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The ubiquitin-selective chaperone p97 is involved in major
proteolytic pathways of eukaryotic cells and has been implicated
in several human proteinopathies. Moreover, mutations in p97
cause the disorder inclusion body myopathy with Paget disease
of bone and frontotemporal dementia (IBMPFD). The molecular
basis underlying impaired degradation and pathological aggregation
of ubiquitinated proteins in IBMPFD is unknown. Here, we identify
perturbed co-factor binding as a common defect of IBMPFD-
causing mutant p97. We show that IBMPFD mutations induce
conformational changes in the p97 N domain, the main binding site
for regulatory co-factors. Consistently, mutant p97 proteins exhibit
strongly altered co-factor interactions. Specifically, binding of the
ubiquitin ligase E4B is reduced, whereas binding of ataxin 3 is
enhanced, thus resembling the accumulation of mutant ataxin 3 on
p97 in spinocerebellar ataxia type 3. Our results suggest that
imbalanced co-factor binding to p97 is a key pathological feature of
IBMPFD and potentially of other proteinopathies involving p97.
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INTRODUCTION

p97—also known as cell division cycle 48 (Cdc48) and valosin-
containing protein (VCP)—is a chaperone-related, ring-shaped
AAA ATPase that has a central role in many pathways of the
ubiquitin—proteasome system; for instance, endoplasmic reticulum-
associated protein degradation (ERAD), transcription factor proces-
sing and control of cell-cycle progression and developmentally
regulated degradation of the myosin chaperone UNC-45 (Schuberth
& Buchberger, 2008; Meyer & Popp, 2008). These diverse
cellular functions of p97 are controlled by many co-factors that
recruit specific ubiquitinated substrates to p97 and regulate their
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fate, often by altering their ubiquitination state (Rumpf & Jentsch,
2006; Schuberth & Buchberger, 2008). p97 consists of an amino-
terminal N domain and two ATPase domains, D1 and D2. Most
co-factors bind to the N domain, either by virtue of a ubiquitin
regulatory X (-related) domain or through one of several linear
binding motifs (Schuberth & Buchberger, 2008; Yeung et al, 2008).

The central role of p97 in protein homeostasis is underscored by
its presence in pathological protein aggregates of several neuro-
degenerative diseases, including Parkinson, Alzheimer, amyotrophic
lateral sclerosis and polyglutamine diseases (Hirabayashi et al,
2001; Mizuno et al, 2003; Ishigaki et al, 2004). The latter have also
been functionally linked to p97 (Matsumoto et al, 2004; Boeddrich
et al, 2006; Duennwald & Lindquist, 2008). The protein deposits
that characterize these so-called proteinopathies are frequently
positive for ubiquitin or ubiquitinated proteins, suggesting that
the aggregated protein(s) cannot be degraded efficiently by the
ubiquitin—proteasome system.

Besides links between these proteinopathies and p97, missense
mutations in the VCP gene encoding p97 give rise directly to the
late-onset familial disorder inclusion body myopathy with Paget
disease of bone and frontotemporal dementia (IBMPFD; Online
Mendelian Inheritance in Man 167320). IBMPFD is a multisystemic
disease that manifests in muscle weakness, abnormal rates of bone
growth and behavioural alterations (Kimonis et al, 2008; Weihl et al,
2009). At the cellular level, IBMPFD is characterized by an
impaired degradation of p97 target proteins and an accumulation
of ubiquitinated protein aggregates (Weihl et al, 2006, Hubbers
et al, 2007; Janiesch et al, 2007; Ju et al, 2008). Specifically,
IBMPFD-associated mutant p97 proteins are defective in the
degradation of ERAD substrates (Weihl et al, 2006) and of UNC-45,
a target of the ubiquitin ligase E4B (UFD-2; Janiesch et al, 2007).
Furthermore, they were shown recently to be impaired in a yet
uncharacterized, crucial function of p97 in autophagosome
maturation (Ju et al, 2009; Vesa et al, 2009; Tresse et al, 2010).
The molecular basis underlying these cellular defects has, however,
remained elusive. IBMPFD-associated mutant p97 proteins were
reported to retain a normal hexameric structure and ATPase activity
(Weihl et al, 2006), although specific mutants might hydrolyse ATP
at an elevated rate (Halawani et al, 2009).

In this study, we show that IBMPFD mutations induce
conformational alterations in the N domain of p97, which result
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Fig 1| Nucleotide-induced N domain rearrangements in IBMPFD-causing p97 mutant proteins. (A) Time course of partial tryptic degradation of
recombinant p97 in the absence and presence of the indicated nucleotides. Reaction products were separated by SDS-PAGE and stained with
Coomassie brilliant blue. Arrowheads mark an additional fragment of IBMPFD-causing mutant p97. (B) Details of the tryptic pattern of various p97

mutants in the presence of ATP. The constitutive 52kDa and IBMPFD-specific 54kDa fragments are labelled. D1*, p97X2514; D2*, p97X524A (C) Edman
analysis of the 52 and 54kDa tryptic p97 fragments. Top: N terminal sequence of p97. Residues identified by Edman degradation of the indicated

fragment are underlined; residue Lys 18, the cleavage site giving rise to the 52kDa fragment, is in bold. Bottom: domain organization of p97. Positions
of the tryptic cleavage sites Lys 18 and Arg487 and of IBMPFD-causing mutations analysed in this study are indicated. (D) IBMPFD-causing mutations

localize to the N-D1 domain interface. The three-dimensional structure of the ND1 fragment of p97 (Protein Data Bank entry 1E32) is coloured
according to panel (C). Mutated residues (magenta sticks) at the domain interface are labelled. The structure lacks residues 1-20. (E) Details of the
tryptic pattern of p97 variants combining IBMPFD-causing mutations (R155H, R191Q) with mutations in the D1 (D1*) or D2 (D2*) ATPase domains.

(F) Quantification of the results in (E). The mean (n=3) with s.d. values

for the ratio between the 54 and 52kDa fragments are shown. IBMPED,

inclusion body myopathy with Paget disease of bone and frontotemporal dementia; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel

electrophoresis; wt, wild type.

from impaired communication between the D1 and N domains.
Importantly, these alterations result in significantly perturbed
co-factor interactions of p97, suggesting that imbalanced co-factor
binding is an important determinant of IBMPFD pathology.

RESULTS

IBMPFD mutations cause structural alterations in p97
To elucidate the molecular basis of IBMPFD, we initially analysed
potential structural defects of four representative, purified p97
mutant proteins causing IBMPFD. We did not observe alterations
in the overall structure or ATPase activity (supplementary
Figs S1-S3 online; Weihl et al, 2006; Hubbers et al, 2007).
Notably, however, limited proteolysis experiments revealed
significant differences between wild-type and IBMPFD-causing
p97 proteins. In the presence of a small amount of trypsin,
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wild-type p97 was cleaved rapidly, leading to the transient
appearance of a 75kDa fragment that was degraded further to
yield a metastable fragment of about 52 kDa (Fig 1A, upper panel).
The addition of nucleotides slightly slowed degradation kinetics,
without affecting the fragment pattern (Fig 1A, upper panel; Wang
et al, 2003; Halawani et al, 2009). In the absence of nucleotides,
IBMPFD-causing p97 mutant proteins exhibited degradation
patterns and kinetics very similar to those of wild-type p97 (Fig 1A).
Surprisingly, however, on addition of ADP, the metastable
52 kDa fragment was hardly detectable for IBMPFD-causing p97
mutant proteins, despite an apparently normal decrease of the
75 kDa fragment. In the presence of ATP, the 52 kDa fragment and
an additional, slightly larger fragment were generated from
IBMPFD-causing p97 mutant proteins. Importantly, this ATP-
induced fragment doublet was observed in all IBMPFD-causing
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p97 mutant proteins analysed, but not in the p97¥2>1A and
p97f524A mutant proteins unrelated to IBMPFD (Fig 1B). Edman
analysis identified the amino-terminus of p97 in the upper tryptic
fragment that is observed exclusively with IBMPFD-causing p97
mutant proteins, whereas the 52 kDa fragment started carboxy-
terminal of residue Lys 18 (Fig 1C; supplementary Fig S4 online).
Masses of about 54kDa for the upper fragments and about
52 kDa for the lower fragments were determined by electrospray
ionization mass spectrometry (ESI-MS), with the mass differences
matching the mass of residues 1-18 (supplementary Table ST
online). From these data, residue Arg487 in the first helix of the
D2 domain was calculated to be the tryptic target site giving rise to
both fragments (Fig 1C; supplementary Table S1 online). In
conclusion, the 54 kDa fragment observed in IBMPFD-causing p97
mutant proteins in the presence of ATP results from a structural
rearrangement that protects the N-terminal region around residue
Lys 18 from tryptic cleavage. Conversely, the lack of the 52kDa
fragment observed in the presence of ADP in IBMPFD-causing 97
mutant proteins could be due either to protection of residue
Arg487, or, more probably, to a strongly increased susceptibility of
the N and/or D1 domains to tryptic degradation. Thus, our results
reveal significant, nucleotide-induced structural alterations in
IBMPFD-causing p97 mutant proteins.

The three-dimensional structure of the N-terminal region of
p97 is unknown, precluding a more detailed structural interpreta-
tion of the differential accessibility of residue Lys 18 in wild-type
and mutant p97. Remarkably, however, most VCP mutations in
IBMPFD patients affect p97 residues that localize to the interface
between the N and D1 domains (Fig 1C,D). Moreover, the 54 kDa
tryptic fragment was also observed for the p974232F mutant protein
possessing a mutation in the D1 domain (Fig 1B-D), suggesting
that the nucleotide-induced conformational alterations at
the N-terminus might result from perturbed interactions with
the adjacent D1 ATPase ring. Indeed, recent structural studies
of wild-type p97 revealed a direct interaction of nucleotides
bound to D1 with the linker connecting the N and D1 domains,
supporting the hypothesis that N domain conformation is dictated
by D1 nucleotide state (Zhang et al, 2000; DelLaBarre & Brunger,
2005). To explore the involvement of the D1 domain in structural
alterations of mutant p97, we examined the appearance of the
54kDa tryptic fragment in two p97 variants that combined
IBMPFD mutations with Walker A motif mutations preventing
nucleotide binding to the D1 or D2 ATPase domains, respectively.
Intriguingly, the 54 kDa fragment was lost on mutation of the
Walker A motif in the D1, but not in the D2, domain (Fig 1E,F).
These results indicate that nucleotide binding to the D1 domain
is a prerequisite for structural alterations at the N-terminus of
IBMPFD-causing p97 mutant proteins, most probably because of
altered transmission of conformational changes from the D1 ring
to the N domain of p97.

Ufd1-Npl4 impairs binding of E4B to p97 mutants

The finding that IBMPFD-causing p97 mutant proteins exhibit
structural rearrangements of the N domain prompted us to analyse
their interaction with purified, recombinant N domain-binding
co-factors in vitro. Consistent with a previous report (Hubbers
et al, 2007), we failed to detect differences between wild-type and
mutant p97 proteins in their ability to bind to two major N domain
co-factors, p47 and the heterodimer Ufd1-Npl4 (data not shown).
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We also investigated the binding of IBMPFD-causing p97 mutant
proteins to the ubiquitin chain-elongating co-factor E4B, the
human homologue of Caenorhabditis elegans UFD-2. UFD-2 and
E4B have been implicated in the degradation of the myosin
chaperone  UNC-45 in worm larvae and IBMPFD patient
myoblasts, respectively (Janiesch et al, 2007). Interestingly, the
Slow Wallerian degeneration protein (WId®), a murine chimeric
fusion protein between an E4B fragment and Nmnatl, was
reported recently to bind to the N domain of p97 through
a VCP-binding motif (VBM) within its E4B portion (Morreale et al,
2009). We found that full-length human E4B binds directly to the
N domain of p97 (supplementary Fig S5 online) through its VBM
(data not shown; Boeddrich et al, 2006). However, as with p47
and Ufd1-Npl4, we could not detect significant differences in the
direct binding of wild-type and mutant p97 to recombinant E4B
(data not shown).

We reasoned that the ability of p97 to function in various
cellular pathways should not only require proficient binding to
isolated co-factors but also an intact balance of co-factor
interactions in their simultaneous presence, that is, under
competitive conditions. As Ufd1-Npl4 and p47 are known to
bind to p97 in a mutually exclusive manner (Meyer et al, 2000),
we analysed binding of IBMPFD-causing p97 mutant proteins to
Ufd1-Npl4 in the presence of increasing amounts of p47. Again,
wild-type and mutant p97 did not differ significantly with respect
to the mutual exclusive binding of Ufd1-Npl4 and p47 (Fig 2A).
We then tested whether binding of E4B to p97 is mutually
exclusive with p47 or Ufd1-Npl4. We found that increasing
amounts of p47 competed for the binding of wild-type and mutant
p97 to E4B with similar efficiency (Fig 2B, upper panel; Fig 2D).
Under the same conditions, Ufd1-Npl4 was unable to compete
with E4B for the binding to wild-type p97. Intriguingly, however,
increasing amounts of Ufd1-Npl4 resulted in significantly reduced
binding of E4B to IBMPFD-causing p97 mutant proteins, indicat-
ing efficient competition (Fig 2B, middle panel; Fig 2D). This
difference between wild-type and mutant p97 in competitive
binding of Ufd1-Npl4 and E4B was specific, because addition of a
large excess of bovine serum albumin did not affect E4B binding
(Fig 2B, lower panel; Fig 2D). These data provide the first evidence
that IBMPFD-causing p97 mutant proteins are impaired in E4B
binding in the presence of Ufd1-Npl4.

Imbalanced p97 co-factor interactions in vivo

We next investigated co-factor interactions of IBMPFD-causing
p97 mutant proteins in living cells, in which various N-domain-
binding co-factors compete for p97 (Alexandru et al, 2008;
Schuberth & Buchberger, 2008). To this end, p97 was immuno-
precipitated from human embryonic kidney (HEK) 293T cells
ectopically expressing wild-type or mutant p97, and immuno-
precipitates were analysed for associated endogenous co-factors.
Intriguingly, this approach revealed marked differences in
the level of co-factors bound to wild-type p97 compared
with IBMPFD-associated p97 (Fig 3A,E). When compared with
wild-type p97, significantly elevated amounts of p47 and Ufd1-
Npl4 were co-precipitated with IBMPFD-causing mutant p97.
By contrast, and in line with the results of in vitro experiments,
the amount of bound E4B was reduced significantly. Notably,
binding of these co-factors to the p975305A mutant protein deficient
in ATP hydrolysis by the D1 ring, but unrelated to IBMPFD, was
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Fig 2 | IBMPFD-causing p97 mutant proteins exhibit reduced binding to E4B in the presence of Ufd1-Npl4. (A) Mutually exclusive binding of
Ufd1-Npl4 and p47 to wild-type and mutant p97. Binding of p97 to glutathione-Sepharose beads decorated with GST-Npl4/Ufd1 heterodimer in the
presence of increasing amounts of p47 was analysed by western blot analysis using the indicated antibodies. (B) Binding of wild-type and mutant p97
to glutathione-Sepharose beads decorated with GST-E4B in the presence of increasing amounts of p47, Ufd1-Npl4 or BSA (upper, middle and lower
panels, respectively) was analysed by western blot analysis using the indicated antibodies. For the competition with p47 and Ufd1-Npl4, CBB-stained
gels of the protein(s) added to the GST-E4B-decorated beads are shown (input). (C) CBB-stained gel showing equal amounts of the input used in

(A) and (B)—GST-Npl4/Ufdl and GST-E4B, respectively. (D) Quantification of bound p97 in (B). n=2 for competition with p47; n=3 for
competition with Ufd1-Npl4; n=1 for BSA control. BSA, bovine serum albumin; CBB, Coomassie brilliant blue; GST, glutathione-S-transferase;
IBMPEFD, inclusion body myopathy with Paget disease of bone and frontotemporal dementia; WB, western blot.

similar to that of wild-type p97, suggesting that the differences
observed for IBMPFD-associated p97 are not merely a conse-
quence of altered ATP binding or hydrolysis. Furthermore, binding
of peptidyl:N-glycanase, a co-factor binding to the C-terminus of
p97 (Yeung et al, 2008), was not affected by any of the mutations
tested (Fig 3A,E). Together, these data demonstrate for the
first time, to our knowledge, altered interactions of IBMPFD-
causing p97 mutant proteins with N domain-binding co-factors
in vivo, including an impaired interaction with the ubiquitin
ligase E4B.

As E4B binds to p97 through a VBM (Boeddrich et al, 2006), we
asked whether two other VBM-containing co-factors involved in
ERAD, the E3 ubiquitin ligase Hrd1 and the deubiquitinating
enzyme ataxin 3, would likewise exhibit impaired binding to
IBMPFD-causing mutant p97 proteins. Surprisingly, however,
significantly higher amounts of endogenous ataxin 3 bound to
IBMPFD-causing and to D1 ATPase-deficient p97 mutant proteins,
compared with wild-type p97 (Fig 3B,E). By contrast, equal
amounts of Hrd1 were co-immunoprecipitated with wild-type,
IBMPFD-causing and D1 ATPase-deficient p97 (Fig 3B,E). Thus,
IBMPFD-associated mutations have significant but opposite effects
on the binding of the two co-factors, E4B and ataxin 3 implicated
in proteinopathies, but not on Hrd1 binding.

Finally, we analysed p97-co-factor interactions under patho-
physiologically relevant conditions—that is, in cultured primary
myoblasts from three IBMPFD patients expressing p97 proteins
altered in the mutational hotspot Arg155, in comparison with
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myoblasts from two healthy individuals. On immunoprecipitation
of endogenous p97 from these cells, significantly more p47,
Npl4 and ataxin 3 bound to p97 from IBMPFD myoblasts, whereas
there was no difference in the interaction with Hrd1 (Fig 3C,E).
We failed to detect E4B in immunoprecipitates from either
healthy or patients’ myoblasts (data not shown). The stronger
binding of ataxin 3 to p97 was confirmed further by elevated
amounts of p97 in immunoprecipitates of endogenous ataxin
3 from IBMPFD myoblasts (Fig 3D,E). These results demonstrate
that IBMPFD-causing mutant p97 proteins exhibit imbalanced
co-factor associations in the pathophysiological context of
patients’ myoblasts.

DISCUSSION

Nucleotide binding to the D1 ring of p97 has important regulatory
functions with respect to N domain conformation and co-factor
binding (Zhang et al, 2000; DelLaBarre & Brunger, 2005; Beuron
et al, 2006). This study, to the best of our knowledge, provides
the first evidence that IBMPFD-causing mutations affect the
normal control of N domain conformation by the D1 nucleotide
state, as indicated by the protection of the N-terminal region
from proteolytic attack. This region has so far eluded structural
characterization by crystallography and nuclear magnetic
resonance spectroscopy, suggesting that it is conformationally
flexible. Interestingly, however, its amino-acid sequence is
highly conserved and residues 13-17 are predicted, although
with low confidence, to form a short a-helix (data not shown).
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Fig 3| Perturbed co-factor interactions of IBMPFD-causing p97 mutant proteins in vivo. (A) Lysates (Input) of HEK293T cells expressing the indicated
Flag-tagged p97 variants were subjected to anti-Flag immunoprecipitation. Immunoprecipitated p97 and co-precipitated endogenous co-factors were
detected by western blot analysis using the indicated antibodies. Tubulin was the input control. (B) The same experiment as in (A) was performed to
compare the binding of the VBM-containing co-factors E4B, Atx3 and Hrdl to the indicated p97 variants. (C) Lysates (Input) of healthy (H1 and H2)
and IBMPED patient (R155H, R155C and R155S) myoblasts were subjected to immunoprecipitation using p97 or control (IgG) antibodies.
Immunoprecipitated p97 and co-precipitated co-factors were detected by western blot analysis using the indicated antibodies. (D) The same lysates as
in (C) were subjected to immunoprecipitation using Atx3 or control (IgG) antibodies. Inmunoprecipitated Atx3 and co-precipitated p97 were detected
by western blot analysis with the indicated antibodies. An unspecific band in the input recognized by the 1H9, but not the MJD, Atx3 antibody is
marked by an asterisk. (E) Quantification of co-immunoprecipitations. Top, for panels (A) and (B): for wt, R95G and R155H, n =3 for E4B, p47,
Np14 and Atx3, and n=2 for PNGase and Hrdl; for E305A, n=2 for E4B and PNGase, and n=1 for p47, Np14, Atx3 and Hrdl. Middle, for

panel (C): n=2. Bottom, for panel (D): n=1. Atx3, ataxin 3; HEK, human embryonic kidney; IBMPFD, inclusion body myopathy with Paget disease
of bone and frontotemporal dementia; IP, immunoprecipitation; VBM, valosin-containing protein-binding motif; WB, western blot; wt, wild type.

We thus speculate that the N-terminal region of p97 is
not completely unstructured, but rather involved in defined,
D1-controlled conformational changes of the N domain, which in
turn regulate co-factor interactions.

In vivo, even minor defects in the control of co-factor
interactions are potentially toxic, because p97 might become
trapped in unproductive co-factor complexes in various cellular
degradation pathways. IBMPFD manifests as a late-onset disease,

interactions provides evidence in support of such a pathogenesis
mechanism. It is noteworthy that we observed perturbed co-factor
binding in primary myoblasts from IBMPFD patients that lack
pathological protein aggregates (Hubbers et al, 2007), suggesting
that this is an early event in IBMPFD pathogenesis rather than a
consequence of the disease.

Speculation

and it has been speculated that IBMPFD-causing mutations in VCP
might have relatively subtle, but ultimately fatal, effects on p97
function (Watts et al, 2004). Our finding that IBMPFD-causing
mutations disturb, but do not completely abolish, p97 co-factor

©2010 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Unexpectedly, our study revealed an increased interaction of
IBMPFD-causing mutant p97 with the deubiquitinating enzyme
ataxin 3. Enhanced binding of polyglutamine-expanded ataxin 3
to wild-type p97 has been observed in the neurodegenerative
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disease spinocerebellar ataxia type 3 (Hirabayashi et al, 2001;
Matsumoto et al, 2004), and p97 and Ufd1-Npl4 have recently
been shown to be trapped by polyglutamine-expanded proteins
(Duennwald & Lindquist, 2008). The analogous accumulation of
wild-type ataxin 3 and Ufd1-Npl4 on mutant p97 in IBMPFD
illustrates that mutations in either interaction partner can have
similar consequences at the molecular level. Thus, our results
might be a first hint to a potential involvement of ataxin 3 in the
neurodegenerative manifestation of IBMPFD. Future studies on
IBMPFD might shed light on pathogenesis mechanisms in yet
other proteinopathies that similarly affect p97 function through
mutations in regulatory co-factors.

METHODS

Proteins. Information about cloning procedures and protein
purification can be found in supplementary information online.
Partial proteolysis. Tryptic degradation was performed at 25°C
using 25ug p97 and 0.625pg trypsin (Roche, Mannheim,
Germany) in 50pl buffer (50mM Tris—-HCI (pH 7.8), 10mM
MgCl,, 1mM dithiothreitol; 3mM nucleotide as indicated).
Reactions were stopped at different time points and samples were
analysed by sodium dodecyl sulphate—polyacrylamide gel
electrophoresis. ESI-MS analysis and Edman sequencing of
tryptic fragments were performed as described in supplementary
information online.

In vitro binding assays. Glutathione-Sepharose pulldown experi-
ments were performed as described previously (Kern et al, 2009)
using 0.04 nmol glutathione-S-transferase fusion proteins and
20 pl bead slurry. p97 (0.04 nmol) in the absence or presence of
co-factors (at 1-, 12.5- and 25-fold molar excess) was added for
1h in a total volume of 120 pl buffer (50 mM Tris-HCI (pH 7.8),
150 mM NacCl, 1 mM dithiothreitol, 0.1% Triton X-100).
Immunoprecipitation. HEK293T cells were transiently transfected
with pCMV-Tag2B-p97 by using the calcium phosphate method.
Human primary normal and IBMPFD patient myoblasts (Muscle
Tissue Culture Collection/EuroBioBank; Friedrich-Baur-Institute,
Munich, Germany; Hubbers et al, 2007; Vesa et al, 2009)
were maintained in skeletal muscle growth medium (PromoCell,
Heidelberg, Germany) containing 15% fetal calf serum and split
when less than 70% confluent. Cell lysis and immunoprecipita-
tions were performed as described previously (Kern et al, 2009),
using Flag-M2 beads (Sigma-Aldrich, Munich, Germany), or p97
(Novus Biologicals, Cambridge, UK), ataxin 3 (MJD; a gift from
H. Paulson) and control (Bethyl Laboratories, Montgomery, TX,
USA) antibodies bound to Protein G-Sepharose beads.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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