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ABSTRACT. p97, a universally conserved AAA+ ATPase, holds a central position in the ubiquitin-proteasome system,
orchestrating myriad cellular activities with significant therapeutic implications. This protein primarily interacts with a diverse
set of adaptor proteins through its N-terminal domain (NTD), which is structurally located at the periphery of the D1 hexamer
ring. While there have been numerous structural elucidations of p97 complexed with adaptor proteins, the stoichiometry has
remained elusive. In this work, we present the crystal structure of the p97-N/D1 hexamer bound to the FAF1-UBX domain at a
resolution of 3.1 Å. Our findings reveal a 6:6 stoichiometry between the p97 hexamer and FAF1-UBX domain, deepening our
understanding from preceding structural studies related to p97-NTD and UBX domain-containing proteins. These insights lay
the groundwork for potential therapeutic interventions addressing cancer and neurodegenerative diseases.
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INTRODUCTION

p97, a highly conserved AAA+ adenosine triphosphatase
(ATPase), holds a pivotal role within the ubiquitin-pro-
teasome system (UPS). In Saccharomyces cerevisiae, its
counterpart is referred to as Cdc48. It is chiefly involved in
the extraction and disassembly of substrates across diverse
cellular sites, influencing an array of cellular processes from
proteasomal and lysosomal degradation to membrane fusion,
cell cycle control, the regulation of apoptosis, and DNA
damage repair.1

Structurally, p97 assembles as a homohexamer. Each
monomer is composed of three domains: two ATPase
domains (D1 and D2), an N-terminal domain (NTD), and
a disordered C-terminal tail domain (CTD). The D1 and
D2 domains form two parallel hexameric rings, with the
NTD located at the periphery of the D1 ring.2

Numerous adaptor proteins, each outfitted with ubiquitin-
binding sites, directly interface with the p97-NTD. This
association expedites the identification of ubiquitylated
target proteins within the UPS.3

Such adaptor proteins serve as structural scaffolds, pre-
senting additional interaction sites, orchestrating the p97
complex assembly, and correctly aligning substrate for
ensuing operations.4 Among the notable cofactors are
Ufd1-Npl4 and p47.3a,5 Many of these adaptor proteins,
including p47 and Fas-associated factor 1 (FAF1), feature

the ubiquitin regulatory X (UBX) domain.6

FAF1 is identified as a Fas-interacting protein and impedes
proteasomal protein degradation, either through its alli-
ance with p97 or with ubiquitinated substrates.7 It pos-
sesses a multifaceted structure with domains like ubiquitin-
associating (UBA) domain, two tandem ubiquitin-like (UBL)
domains, a UAS domain, a coiled-coil domain, and a UBX
domain (Fig. 1).4,8

The UBA domain interacts with ubiquitins on the sub-
strates, and the UBX domain engages with the p97-NTD.8

Figure 1. Schematic representations of the domains in FAF1 and
p97. Dashed lines indicate the regions examined in this crystal-
lographic study. The structures of the domains in FAF1 were
retrieved from the RCSB Protein Data Bank: UBA (PDB ID: 3E21),
UBL1 (PDB ID: 2DZM), UAS (PDB ID: 2EC4), and UBX (PDB
ID: 3QCA).
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Via these interactions, FAF1 facilitates the degradation of
endoplasmic reticulum degradation (ERAD) substrates by
binding Lys-48- and Lys-63-linked polyubiquitylated sub-
strates through its UBA domain.9

In another key interaction, FAF1 interacts with p65 sub-
unit of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) , inhibiting its nuclear translocation
and subsequent gene activation.10 Typically, the NF-κB
heterodimer is sequestered in the cytoplasm by Iκ-Bα.11

However, upon phosphorylation and ubiquitylation of Iκ-Bα,
it undergoes UPS-mediated degradation.11 Owing to these
multifaceted roles, both the p97-FAF1 complex and FAF1
in isolation emerge as attractive therapeutic candidates in
the combat against cancer and neurodegenerative diseases.12

The stoichiometry of the p97 complex, especially in
relation to its adaptor proteins, remains an area of ambi-
guity. Cryogenic electron microscopy (cryo-EM) has elu-
cidated that the Ufd1-Npl4 and p97 hexamer forms a
complex with a 1:6 stoichiometry.3a,5b Furthermore, bio-
physical studies have revealed that monomeric p47 binds
to the p97 hexamer, reflecting a 1:6 stoichiometry.13 Struc-
tural analyses into the FAF1-p97 complex have shown a
3:6 stoichiometry.14

In this study, we determined the crystal structure of the
p97-N/D1 hexamer complexed with the FAF1-UBX domain,
achieving a resolution of 3.1 Å. Our structural dissection
provides compelling insights into the stoichiometry link-
ing the p97 hexamer and the UBX domain. Prior crys-
tallographic studies have disclosed a 1:1 binding affinity
between the p97-NTD and the UBX domain.15 Our find-
ings augment this narrative, shedding light on the inter-
actions of the pseudo full-length p97-N/D1 hexamer with
UBX domain-containing proteins.

EXPERIMENTAL

Crystallization and X-ray Data Collection

The human p97-N/D1 domain (residues 21-458) and
the human FAF1 UBX domain (residues 575-650) were
expressed and purified separately as previously described.16

The purified FAF1 UBX domain was trimmed at the N-
terminus, starting at Glu575 instead of Glu571, which dif-
fers from the previous study.16 The purified p97-N/D1 and
FAF1 UBX were mixed at the same molar ratio for crys-
tallization. Crystallization conditions were initially screened
using commercial screening kits from Hampton Research,
and Qiagen. Under optimized condition, a drop consisting
of 2 μL protein solution was mixed with an equal volume of
reservoir solution. The reservoir solution was composed

of 0.2 M sodium acetate, 0.1 M sodium citrate (pH 5.6),
and 5% polyethylene glycol 4000. The mixture was then
equilibrated against 0.5 mL reservoir solution at 295 K.
Crystals were briefly soaked in a cryoprotective solution
made of the reservoir solution with an additional 25% (v/v)
glycerol and were directly flash-cooled in liquid nitrogen
prior to data collection. The diffraction data were collected at
the beamline BL17A in the Photon Factory Advanced Ring
(PF-AR, Tsukuba, Japan) using the CCD detector Quan-
tum 210R (ADSC). The data were processed with XDS
and scaled with AIMLESS in the Collaborative Compu-
tational Project Number 4 (CCP4) suite.17 Data collection
statistics are summarized in Table 1.

Table 1. Crystallographic statistics for data collection and refinement

PDB ID 8KG2

Data Collection

Wavelength (Å) 1.0000 Å

Space group P 1

Total reflections 582,011 (29,498)

Unique reflections 150,419 (7,521)

Cell dimensions

a, b, c (Å) 106.6, 134.4, 148.2

α, β, γ (°) 71.5, 80.8, 87.5

Resolution (Å) 48.80−3.10 (3.15−3.10)

R
meas

0.088 (0.839)

CC1/2 0.998 (0.704)

I /σ I 7.7 (1.2)

Completeness (%) 97.4 (97.8)

Multiplicity 3.9 (3.9)

Refinement

Resolution (Å) 48.80−3.10

Rwork / Rfree
a 0.197 / 0.246

No. atoms

Protein 48,411

Ligand 324

B-factors

Overall 91

Protein 91

Ligand 66

R.m.s. deviations

Bond lengths (Å) 0.006

Bond angles (°) 1.560

Ramachandran plot (%)

Favored 95.3

Allowed 3.2

Outliers 1.4

Values in parentheses refer to the highest resolution shell.
a
Rwork = Σ||Fobs| – |Fcalc||/Σ|Fobs|, where Rfree was calculated for a randomly

chosen 5% of reflections that were not used for structure refinement, and

Rwork was calculated for the remaining reflections.
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Structure Determination and Refinement

Initial phases were determined by the Phaser in the
PHENIX suite and using the p97-N/D1 hexamer as a search
model (PDB ID: 5DYG).18 The model of the FAF1 UBX
domain was manually built, with reference to the crystal
structure of p97-N in complex with FAF1 UBX domain
(PDB ID: 3QC8).15b Structure refinement was carried out
using phenix.refine in the PHENIX suite, and manual
refinement was subsequently performed interatively using
COOT.19 Omit maps was calculated using Polder Maps in
the PHENIX suite.19b Figures were prepared using the
PyMOL (PyMOL Molecular Graphics System, Version 2.5.0
Schrödinger, LLC). Coordinates and structure factors have
been deposited in the Protein Data Bank under accession
code 8KG2 and are publicly available as of the date of
publication.

RESULTS AND DISCUSSION

Overall Structure

Previously, we reported the crystal structure of p97-
NTD complexed with FAF1-UBX, uncovering the atomic
details of the binding interface.15b Following this, we exam-
ined the structure of the p97-N/D1 hexamer complexed
with FAF-UBX to determine if the 1:1 stoichiometry observed
in the p97-NTD remains consistent in the p97-N/D1 hex-
amer. In contrast, cryo-EM and biophysical studies have
indicated a 3:6 stoichiometry for the full length FAF1 and
p97, suggesting that three FAF1 units bind to the p97 hex-
amer. Given that the UBX domain is the sole binding motif
for p97, the binding stoichiometry is intriguing. While our
initial crystallization attempts of the p97-N/D1 hexamer
with the FAF1 UBX domain did not yield high-quality crys-
tals, a triple mutant (E192A, D193A, and E194A) of p97-
N/D1-developed using the surface-entropy reduction method-
successfully produced them. Additionally, the N-terminus of
the FAF1 UBX domain was truncated to avoid disrupting
the crystal lattice interaction, based on a previous crys-
tallographic study.16 Consequently, we determined the crystal
structure of the p97-N/D1 hexamer complexed with the
FAF1 UBX domain at a resolution of 3.1 Å, refining it to
Rwork values of 19.7% and Rfree of 24.6% (Table 1). 

Within the asymmetric unit of the triclinic crystal sys-
tem, we identified two p97-N/D1 hexamers and twelve
FAF1 UBX domains. Composite omit maps for the FAF1
UBX domain corroborated the accuracy of our model
(Fig. 2a), and the 2Fo-Fc electron density maps for FAF1
UBX domain further validated the presence of the UBX
domains upon reaching refinement convergence (Fig. 2b).

Interestingly, the crystal structure of p97-N/D1 complexed
with the p47 UBX domain showed that three UBX domains
bind to the p97-N/D1 hexamer due to an additional bind-
ing motif preceding the UBX domain, known as the SHP
box.15a Therefore, our current structure suggests that the
FAF1 UBX domain binds to the p97 N/D1 hexamer in a
6:6 stoichiometry.

Comparative Analysis of p97-FAF1 Complex

To construct a comprehensive model of the p97-FAF1
complex, we manually superimposed our crystal structure
onto cryo-EM envelopes. Although rigid-body fitting attempts
using ChimeraX or the PHENIX suite were unsuccessful
with the full-length p97 model,19b,20 our p97-N/D1 struc-
ture was manually fitted into the central position manually

Figure 2. Overall structure of the p97 in complexed with the
FAF1-UBX domain. Ribbon diagrams are overlaid with (a) omit
F
o
-F

c
 electron density maps contoured at 3.0 times RMSD

(shown in green) and (b) 2F
o
-F

c
 electron density maps con-

toured at 1.0 times RMSD (shown in gray). The omit F
o
-F

c
 elec-

tron density maps were generated using Polder Maps from the
PHENIX suite.
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within the envelopes. Intriguingly, upon this fitting, three
of the UBX domains were predominantly situated within
the envelopes (Fig. 3). In contrast, the remaining UBX
domains were located outside these envelopes, which sig-
nifies a stoichiometry of 3:6. An interesting observation
was the presence of N-terminal blobs that showcased a
pseudo 3-fold symmetrical density situated above the UBX
domain. This was intricately connected to the N-terminus
via narrow envelopes. Since the UBX domain in FAF1 is
the sole binding motif, the remaining domains in FAF1,
comprising 570 amino acid residues, are depicted as 3-fold
symmetrical density in the cryo-EM envelopes. The enve-
lope containing the N-terminal domains, including UBA,
UBL, UAS, and CC, in FAF1 spans across two p97 protomers.
Given the hypothesis that six full-length FAF1 units bind
to p97, the N-terminal blob could potentially obstruct the

binding of the adjacent protomer. However, further struc-
tural studies are required to resolve the details. Thus, based
on our structure and structural alignments, UBX domain
alone obviously binds to the p97 hexamer in a 6:6 stoi-
chiometry, because the long N-terminal domains of FAF1
are not disturb spatially. 

CONCLUSION

In this study, we elucidated the crystal structure of p97-
N/D1 hexamer in complex with FAF1 UBX domain, reveal-
ing a 6:6 stoichiometry. Combined with previous cryo-EM
data, our results could suggest that the three full-length
FAF1 interacts with full-length p97 hexamer at a 3:6 ratio.
The distinctive arrangement of the UBX domains within
the cryo-EM envelopes supports this stoichiometry. Addition-
ally, potential steric hindrance from the N-terminal domains
of FAF1 is anticipated at a 6:6 ratio. However, additional
structural studies are required to achieve high-resolution
model. These insights not only deepen our understanding
of the p97-FAF1 interaction but also pave the way for fur-
ther research into its functional roles and potential ther-
apeutic applications.
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