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Abstract

Cdc48/p97, a member of the AAA (ATPase associated with various cellular activities) ATPase family, participates in various cellular
pathways including membrane fusion, protein folding/unfolding, proteolysis-dependent transcriptional control, protein degradation, and
spindle disassembly. How Cdc48/p97 can perform such diverse functions is unclear, but the recently established connection between com-
ponents of the ubiquitination system and various p97 activities suggests that these seemingly unrelated processes mediated by Cdc48/p97

may all be governed by ubiquitin.
Published by Elsevier Inc.

Keywords: Ubiquitin; Cdc48/p97/VCP; AAA ATPase/chaperone; Retro-translocation/ERAD; The proteasome

1. Introduction

Cdc48 was discovered more than two decades ago in a
genetic screen for mutants that cause cell cycle arrest in Sac-
charomyces cerevisiae (Moir et al., 1982). The mammalian
homolog of Cdc48 was initially characterized as a 97-kDa
precursor protein for valosin, a small peptide isolated from
pig intestine. It was therefore named valosin-containing pro-
tein (VCP). However, further work showed that valosin is an
artifact of purification, and is unrelated to the identified 97-
kDa protein (Koller and Brownstein, 1987). For this reason,
we will refer to the protein as p97, a name that was given on
the basis of its molecular weight (Peters et al., 1990). As a
member of the AAA ATPase family, Cdc48/p97 performs a
variety of cellular functions in eukaryotic cells. The recent
identification of a Cdc48/p97-like protein in archaea suggests
that the function of the ATPase may not be limited to the
eukaryotic kingdom (Golbik et al., 1999). Moreover, p97 has
drawn much attention in recent years because it has been
implicated in the pathogenesis of many human diseases such
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as breast cancer, the Paget’s disease of bone, and several
types of neurodegenerative diseases (Higashiyama et al.,
2002; Watts et al., 2004; Yamamoto et al., 2004b; Yamanaka
et al., 2004).

As one of the most abundant proteins in cells (~1% of the
cytosolic protein mass), Cdc48/p97 is ubiquitously expressed
in all eukaryotic cells. In humans, its expression level was
found to be elevated in certain types of cancer tissues
(Yamamoto et al., 2004a, 2005). The protein is mainly local-
ized in the cytosol, but a significant fraction is associated with
membranes of various organelles such as the endoplasmic
reticulum (ER) and the Golgi (Acharya et al., 1995; Latterich
et al., 1995; Rabouille et al., 1995). A small amount of Cdc48
was also found in the nucleus (Madeo et al., 1998).

Cdc48/p97 can undergo phosphorylation at certain tyro-
sine residues, but the physiological relevance of this modifi-
cation is unclear. Tyrosine phosphorylation of p97 was
found to be associated with the activation of T cells and the
capacitation of sperm (Egerton et al.,, 1992; Ficarro et al.,
2003). Phosphorylation of Cdc48/p97 may offer a mecha-
nism to regulate its subcellular localization, as was pro-
posed for Cdc48, which appears to enter the nucleus in the
late G1 phase in a phosphorylation-dependent manner
(Madeo et al., 1998).


mailto: yihongy@mail.nih.gov
mailto: yihongy@mail.nih.gov

30 Y. Ye ! Journal of Structural Biology 156 (2006) 29—40

Similar to other type I AAA ATPases, Cdc48/p97 con-
tains two ATPase domains (D1 and D2) connected by a
short linker, and an additional N-terminal domain (N-
domain) (Ogura and Wilkinson, 2001). Electron micros-
copy (EM) and crystallography studies showed that Cdc48/
p97 assembles into a stable homo-hexameric barrel struc-
ture with a small central channel (DeLaBarre and Brunger,
2003; Huyton et al.,, 2003; Rouiller et al., 2002; Zhang et al.,
2000b). The ATPase was found to undergo drastic confor-
mational changes during its nucleotide hydrolysis cycle
(Beuron et al., 2003; DeLaBarre and Brunger, 2005; Rouil-
ler et al, 2002; Wang et al., 2003). It is believed that the
ATP-dependent conformational changes in Cdc48/p97 gen-
erate mechanical force which is used, depending on differ-
ent cellular contexts, to either disassemble large protein
complexes or segregate polypeptides from certain intracel-
lular structures such as the ER membrane (Fig. 1).

A large number of Cdc48/p97-associated proteins (co-
factor) have been identified in the past decade (Fig.2),
which partially explains the functional diversity of this
enzyme. p97 co-factors may recruit the ATPase to different
subcellular localizations, allowing it to act on various sub-
strates. In many cases, co-factors of p97 also contain
domains with certain enzymatic activities, which may facili-
tate the processing of substrates bound by p97 (Fig. 2). All
p97 co-factors known so far, with the exception of Ufd2
(Richly et al., 2005), binds the ATPase via its N-domain.
Based on the observation that two co-factors of p97, which
function in different cellular pathways, bind the ATPase in
a mutually exclusive manner, Meyer and colleagues pro-
posed that the vast number of p97-associated proteins may
define a set of distinct Cdc48/p97 complexes, which confer
different cellular activities (Meyer et al., 2000). However, it
is currently unclear how many independent p97 complexes
exist in cells.

Many substrates of p97 are eventually degraded by the
26S proteasome, although the p97 ATPase was also found
to be involved in certain non-proteolysis-dependent pro-
cesses. Substrates of the proteasome are usually conjugated
with chains of a small polypeptide called ubiquitin through
the sequential actions of three types of enzymes, namely
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ubiquitin activating enzyme (El), ubiquitin conjugating
enzyme (E2), and ubiquitin ligase (E3). Ubiquitin chains
can be formed through one of the seven lysine residues on
an ubiquitin molecule, but the proteasome apparently pre-
fers lysine®®-linked ubiquitin chains. Poly-ubiquitinated
substrates are delivered to the proteasome via certain ubiq-
uitin receptors that recognize both ubiquitin-conjugates on
a substrate and the proteasome (Elsasser and Finley, 2005).
Intriguingly, many co-factors of Cdc48/p97 also bind ubig-
uitin conjugates (Elsasser and Finley, 2005), and it becomes
evident now that various activities of Cdc48/p97, regardless
of whether they are associated with proteolysis or not, all
seem to implicate ubiquitin as a common regulator.

2. The diverse functions of Cdc48/p97
2.1. Cell cycle regulation

Despite the fact that cdc48 was identified as a cell cycle
mutant more than two decades ago, its role in cell cycle
remains poorly understood. In S. cerevisiae, cdc48
mutants arrest as large budded cells with microtubules
spreading aberrantly throughout the cytoplasm from a
single spindle plaque (Frohlich et al., 1991). This cell cycle
arrest phenotype was once attributed to a defect in fusion
of the endoplasmic reticulum (ER) membrane (Latterich
et al., 1995), a process that may be involved in the mainte-
nance of the ER integrity during cell cycle progression.
However, the recent discovery of the proteolysis-associ-
ated activity of Cdc48/p97 has prompted investigations
on the involvement of Cdc48/p97 in the degradation of
critical cell cycle regulators. Indeed, several lines of evi-
dence suggest that Cdc48/p97 may regulate the stability of
cyclin E (Dai and Li, 2001), the Gl-cyclin-dependent
kinase inhibitor Farl (Fu et al., 2003), and proteins that
control chromosome segregation during mitosis such as
securin and separase (Yuasa et al., 2004). Altered stability
of these cell cycle regulators in cdc48 mutants may explain
some of the cell cycle defects associated with reduced
Cdc48/p97 activity. However, it is worth noting that since
cdc48 mutants have severe growth defects, the change in
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Fig. 1. The proposed function of Cdc48/p97. Disassembly of protein complex by Cdc48/p97. Selective removal of one polypeptide subunit from a protein
complex may be mediated by Cdc48/p97. The target protein is first modified by poly-ubiquitination by the sequential action of E1, E2, and E3 enzymes.
The Cdc48/p97 complex is recruited to segregate the target protein from the rest of the complex. During retro-translocation, the p97-Ufd1-Npl4 complex
releases ubiquitinated proteins from the ER membrane in an analogous manner. Many substrates released by Cdc48/p97 are delivered to the downstream
proteasome for degradation.
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A
functional annotations & references
1. ubiquitin ligases
* Membrane-associated E3 involved in retrotranslocation.
[ || ] gp78 Binds p97 via its C terminus. (Fang, et al. 2004)
Membrane-associated E3 involved in retrotranslocation.
[ | ] Hrd1 (Ye, etal. 2005; Lilley and Ploegh, 2005)
An E4 enzyme involved in extending ubiquitin chains. May
L 1l Ufd2 have a role in retro-franslocation (Richly, et al. 2005)
2. deubiquitinating enzymes
I 1 VCIP135 A de-ubiquitinating enzyme associated with the Golgi membrane.
Required for Golgi regrowth {(Uchiyama et al. 2003; Wang, et al. 2005)
* taxin-3 A de-ubiquitinating enzyme with unknown function. (Doss-Pepe, et al.
0T ]  atexin- 2003; Burnet, st al., 2003)
3. membrane-associated co-factors
An ER membrane protein found in vertebrates. It binds p97, and may
1 VIMP be the ER receptor for p97 during retro-translocation. (Ye, et al., 2004)
* May be a homologue for the yeast Ubx2 protein. Ubx2 mediates the inter-
I 1 ETEA action between Cdc48 and membrane-associated E3s during retrotrans-
location. {Schuberth and Buchberger, 2005; Neuber, &t al. 2005)
A small p97-associated protein that may bind to the ER membrane through
1 sviP N-terminal myristoylation. (Nagahama, et al., 2003)
4. Other co-factors
* Forms a dimeric co-factor complex with Npl4 to function in retrotranslocation,
] ufdt Spt23 activation, and spindle disassembly. (Meyer, et al., 2000)
* Forms a dimeric co-factor complex with Ufd1 to function in retrotranslocation
|| B Npl4 Spt23 activation, and spindle disassembly. (Meyer, et al., 2000)
*
T p47 A co-factor involved in Golgi reassembly. (Kondo, et al., 1997)
A co-factor required for the degradation of UFD substrates.
[ ] Ufd3d (Ghislain, et al. 1998)
I i:l HDACS A co-factor that binds dynein. May be involved in collecting cytosolic
misfolded proteins for degradation. (Seigneurin-Berny, et al., 2001)
| e ] WRN Weiner's syndrom protein. A member of the RecQ helicase family.
(Indig, et al., 2004)
B
putative Ubx domain-containing co-factors with unknown function
————— V[0 [———®m =] socius (UbxD5)
[ ] UbxD2 [ ] ASPL
*
| UbxD3 i U33K
(- ——— UbxD4 [ || ] FAF1
O— Rep-8 (UbxD6)
| U box Josephin OTU M Zinc finger
transmembrane domain M UM WD40 W SEP
W CUE uBXx B nuclease domain | uUT3
M ring finger UBA M helicase domain PUG
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Fig. 2. Known and predicted interacting partners of mammalian p97. (A) Proteins known to bind p97. (B) Uncharacterized proteins bearing UBX
domains of Homo sapiens. These proteins likely bind p97 because all seven UBX domain-containing proteins of S. cerevisiae interact with Cdc48 (Schu-
berth et al., 2004). Domain structures were analyzed by the SMART program, and the nomenclature of various domains is based on that determined by
SMART. The proteins in (A) are artificially divided into four groups on the basis of their functions. Proteins with a known ubiquitin binding domain were

marked with an asterisk.

the stability of these cell cycle regulators may not be a
direct consequence of loss of Cdc48 activity. Alterna-
tively, the cell cycle defects of the cdc48-mutants may be

due to a more general inhibition of the ubiquitin—protea-
some system, as mitosis is known to be sensitive to treat-
ment by proteasome inhibitors.
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More recently, Cao and colleagues have reported a novel
connection between Cdc48/p97 and mitosis. They found
that Cdc48/p97 and its co-factors Ufdl and Npl4 are
required for spindle disassembly during mitotic exit (Cao
et al., 2003). In Xenopus egg extracts, addition of dominant
negative p97 or of antibodies to Ufdl leads to dramatic
defect in spindle and chromosome structure at the exit of
mitosis: chromosomes fail to decondense, and the spindle
remains elongated and attached to the chromosomes. In
yeast mutants of cdc48, ufdl, and npl4, the spindle also fails
to disassemble following the segregation of chromosomes.
The mechanism by which the Cdc48/p97 complex regulates
spindle dynamics in mitosis is unclear. In Xenopus extracts,
p97 was found to associate with several microtubule bind-
ing proteins including XMAP215 and TPX2. In budding
yeast, Cdc48 appears to control the stability of Asel,
another microtubule binding protein involved in the main-
tenance of spindle structure. It was proposed that spindle
disassembly may require the removal of certain microtu-
bule binding proteins from the spindle, and the Cdc48/p97-
Ufd1-Npl4 complex may participate in this process by
either promoting the degradation of these factors or facili-
tating their dissociation from the microtubule.

The discovery by Cao et al. has added a new layer of
complexity to the role of Cdc48/p97 in cell cycle regulation.
The work does not exclude the possibility that Cdc48/p97
also acts on cell cycle regulators other than microtubule
binding proteins. In fact, it is possible that the ATPase com-
plex is required at multiple points during cell cycle progres-
sion. An important unsolved issue is to establish the exact
substrate relationship between Cdc48/p97 and various cell
cycle regulators, which will require reconstituting Cdc48/
p97-dependent cell cycle events in vitro using purified com-
ponents.

2.2. Membrane fusion

Cdc48/p97 is closely related to NSF (N-ethylmaleimide
sensitive factor), an AAA ATPase involved in the fusion of
vesicles with their target membranes in the secretory path-
way (Brunger and DeLaBarre, 2003; Meyer, 2005). This
fusion reaction is catalyzed by the formation of a highly
stable, four-helix, coiled-coil bundle between the v- and the
corresponding t-SNAREs (soluble NSF attachment pro-
tein receptor), localized in the vesicles and the target mem-
brane, respectively (McNew et al., 2000; Weber et al., 1998).
NSF, which binds the SNARE complex through its co-fac-
tor SNAP, disassembles the SNARE complex once fusion
is completed. This allows the disassembled SNARE mole-
cules to participate in further rounds of fusion (Mayer
et al., 1996; Sollner et al., 1993a,b). The sequence homology
between NSF and Cdc48/p97 suggests that the latter may
have a similar function in membrane fusion. Indeed, early
work showed that membranes isolated from cdc48 mutant
yeast strains are defective for ER-membrane fusion in vitro
(Latterich et al.,, 1995). In addition, Cdc48 interacts with
Ufel, an ER resident t-SNARE candidate, which is

required for the fusion of the ER membrane in yeast (Patel
et al., 1998). Along the same lines, p97, together with its
associated proteins, Ufd1-Npl4, and p47, is involved in the
reassembly of the nuclear envelope during mitosis, which
requires fusion of vesicles docked on the chromatin (Hetzer
et al., 2001).

The p97 ATPase also mediates the reformation of the
Golgi complex following its mitotic disassembly (Acharya
et al., 1995; Rabouille et al., 1995). At the onset of mitosis,
the Golgi apparatus undergoes extensive fragmentation. In
telophase, fragmented Golgi vesicles rapidly reassemble to
form a new Golgi organelle in each daughter cell (Warren,
1993). In an in vitro system that recapitulates this process,
the assembly of post-mitotic Golgi fragments into stacked
cisternae requires p97 and its co-factor p47 in addition to
the NSF-SNAP complex (Kondo et al, 1997; Rabouille
et al., 1995). p47, which cycles on and off the Golgi mem-
brane in a phosphorylation-dependent manner, regulates
the binding between p97 and a Golgi t-SNARE, syntaxin 5
(Rabouille et al., 1998; Uchiyama and Kondo, 2005). The
analogy between p47 and the NSF co-factor, SNAP, makes
it an attractive possibility that p97 may act similarly to
NSF to disentangle the syntaxin 5-containing SNARE
complex following the fusion of the Golgi membrane.
While the validity of this model still awaits proof, recent
work has uncovered a novel twist for the role of p97 in
Golgi reassembly, which involves a cycle of ubiquitination
and de-ubiquitination.

Buchberger and colleagues reported that the p97 co-factor
p47 contains an ubiquitin-like segment (UBX) and an ubiq-
uitin binding motif (UBA) (Buchberger et al., 2001). The
UBX domain of p47 mediates its association with p97,
whereas its UBA domain can recognize ubiquitin conjugates,
and is required for the fusion activity of p47 (Meyer et al.,
2002; Yuan et al,, 2004). These observations suggest that the
reassembly of the Golgi may involve a function of ubiquitin.
Although ubiquitin was initially characterized as a key regu-
lator for protein degradation, it has become clear now that
certain type of ubiquitin conjugates such as mono-ubiquiti-
nated proteins or ubiquitin chains linked by lysine® are asso-
ciated with non-proteolysis functions such as endocytic
trafficking and DNA repair (Hicke and Dunn, 2003; Hoege
et al., 2002; Ulrich, 2004). The reassembly of the Golgi medi-
ated by the p97-p47 complex seems to require a non-proteo-
lytic activity of ubiquitin, because (1) The p97-p47 complex
preferentially binds mono-ubiquitinated proteins (Meyer
et al,, 2002); (2) Addition of an ubiquitin variant (Ubl44A)
defective in recognition by ubiquitin binding proteins to the
Golgi reassembly reaction inhibits Golgi reformation. In
contrast, addition of a proteasome inhibitor has no effect
(Wang et al, 2004b). Interestingly, the mutant ubiquitin
needs to be added before Golgi fragmentation is completed,
suggesting that certain unknown factors are ubiquitinated
during Golgi disassembly, and ubiquitin conjugates are rec-
ognized and processed by the p97-p47 complex during the
subsequent reassembly process. Moreover, the reassembly of
the Golgi also requires another co-factor of p97, termed as
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VCIP135 (Uchiyama et al., 2002), which contains deubiquiti-
nating activity (Wang et al., 2004b). It seems that ubiquitin
conjugates also need to be removed by VCIP135 during p97—
p47-mediated reformation of the Golgi complex. Although
the nature of the ubiquitinated proteins as well as how the
p97-p47-VCIP135 complex acts on these molecules during
Golgi reassembly remains to be determined, the new findings
have revealed a novel regulation that implicates a cycle of
ubiquitination and de-ubiquitination in p97-mediated Golgi
reassembly (Meyer, 2005).

2.3. Protein degradation

An implication of Cdc48/p97 in ubiquitin-dependent pro-
tein degradation was initially suggested by Varshavsky and
colleagues when they found that Cdc48 is required for the
degradation of an unstable model substrate containing an
amino-terminal ubiquitin fusion (Ghislain etal., 1996).
Genetic dissection of components required for the degrada-
tion of this substrate in yeast uncovered five genes named
Ufd1-UfdS, which defines a special proteolytic pathway
termed the ubiquitin fusion degradation (UFD) pathway
(Johnson et al., 1995). Intriguingly, Cdc48/p97 interacts with
Ufdl, Ufd2, and Ufd3 (Ghislain et al.,, 1996; Koegl et al.,
1999; Meyer et al., 2000), suggesting that it is a central com-
ponent of the UFD pathway. These observations, together
with the fact that many p97 co-factors recognize ubiquitin
(Fig. 2), raise the possibility that p97 may shuttle a subset of
ubiquitinated substrates to the proteasome for degradation.

The role of Cdc48/p97 in proteolysis is best understood
for the degradation of misfolded or incompletely assembled
ER proteins. These unwanted ER proteins are selectively
exported from the ER by a pathway termed retro-translo-
cation or dislocation, and are subsequently degraded by the
ubiquitin—proteasome system in the cytosol (Hampton,
2002; Kostova and Wolf, 2003; Meusser et al., 2005; Ye,
2005). Interestingly, the retro-translocation pathway may
be co-opted by certain viruses to degrade normally folded
cellular proteins required for immune defense, allowing the
virus to evade host immune surveillance (Tortorella et al.,
2000). For example, the human cytomegalovirus (HCMYV)
encoded proteins, US2 and US11, can efficiently down-reg-
ulate newly synthesized MHC class I heavy chains by the
retro-translocation pathway (Wiertz et al., 1996).

The first step of retro-translocation is substrate recogni-
tion and targeting to the ER membrane. Misfolded or unas-
sembled polypeptides are selected by ER chaperones,
whereas viral factors associate with their specific “clients”
(e.g., US2 and USI1 are ER resident proteins that specifi-
cally bind MHC class I heavy chain), and deliver them to
the site of translocation. Subsequently, retro-translocation
is initiated when a segment of a substrate is inserted into a
protein-conducting channel. The nature of the protein-con-
ducting channel for retro-translocation is an issue of
debate. It was initially proposed that the Sec61 complex,
which mediates the translocation of polypeptides into the
ER lumen or the integration of membrane proteins into the

lipid bilayer, might also export misfolded proteins during
retro-translocation (Wiertz et al., 1996). However, the deg-
radation of certain misfolded model substrate is not
affected by Sec61 mutants (Walter et al., 2001). In fact,
recent studies raise the possibility that the Sec61 complex
may only be required for the translocation of a few sub-
strates that do not involve poly-ubiquitination (Kalies
et al.,, 2005; Lee et al., 2004). Consistent with this notion,
components of the Sec61 complex seem not to interact with
the cytosolic retro-translocation machineries such as ER-
associated ubiquitin ligases and the p97 ATPase (see below)
(Y. Y., unpublished results). In contrast, a recently identi-
fied multi-spanning membrane protein, Derlin-1, provides a
link between substrate recognition in the ER lumen and the
p97-mediated polypeptide dislocation in the cytosol, and
thus may be part of an alternative channel for a subset of
substrates (Lilley and Ploegh, 2004; Ye et al., 2004).

In the next step, polypeptides emerging into the cytosol
from a putative translocation channel undergo poly-ubiq-
uitination at the ER membrane, and the modified polypep-
tides are then released into the cytosol for proteasomal
degradation (Tsai et al., 2002). Intriguingly, the dislocation
of most polypeptides into the cytosol requires both poly-
ubiquitination (Biederer et al., 1997; de Virgilio et al., 1998;
Kikkert et al., 2001; Shamu et al., 2001) and the function of
the Cdc48/p97-Ufd1-Npl4 complex (Bays et al., 2001; Jar-
osch et al,, 2002; Ye et al.,, 2001). Accordingly, it was found
that the Cdc48/p97 complex contains several ubiquitin
binding sites that are essential for its function in retro-
translocation (Park et al., 2005; Ye et al., 2003). Nonethe-
less, ubiquitin binding is not involved in the initial substrate
recognition. When poly-ubiquitination is abolished, the p97
ATPase can still associate with polypeptides undergoing
retro-translocation at the ER membrane, but the associated
substrates cannot be dislocated into the cytosol. In addi-
tion, the p97 complex binds retro-translocation substrates
modified by poly-GST-tagged-ubiquitin with a similar
affinity to those containing untagged ubiquitin conjugates.
Unlike normal ubiquitin chains, conjugates containing
GST-tagged ubiquitin molecules are not recognized by
either p97 or its co-factor Ufdl. Thus, the association
between the ATPase complex and poly-GST-ubiquitinated
substrates presumably occurs through a non-modified seg-
ment of a retro-translocation substrate (Flierman et al.,
2003). Based on these observations, a dual recognition
model was proposed, in which the p97/Cdc48 complex first
joins a retro-translocation complex containing a non-modi-
fied, presumably unfolded substrate, emerging from the ER
lumen. Once ubiquitin chains are attached to the substrate,
the conjugates can be recognized by both the ATPase and
Ufdl (Fig. 3). Since interfering with ubiquitin recognition
leads to a similar defect as that caused by a mutant p97
lacking ATPase activity, ubiquitin binding by the p97 com-
plex may somehow activate the ATPase, leading to the dis-
location of substrates into the cytosol.

The function of Cdc48/p97 in retro-translocation
appears to be similar to that of AAA proteases in bacteria
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Fig. 3. The US11-dependent retro-translocation of MHC class I heavy chain. In step 1, the viral protein, US11 recognizes MHC class I heavy chain (HC),
a glycoprotein with a single carbohydrate chain (CHO). In step 2, heavy chain is targeted to a multi-spanning membrane protein called Derlin-1. In step 3,
retro-translocation is initiated when heavy chain is partially moved out of the ER through a protein-conducting channel postulated to contain Derlin-1. In
step 4, the emerging polypeptide is captured by the cytosolic ATPase p97, which may lead to the assembly of a complex containing the p97 cofactor dimer
(Ufd1-Npl4), the single spanning membrane protein, VIMP, and an unknown ubiquitin ligase. Heavy chain undergoes poly-ubiquitination, while a cyto-
solic N-glycanase removes the attached carbohydrate chain. In the next step, the poly-ubiquitin chains are recognized by both p97 and Ufdl, which may
trigger the ATP hydrolysis by p97, leading to the release of heavy chains from the ER membrane. It is possible that the ATPase may accompany heavy
chains to enter the cytosol. In step 6, poly-ubiquitinated heavy chain is delivered to the proteasome for degradation.

and mitochondria (Ito and Akiyama, 2005). These AAA
proteases contain an amino-terminal transmembrane seg-
ment, followed by an AAA ATPase domain, and a protease
domain. Similarly to Cdc48/p97, both FtsH in the inner
membrane of Escherichia coli, and Ytal0/Ytal2 and Ymel
that face the two sides of the inner membrane of mitochon-
dria, form hexameric rings. They are capable of binding to
a misfolded membrane protein at the membrane, and of
using the energy generated by their ATPase domain to
processively pull the substrate out for subsequent degrada-
tion by their protease domain. For Cdc48/p97, its mem-
brane localization requires an association with a membrane
protein since neither the ATPase nor its co-factors contain
a transmembrane segment. In yeast, a UBA-UBX domain-
containing protein, Ubx2, facilitates the membrane associa-
tion of Cdc48 by mediating its interaction with several ER-
localized ubiquitin ligases and Derl, the yeast homologue
of Derlin-1 (Neuber et al., 2005; Schuberth and Buchberger,
2005). In vertebrates, a single-spanning membrane protein,
VIMP (VCP-interacting membrane protein), appears to
recruit p97 to the site of retro-translocation, at which it
interacts with both Derlin-1 and ubiquitin ligases (E3)
required for retro-translocation (Lilley and Ploegh, 2004,
2005; Ye et al.,, 2005, 2004). The mammalian homologue of
Ubx2 may also contribute to the membrane association of
p97. Cdcd8/p97 also needs to communicate with the down-
stream proteasome to deliver substrates to the degradation
machinery. AAA proteases such as FtsH appear to com-

bine the function of Cdc48/p97, its membrane receptor, and
the proteasome in one polypeptide.

2.4. Transcriptional control

Several lines of evidence suggest that Cdc48/p97 may
also function in transcriptional regulation. First of all, Dai
et al. reported that p97 interacts with IkBo, an inhibitory
factor of the NF«kB signaling pathway. The association
appears to require both phosphorylation and ubiquitina-
tion of IxBa, two post-translational modifications that pre-
cede the degradation of IkBa during NF«B activation (Dai
et al., 1998). These data suggest that p97 may regulate the
NF«B-mediated gene expression by controlling the stability
of TxBa. Secondly, Cdc48 was found to regulate a similar
processing pathway that controls the expression of genes
involved in fatty acid metabolism in S. cerevisiae (Hitch-
cock etal, 2001; Hoppe et al, 2000; Rape et al., 2001;
Shcherbik et al., 2003). The central players, Spt23 and
Mga2, are both synthesized as dormant transcription factor
precursors (pl120) that are associated through their car-
boxy-terminal transmembrane domains with the ER mem-
brane. Spt23 and Mga2 form a homo-dimer, which is
processed in an unusual way by the 26S proteasome, lead-
ing to the selective degradation of the carboxy-terminal
segment of one subunit (Rape and Jentsch, 2004). The
remaining amino-terminal portion (p90), albeit lacking any
transmembrane anchor, is still associated with the ER
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Fig. 4. Cdc48-dependent activation of Spt23 in S. cerevisiae. Spt23 is synthesized as an inactive precursor that forms a homodimer at the ER membrane. It
then undergoes ubiquitination by a membrane-associated ubiquitin ligase, RspS. This modification appears to be regulated by the level of unsaturated
fatty acid in the ER membrane. Subsequently, the proteasome is recruited, leading to the partial degradation of one Spt23 subunit. The processed Spt23
apparently still carries some ubiquitin conjugates, which may be the signal to recruit the Cdc48-Ufd1-Npl4 complex. The latter may apply the force gener-
ated by ATP hydrolysis to release the processed Spt23 subunit from its partner, allowing its entry to the nucleus to regulate gene expression.

membrane via an interaction with the intact p120 subunit.
The p90 subunit, which still retains several ubiquitin moie-
ties, is recognized by the Cdc48-Ufd1-Npl4 complex. The
ATPase complex then releases the p90 subunit from the
membrane, allowing its translocation into the nucleus to
regulate gene expression. Thus, the Cdc48/p97-dependent
mobilization of Spt23 (Fig. 4) seems to be analogous to the
extraction of misfolded proteins during retro-translocaiton.
Interestingly, the release of the processed Mga2 subunit
from the ER membrane appears to follow a different mech-
anism that also requires Cdc48. Specifically, the mobiliza-
tion of the processed Mga2 may be a consequence of the
Cdc48-mediated degradation of the unprocessed p120 sub-
unit of Mga2 (Shcherbik et al., 2003).

2.5. Other activities

In addition to the cellular activities described above,
recent work has linked Cdc48/p97 to many other cellular
processes such as protein folding/unfolding, DNA repair,
and apoptosis. The archaeal Cdc48/p97-like protein, VAT,
was shown to contain both protein folding and unfolding
activities depending on salt concentration (Gerega et al.,
2005; Golbik et al., 1999). The yeast Cdc48 is capable of
recognizing unfolded polypeptides to suppress their aggre-
gation in vitro. Surprisingly, this does not require the ATP-
ase activity of Cdc48 (Thoms, 2002). A connection between
p97 and DNA repair was suggested when Zhang and col-
leagues found that p97 interacts with BRCA1 (Zhang et al.,
2000a). Consistent with this notion, p97 was recently found
to undergo phosphorylation at a serine residue in response
to DNA damage (Livingstone et al., 2005). The ATPase
also binds to a DNA unwinding helicase, and thus may
function in DNA replication (Yamada et al., 2000). A role
for p97 in apoptosis was suggested to be critical for the
mechanism underlying the pathogenesis of several neurode-
generative diseases (Higashiyama et al., 2002; Yamanaka

et al., 2004). However, given that p97 is an abundant essen-
tial protein, any perturbation of its function may ultimately
cause cell death.

3. Ubiquitin commands the AAA ATPase

At first glance, it seems that all the p97-regulated pro-
cesses described above are unrelated. However, a close
examination reveals that the diverse p97 functions are all
connected, in one way or the other, to the ubiquitin path-
way. First of all, p97 itself contains an intrinsic ubiquitin
binding site in its N domain, although its affinity is low
(Dai and Li, 2001; Rape etal, 2001; Ye etal, 2003).
Along the same lines, many co-factors of p97 also bear
ubiquitin binding domains (Fig. 2). These additional ubiq-
uitin binding sites may either enhance the affinity of the
p97 complex for ubiquitin conjugates (e.g., the p97 and its
co-factor Ufd1 can interact with ubiquitin chains linked
by lysine®® in a synergistic manner) (Ye et al., 2003), or
alter the specificity of ubiquitin recognition (e.g., p97 by
itself prefers poly-ubiquitin conjugates, whereas the p97—
p47 complex appears to interact selectively with mono-
ubiquitinated substrates) (Meyer et al., 2002). Curiously,
not all p97 co-factors identified so far contains an ubiqui-
tin binding motif. However, since p97 forms a homo-hex-
amer that can bind up to six co-factors directly, co-factors
without ubiquitin binding activity may team up with an
ubiquitin binding co-factor, which would allow every p97-
containing complex to act on ubiquitin conjugated sub-
strates with different chain linkages and chain lengths.

In addition to ubiquitin conjugates, p97 also associates
with several ubiquitin ligases (E3). In the degradation of
misfolded ER proteins, p97 interacts with Hrd1 and gp78,
two ER-localized ubiquitin ligases, to facilitate the recruit-
ment of these enzymes to the site of retro-translocation
(Lilley and Ploegh, 2005; Ye et al., 2005; Zhong et al., 2004).
p97 also interacts with a class of U-Box-containing ubiqui-
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tin ligases (Hatakeyama etal., 2004). An interaction
between p97 and ubiquitin ligases raises the possibility that
certain ubiquitin conjugates may be synthesized while sub-
strates are bound by p97. In this context, the ATPase may
even regulate the ubiquitination reaction per se. Indeed,
recent work showed that Cdc48 can bind and modulate the
activity of Ufd2, an ubiquitin extending enzyme (E4) that
normally extends ubiquitin chains to a length containing
more than 20 units. The association of Cdc48 with Ufd2
restricts the chains to a length of four to six ubiquitins
(Richly et al., 2005).

Intriguingly, certain p97-interacting proteins also con-
tain deubiquitinating activity. In addition to VCIP135
which was described above, another p97 co-factor with
deubiquitinating activity is ataxin-3, a poly-glutamine (Q)
containing protein that has been implicated in the patho-
genesis of spinocerebellar ataxia, a neurodegenerative dis-
eases caused by poly-Q expansion (Burnett et al, 2003;
Chow et al., 2004; Warrick et al., 2005). Ataxin-3 binds p97
in a poly-Q-dependent manner (Matsumoto et al., 2004). Its
deubiquitinating activity is conferred by the amino-termi-
nal Josephin domain, which adopts a papain-like fold com-
monly found in many other deubiquitinating enzymes
(Mao et al., 2005). In addition, Ataxin-3 also contains 2-3
ubiquitin interacting motifs (UIM) that are critical for its
activity (Warrick et al., 2005). The physiological function of
ataxin-3 is unclear, but its association with p97 suggests
that the function of Cdc48/p97 may generally be associated
with a deubiquitinating event.

The close connection between Cdc48/p97 and the ubiq-
uitin pathway is striking, considering that archaea contain
a Cdc48-like protein, VAT, but lack ubiquitin. How can
VAT function in the absence of ubiquitin, whereas ubiqui-
tin seems to be indispensable for the function of Cdc48/p97
in eukaryotic cells? It is also known that archaea do not
contain the intracellular membrane system present in
eukaryotic cells. Interestingly, Cdc48/p97 appears to be
particularly well adapted to act on membrane substrates.
This suggests that the core function of VAT/Cdc48/p97 is
ubiquitin-independent chaperone activity, and the vast
number of Cdc48/p97 co-factors may appear later during
evolution to allow the ATPase to acquire novel activities in
various membrane-associated events. Given the fact that
ubiquitin is implicated in almost every aspect of eukaryotic
cell biology, the innovation of a large number of co-factors
that are capable of recognizing ubiquitin certainly expands
the functional repertoire of Cdc48/p97. The close interplay
between Cdc48/p97 and ubiquitin suggests that the latter is
an important regulator for various p97-dependent
activities.

4. Does the ring matter: a tunnel view?

Structural studies showed that p97 forms a homo-hexa-
meric ring with a central channel (DeLaBarre and Brunger,
2003; Huyton et al., 2003; Zhang et al., 2000b). This struc-
ture resembles the AAA ATPase ring connected to the

ClpP protease in E. coli or the base of the 19S regulatory
particle in the eukaryotic proteasome (Pickart and Cohen,
2004). Another AAA ATPase homologous to Cdc48/p97 is
ClpB in bacteria (also called Hsp104 in yeast) (Lee et al.,
2003). All these proteins exhibit canonical chaperone activi-
ties, and can unfold polypeptides by threading them
through a central channel (Pickart and Cohen, 2004,
Weibezahn et al., 2004). In the case of the proteasome or its
bacterial counterparts, polypeptide unfolding is coupled to
its translocation into the degradation chamber that is phys-
ically connected to the ATPase ring. In contrast, ClpB/
Hspl104 is not associated with any proteolytic complex.
Polypeptides processed by ClpB/Hspl104 are released into
the cytoplasm, where they can refold with the help of other
chaperones (Glover and Lindquist, 1998). Since Cdc48/p97
can mediate both proteolytic and non-proteolytic func-
tions, it must be able to cooperate with the proteasome in
one case, but act on its own in another. When both the pro-
teasome and Cdc48/p97 are involved, the connection
between the two remains unclear. Dai et al. reported a weak
association between p97 and the 26S proteasome, although
the physiological specificity of this interaction is unclear
(Dai et al., 1998). Recent work demonstrated that at least
some ubiquitinated substrates are shuttled from Cdc48 to
the proteasome by certain ubiquitin receptors that associ-
ate alternately with Cdc48 and the proteasome (Richly
et al., 2005). Although the generality of this finding remains
to be tested, it seems to suggest that no physical association
between Cdc48 and the proteasome is necessary for the
transfer of at least some substrates from Cdc48/p97 to the
degradation machinery. For Cdc48/p97-mediated non-pro-
teolytic functions, the identity and the fate of its substrates
are even more mysterious.

The structural and functional similarity between Cdc48/
p97 and other ring-shaped AAA ATPases such as ClpB/
Hspl104 raises the possibility that Cdc48/p97 may also
thread polypeptides through its central channel. In Cdc48/
p97-mediated proteolytic function, substrates emerging
from its central pore would subsequently be delivered to the
proteasome for degradation. Alternatively, a substrate may
be released into the cytoplasm, leading to its separation
from the membranes or certain protein complexes. Consis-
tent with this view, recent biochemical studies of VAT sug-
gest that the residues forming the central pore of this p97-
like protein are indeed mechanistically important for its
unfolding activity (Gerega et al., 2005).

Nonetheless, caveat associated with a complete thread-
ing model is apparent, which raises the possibility that p97
may act by a mechanism that does not engage its central
channel. As described above, substrates of Cdc48/p97 usu-
ally contain bulky ubiquitin conjugates, which seem to
exceed the size limit of its pore. Although the current struc-
tural studies do not provide any accurate information on
the flexibility of the pore, a significant increase in the pore
size during nucleotide cycle to accommodate folded ubiqui-
tin conjugates seems to be unlikely. An alternative solution
is that the ATPase may unfold polypeptides including the
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attached ubiquitin chains when moving them through its
central pore. However, since ubiquitin are also required
downstream of p97 for substrate delivery to the protea-
some, the unfolded ubiquitin chains have to be refolded to
avoid premature removal of the proteasomal targeting sig-
nal. In addition, many substrates of p97 are fully functional
after being processed by the ATPase (e.g., Spt23), it is diffi-
cult to imagine how complete unfolding required by
threading polypeptides through the narrow channel of p97
would not interfere with their function unless these sub-
strates are able to refold rapidly.

Another equally attractive model is that p97 may func-
tion as a “molecular switch” to generate mechanical force.
Structural studies showed that the N-terminal domain of
p97 is flexible (Brunger and DelLaBarre, 2003). Since the N-
domain is required for p97 to interact with its co-factors as
well as substrates, it is possible that conformational rear-
rangement of this domain associated with nucleotide bind-
ing and hydrolysis may generate sufficient motion to
separate the bound substrates from membranes or other
proteins. It is worth noting that the NSF, a p97-related pro-
tein that forms a similar hexameric ring structure, is
believed to act in this manner (Owen and Schiavo, 1999).

5. Perspectives

The field of AAA ATPases has been evolving rapidly in
recent years. Among all the AAA ATPase family members,
Cdc48/p97 has particularly drawn much attention, not only
because of its diverse cellular functions, but also because of
its enigmatic mechanism of action. The rapid unfolding of
different stories associated with various Cdc48/p97 activi-
ties is exciting, but it has not added much to our under-
standing of how this impressive machinery works in the
context of different substrates. Instead, more questions
have been generated. For example, the precise role of ubiq-
uitin in p97-mediated cellular processes is still unknown.
How the ATPase hydrolyze ATP remains as a controversial
issue (Wang et al.,, 2004a). Several lines of evidence indicate
that the two ATPase domains (D1 and D2) may alternate
in ATP hydrolysis, whereas other data suggest that all the
ATPase activity can be attributed to the D2 domain. Evi-
dence accumulated so far suggest that the central pore of
Cdc48/p97 may be mechanistically essential, but whether
substrates can be threaded through the pore remains to be
demonstrated. How the ATPase activity of Cdc48/p97 is
regulated is another question. The only co-factor that was
found to modulate the activity of p97 is p47. Unexpectedly,
p47 inhibits the p97 activity rather than increasing it
(Meyer et al., 1998), but the physiological relevance of this
regulation is unclear. Measuring the ATP hydrolysis of p97
in the context of a defined substrate will provide valuable
information on this issue. Another interesting question is
how p97 generates force upon nucleotide hydrolysis.
Recent structural studies on p97 have started to reveal con-
formational changes associated with nucleotide hydrolysis
cycle. Finally, the search for novel p97 co-factors and func-

tions has to be matched by the identification and character-
ization of various p97 substrates. A thorough
understanding of p97 function would require a study of its
activity using purified components including a well defined
substrate. With so many challenging questions, Cdc48/p97
will certainly offer more excitement than a demanding cell
biologist can absorb.
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