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Abstract: p97(also known as Cdc48 or VCP) is a conserved AAA+ ATPase that plays a key role in diverse
cellular pathways and processes. p97 segregates damaged or misfolded substrates from cellular organelles or
membranes in corporation with its cofactors. These cofactors regulate p97’s function by its directing to different
cellular pathways and have diverse effect on p97’s conformation. Recently, several high-resolution structures
of substrate-engaged p97 in complex with cofactors have been resolved, providing structural insights into the
molecular mechanism of substrate processing. In this review, we present a comprehensive overview of how
p97 in complex with substrate recruiting and substrate processing cofactors recognize, extract, translocate,
unfold and release ubiquitinated substrates.
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1. Introduction

Destabilizing mutations, metabolic challenges, and stress conditions are factors to form
misfolded Destabilizing mutations, metabolic challenges, and stress conditions are factors to form
misfolded state undergoes a twist rotation with respect to the D1 ring[9,17]. Despite the structural
similarities between D1 and D2 domains, D1 binds nucleotides with stronger affinity than D2[20,21].
On the other hand, D2 domain was found as the main contributor of ATPase activity[22]. In addition,
the nucleotide status of D1 changes the conformation of N domain (Figure 1A-D). In the UPS system,
protein ubiquitination, which is a post translational modification, occurs to tag misfolded proteins
using small proteins called ubiquitin molecules[23]. Ubiquitinated substrates then are recognized and
extracted from their binding partners by p97 in complex with various cofactors[24]. In fact, cofactors
control the substrate specificity and regulate p97 function by its directing to different cellular
pathways [10]. There are two different types of cofactors including substrate-recruiting cofactors and
substrate-processing cofactors that act as ubiquitin adaptors and regulators, respectively (Figure 1E).
These cofactors contain binding domains which bind either the N-or C-terminal domain of p97. Most
cofactors bind to N domain of p97 through either UBX or UBXL domains. Some major substrate-
recruiting and substrate-processing cofactors interact with the N domain of p97 via UBXL domain
such as UFD1/NPL4(UN), OTU1/YOD1, and VCIP135[25-28]. There are also cofactors that interact
with p97 N domain through motifs which are including BS1(SHP box), VIM (VCP interacting motif),
and VBM (VCP-binding motif)[28]. These motifs also divide into two groups some of them consist of
a helices, while another group contain short stretches of unstructured hydrophobic sequences that
are seen in BS1 and SHP motifs[29]. On the other hand, a small number of cofactors can bind the C-
terminal disordered region of p97 via either PUB or PUL domains. Cofactors containing UBX domain
can also be divided into two groups including UBA-UBX domain cofactors and UBX-domain
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cofactors[30]. The difference between these groups is that UBX-domain cofactors are the lack of the
UBA domain , and thereby not able to bind the ubiquitinated substrates[30]. So far, more than 13
UBA-UBX proteins have been identified in human such as p47, FAF1, SAKS1, UBXD7, and
UBXD8[30-32]. A variety of mass-spectrometry studies were conducted to understand what type of
ubiquitin chains are recognized by UBA-UBX cofactors. The results showed that Lys48-linked chains
are identified by all these cofactors to target polyubiquitinated substrates for proteasome
degradation[33]. Intriguingly, in addition to Lys48, Lysl1-linked chains have been identified by all
UBA-UBX cofactors [30,34,35].
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Figure 1. p97 structure and different conformational states. A) Primary structure of p97. B-D) Various
conformation of p97 in the presence of different nucleotide and substrate. E) Substrate recruiting and
processing cofactors.

The hetero-dimer Ufd1/Npl4(UN) is involved in more than half of p97’s cellular functions. This
cofactor as one of the most important ubiquitin adaptors recruits ubiquitinated substrates for p97 by
interacting with the lys48-linked polyubiquitin chain[36]. Subsequently, p97 uses ATP hydrolysis by
D2 domain to translocate the polypeptide through the central pore, resulting in unfolding the
substrate[13,37]. In addition, substrate releasing occurs due to the ATP hydrolysis in D1 domain
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and also the cooperation of deubiquitinase cofactor(DUB)[13,38]. Therefore, the polyubiquitin chain
is trimmed by DUB and the remaining oligoubiquitin is then pulled into the central pore. It has been
suggested that at least two polypeptide chains might translocate through the central pore and then
get unfolded, as this process has been reported for other hexametric AAA+ ATPases such as Cdc48,
ClpXP [39,40]. In addition, these AAA+ structures indicate an asymmetric architecture when engaged
with substrates, suggesting a hand-over-hand mechanism of substrate translocation[41-44]. In this
review, we will focus on the main cofactors of p97 and their impacts on p97 conformation and
function. We will then explain in detail the molecular mechanism of substrate processing by p97 or
its fungal homologue (Cdc48) in complex with main cofactors based on the latest reports.

2. p97 Oligomerization

It was reported that almost all p97 structures determined from recombinant p97 produced in E.
coli reveal a hexameric form consisting of six monomers. In addition, it is generally believed that the
D1 domains of p97 recombinant are in ADP bound state even in the absence of nucleotide during
sample purification[6,20,45]. The resolved p97 structure by single particle cryo-EM revealed that
most D2 domains of p97 produced from E. coli are bound with ADP[17]. Furthermore, the nucleotide
status of D1 changes the conformation of N domain, while that of D2 impacts the conformation of
both the a helices number 9 located in C-terminus and disordered C-terminus, resulting in the
oligomerization of p97. Yu et al determined a dodecamer structure of p97 in a tail-to-tail order in
which both D1 and D2 domains are in apo state. They mentioned that since the D2 domain of p97 is
often bound to a nucleotide, the dodecamer state is formed rarely. Therefore, it was reported that p97
dodecamer formation is due to the apo state of the D2 domain[46]. Hoq et al also reported a double-
hexamer p97 structure resolved to 3.6 A in which all the D2 domains were found to be in apo state[47].

It has been also suggested that the D2 domains of p97 hexamer hydrolyze the ATP
sequentially[15,16]. On the other hand, since p97 dodecamer assembly needs all D2 domains to be
empty, this protein is unlikely to be involved in the ATP hydrolysis cycle and UPS-mediated
polyubiquitinated substrate degradation[46]. Therefore, dodecamerization process might keep p97
in hibernation mechanism to preserve ATP consumption[48,49]. In another study by Nandi et al, they
reported the formation of dodecamer state around 30% of particles population from the p97Rr155H
mutant. It was mentioned that the dodecamer seems to be unstable in the presence of nucleotide and
thereby unable to form a complex with cofactor and substrate. However, in the absence of nucleotide,
P97 mutant tends to form p97R155H dodecamer[50]. Thus, different type of nucleotides are the main
elements to dissociate p97 dodecamer into two hexamer forms with an elevated ATPase activity. In
addition, it was suggested that p97 dodecameric formation might be due to the shortage of ATP
concentrations in the cell that leads to keeping p97 in the inactive state. In contrast to Yu et al, Gao et
al reported that p97 in dodecamer state is an active ATPase and participate to process substrate
unfolding[51]. Their resolved dodecamer structure showed that N domain in both sides is in up
conformation when both D1 and D2 are bound to ATPys. However, the other resolved structure of
p97 double hexamer showed N domains are in down conformation when D1 is bound to ATPys and
D2 is in ADP bound state. In addition, it was found that there is an interaction between the C-terminal
extension and a hydrophobic cleft in the D2 domain that is required for both ATPase activity and
substrate unfolding. Moreover, the dimerization interface of p97 including a9 and conserved
residues Arg745-Glu749, which forms a salt bridge with each other, are necessary for dimerization
and substrate unfolding. In the other study by Liu et al, the p97 dodecamer structure was resolved
in 3.0 A° resolution in complex with 12 non-ATP-competitive inhibitors of NMS-873, located in the
D1/D2 interface[52]. In this structure, D1 ATPase sites were observed in the ADP-bound state, while
all D2 sites were without nucleotide. In addition, in contrast to previous study, Liu et al claimed that
the peptide region of Ser765 -Gly779 located in the unstructured C- terminus might induce the
oligomerization of D2 domain. Meanwhile, in agreement with Gao et al, they reported that the
dodecamer form is a real biological state of p97(Table 1).
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Table 1. Details of the p97 dodecamer structures p97-main cofactor complexes.
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3. Interaction between p97 and Ufd1/Npl4(UN)

The heterodimer UN adaptor is required for the activity of p97 in ubiquitin-proteasome system
(UPS), ER-associated degradation (ERAD) pathways, mitochondria-associated degradation (MAD),
and chromatin-associated degradation[32,53-58]. Intriguingly, the UPS misfolded proteins
conjugated with lysine 48 (K48)-linked ubiquitin chains are recognized and processed by p97 in
complex with UN cofactor[36,59]. UN plays a role as bridge to connect ubiquitinated substrate to the
p97 N domain[36,60]. It has been reported that at least five ubiquitin proteins are required for
recognition by the p97 in complex with UN[13], while the efficiency of substrate recognition increases
in the presence of branched ubiquitin chains[37,61]. Ufd1 is composed of an N-terminal domain
(UT3), and a C-terminal domain (UT6) which contains two SHP motifs. UT3 domain which is
structurally similar to the p97 N domain, interacts with both mono- and poly-ubiquitinated substrate(
Figure 2)[62,63]. Ufd1 binds to N-domain of p97 and Npl4 through two SHP motifs and UT6 domain,
respectively[29,64]. Npl4 consists of an N-terminal UBXL domain, a central MPN domain and a C-
terminal zinc finger motif. This cofactor interacts with p97 and ubiquitin protein through UBXL and
zinc finger motif, respectively( Figure 2).[25,65] It has been showed that the interaction of
heterodimeric UN and p97 is bipartite and both SHP1 motif of Ufd1 and the UBXL domain in NPL4
bind different p97 N domains[25,29,65].

Sato et al reported that NPL4 is the main cofactor for recognizing Lys48-linked
polyubiquitylated misfolded substrate in the proteasomal degradation pathway in yeast[53]. They
resolved a crystal structure of Npl4 complexed with Lys48-linked diubiquitin and revealed that both
distal and proximal ubiquitin bind the Npl4 C-terminal domain (CTD). This C-terminal helix contains
an N-terminal hydrophilic residue (Thr), which forms a hydrogen bonding with the NH groups of
Ala46 and Gly47 of ubiquitin, and a central hydrophobic residue (Ile) that is involved in the
interaction with the hydrophobic pocket formed by Leu8, Ile44 and Val70 of ubiquitin. In addition,
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the crystal structure of UN showed that Ufd1 interacts with a hydrophobic groove of the Mpr1/Pad1
N-terminal (MPN) domain of Npl4.

The polyubiquitinated substrate first binds to heterodimer UN and then moves into the central
pore of Cdc48, which is an ATPase in yeast, through ATP hydrolysis by Cdc48- D2 domain[14]. The
biochemical and structural analysis showed that different multisystem proteinopathy (MSP)
mutations in p97 leads to increasing UN binding and substrate processing[66].The reason of tighter
UN binding is a decoupling of p97’s nucleotide state and the preference for the up position of N
domains in MSP mutant p97. Therefore, MSP mutant alters the N-domain movements, resulting in
amplifying UN recruitment and substrate unfolding by p97[66]. In addition, affinity assays indicated
that the amount of intercellular concentration of UN complexed with p97 in wild-type cells is less
than that of UN-p97 in MSP-mutant cells, indicating the increase affinity between p97 and UN due
to MSP-mutations. As a result of exceed binding to UN, less free p97 is involved to interact with other
cofactors, causing a loss of cellular function in further p97-dependent pathways. Furthermore, since
free UN is required for initial substrate binding, the absence of this free UN in mutant cells might
impair p97-UN -dependent cellular functions[5,66,67].

Although the UN is a conserved cofactor among various species, there is an extra zinc finger in
mammalian cells that is located at the C-terminus of Npl4[68]. It was proposed that since only one
heterodimer UN binds to two adjacent p97 N-domains in a bipartite manner, other cofactors could
potentially interact with vacant N domains and form a higher-order p97-cofactor complexes [10].
Moreover, immunoprecipitation of some UBA-UBX cofactors including UBXD7, UBXD8, SAKS1 and
FAF1 contains not only p97, but also UN[30,69]. It is interesting to note that both cofactor groups are
necessary for the export of misfolded proteins from the ER to the cytoplasm and recognize the K48-
linked ubiquitin chain of misfolded substrate. A similar observation was also found in yeast where
Ubxd2(UBA-UBX cofactor) participated in a higher order complex with Cdc48/UN[69]. Biochemical
studies showed that both UBXD7 and FAF]1 just bind to p97 when it is in complex with UN, but not
free p97, indicating a hierarchy mechanism in p97-cofactor formation[70]. It was also observed that
there is no interaction between FAF1 and UN in the absence of p97, while both cofactors bind to p97
with a stoichiometry of 1:1:6. Therefore, binding of UN to p97 might induce an asymmetry
conformation in the p97, resulting in one of the vacant N domains bound tightly to FAF1. To confirm
the hierarchical cofactor binding theory, depletion of UN in Hela cells led to abolishing the co-
immunoprecipitation of FAF1 with p97[71].

In addition to some of the substrate recruiting UBA-UBX cofactors, UN was found in complex
with p97 and a substrate processing cofactor named Otul(YOD1)[26,72]. Isothermal titration
calorimetry (ITC) assay determined that the stoichiometry between Otul and p97/ UN ternary
complex is 1:1 binding. Meanwhile, biochemical studies suggesting a 1:1 stoichiometry of UN
heterodimer and p97 hexamer[14,29,73]. Therefore, one OTU1l cofactor is involved in the
ubiquitinated substrate processing through interaction with one p97 either in the absence or presence
of UN[72].

It was reported that Npl4 plays a major role as a target for some anticancer medicines like the
bis-diethyldithiocarbamate-copper complex (CuET). It has been shown that CuET induces
aggregation and immobilization of NPL4 cofactor, resulting in impairing the cellular protein
degradation machinery of p97/Npl4 in tumor cells[74,75]. In addition, both in vitro and cell-based
assays revealed that under oxidative conditions, CuET inhibits the substrate unfolding process of p97
in complex with UN by releasing cupric ions, leading to disrupting the seesaw motion of Npl4 by
destroying its zinc finger motifs, and locking the necessary conformational switch between Npl4 and
p97[76].

UN also in complex with p97 and via NUB1L participate in the degradation of NEDDS that is a
ubiquitin like protein attached to its substrate. NUBI1L is an interferon-inducible protein that interacts
with p97 and joins to the p97-UN complex bound to NEDDS. The hydrolysis of ATP in D1 and D2
domains alters the p97 conformation and transfers the NEDD8 from Npl4 to NUBI1L. Finally, NUB1L
guides NEDDS to the proteasome system for degradation via interacting with Rpn10 and Rpn1[77].
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Figure 2. Main p97’s cofactors. The domain architecture and predicted cofactors’ structures by
alphafold[78].

4. Interaction between p97 and p47

p47 plays a major role in Golgi reassembly during the cell cycle by recruiting p97 [79]. The UBA
and UBX domains of p47 are the binding site for ubiquitinated substrate and p97 N-domain,
respectively (Figure 2). The UBX domain contains conserved interacting residues that are involved
in hydrophobic interactions with residues Phe52, Ile70, Leu72, Tyr110, and Tyr143 of p97N
domain[70]. p47 can affect the ATPase activity of p97 and lower concentration of p47 avoids the ATP
from binding to D1 domain. This prevents ATPase activity of both D1 and D2, because the binding
of ATP to D1 is necessary for hydrolysis activity of D2 domain[80]. However, at higher concentrations
of p47, this protein promotes more ATP binding to D1, resulting in hydrolysis ATP by D2 domain[80].
Moreover, the result of binding affinity between p47 and p97 in the absence of nucleotide showed
that there are two different equilibrium affinity constants (KD values), suggesting there may be two
different binding sites within p47[29]. In addition, it was found that p47 binds 10-fold more strongly
to p97 in ATP-bound state compared to that of in ADP-bound state[81]. Therefore, the interactions
between p47 and p97 residues are related to the bound nucleotide state of p97. P47 also contains
intrinsically disordered regions including SHP motif and SEP-interacting motif (SIM) that are critical
for regulating the interaction between p47 and p97[82]. Biophysical studies showed that p47 interacts
with p97 N domain through both SHP motif (SHPN-terminus-SHPC-terminus) and UBX domain, indicating
UBX domain and SHP motif have various binding sites on p97 N domain. However, two SHP motifs
might seem to compete for the same interacting site on p97 N domain. In addition, SIM motif forms
intramolecular contacts with SEP domain in either isolated p47 or when it is in complex with p97.
This intramolecular interaction may facilitate delivery of ubiquitinated substrate from p47 UBA
domain to p97. Previously, it was claimed that p47 forms a high-affinity trimer that is so
stable[79,80,83]. However, a combination of analytical ultra-centrifugation(AUC), SAXS, and DLS
analysis showed that p47 is completely monomer and not trimer[82]. A model of p97-p47 complex
obtained from cryo-Em map showed that p47 forms a complex with p97 in both apo or ATP states
through UBX and SHPcerminus which interacts with p97 N-domain. In addition, p47 SEP domain
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seems to interact with p97 D1 domain and localized in the center of p97 ND1. Moreover, SHPN-terminus
interacts with the adjacent p97 N-domain, indicating interactions are related to the bound nucleotide

apo/ATP

state of p97. Therefore, p47 can interact with p97 either bipartite or tripartite, while the

interaction between p47 and p97ADP bound state is bipartite (Figure 3).
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Figure 3. A schematic model of p47-p97 complex in ATP and ADP bound state. A) p47-p97 complex
in ATP-bound state (N domain in up conformation). B) p47-p97 complex in ADP-bound state (N
domain coplanar with D1).

5. Interaction between p97 and p37

p37 is the other p97’s cofactor that is involved in Golgi and ER biogenesis like p47 and plays a
pivotal role in the maintenance of Golgi and ER during interphase and reassembly of them at the end
of mitosis[84]. This cofactor contains SEP and UBX domains which have a highly homology with
those of p47(Figure 2). In addition, both proteins need VCIP135 deubiquitinase for Golgi
biogenesis[30]. However, p47 is more active in reassembly of organelles at the end of mitosis, while
p37 is specialized for organelle maintenance during interphase and reassembly of them during
mitosis. The structural differences between p37 and p47 is the lack of UBA domain in the N-terminus
of p37, which this domain in p47 binds to monoubiquitinated substrate in the presence of p97, and
also the absence of the amino acid region 69-92 found in p47 [60,80]. Nevertheless, the biochemical
binding assay showed that p37 does not bind the ubiquitin protein in either the presence or absence
of p97. In addition, unlike p97/p47 complex, adding a ubiquitin mutant had no effect on p97/p37-
dependent Golgi reassembly in vitro[84]. The other differences is that although both p47 and p37
regulate the p97 ATPase activity via binding to the N-terminus of p97 and induce conformational
changes, which results in regulating ADP/ATP binding to the D1 domain, p47 inhibits the ATPase
activity of p97, while p37 increases the p97 ATPase activity[80]. The mechanisms of regulation are
not yet understood and require a comparison between p97-p47 and p97-p37 complex at high
resolution.

There are some conserved residues in the UBX domain of both cofactors that form hydrophobic
interactions with p97 N domain residues including PHE52, PRO106, ILE 70, ARG 53, LEU 72 and
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TYR 110[85,86]. Moreover, the SEP domain in both p37 and p47 directly bind protein phosphatase 1
inhibitor 3 (I3), a ubiquitin independent substrate of p97, and extract it from SDS22-PP1-13 complex
(SPT) [82,87-90]. According to immunoprecipitation from cells and in vitro unfolding assay, p37 in
complex with p97 recognize and bind an internal recognition site (IRS) within I3 substrate of the SPI
complex[89]. The IRS peptide loop is then translocated into the p97 rings and threaded through the
central pore, resulting in disassembly of the SDS22-PP1-13 complex (Figure 4). The cryo-EM of p97-
p37-SPI substrate complex revealed that PP1, along with its associates SDS22 and inhibitor-3 (I3), is
firmly attached to p97. Surprisingly, this attachment occurs through direct contact between SDS22
and the p97 N-domain. p37 cofactor, which serves as a bridge connecting two neighboring p97 N-
domains beneath the substrate complex facilitates the loading process. Subsequently, a segment of 13
is inserted into the central pore of the hexameric structure of p97 arranged in a spiral shape, while
additional components of I3 stay linked to PP1, suggesting a mechanism where p97 facilitates
disassembly through a hold-and-extract process[91].
PP1

SDS22 13 .

Cdca8/p97

Pore loops

Figure 4. A schematic model of I3 processing by p97 in complex with p37. The p97 interacts with
SDS22-PP1-13 complex through p37 cofactor. I3 is inserted into the p97 rings as peptide loop. The
threading of I3 initiates the disassembly of the SDS22-PP1-I3 complex, allowing for the subsequent
assembly of active Protein Phosphatase 1 (PP1) complexes.

6. Substrate processing by p97 in complex with cofactor

Recently a variety of in vitro experiments have been conducted on purified Cdc48 in complex
with UN cofactor and a polyubiquitinated model substrate to understand the mechanistic function
of substrate processing by Cdc48[13,14,37,92]. Bodnar et al showed that UN cofactor can decrease the
overall Cdc48 ATPase activity in the absence of substrate. In addition, substrate containing K48-
linked polyubiquitin chain can bind to the p97 through UN cofactor. Substrate binding to the p97 in
complex with UN leads to decreasing the ATPase activity in the D1 domain, altering the position of
N domain to up conformation and enhancing ATP hydrolysis in the D2 domain[13]. Releasing the
energy due to converting ATP to ADP generates the pulling force in aromatic pore loop residues of
the D2 ring that causes movement of substrate through the central pore and its unfolding. During the
translocation of substrate, most of the polyubiquitin remains bound to the UN, while a few of the
ubiquitin chain enter the p97 central pore along with the substrate. Moreover, the ATP hydrolysis of
D1 domain is necessary for releasing the substrate that happens through the cooperation between the
Cdc48 and a deubiquitinase(DUB) processing cofactor. At this stage, the position of N-domain
changes to down conformation due to the ATPase activity of D1 domain and thereby DUB cofactor
has more access to the polyubiquitin chain for its trimming. Finally, the remaining oligoubiquitin
chain is translocated through the central pore of Cdc48 and become unfolded (Figure 5)[13]. The
research findings have indicated that at least two polypeptide chain can place in the central pore,
which is consistent with other hexameric ATPease in different organisms[39].
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1

Figure 5. Substrate processing by the Cdc48 in complex with UN and Otul. A Schematic model of
substrate translocation, unfolding and releasing pathway by the Cdc48 in complex with UN and Otul.

In the other study, the structure of the Cdc48 ATPase with UN in complex with polyubiquitin
substrate was determined using single-particle cryo-EM analysis in the presence of either ATPys or
ADP [14]. According to the resolved structure, four ubiquitin molecules are bound to the Cdc48 in
complex with UN heterodimer cofactor. Since the interface between Ufd1 and Npl4 is very small, it
might seem that Npl4 is separated after binding the ubiquitylated substrate. However, Ufd1 might
be able to keep its connection with Cdc48 because of two SHP motifs. The UN cofactor needs at least
five ubiquitin proteins to interact with substrate [92]. One of the ubiquitin molecules binds UT3
domain of Ufdl, and the other one is in the gap between MPN domain of Npl4 and the ATPase
domain of p97, which this interaction might seem to be an initiation site for translocating into the
central pore. Moreover, further ubiquitin protein binds the Npl4 domains apart from UBXL domain.
Therefore, Npl4 binds directly to the ATPase ring of p97 and likely serves as a universal gatekeeper
for all ubiquitin proteins which require translocation through the central pore of Cdc48 [14]. Cdc48
in complex with UN cofactor extracts polyubiquitilated and misfolded substrates from membrane
and cellular organelles via a pulling force. The two ATPase domains (D1 and D2) play distinct roles,
causing substrate unfolding and releasing via translocation into the central pore of Cdc48.
Furthermore, the cooperation between Cdc48 and a deubiquitinase is required for the releasing
substrate through the trimming the polyubiquitin chain to oligoubiquitin substrate[13]. A cryo-EM
structure of the Cdc48 in complex with UN and polyubiquitinated substrate showed that substrate
processing is started by unfolding a ubiquitin molecule. According to the structure, two ubiquitin
proteins are at the top of Npl4, and surprisingly the further ubiquitin bound to a conserved groove
of Npl4 is unfolded and inserted into the Cdc48 central pore[16]. Intriguingly, the unfolding process
of this ubiquitin occurs through the interaction of its N-terminal domain with both Npl4 groove as
well as Cdc48 and does not require ATP hydrolysis. The insertion of ubiquitin N-terminus into the
central pore leads to engagement of the D2 pore loop residues and pulling on the N-terminal segment
through ATP hydrolysis. The subunits of D2 ring from A to F form a staircase shape through
engaging and disengaging with ATP and drag the polypeptide by interacting with every peptide
attached to the substrate. In other words, the power stemmed from ATP binding and hydrolyzing in
a rotary way in D2 subunits causes branch point movement through the central pore and unfolds the
attached Ub(1). In addition, as a result of pulling on the proximal ubiquitin chain, Ub(-1) becomes
unfolded. Finally, the substrate goes through the ATPase rings and become unfolded. It has also been
mentioned releasing substrate from the Cdc48 complex needs cleavage of the distal ubiquitins Ub(2)
-Ub(4) by a DUB cofactor.
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Pan et al worked on human p97 to determine its interaction with UN cofactor and compare it
with the resolved structure of Cdc48 complexed with UN[76]. Human Npl4 contains an additional
C-terminal zinc finger motif in compared to that of fungal homologue[93]. The further differences is
that fungal Npl4 binds to the D1 ring of Cdc48 by both zinc finger motifs, while human Npl4 binds
to the D1 ring by just one zinc finger motif[76]. Three different conformational states of human p97
in complex with Npl4 were resolved in both the absence and presence of the polyubiquitinated
substrate. The state 1&II revealed that Npl4 interacts with the D1 ring of p97 through its zinc finger
motif 1. However, the main difference between these two states is that the MPN and CTD domains
of Npl4 rotate by ~ 8°and displace by ~13 A° with ZF1. In state III, Npl4 binds to the groove of the D1
domain through zinc finger 2. The zinc finger 3 was not observed to be involved in the interaction
with D1 domain, but it was close to one of the p97 N domains. Meanwhile, another three major
conformational states were resolved in the presence of polyubiquitinated substrate. Intriguingly, both
state I and 1II of substrate-engaged p97 in complex with Npl4 were the same as those of structures
without substrate. However, in substrate-engaged state III, the density of a single ubiquitin was
observed on top of Npl4. The cryo-EM structure of substrate-engaged Cdc48 in complex with UN
showed that a single unfolded ubiquitin binds in the groove of fungal Npl4 and then goes through
the central pore of Cdc48, while none of these three substrate-engaged states of p97 showed the
ubiquitin density in the groove of Npl4[14,16,76]. This might suggest that the resolved structures
were in advance of ubiquitin unfolding and the substrate translocating. Therefore, since the
unfolding of a single ubiquitin did not take place in the resolved structures of human p97 in complex
with UN and polyubiquitin substrates, there might be a different mechanism between human 97 and
fungal Cdc48. In addition, the structure of p97 complexes revealed a seesaw motion of Npl4 on top
of the D1 ring which may initiate unfolding of the substrate. They also suggested that the reason of
seesaw motion of Npl4 might be due to the interaction of one zinc finger motif with the p97 N
domains. Therefore, the seesaw motion of Npl4 may occur when N-domain undergoes
conformational changes upon ATP hydrolysis in the D1 and D2. In the further study by Pan et al,
they worked on human p97 to determine its substrate processing in cooperation with UN cofactor. A
series of cryo-EM structures of substrate-engaged p97 in complex with UN was reported in several
working states. The obtained structures revealed that both the D1 and D2 domains undergo a specific
conformational change upon substrate processing in their rings named power stroke motion[94]. This
motion seems to be a unique feature for human p97, as it has not been reported for the other p97
homologues. In addition, it has been mentioned that the D2 ring has more ATPase activity compared
to D1 ring and provides the force for substrate translocation through the backbone hydrogen
bonds[22,94]. Therefore, the pore loops of D2 ring might seem to play a more significant role in
interacting with the substrate. On the other hand, both structures of CDC48 and p97 showed fewer
interactions between pore loops of D1 ring and translocating peptide[16]. Furthermore, it has been
shown that Npl4 cofactor might play an important role in starting the translocation of substrate
through unfolding the ubiquitin chain and guided it into the central pore by a seesaw motion. In the
next step, the peptide, which is now in thread form, is captured by the pore loops in D1 and D2 rings.
Following interaction with the substrate, both D1 and D2 rings undergo conformational change and
get compressed to spiral forms. During the sequential ATP hydrolysis in D1 and D2 domains that
provides the power stroke motions in their rings, the peptide is translocated downward into the
central pore of p97 from the N-terminus to the C-terminus. The direction of substrate translocation is
similar to that of Cdc48[15,16]. According to the solved structure, the density of the translocating
substrate in D2 ring is much better than it is in D1 ring, which implies a stronger interaction with
residues in pore loop-I of the D2 domain including Met550, Trp551, Phe552. These residues interact
with the substrate like a pitching grip. Two hydrogen bonds are formed between one residue of
translocating peptide, and both Met 550 and Phe 552 residues in each pore loop 1. Therefore, 12
residues of pore loop-I in D2 domain are involved in the hydrogen interaction with every other
residue of translocating peptide. The pore loop-I residues in the D2 create a spiral in the open state
in which chains F and E are at the bottom and up, respectively. However, in the closed state, chain F
is separated from the translocating substrate. Moreover, the density of pore loop-II in D2 ring (Chains
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A to E) were resolved but at lower resolution. Meanwhile, pore loop-II residues are not engaged in
hydrogen bonds with residues of translocating peptide, indicating their less important role in
substrate translocation. The substrate unfolding assay indicated that mutation of pore loop-1
residues in D2 ring abolish p97’s unfoldase activity, while mutation of pore loop-II residues showed
no effect. Pore loop-I residues in D1 ring bind to the translocating peptide in the same way as that of
D2 ring. However, only four chains (B-E) are involved in the interaction with residues Lys277, Leu278
and Ala279(Figure 6). Moreover, two pore loop-II in D1 ring (Chains C and D) are engaged in the
interaction with the translocating peptide by creating a hydrogen bond through His317.

A Npl4 B

5 9 "1" *

e T o

" S ‘ ’g _‘
YT X

:;.: Chain F

&
K

Figure 6. Substrate processing by complex of human p97 and UN. A) The side-view of resolved
structure of substrate-engaged p97 in association with Npl4(PDB: 7LN6). B) Interactions between the
pore loops and translocating peptide. Interacting residues of pore loop I in D1 and D2 rings were
colored in rainbow order from red to blue (residues K277, L278 and A279 from chain A are not
involved in the interaction with translocating peptide). Interacting residues of pore loop I in D1 ring
are colored in gray.

The design of small molecules that interfere with the binding and assembly of cofactors is an
attractive alternative to develop cofactor-specific inhibitors. The small molecule drugs can directly
and uniquely bind to p97 and inhibit mutant p97’s activity. However, the lack of complete high-
resolution structures of p97-cofactors impairs development of cofactor-specific inhibitors. Ji et al
explained how the Cdc48 unfolds one ubiquitin, and translocates polypeptides, and how it releases
its substrates[95]. According to in vivo, in vitro experiments and cryo-EM structure, the Cdc48 in
complex with UN cooperatively recognize and bind the polyubiquitin chains with little or no
specificity for the attached substrate. In agreement with the study of Twomey et al, they mentioned
the interaction between Cdc48-UN complex and polyubiquitin chains initiate without the need of
ATP hydrolysis, which leads to the unfolding of one of the ubiquitin molecules. The initiator
ubiquitin needs to be succeeded into the polyubiquitin chain in which two folded ubiquitin are bound
to top of Npl4 and two to the UT3 domain of Ufd1. It was also mentioned N-terminus of unfolded
ubiquitin is separated from the rest of ubiquitin and captured by its insertion into the Cdc48 D1
ring[95,96]. The separated N-domain is engaged into the D2 pore loops and pulled through the
central pore by ATP hydrolysis[16,95]. Dislodging the segment of ubiquitin which originally bound
to the Npl4 groove leads to releasing folded Ub1 and Ub2 from Npl4. It was also seen that when the
branch of initiator ubiquitin reaches the D1 pore, the C-terminus of initiator ubiquitin is translocated
through the central pore but not the distal ubiquitin (Figure 7). This selectivity might be because
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Cdc48 uses less energy for translocation the unfolded C-terminal segment rather than the folded Ub1.
Therefore, Ubl and distal ubiquitins remain folded and place outside of the central pore of Cdc48.
Translocating the initiator ubiquitin resulting in pulling the next branchpoint which is linked to the
C-terminus of imitator ubiquitin. Since Cdc48 sequentially translocates all ubiquitin proteins located
between the initiator and substrate, it might unfold both N- and C- terminus. There are two
hypotheses about the number of polyubiquitin chain which insert into the central pore. The first one
is that, as Cdc48 D2 pore loops surround one single polyubiquitin chain, the ATPase might
translocate just this single branch and unfold the entire substrate in multiple rounds. However,
according to the models of Vps4 and ClpB ATPases, two strands can be translocated at the same
time[97,98]. Therefore, the second hypotheses might be that p97 or Cdc48 can pull several branches
through their central pore stimulatingly. The entire unfolded polypeptide containing proximal
ubiquitins and substrate is released from the central pore, while the distal ubiquitins seems to move
outside of the ATPase. At the end, deubiquitinase cofactor (Otul) might trim the unfolded ubiquitin
chain to prevent the unfolded polyubiquitinated substrate re-binding to the ATPase complex. In
addition, it was indicated that the substrate carrying an Otul is released from the complex of Cdc48
and UN which does not rebind. However, the previous study mentioned Otul may release the
unfolded substrate from the complex by trimming all distal ubiquitins leading to substrate
translocation through the central pore[13].

Ub(-1) Ub(1)

mEos3.2-substrate

Cdc48

Unfolded Initiator

Unfolded Ub(-1)
Unfolded Ub(-2)

Unfolded substrate

Figure 7. Model of substrate translocation and unfolding steps by the complex of Cdc48 and UN.

The side view of substrate engaged Cdc48 in complex with NPL4 based on resolved structure of
Cdc48 in association with polyubiquitinated substrate ((PDB:1UBQ, PDB: 60A9)). The magenta
sphere shows unfolded initiator ubiquitin. The proximal and distal ubiquitin proteins are indicated
as orange and brown ubiquitin molecules, respectively. Translocated, unfolded ubiquitin proteins
and substrate are illustrated as spirals.

The Cdc48 has a 6-fold rotational symmetry (C6) in the absence of substrates [7,14,17]. Cooney
et al designed a co-immunoprecipitation (Co-IP) assay for purifying Cdc48 and native substrate
through the substrate recruiting adaptor-shpl(homolog of human p47) to determine the different
structural states of Cdc48 with and without substrate[15]. The Cdc48 complex structure in the absence
of ADP-BeFx, which is a non-hydrolysable nucleotide analog, displayed a rotational symmetric with
no density for substrate. However, the further complex in the presence of ADP-BeFx displayed an
asymmetric configuration with a density for a substrate. According to the cryo-EM model of substrate
engaged Cdc48 in complex with shpl,
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several interactions between UBX domain of shpl and Cdc48 N domain are observed, including
UBX residues Lys 359, Val 417, Asn 415, Ser 416, Val 417, and Gly 358, and Cdc48 N residues Lys 119,
Cly 64, Phe 62, Tyr 120, Lys 119, Asp 65, and Arg 63. Intriguingly all the Cdc48 N domain residues,
which are involved in the interaction with residues of Shpl UBX domain, are conserved in human
P97 N domain and participate in the interaction with UBX residues. In addition, there are some
interacting residues such as Val 417, Asn 415, and Gly 358 which are conserved in the UBX domain
of both yeast Shp1 and human p47. The cryo-EM model also showed that the native substrate passes
through the central pore of both the D1 and D2 rings (Figure 8A). In this model, the subunits A to E
of both D1 and D2 domains are connected by 60° rotation that form a helical symmetry. However,
the subunit F, which occupies two positions and form two conformations, is displaced from substrate.
In addition, the interfaces of subunits AB, BC, CD and DE are stabilized through binding of ATP to
the active site of A, B, C and D, respectively. This pattern provides a condition for substrate to interact
in a 3-strand conformation with Cdc48 pore. Hydrolysis of ATP at the D active site leads to decreasing
the DE interface and allowing subunit E to move to the transitioning F state. The whole process is
repeated by allowing the interface to exchange ADP to ATP and translocating A to the previous
position. Therefore, the mechanism of hand over hand was suggested for substrate engagement and
translocation through the central pore of Cdc48 in the presence of ATP analog and Shp1 adaptor[15].
According to both biochemical and resolved structure of Cdc48-Shpl-substrate, aromatic residues in
D2 domain (W561and Y562) are more important for substrate binding and translocation compared
to flexible or small D1 residues(M288 and A289) which bind substrate less tightly(Figure
8B)[13,15,37]. Furthermore, the less strong density of substrate has been observed in the D1 domain,
indicating that the D2 domain is more significant for substrate translocation than D1 domain[13,37].
Moreover, the engaged residues of D2 domain are aromatic and seem fit for substrate binding. On
the other hand, the D1 domain contains flexible and small residues that probably bind substrate less
tightly and may cause slippage[99]. The hand over hand mechanism of substrate translocation was
also observed in the other AAA+ ATPases including VAT, Vps4, proteasome, YME1, NSF, Hsp104
and ClpB, suggesting the same mechanism in these other AAA+ ATPases[15,42,43,97,100-110]. In
addition to Cdc48-Shpl complex associated with native substrate, the model of substrate-engaged
P97 in complex with p47 showed an asymmetric reconstruction in which five of the six p97 monomers
are in a helical arrangement. In contrast to subunit F, the five well-ordered and helical subunits (A-
E) are involved in the subunit translocation (Figure 8C)[111]. Meanwhile in agreement with
substrate/Cdc48 complex model, the substrate-engaged p97 subunits (A-E) are connected to each
other by an ~60° rotation. In addition, both Pore loop 1 and 2 residues from D1 and D2 participate
in substrate binding. These tight interaction with substrate formed by the pore loop 1 residues
including Lys 277, Leu278 and Ala279 from D1 domain and Trp551-Phe552 from D2 domain (Figure
8D). The density of substrate in D1 is weaker than that of D2 domain, indicating a weaker interaction
with the residues located in D1 pore loops which is consistent with the study of Cooney et al. On the
other hand, the interaction between the aromatic residues in D2 and the side chain residues of
substrate create stronger binding. Intriguingly, key residues in substrate binding and translocation
are mainly conserved among both p97 and Cdc48. The K277, L278, and A279 pore loop 1 residues in
the p97 D1, and K287, M288, as well as A289 in the D1 ring of Cdc48, are all important for substrate
translocation. These residues interact with the substrate and help to move it through the central pore.
Similarly, the aromatic residues M550, W551, and F552 in the p97 D2 Pore loop-], and the conserved
residues W561 and Y562 in the Cdc48 D2 Pore loop-I, form a hydrophobic pocket that can interact
with hydrophobic residues on the substrate, allowing it to be pulled into the central pore.

The interaction of both pore loops I and II with the substrate residues explain how p97 and other
AAA unfoldases could bind and translocate many various protein substrates[41,111].


https://doi.org/10.20944/preprints202409.1194.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2024 do0i:10.20944/preprints202409.1194.v

UBX-P47

UonBIO[SUBL],

B Translocating peptide
M Chain A
W Chain B
Chain €
M chainD
M chaine

Figure 8. Cryo-EM models of the Cdc48-Shpl-subtrate complex (PDB: 60PC) and substrate-engaged
p97 in complex with p47 UBX (PDB: 7MHS). A) side view of Cdc48 monomer complexed with Shp1-
UBX and substrate in ribbon and spheres representations. B) Side view of translocating substrate
(magenta spheres) and surrounding pore loop residues (Interacting residues were colored in rainbow
order from chain A(red) to chain E (blue). C) Side view of a p97 protomer (subunit D shown) with the
associated p47 UBX domain and engaged substrate(magenta). D) translocating substrate surrounded
by interacting residues (Interacting residues were colored in rainbow order from chain A(red) to chain
E (blue).

Arie et al hypothesized that p97, in conjunction with its cofactor UN, undergoes specific
structural transitions that regulate substrate processing and that these transitions are linked to the
ATPase cycle of p97. The aim of the study was to resolve the structural changes involved in the early
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stages of UN binding and substrate processing. This study identified mutants that stabilize
intermediate conformations without impairing p97’s activity, allowing the capture of discrete states
involved in cofactor binding[112]. Specifically, the p97 F539A mutant was shown to stabilize a
conformation where two D1 protomers are ATP-bound while the others remain in the ADP state.
This intermediate conformation likely facilitates interaction with UN and represents a key state
during the p97 catalytic cycle. In addition, the study demonstrated that the presence of UN induces
a conformational change in p97’s N-terminal domain (NTD) to a configuration where five of the
NTDs are in the ATP-bound "up" state. This conformational shift was shown to prevent nucleotide
hydrolysis until substrate processing by the D2 ring is complete. This hierarchical control between
the D1 and D2 rings enhances coordination in substrate handling, with D1 regulating substrate
recruitment and D2 mediating translocation and unfolding. One limitation of this study was the
absence of a specific p97 substrate to track the various stages of substrate processing and unfolding.
The p97 F539A mutant, which behaves similarly to a "cold-sensitive" variant, becomes fully active
only at higher temperatures. This characteristic could help capture distinct steps in the substrate
unfolding process if analyzed through cryo-EM at lower temperatures using a substrate model.
Another limitation was the inability to assign a specific density to Ufd1 within the p97-UN complex,
despite attempts to do so.

Further study by Oppenheim, et al provided new structural insights into the interactions within
the Cdc48-Npl4-Ufdl (UN) ternary complex, which is critical for protein quality control. By
combining crosslinking mass spectrometry (XL-MS) with integrative modelling, the researchers
mapped interactions between Npl4, Ufdl, and Cdc48[113]. Their key hypothesis focused on
identifying how specific residues stabilize this complex, particularly Cys115, a highly conserved
cysteine at the Cdc48-Npl4 binding interface. Mutation of Cys115 to serine disrupts the interaction
between Cdc48 and Npl4, leading to impaired complex stability, reduced cell growth, and altered
protein degradation. Their findings highlight that Cdc48's N-terminal domain (NTD) serves as a
multi-partner domain for binding various cofactors, including the UN complex. They demonstrate
that Cdc48's NTD stabilizes the complex, primarily interacting with Npl4, while Ufd1 remains
flexible. The study also suggests that Cdc48's preference for Npl4-binding may play a role in its
diverse interactions with other cofactors. Mutations affecting the Cdc48-Npl4 interface have broader
implications for protein degradation, cellular growth, and potential therapeutic targets for disrupting
Cdc48 activity.

7. Conclusion and Future Directions

Human p97 is a critical therapeutic target for treatment of cancer and neurodegenerative
diseases. The study of substrate engagement mechanism, translocation and unfolding by p97 in
complex with cofactor clarify how uncontrolled cell division or missense mutations in human p97
affect substrate processing functions of the complex.

In recent years, many studies have carried out to unravel the molecular mechanism of substrate
processing by ATPase complex. However, there are still some major questions that need to be
considered. For instance, it is not clear whether p97 act upstream of shuttling factors and proteasome
and deliver unfolded substrate to them, or p97 act both upstream and downstream of the proteasome.
In addition, the impact of cofactors on p97’s conformation and function remains poorly understood.
Meanwhile, the role of substrate-processing cofactors to release the unfolded protein after processing
by p97 remains still unanswered. Although some structures of substrate-engaged p97 in complex
with cofactor have been resolved, it is still unclear what the role of unresolved(flexible) domains of
cofactors is in the substrate processing mechanism. It is still unclear how each specific cofactor
recruits p97 in a distinct cellular function. To address these important questions, there is a need to
combine structural biology methods with structural dynamics techniques. The hybrid structural
studies provide clear insight into the atomic-level structure of substrate-engaged p97 in complex with
cofactor, and conformational change of the complex upon protein-protein interaction. This structural
information allows to understand function of both p97 and its cofactors in more details to develop
drugs against disease-relevant functional property of p97 which target cofactor association.
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