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The ubiquitous AAA-ATPase p97 segregates ubiquitylated proteins from their

molecular environment. Previous studies of the nucleotide-dependent confor-

mational changes of p97 were inconclusive. Here, we determined its structure

in the presence of ADP, AMP-PNP, or ATP-cS at 6.1–7.4 �A resolution

using single particle cryo-electron microscopy. Both AAA domains, D1 and

D2, assemble into essentially six-fold symmetrical rings. The pore of the D1-

ring remains essentially closed under all nucleotide conditions, whereas the

D2-ring shows an iris-like opening for ADP. The largest conformational

changes of p97 are ‘swinging motions’ of the N-terminal domains, which may

enable segregation of ubiquitylated substrates from their environment.

Keywords: AAA-ATPase; Cdc48; Cryo-EM; ERAD; protein quality

control

The type II AAA+ protein p97/Cdc48 (mammalian/

yeast) is a chaperone-like molecular machine that uti-

lizes the chemical energy released by ATP hydrolysis

for segregation of ubiquitylated proteins from their

environment, such as protein complexes and mem-

branes [1,2]. P97 copies assemble into homohexameric

complexes, which acquire substrate and processing

specificity through a large number of transiently asso-

ciating cofactors [1,3,4]. Single amino acid mutations

in human p97 (also referred to as VCP) have been

linked to neurodegenerative disorders, such as inclu-

sion body myopathy associated with Paget disease of

bone and frontotemporal dementia (IBMPFD) [5].

P97 consists of an N-terminal effector binding

domain (N-domain) and two AAA domains (D1 and

D2). X-ray crystallographic studies revealed the archi-

tecture of these domains in the homohexameric com-

plex [6–8]. D1 and D2 both form six-fold

homohexameric rings, which are stacked on top of

each other in a ‘head-to-tail’ arrangement. This sym-

metrical arrangement is in contrast to some other

AAA-ATPases, including the closely related N-ethyl-

maleimide sensitive factor (NSF) [9], which adopt

staircase-like topologies that undergo changes during

their nucleotide cycles. In the full-length X-ray crystal-

lographic structures, the structural differences of the

AAA domains of p97 are comparatively small between

the different nucleotide states [7,8]. In all full-length

structures, the centers of mass of the N-domains are

arranged essentially coplanar with those of D1. How-

ever, the positioning of the N-domain differs in the

X-ray structure of the N-D1 fragment carrying the

IBMPFD associated point mutations (R155H or

A232E) in the presence of ATP-cS, in which the cen-

ters of mass of the N-domains resides significantly

above the plane of the centers of mass of D1 [10,11].

Abbreviations

EM, electron microscopy; FCR, Fourier cross-resolution; IBMPFD, inclusion body myopathy associated with Paget disease of bone and

frontotemporal dementia; MS, mass spectrometry; NSF, N-ethylmaleimide sensitive factor; SAXS, small-angle X-ray scattering.
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While the present X-ray crystallographic structures

provide accurate structural information about the single

domain structures, the quaternary structure observed in

the crystals might not be physiological. Low-resolution

small-angle X-ray scattering (SAXS) [12], atomic force

microscopy [13] and cryo-electron microscopy (EM)

studies [14,15] all suggest much larger conformational

differences between the different nucleotide states than

observed in the full-length X-ray crystallographic struc-

tures. A likely source for the discrepancy between the

scales of motion observed in the crystallographic and

solution data are the extensive contacts between the D2

and N-domains of adjacent particles in the crystal lat-

tices [7,8]. In particular, the positions of the N-domains

seem to be strongly biased by the crystal packing. How-

ever, due to insufficient resolution, solution studies have

so far failed to conclusively address the precise domain

positions and their internal rearrangements for the dif-

ferent nucleotide states.

In this study, we revisit the conformational land-

scape of p97 in the presence of three nucleotides,

AMP-PNP, ATP-cS, and ADP, using cryo-EM single

particle analysis and recent advances in electron detec-

tor technology [16,17].

Material and methods

Sample preparation

Full-length p97 was purified as described previously [7].

About 4 lL of purified protein was applied to a lacey car-

bon copper grid (Quantifoil, Grobl€obichau, Germany),

incubated for 30 s, manually blotted with filter paper and

washed two times with 4 lL buffer (containing the respec-

tive nucleotide) and 0.05% NP40, before final blotting and

vitrification in liquid ethane.

Mass spectrometry

P97 was buffer exchanged to 150 mM CH3CO2NH4 pH 7.5

(for native MS) or 0.1% (v/v) HCOOH (for MS under

denaturing conditions) using Micro Bio-Spin P30 columns

(Bio-Rad, Hercules, CA, USA). To study nucleotide bind-

ing by native MS, p97 was incubated with 1 mM of the

respective nucleotide and 1 mM MgCl2 for 30 min at room

temperature prior to buffer exchange. The buffer exchanged

samples were loaded in gold-coated borosilicate capillaries

and were analyzed by nano-electrospray ionization-MS at a

protein concentration of 4–5 lM using a modified Orbitrap

Exactive Plus EMR mass spectrometer (Thermo Scientific,

Waltham, MA, USA), externally calibrated with CsI clus-

ters [18]. The following instrument settings were used for

native MS: capillary voltage = 1.3–1.4 kV, source fragmen-

tation voltage = 20 V, S-lens extraction voltage = 150–
200 V, HCD energy = 50 V, N2 gas pressure in HCD

cell = 7 9 10�10 bar, mass resolution at 200 m/z = 6000.

For MS under denaturing condition, the energy and gas

pressure in the HCD cell were set to minimum. The mass

spectra were analyzed with XCALIBUR v2.2 and the mass of

denatured p97 was determined using PROTEIN DECONVOLU-

TION v3.0 (both Thermo Scientific).

Electron microscopy

All data were collected on a 300 keV FEI Titan Krios electron

microscope equipped with a K2 Summit detector (Gatan,

Pleasanton, CA, USA) operated in counting mode

(10 e� pixel�1�s�1, 30 frames with a total dose of 40 e�/�A2�).
The data sets of p97-AMP-PNP and p97-ADP were collected

at a magnification of 81 0009 (1.74 �A�pixel�1), whereas the

p97-ATP-cS data were collected at 105 0009 magnification

(1.35 �A�pixel�1). TOM
2 automated acquisition software [19]

was used to collect a total of 2464 (p97-AMP-PNP), 3276

(p97-ADP) and 1728 (p97-ATP-cS) micrographs.

Image analysis

From micrographs that did not show astigmatism or strong

drift particles were selected automatically [20]. CTF param-

eter determination was carried out on the whole micro-

graph level using ctffind3 [21]. All subsequent processing of

the particles was carried out in RELION. To evaluate con-

formational heterogeneity 3D classification was carried out

using 50 classes. For subsequent analysis we aligned the

protomers of the 50 classes based on the pseudo six-fold

rotational symmetries (Fig. S2), resulting in 300 volumes.

The densities inside the mask encapsulating the N-domain

of one protomer (approximately 4 nm in diameter) were

then analyzed statistically by principal component analysis

of the correlation matrix and subsequent hierarchical clus-

tering according to the first eigenvector in TOM [22]. For the

AMP-PNP, ADP, and ATP-cS datasets, resolutions of 9.3,

9, and 8.1 �A were determined, respectively. The nonsym-

metrized maps were subjected to rotational correlation

analysis in TOM [22]. Subsequently, six-fold rotational sym-

metry was imposed for a final refinement round increasing

the resolution to 7.4, 6.8, and 6.1 �A for AMP-PNP, ADP,

and ATP-cS datasets, respectively. The local resolution was

computed using Bsoft [23], and the maps were filtered

accordingly. The EM densities have been deposited in the

EMDataBank for the ADP state (EMDB-3323, EMDB-

3326), AMP-PNP state (EMD-3324, EMDB-3328), and

ATP-cS state (EMD-3325, EMDB-3327). Molecular graph-

ics and analyses were performed with the UCSF CHIMERA

package [24]. The consistency of all fits was analyzed by

Fourier cross-resolution of the reconstruction and the den-

sity simulated from the atomic model in TOM [22].
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Results

Characterization and data acquisition of pre- and

posthydrolysis states

To correlate our data with prior structural data and

biochemical characterization we used incubated puri-

fied p97 with three extensively studied nucleotides: (a)

The posthydrolysis state was induced by adding excess

ADP to the buffer (‘ADP dataset’) [7,14,15]. Biochemi-

cal studies indicate that all 12 nucleotide binding sites

of the p97 hexamer have ADP molecules bound under

the conditions of the experiment [12]. (b) To mimic an

ATP-bound state the nonhydrolysable ATP-analog

AMP-PNP has often been employed [7,12,14]. How-

ever, the affinity of AMP-PNP for p97 is much lower

than that of ATP and ADP [25]. For our experimental

conditions, approximately five ADP and five AMP-

PNP molecules have been detected per p97 particle

[12]. (c) The slowly hydrolysable analog ATP-cS is an

alternative means to lock a prehydrolysis state. The

affinity of ATP-cS is comparable to that of ATP and

biochemical studies indicate that 9–10 ATP-cS nucleo-

tides are bound per p97 molecule under the conditions

of the sample [26].

Prior to structural analysis, we characterized the

nucleotide states of our samples after purification and

in the presence of ADP and ATP-cS by native mass

spectrometry (MS) [27,28]. AMP-PNP was omitted in

this experiment due to the anticipated strong hetero-

geneity of nucleotide states, which is not to be easily

resolved by native MS. To determine the precise mass

of apo p97 its monomeric mass was first measured

after denaturation (Fig. S1A). The most abundant

peak among four species is a form that likely corre-

sponds to p97, which has been acetylated after

removal of the N-terminal Met-Gly. Because each of

the four monomeric species may be incorporated in

the p97 hexamer, their weighted mass average was

used to calculate the averaged expected mass of the

hexameric apo p97 (548 491 Da).

We then aimed to analyze to which extent nucleo-

tides remain prebound to p97 after recombinant

expression and purification in nucleotide-free buffer.

The major population in the recorded spectra corre-

sponds to hexameric p97 with 10 ADP molecules

bound (Fig. S1B). Upon incubation with ADP the

spectrum indicates that the major mode becomes

loaded with 11 ADP molecules (Fig. 1A). In both

cases, only distinct ADP loading states are present,

suggesting cooperative nucleotide binding.

When purified p97 was incubated with ATP-cS the

spectra indicate exchange of the prebound ADP by

ATP-cS. As a result, the major subspecies is shifted to

higher molecular weights, indicating that the prebound

ADP has been fully or partially replaced by ATP-cS
(Fig. 1C). Assuming complete exchange of ADP by

ATP-cS, the most abundant species can be assigned to

p97 with 10 Mg2+-ATP-cS bound, again indicating

cooperative nucleotide exchange and binding

(Fig. 1B).

Conformational variability at different nucleotide

conditions

Because statistical distribution of different monomer

conformers within the homohexameric ring can give

rise to a large number of different overall configura-

tions, we classified each dataset into 50 different 3D

classes. To identify the major monomer conformers we

subsequently superposed the protomers of the ring-

shaped class reconstructions according to their respec-

tive rotations around their six-fold pseudosymmetry

axis in the center of the molecule and subjected them

to hierarchical clustering focusing on an area encom-

passing their N-domains (Fig. S2A).

For the ADP dataset, this analysis indicates that the

computed reconstructions from the ADP dataset are

highly similar to each other and hence conformational

heterogeneity is negligible (Fig. S2B). In all classes, the

centers of mass of all N-domains are in plane with

those of the D1 domain (‘down’ state in the following)

akin to the X-ray crystallographic structures of

full-length p97 [7].

In contrast, the analysis of the N-domain position-

ing indicates heterogeneity for the AMP-PNP dataset.

The monomers adopt two preferred conformations

that mostly differ in the positioning of the N-domains

(Fig. S2C): their centers of mass position either above

the plane of the centers of mass of the D1 domains

(‘up’ state in the following) or in the ‘down’ state. In

addition to these two major conformers, the classifica-

tion reveals another less populated and less-defined

class that resembles the up-state. This class corre-

sponding to a ‘background’ of heterogeneous confor-

mations (‘flexible’ state) is not considered in the

further analysis. In contrast to the positions of the

N-domains, the AAA domains do not show notable

differences. For the ATP-cS dataset the classification

reveals that only very few monomers adopt a defined

up-conformation (Fig. S2D). The most populated

classes show the N-domain also in a ‘flexible’ upward

position, but much more washed-out, or the N-domain

is not resolved at all. Thus, the conformational space of

the N-domain is considerably larger in the presence of

ATP-cS than for AMP-PNP and ADP and it primarily
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contains upward facing states. In contrast to the ADP

and AMP-PNP datasets, the down-conformer is

entirely absent in the ATP-cS dataset.

Subnanometer resolution reconstructions with

and without imposed six-fold symmetry

As the ADP data were found to be structurally

homogeneous, we merged the particles from the best-

resolved classes, yielding an 8.4 �A resolution recon-

struction (Fig. 1F, Figs S3 and S5). To investigate the

symmetry of the AAA core, we masked out the N-

domains and computed the rotational autocorrelation

function, which showed pronounced peaks at multiples

of 60° (Fig. S4). This analysis indicates that the AAA

core is essentially identical upon six-fold rotation to a

resolution of 9 �A coinciding with the FSC estimate for

the reconstruction. Subtle differences in the densities

of the N-domains of the individual protomers are not

significant at the lower local resolution, which does

not reach subnanometer level (Fig. S3). Thus, at the

resolution determined here no deviations from six-fold

symmetry can be discerned, which does not exclude

the possibility of subtle deviations at higher resolu-

tions. Hence, we realigned the particles with imposed

six-fold rotational symmetry (C6) resulting in a 6.9 �A

resolution ‘ADP density’ (Fig. 2 and Fig. S5).

Among the classes representing the AMP-PNP data-

set, a class with ‘all-up’ N-domains clearly yields the

highest resolution indicating that the corresponding

particles have the highest degree of homogeneity.

From the ~ 20 000 particles contributing to the all-up

class we obtained a reconstruction of 9.3 �A resolution

(Fig. 1F, Figs S3 and S5). The symmetry analysis of

the AAA core and N-domain again indicates six-fold

symmetry at the achieved resolution (Fig. 1F and

Fig. S4). Accordingly, we imposed six-fold symmetry

for final alignment of these particles, which improved

the resolution to 7.5 �A (Fig. 2 and Fig. S5).

As the N-domains in the ATP-cS data were deter-

mined to be structurally heterogeneous, we subse-

quently focused the alignment on the AAA core for

this dataset. Classification did not indicate structural

heterogeneity in the AAA core and the ~ 40 000 parti-

cles from the best-resolved classes yielded a reconstruc-

tion of 8.1 �A resolution (Fig. 1F, Figs S3 and S5). The

Fig. 1. Native MS and Cryo-EM single particle analysis of p97 after incubation with different nucleotides. (A) Broad-range native mass

spectrum of ADP-bound p97. The peaks are labeled with their respective charge states. Listed are the experimentally determined

masses � standard deviation (Mexp) and the theoretical masses (Mtheo) of the identified species, which were calculated based on the mass

of apo-p97 (Fig. S1A. (B) Broad-range native mass spectrum of Mg-ATP-cS-bound p97. (C) Overlay of three charge states representing ADP-

and Mg-ATP-cS-bound p97. All peaks are shifted to higher m/z values upon incubation with Mg-ATP-cS. (D) Part of a cryo-EM micrograph of

p97 in presence of ATP-cS. The bar corresponds to 100 nm. (E) Reference-free 2D class averages from three data sets with p97 bound to

different nucleotides. (F) Side- and top-views of the ADP-, AMP-PNP-, and ATP-cS-bound structures, which are colored according to their

local resolution.
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subsequent symmetry analysis of the AAA core

showed six-fold rotational symmetry (Fig. 2, Fig. S4)

and the resolution of the refined symmetrized recon-

struction improved to 6.1 �A (Fig. 2 and Fig. S5).

Conformational changes of the N-D1 segment

To interpret the structural rearrangements of p97 for

the different nucleotides we sought to explain the

observed EM density by the existing crystallographic

structures. For the ADP densities, the crystal structure

of full-length p97 bound to ADP (PDB: 3cf3) yielded

the best fit. The Fourier cross-resolution (FCR) of this

atomic model with the EM data (6.8 �A) shows that it

explains the ADP density to the reported resolution

(6.9 �A) (Figs S5 and S6A).

In contrast, the AMP-PNP density and the X-ray

crystallographic model of p97 bound to AMP-PNP

(PDB: 3cf2) differ substantially, most notably in the

positioning of the N-domain. The structures of the

IBMPFD associated p97 N-D1 mutants (R155H or

A232E) bound to ATP-cS (PDB: 4ko8/4kln) [10],

which both have the N-domain positioned at an ele-

vated position, fit the N-D1 segment of the AMP-PNP

density best yielding a FCR (7.4 �A), consistent with

the resolution estimate (7.5 �A) (Figs S5 and S6B). The

crystal structures of the ATP-cS-bound IBMPFD

p97 N-D1 mutants with the elevated N-domain also

explain the ATP-cS density best, markedly better than

the full-length ATP-cS-bound D709–728 p97 crystal

structure [8] (Fig. 2, Fig. S6C).

The largest structural difference between the N-D1

segments of the cryo-EM ADP- and AMP-PNP/ATP-

cS structures is the repositioning of the N-domains:

they translate upwards from the D1 ring by 12.5 �A

(center of gravity of the domain) and rotate by 90°,
resulting in a ‘swinging’ motion (Fig. 3A). The confor-

mational differences between the D1 domains in the

AMP-PNP/ATP-cS and the ADP structures are com-

paratively small with displacements of the Ca-atoms

below 5 �A throughout. The largest changes involve the

helices H12 and H13 of the small subdomain of D1,

Fig. 2. p97 densities refined with imposed six-fold symmetry and corresponding pseudoatomic models. Center columns: the maps were

segmented and colored according to their domains in alternating dark and light color tones. (orange: N-domain, blue: D1 domain, green: D2

domain). Left and right columns: the fitted atomic models are depicted in the same color code.
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which form a major interface with the N-domain in

the ADP state. A notable feature of all D1 conforma-

tions observed here is that the D1 pore is extremely

narrow, in agreement with the fitted crystal structures.

Limited proteolysis experiments on the IBMPFD p97

mutants have implicated ordering of the N-terminal

residues upon ATP binding [29]. Indeed, the AMP-PNP

density shows a well-defined density segment (Fig. 3B),

for which the fitted atomic model suggests that it

corresponds to the very N-terminal residues (residues

1–20). These N-terminal 20 residues are absent from

all p97 crystal structures but one protomer of the ATP-

cS-bound IBMPFD mutant A232E, which includes

residues 12–20 [10]. These eight residues coincide with

part of the segment. Tracing it further suggests that the

very N-terminus of p97 is positioned between the helices

H1 and H2 of the D2 domain and the peptide further

traverses adjacent to the loop connecting H12 and H13

of the D1 domain. Thus, our cryo-EM structure con-

firms that the ATP-induced ordering of the N-termini is

a genuine feature of p97.

Conformational changes of the D2 domain

For the ADP and the AMP-PNP D2 ring, the best fit-

ting atomic model is the p97-ADP crystal structure

(PDB: 3cf3). The FCRs for this model and the ADP

and AMP-PNP maps (6.8 and 7.4 �A, respectively)

both match the determined resolution (Fig. S6). The

best fit to the ATP-cS D2 cryo-EM density is the

ATP-cS-bound D709–728 p97 crystal structure (PDB:

5C18, Fig. S6) [8], yielding the FCR for this atomic

model and the ATP-cS map (7 �A) is in the range of

the determined resolution, indicating that the model

A D

E

B

C

Fig. 3. Structural changes in the domain segments. (A) Structural changes of the AMP-PNP-model (colored) compared to the ADP-model

(white). The swinging motion of the N-domain is indicated by an arrow. (B) Visualization of the most N-terminal residues in the AMP-PNP

structure (pink). (C) The change of the D2 ring in the presence of ATP-cS compared to ADP can be explained by a rigid body transformation.

The green model shows the ATP-cS state, whereas the gray-model displays the ADP state. An arrow for one protomer indicates the tilt axis

of its 14° rotation. (D) Visualization of the C-termini in the ATP-cS (red) and ADP (purple) states. (E) Comparison of the conformations of the

C-termini in different nucleotide states. In the ATP-cS-bound p97 (red) the C-terminal helix is kinked and points toward p97’s central

channel. In the ADP bound state (purple) the C-terminus binds to the side of the adjacent D2 small subdomain. In the apo-state (from

crystal structure 5C19), the C-terminus binds to the top of the small D2 subdomain.
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explains the density well (Fig. S6). Compared to the

ADP/AMP-PNP structure, the D2 domain is rotated

by approximately 14° along an axis perpendicular

to the symmetry axis, narrowing the D2 pore in an

aperture-like fashion.

The C-terminal helix of p97 is resolved in all D2

maps. It binds to the small subdomains of the adjacent

monomer, similar as in several RecA-type ATPases

[30–32]. In the ATP-cS density, the C-terminal helix is

kinked and binds in the cleft between the large and

small subunits of the neighboring ATPase domain,

consistent with the ATP-cS-bound D709–728 p97 crys-

tal structure. In addition, to the C-terminal helix, 11

residues are resolved that continue along the bottom

of the small D2 subdomain of the adjacent monomer

(Fig. 3D). Compared to the ATP-cS state the C-termi-

nus binds at the opposite face of the small D2 subdo-

main of the neighboring protomer in the ADP/AMP-

PNP structure (Fig. 3E).

Discussion

To capture p97 in different steps of its hydrolysis

cycle, we analyzed its structure in the presence of in

the ATP analogs AMP-PNP and ATP-cS, as well as

in the ADP ground state. High-resolution native mass

spectrometry was employed to thoroughly characterize

the p97 nucleotide loading state in the presence of

ADP or ATP-cS, demonstrating that the particles

studied by EM were predominantly loaded with either

11 ADP or 10 ATP-cS molecules. Moreover, the high

mass resolving power allowed us to observe distinct

p97 nucleotide loading states, indicating that nucleo-

tide binding takes place in discrete cooperative steps

of 5–6 nucleotides. In agreement with this notion, we

could not detect significant deviations from the six-

fold symmetry for the AAA core for any of the three

nucleotides tested, which clearly distinguishes p97 from

the related NSF [9]. Nevertheless, we cannot exclude

the possibility of subtle deviations from six-fold

symmetry at higher resolutions than those obtained in

our study.

As the studied nucleotide states have been investi-

gated previously, we can clarify the partially contra-

dicting structural data on p97. Extensive classification

revealed that it is structurally homogeneous in the

presence of ADP and its six-fold symmetrical, compact

structure is essentially identical to that of full-length

p97 determined by X-ray crystallography [7] and

SAXS [12]. A relative rotation of the D1 and D2

domains, as described in AFM experiments in the

presence of ATP or ADP [13], were not seen in any of

the cryo-EM maps determined here.

In the presence of AMP-PNP, the homohexamers

adopt heterogeneous conformations. A variety of dif-

ferent hexameric combinations occur that can be

attributed to the down protomer state observed in the

ADP density and an up-state, in which the centers of

mass of the N-domains are positioned above those of

the D1-domain. This finding differs from SAXS anal-

ysis of the same sample, which suggested that the N-

domains are positioned rather further below the D1

domain and move laterally [12]. This discrepancy may

be due to the SAXS interpretation inherently assum-

ing homogeneous conformations, whereas our cryo-

EM single particle analysis accounts for conforma-

tional heterogeneity, which can most likely be attribu-

ted to differing occupancies of the low-affinity AMP-

PNP and ADP in the particles. The finding that a

truncated N-D1 construct binds exclusively AMP-

PNP, whereas full-length p97 has similar amounts of

AMP-PNP and ADP bound [12] supports the inter-

pretation that N-D1 protomers in the up-state have

AMP-PNP bound, whereas the down conformers

probably have prebound ADP or no nucleotide

bound.

The nonsymmetrized and symmetrized all-up recon-

structions are clearly different from the crystal struc-

ture of full-length p97 bound to AMP-PNP [7]: the

compact X-ray crystallographic conformation is most

likely induced by crystal contacts, as also anticipated

by the authors [7]. However, the all-up N-D1 confor-

mation in the AMP-PNP map is essentially identical

to that in the crystal structures of N-D1 fragments

with R155H or A232E mutations bound to ATP-cS
[10,11], indicating that the ‘up’ N-D1 configuration is

a generic conformation of p97 and not specific for the

IBMPFD mutants. Thus, the IBMPFD mutations

rather change the equilibrium of the naturally occur-

ring p97 conformations, in line with previous

hypothesis [10,11]. A notable feature of the AMP-PNP

structure is the binding of the p97 N-termini to

the D2 domains, which apparently stabilizes this

configuration.

In the ATP-cS dataset, the down-conformer of the

N-domain was not detected, supporting the notion

that prebound ADP induces this conformer in the

presence of the lower affinity AMP-PNP. Due to high

variability, the N-domain is poorly resolved, but it

clearly preferably adopts an up-conformation. Consis-

tent with this finding, the D1 domain adopts the same

conformation as in the AMP-PNP density. A possible

reason for the more variable N-domain positioning is

the different conformation of D2, which correlates

with the absence of the p97 N-terminus at the D2

domain.
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Three different mechanistic models for p97’s segre-

gation activity are currently considered in the field [1]:

(i) threading of substrates through the central pore of

p97, (ii) substrates enter and exit the pore at the D2

end, and (iii) pronounced domain movements of p97

rather than direct involvement of the pore.

The finding that the archaeal p97 homolog VAT can

act as an 20S proteasome activator strongly suggests

that VAT can thread substrates akin to ATPases of

other ATP-dependent proteases [33,34]. In contrast to

its archaeal homologs, p97 lacks critical aromatic resi-

dues in the D1 pore loop that are required for unfol-

dase activity in ATP-dependent proteases [35,36].

Contrary to early low-resolution cryo-EM reconstruc-

tions [14], the subnanometer p97 structures presented

here indicate that the D1 pore remains too narrow to

accommodate a peptide during the hydrolysis cycle.

Thus, our structures do not corroborate the threading

model (i).

The structural differences of the D2 domain

observed in the crystal structures of p97 bound to

ADP, AMP-PNP, and ATP-cS support the notion that

substrates are processed in the interior of the D2 ring

[8,37]. Our cryo-EM structures confirm that these con-

formational changes occur in solution. Hence, our

structural data are consistent with substrate processing

in the D2 pore (ii).

Our structural data also agree with model (iii): the

repositioning of the N-domain as a result of

nucleotide hydrolysis may provide the necessary force

to disassemble targeted complexes. To illustrate a

possible segregation mechanism, we superposed the

cocrystal structure of the p97 N-domain with the

C-terminal ubiquitin regulatory X domain (UBX) of

the substrate-recruiting cofactor p47 [38] onto the

atomic ATP-cS and ADP models (Fig. 4A). These

superpositions suggest that the substrate recruited by

the N-terminal Ubiquitin-Associated domain (UBA)

of p47 would be positioned near the D1 cylinder end

in the ATP state, which would be analogous to the

NSF/SNAP/SNARE supercomplex [9]. The ~ 90°
rotation and concomitant ~ 12 �A translation induces

a strongly leveraged repositioning of the substrate

(Fig. 4B). Thus, the nucleotide-dependent conforma-

tional changes observed in this study may explain

how substrates are segregated from their binding

partners.
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