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Interaction between the AAA™ ATPase p97 and its cofactor
ataxin3 in health and disease: Nucleotide-induced
conformational changes regulate cofactor binding
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p97 is an essential ATPase associated with various cellular
activities (AAA™) that functions as a segregase in diverse cellu-
lar processes, including the maintenance of proteostasis. p97
interacts with different cofactors that target it to distinct path-
ways; an important example is the deubiquitinase ataxin3,
which collaborates with p97 in endoplasmic reticulum-associ-
ated degradation. However, the molecular details of this inter-
action have been unclear. Here, we characterized the binding
of ataxin3 to p97, showing that ataxin3 binds with low-micro-
molar affinity to both wild-type p97 and mutants linked to
degenerative disorders known as multisystem proteinopathy 1
(MSP1); we further showed that the stoichiometry of binding is
one ataxin3 molecule per p97 hexamer. We mapped the binding
determinants on each protein, demonstrating that ataxin3’s
p97/VCP-binding motif interacts with the inter-lobe cleft in the
N-domain of p97. We also probed the nucleotide dependence of
this interaction, confirming that ataxin3 and p97 associate in
the presence of ATP and in the absence of nucleotide, but not in
the presence of ADP. Our experiments suggest that an ADP-
driven downward movement of the p97 N-terminal domain dis-
lodges ataxin3 by inducing a steric clash between the D1-do-
main and ataxin3’s C terminus. In contrast, MSP1 mutants of
p97 bind ataxin3 irrespective of their nucleotide state, indicat-
ing a failure by these mutants to translate ADP binding into a
movement of the N-terminal domain. Our model provides a
mechanistic explanation for how nucleotides regulate the p97-
ataxin3 interaction and why atypical cofactor binding is
observed with MSP1 mutants.

The protein p97, also known as valosin-containing protein
(VCP),? is an essential ATPase associated with various cellular
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activities (type [l AAA™ family) (1). p97 forms a hexamer, with
each protomer comprising an N-terminal domain, D1- and
D2-ATPase domains, and an unstructured C-terminal region
(Fig. 1A). The D1- and D2-domains form two coaxially-stacked
rings, with the N-domains arranged around the periphery of the
D1 ring (2, 3). ATP hydrolysis in the D1- and D2-domains is
harnessed to perform mechanical work, allowing p97 to func-
tion as a segregase in processes as varied as cell-cycle regula-
tion, transcriptional activation, DNA-damage repair, and
membrane fusion (4, 5). One of p97’s most significant cellular
roles is to assist in maintaining proteostasis, and the protein
contributes to both proteasomal degradation and autophagy
(6-10). As would be expected for a key component of regula-
tory and degradation pathways, p97 dysfunction is associated
with numerous degenerative disorders (11, 12). Missense muta-
tions in p97 cause a set of heterogeneous disorders collectively
termed multisystem proteinopathy type 1 (MSP1), which
include inclusion body myopathy, Paget disease of the bone and
frontotemporal dementia, and amyotrophic lateral sclerosis
(13-15). In cell culture, inhibiting or knocking down p97
induces endoplasmic reticulum (ER) stress and triggers the
unfolded protein response, with a concomitant buildup of
polyubiquitinated substrates (16 —21). p97 protects against the
toxic effects of aggregation-prone proteins and localizes to
cytosolic aggregates (22—24). It extracts misfolded and toxic
substrates from such aggregates, as well as from macromolec-
ular complexes and cellular membranes, in quality-control pro-
cesses associated with chromatin and mitochondria (25-30).
Involvement of p97 in diverse cellular processes is coordi-
nated by a multitude of cofactors that regulate its activity.
These cofactors are roughly categorized into substrate recruit-
ers, which direct p97 to specific pathways, and substrate pro-
cessors, which are typically enzymes that fine-tune p97 func-
tion (31). The assembly of p97- cofactor complexes drives the
subcellular localization of p97, its specificity for substrates,
and the ultimate fate of these substrates (32). An important
substrate-processing cofactor is ataxin3, a member of the
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Figure 1. Schematic representation of p97 and ataxin3. A, structure of
p97. At left is shown the domain organization of the p97 protomer. Each
protomer comprises an N-terminal domain shown in light gray, D1- and
D2-ATPase domains shown in dark gray and black, respectively, and an
unstructured C-terminal region. At right is a schematic of the assembled hex-
amer, using the same shading. The D1- and D2-domains form two coaxially-
stacked rings around a central pore, with the N-domains arranged along the
periphery of the D1 ring. B, domain organization of ataxin3 showing the Jose-
phin domain, two ubiquitin-interacting motifs (UIMs), the p97/VCP-binding
motif (VBM), and the polyglutamine (polyQ) repeat region. The linkers, UIMs,
VBM, and polyQ regions are not drawn to scale. The scales above each domain
representation show length in amino acids.

Machado-Joseph disease class of deubiquitinating enzymes
(DUBs) (33). Ataxin3 is intimately involved in the clearance of
misfolded proteins, playing significant roles in the ubiquitin—
proteasome system (34-36) and the aggregation—autophagy
system (37-40). Through its ubiquitin-related activities, it sup-
presses neurodegeneration and cytotoxicity from various poly-
glutamine-disease proteins (41—43). In particular, ataxin3 col-
laborates with p97 in the process of ER-associated degradation
(ERAD) (44), in which proteins that are misfolded or otherwise
marked for destruction are removed from the ER and targeted
to proteasomes. In addition, ataxin3 and p97 cooperate outside
ERAD in other processes involving protein degradation, such as
the control of protein levels involved in the DNA damage
response (45). In general, ataxin3 seems to facilitate degrada-
tion of proteins targeted for destruction. For example, ataxin3
knock-out animals feature increased levels of polyubiquitinated
proteins and increased levels of the stress response (46 —48).
Interestingly, a mutant form of ataxin3 containing an expanded
polyglutamine tract gives rise to aggregates of misfolded pro-
tein and causes the neurodegenerative disorder spinocerebellar
ataxia type-3 (SCA3, also known as Machado-Joseph disease
(49-54)). Therefore, it appears that ataxin3 can both support
normal protein degradation and (in its mutant form) disrupt
this same process.

The p97-ataxin3 interaction was first observed via immuno-
precipitation from cell extracts (24, 35, 55). Subsequent studies
revealed that p97 and ataxin3 are found together in multipro-
tein ERAD complexes at the ER membrane and that the pro-
teins also interact in vitro (24, 36, 54 —56). Overexpression of a
catalytically-inactive form of ataxin3 strongly inhibits the pro-
cessing of ERAD substrates, whereas overexpression of the
wild-type enzyme has a less pronounced but still inhibitory
effect, possibly due to a dominant-negative effect (36, 56). The
functionality of this interaction has been demonstrated in
worms, where p97 and ataxin3 operate synergistically to pro-
mote degradation of key substrates (57). The p97-ataxin3
interaction is perturbed by mutations in p97 associated with
MSP-1, as significantly elevated amounts of ataxin3 are associ-
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ated with the mutant p97, as compared with wild-type protein
(58).

The molecular details of how p97 interacts with cofactors
such as ataxin3 are only now being elucidated. It is becoming
clear that different cofactors assemble into complexes with dif-
fering stoichiometries (59 —61). It is also apparent that cofactor
binding is influenced by major conformational changes within
p97, which are driven by nucleotide binding and hydrolysis (3,
62, 63). Most p97 cofactors interact with the protein’s N-do-
main (64), which is significant because the N-domain can
undergo large “up-down” motions relative to the D1 ring (3).
These conformational changes are largely induced by the
nucleotide bound in the Dl-domain, with ATP favoring
the “up” position, whereas ADP induces a “down” position. The
up-down equilibrium is disrupted in MSP1 mutants (65, 66), in
which all six N-domains preferentially adopt the up state,
regardless of the nucleotide present; this behavior correlates
with decreased ADP binding to the DIl-domain in these
mutants (67, 68). Even though the MSP1 mutations affect
nucleotide binding, they are not located at nucleotide-binding
sites, nor at cofactor-binding interfaces. Instead, they are
mostly found in the N-domain, with some occurring in the
D1-domain and the N-D1 linker (12), suggesting that they
might affect cofactor binding by perturbing the N-domain con-
formation and/or inter-domain communication.

To understand the precise interplay between ataxin3, p97,
and p97’s ATPase cycle, a detailed analysis of binding is
required. In this study, we characterized the p97—ataxin3 inter-
action for wild-type p97 and three common MSP1 mutants,
localizing the determinants of binding for each partner and
revealing that the dependence of binding upon nucleotide state
is starkly different for the wild-type and mutant p97 proteins.
We suggest a model in which ataxin3 binding is controlled by a
nucleotide-induced shift of the N-domain conformation, which
leads to steric displacement of ataxin3 in the ADP-bound state.
This model has potential consequences for protein quality-con-
trol pathways in both normal and disease states and may prove
applicable to other p97 cofactors.

Results
p97 interaction with ataxin3

It has previously been demonstrated that GST-fused ataxin3
can pull down p97 from cell lysates, as well as from a solution of
purified p97 (24, 56). To quantitatively characterize this inter-
action, we used surface plasmon resonance (SPR), focusing first
on the interaction between the full-length proteins. A C-termi-
nal 1D4 epitope (69) was used to immobilize the p97 hexamer in
an oriented manner on a sensor chip. Ataxin3 was found to bind
with an equilibrium dissociation constant (K,) of 3.7 = 0.9 um
(Fig. 2A4). A similar K, value (2.2 = 0.2 um) was derived using a
different type of sensor chip and immobilization chemistry,
indicating that the binding observed is not tag-specific (see sup-
plemental Fig. S1, A and B). Because most p97 cofactors inter-
act with the protein’s N-terminal domain, we next tested the
binding of ataxin3 to the p97 N-domain fragment, obtaining a
K, o0f6.4 = 1.5 um (Fig. 2B). This is comparable with the affinity
observed with full-length p97 and suggests that the N-domain
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Figure 2. p97 interacts directly with ataxin3. A and B, ataxin3 binding to p97 as measured by SPR. A, full-length ataxin3 binding to full-length p97; B,
full-length ataxin3 binding to the p97 N-domain. The upper panels show normalized equilibrium binding responses, fit to a one-site binding model; the lower
panels show representative sensorgrams. The dashed lines represent the response range used to determine the equilibrium fit (for both Aand B, n = 3 for each
concentration). Cand D, ataxin3 binding to p97 as measured by ITC. C, full-length p97; D, the p97 N-domain. The upper panels show the raw data for injection
of full-length ataxin3 into a cell containing either full-length p97 or the p97 N-domain, and the bottom panels show the integrated heat data as a function of the
p97/ataxin3 mole ratio (closed circles). The solid lines represent the best fit of a one-site model to the data.

is sufficient for ataxin3 binding. We then verified these results
using isothermal titration calorimetry (ITC), an orthogonal
technique that should be free of any artifacts and surface effects
associated with SPR. The calorimetry experiments yielded K,
values of 8.4 = 0.1 and 4.5 = 0.2 um for ataxin3 binding to
full-length p97 and the p97 N-domain, respectively (Fig. 2, C
and D), in good agreement with the SPR data. In addition, we
derived stoichiometries of 1.38 * 0.01 and 1.1 * 0.2 ataxin3
molecules bound per full-length p97 hexamer and N-domain,
respectively. The binding data are summarized in Table 1.
Thus, we were able to confirm a direct interaction between p97
and ataxin3, with low-micromolar affinity, centered on p97’s
N-terminal domain.

18394 J Biol Chem. (2017) 292(45) 18392-18407

Electron microscopy (EM) analysis of the p97-ataxin3
complex

As a homohexamer, p97 can potentially bind up to six cofac-
tor molecules. Our ITC experiments suggest that the binding
stoichiometry of ataxin3 to the full-length p97 hexamer is near
1:1. To confirm the stoichiometry, we analyzed the complex by
negative-stain EM. The proteins were incubated together and
passed through gel filtration, and the complex-containing frac-
tions were negatively stained and imaged. Purified p97 alone
was imaged as a control. Our preliminary analyses of the com-
plex fractions revealed an additional blurry density at the
periphery of the p97 hexamer that was absent in the control

SASBMB



Table 1

Equilibrium dissociation constant (K,) values for the interaction
between p97 and ataxin3 fragments

p97 constructs

Ataxin3 constructs K,

M
Full-length (1-806) Full-length (1-345) 3.7 +0.9% 8.4 * 0.1

Full-length (1-806) Ataxin3AC (1-292) 43+ 0.67
p97 N-domain (1-187)  Full-length (1-345) 6.4+ 1.5%4.5 + 0.2
p97 N-domain (1-187)  Ataxin3AC (1-292) 2.8 = 0.1°
p97 N-domain (1-187)  Ataxin3AN (220-345) 4.0 £ 04°

“ Values were calculated using the equilibrium binding response from three or
more SPR experiments for each interacting pair. Data were fit to a one-site spe-
cific binding model using GraphPad Prism 7.0.

? Values were calculated from three or more ITC experiments for each interacting
pair. Data were fit to a one-site independent binding model using NanoAnalyze
3.5.0.

(supplemental Fig. S2, A and B). The blurred appearance could
result from dissociation of the complex (supplemental Fig. S3A)
or a flexible association between the two proteins. Additionally,
only around 5% of the total particles selected showed evidence
for complex formation, indicating a significant amount of
unbound p97 was present. Therefore, to stabilize and further
enrich for the p97-ataxin3 complex, we cross-linked the pro-
teins using glutaraldehyde, followed by affinity chromatogra-
phy to remove unbound p97 and a final round of gel filtration
(supplemental Fig. S3B). The fractions containing cross-linked
p97-ataxin3 were stained with 1% uranyl formate and imaged.
Around 7,100 particles were selected from individual micro-
graphs (Fig. 34) and sorted into 50 classes. Representative 2D
class averages are shown in Fig. 3B, in which a single distinct
projection is visible at one vertex of the p97 hexamer, indicated
by the white arrows. We confirmed that this additional density
corresponds to ataxin3 by imaging Nanogold-labeled ataxin3 in
complex with p97 (supplemental Fig. S5). Together with the
ITC data, our EM results clearly show that one ataxin3 mole-
cule binds to the p97 hexamer.

Analysis of the p97-ataxin3 binding interface

We next turned to identifying the portions of the ataxin3 and
p97 proteins responsible for their interaction. Ataxin3 has a
highly-conserved N-terminal Josephin domain thatis a cysteine
protease with DUB activity; the protein also contains a C-ter-
minal polyglutamine region, two ubiquitin-interacting motifs
(UIMs), and an arginine/lysine-rich p97/VCP-binding motif
(VBM) (Fig. 1B). The VBM has previously been identified as
crucial for the p97-ataxin3 interaction (24) and is well-con-
served across different species (Fig. 44). This motif corre-
sponds to residues 282-285 and has the sequence RKRR. To
determine whether this minimal VBM is sufficient for interac-
tion with p97, we mutated these residues to ANAA (56) and
assessed the proteins’ interaction by SPR, which revealed that
binding was completely abolished for the mutant (Fig. 4D). We
also tested the binding of various deletion constructs of ataxin3
(Fig. 4, B and C). N-terminal fragments corresponding to the
Josephin domain alone or the Josephin domain plus the UIMs
failed to bind to p97. However, an ataxin3 N-terminal fragment
truncated after the VBM (ataxin3(1-292), denoted hereafter as
ataxin3AC) bound p97 with the same affinity as full-length
ataxin3 (Fig. 4D). These results were supported by ITC experi-
ments that showed full-length ataxin3, ataxin3AC, and an
ataxin3(220-345) C-terminal fragment (ataxin3AN) all bind
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Figure 3. Visualization of the p97-ataxin3 complex by negative-stain
EM. A, electron micrographs taken from different portions of the grid, show-
ing negatively-stained hexamers of p97 cross-linked to ataxin3; white boxes
show particles identified as complexes. The inset (lower right) shows a 2X
magnified view of two p97-ataxin3 complexes from a third micrograph, and
the bottom panels show additional raw images of the complex viewed down
the 6-fold axis. B, representative 2D class averages derived from ~7,100 par-
ticles for the p97-ataxin3 complex (left) and p97 alone (right). White arrows
indicate the bound ataxin3 molecule.

the p97 N-domain with equal affinities (Fig. 4, E and F; Table 1).
Therefore, we conclude that ataxin3’s VBM sequence is neces-
sary and sufficient to mediate binding with p97.

To map the region of p97 that interacts with ataxin3, we first
noted in two recent crystal structures that peptides containing
either a VBM motif or a related p97/VCP-interacting motif
(VIM) bind in the same site, within a cleft separating the two
lobes of the p97 N-terminal domain (70 —72). Other interacting
partners also bind in or near the same site; these include the
ubiquitin regulatory X (UBX) and UBXL domains, whose bind-
ing sites overlap the VBM/VIM cleft, despite their possessing
very different structures (60, 73—75). To test whether ataxin3
utilizes the same binding cleft, we performed competition pull-
down assays, using a VIM-containing peptide from the ubiqui-
tin ligase gp78 (71). This peptide prevented His,-tagged ataxin3
from pulling down the p97 fragment containing N and D1
domains (Fig. 5C), suggesting competition for the same site. We
then mutated residues lining this binding cleft (Fig. 54), and we
tested the mutants’ abilities to bind ataxin3 using SPR. Chang-
ing residues Tyr'** and Leu”” to alanine completely abolished
binding, whereas the R53A and G54W mutations both partially
reduced the interaction (Fig. 5, B and D). These results collec-
tively demonstrate that the VBM of ataxin3 binds in the same
inter-lobe cleft of the N-domain that is utilized by many other
p97 cofactors.

J. Biol. Chem. (2017) 292(45) 18392-18407 18395
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Figure 4. Ataxin3 VBM is necessary and sufficient for interaction with p97. A, alignment of the VBMs from different ataxin3 homologs showing conser-
vation across species. B, SDS-polyacrylamide gel of the different purified ataxin3 constructs used, stained with Coomassie Brilliant Blue. C, schematic repre-
sentation of the ataxin3 constructs shown in B. D, left, representative SPR responses for ataxin3 constructs binding to immobilized full-length p97 (for all
constructs, analyte concentration = 10 um); right, normalized equilibrium binding responses for the same constructs, fit to a one-site binding model (n = 3 for
each concentration). The dashed line in the left panel represents the response range used to determine the equilibrium fit. £, and F, ITC raw and fitted data for
the binding of the p97 N-domain to ataxin3 deletion constructs. E, injection of ataxin3AC into the p97 N-domain; F, injection of ataxin3AN into the p97

N-domain.

Effect of nucleotides on the p97-ataxin3 interaction

In the p97 ATPase cycles, nucleotide hydrolysis is accompa-
nied by major conformational changes in the hexamer (2, 76);
hence, it is reasonable to suspect that ataxin3 binding would be
sensitive to the nucleotide-binding state, and indeed, evidence
is available to support this idea (24). To quantify this effect, we
measured the binding of ataxin3 to p97 in the presence of var-
ious nucleotides. As shown in Fig. 6A4, p97 binds ataxin3 in the
presence of ATP, ATPvyS, and AMP-PNP, as well as in the
absence of added nucleotide. In contrast, ADP significantly
inhibits the interaction, with an IC, of 5.5 = 1.1 um (Fig. 6, A
and B).

There are two nucleotide-binding sites per p97 monomer,
one each in the D1- and D2-domains (Fig. 6C); the D1-domain
binds ADP ~10-fold more tightly than the D2-domain (18, 65,
77, 78). In p97 preparations, a fraction of the D1-domains is
typically occupied by ADP that is carried through the purifica-
tion (77). Thus, even when no nucleotide is added, some ADP is
likely present; added nucleotide is expected to saturate unoccu-
pied sites and compete for the pre-occupied sites. To determine
which site ADP acts through to disrupt the p97—ataxin3 inter-
action, we generated mutations in the Walker A motifs that
selectively perturb nucleotide binding in each domain, intro-
ducing the K251 A mutation in the D1-domain and the K524A
mutation in the D2-domain. The mutant proteins form normal

18396 . Biol. Chem. (2017) 292(45) 18392-18407

hexamers and exhibit decreased ATPase activity, especially the
D2 mutants (supplemental Fig. S6), which is consistent with
previous findings (77). We used SPR to test the interaction of
these mutants with ataxin3 in the presence of 0, 10, and 100 pum
ADP (Fig. 6, D—H). In the absence of ADP, all the mutants
bound ataxin3 with the same affinity as wild-type p97 (Fig. 6D).
When ADP was included in the binding assay, the mutant in
which the D2-domain was disrupted behaved like wild-type
p97, displaying an ADP-dependent inhibition of ataxin3 bind-
ing (Fig. 6, E and G). However, mutants in which the D1-do-
main was disrupted (K251A and K251A/K524A) were still able
to interact with ataxin3, even in the presence of 100 um ADP
(Fig. 6, F and H). Thus, ADP’s inhibition of the p97—-ataxin3
interaction appears to be mediated largely through nucleotide
binding to the D1-domain.

Conformationally-locked form of p97 cannot bind ataxin3

We next probed the mechanism by which ADP binding
inhibits the p97-ataxin3 interaction. Recent cryo-EM struc-
tures of p97 reveal that when ADP occupies the D1-domain, the
N-domain is positioned along the side of the hexamer, coplanar
to the D1 ring (3); this conformation is referred to as the down
state (65). In contrast, in the presence of ATP, the N-domain
moves above the hexamer, to adopt the up state. To test
whether this conformational change affects ataxin3 binding, we
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generated the R155C/N387C mutant of p97. These two resi-
dues form a disulfide bond under oxidizing conditions, which
tethers the N-domain to the D1-domain, mimicking the down
state, even in the absence of ADP (Fig. 7A) (62). In the disulfide-
locked form, this mutant has very low ATPase activity; activity
can be restored by addition of reducing agent (supplemental
Fig. S8). Under oxidizing conditions, ataxin3 did not interact
with the R155C/N387C double mutant; however, under reduc-
ing conditions (+DTT), the interaction was restored (Fig. 7B).
The interaction of wild-type p97 with ataxin3 served as a con-
trol for any nonspecific effects of the reducing agent (Fig. 7C).
These results suggest that the down-state conformation does
not allow for ataxin3 binding and that ADP inhibits the p97—
ataxin3 interaction by driving the N-domain into the down
state.

SASBMB

Ataxin3 binding is sterically hindered in the down-state
conformation of p97

Crystal structures are available for the p97 N-domain
bound to VBM and VIM peptides (Protein Data Bank ID
codes 5EPP and 3TIW respectively) (70, 71). When these
structures are superimposed on the structure of the full-
length p97 hexamer in the down state, the peptides are ori-
ented with their C termini projecting directly toward the D1
ring of the hexamer (Fig. 84). In ataxin3, there are ~60 res-
idues located downstream of the VBM (Fig. 4C); hence, if the
ataxin3 VBM adopts the same binding pose as that observed
in 5EPP and 3TIW, these 60 residues at the protein’s C-ter-
minal end would sterically clash against the D1 ring when the
p97 hexamer is in the down-state conformation (Fig. 8B).
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Figure 6. ADP inhibits the p97-ataxin3 interaction by binding to the D1-domain. A, /eft, SPR responses for 10 um ataxin3 binding to immobilized
full-length p97, in the presence of different nucleotides (1 mm), or in the absence of added nucleotide; right, normalized equilibrium responses, with and
without T mm of the indicated nucleotide. The dashed line represents the response range used to determine the equilibrium fit. B, inhibition of ataxin3 binding
to immobilized full-length p97 by ADP. Ataxin3 concentration was 10 uMm; the ICy, value was calculated from the nonlinear least-squares regression fit,
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mutants. E-H, effect of ADP on ataxin3 binding to immobilized p97. E, wild-type p97; F, D1 mutant; G, D2 mutant; and H, D1/D2 double mutant. For each p97
construct, ataxin3 binding is shown in the presence of 0, 10,and 100 um ADP. For all SPR experiments shown, n = 3 for each concentration; equilibrium binding
curves are fit to single-site binding models.

This suggests an explanation for why ataxin3 fails to bind ADP does not affect the binding of p97 MSP1 mutants to ataxin3
when p97 is in the ADP (down state) form. To test this
hypothesis, we assessed the binding properties of the C-ter-
minal truncation ataxin3AC. Unlike the full-length protein,
ataxin3AC was still able to bind to p97 in the presence of
ADP, and it could also bind to the R155C/N387C double
mutant under both oxidizing and reducing conditions (Fig.
8, Cand D; supplemental Fig. S9A4). These results are consis-
tent with a steric clash between the ataxin3 C-terminal 80,81)and whenusing purified proteins (58, 68). Because many
region and p97’s D1 ring in the down-state conformation, Of these cofactors bind in the same inter-lobe cleft in the N-do-
providing a structural rationale for the effects of ADP upon main that is used by ataxin3, we sought to determine whether
the p97—ataxin3 interaction. the interaction with ataxin3 is altered for MSP1 mutants.

MSP1 mutations in p97 alter the equilibrium between the
down and up conformations of the N-domain (62, 65, 79).
These mutations also increase p97’s ATPase activity (62, 80)
and lower the ADP affinity for the D1-domain (65, 79). More-
over, the binding of MSP1 mutants to cofactors is perturbed
relative to that of the wild-type protein, as seen both in cells (58,
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show normalized SPR equilibrium responses fit to one-site binding models, and bottom two panels show binding to immobilized p97 with and without

7 mm DTT. B, R155C/N387C double mutant; C, wild-type p97 (n = 3 for each concentration). The gray dashed lines in the sensorgrams represent the
response range used to determine the fit.
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Figure 8. Ataxin3 binding is sterically hindered in the down-state conformation of p97. A, superposition of the structure of the p97 N-domain bound to
the gp78 VIM peptide (PDB entry 3TIW), and the structure of one protomer of full-length p97 in the ADP-bound form (PDB entry 5FTK). The N-, D1-, and
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unobstructed binding in the up state. The orientation and color scheme for the p97 subunit are as in A, and ataxin3 is shown in orange. C, and D, binding of
full-length ataxin3 and ataxin3AC to immobilized full-length p97, with and without 1 mm ADP. Left panels show normalized SPR equilibrium responses fit to
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The pathogenic MSP1 mutations in p97 are principally MSP1 tissue samples containing rimmed vacuoles and cyto-

located in the N-domain, the N-D1 linker, and the D1-domain.
We chose to study one mutation from each of these three
regions, namely R155H, L198W, and A232E (Fig. 9, A and B).
The Arg'®® mutation is the most prevalent and widely analyzed,
and A232E has been linked to early-onset and more severe
myopathy and dementia (82). L198W was initially detected in

18400 . Biol. Chem. (2017) 292(45) 18392-18407

plasmic inclusions (15), and its effect on N-domain dynamics
has been investigated by NMR (66). None of these mutations
are at nucleotide-binding sites or in the binding cleft for cofac-
tors (Fig. 9B). All three mutant proteins had unaltered oligo-
meric states and elevated ATPase activities as compared with
wild-type p97 (supplemental Fig. S7) (62, 67). We immobilized
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three MSP1 mutants R155H, L198W, and A232E (n = 3 for each concentration).

them on an SPR sensor chip, using the same oriented attach-
ment strategy as for wild-type p97, and we measured their
interaction with ataxin3 with and without ADP. In the absence
of ADP, all three mutants bound ataxin3 with affinities similar
to that of wild-type p97 (Fig. 9C). However, in the presence of
ADP the mutants still interacted with ataxin3, unlike the wild-
type protein (Fig. 9D). ADP did not inhibit the interaction with
ataxin3, even at concentrations well above the reported K, val-
ues for the binding of ADP to the D1-domain (18, 65,77, 78). In
wild-type p97, binding of ADP to the D1-domain triggers the
down-state conformation, disrupting the ataxin3 interaction;
thus, our results indicate that in the MSP1 mutants, ADP bind-
ing fails to induce the down state, and therefore it does not
inhibit the ataxin3 interaction. To test this, we introduced the
L198W and A232E mutations into the disulfide-locked R155C/
N387C variant of p97. Both the L198W and A232E versions of
the R155C/N387C mutant bound to ataxin3, even under oxi-
dizing conditions (supplemental Fig. S10, A and B), suggesting
that Cys'®® and Cys*®” are never in close enough proximity to
form a disulfide bond and lock the protein in the down state. In
line with previous findings (65, 66, 83), it appears that the
mutants rarely adopt the down state, favoring instead a confor-
mation placing the N-domains in the up position.

Discussion

Using both SPR and ITC, we have shown that ataxin3 binds
p97 with an affinity in the low-micromolar range. This is com-
parable with affinities reported for other p97 cofactors, which

SASBMB

typically range from ~0.5 to 20 uM for intact proteins and iso-
lated VIMs and from ~50 to 70 uM for isolated VBMs (supple-
mental Table S3). Our affinity measurements are also consis-
tent with ITC studies that measured the binding of the ataxin3
VBM peptide to the p97 N-domain, reporting a K, of 15.6 um
(84). In contrast, our measurements are not consistent with a
previous report in which SPR was used to derive a substantially
higher affinity estimate for the p97—ataxin3 interaction (K, ~1
nM) (85). However, as we have shown in this work, the p97—
ataxin3 system presents challenges when using SPR to measure
binding affinities, and if mass transport and rebinding events
are not accounted for appropriately, the affinity and binding
kinetics will not be calculated correctly (see supplemental data,
SPR experimental details, and supplemental Figs. S12 and S13).
The experiments described in Ref. 85 feature high ligand immo-
bilization density, low analyte flow rates, and short dissociation
times, all conditions likely to promote surface-induced arti-
facts, which are reflected in poor global fits to the kinetic data.
Hence, the apparent disagreement between our affinity mea-
surements and those reported in the earlier paper (85) may
simply reflect differences in data analysis and is not a genuine
difference in the behavior of the proteins.

We have also shown that ataxin3 associates with p97 in a
stoichiometry of one ataxin3 molecule per p97 hexamer. Bind-
ing stoichiometries vary considerably for different p97 cofac-
tors; for example, the p97 hexamer binds to a single Ufd1 (ubiq-
uitin-fusion degradation protein 1)/Npl4 (nuclear localization
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protein 4) heterodimer and a single molecule of the deubiquiti-
nating enzyme Otul (ovarian tumor domain-containing pro-
tein 1), but three molecules of p47 (59, 60, 86). Binding of only a
single ataxin3 molecule per hexamer may leave room for the
binding of other cofactors, or alternatively, binding of one
ataxin3 molecule may prevent interaction with other cofactors.
For example, overexpression experiments in cell culture sug-
gest that the binding of ataxin3 and Ufd1 to p97 is mutually
exclusive (56). It is currently still unclear how the binding of a
single ataxin3 cofactor to the p97 hexamer is sensed by the
remaining five protomers, but it seems reasonable to speculate
that the sensing mechanism would entail conformational
changes involving the N-terminal domains.

Our experiments do reveal how conformational changes
control the nucleotide-dependent recognition of p97 by
ataxin3. p97 binds many different cofactors, some of which
have antagonistic functions; therefore, cofactor binding must
be carefully controlled. This control may be exerted through
different mechanisms, such as post-translational modification
(87) or up-regulation of cofactor levels (11). In the case of
ataxin3, binding is clearly regulated by the nucleotide-binding
state of the p97 hexamer, as demonstrated by pull-down exper-
iments using cell lysates and recombinant proteins (24). A sim-
ilar, albeit less pronounced, nucleotide-based control of bind-
ing has also been reported for the cofactor p47 (68). We have
probed nucleotide control of ataxin3 binding to p97 using puri-
fied proteins, confirming that the two proteins associate in the
presence of ATP or the absence of nucleotide but not in the
presence of ADP. We propose a mechanism to explain this
behavior, drawing upon recent cryo-EM studies that reveal that
different nucleotides give rise to distinct p97 conformations in
which the N-terminal domain moves relative to the D1 ring (3).
Taken together with our data, these experiments suggest that
an ADP-driven downward movement of the N-terminal
domain dislodges ataxin3 by causing a steric clash between the
D1-domain and ataxin3’s C terminus. Because ataxin3 uses a
binding site on the N-terminal domain that is also used by other
p97 cofactors, this steric dislodgement mechanism may also
occur with other cofactors, depending upon their geometry of
binding.

This model helps to explain how recognition of ataxin3 is
altered in MSP1 mutants of p97. In cells, MSP1 mutants bind
significantly elevated amounts of ataxin3 as compared with
wild-type p97 (58). We show that the mutant proteins’ affinities
for ataxin3 are unchanged; however, whereas ADP abolishes
ataxin3 binding to wild-type p97, it does not inhibit ataxin3
binding for the mutants. Hence, the elevated ataxin3 binding
observed in cells can be explained by a failure of the mutant p97
proteins to release ataxin3, even after ATP has been hydrolyzed
to ADP. This atypical ataxin3 binding reflects defective inter-
domain communication in the MSP1 mutants, which makes
them unable to transduce the ADP-bound signal from the D1-
to the N-domain. The failure to release ataxin3, even in the
presence of ADP, could perturb normal processing of ubiquiti-
nated substrates, possibly by preventing other cofactors from
binding; for example, MSP1 mutants that bind elevated levels of
ataxin3 bind reduced amounts of the ubiquitin ligase E4B (58).
Additionally, an increased residence time on p97 might disrupt
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ataxin3’s normal patterns of subcellular localization, because
residues within ataxin3’s VBM form a functional nuclear local-
ization sequence (88). Binding to p97 may mask this sequence
and reduce nuclear levels of ataxin3. Notably, ataxin3 is not the
only cofactor for which binding is perturbed in the MSP1
mutants; nucleotide control of p47 binding is also altered in the
mutants (68), which suggests that the ADP-driven conforma-
tional changes may be a general mechanism for regulating
cofactor binding.

Ataxin3 is thought to coordinate with p97 to maintain the
flux of proteins through ERAD (44); however, its specific role
has not been elucidated at the molecular level. In ERAD, p97
acts as a segregase, coupling ATP hydrolysis with the removal of
ubiquitinated substrates from the ER. The importance of ubiq-
uitination is quite clear: substrates must be ubiquitinated in
order for p97 to be recruited to the site of protein dislocation
(89), and non-ubiquitinated substrates are not efficiently
unfolded and translocated by p97 (90, 91). Furthermore, if the
substrate is to be targeted to the proteasome, it should remain
ubiquitinated once released from p97. However, the function of
deubiquitination in ERAD is less clear, and thus the part played
by ataxin3 has not been immediately obvious. One possibility is
that ataxin3 edits non-Lys-48 ubiquitin linkages that will not be
efficiently recognized by the proteasome; this is consistent with
the report that the enzyme recognizes mixed-linkage ubiquitin
chains (92). Another possibility is that ataxin3 serves to trim
excessively long ubiquitin chains to a minimum length nec-
essary for proteasomal degradation. Such an activity would
allow for recycling of ubiquitin molecules; it might also ease
the burden on p97, because it appears that ubiquitin chains
attached to substrates must be threaded through the central
pore of the p97 hexamer, along with the substrate (91). Such
a trimming activity for ataxin3 would be consistent with its
observed substrate specificity, which is skewed toward lon-
ger ubiquitin chains. In fact, ataxin3 is quite inefficient at
cleaving tetra-ubiquitin and smaller chains (93), which coin-
cides with the minimum size required for efficient protea-
some targeting (94). Thus, one possible model is that p97 is
first recruited to a ubiquitinated substrate by the cofactors
Ufd1/Npl4, after which ataxin3 binds (possibly triggering
release of Ufd1/Npl4). The ataxin3 then can trim excessive
ubiquitin chains and/or remove incorrect linkages as the
substrate is being translocated. Our EM results suggest that
the linkage between ataxin3 and p97 is a flexible one, which
could allow for continuous processing of ubiquitin chains
even as the substrate is being threaded through the pore.
Once the p97 catalytic cycle is finished and ATP is hydro-
lyzed to ADP in the D1 ring, ataxin3 would be released.
Given that the D1 ring only needs to undergo one or a few
hydrolysis cycles in order for an entire substrate to be pro-
cessed (91), ataxin3 may be able to fully complete its task
during a single ATP/ADP cycle. It is also possible that
ataxin3, once dislodged from p97, can re-engage with ubiquiti-
nated substrates that have been released from p97, possibly
facilitating their hand-off to shuttling factors like Rad23 and
Dsk2 for delivery to the proteasome (95, 96).
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Experimental procedures
Reagents

Enzymes for cloning were purchased from New England Bio-
labs (Ipswich, MA). PCR primers were purchased from Inte-
grated DNA Technologies Inc. (Coralville, IA), and sequencing
of constructs was performed by Genewiz (South Plainfield, NJ).
All chemicals were from Sigma unless otherwise stated, and
media components were purchased from Thermo Fisher
Scientific. Chromatography columns were obtained from GE
Healthcare, and all surface plasmon resonance sensor chips and
chemicals were purchased from Bio-Rad. The Rho1D4 mono-
clonal antibody was obtained from the University of British
Columbia (Vancouver, Canada), and the 5 nm Ni-NTA-Nano-
gold® was purchased from Nanoprobes Inc. (Yaphank, NY).

Cloning and mutagenesis

Human p97 and ataxin3 proteins were cloned into the
pETHSUL vector (97), to generate N-terminal hexahistidine
(Hisg)-tagged SUMO fusion constructs, under T7 promoter
control. p97 was amplified by PCR from cDNA (Open Biosys-
tems; clone ID 6502535). Ataxin3 was amplified from clones
kindly provided by Randall Pittman and Henry Paulson; our
ataxin3 sequence corresponds to that given in Kawaguchi et al.
(52), except that the 26-residue polyglutamine tract corre-
sponding to residues 292—317 was replaced by 11 glutamines.
Constructs produced using the pETHSUL vector included one
extra glycine at the N terminus (not included in the numbering
scheme). The following constructs were used in this work: full-
length p97 (amino acids (aa) 1-806); p97 N-domain (aa 1-187);
p97 ND1 (aa 1-480); full-length ataxin3 (aa 1-345); ataxin3
Josephin domain (aa 1-190); ataxin3 Josephin + UIMs (aa
1-263); ataxin3AC (aa 1-292); and ataxin3AN (aa 220-345).
The pProEX-HTb vector (Invitrogen) was also used to generate
a full-length, N-terminal His,-tagged ataxin3 construct (aa
1-361). The ataxin3 mutant **ANAA?®® and all p97 mutants
(Y143A, L72A, R53A, G54W, K251A, K524A, K251A/K524A,
R155C/N387C, RI155H, L198W, A232E, L198W/R155C/
N387C, and A232E/R155C/N387C) were generated by one-
step PCR-mediated site-directed mutagenesis (98). The C-ter-
minal 1D4 epitope was introduced into the full-length p97
pETHSUL construct by one-step insertion mutagenesis (98).
The C-terminal His,-tagged full-length p97 was cloned as a
SUMO-p97 fusion insert into the pETCH vector (97) by Xbal/
Xmal digestion and ligation. Primer sequences and addi-
tional details are provided in the supplemental Tables S1 and
S2. Cloning, mutagenesis, and plasmid amplification were
performed using the Escherichia coli Machl strain (Invitro-
gen). The human gp78 peptide (***VTLRRRMLAAAAER-
RLQKQ®*) was purchased from Biomatik (Wilmington, DE).

Protein expression and purification

Detailed information about the preparation of various pro-
teins is given in the supplemental data. Briefly, all proteins were
expressed in E. coli Rosetta (DE3) cells (Novagen) by induction
with 1 mM isopropyl B-p-thiogalactopyranoside at an Ay, of
0.5-0.8, followed by overnight incubation at 24 °C. Proteins
were then purified by subtractive metal affinity chromatogra-
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phy on a HiTrap IMAC HP column (97), followed by size-ex-
clusion chromatography (SEC) on a HiPrep Sephacryl S-300
HR column (supplemental Fig. S11). The ataxin3 constructs
required an additional anion-exchange chromatography step
using a HiTrap-Sepharose Q HP column. All proteins were
concentrated to 8-10 mg/ml using an Amicon® stirred cell
(Merck Millipore), shock-frozen in liquid nitrogen, and stored
at —80 °C.

SPR

All SPR experiments were performed on a Bio-Rad ProteOn
XPR36 at 25 °C using ProteOn GLC sensor chips, unless other-
wise stated. The full-length p97 hexamer was captured on
the chip in an oriented manner, by employing the RholD4
epitope—antibody system (69, 99). The Rhol1D4 monoclonal
antibody was first immobilized to a density of ~3,500 response
units (RU) on the chip using amine coupling by injecting 0.1—
0.5 mg/ml antibody for 7 min, using PBS (Alfa Aesar, Haverhill,
MA), pH 7.4, and 0.005% Tween® 20 (VWR, Radnor, PA) as the
running buffer. 1D4-tagged full-length wild-type p97 and
mutants were captured as ligands, to densities of 100—-150 RU,
on the antibody-coated surfaces. Various concentrations of
analytes, including ataxin3 and ataxin3 fragments with and
without nucleotides, were passed over the chip at 150 ul/min,
for the maximum possible contact time of 163 s. All interaction
experiments were performed in a running buffer containing 25
mMm Tris, pH 8.0, 200 mm KCl, 5 mm MgCl,, 0.1 mm tris(2-
carboxyethyl)phosphine (TCEP) (Gold Biotechnology Inc.,
Olivette, MO), 0.005% Tween® 20. Some experiments involving
the p97 R155C/N387C variant included 7 mm DTT instead of
TCEP, as indicated in the text. The surface was regenerated
completely with three injections of freshly prepared 10 mm
NaOH and 1% N-octyl-B-p-glucopyranoside (Anatrace, Mau-
mee, OH), at 100 wl/min for 18 s, before the next round of
1D4-tagged ligand capture. Additionally, full-length ataxin3
was used as an analyte for the p97 N-domain, which was
directly immobilized on the sensor chip by amine coupling (500
RU), and for the His,-tagged full-length p97 hexamer, which
was captured on a ProteOn HTG sensor chip (200-300 RU)
(supplemental Fig. S1). Sensorgrams were processed and dou-
ble-referenced, and the data were fit to an equilibrium binding
model using GraphPad Prism 7.0 to derive the binding affinity.
Detailed information on all SPR experiments and data analyses
are available in the supplemental data section.

ITC

ITC measurements were conducted at 25 °C on a Nano ITC
calorimeter (TA Instruments). Proteins were extensively dia-
lyzed against 20 mm sodium phosphate, pH 7.0, 200 mm KCl, 5
mM B-mercaptoethanol (BME), and degassed for 15 min before
each experiment. Full-length ataxin3, ataxin3AC, or ataxin3AN
(400 -855 um) was placed in the syringe and titrated as ligands
into the sample cell containing 45 um full-length p97 or 60— 80
uM p97 N-domain. The first technical injection of 0.4 ul was
followed by 25 injections of 2 ul into the sample cell (300 ul),
using 250 rpm stirring and a 200-s delay between successive
injections. At least three titration experiments were performed
for each ligand, and the data were corrected for heats of dilution
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by injecting the same ligand concentration into a matched
buffer. Corrected data were analyzed with a one-site binding
model and nonlinear least-squares fitting to derive the K,
value, using the NanoAnalyze 3.5.0 software package.

In vitro-binding assay

For competition pulldown assays, His-tagged ataxin3 was
immobilized on nickel-Sepharose Fast Flow beads (GE Health-
care) by mixing 50 ul of a 50% slurry with 100 ul of Hisg—
ataxin3 (5 mg/ml), for 5 min at room temperature, and washing
off unbound protein. The beads were then incubated at room
temperature for 5 min with 80 um p97 ND1 or p97 ND1 pre-
incubated with 800 uM of the competing gp78 peptide (4 °C for
20 min, followed by 5 min at room temperature). Nickel-Sep-
harose Fast Flow beads alone were used as a control. All assays
were performed in 50 mm Tris, pH 8.0, 250 mm KCl, 5% glyc-
erol, 5 mm MgCl,, and 5 mm BME. The beads were centrifuged
at 5,000 X g for 30 sin a 0.2-um Nanosep® MF centrifugal filter
(ODMO02C34; PALL Laboratory) and additionally washed
four times with 400 ul of buffer. Bound proteins were eluted
in 100 pl of buffer containing 300 mm imidazole after a
5-min incubation at room temperature and analyzed by 12%
(v/v) SDS-PAGE.

ATPase assays

The ATPase activities of wild-type and mutant p97 proteins
(supplemental Figs. S6A, S7, and S8) were measured spectro-
photometrically using an NADH-coupled system (100). The
decrease in absorbance at 340 nm associated with oxidation
of NADH was measured at 0.5-min intervals over 40 min on
a DUB00 spectrophotometer (Beckman Coulter). The rate of
ATP hydrolysis was calculated from the change in A,,/min.
The assay was performed at room temperature, in standard
buffer (25 mm Tris, pH 8.0, 200 mm KCl, 5 mm MgCl,), con-
taining 2 mm ATP, 3 mm phosphoenolpyruvate, pyruvate
kinase (20 units/ml), lactate dehydrogenase (20 units/ml),
NADH (200 wg/ml), and 5 uM protein, in a final volume of
85 ul.

Electron microscopy

The complex of full-length ataxin3 + p97 was prepared by
incubating 5 um purified p97 hexamer (~3 mg/ml) with an
11-fold molar excess of ataxin3 at 4 °C for 15 min. The complex
was further purified by SEC on a HiPrep Sephacryl S-300 HR
column in 25 mm Tris, pH 8.0, 200 mm KCl, 5 mm MgCl,, 0.5
mwm DTT (supplemental Figs. S3B and S4). The fraction corre-
sponding to the complex peak was diluted 20-fold (final con-
centration ~25 ug/ml) to achieve sufficient dispersion of indi-
vidual particles and applied to freshly glow-discharged 400
square mesh copper EM grids (Electron Microscopy Sciences,
Hatfield, PA), coated with Formvar/carbon film. The grids were
stained with 2% uranyl acetate, and excess liquid was blotted
away with filter paper. Micrographs were collected on an FEI
Tecnai T12 (120 kV, LaB filament) microscope, equipped
with a Gatan UltraScan1000 CCD camera (2k X 2k pixels),
using an indicated magnification of 52,000, a defocus range
between —0.7 and —1.5 wm, and an electron dose of 20
e /A% A total of 20,256 particles were selected with the
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EMAN Boxer (101). Two-dimensional (2D) classification
generated in the RELION software (102, 103) resulted in 50
class-average images.

For the chemical cross-linking, a mixture of 5 um p97 hex-
amer and 55 uM His-tagged ataxin3 was incubated with EM-
grade glutaraldehyde (0.05% final concentration) at 4 °C for 10
min, in 20 mm HEPES, pH 8.0, 150 mm KCl, 2.5 mm MgCl,. The
N-terminally His,-tagged ataxin3 construct was used because
the VBM is near ataxin3’s C terminus (see Fig. 4). The cross-
linking reaction was terminated with Tris, pH 8.0 (25 mM final
concentration). Unbound p97 was then removed by immobi-
lized metal-affinity chromatography, which retained the His,-
ataxin3-p97 complex. After elution, unbound His,-ataxin3 was
removed by centrifugation at 5,000 X g for 15 min using a 100-
kDa cutoff Amicon® Ultra-15 centrifugal filter (Merck Milli-
pore). After a final round of gel filtration as described above, the
complex fraction was diluted 25-fold (final concentration ~10
png/ml), loaded onto grids, and stained with pH-neutralized 1%
uranyl formate. 7,171 images were collected and processed as
above, to give 50 class-average images.

For the Nanogold-labeling, the His,-ataxin3-p97 complex
(prepared as described above) was incubated with a 5-fold
molar excess of 5-nm diameter Ni-NTA-Nanogold particles at
4. °C for 10 min. Excess Nanogold was removed by centrifuga-
tion at 3,000 X g for 15 min using a 10-kDa cutoff Amicon®
Ultra-0.5 centrifugal filter (Merck Millipore). The mixture
was further purified by gel filtration using a Yarra SEC-3000
column (Phenomenex, Torrance, CA), in 25 mMm Tris, pH 7.5,
200 mm KCl, 5 mm MgCl,, 0.5 mm DTT, and the complex
fraction was directly applied to grids (~3 ug/ml), stained
with 2% uranyl formate, and imaged. See supplemental Fig.
S3B for sample preparation workflow and SECs for all EM
experiments.
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