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Summary

Valosin-containing protein (VCP)/p97 is an essential ATP-dependent protein unfoldase. Dominant
mutations in p97 cause multisystem proteinopathy (MSP), a disease affecting the brain, muscle,
and bone. Despite the identification of numerous pathways that are perturbed in MSP, the
molecular-level defects of these p97 mutants are not completely understood. Here, we use
biochemistry and cryo-electron microscopy to explore the effects of MSP mutations on the
unfoldase activity of p97 in complex with its substrate adaptor NPLOC4-UFD1L (UN). We show
that all seven analyzed MSP mutants unfold substrates faster. Mutant homo- and heterohexamers
exhibit tighter UN binding and faster substrate processing. Our structural studies indicate that the
increased UN affinity originates from a decoupling of p97’s nucleotide state and the positioning of
its N-terminal domains. Together, our data support a gain-of-function model for p97-UN-
dependent processes in MSP and underscore the importance of N-terminal domain movements for
adaptor recruitment and substrate processing by p97.
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Mutations in p97 cause multisystem proteinopathy, but the underlying disease mechanisms are
unknown. Blythe et al. demonstrate that these mutations cause conformational perturbations that
increase substrate unfolding and cofactor binding, supporting a gain-of-function model for this
disease and underscoring the importance of conformational changes for the regulation of p97
activity.

Introduction

Valosin-containing protein (VCP)/p97 is an essential AAA+ (ATPases Associated with
various cellular Activities) ATPase involved in many cellular processes, such as ER-
associated degradation (ERAD), aggregate clearance, and Golgi dynamics (van den Boom
and Meyer, 2018). Each protomer within the barrel-shaped p97 homohexamer contains an
N-terminal regulatory domain (NTD), two consecutive ATPase domains (D1 and D2), and
an unstructured C-terminal tail (DeLaBarre and Brunger, 2003). The basic biochemical
function of p97—unfolding proteins—is achieved by the ATP-powered threading of a
substrate polypeptide through the central pore of the p97 hexamer (Blythe et al., 2017,
Bodnar and Rapoport, 2017; Cooney et al., 2019; Twomey et al., 2019; Weith et al., 2018).
This ATPase activity is coupled to large movements of the NTDs. While the NTDs favor a
coplanar (“‘down’) position with respect to the D1 ring when in the ADP-bound state, they
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switch to a coaxial (‘up’) position relative to the D1-D2 barrel when in the ATP-bound state
(Banerjee et al., 2016; Tang et al., 2010). However, the function of these NTD movements
during substrate processing remains unclear.

Substrates are delivered to p97 by a repertoire of adaptor proteins, many of which bind to the
NTDs in mutually-exclusive ways (H&nzelmann and Schindelin, 2017). A common adaptor
of p97 is the heterodimer UFD1LNPLOC4 (UN), which links p97 to numerous degradative
processes (Meyer et al., 2000). Both UFD1L and NPLOC4 bind to p97 NTDs, either
through a SHP motif (hamed from yeast Shpl) or a ubiquitin-like domain (UBD)
(Hanzelmann and Schindelin, 2016; Isaacson et al., 2007; Le et al., 2016; Meyer et al.,
2000). A recent structure of the fungal orthologues of p97-UN, Cdc48-Ufd1-Npl4, shows one
UN adaptor positioned above the central pore of a Cdc48 hexamer and making additional
contacts between its Mprl-Pad1 N-terminal (MPN) domain and the D1 ATPase ring. The
observed complex thus confirmed previous biochemical data suggesting a 1:1 stoichiometry
of p97 hexamer and UN heterodimer (Bodnar et al., 2018; Hanzelmann and Schindelin,
2016). Similar to other p97 adaptors, UN recruits ubiquitinated substrates using ubiquitin-
binding domains on both monomers (Meyer et al., 2000; Ye, 2003).

Mutations in p97 cause multisystem proteinopathy (MSP, also called IBMPFD), a fatal
neurodegenerative disease (Watts et al., 2004). Symptoms of MSP manifest in middle age
and vary in presentation, but can involve inclusion body myopathy, Paget’s disease of the
bone, and frontotemporal dementia (Al-Obeidi et al., 2018; Nalbandian et al., 2011). Over
50 unigue missense mutations in p97 have been identified, the majority of which lie at the
interface between the NTD and D1 domains (Saracino et al., 2018). The mechanism by
which these mutations cause disease remains controversial. Defects in numerous cellular
pathways, such as endosomal trafficking, autophagy, mTOR regulation, and mitochondrial
homeostasis have been reported in MSP mutants (Ching et al., 2013; Ju et al., 2009; Ritz et
al., 2011; Zhang et al., 2017), yet the underlying functional changes in p97 and consequent
cellular perturbations leading to disease pathology remain a mystery.

A key question regarding dominantly-inherited MSP is whether the disease is caused by a
gain or loss of p97 function. This question is particularly relevant for therapy, since p97
inhibitors are being developed as cancer therapeutics (Anderson et al., 2015). Under basal
conditions, i.e. in the absence of a protein substrate, MSP mutants exhibit higher ATPase
activity in the D2 ring relative to wild-type p97 (Chou et al., 2014; Halawani et al., 2009;
Niwa et al., 2012; Zhang et al., 2015), but whether this increased activity is productive or
instead represents a decoupling of ATP hydrolysis from mechanical work is debated (Ju and
Weihl, 2010; Tang and Xia, 2016). Structural studies suggest that MSP mutations cause a
shift in the ‘up’/’down’ equilibrium of NTDs towards the ‘up’ conformation, regardless of
the nucleotide state of p97 subunits (Huang et al., 2019; Niwa et al., 2012; Schuetz and Kay,
2016; Schiitz et al., 2017; Tang and Xia, 2013; Tang et al., 2017). One likely consequence of
this conformational preference is altered adaptor binding, and immunoprecipitations from
MSP mutant cell lines have indeed shown differential adaptor associations (Fernandez-Saiz
and Buchberger, 2010; Manno et al., 2010). However, the molecular mechanisms underlying
a potentially modulated adaptor interaction and substrate-unfolding activity of p97 mutants
remain elusive. Basic mechanistic studies of protein unfolding by MSP mutants have been
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stymied by the lack of an /n vitro system, because native p97 substrates are not amenable to
biochemistry. We previously overcame this barrier through the development of a GFP-based
model substrate (Blythe et al., 2017), which allowed us to demonstrate that the MSP mutant
p97-A232E unfolds substrate faster than wild type and that this difference could be
normalized with low concentrations of the p97 inhibitor CB-5083 (Blythe et al., 2017).

In this study, we use model substrates in an /n7 vitro reconstituted system to characterize the
mechanistic details of MSP mutant p97 motors. We show that accelerated unfoldase activity
and tighter UN binding are common features of MSP mutants. Importantly, these
characteristics do not just apply to mutant homohexamers, but also heterohexamers that are
formed from wild-type and mutant protomers and likely represent the relevant p97 species in
heterozygote MSP patients. Our structural characterizations suggest that a preference for the
‘up’ conformation of NTDs in MSP mutant p97 is responsible for the higher UN affinity and
the faster substrate unfolding we observe. These data support a gain-of-function model for
UN-dependent substrate processing by p97 with MSP mutations.

p97 MSP mutants show faster substrate processing

Our previous work employed a GFP-based model substrate to demonstrate p97 unfoldase
activity (Blythe et al., 2017). To simplify this assay, we replaced GFP with mEos3.2 (Figure
1A), which has already been used to study p97/Cdc48 (Bodnar and Rapoport, 2017;
Olszewski et al., 2019; Weith et al., 2018) and whose UV-induced backbone cleavage makes
its unfolding irreversible (Wiedenmann et al., 2004; Zhang et al., 2012). As before, we
modified a linear fusion of di-ubiquitin at the N-terminus of mEo0s3.2 with long K48-linked
ubiquitin chains to allow recognition by UN and recruitment for p97-UN-mediated unfolding
(Blythe et al., 2017).

We showed earlier that the MSP mutant p97-A232E processes substrate at approximately
140% compared to the rate of wild-type p97 under single-turnover conditions (Blythe et al.,
2017). To determine whether faster unfoldase activity was a consistent characteristic of MSP
mutants, we used our mE0s3.2 substrate to assess the unfoldase activity of six additional
mutants. All tested mutants showed accelerated substrate unfolding under single-turnover
conditions, with rates ranging from ~ 115 to 160 % of the wild-type rate (Figure 1B-C,
Figure S1IA-C). Albeit moderate, this unfolding acceleration for MSP mutants was
consistently observed and highly reproducible in biological and technical replicates. To rule
out that the differences in activity relative to wild-type p97 were caused by heterologous
expression, we also analyzed the unfoldase activities of p97 variants expressed in human
cells. Compared to wild-type £. coli-expressed protein, wild-type p97 expressed in human
cells showed faster unfolding and was able to process substrate even in the absence of
exogenously added UN, which was likely a consequence of residual contamination with co-
purified adaptors (Figure S1D). Importantly, however, p97-A232E isolated from human cells
was still a faster unfoldase than human wild-type p97 (Figure S1E), confirming our results
with the variants expressed in £. coli. Given that human p97 is decorated with post-
translational modifications (Ewens et al., 2010; H&anzelmann and Schindelin, 2017) and may
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co-purify with endogenous adaptors when expressed in mammalian cells, we chose to
continue our characterization of MSP mutations with £. coli-expressed proteins.

Our initial experiments used homohexameric wild-type or mutant p97. However, patients are
heterozygous for MSP mutations (Watts et al., 2004) and thus likely have mixed p97
hexamers. To mimic this scenario, we co-expressed untagged wild-type and C-terminally
His-tagged p97-A232E-mutant protomers in £. coliand used stepwise elution from a nickel
affinity column to isolate three fractions of p97 hexamers with increasing ratios of p97-
A232E:wild-type protomers (Figure 2A). These results confirmed that mutant and wild-type
p97 protomers can co-assemble. The unfoldase rates of these mixed hexamers lied between
those of wild-type and p97-A232E homohexamers and increased with the number of mutant
protomers (Figure 2B—C). Our results suggest that the presence of MSP-mutant protomers
imparts an improved ability for the hexamer to process substrate.

MSP mutant p97-A232E does not alter p97-UN complex structure

To understand the basis for this increased activity, we analyzed whether the disease mutation
affected the overall structure and conformation of UN-bound p97. The complex was formed
by mixing the p97-A232E hexamer with excess UN adaptor (1:1.5) in the presence of ATP
and vitrified for single particle cryogenic electron microscopy (cryo-EM) analysis. The final
reconstruction was refined to 4.26 A (Figure S2). Similar to previous p97 structures
(Banerjee et al., 2016; Bodnar et al., 2018), the p97-A232E hexamer was in a symmetric
conformation, with the NPLOC4 portion of the UN heterodimer resolved in a position atop
the central channel (Figure 3A). The NTDs were observed in an ‘up’ conformation, with
extra density for the UBX of NPLOC4 on one of the NTDs (Figure 3A), which is consistent
with a recent cryo-EM structure of UN-bound Cdc48 (Bodnar et al., 2018). The previously
published structures of p97-ATPyS (PDB:5ftn, (Banerjee et al., 2016)) and the Cdc48-UN
complex (PDB: 6c¢hs, (Bodnar et al., 2018)) both dock well into our map (Figure 3B-C),
showing that the A232E point mutation did not cause any major changes in the conformation
of the p97 hexamer or the position and orientation of the bound UN cofactor.

p97’s unfoldase rate is not correlated with its ATPase rate

MSP mutations are known to increase the basal ATPase rate of p97 (Chou et al., 2014;
Halawani et al., 2009; Niwa et al., 2012; Zhang et al., 2015), and, hence, one possible
explanation for faster substrate unfolding is a faster consumption of ATP. Since substrate
processing stimulates p97’s ATP hydrolysis (Blythe et al., 2017; Bodnar and Rapoport,
2017), we compared the working ATPase rate of MSP mutants after a 15-minute incubation
with excess substrate and UN adaptor. At that point, most p97 hexamers are expected to
have stalled on a substrate’s ubiquitin chain. Previous studies indicated that p97 in the
absence of deubiquitinases fails to thread the long ubiquitin modifications present on model
substrates, leading to just a single turnover of protein unfolding (Bodnar and Rapoport,
2017). Yet, despite this stall in translocation, p97 continues to hydrolyze ATP, allowing a
comparison of working ATPase rates for these substrate-engaged motors. For wild-type p97,
the ATP-hydrolysis activity increased from a basal rate of 0.27 + 0.02 ATP per second per
hexamer to 6.8 £ 0.1 ATP per second per hexamer in the presence of excess UN and
substrate. Under these conditions, mutants showed only a 1.5-fold higher ATPase rate than
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wild type, much less than the 5- to 10-fold difference observed for the basal ATPase activity
in the absence of substrate (Figure 4A, C). Furthermore, all three wild-type:p97-A232E
mixed hexamer fractions showed essentially identical working ATPase rates compared to
wild-type p97, despite also exhibiting 5- to 10-fold higher basal rates (Figure 4B, D). For all
tested p97 variants, the working ATPase rates were not well correlated with the unfoldase
rates (Figure 4E), implying that faster ATP hydrolysis is not responsible for accelerated
substrate unfolding by MSP mutants.

MSP mutants have increased affinity for UN

Faster substrate processing could be explained by faster delivery to p97 and initiation of
unfolding, which we explored by developing a FRET-based assay for the dynamics of UN
binding to p97. Structural data suggest that the N-termini of p97 and bound NPLOC4 are
close to each other (Isaacson et al., 2007). We therefore designed an NPLOC4 construct
susceptible to N-terminal labeling with a TRITC donor fluorophore (Theile et al., 2013) to
complement a previously published p97 construct with an N-terminal Cy5 acceptor dye
(Xue et al., 2016). Incubation of UTRITCN with €¥5p97 led to a decrease in TRITC
fluorescence, indicative of FRET (Figure 5A). Importantly, the loss of donor fluorescence
was rescued by the addition of unlabeled UN, providing evidence that this FRET assay is
specific for the formation of the p97-UN complex (Figure 5A).

By employing this FRET-based assay, we were able to measure the equilibrium (Figure
S3A) and kinetic (Figure S3B-D) constants for UN binding to p97 in various nucleotide
states. For wild-type p97, the equilibrium dissociation constant was 2-fold lower in ATP
(302 nM) than ADP (636 nM), and further reduced in the presence of the non-hydrolyzable
ATP analog ATPyS (177 nM; Table 1). These Kp values are comparable to those measured
by SPR (100-400 nM) (Chia et al., 2012), but ~3-10-fold lower than the Kp measured by
ITC in the absence of nucleotide (1.7 uM) (Hanzelmann et al., 2011). Similar to our data,
SPR studies also report an increase in UN affinity when p97 is in an ATP state (Chia et al.,
2012).

Strikingly, the p97-A232E mutant bound UN much more tightly, with a 12-fold higher
affinity relative to wild-type p97 in the ADP-bound state, and a 65-fold higher affinity in the
presence of ATP (Table 1). Like wild type, the mutant thus showed weaker binding with
ADP versus ATP or ATPyS (50 nM versus 4.6 nM), yet the difference was > 10-fold larger
and indicative of the p97-A232E mutant being particularly well suited for UN binding when
in the ATP bound state. The increase in affinity is solely a consequence of a much faster on-
rate, while the off-rate remains unchanged (Table 1). The p97-R155H and p97-T262A
mutants in the presence of ATP have UN affinities very similar to that of p97-A232E,
suggesting that this phenomenon of tight UN binding is a common feature of MSP mutants.
Indeed, previous work demonstrated increased co-immunoprecipitation of UN with MSP
mutants (Fernandez-Saiz and Buchberger, 2010; Manno et al., 2010). Other adaptors, such
as p47, bind MSP-mutant p97 with higher affinity as well (Bulfer et al., 2016; Rao et al.,
2017; Tang et al., 2017); however, in those cases, tighter binding was observed only in the
ADP state, whereas we measured tighter binding of UN in any nucleotide state.
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To probe the adaptor affinity of mixed hexamers, we used a competition assay (Figure 5B,
Figure S3E), in which the decrease of FRET, i.e. the increase in donor fluorescence upon
binding of unlabeled p97, was measured upon incubating UTRITCN and ©¥5p97-A232E with
increasing concentrations of unlabeled mixed hexamers. UN-binding affinities were
determined as K;j values from ICgq curves (Table 1), showing a nice agreement with the
directly measured Kp values when titrating in wild-type and p97-A232E homo-hexamers,
and intermediate affinities for mixed hexamers. For mixed hexamers with different numbers
of MSP-mutant subunits, we observed similarly increased UN affinities (Figure S3F),
indicating that only a subset of mutant protomers may be required for tighter binding of this
cofactor. Importantly, no exchange of protomers between p97 hexamers occurred on the time
scale of these competition-binding experiment (Figure S3G).

P97-A232E mutant prefers ‘up’ NTD conformation

To explore the structural basis for the enhanced UN-binding affinity of MSP mutants, we
visualized p97 in different nucleotide states by cryo-EM. Previous p97/Cdc48 structural
studies have established that the NTDs vary in their conformation and position relative to the
D1 ATPase ring depending on the nucleotide state, moving between an ‘up’ conformation in
ATP or ATPyS and a ‘down’ conformation in ADP (Banerjee et al., 2016; Bodnar et al.,
2018; Huang et al., 2019; Schuetz and Kay, 2016; Schiitz et al., 2017; Tang et al., 2010).
Since UN binding was modulated by nucleotide, we were interested in exploring how MSP
mutations affected the overall equilibrium of NTDs. We therefore collected single-particle
cryo-EM data of wild-type and A232E mutant p97 in the presence of ATP or ADP, and
analyzed the positions of the NTDs in 2D class averages (Figure S4). We assigned ‘up’ or
‘down’ states to class averages with visible NTDs, and classified averages with unresolved,
dynamic NTDs as ‘mobile’ (Figure S4). Although this technique is limited in visualizing
and properly assigning all NTD conformations, especially when differential states are
occupied within the same hexamer, we observed clear trends in NTD conformations
depending on the p97 variant and the bound nucleotide (Figure 6A).

In the presence of ATP, with subunits actively hydrolyzing and transitioning through the
various stages of the ATPase cycle, the locations of NTDs for wild-type p97 were highly
variable, occupying both the ‘up’ and ‘down’ states with approximately equal distribution. In
contrast, all visible NTDs in the p97-A232E mutant under the same conditions were in the
‘up’ position (Figure 6A). Thus, although both motors hydrolyze ATP and sample the
different nucleotide states, only the NTDs of wild-type p97 seem to display the associated
conformational changes and switch between ‘up’ and ‘down’ positions. Consistently, we
found that in the presence of excess ADP, all resolved NTDs of wild-type p97 were in the
‘down’ conformation, while the p97-A232E mutant still showed some particles with their
NTDs in the ‘up’ state (Figure 6A). Notably, the dataset for ADP-bound p97-A232E had the
highest percentage of ‘mobile’ NTDs, indicating that the ADP-induced ‘down’ state is
destabilized in this MSP mutant. There is also a fraction of wild-type p97 particles with
‘mobile” NTDs, which may account for the UN-binding competency of p97-ADP (Table 1).
The observed general patterns demonstrate that the conformational equilibrium of the p97-
A232E mutant is shifted toward the ‘up’ state and decoupled from the nucleotide state,
which is consistent with previous studies on MSP disease mutations (Huang et al., 2019;
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Niwa et al., 2012; Schuetz and Kay, 2016; Schiitz et al., 2017; Tang and Xia, 2013; Tang et
al., 2010, 2017). Our findings for the ADP-bound hexamers agree with the ‘up’/’down’
equilibrium assessments of p97 truncations (p97-ND1) by NMR (Schuetz and Kay, 2016;
Schiitz et al., 2017) and expand upon this analysis by showing that the conformational
differences persist also in full-length p97 during active ATP hydrolysis. Our p97-A232E-UN
structure and the previous Cdc48:-UN structure (Bodnar et al., 2018) suggest that UN binds
to p97 when NTDs are in the ‘up’ conformation, which explains why MSP mutants with
their NTD conformational equilibrium shifted toward the ‘up’ state show much higher UN
affinity in all nucleotide states. This model for UN preferentially binding and then
stabilizing NTDs in the “up’ conformation is also consistent with our kinetic measurements,
where MSP mutants showed faster on-rates, but no effect on the off-rate.

Discussion

Here, we demonstrate that moderately accelerated unfoldase activity is a defining feature
among p97 hexamers with MSP mutations. We show for the first time that mixed hexamers
with wild-type and mutant subunits are fully functional and display faster substrate
unfolding as well. These data contradict a previously proposed dominant-negative model for
MSP mutations (Ju and Weihl, 2010; Tang and Xia, 2016), hypothesizing that mutant p97
protomers poison otherwise wild-type hexamers and impair their ability to unfold protein
substrates. Since MSP patients are heterozygote and likely contain mixed p97 hexamers
(Weihl et al., 2006; Manno et al., 2010; Arhzaouy et al., 2012; Kimura et al., 2013), our
findings are of considerable significance for the development of future therapies based on
small-molecule inhibitors or modulators of p97 activity.

To understand the basis for faster substrate processing, we probed two steps in p97-mediated
unfolding: 1) UN-cofactor binding, which affects substrate recruitment and subsequent
engagement, and 2) ATP hydrolysis during substrate processing, which reports on the speed
of the working motor. Using a FRET-based assay for p97-UN complex formation, we
discovered a 30- to 60-fold increase in UN affinity for mutant p97 homohexamers, and a 5-
to 15-fold increase for heterohexamers containing wild-type and mutant subunits.
Interestingly, this increased affinity of the mutant is due to a faster on rate, whereas the off
rate and therefore the residence time of UN on p97 remains unchanged. The faster binding is
consistent with our observation that MSP mutations preferentially induce the UN-binding-
competent ‘up’ state of NTDs. In the presence of ATP, the p97-A232E mutant had all visible
NTDs in the ‘up’ conformation, whereas wild-type p97 showed an approximately equal
‘up’/’down’ distribution. The shift of the conformational equilibrium itself cannot explain
the mutant’s 60-fold increase in UN affinity, but it is likely the nucleotide-dependent
dynamic switching of NTDs that limits the UN-binding kinetics for wild-type p97 and
whose elimination increases the on-rate for MSP mutants.

Nevertheless, this faster UN binding is apparently not responsible for the observed faster
substrate processing by MSP mutants. Substrate unfolding under single-turnover conditions
showed no dependence on the concentrations of UN or p97 (Figure S1A), indicating that
initial UN-substrate binding to the motor is not the rate-determining step. Furthermore,
despite their differences in substrate-unfolding rates, wild-type and mutant p97 exhibit
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similar working ATPase rates, speaking against ATP hydrolysis being rate-limiting. We
therefore propose that uncoupling the NTDs from the nucleotide state in MSP-mutant
subunits facilitates yet another step in substrate processing that follows initial UN binding,
for instance the correct docking of UN on top of the D1 ATPase ring for substrate
engagement by the AAA+ motor (Bodnar et al., 2018) or the initiation of translocation itself.
Despite their similarities in UN binding, different MSP mutations may differentially affect
this rate-limiting step, which would explain the diversity in unfolding-rate acceleration we
observed. Further work will be required to delineate the roles of NTD movements during
substrate engagement, unfolding, and translocation, and to explore how individual MSP
mutations perturb these steps that are not captured in this study.

Our biochemical and structural data support a gain-of-function model for the molecular
cause of MSP pathology. Faster substrate processing or tighter interactions with UN under
cellular conditions where cofactor binding is rate-limiting could enhance p97-UN-dependent
processes and lead to the inappropriate extraction, unfolding, or degradation of protein
targets. This hypothesis is supported by studies on an MSP mouse model that demonstrated
increased turnover of 1kxB-a and consequently improper activation of NF-xB signaling
(Custer et al., 2010). Since IxB-a degradation is p97-UN dependent, the hyperstimulated
NF-xB phenotype can be explained by the increased activity of mutant p97-UN (Dai et al.,
1998; Li et al., 2014; Nalbandian et al., 2011). Similarly, increased processing of TDP-43
and mitofusin have been demonstrated in MSP mutant Drosophila (Ritson et al., 2010;
Zhang et al., 2017). Another consequence of p97-UN hyperactivity could be the formation of
detrimental aggregates, if the 26S proteasome, responsible for ubiquitin-dependent protein
degradation downstream of p97, is unable to keep pace with the increased rate of p97-
mediated substrate unfolding. Tissues affected by MSP show aggregates that are decorated
with ubiquitin modifications (Nalbandian et al., 2011), which would be consistent with an
overburdened proteasome.

The p97 system is extremely complex, and we cannot discount other explanations for MSP
pathology that are consistent with our biochemical studies. An alternative hypothesis for
disease is that improved UN affinity leads to an adaptor imbalance that generates cellular
perturbations. Based on published values (Gillen and Forbush, 1999; Reitsma et al., 2017;
Xue et al., 2016) and our affinity measurements, we can estimate intracellular concentrations
of approximately 50 nM free UN, 480 nM free p97, and 80 nM p97-UN complex in wild-
type cells. In contrast, MSP-mutant cells are expected to have essentially all of their UN
adaptor bound to p97, leading to intracellular concentrations of 140 nM p97-UN complex
and 430 nM free p97. If free UN is needed for initial substrate binding in the cellular
context, as has been suggested for mitophagy (Kimura et al., 2013), the lack of this free UN
pool in mutant cells may impair p97-UN-dependent functions. Alternatively, with less free
p97 available to bind other adaptors, this imbalance in UN interactions may cause a loss of
function in other p97-dependent pathways. We cannot rule out that the gain of p97-UN
function we observed for MSP mutants /n vitrois physiologically irrelevant, and a potential
gain or loss of function with another p97 adaptor is responsible for pathology. In particular,
UBXDL1 has a decreased affinity for MSP-mutant p97 due to its preference for binding the
NTDs in the ‘down’ conformation (Ritz et al., 2011; Schuetz and Kay, 2016; Schiitz et al.,
2017), and MSP mutations have been associated with failures in lysosomal degradation,
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which is mediated by UBXD1 (Ju et al., 2009; Kirchner et al., 2013; Papadopoulos et al.,
2017; Ritz et al., 2011). Thus, a perhaps more realistic scenario is that the MSP pathology is
the combined outcome of a complex series of molecular perturbations to different pathways.
Regardless, the dominant inheritance of MSP and the observed lack of a poison-subunit
effect in substrate unfolding are most consistent with an increase, not decrease, in p97’s
biochemical function.

If MSP is indeed caused by a gain of function in p97-UN-dependent pathways, a p97
inhibitor could be an effective treatment for this disease. Though an inhibitor would not
rectify the causal defect—aberrant NTD conformations—it could minimize the harmful
downstream effects. Such an approach was also demonstrated to be viable in Drosophila,
where physiological and morphological defects in muscle tissue caused by the expression of
mutant p97 were reversed through treatment with low doses of p97 inhibitor (Zhang et al.,
2017). Currently, there is no treatment for MSP, but our biochemical work suggests an
exciting potential avenue for therapeutic intervention. More work is needed to identify the
molecular basis for MSP pathology and explore whether p97 inhibitors may be effective
treatments.

STAR Methods

Lead contact and materials availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Andreas Martin (a.martin@berkeley.edu).

Experimental model and subject details

Bacterial strains—Proteins were expressed in £. colistrains BL21(DE3) and
Rosetta(DE3)pLysS as indicated.

Cell lines—Proteins were expressed in Expi293 suspension cells (Thermo Fisher). Cells
were grown in Expi293 Expression Medium (Thermo Fisher) at 37 °C with 8% CO,.

Method detail

Protein purification and labeling—Expression, purification, and labeling of wild-type
UN, p97-His, and ©¥°p97-His were carried out as previously described (Blythe et al., 2017;
Xue et al., 2016). MSP mutations were introduced into these constructs using site-directed
mutagenesis, and mutant proteins were expressed and purified similar to wild-type.

For FRET studies, a sortase recognition motif was added to the N-terminus of NPLOC4
(Hanzelmann and Schindelin, 2011) to form MGGG-NPLOCA4. To prevent labeling of His-
Ufd1 (Fernandez-Séiz and Buchberger, 2010), site directed mutagenesis was used to remove
residue G2. This modified UN was expressed and purified as previously described (Blythe et
al., 2017) with one modification. Prior to gel filtration, 30 pM UN was labeled using 500 uM
peptide (TRITCWSHPQFEKLPETGG, GenScript) and 5 M sortase (Theile et al., 2013) in
labeling buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 10 mM CaCly, 1 mM DTT) at 25 °C
for 2 hours. The reaction was diluted in s trep buffer (100 mM Tris pH 8.0, 150 mM NacCl, 1
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mM EDTA) and incubated with 2 mL of Strep-Tactin resin (IBA Lifesciences) for 10
minutes at 4 °C with agit ation. The resin was washed with 5 column volumes of strep
buffer, and the protein was eluted with strep buffer plus 50 mM biotin.

A plasmid for co-expression of p97 and p97-A232E-His was constructed via Gibson cloning
by inserting sequences of p97-His and p97-A232E-His into a pCOLA-Duet backbone.
Protein was expressed in Rosetta(DE3)pLysS overnight at 16 °C with 0.4 mM IPTG. Cell
pellet was resuspen ded in nickel binding buffer (50 mM Tris pH 7.4, 500 mM KCI, 5 mM
MgCl,, 20 mM imidazole, 5% glycerol, 2 mM b-mercaptoethanol) with protease inhibitors
and sonicated. Clarified lysate was bound to a HisTrapHP (GE Healthcare), and proteins
were eluted in a stepwise gradient of 12% (wash), 20% (“Mixed 1”), 35% (“Mixed 2”), and
55% (“Mixed 3”) nickel binding buffer with 300 mM imidazole. Proteins were further
purified on a Superose 6 column (GE Healthcare) in storage buffer (20 mM HEPES pH 7.4,
250 mM KCI, 1 mM MgCl,, 5% glycerol, 0.5 mM TCEP), concentrated, and flash frozen.

Plasmids encoding p97-FLAG and p97-A232E-FLAG for mammalian expression were
made by inserting p97 sequences into a pcDNA3.1 backbone. Expi293 cells were transfected
with 1.1 mg DNA per 1 L of cells using polyethyleneimine “Max” (MW 40,000)
(Polysciences) at a ratio of 1:2.7 DNA:PEI. After 72 hours, cells were harvested at 3000xg
for 15 minutes and washed once with 30 mL cold PBS. Cell pellet was resuspended in lysis
buffer (50 mM Tris pH 7.4, 150 mM KCI, 5 mM MgCl,, 5% glycerol, 0.5% Triton X-100)
with protease inhibitors (Roche) and incubated with rotation at 4 °C for 30 minutes.
Clarified lysate was incubated with 2 mL of anti-FLAG resin (Sigma) at 4 °C for 1.5 hours.
Resin was washed with 3 column volumes of wash buffer (50 mM Tris pH 7.4, 400 mM
KCI, 5 mM MgCly, 0.5% Triton X-100) 3 times for 10 minutes with rotation followed by
one wash with elution buffer without FLAG peptide (25 mM HEPES pH 7.4, 150 mM KCl,
2 mM MgCl,). Protein was eluted with 2 mL of elution buffer containing 0.2 mg/mL
3XFLAG peptide for ten minutes with rotation. Elution was repeated, and resin was drained
with a final 2 mL of elution buffer. Protein was concentrated and exchanged into storage
buffer (20 mM HEPES pH 7.4, 250 mM KCI, 1 mM MgCls,, 5% glycerol, 0.5 mM TCEP)
before flash freezing.

A plasmid encoding p97-FLAG for bacterial expression was made through the addition of a
FLAG tag to a plasmid encoding untagged p97 in a pET24b backbone. Protein was
expressed in Rosetta(DE3)pLysS as previously described (Xue et al., 2016). Harvested cells
were resuspended in lysis buffer (50 mM Tris pH 7.4, 150 mM KCI, 5 mM MgCl,, 5%
glycerol) with protease inhibitors (Roche) and sonicated. Clarified lysate was incubated with
1 mL anti-FLAG resin (Sigma) and purified as described above. After elution, concentrated
protein was purified by gel filtration (Superose 6) in storage buffer before flash freezing.

Substrate preparation—Hisg- Ub®76V- UbG78Y -mE0s3.2 was constructed by replacing
GFP in the previously published His®-UbG76V-UbG76V-GFP substrate (Blythe et al., 2017)
with a PCR amplicon of mE0s3.2 (Addgene plasmid #87030), using BamHI and Notl
restriction sites. Protein was expressed in BL21(DE3) overnight at 18 °C, cells were lysed
by sonication in 50 mM Tris pH 8.0, 250 mM NaCl, 20 mM imidazole, 2 mM
betamercaptoethanol, and protease inhibitors (Roche), and clarified lysate was incubated
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with nickel-NTA resin for 2 hours at 4°C. After elution from the resin with 200 mM
imidazole, protein was spin-concentrated and dialyzed overnight into 50 mM HEPES pH
7.0, 150 mM NaCl, 2 mM betamercaptoethanol. Sample was irradiated with 380 nm LED
light (Thorlabs) for one hour at 4°C to induce the backbone cleavage of mMEOS3.2. After
filtration, protein was purified on a Superdex 200 column (20 mM HEPES pH 7.4, 100 mM
KCI, 3 mM MgCly), and fractions were pooled, concentrated and flash frozen.
Ubiquitination and purification of the ubiquitinated substrate was carried out as previously
described (Blythe et al., 2017), except that yeast ubiquitin was used. Final substrate showed
~40% photocleavage as measured by the absorbance at 507 and 572 nm (Zhang et al., 2012).
Concentrations of substrate referred to in this paper correspond to the concentration of
photocleaved (red) protein.

Unfoldase assays—Unfolding reactions contained final concentrations of 20 nM
substrate, 400 nM p97 hexamer, and 800 nM UN, and were carried out in assay Buffer (20
mM HEPES pH 7.4, 150 mM KCI, 20 mM MgCl,, 1 mM TCEP, 1 mg/mL BSA)
supplemented with an ATP regeneration system (5 mM ATP, 30 mM creatine phosphate, 50
ug/mL creatine phosphokinase). Proteins were preincubated in a 96-well plate (Costar 3694)
for 15 minutes at 37 °C before the addition of the ATP regeneration system to initiate the
reaction. Fluorescence was read on a PHERAstar Plus (BMG Labtech) or Synergy Neo2
(BioTek) plate reader using a 540 nm excitation filter and 590 nm emission filter. Data were
normalized to the first reading and fit to a single exponential decay to determine the rate of
substrate unfolding.

In supplementary figures, experiments were carried out with a few modifications. For
bacterially-made proteins, unfoldase assays used a modified assay buffer (50 mM Tris pH
7.4,5 mM KCI, 20 mM MgCl,, 1 mM EDTA, 0.5 mM TCEP, 0.01% Triton X-100) (Chou et
al., 2014) with 20 nM substrate, 250 nM p97 hexamer, 500 nM UN, and 2 mM ATP. For
mammalian-made proteins, unfoldase assays used the modified assay buffer with 20 mM
KCI and ATP regeneration system. For Figure S3A, experiments were carried out at 37 °C
with 250 nM p97 and 500 nM UN. For Figure S3B, experiments were carried out at 25 °C
with 2 mM of p97 and UN.

ATPase assays—~Proteins (100-400 nM p97) were diluted in assay buffer and
preincubated in a 96-well plate (Costar 3695) for 10 minutes at 37 °C be fore the addition of
ATPase mix (5 mM ATP, 1 mM NADH, 7.5 mM phosphoenolpyruvate, 12 U/mL pyruvate
kinase, and 18 U/mL lactate dehydrogenase (Sigma P0294)). For the measurement of
working ATPase rates, final concentrations were 50 nM p97, 250 nM UN, and 250 nM
substrate. Fifteen minutes after addition of ATP regeneration system, Az4g was monitored
for 10 minutes and the ATPase rate was determined by linear regression. A wild-type p97
control was included in every plate and used to normalize ATPase rates.

FRET-based UN-binding assays—Assays were carried out at room temperature in
assay buffer supplemented with 2 mM ADP, 2 mM ATPYS, or ATP regeneration system.
Equilibrium binding assays were measured with 50 nM UTRITCN and varying concentrations
of ©¥°p97 by monitoring the TRITC donor fluorescence at 576 nm after excitation at 540 nm
in a fluorimeter (Photon Technology International, Inc). Data were fit to a parabolic binding
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equation. Kinetic constants were measured using an AutoSF-120 stopped flow fluorimeter
(KinTek) with an excitation wavelength of 540 nm and an emission filter of 576 + 31 nm.
For measurements of kqp, the final concentrations were 50 nM UTRITCN and 50-400 nM
Cy5p97. Data were fit to single exponential decay equation to determine kops, and linear
regression of Kqps Versus [€Y°p97] were used to calculate kq,. For measurements of Ky, 100
nM UTRITCN and 500 nM ©¥°p97 were incubated before mixing with 5 uM UN (final
dilution 2X). Data were fit to a single exponential association equation to extract Kqg. For
the FRET-based competition binding experiments, final concentrations were 25 nM
UTRITCN, 25 nM ©¥5p97-A232E, and various amounts of unlabeled p97 protein.
Fluorescence intensity was measured on a Synergy Neo?2 plate reader (BioTek) using a 540
nm excitation filter and 590 nm emission filter. FRET efficiencies were calculated from a
control UTRITCN sample, and percent binding inhibition was calculated relative to a
UTRITCN-CY5p97-A232E sample. Inhibition curves were fit to an 1Csq equation, and K; was
calculated using the known Kp of UN-binding to p97-A232E.

Protomer exchange assay—A mixture of 250 nM p97-FLAG and 250 nM of Y°p97-
His or 250 nM of C¥5p97-His alone was incubated for 10 minutes at 25 °C with 25 pL anti-
FLAG resin (Sigma) in 100 pL exchange buffer (50 mM Tris pH 7.4, 150 mM NaCl, 10 mM
MgCly,, 0.01% Triton X-100, 5 mM ATP, 1X ATP regeneration system). Resin was washed
three times with 500 UL of exchange buffer without ATP, and resin was boiled in SDS-PAGE
sample buffer to elute. Samples were run on a 7% SDS-PAGE gel and imaged on a
ChemiDoc (BioRad).

Cryo-EM data analysis—The p97-A232E-UN complex was formed by mixing 5 uM
p97-A232E and 7.5 pM UN in assay buffer with 10 mM ATP and 0.05% NP-40, and
incubating for 5 mins at 37 °C, before applying it to glow-discharged C-F lat holey carbon
grids (CF-2/1-3C-T, EMS). The samples for p97 and p97-A232E in the presence of ATP or
ADP were prepared by mixing 1 mM p97 or p97-A232E with 5 mM ATP or ADP,
incubating on ice for 5 minutes, and applying the protein to glow-discharged C-Flat holey
carbon grids (CF-2/1-3C-T, EMS). Samples were plunge-frozen using a vitrobot (FEI
Company) and imaged on either a Titan Krios TEM operated at 300 keV (FEI Company) for
the p97-A232EUN complex or a Talos Arctica TEM operated at 200 keV (FEI Company)
for the nucleotide-bound p97 variants. Images were collected as described in Table S1.
Dose-fractionated imaging was performed by automated collection methods using SerialEM
(Mastronarde, 2005). Whole-frame drift correction was performed via Motioncor2 (Zheng et
al., 2017), removing the first 2 frames of the data, with dose weighting applied. Micrographs
were CTF corrected using CTFFIND4 (Rohou and Grigorieff, 2015) in Relion (Scheres,
2012).

For p97-A232E-UN data processing, 381,811 single particles were automatically selected
from 5898 micrographs using Gautomatch (K. Zhang, MRC LMB (www.mrc-
Imb.cam.ac.uk/kzhang)). Initial 2D classification was performed to assess data quality and
remove contamination, accounting for 68% of the particles. All 3D classification and
refinement steps were performed with Relion (Scheres, 2012). For the p97-A232E-UN data,
the classification and refinement scheme and resulting data are depicted (Figure S4). A 3D
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map of p97-ATP was low pass filtered to 60 A and used as an initial model for the 3D
classification of the remaining 122,626 particles, sorted into 16 classes. The particles from
the best three classes were combined, for a final total of 50,035 particles. Both
CtfRefinement and Bayesian polishing were applied to this particle set, and the resulting
refinement was sharpened using postprocessing (Figure S4)(Scheres, 2012). The final
structure was refined to an estimated 4.26 A (Figure S4).

For the nucleotide-bound p97 datasets, single particles were automatically selected using
Relion Laplacian autopicker (Scheres, 2012). 2D classification was performed in Relion and
contamination was removed. Back projections were generated for the 3D models of p97-
ATPyS (EMD:3297) and p97-ADP (EMD:3299) (Banerjee et al., 2016), using
e2project3d.py from EMAN?2 (Tang et al., 2007). 2D averages were matched to back
projections of both ATPyS- and ADP-bound p97 using SPIDER (Shaikh et al., 2008) to
determine the correct NTD assignment. Averages lacking strong NTD density were
classified as ‘mobile.’

Quantification and statistical analysis

Statistical details of experiments can be found in figure legends. Data were fit as described
in Prism (GraphPad).

Data and code availability

The Cryo-EM map for the p97-A232E mutant bound to cofactors UFD1L and NPLOC4 has
been deposited to EMDB with accession code EMD-20730.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. p97 mutants exhibit accelerated NPLOC4-UFD1L (UN)-dependent substrate

. Mutations increase UN affinity but do not affect ATPase activity during

unfolding

. p97 mutant N-terminal domain conformations are decoupled from nucleotide
state

. Data support a gain-of-function model for p97-UN in multisystem

Highlights

unfolding

proteinopathy
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Figure 1. MSP mutants have moderately accelerated unfoldase rates.
(A) Schematic for the substrate design and unfoldase assay. A linear fusion of di-ubiquitin

on the N-terminus of mE0s3.2 is irradiated with UV light to induce backbone cleavage and a
shift in fluorescence emission from green to red. K48-linked ubiquitin chains of variable
length are then enzymatically attached to the linearly fused ubiquitins. Unfolding of the
substrate by p97-UFD1L-NPLOC4 (p97-UN) can be observed by the loss of red
fluorescence, as the two polypeptides of split mE0s3.2 cannot re-associate once separated.
(B) Example time courses and single-exponential fits for substrate unfolding by wild-type
p97-UN and two MSP mutants, showing a loss of mE0s3.2 fluorescence over time.
Experiments were performed under single-turnover conditions with saturating p97-UN over
substrate. (C) Relative rates of substrate unfolding for seven MSP mutants of p97,
normalized to the rate of wild type. Technical replicates shown. See also Figure S1.
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Figure 2. Unfoldase rates correlate with the number of mutant subunits in mixed p97 hexamers.
(A) Purification scheme for mixed hexamers. Wild-type and Hisg-tagged A232E-mutant p97

were co-expressed in £E. coli, three fractions of mixed hexamers with increasing numbers of
p97-A232E protomers were purified by stepwise elution from a Ni-NTA column (middle),
and their relative composition was analyzed by SDS PAGE and Coomassie staining (right).
(B) Example traces for the fluorescence decrease their single-exponential fits during single-
turnover substrate unfolding by mixed p97 hexamers. (C) Relative rates for substrate
unfolding by mixed hexamers and p97-A232E homo-hexamers compared to wild-type
homo-hexamers. Technical replicates shown.
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Figure 3. Cryo-EM structure of the p97-A232E-UN complex.
(A) Side (left) and top (right) views of the final sharpened density map for the p97-

A232E-UN complex. Subunits and domains are colored: NPLOC4 (orange), NTDs (light
blue), D1 (sky blue), D2 (navy blue). (B) Atomic model for the Cdc48-Npl4 complex (PDB:
6¢chs, (Bodnar et al., 2018)) docked into the map for p97-A232E-UN. (C) Atomic model for
ATPvyS-bound wild-type p97 (PDB:5ftn, (Banerjee et al., 2016)) docked into the p97-
A232E-UN complex map. See also Figure S2.
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Figure 4. ATPase rates do not correlate with unfoldase rates.
Normalized basal ATPase rates (A, B) and working ATPase rates in the presence of substrate

(C, D) for wild-type p97 and MSP-mutant homo-hexamers (A, D), as well as mixed
hexamers containing wild-type and p97-A232E mutant protomers (B, D). Rates were
normalized to wild-type p97, which together with p97-A232E homo-hexamers is shown in
all panels for comparison. (E) A plot of unfoldase rate versus working ATPase rate shows no
clear correlation. All rates were normalized to the unfoldase and ATPase rates of wild-type
p97. Shown are technical replicates (N = 3) and their S.D..
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Figure 5. FRET-based assay for UN binding to p97.
(A) Fluorescence spectra, showing that the emission of a TRITC donor dye attached to the

N-terminus of NPLOC4 in the UTRITCN heterodimer (red trace) is quenched due to FRET
upon addition of excess p97 with a Cy5 acceptor dye attached to an N-terminal ybbR tag
(purple trace). FRET is prevented and donor fluorescence is restored upon addition of excess
unlabeled UN (black trace). (B) FRET-based competition binding assay, monitoring the
recovery of TRITC donor fluorescence upon mixing various concentrations of unlabeled p97
with a complex formed from UTRITCN and Cy5-labeled wild-type, p97-A232E mutant, or
mixed p97 hexamers in ATP. K; values were calculated from curve fits of 1C5q. Shown are
technical replicates (N = 3) and their S.D.. See also Table 1 and Figure S3.
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Figure 6. MSP mutations alter NTD conformational dynamics.
(A) Reference-free 2D-class averages from single-particle cryo-EM datasets for p97 and

p97-A232E in the presence of ATP or ADP were compared to back projections of the maps
for p97 in ADP (EMD-3297) and p97 in ATPyS (EMD-3299), and NTD conformations
were assigned to ‘up’ and ‘down’, or ‘mobile’ when NTDs were not resolved. Shown on the
left are representative class averages for the ‘mobile’ conformation (top with grey outline,
taken from p97-A232E in ATP), the ‘up’ conformation (middle with blue outline, taken from
p97 in ATP), and the ‘down’ conformation (bottom with orange outline, taken from p97 in
ATP). The proportion of particles in ‘down,” “‘up,” and ‘mobile’ conformations are plotted on
the right as a percentage of total particles classified. NTDs in the ‘mobile’ conformation
either originate from averaging mixed ‘up’ and ‘down’ states in more dynamic parts of the
hexamer or from actual mobility after dislodging from the defined ‘down’ state, and are
therefore in the bar graph grouped together with the ‘up’ state. See also Figure S4. (B)
Model for the increased unfoldase activity of MSP mutant p97. While the NTDs in wild-
type hexamers are moving between ‘up’ and ‘down’ conformations dependent on the
nucleotide state, the NTDs of MSP-mutant hexamers remain in an ‘up’ conformation,
allowing both, faster UN binding and faster substrate processing.

Structure. Author manuscript; available in PMC 2020 December 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Blythe et al. Page 26
Table 1.
Kinetic and equilibrium binding constants for the interaction of UTRITCN with C¥5p97 and its mutants
(technical replicates N =3 + S.D.).
Kp (nM) Kon (x108 M~1s571) Kot (57 Ki (nM)
ATP ADP ATPYS | ATP ADP ATPYS | ATP ADP ATPYS ATP
wT 302+51 | 636 17732 | 16+03% | nd. 19+03% | 048 nd. 0.33+0.01 | 110+ 20
+96 +0.01
R155H 6.3 n.d. n.d. 53+1 n.d. n.d. 0.332 n.d. n.d. n.d.
+ 0_1* +0.001
A232E | 46 50£11 | 46+00% | 54%1 33 611 0.25 0.165 0.28+001 | 3.8+0.6
+02% +07% +0.01 +0.003
T262A 35 n.d. n.d. 60+1 n.d. n.d. 0.210 n.d. n.d. n.d.
+ 0'1* +0.001
Mixed 2 | n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 17+2

*
Indicates parameters calculated from other measurements using Kp = koff/kon. n.d. = not determined. See also Figure 5 and Figure S3.
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