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The hexameric type Il AAA ATPase (ATPase associated with i@us activities) p97 (also
referred to as VCP, Cdc48, and Ter94) is critically involved a variety of cellular activities
including pathways such as DNA replication and repair whiclboth involve chromatin
remodeling, and is a key player in various protein quality cdrol pathways mediated
by the ubiquitin proteasome system as well as autophagy. Ceespondingly, p97 has
been linked to various pathophysiological states includign cancer, neurodegeneration,
and premature aging. p97 encompasses an N-terminal domaintwo highly conserved
ATPase domains and an unstructured C-terminal tail. This eyme hydrolyzes ATP and
utilizes the resulting energy to extract or disassemble ptein targets modi ed with
ubiquitin from stable protein assemblies, chromatin and nmbranes. p97 participates
in highly diverse cellular processes and hence its activitis tightly controlled. This is
achieved by multiple regulatory cofactors, which either aciate with the N-terminal
domain or interact with the extreme C-terminus via distincbinding elements and target
p97 to speci c cellular pathways, sometimes requiring the gmultaneous association with
more than one cofactor. Most cofactors are recruited to p97 lhrough conserved binding
motifs/domains and assist in substrate recognition or proessing by providing additional
molecular properties. A tight control of p97 cofactor speccity and diversity as well as the
assembly of higher-order p97-cofactor complexes is accomtished by various regulatory
mechanisms, which include bipartite binding, binding sitecompetition, changes in
oligomeric assemblies, and nucleotide-induced conformapnal changes. Furthermore,
post-translational modi cations (PTMs) like acetylationpalmitoylation, phosphorylation,
SUMOylation, and ubiquitylation of p97 have been reported hich further modulate
its diverse molecular activities. In this review, we will deribe the molecular basis of
p97-cofactor speci city/diversity and will discuss how PTMs can modulate p97-cofactor
interactions and affect the physiological and patho-physiogical functions of p97.
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Hanzelmann and Schindelin Regulation of p97 Cofactor Assembly

INTRODUCTION (RQC), which is involved in the degradation of stalled nascen
peptides (ribosome-associated degradati@nandman et al.,
p97 (also known as VCP, Cdc48, and Ter94) belongs to the01). Recently, it could be shown that p97 is involved in the
functionally highly diverse AAR (ATPase associated with removal of damaged lysosomes by autophaggp@dopoulos
various cellular activities) superfamily of proteins, whigh etal., 201). Due to its participation in essential cellular processes,
characterized by conserved ATPase core domains. Througi®7 has been linked to pathophysiological states includingesan
speci ¢ structural elements, like for example additional dins  neurodegenerative disorders and premature aging (reviéwed
and insertions as well as dierent oligomeric arrangementsChapman et al., 2011; Fessart et al., 2013; Franz et al., T20ity;
they act as molecular motors by using conformational changeand Xia, 201f Mutations of p97 are causative of three protein
induced by ATP hydrolysis to perform mechanical work on manyaggregation diseases (proteinopathies; review@din and Xia,
di erent substrates (reviewed ircrzberger and Berger, 2006; 2016: Multisystem Proteinopathy (MSP), Familial Amyotrophic
Wendleretal., 200)2p97 is a type Il AAAC protein composed of  Lateral Sclerosis (FALS) and Charcot-Marie-Tooth Disehgae
two hexameric ATPase rings (formed by its D1 and D2 domainsy (CMT2Y).
that stack on top of each other and an additional N-terminal The functional diversity of p97 is regulated, amongst other
domain important for cofactor and substrate binding€LaBarre  mechanisms, by a large number of regulatory cofactors, lwhic
and Brunger, 2003, 2005; Davies et al., (Biyure 1A). Like  either associate with the N-terminal domain or interact fwit
all hexameric AALC ATPases p97 features a central cavitythe extreme C-terminus via distinct binding motifs/domaiasd
or pore lined by putative substrate interacting loops. Furthettarget p97 to specic cellular pathways, sometimes requiring
members belonging to this group, referred to as NSF/Cdc48/Pehe simultaneous association with more than one cofactor
family, are the N-ethylmaleimide-sensitive fusion prot@NSF)  (reviewed inBuchberger et al., 20).6Figure 10). Furthermore,
involved in vesicular transport processes (reviewedlino and  post-translational modi cations (PTMs) like SUMOylation,
Brunger, 201); SPATAS (spermatogenesis associated 5) and NViibiquitylation, palmitoylation, acetylation, and phosphojda
(nuclear VCP-like) (Drgl and Rix7 in yeast) involved inribose  of p97 have been identi ed by site-speci ¢ techniques and/or
biogenesis (reviewed iressler et al., 20)as well as PEX1 and high throughput proteomicsKang et al., 203 @®hosphoSitePlus,
PEX6 involved in peroxisome biogenesis (reviewedsimmm  http://www.phosphosite.org,Hornbeck et al., 20)5 More
et al., 2015 A feature unique to p97 is its 76 amino acid long,importantly, these modi cations were proposed to modulate the
unstructured C-terminal extension, which is highly exébnd diverse molecular activities of p97.

is involved in the regulation of the ATPase activity and coda p97 contains 12 ATP binding sites, 6 in each ATPase ring,
assembly, the latter being modulated by phosphorylatibn ( which are located at the interface of adjacent monomers.
etal., 2008; Ewens et al., 2010; Niwa et al., 2012 Upon ATP-binding and hydrolysis signi cant conformational

p97 participates in many di erent cellular pathways involvedchanges occur, which are transmitted via long exible lirke
in the regulation of protein homeostasis, membrane fusiod anfrom the D2 domain to the D1 domain and further to the
vesicular tra cking as well as chromatin-associated fuoos N domain (Figure 1D)(Banerjee et al., 2016; Na and Song,
(reviewed inMeyer et al.,, 2012; Meyer and Weihl, 2D1¥  2016; Schuller et al., 201f@viewed inXia et al., 2016 These
all these processes p97 extracts or disassembles ubquitylagenformational changes, which are regulated by intrademai
substrates from membranes, chromatin or, in general, fronfwithin the same protomerye et al., 2003; Chou et al., 2014
large protein complexes often, but not always, resulting irand interdomain (between adjacent protometsyang et al.,
downstream degradation by the proteasontéig(re 1B): (i) 2012; Li et al., 2012; Hanzelmann and Schindelin, 2p16b
p97 has been shown to extract di erent ubiquitylated proteinssignaling mechanisms include: (i) Opening and closing of the
from chromatin in processes such as cell cycle regulatiomd2 pore; (ii) Rotational movement of the ATPase rings; (i) Up
transcriptional and replication stress responses, severah DNand down movements of the N domain. In addition, through
repair processes (nucleotide excision repair, double straedk these conformational changes the D1 and D2 domains move
repair), or replication. Subsequently, these proteins areeeit slightly apart from each other forming an additional channel
degraded by the proteasome or recycled to modulate thigading into the D2 pore Na and Song, 20)6 The upper
dynamics of chromatin regulators (reviewed franz et al., part of the D2 pore has a constriction near the center, which
2019; (i) p97 is also involved in various membrane tra cking is formed by the six side chains of the D1 residue His317,
processes, including Golgi reassembly at the end of mitosls aa structural element referred to as the His-gafee(aBarre
in endocytosis (reviewed ikleyer, 2005; Bug and Meyer, 20;12 and Brunger, 2003, 2005; Hanzelmann and Schindelin, 2016b
(i) p97 is a key player in multiple protein quality control There are two layers of pore loops lining the D2 pore, a
pathways mediated by the ubiquitin proteasome system anemaller one composed of aromatic amino acids and a longer
autophagy. Itis involved in the extraction of misfolded prio& one featuring both negatively and positively charged residues
from the ER (ER-associated degradation, ERAD; reviewed ian intersubunit signaling network (ISS) has been identi et
Stolz etal., 2011; Wolf and Stolz, 2paad similarly translocates couples the conformation of the putative substrate-trangioga
damaged mitochondrial proteins into the cytosol in a procesgore to the nucleotide state of the cis-subunit, which is
called outer mitochondrial membrane associated degradati then transmitted to the trans-subunit and coordinates insthi
(OMMAD; Heo et al., 2010; Xu et al.,, 2011; Hemion et al.way ATP hydrolysis in adjacent monomersignzelmann and
2019; p97 is also part of the ribosome-quality control complexSchindelin, 2016p In addition, the ISS is involved in signal
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FIGURE 1 | Structure and function of p97. (A) Top, Domain architecture of p97. The N domain can be furtherubdivided into an N- (Nn, colored in yellow) and a
C-terminal (Nc, colored in orange) subdomain, the two ATPasdomains (colored in blue and red, respectively) each feate a largera/b and a smallera-helical
subdomain. Bottom, top (left) and side views (right) of the97 hexamer (pdb entry 3CF1;Davies et al., 2009 (adapted fromBuchberger et al., 2015. (B) Cellular
functions of p97. (C) Regulation of p97 function by cofactor interactions and postranslational modi cations (PTMs). p97 is colored as irfA) for one subunit and gray
for the remaining subunits.(D) Conformational changes of p97 upon ATP binding/hydrolysisMolecular surface of the p97 central cavity (side view) in ¢hATP- and
ADP-bound states (pdb entries 5FTN and 5FTKBanerjee et al., 201§ with two monomers in black/dark/medium (N/D1/D2) gray and two ranomers in light gray. For
clarity, the two monomers in the front are not shown. The resiction in the D1 domain (His-gate) is shown in blue. Catalgglly important positively charged (Arg586
and Arg599, colored in blue), negatively charged (Glu544 atored in pink), and hydrophobic (Trp551 and Phe552, colom in yellow) residues lining the D2 pore are
indicated. Conformational changes are indicated with arnws and the opening at the D1D2 interface is shown in red.

transmission from the D2 domain via the D1D2 linker to In this review, we will focus on the molecular basis of p97-
the D1 domain of the adjacent monomer, a mechanism calledofactor speci city/diversity and will discuss how PTMs can
interprotomer motion transmissionH{uang et al., 2012; Li et al., modulate p97-cofactor interactions and a ect the physiological
2012. and patho-physiological functions of p97.
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MOLECULAR INSIGHTS INTO p97 the UBX domains of FAF1, UBXD7 and p47, the N- and C-
COFACTOR DIVERSITY terminal regions of the UBX domain in ASPL contain unique
structural extensions with the C-terminal extension inengive
The participation of p97 in highly diverse cellular processes isontact with theb-grasp fold of the UBX domainHigure 2D).
regulated by the association with a large number of cofactoBiochemical and structural data have shown that, as in oth2X
(reviewed inYeung et al., 2008; Stolz et al., 2011; Meyer et apyoteins, the conserved cis-Pro touch-turn motif is importan
2012; Buchberger et al., 201Known cofactors are typically for the initial association with p97 hexamers. Subsequeatly
multi domain proteins composed of speci ¢ p97 binding modulesa-helical lariat structure formed by the N-terminal extensi
and additional domains which, for example, function in the dissociates the p97 hexamer into monomers, resulting in the
recognition of ubiquitylated target proteins, possess gétal formation of a metastable p97-ASPL heterodimaruymughan
domains for substrate processing or transmembrane domairgt al., 2015 The a-helical lariat in ASPL is a exible structure
amongst others. So far about 30 cofactors have been identi ethat directly targets the D1:D1 interprotomer interface in7p9
with the latest entries to the list being published in 2016hexamers, a region crucial for oligomer stabilifyiqure 2D).
(Arumughan et al., 2096 hence the number is expected to The p97-ASPL heterodimers subsequently oligomerize inté{p9
further increase. Based on their function, cofactors can bASPL) heterotetramers, accompanied by a reorientation of the
divided into three major classes: (i) Substrate-recrgjtiofactors D2 ATPase domain, leading to the inhibition of its ATPase
like UBA-UBX proteins and UFD1-NPL4: these cofactorsactivity.
link substrates to p97 and contain, beside a p97 binding In analogy to the FPR loop of UBX proteins, the crystal
motif/domain, additional ubiquitin binding domains/mafs,  structure of the UBXL domain of the DUB OTU1 (yeast homolog
which target ubiquitylated substrates; (ii) Substrate pssing of mammalian YOD1) in complex with the N domain also
cofactors like ubiquitin (E3) ligases, deubiquitinasedJBA3) features a loop (YPP motif) inserting into the hydrophobic
and peptide N-glycanase (PNGase,), which process ubiquitylat pocket Kim et al., 2011p whereas the UBXL domain of NPL4
and N-glycosylated substrates; (iii) Regulatory cofadikesthe  does not feature an extended loop and binds di erentla@cson
UBX proteins UBXD4 and ASPL (also known as TUG andetal., 2007; Hao et al., 2Q1(Figure 20). Despite displaying only
UBXD9) as well as SVIP, which may sequester or recycle p@dow degree of sequence identity, UBXL and UBX domains adopt
hexamers. Despite the large number of cofactors, they ioteraa similar structure and bind in a similar position with respeot t
via a small number of conserved binding modules (reviewethe N domain, yet the interaction modes and relative positions
in Buchberger et al., 20L.5Although a few cofactors bind are speci c for each protein.
via their PUB (PNGase/UBA or UBX containing proteins) or
PUL (PLAP, Ufd3p, and Lublp) domain to the unstructured VIM- and VBM Binding Motifs
C-terminal tail of p97, the majority of cofactors interacttwwi The VIM and VBM, which have been identied in several
the N-terminal domain either via a UBX (ubiquitin regulatory unrelated proteins Kigure 3A), are both linear polypeptide
X)/UBXL (UBX-like) domain or three linear binding motifs, stretches enriched in positively charged amino acids thapado
called VCP-interacting motif (VIM), VBM (VCP-binding motjf  an a-helical conformation. The crystal structure of the N
and SHP (BS1, binding segment). Molecular insights have beelomain in complex with a peptide covering the VIM binding
obtained for all interacting domains/motifs from correspting ~ motif of gp78 revealed that tha-helical motif interacts with

p97-ligand complex structures as reviewed below. the hydrophobic binding pocket located in between the two
) subdomains on the N domainHanzelmann and Schindelin,
UBX and UBXL Domains 2019 (Figure 3B). The VIM of gp78 contains, beside the two

UBX and UBXL domains both consist of a ubiquitin-like fold. conserved arginines of the signature motif, a third non-served
UBX proteins can be sub-divided into two familigSigure 2A):  arginine (underlined in the consensus sequence) in fronthef t

(i) UBA-UBX proteins, which also contain a UBA (ubiquitin- rst arginine (RRxAAX2Rh). All three arginines are important,
associated) domain that can bind to ubiquitylated subssat with the highly conserved last arginine (Arg636 in gp78) lgein
(i) UBX-only proteins. Molecular insights into the p97-UBX pivotal, and they engage in several electrostatic intevasti
domain interaction have been revealed by crystal strustaf¢ghe as well as hydrophobic interactions via the aliphatic part of
N domain in complex with the FAF1-UBXHanzelmann et al., their side chains with the N domain. The crystal structure
2011;Kimetal., 2011a; Lee et al., @i the UBXD7-UBXI(i  of the N domain in complex with the VBM of RHBDL4, a
et al., 201), p97-ND1 in complex with the p47-UBXO(eveny protein crucial for the retro-translocation of polyubiquityéd

et al., 200)tand full-length p97 in complex with the ASPL-UBX substrates in the ERAD pathwayl¢ig et al., 2002 revealed
domain (Arumughan et al., 2006(Figures 2B,§. A common a highly analogous overall spatial arrangement of the VBM
feature is that the UBX domain interacts with the N domain viaand VIM with respect to the N domainlL(m et al., 2016n

a conserved R...FPR signature madgigures 2A,B located ina  (Figure 3B). Interestingly, the directionality of tha-helices is
loop connecting twdd-strands, which inserts into a hydrophobic opposite in both structures. Highly conserved basic residues
binding pocket located in between the two subdomains of thén VBMs (consensus EnRRRRLxhh; h, hydrophobic residue; x,
N domain. The FPR motif adopts a cis-proline con guration, any amino acid; htD RF in RHBDL4) and VIMs (consensus

a rarely observed cis-Pro touch-turn structure, also dalle Rxh3AAx2Rh; h, hydrophobic residue; x, any amino acid) are
FcisP touch-turn motif Kang and Yang, 20)1In contrast to important to maintain the N domain interaction by contribuitg
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d UBXL domains. (A) Domain architecture of mammalian UBX and UBXL domain cofagots. A
sequence alignment of the R...FPR motif in the UBX domains shown on the right. MPN, (Mpr1, Padl N-terminal); NZF, NPL4igc nger; OTU, ovarian tumor; SEP,
Shp, eyes-closed, p47; SHP, binding segment 1 (BS1); UAS, doain of unknown function found in FAF1 and other proteins; UB, ubiquitin-associated; UBL,
ubiquitin-like; UBX, ubiquitin regulatory X; UBXL, UBX«#; UIM, ubiquitin-interacting motif; ZF, zinc nger(B) Left, molecular surface of p97 [N domain in white
(Nn)/light gray (Nc), D1 in black, D2 in dark gray] with the UBMBXL binding site indicated. Right, FAF1-UBX—p97 N complegpdb entry 3QQ8;Hanzelmann et al.,
2011). The UBX domain (colored in gold) is shown in cartoon represtation and p97 N as molecular surface (colored in shades ofellow according to
hydrophobicity). The R...FPR motif is shown in stick reprentation. (C) Left, superposition of the UBX domains from FAF1 (pdb entry@Q8, colored in gold;
Hanzelmann et al., 201}, p47 (pdb entry 1S3S, colored in brown;Dreveny et al., 2009 and ASPL (pdb entry 5IFW, colored in grayarumughan et al., 2016 bound to

Stable p97-ASPL
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(Continued)
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FIGURE 2 | Continued

p97 N colored as in(B). Right, superposition of the UBXL domains of NPL4 (pdb entr4RVO0, colored in olive;Hao et al., 2015) and OTU1 (pdb entry 4KDI, colored in
orange; Kim et al., 2014) bound to p97 N colored as in(B). (D) Disassembly of p97 hexamers through the interaction with #1 ASPL-UBX domain and formation of the
stable p97-ASPL heterotetramer via metastable p97-ASPL herodimers. For clarity, only two monomers of p97 are shownOne heterodimer is shown in cartoon
representation and the other in surface representation. ThASPL-UBX domain is colored in yellow with the N- and C-termal extensions in red and p97 in light gray
(N domain), dark gray (D1 domain) and gray (D2 domain) (pdb &y 5IFW; Arumughan et al., 2016. The curved arrow indicates the reorientation of the D2 doain.

the majority of the ionic and hydrogen bonded interactioms i The interaction mainly involves hydrophobic contacts withiy
the interface. However, the RHBDL4 VBM-N domain structurea few electrostatic contacts being observed. Upon binding of
revealed a novel binding mode, which unexpectedly combinethe SHP motif exible loop regions and secondary structural
the two types of p97-cofactor speci cities observed in the UB>tlements in the binding region are stabilized, includingoep
and VIM interactions. Speci cally, the RF motif in RHBDL4 region *1EAYRP*9) found to be involved in UBX/UBXL and
VBM corresponds to the FPR motif in UBXigure 30, and the  VIM/VBM interaction, thus suggesting that the rigidi catio
RRR motif in VBM (RRhRLXRF) corresponds to the RRR motif of this region upon SHP binding may a ect binding of other
in the gp78 VIM (RR2h3zAAX,Rh) (Figure 3B). cofactors.

The binding pocket formed in the Nn and Nc lobes provides The interaction of the UFD1 SHP binding motif could be
a sterically unopposed interface for the interaction of theregulated by phosphorylation. Proteomic studies indicatet tha
various p97 cofactor proteins. Proteomic studies identi edboth serine residues (Ser229 and Ser231) located in the SGSG
phosphorylation, ubiquitylation, and mono-methylationeitin  motif are phosphorylated, whereas no possible PTMs for the
the VIM/VBM binding motifs of di erent proteins (Hornbeck  DER1 motif have been identi ed so fariprnbeck et al., 20105
et al., 201} thus indicating that PTMs control the interaction

with p97. PUB and PUL Domains
o ) PUB and PUL domains, which are structurally unrelated, are
SHP-Binding Motif currently the only known domains that interact with the esine

The SHP binding motif has been identied as an additionalC-terminus of p97 Figure 5A). Molecular insights into the p97-
binding element in several UBX proteins and in UFD1, thePUB/PUL domain interaction have been obtained by crystal
latter typically forming a stable heterodimer with the UBXL structures of the PNGas&ljao et al., 20Q7and HOIP (HOIL-
protein NPL4 Eigure 4A). In contrast to the UBX/UBXL 1-interacting protein; Schae er et al., 20)4PUB domains
domains and the VIM/VBM binding motifs that bind into the (Figure 5B) as well as of the PUL domain of PLAA (the ortholog
hydrophobic cleft located in the N domain, the SHP bindingof yeast Doal/Ufd3, which is also known as phospholipase A2-
motif targets an alternative binding site on the N domain.activating protein or PLAP)Qiu et al., 201p(Figure 5C bound
The SHP binding motif features two invariant glycine regdu to a peptide derived from the nal residues of the p97 C-
and a highly conserved aromatic residue with the consensusrminus, which is referred to as PUB interacting motif (PIM).
sequence h(x) 2F/W(X)o 1GxGxL (h, hydrophobic residue; The formation of the p97-PUB/PUL complex is mediated by
X, any amino acid). The initial crystal structure of full-lgth  hydrophobic and electrostatic interactions, with key intrans
p97 in complex with the SHP motif of UFD1 revealed that thebeing contributed by the hydrophobic Leu804 as well as the
motif adopts a mostly extended, yet slightly bent conformati aromatic side chain of the penultimate tyrosine residue (DE)8
and binds at the periphery of the C-terminalC b subdomain of p97, which inserts into a hydrophobic pocket on the PUB/PUL
(Nc, aa 112-186) of the N domain, in direct vicinity of the ND1 domain. Based on biochemical datah@o et al., 2009it was
linker (Hanzelmann and Schindelin, 20)6s&8ubsequently, a proposed that the p97 C-terminus stretches into a neighboring
high-resolution structure of the N domain in complex with the positively charged ridge formed on the PUL surfa€ggy(re 50).
UFD1-SHP using an N domain-SHP fusion proteibe( et al., The direct interaction of the PUB/PUL-PIM interaction is
2016 (Figures 4B,G as well as the N domain structure with regulated by PTMs. Phosphorylation of the strictly conserved
the SHP of the DERLIN1 (DER1) rhomboid pseudoproteas@enultimate tyrosine residue of p97 abolishes bindighgo
(Lim et al., 2016p(Figure 4C) were determined. The SHP motif et al., 2007; Li et al., 2008; Schae er et al., phdis suggesting
forms a random coil interrupted by a small two amino acid longa conserved mechanism to control PIM interaction with their
b-sheet, which associates with the central four-strandlastieet, binding partners. In addition, PTMs of the respective PUB/PUL
thereby extending it to a ve-stranded antiparallelsheet. In  domain proteins could regulate the individual interactiofsr
addition, an adjacena-helix stabilizes the complex. The motif example, proteomic studiesi¢rnbeck et al., 2015; Hendriks
thus binds in a hydrophobic binding pocket and is stabilizedet al., 201y revealed that the PUB domain of PNGase is
between one of thb-strands and this-helix, which together are ubiquitylated at Lys50, whereas in HOIP Lys99 is ubiquigdat
arranged into ab-b-a super-secondary structure, a well-known Furthermore, the PUB domain containing protein UBXDL1 is
binding mode mediating protein-protein interactionsLi(n  phosphorylated at Tyr195 (corresponding to Tyr51 in PNGase),
et al., 2016 The two strictly conserved glycine residues (GxGubiquitylated at Lys180 and Lys202, which are replaced by
generate a sharp kink in the middle of the SHP motif, therebythreonines in PNGase (Thr&59), as well as SUMOylated at
enabling the bending of the motif upon binding to the N domain. Lys180 and Lys193 (the latter residue corresponding to Lys50 i
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FIGURE 3 | Interaction of p97 with cofactors harboring either a VBM or VIM binding motif. (A) Domain architecture of mammalian cofactors with a VBM or
VIM binding motif. The consensus sequences for both binding wtifs are shown in the inset. ANK, ankyrin repeat; ARM, armalib/beta-catenin-like repeats; CUE,
coupling of ubiquitin conjugation to endoplasmic reticulm degradation; G2BR, Ube2g2-binding region; JOSEPHIN, deubuitinase domain; PEST, PEST motif, Pro,
Glu, Ser and Thr rich sequence; PUB, PNGase/UBA or UBX contdimg proteins; RING, RING (Really Interesting New Gene) nger; Box, UFD2-homology domain;
UBA, ubiquitin-associated; UBL, ubiquitin-like; UIM, ubigitin-interacting motif; VBM, VCP-binding motif; VIM, VCRateracting motif; ZF, zinc nger.(B) Left, molecular
surface of p97 [N domain in white (Nn)/light gray (Nc), D1 inditk, D2 in dark gray] with the VIM/VBM binding site indicated. ight, cartoon representation of a
superposition of the gp78 VIM (pdb entry 3TIW, colored in greerHanzelmann and Schindelin, 201) and RHBDL4 VBM (pdb entry SEPP, colored in light blué;im

et al., 2016a) binding motifs in complex with the p97 N domain (molecularwgface colored according to hydrophobicity). Key interagons are shown in stick
representation. (C) Cartoon representation of a superposition of the RHBDL4 VBNpdb entry 5EPP, colored in light bluel.im et al., 2016g) and the FAF1-UBX (pdb
entry 3QQ8, colored in gold;Hanzelmann et al., 201) p97 N (colored in light gray) complexes. The side chains dfi¢ RF dipeptide of the VBM and the FPR motif of
the VIM are shown in stick representation.

PNGase). Finally, in the PUL domain of PLAA Lys554, which ibipartite binding, di erent binding stoichiometries, hierehical

located at a similar position to Arg55 of PNGase and Lys99 dfinding, and conformational change&igure 6) (reviewed in

HOIP, can be either acetylated, ubiquitylated or SUMOylated Buchberger et al., 20).5-inally,in celluloPTMs of p97 and its
associated cofactors as well as crosstalk between PTMducgo

REGULATION OF p97—COFACTOR an additional level of complexity={gure 7).
ASSEMBLY oo _ .

Binding Site Competition
Since p97 participates in multiple cellular processes in di erenOverall, only three di erent interaction sites, the hydrophob
subcellular compartments, p97 needs to be speci cally tadgete inter-subdomain cleft and the SHP binding site in the N domai
the respective pathway and its activity must be tightly colfech  together with the C-terminus of p97, have been identi ed so fa
On the one hand this is achieved through the diversity of itsand these must accommodate the 30 di erent cofactors, hence
cofactors, however, cofactor assembly, in addition, isledgd competition of diverse cofactors for the same site inewtabl
by multiple mechanisms including binding site competition, occurs. Speci cally, although there is no sequence simlari
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FIGURE 4 | Interaction of p97 with cofactors harboring a SHP bi nding motif. (A) Domain architecture of mammalian cofactors with a SHP bindg motif. The
consensus sequence for the SHP binding motif is shown in thenset. SEP, Shp, eyes-closed, p47; SHP, binding segment 1 (BY); SprT, SprT-like; UT3 and UT6,
UFD1 domains; UBA, ubiquitin-associated; UBL, ubiquitirike; UBX, ubiquitin regulatory X; UBXL, UBX-like; UBZ, whiitin-binding zinc nger; UIM,
ubiquitin-interacting motif; ZF, zinc nger.(B) Top, molecular surface of p97 [N domain in white (Nn)/light g (Nc), D1 in black, D2 in dark gray] with the SHP binding
site indicated. Bottom, cartoon representation of the oveall structure of the UFD1 SHP binding motif (colored in purg) bound to the p97 N domain b-strands in dark
gray and a-helices in light gray) (pdb entry 5B6Cl.¢e et al., 2016). (C) Stick representations of the SHP binding motifs of UFD1 (lefodb entry 5B6C, colored in purple;
Le et al., 2016) and DERL (right, pdb entry 5GLF, colored in purple;im et al., 2016h). The p97 N domain is shown as molecular surface (colored aceding to
hydrophobicity). Key interactions are shown.

between the VIM as well as VBM binding motifs and theconformation; ATP-bound state)Banerjee et al., 2016; Schuller
UBX/UBXL domains, these cofactors all target the same general al., 201} Low-resolution cryo-EM studies of the p9p47
area, the hydrophobic interdomain cleft of the N domain, (trimer), p97 FAF1 (trimer) and p97 UFD1-NPL4 complexes
which explains the competitions between these cofadtovéiro  (Beuron et al., 2006; Bebeacua et al., 2012; Ewens et al), 2014
(Figure 6A). Likewise, the PUB and PUL domain cofactors,revealed that these interactions involve several N domaénsg
which display no structural similarity to each other, bind & present in the up conformation, hence suggesting that the up
highly conserved manner to the C-terminal tail. In cellspever, and down movement of the N domain during ATP-binding and
the situation is expected to be more complex. Depending on thkydrolysis could exert the necessary force to disasserhiele t
presence of specic substrates and the subcellular localizati macromolecular assemblies being targeted by p3gute 6B).
certain cofactors may be more abundant or even exclusivelurthermore, the association of cofactors with the N domain
present, thus alleviating the problem of cofactors competorg f a ects the ATPase activity of p97 in di erent ways including

the same binding site. inhibitory as well as stimulatory e ectsT(usch et al., 2015;

) Zhang et al., 20)5and it could be demonstrated that cofactors
Conformational Changes upon ATP are recruited to the D1 domain in response to ATP bindiith(a
Binding and Hydrolysis etal., 201p

ATP binding/hydrolysis is coupled to profound conformatidna

changes in the location of the N domains which interconvertBipartite p97-Cofactor Interactions

between a position in plane with the D1 ring (locked The two primary cofactors of p97, p47 and the heterodimeric
conformation or down conformation; ADP-bound state) to an UFD1-NPL4 complex as well as other cofactors like several UBX
orientation where they are located above the D1 ring (updomain containing proteins, harbor more than one p97-binding
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FIGURE 5 | Interaction of p97 with PUB and PUL domain-containi  ng cofactors. (A) Domain architecture of mammalian PUB and PUL domain-containg
cofactors. NZF, NPL4 zinc nger; PAW, present in PNGases and ther worm proteins; PFU, PLAA family ubiquitin binding domia; PUB, PNGase/UBA or UBX
containing proteins; PUL, (PLAP, Ufd3, and Lublp); RING, RIN(Really Interesting New Gene) nger; TGc, transglutaminasiké; UBA, ubiquitin-associated; UBX,
ubiquitin regulatory X; WD40, WD4-propeller. (B) Left top, molecular surface of p97 [N domain in white (Nn)/Iig gray (Nc), D1 in black, D2 in dark gray] with the
p97 C-terminal cofactor binding site indicated. Left bottan, overall structure of the p97 C-terminus (stick represemttion) bound to the PNGase PUB domain shown in
cartoon representation (pdb entry 2HPLZhao et al., 2007) (adapted fromBuchberger et al., 2015. Right, stick representation of the p97 C-terminus togetér with the
molecular surface of the PNGase (top, pdb entry 2HPLZhao et al., 2007) and the HOIP (bottom, pdb entry 4P0ASchaeffer et al., 20149 PUB domains (colored
according to hydrophobicity). Key interactions are shown(C) Top, overall structure of the p97 C-terminus (stick represetation) bound to the PLAA PUL domain
shown in cartoon representation (pdb entry 3EEBQiu et al., 2010 (modi ed from Buchberger et al., 2015. Bottom, stick representation of the p97 C-terminus
together with the molecular surface of the PLAA PUL domain ¢dored according to hydrophobicity). The arrow indicates gossible location of the N-terminal
extension of the p97 C-terminal residues. Key interactionare shown.

module, which enables bipartite binding of these cofactars tdespite the existence of low-resolution EM structures déapct
the p97 N domain Bruderer et al., 2004 In the case of p47 the p97 UFD1-NPL4 complexBebeacua et al., 201Recently
its UBX domain and SHP motif are involved, while the UFD1-it has been proposed that a bipartite binding could involve aithe
NPL4 heterodimer employs the UBXL domain of NPL4 anda single or two adjacent N domainsg§nzelmann and Schindelin,
the SHP motif of UFDL1 to target p97. Low-resolution cryo-EM 20163 (Figure 6C).

studies revealed that p47, where both binding domains/motif UBXD1 also employs a bipartite binding mode in which its
reside on the same polypeptide, binds as a trimer where eaélJB domain interacts with the C-terminus of p97 and its VIM
subunit apparently interacts with two adjacent p97 monomergargets the N domainKigure 6C) (Kern et al., 2000 Among p97
(Beuron et al., 20061In case of the UFD1-NPL4 heterdimer it cofactors this interaction mode, which involves the two onaj
is still unclear how bipartite binding is accomplished. A moitel binding sites of p97, namely the N domain and the C-terminus,
which the NPL4-UBXL domain and the UFD1-SHP motif targetbeing targeted by a single cofactor is unique, and is expeoted t
adjacent N domainsKye et al., 20QTacks experimental support restrict the conformational exibility of p97. Isothermaktation
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FIGURE 6 | Regulation of p97 cofactor binding to the N domain. (A ) Binding site competition. Superposition of p97 N domain cadctor complexes: SHP of
UFD1 (pdb entry 5B6C, colored in purpleje et al., 2016), VIM of gp78 (pdb entry 3TIW, colored in green:ianzelmann and Schindelin, 201}, VBM of RHBDL4 (pdb
entry 5EPP, colored in light bluelim et al., 2016b), FAF1-UBX (pdb entry 3QQ8, colored in goldiianzelmann et al., 201) and NPL4-UBXL (pdb entry 4RVO, colored
in olive;Hao et al., 2015). Cofactors are shown in cartoon or stick representation athp97 N as molecular surface (Nn in dark gray, Nc in light gray)B) Conformational
changes of p97 upon ATP binding/hydrolysis. Side view of the wlecular surface of p97 in the ATP- and ADP-bound states (pdientries 5FTN and 5FTKBanerjee

et al., 2016) together with a cartoon representation of the FAF1-UBX doain (pdb entry 3QQ8, colored in goldHanzelmann et al., 201) and the gp78 VIM (pdb entry
3TIW, colored in green;Hanzelmann and Schindelin, 201} as well as a stick representation of the UFD1 SHP binding mié{pdb entry 5B6C, colored in purple;Le

et al., 2016). (C) Models for bipartite binding to p97. UFD1-NPL4 and p47 inteact with either identical or different N domains (adapted wh permission from
Hanzelmann and Schindelin, 2016whereas UBXD1 simultaneously binds to the N domain and thenstructured C-terminus (C-T) (modi ed fromBuchberger et al.,
2015). p97 is shown in a cartoon representation with the N domainsolored in yellow.(D) Models for different oligomeric assemblies and higher ordecomplexes for
different cofactors as indicated. p97 is shown in a cartoonepresentation with the N domains colored in yellow.

calorimetry (ITC) studies demonstrated that UBXD1 binds as @he a nity of these cofactors but also imposes conformational
trimer with both binding motifs contributing to this interetion  restrictions in p97, which may modulate its catalytic propesti
(Hanzelmann and Schindelin, 20111

However, it is currently unknown whether cofactors Oligomeric Assembly
with two interaction sites remain stably associated viahbot Interestingly, while p97 harbors six N domains most cofagtor
binding modules at all times. Possibly, ATP hydrolysis @nd/ bind substoichiometricallyRigure 6D), probably due to steric
substrate binding may induce conformational changes legdi hindrance of the large, multidomain cofactors. Currentlize
to dissociation at one site with a concomitant increase ironly known cofactor that results in a 6:6 assembly is the kmal
conformational exibility of the complex during subsequent protein SVIP Hanzelmann and Schindelin, 20 1lwhich is
catalysis Buchberger et al., 2015; Hanzelmann and Schindeliran e cient competitor for N domain cofactors and has been
20163. Hence a bipartite binding mode not only enhancessuggested to be a negative regulator during ERBBIlGr et al.,
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FIGURE 7 | Continued

p97 post-translational modi cations (PTMs). (A) Domain architecture of p97 together with identities of PTMslerived from the public database PhosphoSitePlus
(Hornbeck et al., 2015) and published sources.(B) Nucleotide-induced conformational changes of the p97 N-teminal extension (residues 1-24, colored black).
Molecular surface representation of p97 in the ADP and ATP ates (pdb entries 5FTK and 5FTNBanerjee et al., 2016. In one of the monomers of the ATP-bound
structure the N-terminal extension is modeled according téchuller et al. (2016) The opening at the D1D2 interface is shown in red. Identi ed PMs on the extension
are indicated. (C) Nucleotide-induced conformational changes of the p97 C-teminus. Molecular surface representation together with aartoon representation of the
C-terminus in the apo- (top) and ATP-bound state (bottom) @b entries 5C19 and 5C18;Hanzelmann and Schindelin, 2016l The disordered C-terminal tail is
indicated with dashed lines. Identi ed PTMs in the C-terminahelixa9 are shown and listed for the disordered region(D) Phosphorylation sites identi ed in the ND1
part of p97 (N-terminal extension in black, N domain in darkigy, D1 in light gray). Identi ed phosphorylation sites (coted in magenta) are mapped onto the
molecular surface of p97 in the ADP- and ATP-bound states (palentries 5FTK and 5FTNBanerjee et al., 201§ and are shown in a side view and top view. Residues
in the D1D2 interface are shown in red. In addition, palmitogtion of Cys105 (colored in yellow) and monomethylation ofrg155 (colored in blue) are indicated(E)
Ubiquitylation and SUMOylation sites identi ed on the ND1 pd of p97. Identi ed ubiquitylation sites (colored in green) ad SUMOylation sites (colored in orange) as
well as sites, which carry both modi cations (colored in cyajy are mapped onto the molecular surface of p97 as ifD). p97 is colored as in(D).

2007). Other cofactors like p47 and UBXD1 trimerize and,DNA, and proteins. PTMs usually lead to structural changes
as discussed above, the UBX protein ASPL even disrupts tBach as exposing or masking active sites as well as interfaces
hexameric assembly and forms a heterotetrameric complex witlor protein—protein interaction, thus regulating for example
p97. In contrast, only one UFD1-NPL4 heterodimer associatesubcellular localization, stability, and activity in resgento
with two adjacent N domains within the p97 hexamer andinternal and external stimuli (reviewed iBeltrao et al., 2013;
additional cofactors could possibly interact with non-op@d  RySlava et al., 2013; Venne et al., J0The abundance of PTMs

N domains. Accordingly, it was demonstrated that UBXD?7,is often controlled by so-called “writers” and “eraserstiioh
UBXD8, FAF1 and SAKS1, which are all UBA-UBX domainare enzymes capable of adding or removing the modi cations,
containing proteins, coimmunoprecipitate with p97 bound to therespectively. In the case of phosphorylation events these
UFD1-NPL4 heterodimer and endogenous ubiquitin conjugatesorrespond to kinases and phosphatases while they involve E3
(Alexandru etal., 2008a nding which supports the existence of ligases and DUBs in the case of ubiquitylation. The functiona
higher-order p97-cofactorl-cofactor2 complexes. Subsdty@n consequences can also be exploited by proteins that spewi call
hierarchical binding of the two UBA-UBX proteins FAF1 and bind to these modi cations, so called “reader” domains, Ier-
UBXD7 was demonstratedHénzelmann et al., 2011; Lee et al.,homology-2 (SH2) or WD40 domains, amongst many others,
2013. Specically, for UFD1-NPL4 and FAF1, the resultingin the case of phosphorylation or specic ubiquitin-binding
p97 UFD1-NPL4 FAF1 complex exhibited a stoichiometry domains (UBD) in the case of ubiquitylation (reviewed Sret

of 6:1:1. Since no direct interaction between FAF1/UBXD®%tal., 2006; Beltrao et al., 2013

and UFD1-NPL4 could be observed, it is conceivable that Numerous high-throughput proteomic studies revealed that
conformational changes are induced in p97 upon binding 097 is extensively targeted by PTMs like phosphorylation
UFD1-NPL4 which generate an asymmetry in p97 and as €6 identied sites), ubiquitylation (38 identi ed sitesand
consequence only one of the vacant p97 subunits has theyabiliacetylation (24 identi ed sites) (PhosphoSitePlus, httpaiw

to interact tightly with FAF1 or UBXD7 Hlanzelmann et al., phosphosite.orgHornbeck et al., 2005 however, the relevant
201). In addition, a macromolecular complex composed ofenzymes and functional consequences of these modi cations
p97, UBXD1 and the two substrate-processing cofactors YODdre poorly understood. Similar ndings have been reported
and PLAA has been shown to be involved in the removal ofor other chaperones, which suggests the existence of a
ruptured lysosomes by autophagy, indicating that under é¢erta combinatorial code regulating the localization, actiyignd
conditions a distinct set of proteins interact with each atla¢  substrate speci city for these biologically important protei
least transiently in a substrate-dependent manier{adopoulos (Cloutier and Coulombe, 20)3Interestingly, in addition to

etal., 201). modi cation sites that are only accessible in the functibna
hexameric form of p97, other sites were identi ed which are
Post-translational Modi cations (PTMs) only partially accessible, completely buried or even located in

Recently it could be shown that most cofactors of p97 such de central channel. These latter sites would not be acdessib
for example p47 form extremely dynamic complexes with p9for modifying enzymes unless p97 were to dissociate into
that undergo rapid dissociation and exchange in cell lysétes @ monomer, while partially buried sites could be accessible
raising the question how p97-cofactor complexes can adequatedfter conformational changes. Whether p97 can exist in a
perform their tasksin vivo (Xue et al., 2016 Mechanisms monomeric form and especially under which condition is not
that modulate the lifespan and stabilization of p97-cofactoknown. Currently the only known example is the described
complexes like PTMs of p97E(vens et al., 20)0and its disruption of the hexamer through the interaction with the
cofactors (Jchiyama et al., 2003; Almeida et al., 2pdFsubstrate  UBX protein ASPL resulting in the formation of a p97-ASPL
recruitment by cofactors have been proposed. heterotetramer Arumughan et al., 20)6 Beside numerous
PTMs like phosphorylation, lysine acetylation, andphosphorylation, ubiquitylation and acetylation events also
ubiquitylation function as molecular switches and may gég SUMOylation, palmitoylation, methylation, succinylation, can
or abolish the association of proteins with cofactors, lipidsS-glutathionylation were identi edKigure 7A). In the case of
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p97 PTMs may promote or prevent protein—protein interactionsthe adjacent monomeiHjgure 7D) and conformational changes
by obscuring existing binding sites, generating new iregs, can be expected upon phosphorylation.

or triggering conformational changes, with the exact fuowcél Phosphorylation of Ser770 by SIK2 [salt inducible kinase
consequence dictated by the substrate and cellular conteRt of the AMP-activated protein kinase (AMPK) family]
(Almeida et al., 2005 stimulates the ATPase activity of p9¥afg et al., 20)3Ser770

Interestingly, in the small 24 amino acid long N-terminal is located in the C-terminal tail, which undergoes signinta
extension Figure 7B) as well as in the C-terminal tail with conformational changes during ATP binding/hydrolysis
its precedinga-helix (@9) (Figure 7C many PTMs have been (Figure 7Q (Hanzelmann and Schindelin, 2016bAlthough
identi ed, thus indicating an important function of these SIK2 phosphorylates p97 through its N-terminal kinase domain,
extensions in regulating the properties of p97. Recently it coulit interacts with p97 via its extremely glutamine-rich C-terral
be shown that the small N-terminal extension, which is hyghl region and plays a critical role in ERAD and ER homeostasis
exible and disordered in the ADP-bound state undergoes(Yang etal., 2013
a large conformational change upon ATP binding, when it p97is also atarget of the serine/threonine kinase Akt (protei
becomes ordered, relocates itself beyond the cleft bettreen kinase B, PKB), which plays important roles in cell survival
D1 and D2 domain and inserts into the D2 domaichuller and phosphorylates p97 at Ser352 (buried), Ser746 (buried), and
et al., 201p(Figure 7B). Furthermore, deletion of this extension Ser748 (N-terminus of the C-terminal het®) (Klein et al., 2005;
reduces the ATPase activity to a similar degree as found iMandermoere et al., 2006
the absence of the N domain (unpublished data), suggesting In the p97 N domain several phosphorylation sites identi ed
an important function in the regulation of the ATPase actyit in proteomic studies directly interfere with cofactor asstion
Furthermore, it could be demonstrated that the C-termiral (Figure 7D): (i) Thr37 and Ser56 are both located in the
helix undergoes a signi cant conformational change upon ATPhydrophobic binding cleft; (ii) Tyr110 and Tyrl43, which are
binding (Figure 7Q). This helix is kinked and inserts between two both key residues for UBX/UBXL interaction; (iii) Thrl68,
adjacent monomers into the ATP-binding pocket of the trans-which is located close to the SHP binding groove, and
monomer and an arginine (Arg766) directly coordinates tihe could inuence binding of SHP-containing cofactors upon
phosphate of the ATP, thereby closing of the D2 nucleotidestructural rearrangements. Since cofactors typically nalske
binding pocket Hanzelmann and Schindelin, 2016Hdn the on top of the D1 ring, phosphorylation at this position could
absence of nucleotide, the C-terminus is present in a di erenin uence this interaction by modulating cofactor a nity. ially,
conformation and no longer inserts into the ATP-binding patk phosphorylation sites in close proximity to the channel formed
In addition to the N- and C-terminal extensions, the cofacto between the D1 and D2 domains were identi ed (see above).
binding N domain and its associated D1 domain are also
extensively targeted by PTME&igures 7D,B. In the following  Ubiquitylation
sections we will focus on PTMs that may have functionalCovalent ubiquitin-protein conjugates are introduced ineies
implications. of three consecutive enzymatic steps (reviewedKirscher

et al., 2006; Cappadocia and Lima, 201ditially a ubiquitin-

activating enzyme (E1) activates ubiquitin in an ATP-depemid
Phosphorylation reaction and binds to it covalently. Subsequently, ubiguis
Protein phosphorylation, which typically targets serinetransferred to a ubiquitin-conjugating enzyme (E2) in artsa
threonine, or tyrosine residues, is a reversible PTM cotdtbl thioesteri cation reaction. Finally, ubiquitin is attaed to one
by kinases and phosphatases. Among the 66 currently knowar more lysine residues in the target protein, in a reaction
phosphorylation sites in p97 some have been studied in moreatalyzed by a ubiquitin ligase (E3). Modi cations with ubitin
detail. For example, the aforementioned phosphorylation oére highly variable in length and linkage type (reviewedlnitsu
the C-terminal Tyr805 by c-Src kinase, which abolishes thet al., 2016; Yau and Rape, 21Broteins can be modi ed at
interaction with PUB/PUL domain-containing cofactor&i{ao one or multiple lysine residues with either a single ubiquiti
et al., 2007; Li et al., 2008; Schae er et al., 20IHe negatively molecule (mono- and multi-monoubiquitylation, respectiye
charged phosphate group would undoubtedly introduceor ubiquitin polymers (polyubiquitylation). Modi cation of
electrostatic and steric hindrance in the context of thehtig proteins with a single ubiquitin subunit typically alters iatror
binding pocket in the PUB/PUL domain. inter-molecular interactions which in turn a ect the loca#ition,

Phosphorylation of the C-terminal tail residue Ser784 bythe activity of the modi ed protein or its ability to interaatith
DNA-PK (DNA-dependent protein kinase) was demonstratedpartner proteins Husnjak and Dikic, 201 Ubiquitin contains
to accumulate at sites of DNA double-strand breaks (DSBsjeven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48,
(Livingstone et al., 20Q5where p97 interacts more tightly with and Lys63) among its 76 residues, which, together with itiam
chromatin. Furthermore, p97 can be phosphorylated on Ser45%rminus, provide eight sites for attaching further ubidnit
Ser459, and Ser326 (buried) by ATM (ataxia telangiectasiaoieties, resulting in homo- and heterotypic polymeric ubtiju
mutated) and ATR (ATM-Rad3-related), the two proximal chains. Dierent linkage types lead to di erent conformations
checkpoint kinases, which regulate the DNA damage responsé the corresponding ubiquitin chains and hence in unique
(DDR) (Mu et al., 200Y. Interestingly, Ser457 and Ser459 arebinding epitopes, which trigger speci ¢ downstream signaling
both located next to the channel entrance atthe D1D2 intefaf  events (reviewed ihiu and Walters, 2010; Akutsu et al., 2016;
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Yau and Rape, 20).aUbiquitylation is a dynamic and reversible action of E1, E2, and E3 enzymes (reviewedCiappadocia
process. The action of the E1-E2-E3 cascade is counteractedd Lima, 201). The participating enzymes can discriminate
by deubiquitylating enzymes (DUBSs), which speci cally remov between the SUMO paralogs at both the conjugation and
ubiquitin from target proteins (reviewed iflusnjak and Dikic, deconjugation levels (jtro and Chiocca, 20)3 Although
2012; Sahtoe and Sixma, 2D15 the two ubiquitin-like modiers SUMO and ubiquitin are
Several high-throughput proteomic analysis, which focusedtructurally related and feature &-grasp fold, they have
on ubiquitylation sites, identi ed a large number of p97 lysi di erent molecular properties. Besides the presence of three
residues that are ubiquitylate@®@nielsen et al., 2011; Kim et al., di erent SUMO isoforms, all of them feature an additional
2011b; Wagner et al., 2011, 2012; Mertins et al., 2013; Hig et N-terminal extension and a dierent surface charge. These
2015; Wu et al., 20)5So far none of the sites have been analyzegdroperties are responsible for di erent activating, conjuggti
in more detail, hence it is not known whether p97 is mono-and deconjugating enzymes and distinct cellular functions
or poly-ubiquitylated, and, should the latter be the cases th(reviewed inPraefcke et al., 2012; van der Veen and Ploegh,
linkage types remain unde ned. Also, it is not known which E3201). Furthermore, in contrast to ubiquitin chains, which can
ligases are involved in this process. However, p97 is known foe linked through all seven lysine residues, Lys11 in the N-
associate with several E3 ligases in either a direct oreatir terminal extension is the major SUMO acceptor site in SUMO2/3,
fashion. Direct interactions involve for example the HRD1 andvhereas SUMO1, which is lacking a SUMOylation consensus
gp78 E3 ligaseBtllar et al., 2006; Morreale et al., 2)Mhich  site, is mainly involved in monoSUMOylationM@atic et al.,
are both involved in ERAD, or HOIPSchae er et al., 2034 2009. In contrast to ubiquitylation, SUMOylation preferentigll
the E3 ligase of the LUBAC complex (Linear Ubiquitin Chaintargets disordered and exible protein regiondHendriks
Assembly Complex), which is involved in the formation of lame et al., 201). SUMOylation typically controls the dynamics of
ubiquitin chains. Indirectly, p97 interacts with SCF E3 §ga protein assemblies through binding of SUMO conjugates to
containing cullins that bind for example to UBXD7, which in SUMO recognition modules termed SUMO interaction motifs
turn binds via its UBX domain to p97Alexandru et al., 2008In  (SIMs), whereas ubiquitin interacting proteins typically @in
addition, the DUBS ATAXIN-3, VCIP135 and YODL1 are knownvia their UBD to the hydrophobic patch around lle44 of
p97 interaction partnersl{chiyama et al., 2002; Boeddrich et al.,ubiquitin. A number of SUMOylated protein targets feature
2006; Ernst et al., 20p9The physiological function of p97 the consensus motif9‘-K-x-E/D,” (9 , hydrophobic residue; x,
ubiquitylation remains unde ned, but has been speculated t@any amino acid). Recent proteomic studies demonstrated that
modulate its a nity for cofactors or substrates. Alternaély, the a considerable fraction of total SUMOylation events involve
modi cations could shift the equilibrium between the diené  non-consensus siteBlomster et al., 20)0 especially under
conformational states of p97 or, in the extreme case, evauciad stress conditions when SUMOylation loses stringency and can
additional conformational states. Monoubiquitylation of 9 act like ubiquitylation. Whereas ubiquitylation, acetida and
could of course be a signal to recruit the protein to speci cphosphorylation events occur throughout the cell, SUMOylation
cellular compartments. takes place predominantly in the nucleus, more speci cally in
Ubiquitylation sites in p97 have been identi ed in the N, D1, chromatin and nuclear bodiesigndriks and Vertegaal, 206
and D2 domain, but not in the exible C-terminal extension The degree of SUMOylation is dynamically regulated by variou
(Figure 7B. Taking into account the size of ubiquitin of 8.5 kDa forms of stress, thereby linking SUMOylation to the reguatof
in relation to the p97 N domain (21 kDa), one can concludecellular homeostasis ebelt and Vertegaal, 20),@vhere it plays
that pretty much irrespective of the site where the modi catio ubiquitin-dependent and independent roles. A tightly regath
is introduced, ubiquitylation of the N domain would intere  balance in both time and space exists between ubiquitin and
with cofactor interactions. Ubiquitylation of the N-termal SUMO, in which the same lysine within a protein is targeted
extension (Lys8/18/20) could preventinsertion of the Nmt@rus  and this determines the function, localization, or stalibf the
into the D2 domain and could block the entrance to themodied protein.
putative substrate-binding channeFigure 7B). Furthermore, By direct comparison of the endogenous SUMO1- and
ubiquitylation on top of the D1 ring would directly interfer SUMO2/3-modi ed proteome in mammalian cells p97 was
with cofactor interactions, which typically assemble akireeD1  found to be preferentially conjugated to SUMO1 (81R&cker
ring (Figure 7B). Ubiquitylated p97 could then be recognized byet al., 2013 Accordingly, it could be shown that the p97 N
proteins that contain at least one UBD like for example the la¢lic domain is modi ed with SUMOL in a dynamic process involving
binding domains UBA, UIM, and CUE, zinc ngers like NZF and several non-consensus sites, suggesting that di erent dysin
UBZ as well as other proteins harboring Jabl/MPN, PFU, andesidues could compensate for each othigr(ig et al., 2016 Site
WD40 domains Husnjak and Dikic, 2012 All these domains directed mutagenesis studies indicate that Lys60/62/681 36

were identi ed in several p97 cofactors. as well as Lysl164Figure 7B are the most important sites
involved in SUMOylation under stress conditions. SUMOylatio
SUMOylation of p97 under conditions of oxidative and ER stress leads to the

SUMOylation is a ubiquitin-related reversible conjugationdistribution of p97 to stress granules and into the nucleus] an
pathway in which members of the SUMO family (SUMO1 orpromotes assembly of the p97 hexamer. In contrast, pathogenic
the highly related SUMO2/3) are attached to lysine residifes &N domain mutations identi ed in MSP and FALS, which feature
target proteins via an isopeptide bond through the sequentigdn uncoordinated conformational change of the N domain
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due to a disturbed communication between the N and DI1(reviewed inCho and Park, 2006 Lipidation increases the
domains (reviewed infang and Xia, 2016 lead to reduced hydrophobicity of proteins, which promotes the association
SUMOylation and weakened p97 hexamer formation upon stressf the modi ed proteins with the plasma membrane and
(Wang et al., 2016 Cryo-EM studies of a pathogenic mutant other membranes such as those of the ER, mitochondria,
revealed highly exible N domains, which are situated more o Golgi, and endosomes. Palmitoylation, which is catalyzed by
top of the D1 ring, re ecting the ATP-bound state observedpalmitoylacyltransferases (PATs), also known as DHHC enzymes
in the wild type (Niwa et al., 201R Since in the ATP-bound and is reversed by palmitoyl protein thioesterases, is theleova
state Lys60/62/63 and Lys164 are protected, this would explaattachment of the 16 carbon fatty acid palmitate to the sid&irch
why in pathogenic states p97 SUMOylation is reduced. Howeveof speci c cysteine residues of target proteins via a thiodsiad.
SUMOylation of wild type p97 at these positions would alsdDependent on the target protein palmitoylation functions in a
a ect N domain movement, ATPase activity and the interactionlarge variety of cellular processes including subcellulackiag
with cofactors. Defects in the SUMOylation of p97 also triggeas well as signal transduction and aberrant palmitoylati@as h
altered cofactor binding and attenuated ER-associatedeprot been associated with Alzheimer's disease, Huntington'sagése
degradation (Vang et al., 2006 A recent comprehensive and other neurodegenerative disord€t{o and Park, 2006
SUMOZ2-speci ¢ proteomic study of mammalian cells under Palmitoylation of p97 at Cys105 located in the N domain has
standard growth conditions and stress conditions identi &7 been reported Kang et al., 20)6(Figure 7D). Palmitoylation
additional SUMOylation sites distributed over all domaink o of p97 could be important for participation of p97 in a variety
p97 (Hendriks et al., 2017 Most of the SUMO targeted lysine of cellular processes involved in the regulation of membrane
residues are also found to be ubiquitylated indicating asstalk  fusion and vesicular tra cking, however, the signi cance p97
between SUMOylation and ubiquitylation (see below). Howgeve palmitoylation has not been addressed so far.
the SUMOL targeted N domain residues Lys62, Lys63, and Lys
136 as well as the SUMO?2 targeted residue Lys190, which-isAcetylation
located in the ND1 linker, are exclusively modi ed by SUMO. Besides phosphorylation and ubiquitylation, protein acetglat
In addition, the p97 cofactor UFD1, which together with is probably the most frequent and important PTM involved
NPL4 is frequently found to be involved in chromatin assteif  in cell signaling, gene expression, stress responses, aoptosi
processes, harbors seven SUMOylation sites in its predictedembrane tra cking as well as cellular metabolism and plays
disordered C-terminal region, which is located downstream a major role in the regulation of nuclear proteins, in partiaula
the p97 SHP binding motiftfendriks et al., 2017 histones (reviewed iBrazic et al., 2016 Acetylation is catalyzed
There are several indications that p97 operates dby lysine (K) acetyltransferases (KATs), which transferatbetyl
the intersection of the ubiquitylation and SUMOylation group from acetyl-coenzyme A (Ac-CoA) to theamino group
pathways, two major signaling events which target chromatinof lysine residues. This process is reversible and tighgyleted.
Consequently, it was proposed that p97, through its abilitpMalfunctions of the acetylation machinery have been impédat
to associate with cofactors displaying a nities for ubigumit in cardiovascular and neurodegenerative diseases as well as
and SUMO, links these two pathways to either trigger proteircancer Drazic et al., 20106
degradation or elicit other regulatory eveni(gink et al., 2013; The importance of p97 in a large variety of chromatin
Franz et al., 2016; Nie and Boddy, 2nR1Bhe SUMO targeted associated processes like transcription, replication, andADN
ubiquitin ligase (STUbI) family of proteinsSfiramachandran repair suggests that p97 is regulated through acetylation. Fo
and Dohmen, 2014; Nie and Boddy, 2)ibtegrates ubiquitin example, intracellular accumulations of abnormal proteinshsu
and SUMO modi cations into a hybrid signal. The resulting as expanded polyglutamines in neuronal cells induces p97
mixed SUMO-ubiquitin chains can be recognized by the UFD1phosphorylation at Ser612 and Thr613 as well as acetylation
NPL4 complex, which contains both ubiquitin (NZF domain of of Lys614, which allows p97 to translocate into the nucleus
NPL4, UT3 domain of UFD1) and SUMO (UFD1 C-terminus) (Koike et al., 201)0 Following translocation general transcription
interacting motifs. is suppressed via deacetylation of core histones, resulting in
SUMO conjugation and de-conjugation processes might plagell atrophy and inhibition ofde novoprotein synthesis, which
a role in p97 functions during DNA repair to regulate the decreases the accumulation of misfolded proteins, thus alfpw
recruitment and release of the participating proteins. A samil the cell to remove them by chaperone-mediated refolding,
function has been shown for the AAA ATPase MDNL1, whichproteasomal degradation, and autophagfoike et al., 20100
acts as a SUMO-targeted regulator in mammalian pre-ribosom&he location of the three sequential residues Ser612, Bhgid

remodeling Raman et al., 20)6 Lys614 in the D1D2 interface close to the entry points to the
central channel suggests that conformational changesraocu
Palmitoylation (S-Acylation) this region.

Palmitoylation, myristoylation, and prenylation are the rhos  High-throughput proteomics IKlornbeck et al.,, 2015
frequently identi ed covalent lipid modi cations (revieveein  identi ed a total of 24 putative p97 acetylation sites, which,
Hentschel et al., 20).60f these three lipid modi cations, only interestingly, all overlap with ubiquitylation and SUMOyita
palmitoylation is reversible, thus allowing for a more dyriam sites {Hornbeck et al., 2015; Hendriks et al., 2Dindicating
regulation of protein function with respect to tracking, competition between the enzymes catalyzing the dierent
localization, stability, aggregation, and interactiorihwe ectors PTMs (see below). This includes acetylation of the N-termina
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extension residues Lys8 and LysE&j(ire 7B), several lysines of (SSH), S-glutathionylation (SSG), disul de bond formatid®S-
the N domain and the aforementioned Lys614 as well as Lys7%R), and sulfenylation (SOH) are stimulated by di usible dmal

in helix a9 preceding the C-terminal taiFigure 70). molecules and constitute reversible modi cations. In aatdi,
the irreversible formation of sul nic (SeH) and sulfonic acids
Lysine and Arginine N-Methylation (SGsH) on cysteine residues are induced.

Methylation is a PTM, which inuences protein-protein It could be shown that under conditions of oxidative stresg p9
interactions, activity, and turnover of proteins as well eiudar  is S-glutathionylated at Cys52Ri¢guchi et al., 2005 Cys522
localization (reviewed irBiggar and Li, 2015 The "-amino is present in the ATP-binding pocket of the D2 domain and
group of lysine may be modied with up to three methyl its modi cation negatively regulates the ATPase activityp87,
groups by lysine-speci ¢ methyltransferases (KMTs) and the si thus leading to ER stress. Addition of glutathione to Cys522
chain of arginine may be mono- or di-methylated by argininewould induce steric hindrance interfering with ATP bindiran
methyltransferases (PRMTSs; reviewediggar and Li, 2005S-  the D2 domain. Cys522 modi cation leads to an accumulation
Adenosylmethionine (SAM; also known as AdoMet) serves as th&f ubiquitylated proteins and ER stress, followed by apoptosis
methyl donor in both reactions. The addition of methyl groupswhich are phenotypes found in several neurodegenerative
to lysine and arginine residues may negatively alter hydrogedisorders Noguchi et al., 2005
bond-mediated interactions or, alternatively, facilitatacking
with aromatic residues as the methylated residues beconre moCrosstalk between Various Protein Translational
hydrophobic, thus increasing the structural diversity of gias Modi cations
and modulating their cellular functions. Similar to protein Proteins are often regulated via a combination of dierent
phosphorylation, protein methylation plays important roles in PTMs, possibly acting as a molecular barcode or PTM code
signaling pathways involved in cell growth and di erentiatio (Beltrao etal., 2013; Venne et al., 20T/hese modi cations may
and has been associated with several diseases includiegrcartrigger speci c e ectors to either initiate or inhibit downstiam
(Biggar and Li, 2015 events, which either induce or retain a signal only when the
It could be demonstrated that METTL21D (VCP lysine complementary incoming signal occurs simultaneously both
methyltransferase, VCP-KMT) can tri-methylate p97 on Lys31%n time and space. The interplay between dierent PTMs,
(Kernstock et al., 20)2Interestingly, Lys315 is located buried referred to as crosstalk (reviewed iReltrao et al., 2013;
inside the p97 channel close to the constriction in the D1Venne et al., 2004 can be either positive or negative(nter,
domain formed by the His-gate and thus not accessible to 8007. Phosphorylation-dependent ubiquitylatioi(¢epp et al.,
methyltransferase in the hexameric state. However, itecta 200) and SUMOylation Hietakangas et al., 20P@epresent
shown that methylation was stimulated by ASRLutier et al., examples of positive crosstalk where the initial PTM serves
2013, indicating that this site becomes available after disapt as active trigger for the subsequent addition or removal
of the p97 hexamer. An additional lysine mono-methylatioiesi of a second PTM, or as a recognition site for other
has been identi ed on Lys23Hprnbeck et al., 20)5which is  proteins. Short crosstalk motifs like phosphodegrons involved
located on top of the D1 ring, which has also been found tdn ubiquitin-mediated protein degradation and, in general,
be ubiquitylated/SUMOylated{ornbeck et al., 2015; Hendriks motifs in which a phosphorylation site is simultaneously
et al., 201y, In addition, a recent proteome-wide analysis ofpresent with another PTM, a second phosphorylation site, or
arginine mono-methylation sited_@rsen et al., 20)Gdentied = SUMOylation/acetylation sites in the context of a ve aminadac
ve arginines in p97, which are all functionally important)) (i stretch are known Ye et al., 2004; Yao et al., 2D1Negative
Arg155, which is the most frequently mutated residue foundcrosstalk may result from the direct competition of two PTMs
in MSP (Figure 7D); (ii) Arg586 and Arg599, which are both for the same amino acid or from indirect e ects due to one
located in the D2 pore-loop 2; (iii) Arg708 located in aredafst ~ speci ¢ PTM masking the recognition site of a second PTM
loop region on the outside of the D2 domaini@nzelmann and (Hunter, 200%. For example, direct competition exists between
Schindelin, 2016)) (iv) Arg753 located in the C-terminal helix SUMOQOylation, ubiquitylation, phosphorylation, and acetydeti

(Figure 70. with ubiquitylation/SUMOylation and SUMOylation/acetylah
being mutually exclusive, while SUMOylation/phosphorylation
S-Glutathionylation can be agonistic or antagonistic depending on the substrate

Reactive oxygen/nitrogen species (ROS/RNS) have been foumdquestion Escobar-Ramirez et al., 2Q1%urthermore, the

to act as important physiological modulators of intracellularcombination of di erent PTMs on a protein generates a highly
signaling pathways, but are also causative of aging, canceggulated interface which may be recognized by speci c e ecto
neurodegenerative disorders, and cardiovascular diseaggoteins resulting in the controlled initiation of downstren
(reviewed in Finkel, 2011; Chung et al., 2013Covalent signaling events and facilitating the interactions with etise
modi cations of selected cysteine residues present in redoxinding partners §ims and Reinberg, 200&hus explaining,
sensitive proteins mediate, at least in part, the speci c e ectfor example, how p97 can participate in such a large variety of
of ROS/RNS. Oxidative PTMs (Ox-PTM) of cysteine residuedi erent cellular functions.

represent an important mechanism that regulates protein In the case of p97 one would envision a negative crosstalk
structure and, ultimately, function. Ox-PTMs including S- between acetylation, lysine methylation, ubiquitylationdan
nitrosylation (also called S-nitrosation, SNO), sulfhgiion SUMOylation since all these PTMs compete with each other
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for the same lysine residues. Also, the high number of PTMs
identi ed in p97 indicates that a combinatory code is at play
that regulates its activity, function, substrate specygigind
localization Cloutier and Coulombe, 20).3The identi cation of
functionally relevant sites and their dynamic regulatioegquires
quantitative mass-spectrometry approaches that can measure
changes in the abundance of PTMs under di erent conditions
(Beltrao et al., 20)3For example a recent global pro ling study
of ubiquitylation, phosphorylation and acetylation in the DNA
damage response identi ed for p97 located in the nucleus séver
ubiquitylation and acetylation sites, although no phosphatipn
sites were found under the same experimental conditidfiga(
etal., 201p

MODELS FOR SUBSTRATE UNFOLDING
AND DISASSEMBLY ACTIVITY

Conformational changes triggered by ATP binding and
hydrolysis generate mechanical forces which are respensibl
for the activity of p97 in the unfolding and disassembly of
macromolecular complexes. In the case of p97 the underlying
mechanism(s) is (are) still unknown and di erent models have
been proposedHigure 8): (i) The threading model in which
substrates are threaded through the central pore of p97; (ii)
The D2 in-out model where substrates insert and leave the
D2 pore from the D1-distal direction; (iii) The side access
model according to which substrates enter the protein chambe
through the opening between the D1 and D2 interface; (iv)
The translocation-independent or disassembly model which
implicates movements of the N domain rather than a direct
participation of the D2 pore in the mechanism. These hypotheses
will be discussed in more detail in the following paragraphs.

(i) The threading model Figure 8A): In this model the
substrate initially inserts into the D1 ring from where it
is completely translocated along the axial channel and is
released on the D2 site for subsequent degradation by the
26S proteasome/g et al., 2003 There is clear evidence that
other AAAC unfolding machines, including the bacterial
ClpX and CIpA enzymes as well as the proteasomal Rpt1-6
motors (reviewed irBar-Nun and Glickman, 2012; Bittner
et al., 201} utilize this mechanism. Molecular dynamics
simulations of p97 also suggest this mechanisimddast-
Navaei and Stan, 20),3however, high-resolution cryo-
EM structures of p97 in di erent nucleotide states suggest
that the axial pore in the D1 ring remains too narrow to
accommodate a peptide during ATP hydrolysis due to the
constriction imposed by the His-gate formed by His317
(Banerjee et al., 2016; Schuller et al., 20EGrthermore,
the D1 ring does not have pore loops as found in the D2
domain and probably cannot bind substrates. Furthermore,
only His317 is critical for catalysis, while other D1 pore
lining residues were found to not be importarib¢LaBarre
etal., 200§ Therefore, a substrate translocation through the
entire channels seems unlikely.

(i) The D2 in-out model Figure 8A): Here substrates insert
and leave the D2 pore from the D1-distal direction

(iv)

while being processed in the D2 porBdlLaBarre et al.,
2006. The D2 pore contains the typical substrate binding
loops found in related enzymes, which, depending on the
nucleotide status, are either in a xed or dynamically
released conformationDavies et al., 2008; Hanzelmann
and Schindelin, 201§bThe smaller pore loops contain a
conserve® -X-Gly (aromatic-hydrophobic-Gly) tripeptide
motif which has been suggested to play a conserved
role during substrate translocation by AAAunfoldases
(reviewed inSauer and Baker, 2011; Olivares et al., 2016
However, since all major substrate-recruiting cofactonslb

to the N domain residing at the opposite end of p97 relative
to the D2 domain, it is hard to imagine how a substrate can
enter the D2 pore from the bottom.

(i) The side access modeFigure 8A): Substrates possibly

enter the D2 pore without passing through the D1 pore
by entering through a side portal located in between the
D1 and D2 rings. A recent normal mode analysis of
p97 (Na and Song, 20)6shows that upon ATP binding
the D1 and D2 domains move slightly apart from each
other, thus forming an additional channel at the D1D2
interface, which leads into the D2 pore. The up and down
movements of the N domain may serve to translocate
substrates to the interface between the D1 and D2 domains
where they can enter into the hexamer. The limited
chamber volume suggests that a substrate may be expelled
at the wide end of the D2 ring while at the same time
it is pulled in at the D1D2 interface. The importance
of the D1D2 interface channel is supported by studies
from the Bruenger lab [jeLaBarre et al., 20D6Cross-
linking experiments of the substrate synaptotagmin and p97
identi ed Lys565, which is located adjacent to the pore
loop-1 residues Trp551/Phe552 and is located within the
proposed D1D2 interface channel. Whether the proposed
channel is of su cient size to accommodate a polypeptide
is currently unknown. However, it is imaginable that
substrate-binding induces larger conformational changes
possibly aided by PTMs in the vicinity of the entry points at
the D1D2 interface. Ubiquitylation/SUMOylation of Lys211
(Figure 7B and phosphorylation of Ser457Figure 7D),
Ser459 as well as Ser462 have been folthdd! al., 2007;
Hornbeck et al., 2015; Hendriks et al., 2Dp17

The translocation-independent or disassembly model
(Figure 8B). At least for substrates that are recycled
and not degraded by the proteasome a translocation-
independent model seems likelgi{chberger, 20)3This
would be related to the function of the AABD ATPase
N-ethylmaleimide sensitive factor (NSF), which, together
with its cofactor SNAP, disassembles the highly stable
SNARE complexes forming after each membrane fusion
event (reviewed iZhao and Brunger, 20)6p97 undergoes
large conformational changes during ATP binding and
hydrolysis including the up and down movement of its N
domains. Upon ATP binding to the D2 and D1 domains
longitudinal motions of the D1 pore are coupled to the
up-movement of the N domains, and the N domains,
via bound cofactors, can interact with substrates. ATP
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FIGURE 8 | Models of p97 disassembly activity. (A)  Proposed p97 translocation pathways. Molecular surface ofthe p97 central cavity (side view) in the ATP
bound state (pdb entry 5FTN;Banerjee et al., 2016 with two monomers in black/dark/medium (N/D1/D2) gray and two ronomers in light gray. For clarity, the two
monomers in the front are not shown. The restriction in the Dlomain (His-gate) is shown in blue, the two D2 pore loops arealored in yellow and forest, respectively
and the opening at the D1D2 interface is shown in red. Proposgtranslocation pathways according to the different modelgthreading, side access and D2 in-out) are
indicated with red arrows.(B) Models for the disassembly function of p97 (translocatioindependent model). In the ATP-bound state the N domains arenithe
up-position and interact via bound cofactors for example vth a ubiquitylated substrate being part of a chromatin-assoiated protein complex. Upon ATP-hydrolysis
the down-movement of the N domain would exert a force on the band substrate, which would disassemble it from the protein omplex (left). Depending on the
substrate, alternatively the down-movement of the N domainvould bring the cofactor bound substrate to the D1D2 interfae and unfolded regions of the substrate
could enter through this path into the p97 D2 pore with its puative substrate binding loops, which could provide an addional pulling force (right, hybrid model).

hydrolysis in the D1 domain, which causes the N domainunfolding the substrate or translocating it through its alxi
to return to the down position, recruits the substrate to thechannel Figure 8B).

D1D2 interface as in the side access model. Nucleotide-

dependent conformational changes in p97 would exert a

force on the bound substrate, which would remove it romCONCLUDING REMARKS

a macromolecular assembly. . . .
y A common function of p97 is its ATP-dependent extraction

Most likely, the mechanism by which p97 unfolds/disassemblesr disassembly of ubiquitylated substrates from chromatin
target proteins depends on the fate of the substr&er{helme membranes, and protein complexes in many diverse cellular
and Sauer, 20)6 specically whether it is recycled or functions that maintain cellular homeostasis, contribute to
partially/fully unfolded for degradation. Furthermore, ithe genomic stability and govern important signaling pathways
presence of a ubiquitylated substrate and/or PTMs largefFigure 1B). The key questions regarding the biological functions
conformational changes in the D1 pore and the D1D2 interfacgf p97 are how it participates in so many dissimilar cellular
region may occur. Nevertheless, an unfoldase activity of p9grocesses in di erent cellular compartments, in particularyho
as well as an involvement of the p97 central pore in substralig p97 targeted to specic cellular pathways and recognizes
translocation is still hypothetical at this point since thétical  its substrates and decides on their fates whether they are
residues located in the D2 pore loops play important roles irdestined for proteasomal degradation or recycled. Theegfor
regulating the ATPase activity of p9D¢LaBarre et al., 2006; independent regulatory mechanisms are necessary to control
Hanzelmann and Schindelin, 201Gblence one cannot interfere the physiological functions of p97. It is well-establishedt tha
from mutagenesis data whether these side chains contribute large variety of substrate recruiting and substrate pisings

to ATP hydrolysis or translocation. As mentioned above, arcofactors provide speci city toward the cellular processes p97
ISS couples the conformation of the pore to the nucleotidés involved in. Although cofactor assembly is regulated by
state of the same subunit, which is then transmitted to thebinding site competition, bipartite binding, conformatioha
adjacent subunit and, in this way, coordinates ATP hydrislys changes upon ATP binding/hydrolysis and the formation of
in trans (Hanzelmann and Schindelin, 2016/ hybrid model  specialized subcomplexes composed of several cofactors, the
takes into account the importance of the p97 pore loops irsituation in cells, however, is expected to be more complex and
substrate remodeling, yet it does not require substrates tPTMs of p97 and its associated cofactors as well as a crosstalk
completely translocate through the axial channBhithelme between PTMs introduce an additional level of complexity. A
and Sauer, 20)6With the aid of its pore loops p97 could total of about 170 PTMs like phosphorylation, ubiquitylation,
exert a force on a peptide segment of the substrate, leadirgetylation, SUMOylation, palmitoylation, and methylatiorvha

to its deformation and dissociation from the complex without been currently identi ed in p97, indicating that a combinati
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speci city of p97 in dierent cellular pathways. In the high-

throughput proteomics era the list of p97 cofactors, assodiatePH primarily wrote this review with input from HS. Both authors
substrates and PTMs is expected to grow and additional cellul@Pproved it for publication.

functions may emerge. Major challenges for the future wil{ipe

to establish the correlations between biological fundiandthe ACKNOWLEDGMENTS

many PTMs reported to exist, (ii) to identify proteins/domains

that can speci cally recognize them and (iii) to investigéte =~ This  work  was  supported by the  Deutsche
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