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Abstract

The Pex1/Pex6 complex is a member of the AAA family of ATPases that is involved in 

peroxisome biogenesis. Recently, cryo-electron microscopy structures have been determined of 

the Pex1/Pex6 complex in different nucleotide states. This Structural Snapshot describes the 

structural features of the complex, their implications for its function, as well as questions that still 

await answers.
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Members of the AAA family of ATPases function in a wide variety of cellular processes, 

including membrane fusion, DNA translocation, protein degradation, and cargo transport 

along microtubules [1]. In all cases the energy of ATP hydrolysis is used to exert force on a 

macromolecule. Many AAA ATPases form hexamers that move polypeptide chains. They 

contain either one or two ATPase domains, arranged in a single or double ring (type I and II, 

respectively). We best understand single-ring AAA ATPases. For example, in the case of 

ClpX, up to five of the six subunits bind ATP; hydrolysis starts randomly at one of these 

subunits and proceeds rapidly through neighboring subunits, thereby moving a polypeptide 

chain through the central pore into the associated proteolytic chamber of ClpP [2]. A 

different mechanism has been established for another single-ring ATPase, the F1 ATPase [3] 

(the F1 ATPase belongs to the “additional strand catalytic E” (ASCE) superfamily of P-loop 

NTPases, which also includes the AAA ATPases). In this case, the three hydrolysis-

competent subunits in the hexamer hydrolyze ATP in a strictly sequential and continuous 
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manner around the ring. This is linked to the rotation of a polypeptide spindle inside the 

central pore.

While we are beginning to understand single-ring ATPase mechanisms, much less is known 

about double-ring ATPases. This class of ATPases has important roles in biology. For 

example, the double-ring ATPase N-ethylmaleimide (NEM)-sensitive fusion protein (NSF) 

disassembles soluble NSF attachment protein (SNAP) receptor (SNARE) complexes after 

membrane fusion [4], p97/VCP (Cdc48 in yeast) removes polypeptides from protein 

complexes or membranes [5], and Hsp104 untangles protein aggregates [6]. It is unclear 

why these ATPases have a second ring, particularly because some members of the double-

ring ATPase family perform functions similar to their single-ring counterparts (e.g., ClpAP 

versus ClpXP) [7]. Possibly, one of the rings does not actively move polypeptides, but rather 

stabilizes the hexameric arrangement of the subunits. Consistent with this idea, one of the 

rings generally hydrolyzes ATP faster than the other. For example, the N-terminal ATPase 

domains of NSF hydrolyze ATP much more rapidly than the C-terminal subunits of the 

other ring [8]. The reverse is true for p97 [9, 10]. Whether there is communication between 

the two rings, and how exactly substrate is moved remains uncertain. Progress on 

understanding double-ring ATPases has been hampered by a lack of structural information. 

Crystallography has proven difficult because of conformational heterogeneity and flexibility 

of some domains. These problems can be circumvented with electron microscopy (EM). 

Indeed, recent developments in cryo-EM technology have resulted in much better image 

quality, allowing for better classification of particles in different conformations and for the 

determination of density maps at near-atomic resolution [11].

Pex1 and Pex6 each contain two ATPase domains (D1 and D2) and are therefore members 

of the double-ring ATPase family [12, 13]. They form a complex that is involved in the 

biogenesis of peroxisomes, organelles that house diverse metabolic functions in different 

organisms, including peroxide detoxification, β-oxidation of fatty acids, and the synthesis of 

various lipids. Mutations in human Pex1 and Pex6 cause more than 80% of peroxisome 

biogenesis disorder cases, including Zellweger syndrome [14–16]. Affected children die 

before puberty as a consequence of neurodevelopmental defects and multiple organ failure 

[17].

Two models have been put forward for the function of the Pex1/Pex6 complex. In the first 

model, the Pex1/Pex6 complex is involved in the import of soluble proteins from the cytosol 

into peroxisomes. These import substrates are recognized by the import receptor Pex5 and 

delivered to the peroxisomal membrane [12, 13]. Then, Pex5 is ubiquitinated and returned to 

the cytosol by the Pex1/Pex6 complex. In this model, the Pex1/Pex6 complex functions 

analogously to p97/Cdc48 in endoplasmic reticulum (ER)-associated protein degradation 

(ERAD) [18], in which the ATPase extracts poly-ubiquitinated proteins from the ER 

membrane [19, 20]. In the alternative model, the Pex1/Pex6 complex is involved in the 

fusion of peroxisomal precursor vesicles [21] and thus perhaps functions analogously to 

NSF.

We have recently determined structures of the S. cerevisiae Pex1/Pex6 complex in different 

nucleotide states by cryo-EM single-particle analysis [22]. Although the overall resolution 
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of the structures is between 6.2 Å and 8.8 Å, molecular models could be generated using 

novel computational methods that combine the placement of structurally homologous 

domains into density maps with energy minimization and refinement protocols. The 

structures show that Pex1 and Pex6 alternate in the hexameric double ring, generating three-

fold symmetry (Fig. 1A). As expected, the D1 and D2 rings are stacked on top of each other 

(Fig. 1C). The N-terminal regions of Pex1 and Pex6 each contain two domains, N1 and N2, 

that have the same fold as the single N domain in p97 and NSF. The N1 domain of Pex1 is 

flexibly attached, and therefore not visible in the cryo-EM structures. The other three N 

domains are packed against the D1 ring (Fig. 1).

Structures determined in ATPγS or ADP show that the D1 ring has near-perfect six-fold 

symmetry (Fig. 2). Although not visible in the maps, the nucleotides are likely bound 

between the subunits, as is the case in other AAA ATPases. Given that the D1 ATPase 

domains of Pex1 and Pex6 lack typical sequence features required for ATP hydrolysis [22], 

it is likely that ATP can be bound, but not hydrolyzed, at all subunit interfaces. ATP binding 

to the D1 ring domains may be required for the stabilization of the hexameric complex, as it 

is significantly less stable in the presence of ADP and does not assemble in the absence of 

nucleotide [22, 23].

The D2 ring is clearly asymmetric, with the domains of Pex1 and Pex6 being arranged in 

three pairs (Fig. 2 and 3A). The distance between the pairs in the D2 ring varies, such that 

there is one narrow and two wide interfaces (Fig. 2). The large gaps are caused by one pair 

of Pex1/Pex6 D2 domains tilting downwards, away from the D1 ring. While the central parts 

of these domains move downwards (Fig. 3B,C), the lateral regions move upwards and 

contact the D1 domain (Fig. 3D,E). Such inter-ring connections are not seen anywhere else 

around the rings. To our knowledge, this is the first example of structural communication 

between the rings of a type II AAA ATPase.

Although the resolution of the structures is too low to see nucleotides, the interfaces with 

wide spacing likely cannot bind nucleotides. Thus, only four out of six potential binding 

sites may be occupied at any given moment. In contrast to the D1 domains, the D2 domains 

of both Pex1 and Pex6 contain all the typical sequence elements required for ATP 

hydrolysis; their mutation leads to the total loss of ATPase activity. Interestingly, the D2 

domains of Pex1 and Pex6 are not equivalent: Pex1 subunits cannot hydrolyze ATP when 

Pex6 subunits are in the ATP-bound state, whereas the reverse is not true. Mutations at 

interfaces within the Pex1/Pex6 pairs abolish all ATPase activity, whereas mutations at the 

other interface have only a moderate effect [22, 24, 25].

The current data are insufficient to derive a specific molecular model for the function of the 

Pex1/Pex6 complex. One problem is the identity of the substrate(s). The Pex1/Pex6 complex 

has been proposed to act solely on ubiquitinated Pex5 [13, 18], but a direct interaction 

between these proteins has not been demonstrated, and other substrates have not been 

excluded. Regardless of what the substrate is, the analogy to other AAA ATPases suggests 

that it is moved into and maybe even through the central pore. Movement of the polypeptide 

would be caused by ATP hydrolysis-dependent conformational changes in the D2 ring. Our 

structural data suggest that the tilting of a central segment of a Pex1/Pex6 pair is responsible 
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for polypeptide movement. Indeed, this segment contains a conserved and essential aromatic 

residue [24] that in other AAA ATPases is required to push polypeptide substrates [16, 26–

28]. In one scenario, the three pairs of Pex1/Pex6 domains would undergo the tilting 

movement in a sequential manner around the D2 ring (Fig. 4). However, given that ATP 

hydrolysis occurs within Pex1/Pex6 pairs [22], it seems likely that each pair has to separate 

transiently during the ATP hydrolysis cycle. Other scenarios, in which the D2 subunits fire 

more randomly, cannot strictly be excluded.

The division of labor between the D1 and D2 rings of Pex1 and Pex6 is reminiscent of that 

in p97/Cdc48, although in this case, the D1 ring is not entirely inactive [9, 10]. Other 

similarities also support the idea that the Pex1/Pex6 complex functions analogously to p97/

Cdc48. When operating in ERAD, this ATPase associates with the cofactor Ufd1/Npl4 to 

recognize ubiquitinated protein substrates [10]. Interestingly, recognition requires a domain 

in Ufd1, which has the same fold as the N-terminal domains of p97/Cdc48, Pex1, and Pex6 

[29]. It is therefore possible that, together, the N1 and N2 domains of Pex1 and Pex6 would 

function analogously to the complex of the corresponding folds in p97/Cdc48 and Ufd1/

Npl4. However, whether the N1 and N2 domains of Pex1 and/or Pex6 bind ubiquitin 

remains unclear.

In p97/Cdc48 the N domains are thought to move in an ATP-dependent manner; they would 

be in an “up” conformation when the D1 domains are in the ATP-bound state, a 

conformation stabilized by disease mutations [30], and in a “down” conformation in the 

ADP-bound state [31]. In the Pex1/Pex6 complex, the three visible N domains occupy 

positions corresponding to both “up” and “down” conformations. These domains are at the 

same positions in the ATPγS and ADP structures and, because they also make extensive 

contacts with one another and the D1 domains (Fig. 1), they are unlikely to move during the 

ATP-hydrolysis cycle. The flexibly attached N1 domains of Pex1 probably need an 

interaction partner to adopt a defined conformation. Thus, while there are several similarities 

between the Pex1/Pex6 complex and p97/Cdc48, there are also fundamental differences.

Two other Pex1/Pex6 structures have recently been reported, both based on negative-stain 

EM and therefore of significantly lower resolution (~20Å) [24, 25]. Nevertheless, these 

studies arrived at the same alternating arrangement of Pex1 and Pex6 around the ring, with 

the proteins assigned on the basis of fusions with glutathione S-transferase or maltose 

binding protein. The low resolution did not permit identification of the folds of the 

individual N domains. Ciniawsky et al. reported a very large opening of the central pore in 

the D1 ring in the ADP-bound state [24], clearly in contrast to the almost undetectable 

differences between our cryo-EM structures of the complex in the ATPγS and ADP states 

[22]. The drastic changes in the D1 ring are similar to those reported for an Hsp104 structure 

that has since been corrected [32–34], and they are difficult to reconcile with the known 

mode of interaction of subunits in other AAA ATPases. One possible explanation for the 

results obtained with negative-stain EM is the instability of the Pex1/Pex6 complex in ADP, 

which results in considerable structural heterogeneity in our hands. We coped with the 

heterogeneity by careful particle classification. The best class refined to a resolution at 

which individual helices could be recognized, while other classes showed features 

reminiscent of those reported in the negative-stain EM analysis [24], but these did not refine 
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to higher resolution. Thus, although the Pex1/Pex6 complex must undergo ATP hydrolysis-

dependent conformational changes, these have yet to be visualized.

Besides our cryo-EM structure of the Pex1/Pex6 complex, there is only one other structure 

of a double-ring ATPase at a comparable resolution, the recently determined structure of 

NSF [35]. NSF appears to undergo a rather dramatic change during the transition from the 

ATP to ADP state. Surprisingly, in both states, the ATP-hydrolyzing D1 ring does not form 

a closed, planar circle. Rather, it forms a split washer in the ATP state, and an open, flat 

“Pacman” structure in the ADP state. Several of the N domains seem to be flexible, as they 

are ill-defined or invisible. How the observed structural differences between these 

nucleotide states relate to the mechanism of ATP hydrolysis remains to be determined.

Clearly, we are just beginning to understand these complicated machines. Although cryo-

EM single-particle analysis is the method of choice to gain structural insight into AAA 

ATPases, the determination of high-resolution structures in different conformations remains 

a huge challenge. So far, the focus has been on trapping all subunits in the same nucleotide 

state. However, this is likely a non-physiological condition, as different subunits in an ATP-

hydrolyzing ring are probably in different states at any given moment. It may thus be 

necessary to determine high-resolution structures while the ATPases undergo active ATP 

hydrolysis. This will require the collection of a large number of particles and their careful 

classification to identify distinct conformations. In addition, future work needs to address 

structural aspects of how cofactors and substrates bind to the ATPases. The next years 

should bring exciting progress on these intriguing machines.
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Fig. 1. Cryo-EM structure of the Pex1/Pex6 complex
(A) Models of Pex1 and Pex6 were fitted into the density map (grey envelope) determined in 

the presence of ATPγS without symmetry imposed [22]. Shown is a top view with the D1 

domains colored in blue and the N domains in brown. (B) Magnified view of the N domains 

in (A). The N domains are distinguished by different colors. (C) As in (A), but side view and 

including the D2 ring (purple). (D) Magnified view of the N domains in (C), colored as in 

(B).
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Fig. 2. Symmetry of the D1 and D2 rings
The D1 ring is symmetric, while the D2 ring shows pairs of Pex1/Pex6 ATPase domains 

with varying spacing. The arrows indicate large gaps adjacent to one of the pairs.
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Fig. 3. Structural elements of the D2 ring
(A) Top view of the D2 ring with homology models fitted into the density map. (B) Top 

view of the D2 ring with secondary structure elements shown in the central region. (C) A 

side view shows that the two helices of the Pex1/Pex6 pair in the front tilt down by ~35°. 

For clarity, the helix pair of the Pex6 subunit in the back is not shown. The angles were 

measured between one of the helices of the Pex6 subunit and the plane of the D2 ring. (D) 

Top view of the D2 ring showing secondary structure elements in the lateral region of the 

D2 ring. For clarity, only the structural elements of the Pex6 subunits are shown. (E) The 

side view shows that the long helix of the Pex6 subunit in the front tilts upwards, contacting 

the D1 ring at the position indicated by an asterisk.
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Fig. 4. Model for polypeptide chain movement by Pex1/Pex6
A polypeptide chain moves through the D1 ring into the D2 ring. Pairs of Pex1/Pex6 

ATPase domains in the D2 ring undergo a tilting motion in response to ATP hydrolysis, 

dragging the polypeptide chain through the central pore. At any given moment, one of the 

Pex1/Pex6 pair is tilted (shown in black), while the other two pairs are not (shown in grey). 

The tilting motion occurs in a circular manner around the ring.
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