, C. S. & Carragher, B.
DoG Picker and TiltPicker: software tools to facilitate particle selection in single
particle electron microscopy. J. Struct. Biol. 166, 205–213 (2009).

74. Ludtke, S. J., Baldwin, P. R. & Chiu, W. EMAN: semiautomated software for
high-resolution single-particle reconstructions. J. Struct. Biol. 128, 82–97
(1999).

75. Sorzano, C. O. et al. XMIPP: a new generation of an open-source image
processing package for electron microscopy. J. Struct. Biol. 148, 194–204
(2004).

76. Ogura, T., Iwasaki, K. & Sato, C. Topology representing network enables highly
accurate classification of protein images taken by cryo electron-microscope
without masking. J. Struct. Biol. 143, 185–200 (2003).

77. Scheres, S. H. RELION: implementation of a Bayesian approach to cryo-EM
structure determination. J. Struct. Biol. 180, 519–530 (2012).

78. Goddard, T. D., Huang, C. C. & Ferrin, T. E. Visualizing density maps with
UCSF Chimera. J. Struct. Biol. 157, 281–287 (2007).

79 Nørby, J. G. Coupled assay of Na+, K+-ATPase activity. Meth. Enzymol. 156,
116–119 (1988).

80. Graf, C., Stankiewicz, M., Kramer, G. & Mayer, M. P. Spatially and kinetically
resolved changes in the conformational dynamics of the Hsp90 chaperone
machine. Embo J. 28, 602–613 (2009).

Acknowledgements
We thank the members of the Martin lab for helpful discussion. We thank members of
the Dueber Lab for providing the violacein pathway plasmids and for helpful discussion.
The sortase plasmid was a gift from Jessica Ingram (H. Ploegh Lab). The Ubp15 plasmid
was a gift from Jon Schaefer (D. Morgan Lab). We thank Emma Carroll and the Mar-
qusee Lab for assistance with circular dichroism. We acknowledge David King for help
identifying the core domain of Pex15 after limited proteolysis. Beamline 8.3.1 at the
Advanced Light Source, LBNL, is supported by the U.C. Office of the President, Mul-
ticampus Research Programs and Initiatives grant MR‐15‐328599 and the Program for
Breakthrough Biomedical Research, which is partially funded by the Sandler Foundation.
The Advanced Light Source is supported by the Director, Office of Science, Office of
Basic Energy Sciences, of the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231. The Minstrel crystal farm was purchased with support from the NIH, S10
OD016268. B.M.G. acknowledges support from the Miller Institute for Basic Research in
Science, University of California, Berkeley and the National Institute Of General Medical
Sciences (grant K99GM121880). A.M. acknowledges support from the Howard Hughes
Medical Institute, the US National Institutes of Health (grant R01-GM094497), the US
National Science Foundation CAREER Program (NSF-MCB- 1150288). This work was
also supported by the Pew Scholars program, the Searle Scholars program, and NIH
grant DP2 EB020402-01 to G.C.L.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02474-4

14 NATURE COMMUNICATIONS |  (2018) 9:135 |DOI: 10.1038/s41467-017-02474-4 |www.nature.com/naturecommunications

www.nature.com/naturecommunications


Author contributions
B.M.G. designed and performed biochemical and yeast experiments, analyzed data, and
drafted and revised the manuscript. D.T.C. performed X-ray crystallography, designed
and performed biochemical assays, analyzed data, and drafted sections of the manuscript.
S.C. performed and analyzed the electron microscopy studies, and drafted sections of the
manuscript. G.S. collaborated on HDX-MS experimental design, data acquisition, and
analysis, and edited the manuscript. M.S.S. performed biochemical assays. J.H.H. pro-
vided project support for HDX-MS and edited the manuscript. G.C.L. supervised the
electron microscopy studies and edited the manuscript. A.M. supervised the research,
designed experiments, analyzed data, and revised the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02474-4.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02474-4 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:135 |DOI: 10.1038/s41467-017-02474-4 |www.nature.com/naturecommunications 15

https://doi.org/10.1038/s41467-017-02474-4
https://doi.org/10.1038/s41467-017-02474-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	The peroxisomal AAA-ATPase Pex1/Pex6 unfolds substrates by processive threading
	Results
	Pex15 inhibits Pex1/Pex6 in a pore-loop-dependent manner
	Pex15�structure and interaction with Pex1/Pex6
	Pex15 processing by Pex1/Pex6
	In vitro and in�vivo requirements for Pex1/Pex6 activity
	In vitro and in�vivo requirements for Pex15
	Pex15 links Pex1/Pex6 with Pex5/Pex14

	Discussion
	Methods
	Cloning
	Pex1/Pex6 purification
	Purification of Ubp15
	Pex15 protein purification
	Selenomethionine-Pex15 expression for crystallography
	Pex5 purification
	Pex5 conjugation to FAM
	Pex14 purification
	Circular dichroism
	Limited proteolysis
	Crystal-structure determination of Pex15
	Negative-stain EM
	ATPase assays
	Hydrogen deuterium exchange with mass spectrometry
	Maleimide-labeling of Pex15
	Pull-down binding assays of Pex1/Pex6 with Pex15
	Pull-down binding assays of Pex1/Pex6 with GST-Pex14
	Pull-down binding assays of MBP-Pex15 and Pex5
	Pull-down binding assays with Pex6-N1 domain
	Peroxisome matrix-protein import assays
	Data availability

	References
	Acknowledgements
	ACKNOWLEDGEMENTS
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




