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Abstract

Pex1 and Pex6 are Type-2 AAA+ ATPases required for the de-novo biogenesis of peroxisomes.
Mutations in Pex1 and Pex6 account for the majority of the most severe forms of peroxisome
biogenesis disorders in humans. Here we show that the ATP-dependent complex of Pex1 and Pex6
from S. cerevisiae is a heterohexamer with alternating subunits. Within the Pex1/Pex6 complex,
only the D2 ATPase ring hydrolyzes ATP, while nucleotide binding in the D1 ring promotes
complex assembly. ATP hydrolysis by Pex1 is highly coordinated with that of Pex6. Furthermore,
Pex15, the membrane anchor required for Pex1/Pex6 recruitment to peroxisomes inhibits the ATP-
hydrolysis activity of Pex1/Pex6.
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Introduction

Peroxisomes are ubiquitous, small organelles that perform a variety of metabolic reactions in
eukaryotic cells [1], typically including the B-oxidation of long-chain fatty acids and the
breakdown of the metabolic by-product hydrogen peroxide. Unlike most other organelles,
peroxisomes are not essential, and if lost, they can be generated de novo within the cell. In
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humans, defects in peroxisome biogenesis cause a spectrum of disorders (PBDs) including
Zellweger Syndrome and Infantile Refsum disease [2]. The outcomes and severity of these
disorders reflect where the genetic mutation impinges on peroxisome formation. While
many of the genes required for peroxisome biogenesis have been identified and are mostly
conserved throughout eukaryotes [3], the mechanisms involved in peroxisome biogenesis
remain unclear.

Current models of peroxisome biogenesis posit that peroxisomal membrane proteins transit
through the endoplasmic reticulum (ER) before they are packaged into pre-peroxisomal
vesicles [4, 5]. These vesicles fuse to form peroxisomes competent for the import of
peroxisomal matrix proteins [6], which are synthesized and folded in the cytoplasm [7].
These matrix proteins display one of two peroxisomal targeting signals that are recognized
by two corresponding shuttle receptors, Pex5 or the Pex7/Pex18/Pex21 complex [8-14]. The
cargo-bound receptors dock on the peroxisomal membrane through interactions with the
Pex13/Pex14/Pex17 docking complex [15-17] and import the matrix protein using an
unidentified mechanism that results in the partial insertion of the receptor into the
peroxisome membrane. The receptors are subsequently ubiquitinated by the E2 ubiquitin
conjugating enzymes Pex4 and Ubc4 and the peroxisome specific E3 RING ligases, Pex2/
Pex10/Pex12 [18-23]. The AAA+ ATPases Pex1 and Pex6 then extract the ubiquitinated
receptors from the peroxisome membrane [24]. Depending on the type of ubiquitination
signal, extracted receptors are either recycled for another round of import or degraded by the
26S proteasome [23, 25-27].

Mutations in the AAA+ ATPases Pex1 and Pex6 are the most common cause of the more
severe forms of PBDs [28, 29], yet their role in peroxisome biogenesis remains poorly
understood. Pex1 and Pex6 are Type-2 AAA+ ATPases, which contain two conserved
ATPase domains, termed D1 and D2, preceded by an N-terminal domain (NTD) that
interacts with substrates and adaptor proteins. These AAA+ ATPases typically assemble as
hexamers, in which the nucleotide binding pockets form at the interfaces between
neighboring subunits in the ring. This architecture allows for highly coordinated nucleotide
hydrolysis in the hexamer [30-33], which drives conformational changes that mechanically
process protein substrates. Different Type-2 AAA+ ATPases, however, utilize different
mechanisms to convert the energy of ATP hydrolysis into the mechanical force specific to
their function in the cell [34]. For example, NSF dissociates SNARE complexes required for
vesicle fusion through large conformational changes in its N-terminal domain [35], while
ClpB disaggregates proteins by processive translocation through its central pore [36].

Two distinct roles have been proposed for Pex1 and Pex6 in peroxisome biogenesis based
on the known functions of the homologs NSF (Sec18 in yeast) in vesicle fusion and p97
(Cdc48 in yeast) in the extraction of ubiquitinated proteins from the ER membrane prior to
degradation by the 26S proteasome. In the first role, Pex1 and Pex6 function in peroxisome
membrane fusion during peroxisome assembly, analogous to NSF in the secretory pathway
[37]. Pre-peroxisomal vesicle fusion has been observed to be Pex1/Pex6 dependent in vitro
and in vivo [6, 38]. In the second role, Pex1 and Pex6 extract the ubiquitinated shuttle
receptors from the peroxisome membrane in a mechanism similar to that of p97 in ER-
associated degradation (ERAD). Accordingly, purified yeast Pex1 and Pex6 have been
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observed to extract Pex5 from membrane fractions in an ATP-dependent manner. This
process requires Pex15, the membrane anchor for Pex1 and Pex6 [24].

Based on their interaction in cell lysates and when purified as recombinant proteins [39-41],
Pex1 and Pex6 appear to form a complex. The formation of this complex is ATP dependent
and requires functional nucleotide-binding sites in at least one of the ATPase domains [40-
42]. However, the architecture of the complex and the relative contributions of Pex1 and
Pex®6 to the overall activity remain unknown. Speculative models of the Pex1/Pex6 assembly
include a hexamer of alternating subunits, a hexamer composed of a Pex1 trimer and three
Pex6 monomers, and a complex formed from two interacting homohexamers of Pex1 and
Pex6 [41, 43]. Other examples for heteromeric AAA+ ATPases are the mitochondrial
MAAA+ protease, composed of Ytal0 and Ytal2, and the base subcomplex of the 26S
proteasome, containing six distinct ATPases Rpt1-Rpt6. In both cases, mutations in
individual subunits have differential effects on ATP-hydrolysis activity and substrate
processing [44, 45], indicating distinct roles of subunits within the heterohexamer.

Here we show that Pex1 and Pex6 assemble as a heterohexamer with alternating subunits.
Pex1 and Pex6 have distinct N-terminal domains; the N-terminal domain of Pex1 localizes
above the ATPase barrel, while the Pex6 N-terminal domain is in an equatorial position.
There are no major conformational changes in these N-terminal domains when the subunits
of the Pex1/Pex6 complex adopt different nucleotide states. The robust ATPase activity of
the heterohexamer derives from a highly coordinated hydrolysis in the D2 domains of Pex1
and Pex6. Pex1/Pex6 binding to the membrane anchor Pex15 inhibits ATP hydrolysis, likely
by interfering with the activity of Pex1.

Sequence analysis predicts that Pex1 and Pex6 have the archetypal domain structure of
Type-2 AAA+ ATPases, with an N-terminal domain followed by two ATPase domains,
termed D1 and D2 (Figure 1A). The typical ATPase binding pocket contains three
characteristic motifs: the Walker A and Walker B motifs essential for nucleotide binding and
hydrolysis, respectively, and the arginine residue, termed the R-finger, which is located at
the subunit interface and essential for ATP hydrolysis in the neighboring subunit [46]. In the
case of Pex1 and Pex6, however, the catalytic residues of the Walker A, Walker B, and R-
finger motifs are only fully present in the D2 domains (Figure 1A). In the D1 domain, both
Pex1 and Pex6 have substitutions in the Walker B motif known to impair nucleotide
hydrolysis in other ATPases [46]. The Walker A motif of Pex6’s D1 domain also contains
substitutions in the conserved glycines, making it unclear if the Pex6 D1 domain can bind
ATP. In contrast, the Walker A of Pex1 D1 is fully archetypal. Since the nucleotide binding
pocket is formed between subunits, with one subunit contributing the Walker A and B motif
and the other contributing the R-finger, it is critical to assess whether Pex1 and Pex6 form
homomeric or heteromeric ATP-binding sites to understand how these endogenous
substitutions affect the ATPase activity of the complex.

Using an affinity purification of Pex1-FLAG or Pex6-FLAG tagged at their genomic locus
in S. cerevisiae, we verified that Pex1 and Pex6 interact in vivo in an ATP-dependent
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manner (Figure 1B). Both Pex1 and Pex6 co-immunoprecipitated with their FLAG-tagged
counterpart when ATP or ATPyS was present. However, in the absence of nucleotide the
association of Pex1 with Pex6-FLAG was substantially diminished. The untagged protein
was identified by SDS-PAGE based on the size difference between tagged and untagged
versions, and its identity confirmed by mass spectrometry (data not shown).

To further interrogate the interaction between Pex1 and Pex6, the recombinant proteins were
co-expressed and co-purified from E. coli. A heteromeric complex of Pex1-FLAG and His-
Pex6 was tandem-affinity purified using Ni-NTA agarose and a-FLAG affinity resin. Size-
exclusion chromatography on the eluate resulted in two peaks: the most abundant and larger
species contained both Pex1-FLAG and His-Pex6, while the smaller second peak contained
mostly Pex1-FLAG (Figure 1C).

The purified Pex1-FLAG/His-Pex6 complex showed robust ATP hydrolysis with a K, of
0.7 mM ATP and a Vax 0f 6700 ATP/hexamer/min (Figure 2A). The smaller size-
exclusion peak for Pex1-FLAG, which is consistent with the previously reported homo-
oligomer of Pex1 [41, 43], contained less than 10% of the ATPase activity of the Pex1/Pex6
complex. Since the two peaks were incompletely resolved by size-exclusion
chromatography, we attribute the activity in the Pex1-FLAG peak to residual contamination
by the Pex1/Pex6 complex and conclude that the Pex1 homo-oligomer has minimal ATP-
hydrolysis activity.

The observed ATPase rate for the isolated Pex1/Pex6 complex is considerable, and whether
Pex1/Pex6 would sustain such high ATP turnover in vivo, especially in the absence of
substrate, is unclear. It is conceivable that interacting proteins modulate this ATPase rate in
the cell. To test the potential effect of Pex15, the anchor for Pex1/Pex6 at the peroxisome
membrane, we purified its cytoplasmic domain (tPex15) and measured Pex1/Pex6 ATP
hydrolysis in the presence of increasing tPex15 concentrations. We found that tPex15
represses the ATPase activity of Pex1/Pex6 by 87%, with an apparent K4 of 185 nM (Figure
2B). Previous studies showed that Pex15 binds the N-terminal domain and D1 domain of
Pex6 [40, 47]. In a heterohexamer with multiple Pex6 subunits one would thus expect
multiple Pex15 binding sites. However, we observed no indication for cooperative binding
(n =0.9) or binding to several non-equivalent sites. A monomer of Pex15 might therefore
inhibit the entire Pex1/Pex6 complex, either by contacting several subunits simultaneously
or by binding to a single subunit that affects coordinated ATP hydrolysis in the hexamer.

Having confirmed that the recombinant Pex1/Pex6 complex is an active ATPase that
interacts with known in-vivo binding partners, we performed negative-stain electron
microscopy to further understand its stoichiometry and architecture. The Pex1/Pex6 particles
were identifiable by the two stacked hexameric rings that are a characteristic feature of
Type-2 AAA+ ATPases (Figure 3A, Supplementary Figure 1 and 2). Axial views of the
heterohexamer show hook-shaped extensions that give the complex a pseudo 3-fold
symmetry (Figure 3A, Supplementary Figure 2). The resulting triangular shape is consistent
with an alternating heterohexamer of Pex1 and Pex6 with disparate N-terminal domains. To
confirm that Pex1 and Pex6 alternate within the heterohexamer, we replaced the N-terminal
His tag on Pex6 with the 42-kDa maltose binding protein (MBP). In the resulting class
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averages, the additional density for the MBP tag was readily apparent at the apices of the
Pex1/Pex6 triangular complex (Figure 3B, asterisks). Although the MBP tag was flexible,
aligning the Pex1/Pex6 hexamer and averaging the variable density of the MBP tag clearly
shows that the MBP tag rotates around an attachment site on the hook-shaped extension
(Figure 3B, Supplementary Movie 1). Therefore, alternating subunits of Pex1 and Pex6
constitute the heterohexamer, and the N-terminal domain of Pex6 forms hook-shaped
extension protrudes from the ATPase rings.

A three-dimensional (3D) reconstruction of Pex1-FLAG/His-Pex6 complex was obtained at
23 A resolution without imposing any symmetry (Figure 3C). In this reconstruction, the D1
and D2 ATPase domains of Pex1 and Pex6 form two stacked rings (Figure 3C, side view)
with aligned axial pores (Figure 3C, top and bottom views). The EM density of truncated
NSF comprising only the D1 and D2 domains [48] matches the Pex1 and Pex6 D1 and D2
rings in size and circumference (Figure 3D), illustrating that the density above and
equatorial to this barrel represents the N-terminal domains. Homology models of Pex1 and
Pex6 D2 ATPase domains aligned to the structure of p97 fit well within the D2 ATPase ring,
demonstrating the canonical position of the small a-helical AAA+ subdomain interacting
with the large AAA+ subdomain of the neighboring subunit (Figure 3E). We also observed
connecting density between the D2 large AAA+ subdomain and the D1 ring above, whose
individual ATPase domains are more difficult to define due to the extensive interaction with
the N-terminal domains.

The N-terminal domains divide the hexamer into a “trimer of dimers” (Figure 3C, hash
marks in top view). Within each “dimer”, there are interactions between the N-terminal
domains, whereas these domains are separated by a large gap from the neighboring subunits
in the ring. Therefore, only the D1 and D2 ATPase domains form the interface between the
“dimers”. The most striking feature of the N-terminal domains is the hook-shaped extension
that descends from above the D1 ring to make substantial co-planar contacts with the D1
ATPase domain of the same subunit (Figure 3C, side view). The localization of the N-
terminal MBP tag on Pex6 in the 2D images illustrates that this extension is most likely the
N-terminal domain of Pex6. A distinct globular moiety above the adjacent Pex1 ATPase
subunit is most likely part of the Pex1 N-terminal domain. These observations are
summarized by a model for the localization of Pex1 and Pex6 within the 3D reconstruction
(Figure 4). The 23-A resolution of the reconstruction does not allow an exact delineation
between the globular N-terminal domain of Pex1 and the interacting top portion of the hook-
shaped N-terminal domain of Pex®6.

Our model suggests that the interface between Pex1 and its clockwise Pex6 neighbor
primarily relies on the Pex1 ATP binding pockets, as the respective N-terminal domains are
separated by a large gap (Figure 3C, hash marks in top view). Interestingly, Pex1 contains a
well-conserved Walker A nucleotide-binding motif not only in D2, but also in D1, allowing
the nucleotide-dependent stabilization of the Pex1-Pex6 interface. In contrast, the D1 ATP-
binding pocket at the other subunit interface is formed by the degenerated Walker A and
Walker B motifs of Pex6’s D1 domain and the poorly conserved R-finger of Pex1’s D1
domain. This interface between Pex6 and its clockwise Pex1 neighbor is buttressed by the
contacting N-terminal domains, which may reinforce subunit interactions in the absence of a
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well-formed D1 nucleotide-binding pocket. In support of this model, we found that a
mutation of the conserved Walker-A lysine in the D1 domain of Pex1, but not Pex®6,
dramatically affected the recovery of fully assembled recombinant hexamer (Supplementary
Figure 3). Compared to the ATPase rate of wild-type Pex1/Pex®6, this Pex1 D1 Walker A
mutant hexamer retained 70% activity. Due to potential defects in assembly and stability of
this mutant hexamer, the activity represents a lower bound and could be even closer to the
wild-type value. Based on these findings we conclude that the D1 domain of Pex1 is
important for heterohexamer assembly, but not for nucleotide hydrolysis.

Previous studies of NSF observed dramatic conformational changes in the position of the N-
terminal domain depending on the nucleotide state from an “up” position above the D1 ring
to a “down” position co-planar with the D1 ring. The “up” position has also been observed
in the presence of substrate and adaptor proteins, leading to the proposal that this nucleotide-
dependent conformational change exerts a mechanical force on the substrate [35, 49]. For
p97, the N-terminal domain is also highly mobile, changing its position in a nucleotide-
dependent manner from an equatorial arrangement alongside the ATPase barrel to above the
D1 ring. This latter “up” orientation appears to be stabilized by binding of some of the p97
adaptor proteins [50-53]. To determine whether the Pex1/Pex6 complex undergoes similar
conformational changes during ATP hydrolysis, we performed negative-stain electron
microscopy in the presence of saturating levels of ATPyS or ADP. There were no major
rearrangements of the N-terminal domains between the ATP, ATPyS, and ADP-bound states
(Figure 5). However, we do observe several changes between the ADP- and ATPyS-bound
structures, including a rotation of the D2 ring relative to the D1 ring (Supplementary Movie
2), rearrangements of the D1 and D2 nucleotide binding sites, (Figure 5), and an increase in
density in the central pore just above the D2 ring for the ATPyS-bound complex. The 3D
reconstruction of the complex with saturating ATP shows a relative orientation of the D1
and D2 rings that resembles the ATPyS state, but the nucleotide binding pockets are less
defined, indicative of structurally varying nucleotide states occurring during hydrolysis. The
observed asymmetry in D2 ring suggests the presence of different nucleotide states in the
hexamer and that Pex1/Pex6 hydrolyzes ATP by a non-concerted mechanism, similar to
related ATPases [30, 31, 54, 55].

A central question in understanding the detailed mechanisms of heterohexameric AAA+
enzymes is how distinct subunits contribute to motor function and coordinate their activities.
To determine how Pex1 and Pex6 ATPase activity is coordinated in the hexamer, we
introduced Walker B mutations in the D2 domains of Pex1 and Pex6. A glutamate-to-
glutamine mutation in the Walker B motif hinders the coordination of a catalytic water
molecule and prevents ATP hydrolysis, but not ATP binding [56]. In the Pex1 and Pex6 D2
Walker B double mutant, we observed no ATP-hydrolysis activity (Figure 6A, Pex1-WB/
Pex6-WB). Given the robust ATPase rate we observed for the Pex1 D1 Walker-A mutant
and the endogenous deleterious substitutions in the D1 active sites of wild-type Pex1 and
Pex®8, this result is consistent with the D2 ATPase domains accounting for all of the ATP
hydrolysis in Pex1/Pex®6.

Interestingly, when only Pex6 D2 contained the Walker B mutation, the complex was also
completely ATPase deficient, despite the presence of three wild-type ATPase pockets in
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Pex1 (Figure 6A, Pex1/Pex6-WB). On the other hand, when Pex1 D2 contained the Walker
B mutation and only the Pex6 D2 domains were functional, we observed 20% of Pex1/Pex6
wild-type ATPase activity (Figure 6A, Pex1-WB/Pex6). Thus, Pex1 is completely inhibited
when Pex6 is trapped in a permanently ATP-bound state, whereas Pex6 maintains some
hydrolysis activity despite an ATP-bound state in Pex1. Consequently, there appears to be a
stronger coordination of Pex1 with Pex6, than of Pex6 with Pex1.

The mitochondrial mMAAA protease, consisting of alternating Ytal0 and Ytal2 subunits,
exhibits a similar behavior in subunit communication. A Walker B mutation in Ytal2
completely abrogates ATPase activity, while the same mutation in Ytal0 yields ~30% of
wild-type activity. Suppressor screens revealed that the loss of ATPase activity in the Ytal2
Walker B mutant could be overcome through a mutation in the Ytal0 R-finger [44],
suggesting that Ytal0 is inhibited through its R-finger by the ATP-bound state of Ytal2. To
determine whether a similar mechanism is used for communication between Pex1 and Pex6,
we mutated the D2 R-finger of Pex1 in addition to the D2 Walker B motif in Pex6 (Figure
6A, Pex1-WB/Pex6-RK), and vice versa. Unlike Ytal0/Ytal2, the R-finger mutation did not
increase the ATPase activity, but rather further abrogated ATP hydrolysis. Therefore, the
ATP-hydrolysis activity of Pex1/Pex6 may be coordinated by a different mechanism.

Intriguingly, the ATPase rate of the Pex1-WB/Pex6 mutant is very similar to the rate
observed for wild-type Pex1/Pex6 at saturating concentrations of tPex15. To determine
whether tPex15 binding to Pex1/Pex6 specifically inhibits ATP hydrolysis in Pex1, we
tested for any additional inhibitory effects of tPex15 on the Pex1-WB/Pex6 mutant. Unlike
for wild-type Pex1/Pex6, we did not observe any inhibition of Pex1-WB/Pex6 by tPex15
(Figure 6B). Since tPex15 co-immunoprecipitates with both wild-type Pex1/Pex6 and Pex1-
WB/Pex6-WB (Figure 6C), it is unlikely that the lack of inhibition is due to a defect in
tPex15 binding. Therefore, we hypothesize that tPex15 inhibits the ATPase activity of Pex1/
Pex6 by affecting hydrolysis in the Pex1 subunits.

Discussion

Previous studies have conclusively demonstrated that Pex1 and Pex6 form a complex in
vivo, and that the formation of this complex is ATP dependent [39-42]. Here, we show that
the Pex1/Pex6 complex is a heterohexamer composed of alternating subunits (1-6-1-6-1-6).
This architecture dictates that the nucleotide binding sites are themselves heteromeric,
forming at the interfaces between Pex1 and Pex6 within the complex. By utilizing mutations
in the signature ATPase motifs, we found that all of the ATPase activity in the Pex1/Pex6
heterohexamer derives from the D2 domains, while nucleotide binding in the D1 domain is
required for efficient complex assembly.

Interestingly, we found that the ATP-hydrolysis activity of Pex1 is strongly coordinated with
that of Pex6; mutations preventing hydrolysis by Pex6 completely inhibit hydrolysis by
Pex1. This inhibition of one subunit by a Walker B mutation in an adjacent subunit was
previously observed for the mitochondrial mMAAA protease Ytal0/Ytal2. However, unlike
the mitochondrial ATPases, the inhibition of Pex1 by Pex6-WB could not be overcome by
mutations in the Pex1 R-finger, indicating that the coordination of Pex1 and Pex®6 is
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mediated through a different mechanism than the one utilized within the Ytal0/Ytal2
complex.

We observed approximately 20% of wild-type activity for the Pex1-WB/Pex6 complex.
However, we do not assume that Pex6 contributes only 20% to the total ATPase activity of
the wild-type complex. The strong coupling of ATP hydrolysis of Pex1 with that of Pex6
suggests that Pex6 fires prior to Pex1, which would lead to a balanced contribution of
subunits to the overall ATPase activity of the complex. The hydrolysis activity of the Pex1-
WB/Pex6 mutant may be limited to 20% for two main reasons. One could be the partial
inhibition of Pex6 by a hydrolysis-dead Pex1 neighbor, and the other may be related to the
total number of ATP-loadable sites in the Pex1/Pex6 hexamer. Several previous studies on
related AAA+ enzymes suggest that a closed ring topology allows only four of the six
nucleotide-binding sites to be occupied [31, 54, 55]. Indeed, we observed asymmetry in the
nucleotide binding sites in saturating conditions of ATP, ATPyS, and ADP. Assuming a
similar behavior for Pex1-WB/Pex6, the three hydrolysis-deficient Pex1 D2 sites would
preferably be ATP-bound, leaving only a single Pex6 site in the D2 ring available for ATP
binding and hydrolysis.

We found that binding of Pex1/Pex6 to the cytoplasmic domain of its membrane anchor
Pex15 inhibits ATP hydrolysis by up to 87% at saturating conditions, leading to a residual
ATPase activity that is similar to that of Pex1-WB/Pex6. These data suggest that Pex15
inhibits the ATPase activity of Pex1, and not Pex6. Previous studies have shown that Pex15
and its human homolog Pex26 interact directly with the N-terminal domain and D1 domain
of Pex6 [40, 47], and only indirectly with Pex1. Pex15 binding could allosterically affect
Pex1 while directly binding only to Pex6, but, given the observed proximity of the Pex6 N-
terminal domain and the small a-helical AAA+ subdomain of the Pex1 D2 ATPase, it is also
possible that Pex15 could simultaneously interact with the Pex6 N-terminal domain and the
Pex1 D2 ATPase.

In vivo, Pex1 and Pex6 are distributed between the cytoplasm and the peroxisome
membrane, to which they are recruited by Pex15 [47, 57]. Our data indicate that the
heterohexamer localized at the peroxisome membrane and bound to Pex15 has a lower ATP-
hydrolysis rate due to Pex15-mediated inhibition. We hypothesize that this regulated
inhibition of Pex1/Pex6 by Pex15 may allow for substrate engagement at the peroxisomal
membrane and subsequent accelerated processing after Pex1/Pex6 dissociates from Pex15
and the membrane.

Surprisingly, we observed no major nucleotide-dependent conformational changes in the N-
terminal domains of Pex1/Pex6 akin to those reported for p97 and NSF. Large variations in
the position of the N-terminal domains have prompted speculations that p97 and NSF exert
mechanical force on externally-bound substrates through hydrolysis-driven conformational
changes in those domains, rather than using a mechanism of substrate threading through the
central pore. While we observed no changes in the position of the N-terminal domains, we
cannot rule out that the engagement of an ubiquitinated Pex5 substrate or the presence of an
adaptor protein such as Pex15 or the de-ubiquitinase Ubp15 might stabilize such alternative
N-terminal domain conformations in Pex1/Pex6. An alternative model proposes that Type-2
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AAA+ ATPases unfold substrates via translocation through the central pore [32, 58-60]. For
Pex1/Pex6, the D1 ring is not only ATPase-deficient, but also lacks well-conserved pore
loops to engage and translocate a substrate in response to hydrolysis-driven conformational
changes. The substrate would therefore have to enter far enough into the central pore of
Pex1/Pex6 to contact the pore loops of the D2 ring. In fact, for several other Type-2 AAA+
ATPases that process substrates through the central pore the D2 domain has been found to
be more important than D1 in driving translocation [58, 60].

Substrate engagement and processing by Pex1/Pex6 still remain unresolved. The only
known substrate of Pex1/Pex6 is the ubiquitinated cargo receptor Pex5, which Pex1/Pex6
extracts from peroxisomal membranes in an ATP-dependent manner. Ubiquitination of Pex5
is required for its ATP-dependent extraction [18] and could possibly mediate the interaction
with Pex1/Pex6, either directly or through adaptor proteins. A potential ubiquitin-binding
site within the complex is the N-terminal domain of Pex1, which shares structural similarity
with the ubiquitin-interacting motif in Ufd1 and the N-domain of p97 [61, 62]. However,
besides this structural similarity, there is no direct evidence of an ubiquitin-binding site
within Pex1 or Pex6, and indirect binding through an adaptor protein such as Ubp15 remains
another possibility.

Pex1 and Pex6, as well as their substrates and interacting proteins, are conserved from yeast
to humans. We therefore expect that our results regarding the architecture of the Pex1/Pex6
heterohexamer and the contributions of individual ATPase domains to nucleotide hydrolysis
will be directly applicable to the human system. To fully understand the effects of Pex1 and
Pex6 mutations and eventually tackle new therapeutic approaches for peroxisome biogenesis
disorders, future work will have to address how Pex1/Pex6 engages with adaptor proteins
and processes its substrates. In addition, increased understanding of the Pex1 and Pex6
mechanism may help elucidate the common principles of the related AAA+ ATPases NSF
and p97, which are essential for cell viability and therefore less tractable for mutational
studies in vivo.

Materials and Methods

Genomic tagging of Pex1 and Pex6

Pex1 and Pex6 were tagged with a C-terminal 3xFLAG tag at their genomic locus using a
pFABA-3XFLAG-KANMXG6 cassette as a template. The addition of the 3xFLAG tag was
confirmed by junction PCR and the up-regulation of the FLAG-tagged protein during
growth on oleic acid as the sole carbon source. The genotype of the resulting strains are
W303 MATa ura3-1 his3-11 trpl-1 leu2-3 leu2-112 can1-100 PEX1:: PEX1-3xFLAG
(KanMX) and W303 MATa ura3-1 his3-11 trpl-1 leu2-3 leu2-112 can1-100

PEX6:: PEX6-3XFLAG (KanMX). The 3XxFLAG tag had no effect on the localization of GFP-
PTSL.

FLAG immunoprecipitation

The WT, Pex1-FLAG, and Pex6-FLAG strains were pre-cultured in YPD for 3 days. On the
day of the growth, each strain was inoculated into 1 L of YPD at an OD 600 of 0.15 and
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grown at 30 degrees C to an OD 600 of ~1. The cultures were centrifuged at 5000 x g, and
the pellets resuspended in 2 L of YNO (5 g peptone, 3 g yeast extract, 1.4 mL oleic acid, 2
mL Tween-40, 5 g KH,PO, per liter). After growth overnight at 30 degrees C, the cultures
were centrifuged at 5000 x g, washed once with water, and resuspended in 1 mL per gram of
wet weight in IP buffer (60 mM HEPES pH 7.6, 50 mM NaCl, 50 mM KCI, 10% glycerol,
10 mM MgCl,, 0.5 mM EDTA) with proteasome inhibitors. The resuspended cultures were
frozen and stored at —80 degrees C before lysis by a SPEX 6870 Freezer/Mill at 15 cps.

For the anti-FLAG immunoprecipitation, Triton X-100 and PMSF were added to the thawed
samples to a final concentration of 1% v/v TritonX-100 and 1 mM PMSF. The Pex1-FLAG
and Pex6-FLAG samples were split, diluted to equal protein concentration, and nucleotide
was added to the following concentrations: 5 mM ATP with ATP regeneration buffer (0.05
mg/mL creatine phosphokinase, 5 mg/mL creatine phosphate), or 0.4 mM ATPyS, or no
nucleotide. Each sample was incubated with anti-FLAG M2 affinity resin, washed several
times with IP buffer with the appropriate nucleotide, and eluted with FLAG peptide. The
FLAG-tagged protein and bound proteins were resolved by SDS-PAGE.

Purification of Pex1 and Pex6

Pex1-FLAG and His-Pex6 wildtype and mutant complexes were co-expressed in BL21* E.
coli from the pETDuet and pCOLADuet vectors. The expression strain was grown in 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 0.3 mM IPTG before overnight incubation at 18°C. The E. coli were
harvested at 6000xg for 20 minutes at 4 degrees, and the pellet was resuspended in Ni_A
buffer (25 mM HEPES pH 7.6, 100 mM NaCl, 100 mM KCI, 10% glycerol, 10 mM MgCl,,
0.5 mM EDTA, 20 mM imidazole) with benzonase, lysozyme (0.2 mg/mL), and protease
inhibitors and frozen at —80°C. Cells were lysed by sonication at 90 mAmps with 15-second
pulses on, 90 seconds off for a total of 120 seconds on. Cell debris and unlysed cells were
pelleted at 30,000xg and the supernatant was transferred to Falcon tubes containing 5 ml of
pre-washed Ni-NTA agarose. The cell lysate and agarose were incubated with gentle
rocking for 1-2 hours at 4°C before the agarose was batch washed with 2x50 mL washes of
Ni_A with 0.5 mM ATP. After the batch washes, the agarose was poured into a gravity flow
column and washed until the flowthrough contained no protein, as judged by a Bradford
assay. The bound protein was then eluted with Ni_A with 0.5 mM ATP and 500 mM
imidazole, and the elution was added to re-suspended and pre-washed anti-FLAG affinity
resin (Sigma) for 2 hours of batch binding at 4°C. After two hours, the anti-FLAG affinity
resin was poured into a gravity flow column, and washed with 50 mL of Ni_A with 0.5 mM
ATP. The bound protein was eluted with Ni_A with 0.5 mM ATP and 0.3 ug/mL FLAG
peptide and concentrated on a 100 MWCO spin concentrator before snap-freezing in N2 (1).
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 KClI, 10% glycerol, 10 mM MgCl,, 0.5 mM
EDTA) with 0.5 mM ATP and 1 mM DTT. 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), Pex1-RK D2 (R852K), Pex6-WB D2 (E832Q), Pex6-
RK D2 (R889K).
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For His-Pex1-FLAG/MBP-Pex6, we followed the same protocol through the elution from
the Ni-NTA agarose, at which point the elution was batch bound to amylose resin rather
than anti-FLAG affinity resin and eluted with Ni_A with 0.5 mM ATP and 10 mM maltose.

To purify the cytoplasmic domain of Pex15 (aa 1-327), we replaced the transmembrane
domain with a FLAG-6xHis tag and, followed the same purification protocol as for Pex1/
Pex6, but without ATP in the buffer.

ATPase assays

The ATPase activity of the wildtype and mutant Pex1/Pex6 complexes were monitored
using an ATP/NADH coupled enzyme assay. In this assay, the regeneration of hydrolyzed
ATP is coupled to the oxidation of NADH, which is measured at 340 nm [63]. 1X reaction
mixture consists of (3 U mI~1 pyruvate kinase, 3 U mI~1 lactate dehydrogenase, 1 mM
NADH and 7.5 mM phosphoenol pyruvate). The assays were performed in either a 96 well
plate using a SpectraMAX 190 plate reader or a cuvette using an Agilent 8453 UV-Vis
spectrometer over 900 seconds with 10 second time points. For saturating conditions, we
used 5 mM ATP. In all of the ATPase assays, we used 5 nM Pex1/Pex6 to stay in the linear
range of the assay for the entire duration of the experiment. Measurements at up to 100 nM
Pex1/Pex6 showed no concentration dependence of ATPase activity and thus confirmed the
stability of the hexamer at 5 nM. To monitor the effect of tPex15, Pex1/Pex6 and varying
concentrations of tPex15 were pre-incubated before the addition of reaction mixture.

Negative Stain Electron Microscopy

Sample preparation

Pex1-FLAG/His-Pex6 samples were diluted to final concentration of 22 nM in GF buffer
lacking glycerol, but supplemented with different nucleotides (3 mM ADP, ATP and
ATPyS) and 1 mM TCEP for EM studies. The sample was incubated on ice for 5 minutes in
the presence of ATP, or 15 minutes in the presence of ADP or ATPyS to allow for
nucleotide exchange immediately prior to negative staining. 4 pl of sample was applied to
freshly plasma-cleaned 400 mesh Cu-Rh maxtaform grids (Electron Microscopy Sciences)
that had been coated with a thin layer of carbon. After incubating for 1 minute, excess
protein was wicked off with a filter paper (Whatman No. 1) and the grid was immediately
inverted and placed on 50 pl droplet of 2% (w/v) uranyl formate solution. After 30 s, excess
stain was wicked off from the grid by touching the edge with filter paper. This staining step
was repeated three times for thorough embedding of the sample, and the grids were air dried
after the last blotting step. A majority of the particles exhibited a preferential orientation on
the carbon support using this staining method, yielding mostly end-on projections. To
overcome this issue, we pretreated the plasma-cleaned grids by placing 5 pl of 0.1 % (w/v)
poly-L-lysine hydrobromide (Polysciences) onto the carbon surface for 90 s, followed by
two washes with 10ul drops of water. After the grids dried, Pex1/6 samples were applied and
stained as described above. This treatment provided additional lateral views of the
complexes. His-Pex1-FLAG/MBP-Pex6 grids were prepared in similar manner as described
above.
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Data acquisition

Data for all the samples were acquired on a Tecnai Spirit (FEI) transmission electron
microscope, operating at 120 keV, using the Leginon automated data acquisition system
[64]. Micrographs were acquired at a nominal magnification of 52,000X on an F416 CMOS
4Kx4K camera (TVIPS) with a pixel size of 2.05 A/pixel at the specimen level using an
electron dose of 20 electrons/AZ, with a defocus range from 0.3 um to 1.5 pm.

Image Processing

694, 825, and 1,340 micrographs were collected for Pex1-FLAG/His-Pex6 in presence of
3mM ADP, ATP, and ATPyS, respectively. The Appion image processing pipeline [65] was
used for processing of micrographs and initial 2D analyses. CTFFindv3 [66] was used for
determining the contrast transfer function (CTF) of each micrograph, and particles were
selected from micrographs using Difference of Gaussians (DoG)-based automated particle
picker [67]. Phases for each micrograph were corrected using EMAN [68] and particles
were extracted using a 160 x 160 pixel box. Individual particles were normalized by
eliminating pixels with values above or below 4.5¢0 of the mean pixel value using the
normalization function in the XMIPP package [69]. For faster computation the particles
were binned by a factor of two. Initial stacks of 86,824, 74,533 and 65,904 particles for data
collected in presence of 3mM ADP, ATP, and ATPyS, respectively, were obtained.

Each of the extracted particle datasets was subjected to five rounds of iterative multivariate
statistical analysis (MSA) [70], and multi-reference alignment (MRA) in Appion to remove
any erroneously picked non-particle features and aggregates. This resulted in final stacks
containing 57,538, 53,837 and 41,476 particles for 3 mM ADP, ATP, and ATPyS datasets,
respectively. Reference-free 2D alignment and classification were done for each dataset
using the ISAC [71] program within the EMAN2/SPARX software package [72, 73].

An initial 3D model was generated from the ISAC 2D class averages using the
“e2initialmodel.py” function in the EMAN2 software package, with ¢3 symmetry imposed.
This initial model was low-pass filtered to 60A resolution and used as a starting point for 3D
classification of each particle dataset into five classes using Relion [74]. After 25 iterations
of 3D classification, 23,989, 11,946, and 10,371 particles (for the ADP, ATP, and ATPyS
datasets, respectively) belonging to well-resolved 3D class averages were used for further
refinement by projection matching in Relion. The reported resolutions of the final
refinements by Gold Standard Fourier Shell Correlation at a cutoff of 0.143 were 17.26,
23.4, and 23.4 A for the 3 mM ADP, ATP, and ATPyS datasets, respectively
(Supplementary Figure 2).

870 micrographs were acquired for His-Pex1-FLAG/MBP-Pex6 sample, from which 67,216
particles were extracted using a box size of 192 pixels. These particles had preferred
orientation on the carbon support, even after poly-L-lysine treatment, yielding only end-on
projections. This particle stack was further binned down by a factor of two and reference-
free 2D classification was performed using ISAC as described earlier.
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Homology modeling

Homology models for the D1 and D2 ATPase domains of Saccharomyces cerevisiae Pex1
and Pex6 were obtained using the Phyre2 server [75]. The p97 crystal structure (PDB ID:
3CF1 [76]) was used as a template for model building. It was fitted into individual ATPase
densities, and the appropriate homology models were aligned (Figure 3E). All rigid-body
fitting of atomic models into EM density, as well as generation of figures and movies
depicting 3D reconstructions were performed using UCSF Chimera [77].

The 3D density maps for the ADP, ATP, and ATPyS reconstructions have been deposited at
the Electron Microscopy Data Bank (EMDB), with reference codes EMD-6253, EMD-6255,
and EMD-6254, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Schematic representation of Pex1 and Pex6 from S cerevisiae. Both are Type-2 AAA+
ATPases with an N-terminal domain (NTD) and two ATPase domains, D1 and D2. HR: N-
terminal region homologous to the N-domain of p97 and NSF. Al and A2: Walker A motif
(GxxGXGKT) in the D1 or D2 ATPase domain. B1 and B2: Walker B motif (popoDE, ¢:
hydrophobic amino acid) in the D1 or D2 ATPase domain. The alignment shows the
conservation of the Walker A and Walker B motifs in ScPex1, ScPex6, ScCdc48, and
ScSecl8. Poorly conserved residues are underlined.

B) Endogenous Pex1 and Pex6 from S. cerevisiae depend on the presence of nucleotide to
form a complex. Pex6 co-immunoprecipitated with FLAG-tagged Pex1 in the presence of
ATP or ATPyS. Pex1 co-immunoprecipitated with FLAG-tagged Pex6 in the presence of
ATP, but this association is diminished when no nucleotide is present. A mock co-
immunoprecipitation using the parent wild-type strain with untagged Pex1 and Pex6 served
as a control.

C) Recombinant Pex1-FLAG and His-Pex6 purified as a stoichiometric complex from E.
coli. Pex1-FLAG and His-Pex6 were co-expressed in BL21* E. coli and subsequently
purified by Ni-NTA agarose, anti-FLAG affinity resin, and size exclusion chromatography.
The Superose 6 elution profile and SDS-PAGE analysis of the fractions show that the main
peak contains both Pex1-FLAG and His-Pex6, and a minor peak represents a smaller homo-
oligomer of Pex1-FLAG.
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A) The recombinant Pex1-FLAG/His-Pex6 complex is an active ATPase with a K, of 0.7
mM ATP and Vax of 6700 ATP/hexamer/min.

B) The cytosolic domain of Pex15, tPex15, inhibits the ATPase activity of Pex1-FLAG/His-
Pex6 with an apparent Kp of 185 nM.
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Pex1-FLAG/MBP-Pex6 Average

£

Figure 3.
A) 2D class averages from negative-stain electron microscopy of recombinant Pex1-FLAG/

His-Pex6 in the presence of 3 mM ATP.

B) Three representative class averages of Pex1-FLAG/MBP-Pex6 show extra density for
MBP at the apices of the heterohexamer, consistent with an attachment to the extended N-
terminal domain. 2D classes were aligned and averaged to show the flexible attachment of
the MBP tag to the N-terminal extensions of Pex6 in the heterohexamer.

C) The 3D reconstruction of the Pex1-FLAG/His-Pex6 heterohexamer at 23-A resolution.
D1 and D2 mark the individual ATPase rings. The top view depicts the D1 ring and NTDs
(left), and the bottom view shows the D2 ring (right). In the top view, the hash marks
delineate the “dimer” interfaces in the “trimer of dimer” arrangement.

D) The density of truncated NSF (EMDB: 2041) constituting only the D1 and D2 domains
was docked into the 3D reconstruction of Pex1/Pex6 to emphasize the density of the Pex1/
Pex6 N-terminal domains.

E) The Pex1/Pex6 D2 ATPase ring exhibits the canonical architecture of the small a-helical
AAA+ subdomain interacting with the large AAA+ subdomain of the counter-clockwise-
neighboring subunit. Shown are homology models for the Pex1 and Pex6 D2 domains
docked into the density of the Pex1/Pex6 D2 ATPase ring.
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Figure 4.
A) A proposed model showing the outlines for Pex1 and Pex6 in the segmented
heterohexamer.
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Figure 5.
A comparison of the 3D reconstructions for ADP-, ATPyS-, and ATP-bound Pex1/Pex6

heterohexamer at 17, 23, and 23 A resolution, respectively. A) Side-views of Pex1/Pex6
reveal no large changes in the N-terminal domain conformation. B) Vertical cross-sections
at the axial pore show increased density in the D2-ring pore for the ATPyS-bound state. C)
Horizontal cross-sections through the D1 ATPase domains. D) Horizontal cross-section
through the D2 ATPase domains.
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A) A comparison of ATPase activities for wild-type Pex1-FLAG/His-Pex6 and its variants
with mutations in the D2 domains. The schematic below the graph indicates the D2
mutations made in the context of the heterohexamer, with Pex1 represented in light gray and
Pex6 in dark gray. The ATP-binding sites are colored green when wild type and red when
mutated. WB: Mutation of Glu to Asn in the Walker B motif, leading to inhibition of ATP
hydrolysis. RK: Mutation of Arg to Lys in the R-finger, a residue contributed to the

neighboring ATP-binding site, which inhibits ATP hydrolysis when mutated.
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B) The cytoplasmic domain of Pex15 inhibits the ATPase activity of the wild-type Pex1/
Pex6 complex, but not the Pex1-WB/Pex6 mutant.

C) The cytoplasmic domain of Pex15 co-immunoprecipitates with both wild-type and the
D2 Walker B mutant Pex1/Pex6 complex. The immunoprecipitation was performed on
purified proteins using the FLAG tag on Pexl1.
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