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Cooperative subunit dynamics modulate p97 function
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p97 is an essential hexameric AAA+ ATPase involved in a wide
range of cellular processes. Mutations in the enzyme are implicated
in the etiology of an autosomal dominant neurological disease in
which patients are heterozygous with respect to p97 alleles, con-
taining one copy each of WT and disease-causing mutant genes, so
that, in vivo, p97 molecules can be heterogeneous in subunit com-
position. Studies of p97 have, however, focused on homohexameric
constructs, where protomers are either entirely WT or contain a
disease-causing mutation, showing that for WT p97, the N-terminal
domain (NTD) of each subunit can exist in either a down (ADP) or up
(ATP) conformation. NMR studies establish that, in the ADP-bound
state, the up/down NTD equilibrium shifts progressively toward
the up conformation as a function of disease mutant severity.
To understand NTD functional dynamics in biologically relevant
p97 heterohexamers comprising both WT and disease-causing mu-
tant subunits, we performed a methyl-transverse relaxation opti-
mized spectroscopy (TROSY) NMR study on a series of constructs in
which only one of the protomer types is NMR-labeled. Our results
show positive cooperativity of NTD up/down equilibria between
neighboring protomers, allowing us to define interprotomer path-
ways that mediate the allosteric communication between subunits.
Notably, the perturbed up/down NTD equilibrium in mutant sub-
units is partially restored by neighboring WT protomers, as is the
two-pronged binding of the UBXD1 adaptor that is affected in dis-
ease. This work highlights the plasticity of p97 and how subtle
perturbations to its free-energy landscape lead to significant changes
in NTD conformation and adaptor binding.

p97/VCP | domain cooperativity | protein dynamics | IBMPFD/MSP1 disease
mutations | methyl-TROSY

he valosin-containing protein VCP/p97 is a highly conserved
and abundant AAA+ (ATPases associated with diverse cel-
lular activities) ATPase that plays an essential role in cellular
proteostasis (1-5). VCP/p97 (hereafter referred to as p97) par-
ticipates in a large number of important cellular activities (6-9),
including (i) proteasomal degradation, through its roles in
extracting proteins from membranes (10, 11) or molecular com-
plexes (12, 13); (ii) lysosomal degradation via autophagy (14) and
endolysosomal sorting (15-17); (iii) membrane fusion (18, 19);
and (iv) regulation of intracellular signaling (20, 21), cell pro-
liferation, and survival (22). These diverse cellular functions are
powered by the chemical energy from ATP hydrolysis (23-25) and
coordinated through the interaction of p97 with as many as
40 cofactors that recruit it to specific subcellular locations and to
designated substrates for their remodeling and processing.
p97 is organized as a hexameric complex with each subunit
(89 kDa) consisting of an N-terminal domain (NTD) followed by
two tandem AAA+ ATPase domains, referred to as D1 and D2,
that are assembled into a stacked double-ring structure. The
NTDs interact with cofactors containing UBX domains (26) or
other binding motifs, such as the SHP box (27) and VIM (28).
Both X-ray and cryo-EM structures of full-length p97 have
revealed that the NTDs exist in one of two different conforma-
tions, including a down position in the ADP-bound state in which
the NTDs are coplanar with the D1 ring and an up position in
the ATP-loaded form in which the NTDs are above the plane
of the D1 ring (29, 30) (Fig. 1A4). It is thought that the up/down
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equilibrium plays an important functional role in regulating the
binding of cofactors (31-33).

The malfunction of p97 has been directly linked to several human
degenerative diseases (8, 34). More than 20 missense mutations of
the p97 gene have been identified to give rise to an autosomal
dominant disorder referred to as inclusion body myopathy associ-
ated with Paget disease of bone and frontotemporal dementia
(IBMPFD) or as multisystem proteinopathy type 1 (MSP1) (35),
which is a severe disorder affecting musculature, bone, and brain
function (36). Notably, the majority of these mutations are clustered
at the NTD/D1 interface or to the linker between these two do-
mains (34). Solution NMR studies have established that the disease
mutations modify the up/down NTD equilibrium in the p97-ADP
state, shifting the population from a down conformation that is
observed in the WT ADP-loaded protein toward the up state, as
observed for WT p97-ATP (37). The extent of the shift correlates
with the severity of the disease mutation as well as with the degree
of impairment of binding p97 to the UBXD1 adaptor (37), which, in
turn, recognizes cargo for lysosomal degradation (15, 38). In this
manner, mutations to p97 result in the mislocalization of caveolin in
the muscles of patients with IBMPFD by preventing the proper
trafficking of this protein to the lysosome, which probably underlies
the disease pathogenesis (15). Intriguingly, the perturbed NTD up/
down equilibrium in the R155C p97 severe disease mutant could be
restored to a near-WT level in vitro by introducing a single com-
pensating point mutation, generating WT-like UBXD1 binding (39).

Previous biophysical studies have shown that the D2 domains of
P97 bind and hydrolyze ATP in a cooperative manner and that the
cooperativity can be modulated by mutations of residues that affect
hydrolysis of nucleotides in the D1 domain (40). In comparison,
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Fig. 1. NTD up/down equilibrium is sensitive to nucleotide state and IBMPFD/
MSP1 disease mutations. (A) NTDs undergo large-scale domain movement in
response to the nucleotide state of D1 (30). (Top) Domain organization of
each subunit. (Middle and Bottom) Side views of the ND1L hexamer (NTD in
deep purple, D1 in lavender) with ADP (PDB ID code 5FTK) or ATPyS (PDB ID
code 5FTN) bound to the D1 domain. Cartoon depictions of ND1L are shown
to the right, with a single NTD highlighting the up and down positions. (B)
Superposition of "*C-"TH HMQC subspectra highlighting 1le189 81 cross-peaks,
indicated by crosshairs, in WT and two disease mutants of p97 ND1L recorded
at 18.8 T, 50 °C. The p,, value denotes the fractional population of the NTD up
conformation calculated from the peak position of the 1189 methyl probe. (C)
Four representative cryo-EM maps of conformers of ADP-loaded, full-length
R95G p97, with NTDs adopting either an up or down conformation in the
same hexameric ring.

little is known about whether the up/down motions of NTDs are
coupled within a hexameric ring and, if so, what the mechanism of
communication between the neighboring NTDs that achieves this
might be. Moreover, because IBMPFD is an autosomal dominant
disease, patients possess one copy each of both WT and disease
mutant alleles, and previous studies provide strong evidence that at
least some hexameric complexes of p97 are composed of copies of
both gene products (41-43). There is thus considerable interest in
understanding how neighboring protomers of one type might in-
fluence the up/down NTD equilibrium of a protomer of a second
type in these heteromeric complexes and, correspondingly, how
binding to the UBXD1 adaptor would be affected in these cases.
Herein, we address these questions using solution NMR
methods that exploit a methyl-transverse relaxation optimized
spectroscopy (TROSY) effect for studies of high-molecular-
weight complexes (44, 45). Notably, we observe the spontaneous
formation of p97 heterohexamers composed of both WT and
mutant p97 subunits in Escherichia coli cells that express both
protomers as well as in vitro when homohexameric complexes
are mixed, which points to the facile nature by which protomers
can exchange between different hexameric particles. Using a
320-kDa single-ring construct of p97 comprising the NTD, D1,
and the linker between D1 and D2 as a model system, referred to
as ND1L (hexamer with subunit residues 1-480) hereafter, we
then explored the cooperativity of the NTD up/down equilibrium
by constructing heterohexameric rings of different protomers
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where only one type of protomer was NMR-observable. Our
results establish positive cooperativity between neighboring NTD
up/down states, regulated via allosteric coupling with both im-
mediate neighbors of a given protomer. Chemical shift pertur-
bations (CSPs) in NMR spectra further highlight the pathways by
which the allostery is communicated between adjacent subunits.
Finally, we show that inter-NTD communication can significantly
impact function by affecting the binding of UBXD1 adaptor
molecules. Our results highlight the intrinsic plasticity of p97
and establish how neighboring protomers can lead to subtle
changes in free energies of the up/down states of a mutant pro-
tomer that significantly impact the NTD equilibrium and, as a
result, adaptor binding.

Results

Solution NMR Studies Quantify the Up/Down NTD Equilibrium. In a
previous set of publications, we used the 320-kDa ND1L construct
of p97 (6 x 53 kDa) as a model system for structure/function/
dynamics studies of a series of IBMPFD mutants leading to dif-
ferent levels of disease severity (37, 39). In these studies, methyl-
TROSY-based NMR spectra were recorded on highly deuterated
protein samples that were prepared with *CHj labeling at Ile
(81), proR Leu (81), proR Val (y1), and Met (e1) positions (re-
ferred to as U-*H, proR,JLVM-""CHj; labeling). For a large
number of methyl probes, linear chemical shift titration profiles
were observed for different disease mutants in the ADP-loaded
form of the protein, as illustrated for I1e189 61 in Fig. 1B. Ile189 is
at the N terminus of the linker connecting the NTD and D1 do-
mains, which undergoes a large conformational change from coil
to helix as the NTD transitions from the down conformation to
the up conformation (46), and is thus a useful reporter of the
status of the up/down NTD equilibrium. In Fig. 1B, 1le189 81
peaks for the WT ADP and ATPyS states of NDIL [WT(ADP)
and WT(ATPyS), respectively] are shown, corresponding to
NTDs in the “all down” and “all up” states, respectively (Fig. 14),
along with R95G(ADP) and R95G+T262A(ADP) variants and
the WT ring in the apo-form (nucleotide-free). Note that in all
NMR studies described here, ATPyS, a very slowly hydrolyzing
analog of ATP, is used in place of ATP. As described previously,
the observed linear correlations of '*C and 'H chemical shifts with
different p97 variants can be explained by a rapid two-state in-
terconversion [>15,000 s™! (39)] between up/down conformations
of the NTD. The fast equilibrium enables estimation of the rela-
tive populations of each state from the positions of reporter cross-
peaks relative to the all down [WT(ADP)] and all up [WT(ATPyS)]
reference points, as reported by the fractional population of the up
state (p,) in Fig. 1B. The severe R95G disease mutation and a
combination of the two disease mutations R95G and T262A shift
the NTD conformational equilibrium from a completely down
state in the ADP-loaded WT enzyme (p, = 0) to p, ~ 47% and
Pu ~19%, respectively, consistent with our previous observations
(37). Interestingly, NTDs of apo-WT adopt a predominantly up
average conformation (p, ~ 64%). Similar shifts in peak positions
with disease mutation as observed for Ile189 &1 have been noted
for other methyl probes as well (37).

Although the NMR measurements establish both the dynamic
nature of the NTDs as well as the relative populations of each
interconverting state in the context of a given p97 construct, the
measurements are averaged over all hexameric particles in so-
lution, and thus provide no information about the cooperativity
of the transition between the two states. We first asked whether
the NTD motion was 100% cooperative within a given ring. In
this case, one would expect only two structural classes, with ei-
ther all-up or all-down NTDs. To address this question, we used
single-particle cryo-EM to obtain structural models of full-length
p97-ADP with the R95G disease mutation. This mutation was
selected because p, ~ 50%, so that in the case of complete
cooperativity, equal populations of each state would be realized
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that would be easily detected. Initial calculation of a single 3D
map showed a symmetrical and relatively rigid AAA+ core
comprising the nucleotide-binding domains, allowing structural
refinement with symmetry to 3.6-A resolution. However, with
this refinement scheme, the NTD density was fragmented and
weak due to the averaging of many different conformations.
Three repeated rounds of 3D classification, as described in S/
Appendix, Fig. S1, revealed the diversity of classes present in the
ensemble that differed from one another in the geometric ar-
rangement of NTD positions. Fig. 1C shows four representative
conformers in which two or three of the six NTDs in the ring are
in the up conformation. These structures confirmed that in the
R95G disease mutant, the NTD can adopt either an up or down
conformation when bound to ADP and that, further, of the
NTDs that could be assigned to either the up or down state,
~50% were in each conformation, fully consistent with our NMR
observations that establish an interconversion between two
equally populated states. The EM structures rule out the possi-
bility of 100% cooperativity for NTD exchange within a given
hexamer. We next attempted further 3D classification as, in
principle, as many as 14 different conformations of NTDs are
expected that are not related to each other by simple rotation
about the sixfold symmetry axis of the molecule. These attempts
did not lead to robust and accurate quantification, probably due
to the limiting signal-to-noise ratio of each particle image, highly
skewed fractional populations for certain unlikely configurations
(e.g., all-up, all-down), and pseudosymmetry of the complex.

Spontaneous Coassembly of WT and Mutant p97 into Heterohexamers
in Vivo and in Vitro. Biophysical studies of IBMPFD disease mu-
tants of p97 have focused on homohexameric structures, whereby
each protomer contains the mutation of interest (32, 33, 37, 46—
48). However, a significant body of evidence exists in support of
the coassembly of endogenous WT p97 and transfection-induced
mutant p97 subunits in the amoeba (41) as well as in a human
cell line (42, 43). As patients with IBMPFD are heterozygous in
p97 alleles (i.e., one WT and one disease), this observation im-
mediately suggests the importance of studies focusing on p97
hexamers containing a mixture of both WT and mutant proto-
mers. To examine the possibility of coassembly of different sub-
units more quantitatively, we initially carried out experiments
testing the formation of heterohexamers when WT and R95G
disease mutant p97 protomers are coexpressed in E. coli. WT and
R95G ND1L were fused with Hisc-SUMO-tag (Fig. 2, cyan star)
and Strep-tag (Fig. 2, red star), respectively, allowing for differ-
ential selection via affinity chromatography. The increased mass
of the SUMO-tag relative to the Strep-tag also allows one to
distinguish WT from R95G protomers by size on an SDS/PAGE
gel. Our results clearly show that a hexameric species composed of
a mixture of both WT and R95G protomers (Fig. 24, blue rect-
angle and SI Appendix, Fig. S2) can be purified via binding to both
StrepTactin and Ni affinity columns (Fig. 2 4, i and ii), following a
procedure that is summarized via the schematic of Fig. 2B. While
hexamers consisting of only WT or R95G protomers are observed
in the flow-through of the two affinity columns (Fig. 2 A4, i and if),
their relative concentrations are small, as established by SDS-
PAGE, indicating that the majority of the protomers have been
incorporated into heterohexameric rings. Controls have been
performed to show that Strep-tagged p97 does not bind non-
specifically to Ni affinity resin and, similarly, that Hise-SUMO-p97
elutes in the flow-through from the StrepTactin column (S Ap-
pendix, Fig. S2), so that the presence of both SUMO-p97 and
Strep-p97 in Fig. 24, ii (blue rectangle) indicates that mixing
has occurred.

Formation of heterohexamers in vivo could be due to (i)
translation and subsequent assembly of proximal WT and mutant
protomers into a complex, (i) protomer exchange between WT
and mutant homohexamers, or (iii) a combination of both. We
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have examined the possibility of subunit interchange by incubating
purified Hiss-SUMO-tagged WT rings with Hise-less (no tag)
R95G hexamers (ratio of 0.30:0.70 in favor of Hise-less; subunits
are ND1L) overnight at 37 °C. Copurification of hexamers con-
taining both forms of protomer from a Ni affinity column (Fig. 2C)
establishes that subunit interchange occurs, as illustrated sche-
matically in Fig. 2D. We have carried out a similar experiment
using full-length R95G and WT p97 constructs that again shows
spontaneous mixing of subunits (Fig. 2E).

We further assessed the extent of protomer exchange by
quantifying the fractional populations of hexamers without Hisg-
tags after incubation with varying ratios of WT (Hisg-SUMO) and
R95G (no Hise-tag) rings for 16 h at 37 °C. Assuming no protomer
exchange, the percentage of Hisg-less hexamers produced would
mirror that of the input Hisg-less protomers (R95G p97) (Fig. 2F,
solid black line). On the other hand, if the two protomer types
coassemble randomly into hexamers, the percentage of Hisg-less
hexamers is expected to follow a curve of the form y = x°, where x
is the fraction of the Hise-less protomers and y is the fractlon of
Hise-less hexamers (Fig. 2F, dashed black line). Homogeneous
mixing was achieved by unfolding the mixture of Hisg-tagged and
Hisg-less hexamers in guanidine hydrochloride (GdnCl), followed
by refolding (Fig. 2F, magenta triangles). Spontaneous protomer
exchange by simple overnight incubation at 37 °C (i.e., no GdnCl)
led to nearly complete mixing in the case of NDI1L (Fig. 2F, gray
circles). Although mixing did occur for full-length p97, the effi-
ciency was reduced under the same conditions (Fig. 2F, green
circles). This observation is readily explained by the fact that in the
full-length hexamer, the buried surface between two neighboring
protomers is nearly twice that in the ND1L hexamer, decreasing
the probability of protomer dissociation and reincorporation into
a different hexamer.

Spontaneous protomer exchange was further confirmed by
NMR experiments carried out on U-*H, I-'*CH; R95G and
U-’H WT NDIL hexamers that were mixed at a molar ratio
of 0.15:0.85 and treated in one of the following two ways:
(i) unfolding in GdnCl, followed by refolding to facilitate ho-
mogeneous mixing, or (if) incubatin %overmght at 37 °C. Fig. 2G
superimposes identical regions of “C-'H heteronuclear multi-
ple-quantum coherence (HMQC) spectra recorded on the
two differently prepared samples as well as on an unmixed U->H,
I-'*CH; R95G sample. Note that only the R95G protomers are
NMR-visible in the spectra. In sample (i), the R95G protomers
were dispersed into hexamers mainly composed of WT subunits,
with probabilities of 97.75% and 72.25% of at least one or both
neighbors being WT, respectively. Notable chemical shift differ-
ences between the unmixed, native R95G hexamers (Fig. 2G, red)
and heterohexamers prepared by scheme (i) (Fig. 2G, green) are
the result of the influence of the neighboring protomers on the
chemical environment/conformation of the R95G protomer that is
monitored. Of interest, the spectrum recorded of the native mix-
ture of R95G and WT hexamers after overnight incubation (Fig.
2G, black) superimposes perfectly with the dataset obtained from
the GdnCl-mixed heterohexamers (Fig. 2G, green), again con-
firming spontaneous formation of heterohexameric rings.

A Cooperative Up/Down NTD Equilibrium. Having established that
protomers in both ND1L and full-length p97 exchange between
hexameric particles in vitro and that p97 molecules with mixed
subunit composition are found in vivo, consistent with results
from studies involving eukaryotic cells (41-43), we next asked
what the implications might be for the up/down NTD equilib-
rium in the context of a hexamer containing mixed subunits. To
this end, we focused on the NDIL construct with hexamers
prepared by mixing 15% U-*H, I- 13CHg—labeled (Fig. 34, filled
ovals, NMR-visible) and 85% U->H-labeled (Flg 34, empty
ovals, NMR-invisible) protomers via a procedure in which mix-
tures of different p97 molecules are first unfolded in GdnCl and
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Fig. 2. Spontaneous formation of p97 heterohexamers.
(A) Coexpression of WT Hisg-SUMO (cyan star)-ND1L and
R95G Strep (red star)-ND1L constructs results in hexamers
of mixed subunit composition, as evidenced by binding to
both StrepTactin (/) and Ni affinity columns (ii, blue rect-
angle). The readout is by SDS/PAGE gel electrophoresis. (B)
Procedure used is illustrated in the schematic, and is de-
scribed in detail in the main text (Spontaneous Coassembly
of WT and Mutant p97 into Heterohexamers in Vivo and in
Vitro). (C) Incubation of Hisg-SUMO (cyan star)-tagged WT
with Hisg-less R95G rings in a molar ratio of 0.3:0.7 (ND1L,
16 h at 37 °C) leads to mixing of subunits and copurification
of hexamers with both R95G and WT protomers via Ni af-
finity chromatography. (D) Procedure used is illustrated,
and is described in detail in the main text (Spontaneous
Coassembly of WT and Mutant p97 into Heterohexamers in
Vivo and in Vitro). (E) As in C, but with full-length p97
constructs. (F) Different ratios of Hisg-SUMO-WT and R95G
(no tag, Hise-less) homohexamers were unfolded in GdnCl
followed by refolding (ND1L, magenta triangles) or natively
incubated for 16 h at 37 °C (ND1L, gray circles; full-length
p97, green circles), and the percentage of hexamers without
the Hisg-tag was established via Ni affinity chromatogra-
phy. The expected correlations for no protomer exchange
or random coassembly are shown by the solid (y = x) and
dashed (y = x%) black lines, respectively. (G) Superposition
of selected '*C-'"H HMQC subspectra (18.8 T, 50 °C) recorded
of U-2H, I-"*CH; R95G NDI1L (red) and ND1L prepared by
unfolding and refolding a 0.15:0.85 U-2H, I-'3CH; R95G/
U-2H WT mixture (green) or natively incubating the mixture
for 16 h at 37 °C (black).

subsequently refolded. The use of a 0.15:0.85 NMR active/in-
active ratio is a compromise to ensure sufficient sensitivity in
spectra as well as a strong likelihood that upon mixing subunits A
(NMR-visible) and B (NMR-invisible), where the NTDs in A
and B can have different p,, values, a high probability of A with B
nearest neighbors is achieved. This approach allows the effect of
the B subunits on the up/down conformations of NTDs from A
protomers to be ascertained directly. We examined three dif-
ferent protomers, including WT, the R95G mutant, and the

Huang et al.

R95G+T262A double mutant, with one of the subunits U->H,
I-'*CHj;-labeled and the others U->H-labeled, to give a total of
nine different p97 constructs (all ADP-loaded). These R95G and
R95G+T262A mutants were selected based on large CSPs rel-
ative to WT p97-ADP for key residues reporting on the up/down
equilibrium that could be used, therefore, as reporters of even
subtle changes to the NTDs that arise from effects involving
neighboring subunits. In Fig. 3 B-D, a selected region of the
3C-'H HMQC spectrum is presented, highlighting the Ile189
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81 methyl resonance whose position reports on the up/down
equilibrium, with similar trends observed for other methyl re-
porter probes as well (SI Appendix, Fig. S3). In each spectrum in
Fig. 3 B-D, WT(ADP) and WT(ATPyS) correlations are shown
in dashed gray and black single contours, respectively. In Fig. 3B,
the 11189 61 peak from the R95G subunit (red subunit, NMR-
visible) moves progressively upfield as the up/down equilibrium
of the neighboring subunits (NMR-invisible) shifts increasingly
to the up state (Fig. 1B). The p, values for the NTDs of the
R95G subunits increase from 27% for a WT(ADP) background
to 82% for the R95G+T262A double-mutant background, while
a value of 47% up is measured for a homohexameric R95G
structure. A similar situation was observed for the NTD of the
RI95G+T262A protomer, whereby the up/down equilibrium was
also shifted toward that of the neighboring NTDs (Fig. 3C).
These results highlight the interplay between the positions of the
NTDs of disease mutants and those of the NTDs of surrounding
subunits. In contrast, in the ADP-loaded state, the NTDs of the
WT protomers adopt the down conformation even when adja-
cent subunits are up (Fig. 3D), suggesting that intrasubunit in-
teractions between the NTD and the D1 domain are sufficiently
strong to stabilize the conformation of the WT protomer in a
manner that appears not to depend on the NTD orientation of
the neighbors.

The measured p,, values can be used to calculate differences in
free energy (AG) values for the up/down equilibrium of a given
subunit in different protomer backgrounds, as illustrated sche-
matically by the two-state energy diagrams in Fig. 3E. Here, we
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have assumed, for simplicity and ease of presentation, that the
neighbors affect the energies of the NTD down states exclusively;
however, in reality, the energies of both up and down conformers
could be perturbed. Notably, changes in AG (AAG) values are small,
on the order of 1 kcal/mol or less (Fig. 3 E, i and i). Nevertheless,
the observed positive cooperativity between subunits can result in
significant shifts in NTD up/down equilibria for disease mutation-
containing protomers, as the populations of the interconverting
states are of a similar magnitude in these cases. The small energies
required to perturb the equilibrium for mutant p97s are in contrast
to the case for WT p97, where the transition from the up confor-
mation to the down conformation requires hydrolysis of ATP (30).

The influence of neighboring subunits on NTD dynamics is
further illustrated by a set of experiments performed on heter-
ohexameric particles constructed from 15% U-?H, I-'*CHj;-la-
beled WT and 85% U-*H, proR,LV-labeled R155C+N387C
double-mutant protomers (Fig. 4). In the down conformation,
positions 155 and 387 are proximal and Cys residues at these
sites can be readily oxidized (37, 39) so as to create a “locked-
down” NTD state even after subsequent removal of ADP (S/
Appendix, Fig. S4). Conversely, addition of reducing agent breaks
the “lock” and allows the NTD to adopt a predominantly up
conformation in the apo state (SI Appendix, Fig. S4), similar to
the situation for apo-WT protein (Fig. 1B). We quantified the
up/down equilibrium in this study as shown in Fig. 3, focusing on
the position of the Ile189 81 methyl group as a reporter. As
expected, the NTDs of the WT subunits (NMR Ile-visible) are in
the down conformation in the ADP-loaded form of the protein
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empty ovals) protomers, are prepared via GdnCl unfolding/refolding. (B-D) Superposition of a select region from '*C-"H HMQC spectra (18.8 T, 50 °C) focusing
on the 11e189 &1 methyl correlation (cross-hairs) and recorded on samples whose protomer composition is as indicated. R95G, R95G+T262A, WT protomers are
NMR-visible in B, C, and D, respectively. The p, values of the NTDs, along with schematics of the heterohexamers studied, are shown to the right of the spectra
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Fig. 4. Apo-WT NTD equilibrium can be shifted by neighboring subunits.
(A) Schematic of the procedure used to manipulate the NTD up/down con-
formation in apo-R155C+N387C protomers through disulfide oxidation/re-
duction. (B) Superposition of a selected region of '*C-"H HMQC spectra (18.8 T,
50 °C) recorded on heterohexamers composed of 15% U-2H, |-'*CH;-labeled
WT and 85% U-2H, proR,LV-labeled R155C+N387C protomers under oxidizing
(green for the apo state, gray for the ADP state) or reducing (blue) conditions.
WT protomers are indicated in the cartoons to the right with varying shades of
gray, from light gray to black, while R155C+N387C subunits are white. The p,,
values for the WT subunits are shown. (C) Two-state, free-energy diagram for
the up/down NTD equilibrium of the apo-WT subunit when surrounded by
oxidized R155C+N387C (green) or reduced R155C+N387C protomers (blue).
(D) Normalized ATPase activities of ND1L hexamers with different fractions of
WT and R95G protomers (black circles) or WT and Walker B mutant E305A
subunits (blue circles). ATPase activities vary linearly with the fraction of R95G/
E305A subunits, as indicated by the dashed lines.

when the surrounding protomers are locked down (Fig. 4B, gray
cross-peak, p,, = 0%). Recall that a similar down conformation is
also observed for WT-ADP subunits in the context of a homo-
hexameric particle (Fig. 1B). However, upon removal of ADP, a
Pu value of 28% was measured for the WT NTDs that are doped
in oxidized R155C+N387C rings (i.e., NTDs in the locked down
conformation) where all subunits are apo (Fig. 4B, green spec-
trum); p,, increased to 67% upon “unlocking” the NTDs of the
neighboring protomers under reducing conditions (Fig. 4B, blue
spectrum), a value similar to that obtained for homohexameric
rings composed of WT(Apo) protomers exclusively (Fig. 1B).
The shift in the equilibrium corresponds to a AAG of 1.06 kcal/mol
(Fig. 4C).

We were also interested in establishing whether the coopera-
tivity observed between neighboring NTDs extends to ATP hy-
drolysis as well. To this end, samples were prepared with
different fractions of WT NDIL and disease mutant R95G or
E305A subunits. The E305A Walker B mutation prevents ATP
hydrolysis, while allowing nucleotide binding to occur (49).
In contrast, the hydrolysis rate is ~2.5-fold faster than WT for
the R95G homohexamer (Fig. 4D). Samples with a range of
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WT/mutant protomer ratios were prepared, using the GdnCl mixing
approach described above, and ATPase activities were measured.
Notably, the activities are linearly correlated with the fraction of
mutant protomers in the heterohexamers (Fig. 4D), suggesting that
hydrolysis of ATP in each protomer of D1 is largely independent of
the hydrolysis rates in the surrounding subunits. Finally, in a series
of controls, we show that the GdnCl-assisted unfolding/refolding
approach used in this study does not lead to changes in structure or
in the relative up/down NTD equilibrium, as NMR spectra of
ADP-loaded homohexameric R95G NDIL rings and R95G
rings generated by protomer unfolding/refolding are superim-
posable (SI Appendix, Fig. S5). Fig. 2G provides further support
that the p97 structure is not affected by GdnCl unfolding/
folding as both the native and GdnCl mix spectra superimpose.
Comparative ATP hydrolysis assays on samples prepared with
or without the refolding protocol establish that the ATPase
activity of the enzyme is also not affected by the mixing protocol
(SI Appendix, Fig. S5).

A Structural Basis for NTD Cooperativity. In an effort to obtain
structural insights into how the NTD up/down equilibrium is
affected by adjacent subunits, we prepared a heterohexameric
NDIL sample comprising 15% U->H, IM-">CHs-labeled WT
(NMR-visible) and 85% U-*H-labeled R95G (NMR-invisible)
protomers in the ADP state, using the GdnCl unfolding/refold-
ing method. A second sample of U-*H, IM-'"*CHj-labeled WT
NDIL in the ADP-loaded form was prepared for comparison.
Fig. 54 plots the CSPs quantified by comparing spectra of these
two samples, reflecting changes in the WT protomers from
neighbors that are either interconverting between up and down
conformers (sample 1) or in the all down position (sample 2).
Note that the up/down NTD equilibrium of a WT-ADP proto-
mer is not influenced by neighboring subunits (Fig. 3D), so that
the observed CSPs in spectra of WT subunits report only on
changes that arise from interprotomer communication. Residues
with significant perturbations (CSP of 1 SD above the mean,
indicated by the black solid line in Fig. 54) are located at in-
terfaces between the protomer of interest and both of its
neighbors, the positions of which are shown on a structure of p97
(Fig. 5B, Right, red spheres). Notably, residues Met427, Ile430,
and I1e437 are clustered in a region of D1 bridging both the NTD
of the same protomer (Fig. 5B, purple) and a short helix in the
D1 of the neighboring protomer (Fig. 5B, gray), while I1e233
forms contacts with the D1 (Fig. 5B, gray) and the NTD of the
second neighboring protomer (Fig. 5B, cyan). These regions are
likely important for the allosteric pathways that connect neighbor-
ing NTDs and that lead to the cooperative up/down equilibrium.
Having identified two potential intersubunit pathways con-
necting an NTD with its neighboring protomers, we next asked
whether both of the neighbors play a role in influencing the NTD
up/down equilibrium of the middle protomer. To address this
question, titration experiments were performed in which the
molar ratios of U->H-labeled WT: U-?H, I-' CHs-labeled R95G
(A) or R95G+T262A (B) protomers were varied in ADP-loaded
heterohexamers. Fig. 6 shows a series of NMR spectra corre-
sponding to titration points for WI/R95G and WT/R95G+
T262A heterohexamers focusing on residues I1e189 and Ile274,
respectively. At the start of the titrations, where samples are 10%
and 16% in R95G and R95G+T262A (NMR-active) subunits,
respectively, 81.0% and 70.6% of the NMR-active (i.e., mutant)
protomers are flanked by WT (i.e., NMR-inactive) subunits, so
that peak positions report mainly on the case where protomers
have WT neighbors exclusively (Fig. 6, gray dashed lines). In
contrast, at the end of each titration, where spectra of either
R95G or R95G+T262A homohexamers are recorded (Fig. 6 A4,
vii and B, v), each NMR-active subunit is surrounded by similarly
mutated protomers (Fig. 6 A, red dashed line and B, blue dashed
line). Notably, during the course of each titration, a third peak
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Fig. 5. Mapping interprotomer pathways connecting neighboring NTDs. (A)
CSPs quantified between spectra of hexamers composed of 15% U-2H,
IM-"3CH;-labeled WT and 85% U-?H-labeled R95G protomers in the ADP
state and hexamers of U-2H, IM-'3CH;-labeled WT ND1L in the ADP-loaded
form. The average CSP is indicated by the dashed black line; residues with
CSPs 1 SD or more above the average (solid black line) are highlighted in red.
CSP = {(AvH)? + (AvC)?}°5, where AvH and AvC are 'H and '3C chemical shift
differences (hertz), respectively. (B, Left) Top view of the WT-p97 structure in
the ADP state (PDB ID code 5FTK), with the NTD and D1 of one of the
protomers colored in purple and black, respectively. (B, Right) Enlarged re-
gion focusing on this protomer, with residues displaying significant CSPs in A
shown as red spheres. Other lle and Met residues in the protomer are dis-
played as sticks, and the ADP is colored green.

appeared between the two end-point resonances, subsequently
disappearing as the fraction of mutant subunit increased (Fig. 6,
green dashed lines). These resonances most likely arise from

A

mutant protomers with only a single WT neighbor. Thus, our
titration data are consistent with both neighboring subunits
influencing the NTD up/down equilibrium, as suggested by the
CSP experiments of Fig. 5 that show pathways connecting a
subunit with both nearest neighbors.

Functional Implications for Adaptor Binding. As a next step, we were
interested in evaluating how the cooperative network affecting
NTD up/down equilibria influences adaptor binding. Among the
many adaptors of p97 is UBXD1, which recruits it for sorting of
ubiquitylated cargo via the lysosomal pathway (15, 38). This
function is impaired by IBMPFD disease mutations, such as
R95G and T262A (15), that have been considered in the present
study. Previously, we demonstrated that an N-terminal fragment
of UBXD1 (UBXDIN, residues 1-133) interacts with WT-ADP
p97 via a two-pronged mechanism whereby (i) the canonical
p97 interacting motif, VIM (residues 52-63), of UBXD1 docks
on the NTD of p97 and (ii) the H1/H2 region (residues 1-25) of
UBXD1 binds to the p97 NTD/D1 interface (37). A schematic of
this two-pronged binding interaction is shown in Fig. 7A4.
Previous NMR studies of binding of UBXD1 to p97-ADP
showed that disease mutations of increasing severity progres-
sively disrupt the interaction between the UBXD1 H1/H2 motif
and the p97 NTD/D1 interface (37, 39) to the point where, in the
case of homohexamers containing the R95G severe disease
mutation, this contact is no longer formed (i.e., one of the two
prongs does not interact). We illustrate this reduced binding in
Fig. 7B to set the stage for understanding subsequent binding
experiments using heteromeric complexes. In Fig. 7B, a super-
position of spectral regions of ADP-loaded, U-*H, proR,
ILVM-"*CH;-labeled R95G NDIL without (green) and with
(purple) 1 molar eq of UBXDIN is presented, focusing on
Val68, Ile175, Ile146, and Ile189 of p97. Val68 and Ilel75 are
located in the VIM docking site localized to a hydrophobic
pocket between the two subdomains of the NTD (37, 50), while
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Fig. 6. NTD up/down equilibrium of a subunit is affected by both neighboring protomers. (A) Selected region of '3C-"H spectra (18.8 T, 50 °C) recorded on a
series of samples of heterohexamers composed of U-?H, I-'*CH;-labeled R95G and U-2H-labeled WT ND1L protomers at different molar ratios, with the
fraction of R95G protomers indicated. Correlations of 1189, denoted by cross-hairs, show three distinct positions during the titration, marked by gray, green,
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I-'3CHs-labeled R95G+T262A protomers replacing the R95G subunits and focusing on the 1le274 81 methyl. All spectra were recorded in the ADP state.
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(C) As in B, but with U-2H, proR,ILVM-labeled R95G protomers mixed with U->’H WT protomers at a ratio of 0.15:0.85 (via GdnCl unfolding/folding). Partial
two-pronged binding of UBXD1N is restored, as indicated by the CSPs of residues Val68 and lle175 (binding of the VIM motif) as well as residues of 1le146 and
116189 (binding of the H1/H2 region). Cross-peaks of 1le146 and 1le189 from spectra of WT ND1L bound with UBXD 1N are shown as a reference in gray. Spectra

were recorded in the ADP state.

Ile146 and 1le189 report on the up/down NTD equilibrium, and
hence on the interaction between the UBXD1 H1/H2 motif and the
p97 NTD/D1 interface (37). Although binding of the VIM domain to
the NTDs of p97 does occur, as shown by the change in Val68 and
Ile175 peak positions upon addition of UBXDIN (Fig. 7B, Insets),
there is no shift in peaks derived from Ile146 and Ile189 (Fig. 7B),
indicating that the second prong of the interaction involving the H1/
H2 domain cannot form. For reference, the positions of Ile146 and
11e189 methyl peaks in a complex of UBXDIN with the WT ND1L
protein, where the second prong is present, are highlighted in gray.
A second set of samples of ADP-loaded ND1L was prepared
consisting of 15% U-?H, proR,ILVM-13CH3—labeled RI95G
(NMR-visible) and 85% U-*H-labeled WT (NMR-invisible)
protomers without and with an equal molar ratio of UBXDIN
to p97 protomer. The labeling used in the present study ensures
that only binding of adaptor to R95G mutant protomers is ob-
served in the spectra. Based on the fact that neighboring WT
protomers can partially restore the up/down equilibrium of R95G
subunits to a more WT-like down conformation (Fig. 3B), it would
be expected that binding of UBXD1 to R95G protomers in het-
erohexamers would be more WT-like compared with the situation
where all subunits are R95G, with at least a partial two-pronged
interaction expected. That this is the case is illustrated in Fig. 7C,
where methyl peaks from Val68 and Ile175 reposition upon ad-
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dition of UBXDIN (Fig. 7C, Insets), with partial movement of
correlations derived from Ile146 and Ile189 (Fig. 7C, purple
peaks) toward a locked-down conformation (Fig. 7C, gray peaks)
that is characteristic of the NTD/D1-H1/H2 interaction in the
WT NDI1L-UBXDIN complex. Thus, the allostery between
neighboring NTDs that influences the up/down equilibrium in
disease mutant protomers, in turn, affects adaptor binding.

Discussion

p97 is indispensable for a diverse array of cellular processes,
including protein degradation, desegregation of components
from complexes, membrane fusion, DNA repair, and intracel-
lular signaling (8, 18, 51-53). Missense mutations in p97 are
associated with human diseases termed IBMPFD or, more re-
cently, MSP1, which are characterized by progressive muscle/
bone weakness as well as neurodegeneration (35, 36). IBMPFD/
MSP1 is an autosomal dominant disease in which patients have a
single WT copy and one disease-mutated copy of the p97 allele
(34, 54), and there is a wealth of biochemical evidence to suggest
that p97 hexamers contain mixtures of WT and mutant subunits.
For example, in studies involving expression of both disease
mutant and endogenous WT p97 in transformed/transfected
Dictyostelium discoideum (41) and the U20S human cell line (42,
43), it was found that endogenous WT p97 coassembles into
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heteromeric complexes with disease mutant subunits. Disease is
not the result of reduced levels of the WT protein, as knockout
mice retaining a single copy of the WT allele (p97*~) can de-
velop to normal size and fertility, indistinguishable from mice
with both alleles intact (5). Corroborating these observations, we
have shown in the current study that coexpression of WT and
disease mutant p97 protomers in E. coli led to the formation of
heterohexamers (Fig. 24). Notably, these could also be formed
spontaneously in vitro from a mixture of WT and mutant
homohexameric structures via subunit exchange (Fig. 2 C-E).

Most in vitro studies of p97 to date have been performed on
homooligomeric complexes composed of only a single protomer
type (either WT or a mutant) (32, 33, 37, 4648), and it is of interest
to establish how the structural dynamics of the heterohexamers that
exist in patients with disease might differ. Therefore, we con-
structed p97 heterohexamers consisting of uniquely isotopically
labeled WT and disease mutant protomers, allowing different
protomer types in a ring to be investigated independently by a
methyl-TROSY-based NMR method that enables quantitative
studies of molecular machines (44, 45). Such an approach has
been successfully implemented in our previous work investigat-
ing the cooperativity of proteasome gating (55) as well as allo-
stery in the ClpP protease (24). Here, a 320-kDa ND1L construct
of p97 was used as a model system for structural studies, since we
showed previously that the shorter construct faithfully reproduces
methyl chemical shift changes observed in full-length p97 in a series
of IBMPFD disease mutants (37), while improving the quality of
spectra, especially with respect to crowding.

The work described in this report builds upon previous ob-
servations that in ADP-loaded p97, the NTD up/down equilib-
rium becomes progressively perturbed toward the up state as a
function of disease severity (37). Using a series of different
heterohexameric p97 constructs comprising either combinations
of WT and mutant subunits (all ADP-loaded; Fig. 3 B-D) or WT
and R155C+N387C protomers that are cross-linked so as to
form a locked-down state (no nucleotides; Fig. 4), we show that
the NTD up/down equilibrium is cooperative. NMR spectra fo-
cusing on methyl probes that report on the relative fractions of
rapidly exchanging NTD up/down states clearly show that NTD
up/down conformations of both mutant (ADP-loaded) and apo-
WT subunits shift toward those of neighboring NTDs (Figs. 3 B
and C and 4B). Interestingly, NTDs of ADP-WT protomers are
not perturbed from their down conformations even when the
surrounding NTDs are all up (Fig. 3D). The high stability of the
down conformation for an ADP-WT subunit likely originates
from the abundant contacts between the NTD and D1 in the
down state (S7 g‘lzppendix, Fig. S6) with a larger interdomain in-
terface (~2,130 A%, calculated from PDB ID code SFTK) compared
with that in the up state (ATPyS-WT) (~882 A% calculated from
PDB ID code SFTN). Disease mutations localized to regions of
interdomain contacts destabilize the down conformation in
the ADP state, so that the position of the NTD equilibrium can be
affected via cooperative interactions involving neighbors. By
comparing chemical shift changes between spectra of an ADP-WT
subunit in homohexameric (all WT) and heterohexameric (WT/
R95G = 0.15:0.85) p97 samples, key residues that form inter-
protomer contacts between NTD and D1 domains have been
identified. As position 95 is not proximal to the interface between
subunits, the observed CSPs are not the direct result of the mu-
tation per se, but rather identify allosteric pathways of commu-
nication between subunits (Fig. 5). Further, titration experiments
whereby disease mutation-containing protomers, either R95G or
R95G+T262A, are mixed with WT subunits show that both im-
mediate neighbors affect the NTD state of the R95G or R95G/
T262A protomer (Fig. 6). The functional importance of NTD
cooperativity is underscored by its implications for UBXD1 adaptor
binding. The presence of neighboring WT subunits leads to a shift in
the up/down NTD equilibrium toward the down state for a mutant
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subunit and, in turn, a partial restoration of the two-pronged
UBXD1-p97 binding at that site (Fig. 7). Interestingly, in the con-
text of the R95G protomer, the presence of adjacent WT subunits
shifts p,, to a similar value as obtained for the R155H mild disease
mutant (p, ~ 15%), where partial two-pronged UBXD1 binding
was also observed (37). When the up/down equilibrium was further
shifted almost completely to the down state in a severe R155C
p97 disease mutant, through a single amino acid substitution (39),
WT binding of UBXD1 was restored. Taken together, data pre-
sented here and elsewhere (37, 39) establish a link between a shift
in the up/down NTD conformation toward that of the WT and an
increase in binding of UBXD1 that reflects strengthened inter-
actions between the UBXD1 H1/H2 motif and the p97 NTD/D1
interface.

p97 is a highly dynamic molecular machine with functional
motions over a broad range of time scales. These include the up/
down dynamics of the NTDs, occurring at a rate greater than
15,000 s for the R95G mutant (39), as established by a combined
analysis of relaxation dispersion data and methyl chemical shift
changes between the up and down NTD conformations. The
analysis of these data also indicates slower millisecond dynamics
for residues at the NTD/D1 domain interface (37, 39). The plas-
ticity of p97 is further underscored by the fact that the NTD up/
down equilibrium can be manipulated by introducing point mu-
tations at critical positions in the structure. For example, as de-
scribed above, addition of the N387C compensating mutation
restored the NTD position in an R155C disease mutant to a nearly
WT down position (39), while addition of the T262A mutation
increased the up conformation of the NTDs of R95G ND1L from
50 to 80% (Fig. 1). Finally, the inherent domain plasticity is also
established by the observed subunit exchange among p97 hexamers
(Fig. 2), where stabilizing interactions must be broken and then
reformed. As expected, the rate of subunit exchange is more rapid
for NDI1L relative to full-length p97 (Fig. 2), reflecting the much
larger interprotomer interface for the full-length protein (~6,800 A
for each of the two interfaces) compared with that for the ND1L
construct (~3,420 A?). This additional layer of dynamics may be of
functional relevance. Cryo-EM studies of the archaeal homolog of
p97, VAT, which has 45% sequence identity with p97, suggest a
processive hand-over-hand substrate unfolding mechanism whereby
each VAT subunit disengages and subsequently reengages along
the target protein to facilitate its unfolding (56). Therefore, in the
functional VAT hexamer, subunits cannot be rigidly fixed; rather,
they must be able to change position during the catalytic cycle. The
exchange observed here may therefore be a direct manifestation of
the requirement for subunits to partially extricate from the hex-
americ structure during function.

The NTD up/down cooperativity demonstrated in this study
originates from small changes to free-energy landscapes in-
volving less than ~1 kcal/mol that are caused by neighboring
protomers. Solution NMR measurements can thus be exquisitely
sensitive to subtle, yet important, perturbations, placing NMR in
a unique position of connecting high-resolution structures of
molecular machines obtained from X-ray and cryo-EM with
function through characterization of molecular dynamics.

Materials and Methods

All NMR experiments were performed on a Bruker Avance Ill HD 18.8-T
spectrometer equipped with a cryogenically cooled, pulse-field gradient,
triple-resonance probe. The "*C-'"H HMQC spectra were recorded at 50 °C
(p97-ADP) or 40 °C (apo-p97). All spectra were acquired with an interscan
delay of 1.5 s; carriers positioned in the centers of the '*C and 'H spectra
regions; and acquisition times of 22 ms and 64 ms in the t; and t, di-
mensions, respectively. Additional information concerning preparation of
samples for NMR, cryo-EM, and biochemical analyses is provided in
SI Appendix.
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