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VCP/p97, an enzyme critical to proteostasis, is regulated through
interactions with protein adaptors targeting it to specific cellular
tasks. One such adaptor, p47, forms a complex with p97 to direct
lipid membrane remodeling. Here, we use NMR and other biophys-
ical methods to study the structural dynamics of p47 and p47-p97
complexes. Disordered regions in p47 are shown to be critical in
directing intra-p47 and p47-p97 interactions via a pair of previously
unidentified linear motifs. One of these, an SHP domain, regulates
p47 binding to p97 in a manner that depends on the nucleotide
state of p97. NMR and electron cryomicroscopy data have been used
as restraints in molecular dynamics trajectories to develop structural
ensembles for p47-p97 complexes in adenosine diphosphate (ADP)-
and adenosine triphosphate (ATP)-bound conformations, highlight-
ing differences in interactions in the two states. Our study establishes
the importance of intrinsically disordered regions in p47 for the for-
mation of functional p47-p97 complexes.
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Valosin-containing protein (VCP), or p97, is a highly conserved
and abundant cytosolic enzyme in the AAA+ superfamily
(ATPases associated with diverse cellular activities) that plays an
indispensable role in protein homeostasis through its involvement
in a range of diverse processes. These include, among others,
proteasomal (1-3) and lysosomal degradation (4-6), membrane
fusion (7-9), cell cycle regulation (9-11), and apoptosis (12). p97
consists of an amino (N)-terminal domain (NTD) and two tan-
dem ATPase domains (D1 and D2), connected to each other via
linkers that are of functional importance (13). Detailed struc-
tural studies reveal an enzyme organized as a homohexamer,
with D1 and D2 forming two coaxially stacked rings and the
NTDs localized to the periphery of the D1 ring (14-16). Upon
nucleotide hydrolysis, the NTDs undergo large movements, from
above the plane of the D1 ring in the adenosine triphosphate
(ATP)-bound state (the “up” conformation) to coplanar with D1
in the adenosine diphosphate (ADP) state (the “down” confor-
mation) (Fig. 14) (14-16). The up/down conformational equilib-
rium plays an important regulatory role in the interactions of p97
with various adaptor proteins (17-20), becoming dysregulated
upon the introduction of single-site mutations that give rise to a
series of diseases collectively referred to as multisystem protein-
opathy type 1 (MSP1), in which the lysosomal-degradation path-
way becomes impaired (4, 18, 21). At least 30 adaptors have been
shown to interact with p97 (22-24), assisting both in the recruit-
ment of the ATPase to designated subcellular locations and in the
targeting of p97 to specific substrates. Most of the adaptors bind to
the NTD of p97 via a conserved UBX domain (25), or linear
peptide motifs such as VIM (26), VBM (27), and SHP/BS1 (28),
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while some interact with the carboxy (C)-terminal tail of p97 via
the PUB (29) and PUL (30) domains.

The first identified p97 cofactor was p47, isolated as part of a
stable p97-p47 complex (31). p47 plays an essential role in
directing p97 function to the remodeling of cellular membranes
(31-34), including post-mitotic reassembly of the Golgi appara-
tus (7, 31, 35) through an interaction with the monoubiquitinated
SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) protein syntaxin 5 (36, 37). p47 is comprised of
three independently folded motifs, including 1) ubiquitin-
associated (UBA); 2) Shpl, eyc, and p47 (SEP); and 3) ubig-
uitin regulatory X (UBX) domains; the structures of which have
been elucidated by solution NMR spectroscopy and X-ray crys-
tallography (38-41) (Fig. 1B). The N-terminal UBA domain,
adopting a canonical three-helix bundle (38), is proposed to directly
interact with ubiquitinated syntaxin 5 (37, 42), while the C-terminal
UBX domain is a ubiquitin-like module that binds to NTDs of p97
(40, 41). The middle SEP domain, which is found in several
other p97 cofactors, including p37, UBXD4, and UBXDS5,
adopts a ppap-fold (38, 39). Although its biological function
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Fig. 1. Domain architectures of p97 and p47. (A) Domain architecture of a
P97 monomer and cartoon representations of hexameric p97yp1. in the ATP/
apo (Left) (derived from PDB ID code 5FTN; ref. 14) or ADP (Right) (PDB ID
code 5FTK; ref. 14) states. NTDs adopt distinct conformations depending on
the nucleotide state of D1. (B) Domain architecture of p47, with structures of
the UBA (turquoise) (PDB ID code 1V92; ref. 38), SEP (yellow) (PDB ID code
1VAZ; ref. 38), and UBX (red) (PDB ID code 1S3S; ref. 41) folded domains
shown in cartoon depictions below.

remains unknown, it may be involved in recruiting substrate
complexes to p97 for disassembly (43). The three domains in
p47 are connected via long, flexible linkers of ~130 (UBA-SEP)
and 30 (SEP-UBX) residues. Full-length p47 is thought to exist as
a high-affinity trimer in solution (20, 31, 36, 38, 40, 44—46), with the
trimerization mediated by the SEP domain (44), as the SEP do-
main has been reported to self-associate (38), or via the region
between the SEP and UBX domains (38).

Two conserved structural features in p47 have been identified
that contribute to a bipartite interaction with p97. These features
include a highly conserved loop in the UBX domain that inserts
into a hydrophobic groove between the subdomains of a p97
NTD (40, 41) and a short linear SHP motif between SEP and UBX
domains (Fig. 1B) that binds to the C-terminal NTD subdomain
(28, 46). Although a fragment-based approach has been used to
study interactions between p47 and p97 (28, 38, 40, 41, 46), and
low-resolution electron cryomicroscopy (cryo-EM) maps of a
p47-p97 complex have been presented (44, 47), there remain large
gaps in our understanding of the structural details of the intact
assembly. For example, it has been proposed that the stoichiometry
of the p47-p97 complex is one p47 trimer per p97 hexamer (31,
44), although other data suggest a binding stoichiometry of six p47
monomers per p97 hexamer (47). The role of the linkers in p47
remains unclear—do they simply connect the structured domains
that are responsible for function, or do these flexible regions
support binding through interactions with distal regions on p47 or
with domains of p97? Further, how do the changes to the orien-
tations of the p97 NTDs that accompany ATP hydrolysis affect
interactions within the p47-p97 complex or within each bound p47
adaptor? Part of the difficulty in addressing these questions arises
from the fact that p47 is an inherently flexible molecule, chal-
lenging studies by X-ray crystallography and cryo-EM. Although
solution NMR spectroscopy approaches are powerful for studies of
dynamic complexes, most of the focus to date has been on rela-
tively small systems. The development of methods for studies of
complexes with molecular masses of many hundreds of kilodaltons
(48), as is the case for p47—-p97, provides an opportunity to explore
structural dynamics in a range of important molecules with un-
precedented detail (49, 50).
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Herein, we present a solution NMR study characterizing the
dynamic complex formed between p47 and a 320-kDa p97 con-
struct consisting of residues 1 to 480 of the 762-residue full-
length p97 protomer and comprising the NTD, D1, and the
linker connecting D1 and D2 (referred to as p97npi1. hereafter)
(18, 51, 52). The NMR data have been supplemented by results
from other biophysical methods, including cryo-EM, isothermal
titration calorimetry (ITC), dynamic light scattering (DLS),
small angle X-ray scattering (SAXS), analytical ultracentrifuga-
tion (AUC), and molecular dynamics (MD) simulations. In order
to provide a structural basis for interpreting measurements on
p47-p97np1L, We first focus on p47. We present strong evidence
that p47 is a monomer at concentrations as high as hundreds of
micromolar, using a series of different biophysical and bio-
chemical experiments. The linker connecting UBA with SEP is
shown to play an active role in stabilizing both intra- and inter-
molecular interactions. Notably, contacts between p47 linker
residues S114 to G130 and the SEP domain in both p47 and the
p47-p97np1L complex are observed, and an SHP motif, localized
to the UBA-SEP linker, is identified that binds to p97 NTDs only
when they assume the up conformation corresponding to either
ATP-bound or apo states. Restraints from the NMR and cryo-
EM data are used to calculate models of the p47-p97 complex
using a metainference MD approach that takes into account the
inherent dynamics of the complex. Our results emphasize that
intrinsically disordered regions (IDRs) in p47 contribute to in-
teractions with p97 in a manner dependent on the up/down NTD
equilibrium in the ATPase, and, in general, highlight the im-
portant roles that IDRs can play in regulating the function of
molecular machines. Moreover, they provide an additional
framework to understand how MSP1 disease causing mutations
can lead to deleterious p97 function.

Results

NMR Studies of p47, Both Free and in Complex with p97yp4,. As a first
step toward characterizing p47 intramolecular and p47-p97np1L
intermolecular interactions, we obtained backbone, sidechain
13CP as well as Ile, Leu, Val, and Met methyl-group chemical-
shift assignments of the full-length p47 protein (370 residues).
These assignments were generated by using standard transverse
relaxation-optimized spectroscogy TROSY)-based triple-resonance
experiments recorded on a [U-H,"N,"*C]p47 sample for backbone
and C? shifts (53) and, in the case of methyl groups, by correlating
methyl *C and 'H shifts with amide resonances via total correlation
spectroscopy-based magnetization transfer, using smaller fragments of
[U-*N,"*C]p47 that included residues M1 to R174, G170 to Q266,
G170 to T370, or E291 to T370. This “divide-and-conquer approach”
takes advantage of the modular nature of p47, as established by
previous studies (3840, 54) and illustrated in Fig. 1B. In this
way, 90% of the backbone resonances and 14/14 Ile (81), 53/
56 Leu (81,82), 18/46 Val (y1,y2), and 4/4 Met (&) chemical shifts
were assigned, with severe overlap of Val methyl groups limiting
their assignment.

The backbone *C* and '*C? chemical shifts of full-length p47
were used to generate residue-specific secondary-structure pro-
pensity (SSP) scores (55) (SI Appendix, Fig. S14). Consistent
with previous structural studies of p47 (38, 40), we observed
regions of contiguous secondary structure between residues M1
and G46, V180 and F243, and P273 and T370, corresponding to
the UBA, SEP, and UBX domains, respectively (Fig. 1B and SI
Appendix, Fig. S14). Notably, residues P273 to 1287 have SSP
scores that indicate a-helical secondary structure, in agreement
with an X-ray structure of a complex consisting of p47 UBX and
p97 NTD and D1 domains (41). This a-helix, however, is absent
in the p47 UBX NMR structure (40) due to the shorter construct
used, which only spans residues K282 to T370. Additional con-
tiguous secondary structure, based on our measured chemical
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shifts, was not observed for the remainder of the p47 polypep-
tide. The SSP data, together with the distribution of cross-peaks
in both N-'H heteronuclear smg quantum coherence (HSQC)
(SI Appendix, Fig. S1B) and “C-'H heteronuclear multiple-
quantum coherence (HMQC) (SI Appendix, Fig. S1C) correlation
spectra, with many resonances localized to regions predicted for
unfolded structure, strongly support the schematic of Fig. 1B
showing p47 comprised of folded domains connected by long IDRs.

Because of the large molecular mass of the p47-p97npiL
complex, in excess of 350 kDa, we have chosen to perform most
of our studies using highly deuterated, methyl-protonated pro-
teins, exploiting a methyl-TROSY effect (48) that leads to sig-
nificant improvements in spectral sensitivity and resolution in
applications involving high-molecular weight protein systems (49,
50). Thus, we have prepared highly deuterated p47 samples with
methyl labeling at Ile(581), Leu(81,62), Val(yl,y2), and Met(e)
positions, referred to in what follows as ILVM-labeling. Note
that for Leu and Val, only one of the two isopropyl methyl
groups is '*CHs-labeled (the other is '*CD;-labeled) in a non-
stereospecific manner, as discussed previously (56). In order to
improve the spectral quality further, we have chosen to work with
P97npi1L (320 kDa), as opposed to the full-length p97 complex
(540 kDa). The p97npi1L truncation has proven to be an excellent
model system for studies of the dynamics of the NTD in relation
to the D1 ring and how these change depending on the nucle-
otide state of D1, with the NTD up (ATP)/down (ADP) equi-
librium illustrated in Fig. 14 observed for both truncated and
full-length constructs (14, 15). Notably, in the apo forms of both
P97npiL (52) and full-length p97, the NTDs adopt the up con-
formation as well (SI Appendix, Fig. S1D). Perturbations to the
up/down equilibrium from MSP1 disease mutations are repro-
duced in both full-length and the ND1L constructs (18). In ad-
dition, we have previously shown, through studies of an ILVM-
labeled p97np1L complex, that the expected interactions of the
p97 NTDs with p47 UBX (40, 41, 46) are observed (18). In order
to further test the appropriateness of the p97np11. construct in
studies involving p47 here, we have used methyl-TROSY based
NMR to ensure that the known interactions from the side of p47
are also found. As expected, significant chemical-shift pertur-
bations (CSPs) of p47 ILVM-methyl resonances are obtained
upon addition of perdeuterated p97npir. (added in fivefold ex-
cess; SI Appendix, Fig. S24), with residues located on the
UBX-NTD binding interface affected (SI Appendix, Fig. S2B). A
second interaction site on p47 involves the SHP motif (Fig. 1B)
(46). A lack of resolved methyl probes on the SHP motif pre-
vented a similar NMR analysis to establish binding of this
module to p97np1r. We have, therefore, introduced a Met res-
idue into SHP and observed spectral changes supporting the
expected interaction with the p97npir construct as well (ST Ap-
pendix, Fig. S2C). Comparative ITC measurements, quantifying
the interaction between p97npir. and either wild-type (WT) p47
or p47 F253A, in which a residue making critical contacts with
the NTD of p97 is mutated (46), further establish the expected
SHP interactions with the NDIL construct (SI Appendix, Fig.
S2D and Table S1A). Finally, ITC measurements quantifying the
binding of p47 to p97np1L are in good agreement with previous
results using full-length p97 (44), with similar fitted apparent
binding stoichiometries (three p47 monomers:p97 hexamer), AH
(=30 kcal/mol), and K4 (0.2 to 0.5 uM) values obtained in both
cases. Taken together, our results indicate that the p47-p97npiL
complex recapitulates the known structural details of the p47-p97
interaction, as expected since binding occurs via contacts between
p47 and the ND1 ring of p97 (44). In all experiments reported
here, we have used the apo form of p97 as a surrogate for the ATP-
bound state. Under the conditions of our experiments, ATP would
be rapidly hydrolyzed. Slowly hydrolyzing mimics of ATP, such as
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ATPyS, in concert with Walker B mutants that further reduce rates
of hydrolysis (18, 57), could be used; however, even in these cases,
nucleotide lifetimes are not more than several days, and we prefer
to work with the WT sequence.

p47 Is a Monomer in Solution. The consensus in the literature is
that p47 forms a stable trimer, mediated by intermolecular
contacts between the central SEP domain of each of the p47
protomers (31, 38, 44, 45). We sought to examine the structural
details of this interaction with the intent of producing a model of
the trimeric p47 species. However, we were unable to detect any
significant concentration-dependent CSPs for p47 across a wide
range of sample concentrations spanning 4 to 800 pM (SI Ap-
pendix, Fig. S34), nor were we able to observe intermolecular
nuclear Overhauser effects (NOES) between SEP domains usmg
a p47 sam?le prepared b%/ mixing initially unfolded [U-*H,
Tle(81),Met-">CHs)- and [U-"H,"N, Leu,Val->CHs,"*CD;]-labeled
proteins that were subsequently refolded (SI Appendix). Next, we
conducted pull-down assays where Hise-tagged p47 and untagged
P471_200 (Fig. 24) were mixed in a 1:1 molar ratio under denaturing
conditions, followed by refolding (Fig. 2B). Assuming that p47 is a
stable trimer and that each of the two classes of p47 protomer is
equally likely to be incorporated into trimers, three-quarters of the
molecules are expected to contain mixtures of p47 and p47;_ 29
However, mixed trimers were not detected, a result that is consistent
with monomeric but not oligomeric p47 structures.

These observations raise the question as to whether p47 is in
fact a stable trimer in solution. To resolve this issue, we con-
ducted dynamic light scattering (DLS) experiments on two of the
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Fig. 2. p47 is a monomer in solution. (A) Cartoon representation of p47

constructs used in studies illustrated in the figure. (B, Top) Cartoon depiction
of GdnHClI mixing/refolding experiment involving Hisg-p47 and p474_290,
followed by purification via Ni affinity chromatography. Assuming p47 is a
stable trimer, both Hisg-p47 and p47,_,90 monomers are expected in the Ni
eluate. (B, Bottom) After mixing Hisg—p47 and p47, 590 in @ 1:1 molar ratio,
the sample is either applied to the Ni affinity column immediately (left three
lanes: Control, instant mixing) or unfolded in a buffer containing 6 M
GdnHCI, followed by refolding before application to a Ni-affinity column
(right three lanes: GdnHCl mixing). Proteins from Ni loading (L), flow-
through (FT), and eluate (E) are read out by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis. (C) Translational diffusion rates of WT
p47 (dark orange) and p47gg; (light orange) as a function of protein con-
centration, obtained by dynamic light scattering at 25 °C. Domain organi-
zation of p47gg+ is depicted in A. Inset shows translational diffusion rates of
WT p47 and p47ggq extrapolated to infinitely dilute protein concentration.
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samples highlighted in Fig. 24, under conditions equivalent to
those used for NMR experiments and spanning a broad range of
p47 concentrations (Fig. 2C). We observed a linear concentration-
dependent decrease in measured translational-diffusion coeffi-
cients (D) for WT p47 from 6.0 x 1077 to 4.6 x 10~ cm?/s for
protein concentrations, ¢, varying from 100 to 700 pM, respec-
tively. The DLS data were then extrapolated back to 0 pM sample
concentration (Do) using the relation D = Dy(1 + «c) (58). For WT
p47, we obtained Dy and k parameters of 62 + 0.1 x 1077 cm?s
and —4.1 + 0.3 x 10™* uM™", respectively (Fig. 2C). Next, we
generated a chimeric p47 construct in which the p47 SEP domain,
suggested to comprise the putative p47 trimer interface (38, 44),
was replaced with GBI, a small, structured, and monomeric do-
main of approximately the same size as the SEP moiety. This
construct thus preserves the overall polypeptide length and rela-
tive molecular mass of WT p47, while removing the presumed
trimerization domain. Substitution of the SEP domain with GB1
resulted in no significant change in Dy (Fig. 2 C, Inset), suggesting
that the overall intrinsic hydrodynamic properties (and oligomeric
state, by extension) of WT p47 and p47gp; are similar. Therefore,
either both WT p47 and p47gg; are capable of trimerizing by a
SEP—independent mechanism, or both p47 and p47gg; are mo-
nomeric. Interestingly, the concentration dependence of D observed
for p47, as assessed by the parameter k (—4.1 + 0.3 X 107 pM ) is
different from that measured for p47gg; (6.9 + 1.4 x 107 uM ™),
perhaps reflecting very weak intermolecular interactions mediated
by the SEP domain rather than the formation of stable trimers (see
Discussion).

A combined analysis of sedimentation coefficients, s, derived
from AUC (SI Appendix, Fig. S3B) and D, obtained from DLS
(Fig. 2C) strongly supports a monomeric p47 structure. The
measurement of both Dy and s allows a straightforward calculation
of the molecular mass, M, of the particle in question that is shape-
independent, via M = sRT /[Dy(1 — vp)], where ¥, p, and T are the
partial specific volume of the particle (inverse density), the density
of the solvent, and the absolute temperature, respectively (59). A
value of M = 42.8 + 1.0 kDa is obtained, which is in good agree-
ment with the theoretical molecular mass of a single p47 poly-
peptide chain (40.8 kDa), indicating a monomeric p47 structure.

As a final confirmation that p47 is a monomer, we have per-
formed SAXS experiments, from which the molecular mass of
particles in a monodisperse sample can be determined to rea-
sonable accuracy regardless of the particle shape and concentra-
tion (60). We acquired scattering profiles for WT p47 (13 mg/mL,
320 pM) as well as for the NTD of p97 (p97ntp) (3 mg/mL,
125 uM) as a control (SI Appendix, Fig. S3C) and obtained mo-
lecular masses of 40.6 + 1.5 and 24.2 + 0.8 kDa, respectively, that
are in close agreement with the predicted monomeric molecular
masses of these proteins (24.0 kDa for p97xrp). Thus, p47 is mo-
nomeric under the conditions of our measurements.

Charcterizing a Previously Unobserved Intramolecular p47 Interaction.
The schematic of p47 in Fig. 1B, with structured UBA, SEP, and
UBX domains connected by linkers drawn as straight lines, con-
veys the impression that this adaptor can be well described in
terms of a “beads on a string” model. However, it is increasingly
appreciated that unstructured domains often play important roles
in intermolecular recognition or in establishing intramolecular
contacts (61, 62). With this in mind, we asked whether the p47
linkers perform functions beyond merely connecting structured
domains in this molecule. To answer this question, we performed
NMR-binding experiments on fragments that included residues 1
to 174 (p471-174), comprising the UBA domain and the linker
region connecting UBA and SEP domains), and residues 171 to
370 (p47171-370), which include SEP, SHP, and UBX domains
(Fig. 34). Upon addition of threefold excess unlabeled p47,71_370,

Conicella et al.

we observed CSPs and intensity changes for backbone amide and
methyl cross-peaks in spectra recorded of [U-"N,*Clp47,_i74
(Fig. 3B), with changes in intensity plotted as Al/ly = (Iy — I)/Io,
where I and [ are intensities in the presence and absence of added
ligand. Al/I, values of 0 and 1 correspond, therefore, to no change
or complete loss of intensity, respectively. Major perturbations are
focused on linker residues S114 to G130 (Fig. 3C), providing
strong evidence of their association with the p47,7;_379 fragment.

To determine which residues in p47;7;_370 mediate this inter-
action, a reciprocal NMR-binding experiment was performed in
which excess unlabeled p47,_174 was added to [U-"°N 13(:]
P47171-370- Significant CSPs are observed for SEP domain resi-
dues L184, K185, Q202, A207, 1213, R215, G216, E217, V218,
H227, D234, M235, Q236, and D237 (Fig. 3 D-F), indicating that
the interaction connects the linker with the SEP domain. We
refer to linker residues S114 to G130, therefore, as an SEP-
interaction motif (SIM). The strength of the intermolecular
SIM-SEP interaction was quantified through an NMR-titration
experiment in which [U-*H]p47,_174 was titrated into TLVM-
P47171-370- A two-state binding model was fit to titration profiles
generated from CSPs of the methyl cross-peaks (SI Appendix,
Fig. S44), from which K4 =101 + 6 pM was obtained. Although
the measured affinity is relatively low, it is expected to be con-
siderably higher in the context of an intramolecular association
in the full-length protein where the entropic penalty for binding
would be reduced relative to the case for bimolecular associa-
tion. Direct evidence for SIM-SEP contacts has been obtained
by recording methyl-methyl NOEs in an ILVM-p47 sample,
P47101-266, Which includes both the SIM sequence and SEP do-
main, as indicated in Fig. 3G and SI Appendix, Fig. S4B, where
connections between L1118, L122 (SIM) and L184, 1186, L.210,
1213, 1.233, and M235 of the SEP domain are highlighted. CSPs
due to the SIM-SEP interaction were also observed in a p47-
P97np1L complex, establishing that these contacts are not dis-
rupted upon binding of p47 to p97 (Fig. 3H).

A Previously Unidentified p47 SHP Motif Leads to a Tripartite
p47-p97yp1 *P°-Binding Mechanism. There are conflicting reports in
the literature suggesting that p47 binds p97 in a molar ratio of either
3:6 or 6:6 (monomer:protomer) (31, 44, 47). The most direct ex-
perimental evidence, based on ITC, supports a 3:6 model for the
interaction of full-length p47 and p97 (44). Curiously, however, in
the same study, it was also found that p47;7;_379 binds p97 with a 6:6
stoichiometry. Given our observations that p47 is monomeric, it is
difficult to rationalize the differences between the two constructs
without invoking a mechanism by which residues M1 to G170 in-
terfere with binding of more than three ligands. One scenario might
be the presence of an additional p97-binding site on p47, within M1
to G170, so that a single p47 molecule would interact simulta-
neously with adjacent protomers of p97, hence favoring a 3:6 in-
teraction. To test whether an additional binding site exists on g)
we acqulred ’N-'H and *C-'H correlation spectra of [U-""N,*
p471_174 in the absence and presence of threefold-excess unlabeled
P97~ (Fig. 4 A and B). Calculated changes in peak intensities,
All, are plotted in Fig. 4 C, Bottom. The largest Al/l, values were
localized to p47 residues K146 to R172; of the 17 well-resolved
cross-peaks derived from residues in this region, 14 were broad-
ened beyond detection upon addition of p97nrp. Notably, the se-
quence of amino acids extending from residues K146 to A159 aligns
with that of the canonical p47 SHP motif, as well as with SHP
motifs in analogous p47 adaptor proteins (Fig. 4 C, Top).

We next sought to confirm that the molecular contacts stabi-
lizing the p47,_174-p97~Tp interaction are those expected for a
typical SHP—p97n1p complex (28, 46, 63, 64) by focusing on
regions in the NTD that are known to be affected by binding of the
canonical SHP motif. Therefore, we acquired '>N-'H correlation
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Fig. 3. The unstructured linker of p47 interacts with the SEP domain. (A) Domain architecture of p47 constructs used in studies illustrated in this figure. (B)
Selected regions of ">N-"H HSQC (Left) and '*C-"H constant time (CT)-HSQC (Right) spectra of [U-'3C,"°N]p47,_474 showing perturbations (chemical shift
changes and line broadening) upon addition of threefold excess unlabeled p47471_370. (C) CSPs (red spheres) and changes in intensities (black diamond),

quantified as Allly =

(Io — )/lo, where [ is the intensity of a resonance in the ">N-'"H HSQC spectrum of p47,_474 upon addition of p47,71_370, and Iy is the

corresponding intensity in the absence of added ligand. Peaks derived from a continuous set of residues, S114 to G130, show perturbations and are high-
lighted by the pink box. (D) Selected regions of ">N-'H HSQC (Left) and *C-'H CT-HSQC (Right) spectra of [U-'3C,">N]p47,71_370 upon addition of threefold
excess unlabeled p47:_174. (E) CSPs from "°N-"H HSQC spectra of p47,71_370 resulting from the addition of p47,_474. Average CSP value and CSP 1c above
average are indicated with dashed and solid lines, respectively. (F, Top) Domain architecture of p47 depicting interaction between the SEP domain and a SIM on
the linker (dashed gray line). (F, Bottom) Cartoon representation of the SEP domain (PDB ID code 1VAZ; ref. 38). Residues with CSPs 16 above the average in the
5N-"H HSQC and '3C-"H CT-HSQC spectra are colored purple and green, respectively. (G) NOEs connecting L12252 located in the SIM sequence (pink box) and
methyl groups of residues in the SEP domain (yellow box). The NOE dataset was recorded using a [U-2H,ILVM-"3CH3]p47101-2¢6 sample at 18.8 T (25 °C). (H) Overlay
of *C-"H HMQC spectra of [U-2H,ILVM-"3CH5]p47:71_370 (orange) and [U-2H,ILVM-"3CH;]-labeled full-length p47 (gray) in the absence (25 °C) (Top) or presence (40 °C)
(Bottom) of [U-2H]p97xp1. added to a molar ratio of [p471([p47171-370]):[p97np1] of 3:6 (Monomer:monomer). Data were recorded at 18.8 T.

spectra of [U-H,"°N,"*C]p97xrp in the absence or presence of

threefold-molar excess [U-ZH]p471_174. ‘We observed site-

specific

intensity differences upon mixing p97ntp and p47;_174 (Fig. 4D),
as before, although in this instance, CSPs were also obtained
(Fig. 4 D and E). The residues whose amide cross-peaks were
perturbed through binding (i.e., those that display both intensity
and chemical-shift changes greater than 1 SD above the mean)
were mapped onto the structure of p97nrp in complex with an
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analogous SHP peptide (Protein Data Bank [PDB] ID code 5C1B

(46)), making it clear that binding of p47,_,74 is localized to the

SHP-binding motif within the NTD (Fig. 4 F, Bottom). These data,

thus, provide strong evidence that the p47 1 to 174 region harbors
a previously unidentified SHP motif and further imply that p47 can
bind p97 through three distinct binding modules, including a UBX
domain and two SHP motifs, designated as SHPy and SHP, re-
spectively, in what follows (Fig. 4 F, Top).
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Fig. 4. p47 interacts with p97yrp through a previously unidentified SHP
motif. (A) Domain architecture of p474_174 and p97ytp constructs studied in
this figure. (B) '*C-"H CT-HSQC spectra of [U-"°N,'*C]p47,_,74 illustrating site-
specific cross-peak intensity changes upon addition of threefold excess un-
labeled p97n1p. (C, Bottom) Changes in intensity ratios (Al/lp) vs. residue for
both backbone amide (purple) and methyl (green) cross-peaks of p474_174
upon addition of p97yrp. Domain architecture is illustrated above the plot.
Residues K146 to A159 (indicated by the green box) are aligned with SHP
motif sequences found in p47, p37 (UniProt (73) accession no. [AC] Q14CS0),
and UFD1 (UniProt AC Q92890). (D) "*N-"H correlation spectra of [U-H,"3C,"*N]
p97nto illustrating site-specific cross-peak intensity changes and CSPs upon
addition of threefold-excess [U-°H]p47,_174 that are quantified in E, where
dashed lines indicate Al/l, values (Top) or CSPs (Bottom) that exceed the
average by 16. (F, Top) Domain architecture of p47 depicting the central SEP
domain flanked by two SHP motifs. (F, Bottom) X-ray structure (PDB ID code
5C1B; ref. 46) of human p97y1p (gray) in complex with a SHP peptide from
UFD1 (orange). Backbone nitrogen atoms of p97ytp assigned to cross-peaks
with intensity changes, and CSPs above 1o are indicated with magenta
spheres.

Given that UBX domains and SHP motifs have different in-
teraction sites on p97ntp (46), binding of either is not mutually
exclusive. On the other hand, two SHP motifs would be expected
to compete for the same binding site on p97nrp, raising the
question of the relative affinity and binding order of the p47
SHPy and SHP¢ motifs in the context of p97. For instance, it
might be anticipated that the proximity of SHPc to UBX
(Fig. 1B) would increase its effective binding affinity relative to
SHPy so that SHP¢ would out-compete SHPy, for a given SHP-
binding site in p97. To address this fomt we titrated [U-*H]
p97np into a solution of [U-*H,"N,'°C]p47 and monitored the
effects of p97nrp binding on the p47 spectrum (SI Appendix, Fig.
S5), focusing on cross-peaks from key residues that are sensitive
to the interaction. At an equimolar ratio, CSPs and intensity
differences were observed for peaks derived from residues within
UBX and SHPg, while cross-peaks from residues in SHPy were
largely unaffected. Upon further addition of p97xrp to a two-fold
molar equivalent (i.e., two NTDs for each p47), many p47 SHPy
cross-peaks were displaced from their initial positions. These data
demonstrate a clear binding order for the p47-p97nrp interaction,
in which p47 SHP¢ and UBX motifs bind first to a given NTD,
followed by SHPy to a second NTD. Moreover, these data support
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binding of UBX and SHP( to the same NTD, as the saturation of
both UBX- and SHP-binding sites occurs in concert at equimolar
concentrations of p47 and p97nrp.

The binding of a pair of p97ntp molecules to a single p47
chain suggests that a single p47 molecule could span two p97
protomers through interactions involving SHPy, SHPc, and
UBX motifs. We were interested in testing this idea further and,
in particular, in establishing whether the p97 nucleotide state,
and therefore the up/down NTD equilibrium, might influence
the binding mechanism. To this end, a series of ITC experiments
was performed in which full-length p47 and p47,71-370 (i.e., no
SHPy domain; Fig. 54) were titrated into solutions of p97npir in
the absence of nucleotide (p97np11°P°, corresponding to the up
NTD state; SI Ag endix, Fig. S1D) or in the presence of 2 mM
ADP (p97xp11.*""; down NTD state) (Fig. 5 B, Left and Middle).
In all cases, the data were initially fit to a simple two-state
N-equivalent sites binding model (SI Appendix, Materials and
Methods and Table S1A), parameterized by an equilibrium dis-
sociation constant (Kj), an enthalpy of binding (AH), and a
putative binding stoichiometry (N). For the p47-p97np1L*P° ti-
tration, Ky = 0.23 + 0.16 pM, AH = —30.8 + 1.9 kcal/mol, and
N = 2.7 + 0.3 were obtained. By contrast, the K4 for the p47-
pP97np1 P complex (1.33 + 0.28 uM) is approximately sixfold
larger, and significantly different AH and N values were mea-
sured (—16.6 + 1.0 kcal/mol and 5.5 + 0.4), indicating that the
affinity, enthalpy and apparent stoichiometry of p47-p97npiL
binding are dependent on the up/down NTD equilibrium. The
differences in binding thermodynamics between apo and ADP
states are less apparent for p47,7;_370—p97np1L, With Ky = 0.55 +
0.14 pM (apo) and 0.97 + 0.27 uyM (ADP), AH = -15.9 = 0.4
and —15.5 + 1.4 kcal/mol, and N = 5.5 + 0.2 and 6.1 + 0.3, re-
spectively. These results are in agreement with previous findings
from Beuron et al., in which p47 and p47;71_370 bound to p97
with apparent 3:6 and 6:6 stoichiometries, respectively (44). To
test if this difference is a direct result of whether SHPy binds, we
introduced a point mutation at position 150 of p47, resulting in a
phenylalanine to alanine substitution (p47g;s0a)- F150 in SHPy
is homologous to F253 in SHPc, a residue that is critical for the
SHP~p97 interaction (46). The F150A substitution eliminated
the SHPy interaction, as evidenced by similar binding parame-
ters for P47F150A with either p97ND1L'dp0 or p97ND1LA P, with
respective Ky values of 1.01 + 0.29 and 0.88 = 0.17 pM, AH
values of —16.0 + 1.3 and —15.4 + 0.6 kcal/mol, and N values of
4.7 + 0.3 and 5.3 = 0.2 (Fig. 5 B, Right). Note also that the AH
values for binding of p47g;50a and p47;71_370 to p97 are similar
(Fig. 5 B, Middle and Right), as would be expected since both p47
constructs do not allow for the establishment of SHPy contacts.
Thus, the ITC data lend support to the binding model suggested
above in which each p47 ligand interacts with p97ypi in either
a bipartite or tripartite manner, depending on the status of the NTD
up/down equilibrium (i.e., nucleotide state), with UBX+SHP:
motifs from a single ligand most likely binding to a single p97
protomer, while SHPy can bind to an adjacent protomer in the
NTD up (but not down) state. In addition, the calorimetry data
are consistent with binding of each p47 ligand to only a single
protomer of p97xp 1 *F via UBX+SHPc interactions only.

To test our model that the differential SHPy binding is dependent
on the p97 nucleotide state, we performed a series of NMR experi-
ments and quantified peak intensities from SN-'H TROSY-HSQC
datasets recorded on samples of [U-°H,"*N]p47 or [U-H,"°N]
P47r1504 mixed at 3:6 molar ratios (monomer p47 AJ]grotomer p97)
with either [U- H]p97ND1LaP° or [U- H]p97npir Calculated
cross-peak intensity ratios, Iapp/apo, for p47—p97ND1L and for
P47r150a—P97np1L as a function of residue are plotted in Fig. SC.
Noting that peak intensities increase as local backbone motions
become less restricted, the simplest interpretation for /app/lapo
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Fig. 5. Binding of p47 to p97yp1.°P° can occur via a three-prong mechanism

and via a two-prong interaction for p97yp1.“°". (A) Domain architectures for
p97 and p47 constructs used in the ITC and NMR studies presented in this
figure. (B) Experimental ITC isotherms (Top) and integrated heats (Bottom)
for titrations of WT p47 (Left), p47171-370 (Middle), and p47¢is0a (Right) into
solutions of p97yp1.2P° or p97np 1. PP, Solid lines represent best fits to a two-
state N-equivalent site model, as described in S/ Appendix, Materials and
Methods. (C) Intensity ratios of amide cross-peaks in spectra recorded of 3:6
complexes of [U-2H,"°N]p47-[U-2H]p97p1. (Top) or [U-2H,"*N]p47¢150a—[U-2H]
p97npaL (Bottom) in ADP vs. apo states (/app/lapo). The red dashed line in each
plot indicates an intensity ratio of 1.0, the green box (Top) delineates residues
in the SHPy motif, and the black striped box denotes a defunct SHPy motif
(F150A). Cross-peaks derived from residues located on SHP¢ and UBX broaden
beyond detection in ">N-"H spectra, and thus intensities for these regions are
not shown. Data were recorded at 18.8 T (40 °C).

ratios greater than 1 is that local p47 motions are larger in the
ADP state relative to the apo conformation, while values less than
1.0 imply the opposite. Large Iapp/Iapo ratios are measured for
residues in WT p47 that comprise the SHPy motif and the region
immediately C-terminal to it (Fig. 5 C, Top), suggesting that SHPy
is significantly more mobile in the ADP state relative to the apo
state, as would be expected if SHPy could bind to a p97 NTD
in the apo state but not in the ADP conformation. In contrast,
similarly large /app/Iapo enhancements in the vicinity of SHPy are
absent in p47g150a (Fig. 5 C, Bottom), indicating that the mobilities of the
P47r1s0a SHPNy motif and surrounding residues are not significantly
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different in the two states. These results (see also ST Appendix, Fig. S6) are
consistent with unbound F150A SHPy domains in both apo and
ADP states of the p47g150a_p97np1L cOomplex.

What Really Is the p47:p97 Binding Stoichiometry? As described
above, a stoichiometry parameter, N, is obtained from fits of ITC
profiles (Fig. 5B) and for the simple case where each of k ligands
binds in the same way to a receptor a value of N = k would be
measured. Interpreted in this manner, N = 3 implies a 3:6
binding stoichiometry for the p97 NTD up conformation, while
N = 6 measured for the NTD down state indicates that six p47
molecules bind a single p97 hexamer in this case. However, when
both tripartite and bipartite binding interactions can occur, such as
for p47-p97np1L°P°, @ model based on a single binding interaction
such as that used to interpret the ITC data in Fig. 5B is overly
simplistic and the extracted parameters must, therefore, be
interpreted cautiously (SI Appendix, Fig. S7). Indeed, one would
expect that any given p97npir F° hexamer would have a distri-
bution of p47 ligands bound in tri- and bipartite modes and that
addition of further ligands would ultimately give rise to a fully
bound (6:6) state for p47-p97np11. P, as for p47-p97np1 PP

In order to establish whether these additional binding events
occur, we first performed NMR experiments in which three
equivalents of [U- ’H, Ile(81), Met-13CH3]p47171 370 Were added
to a 3:6 p47-p97np1.*P° complex that was formed from [U-2H,
Leu,Val-">CH3,"2CDs]p47 and [U-*H]p97xp1.*7°, to determine
whether the presumed unoccupied sites on p97 could become
bound. In strong support of additional binding interactions, CSPs
of Ile and Met methyl groups of residues that report on UBX-
NTD interactions were observed with no CSPs for Leu and Val
methyl groups, consistent with additional binding of p47,71_37 to
vacant sites on p97, while the full-length, bound p47 remains in a
p97-attached state (SI Appendix, Fig. S8 A-C). We next per-
formed a titration experiment in which full-length ILVM-p47
was added to a 3:6 p47-p97npiL*P° complex formed from
ILVM-p47 and [U->H]p97xp1.2P°. Each step of the titration was
performed by adding a volume V; of ILVM-p47 after first re-
moving an equivalent amount of the solution so that the sample
size remained the same throughout the course of the titration, as
described previously (65). Selected regions of *C-'H HMQC
spectra are presented in Fig. 64 and SI Appendix, Fig. S8D,
highlighting residues 1318, 1365, and M340 whose chemical shifts
report on UBX-NTD interactions. Notably, cross-peaks from
unbound p47 were not observed until [p47]:[p97np11 F°] excee-
ded 6:6 (Fig. 64 and SI Appendix, Fig. S8D), as would be
expected if six p47 monomers can interact with a p97 hexamer in
the NTD up state. Fig. 6B plots the intensities of methyl groups
from 1318, 1365, and M340 derived from unbound p47 as a
function of the [p47]/[p97¢] ratio. These were fit to a more
complex model (SI Appendix, Analysis of NMR Data, Fig. S9, and
Table S2) in which the p47 ligands can bind p97xp1L*P° via either
bipartite (UBX+SHP() or tripartite (UBX+SHP+SHPy) interac-
tions, with dissociation constants of Kyqp and Ky, respectively. We
prefer to fit the NMR-titration data by setting Kqp = 0.55 pM, the
value obtained from ITC for the bipartite binding of p47;71_370 to
p97ND1L 0 a value of Ky = 0.15 = 0.02 uM is obtained, with reduced
x* values as a function of Ky shown in Fig. 6 B, Inset.

We next revisited the analysis of the ITC data for the titration
of p47 into p97xp1L.*P° using the more extensive model that takes
into account both bi- and tripartite p47 binding. A simultaneous
fit of the titration involving full-length p47 and p47,71_370 Was
carried out, with extracted values for K4 g and K41 of 0.52 + 0.15
and 0.14 + 0.10 pM, respectively, along with AHg = —15.8 +
0.7 kcal/mol and AHt = -31.8 + 2.1 kcal/mol (SI Appendix, Fig.
S10 and Table S1B). Notably, the value of K, extracted in this
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Fig. 6. p47 binds to p97yp1.°P° to form a 6:6 complex. (A) Selective regions
of *C-'"H HMQC spectra of [U-2H,IM-"3CH;]p47 as a function of [p47,)/
[U-2H-p97xp1.2P°], highlighting UBX domain residues 1318 and 1365 of p47,
with crosshairs indicating the peak positions in the free and bound states.
(B) Intensities of cross-peaks derived from methyl groups of 1365 (green),
1318 (blue), and M340 (orange) in the p47 free state, upon addition of
[U-2H,IM-"3CH;]p47 into a preformed solution of [U-?H, IM-"3CH;]p47 and
[U-2H]p97np1.2P° ([p47]:[p97]~2.5:6). Dashed lines represent best fits to a
model that takes into account both bipartite (UBX+SHP¢) and tripartite
(UBX+SHPc+SHPy) p47 binding, as described in SI Appendix, Materials and
Methods. The titration data were fit with Kqg = 0.55 pM (obtained from ITC
for the bipartite binding of p47471_370 to p97np1.7"°) to yield Ky = 0.15 + 0.02
M. Inset shows reduced y? values as a function of K, 1. Data were recorded at
23.5 T (40 °Q). a.u., arbitrary units.

manner is in excellent agreement with 0.15 + 0.02 uM obtained
by NMR.

The fact that p47 is monomeric and can associate with p97
with up to six bound molecules raises the question of what the
p97 occupancy is at the expected cellular concentrations of li-
gand and receptor. Using mass spectrometry, Aebersold and
coworkers have estimated the concentrations of over 7000 pro-
teins produced in the human osteosarcoma cell line U20S, in-
cluding p47 and p97 (66). Assuming the total concentrations of
p97 and p47 are 0.0955 pM (p97 hexamer) and 0.118 pM, re-
spectively, and using binding constants obtained in this study, it is
possible to calculate the relative populations of p97#P° and
p974PP complexes with different numbers of bound p47 ligands
(zero to six). As p97 has diverse roles in the cell that will require
it to bind to a large number of different adaptors, we have
performed calculations by assuming that different fractions, p, of
p97 are available for binding p47. These are indicated by bar
graph plots (ST Appendix, Fig. S11) that are calculated for a total
available p97 concentration of 0.0955 pM X p ([p47] = 0.118
pM). Notably, the populations of p97*P° complexes with more
than three bound p47 ligands are extremely small over the
complete range of p values examined, while the fractional pop-
ulations of unbound p97**° molecules range between 1.5 and
20%, and the fraction of p97*P° molecules with one to three
bound ligands lies between 80 and 97%. At physiological ligand/
receptor concentrations, the majority of bound p47 molecules
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(>79%) are engaged with p97°"° in a tripartite fashion, with
UBX+SHP¢ and SHPy bound to neighboring NTDs. Similar
calculations for p97“P indicate a significantly higher fraction of
the completely unbound p97 form (60 to 68%) than for the apo
state, with singly ligated p97°PF more probable than the doubly
ligated complex.

A Structural Ensemble for the p47-p97 Complex. The solution NMR
and ITC data provide valuable information that can be used as
structural restraints for the determination of p47-p97 structural
ensembles based on the interactions that have been identified
and described above. Prior to the development of such ensem-
bles, we obtained cryo-EM maps of p47-p97°" and p47-p974PF
complexes prepared from mixing p97 with p47 (domain archi-
tecture in Fig. 74) in a 6:6 ratio (ATP) or with excess p47, fol-
lowed by gel filtration (ADP) (Fig. 7B). As expected for a highly
dynamic complex, the density for much of p47 was poor, so that
only low-resolution features could be identified that, neverthe-
less, proved valuable in ensemble building. It is noteworthy that
we observed a range of p47-p97 configurations from zero to six
molecules of bound p47, with no preference for 3:6 complexes
(SI Appendix, Fig. S12). Although only 6:6 complexes would be
expected at the concentrations of p47 and p97 used, the blotting
of EM grids during specimen preparation, or interaction of
particles with the air-water interface, appears to lead to removal
of p47. Fig. 7 C, Left shows cartoon representations of the
P97xp1 PP (Top) and p97np1”PF (Bottom) complexes, high-
lighting a single bound p47 ligand. Focusing initially on the
p47-p974TP/aP° complex and starting from the C terminus of p47,
it is seen that both the UBX domain (red) and the SHP motif
(blue) bind to a single p97 NTD (gray). Continuing to trace the
sequence toward the N terminus leads to the SEP domain (yel-
low), which is localized to the center of P97np1 AT, as indi-
cated by the cryo-EM map (Fig. 7B). The second SHP motif,
SHPy (green), follows the SEP domain and is bound to the NTD
of an adjacent p97 protomer. In order to accommodate the in-
teraction between the SIM sequence (pink), that follows SHPy,
and the SEP domain, the linker must reverse direction as indi-
cated in the figure. The position of the UBA domain (pale
green) with respect to p97 is currently undefined. A similar
model can be constructed for p47 bound to p97xp;*PF; however,
in this case, SHPyN does not bind to p97, as indicated in the
schematic. Also shown in Fig. 7 C, Right are representative at-
omistic models of p47-p97xp1 ™ 7P and p47-p97np1CF based
on metainference MD simulations (67) restrained by experi-
mentally derived NOEs, CSPs, line broadening of NMR reso-
nances, SAXS measurements (SI Appendix, Fig. S13), and cryo-
EM maps, as well as by distance restraints to ensure that the
interactions between p47 UBX+SHP domains and p97 NTDs
are consistent with those established by X-ray crystallography
studies (see SI Appendix, Table S3 for a list of experimental re-
straints). We have assumed only one of the many possible con-
figurations in our modeling in which there is a 3:6 p47:p97np1
stoichiometry (SI Appendix, Fig. S14) and, further, that both
SHP( and SHPy domains are bound in the p47—p97yp,~TH/4P°
model. As SI Appendix, Fig. S11 highlights, a distribution of
bound ligands is expected with both bi- and tripartite interactions
in the p97np1* 7P case. Further established in SI Appendix,
Fig. S11 is the fact that at physiological ligand and receptor
concentrations a 3:6 interaction is at the upper end of what
would be expected.

Discussion

Many biological processes are controlled by molecular com-
plexes, with interactions both within and between the compo-
nents of the complex playing an important role in regulating
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B

C ATP/apo

ADP

Fig. 7. Structural models of p47-p97°T"2P° and p47-p97-°F. (A) Domain
architectures of p97 and p47, with the color scheme used in B and C. (B)
Cryo-EM maps of p47-p97°™" and p47-p97°°" complexes prepared from
mixing p47 and p97 in a 6:6 ratio (p47-p97°"") or by adding a large excess of
p47 to p973F°, separated via SEC, followed by addition of ADP (p47-p97°F).
(C) Representations of the p47-p97yp1 complexes in ATP/apo (Top) or ADP-
bound (Bottom) states. Cartoon illustrations on the left highlight possible
tripartite and bipartite binding configurations for the respective nucleotide
state. Right shows representative atomic models derived from the structural
ensembles obtained from metainference MD simulations.
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function. A case in point is the p97 protein homeostasis enzyme,
whose interactions with a wide range of adaptor proteins direct it
to a plethora of different activities in the cell. One such adaptor
is p47, and its association with p97 is critical for regulating Golgi
reassembly during the cell cycle (7, 31, 35). As a first step toward
a detailed understanding of the molecular basis of p47-p97
function, we present a biophysical study of the structural dy-
namics of p47 and of p47-p97, which complements our previous
efforts focusing on p97 (18, 51, 52). Our work clarifies miscon-
ceptions in the literature concerning p47 trimerization, identifies
motifs that are involved in interactions both within p47 and
within the p47-p97 complex, highlights that p47-p97 intermolec-
ular interactions are dependent on the bound nucleotide state of
p97, and leads to structural ensembles to model p47-p97-4TF2re
and p47-p97*PF complexes. More generally, our study establishes
the important role that IDRs can play in forming biomolecular
complexes. It also emphasizes the importance of using multiple,
orthogonal biophysical techniques to properly characterize molecular
interactions, especially those involving multiple binding steps and
large regions of disorder, as the discussion below will make clear.

Extensive DLS, AUC, SAXS, and biochemical measurements
establish that over a range of concentrations, extending from 100
to 700 uM, p47 is monomeric (Fig. 2 and SI Appendix, Fig. S3A4).
This conclusion is in contrast to previous biophysical studies that
have been interpreted as providing support that p47 forms a
stable, high-affinity trimer (31, 44, 45). A seminal paper de-
scribing the discovery of p47 as a p97 adaptor protein claims that
p47 is trimeric based on its retention volume on a gel-filtration
column in comparison with standard samples of known molec-
ular weight (31). In more recent years, we have understood that
although this approach is valid for spherical particles, notwith-
standing any nonspecific interactions with the gel-filtration me-
dia, the presence of IDRs, such as in the case of p47, renders the
assumption of a spherical shape invalid. Unusually high mobility
on gel-filtration columns has, for example, been noted for the
intrinsically disordered, monomeric protein a-synuclein (68) that
elutes with a molecular mass four times higher than expected for
a spherical particle of 14 kDa. To this point, it is often difficult to
establish the oligomeric state of a protein complex based ex-
clusively on a single hydrodynamic measurement when the shape
of the complex is unknown. For example, our measured Dy =
6.2 x 10~ cm?/s for p47 in aqueous solution at 25 °C corresponds
to a Stokes radius of 3.96 nm. The corresponding molecular mass
for a spherical particle of this size is calculated to be ~215 kDa,
significantly larger than the mass of even a p47 trimer (~122 kDa).
Notably, from the experimentally measured sedimentation coeffi-
cient of 2.9 S (SI Appendix, Fig. S3B), a molecular mass of
~19 kDa is calculated for p47, assuming a spherical particle.
Clearly, in the analysis of both diffusion and AUC measurements,
the underlying assumption of a sphere leads to errors in the cal-
culated molecular mass. However, by combining D, (DLS) and
sedimentation values (AUC), an estimate of molecular mass can
be made that is independent of polypeptide shape; a value of
42.8 + 1.0 kDa is obtained for p47, in excellent agreement with the
molecular mass of 40.6 + 1.5 kDa from SAXS measurements (S/
Appendix, Fig. S3C) and that calculated on the basis of a mono-
meric p47 structure (40.8 kDa).

Early observations led to conflicting p47-p97 binding models
supporting either 3:6 or 6:6 stoichiometries (31, 44, 47). On the
basis of ITC measurements, Beuron et al. (44) concluded that
the binding stoichiometry of full-length p47-p97 is 3:6 and
established a 6:6 binding stoichiometry for the p47,71_370—p97
complex. Our study confirms these observations when a simple
binding analysis is performed in which each p47 ligand is as-
sumed to bind identically to a single p97 NTD but shows that this
conclusion is incorrect, as the binding model used is flawed.
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Rather, as p47 is monomeric, complexes can be bound with any
number of ligands (up to six), and in the case of p97*P*ATF (all
NTDs up), but not p97*P* (NTDs down), a set of p47-p97 in-
teractions involving a previously unidentified p47 SHP motif,
SHPy, allows for a three-pronged binding mechanism in which
UBX and SHP¢ motifs from a single p47 ligand bind to the NTD
of one p97 protomer, while the remaining SHPy motif of the
ligand can bind to an NTD from an adjacent protomer. Thus,
p47 binding to p97°P*ATF can be either bipartite or tripartite,
while binding to p97*PF is bipartite. A binding model is presented,
taking the multiplicity of interactions into account, that explains
both the ITC and NMR titration data and consistent binding con-
stants are obtained from ITC and NMR titrations, providing con-
fidence in the binding model used. Simulations of ITC isotherms
using this binding model followed by fits to the simple N-equivalent
sites model that is pervasive in the literature show that extracted
stoichiometry values, N, can be variable depending on the affinities
and enthalpies that are used and, thus, establish that N does not
reflect the number of ligands that are bound (SI Appendix, Fig. S7).
Indeed, N ~ 3 is obtained for the case where affinities for bipartite
and tripartite binding are identically high but where AHg = —15 kcal/mol
(or less) and AHt = —32 kcal/mol. Care must be taken, therefore,
in the interpretation of ITC derived parameters, as, not unex-
pectedly, the parameters can be model dependent.

It is of interest to evaluate how many ligands might be bound
to a p97 receptor at cellular concentrations. Using p47 binding
constants obtained from the present study, along with estimates for
protein concentrations in a human cell line (66), we have calculated
the relative populations of p97" and p97°*P* complexes with dif-
ferent numbers of bound ligands. Notably, over all concentration
ranges examined, the population of p97 molecules bound with more
than three ligands is negligibly small for both p47-p97°*° and p47-
p974P (SI Appendix, Fig. S11), and the most populated bound states
are those with one (p97°°F) or one to two (p97*°) ligands.

Restraints based on NMR, X-ray crystallography studies de-
fining the interactions between UBX or SHP domains (p47) and
NTDs (p97), and cryo-EM data have been used to calculate
structural ensembles of p47—p97ND1ATP/ 4P° and p47—p97NDlADP
complexes (Fig. 7 C, Right and SI Appendix, Fig. S14) using a
metainference MD strategy that is particularly well suited for
studies of dynamic complexes using combinations of experi-
mental data of various origins as restraints (67). In addition to
the SHPN—NTD interaction that can occur when the p97 NTDs
are in the up state, a further IDR-based contact is highlighted
that involves a previously unidentified SIM sequence. This linear
polypeptide sequence forms intramolecular contacts with a dis-
tinct surface on the SEP domain (Fig. 3), in both isolated p47
and when p47 is complexed to p97 in either the up or down NTD
states. The SIM-SEP interaction may lead to transient inter-
molecular p47-p47 contacts at high protein concentrations,
consistent with the differences in concentration dependencies of
the diffusion coefficients, D, between the p47 and p47gg; con-
structs (Fig. 2C), although it is unclear if such a weak intermo-
lecular interaction is biologically relevant. The intramolecular
SIM-SEP interaction, on the other hand, may restrict the con-
formational space available to p47 UBA domains that bind
ubiquitinated substrates and, hence, facilitate their delivery to
p97. Alternatively, the SIM may play a more direct role in p97
substrate processing. Several studies have demonstrated that the
SIM-binding interfaces on SEP domains from p47 and its analog

1. N. Shcherbik, D. S. Haines, Cdc48p(Npl4p/Ufd1p) binds and segregates membrane-
anchored/tethered complexes via a polyubiquitin signal present on the anchors. Mol.
Cell 25, 385-397 (2007).

2. H.Richly et al., A series of ubiquitin binding factors connects CDC48/p97 to substrate
multiubiquitylation and proteasomal targeting. Cell 120, 73-84 (2005).
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p37, which also contains a SIM sequence, can mediate heterotypic
protein—protein interactions (39, 43). Indeed, it has been shown
that the SEP domains of both p47 and p37 directly bind a p97
substrate, protein phosphatase 1 inhibitor 3 (I3), and that this in-
teraction is necessary for extraction of I3 from an inactivated
protein phosphatase 1 complex by p97. The molecular details of
how these interactions facilitate substrate unfolding will have to
await studies involving complexes that include bound substrate
molecules.

The results presented here, and previously (18), provide a
framework to understand how MSP1 disease-causing mutations
can lead to deleterious p97 function. We have shown that these
mutations shift NTD conformations toward the up state in
p974PF ) resulting in a weakening of the p97*PP~UBXD1 adaptor
interaction by decreasing contacts involving one of the two prongs
that are used to establish a stable complex (18). However, by shifting
the NTD orientations in p97°P¥, the mutations will lead to a stronger
affinity for p47 than would be the case for the WT protein, as binding
involving UBX and both SHP domains becomes possible, decreasing
the concentration of p97 that is available for other interactions.

The important role of IDRs and intrinsically disordered pro-
teins (IDPs) in mediating highly regulated, multivalent inter-
molecular assemblies that are found in a diverse range of cell-
signaling and -regulatory processes is becoming increasingly
clear. Notable examples include the CDK inhibitor Sicl, which
binds to the ubiquitin ligase Cdc4 in a phosphorylation-dependent
manner in order to regulate progression of the cell cycle (69, 70),
and p27, which regulates eukaryotic cell division through interac-
tions with cyclin-dependent kinase complexes (71). IDPs also play
critical roles in the assembly and regulation of macromolecular
machines. For instance, many ribosomal proteins contain long,
disordered tails that are hypothesized to aid in proper folding of
the ribosomal RNA (72). Our study adds to a growing list of the
important roles of structural disorder in regulating the function of
large complexes and further emphasizes that an understanding of
their structural dynamics will require a concerted effort involving
methods, such as crystallography and cryo-EM, that focus on the
relatively static portions of the complex, and solution NMR, that
can extend the window of investigation to regions that are dynamic.

Materials and Methods

Details of DNA constructs, protein expression and purification, experiments
including NMR, ITC, SAXS, DLS, AUC, cryo-EM, and MD simulations, along
with data fitting, are provided in S/ Appendix. Sample conditions used in all
experiments are given in S/ Appendix, Table S4.

Data Availability. All relevant data are included in the article and in
SI Appendix.
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