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Abstract

The ubiquitin-dependent ATPase, p97, extracts ubiquitinated protein from
macromolecular complexes by utilizing ATP-driven conformational changes.
Consequently, p97 facilitates essential cellular quality control processes
upstream of the proteasome, including endoplasmic reticulum associated
degradation (ERAD) and ubiquitin fusion degradation (Ufd). Mutations in p97 are
linked to an unusual muti-systemic disease (IBMPFD), involving skeletal muscle
degeneration, Paget disease of bone, and fronto-temporal dementia, where the
accumulation of ubiquitin-rich protein aggregates suggests impairment in p97-
dependent activities. Interestingly, the accumulation of ubiquitin-rich aggregates
is also well documented in common neurodegenerative diseases, such as
Alzheimer Disease (AD). This thesis is focused on (i) understanding the
structural and biochemical consequences of p97 mutations, and (ii) substantiating
whether disruption of p97 cell biological function occurs in neurodegeneration.
First, we employed a variety of biochemical and biophysical approaches to show
that two p97 mutations, Arg155Pro and Ala232Glu, alter the conformational state
and ATPase activity. We further demonstrated that these alterations were
directly related to p97 protein aggregation in solution. Secondly, we identified p97
as a target of Caspase-6 (Casp6) proteolytic activity in AD and further
demonstrated that the overexpression of a Casp6 cleaved p97 fragment
compromises the ubiquitin-proteasome system (UPS). Finally, considering the
role of IBMPFD-linked p97 mutations in activating caspases, we used simulation
annealing modeling to provide evidence that structural defects in pathogenic p97
mutants enhanced p97 susceptibility to caspase-mediated processing. We
further showed that p97 was indeed cleaved in dystrophic neurites and activated
astrocytes of patients diagnosed with p97-linked fronto-temporal dementia (FTD).
Collectively, this work identifies caspase-mediated cleavage of p97 as a novel
mechanism for UPS impairment and suggests specific inhibitors of caspase

activity as putative treatment strategies in neurodegeneration.
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Résumé

La p97, une ATPase ubiquitine-dépendante, extrait des protéines ubiquitinées
des complexes macromoléculaires en utilisant les changements conformationnels
activés par I'ATP. Conséquemment, la p97 facilite les processus essentiels du contréle-
qualité cellulaire en amont du protéasome, incluant la dégradation associée au réticulum
endoplasmique (ERAD) et la voie de dégradation des fusions ubiquitinées (Ufd). Les
mutations dans la p97 sont liées & une maladie multisystémique inhabituelle (IBMPFD),
impliqguant comme effets la dégénération musculosquelettique, la maladie osseuse de
Paget et la démence fronto-temporale, ou 'accumulation d’aggrégats protéiques riches
en ubiquitine suggeére la perturbation des activités dépendantes a la p97. Il est
intéressant de noter que cette accumulation d’aggrégats riches en ubiquitine est aussi
bien démontrée dans les maladies neurodégénératives, telle que la maladie d’Alzheimer
(MA). Cette these s'’intéresse a (i) comprendre les conséquences structurales et
biochimiques des mutations dans la p97, et (ii) confirmer si la pertubation de la fonction
cellulaire biologique de la p97 s’observe dans la neurodégénération. D’abord, nous
avons utilisé une variété d’approches biochimiques et biophysiques pour révéler que les
deux mutations dans la p97, Arg155Pro et Ala232Glu, modifient I’état conformationnel et
lactivité ATPase. Nous avons de plus démontré que ces altérations étaient directement
lies a I'aggrégation protéique de la p97 en solution. Ensuite, nous avons identifié la p97
comme étant une cible de I'activité protéolytique de la Caspase-6 (Casp6) dans la MA et
ainsi prouvé que la surexpression d’'un fragment p97 clivé par la Casp6 compromet le
systeme ubiquitine protéasome (UPS). Enfin, en tenant compte du réle des mutations
dans la p97 liees a 'IBMPFD dans les caspases activatrices, nous avons utilisé un
modéle de simulation de I'appariement pour prouver que les défauts structuraux des
mutants pathogéniques de la p97 font augmenter sa susceptibilité au clivage
caspasique. Nous avons également indiqué que la p97 était effectivement clivée dans
les neurites dystrophiques et les astrocytes activés chez des patients diagnostiqués de
la démence fronto-temporale liée a la p97 (FTD). Ce travail dans I'’ensemble identifie le
clivage médié par une caspase de la p97 comme étant un nouveau mécanisme de
perturbation de 'UPS et suggére des inhibiteurs spécifiques de I'activité caspasique

comme stratégie putative de traitement de la neurodégénération.
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1.1 The AAA protein superfamily: a subdivision of P-loop NTPases

Virtually all-essential cell biological processes, from DNA transcription to
protein degradation, are chemically fueled by nucleotide-triphosphate (NTP)
hydrolysis. While mitochondrial biochemical reactions secure the cellular NTP
reserves, an abundant class of enzymes widely termed "phosphate-binding loop
(P-loop) NTPases" drives NTP hydrolysis. P-loop NTPases can be simplistically
classified into two major groups: (1) the Kinase-GTPase and (2) the Additional
Strand, Catalytic E (ASCE) (Leipe et al. 2003; lyer et al. 2004). Together, both
groups represent ~ 10 to 18 % of prokaryotic and eukaryotic genomes (Koonin et
al. 2000); and therefore, it is predicted that P-loop fold is by far the most
abundant protein fold throughout evolution (Wolf et al. 1999). The P-loop fold is
comprised of the Walker A motif or P-loop proper [GX4GKT/S, X represents any
amino acid residue], and the highly variable Walker B motif (Walker et al. 1982;
Saraste et al. 1990). The most common Walker B consensus sequence is ¢,D,
where ¢ encodes any hydrophobic amino acid residue, and is characteristic to the
Kinase-GTPase class. The ASCE class, however, deviates in the substitution of
the aspartic acid residue in the Walker B motif for a glutamate, ¢,E (Leipe et al.
2003). Another distinguishing feature between the Kinase-GTPase and the ASCE
class of P-loop NTPases is the structural arrangement of the P-loop fold relative
to the Walker B motif. The P-loop is positioned adjacent to the Walker B motif in
kinases and GTPases, but separated by an additional strand in the ASCE class
(Leipe et al. 2003). Therefore, the acronym of ASCE, Additional Strand Catalytic

E, excellently relays the distinguishing feature of this novel class of P-loop
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NTPase. Despite these differences, the function of the Walker A and B motifs
remains conserved in all P-loop NTPases: the Walker A motif mediates NTP

binding, while the Walker B motif is involved in NTP hydrolysis.

AAA proteins represent a large sub-division of the ASCE class of P-loop
NTPases. Members of this protein family are classified based on the presence of
the AAA cassette which is comprised of ~ 230 to 250 highly conserved amino
acids encompassing the Walker A and Walker B motifs (Kunau et al. 1993) and a
unique second region of homology (SRH) domain (Erdmann et al. 1991; Beyer
1997; Guenther et al. 1997; Neuwald et al. 1999). The second region of
homology domain is defined by the consensus sequence, X(T/S)(N/S)
XXXXXDXAXXRXXRX(D/E), where X is a variable amino acid residue (Erdmann
et al. 1991; Kunau et al. 1993), and encompasses highly conserved arginine
"sensor" residues, which differentially modulate ATP-binding or hydrolysis
[reviewed in (Ogura et al. 2004)]. The AAA cassette was first identified in 1991
by Erdmann and colleagues, during their characterizations of Pas1p in Yeast
peroxisome biogenesis (Erdmann et al. 1991). In this study, Pas1p was shown to
contain sequences 'strikingly' homologous to Sec18p/NSF and the Valosin
containing protein (VCP) and its respective Xenopus homologue, p97 (Erdmann
et al. 1991). These sequences were later designated the AAA acronym by Kunau
and colleagues in 1993 (Kunau et al. 1993). Currently, a standard search using
the Conserved Domains Database (CDD) on the National Center for

Biotechnology Information (NCBI) web-engine identifies 18 superfamilies and 52
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families of proteins containing the AAA domain throughout all sequenced
prokaryotic and eukaryotic genomes. Accordingly, AAA proteins represent some

of the most ubiquitous and highly conserved proteins throughout evolution.

1.2 The discovery of Cdc48p and its higher vertebrate homologue (p97)
The discovery of Yeast Cdc48p and mammalian p97 (also named the
Valosin containing protein, VCP) occurred independently. CDC48 was first
discovered in 1982 by Moir and colleagues (Moir et al. 1982) in a study aimed at
identifying cell cycle genes in Saccharomyces cerevisiae (S. cervisiae). Using a
forward genetics approach combined with a yeast complementation analysis,
CDC48 was identified as an affected gene in yeast mutant strains displaying
defects in medial nuclear division. Five years later, in 1987, Koller and
Brownstein conducted a search for a presupposed precursor of a biologically
active peptide named "Valosin". Using a porcine adrenal medulla complementary
DNA (cDNA) library, Koller and Brownstein showed that the peptide, "Valosin"
represented amino acid resides 493-517 of an 806 amino acid precursor, and
hence assigned the name, Valosin-containing protein. However, the fact that
VCP tissue expression was reported to be ubiquitous, its N-domain lacked a
signal peptide for secretion, and it did not contain any known protease processing
sites, led to the conclusion that "Valosin" was an artifactual product of the
chymotryptic digestion of VCP during purification. Nevertheless, the study
established that VCP was a predominantly cytosolic protein of an unknown

function.
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In 1990, Peters and coworkers provided first clues to the biochemical
activity of p97. In an effort to characterize macromolecular complexes within the
S100 fraction of Xenopus oocyte extracts, a widespread 14.5S particle was
detected (Peters et al. 1990); and it was the distinction between the 14.5S
particle and the 20S proteasome that rationalized further investigation into its
identity. Unlike the 20S proteasome, the 14.5S particle was predominantly
comprised of a 97 kDa protein, and hence termed, p97. Importantly, Peters et al.
reported for the first time that p97 formed homo-oligomeric, ring-shaped
complexes with a 6-fold radial symmetry and measurable ATPase activity.
Furthermore, using cloning and sequencing techniques, p97 was shown to be
highly homologous to VCP, and the vesicle-fusion proteins, mammalian N-
ethylmaleimide sensitive factor (NSF) and yeast Sec18p. This study was seminal
since it identified p97 as an ATPase, provided clues to its structure, and pointed
to its strong relationship to vesicle fusion proteins in the endocytic pathway

(Peters et al. 1990).

The link between Cdc48p and p97 was first identified in 1991 by Fréhlich
and colleagues (Frohlich et al. 1991) who cloned and sequenced CDCA48.
Fréhlich and colleagues showed that Cdc48p shared a sequence identity of
69.5% with the previously identified VCP, 46.6% with Sec18p, and 47.7% with
NSF. It was concluded that VCP is the mammlian homologue of yeast Cdc48p
and that Sec18p, NSF, VCP, and Cdc48p are all members of a novel ATPase

superfamily. Furthermore, based on the phenotype of CDC48 mutant strains, it
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was proposed that Cdc48p may regulate cell division through some "vesicle-
related" biochemical activity. While these results confirmed what Erdmann and
colleagues had previously reported on the evolutionary relationship between
these proteins, it was not until 1995 that the first cell biological role of Cdc48p
was identified in endoplasmic reticulum (ER) membrane fusion (Latterich et al.

1995).

1.3 p97 biochemical activities
1.3.1 p97 in the post-mitotic biogenesis of the endoplasmic reticulum and
Golgi apparatus

Cell division requires not only the faithful duplication and transfer of
genetic material between two daughter cells, but also the partitioning of
organelles between the two newly defined cytoplasmic compartments. Unlike the
Golgi apparatus, which fragments at the onset of mitosis, the ER remains
relatively intact and polarizes at the spindle poles. Depending on the cell type,
the cortical ER network flanking the plasma membrane could also pinch off into
two daughter cells during cytokinesis. Once partitioned, ER membranes serve as
templates for further membrane expansion and growth (Warren 1993; Powell and
Latterich 2000). The minimal biochemical requirements for ER membrane fusion
were first resolved in elegant studies by Latterich and Schekman, where ER
membrane fusion was reconstituted in vitro (Latterich and Schekman 1994). The
fusion of donor and acceptor ER derived microsomes was shown to be protein

dependent and to occur only in the presence of ATP and an ATP regeneration
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system. Surprisingly, NSF/Sec18p, an important mediator of vesicle transport
within the Golgi stalks (Malhotra et al. 1989) and the endocytic pathway (Diaz et
al. 1989), and its associated receptor, a-Soluble NSF Attachment Protein,
SNAP/Sec17p (Weidman et al. 1989; Clary et al. 1990), were both not required
for ER-membrane fusion. In an attempt to identify the components of the ER-
membrane fusion machinery, Cdc48p represented a likely candidate based on its
strong homology with NSF and the mitotic defect associated with its mutation in
yeast strains (Latterich et al. 1995). Indeed, using the in vitro ER membrane
fusion reconstitution assay, Latterich and colleagues demonstrated that (1) cell
cycle arrested Cdc48p mutant yeast strains were indeed defective in ER
membrane fusion, (2) Cdc48p blocking antibodies inhibited ER membrane fusion
in wild-type yeast strain, (3) concentrated cytosol of wild-type, but not mutant,
Cdc48p yeast strains rescued the membrane fusion defect, and (4) purified
Cdc48p restored ER membrane fusion in a dose dependent manner (Latterich et
al. 1995). Accordingly, the first biochemical function of Cdc48p was identified in

ER-membrane fusion.

Parallel studies on the mammalian homologue, p97, demonstrated its
involvement in Golgi stack reformation following mitotic vesiculation (Acharya et
al. 1995; Rabouille et al. 1995). These studies initiated a debate on whether
p97's role in Golgi biogenesis was functionally redundant with NSF. On the one
hand, Acharya and colleagues proposed that Golgi biogenesis occurred in two

steps: fusion of small vesicles into larger ones followed by stalk and cisternae
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formation. In this process, NSF mediated the fusion of larger vesicles, while p97
was involved in the morphogenesis of the stalk and cisternae structures
characteristic to the Golgi (Acharya et al. 1995). Conversely, parallel studies by
Rabouille and coworkers demonstrated that both NSF and p97 could support
stalk and cisternae formation, however, each resulted in morphologically distinct
structures (Rabouille et al. 1995). While the discrepancy between both studies
could be due to the type and nature of the membrane preparations used in the
fusion assays, both studies confirmed a role for p97 in the biogenesis of the Golgi

from vesiculated membrane components.

1.3.1.1 Biochemical requirements of p97 fusogenic activity

The soluble NSF Attachment receptor (SNARE) hypothesis has been
proposed to explain the mechanism of membrane fusion (Sollner et al. 1993). It
postulates that membrane fusion is enabled by the pairing of a vesicle SNARE (v-
SNARE) with a cognate SNARE on a target membrane (t-SNARE) thereby forcing
the lipid bi-layers to interact and fuse. Structurally, SNAREs interact in a leucine-
zipper-like manner facilitated by the pairing of their alpha-helical domains (Sutton
et al. 1998) which extend into the length of the lipid bi-layer (Stein et al. 2009).
The specificity of SNARE pairing, in turn, determines the fusogenic capacity of
two membranes.  However, prior to pairing, docked v-SNARE-t-SNARE
complexes must be dissociated by an energy-driven reaction mediated by NSF

and its SNARE receptor, a-SNAP. The dissociation reaction forces the
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antiparallel v-SNARE-t-SNARE complex to adapt a parallel conformation
favouring pairing and subsequent lipid bi-layer fusion (Sollner et al. 1993).

Analogous to the role of a-SNAP in NSF recruitment to SNARE-complexes,
p47/SHP1 was identified as an essential cofactor of p97 in membrane fusion
(Kondo et al. 1997). Interestingly, p97-p47 complex is in competition with the
NSF-a-SNAP complex for the engagment of the t-SNARE, syntaxin-5 (Rabouille
et al. 1998; Roy et al. 2000) on ER and Golgi membranes. This mutually
exclusive interaction mode is reflected in the fact that p47 and a-SNAP utilize the
same binding sites on syntaxin-5. Surprisingly, unlike the NSF-SNAP complex,
which utilizes ATP-hydrolysis in dissociating from syntaxin-5 (Sollner et al. 1993),
the p97-p47/syntaxin-5 trimer remains stable in the presence of ATP (Rabouille et
al. 1998), and an additional cofactor, VCP interacting protein 135 (VCIP135)
interacts with both p97 and syntaxin-5 to dissociate the complex (Uchiyama et al.

2002) in an ATP-dependent manner.

Golgi membrane fusion must be timely orchestrated at the onset of
telophase and precluded during mitosis. Accordingly, the interaction between
p97-p47, syntaxin-5 and VCIP135 is necessarily highly regulated throughout the
cell-cycle. In interphase, p47 localization is usually nuclear and fragmentation of
the nuclear envelope during mitosis is accompanied by CDK1-mediated
phosphorylation of p47 (Uchiyama et al. 2003). Phosphorylation of p47, in turn,
prevents p47 untimely recruitment to Golgi membranes following nuclear

membrane fragmentation. Interestingly, p47 phosphorylation occurs in parallel
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with the ubiquitination of unknown targets on the Golgi membranes during
fragmentation. Considering that p47 employs an N-terminal ubiquitin-associated
domain (UBA) in binding to Golgi membranes (Meyer et al. 2002), p47
phosphorylation likely prevents the association of p47 with a ubiquitinated Golgi
membrane target. Conversely, in telophase, p47 is dephosphorylated and
subsequently recruited along with p97 to its ubiquitinated Golgi membrane
receptor (Uchiyama et al. 2003), however, membrane fusion only occurs in the
presence of VCIP135 (Wang et al. 2004). VCIP135 plays several important roles
in p97-mediated membrane fusion. First, both VCIP135 and p47 utilize similar
highly conserved ubiquitin-regulatory X (UBX) domains and likely compete for the
same binding site on p97 (Uchiyama et al. 2002). Second, VCIP135 is
hypothesized to release the conformational "grip" of the p47 trimer on p97 (Kondo
et al. 1997) which inhibits p97 ATPase activity (Meyer et al. 1998). In doing so,
VCIP135 allows p97 to hydrolyse ATP and thereby dissociate the complex (Wang
et al. 2004). Lastly, VCIP135 also precludes the reassembly of the p97 complex
by catalyzing the removal of the regulatory ubiquitin moiety on the Golgi
apparatus (Wang et al. 2004). These findings indicate that the role of p97 in
membrane fusion is highly regulated by p47 phosphorylation and VCIP135

deubiquitination activity.

Recently, a novel p97-dependent pathway has been identified and
demonstrated to be essential for Golgi and ER maintenance during interphase as

well as in membrane reassembly at exist of mitosis (Latterich 2006; Uchiyama et
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al. 2006). p97 forms a complex with VCIP135 and p37, a newly identified
orthologue of p47, which distinctly target the SNARE, GS15. Similar to p47, p37
also interacts with p97 via a UBX domain, however, p37 lacks a UBA domain and
shows no evidence of interactions with any form of ubiquitin. In addition,
VCIP135 facilitates p97-p37 role in membrane fusion independent of its
deubiquitinating activity and the role of p97-p37-VCIP135 in membrane fusion is
known to be ubiquitin independent (Latterich 2006; Uchiyama et al. 2006).
Interestingly, the total cellular ubiquitination activity is least prominent during
interphase, a fact which may explain the necessity for a ubiquitin-independent
pathway in organellar maintenance in this resting phase of the cell cycle.
Accordingly, it is not surprising that p37 expression is most abundant in post-
mitotic tissues, such as the brain (Latterich 2006; Uchiyama et al. 2006).
Therefore, it appears that ubiquitination is required for the temporal regulation of
p97 activity in membrane fusion and that p97 is mechanistically able to mediate

membrane fusion independent of ubiquitination.

1.3.1.2 p97 as a molecular motor in the retrotranslocation of misfolded
proteins from the ER lumen into the cytosol

Considerable progress has been made in characterizing the role of p97 in
ERAD, a process involving the ATP-powered transport of misfolded proteins from
the ER lumen, through a protein channel, and into the cytosol (Tsai et al. 2002).
In ERAD, p97 functions at the cytosolic phase of the retrotranslocation channel

and couples substrate retrotranslocation to its ubiquitination and subsequent
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degradation by the proteasome (Ye et al. 2001; Jarosch et al. 2002). The role of
p97 in ERAD is mediated by several adaptor proteins: (1) a heterodimeric
complex comprised of nuclear localization protein 4 (Npl4) and ubiquitin fusion
degradation protein 1 (Ufd1) (Ye et al. 2001), (2) VCP interacting membrane
protein (VIMP), a transmembrane protein with a lengthy cytosolic COOH-terminal
domain (Ye et al. 2004), and (3) Derlin-1 (Lilley and Ploegh 2004; Ye et al. 2004),
a candidate ER-retranslocation channel analogous to Sec61p (Lilley and Ploegh
2004). Accordingly, a model is proposed in which the cytosolic tail of VIMP is
utilized in baiting the N-domain of p97Ufd1/Npl4, and thereby recruiting the
extraction machinery to the membrane. Meanwhile, on the luminal side, a
rigorous quality control system of ER luminal chaperones is thought to shuttle
misfolded proteins to Derlin-1 for subsequent retrotranslocation across the ER
membrane. As substrates emerge from the ER, they are subjected to
ubiquitination- a post-translational modification required for interaction with the
Ufd1/Npl4 heterodimer (Ye et al. 2004). However, in other instances, p97 can aid
in substrate retrotranslocation independent of ubiquitination (Rodighiero et al.
2002). In either case, non-ubiquitinated proteins are released into the cytosol,

while ubiquitinated proteins are quickly shuttled to the proteasome.

The novel role of p97 in the retrotranslocation of misfolded proteins across
the ER membrane, as opposed to the remodeling of integral membrane proteins
as in membrane fusion, is supported by several findings. First, the mode of p97

interaction with VIMP is independent of ATP and Ufd1/Npl4 binding, and
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therefore, the possibility of VIMP serving as a substrate for p97 is ruled-out (Ye et
al. 2004). Secondly, the fact that VIMP and Derlin-1 are found to associate
transiently with poly-ubiquitinated proteins is consistent with a role in protein
degradation and not the refolding of newly synthesized secretory proteins (Ye et
al. 2004). Furthermore, RNAi-mediated knockdown of Derlin in C. elegans elicits
a moderate unfolded protein response (UPR) (Ye et al. 2004), and Derlin protein
expression is upregulated in response to ER stress (Oda et al. 2006). While the
mechanism of Derlin-mediated substrate recognition in the ER lumen is hitherto
unclear, it is possible that Derlin is gated by ER chaperones in a manner
analogous to BiP gating of the Sec61 translocation channel (Alder et al. 2005).
Alternatively, Derlin could interact with a specific subset of ER transmembrane
proteins, such as the ER degradation enhancing a-mannosidase-like (EDEM)
protein or other lectins, which could confer the specificity of the targeted
substrates (Hosokawa et al. 2001; Gnann et al. 2004). Also, the lack of VIMP
homologues in invertebrates is somewhat perplexing considering that the ERAD
machinery is a highly conserved cellular apparatus (Ye et al. 2004). It is tempting
to speculate the VIMP may have evolved to further stabilize p97 on the
membranes, thereby representing an added specialization in more complex
systems. Alternatively, other novel and highly conserved Iluminal and

transmembrane components may need to be identified.

1.3.2 The role of ubiquitination in p97-mediated retro-translocation across

the ER membrane
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The role of ubiquitination in p97-mediated ERAD has been subject to
recent intense investigation. Since the identification of Hrd1p, an E3 ubiquitin
ligase, as part of the Cdc48p retrotranslocation complex, it became evident that
p97/Cdc48p actively coupled substrate retrotranslocation with ubiquitination to
ensure the efficient degradation of misfolded proteins (Bays et al. 2001).
p97/Cdc48p was subsequently established as a central convergence point for
interaction with specific E3 ubiquitin ligase complexes in specialized ERAD
pathway (Ye et al. 2005; Grou et al. 2009). For example, misfolded luminal ER
proteins are degraded by the Hrd1p/Hrd3p ligase complex through the ERAD-L
pathway. Proteins with misfolded intramembrane domains are degraded through
the ERAD-M pathway, which uses the same Hrd1p/Hrd3p complex, albeit in a
manner independent of Der1p and the linker protein, Usa1p. The third pathway is
ERAD-C, which specializes in the degradation of membrane proteins with
misfolded cytosolic domains using the Doa10p ligase (Carvalho et al. 2006).
However, it is important to note that the distinction amongst the three pathways is
not definitive, as Doa10p is also involved in the degradation of proteins with
misfolded transmembrane domains in the ERAD-M pathway (Nakatsukasa et al.
2008). In addition to coupling ubiquitination with retrotranslocation, it is
postulated that Cdc48p actively facilitates the extraction of misfolded
transmembrane proteins from the ER and the maintenance of their soluble state

in the cytosol (Nakatsukasa et al. 2008).
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While ubiquitination facilitates and improves the efficiency of
retrotranslocation, evidence suggests that p97-mediated retrotranslocation is also
possible in the absence of ubiquitination (Abujarour et al. 2005; Kothe et al.
2005). For example, Cholera toxin displays two characteristics : (1) it is
intrinsically a poor substrate for ubiquitination due to the scarcity of lysine
residues in its primary amino acid sequence, and (2) it demonstrates a high
intrinsic capacity for refolding following denaturation (Rodighiero et al. 2002). In
spite of these characteristics, cholera toxin is retrotranslocated in a p97
dependent manner and expression of dominant negative p97 halts its transport
(Abujarour et al. 2005; Kothe et al. 2005). Accordingly, whether ubiquitination
serves as a prerequisite for retrotranslocation likely depends on the identity of the
ERAD substrate. p97 is known to interact with ubiquitinated proteins as well as
non-modified polypeptide chain. For ubiquitinated substrates, interaction with
p97 is likely reinforced by the recruitment of its ubiquitin-binding partners,
Ufd1/Npl4. This in turn may facilitate the retrotranslocation process by stabilizing

the unfolded conformation of the substrate (Ye et al. 2003).

1.3.3 p97 in the regulation of protein stability

The well-established requirement for p97 in ERAD strongly hints at a
mechanistic role in substrate ubiquitination, extraction, and subsequent delivery
to the proteasome. However, this ascribed function is in striking contrast to the
apparent role of p97 in organelle membrane fusion, which implicates p97 in

substrate deubiquitination rather than degradation. A number of recent studies
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now establish a novel paradigm where p97 could positively or negatively regulate
substrate stability through manipulation of the ubiquitin conjugation and
deconjugation machineries.

It is commonly preconceived that substrates must first be processed by the
ubiquitin-conjugation machinery prior to their recognition and recruitment by p97
ubiquitin-dependent adaptors. Emerging data, however, point to an active role for
p97 in substrate recognition and presentation to ubiquitin ligases. Cdc48p is able
to function in a novel ubiquitin-fusion degradation pathway, along with its binary
partner, Ufd1p/Npl4p, and the specialized E3/E4 ligase, Ufd2p. These proteins
form a stable complex that catalyzes the extension of oligo-ubiquitinated chains.
Importantly, complex stability appears contingent on the simultaneous assembly
of all components, hinting that Cdc48p may mediate substrate presentation to the
ubiquitin conjugation machinery (Richly et al. 2005). Consistently, several recent
reports highlight functional interactions between p97 and various E3 ligases
(Table 1.1), including the ERAD-linked SCFfbs1,2 (Skp1p/cullin/F box protein),
and Dorfin, a RING-IBR ligase that is elevated in neurodegenerative conditions
(Ishigaki et al. 2004; Yoshida et al. 2005). For example, SCF employs two F box
protein receptors (fbs1 and fbs2) to link misfolded N-glycosylated ERAD
substrates to p97. Surprisingly, active ATP hydrolysis by the p97 D2 ring is
necessary for Fbsi1-mediated substrate recognition, suggesting that p97 is
mechanistically required prior to SCFfbs1,2 complex recruitment. Similarly, an
ATPase-deficient p97 mutant abolishes Dorfin-mediated recognition and

ubiquitination of superoxide dismutase-1 (SOD-1). Therefore, it appears that
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substrate accessibility to p97 is a prerequisite for coupling E3 ligase activity to

select target substrates.

The mechanistic basis of p97 participation in substrate ubiquitination
remains elusive. The fact that Cdc48p interaction with ubiquitinated substrates
and Ufd2p is concomitantly reduced in ufd7-2 and npl4-1 mutant strains indicates
that some target substrate must first be recruited by adaptor proteins prior to E3
complex assembly (Richly et al. 2005). Given that Ufd2p has an unusual role in
catalyzing the elongation of preassembled oligo-ubiquitinated chains, it is
possible that to ensure the timely degradation of substrates, p97 may couple an
extraction step with the multiubiquitination process, whereby target substrates are
already oligo-ubiquitinated and present as an integral part of a larger
macromolecular assembly. Remarkably, Cdc48p has been shown to restrict the
length of Ufd2p-assembled ubiquitin chains in vitro. This is especially important
considering that the length of the multiubiquitin chain has a modulating effect on
the efficiency of recognition and degradation by the 20S proteasome. Once
processed, arrested degradation substrates are then channeled to the trimeric
Ufd2p/Dsk2p/Rad23p complex, which in turn mediates their transfer from Cdc48p

to the proteasome (Richly et al. 2005).

Just as it is able to interact with the ubiquitin conjugation machinery,
Cdc48p is now identified as a constituent of distinct complexes that either inhibit

E3 interaction or actively deubiquitinate the substrate. Strikingly, both Ufd2p and
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the WD40-motif protein Ufd3p compete for interaction with Cdc48p and share the
same docking site on its COOH-terminal domain, with Ufd3p having preferentially
the higher binding affinity (Rumpf and Jentsch 2006). Consequently, depending
on the cofactor associated with the complex, Cdc48p can either promote or inhibit
the ubiquitination process for a common substrate. For example, the degradation
of Ub-proline-p-galactosidase is accelerated with Ufd2p overexpression but
conversely repressed by Ufd3p upregulation. Similarly, an Ufd3p deletion mutant,
containing only its Cdc48p binding site, dominantly inhibits the degradation of
model UFD substrates. Better yet, even if the substrate is already ubiquitinated,
Cdc48pUfd1/Npl4 is able to assemble a deubiquitinating complex with both Otu1p
(yeast homologue of VCIP135), a member of the Ovarian Tumor family with a
ubiquitin-hydrolase activity, and Ufd3p. This complex, in turn, competes with
Ufd2p in the processing of its well-characterized substrate in the OLE pathway,
the transmembrane transcription factor Spt23p. Therefore, depending on the
cellular metabolic demands, Cdc48p is able to participate in opposing functions,
which can either involve the ubiquitination and activation of Spt23p or its
deubiquitination and stabilization on the ER membrane. Interestingly, in addition
to Cdc48p activity, the common denominator in this process is the requirement of
the Ufd1p/Npl4p heterodimer, which helps bridge Cdc48p to its substrate (Rumpf

and Jentsch 2006).

These findings together establish a novel role for p97/Cdc48p in regulating

substrate turnover and raise more questions surrounding the underlying
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biochemical basis of its mechanism. The fact that p97 is considerably more
abundant than its partners suggests that cofactor expression, stability, or
localization may all be important determinants of the identity of the assembled
complexes. Alternatively, p97 and its cofactors may be subject to a dynamic post-
translational modification process that determines the identity of the assembled
complex within pockets of cellular microdomains and according to specific
metabolic demands. This would not be surprising considering that the cell cycle
dependent phosphorylation of p47 by Cdc2 regulates its localization on the ER
and Golgi membranes and may subsequently affect its interaction with p97
(Uchiyama and Kondo 2005). Similarly, AKT-mediated phosphorylation regulates
p97 interaction with ubiquitinated substrates, although it is unclear whether this is
a direct effect on substrate binding or a mere consequence of abolishing cofactor
binding (Klein et al. 2005). Furthermore, p97 may also assume the role of a
protein-proofing chaperone that has coevolved to alleviate the metabolic
pressures of protein synthesis and degradation. Depending on conformational
recoverability, a crucial decision must be made to either ubiquitinate and degrade
or deubiquitinate and recycle target substrates (Fig. 1.1). A better mechanistic
understanding of p97 function, especially its potential role in protein unfolding or
complex disassembly, is evermore pressing considering the scope and
complexity of its interaction with the ubiquitin modification machinery (Halawani

and Latterich 2006).

1.3.4 p97 in the regulation of apoptotic cell death



Chapter 1 20

1.3.4.1 Overview of apoptosis and the role of the Caspase protease family
in its execution.

The word “apoptosis” describes a highly regulated and energy demanding
process undergone by the cell to initiate its own death in response to intrinsic or
extrinsic stimuli (Kerr et al. 1972). Morphological markers of apoptosis include
chromatin condensation, nuclear DNA fragmentation, cytoplasmic vacuolization,
membrane blebbing, and phosopholipid phophatidylserine translocation from the
inner to the outer lipid bilayer (Galluzzi et al. 2009). The cysteinyl proteases,
caspases, are crucial mediators of both the intrinsic and extrinsic apoptotic
pathways (Li et al. 1997; Zou et al. 1999). The human genome contains 11 genes
encoding Caspase-1 to Caspase-10 and Caspase-14 (Li and Yuan 2008).
Generally, the caspase genes are translated into inactive single polypeptide
chains encompassing a prodomain, a large subunit containing the catalytic site,
and a small subunit. Activation occurs through the proteolytic processing of the
three subunits and the subsequent assembly of two large and two small subunits
into tetramers (Fuentes-Prior and Salvesen 2004). Caspases can be
simplistically classified into initiator caspases (Caspase-1, -2, -4, -5, -8, -9, -10, -
11, -12), and effector caspases (Caspase-3,-6,-7) (Li and Yuan 2008). Initiator
caspases have very few identified substrates, which generally include their own
precursors and/or other caspases and are therefore deemed responsible for
initiating the apoptotic cascade. On the other hand, effector caspases are
responsible for the massive proteolysis of cellular proteins or “executing”

apoptosis (Li and Yuan 2008).
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Apoptotic cell death can be initiated through either an intrinsic or an
extrinsic pathway. The intrinsic apoptotic pathway involves the release of
mitochondrial cytochrome c into the cytosol and its subsequent incorporation into
a complex with apoptotic peptidase activating factor 1 (APAF-1) and the
initiator caspase, Caspase-9 (Casp9). Casp9 in turn processes and activates the
latent effector caspases, Caspase-3 (Casp3) and Caspase-7 (Casp7), and
thereby initiates a cascade of proteolytic degradation of essential cellular
proteins. Conversely, the extrinsic apoptotic pathway involves the activation of
the death-inducing signaling complex though the engagement of the FAS
receptor and activation of the initiator caspases, Caspase-8 (Casp8) or Caspase-
10 (Casp10). As for Casp9, Casp8 and Casp10 are indirectly responsible for
executing apoptosis through the activation of Casp3 and Casp7 (Vercammen et
al. 1998; Scaffidi et al. 1999).

The classification of caspases as either initiators or effectors of apoptosis
is rather simplistic. For example, effector Casp6 activation in primary human
neurons leads to an alternate form of cell death that is distinct from apoptosis
(LeBlanc et al. 1999 and Zhang et al. 2000). Moreover, the functional distinction
amongst effector caspases in apoptosis was recently highlighted in a study by
Nikolaev and colleagues, where Casp3 activation was found to be associated
with neuronal cell body death, while Casp6 activation initiated axonal
degeneration without cell body death (Nikolaev et al. 2006). These results are
consistent with earlier report by Guo and colleagues where Casp6 activation was

demonstrated in pathological hallmark of Alzheimer Disease, where neuronal
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degeneration also occurs in the absence of apoptotic cell death (Guo et al. 2004
and Albrecht et al, 2009). Accordingly, caspases may have proteolytic roles

independent of apoptosis.

1.3.4.2 Evidence for p97 involvement in apoptotic cell death

The first evidence for p97 involvement in the regulation of cell survival
emerged from a study by Shirogane and colleagues who identified p97 as a
mediator of cell survival in the STAT3 antiapoptotic pathway. In this study, p97
expression was strongly upregulated in response to Pim-1, a serine/threonine
kinase involved in the regulation of STAT3, expression and p97 overexpression
partially mimicked the prosurvival effects of Pim-1. Interestingly, the role of p97
in mediating cell survival was also shown to be dependent on p97 ATPase
activity (Shirogane et al. 1999). This observation merited analysis of the role of
p97 in cell survival. Indeed, transfection of an ATPase deficient p97 variant,
p97K524A, in PC12 cells induces vacuolization of the rough ER and apoptosis
(Hirabayashi et al. 2001; Kobayashi et al. 2002). Furthermore, RNAi-mediated
depletion of p97 also leads to ER vacuolization, p53 induction, Casp3 and
Casp7 activation, and PARP cleavage (Wojcik et al. 2004; Wojcik et al. 2006).
These studies suggest that functional p97 is necessary for cell survival. Exactly
how p97K524A mutant induces apoptosis remains elusive. Studies on Cdc48p
suggest that impairment in ATPase activity induces apoptosis through a
mitochondrial pathway involving oxidative stress, mitochondrial membrane

depolarization and activation of the yeast metacaspase protein (Madeo et al.
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1997; Madeo et al. 1999). Accordingly, it is possible that dysfunction in
mammalian p97 ATPase activity may lead to apoptotic cell death through the

activation of the intrinsic apoptotic pathway.

1.3.5 Other less characterized cellular roles for p97 in DNA replication and
repair

In addition to its participation in membrane fusion, ERAD, and ubiquitin
fusion degradation (Ufd), p97 also facilitates mitotic exit by regulating mitotic
spindle disassembly (Cao et al. 2003) and chromatin decondensation (Ramadan
et al. 2007). In mitotic spindle disassembly, p97 interacts with spindle assembly
factors and chaperones their release from the microtubules at the end of mitosis
(Cao et al. 2003). Furthermore, Cdc48 is required for the stability of the separase
proteolytic complex during anaphase and is therefore an indirect facilitator of the
separation of sister chromatids during mitosis (lkai and Yanagida 2006). On the
other hand, chromatin decondensation is indirectly promoted by p97-mediated
extraction of the ubiquitinated Aurora B kinase (Ramadan et al. 2007). p97 is also
implicated in DNA replication since its depletion delays S-phase progression and
reduces the total DNA content (Mouysset et al. 2008). The involvement of p97 in
DNA replication and repair is also supported by its interaction with the human
Werner RecQ helicase (Partridge et al. 2003; Indig et al. 2004) and the Bloom
Syndrome helicase homogue, HIM-6, in C. elegans (Caruso et al. 2008).
Nevertheless, the exact mechanisms regulating p97 participation in these

activities remain elusive.
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1.4. The structure of p97 and its relationship to function
1.4.1 The general structural features of p97

p97 is comprised of 806 amino acids encompassing an N-domain
(residues 1-187), two homologous AAA domains, D1 (residues 208-459) (Zhang
et al. 2000) and D2 (residues 481-761), and a COOH-terminal domain (residues
761-806) (DeLaBarre and Brunger 2003) (Fig. 1.2). p97 also contains two short
linkers, N-D1 (residues 188-207) (Zhang et al. 2000) and D1-D2 (residues 460-
480) which ensure the flexible interconnectivity of all domains (DeLaBarre and
Brunger 2003) (Fig. 1.2). Intermolecular interactions between the AAA domains
of a p97 monomer and their counterpart AAA domains in other monomers enable
the assembly of a hexameric ring-shaped structure (DeLaBarre and Brunger
2003) (Fig. 1.3) . Within the hexamer, the D1 and D2 rings are vertically stalked in
a "head to tail" arrangement with six flexible N-domains protruding out of the D1
AAA ring (DeLaBarre and Brunger 2003) (Fig. 1.8). The orientation of the
COOH-terminal domain relative to the D2 AAA ring is not currently known
considering its disordered structure and lack of sufficient resolution by X-ray
crystallography (DeLaBarre and Brunger 2003). The D1 and D2 rings form a
central pore spanning the vertical axis of the hexamer (Fig. 1.3). The shape of
this pore mimics two cones joined through their bottom and flaring out towards
the top and bottom of the hexamer (DeLaBarre and Brunger 2003). The
hexameric assembly of p97 is highly favoured and likely occurs spontaneously
following translation (Wang et al. 2003). p97 hexameric structure is also highly

resistant to acid and alkaline denaturation and requires concentrations as high as
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6 M urea for disassembly (Wang et al. 2003). Furthermore, p97 hexamerization is
required for its ATPase activity as monomeric p97 has negligible activity (Wang et

al. 2003).

1.4.2 The N-domain

The N-domain of p97 forms two equally sized subdomains, with the distal
subdomain encompassing a double-y fB-barrel fold (residues 25-106) and the
proximal subdomain forming a p-clam fold (residues 112-186) (Fig. 1.4A-D). The
interphase between the two subdomains represents a putative hydrophobic
protein binding pocket which also contains a short linker of six amino-acids,
107DVKYGK111 (Zhang et al. 2000) (Fig. 1.4 A-D). Functionally, the N-domain of
p97 carries a nuclear localization sequence, 59LKGKKRR65 (Fig. 1.4 B), and
mediates p97 interaction with many adaptor protein complexes, such as
VCIP135, Ufd1/Npl4, Ubx-domain proteins (p47, p37, and UBX-2), and Werner
RecQ helicase (Dr. Dominique Anzellotti, unpublished data). Furthermore, p97
N-domain also interacts with ubiquitin and polyubiquitin chains. Mechanistically,
it is postulated that cofactor binding to p97 is ATP-independent, whereas
substrate binding is ATP-dependent (Ye et al. 2003; Ye et al. 2004); however, as
of yet, only a few proteins have been proposed to be true physiological substrates
of p97 (ie. synaptotagmin-1 and HIF-1a) and thereby further investigation into the
validity of this hypothesis is necessary (DeLaBarre et al. 2006; Alexandru et al.
2008). Interestingly, while the N-terminal domain is not required for ATPase

activity (Rouiller et al. 2002; Ye et al. 2003; Rothballer et al. 2007), adaptor
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protein complex could regulate p97 ATPase activity through its N-domain (Meyer

et al. 1998).

1.4.3 The D1 and D2 AAA rings

The D1 and D2 domains are each comprised of an N-terminal o/p-fold and
a COOH-terminal a-helical domain and are flexibly interconnected in a head to
tail arrangement (DeLaBarre and Brunger 2003; DelLaBarre et al. 2006) (Fig.
1.5). The D1 domain is necessary for hexamerization and, in the absence of the
D2 ring, the flexible D1-D2 linker represents the minimal requirement for
nucleotide independent hexamerization (Wang et al. 2003). On the other hand,
the D2 ring is responsible for p97 major ATPase activity and when crystallized
without the D1 ring, the D2 ring adapts a heptameric structure (Davies et al.
2008). Examination of the nucleotide occupancy state indicates that the D1 ring
is consistently and, perhaps irreversibly, bound to ADP, where as the D2 ring can
exist in an unbound (Huyton et al. 2003), AMP-PNP, ADP.AIF3, and ADP bound
states (DeLaBarre and Brunger 2005). The differences in the nucleotide binding
capacities between the D1 and D2 rings can be attributed to the high affinity of
the D1 ring for ADP, especially considering that both rings have the same affinity
for ATP (Briggs et al. 2008). Furthermore, recent evidence suggests that all six
nucleotide binding sites in the D1 ring can bind ADP simultaneously, while about
only 3-4 nucleotide binding sites can be occupied at the same time in the D2 ring
(Briggs et al. 2008). Nucleotide hydrolysis in the D2 ring initiate movements

which propel protomers by their neighboring protomers (Davies et al. 2008).
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These movements are, in turn, relayed through the D1-D2 linker to the a-helical
domains of the D1 ring and subsequently the flexible N-domain (DeLaBarre and
Brunger 2005). Thus far, it is clear that the ATP hydrolysis does not occur
simultaneously in the D2 ring and that the mechanism is likely rotational or
stochastic (Briggs et al. 2008). In either case, the D1 and D2 rings are also
subject to post-translational modifications that could regulate their activity in vivo

(Klein et al. 2005; Vandermoere et al. 2006).

1.4.4 The COOH-terminal domain

The structure of the COOH-terminal domain of p97 (residues 761-806) is
unknown for the reason that it is characteristically flexible and therefore
irresolvable by X-ray crystallography. Functionally, the COOH-terminal domain
mediates p97 binding to the E3/E4 ligase, Ufd2, and Ufd3. Furthermore,
Serine784 (Livingstone et al. 2005) and tyrosine 805 (Madeo et al. 1998) are
targets of phosphorylation events which regulate p97 subcellular localization

(Madeo et al. 1998; Lavoie et al. 2000; Livingstone et al. 2005).

1.5 Conformational changes in p97 during its ATPase cycle

Cryo-electron microscopy (cryo-EM) represents an ideal technique to
study conformational changes in p97 during its ATPase cycle. Firstly, it allows
the resolution of the hydrated structure of a protein in its native state (ie. without
staining or fixation), which could be more representative of its physiological state

in vivo. And secondly, cyro-EM enables the visualization of large multi-protein
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complexes that could be difficult to resolve by X-ray crystallography. Using cryo-
EM, pioneering studies by Rouiller and coworkers demonstrated drastic
conformational changes in p97 upon ATP-binding (Rouiller et al. 2000), and in all
nucleotide binding states (Rouiller et al. 2002). p97 conformational changes were
also elucidated using X-ray crystallography (DeLaBarre and Brunger 2005) and
small angle X-ray scattering (SAXS) (Davies et al. 2005). Except for the X-ray
crystallography structures, p97 conformational changes were generally defined in
the movement of the N-domain relative to the D1 ring, the opening and closure of
the D1 and the D2 ring pores, and in vertical shifts of the surface densities on the
sides of the hexamer (Rouiller et al. 2000; Rouiller et al. 2002; Davies et al.
2005). Many of these conformational changes were not observed on the crystal
structure probably due to the structural constraints imposed by the crystallization
process. Interestingly, the conformational changes in p97 were dependent on the
N-domain, as its deletion abolished all the changes observed by cryo-EM, without
impairing p97 ATPase activity (Rouiller et al. 2002). Nevertheless, it is proposed
that p97 conformational changes mechanistically drive its role in the "extraction"

or "remodeling" of protein substrates.

1.6 The denaturation collar model for substrate processing

By exploiting the homology between p97 and the proteasomal Rpt
regulatory proteins, DelLaBarre and colleagues identified two loops (residues
Arg586/Arg599 and Trp551/Phe552) guarding the aperture of the D2 ring as

essential for substrate interaction (DeLaBarre et al. 2006). Importantly,
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DelLaBarre and colleagues identified, synaptotagmin-1, a calcium sensor for
synaptic neurotransmission, as a physiological candidate for a putative p97
unfoldase function (DeLaBarre et al. 2006). Synaptotagmin-1 crosslinks
specifically to D2 Lys565, indicating that it interacts with residues at the distal end
of p97. Mutations affecting the D2 loops, Arg586/Arg599, and, Trp551/Phe552, all
lead to severe attenuation of p97 ATPase activity, disruption of its cooperativity,
and impairment in ERAD function (DelLaBarre et al. 2006). Furthermore,
mutation of Trp551 leads to a pronounced defect in ERAD, without affecting p97
ATPase activity and hydrolysis kinetics. This behavior combined with reduced
co-immunoprecipitation and cross-linking with synaptotagmin-1, suggests that
Trp551 is essential for substrate binding and that ERAD impairment can be
attributed to the abolition of substrate binding (DeLaBarre et al. 2006). Although
this model is indeed attractive, caution must be taken in its interpretation. A
plausible alternative scenario is that synaptotagmin-1 may stimulate p97 activity,
subsequently enabling its interaction with a yet unidentified substrate at the N-
terminal end of the complex. Synaptotagmin-1 could then represent a membrane

receptor for the recruitment of p97 activity (Halawani and Latterich 2006).

Although these findings pose the possibility of D2 involvement in substrate
binding, the molecular mechanism of substrate processing remains to be
elucidated. In the "denaturation-collar" model DelLaBarre and colleagues
proposed that secondary structures in protein substrates are unfolded through the

guanidyl-rich denaturing milieu of the arginine double ring (Arg586/Arg599) that
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guards the p97 D2 pore (DeLaBarre et al. 2006). Subsequently, substrates are
either threaded out through transient grooves at the D1/D2 interphase or
reversibly channeled out from the entry port (Fig. 1.6 A-B). In contrast to other
AAA proteins, which thread substrates through their symmetry axis, p97 has a
narrow D1 pore that is unlikely able to accommodate a polypeptide chain
(DeLaBarre and Brunger 2003). In this case, the D1 ring function seems to be
limited to correct hexameric assembly and proper interprotomer communication.
Furthermore, this model does not rule out the mechanistic involvement of the N-
domain and adaptor proteins in substrate recruitment to the COOH-terminal pore

or substrate release from the D2 ring (Halawani and Latterich 2006).

1.7. The role of p97 in human diseases
1.7.1 Hereditary inclusion body myopathy associated with Paget disease of
bone and fronto-temporal dementia

In 2004, Watts and colleagues identified mutations in the p97 gene as
causative for a rare and progressive disease with an autosomal dominant pattern
of inheritance named, hereditary inclusion body myopathy associated with Paget
disease of bone and fronto-temporal dementia (IBMPFD). Presentation of first
clinical symptoms usually occurs in the late third or early fourth decade of life with
all patients developing inclusion body myopathy (IBM). Fifty percent of patients
also develop Paget Disease of Bone (PDB) and 30-40% are also diagnosed with
fronto-temporal dementia (FTD) (Watts et al. 2004). However, considering the

recent documentation of subclinical brain pathology in several IBMPFD patients
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displaying no symptoms of dementia, it is likely that the low penetrance of FTD is
due to the premature mortality of patients due to muscle-specific complications
(Forman et al. 2006). Similarly, the variation in the diagnosis of PDB could be
attributed to either early mortality, or the effect of modifier genes that have yet to
be identified. To date, all identified patients carry single amino acid substitutions
in highly conserved residues within the N-domain and the D1 ring of p97 (Fig.
1.7). Fourteen mutations have been identified: nine substitutions affecting five
residues within the N-terminal domain (Arg93, Arg95, Arg155, Gly157, Arg159),
with Arg155 being the most frequently affected residue; two substitution affecting
residues Arg191 and Leu198 within the N-D1 linker region; and three additional
substitutions interfere with D1 residues, Ala232, Thr262 and Asn387 (Fig. 1.7)
(Watts et al. 2004; Schroder et al. 2005; Bersano et al. 2007; Watts et al. 2007;
Spina et al. 2008; Djamshidian et al. 2009). Some of these mutations were also
identified in sporadic forms of IBM, but not sporadic PDB (Lucas et al. 2006) or
FTD (Schumacher et al. 2009). Often, patients are misdiagnosed with other
diseases such as limb girdle muscular dystrophy (LGMD) and amyotrophic lateral
sclerosis (ALS) as well as other forms of dystrophies, which make it difficult to
accurately estimate the prevalence of these mutations in the population (Kimonis
et al. 2008). Currently, the recommended criteria meriting a genetic screen of the
VCP gene is the concurrent diagnosis of myopathy with PDB (Kimonis et al.
2008).

1.7.2 p97-linked inclusion body myopathy
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Autosomal dominant and recessive forms of inclusion body myopathies
can be caused by mutations in a large number of genes summarized in Table 1.2.
Only p97-linked IBM is also associated with early onset PDB (Kimonis et al.
2000; Waggoner et al. 2002). Examination of muscle biopsy tissue of patients
with p97-linked IBM reveal nonspecific changes, including high variability of
muscle fiber size, muscle fiber atrophy and hypertrophy, myopathic grouping,
vacuolization, and fatty replacement of muscle tissue (Hubbers et al. 2007;
Kimonis et al. 2008). Immunohistochemical analyses of advanced disease cases
show large disperse sarcoplamic aggregates plaguing normal and atrophic
muscle fibers and comprised of p97, ubiquitin and TAR DNA binding protein-43
(TDP-43) (Watts et al. 2004; Weihl et al. 2008). p97 also colocalizes with ubiquitin
in flamentous structures and granular aggregates in both the nuclei and the
sarcoplasm of affected muscle fibers (Hubbers et al. 2007). In one report, there
was evidence of nuclear accumulation of paired helical filaments (PHF),
phosphorylated microtubule binding protein, tau, and amyloid precursor protein
(APP), which is reminiscent of Alzheimer Disease pathology (Alvarez 1998).
However, these finding have yet to be substantiated in the majority of cases with
p97-linked IBM (Djamshidian et al. 2009). Alzheimer-like pathology is also well
documented in inclusion body mystic, which is distinguished from hereditary IBM
by its underlying inflammatory component (Asians and Engel 2005; Asians and
Engel 2006). Inflammatory cell infiltration is notably absent in the muscles of
patients with hereditary-type myopathies, including p97-linked IBM (Kimonis et al.

2000). Generally, the morphological features of the myopathy associated with
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p97 mutations are shared by all hereditary-type myopathies. The vast
heterogeneity in the genetic causes of hereditary-type myopathies makes the
possibility of common pathophysiological pathway unlikely in spite of the

overlapping clinical presentation.

1.7.2.1 The role of p97 in myosin assembly

Proper myofibril alignment in myotubes requires the activity of the myosin
motors and their specific chaperone, UNC-45 (Ao and Pilgrim 2000). UNC-45
protein levels are critically regulated throughout development by the concerted
actions of two E3 ubiquitin ligases: Ufd2 and the carboxyl terminus of Hsc70-
interacting protein, CHIP (Hoppe et al. 2004). Either a reduction or an increase in
UNC-45 protein levels leads to reduced myosin contents and myofibril
disorganization thereby resulting in paralysis (Janiesch et al. 2007). Here, p97 is
implicated in the direct regulation of UNC-45 protein turnover. In C elegans, p97
two homologues, CDC-48.1 and CDC-48.2, form a complex with Ufd2 and CHIP
homologue, CHN-1, and together they catalyze the ubiquitination and degradation
of UNC-45 (Janiesch et al. 2007). A null allele of CDC-48.1 or CDC48.2 results in
the accumulation of UNC-45 protein levels and paralysis due to sarcomere
disorganization (Janiesch et al. 2007). Given (1) the role of p97 in UNC-45
protein degradation, and (2) the accumulations of polyubiquitinated protein in
IBMPFD, Janiesch and coworkers, investigated whether IBMPFD mutations
impaired UNC-45 protein degradation in human myotubes derived from patients

with IBMPFD (Janiesch et al. 2007). Compared to healthy myotubes, IBMPFD-
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derived myotubules accumulated UNC-45 and displayed disorganized sarcomeric
structures (Janiesch et al. 2007). These results imply that IBMPFD-linked p97
mutations induce their pathogenic effects by interfering with UNC-45 protein
degradation; however the mechanism remains unclear. Recent evidence
indicates that excess UNC-45 promotes the unfolding or aggregation of the
myosin motors which leads to their UPS-mediated degradation (Landsverk et al.
2007). Accordingly, it remains to be seen if there is a reduction in myosin protein
level in IBMPFD. Furthermore, failure in UNC-45 protein degradation is predicted
to result in a developmental defect, which is not currently observed in IBMPFD
patients. On the contrary, aging appears to be a critical prerequisite for the
pathogenesis of IBMPFD. Therefore, it is plausible that ageing may increase the
demand on p97 function in mediating protein degradation and facilitating
regeneration associated membrane fusion, which in turn could present a
challenge for the mutant p97 complexes. Alternatively, p97 activity may be
necessary for the regulation of UNC-45 protein levels only in adult muscle stem
cells (satellite cells), and not in embryonic muscle progenitors. In support of this
view, UNC-45 protein levels were found to accumulate in myotubes generated
from satellite cells of adult IBMPFD patients (Janiesch et al. 2007). Furthermore,
recent evidence suggests that the genetic requirements for muscle differentiation
in adult stem cells and embryonic muscle progenitors may be distinct (Lepper et
al. 2009). Further studies are indeed necessary to identify the biochemical roles

of p97 in muscle development and regeneration.
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1.8. Paget Disease of Bone

Paget disease of bone (PDB) is the second most common bone disorder
following osteoporosis with approximately 15-40% of all cases having an
underlying genetic component (Hocking et al. 2000) (Table 1.3). This ailment is
characterized by increased osteoclast-mediated bone resorption, followed by a
compensatory increase in osteoblast-mediated bone formation. The woven and
disorganized nature of new bone formation renders the bone susceptible to
fractures and deformities (Paget 1877). Abnormal osteoclast differentiation,
nucleation, and activation are thought to be key mediators of this complex
disease. PDB affects both the axial and appendicular skeletons in patients with
IBMPFD mutations where focal lesions are reported in the skull, spine, clavicles,
pelvis, and the scapulae. The accelerated rate of bone resorption is caused by an
increase in the number and activity of osteoclasts; however, unlike the healthy
multinucleated osteoclasts, pagetic cells can encompass up to 100 nuclei per cell
which leads to their metabolic hyper-activation (Rebel et al. 1980). In response to
increased resorption, osteoblasts compensate by accelerating bone formation

and deposition, which often results in fragile and disorganized bone structure.

1.8.1 Osteoclastogenesis

Typically, osteoclastogenesis is mediated by two osteoblast-derived
factors: (1) the secreted colony stimulating factor-1 (CSF-1), which stimulates the
expression of a cell surface receptor, the receptor activator of nuclear factor k B

(RANK), in osteoclast progenitors; and (2) the extracellular membrane protein,
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RANK ligand (RANKL), which mediates the activation of the nuclear factor x B
(NFkB) pathway and thereby the initiation of the full osteoclastogenic
differentiation program. Therefore, osteoclastogenesis requires both, the physical
interaction between osteoblasts and osteoclastprogenitor cells, and the
subsequent activation of the NFkB pathway (Nakagawa et al. 1998; Yasuda et al.
1998). Osteoblasts also secrete the decoy receptor, osteoprotegrin, which binds
to RANKL and prevents its interaction with RANK on osteoclasts (Simonet et al.
1997; Burgess et al. 1999). Accordingly, osteoclastogenesis is dependent on the

proper integration and fine-tuning of complex cell-to-cell signaling.

RANK signaling is connected to the NFxB pathway through the E3
ubiquitin ligase, tumor necrosis factor receptor associated factor 6 (TRAF6) and
the ubiquitin-binding protein p62 (also known as sequestosome-1) (Duran et al.
2004; Gohda et al. 2005; Lamothe et al. 2007; Bai et al. 2008). TRAF6 mediates
its own polyubiquitination in response to RANK activation (Deng et al. 2000;
Lamothe et al. 2007) and forms a complex containing p62 and atypical protein
kinase C (aPKC) (Duran et al. 2004). TRAF6 mediated signaling downstream of
RANK mediates osteoclastogenesis (Kobayashi et al. 2001; Kadono et al. 2005;
Bai et al. 2008) and its homozygous deletion leads to severe osteopetrosis in
mice (Lomaga et al. 1999). On the other hand, p62 interacts with both aPKC and
IkB kinase (IKKPB) and mediates the activation of the NFkB pathway (Sanz et al.

1999) in a TRAF6 dependent manner (Sanz et al. 2000). In animal models,
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mutations in p62 do not lead to PDB, but rather lower the threshold for osteoclast
differentiation in the bone microenvironment (Hiruma et al. 2008; Chamoux et al.
2009). Therefore, the activation of the NFkB pathway and the transcription of
osteoclast-specific differentiation genes require RANK signaling through TRAF6

and p62.

1.8.2 Putative mechanisms for p97 involvement in osteoclastogenesis

The manifestation of PDB in 50% of patients diagnosed with IBMPFD
implicates p97 in the regulation of osteoclast differentiation or activation or both.
At this stage, the mechanisms of p97 involvement in osteoclastogenesis are
speculative at best with all proposed mechanisms centering on putative roles for
p97 in the regulation of the NFxB pathway. For example, p97 is involved in the
degradation of the ubiquitinated inhibitory subunit of the NFxB transcriptional
complex, IkB-a (Dai et al. 1998), however, it is unclear if p97-mediated
degradation of IkB-a is necessary for NFkB activation. lkB-a is found mainly in
complex with the NFkB transcriptional complex, but can also exist in a free
cytosolic state (Dai et al. 1998). Considering that p97 does not associate with the
NFkB transcriptional complex, p97 may be involved in the degradation of
ubiquitinated free IkB-a. p97 is also known to interact with TRAF6, although little
is known about the relevance of this interaction in the NFxB pathway
(Bouwmeester et al. 2004). TRAF6 polyubiquitination activity promotes

osteoclastogenesis by functioning downstream of RANK and the NFkB pathway
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(Lamothe et al. 2007; Lamothe et al. 2007). Interestingly, TRAF6 interaction with
p62 facilitates its catalytic activation (Wooten et al. 2001; Wooten et al. 2005).
Future studies will establish whether TRAF6 polyubiquitination activity is a
convergence point for p62 and VCP in the regulation of osteoclastogenesis

through RANK and the NFkB pathway.

1.9. Fronto-temporal dementia

FTD is characterized by severe personality changes including loss of
inhibition, initiation, judgment, and interest in the surrounding environment. It can
be accompanied by alcoholism, delusions, aggression, and negligence of
personal hygiene and well being (Neary et al. 1998). Unlike Alzheimer disease
(AD), which is characterized by severe memory loss and degeneration of the
hippocampus and the entrorhinal cortex, the memory in FTD remains intact and
most of the degenerative changes occurs in the cerebral cortex including the
frontal and temporal lobes. Accordingly, FTD and AD are viewed as very distinct
forms for neurodegeneration caused by different neuropathological pathways.
Treatments alleviating AD symptomology could lead to severe side effects in FTD

(Cummings 2000).

FTD can be subdivided into two types: Frontotemporal dementia with
Parkinsonism linked to chromosome-17 (FTDP-17), and frontotemporal lobe
dementia with tau-negative and ubiquitin-positive inclusions (FTLD-U). FTDP-17

is caused by mutations in the microtubule associated protein tau (MAPT) on
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chromosome 17 and is accompanied by the accumulation of neurofibrillary
tangles (NFT). Although NFT are also observed in AD, these tangles are not
associated with the senile plaque pathology characteristic to AD. Furthermore,
MAPT mutations are not associated with hereditary forms of AD. While both
types of FTD share the accumulation of ubiquitin-positive inclusions, tau
dysfunction evident in the accumulation of NFT is only observed in FTDP-17

(reviewed in Gotz and Ittner 2008).

1.9.1 p97-linked fronto-temporal dementia

Hereditary forms of FTD can be caused by mutations in several seemingly
unrelated genes (Table 1.4) indicating that the mechanisms of pathogenesis are
likely diverse. FTD caused by p97 mutations is classified as a FTLD-U due to the
absence of the tau pathology. Only 30 to 40 % of all patients carrying the p97
mutations are diagnosed with FTD, but this is likely due to premature death in
subclinical stages of FTD (Forman et al. 2006). Histological assessment of the
neuropathology in p97-linked FTD reveals novel ubiquitin pathology where
ubiquitinated inclusions are mostly intranuclear and devoid of p97. Furthermore,
there is currently no evidence of cytosolic inclusions or p97-containing
aggregates in neurons (Forman et al. 2006; Guyant-Marechal et al. 2006), which
is in striking contrast to the sequestration of p97 in muscle-specific inclusion
bodies in the same patients (Watts et al. 2004). Overall, IBMPFD brains show
extensive cerebral atrophy (Schroder et al. 2005; Forman et al. 2006) with severe

degeneration and vacuolization of neurons. The neuropathology is most severe
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in the upper cortical layers, where Caspase-9 (Casp9) is activated (Guyant-
Marechal et al. 2006). Considering that active Casp9 is a central component of
the apoptosome, downstream effector caspases, Caspase-3 (Casp3), Caspase-6
(Casp6), and Caspase-7 (Casp7), may also be activated. Interestingly, p97 has
been identified as a putative target of Casp3 and Casp7 in apoptotic cells (Jang
et al. 2008), and of Casp6 in primary human neurons (Klaiman et al. 2009);
however, p97 proteolysis in IBMPFD remains to be substantiated. The fact that
caspases are also activated in response to overexpression of p97 IBMPFD-linked
mutants in neuronal cell models (Gitcho et al. 2009) suggests a positive feedback
mechanism by which p97 mediates its own proteolysis in p97-linked FTD.
Further studies are necessary to investigate if caspase mediated proteolysis of

p97 is a plausible mechanism for neurodegeneration in p97-linked FTD.

Recently, TDP-43 was found to be hyperphosphorylated, ubiquitinated,
and C-terminally truncated in p97-linked FTD. It also colocalizes with ubiquitin in
intranuclear inclusions and accumulates within the insoluble fractions of affected
brains (Neumann et al. 2007). Interestingly, mutations in TDP-43 are also
associated with various sporadic and hereditary forms of FTD and amyotrophic
lateral sclerosis (ALS) (Neumann et al. 2007; Sreedharan et al. 2008).
Furthermore, overexpression of p97 mutant variants in cell culture alters the
localization of TDP-43 by promoting its translocation from the cytoplasm to the
nucleus (Gitcho et al. 2009). These findings imply that p97 and TDP-43 neuronal

functions may be linked. However, the fact that post-translationally modified
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TDP-43 is also present in AD poses the possibility that the processing of TDP-43
may be consequential to neuronal stress (Uryu et al. 2008; Arai et al. 2009;
Kadokura et al. 2009). Future investigations of the cell biological function of TDP-
43 and the relevance of its post-translational modification should shed light on the

mechanism of its involvement in neurodegeneration.

1.10 Understanding the molecular pathogenesis of IBMPFD.
1.10.1 Rationale

The multisystemic nature of IBMPFD implicates p97 in the generalized
pathogenesis of inclusion body diseases. p97 involvement in protein aggregation
can be reconciled in two mutually exclusive possibilities: Firstly, p97 may be
positively involved in the sequestration of misfolded proteins into insoluble
aggregates; or alternatively, p97 may mediate the solubilization and clearance of
misfolded protein from the cellular microenvironment. Therefore, it is essential to
address the question of whether p97 IBMPFD-linked mutations are associated
with a deleterious gain-of-function or loss-of-function phenotype. Furthermore,
aging is an important prerequisite in the pathogenesis of many inclusion body
diseases, including IBMPFD. The adult onset of IBMPFD and apparent lack of
developmental defects point to a subtle effect on p97 cell biological activities and
implicate age-related stress in the full manifestation of the disease. Elucidation of
the molecular consequences of p97 IBMPFD-linked mutations may help identify
the mechanism by which the wild-type protein usually circumvents or neutralizes

age-related stresses in the cellular microenvironment. Accordingly, this thesis
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work will further our current understanding of the pathogenic mechanisms

mediating proteinopathies and age-related disorders.

1.10.2 Thesis objectives:

1. While p97 IBMPFD-linked mutations localize to the N-domain or its regulatory
D1 ring, the effect of these mutations on p97 structure and biochemical activity
remains unclear. This objective aims at characterizing the effect of two
mutations, Arg155Pro and Ala232Glu, on p97 structure and ATPase activity,

using a variety of biochemical and biophysical approaches.

2. Considering that p97 has been identified as a putative target of Casp6 activity
in primary human neurons, this objective aims at addressing if p97 is cleaved by
Casp6 in AD, where Casp6 activity is upregulated and implicated in mediating
neurodegeneration. Accordingly, this objective will help address the question of
whether p97 cell biological function is compromised in common
neurodegenerative diseases not associated with p97 mutations, such as

Alzheimer disease (AD).

3. The accumulation of polyubiquitinated protein in IBMPFD indicates that p97
function in UPS-mediated protein degradation could be impaired. This objective
aims at identifying a putative mechanism of how IBMPFD-linked p97 mutations

may lead to UPS impairment in p97-linked FTD.
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Table 1.1. p97-interacting ubiquitin modification enzymes and their
associated cellular pathways

Process E3 Ligase | Interaction | Substrate Adaptor Reference
* (Neuber et al.
Complex CPY?, MHC Ufd1p 2005; Schuberth
Hrd1 Ubx2p class |, h
diated Hma?2 Npl4p and Buchberger
me 9=p 2005)
Ufd2p . Spt23p Ufd1p (Richly et al.
Direct Npl4p 2005)
Quality AMFR/ : (Zhong et al.
Direct CD3delta N/A
Control gp78 2004)
(ERAD) B1 integrin
fbs1,2 N - (Yoshida et al.
SCF Complex glycosylated N/A 2005)
proteins
Calcium (Huang et al
Dorfin Direct sensing N/A 2006)
receptor
Ub-Propgal _
Ufd2p Direct Ub-ProtA Efo:lp (R'Czh%;t al
Ub-GST PP
. - (Matsumoto et
UPS E4B Direct Ataxin-3 N/A al, 2004)
Superoxide L
Dorfin Direct Dismutase- N/A (Ishggl&et al
1 )
DUB .
Process Enzyme Interaction | Substrate Adaptor Reference
Ufd1p
. Npl4 (Rumpf and
ERAD (UPS) Otulp Direct Spt23p Utd3p Jentsch 2006)
Shpip
- . i (Doss-Pepe et
UPS Ataxin-3 Direct Ub-Propgal N/A al, 2003)
Membrane | o555 Direct | Unidentified | p4a7 | (Uohiyamaetal.
fusion 2002)

An asterisk (*) represents unidentified substrates; Abbreviation: N/A: not assessed
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Table 1.2. Genes implicated in the pathogenesis of hereditary forms of inclusion body

myopathies
Biological Role of Inheritance .
(03 Encoded Protein Pattern el AOHIEE
Desmin & Type Il intermediate . (Goldfarb and
. . . Dominant #601419 | Dalakas
related proteins filament cytoskeletal protein 2009)
(Eisenberg et
. A : . #600737, | al. 2001;
GNE Sialic acid biosynthesis Recessive #605820 | Hinderlich et
al. 2003)
Encodes p97-a AAA
ATPase involved in Protein . (Watts et al.
ver degradation and membrane Dominant #167320 2004)
fusion
(Martinsson
MYHCIIA Myosin heavy chains type Recessive #605637 et al.' 1999;
A Martinsson et
al. 2000)
Myotilin Thin filaments gssomated Dominant #159000 (Hauser et al.
structural protein 2000)
Caveolin-3 Muscile-specmc membrane Dominant #607801 (Minetti et al.
protein 1998)
LMNA Lamin A/C-Nuclgar Dominant #159001 (Muchir et al.
membrane proteins 2000)
Calpain 3 Calcium activated protease | Recessive #253600 gglgcg)a rd etal.
Calcium dependent
. transmembrane protein . (Liu et al.
Dysferlin implicated in membrane Recessive #254130 1998)
fusion
(Roberds et
al. 1994;
. . : . #253700, | Noguchi et al.
P P y P #608099 | et al. 1995;
Trabelsi et al.
2008)
(Moreira et al.
Telethonin sarcomeric protein Recessive #601954

2000)

*OMIM, Online Mendelian Inheritance in Man, National center for biotechnology information
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Table 1.3. Genes implicated in the pathogenesis of hereditary forms of Paget disease of

bone
Gene Encoded Protein Mutat_lonal Lil FELETED OMIM* | Reference
region pattern
(Laurin et
SQSTM1 p62-a ubqu|t|p interacting UBA Dominant | #167250 al. 2901;
scaffold protein domain Laurin et
al. 2002)
Receptor Activator of NfkB Signal . (Hughes et
TNFRSF11A (RANK) receptor peptide Dominant | #174810 al. 2000)
Osteoprotegrin-negative Ligand (a?uzngg;t
TNFRSF11B . . binding Recessive | #239000 ) ’
regulator or RANK signaling reqion Whyte et
9 al. 2002)
p97-a AAA ATPase N-Domain
involved in Protein and its . (Watts et
ver degradation and membrane regulatory Dominant | #167320 al. 2004)
fusion D1 domain

*OMIM, Online Mendelian Inheritance in Man,

National center for biotechnology information
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Table 1.4. Genes implicated in the pathogenesis of fronto-temporal dementia

Encoded protein & lts Inheritance

(EEIE Biological Role Pattern

OoOMIM* Reference

MAPT gfo‘i'er::]'crowb“'e associated | o inant | #600274 | (Hutton et al. 1998)

Granulin-a pleiotropic
protein with a proposed
neurotrophic function in the
brain

GRN Dominant #607485 | (Baker et al. 2006)

p97-a AAA ATPase
VCP involved in Protein Dominant | #167320 | (Watts et al. 2004)
degradation and membrane

fusion

TDP-43- a DNA binding Dominant #612069 (Sreedharan et al. 2008)

TARDBP protein Neumann M and 2006 )

Chromatin-modifying
protein/ charged
CHMPZ2B multivesicular body protein Dominant #600795 | (Skibinski et al. 2005)
2B-functions in endosomal
sorting

*OMIM, Online Mendelian Inheritance in Man, National center for biotechnology information
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Figure 1.1. Proposed mechanisms for p97/Cdc48p substrate recognition
and processing. Oligoubiquitylated substrates are first recruited to p97/Cdc48p
via its diverse adaptors (A). Alternatively, p97/Cdc48p can bind to misfolded
proteins (B) and oligoubiquitylated substrates (C) directly and chaperone against
their aggregation. Once the substrate is bound (D), complex will stabilize the
binding of either, an E4 ligase, which catalyzes substrate ubiquitylation (F), or a
deubiquitylating complex (Otu1p/Ufd3p), which subsequently removes the
attached ubiquitin moieties (E). Ubiquitylated substrates, depending on the type
of attached ubiquitin moieties, can be channeled for degradation or, like

deubiquitylated substrates, extracted and released into the cytosol.
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Figure 1.2. The crystal structure of the p97 monomer. The N-domain
represents amino acid residues, 1-187, in gray. The D1 AAA domain, amino acid
residues 208-459, is depicted in purple. The D2 AAA domain, amino acid
residues 481-761, are coloured in green. The connecting N-D1 linker, amino acid
residues 188-207, and the D1-D2 linker, amino acids 460-480, are outlined red.

Structures are PyMOL visualizations of PDB file 1R7R (Huyton et al. 2003).
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Figure 1.3. The crystal structure of the p97 hexamer. A. Top view of the D1
ring. B. Bottom view of the D2 ring. C. Side view with the D1 ring arranged on
top of the D2 ring. The N-domain is represented in gray. The D1 is depicted in
purple. The D2 is coloured in blue. The connecting linkers are outlined in red.

Structures are PyMOL visualizations of PDB file 1R7R (Huyton et al. 2003).
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Figure 1.4. Structural features of the p97 N-domain. A. The crystal structure
of the N-domain, amino acid residues 1-187. The distal double- B- barrel fold,
amino acids 25-106, is depicted in red, the proximal p-clam fold, amino acids
112-186, is represented in gray. B. The arrangement of the double-y pB-barrel
with the starting and ending amino acid residues Arg 25 and Pro 106 indicated.
The nuclear localization signal, amino acid residues 59-65 is outlined in yellow.
C. The arrangement of the $-clam fold starting with amino acid residue Lys 112
and ending with Glu 187. D. lllustration of the putative protein binding groove
encompassed between the double-y p-barrel fold and the p-clam fold and
represented in amino acid residues 107-111 in green. Structures are PyMOL

visualizations of PDB file 1R7R (Huyton et al. 2003).
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Figure 1.5. The structural arrangement of the D1 and D2 AAA domains in
the p97 monomer. The D1 and D2 AAA domains are depicted in gray, with the
D1-D2 linker outlined in red. Both domains are arranged in an almost exact
replicate fashion. The ATP-binding, Walker A motifs, represented in amino acid
residues, 245-252 and 518-525, of the D1 and D2 domains respectively are
outlined in green. The ATP hydrolysis, Walker B motifs, amino acids 300-305 of
the D1 domain and 573-578 of the D2 domain are depicted in yellow. Structures

are PyMOL visualizations of PDB file 1R7R (Huyton et al. 2003).
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Figure 1.6. The "Denaturation-Collar" Model for D2-Mediated Substrate
Processing. DelLaBarre et al. (2006) propose the D2 ring as an entry port.
Guarding the D2 pore is an arginine double ring (Arg586/Arg599) and, thus, the
collar, which provides a guanidyl-rich environment theoretically sufficient for
unwinding tertiary structures. Once denatured, the substrate is either funneled
back through the entry port (A) or threaded through transient pores are the D1/D2
interphase (B). Structures are PyMOL visualizations of PDB file 1R7R (Huyton et

al. 2003).
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Figure 1.7. Localization of IBMPFD-linked p97 mutations. Schematic
illustration of p97 functional domains with the mutated amino acid residues
identified below the domain to which they localize. Abbreviations: N; amino-
terminal domain, L1; N-D1 linker, D1; D1 AAA Domain, L2; D1-D2 linker, D2; D2
AAA Domain, COOH; Carboxyl-terminal domain. Arrows indicate the amino acid

substitutions and the slashes are used to separate other possible substitution.
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CHAPTER 2: Characterization of structural defects in hereditary

inclusion body myopathy-linked p97 mutant variants
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Preface

Although it is evident that the expression of IBMPFD-linked p97 mutations leads
to impairment in ERAD and ubiquitin-mediated protein degradation, it is unclear if
these defects are related to structural alterations in p97. Interestingly, all
IBMPFD mutations cause the same pathogenic phenotype, irrespective of
whether they localize to the N-terminal substrate binding domain or its regulatory
D1 ring. Given that (1) the N-domain is necessary for p97 conformational
changes during the ATPase cycle and that (2) the D1 ring is responsible for
relaying conformational changes between the D2 ring and the N-domain, it is
hypothesized that IBMPFD mutations lead to conformational defects in p97. In
this work, a multitude of biochemical approaches were utilized to investigate the
effects of the IBMPFD-linked p97 mutations on the structural integrity and

biochemical activity of p97.
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2.1 Abstract

Hereditary inclusion body myopathy associated with Paget disease of bone
and frontotemporal dementia is a degenerative disorder caused by single
substitutions in highly conserved residues of p97. All mutations identified thus far
cluster within the N-domain or the D1 ring, which are both required for
communicating conformational changes to adaptor protein complexes. In this
report, biochemical approaches were used to identify consequences of mutations,
R155P and A232E, on p97 structure. Assessment of p97 oligomerization
revealed that p97R155P and p97A232E formed hexameric, ring-shaped
structures of ~600 kDa. p97R155P and p97A232E exhibited ~3X increase in
ATPase activity compared to p97WT and displayed increased sensitivity to heat-
induced upregulation of ATPase activity. Protein fluorescence analysis provided
evidence for conformational differences in the D2 ring of both IBMPFD mutants.
Furthermore, both mutations increased the proteolytic susceptibility of the D2
ring. The solution structure of all p97 proteins revealed a di-disperse distribution
of a predominant hexameric population, and a minor population of large diameter
complexes. ATP binding significantly increased the abundance of large diameter
complexes for p97R155P and p97A232E, but not p97WT or ATP-binding mutant
p97K524A. Therefore, we propose that IBMPFD p97 mutants, p97R155P and
p97A232E, possess structural defects which may compromise the mechanism of

p97 activity within large multi-protein complexes.
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2.2 Introduction

The ubiquitous Valosin containing protein (p97) is a prominent member of the
highly conserved AAA+ (ATPases-Associated with diverse cellular Activities)
proteins, which are distinctly known for their oligomeric structure and chaperone-
like activities. p97 is an essential biochemical component of a wide-range of
ubiquitin-linked cell biological reactions, including ubiquitin-proteasome system
(UPS)-mediated protein degradation (Halawani and Latterich 2006), Golgi and
endoplasmic reticulum (ER) membrane fusion (Acharya et al. 1995; Rabouille et
al. 1995), transcription factor activation (Rape et al. 2001), and DNA repair
(Partridge et al. 2003; Indig et al. 2004). Within these processes, p97 acts as a
molecular segregase that utilizes ATP-powered conformational changes in the
assembly and disassembly of macromolecular machineries (Halawani and

Latterich 2006; Jentsch and Rumpf 2007).

p97 ATPase activity is contingent on the assembly of an inherently stable
hexamer (Song et al. 2003), comprised of two highly homologous D1 and D2
nucleotide-binding rings and regulatory N- and COOH-terminal domains
(DeLaBarre and Brunger 2003). ATP hydrolysis in the D2 ring mediates p97
major ATPase activity, while the D1 ring is involved in the regulation of p97
hexamerization (Song et al. 2003). Recently, p97 has been linked to a severe
degenerative disorder identified as hereditary inclusion body myopathy
associated with early onset Paget disease of bone and frontotemporal dementia

(IBMPFD). The pathogenesis of IBMPFD is attributed to autosomal dominant
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single amino acid substitutions in highly conserved residues within p97 N-domain
and D1 ring (Watts et al. 2004). Patients present with hallmark features of a
'protein conformational' disorder, where proteinaceous inclusions accumulate in
the cytoplasm and nuclei of degenerating myofibrils (Kimonis et al. 2008) and
dystrophic neurites (Schroder et al. 2005; Forman et al. 2006; Neumann et al.
2007). Transgenic expression of IBMPFD p97 mutants in a murine animal model
sufficiently recapitulates these inclusions (Weihl et al. 2007). While the
ultrastructure and composition of IBMPFD inclusions are poorly defined, several
reports have identified p97 and ubiquitin as major constituents (Watts et al. 2004;
Ju et al. 2008; Weihl et al. 2008). Furthermore, overexpression of IBMPFD
mutants in C2C12 skeletal myoblasts results in p97 localization to cytoplasmic
inclusions and fractionation with insoluble proteins (Weihl et al. 2006). One
possibility is that misfolding or misassembly directly mediates p97 accumulation
in inclusion bodies which, in turn, nucleates the entrapment of its interacting
proteins.  Alternatively, the biogenesis of p97-containing inclusions could
represent an indirect consequence of failure in other p97-dependent pathways
upstream of the UPS. To date, the mechanisms by which IBMPFD p97 mutants
induce the biogenesis of inclusion bodies in cell culture models are not well-

understood (Weihl et al. 2006; Hubbers et al. 2007).

Despite current progress in resolving more refined p97 crystal structures in
various nucleotide-binding states (DeLaBarre and Brunger 2005; Davies et al.

2008), clues on how IBMPFD mutations impact p97 structure or conformation
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remain elusive. Cryo-electron microscopy (Rouiller et al. 2000; Rouiller et al.
2002) and crystallography studies (DeLaBarre and Brunger 2003; DeLaBarre and
Brunger 2005) on p97 in various nucleotide-binding states reveal extensive
communication between the tripartite, N-D1-D2 domains (Pye et al. 2006).
Conformational changes first initiated in the D2 ring are relayed through a D1-D2
linker region to the D1 (-subdomain. The D1 (-subdomain, in turn, communicates
these motions to the flexibly-linked N-domain, thereby regulating its conformation
(DeLaBarre and Brunger 2005). Ultimately, these ATP-powered conformational
changes are utilized in remodeling macromolecular complexes. One hypothesis is
that IBMPFD mutations interfere with p97 biochemical activity by altering its
conformation or interdomain communication. For example, structural analysis of
p97 in the pre-activated ATP-occupied state revealed communication between
Arg155 and Arg159 within the N-terminal domain and the D1 residue
asparagine387-all that are now identified as mutated residues in IBMPFD
(DeLaBarre and Brunger 2005; Hubbers et al. 2007). However, it remains to be
seen whether IBMPFD mutations do indeed induce structural or conformational

defects in p97.

In this report, we specifically focused on studying IBMPFD p97R155P and
p97A232E mutants because Arg155 is the most commonly affected amino acid
residue, and mutation of Ala232 is associated with increased severity of the
disease. (Watts et al. 2004; Kimonis et al. 2008). A series of biochemical

approaches were employed to characterize the oligomeric assembly, ATPase
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activity, and solution structure of wild-type (p97WT) and mutant p97. Our results
indicate that recombinant p97R155P and p97A232E assembled into ~600 kDa
complexes similar to p97WT. Both mutants showed a 3 fold increase in ATPase
activity and increased sensitivity to heat induced upregulation in ATPase activity.
Analysis of the intrinsic protein fluorescence and proteolytic susceptibility
provided evidence for conformational defects in the D2 ring. These effects
correlated with increased propensity for aggregation in the presence of ATP.
Based on these data, we propose that IBMPFD p97 mutations induce structural
defects, which may underlie the mechanism of pathogenesis in biological

systems.
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2.3 Results
IBMPFD p97 mutants, p97R155P and p97A232E, form hexameric complexes
similar to p97WT in vitro.

To investigate the oligomerization pattern of p97R155P and p97A232E,
recombinantly expressed p97 proteins, first purified on a metal affinity column,
were size-fractionated by gel filtration chromatography (Fig. 2.1 A and B).
p97WT, IBMPFD mutants, p97R155P and p97A232E, and an ATPase deficient
mutant, p97K524A, all eluted in two peaks: a minor peak within the void volume
(Fig. 2.1 A & B, Peak 1, ~37-43 ml), and a major peak overlapping with the 670
kDa thyroglobulin complex (Fig. 2.1 A & B, Peak 2, ~47-63 ml). Further analysis
of the major peak fraction by native gel electrophoresis also demonstrated that
both p97R155P and p97A232E comigrated with p97WT and the thyroglobulin
complex (Fig. 2.1 C). Interestingly, p97K524, which encompasses a mutation
abolishing ATP binding in the D2 ring, could not be resolved under the native gel
electrophoresis conditions used. These results indicate that p97WT and IBMPFD
mutants formed ~ 600 kDa complexes consistent with hexameric assembly. To
confirm ring-shaped assembly, the hexameric protein peaks (Fig. 2.1 D) were
analyzed by negative-staining electron microscopy. At 160,000 X magnification,
p97R155P, p97A232E, and p97K524A showed relatively homogenous
populations of ring-shaped particles notably similar to p97WT (Fig. 2.1 E, upper
panel). ATP-binding had no effect on the ring-shapped assembly of p97WT or
mutant variants (Fig. 2.1 E, lower panel). Furthermore, all p97 protein samples

contained some misfolded aggregates (not shown); however, there were no
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apparent differences in the structure or abundance of these aggregates between
p97WT and mutant variants. All together, these results confirm that IBMPFD p97
mutants, and p97K524A, assemble into hexameric, ring-shapped complexes
similar to p97WT and display no inherent propensity for misassembly or

aggregation.

IBMPFD mutants, p97R155P and p97A232E, confer a gain-of-function
phenotype on p97 total ATPase activity and alter its intrinsic fluorescence
profile.

The ATPase activity of p97WT, p97R155P, and p97A232E was monitored
under physiological temperature and saturating ATP concentrations. At 37 °C,
p97R155P and p97A232E displayed significantly higher ATPase activity than
p97WT (Fig. 2.2 A and C, Table 2.1). The ATP hydrolysis rates of p97R155P
and p97A232E were similar, and about three times higher than the rate of p97WT
(Fig. 2.2 C, Table 2.1). At 42°C, there was no significant increase in p97WT
ATPase activity; however, p97R155P and p97A232E displayed a significant 1.7
and 1.4 fold increase, respectively (Fig. 2.2 B and C, Table 2.1). Furthermore,
p97R155P's heat-induced ATPase activity was significantly higher than
p97A232E (Fig. 2.2 C and Table 2.1). In contrast, p97K524A, displayed no
measurable ATPase activity at both temperatures (Fig. 2.2 A-C and Table 2.1).
Collectively, these data show that IBMPFD mutants, p97R155P and p97A232E,
display not only elevated ATPase activity, but also increased sensitivity to heat-

induced upregulation of ATPase activity.
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To investigate if the upregulation in p97 ATPase activity correlated with
changes in the conformational state of the AAA+ rings, a qualitative analysis was
performed using intrinsic protein fluorescence spectroscopy (Fig. 2.3 and Table
2.2). In this assay, the change in protein fluorescence is inversely related to the
hydrophobicity of tryptophan 476 (Trp476) within the D2 ring (Wang et al. 2003).
In the absence of ATP-binding, only p97R155P showed significantly higher total
fluorescence emission than p97WT, which is indicative of increased basal
accessibility of Trp476 (Table 2.2, Fig. 2.3 A). Both p97A232E and p97K524A
also displayed higher total fluorescence emission than p97WT, although it did not
reach statistical significance (Table 2.2, Fig. 2.3 A). Upon ATP-binding,
p97R155P and p97A232E displayed significantly higher total fluorescence
compared to p97WT, which reflects increased solvent accessibility of Trp476
(Table 2.2, Fig. 2.3 B). On the other hand, p97K524A displayed significantly
lower total fluorescence than p97WT and both IBMPFD-linked mutants, which is
consistent with its inability to bind ATP in the D2 ring (Fig. 2.3 B&C and Table
2.2). Comparison of the ATP-dependent change in total fluorescence showed
that p97R155P underwent the largest change in protein fluorescence (Fig. 2.3 C,
Table 2.2). All together, these data suggest that p97R155P undergoes the
largest conformational change in response to ATP-binding and that both,
p97R155P and p97A232E, display ATP-dependent conformational alternations in

the local region surrounding Trp476 within the D2 ring.



Chapter 2 71

IBMPFD mutants, p97R155P and p97A232E, display a loss in the protective
effect of ATP-binding on D2 ring proteolysis.

We further analyzed conformational differences between p97WT and
IBMPFD mutants using a limited-proteolysis approach. Trypsin-mediated digest
of full-length p97 generated two predominant cleavage products, p87 and p58,
both retaining a large N-terminal epitope (residues 9-130, Fig. 2.4 A). Silver stain
analysis ruled out the presence of additional cleavage products (Fig. 2.4 B).
Thus, p87 reflected the cleavage of the COOH-terminal domain, while p58
resulted from additional proteolysis of the D2 ring. Comparison of proteolysis
kinetics between p97WT and p97R155P revealed similar susceptibility patterns in
the absence of ATP addition, while p97A232E and p97K524A were more prone
to proteolysis (Fig. 2.4 A, left panel). Specifically, p87 proteolysis was completed
at 90 minutes for p97A232E and p97K524A, compared to 120 minutes for p97WT
and p97R155P (Fig. 2.4 A&B, left panels). These data indicate that the
conformation of the COOH-terminal domain and the D2 ring are more 'labile’ in
p97A232E and p97K524A. Furthermore, p97WT showed an ATP-dependent
delay in p87 and p58 degradation where both cleavage products could be
detected 120 minutes after the initiation of the reaction (Fig. 2.4 A, right panel).
In contrast, p87 showed increased susceptibility to proteolytic cleavage in all p97
mutants, with p97A232E and p97K524A having the most accelerated degradation
kinetics. Conversely, p58 was most strongly protected in p97R155P relative to all

other p97 variants.
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To identify the approximate sites of proteolysis, p97, p87, and p58 were
sequenced using mass spectrometry (Table 2.3, Fig. 2.5). p97 sequencing
resulted in the generation of peptides covering 58% of its total amino acid
sequence. The most N-terminal amino acid residue was determined to be Gly9,
while Arg772 was identified as the last COOH-terminal residue. A large part of
the COOH-terminal domain of p97 (residues 773-806) did not contain trypsin
cleavage sites and therefore likely generated a peptide too large for detection by
mass spectrometry (Data not shown). Sequencing of p87 identified Leu26 at the
N-terminal domain and Arg709 at the COOH-terminal end, while the peptide
coverage was determined to be 51% of p97 total amino acid sequence. p58
sequencing covered 39% of p97 amino acid sequence, starting with Met46 and
ending with Lys524 (Table 2.3, Fig. 2.5). These results suggest that the
increased proteolytic susceptibility of p87 in p97R155P and p97A232E is due to

D2 ring destabilization between residues Lys524 and Arg709 (Fig. 2.4 C).

IBMPFD p97 mutants, p97R155P and p97A232E, undergo ATP-dependent
alteration in solution structure.

In the absence of ATP, p97 particle size distribution consisted of two
populations: a population of ~ 20 nm particles corresponding to assembled p97
(Fig. 2.6 A, Table 2.4, Peak 1), and a minor population reflecting large diameter
species (Fig. 2.6 A & Table 2.4, Peak 2). p97R155P and p97A232E showed
similar distributions to p97WT (Fig. 2.6 A) and displayed no significant differences

in the diameter estimates of either assembled p97 or the large diameter species
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(Table 2.4). In all cases, the most abundant population reflected hexameric p97
and accounted for at least 80% of the total light scattering intensity (Table 2.4,
Peak 1). Interestingly, assembled p97K524 and its large diameter species both
displayed significantly higher diameter estimates, with the assembled population
accounting for at least 90% of the light scattering intensity (Fig. 2.6 A, Table 2.4,

Peak1 and Peak 2).

In the presence of physiologically relevant ATP concentrations, there were
no significant changes in the solution structure of p97WT. In comparison, the light
scattering intensity of assembled p97R155P was significant reduced and this
effect correlated with an increase in the scattering intensity of the large diameter
population (Fig. 2.6 B, Table 2.4). These results show an ATP-dependent shift
towards increased abundance of the large diameter population in p97R155P.
Furthermore, the diameter estimate of assembled p97R155P was significantly
reduced compared to p97WT (Table 2.4). Similarly, p97A232E displayed a
pronounced increase in the abundance of the large diameter population, which
correlated with a significant reduction in particle size (Fig. 2.6 B, Table 2.4).
However, unlike p97R155P, assembled p97A232E diameter was significantly
reduced compared to the ATP-unbound state as well as assembled p97WT(Table
2.4). These effects correlated with a significant increase in the heterogeneity of
the population's size distribution profile, as reflected by the increased
polydispersity index estimate (Table 2.4). Therefore, ATP-binding changed the

solution structure of p97A232E and promoted the formation of large diameter
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complexes. Moreover, the large diameter population in p97K524A displayed
changes similar to p97A232E; however, despite the increased abundance of the
large diameter population in p97K524A, both the size and light scattering intensity
were not significantly different from p97WT (Table 2.4). Interestingly, compared
to p97WT, ATP-binding significantly reduced the diameter of assembled
p97R155P and p97A232E, but increased the diameter of p97K524A (Table 2.4).
All together, these data provide evidence for ATP-dependent alterations in the
solution structure of IBMPFD mutants and indicate that ATP-binding may facilitate

the formation of large diameter species.
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2.4 Discussion

IBMPFD is a degenerative disorder caused by single substitutions in highly
conserved amino acid residues in the N-domain and the D1 ring of p97 (Watts et
al. 2004; Kimonis et al. 2008). Affected residues are proposed to play a role in
relaying conformational changes initiated in the D2 ring to adaptor protein
complexes (DeLaBarre and Brunger 2005). These ATP-powered conformational
changes (Rouiller et al. 2000; Rouiller et al. 2002), in turn, provide the
mechanistic basis for p97 cell biological activity. In this study, we provide
evidence for structural defects in IBMPFD p97 mutants, p97R155P and
p97A232E. We show that both mutations up-regulate p97 ATPase activity and
increase sensitivity to heat-induced upregulation of ATPase activity. Using
protein fluorescence analysis and a limited proteolysis assay, we provide
evidence for altered conformational states and destabilization of the D2 ring. We
further show that these defects correlated with a propensity for nucleotide-
dependent aggregation of both mutants in solution. Based on these data, we

propose that structural defects in p97 may underlie the pathogenesis of IBMPFD.

IBMPFD p97 mutations in Arg155 and Ala232 do not impair spontaneous
self-assembly. Using size-exclusion chromatography and native gel
electrophoresis, we showed that IBMPFD mutants, p97R155P and p97A232E,
assembled into hexameric complexes and ruled out the possibility of
misassembly or de-oligomerization. Visualization by electron microscopy further

confirmed the ring-shaped structure of the pathogenic p97 mutants. These
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results are in agreement with previous finding that p97R155H does not display an
oligomerization defect (Weihl et al. 2006) and are consistent with the N-domain
being dispensable for hexamerization (Rouiller et al. 2002; Ye et al. 2003). We
also show that p97 mutation, A232E, does not impair hexamerization, in spite of
its localization in the D1 ring, which is necessary for p97 self-assembly (Wang et
al. 2003). Residue Ala232 is positioned at the junction between the D1 domain
and the N-D1 linker region (Watts et al. 2004). This peripheral localization is
inconsistent with a role in regulating inter-protomer interaction within the D1 ring.
Other works have demonstrated that p97 oligomerization is spontaneous, and
that nucleotide binding to the D1 ring stabilizes the hexamer (Wang et al. 2003).
The only single amino acid mutations, known to prevent p97 assembly affect the
D1 walker A residue, Lys251 (Wang et al. 2005; DelLaBarre et al. 2006) or the D1
second region of homology (SRH) residue, Arg362 (Wang et al. 2005). Mutations
of residues lining the D1 pore (Arg313, Lys315, Thr316, His317, Glu319, and
Arg322) also do not influence oligomerization (DeLaBarre et al. 2006). Together,
our results suggest that the disease severity associated with mutation in Ala232
in IBMPFD is likely unrelated to an oligomerization defect in p97. Interestingly,
our data also suggest that p97K524A may be forming higher ring-shaped
oligomers than p97WT or IBMPFD mutant variants. This is evident in its
migration pattern on native gel electrophoresis and its significantly larger
diameter estimate in solution. Recent work demonstrated that the D2 ring adopts
a heptameric structure with a 7-fold symmetry when purified independent of the

N-domain and the D1 ring (Davies et al. 2008). It is possible that disrupting
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nucleotide binding in the D2 ring may also alter the fold symmetry of p97.
Alternatively, p97K524A mutation may alter the shape of the hexamer in a way
that influences its native gel migration and increases its apparent diameter in

solution.

IBMPFD p97 mutants, p97R155P and p97A232E, show increased ATPase
activity. Under the conditions used, the specific ATPase activity of p97WT was
lower than the values previously reported (Meyer et al. 1998; Song et al. 20083;
DelLaBarre et al. 2006), although different expression, purification, and assay
conditions were used. Nevertheless, our data show ~ 3 fold increase in
p97R155P ATPase activities. In another report, p97R155H mutant, displayed
ATPase activity levels comparable to p97WT, whereas heat-induced upregulation
in ATPase activity was not assessed (Weihl et al. 2006). One explanation for this
discrepancy is the nature of the amino acid change associated with Arg155. For
example, DelLaBarre and colleagues showed that different amino acid
substitutions of the D1 pore residue His317 could have opposing effects on p97
ATPase activity, in spite of the fact that His317 is not directly involved in ATP-
binding or hydrolysis (DeLaBarre et al. 2006). Nevertheless, our results pose the
possibility that p97 N-domain is involved in the positive regulation of p97 basal
ATPase activity. The strong ATP-dependent protection of the p58 N-terminal
fragment of p97R155P in the limited proteolysis assay suggests increased affinity
for ATP binding in the D1 ring. Changes in nucleotide binding affinity may alter

the cooperativity between the D1 and D2 rings. Furthermore, previous studies
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demonstrated that some adaptor protein binding to p97 N-domain (ie. p47) down-
regulate p97 ATPase activity (Meyer et al. 1998), while others had no effect (ie.
Npl4/Ufd1) (Bruderer et al. 2004). To date, it remains to be determined whether
any of p97 ubiquitous N-domain binding proteins could play a role in the positive
regulation of its ATPase activity. Interestingly, deletion of the N-terminus does not
influence p97 ATPase activity (Rouiller et al. 2002; Ye et al. 2003; Rothballer et

al. 2007).

Like p97R155P, our results also show that p97A232E displayed up-
regulated ATPase activity. The contribution of the D1 ring to p97 basal ATPase
activity is unclear (Song et al. 2003; Ye et al. 2003); however, it is known to be
activated in response to heat stimulation (Song et al. 2003). Our data show that
the ATPase activity of both mutants is significantly up-regulated at 42°C, but do
not rule out the ectopic activation of the D1 ring at 37°C.  Accordingly, this
increase in basal ATPase activity could be attributed to either D1 ring activation
at 37°C, or increased activity of the D2 ring, or both. On the other hand, the
increased sensitivity to heat stimulation suggests alteration in D1 ring function.
Nevertheless, an increase in ATPase activity may be detrimentally alter p97 cell
biological activities by destabilize p97-mediated protein interactions, or
alternatively, leading to the gain of new toxic functions (ie. increasing the binding
affinity or promiscuity of p97-substrate interaction). Further studies are needed to
address the mechanism by which IBMPFD mutations up-regulate p97 ATPase

activity and the possible implications on biological systems.
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Evidence of structural defects in IBMPFD p97 mutants, p97R155P and
p97A232E. Our results indicate that Arg155 and Ala232 mutations influence
distant residues within p97 structure, a fact consistent with the dynamic nature of
p97 inter-domain communication (Rouiller et al. 2000; Rouiller et al. 2002).
Considering that Trp476 fluorescence has been previously used to report ATP-
dependent conformational changes within the D2 ring (Wang et al. 2003), our
data suggest that p97R155P and p97A232E display different D2 ring
conformations than p97WT. We further defined the affected region between
residues Lys524 and Arg709, which covers part of the D2 ring and the COOH-
terminal domain. The tryptic proteolysis assay showed that this region is more
susceptible to proteolysis. Wang et al. previously demonstrated that p97WT
showed a large increase in protein fluorescence in response to ATP-binding and
that this correlated with protection of the D2 ring from proteolysis (Wang et al.
2003). While this is consistent with the results reported here, both p97R155P
and p97A232E showed significantly higher ATP-dependent shifts in protein
fluorescence than p97WT with only partial D2 ring protection during the limited
proteolysis assay. It is possible that an elevated rate of nucleotide exchange may
account for the increased proteolytic susceptibility of the D2 ring, especially since
p97 D2 ring adapts a flexible state directly following nucleotide release
(DeLaBarre and Brunger 2005). Alternatively, the increased ATPase activity may
be consequential to structural defects imposed by mutations in residues Arg155
and Ala232. In either case, the results indicate that the ATP-bound D2 ring

adapts a relaxed conformation in p97R155P and p97A232E compared p97WT.
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Interestingly, while p97R155P displayed a larger change in protein fluorescence
compared to p97A232E, this did not correlate with faster proteolysis kinetics.

A possible explanation is that the Arg155 mutation increases the affinity for
nucleotide binding as suggested by the strong protection of p58 during the limited
proteolysis assay. Nevertheless, both p97R155P and p97A232E show increased
proteolytic susceptibility in the region between residues Lys524 and Arg709.
Importantly, this region contains residues central for p97 function in ER-
associated degradation (ERAD), specifically Arg586 and Arg599 as well as
Phe551 and Trp552 (DeLaBarre et al. 2006). Arg586/Arg599 have been
suggested to form a 'denaturation collar' for the processing of misfolded ERAD
substrates, and Phe551/Trp552 have been proposed to bind to misfolded
substrates through hydrophobic interactions (DeLaBarre et al. 2006; Halawani
and Latterich 2006). It is also known Arg586/Arg599 adapt different localizations
relative to the D2 pore during the ATPase cycle (DeLaBarre and Brunger 2005).
Accordingly, the conformational integrity of the D2 ring is necessary for proper
substrate processing and its perturbation in IBMPFD mutations may represent a
possible mechanism of pathogenesis. Although it is yet unclear if IBMPFD-linked
p97 mutations influence the accessibility or function of the 'denaturation collar',
our data indicate that the overall conformational state of the D2 ring is altered in
mutant p97 complexes. Indeed, IBMPFD-linked mutation in residues Arg155
(R155H) has been shown to impair the degradation of ERAD substrate, (F508-
CFTR, in C2C12 skeletal myoblasts (Weihl et al. 2006). Future studies are

necessary to substantiate if all IBMPFD-linked p97 mutations result in similar
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alteration in D2 ring conformation and if this is indeed a relevant mechanism of

pathogenesis in vivo.

Consequences of IBMPFD mutations on p97 solution structure-Dynamic
light scattering (DLS) is a technique used to resolve particle size distribution in
solution. Our analysis clearly showed a di-disperse distribution consisted of
assembled p97 and large diameter species. The hydrated diameter of p97,
estimated at 20-25 nm, is consistent with published structural data (Rouiller et al.
2002). Remarkably, we showed an ATP-dependent increase in the light
scattering intensity of the large diameter population in samples containing
p97R155P and p97A232E, but not p97WT or p97K524A. Considering that there
was no significant increase in diameter size, the increase in light scattering
intensity should be attributed to increased abundance of the large diameter
species. This finding appears at odds with our EM images, which show
assembled, ring-shaped p97 in presence of ATP. However, it is important to note
that the percent intensity measurements in DLS do not reflect the actual
proportion of the large diameter species versus hexameric p97 particles, and that
DLS detects large diameter species with high sensitivity. Overall, based on the
EM study and the ATPase activity analyses, we conclude that hexameric
p97R155P and p97A232E remain the predominant populations. However, in
solution, p97R155P and p97A232E show an ATP-dependent propensity to
assemble into large diameter particles. The fact that the estimated diameter of

these particles was ~ 10 X larger than the diameter of the assembled hexamers
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pose the possibility of ATP-mediated aggregate formation. Alternatively, the large
diameter particles may represent a population of transiently interacting p97

hexamers.

Together, these biochemical data provide the first evidence of structural
defects associated with IBMPFD p97 mutations. Importantly, these defects
correlated with increased ATPase activity and alterations in mutant p97 solution
structure. It remains unclear whether these defects could be generalized to other
IBMPFD p97 mutations, especially since both mutations, R155P and A232E, are
relatively rare (Kimonis et al. 2008). It is known that some p97 mutants, such as
p97R95G and p97R155H, show reduced solubility in cell culture models (Weihl et
al. 2006). Consistently, our initial analysis of p97R95G expression in
recombinant expression systems also showed reduced solubility (unpublished
data). Accordingly, it remains to be seen if this effect is secondary to structural
and biochemical defects such as these reported here. We propose that IBMPFD
mutations influence D2 ring conformation by increasing its flexibility and reducing
its compactness upon ATP-binding. Considering the newly proposed role of the
D2 ring in the processing of protein substrate (DeLaBarre et al. 2006; Halawani
and Latterich 2006), these defects may have detrimental consequences on p97

cell biological functions.
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2.5 Materials and Methods
Generation of p97 recombinant expression constructs.

Wild-type murine p97 cDNA clone in pBluescript SK+ was a kind gift of Dr.
Fred Indig (National Institute on Aging/NIH, Baltimore, USA). To introduce
IBMPFD mutations, p97cDNA was subjected to site-directed mutagenesis using
the GeneTailor( kit according to manufacturer's instructions (Invitrogen, Carlsbad,
CA). For the R155P mutation, G464 in codon 463CGG465 was substituted with C
using the following primers: 5' AGGAGATATTTTTCTTGTCCCGGGTGGGATG 3',
and 5' GGACAAGAAAAATA TCTCCTTTACGGATGGGCC 3'. For the A232E
mutation, C695 in codon 694GCG696 was mutated to A using primers 5'
ACATCCTGCGCTCTTCAAGGAGATTGGTGTA 3 and 5'
CCTTGAAGAGCGCAGGATGTCTCAGTGGCAGCT 3. cDNA of the ATP-
binding deficient mutant p97K524A in pQE9 vector was a kind gift of Dr. Tom
Rapoport (Harvard University, Boston, USA). Subsequently, all constructs were
subcloned into the pTrcHis2C vector backbone (Invitrogen, Carlsbad, CA) for
COOH-terminal polyhistidine tagging by PCR. Briefly, cDNA was amplified using
primers:5' CCGAGCTCGGCCTCTGGAGCCGAT 3',and 5' ATGGTACCAGCGGC
ATACAGGTCATC 83', which contained the Sac | and Kpn | restriction sites,
respectively. Following restriction digests, the PCR products were ligated into the
pTrcHis2C multiple cloning site. Insertion of cDNA was verified by restriction
digest, which was followed by full sequencing (McGill University and Genome

Quebec Innovation Center, Montreal, QC).
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Expression and purification of Recombinant p97.

Wild-type p97 and mutant variants were expressed in the TOP10 E. coli
strain. Overnight starter cultures were diluted 50 X in 2 L of 2 X YT media, with
100 ug/ml ampicillin, and grown at 37 °C until reaching an OD of 600 nm.
Cultures were subsequently induced with 300 (M IPTG and further grown for 4
hours. Cells were pelleted by centrifugation (4,000 g for 20 minutes) and lysed in
buffer A (20 mM HEPES pH=7.5, 300 mM NaCl, 5 mM MgCl,, 2.5 mM DTT, and
20 mM imidazole), supplemented with 1 mg/ml lysozyme and complete protease
inhibitors (Roche, Mississauga, ON). Following sonication, the lysates were
cleared by centrifugation at 26,000 g for 45 minutes. The supernatant was then
loaded on a 5 ml Ni2+ affinity column (GE Healthcare Bio-sciences, Uppsala,
Sweden) pre-equilibrated with 10 X column volume of buffer A. Following a first
wash with 10 X column volume of buffer A, bound proteins were subjected to an
additional wash with 10 X column volume of buffer B (20 mM HEPES pH 7.5, 300
mM NacCl, 5 mM MgCl,, 2.5 mM DTT, and 35 mM imidazole). The proteins were
eluted with 35-500 mM imidazole gradient over 5 X column volume. Peak
fractions containing p97 were pooled, concentrated on Amicon Ultra column,
MWCQO 15,000 kDa, and loaded on a pre-calibrated 10 ml Superose-6 gel-
filtration column (GE Healthcare Bio-sciences, Uppsala, Sweden). Size-
fractionated proteins were eluted as 1 ml fractions in buffer C (20 mM HEPES pH
7.5, 150 mM NaCl, 5 mM MgCl,, and 2.5 mM DTT). All purifications were

performed at 4 °C using the UKTA FPLC purification system (GE Healthcare Bio-
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sciences, Uppsala, Sweden). Protein concentrations were determined using the

Bradford assay (BioRad, Mississauga, ON).

Native Gel Electrophoresis

Ten micrograms of purified recombinant wild-type p97 or mutant variants
were loaded on a 6 % Tris-polyacrylamide gel (pH 8.0). Electrophoresis was
performed at 4 °C using 200 V and ice-cold 1 X Tris-glycine buffer (pH 8.0) to

prevent heat-induced denaturation.

Negative Staining Electron Microscopy

p97 proteins were diluted to a concentration of 50 ug/ml in buffer
containing 20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM MgCl,, and 1 mM DTT,
in the presence or absence of 1 mM ATP (Sigma, Oakville, ON). For each
protein, a 5 ul sample was spotted on a glow discharged carbon-coated copper
grid. The grids were then stained for 60 seconds with 5 ul of uranyl acetate and
visualized using a FEI Tecnai 12 120 KV electron microscope. Digital images
were collected with a Gatan 792 Bioscan 1k x 1k wide angle multiscan CCD
camera. Images were cropped at the level of the scale bar to show ~25% of the

full image.



Chapter 2 86

Dynamic Light Scattering (DLS) Measurements

p97 protein samples were diluted to 100 ug/ml in buffer containing 20 mM
HEPES pH 7.5, 150 mM NaCl, 10 mM MgCl,, and 1 mM DTT in the presence or
absence of 2 MM ATP. Measurements were performed using the Zetasizer Nano

ZS (Malvern) at 20 °C.

ATPase activity assays

p97 ATPase activity was assessed using the EnzCheck phosphate assay
kit (Molecular Probe, Oregon, USA) as previously described (DeLaBarre et al.
2006). This assay is based on the inorganic phosphate-dependent conversion of
2-amino-6-mercapto-7-methylpurine riboside (MESG) to ribose-1-phosphate and
2-amino-6-mercapto-7-methylpurine, which results in a shift of the maximum
absorbance from 330 nm to 360 nm (Webb 1992). For assessment of p97
ATPase activity, 50 nM of p97 (based on the ~600 kDa hexamer) were incubated
in 100 ul reaction buffer (20 mM HEPES pH 7.5, 150 mM NaCl, and 10 mM
MgCl,) containing 200 uM of ATP. Parallel reactions were set without the
addition of ATP to correct for background absorbance values. Absorbance at 360
nm was then measured at 20 seconds intervals for a total of 20 minutes at the
physiological temperature of 37 °or 42 °C for heat induction. The amount of
inorganic phosphate released was quantified based of a KH,PO, standard curve
of 0-80 uM set in 100 ul reaction buffer. All reactions were preformed in

duplicates for each experiment.
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Protein fluorescence spectroscopy

The intrinsic protein fluorescence was determined using the Edinburgh
FLS-920 fluorometer. Protein samples were diluted to 62.5 ug/ml in buffer
containing 20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM MgCl,, and 1 mM DTT
in the presence or absence of 2 mM ATP. The excitation wavelength was set at
295 nm while fluorescence emission was monitored between 305 nm and 450
nm. The excitation and emission slits were set at 5 nm and the measurements
were performed using a high PMT voltage setting. All measurements were
performed at 20°C and corrected for background emission values. Four
independent measurements were performed, each in triplicates, for each p97

protein variant.

Limited proteolysis assay and western blot detection

Proteolysis reactions were performed at 37 °C in a total volume of 50 ul
containing 5 ug of p97, 250 ng of trypsin, and reaction buffer (20 mM HEPES pH
7.5, 150 mM NaCl, 10 mM MgCl,, and 1 mM DTT) in the presence or absence of
1 mM ATP, for the indicated time intervals. Reactions were terminated by the
addition of 0.5 mM PMSF and boiled in 1 X SDS loading buffer. Samples were
subsequently subjected to SDS-PAGE and transferred to polyscreen© PVDF
membranes (Perkin Elmer, Zaventem, Belgium). Following blocking in 5 % non-
fat milk, membranes were incubated in a monoclonal anti-p97 antibody at a
dilution of 1:1000 (BD Transduction Laboratories(tm), San Jose, CA) for 1 hour at

room temperature. The blots were then incubated in HRP-conjugated anti-mouse
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secondary antibody and subsequently developed using the ECL Plus detection
system. Visualization was performed using the Storm 840 scanner (GE

Healthcare, Baie d'Urfé, QC).

LC/MS-MS sequencing of full-length p97 and limited proteolysis products
Proteolysis reactions were performed by incubating 5 ug of wild-type p97
with or without 250 ng of trypsin in buffer containing 20 mM HEPES pH 7.5, 150
mM NaCl, 10 mM MgCl,, 1 mM DTT, and 1 mM ATP. Reactions were set in 50 ul
volumes and incubated at 37 °C for 60 minute. Following termination with 0.5 mM
PMSF, samples were boiled in 1 X SDS loading buffer and subjected to SDS-
PAGE followed by coomassie staining. Stained bands were excised and
analyzed at the Institut de recherches cliniques de Montréal proteomics discovery

platform (Montréal, QC).

Statistical Analysis

An analysis of variance (ANOVA) was conducted followed by the Scheffé
post hoc test or Tukey/Kramer analysis. Data was designated as statistically
significant only if the p value was equivalent to or less than 0.05. All tests were

conducted using the StatView 5.0 software (SAS Institute Inc., Cary, NC).
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Table 2.1: Quantification of p97/VCP ATPase Activity

37°C

(nmole Pi ug'min™)

42 °C

(nmole Pi ug'min™)

p97WT
p97R155P
p97A232E
p97K524A

0.0289+0.0065

0.0885+0.0098*
0.0742+0.0058*
0.0016+0.0024*

0.0412+0.0048
0.1471+0.0309*#
0.1036+0.0156*
0.0010+0.0017*

Statistically significant from p97"" (*) or p97°%% (#),

Tukey /Kramer Test, p = 0.05.
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Table 2.2: Comparison of p97/VCP total protein fluorescence emission.

-ATP +ATP A -ATP +ATP
pP97WT 2485.5+89.6 3025.9+98.2 +540
p97R155P  2775.8+126.9* 3493.7+99.0* +717.9 p97R155P vs. p97WT  +290.3 +99.8 +467.9 +48.9
p97A232E  2699.8+169.3 3141.3+x46.1* +441.5 p97A232E vs. p97WT +214.3+84.4 +115.4 +68.4
p97K524A  2663.1+14.9 2650.9+76.6 * -12.2 P97K524A vs. p97WT -177.6 £94.5 -374.9 +34.3

* Statistically significant from p97"'" at p < 0.05 (Scheffe)
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Table 2.3: LC/MS-MS sequencing

of p97 tryptic fragments.

Gel Band | % Coverage of p97 | Start Residue | End Residue | Theoretical MW | Functional Domains
p97 58% Gly® Arg’”? 85.4 kDa N-D1-D2
p87 51% Lys® Arg’® 75.9 kDa N-D1-partial D2
p58 39% Met*® Lys>* 53.5 kDa N-D1-partial D2
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Table 2.4: Comparative analysis of p97 particle-size distribution in solution using dynamic light scattering.
-ATP +ATP
Peak 1 Peak 2 Peak 1 Peak 2

PDI Diameter Intensity Diameter Intensity PDIDiameter Intensity Diameter Intensity

(a.u.) (nm) (%) (nm) (%) (a.u.) (nm) (%) (nm) (%)
p97WT 0.380:0.04 22.73:1.89 84.1:2.5 41352925  15.9:2.5 0.343:0.013 25.25+0.97 87.4x1.9 311.4:116.2 12.5:1.9
p97R155P [ 0.433+0.03 21.80+0.37 81.9=2.7 384.1x99.9  18.1:2.7 0.459+0.122 22.13+0.70* 71.1x1.7* 236.5:26.06 28.8x2.1*
p97A232E | 0.453:0.01 23.47:0.43  80.8:0.7 3451+21.8  19.1:0.8 0.954+0.080* 20.11+0.12* 35.0+2.0* 239.5+16.65 65.0+2.0*
p97K524A | 0.329+0.02 30.75+1.49* 95.8+4.2* 734.0+148*  4.20+1.1* 0.333x0.013  34.55:0.66* 87.2+1.1  403.32130.0  12.8+1.1

* Statistically significant from p97WT at p < 0.05 (Scheffe)
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Figure 2.1. Oligomeric assembly of p97 and IBMPFD mutants. A. Size-
exclusion chromatography of recombinant p97 and mutant variants. Elution
peaks for calibration controls, thyroglobulin (670 kDa) and gamma-globulin (158
kDa), are shown. Relative absorbance represents measured absorbance values
at 280 nm adjusted for background absorbance. B. Coomassie-blue staining of
peak elutions from A. 50 ul of 1 ml elution fractions were loaded on 10 % gels
and subjected to SDS-PAGE. C. Coomassie-blue staining of p97WT or
indicated mutants (5 ug) following native gel electrophoresis. D. Coomassie-blue
staining of eluted p97 proteins following size-exclusion chromatography. p97WT
or mutant variants (5 ug) were loaded on a 10 % gel and resolved by SDS-PAGE

E. Digital images of representative carbon-grid fields containing p97 patrticles,
with (lower panel) or without (upper panel) 1 mM ATP, at 160,000 X magnification

(Scale bar: 100 nm). Inserts: digitally enlarged p97 particles.
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Figure 2.2. ATPase activity of p97WT and IBMPFD mutants. A&B.
uantification of ATP hydrolysis of p97WT or indicated mutants at select time
points. Measurements were performed at 37 °C (A), or 42 °C (B). C.
Quantification of the average ATP hydrolysis rates of p97WT or mutant variants.
Data represents an average of at least 4 independent measurements.

* Statistically significant from p97WT (p < 0.05).
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Figure 2.3. Analysis of the intrinsic fluorescence properties of p97 and
IBMPFD mutants. A. Fluorescence emission of p97WT or indicated mutants
(62.5 ug/ml) between 305 to 450 nm, without nucleotide addition or in the
presence of 2 mM ATP. B. comparison of p97WT or mutant p97 fluorescence
emission without nucleotide addition. C. Comparison of p97WT or mutant p97
fluorescence emission with 2 mM ATP. Data is representative of four
measurements each performed in triplicates. All measurements were corrected

for background absorbance.
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Figure 2.4. Proteolysis kinetics of p97WT and IBMPFD mutants in limited
proteolysis assay. A. Western blot analysis of p97WT or mutant variants
subjected to trypsin digestion for the indicated times, using a monoclonal anti-N-
terminal antibody (residues 9-130). Left panel: Trypsin digestion without
nucleotide addition. Right panel: Trypsin digestion with 1 mM ATP. B.
Schematic representation of p97 fragments generated from trypsinization.
Abbreviations: ab; antibody, N; N-terminal domain, D1; D1 cassette, D2; D2
cassette, COOH; Carboxyl-terminal domain. C. Silver stain analysis of p97

trypsinization kinetics with (right panel) or without 1 mM ATP (left panel).
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Figure 2.5. Identification of the regions of proteolytic susceptibility in
IBMPFD mutants. A. Coomassie-blue staining of p97WT subjected to trypsin
digestion for 60 minutes in the presence of 1 mM ATP. B. Summary of full-
length p97, and tryptic fragments, p87 and p58, LC/MS-MS sequencing results.
C. Sequenced peptides identified by LC/MS-MS within the p97 full-length amino

acid sequence.
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Figure 2.6. Analysis of p97 particle size distribution in solution using
dynamic light scattering. A &B. Average intensity size distribution of p97WT
or mutant variant (100 ug/ml) without nucleotide addition (A) or with 1 mM ATP
(B). Data represents average of four measurements. Arrows point to high

molecular weight intermediates statistically significant from p97WT (p< 0.05).
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CHAPTER 3: Targeting of the Valosin containing protein (p97) by
active Caspase-6 in Alzheimer Disease: implications on

ubiquitin proteasome system mediated protein degradation
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Preface

In Alzheimer Disease (AD), there is well-documented evidence of accumulation of
ubiquitin epitopes in hippocampal neurons, where ubiquitin is found covalently
linked to neurofibrillary tangles (NFT) and neuritic plaques (NP). The fact that
ubiquitin immunoreactivity is also enhanced in neurons devoid of protein
aggregates suggests that UPS impairment is an early event in AD. The cysteinyl
protease, Casp6, has been described as a putative instigator of
neurodegeneration in AD. Importantly, Casp6 activation is observed early in AD
and correlates with the extent of cognitive impairment in subclinical stages of AD.
Considering that p97 was identified as a target of Casp6 activity in primary
human neurons, in this chapter, we investigate if p97 is cleaved by Casp6 in AD.
Our results support a role for Casp6 in the proteolytic processing of p97 and the

subsequent impairment of the UPS in AD.
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3.1 Abstract

The accumulation of polyubiquitinated proteins is a common feature of
many neurodegenerative diseases and is associated with UPS impairment. The
Valosin containing protein (also known as p97) is a ubiquitin dependent ATPase
which plays central roles in UPS-mediated protein degradation pathways. p97
has been recently identified as a putative target of Casp6 activity in primary
human neurons.  Considering that Casp6 is activated in mild-cognitive
impairment (MCI) and AD, the targeting of p97 by Casp6 may represent an
important mechanism for UPS impairment in AD. Here, we show that p97 is a
Casp6 substrate in vitro and in vivo. Casp6 cleavage of recombinant p97
generated two N-terminal fragments of 28 and 20 kDa, which were not generated
by Casp3 or Casp7. ATP binding to the D1 ATPase ring protected against Casp6
mediated proteolysis of p97 N-domain. Mass spectrometric analysis identified five
Casp6b cleavage sites: VAPD179, DELD307, ETID438, TWEDA478, and VEED725,
with only VAPD179 localizing to the N-domain. P97 cleavage at VAPD179
(p97D179|) was further demonstrated in AD using a polyclonal neoepitope
antibody. Cleaved p97 localized to the cytoplasm of hippocampal neurons and to
large neurites that likely represent axons. Furthermore, overexpression of
p97D179| fragment in N2a cells led to a significant accumulation of the ubiquitin
fusion degradation reporter, UBG76V-GFP and proteolysis of endogenous p97.
Collectively, these results suggest that caspase cleavage of p97 may represent a

relevant mechanism of UPS impairment in AD.
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3.2 Introduction

The accumulation of polyubiquitinated proteins and the sequestration of
UPS components into protein aggregates are two common manifestations of
many neurodegenerative diseases, including AD, Parkinson Disease (PD), and
Creutzfeldt-Jakob Disease (CJD). In AD, ubiquitin is found associated with
neurofibrillary tangles (NFT) and neuritic plaques (NP) in hippocampal brain
tissue (Perry et al. 1987; Perry et al. 1989; Dickson et al. 1990; Tabaton et al.
1991). Paired helical filaments (PHF), the principal component of NFT, are
known to be ubiquitinated (Mori et al. 1987; Tabaton et al. 1991), and their
composite, the microtubule binding protein, tau, is a major target of ubiquitination
(Morishima-Kawashima et al. 1993). Immunoreactivity to ubiquitin is also
selectively observed in hippocampal neurons of AD patients in the absence of
NFT and NP, suggesting that impairment in global UPS functions may occur early
in AD (Perry et al. 1987; li et al. 1997). Multiple pathways have been implicated
in UPS dysfunction in AD: First, the expression of an aberrant variant of the
ubiquitin protein, UBB+, which acts as an inhibitor of the UPS (van Leeuwen et al.
1998; Lindsten et al. 2002); second, the oxidation of the ubiquitin carboxyl-
terminal hydrolase, UCH-L1 (Choi et al. 2004); and third, direct proteasomal
impairment by PHF (Keck et al. 2003). These findings imply that proteasome
dysfunction is secondary to alterations in protein translation, oxidative stress, and

PHF formation.
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Recently, the cysteinyl protease, Casp6, has been proposed to be an
important effector of the neurodegenerative changes observed in AD (LeBlanc
2005). Casp6 activation is observed in the hippocampus of aged individuals and
those diagnosed with mild cognitive impairment (MCI), a condition that usually
precedes AD (Albrecht et al. 2007). The cleaved subunit of Casp6 (p20) localizes
to characteristic features of AD brains, including NFT, neuritic plagues (NP), and
neuropil threads (NPT) (Guo et al. 2004). Furthermore, Casp6 activation is
evident by the abundant presence of Casp6 cleaved Tau, in AD brains (Guo et al.
2004; Albrecht et al. 2007). Approximately 40% of Casp6 targets in primary
human neurons are cytoskeletal proteins, which include Tau, a-Tubulin, Drebrin,
Spinophilin, and a-Actinin-4 (Klaiman et al. 2008). These results raise the
possibility that Casp6 activation in AD disrupts the cytoskeletal system (Klaiman
et al. 2008). Indeed, in primary cell culture models, neurotrophic factor
deprivation is known to activate Casp6 (LeBlanc et al. 1999; Nikolaev et al. 2009)
and to result in axonal degeneration independent of cell body death (Nikolaev et
al. 2009). Accordingly, active Casp6 may be a critical mediator of axonal injury in

neurons during the prolonged course of AD.

In search of other consequences of Casp6 activation, we had previously
identified the Valosin containing protein, p97, as a putative target of Casp6
activity in primary human neurons (Klaiman et al. 2008). p97 is a ubiquitin
dependent ATPase which utilizes ATP-driven conformational changes in

dismantling multiubiquitinated protein complexes (Shcherbik and Haines 2007).
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p97 biochemical activities are not only confined to multiubiquitinated protein
disaggregation or extraction, but also include direct participation in protein
ubiquitination and deubiquitination (Halawani and Latterich 2006; Rumpf and
Jentsch 2006). Regulation of substrate ubiquitination is enabled by p97
interaction with a variety of E3 ubiquitin ligases and deubiquitinating enzymes
(Halawani and Latterich 2006). These interactions mediate p97 activity in
multiple proteasome dependent pathways (Halawani and Latterich 2006),
including ERAD (Ye et al. 2001; Braun et al. 2002; Ye et al. 2003), UFD (Richly et
al. 2005; Rumpf and Jentsch 2006), and transcription factor activation (Hoppe et
al. 2000). Furthermore, mutations abolishing p97 ATPase activity lead to ER
vacuolization and accumulation of polyubiquitinated proteins in differentiated
PC12 cells (Hirabayashi et al. 2001; Kobayashi et al. 2002). Single nucleotide
missense mutations in the p97 gene are also linked to the pathogenesis of a
hereditary form of inclusion body myopathy, where approximately ~ 38% percent
of patients also develop FTD (Watts et al. 2004; Kimonis et al. 2008). p97 linked
FTD is characterized by widespread cerebellar neuronal dystrophy with ubiquitin-
(Forman et al. 2006) and TDP-43 positive intranuclear inclusions (Neumann et al.
2007). In cell culture models, p97 mutations have been shown to impair ERAD
(Weihl et al. 2006) and UPS dependent protein degradation (Janiesch et al.
2007), alter TDP-43 localization (Cairns et al. 2007), and activate caspases
(Guyant-Marechal et al. 2006; Cairns et al. 2007). All these results indicate that

p97 cell biological activity is vital for UPS function in neurons. Therefore, the
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possible targeting of p97 by Casp6 may represent an important link between

Casp6 activation and UPS dysfunctions in AD.

In this report, we demonstrated that p97 is a substrate of Casp6 in vitro
and in vivo. We further showed that p97 can be cleaved by effector Casp3 and
Casp?7, but not initiator caspase-8 (Casp8). Casp6 cleavage of p97 released a 28
kDa N-terminal cleavage product not generated by Casp3 or Casp7. Moreover,
nucleotide binding to p97 modulated the accessibility of the Casp6 cleavage
sites. Using a neoepitope antibody recognizing p97 cleaved within the N-domain,
we demonstrated that p97 is cleaved in the hippocampal neurons of AD patients,
but not healthy controls. Overexpression of the cleaved p97 fragment
(p97D179]) in N2a neuroblastoma cells compromised the degradation of model
substrates in the UFD pathway and led to proteolysis of endogenous p97. All
together, these results show that p97 is cleaved in AD and suggest that caspase

mediated cleavage of p97 may lead to UPS dysfunction in AD.
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3.3 Results
p97 is cleaved by Casp6 in vitro.

Analysis of p97 primary amino acid sequence based on combinatorial
chemistry identified 15 putative Casp6 cleavage sites (Fig. 3.1 A). To examine
whether p97 is indeed cleaved by Casp6, p97 ND1 (residues 1-480, Fig. 3.1 A) or
D2C (residues 481-806, Fig. 3.1 A) fragments were incubated with active Caspé.
The 54 kDa p97 ND1 fragment (p54) generated 50 kDa (p50), 28 kDa (p28), and
20 kDa (p20) cleavage products which were immunoreactive with a monoclonal
antibody raised against the N-domain of p97 (Fig. 3.1 B, top panel). A 38 kDa
(p38) N-terminal fragment was also observed, however it likely represented an N-
terminal truncation product in the purified p97 ND1 protein preparation (Fig 3.1 B,
top panel). Conversely, the 43 kDa p97 D2C (p43) fragment resulted in a 30 kDa
(p30) cleavage product, which was immunoreactive with a polyclonal antibody
against the COOH-terminal domain of p97 (Fig. 3.1 C, top panel). p97 ND1 and
D2C cleavage was dependent on Casp6 concentration (Fig. 3.1 B&C, top panels)
and inhibited by Casp6 peptide inhibitor, Z-VEID-FMK (Fig. 3.1 B&C, lower
panels). These results indicate that p97 contains caspase consensus sites that
are recognized and cleaved by Casp6 in vitro.

To confirm that assembled p97 is also a substrate of Casp6, full-length
hexameric p97 was incubated with active Casp6 in vitro. Purified hexameric p97
contained minor COOH-terminal truncations produced either by proteolysis,
premature termination of translation, or alternate start codons in E coli expression

systems. These truncations were readily detected in the absence of Casp6
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treatment using an anti-N-terminal antibody for p97 (Fig. 3.1 D). Casp6
processed assembled p97 within 30 minutes of incubation, generating a 75 kDa
(p75), 28 kDa (p28), and 20 kDa (p20) N-terminal cleavage products (Fig. 3.1 D).
At 30 minutes of incubation, p75 was the predominant cleavage product followed
by p28. Within four hours of incubation, p75 was destabilized and p28 became
the major N-terminal cleavage product. We next used an antibody against the
COOH-terminal polyhistidine-tag for p97. Within 30 minutes of incubation, this
antibody detected multiple COOH-terminal cleavage products for p97: p80C,
p50C, p28C, p27C, p7C (Fig. 3.1 E). All together, these results indicate that full-

length hexameric p97 is a substrate of Casp6 in vitro.

ATP-dependent conformational changes in p97 modulate the accessibility
of the Casp6 cleavage sites.

Given that p97 protein conformation can be modulated by its nucleotide
binding state, we assessed the role of nucleotide binding on p97 susceptibility to
Casp6 mediated cleavage. As previously shown, in the absence of ATP, p97ND1
cleavage by Casp6 generated the predominant cleavage product p28 kDa (Fig.
3.2 A). In the presence of ATP, Casp6 mediated cleavage generated a 50 kDa
product, p50, indicating that p97ND1 was truncated within the COOH-terminal
end (Fig. 3.2 A). To investigate the effect of Casp6 concentration on p97ND1
processing, p97ND1 was incubated with increasing concentrations of Casp6 in
the presence or absence of ATP. Consistent with our previous finding, there was

a Casp6 dependent generation of p28 in the absence of ATP (Fig. 3.2 B) and p50
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in the presence of ATP (Fig. 3.2 B). Moreover, using high concentrations of
Caspé6 in the presence of ATP did not increase the generation of p28, indicating
that the N-domain of p97 remained resistant to proteolysis. Furthermore, p50
generation was positively dependent on the ATP concentration in solution (Fig.
3.2 C), indicating that increasing the concentration of ATP enhances p97ND1
proteolysis at the COOH-terminal end. Collectively, these results suggest that
the nucleotide binding state of the D1 ring influences p97 N-terminal susceptibility

to Casp6 mediated processing.

We next investigated if Casp6 mediated processing of full-length p97 is
also modulated by nucleotide binding. Full-length p97 incubated with buffer alone
(Fig. 8.2 D, lane 1) or with heat-denatured Casp6 (Fig. 3.2 D, lane 2) both
contained the N-terminal truncation products usually observed in the purified
protein preparation. Addition of the Casp6 inhibitor, Z-VEID-FMK, had no effect
on the stability of these N-terminal truncations (Fig. 3.2 D, lane 3). In contrast,
incubation of full-length p97 with active Casp6 generated p28 in the absence of
ADP (Fig. 3.2 D, lane 4); however, in the presence of ADP, p75 was the
predominant cleavage product (Fig. 3.2 D, lane 5). In addition, a 60 kDa
fragment was irreproducibly observed (Fig. 3.2 D, lane 5), and probably resulted
from the proteolysis of a noncanonical Casp6 consensus sequence. These
results show that, as for p97ND1, nucleotide binding to full-length p97 also

modulates the susceptibility of the N-domain to Casp6 mediate proteolysis.
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p97 is also cleaved by effector Casp3 and Casp7, but not initiator Casp8 in
vitro.

To determine whether p97 is also a substrate of other caspases, full-length
hexameric p97 was incubated with effector Casp3 and Casp7, and initiator
Casp8. Casp3 and Casp7 both partially processed p97 into p75 and p40 N-
terminal fragments (Fig. 3.3 A. top panels). Furthermore, the p40 fragment
appeared as a doublet when cleaved by Casp3 compared to Casp7 (Fig. 3.3 A,
top panels). Unlike Casp3 and Casp7, Casp8 did not cleave p97 (Fig. 3.3 A,
lower right panel). Interestingly, only cleavage by Casp6 generated the low
molecular weight N-terminal cleavage products, p28 and p20 (Fig. 3A). Unlike
Casp6, nucleotide binding to p97 had no protective or modulatory effects on its
processivity by Casp3 and Casp7 (Fig. 3.3 B, top panels). Moreover, p97
remained uncleaved by Casp8 irrespective of its nucleotide binding state (Fig. 3.3
B, lower panel). These results indicate that p97 is a substrate of effector Casp3
and Casp7, but not initiator Casp8. In addition, Casp6 mediated processing of
p97 generates a cleavage pattern distinct from that generated by Casp3 and

Casp?.

Identification of the Casp6 cleavage site in p97.

Considering the role of Casp6 in mediating neuronal degeneration in AD,
we sought to identify the Casp6 cleavage sites in p97 using LC-MS/MS. Digestion
of recombinant p97 ND1 fragment with active Casp6 resulted in the identification

of four semi-tryptic peptides of a total of 50 sequenced peptides (Table 3.1). All
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semi-tryptic peptides contained an aspartic acid residue at the COOH-terminus
(Fig. 3.4 A). Two peptides contained the consensus sites, 176 VAPD179 and
304DELD307, which were previously predicted (Fig. 3.1 A). Two additional
peptides contained the unique cleavage sites, 435ETID438 and 475TWEDA478,
both of which were not predicted (Fig. 3.4 A). Cleavage of the p97 D2C fragment
with active Casp6 yielded a single semi-tryptic peptide of 41 sequenced peptides
(Fig. 3.4 B). Unlike the ND1 semi-tryptic peptides, the D2C derived peptide
contained an aspartic acid residue at the N-terminal end (Fig. 3.4 B). Analysis of
the sequence immediately preceding the peptide revealed the predicted cleavage
site 722VEED725 (Table. 3.1, Fig. 3.4 B and Fig. 3.1 A). As expected, no semi-
tryptic peptides were identified in p97 ND1 or D2C fragments treated with heat-
inactivated Casp6 (Fig. 3.4 A & B). All together, the results indicate that p97

contains at least five Casp6 cleavage sites.

VAPD179 is not the only N-terminal cleavage site in p97.

Given that the predominant p97 N-terminal cleavage product is p28, we
next assessed whether p28 is generated from p97 cleavage at VAPD179, the
only N-terminal cleavage site identified by mass spectrometry (Table 3.1). The
VAPD179 consensus site was mutagenized to VAPA179 and the recombinant
protein (p97D179A) was incubated with active Casp6. As p97WT (Fig. 3.5 A),
p97D179A cleavage also generated p28 and p20 suggesting that VAPD179 is not
the targeted cleavage site (Fig. 3.5 C). Another putative caspase cleavage site,

VETD169, was previously identified in the p97 primary amino acid sequence (Fig.
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3.1 A). Since p97 ND1 is cleaved at VAPD179 (Fig. 3 A), additional cleavage at
VETD169 would have generated a peptide too small for detection by mass
spectrometry. Therefore, we considered the possibility that full-length p97 is
preferentially cleaved at VETD169. Unexpectedly, cleavage of p97D169A by
Casp6 also generated p28 and p20 (Fig. 3.5 C). Furthermore, the p97D169A
mutation promoted more efficient generation of the p20 fragment compared to
p97WT and p97D179A. These results suggest that neither VAPD179 nor
VETD169 are the cleavage sites leading to p28 generation and that p20 is
possibly generated from cleavage at both sites. Further work is necessary to

identify the Casp6 cleavage site(s) responsible for p28 generation in vitro.

p97 is cleaved at VAPD179 in Alzheimer Disease.

Considering that VAPD179 is the only N-terminal cleavage site
consistently identified by mass spectrometry, we generated a neoepitope
antibody recognizing this cleavage site in p97 (p97D179]). To determine if
p97D179| accumulated in Alzheimer disease brains, we performed
immunohistological staining of 4 non-cognitively impaired (NCI), 5 mild cognitively
impaired (MCI) and 14 AD hippocampal tissue sections. The results showed
strong immunopositive neurons in AD brains, negative or faint staining in most
MCI cases and negative staining in most NCI cases (Fig. 3.6 A). One case of
MCI and one case of the NCI showed stronger immunopositive neurons for

p97D179|. Interestingly, these immunopositive cases had lower mini mental
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state exam (MMSE) scores. Furthermore, p97D179| immunoreactivity localized
to the same hippocampal region where active Casp6 and TauACasp6 were
detected. These observations suggest possible co-localization of the active
Casp6 with the p97D179| fragment (Fig. 3.6 B). Double immunostaining is
required to confirm the co-localization of the active Casp6 and p97D179| in AD
neurons. Interestingly, the immunoreactivity of p97D179| in neurons had a
granulous appearance and was localized to the cytoplasm of the neuronal cell
body and to large neurites that likely represent the axons (Fig. 3.6 C). No

immunoreactivity was observed in the nuclei of neurons.

Overexpression of the p97D179| fragment compromises the ubiquitin
fusion degradation (UFD) pathway and destabilizes endogenous p97.

Given the presence of the p97D179| fragment in AD brains, we next
assessed the effects of its expression on p97-mediated cell biological pathways.
We co-expressed vector only, p97WT, p97K524A, or p97D179| (Fig. 3.7 A) with
either one of two previously characterized reporters in the UPS: the UFD reporter,
UBG76V-GFP, and the N-end rule pathway reporter, R-GFP. Quantification of
the number of GFP positive cells showed no significant differences between cells
expressing vector only, p97WT, p97K524A, or p97VAPD179, for both UBG76V-
GFP and R-GFP (Fig. 3.7 B, upper panel). Cells expressing p97VAPD179
consistently showed the highest number of GFP positive cells, although it was not

statistically significant (Fig. 3.7 B, upper panel). GFP accumulation, as reflected
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by the mean fluorescence intensity, showed a significant accumulation of
UBG76V-GFP, in p97D179| expressing cells compared to vector, p97WT, and
p97K524A expressors (Fig. 3.7 B, lower panel). Interestingly, there was no
significant difference in the accumulation of R-GFP in p97D179| expressors
compared to vector only or p97WT transfected cells (Fig. 3.5 B, lower panel).
Furthermore, expression of p97K524A led to marked apoptosis of UBG76V-GFP
and R-GFP expressors within 48 hours of transfection (data not shown).
Collectively, these data show that the overexpression of the p97D179| fragment
impairs the UFD pathway in cell culture. Considering the high variability of the
data, more experiments are necessary to substantiate if the N-end rule pathway

is also impaired by p97D179| expression.

Considering the role of p97K524A mutation in inducing apoptosis and
activating caspases, endogenous p97 protein level was assessed in transfected
cells using an antibody against the COOH-terminal domain of p97. While no p97
cleavage fragments could be detected in cells expressing either vector only,
p97WT, or p97K524A, cells transfected with p97D179| showed two cleavage
products of 55 and 38 kDa (Fig. 3.7 C). Moreover, these proteolysis products
could be detected irrespective of whether the cells were co-transfected with
UBG76V-GFP or R-GFP. These results show that the overexpression of

p97D179| fragment impairs the stability of endogenous p97.
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3.4 Discussion

While the accumulation of ubiquitinated proteins in Alzheimer Disease is
well documented, our knowledge of how this accumulation is linked to UPS
impairment is rudimentary at best. UPS impairment has been attributed to
several pathogenic pathways, including mistranslation of the intracellular ubiquitin
moiety available for conjugation (UBB+) (van Leeuwen et al. 1998; Lindsten et al.
2002), reduced deubiquitination due to oxidative damage of ubiquitin hydrolases
(Choi et al. 2004), and direct proteasomal blockage by neurofibrillary structures
(Keck et al. 2003). In this study, we propose that the targeting of p97, a central
player in UPS mediated protein degradation pathways, by active Casp6
represents an additional mechanism for UPS impairment in AD. In support of this
hypothesis, we show that p97 is cleaved by Casp6 in vitro, but unlike Casp3 and
Casp-7, Casp6 generated a 28 kDa and 20 kDa N-terminal fragments. Using a
neoepitope antibody with specificity for N-terminally cleaved p97, we show that
p97 is cleaved in AD brains. Furthermore, we found that the mere
overexpression of p97D179| impaired the UFD pathway and led to the
proteolysis of endogenous p97 in N2a neuroblastoma cells. These data provide
evidence that p97 targeting by active Casp6 may represent a novel mechanism of

UPS impairment in AD.

p97 cleavage by Casp6 in vitro.
Our in vitro analysis clearly demonstrates that p97 contains caspase

consensus sites that are recognized and cleaved by Casp6. p97 cleavage
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occurred at an equimolar concentrations of hexameric p97 to tetrameric Casp6
and was evident within two hours of co-incubation. In agreement with other
reports (Jang et al. 2008), p97 was also cleaved by effector Casp3 and Casp?7,
using similar conditions - a fact which indicates that p97 can be targeted by all
members of the effector class of caspases (ie. Casp3, Casp6, and Casp?7).
Interestingly, our data also ruled out the involvement of Casp8 in the processing
of p97 in vitro. Although Casp3 and Casp7 both conferred a similar proteolysis
pattern on p97, Casp6 mediated proteolysis was distinguished by the generation
of low molecular weight N-terminal cleavage products (p28 and p20) not
generated by Casp3 or Casp7. Accordingly, we can infer that Casp6 targets
unigue consensus sites not shared by either Casp3 or Casp7. Importantly, this
finding provides further evidence for the specificity of Casp6 mediated proteolysis

of p97 in vitro.

p97 susceptibility to N-terminal proteolysis is modulated by nucleotide
binding to the D1 AAA+ ring.

Given that p97 undergoes drastic conformational changes in response to
nucleotide binding (Rouiller et al. 2000; DeLaBarre and Brunger 2003; DeLaBarre
and Brunger 2005), our data indicate that ATP-driven conformational changes
could alter either the structure or the accessibility of the Casp6 cleavage site
within the N- domain. Indeed, p97 was preferentially cleaved within the N-
domain in the absence of nucleotide binding, and within the COOH-terminal end

in the presence of ATP. Furthermore, our data suggest that D1 ring regulates the
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conformation of the N-domain, especially considering that the N-domain was
protected in the p97ND1 fragment lacking the D2 ring. Interestingly, the presence
of an active D2 ring in p97WT reduced the protective effect of nucleotide binding
on N-terminal proteolysis. Our data suggest that the conformation of the N-
domain is modulated by nucleotide binding to the D1 ring, and that in full-length
p97, the ATPase activity of the D2 ring may influence the nucleotide occupancy
state of the D1 ring (Beuron et al. 2003; Ye et al. 2003). Furthermore, these
results imply that the accessibility of the Casp6 consensus sites in p97 can be
dynamically modulated by its conformational state. In a cell biological system,
p97 conformational state is likely influenced by multiple factors including adaptor
protein binding (Meyer et al. 1998) and posttranslational modifications, such as
ubiquitination (Hitchcock et al. 2001) and phosphorylation (Klein et al. 2005).
Other studies have demonstrated that phosphorylation could modulate the
susceptibility of a substrate to caspase mediated processing, either positively or
negatively. For example, Bid phosphorylation by Casein Kinase | and Il
decreases its sensitivity to Casp8 mediate cleavage (Desagher et al. 2001).
Similarly, mutant Huntington phosphorylation by Cdk5 reduced its cleavage by
Casp3 (Luo et al. 2005). In other cases, phosphorylation, such as Mitogen
Activated Protein Kinase (MAPK) mediated phosphorylation of the androgen
receptor, enhances substrate cleavage by caspases (LaFevre-Bernt and Ellerby

2003).
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The physiological relevance of the modulation of p97 N-terminal proeolysis
remains unclear. Unlike Casp6, our results indicate that Casp3 and Casp7
mediated cleavage of p97 is not modulated by nucleotide binding. While
activation of Casp3 and Casp7 is associated with apoptosis, activation of Casp6
occurs in the absence of apoptosis or cell death (LeBlanc et al. 1999; Klaiman et
al. 2009; Nikolaev et al. 2009). For example, in AD, Casp6 activation is widely
observed in the hippocampus in the absence of apoptotic neuronal morphology or
neuronal cell death (Guo et al. 2004; Albrecht et al. 2007). Accordingly, it is
tempting to speculate that Casp6-mediated proteolysis of p97 may serve a

regulatory function in vivo.

The use of mass spectrometry in the identification of the Casp6 cleavage
sites in p97.

Our mass spectrometric analysis identified five Casp6 cleavage sites
within p97, with only p97VAPD179 localizing to the N-terminal domain. A
limitation of this analysis is that some of the generated semi-tryptic peptides may
be too short, too long, or too hydrophobic for detection by LC-MS/MS.
Accordingly, we cannot exclude the presence of additional Casp6 cleavage sites
within the N-domain, or other domains of p97. Indeed, our results show that
neither 166VETD169 nor 176VAPD179 are the Casp6 cleavage sites responsible
for p28 generation in vitro. Accordingly, it is possible that Casp6 is capable of
cleaving p97 at both sites and that the mutagenesis of one site does not impede

cleavage at the alternate site. Interestingly, 304DELD307 within the D1 ring was
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previously identified as a Casp3 and Casp7 cleavage site within the D1 ring-a fact
which indicates that some caspase consensus sites in p97 can be shared by
multiple caspases. Cleavage at 304DELD307 predicts the generation of ~ 34
kDa N-terminal fragment, not observed in our in vitro analysis. It is possible that
p28 is generated by consecutive cleavage at an unidentified site close to extreme
N-terminal end (ie. 71VLSD74) followed by cleavage at 304DELD307. Only one
cleavage site was identified within the D2 ring, 722VEED725, although our
western blots analysis indicated that presence of multiple sites. Considering that
the COOH-terminal domain of p97 is more prone to proteolysis (during
purification and cell lysis), we opted to focus our subsequent analysis of the only
Casp6 N-terminal cleavage site identified with certainty by mass spectrometry.
Future experiments will concentrate on the identification of the Casp6 cleavage

sites responsible for p28 generation in vitro.

p97 cleavage at VAPD179 in vivo.

Our results demonstrate that p97 is cleaved at Asp179 in AD and likely in
subclinical stages of AD. These findings merit further investigation of whether
cleaved p97 also colocalizes with active Casp6 in the hippocampal neurons of AD
patients. We also cannot rule out the involvement of others caspases or
proteases in p97 proteolysis in vivo, although the immunoreactivity of active
Casp3 is limited in AD (Stadelmann, 1999 and Selznick, 1999) and Casp3
mediated cleavage of p97 does not generate a low molecular weight N-terminal

fragment in vitro. Furthermore, considering the prominent role of p97 in the
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regulation of the UPS system, our results suggest that p97 cleavage may lead to
the accumulation of polyubiquitinated proteins in AD. Co-immunostaining studies
with the neoepitope antibody and a ubiquitin antibody are necessary to
substantiate UPS impairment in neurons containing cleaved p97. Interestingly,
immunoreactivity against cleaved p97 was cytoplasmic and not nuclear, which is
consistent with the exclusion of active Casp6 from the nuclei of hippocampal
neurons in AD brains (Guo et al. 2004). Moreover, neurons immunostained with
the neoepitope antibody did not display morphological evidence of apoptosis.
Consistently, heterozygous deletion of p97 results in fully viable mice that are
virtually indistinguishable from the wild-types (Muller et al. 2007). Accordingly, it
is likely that p97 cleavage precedes the accumulation of polyubiquitinated
proteins in AD and that substantial cleavage has to occur before the induction of
ER stress or apoptosis due to p97 loss of function (Wojcik et al. 2004; Wojcik et
al. 2006). Furthermore, neurons displaying strong immunoreactivity with the
neoeopitope antibody also displayed a granular staining pattern. While the
significance of this observation is unclear, loss of p97 function is known to
prevent aggresome formation in the presence of UPS impairment (Wojcik et al.
2004). ltis therefore possible is that the p97 N-terminal cleavage product may be
sequestered within dispersed ubiquitinated protein aggregates as a result of loss

of p97 function.
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p97 N-terminal cleavage is linked to UPS impairment in cell culture.

The presence of p97D179| in AD brains prompted investigation of the
physiological consequences of its expression. Our data indicate that the
overexpression of p97D179| compromised the degradation of a model substrate
in the UFD pathway. It is possible that p97D179| sequesters p97 N-terminal
binding partners, such as Ufd1/Npl4 and p47 (Meyer et al. 2002), and out
competes endogenous p97 for their binding. Alternatively, overexpression of
p97D179| may have cytotoxic consequences independent of p97 cell biological
functions. Indeed, unlike p97K524A which is known to impair p97 mediated
pathways (Hirabayashi et al. 2001; Kobayashi et al. 2002), p97D179|
destabilized endogenous p97 protein levels. Further studies are necessary to
investigate whether endogenous p97 cleavage is caspase mediated.
Nevertheless, our results suggest that the generation of p97 N-terminal fragments
may compromise the UPS in AD. Interestingly, Casp6 also targets mammlian
UFD2a (E4B) (Mahoney et al. 2002), an E3 ubiquitin ligase that is necessary for
the proper development of the nervous system (Kaneko-Oshikawa et al. 2005)
and a binding partner of p97 in the UFD pathway (Koegl et al. 1999). These
findings suggest that Casp6 may target multiple p97 dependent pathways.
Collectively, our data suggest that Casp6 is an important effector of UPS

dysfunction in AD.
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3.5 Material and Methods
Protein Expression Vectors

All vectors were generated from a murine p97 cDNA in pBluescript SK+
vector, kindly provided by Dr. Fred Indig (National Institute on Aging/NIH,
Baltimore, USA). p97ND1 (residues 1-480) and p97D2C (residues 481-806)
were subcloned into the pTrcHis2A vectors (Invitrogen, Carlsbad, CA) to allow for
COOH-terminal polyhistidine tagging. The p97ND1 fragment was amplified by
PCR using the primers: 5' AGCTCGAGAATGGCCTCTGGAGCCGATS3', and 5'
CCATATGTACCTTATCCAATATCTTCCCAGGT 3, which contained the
restriction sites, Xho | and Kpn |, respectively. Similarly p97D2C fragment was
amplified using the primers: 5' AGCTCGAGAGGTGGCCTGGAGGATGTC 3', and
5" ATATGGTACCAGGCCATACAGGTCATCGTC 3!, containing the restriction
sites Xho | and Kpn [, respectively. Subsequent to restriction digest, both PCR
products were ligated into the pTrcHis2A vectors. Full-length p97WT in
pTrcHis2C was generated as previously described (Halawani et al., 2009). Full-
length p97D169A and p97D179A mutants were both generated using the
GeneTailor™ site-directed mutagenesis system with p97WT-pTrcHis2C as a
starting template (Invitrogen, Carlsbad, CA). Aspartate 169 in p97 was
mutagenized to alanine by changing the codon, 505GAT507 to 505GCT507 using
the primers: 5' AGTTCAAAGTTGTAGAGACAGCTCCCAGCCCTT 3' and 5'
TGTCTCTACAA CTTTGAACTCCACAGCACGC 3. Aspartate 179 was

mutagenized to Alanine by changing codon, 535GAC537 to 535GCC537 using
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the primers: 5' CCTTACTGTATTGTTGCTCCAGCCACAGTGATCCAC 3' and 5'

TGGAGCAAC AATACAGTAAGGGCTGGGATCTGT 3.

Mammalian p97WT expression vectors were generated by cloning full-
length murine p97WT cDNA into the p3X-FLAG-CMV10™ vector for N-terminal
tagging or p3X-FLAG-CMV14™ vector for COOH-terminal tagging with the FLAG
peptide (Sigma, St. Louise, MO, USA). Full-length p97 was amplified using the
primers: 5' CTTGCGGCCGCGGCCTCTGGAGCCGATTCAAAA 3 and 5'
GGGGATCCTTA GCCATACAGGTCATCGTCATT 3', containing the restriction
sites Notl and BamHI for cloning into the p3X-FLAG-CMV10™. Similarly,
primers: 5' CTTGCGGCCGCGGCCGCCACCATGGCCTCTGGAGCC GAT 3' and
5' GGGGATCCGCCATACAGGTCATCGTCATT 3' with the restriction sites, Notl
and BamHI, were used for cloning into the p3X-FLAG-CMV14™ . Subsequent to
restriction digest, the inserts were ligated into the appropriate vector. FLAG-
tagged p97K524A was generated as described for p97WT except that the cDNA
was supplied in the pQE9 vector (kind gift of Dr. Tom Rapoport, Harvard
University, Boston, USA). The FLAG- p97D179| vector was constructed using
site-directed mutagenesis as described above. Briefly, the codon 538ACA540
was changed to 538TAA540 using the primers: 5'
TACTGTATTGTTGCTCCAGACTAAGTGATCCACTGT 3 and 5'
GTCTGGAGCAACAATACAGTAAGGGCTGGGATC 3. The untagged p97
fragment encoding residues 180-806 was subcloned into the pBudCE2.1 vector

(Invitrogen, Carlsbad, CA, USA) under the CMV promoter using the restriction
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sites Hind Ill and BamHI. The PCR was performed using the following primers:
5' CCCAAGCTTGCGCGCCATGACAGT GATCCACTGTGAG 3 and 5
GACGATGACCTGTATGGCTAATAAGGATCCGAA 3. All constructs were
verified by sequencing at the McGill University and Genome Quebec Innovation

Center Platform (Montreal, QC, Canada).

Caspase expression constructs: pET23b-Casp3-His (Addgene plasmid
11821), pET23b-Casp6-His (Addgene plasmid 11823), pET23b-Casp7-His
(Addgene plasmid 11825), pET15b-Casp8ADED (Addgene plasmid 11827), were

kindly provided by Dr. Guy Salvesen (The Burnham Institute, La Jolla, CA, USA).

Protein Expression and Purification

p97 proteins were expressed and purified as previously described with minor
modifications (Halawani et al. 2009). Briefly, p97WT, p97D169A, p97D179A,
p97ND1, and p97D2C were expressed in Top10 E.coli strain. Overnight starter
cultures were diluted 50X in 2X YT media (16 g/L Tryptone, 10 g/L Yeast
Extracts, 5 g/L NaCl) and grown at 37 °C to an OD at 600nm of 0.6 with vigorous
shaking. Following induction with 300 uM IPTG, cell were grown for 4-5 hours
and harvested by centrifugation at 4,000 g for 20 minutes. Pelleted cells were
lysed in buffer containing 20 mM HEPES pH 7.5, 300 mM NaCl, 5 mM MgCl,, 2.5
mM DTT, and 20 mM imidazole and supplemented with 1 mg/ml lysozyme and
complete protease inhibitors (Roche, Mississauga, ON). Lysates were sonicated

and cleared by centrifugation at 26,000 g for 45 minutes. Cleared supernatants
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were filtered with 0.2 um filters (Millipore, Bedford, MA) and loaded on a pre-
equilibrated Ni** affinity column (GE Healthcare Bio-sciences, Uppsala, Sweden).
Bound proteins were washed with 10 times column volume of lysis buffer,
followed by a second wash with 10 times column volume of lysis buffer with 35
mM imidazole. Proteins were eluted with a 35 to 500 mM imidazole gradient over
5 times column volume. For the p97ND1 and p97D2C protein fragments, eluted
proteins were dialyzed against buffer containing 20 mM HEPES pH 7.5, 150 mM
NaCl, 5 mM MgCl,, and 2.5 mM DTT, using Slide-A-lyzer® dialysis cassettes with
a molecular weight cut-off of 10 kDa (Fisher, Nepean, ON, Canada). Full-length
p97 proteins were further purified on a pre-calibrated 25 ml Superdex-200 size-
exclusion chromatography column (GE Healthcare Bio-sciences, Uppsala,
Sweden). Peak fractions corresponding to hexameric p97 were eluted as 1ml
fractions in buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM MgCl,,
and 2.5 mM DTT. Final protein concentrations were determined using the
Bradford assay (BioRad, Mississauga, ON). Purified proteins were snap frozen
and stored at -80°C. All purifications were performed using the UKTA FPLC

system (GE Healthcare Bio-sciences, Uppsala, Sweden).

Caspase protein expression was conducted using the BL21(DE3)pLysS
E.coli stain using the following IPTG induction conditions: 200 uM IPTG was used
for Casp3 and expression was allowed for 4-6 hrs at 30 °C, Casp6 was induced

with 50 uM IPTG and expressed overnight at 16 °C, 200 uM IPTG was used for



Chapter 3 132

Casp7 expression at 30 °C for 12-16 hrs, and Casp8 was induced with 200 uM
IPTG for 4-6 hrs at 30 °C. Protein expression was preformed from overnight
starter cultures in 2 times YT media (16 g/L Tryptone, 10 g/L Yeast Extracts, 5
g/L NaCl). Cell lysis and Ni** affinity purification were performed as described
above for p97 using the following buffer conditions: lysis buffer (50 mM Tris-HCL
pH 8.0, 100 mM NaCl, and 10 mM imidazole supplemented with 1 mg/ml
lysozyme), wash buffer (50 mM Tris-HCL pH 8.0, 500 mM NaCl, 10 mM
imidazole), elution buffer (50 mM Tris-HCL pH 8.0, 100 mM NaCl using 10-500
mM imidazole gradient). Eluted proteins were dialyzed against buffer containing
50 mM Tris-HCI pH 8.0 and 100 mM NaCl as described above. Protein
concentrations were quantified using the Bradford assay (BioRad, Mississauga,
ON). Caspase activity was verified using the appropriate fluorogenic substrates

as previously described in Zhang et al., 1999.

In vitro p97 protein cleavage assay

p97ND1, p97D2C, p97WT, p97D169A, and p97D179A were digested in
HEPES buffer (0.1 M HEPES, pH 7.5, 10% sucrose, 0.1% CHAPS, 10 mM DTT)
or Stennicke's buffer (20mM PIPES pH 7.4, 30 mM NaCl, 1 mM EDTA, 0.1%
CHAPs, 10% sucrose, and 10 mM DTT) as indicated in the figure legends.
Reactions were incubated at 37°C in 50 ul volume using the indicated
concentrations of p97 and caspase. Reactions assessing the effect of ATP on
p97 proteolysis were also supplemented with 5 mM MgCl,. p97 proteolysis was

assessed using SDS-PAGE followed by either coomassie staining or western blot
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analysis. Western blotting was performed using a monoclonal anti-p97 antibody
raised using a p97 fragment containing residues 9-130 (BD Transduction
Laboratories™, San Jose, CA), or a polyclonal anti-p97 antibody raised against
the carboxyl-terminal residues 786 to 806 (generous gift of Dr. Maryam Taheri,
McGill University, Montreal, Quebec, Canada). The monoclonal antibody was
used at a dilution of 1:1000, while the polyclonal antibodies were used a dilution
of 1:3000. Following incubation with the appropriate HRP-conjugated secondary
antibodies, the blots were visualized using the Storm 840 scanner (GE

Healthcare, Baie d'Urfé, QC) or standard autoradiography.

Identification of the Casp6 cleavage sites in p97 using LC-MS/MS analysis.
One microgram of p97ND1 or D2C fragments were digested with 320 ng of
active recombinant Casp6 as indicated above. In parallel, similar digest reactions
were setup as controls with heat-inactivated Casp6. Ten replicates of each
sample or controls were subsequently pooled and prepared for MS/MS analysis.
Briefly, the CHAPS component of the reaction buffer was first removed using a
non-ionic detergent (NID) exchange cartridge (MICHROM Biosources Inc Auburn,
CA) according to the manufacturer's instruction. The eluted sample was dried in
a speed vacuum and resolubilized in 20 ul 1M TEAB, 2 ul 2% SDS, and 2 ul 50
mM TCEP for one hour at 60 °C. Following treatment with 1ul of 84mM TCEP,
trypsin was added and samples were further incubated overnight in a
thermomixer at 37 °C and 700 rpm. On the following day, samples were dried

and resolubilized in buffer containing 0.1 % TFA, and 2% acetonitrile in HPLC
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grade water and loaded on an SDS removal column (MICHROM Biosources Inc
Auburn, CA). The flow-through containing the peptides was subsequently speed
vacuumed to dryness and submitted for LC-MS/MS analysis. LC-MS/MS and
peptide identification was conducted at the Institute for Research in Immunology

and Cancer (University of Montreal, Montreal, Qc, Canada).

Generation of a neopitope antibody for p97 cleaved at Asp179.

Casp6 cleaved p97 neoepitope antibody was generated using the six
amino acid peptide, 174CIVAPD179, N-terminally conjugated to the keyhole
limpet hemocyanin protein.  Prior to peptide synthesis, a BLAST search was
conducted against the human genome to ensure uniqueness of this peptide
sequence to human p97. All steps involved in antibody production (ie. Peptide
synthesis, conjugation, immunization, bleed production and antisera collection)
were performed by SIGMA GENOSYS (The Woodlands, TX, USA). The antibody
bound the 174CIVAPD179 peptide at a dilution of 1: 300,000 in an ELISA assay.
The immunohistochemistry was performed as previously described (Guo et al.

2004).

Transient Transfections, protein expression, and flow cytometry

N2a neuroblastoma cells were plated in 6-well plates at a density of 500,
000 cell/well in MEM media (Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (Fisher, Ottawa, ON, Canada) and allowed to adhere

overnight. Transfection was performed using 3.5 pyg of p3X-FLAG-CMV14™
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vector or p97 vectors: p97WT-FLAG, p97K524A-FLAG, FLAG-p97D179|,
p97AN) and 0.5 ug of either the ubiquitin fusion degradation reporter, UbG76V-
GFP (Addgene plasmid 11941), or the N-end rule reporter, Ub-R-GFP (Addgene
plasmid 11939). The transfection complex contained 100 ul of serum free MEM
(Invitrogen, Carlsbad, CA, USA), 20 ug of polyethyleneimine (Polysciences, Inc.
Warrington, PA, USA), and 4.0 yg DNA. After 20-30 min incubation, the complex
mix was added to cells and culture media was changed 6 hrs post-transfection.
Expression was allowed for 48 hrs, and cell were trypsinized and harvested in
1ml of culture media. Cell suspension was split in two: 0.5 ml for flow cytometry
and 0.5 ml for the protein expression analysis. Flow cytometery was performed
on at least 20 000 live cells using the FACS Calibur flow cytometer (Becton
Dickinson Biosciences). The data was analyzed using the CellQuest software
(Becton Dickinson Biosciences). For protein expression, cells were lyzed in RIPA
buffer containing protease inhibitors (TLCK, 0.1 pyg/ml, 0.5 pug/ml leupeptin, 38
ug/ml AEBSF, and 0.1 pg/ml pepstatin A). Protein concentrations were quantified
with the BCA protein assay (Fischer, Ottawa, ON, Canada). 30 pg of protein
were loaded on SDS-PAGE gels and analyzed by western blotting using either a
monoclonal anti-FLAG antibody (Sigma, Oakville, ON, Canada) or a polyclonal
anti-carboxyl terminal antibody for p97 (kind gift of Dr. Maryam Taheri, McGill
University, Montreal, Quebec, Canada). Quantification of protein expression
levels was performed using the ImageQuant TL 7.0 software (GE Healthcare,

Baie d'Urfé, QC).
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Statistical analysis

All statistics were conducted using the Stat View 5.0 software (SAS
Institute Inc., Cary, NC). The variance was analyzed from three independent
experiments using a one-way ANOVA followed by the Scheffé post hoc test.

Significance was determined at a p value < 0.05.
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Table 3.1. Semi-tryptic peptides of Casp6 cleaved p97 identified using mass spectrometry

Theoretical Molecular

Theoretical Molecular Weight

. . . . Consensus p97 domain Weight from the prior caspase
[CHTTIEE) SIS POEE site localization from the N domain cleavage site (kDa)
(kDa)
1®YVETDPSPYCIVAPD'™® VAPD'"® N Domain 20.0 20.0
2BNAPAIIFIDELD®” DELD®” D1 AAA+ ring 34.1 20.0, 14.1
“KMDLIDLEDETID*® ETID*® D1 AAA+ ring 48.7 20.0,14.1,14.6
“SETVVEVPQVTWED*® TWED*"® D1-D2 Linker 53.2 20,14.1,14.6,4.5
DPVPEIR"™? VEED™® D2 AAA+ ring 80.4 20.0,14.1,14.6,4.5,27.2
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Figure 3.1. p97 cleavage by Casp6 in vitro. A. Schematic representation of
p97 structural domains with the localization of the antibody binding sites and
putative Casp6 cleavage sites indicated. Abbreviations: ab; antibody, N; amino-
terminal domain, L1; linker-1, D1; D1 AAA+ Domain, L2; linker-2, D2; D2 AAA+
Domain, COOH; Carboxyl-terminal domain. B&C. Western blot analysis of
p97ND1 (B) or p97D2C (C) incubated with Casp6 using a monoclonal anti-N-
terminal antibody (B) or a polyclonal anti-COOH terminal antibody (C) for p97.
Digest reaction was performed with the indicated amounts of p97 fragments and
Caspb in Stennicke's buffer for 4 hours. Upper panels: digestion reaction in the
absence of inhibitor. Lower panels: digestion reaction in the presence of the
inhibitor, Z-VEID-FMK at 10 uM concentration. D&E. Western blot analysis of
hexameric p97 incubated with active Casp6, using a monoclonal anti-N-terminal
antibody for p97 (D) or a monoclonal anti-His tag antibody (E). Digestion was
performed in HEPES buffer using 100 nM p97 and 300 nM Casp6 incubated for

the times indicated.
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Figure 3.2. ATP-dependent modulation of p97 cleavage by Casp6. A-C.
Western blot analyses using a monoclonal anti-N-terminal antibody for p97.
Reaction was prepared in Stennicke's buffer using 33 nM p97ND1, indicated
concentration of Casp6, with or without 2.5 mM ATP (A&B). The ATP
concentration was titrated in (C). D. Western blot analysis using a monoclonal
anti-N-terminal antibody for p97. Reaction was performed in HEPES buffer using
100 nM p97 and 300 nM Casp6, and incubated for 16-18 hrs at 37°C. (*)
indicates a no reproducibly observed band. Casp6™ refers to heat-denatured

Caspb.
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Figure 3.3. p97 cleavage by effector Casp3 and Casp7 and initiator Casp8
in vitro. A. Western blot analysis of 100 nM hexameric p97 incubated with 300
nM active Casp3, Casp7, Casp6, or Casp8 for 4 hrs, using a monoclonal anti-N-
terminal antibody for p97. B. Western blot analysis of 100 nM p97 digested with
300 nM active Casp3, Casp7, and Casp8 without nucleotide addition or in the

presence of 1 mM ADP or ATP.
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Figure 3.4. Identification of the Casp6 cleavage sites in p97 by mass
spectrometry. A&B. LC-MS/MS chromatograms of semi-tryptic peptides
detected in p97ND1 (A) or p97D2C (B) samples treated with active (lower
panels) or heat-inactivated (top panels) of Casp6. Arrowheads point to the peak
corresponding to the identified semi-tryptic peptide. The Casp6 recognition site is

underlined. The shadowed peptide in B was not detected by LC-MS/MS.
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Figure 3.5. Cleavage of p97D179A and p97D169A by Casp6. A-C. Western
blots with a monoclonal anti-N-terminal antibody for p97. Reaction was
performed in HEPES buffer containing 100 nM hexameric p97, and 300 nM

Casp6 incubated for the indicated times.
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Figure 3.6. Positive immunoreactivity to p97 cleaved by Casp6 (p97D179|)
in AD brains. A. Micrographs of p97D179| neoepitope antibody (1/1000)
immunostaining developed with diaminobenzidine in the dentate gyrus of one
representative case of non-cognitively impaired (NCI), mild cognitively impaired
(MCI) and Alzheimer disease (AD). B. Micrographs of the CA2/CA3 area of the
hippocampus of tissue sections from an AD individual stained consecutively with
p97D179|, anti-active Casp6, and Tau cleaved by Casp6 (TauACasp6). All
micrographs were taken from the same areas for comparison. C. Magnified
micrograph of a neuron showing the granularity of the p97D179| positive staining
in the cytoplasm and neurite of neurons (+N) and a few neurons that were

p97D179| negative (-N).
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Figure 3.7. Monitoring of UPS function in cells over-expressing the
p97VAPD179 fragment. A. Western blot analyses of N2a extracts co-
expressing vector only, p97WT, p97K524A, p97VAPD179 (also referred to as
p97D179|) with UBG76V-GFP or R-GFP. Blots were probed with an anti-FLAG
antibody. B. Quantitative analysis of the number of GFP positive cells (top
panel), or the mean fluorescence intensity normalized against p97
overexpression levels (lower panels). Error bars represent the standard deviation
of three independent experiments. C. Western blot analyses of N2a extracts co-
expressing FLAG vector only, or FLAG-tagged p97WT, p97K524A, and
p97VAPD179 with UBG76V-GFP or R-GFP. Blots were probed with an anti-
COOH terminal antibody for p97. (*) indicates statistical significance compared to

p97"'" at p < 0.05 (Scheffe)
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CHAPTER 4: Conformational instability of the N-domain linked
to caspase mediated proteolysis in p97-linked fronto-temporal

dementia



Chapter 4 154

Preface

Although we previously demonstrated that two IBMPFD-linked mutations,
p97R155P and p97A232E, alter p97 ATPase activity and D2 ring conformation,
the structural consequences of these mutations on the p97 N-domain remain
unclear. In this chapter, we utilized molecular dynamics modeling to investigate
the potential effects of the Arg155Pro mutation on the conformation of the p97 N-
domain. Subsequently, we utilized Casp6 activity to assess the structural
integrity of the N-domain. Our findings implicate the Arg155Pro and Ala232Gilu
mutations in enhancing the conformational flexibility of the N-domain, and
consequently increasing the accessibility of the Casp6 cleavage site. We further
show that p97 is abundantly cleaved in p97-linked FTD. Collectively, our results
pose the possibility that IBMPFD mutations may enhance the proteolytic

susceptibility of p97 in vivo.
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4.1 Abstract

Hereditary inclusion body myopathy associated with Paget disease of bone and
fronto-temporal dementia is an autosomal dominant disease linked to mutations in
highly conserved amino acid residues of p97. While all identified mutations localize
to the N- terminal domain or the D1 ATPase ring, how these mutations influence p97
structure or conformation remains unclear. In this study, we used simulation
annealing to model the Arg155Pro (R155P) mutation on the structure of the N-
terminal domain and the D1 AAA ring (ND1). The R155P substitution enhanced the
overall conformational flexibility of the N-terminal domain in silico. Using Casp6
mediated cleavage of the ND1 domain, we show that p97R155P ND1 fragment
displayed increased susceptibility to Casp6-mediated processing compared to
p97WT ND1. Substitution of Ala232Glu (A232E), was also associated with enhanced
susceptibility to Casp6 mediated processing. While ATP-binding protected p97WT
ND1 and p97A232E ND1 from N-terminal proteolysis, p97R155P ND1 remained
susceptible. Furthermore, full-length p97A232E, but not p97R155P, showed
increased susceptibility to Casp6 mediated proteolysis compared to p97WT, in vitro.
Using a neoepitope antibody raised against p97 cleaved at 176VAPD179, we
showed abundant p97 cleavage in the dystrophic neurites and activated astrocytes of
patients carrying an Arg155Cys (R155C) mutation, p97R155C. Collectively, these
results show conformational defects in the ND1 domain of IBMPFD-linked p97R155P
and p97A232E mutants and suggest that these defects may predispose mutant

complexes to caspase mediated proteolysis in vivo.
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4.2 Introduction

p97 is one of the most intensively studied members of the AAA protein
family due to its participation in a remarkable number of vital cell biological
processes ranging from organellar biogenesis to protein degradation (Wang et al.
2004). p97 shares two hallmark features with other members of the AAA family:
(i) it forms a homohexameric ring-shaped structure (DelLaBarre and Brunger
2003), and (ii) it utilizes ATP-driven conformational changes (Rouiller et al. 2000;
Rouiller et al. 2002) in performing chaperone-like biochemical activities such as
protein extraction or disaggregation (Thoms 2002; Shcherbik and Haines 2007)
and macromolecular complex assembly and disassembly (Richly et al. 2005;
Rumpf and Jentsch 2006). Each p97 monomer is comprised of an amino (N)-
terminal protein-binding domain, which is flexibly linked to two homologous and
highly conserved AAA cassettes (D1 and D2) (DeLaBarre and Brunger 2003).
Each AAA cassette encompasses ~250 amino acid residues containing the
Walker A and Walker B motifs, which mediate ATP binding and hydrolysis,
respectively, as well as a SRH domain (Kunau et al. 1993). Within the hexamer,
the D1 and the D2 AAA cassettes interact with their counterpart domains in
adjacent protomers to form the D1 and the D2 ATPase rings (DeLaBarre and
Brunger 2003). While the D1 ring is largely responsible for p97 oligomerization
(Wang et al. 2003), the D2 ring mediates p97 major ATPase activity (Song et al.
2003). ATP-binding and hydrolysis within the D2 ring initiate conformational
changes which are relayed through the D1-D2 linker residues to the D1 ring

(DeLaBarre and Brunger 2005). The D1 ring subsequently communicates these
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motions to the N-domain (DeLaBarre and Brunger 2005). The N-domain of p97
mediates its interaction with a wide array of cofactors, including p47 (Kondo et al.
1997) , Npl4-Ufd1 (Meyer et al. 2000), VCIP135 (Uchiyama et al. 2002), and
multiubiquitin chains in protein substrates (Meyer et al. 2002). While deletion of
the N-domain has no effect on p97 ATPase activity (Rouiller et al. 2002; Ye et al.
2003; Rothballer et al. 2007), it is predicted to comprise its interaction with its

essential cofactors.

Recently, single point mutations affecting highly conserved residues within
p97 N-domain and the D1 AAA ring have been linked to the pathogenesis of
IBMPFD (Watts et al. 2004). IBMPFD is a rare autosomal dominant disorder
characterized by myopathy with sarcoplasmic inclusions, neuronal dystrophy, and
abnormal bone remodeling (Watts et al. 2004). The fact that this disease
manifests itself only in fourth or fifth decade of life suggests the IBMPFD-linked
mutations have a subtle effect on p97 cell biological activities (Watts et al. 2004).
Indeed, loss of p97 function is detrimental, as overexpression of an ATPase
deficient mutant of p97 in cell culture systems leads to apoptosis (Hirabayashi et
al. 2001). Similarly, a homozygous null allele in murine animal models leads to
early embryonic lethality (Muller et al. 2007). Nevertheless, the mechanism by
which IBMPFD interferes with p97 cell biological activities remains unclear.
Overexpression studies in cell culture models show accumulation of
polyubiquitinated protein (Weihl et al. 2006), increased p97 localization in

insoluble cell extracts (Weihl et al. 2006), altered localization of TDB-43 (Gitcho
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et al. 2009), and caspase activation (Gitcho et al. 2009). Transgenic animals
expressing IBMPFD-linked p97 mutant variants show an accumulation in
polyubiquitinated proteins and evidence of defects in UPS mediated protein
clearance (Janiesch et al. 2007; Weihl et al. 2007). Interestingly, it has been
recently shown that IBMPFD-linked mutations do not impair p97 interaction with
several N-terminal binding partners, including UFD1 and ataxin-3 (Hubbers et al.

2007).

We recently demonstrated that two IBMPFD-linked mutations, Arg155Pro
(R155P) and Ala232Glu (A232E), altered p97 structure and ATPase activity
(Halawani et al. 2009). Both p97R155P and p97A232E displayed higher ATPase
activity than p97WT and showed evidence of conformational defects in the D2
ring (Halawani et al. 2009). These defects also correlated with an ATP-
dependent propensity to form higher molecular weight oligomers in solution
(Halawani et al. 2009). Therefore, we proposed that conformational alterations in

p97 may underlie mechanism of pathogenesis in IBMPFD.

In this study, we used simulated annealing modeling to further investigate
the potential effects of IBMPFD-linked p97 mutation, R155P, on the structure of
the N-domain and the D1 AAA ring (ND1). Substitution of Arg155 by Pro
enhanced the overall conformational flexibility of the ND1 domain in silico. We
next utilized the availability of Casp6 (Casp6) consensus sites in p97 to assess

the validity of this model. Our results show that IBMPFD-linked mutants,
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p97R155P and p97A232E, display conformational defects in the ND1 ring which
may increase the accessibility of the Casp6 consensus sites. Furthermore, we
provide evidence that p97 is abundantly cleaved at 176VAPD179 in patients
carrying the Arg155 to Cys substitution. Considering the role of IBMPFD-linked
mutants in activating caspases, our results suggest that conformational defects in

p97 may predispose mutant complexes to caspase mediated proteolysis in vivo.
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4.3 Results
Computational Modeling of the Arg155 to Pro p97ND1 mutation

To better understand the structural effects of the Arg155 to Pro p97
mutations, a molecular dynamics simulated annealing protocol was developed to
widely sample the conformational space of the p97WT ND1 and p97R155P ND1.
The backbone atoms of a minimized structure of the WT or Arg155Pro mutant of
p97 ND1 domain were tethered with a force constant of 1200 kcal-mol-1-A-2.
Next, the entire protein was rapidly heated to 1000 K, equilibrated at this
temperature, cooled down to 300 K, and energy-minimized without constraints.
This new energy-minimized structure was used as a starting point for the next
round of simulated annealing, with a total of nine iterations per trial. This process
was performed twice (2 trials) for each of the p97WT ND1 and p97R155P ND1

resulting in a total of 20 minimized structures for each protein variant.

Overall, the 20 resulting conformers for the p97WTND or p97R155P ND1
displayed a global average backbone RMSD of < 1.8 A and < 1.9 A, respectively,
with respect to the starting structural coordinates. Each of these 20 minimized
structures was then subjected to a validation protocol using the MolProbity suite
of software (Guex and Peitsch 1997) to eliminate conformations of Arg155 in
p97WT ND1 or Pro155 in p97R155P ND1 which displayed atomic clashes,
unlikely rotamers, abnormal Cp deviations, and unfavorable ¢ and vy angle
values. As a further, more stringent control, the aforementioned analysis was

also performed for neighboring Val154 as well as two residues, Val166 and
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Thr168 (see Supplemental Data, Tables S4.1-S4.4 for a summary of the results).
Based on the results of the MolProbity analysis, 15 conformers for p97WT ND1

and 19 conformers for p97R155P ND1 were retained.

Visual inspection of the p97WT ND1 domain revealed that Arg155 lies in a
a-helical region connecting two anti-parallel g-sheets, with the Casp6 consensus
site (166VETD169) located at the “head region” of the second sheet. In order to
assess the potential dynamic nature of this region, and the degree of influence
the Arg155Pro mutation might have on the overall structural integrity or dynamic
nature of this secondary structural region, backbone RMSDs for two regions was
analyzed. The first region spanned Asp150 to Tyr173 (region 1), which
contained, both the mutational site, Arg155Pro, and the Casp6 consensus site,
166VETD169 (Table 4.1). The second region was comprised of Phe163 to
Tyr173 (region 2) to focus on the Casp6 consensus site, 164VETD169 (Table
4.1). For p97WT ND1, the averaged RMSD values for the 15 retained
conformers (in the focused regions 1 and 2) were in agreement with the RMSD
for the entire structure suggesting this region lacks inherent instability or dynamic
nature. Similar analysis for regions 1 and 2 in the 19 retained conformers of
p97R155P ND1 revealed a more pronounced shift in backbone RMSD values

compared to the same regions in p97WT ND1 (Table 4.1).

To further assess the influence of the Arg155Pro mutation on the a-helical

region where it is located, an RMSD analysis was performed on a second Casp6
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consensus site (1776VAPD179) lying 10 residues downstream of 166VETD169
(region 3). Compared to p97WT ND1, p97R155P ND1 displayed a pronounced
shift in the backbone RMSD values for region 3 (Table 4.1). These results
provide additional evidence for the potential role of Pro155 in the destabilization
of this region. Therefore, the introduction of a proline residue at position 155 may
destabilize the entire a-helical region, with the most prominent effect felt at or

near the Casp6 consensus site (Fig. 4.1).

To investigate if the potential effects of the Arg155Pro mutation on the
protein structure were localized or also observable elsewhere in the structure, an
RMSD comparison between the retained simulated annealing conformations for
p97WT ND1 and p97R155P ND1 and the starting structural coordinates was
performed for a forth region within the p97ND1 domain. This control region,
spanning 10 residues from Val57 to Glu66, is located approximately 23 A away
from Pro155 and comprises an a-helical structural scaffold similar to that of
Pro155 (region 4). An analysis of this region resulted in an overall averaged
RMSD value of 1.7+0.5 A and 2.2+0.5 A for p97WT ND1 and p97R155P ND1,
respectively (Table 4.1). Interestingly, as with the previously considered regions
(1 and 2), region 4 displayed an overall RMSD similar to the global overall RMSD
obtained for the p97WT ND1 structure, while p97R155P ND1 conformation
showed a more pronounced structural shift. The mutation Arg155Pro thus
appears to influence local and distal regions of the protein without having an

overall disruptive effect on the structure (Fig. 4.1).
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p97R155P and p97A232E ND1 AAA ring display increased susceptibility to
Casp6 mediated processing

To investigate the effect of p97R155P and p97A232E mutations on the
p97 ND1 structure, we utilized putative caspase cleavage sites in the N-terminal
domain and the D1 AAA ring (Fig 4.2). Using purified p97ND1 protein
preparations (Fig. 4.3 A) and active Casp6 as the proteolytic agent, cleavage of
p97WT ND1 generated a predominant p50 and p28 N-terminal fragments and a
minor p47 band (Fig. 4.3 B). Compared to p97WT ND1, p97R155P ND1
cleavage generated predominantly p28 and a minor 38 kDa (p38) product, but not
the p50 product observed in p97WT (Fig. 4.3B). Similarly, p97A232E ND1
cleavage generated predominantly p47 and p28, but minor amounts of p50 and
p38. Furthermore, a substantial amount of p97WT ND1 remained resistant to
proteolysis, while p97R155P and p97A232E, both showed increased
susceptibility to N-terminal cleavage. These results suggest that while p28 is the
predominant cleavage product of p97WT ND1 and IBMPFD-linked mutants,
p97R155P ND1 and p97A232E ND1 show altered susceptibility to Casp6

mediated cleavage.

To further assess if IBMPFD-linked p97 mutations increase the proteolytic
susceptibility of the ND1 AAA ring, p97WT ND1, p97R155P ND1 and p97A232E
ND1 mutants were incubated with increasing concentrations of Casp6 (Fig. 4.3
C). p97WT ND1 displayed Casp6 dependent generation of p20, p28, p38, p47,

and p50 (Fig. 4.3 C, top panel). Quantitation of p97WT ND1 cleavage by 213 nM
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of active Casp6 demonstrated that ~ 60% of the protein remained unprocessed
after 4 hours of incubation (Fig. 4.3 D). Unlike p97WT ND1, p97R155P ND1
cleavage generated only p38, p28, and p20, but not p47 or p50 (Fig. 4.3 C,
middle panel), with only ~20% of the protein remaining unprocessed by Casp6
(Fig. 4.3 D). Similarly, p97A232E ND1 cleavage generated p38, p28, and p20,
with only a minor amount of p47, and no p50 (Fig. 4.3 C, lower panel). Only
~30% of p97A232E ND1 remained unprocessed by Casp6 (Fig. 4.3 D). These
results indicate that p97R155P and p97A232E ND1 AAA ring displays increased

susceptibility to Casp6-mediated cleavage.

To examine the overall proteolysis pattern of p97WT ND1 and IBMPFD-
linked mutant variants, coomassie stain analysis was performed following
incubation with increasing concentrations of Casp6. Cleavage of p97WT ND1,
p97R155P ND1, p97A232E ND1 generated two predominant products p28 and
p30; however, p28 was generated more readily in p97R155P ND1 and p97A232E
ND1 compared to p97WT ND1 (Fig. 4.3 E). These results suggest that although
the overall proteolysis pattern of p97A232E ND1 and p97R155P ND1 is similar to
p97WT ND1, the cleavage site(s) responsible for p28 generation is more

accessible in IBMPFD-linked mutants.
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p97R155P ND1 AAA ring show altered susceptibility to N-terminal cleavage
in the presence of ATP.

Considering that nucleotide-binding to the D1 AAA ring have been
previously shown to protect the N-terminal domain from Casp6 mediated
proteolysis, we investigated if ATP-binding has the same effect on p97R155P
ND1 and p97A232 ND1 proteolysis by Casp6. As previously shown, in the
absence of ATP, p97WT ND1 cleavage generated the predominant cleavage
product, p28 in a Casp6 dependent manner. In the presence of ATP, p50
became the predominant cleavage product (Fig. 4.4 A, upper panel). Similarly,
cleavage of p97R155P ND1 and p97A232E ND1 by Casp6 generated p28 as the
predominant cleavage product, however, in the presence of ATP, p97R155P ND1
generated both p28 and p50, while p97A232E ND1 generated mostly p50 (Fig
4.4 B, middle and lower panels). We next investigated whether the N-terminal
domain of p97R155P ND1 is protected in the presence of higher ATP
concentrations. Using concentrations as high as 5 mM ATP led to the consistent
production of the p50 fragment in p97WT ND1 and p97A232E ND1, however,
p97R155P ND1, consistently generated both p28 and p50 (Fig. 4.4 B). These
results indicate that, unlike p97WT ND1 and p97A232E ND1, the N-terminal
domain of p97R155P ND1 retains a conformation accessible to Casp6 in the

presence ATP.
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Full-length p97A232E, but not p97R155P, displays faster proteolysis
kinetics by Casp6 compared to p97WT in vitro.

To investigate whether full-length p97R155P and p97A232E also display
increased susceptibility to Casp6 mediated processing, recombinant hexameric
p97WT, p97R155P, p97A232E, and an ATPase deficient mutant, p97K524A
were coincubated with active Casp6. All proteins contained minor COOH-
terminal truncation, usually occurring from either cleavage by bacterial proteases
or premature termination of translation during expression that are incorporated
within hexameric p97. Cleavage of p97WT generated the predominant cleavage
products, p75, p28, and p20, all which could be detected with an anti-N-terminal
antibody for p97 (Fig. 4.5 A). Similar cleavage products were detected for
p97R155P and p97A232E, however p97A232E displayed faster proteolysis
kinetics (Fig. 4.5 B&C). Conversely, p97K524A cleavage produced p28 and p20,
but not p75 (Fig. 4.5 D). These results suggest that p97 IBMPFD-linked D1
mutation in alanine 232 to glutamate modulates the accessibility of the Casp6 N-

terminal cleavage sites in p97.

p97 is cleaved at 176VAPD179 in vivo.

Considering the role of IBMPFD-linked p97 mutations in caspase
activation, we next investigated whether p97 cleavage by caspases represents a
relevant pathogenic mechanism in IBMPFD patients. Immunostaining of frontal
lobe sections of three patients carrying p97R155C mutation with the p97

neoepitope antibody (p97D179|) showed marked immunostaining in the
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dystrophic neurites, and activated astrocytes of affected brain tissue (Fig. 4.6 B-
C). No immunoreactivity was observed in healthy control hippocampal brain
sections (Fig. 4.6 A). The immunostaining intensity correlated well with the
pattern of cerebral degeneration observed in these patients. These results
provide evidence for p97 N-terminal cleavage in patients diagnosed with

IBMPFD.
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4.4 Discussion

Hereditary IBMPFTD is a debilitating degenerative disorder caused by a
single amino-acid substitution in the N-terminal domain or the D1 AAA+ ring of
p97. The fact that eight of thirteen identified mutations localize to the N-terminal
domain further reinforces the importance of this domain in mediating p97 cell
biological activities (Kimonis et al. 2008). The most commonly affected residues
is arginine 155, with several reported substitutions, proline, histidine, and
cysteine, all resulting in the same phenotype. Five mutations have been reported
either in the D1 AAA+ ring or the N-D1 linker domain, with the A232E mutation
being associated with a particularly severe disease progression (Watts et al.
2004). In this study, we focused on R155P and A232E, two mutations known to
affect p97 ATPase activity and D2 ring conformation (Halawani et al. 2009). We
used simulated annealing modeling to examine how the substitution of arginine
155 to proline might influence the local structure or conformation of the N-terminal
domain. Using the ND1 structure of p97, we found that R155P increases the
overall conformational flexibility of the N-terminal domain. In support of this
model, p97R155P ND1 displayed increased susceptibility to Casp6-mediated
processing compared to p97WT ND1. Similarly, the D1 AAA+ mutation, A232E,
also showed increased proteolytic susceptibility in the absence of ATP binding.
While ATP binding protected p97WT ND1 and p97A232E ND1 from N-terminal
processing, the N-terminus of p97R155P ND1 remained accessible to Casp6.
Furthermore, using a neoepitope antibody raised against a cleaved N-terminal

fragment of p97, we demonstrate that p97 is cleaved in the dystrophic neurites
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and activated astrocytes of the frontal lobe of patients carrying the R155C
mutation. Our results show that IBMPFD mutations alter the conformational state
of the N-terminal domain and suggest that these alternations may be relevant to

p97 cleavage in vivo.

Substitution of Arginine 155 to proline increases the conformational
flexibility of the N-terminal domain in silico.

Our analysis using simulated annealing modeling predicts that Arginine
155 substitution to proline increases the conformational flexibility of the N-
terminal domain, without affecting the overall structure of the ND1 ring. This
analysis is based on the assumption that the R155P mutation leads to subtle,
rather than drastic, structural alterations in the N-terminal domain. The general
preservation of mutant p97 function is inferred from the ability of full-length
recombinant p97R155P to form active, ring-shaped hexamers as p97WT
(Halawani et al. 2009). Moreover, IBMPFD is characterized by its late onset in
adults and is not accompanied by any developmental defects (Watts et al. 2004).
Accordingly, it is plausible to assume that the structure of ND1 ring will be largely

affected by the R155P mutation.

In principle, the simulated annealing modeling is based on homology
modeling in that it employed what is known about the published structure of the
p97WT ND1 domain in predicting the local and distal consequences of the R155P

mutation assuming that the overall structure will be largely unaffected . The
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general agreement between the RMSD values of the 15 p97WT ND1 conformers
predicted by the model and the published structure of the ND1 domain (Zhang et
al. 2000) is indicative of the stringency of the applied annealing protocols and
validation analyses. Furthermore, the global RMSD value for p97R155P ND1
was comparable to p97WT ND1, which supports the fact that the p97R155P ND1
mutation did not alter the overall structure of the ND1 domain; however,
p97R155P ND1 showed greater variation in the RMSD values of 19 conformers
for several N-terminal regions compared to p97WT ND1. The affected regions
where within the vicinity of the mutation and extended to distant regions of the N-
terminal domain, with the largest variation observed for distant regions rather
than the area surrounding the mutation. One explanation is the rigidity of the
proline residue at position 155- the strain induced by the proline residue may be
readily relayed to the entire length of the N-domain thereby producing larger
conformational variations in flexible or unconstrained regions. Furthermore, the
largest RMSD variation was noted for region 3 (Pro170-Glu180). Coincidently,
region 3 lies adjacent to the flexible N-D1 linker, which is spanned by two highly
conserved glycine residue, Gly186 and Gly208, proposed to act as flexible pivots
to relay conformational changes from the D1 ring to the N-terminal domain
(Zhang et al. 2000). Interestingly, as would be expected, region 3 also displayed

the largest RMSDs variation in p97WT ND1.
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Biochemical evidence of conformational defects in IBMPFD-p97ND1 mutant
variants, p97R155P ND1 and p97A232E ND1.

Our biochemical analysis using Casp6 mediated proteolysis of the ND1
domain clearly shows substantial conformational defects in p97R155P ND1
fragment and suggests that arginine 155 substitution for proline uncouples D1
regulation of the N-domain. We showed enhanced susceptibility of p97R155P
ND1 to Casp6-mediated proteolysis in the absence of ATP. While ATP-binding
protected the N-terminal domain of p97WT ND1 from Casp6-,mediated
proteolysis, the N-domain of p97R155P ND1 remained susceptible. Interestingly,
the simulation annealing modeling predicts that arginine 155 substitution to
proline would increase the conformational flexibility of the N-terminal domain. It is
therefore plausible that the increased flexibility would be accompanied by
increased accessibility of the Casp6 consensus site. In fact, two Casp6 cleavage
sites, 166VETD169 and 176VAPD179, indeed localized to the regions examined
in the simulation annealing modeling, Phe163-Tyr173 and Pro170-Glu180, and
found to be perturbed by the mutation. Furthermore, our data suggest that the
structure of p97R155P ND1 and p97A232E ND1 was less compact and more
accessible to proteolysis compared to p97WT ND1. p97WT ND1 was partially
resistant to Casp6 mediated proteolysis and generated high molecular weight N-
terminal fragment, p50. In comparison, cleavage of both p97R155P ND1 and
p97A232E ND1 resulted in almost complete proteolysis in the absence of ATP-

binding.
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p97 cleavage by caspases in IBMPFD

Our results show that p97 is targeted by caspases in IBMPFD and are
consistent with previous reports implicating caspases in p97 cleavage. For
example, p97 was identified as a putative target of Casp6 activity in primary
human neurons (Klaiman et al. 2008) and we recently found that p97 is cleaved
in Alzheimer Disease (to be submitted). p97 was also reported to be cleaved by
Casp3 and Casp7 during apoptosis (Jang et al. 2008). Thus far, it is unclear if
the abundant immunoreactivity against caspase-cleaved p97 is the result of
increased predisposition of IBMPFD-linked p97 complexes to caspase-mediated
proteolysis in vivo. At least, full-length p97A232E showed marginally higher
susceptibility to Casp6 mediated cleavage than p97WT or p97R155P in vitro.
Many factors, such as post-translational modification and protein-protein
interactions, could modulate the accessibility of the caspase-cleavage sites in
vivo. On the other hand, it is equally possible that both wild-type and mutant p97
complexes are cleaved indiscriminately by the robust activation of caspases in
IBMPFD. In either case, p97 down-regulation has detrimental effects on cell
viability since it leads to the accumulation of polyubiquitinated proteins
independent of direct inhibition of proteasome activity, and causes ER and Golgi
fragmentation, effector Casp3 and Casp7 activation, and p53 upregulation
(Wojcik et al. 2004). Many of these defects are indeed paralleled in IBMPFD.
Affected tissue shows accumulation of polyubiquitinated proteins (Forman et al.
2006) in the absence of reduced proteasome activity (Guyant-Marechal et al.

2006) and vacuolization of the Golgi apparatus (Guyant-Marechal et al. 2006).
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Furthermore, down-regulation of p97 protein expression by caspase-mediated
proteolysis may explain the lack of colocalization between p97 and
polyubiquitinated protein in the brains of patients diagnosed with p97-linked
frontotemporal dementia (Forman et al. 2006). Our data indicate the p97 is
cleaved in dystrophic neurites and the activated astrocytes of the frontal lobe of
patients carrying the arginine 155 to cysteine substitution. The immunoreactivity
pattern against cleaved p97 was most prominent in the upper layer of the
cerebral cortex, which parallels the pattern of ubiquitin pathology reported by

Forman and colleagues (Forman et al. 2006).

Together our data show that substitution of arginine 155 to proline and
alanine 232 to glutamate lead to conformational defects in p97ND1 ring. These
defects in turn increased the proteolytic susceptibility of the ND1 ring to Casp6
mediated cleavage in vitro. Considering the role of IBMPFD-p97 in caspase
activation, we used an antibody neoepitope antibody against Casp6 cleaved p97,
and showed that p97 is cleaved in the frontal lobe of patients carrying the
arginine 155 to cysteine substitution. Collectively, our results suggest that
conformational defects induced by IBMPFD-linked p97 mutations may be directly

linked to susceptibility to caspase-mediated proteolysis in vivo.
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4.5 Materials and Methods
Simulated Annealing Modeling

All molecular modeling was done using the Insight Il package, version
2000.1 (Accelrys, San Diego, CA) implemented on a Fuel Silicon Graphics
Workstation running Irix 6.5. The Biopolymer module was used to modify
molecular structures and the Analysis and Decipher modules were used to
analyze molecular dynamics simulated annealing trajectories. Energy
minimizations and simulated annealing calculations were performed using the
Discover module employing the constant valence force field (CVFF) and
calculations were run on an Origin 2000 Silicon Graphics Fuel Server. The 2.9-A
crystallographic structure of the N-terminal and D1 ATPase domain of murine
p97, PDB coordinates, 1E32 (Zhang et al. 2000), was used as starting
coordinates for all calculations performed on p97WT ND1 and p97R155P ND1.
The crystallographic water molecules as well as the bound ADP were removed
and hydrogen atoms were added at the normal ionization state of the amino acids
at pH 7.0. Atomic potentials were fixed to the CVFF atom types recommended
by the software. To eliminate potential steric clashes, the initial structure was
minimized by applying 1000 steps of steepest descents, followed by a conjugate
gradient minimization, until a convergence of 0.001 kcal mol-1 A2 was attained.
The aforementioned procedure was repeated for the p97R155P ND1 mutant with
the Arg155 to Pro mutation being introduced before energy minimization. These
energy minimized structures were used as starting points for all subsequent

modeling steps.
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The initial minimized structures of p97WT ND1 and p97R155P ND1 were
then subjected to a molecular dynamics simulated annealing protocol according
to the following iterative procedure. The structure was heated to 1000 K over 5
ps, equilibrated at 1000 K for 3 ps, and then cooled down to 300 K in 5ps using
an exponential rate constant (timtmp) of 0.7 ps for both the heating and cooling
steps. The time step of the molecular dynamics simulations was set to 1 fs and a
distance-dependent dielectric constant of 1 was applied to the system. During
the simulated annealing protocol, the backbone atoms of the protein were
tethered to their initial positions by applying a force constant of 1200 kcal mol-1
A2. This force constant sufficiently restricts the protein backbone to limit local
unfolding of secondary structural elements while allowing for subtle backbone
movements that permit broad side-chain conformation exploration.  Following
each simulated annealing cycle the resulting cooled structures were subjected to
a final energy minimization step involving 1000 steps of steepest descent
followed by conjugate gradient minimization until a convergence of 0.01 kcal mol-
1 A2 was reached. This cycle was repeated 9 times and was performed in
duplicate for a total simulation time of 260 ps yielding 20 minimized structures for
p97WT ND1. The protocol was repeated for p97R155P ND1 resulting in 20
minimized conformations. Each minimized structure was subjected to a validation
procedure in which the Val154 and Arg155 (or Pro155) positions, as well as
Val166 and Thr168 positions were analyzed for proper atom contacts and
geometry. The Cp geometry, sidechain rotamers, Ramachandran angles, atomic

clashes, and Cf deviations were evaluated using the MolProbity software
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developed by Richardson and coworkers (Lovell et al. 2003). Structural overlays
for all validated conformations were generated using DeepView software version

4.0 (Guex and Peitsch 1997).

Protein Expression Vectors

p97WT ND1 (residues 1-480) expression vector was generated using
murine p97 cDNA in the pBluescript SK+ vector (Dr. Fred Indig, National Institute
on Aging/NIH, Baltimore, USA). The cDNA fragment encoding p97 amino acid
residues 1 to 480 was amplified by PCR using primers: 5’
AGCTCGAGAATGGCCTCTGGAGCCGAT 3’, and 5 CCATATGTACCTTATCCA
ATATCTTCCCAGGT 3’, which contained the restriction sites, Xho | and Kpn |,
respectively. The amplified cDNA product was inserted into the multiple cloning
site of the pTrcHis2A (Invitrogen, Carlsband,CA) bacterial expression vector for
COOH-terminal polyhistidine tagging. The p97R155P ND1 and p97A232E ND1
expression vectors were generated using site-directed mutagenesis of the
pTrcHis2A-p97WT ND1 as previously described (Halawani et al. 2009). Full-
length p97WT, p97R155P, p97A232E, and p97K524A expression vectors were
previously described (Halawani et al. 2009). Casp6 recombinant expression
vector, pET23b-Casp6-His, was kindly provided by Dr. Guy Salvesen (The

Burnham Institute, La Jolla, CA, USA).
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Recombinant Protein Expression and Purification

Full-length p97 proteins were expressed and purified as previously
described (Halawani et al. 2009). p97ND1 protein variants were expressed in the
Top10 E.coli strain using 2X YT growth media (16 g/L Tryptone, 10 g/L Yeast
Extracts, 5 g/L NaCl). Briefly, overnight starter cultures were diluted 50X in growth
media and incubated at 37°C with vigorous shaking. Culture were induced with
300 uM IPTG when the OD at 600 nm reached 0.6 and further grown for 4-5
hours. Cells were subsequently harvested by centrifugation (4,000 g for 20
minutes) and lysed in buffer A (20 mM HEPES pH 7.5, 300 mM NaCl, 5 mM
MgCl,, 2.5 mM DTT, and 20 mM imidazole), supplemented with 1 mg/ml
lysozyme and complete protease inhibitors (Roche, Mississauga, ON). Following
sonication and clearance by centrifugation at 26,000 g for 45 minutes, the
supernatant was filtered with 0.2 um filters (Millipore, Bedford, MA) and loaded on
a Ni* affinity column (GE Healthcare Bio-sciences, Uppsala, Sweden)
preequilibrated with buffer A. Following a first wash with 10 X column volume of
buffer A, a second wash was performed using buffer B (20 mM HEPES pH 7.5,
300 mM NaCl, 5 mM MgCl,, 2.5 mM DTT, and 35 mM imidazole). Elution was
conducted using a 0-100% gradient between buffer C and buffer D (20 mM
HEPES pH7.5, 300 mM NaCl, 5 mM MgCl,, 2.5 mM DTT, and 500 mM imidazole)
performed using 5 times column volume. Eluted proteins were subsequently
dialyzed against buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl, 5 mM
MgCl,, and 2.5 mM DTT, using the Slide-A-lyzer® dialysis cassettes with a

molecular weight cut-off of 10 kDa (Fisher, Nepean, Ontario, Canada). Protein
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concentrations were determined using the Bradford assay (BioRad, Mississauga,
ON) and aliquoted proteins were snap frozen and stored at —80°C. Purifications
were performed using the UKTA FPLC system (GE Healthcare Bio-sciences,

Uppsala, Sweden).

Casp6 was expressed in the BL21(DES3)pLysS E.coli strain using a starter
culture diluted 50 times in 2 times YT growth media (16 g/L Tryptone, 10 g/L
Yeast Extracts, 5 g/L NaCl), 50 uM IPTG added at an OD at 600 nm of 0.6, and
overnight expression at 16 °C. Subsequent cell lysis and purification steps were
conducted as described above, except with the following buffers:
lysis/equilibration buffer (50 mM Tris-HCL pH 8.0, 100 mM NaCl, and 10 mM
imidazole supplemented with 1 mg/ml lysozyme), wash buffer (50 mM Tris-HCI
pH 8.0, 500 mM NaCl, 10 mM imidazole), elution buffer (50 mM Tris-HCI pH 8.0,
100 mM NaCl using 10-500 mM imidazole gradient). Eluted proteins were
dialyzed in buffer containing 50 mM Tris-HCI pH 8.0 and 100 mM NaCl exactly
was described above. Protein concentrations were quantified using the Bradford
assay (BioRad, Mississauga, ON). Caspase activity was verified using the
fluorogenic substrate, AC-VEID-AFC (BioMol, Plymouth Meeting, PA, USA), as

previously described (Zhang et al. 2000).

p97 proteolysis assays
The protein digestion reactions for p97ND1 or full-length protein variants

were set in 50 ul reaction volumes using either HEPES (0.1 M HEPES, pH 7.5,
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10% sucrose, 0.1% CHAPS, 10 mM DTT) or Stennicke’s (20mM PIPES pH 7.4,
30 mM NaCl, 1 mM EDTA, 0.1% CHAPS, 10% sucrose, and 10 mM DTT) buffers.
Reactions were prepared using the specified concentrations of p97 and Casp6
and incubated at 37°C for the indicated time periods. Reactions assessing the
effect of ATP on p97 proteolysis were also supplemented with 5 mM MgCl,. p97
proteolysis was detected using SDS-PAGE followed by either coomassie staining
or western blot analysis. Western blotting was performed using a monoclonal
anti-p97 antibody (1:1000 dilution) raised using a p97 fragment containing
residues 9-130 (BD Transduction Laboratories™, San Jose, CA). Detection was
performed with an HRP-conjugated secondary antibody and the
chemilueminescence reagent ECL plus (GE Healthcare, Baie d’Urfé, QC,
Canada). Signal visualization was conducted using the Storm 840 scanner (GE

Healthcare, Baie d’'Urfé, QC, Canada) or standard autoradiography.

Generation of an neopitope antibody for the in vivo detection Casp6
cleaved p97 N-terminal fragment.

Casp6 cleaved p97 (p97D179]) neoepitope antibody was generated
against p97 cleaved at the putative N-terminal consensus site 176VAPD179.
Rabbit immunization was performed using the six amino acid peptide,
174CIVAPD179, N-terminally conjugated to the keyhole limpet hemocyanin (KLH)
protein. A BLAST search was used to ensure the uniqueness of this peptide
sequence to human p97. Peptide, synthesis, conjugation, immunization, bleed

production and anti-sera collection were all performed in SIGMA GENOSYS
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facilities (The Woodlands, TX, USA). The immunostaining was preformed as

previously described (Guo et al. 2004)
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Table 4.1: Overall backbone RMSD analysis for p97WT ND1 or p97R155P ND1
versus the starting crystal structural coordinates of p97ND1.

RMSD p97WT ND1(a) p97 R155P ND1
Global® 1.8+0.6 A 1.9:0.4 A
(AIa1F;?)gtI:r';';r1 73) 18:04 A 20:05 4
(Pheﬁi%gtlgr'lnzm 73) 17:0.7 A 23:07 4
(Pro1F;?)gtIc?r(15I3u180) 21201 A 29:0.1 4

(Valg‘;gtloo?il‘:l%) 17054 22:05 A

a. RMSD values for p97*™ND1 based on 15 retained conformation. b. RMSD values for p97*'***ND1 based

on 19 retained conformation. ¢. Global RMSD values obtained from all 20 conformations for either

p97""ND1or p977'**°*ND1.




Chapter 4 183

Figure 4.1. Schematic comparison of the simulation annealing modeling of
p97WT ND1 or p97R155P ND1. Overlay of retained conformers following
analysis of simulated annealing molecular dynamics calculations of WT (A) and
mutant Arg155Pro p97 (B) with the starting structural coordinates in green. The
location of the mutated position and the Casp6 recognition site (176VAPD179)

are indicated. Glu167 is shown in sticks representation.
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Figure 4.2. Schematic of p97 structural domains. Putative Casp6 cleavage
sites indicated below the domain where they localize. Abbreviations: ab;
antibody, N; amino-terminal domain, L1; linker-1, D1; D1 AAA+ Domain, L2;

linker-2, D2; D2 AAA+ Domain, COOH; Carboxyl-terminal domain.
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Figure 4.3. Cleavage of IBMPFD-linked p97ND1 mutants by Casp6. A.
Coomassie-blue staining of recombinant p97WT ND1 or IBMPFD-linked mutants.
5 ug of p97WT ND1, p97R155P ND1, or p97A232E ND1 were loaded on a 10 %
gel and resolved by SDS-PAGE. B & C. Western blot analyses with a
monoclonal antibody recognizing the N-domain of p97. The digests were set in
Stennicke’s buffer using ~ 67 nM p97 ND1 fragments and the indicated
concentrations of Casp6. D. Quantitation of p97 ND1 cleavage in B. Quantitation
reflects p97 cleavage by 213 nM Casp6. E. Coomassie-blue staining of ~67 nM
recombinant p97WT ND1 or IBMPFD-linked mutants treated with the indicated
concentration of Casp6. The digest were performed in Stennicke’s buffer and

resolved on a 10% SDS-PAGE gel.
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Figure 4.4. ATP-dependent modulation of p97 ND1 cleavage by Casp6. A &
B. Western blot analysis of ~ 67 nM p97 ND1 incubated with the indicated

concentration of active Casp6 and ATP, in Stennicke’s buffer.
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Figure 4.5. Susceptibility of full-length p97WT and IBMPFD-linked mutant
variants to Casp6 -mediated proteolysis. A-D. Western blots of a time-course
analysis of 100 nM of p97WT (A) , p97R155P (B), p97A232E (C), and p97K524A
(D) cleaved with 300 nM of Casp6 in HEPES buffer, using a monoclonal anti-N-

terminal antibody for p97.
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Figure 4.6. Assessment of p97 cleavage in p97-linked FTD brains.
Micrograph of healthy hippocampal brain sections (A) or p97-linked FTD frontal
brain sections (B-C) carrying the p97R155C mutation immunostained with a
neoepitope antibody against p97 cleaved at Asp179. The left panels represent
10 X magnification with a scale bar of 100 um. The right panels represent 40 X
magnification and a scale bar of 10 um. Arrows point to unstained (white) and

stained (black) neurons.
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Table S4.1 : Residue geometry of Val154, Arg155, Val166, and Thr168 analyzed by MolProbity
for each minimized simulated annealing conformer obtained for wild-type trial

Conformer(a) | Residue MolProbity Parameters Validation (b)
¢, Quality Rotamer Cp Deviation
Values (%) (%) (A)
V154 favored (45.9) 2.5 (m) 0.12 v
’ R155 favored (34.49) 0 0.082 A
- V166 allowed (1.03) 95 (t) 0.176 v
T168 | favored (29.34) 40.7 (p) 0.053 v
V154 favored (22.9) 5 (p) 0.188 v
o R155 favored (33.9) 0 0.151 A
= V166 allowed (0.9) 58.8 (t) 0.197 v
T168 favored (39.0) 68.8 (p) 0.047 v
V154 favored (15.3) 3.6 (m) 0.123 v
3 R155 favored (47.2) | 27.1 (ptt180) 0.175 v
V166 favored (15.4) 11.9 (p) 0.267 v
T168 favored (37.9) 59.2 (p) 0.077 v
V154 favored (6.7) 59.2 (t) 0.07 v
4 R155 favored (23.1) 0.1 0.227 A
- V166 favored (4.4) 58.2 (t) 0.157 v
T168 favored (20.9) 91.1 (m) 0.066 v
V154 favored (23.8) 20 (t) 0.111 v
5 R155 favored (34.5) | 2.2 (mpt_?) 0.023 v
V166 favored (2.7) 14.4 (p) 0.274 v
T168 favored (34.9) 91.7 (m) 0.12 v
V154 favored (44.9) 86.2 () 0.084 v
5 R155 favored (52.3) | 6 (mmt_180) 0.037 v
V166 allowed (1.41) 12 (p) 0.29 v
T168 favored (13.2) 53.4 (m) 0.131 v
V154 favored (57.1) 55.6 (t) 0.082 v
. R155 favored (7.3) | 5.4 (tmm_?) 0.099 v
V166 allowed (1.1) 44 (1) 0.193 v
T168 favored (12.2) 8.8 (1) 0.152 v
V154 favored (40.6) 60.1 (t) 0.098 v
8 R155 favored (44.9) | 58.7 (ttp85) 0.108 v
V166 allowed (1.18) 97.5 (t) 0.179 v
T168 favored (21.7) 4.9 (1) 0.172 v
V154 favored (24.1) 61.3 (t) 0.126 v
. R155 favored (20.8) | 64.3 (mtt-85) 0.053 v
V166 allowed (0.6) 47.5 (t) 0.206 v
T168 favored (49) 10.7 (1) 0.147 v
V154 favored (60.4) 11.5 (p) 0.159 v
10 R155 favored (40.3) | 36.5 (mtt180) 0.046 v
V166 allowed (0.68) 88.2 (t) 0.184 v
T168 favored (38.5) 15.1 (t) 0.143 v

a. Underlined conformation(s) were rejected due to unfavourable MolProbity analysis results. b. v
= all residue analysis criteria fell within acceptable MolProbity defaults; f = residue criteria fell
outside acceptable MolProbity defaults. €. Values in red signify residues with rotamer outliers as
determined using the MolProbity software.
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Table S4.2 : Residue geometry of Val154, Arg155, Val166, and Thr168 analyzed by MolProbity

T168for each minimized simulated annealing conformer obtained for wild-type trial.

Conformer(a) | Residue MolProbity Parameters Validation (b)
¢, Quality Rotamer Cp Deviation
Values (%) (%) (A)
V154 favored (11.5) 75.6 (1) 0.12 v
’ R155 favored (17.1) | 87.4 (mtm-85) 0.042 v
V166 favored (5.2) 9.6 (p) 0.271 v
T168 favored (38.9) 50.5 (m) 0.069 v
V154 favored (17.7) 90 (t) 0.104 v
o R155 favored (47.2) 0 0.123 A
= V166 favored (16.8) 9.7 (p) 0.198 v
T168 favored (47.4) 14.9 (1) 0.148 v
V154 favored (37.2) 7.8 (1) 0.119 v
. R155 favored (17.6) | 7.8 (mpt_?) 0.058 v
V166 allowed (0.72) 95.8 (1) 0.178 v
T168 favored (41.3) 14.4 (1) 0.148 v
V154 favored (36.4) 8.1 (p) 0.191 v
4 R155 favored (43.8) | 15.2 (ptp180) 0.104 v
V166 favored (13.4) 11.4 (p) 0.287 v
T168 favored (36.4) 21.5 (p) 0.052 v
V154 favored (31.4) 7.3 (p) 0.203 v
5 R155 favored (11.3) | 81.1 (mtt85) 0.098 v
V166 favored (3.33) 14.6 (p) 0.243 v
T168 favored (47.3) 73.2 (p) 0.06 v
V154 favored (15.5) 7.1 (p) 0.187 v
5 R155 favored (6.9) 6.8 (mpt?) 0.094 v
V166 favored (8.9) 8.7 (p) 0.238 v
T168 favored (18.3) 77.6 (p) 0.051 v
V154 favored (16.6) 9.1 (p) 0.178 v
7 R155 favored (31.5) | 33.1 (ptt180) 0.14 v
V166 favored (8.8) 11.1 (p) 0.267 v
T168 favored (21.3) 79.8 (m) 0.08 v
V154 favored (23.3) 9.4 (p) 0.187 v
8 R155 favored (25.0) 6.3 (ppt?) 0.145 v
V166 allowed (0.73) 54.4 (1) 0.208 v
T168 favored (39.4) 73.4 (p) 0.071 v
V154 favored (42.5) 58.4 (1) 0.069 v
9 R155 favored (40.8) 0 0.105 A
= V166 favored (2.8) 27.2 (m) 0.262 v
T168 favored (52.2) 42.6 (p) 0.032 v
V154 | favored (12.05) 70.2 (1) 0.134 v
10 R155 favored (9.7) 8 (ptp180) 0.185 v
V166 allowed (1.1) 80.4 (t) 0.202 v
T168 favored (54.5) 72.8 (p) 0.056 v

a. Underlined conformation(s) were rejected due to unfavourable MolProbity analysis results. b. v = all
residue analysis criteria fell within acceptable MolProbity defaults; A = residue criteria fell outside acceptable
c. Values in red signify residues with rotamer outliers as determined using the

MolProbity defaults.
MolProbity software.
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Table S4.3: Residue geometry of Val154, Arg155Pro, Val166, and Thr168 analyzed by
MolProbity for each minimized simulated annealing conformer obtained for mutant trial 1.

Conformer(a) Residue MolProbity Parameters Validation (b)
¢,p Quality Rotamer Cp Deviation
Values (%) (%) (A)
V154 Favored (34.1) 32.7 (1) 0.113 v
] R155P Allowed (0.75) 74.1 (n) 0.057 v
V166 Favored (4.4) 72.7 (1) 0.195 v
T168 Favored (50.9) 33.3 (p) 0.043 v
V154 Favored (11.9) 16.5 () 0.105 v
5 R155P Favored (82.9) 59.4 (n) 0.06 v
V166 Favored (14.2) 10.3 (p) 0.247 v
T168 Favored (24.2) 41.2 (p) 0.063 v
V154 Favored (51) 1.4 (m) 0.094 v
3 R155P Favored (1.5) 52.3 (n) 0.094 v
V166 Favored (10.8) 10.6 (p) 0.246 v
T168 Favored (51.1) 73.3 (p) 0.067 v
V154 Favored (30.2) 40.4 (1) 0.114 v
4 R155P Favored (8.3) 45.9 (x) 0.064 v
V166 Allowed (0.9) 12.7 (p) 0.295 v
T168 Favored (19.9) 89.3 (m) 0.127 v
V154 Favored (18.8) 6.7 (p) 0.171 v
5 R155P Favored (8.5) 95.3 (n) 0.068 v
V166 Favored (27.4) 13.0 (p) 0.248 v
T168 Favored (35.9) 76.5 (p) 0.083 v
V154 Favored (7.3) 7.3 (p) 0.186 v
6 R155P Favored (56.3) 56.9 (n) 0.057 v
V166 Favored (43.3) 7.5 (p) 0.185 v
T168 Favored (51.7) 39.9 (p) 0.063 v
V154 Favored (33.4) 73.2 () 0.084 v
7 R155P Favored (45.5) 60.9 (n) 0.02 v
- V166 Allowed (1.1) 10.8 (p) 0.292 v
T168 Favored (50.4) 68.8 (p) 0.077 v
V154 Favored (16.6) 46.8 (1) 0.073 v
8 R155P Favored (16) 47.2 (X) 0.06 v
V166 Favored (11.9) 78.6 (1) 0.126 v
T168 Favored (53.3) 80.7 (p) 0.045 v
V154 Favored (34.9) 32.5 (1) 0.077 v
g R155P Favored (44.9) 73.6 (X) 0.022 v
V166 Favored (15.7) 12 (p) 0.304 v
T168 Favored (33.1) 67 (p) 0.032 v
V154 Favored (39.2) 8.9 (m) 0.196 v
10 R155P Favored (4.1) 38 (x) 0.086 v
V166 Favored (2.3) 7.1 (p) 0.28 v
T168 Favored (57.7) 68.6 (p) 0.037 v

a. Underlined conformation(s) were rejected due to unfavourable MolProbity analysis results. b. v
= all residue analysis criteria fell within acceptable MolProbity defaults; A = residue criteria fell
outside acceptable MolProbity defaults. ¢. Values in red signify residues with rotamer outliers as
determined using the MolProbity software.
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Table S4.4: Residue geometry of Val1i54, Arg155Pro, Val166, and Thr168 analyzed by
MolProbity for each minimized simulated annealing conformer obtained for mutant trial 2.

Conformer(a) Residue MolProbity Parameters Validation (b)
¢,p Quality Rotamer Cp Deviation
Values (%) (%) (R)
V154 Favored (19.1) 81.6 (1) 0.082 v
: R155P Favored (6.4) 92.1 (n) 0.033 v
V166 Favored (32.2) 35.9 (m) 0.245 v
T168 Favored (46.6) 71.9 (p) 0.029 v
V154 Favored (96.3) 70.3 () 0.096 v
5 R155P Favored (2.1) 58.2 (n) 0.052 v
V166 Allowed (1.9) 16.7 (m) 0.273 v
T168 Favored (56.6) 27.1 (m) 0.054 v
V154 Favored (49.5) 4.9 (p) 0.192 v
3 R155P Favored (39.3) 86.6 (n) 0.023 v
V166 Favored (0.7) 60.6 (1) 0.197 v
T168 Favored (37.3) 76.1 (p) 0.029 v
V154 Favored (73.7) 11.8 (p) 0.194 v
4 R155P Favored (21.2) 70.5 (n) 0.059 v
V166 Allowed (1.12) 92.5 (1) 0.207 v
T168 Favored (61.5) 74.1 (p) 0.054 v
V154 Favored (47.9) 21.4 (1) 0.062 v
5 R155P Favored (8.8) 49.6 (n) 0.06 v
V166 Allowed (0.67) 95.9 (1) 0.205 v
T168 Favored (33.0) 74.4 (p) 0.028 v
V154 Favored (34.3) 9.6 (m) 0.123 v
5 R155P Favored (7.1) 49.3 (n) 0.042 v
V166 Allowed (0.68) 67 (1) 0.176 v
T168 Favored (54.5) 71.4 (p) 0.088 v
V154 Favored (4.1) 0 0.133 A
. R155P Favored (43.5) 86.1 (n) 0.021 v
V166 Allowed (0.54) 71.7 (t) 0.208 v
T168 Favored (46.1) 61.1 (p) 0.041 v
V154 Favored (48.8) 3.4 (m) 0.117 v
8 R155P Favored (29.1) 82.3 (x) 0.025 v
V166 Allowed (1) 98.6 (1) 0.211 v
T168 Favored (23.8) 76.8 (p) 0.031 v
V154 Favored (77.4) 27.3 (1) 0.083 v
. R155P Favored (27.2) 34.2 (n) 0.071 v
V166 Favored (1.9) 13.6 (p) 0.288 v
T168 Favored (51.1) 65.1 (p) 0.049 v
V154 Favored (11.2) 4.4 (m) 0.156 v
10 R155P Favored (9.1) 33.8 (n) 0.08 v
V166 Favored (14.5) 10.9 (p) 0.23 v
T168 Favored (61.9) 68.7 (p) 0.069 v

a. Underlined conformation(s) were rejected due to unfavourable MolProbity analysis results. b. v = all
residue analysis criteria fell within acceptable MolProbity defaults; A = residue criteria fell outside
acceptable MolProbity defaults. c¢. Values in red signify residues with rotamer outliers as
determined using the MolProbity software.
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CHAPTER 5: Discussion
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5.1 Summary of principal findings

IBMPFD perplexes the AAA field with the question of how IBMPFD-linked
mutations severely impair p97 cell biological activities in adulthood while sparing
its vital developmental roles. This thesis work demonstrates that IBMPFD-linked
mutations are associated with subtle effects on p97 structure and biochemical
activity and thus provides one explanation of how IBMPFD-linked mutations are
tolerated during development, but not in ageing. It proposes that the additive
effect of subtle structural defects combined with an elevation, rather than a loss,
in p97 ATPase activity lead to degeneration, especially in tissue of post-mitotic
origin such as skeletal muscles and the brain. Another obvious question is
whether p97 function is compromised in more prevalent proteinopathies, such as
AD, especially with the accumulation of polyubiquitinated proteins being a
common denominator between IBMPFD and AD. This thesis used AD as an
example of a common proteinopathy and demonstrated that p97 is proteolytically
cleaved in AD. Abundant proteolytic processing of p97 was also demonstrated in
IBMPFD affected neurons. In sum, this work presents the proteolytic processing

of p97 as a novel mechanism for UPS impairment in neurodegeneration.

5.2 Contributions to the AAA protein field
5.2.1 Utilization of biochemical approaches in the characterization of
IBMPFD-linked p97 mutants in vitro.

A major goal of this thesis is the elucidation of the structural and

biochemical consequences of IBMPFD-linked p97 mutations—a goal which
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necessitated the comparative characterization of recombinantly purified p97 wild-
type and mutant complexes in vitro. The focus on the structural and biochemical
defects represents a reductionist approach in investigating the problem of how
IBMPFD-linked mutations induce their pathogenic effects in vivo. This
reductionist approach allows the identification of the primary defects induced by
the mutations, in the absence of the confounding variables usually encountered in
more complex cell biological systems. For example, one major observation is
that overexpression of IBMPFD-linked p97 mutants increase the accumulation of
polyubiquitinated proteins, an outcome which may be caused by any one of
several defects: (1) reduced interaction with proteasome recruitment factors
downstream of p97, (2) increased association of p97 with its substrates and E3
ubiquitin ligases, (3) reduced p97-mediated deubiquitinating activity, (4) toxic
gain-of-function leading to cellular protein denaturation, (5) failure in a UPS-
independent function of p97 which leads to cytotoxicity and global impairment of
the UPS. Another level of complexity is the fact that any given p97 mutation
could lead to polyubiquitinated protein accumulation through any one of these
pathways, as there is no evidence supporting a common mechanism for
pathogenesis. Accordingly, the characterization of p97 in vitro will help address
the question of whether the molecular consequences of the IBMPFD-linked

mutations are similar.
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5.2.2 Evidence for a bidirectional communication mode between the D2
ring and the N-domain of p97

This thesis work capitalizes on biochemical studies pioneered by Li and
coworkers (Song et al. 2003; Wang et al. 2003; Wang et al. 2003) and identifies
conformational defects in the D2 ring of two IBMPFD-linked p97 mutants
p97R155P and p97A232E (Halawani et al. 2009). The fact that the mere
substitution of a single amino acid residue within the N-domain or the D1 ring
induces conformational changes in the D2 ring reinforces the dynamic nature of
p97 inter-domain communication and supports a role for the N-D1 ring in the
counter-regulation of D2 ring conformation. The fact that p97R155P displayed D2
conformational defects only in response to ATP binding suggests that
conformational changes initiated in the D2 ring are relayed to the N-terminal
domain and then back to the D2 ring. While p97R155P conformational defects
were most evident following ATP binding, p97A232E D2 ring displayed
conformational defects in both the unbound and ATP-bound states (Halawani et
al. 2009). These findings provide further evidence for a mechanistic role for the
D1 in the proper relay of conformational changes between the N-terminal domain
and the D2 ring. Unlike the D2 ring, the D1 ring is very stable and displays high
affinity for ADP (Wang et al. 2003; DeLaBarre and Brunger 2005). These
properties are consistent with a role for the D1 ring in harnessing the chemical
energy derived from the mechanical motions of the N-domain or the D2 ring,
(DeLaBarre and Brunger 2005) whereby motions initiated in the N-terminal

domain are relayed to the D2 ring and vice versa. Consequently, it is not
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surprising that mutation of Ala232 is associated with a particularly severe
phenotype (Watts et al. 2004), as it may alter the bidirectional communication
between the N-terminal domain and the D2 ring. Accordingly, this thesis
proposes that IBMPFD-linked p97 mutations induce their pathogenic effects by
altering the communication of conformational changes between the N-terminal
domain and the D2 ring. In support of this model, we found that the
hydrophobicity of Trp476 within the D1-D2 linker is altered by both IBMPFD-
linked p97 mutations (Halawani et al. 2009). Rouiller and coworkers reported that
deletion of the N-terminal domain of p97 abolished all ATP-driven conformational
change, without impairing its ATPase activity (Rouiller et al. 2002). These data
provide evidence for the importance of the N-terminal domain in modulating p97

D2 ring conformation.

Validation of the bidirectional mode of p97 inter-domain communication
requires detailed structural analysis of IBMPFD-linked p97 mutants. The data
presented in this thesis suggests that a crystal structure of a p97 N-terminal
deletion mutant would be necessary. Interestingly, the bidirectional
communication mode predicts that deletion of the N-terminal domain would have
consequences on D2 ring conformation and vice versa, however the crystal
structure of the p97 N-D1 ring alone or in the context of full-length p97 show the
same packing arrangement. Furthermore, the crystal structures of p97 in various
nucleotide-binding states are very similar (DeLaBarre and Brunger 2005) and do

not reveal much of the nucleotide-dependent conformational changes reported by
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cryo-EM (Rouiller et al. 2000; Rouiller et al. 2002). Given these considerations,
the resolution of conformational defects in the D2 ring of an N-terminal deletion
mutant of p97 by X-ray crystallography may only be possible if the defects are
drastic. More promising approaches include Cryo-EM and Small-angle X-ray
Scattering (SAXS) which reveal the detailed surface structure of the hydrated p97
hexamer (Rouiller et al. 2000; Rouiller et al. 2002; Davies et al. 2005).
Importantly, unlike X-ray crystallography, Cryo-EM and SAXS were both
successfully used in the determination of p97 conformational changes during the
ATPase cycle (Rouiller et al. 2000; Rouiller et al. 2002; Davies et al. 2005). Only
the SAXS model compared conformational changes between full-length p97 and
the ND1 ring, and in support of the bidirectional communication model, the
assignment of the N-domain appears different (Davies et al. 2005). In full-length
p97, the N-domain is coplanar with the D1 ring in all nucleotide-binding states,
except the AMP-PNP state where it falls below the plane of the D1 ring (Davies et
al. 2005). In contrast, in the absence of the D2 ring, the N-domain is positioned
below the D1 ring irrespective of the nucleotide-binding state (Davies et al. 2005).
Although, the D1 ring demonstrates ATPase activity in the absence of the D2 ring
(Rouiller et al. 2002), these variations in the position of the N-domain support a
role for the D2 ring in its regulation. Further substantiation of the bidirectional
communication model requires comparison of the SAXS structure of the D2 ring

in full-length p97 and an N-domain deletion mutant.
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The data presented in this thesis also rationalize further detailed
examination of p97WT and IBMPFD-linked mutants using both cryo-EM and
SAXS. Cryo-EM allows the visualization of p97 conformational changes
throughout its ATPase cycle, and a long with SAXS, these techniques can
determine the precise dimensions of the D2 in wild-type or mutant p97. Our data
predict that the D2 ring pore in IBMPFD-linked mutant p97 will be larger than its

counter part in p97WT.

Given the link between the altered conformational state of the D2 ring and
the increased ATPase activity, this thesis also proposes a novel role for p97
conformation in the counter-regulation of its ATPase activity. Conformational
defects imposed by IBMPFD-linked p97 mutations may promote ATP-binding and
hydrolysis, in spite of their substitution of residues neither implicated in ATP-
binding, nor hydrolysis. However, it is important to note that the severity of the
disease correlated with the conformational state of the D2 ring, and not the extent
of the increase in p97 ATPase activity (Halawani et al. 2009). Accordingly, these
data show the necessity of further characterizations of the effect of other
IBMPFD-linked mutations on p97 D2 ring conformation, and whether the

conformational defects of the D2 ring can be uncoupled from its ATPase activity.

5.2.3 Putative role of IBMPFD-linked mutations in modulating the flexibility

of the N-domain.
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This thesis work suggests that IBMPFD-linked p97 mutations increase the
conformational flexibility of the N-domain: firstly, in silico simulation annealing
modeling predicted greater flexibility in the conformation of the N-domain when
Arg155 is substituted with a proline; and secondly, the N-domains of p97R155P
and p97A232E both displayed increased susceptibility to Casp6 mediated
proteolysis. However, the increased flexibility of the N-domain was only
demonstrated for the ND1 mutant fragments and not the full-length p97 proteins.
A possible explanation is that the bulk of the conformational defects observed in
the N-domain are relayed to the D2 ring in the context of the full-length protein.
Nevertheless, these results demonstrate the importance of further studies of N-
domain motions using nuclear magnetic resonance. The increased flexibility of
the N-domain, even in the context of the ND1 fragment, provides evidence for a
role of IBMPFD-linked mutations in altering the conformational state of p97 and
emphasizes the need for the validation of the proposed bidirectional

communication model.

The finding that the N-domain displays increased flexibility in at least one
IBMPFD-linked mutation (p97R155P ND1), merits discussion of its physiological
role in the pathogenesis of IBMPFD. For other AAA proteins, N-domain motions
are proposed to function in the dissociation of non-specific binding interactions in
a crowded cellular milieu, and thereby the shielding of important substrate or
adaptor binding sites within the D1 ring (Ishikawa et al. 2004; Cranz-Mileva et al.

2008). In the case of p97, the D1 domain is sufficient for mediating p97
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disaggregation activity, and may therefore mediate p97 recognition of non-native
protein structures (Song et al. 2007). It is possible that N-domain motions may
regulate the accessibility and interaction of non-native proteins with the D1 ring.
For example, in ERAD, the N-terminal domain recruits p97 to the
retrotranslocation channel through binding VIMP and Ubx2 and may facilitate the
binding and dissociation of misfolded proteins with the D1 ring as they emerge
from the retrotranslocation channel. Accordingly, it is conceivable that the
increased flexibility of the N-domain in mutant p97R155PND1 may reduce the
disaggregation activity of the D1 ring by destabilizing or preventing its interaction
with non-native proteins. Furthermore, if p97 chaperones its own disaggregation
in vitro (Wang et al. 2003), then the self-aggregation behavior of IBMPFD-linked
p97 mutants may be linked to the increased flexibility of the N-domain. An
alternate non-mutually exclusive possibility is that the N-domain may regulate the
extraction of denatured proteins from the D2 pore and that an increase in its
flexibility may impair the dissociation of nonnative protein conformers from the
p97 hexamer (Halawani and Latterich 2006). Impairment of this function may
explain the accumulation of p97 containing protein inclusions in the muscles of

patients diagnosed with p97-linked IBM (Watts et al. 2004).

5.2.4 The energetic costs of elevated ATPase activity in IBMPFD-linked p97
mutants may be compensatory to defective substrate processing.
This thesis presents evidence that IBMPFD-linked mutations increase the

energetic costs of p97 biochemical activities by increasing its ATPase activity.



Chapter 5 208

p97, as well as the majority of AAA proteins, differ from kinases and other P-loop
ATPase by their low ATPase activity. Recently, it was also demonstrated that
p97 ATPase activity was not necessary for its chaperone-like function against
protein aggregation in vitro (Song et al. 2007). These findings are inconsistent
with a role for ATP-binding and hydrolysis in substrate disassembly or
processing. To resolve the role of ATP in AAA protein function, Zhang and
Wigley recently proposed that AAA proteins utilize ATP-binding in mediating the
proper assembly of all component of large multi-protein complexes and ATP-
hydrolysis in disassembling or cycling these components (Zhang and Wigley
2008). It is unclear how this model applies to p97 ATPase activity in vitro. It is
plausible that p97 may chaperone against into own self-aggregation, especially
considering its strong resistance to chemical or heat-induced denaturation in vitro
(Wang et al. 2003). Accordingly, we propose that the defective conformation of
the D2 pore may compromise p97 function in the prevention of its own self-
aggregation and thereby increase the demand for ATP-binding and hydrolysis in
an attempt to release inappropriately bound complexes from the D2 ring.
Interestingly, this thesis work also suggests that the D2 ring conformation is
altered between residues Lys524 and Arg709, a region which encompasses a
highly conserved motif comprised of an aromatic amino acid residue (Ar),
Phe551, followed by a hydrophobic one (¢),Trp552. Work by DelLaBarre and
colleagues have demonstrated the importance of the Ar-¢ motif in substrate
binding (DeLaBarre et al. 2006), and mutagenesis of its counterpart motif in the

ClpX prokaryotic protease leads to loss of substrate grip and a compensatory
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increase in ATPase activity (Martin et al. 2008). Therefore, the increased
demand for ATP-binding and hydrolysis in IBMPFD-linked p97 mutants may be
aimed at improving the efficiency of substrate dislocation within the D2 ring.
Further biochemical studies utilizing synaptotagmin |, the only physiological
substrate known to bind to the Ar-¢ motif (DeLaBarre et al. 2006), are necessary
to substantiate the link between substrate processing and ATPase activity in the

IBMPFD-linked p97 mutants.

5.2.5 Utilization of a neoepitope antibody for the characterization of p97
proteolytic cleavage in vivo.

This thesis work developed an important tool for investigating p97
proteolysis in vitro. The strategy involved the synthesis and characterization of
an neoepitope antibody for the specific detection of p97 cleavage at Asp179.
Using this antibody, this thesis demonstrates neuronal proteolysis of p97 in AD
and p97-linked FTD, but not in healthy control brains. This powerful technique
allows the detection of mild p97 cleavage in specific brain regions and the precise
identification of affected neurons. Alternate techniques such as immunoblotting
for p97 cleavage in brain lysates may compromise detection in two ways: (1) p97
cleavage may be localized to specific neurons or specialized brain regions and
might be diluted to beyond detection; and (2) the lysis process involves the
release of functional proteases from healthy neighboring neurons which may lead
to the destabilization of the p97 cleaved fragments. Furthermore,

immunohistochemical detection of p97 proteolysis allows the determination of
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whether the neurons containing cleaved p97 also accumulate polyubiquitinated
proteins and active Casp6. Importantly, positive immunoreactivity with the anti-
p97 neoepitope antibody may provide indirect evidence of UPS dysfunction in
disease and development. Determination of whether the extent of p97 cleavage
correlates with the accumulation of polyubiquitinated proteins in pathological
situations is essential, especially considering the potential utilization of the
neoepitope antibody as a quantitative marker for UPS dysfunction in

neurodegeneration.

5.2.6 Regulated N-terminal proteolysis as a putative mechanism for p97
anti-aggregation activity in neurodegeneration.

Although AD and p97-linked FTD are classified as different diseases, p97
proteolysis was evident in both, a fact which raises the question of whether p97 is
cleaved in all forms of neurodegeneration. Interestingly, proteinopathies are
almost always accompanied by UPS dysfunction, and neurodegeneration is not
an exception. Considering the role of the D1 ring in protein disaggregation, and
the fact that N-terminal proteolysis increases the accessibility of the D1 ring, it is
possible that p97 N-terminal proteolysis may represent a cellular mechanism for
coping with increased protein aggregation or misfolding. This coping mechanism,
if prolonged and unregulated, may lead to UPS dysfunction and the subsequent
accumulation of polyubiquitinated proteins. Moreover, the N-terminal domain of
p97 encompasses a nuclear localization sequence which may facilitate its

retrotranslocation to the nucleus. The mere overexpression of the N-terminal
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domain is also associated with increased proteolytic degradation of endogenous
p97 and the generation of fragment similar in size to these produced by apoptotic
caspases 3 and 7. These results suggest that overexpression of the N-terminal
domain of p97 may lead to cytotoxicity. Interestingly, a caspase-8 generated
osteopontin fragment localizes to the nucleus and leads to cell death through the
upregulation of p53 transcriptional activity (Kim et al. 2009). Further studies are
necessary to substantiate if Casp6 mediated proteolysis of p97 is also
responsible for the increased transcriptional activity of p53 in Alzheimer disease

(Cenini et al. 2008).

The view that p97 proteolysis is a coping mechanism in the clearance of
protein aggregation poses the question of what triggers the proteinopathy in the
first place. In Alzheimer disease, Casp6 activity is strongly implicated in
hippocampal neurodegeneration (Guo et al. 2004; Albrecht et al. 2007) and may
therefore mediate p97 proteolysis in vivo. In p97-linked FTD, it is possible that
dysfunction in p97 mediated cell biological reactions as a result of the IBMPFD-
linked mutations may lead to robust caspase activation and extensive

neurodegeneration prior to the presentation of the proteinopathy.
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5.3 Final statement

The elucidation of the biochemical mechanism mediating p97 inter-
molecular communication is necessary for understanding the molecular
pathogenesis of IBMPFD. Understanding how the interplay between ATP-binding
and hydrolysis, conformational changes, and adaptor-binding mediates p97 cell
biological activities is ever more pressing considering its involvement in
neurodegeneration. Further studies on the possible role of regulated N-terminal
proteolysis in unleashing p97 anti-aggregation activity are of paramount

importance and may help establish the molecular pathogenesis of IBMPFD.
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The multifunctional AAA-ATPase p97/VCP is one of
the most extensively studied members of this protein
family, yet it presents the field with many perplexing
questions surrounding its mechanism of substrate en-
gagement and processing. Recent discoveries have
unmasked a new purgatorial identity for this molecule
in the ubiquitin-proteasome pathway, specifically its
role in linking ubiquitylated substrates with competing
ubiquitin conjugation and deconjugation machineries.
Furthermore, biochemical studies surprisingly iden-
tify the C-terminal D2 ring as essential for substrate
interaction, thus bringing p97 one step closer to its
prokaryotic AAA protease relatives.

p97 (also called VCP in mammals and Cdc48p in yeast)
is a prominent member of the magnesium-dependent
Walker P loop AAA-ATPases. It functions as a homo-
hexamer with two AAA cassettes forming stacked rings,
which couple coordinated ATP-hydrolysis cycles to
conformational changes of the hexamer (reviewed in
Pye et al. [2006]). Originally identified as a biochemical
requirement for organelle assembly membrane fusion
reactions, p97 rapidly emerged as a biochemical and
genetic component in additional cellular pathways,
including the processing of membrane-associated
precursors of transcription factors, endoplasmic re-
ticulum-associated degradation (ERAD), cell cycle
regulation, and DNA repair (Wang et al.,, 2004). The
well-established requirement for p97 activity in the ret-
rotranslocation of ERAD substrates strongly hints at
a mechanistic role in ubiquitylated substrate extraction
and subsequent delivery to the proteasome. However,
this ascribed function is in striking contrast with its ap-
parent role in organelle membrane fusion, which impli-
cates p97 in substrate deubiquitylation rather than deg-
radation (Uchiyama and Kondo, 2005). A number of
recent studies now establish a novel paradigm by which
p97 plays a purgatorial (deciding) role in regulating the
ubiquitylation status of protein substrates, which is
consistent with the apparently differing biochemical
functions previously observed.

Functional Cooperativity with E3 Ubiquitin Ligases

p97 employs a bipartite mechanism in substrate recruit-
ment involving direct recognition of misfolded domains
and indirect interaction with ubiquitylated moieties (Ye
et al., 2003). A commonly conceived notion is that sub-
strates must first be processed by the ubiquitin-conju-
gation machinery prior to recognition and recruitment
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by ubiquitin-dependent adaptors. Emerging data,
however, point to an active role for p97 in substrate rec-
ognition and presentation to ubiquitin ligases. Cdc48p,
the yeast ortholog of p97, is able to function in a novel
ubiquitin-fusion degradation pathway, along with its bi-
nary partner, Ufd1p/Npl4p, and the specialized E3/E4 li-
gase Ufd2p. These proteins form a stable complex that
catalyzes the extension of oligo-ubiquitylated chains.
Importantly, complex stability appears contingent on
the simultaneous assembly of all components, hinting
that p97/Cdc48p may mediate substrate presentation
to the ubiquitin conjugation machinery (Richly et al.,
2005). Consistently, several recent reports highlight
functional interactions between p97 and various E3
ligases (Table 1), including ERAD-linked SCF™s:2
(Skp1p/cullin/F box protein), and Dorfin, a RING-IBR li-
gase that is elevated in neurodegenerative conditions
(Ishigaki et al., 2004; Yoshida et al., 2005). For example,
SCF employs two F box protein receptors (fbs1 and
fbs2) to link misfolded N glycosylated ERAD substrates
to p97. Surprisingly, active ATP hydrolysis by the p97 D2
ring is necessary for Fbs1-mediated substrate recogni-
tion, suggesting that p97 is mechanistically required
prior to SCF™s2 complex recruitment. Similarly, an
ATPase-deficient p97 mutant abolishes Dorfin-medi-
ated recognition and ubiquitylation of superoxide dis-
mutase-1 (SOD-1). Therefore, it appears that substrate
accessibility to p97 is a prerequisite for coupling E3
ligase activity to select target substrates.

The mechanistic basis of p97 participation in substrate
ubiquitylation remains elusive. The fact that Cdc48p
interaction with ubiquitylated substrates and Ufd2p is
concomitantly reduced in ufd71-2 and npl4-1 mutant
strains indicates that some target substrate must first
be recruited by adaptor proteins prior to E3 complex as-
sembly (Richly et al., 2005). Given that Ufd2p has an un-
usual role in catalyzing the elongation of preassembled
oligo-ubiquitylated chains, it is possible that to ensure
the timely degradation of “expired” proteins p97 may
couple an extraction step with the multiubiquitylation
process, whereby target substrates are already oligo-
ubiquitylated and present as an integral part of a larger
macromolecular assembly. Remarkably, Cdc48p has
been shown to restrict the length of Ufd2p-assembled
ubiquitin chains in vitro. This is especially important con-
sidering that the length of the multiubiquitin chain has
a modulating effect on the efficiency of recognition and
degradation by the 20S proteasome. Once processed,
arrested degradation substrates are then channeled to
the trimeric Ufd2p/Dsk2p/Rad23p complex, which in
turn mediates their transfer from Cdc48p to the protea-
some (Richly et al., 2005). Whether ubiquitylation is in-
deed coupled to substrate extraction during retrotrans-
location or is an actual prerequisite is hitherto unclear.
The fact that the retrotranslocation of pro-a factor does
not depend on p97 function suggests that the retrotrans-
location process functions in the absence of p97 but that
ubiquitylated substrates need to be concomitantly ex-
tracted and processed by the membrane-associated
p97 complex (Lee et al., 2004).
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Table 1. p97-Interacting Ubiquitin Modification Enzymes and Their Associated Cellular Pathways

Process E3 Ligase Interaction Substrate Adaptors Reference
Quality Control Hrd1p (RING-H2) Complex Carboxypeptidase Ufd1p/Npl4p (Schuberth and Buchberger,
(ERAD) Ubx2p Y (CPY*), MHC 2005; Neuber et al., 2005)
mediated class I, Hmg2p
Ufd2p (U box) Direct Spt23p Ufd1p/Npl4p (Richly et al., 2005)
AMFR/gp78 (RING-H2) Direct CD3delta N/A (Zhong et al., 2004)
SCFPst:2 Complex B1 integrin, N/A (Yoshida et al., 2005)
(RING Complex) N glycosylated
proteins
Dorfin (RING-IBR) Direct Calcium sensing N/A (Huang et al., 2006)
receptor (CaR)
UPS Yeast Ufd2p (U box) Direct Ub-Profgal, Ufd1p/Npl4p (Richly et al., 2005)
Ub-ProtA,
Ub-GST
Mammalian E4B Direct Ataxin-3 N/A (Matsumoto et al., 2004)
Dorfin (RING-IBR) Direct Superoxide N/A (Ishigaki et al., 2004)
dismutase-1
(SOD1)
Deubiquitylating
Process Enzyme Interaction Substrate Adaptors Reference
ERAD UPS Yeast Otulp Direct Spt23p Ufd1p/Npl4p, (Rumpf and Jentsch, 2006)
Ufd3p, Shp1p*
UPS Ataxin-3 Direct Ub-Profgal N/A (Doss-Pepe et al., 2003)
Membrane Fusion Mammalian VCIP135 Direct Unidentified p47 (Uchiyama and Kondo, 2005)

An asterisk (*) represents unidentified substrates. Abbreviation: N/A, not assessed.

Making Purgatorial Decisions
Just as itis able to interact with the ubiquitin conjugation
machinery, Cdc48p is now identified as a constituent of
distinct complexes that either inhibit E3 interaction or
actively deubiquitylate the substrate. Strikingly, both
Ufd2p and the WD40-motif protein Ufd3p compete for
interaction with Cdc48p and share the same docking
site on its C-terminal domain, with Ufd3p having prefer-
entially the higher binding affinity (Rumpf and Jentsch,
2006). Consequently, depending on the cofactor associ-
ated with the complex, Cdc48p can either promote or in-
hibit the ubiquitylation process for a common substrate.
For example, the degradation of Ub-proline-B-galactosi-
dase is accelerated with Ufd2p overexpression but con-
versely repressed by Ufd3p upregulation. Similarly, an
Ufd3p deletion mutant, containing only its Cdc48p bind-
ing site, dominantly inhibits the degradation of model
UFD substrates. Better yet, even if the substrate is al-
ready ubiquitylated, Cdc48pY™/NP is able to assemble
a deubiquitylating complex with both Otu1p, a member
of the Ovarian Tumor family with an ubiquitin-hydrolase
activity, and Ufd3p. This complex, in turn, competes
with Ufd2p in the processing of its well-characterized
substrate in the OLE pathway, the transmembrane tran-
scription factor Spt23p. Therefore, depending on the
cellular metabolic demands, Cdc48p is able to partici-
pate in opposing functions, which can either involve
the ubiquitylation and activation of Spt23p or its deubi-
quitylation and stabilization on the ER membrane. Inter-
estingly, in addition to Cdc48p activity, the common de-
nominator in this process is the requirement of the
Ufd1p/Npldp heterodimer, which helps bridge Cdc48p
to its substrate (Rumpf and Jentsch, 2006).

These findings together establish a novel role for p97/
Cdc48p in regulating substrate turnover and raise more
questions surrounding the underlying biochemical basis

of its mechanism. The fact that p97 is considerably more
abundant than its partners suggests that cofactor ex-
pression, stability, or localization may all be important
determinants of the identity of the assembled com-
plexes. Alternatively, p97 and its cofactors may be sub-
ject to a dynamic posttranslational modification process
that determines the identity of the assembled complex
within pockets of cellular microdomains and according
to specific metabolic demands. This would not be sur-
prising considering that the cell cycle-dependent phos-
phorylation of p47 by Cdc2 regulates its localization on
the ER and Golgi membranes and may subsequently
affect its interaction with p97 (Uchiyama and Kondo,
2005). Similarly, AKT-mediated phosphorylation regu-
lates p97 interaction with ubiquitylated substrates, al-
though it is unclear whether this is a direct effect on sub-
strate binding or a mere consequence of abolishing
cofactor binding (Klein et al., 2005). Furthermore, p97
may also assume the role of a protein-proofing chaper-
one that is coevolved to alleviate the metabolic pres-
sures of protein synthesis and degradation. Depending
on conformational recoverability, a crucial decision
must be made to either ubiquitylate and degrade or
deubiquitylate and recycle target substrates (Figure 1).
A better mechanistic understanding of p97 function, es-
pecially its potential role in protein unfolding or complex
disassembly, is evermore pressing considering the
scope and complexity of its interaction with the ubiquitin
modification machinery.

Structural Clues to a Biochemical Function

The p97 N-terminal domain possesses multiple features
that confer its unique ability to interact with a multitude
of highly diverse proteins, with some sharing no under-
lying structural or functional commonality. One feature
is its extension and flexibility with respect to the
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anchoring D1 ring, a property that enables the hexamer
to survey its surrounding environment and trap potential
substrates. This domain maintains its flexibility in all
nucleotide states, except during the transitional state
of ATP hydrolysis when complex dissociation is thought
to occur. Structurally, the N-terminal domain forms two
equally sized subdomains, encompassing a distal dou-
ble-W B barrel and a proximal §§ clam fold, with a hydro-
phobic interphase that functions as protein binding
groove (Pye et al., 2006). The contribution of this protein
binding cleft to p97 function has only been demon-
strated for adaptor binding, specifically the Ubx-UBA
containing protein p47 (Beuron et al., 2006; Dreveny
et al., 2004), but not substrate engagement, although
its deletion abolishes substrate recognition (Ye et al.,
2003). Mechanistically, misfolded protein substrates
could associate with the N-terminal end of some p97
protomers through their exposed hydrophobic surfaces,

NON-UBIQUITYLATED SUBSTRATE

Figure 1. Proposed Mechanisms for p97/
Cdc48p Substrate Recognition and Pro-
cessing
Oligoubiquitylated substrates are first re-
cruited to p97/Cdc48p via its diverse adap-
tors (A). Alternatively, p97/Cdc48p can bind
to misfolded proteins (B) and oligoubiquity-
lated substrates (C) directly and chaperone
against their aggregation. Once the substrate
is bound (D), complex will stabilize on the
binding of either an E4 ligase, which catalyzes
substrate ubiquitylation (F), or a deubiquity-
lating complex (Otu1p/Ufd3p), which subse-
— quently removes the attached ubiquitin moie-
ties (E). Ubiquitylated substrates, depending
on the type of attached ubiquitin moieties,
can be channeled for degradation or, like
deubiquitylated substrates, extracted and
released into the cytosol.

whereas adaptors could still occupy other protomers.
Although this may still hold, in a recent issue of Mole-
cular Cell, DeLaBarre et al. (2006) surprisingly demon-
strate the involvement of the D2 ring in substrate binding
and propose an in-house mechanism for substrate
processing.

By exploiting the homology between p97 and the pro-
teasomal Rpt regulatory proteins, DelLaBarre et al.
(2006) identified two loops (residues Arg586/Arg599
and Trp551/Phe552) guarding the aperture of the D2
ring as essential for substrate interaction. Comparison
with AAA Rpt proteins is rationalized in their ability to
mimic p97 function in ERAD by directly extracting mis-
folded substrates from the ER retrotranslocation chan-
nel. Importantly, conspicuous evidence from previous
studies hints at D2 involvement in substrate interaction
and processing. Cryo-EM images of p97 in different nu-
cleotide occupancy states show drastic conformational
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changes in the D2 ring, portrayed as cycles of perfora-
tion and constriction in the bottom pore (Rouiiller et al.,
2002). Furthermore, D2 ATP binding mutant, but not
the D1 mutant, traps ERAD substrates, thus hinting at
D2 involvement in substrate interaction with the hex-
amer (Ye et al., 2003, 2005). This is certainly not the first
report of substrate recognition via an AAA-ATPase ring,
as bacterial ClpX also employs its distal processing ring
in substrate recognition (Ortega et al., 2002). Further-
more, VAT in Thermoplasma acidophilum mobilizes hy-
drophobic residues in the D1 ring during binding and
remodeling in vitro substrates (Gerega et al., 2005).
Although no unfoldase activity has been demon-
strated for p97 in vitro, it now appears that a calcium
sensor for synaptic neurotransmission, synaptotag-
min-1, could be a physiological candidate for a putative
P97 unfoldase function (DeLaBarre et al., 2006). Synap-
totagmin-1 crosslinks specifically to D2 lysine 565, indi-
cating that it does indeed interact with residues at the
distal end. Mutations affecting the D2 loops Arg586/
Arg599 and Phe552 all lead to severe attenuation of
p97 ATPase activity, disruption of its cooperativity,
and impairment in ERAD function as measured by the
accumulation of TCRa-GFP reporter. A key p97 muta-
tion essential for the interpretation of these results is
Trp551, which exhibits wild-type level ATPase activity
and kinetics and yet demonstrates a pronounced defect
in ERAD. This behavior, combined with reduced coim-
munoprecipitation and crosslinking with synaptotag-
min-1, suggests that Trp551 is essential for substrate
binding and that ERAD impairment can be attributed
to the abolition of substrate binding. Although this
model is indeed attractive, caution must be taken in its
interpretation. p97 interacts with a wide array of cofac-
tors, which may have modulating effects on its ATPase
activity. For instance, both Ufd2p and Ufd3p dock
at the C-terminal domain of a substrate-occupied
Cdc48p complex; however, their effect on its ATPase
activity is unclear (Richly et al., 2005; Rumpf and
Jentsch, 2006). p47, however, binds to the N-terminal
domain and inhibits its ATPase activity. A plausible al-
ternative scenario is that synaptotagmin-1 may stimu-
late p97 activity, subsequently enabling its interaction
with a yet unidentified substrate at the N-terminal end
of the complex. Synaptotagmin-1 could then represent
a membrane receptor for the recruitment of p97 activity.
Although these findings pose the possibility of D2 in-
volvement in substrate binding, the molecular mecha-
nism of substrate processing remains to be elucidated.
Thus far, multiple models have been proposed based on
structural parallels to other AAA proteins. In the “molec-
ular-ratchet” model, p97 utilizes ATP-powered confor-
mational changes in propelling substrates that latch on
its N-terminal domain, akin to the proposed role of
Hsp104. This model is substantiated by the dynamic
full-length communication of the structural changes ac-
companying ATP hydrolysis from the D2 ring to the N-
terminal end. For p97-p47 interaction, ATP-dependent
conformational changes in the D2 rings are communi-
cated to the N-terminal domain through the D1-D2 and
N-D1 linker regions, where highly conserved glycine res-
idues are thought to be indispensable for this process.
Consequently, the interacting p97 and p47 domains to-
gether form a propeller-like structure, which relocalizes

Figure 2. The “Denaturation-Collar” Model for D2-Mediated Sub-
strate Processing

DeLaBarre et al. (2006) propose the D2 ring as an entry port. Guard-
ing the D2 pore is an arginine double ring (Arg586/Arg599) and, thus,
the collar, which provides a guanidyl-rich environment theoretically
sufficient for unwinding tertiary structures. Once denatured, the
substrate is either funneled back through the entry port (A) or
threaded through transient pores are the D1/D2 interphase (B).

the arrangement of p47 UBA domain relative to the p97
hexamer. The stoichiometry of p47 to p97 is finally re-
solved at 0.5 to 1 in vitro, although its contribution to
the in vivo formation of these propeller densities or the
in vitro inhibition of p97 ATPase activity remains unclear
(Beuron et al., 2006).

DelLaBarre and colleagues now introduce the “dena-
turation-collar” model in which secondary structures
are unfolded through the guanidyl-rich denaturing milieu
of the arginine double ring (Arg586/Arg599) that guards
the D2 pore (DeLaBarre et al., 2006). Subsequently, sub-
strates are either threaded out through transient
grooves at the D1/D2 interphase or reversibly channeled
out from the entry port (Figure 2). In contrast to other
AAA proteins, which thread substrates through their
symmetry axis, p97 has a narrow D1 pore that is unlikely
able to accommodate a polypeptide chain. In this case,
the D1 ring function seems to be limited to correct hex-
americ assembly and proper interprotomer communica-
tion. Furthermore, this model does not rule out the
mechanistic involvement of the N-terminal domain and
adaptor proteins in substrate recruitment to the C-termi-
nal pore or substrate release from the D2 ring.

Although it is obvious that both models pose very dif-
ferent molecular mechanisms in substrate extraction;
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the denaturation-collar model is the first to propose
a mechanism coupling substrate extraction to an inter-
nal unfoldase function. Reconstitution of this process
in vitro should aid in addressing the mechanistic details,
particularly the remaining question of whether sub-
strates are internally processed or externally remodeled.
Furthermore, one tempting question is whether this
proposed role in protein remodeling is evolutionarily
exploited by E3 ligases in order to improve substrate ac-
cessibility and the efficiency of protein degradation. Al-
ternatively, without an intrinsic unfoldase activity, p97
could assume the role of a cochaperone for substrate
recognition and a platform for the assembly of ubiquitin
modifying enzymes.
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When endoplasmic reticulum (ER) homeostasis is perturbed, an adaptive mechanism is triggered and
named the unfolded protein response (UPR). Thus far, three known UPR signaling branches (IRE-1, PERK,
and ATF-6) mediate the reestablishment of ER functions but can also lead to apoptosis if ER stress is not
alleviated. However, the understanding of the molecular mechanisms integrating the UPR to other ER
functions, such as membrane traffic or endomembrane signaling, remains incomplete. We consequently sought
to identify new regulators of UPR-dependent transcriptional mechanisms and focused on a family of proteins
known to mediate, among other, ER-related functions: the small GTP-binding proteins of the RAS superfamily.
To this end, we used transgenic UPR reporter Caenorhabditis elegans strains as a model to specifically silence
small-GTPase expression. We show that the Rho subfamily member CRP-1 is an essential component of
UPR-induced transcriptional events through its physical and genetic interactions with the AAA* ATPase
CDC-48. In addition, we describe a novel signaling module involving CRP-1 and CDC-48 which may directly
link the UPR to DNA remodeling and transcription control.

The endoplasmic reticulum (ER) is an organelle found in
eukaryotic cells, which is mainly involved in calcium seques-
tration, lipid biosynthesis and translation, folding, and trans-
port of secretory proteins (9). These functions require special-
ized and integrated molecular machines (7). Most of the
proteins distributed in organelles of the secretory pathway,
expressed at the cell surface or secreted, transit through the
ER before reaching their final destination. Indeed, polypeptide
chains, translated on ER membrane-bound ribosomes, are first
translocated into the ER lumen via the translocon and then
processed through the ER folding machineries, which include
a chaperone component (e.g., BiP or GRP94), a posttransla-
tional modification machinery (e.g., N glycosylation with the
oligosaccharyl transferase complex, S-S bound formation
with the protein disulfide isomerases), and a quality control
component (e.g., calnexin, UDP-glucose:glycoprotein glucosyl-
transferase). Proteins which do not acquire a correct confor-
mation are retained in the ER by ER-specific quality control
mechanisms and are consequently granted further folding at-
tempts. If this fails again, terminally misfolded proteins are
degraded via the ER-associated degradation (ERAD) machin-
ery (9).

Under basal conditions, these integrated mechanisms main-
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tain the ER protein load in equilibrium with ER’s folding and
export capacities. However, if one of those components is
dysfunctional, the entire chain reaction is perturbed and ER
homeostasis is disrupted. This leads to an increased amount of
improperly folded proteins, which accumulate within the ER.
As a mechanism for adaption to this phenomenon, cells have
evolved the unfolded protein response (UPR), which aims at
restoring ER homeostasis (38, 41) by (i) attenuating protein
translation, (ii) increasing ER folding capacity, (iii) increasing
ERAD capacity, and (iv) triggering cell death if ER homeosta-
sis is not restored. This stress response is regulated by the
activation of three ER resident proximal sensors, which con-
stitute the three arms of the UPR: inositol-requiring enzyme 1
(IRE-1), activating transcription factor 6 (ATF-6), and protein
kinase RNA-like ER kinase (PERK) (38, 41).

Another mechanism regulating ER content is mediated by
the export machinery. For instance, activation of the UPR was
shown to induce the expression of the small G protein SAR-1,
a member of the COPII protein complex (28, 40, 43). More-
over, expression of a dominant negative SAR-1 induces the
accumulation of proteins in the ER (28, 40, 43), probably
leading to the saturation of ER folding capacity. In addition to
the role of SAR-1 in the regulation of ER protein load, other
GTPases of the RAS superfamily were found to play a role in
either organelle maintenance/biogenesis (2, 24) or endomem-
brane signaling (33-35).

These observations led us to postulate that small GTP bind-
ing proteins of the RAS superfamily may represent a master
regulatory component of ER homeostasis. To test this hypoth-
esis, we investigated the involvement of these GTPases in the
activation of the UPR using RNA interference (RNAi) in
Caenorhabditis elegans. This experimental system constitutes a
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powerful model in which the three UPR arms are conserved
and which contains over 60 conserved GTPases of the RAS
superfamily. Based on the analysis of a GTPase family subset,
our results indicate the specific roles of members of the Rho
family of GTPases in the transcriptional activation of UPR
target genes. We found that this is possibly regulated through
the presence of CRP-1 in a complex with the AAA™ ATPase
CDC-48. We demonstrate physical and genetic interactions
between CRP-1 and CDC-48 and consequently delineate a
novel signaling component physically linking ER stress and
transcriptional regulation in metazoans.

MATERIALS AND METHODS

C. elegans strains. The wild-type strain N2 (Bristol) was used as the reference
strain. Knockout mutant alleles 0k685 (crp-1—'"; Y32F6B.3), gk186 (atm-1""";
Y48G1BL.2), tm544 (cdc-48.17'~; CO6AL.1), 0k275 (pek-1~'"; F46C3.1), and
0k551 (atf-6~'~; FASE6.2) were obtained from the Caenorhabditis Genetics Cen-
ter at the University of Minnesota. promoter:gfp reporter strains BC10700
(ZK632.6), BC13719 (F48E3.3), BC11945 (F43E2.8), BC10066 (C15H9.6),
BC13607 (B0403.4), BC10371 (C53B4.7A), BC14636 (B0285.9), and BC10178
(C55B6.2) were obtained from the British Columbia C. elegans Gene Expression
Consortium. C. elegans animals were maintained at 20°C under standard culture
conditions and fed with OP50 unless otherwise mentioned (5).

Drug induction and GFP quantification. ER stress level was measured using
transgenic worms expressing green fluorescent protein (GFP) under the control
of various ER stress promoters. Synchronized L1 populations expressing the
different ER stress GFP reporters were grown on standard nematode growth
medium (NGM) plates. L4 stage worms were then transferred on NGM plates
containing dimethyl sulfoxide as control, 5 wg/ml tunicamycin (TM), 5 mM
L-azetidine-2-carboxylic acid (AZC), 1 mM dithiothreitol (DTT), or 1 uM thap-
sigargin (TG) for 5 h at 20°C. Fluorescence quantification was performed using
two different methods. Entire worm populations were analyzed using the Copas
Biosort (Union Biometrica) (11), which provided an average fluorescence level
for the entire worm population (n = 1,000). These results were correlated with
an observation-based counting method using fluorescence microscopy in which
worms were classified in three groups of (i) low, (ii) medium, and (iii) high levels
of fluorescence. At least 100 worms were counted per strain and condition in
triplicate by at least two independent investigators. Moreover, to validate the
counting methodology, a blinded evaluation of fluorescence was correlated with
an immunoblot using anti-GFP antibodies on worm lysates. As expected, the
highest signal observed by immunoblotting correlated with the highly fluorescent
worm population.

Tissue localization. Expression profiles were analyzed using GFP-reporter
transgenic worms (19). Following a 5-h treatment with 5 pg/ml TM at 20°C, living
worms were mounted on agarose pads in M9 buffer containing 1 mM levamisole
(Sigma). Fluorescence emission from living worms was observed using an Axio-
vert-200 microscope (Zeiss), and images were analyzed using Northern Eclipse,
version 6.0 (Empix Imaging, Mississauga, Ontario, Canada).

RNAi. All RNAi experiments were carried out using a feeding procedure
described previously (21). RNAi constructs were either cloned from a C. elegans
c¢DNA library (de novo) or retrieved from the C. elegans ORFeome collection,
version 1.1 (37), using the Gateway technology (Invitrogen). For primers used for
de novo cloning, see Table S1 in the supplemental material. GTPase open
reading frames (ORFs), without ATG, and approximately 500 base pairs of the
cdc-48.1 (C06A1.1) and xbp-1 (R74.3) genes were amplified by PCR using Plat-
inum Taq high-fidelity DNA polymerase (Invitrogen) and the following ampli-
fication scheme: denaturation at 94°C for 40 s, annealing at 60°C for 40 s, and
elongation at 72°C for 1 min for 35 cycles. These PCR products were polyeth-
ylene glycol precipitated and recombined into pPDONR201 using the Gateway BP
Clonase (Invitrogen). These entry clones were subsequently recombined, using
LR Clonase, into Gateway-compatible pL4440 vector and transformed into
HT115(DE3) bacteria. Isolated transformant bacteria were grown for 12 h at
37°C in Luria-Bertani medium supplemented by 100 pg/ml ampicillin. Bacteria
were spotted on NGM plates containing 1 mM IPTG (isopropyl-B-p-thiogalac-
topyranoside) and 100 pg/ml ampicillin, dried, and induced overnight at room
temperature. Synchronized L1 worm populations were transferred to these
plates and treated for three days. L4 worms were then transferred to new RNAi
plates containing or not 5 pg/ml TM, and fluorescence levels were analyzed as
described above, following 5 hours of incubation at 20°C.
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OREF cloning, expression, and pull-down affinity purification. Recombinant C.
elegans GST-CRP-1 and GST-CDC-42 and mouse Hiss—p97/VCP/CDC-48
(which displays 76% identity with CeCDC-48) proteins were expressed in Esch-
erichia coli as previously described (8, 23) and purified using glutathione-Sepha-
rose 4B or nickel-nitrilotriacetic acid (NTA)-agarose, respectively. The ORFs
encoding CDC-48.1, CDC648.2, and HIM-6 were amplified by reverse transcrip-
tion-PCR (RT-PCR) using the indicated primers (see Table S1 in the supple-
mental material) from C. elegans total RNA. The amplified PCR products were
cloned by recombination into the pDONR201 vector using the Gateway tech-
nology (Invitrogen). The entry vectors generated were then used to recombine
the specific ORFs into Hisg-Nterm or Strep tag-Nterm prokaryotic expression
vectors. These were then transformed into DHS5a bacteria. Five individual col-
onies were picked and pooled, and plasmid DNA was amplified and transformed
into BL21 cells. Recombinant proteins were produced in BL21 cells following a
3-h induction using either 1 mM IPTG or 0.2 pg/ml tetracycline. Protein lysates
were either directly frozen or directly subjected to affinity purification as recom-
mended by the manufacturers. For one set of experiments (see Fig. 4), we used
bacterial lysate expressing recombinant proteins. In these conditions, GST-
CRP-1 or GST-CDC-42 (in equal amounts) was mixed with mouse His;—p97/
VCP/CDC-48-expressing bacterial lysate and the mixture was incubated for 2
hours at 4°C. GST pull-down was then carried out on bacterial lysate using
glutathione-Sepharose 4B resin (GE Biosciences). Following incubation for an
additional hour at 4°C, beads were washed six times with phosphate-buffered
saline and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were revealed using Coomassie blue R250 staining. Hisg
pull-down was carried out on N2 or crp-1~'" (0k685) allele strains mixed with
purified Hise—p97/VCP/CDC-48 proteins for 2 hours at 4°C. Complexes were
purified using Ni-NTA-agarose (Qiagen) and resolved by SDS-PAGE. Gels were
then transferred on nitrocellulose membranes and subjected to standard immu-
noblot protocols using either mouse anti-p97/VCP/CDC-48 (Abnova) or hen
anti-CRP-1 antibodies (HyperOmics Farma, Inc., Montreal, QC, Canada). For
the other set of experiments (see Fig. 5), purified proteins (1 pg) were incubated
with 10 mM Tris, pH 7.4, and 100 mM NacCl (in the presence or not of 10 M
GTP and ATP) for 2 h at 4°C and pulled down with beads for 45 min under
rotation at 4°C. Following five washes using the same buffer as above but con-
taining 0.5% Triton X-100, the beads were resuspended in 2X Laemmli sample
buffer, resolved by electrophoresis, and immunoblotted using anti-glutathione
S-transferase (GST; Cellular Signaling) or anti-Strep tag (Qiagen) antibodies.

CRP-1 pull-down analyses. Worm protein extracts were prepared as previ-
ously described (19). Briefly, worms were washed five times using M9 medium to
remove bacteria and suspended in homogenization buffer (15 mM HEPES, pH
7.6, 10 mM KCl, 0.1 mM EDTA, 0.5 mM EGTA, 44 mM sucrose, 1| mM DTT,
protease inhibitor cocktail [Roche]) and sonicated, and the resulting lysate was
cleared by centrifugation at 13,500 rpm for 15 min at 4°C. GST pull-down assays
were performed on total worm lysate precleared with glutathione-Sepharose
beads bound to GST or Ni-NTA beads to remove all nonspecific binding. Pre-
cleared lysates were then mixed with purified GSP-CRP-1 on glutathione-Sepha-
rose 4B or Hiss—p97/VCP/CDC-48 on Ni-NTA beads and incubated for 2 h at
4°C. After five washes, beads were suspended using 2X Laemmli buffer and
proteins were resolved by SDS-PAGE. The resulting gel was stained using
Coomassie blue R250 and processed for mass spectrometry (see methods in the
supplemental material).

Data analyses. The human ortholog of each hit identified in the CRP-1
pull-down was retrieved from NCBI, ENSEMBL, or other large sequence re-
positories when existing or available. The corresponding list was then analyzed
using the STRING suite (46, 47) to evaluate the potentially existing functional
interactions between proteins found in the CRP-1 complex. We also added a
subnetwork including the first-degree genetic or physical interactor of Hiss—p97/
VCP/CDC-48. The resulting scale-free functional interaction network was then
annotated using the Medusa program (16).

TM sensitivity assay. N2 worms and mutant strains were treated using the
alkaline hypochlorite method (0.5 M NaOH, H,O, and 0.8% bleach) to isolate
embryos. Eggs were hatched overnight in M9 medium (40 mM Na,HPO,, 20 mM
KH,PO,, 8 mM NaCl, 20 mM NH,CI) to obtain an L1-synchronized population.
L1 worms were transferred onto NGM plates containing various concentrations
of TM (0, 2, 5, or 10 pg/ml) and seeded on HT115 cells expressing or not
double-stranded RNA (dsRNA) for the target genes (see “RNAi” for condi-
tions). The developmental stage was analyzed after 24 and 48 h at 20°C, and the
percentages of L1 larvae and dead worms over the total population were deter-
mined and reported.

RT-PCR analyses. Worms (N2 or crp-1~/") were treated or not with 5 pg/ml
TM and 2 mM DTT for 5 h or 10 mM NaN; for 90 min. They were then collected
and lysed using Trizol (Invitrogen). Total RNA was then extracted as recom-
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FIG. 1. Identification and characterization of powerful ER stress GFP reporter genes. (A) List of ER stress promoter:;
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successfully constructed, with the strain name and the human ortholog information. (B) Fluorescence induction of the eight GFP reporter genes
when treated with 5 pug/ml TM. Fluorescence level was quantified on entire transgenic worm populations (=1,000 worms per conditions) using the
Copas Biosort. The increase is the ratio between the average fluorescence under TM conditions compared to the basal fluorescence level of each
strain. (C) Expression pattern of each GFP reporter strain in living animals. Intestine expression and neuronal expression are represented in light
gray and dark gray, respectively. (D) Fluorescence microscopy pictures for the three strains with the highest increases in fluorescence (tag-320,

hsp-4, and ckb-2 strains) under basal conditions or after TM treatment.

mended by the manufacturer and reverse transcribed using the Superscript III kit
(Invitrogen). PCR products were then amplified using the primers described in
Table S1 in the supplemental material within the linear part of the amplification
curve, resolved on agarose gels, and visualized following ethidium bromide
staining. Transcript expression was normalized to that of ama-1.

RESULTS

ER stress-mediated activation of hsp-4, ckb-2, and tag-320
promoters in C. elegans intestine. To study the implication of
small G proteins of the RAS superfamily in the maintenance of
ER homeostasis, we developed an experimental system allow-
ing efficient and rapid ER stress detection. To this end, we
used a Caenorhabditis elegans-based GFP reporter driven by

UPR-responsive promoters. We selected these promoters
based upon their previously reported activation upon ER stress
using, for instance, microarray studies (6, 45). Practically, a
putative promoter region of 2.5 kilobases cloned upstream of
each target gene was fused to the GFP gene (gfp) cDNA. These
constructs were used to generate transgenic worm lines ex-
pressing GFP under the control of putative UPR-induced pro-
moters (11, 17, 27). The strains successfully created are listed
in Fig. 1A. Also listed in this figure are the gene and sequence
names as they appear in WormBase (http://www.wormbase
.org/), as well as the names of the corresponding human or-
thologs. hsp-4 and hsp-3 are the two C. elegans homologs of the

0102 ‘6T Arenuer uo AlUN [IDIIA Te Blo'wse qow wolj papeojumod


http://mcb.asm.org

4264 CARUSO ET AL.

mammalian ER chaperone GRP78/BiP gene. Expression of
the GFP reporter under the control of endogenous promoters
from both genes was previously shown to increase upon TM
treatment (22), and these results were confirmed using our
BC11945 (phsp-4::gfp) and BC10066 (phsp-3::gfp) strains (Fig.
1B). The six other GFP reporters used in our study expressed
GFP under the control of various promoters: the ER protein
disulfide isomerase-like protein-encoding gene (prag-320::gfp),
the heat shock protein p58 (Dnal)-encoding gene (pdnj-7::gfp),
the choline/ethanolamine kinase-encoding gene (pckb-2::gfp),
and three genes involved in ER quality control, the calnexin
(penx-1:gfp), UDP-glucose:glycoprotein glucosyltransferase 2
(pF48E3.3::gfp), and GDP-mannose-4,6-dehydratase (pbre-1::
gfp) genes (Fig. 1A). To test whether these transgenic lines
were able to activate the selected GFP reporters upon ER
stress, we treated adult hermaphrodites with TM, an antibiotic
that inhibits N glycosylation (15) and strongly induces the
UPR. We measured and quantified GFP expression level using
the Copas Biosort (Union Biometrica) (11, 20). This instru-
ment is designed to perform multiparametric analyses of mi-
crometric particles in a semiautomated manner. This allowed
us to measure the average fluorescence emitted by a large
population of transgenic worms (1,000 animals per conditions)
in response to TM treatment. Fluorescence levels of phsp-4::
gfp (BC11945), pckb-2::gfp (BC14636), phsp-3::gfp (BC10066),
ptag-320::gfp (BC13607), pcnx-1::gfp (BC10700), and pdnj-1::
gfp (BC10178) strains were significantly increased upon TM
treatment, whereas those of the pF48E3.3::gfp (BC13719) and
pbre-1::gfp (BC10371) strains were not (Fig. 1B).

To select the most appropriate GFP reporter strains for our
study, we also analyzed, using fluorescence microscopy, GFP
tissue expression profiles of the strains described above. Inter-
estingly, phsp-4::gfp, pckb-2::gfp, phsp-3::gfp, and ptag-320::gfp
reporters, shown to have the highest GFP expression, in-
creased upon TM treatment 4.8-, 5.8-, 1.6-, and 4.6-fold, re-
spectively, were expressed mainly in the intestine (Fig. 1C and
D). In contrast, reporters such as pcnx-1::gfp, pF48E3.3::gfp,
and pbre-1::gfp, which were less sensitive to TM, were princi-
pally expressed in the nervous system (Fig. 1C). Differences in
GFP expression upon TM treatment may result from a greater
sensitivity/accessibility of certain organs/cell types (for exam-
ple, the intestine) and also the relative sizes of the organs. We
therefore concluded that phsp-4::gfp, pckb-2::gfp, and ptag-320::
gfp were the three most efficient reporters to detect and mea-
sure the ER stress-mediated transcriptional response.

ER stress-responsive promoters are specifically activated
upon treatment with different ER stress inducers. To deter-
mine if the induction of fluorescence observed in the three
most responsive GFP-reporter strains was TM specific, we
treated transgenic animals using various chemicals known to
induce ER stress in cultured mammalian cells. Worms were
exposed to four different agents, including TM, that act differ-
entially on the ER but ultimately lead to ER stress. AZC is a
proline analogue which causes defects in protein conformation
when integrated into the polypeptide chain (10). DTT is a
reducing agent that affects the ER lumen oxidative environ-
ment (4), and, finally, TG is a Ca?>*-ATPase (SERCA) inhib-
itor that causes ER Ca?* depletion (39). As shown in Fig. 2,
the three GFP reporter strains tested responded differentially
to the four ER stress inducers selected. In our experimental
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setup, TM was the strongest ER stress inducer for the pckb-2::
gfp, phsp-4::gfp, and ptag-320::gfp strains with, respectively,
78%, 80%, and 22% of the worm population expressing a high
level of fluorescence following a 5-hour treatment. AZC and
DTT had mainly the same impact on the three reporters, with
almost 49% of worms expressing high fluorescence in the
pckb-2::gfp strain, 28% in the phsp-4::gfp strain, and less than
20% in the ptag-320::gfp strain. Finally, TG had a higher level
of fluorescence induction in the pckb-2::gfp strain, with 61% of
the worm population expressing high fluorescence. These re-
sults show that pckb-2::gfp is the reporter which presents the
highest and most homogenous response to diverse ER stress
treatments. In addition, they indicate that, in our experimental
settings, TM represents the most universal ER stress inducer.
For these reasons, we selected the pckb-2::gfp reporter to iden-
tify, using RNAIi, new ER signaling regulators and TM to
induce ER stress in C. elegans.

CRP-1 expression is necessary for a TM-induced ER stress
transcriptional response. In an attempt to identify small GTP-
binding proteins involved in ER stress signaling events, we
subjected the pckb-2::gfp reporter strain to RNAI treatments
targeting specific GTPases (Table 1). Variations were mea-
sured using fluorescence microscopy, under basal conditions or
following a 5-hour treatment with TM. Three controls were
used to evaluate RNAI efficiency and specificity. pckb-2::gfp
reporter worms were treated with an empty RNAI vector, an
RNAi vector against GFP, or RNAIi vectors containing
GTPase coding sequences but for which production of dsSRNA
was not induced by IPTG (see Materials and Methods). These
controls supported the validity and efficacy of our experimental
system.

Based on the current knowledge on small GTPases of the
RAS superfamily in C. elegans, we focused on 13 C. elegans
GTPases whose mammalian orthologs were either localized in
the ER or along the secretory pathway and/or known to reg-
ulate ER-related functions (Table 1). RNAI treatment target-
ing these GTPases revealed that they could be divided into
four different categories according to their effect on the acti-
vation of the ckb-2 promoter under basal conditions or upon
TM exposure (Table 1). The first category contained most of
the GTPases tested (8/13), which did not have any effect on
pckb-2::gfp activation. The second category contained GTPases
for which RNAi-mediated silencing led to a severe phenotype
such as L1 arrest of lethality and for which GFP expression
could not be measured in adult worms. Two GTPases, RAB-1
and RAB-7, were found to be in this category and were
excluded from further analysis (Table 1).

The two other categories included GTPases for which alter-
ation of expression levels had significant effects on ER stress-
mediated pckb-2::gfp activation under basal conditions or fol-
lowing treatment. Representative results obtained for these
GTPases are shown in Fig. 3A. In the third category, we iden-
tified one GTPase, SAR-1, whose silencing led to an activation
of pckb-2::gfp under basal conditions. This is consistent with
the previous observations that SAR-1 was implicated in mem-
brane transport from the ER to the Golgi apparatus (43). In
addition, our results suggest that disruption of this transport
would inhibit protein progression from the ER (43) and con-
sequently induce the UPR. The fourth category contains two
GTPases, CDC-42 and CRP-1, whose silencing prevented
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FIG. 2. ER stressors TM, AZC, DTT, and TG act differentially on the three most responsive GFP reporter strains. Populations of (A) pckb-2::
gfp (BC146306), (B) phsp-4::gfp (BC11945), and (C) ptag-320::gfp (BC13607) strains were treated with 5 wg/ml TM, 10 uM AZC, 2 mM DTT, and
5 pM TG for 5 hours and visualized and quantified using a fluorescence microscope. The percentage of worms with a low, medium, or high level
of fluorescence was plotted against the different chemicals. Experiments were performed at least twice in duplicate. CTL, control.

pckb-2:gfp activation after TM exposure. CDC-42 is a small
GTPase that regulates actin dynamics and has also been in-
volved in Golgi-to-ER vesicle trafficking events in mammalian
cells (25). CRP-1 is a small G protein which clustered with the
Rho subfamily according to its amino acid sequence and
showed 45% identity to CDC-42 (19) (Table 1). We previously

showed that CRP-1 is implicated in the regulation of mem-
brane trafficking in intestinal cells (19) and that CRP-1 RNAi
specifically targets CRP-1 expression (see Fig. S1 in the sup-
plemental material). Quantification of total fluorescence of a
worm population clearly showed that crp-1 silencing signifi-
cantly led to a reduced activation of the pckb-2::gfp reporter
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TABLE 1. Characteristics of the GTPases selected for the first screen and their effect on pckb-2::gfp reporter activation”

Phenotype WormBase ID?  Designation Subcellular localization® Functions related to the ER (reference)
No effect C44C11.1 RAS-1 Endomembrane (ER/G)  Intracellular protein transport, ER signal
transduction (33)
F53G12.1 RAB-11.1 TGN recycling/exocytic Membrane fusion, vesicular trafficking
compartment
F54C9.10 ARL-1 TGN/G Membrane fusion and traffic
F53F10.4 UNC-108  ER/cis-G Endocytosis, membrane fusion, vesicular trafficking
WO01H2.3 RAB-37 Secretory granules Vesicle exocytosis
ZK792.6 LET-60 Endomembrane (ER/G)  Intracellular protein transport, ER signal
transduction (33)
C27B7.8 RAP-1 G Membrane fusion, vesicular trafficking
F45E4.1 ARF-1.1 G/ERGIC/TGN Mitotic Golgi fragmentation, vesicular trafficking
Severe developmental defects C39F7.4 RAB-1 ER/cis-G Intracellular vesicle trafficking
W03C9.3 RAB-7 ER/LE/endosome Endosomal traffic, vesicular trafficking
Induction of basal ER stress ZK180.4 SAR-1 ER ER-to-Golgi protein transport
ER stress inhibition R07G3.1 CDC-42 ER/G Cell polarity, protein trafficking
Y32F6B.3 CRP-1 TGN/RE Membrane trafficking, cell polarity (19)

@ pckb-2::gfp reporter worms were treated with selected GTPase RNAI vectors and exposed or not to TM for 5 hours. The consequence of GTPase silencing on the
activation of ckb-2 promoters was measured using a fluorescence microscope, and GTPases were classified according to their effect on this reporter into four categories.

1D, identification.

¢ G, Golgi apparatus; TGN, trans-Golgi network; ERGIC, ER-Golgi intermediate compartment; LE, late endosomes; RE, recycling endosomes.

under ER stress conditions (Fig. 3B). Our results suggest that
both CRP-1 and CDC-42 may be specifically involved in the
transmission/establishment of ER stress signals in C. elegans.

CRP-1 interacts with CDC-48. To investigate the mecha-
nisms by which CRP-1 may contribute to pckb-2::gfp induction
upon TM treatment, we sought to characterize CRP-1 molec-
ular partners. To this end, we performed a CRP-1 GST pull-
down on C. elegans total protein extracts followed by SDS-
PAGE and mass spectrometry analysis. We identified 20
proteins with various functions, out of which one, the ATPase
CDC-48.1 (C06A1.1), which is orthologous to the transitional
ER AAA™ ATPase P97/VCP/CDC-48, was previously re-
ported to display ER-related specific functions (Fig. 4A; see
Table S2 in the supplemental material). In addition, although
a Mascot search indicated that the hit corresponded to CDC-
48.1, the peptides identified by de novo sequencing were com-
mon to both CDC-48.1 and CDC-48.2.

CDC-48 has been implicated in the ERAD pathway and in
ER membrane fusion (13) and has been identified as a regu-
lator of the ER stress response (48). We confirmed the inter-
action between CRP-1 and CDC-48 using both GST-CRP-1
and the mouse His,—P97/VCP/CDC-48 fusion protein ex-
pressed in E. coli. In this experiment, E. coli lysates containing
either GST-CRP-1 or GST-CDC-42 were mixed with His,—
P97/VCP/CDC-48-containing lysate followed by pull-down
using glutathione-Sepharose beads. As shown in Fig. 4B,
P97/VCP/CDC-48 was found in the CRP-1 complex, thus con-
firming the mass spectrometry analyses. Interestingly, no inter-
action between P97/VCP/CDC-48 and CDC-42 was detected
under these conditions (Fig. 4B). The reverse experiment was
also carried out using N2 and CRP-1"/" (allele 0k685) (19)
worm lysates, which were pulled-down using His,-P97/VCP/
CDC48 immobilized on Ni-agarose beads (Fig. 4B). As ex-
pected, a complex between P97/VCP/CDC-48 and CRP-1 was
observed in wild-type animals but not in the CPR-1"/~ worm
lysates. The hypothesis supporting a functional interaction be-

tween CRP-1 and CDC-48 was also reinforced using cdc-48.1
silencing in pckb-2::gfp reporter worms. As observed for crp-1,
reduction of cdc-48.1 expression led to an inhibition of TM-
induced pckb-2::gfp reporter activation (Fig. 4C). This pheno-
type suggests that pckb-2::gfp activation by TM requires both
CRP-1 and CDC-48.1.

Among the proteins identified by mass spectrometry, two
other hits presented some interest. Indeed, ATM-1 (Y48G1BL.2)
and HIM-6 (T04A11.6) are, respectively, an ortholog of the
human protein kinase ATM and the human Bloom syndrome
helicase (BLM), a RecQ-like ATP-dependent DNA helicase.
BLM was shown to be a direct substrate of ATM, and both
proteins are required for optimal repair during DNA replica-
tion (1, 36). Recently, p97/VCP/CDC-48 was also shown to be
a direct substrate of ATM kinase, but the physiological func-
tion of this interaction remains unclear (26). Finally, it was
shown that p97/VCP/CDC-48 interacted with another RecQ
helicase, WRN, and modulated its localization and functions
(18). As a consequence, we postulated that we might have
purified a complex of proteins implicated in DNA repair, DNA
remodeling, or transcriptional processes and containing at
least CRP-1, CDC-48, and ATM-1.

Using the STRING program suite (http://string.embl.de/), a
database for the retrieval of known and predicted gene/pro-
teins interactions (46, 47), we built a network based on the
human orthologs of the C. elegans proteins identified in the
CRP-1 GST pull-down (Fig. 4D, white nodes; see Table S3 in
the supplemental material). Interestingly, 9 out of the 20 pro-
teins identified by mass spectrometry (Fig. 4D, white nodes)
were found to belong to a specific subnetwork implicated in
DNA processes (Fig. 4D, black nodes) and including the tran-
scriptional activator p53, ATM, BLM, and P97/VCP/CDC-48.
In contrast, none of the proteins found in complex with CRP-1
belonged to the other p97/VCP/CDC-48 subnetwork function-
ally related to ERAD or membrane fusion (Fig. 4D, gray
nodes). In addition, when we attempted to identify other po-
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FIG. 3. Effect of crp-1, cdc-42, and sar-1 silencing on ckb-2 promoter activation upon ER stress. (A) Qualitative microscopic pictures for two
controls (no RNAI induction [ctl]] or GFP RNAIi) and three GTPases that gave the most significant results for pckb-2::gfp reporter activation
(encoded by crp-1, cdc-42, and sar-1). (B) Quantification of fluorescence induction of pckb-2::gfp subjected or not to crp-1 RNAI and exposed or

not to 5 pg/ml TM.

tential functional networks in which proteins found in the
CRP-1 GST pull-down could be enriched, no significant other
group could be generated (data not shown). This specific func-
tional enrichment further supported the idea that CRP-1 might
interact with a protein complex implicated in DNA remodel-
ing/transcription.

Physical interactions regulating the complex including CRP-1,
CDC-48, and HIM-6. To further evaluate the relevance of a
protein complex including CRP-1, HIM-6, and CDC-48, we
evaluated the in vitro interactions between these three pro-
teins. To this end, we used the previously described GST-
CRP-1 as well as bacterial recombinant HIM-6 and CDC-48.1,
both N-terminally tagged by either six histidine residues or a
Strep tag and produced as described in Materials and Meth-
ods. We established the existence of six possible interactions to
be tested in vitro. We first tested the direct interactions be-
tween CRP-1 and HIM-6 and between CRP-1 and CDC-48.1.
As shown in Fig. 5A, CRP-1 did not directly bind to HIM-6

but, as expected from the results obtained in Fig. 4, directly
interacted with CDC-48.1 (similar results were obtained with
CDC-48.2 [data not shown]). We then evaluated the associa-
tion between HIM-6 and CDC-48.1. To this end, six-His-
tagged CDC-48.1 or HIM-6 was incubated in the presence of
Strep-tagged HIM-6 or CDC-48.1, respectively; the mixture
was then pulled-down using Ni-NTA-agarose beads and im-
munoblotted using anti-Strep tag antibodies. These experi-
ments revealed that HIM-6 directly associated with CDC-48.1
(Fig. 5B). This result was not that surprising, as P97, the mam-
malian ortholog of CDC-48, binds to the Werner syndrome
RecQ helicase, which is homologous to BLM, the mammalian
ortholog of HIM-6. In an attempt to test for the existence of a
ternary complex, we incubated GST-CRP-1 with Strep-tagged
HIM-6 and increasing concentrations of His,—CDC-48.1 (Fig.
5C). The mixture was then subjected to a pull-down using
glutathione-Sepharose beads and immunoblotted using anti-
Strep tag antibodies. The analysis revealed the existence of a
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FIG. 4. CRP-1 interacts with a protein complex which includes CDC-48.1 and ATM-1. (A) SDS-PAGE of the GST-CRP-1 pull-down
performed on precleared worm lysate, followed by mass spectrometry analysis (right). Peptides identified were annotated using the WormBase
(http://www.wormbase.org/) sequence name as well as the Caenorhabditis Genetic Center (http://www.cbs.umn.edu/CGC/) three-letter name. (B,
left) GST pull-down using GST-CRP-1 or GST-CDC-42 and mouse Hiss-p97/VCP/CDC-48 recombinant proteins expressed in bacteria and
resolved on SDS-PAGE gel stained with Coomassie blue R250. (Right) His,-p97/VCP/CDC-48 pull-down was performed on wild-type (WT) (N2)
or crp-17'~ total worm extract followed by immunoblot analysis using anti («)-CRP-1 antibodies (HyperOmics Farma, Inc.) or anti-p97 antibodies.
(C) Transcriptional regulation of pckb-2::gfp reporter by cdc-48. pckb-2::gfp transgenic worms were subjected or not to cdc-48.1 RNAI as described
in Materials and Methods. Following exposure to TM, pckb-2:gfp activation was visualized and quantified using fluorescence microscopy.
(D) STRING network representation of the known and predicted interactions between proteins identified by mass spectrometry (white), VCP
(p97/VCP/CDC-48) first-interacting proteins (gray), and ATM-1 first-interacting proteins (black). The edges are representative of the various
interaction types available through STRING. Circles and squares are indicative of human and C. elegans genes, respectively (see also Table S3 in
the supplemental material).

ternary complex comprising CRP-1, HIM-6, and CDC-48, with stress-adaptive capacity. Consequently, we tested the suscepti-
the last bridging the two others (Fig. 5C). This allowed us to bility of wild-type and knockout strains subjected to treatments
build an interaction model where CRP-1 is in complex with with increasing TM concentrations. Under basal conditions,
HIM-6 through interaction with CDC-48. In this model, wild-type worms (N2) as well as crp-1 (0k685), cdc-48.1
ATM-1 could play a regulatory role by phosphorylating both (tm544), and atm-1 (gkI186) knockout strains developed nor-
CDC-48 and HIM-6 since the mammalian orthologs of these mally and the growth rate of wild-type (N2) worms was not

proteins are established ATM substrates (26). affected until the concentration of TM reached 5 wg/ml (Fig.

C. elegans resistance to ER stress is controlled though ge- 6A and B). At this concentration, less than 20% of the N2
netic interactions between crp-1, cdc-48.1, and atm-1. To eval- worms failed to develop to adults. In contrast, crp-1~'", atm-
uate the functional relevance of such a complex, we hypothe- 17/7, and to a lesser extent cdc-48.17/~ knockout strains were

sized that CRP-1, CDC-48.1, and ATM-1 could constitute a more sensitive to TM than N2 worms (Fig. 6A and B). At 2
functional protein complex involved in an ER stress-mediated pg/ml of TM, more than 60% of all the crp-1~/~ mutants and
transcriptional regulatory pathway. We then postulated that 30% of the atm-1~'~ mutants were arrested at the L1 larval
mutations in these proteins would cause defects in their ER stages compared to less than 1% of wild-type worms. Cdc-
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FIG. 5. Physical interactions between CRP-1, HIM-6, and CDC-48. (A) Binary interactions between CRP-1 and either His,~HIM-6 or
Hiss—CDC-48. The purified proteins were pulled-down using Ni-NTA-agarose beads, and the presence of GST-CRP-1 was revealed by immu-
noblotting (Ib) using anti-GST antibodies. (B) Binary interactions between His,—CDC-48.1 and Strep-tagged HIM-6 or His,—HIM-6 and
Strep-tagged CDC-48.1 following purification of the complex by Ni-NTA-agarose beads and analysis by immunoblotting using anti-Strep tag
antibodies. (C) Ternary complex including CRP-1, HIM-6, and CDC-48.1. Increasing concentrations of His,—CDC-48.1 were added to an
equimolar mixture of GST-CRP-1 and Strep-tagged HIM-6. Following 1 h of incubation on ice, the complex was pulled-down using glutathione-
Sepharose beads and the presence of HIM-6 in the complex was evaluated by immunoblotting using anti-Strep tag antibodies.

48.17'~ mutants displayed a similar phenotype at a 5-p.g/ml
concentration of TM, where 70% of cdc-48.1 /~ mutants failed
to develop to adults compared to 20% of wild-type animals.
These results suggest that crp-1, cdc-48.1, and atm-1 are re-
quired for worm adaptation to stress conditions and for larva
development.

To further investigate this observation, we aimed at estab-
lishing functional interactions between these three genes.
Identification of genetic interactions is a useful way to inves-
tigate functional relationships between two genes. Conse-
quently, we subjected atm-1"'" and cdc-48.1"'~ knockout
strains to RNAI treatment targeting crp-1 and measured the
resistance of these double mutants to TM. Interestingly, in
both conditions, reduction of crp-1 expression suppressed the
hypersensitivity of cdc-48~/~ and atm-1"'~ mutants to TM
(Fig. 6C). Indeed, when sujected to 5 wg/ml crp-1 RNAI, a
cdc-48.17'~ mutant exhibited development rates similar to that
of N2 worms, with 80% of the animals developing normally. In
a similar manner, exposure to 2-pg/ml crp-1 silencing of an

atm-1~'~ mutant led to better resistance to TM and 90% of the
animals were able to develop to adult stages. An attenuating
phenotype was also observed when the atm-1"'" strain was
subjected to cdc-48.1 RNAI (Fig. 6D). These results show that
crp-1, atm-1, and cdc-48 interact genetically and may then have
antagonistic functions with respect to an ER stress signaling
event occurring upon TM treatment. In addition, these results
led us propose the existence of an alternative, ERAD-inde-
pendent p97/VCP/CDC-48 pathway. Indeed, this protein may
associate with a functional complex containing CRP-1 and
ATM-1 to regulate the transcriptional level of UPR-induced
genes (Fig. 6) in a manner similar to that occurring in the
IRE-1/XBP-1 axis (see Fig. S2 in the supplemental material).

Genetic interactions between CRP-1 and the UPR compo-
nents. In an attempt to further dissect the role of CRP-1 in the
ER stress response, we analyzed using RT-PCR the expression
of seven genes, hsp-4, srp-7, dnj-27, cht-1, ckb-2, F22E5.6, and
xbp-1, that were previously reported to be specifically regulated
by the UPR (42, 45). These genes were selected on the basis of
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FIG. 6. crp-17'~, atm-1""", and cdc-48.1 '~ mutants are hypersensitive to TM and interact genetically. (A) Pictures showing the average sizes
of wild-type (N2) and mutant worms when exposed to different concentrations of TM. (B) The percentage of progeny arrested in the L1 stage of
development was plotted against the different concentrations of TM for the wild-type worms (N2) and cdc-48.1"'~ (tm544), crp-1~'~ (0k685), and
atm-1"'~ (gk186) mutants. (C and D) The percentage of progeny arrested in L1 stages of development was plotted against the different
concentrations of TM for cdc-48.17/~ and atm-1~'~ mutants subjected of not to crp-1 RNAI (C) and for the atm-1~/~ mutant subjected of not to

cdc-48 RNAI (D).

two transcriptome analyses (42, 45). The expression of the
corresponding mRNAs was normalized using the expression
levels of ama-1, previously reported not to be a UPR target
(22). To evaluate the expression levels of the mRNAs, N2 or
crp-1~'~ worms were treated with TM, DTT (oxidative stress),
or sodium azide (hypoxia) as described in Materials and Meth-
ods. Interestingly, the absence of CRP-1 did not significantly
affect the expression levels of srp-7. More importantly, a dif-
ferential response was observed for the other genes, with at-
tenuated expression in crp-1~'~ worms of xbp-1 and ckb-2 and
increased expression of hsp-4 and F22E5.6 (Fig. 7 A and B).
The response also varied depending on the stress applied to
the worms, as observed in Fig. 2. In addition, we assessed the
effect on the splicing of xbp-I mRNA of the above-mentioned
stresses. mRNA splicing was slightly attenuated upon TM
treatment in ¢rp-1~/~ animals but remained unchanged upon
treatment with other stressors (Fig. 7C; P < 0.02).

As the above-selected genes were found to be downstream
of PEK-1/IRE1 (F22E5.6), ATF-6/IRE-1 (cht-1, xbp-1), or
IRE1 (srp-7, dnj-27, hsp-4, ckb-2) signaling, our next objective
was to evaluate the genetic interactions between crp-1 and the
three proximal ER stress sensors, PEK-1, ATF-6, and IRE-1.
To this end, pek-1~'~ and atf-6~/~ worms were subjected to
crp-1 RNAI and treated or not with increasing concentrations

of TM (2 or 5 ug/ml). To evaluate the genetic interaction
between crp-1 and ire-1, the opposite experiment was per-
formed: we used crp-1 '~ animals and subjected them to xbp-1
RNAI. This experiment was carried out since the ire-1-/~
strain showed a developmental defect in the early stage and
was very sensitive to TM. Interestingly, crp-1 silencing did not
significantly affect the sensitivity of pek-I1 '~ animals to TM
(Fig. 8A and B). In contrast, when crp- was silenced in atf-
6/~ animals, the worms turned out to be less sensitive to TM
treatment than nonsilenced animals, thus suggesting that
CRP-1 may function synergistically with ATF-6 to transduce
adaptive signals (Fig. 8C). Interestingly, this phenomenon cor-
relates with the observed up-regulation of total xbp-I mRNA
in crp-1~'~ animals upon TM treatment, as xbp-I was previ-
ously described as a transcriptional target of ATF-6.

DISCUSSION

ER stress is a physiological response that occurs in normal
processes such as plasma cell differentiation (31), insulin se-
cretion by pancreatic beta cells (14), and cytokinesis (3). In
addition, it can be activated in the course of environmental
perturbation and diseases (14, 29, 31). Although the molecular
entities and mechanisms involved in the activation and trans-
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FIG. 7. CRP-1-dependent regulation of the UPR transcriptional response. (A) Evaluation of the expression of the UPR target genes hsp-4,
srp-7, dnj-7, cht-1, ckb-2, and F22ES5.6 by RT-PCR analysis on mRNA isolated from worms treated or not with 5 wg/ml TM or 2 mM DTT for 5 h
or 10 mM sodium azide for 90 min. PCR products are visualized following resolution by agarose gel electrophoresis, staining with ethidium
bromide, and UV transillumination. Ctrl, control. (B) Quantification of the gels presented in panel A. Values relative to the expression of a control
mRNA (ama-1) are reported and were obtained following normalization. The graphs represent the averages of three independent experiments =+
standard deviations (SD). (C) Assessment of xbp-I mRNA splicing using RT-PCR on mRNA collected as described above. PCR products are
visualized followed resolution by agarose gel electrophoresis, staining with ethidium bromide, and UV transillumination (bottom). The graph
shows the quantification of spliced xbp-1 mRNA (sXBP-1)/spliced plus unspliced xbp-I mRNA (total XBP-1) as deduced from three independent
experiments + SD.

mission of ER stress signals have been really well characterized
in the past 10 years (30, 38, 41), the existence of regulatory

pathways remains to be investigated.

In an attempt to identify novel regulators of the UPR, we

characterized eight GFP reporters to allow rapid and efficient
detection of ER stress in living C. elegans. Only two reporters,
PpF48E3.3::gfp and pbre-1::gfp, were not responsive to TM. Be-
sides a per se nonresponsiveness to ER stress, the lack of
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FIG. 8. Genetic interaction map linking crp- and the UPR proximal sensors. (A to C) The percentage of progeny arrested in the L1 stage of
development was plotted against different concentrations of TM (2 or 5 pg/ml) for N2 (A), pek-1~'~ (B), and atf-6~'~ (C) animals subjected or
not to crp-1 RNAI. (D) The percentage of progeny arrested in the L1 stage of development was plotted against different concentrations of TM
(2 or 5 pg/ml) for crp-1~/~ animals subjected to xbp-1 RNAI. (E) Schematic representation of CDC-48-dependent pathways proposed to explain
the implication of CRP-1, HIM-6, and ATM-1 in the regulation of ER homeostasis during stress condition through DNA remodeling/transcrip-

tional processes.

induction of these two reporters could be attributed to (i) gene
expression exclusively in tissues or cells that are less exposed to
TM, (ii) fluorescence levels too low to be detected using the
Copas Biosort, or finally (iii) the region cloned to construct the
GFP reporter not including all the regulatory elements re-
quired for promoter activation. We selected three specific re-
porters that were highly induced upon ER stress and displayed
major intestinal expression. Interestingly, the activation of the
different reporter construct-selected promoters was dependent
on the ER stress inducer (TM, AZC, DTT, or TG) used for
our experiment, supporting the conservation in C. elegans of a
UPR machinery known to be extremely complex and multimo-

dular in mammals (42). To provide functional insights into
regulatory mechanisms taking place during UPR activation, we
used a reverse genetic approach combining gene silencing and
analysis of in vivo GFP reporters upon basal and ER stress
conditions. At first, we evaluated the role of 13 GTPases either
localized in the ER or along the secretory pathway or impli-
cated in ER-related function to increase the chances of affect-
ing ER stress signaling. The silencing of most of the GTPases
did not show any effect on the reporter. Even if the entire
reading frames were used to perform the RNAI, we could not
exclude the possibility that these negative observations may
result from RNAI inefficiency in degrading target mRNAs.
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Indeed, many factors can dramatically reduce the effectiveness
of an RNAI experiment. First, dSRNA introduced into the
worms might not be abundant enough to completely degrade
the target mRNA. This is particularly true for mRNAs that are
highly expressed or which have a low turnover (long half-life).
The tissue localization of the GTPase mRNA is also an im-
portant factor to consider. Since the GFP reporter used in
our experiments was mainly expressed in the worm intestine,
GTPases expressed in other tissues might have a lower impact
on the activation of this promoter.

Our experimental approach allowed us to identify three
GTPases, namely, SAR-1, CDC-42, and CRP-1, as important
regulators of ER stress signaling under either basal or stress
conditions. Indeed silencing of SAR-1, which belongs to the
COPII complex, led to the activation of ER stress under basal
conditions. This observation could be explained by the re-
quired presence of SAR-1 for protein progression from the
ER; the resulting protein accumulation may be sufficient to
saturate ER folding capacity and lead to ER stress.

On the other hand, silencing of CDC-42 and CRP-1 pre-
vented TM-induced pckb-2::gfp activation. These proteins are
two homologous member of the Rho subfamily of GTPases.
We then sought to investigate the molecular mechanisms re-
sponsible for this observation. To this end, CRP-1-interacting
partners were characterized by CRP-1-GST pull-down fol-
lowed by mass spectrometry analysis. Integration of these data
to a STRING-based (46, 47) functional network representa-
tion of CRP-1 partners showed that most of the hits identified
were involved in transcriptional and DNA-monitoring/repair
processes. We showed that the transcription-regulatory role of
CRP-1 also required a direct interaction with the AAA™
ATPase CDC-48.1. It is noteworthy that both genetic and
physical interactions between GTPases of the RAS superfamily
and AAA ATPases have been reported in the literature to be
relevant to specific physiological and pathological mechanisms
(12, 44).

CDC-48 is a mostly cytosolic chaperone involved in several
cellular pathways, such as organelle maintenance through ho-
motypic membrane fusion of the ER, Golgi apparatus, and
nuclear envelope, and degradation of misfolded proteins via
ERAD (13). This protein is homologous to the mammalian
P97/VCP/CDC-48, which is also found in the nucleus and di-
rectly binds to the RecQ domain of Werner syndrome helicase
(WRN) (18, 32). Interestingly, when we characterized CRP-1-
interacting proteins, we found the C. elegans Bloom syndrome
helicase homolog HIM-6, which shows a RecQ domain con-
served with that of WRN. Moreover, in the complex, we also
detected the ATM-1 kinase, which is known to phosphorylate
BLM and VCP in mammalian systems (26). We confirmed that
CRP-1 can directly interact with CDC-48 in vitro but not with
HIM-6. The CRP-1/HIM-6 complex was made possible by the
presence of CDC-48, which bridges those proteins (Fig. 5). The
role of ATM-1 in this complex remains to be further investi-
gated. However, as BLM (the HIM-6 mammalian ortholog)
and P97/VCP (the CDC-48 mammalian ortholog) are both
ATM substrates, this kinase may represent a key regulatory
component of the DNA remodeling/transcriptional functions
of the complex. As a consequence, we believe that CDC-48
might act as a scaffold to create a new functional complex
between HIM-6, CRP-1, and possibly ATM-1, which could in
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turn activate/inactivate specific transcriptional programs, as
evidenced in Fig. 7A and B.

In addition, we propose a novel role for P97/VCP/CDC-48
in the regulation of ER stress. Indeed, this protein could func-
tion in parallel (and perhaps independently) to ERAD because
(i) none of the CRP-1-interacting partners found in the P97/
VCP/CDC-48 functional subnetwork were implicated in
ERAD and membrane fusion (Fig. 5D), (ii) these two events
are known to occur in different subcellular compartments, with
ERAD occurring mainly in the cytosol, whereas the mecha-
nisms identified here are believed to take place in the nucleus,
and finally (iii) silencing of P97/VCP/CDC-48-interacting part-
ners involved in ERAD (NPL-4 and UFD-1) leads to lethal
phenotypes, which is not the case for HIM-6 and ATM-1 (Fig.
6). The last observation may rely on the fact that either the
CDC-48-dependent transcriptional program activated in re-
sponse to ER stress is dispensable or redundant mechanisms
can compensate for the absence of HIM-6 (e.g., WRN-1) or
ATM-1 (e.g., ATL-1).

In addition to this evidence, we have demonstrated that
crp-1 genetically interacted with atf-6, as the absence of CRP-1
decreased the sensitivity of ATF-6-deficient but not PEK-1-
deficient worms to TM (Fig. 8). This suggested that, similar
what that occurs in the IRE-1/XBP-1 axis (see Fig. S2 in the
supplemental material), the CRP-1/CDC-48/HIM-6 complex is
implicated in the regulation of subsets of genes required for
ER stress adaptation. This phenomenon could potentially be
explained by the substantial redistribution of CRP-1 from
punctate structures to more-diffuse areas, which is observed
upon TM treatment (see Fig. S3 in the supplemental material).
Although the subcellular localization of the complex and its
dynamics remain to be fully investigated, our data suggest that
TM treatment may alter the localization of CRP-1 and
CDC-48 to promote their nuclear localization (see Fig. S3 in
the supplemental material) (32) by a yet-undetermined mech-
anism. In this compartment, a ternary complex between
CRP-1, CDC-48, and HIM-6 may form to promote DNA re-
modeling/gene transcription control. This complex may then
be regulated by the activation of the ATM-1 pathway (stabi-
lized or destabilized), as suggested by the observation, made by
Partridge and colleagues, that in mammalian cells DNA dam-
age, an ATM activator, promotes the dissociation of the RecQ
helicase WRN from the CDC-48 ortholog P97/VCP (32).

Our results unravel the existence of a novel pathway depen-
dent on the GTP binding protein CRP-1 and the AAA+
ATPase CDC-48 which controls a specific UPR-mediated tran-
scriptional response to promote cell adaptation to ER stress.
This pathway may be dependent on DNA remodeling mecha-
nisms, as indicated by the complex formed by CRP-1, CDC-48,
and the RecQ DNA helicase HIM-6, and may be activated
independently of ERAD (Fig. 8E).
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Abstract

Background: HIV-1 Vpu targets newly synthesized CD4 receptor for rapid degradation by a
process reminiscent of endoplasmic reticulum (ER)-associated protein degradation (ERAD). Vpu is
thought to act as an adaptor protein, connecting CD4 to the ubiquitin (Ub)-proteasome
degradative system through an interaction with B-TrCP, a component of the SCFF-T"CPE3 Ub ligase
complex.

Results: Here, we provide direct evidence indicating that Vpu promotes trans-ubiquitination of
CD4 through recruitment of SCFB-TrCP in human cells. To examine whether Ub conjugation occurs
on the cytosolic tail of CD4, we substituted all four Ub acceptor lysine residues for arginines.
Replacement of cytosolic lysine residues reduced but did not prevent Vpu-mediated CD4
degradation and ubiquitination, suggesting that Vpu-mediated CD4 degradation is not entirely
dependent on the ubiquitination of cytosolic lysines and as such might also involve ubiquitination
of other sites. Cell fractionation studies revealed that Vpu enhanced the levels of ubiquitinated
forms of CD4 detected in association with not only the ER membrane but also the cytosol.
Interestingly, significant amounts of membrane-associated ubiquitinated CD4 appeared to be fully
dislocated since they could be recovered following sodium carbonate salt treatment. Finally,
expression of a transdominant negative mutant of the AAA ATPase Cdc48/p97 involved in the
extraction of ERAD substrates from the ER membrane inhibited Vpu-mediated CD4 degradation.

Conclusion: Taken together, these results are consistent with a model whereby HIV-1 Vpu
targets CD4 for degradation by an ERAD-like process involving most likely poly-ubiquitination of
the CD4 cytosolic tail by SCFP-T'CP prior to dislocation of receptor molecules across the ER
membrane by a process that depends on the AAA ATPase Cdc48/p97.
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Background

CD4 is a 55-kDa class I integral membrane glycoprotein
that serves as the primary co-receptor for human immun-
odeficiency virus type 1 (HIV-1) entry into cells [1]. CD4
consists of a large lumenal domain, a transmembrane
portion, and a 38-residues cytoplasmic tail. It is expressed
primarily on the surface of a subset of T lymphocytes that
recognizes major histocompatibility complex (MHC)
class II-associated peptides and plays a major role in the
development and maintenance of the immune system.

Despite the critical role played by CD4 during HIV-1
entry, it is well established that HIV-1 down-regulates cell
surface expression of its cognate receptor (reviewed in ref-
erence [2]). It is believed that this process prevents super-
infection and promotes production of fully infectious
virions [3,4]. Down-regulation of CD4 in HIV-1-infected
cells is mediated through different independent mecha-
nisms involving the activity of three viral proteins: Nef,
Env and Vpu. Early in infection, Nef removes CD4 mole-
cules that are already present at the cell surface by enhanc-
ing their endocytosis and subsequent degradation in
lysosomes [5]. At later stages of the infection, the envelope
precursor gp160, through its high receptor binding affin-
ity and inefficient vesicular transport [6], sequesters newly
synthesized CD4 in the endoplasmic reticulum (ER) in
the form of Env-CD4 complexes and prevents its transport
and maturation to the cell surface [7]. The accessory pro-
tein Vpu induces a rapid degradation of newly synthesized
CD4 molecules bound to gp160 in the ER [8].

Vpu is an 81-amino acids class I integral membrane pro-
tein of 16 kDa that is unique to HIV-1 and simian immu-
nodeficiency virus isolated from chimpanzee (SIVcpz)
and a few other monkey species ([9-11] and reviewed in
reference [12]). The protein consists of an N-terminal
hydrophobic membrane anchor domain of 27 amino
acids and a charged C-terminal hydrophilic domain of 54
residues that extends into the cytoplasm [13]. This
cytosolic domain contains a highly conserved dodecapep-
tide sequence encompassing residues 47-58 which com-
prises a pair of serine residues (S52 and S56) that are
phosphorylated by casein kinase II [14,15]. Besides its
ability to mediate the rapid degradation of CD4 mole-
cules complexed with Env gp160 in the ER, Vpu was also
found to promote efficient release of progeny HIV-1
viruses in different human cell types, including T cells and
macrophages, by a mechanism that appears to involve the
inactivation of a putative host cell factor that restricts viral
particle release in a cell-type dependent manner [10,16-
19].

From a mechanistic point of view, HIV-1 Env is not abso-
lutely required for Vpu-mediated CD4 degradation. The
role of Env appears to be limited to its ability to retain
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CD4 in the ER, given that efficient CD4 degradation can
be observed in the absence of Env as long as CD4 is
retained in the ER through the presence of an ER retention
sequence or treatment of cells with Brefeldin A (BFA), a
fungal metabolite known to block protein sorting from
the ER to the Golgi apparatus [20]. The degradation of
CD4 mediated by Vpu involves multiple steps that are ini-
tiated by the direct physical binding of Vpu to the cyto-
plasmic tail of CD4 in the ER [21]. Although the binding
of Vpu to CD4 is necessary to induce CD4 degradation, it
is not sufficient. Indeed, studies aimed at identifying Vpu
partners by two-hybrid screens led to the identification of
a host cellular co-factor, B-TrCP, which plays a critical role
in Vpu-mediated CD4 degradation by interacting with
Vpu in a phosphorylation-dependent manner [22]. The
human F-box protein B-TrCP functions as a substrate rec-
ognition receptor for the multi-subunit ubiquitin ligase
(E3) SCFA-TiCP involved in the ubiquitin (Ub) conjugating
pathway (reviewed in reference [23]). The interaction
between Vpu and B-TrCP is essential for Vpu-mediated
CD4 degradation since substitution mutations of Vpu
phospho-acceptor sites, S52 and S56, prevent association
with B-TrCP and abolish the effect of Vpu on CD4 turno-
ver [22]. These findings have established a link between
the machinery responsible for the ubiquitination of pro-
teins destined for degradation by the proteasome and the
enhanced CD4 turnover in presence of Vpu. Indeed, fur-
ther lines of evidence for an involvement of the Ub-pro-
teasome system in Vpu-mediated CD4 degradation were
also reported: 1) Vpu-mediated CD4 degradation is not
observed in a mammalian cell line expressing a tempera-
ture-sensitive Ub activating enzyme (E1), a key compo-
nent of the machinery involved in the covalent
attachment of Ub to target proteins [24]; 2) over-expres-
sion of a mutant Ub (Ub K48/R), which prevents the for-
mation of poly-Ub chains, impairs Vpu-mediated CD4
degradation [24]; 3) Vpu-mediated CD4 degradation is
inhibited by specific proteasome inhibitors [24].

Vpu-induced CD4 degradation is reminiscent of ER-asso-
ciated protein degradation (ERAD), a quality control
process in the ER that ensures that only proteins with a
native folded conformation leave the organelle for other
destinations across the secretory pathway [25]. Misfolded
proteins that cannot reach their native state are transferred
from the ER to the cytosol by a multi-step process called
retro-translocation or dislocation which is thought to
involve pore complexes formed by proteins such as Der-
lin-1 [26,27] or by multi-spanning transmembrane E3
ligases such as Hrd1 [28]. ERAD substrates exposed to the
cytosol are acted upon by ER-associated components of
the Ub conjugation machinery, extracted from the ER
membrane by the AAA ATPase Cdc48/p97 and its associ-
ated cofactors Ufd1p and Np14p and degraded by the 26
S proteasome (reviewed in reference [25]). This cellular
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pathway has been co-opted by some viruses to selectively
destroy cellular proteins required for immune defense of
the host. For example, two human cytomegalovirus
(HCMV) proteins, US2 and US11, are able to target newly
synthesized class | MHC (MHC-I) heavy chains (HC) for
dislocation from the ER, leading to complete extraction of
MHC-I HC from the ER membrane into the cytosol fol-
lowed by proteasomal destruction [29,30]. Most ERAD
substrates are poly-ubiquitinated while undergoing dislo-
cation although the details of recognition, timing and
post-translational modification of dislocation substrates
can vary depending on the substrates [31-33].

Although part of the molecular machinery that is recruited
by Vpu to target CD4 for degradation is reasonably well
defined, several aspects of Vpu-mediated CD4 degrada-
tion still remain unclear. In particular, direct evidence of
CD4 ubiquitination in presence of Vpu in human cells has
not been demonstrated. Furthermore, it is unclear
whether ER-associated CD4 encounters the cytoplasmic
proteasome by a process involving dislocation of CD4
molecules across the ER membrane as described for ERAD
substrates. Finally, the role of CD4 ubiquitination in proc-
esses underlying Vpu-mediated CD4 degradation remains
to be specified. Meusser and Sommer have reconstituted
the process of Vpu-mediated CD4 degradation in Saccha-
romyces cerevisiae by expressing human CD4 together with
Vpu and human B-TrCP and have provided evidence sug-
gesting that Vpu-mediated proteolysis strictly relies on
ubiquitination of CD4 at cytosolic lysine residues prior to
export of receptor molecules from the ER membrane [34].

In this study, we have analyzed the process of Vpu-medi-
ated CD4 degradation in human cells. The data presented
here provide evidence suggesting that Vpu promotes ubiq-
uitination of CD4 cytosolic tail by SCFFTrCP and mediates
dislocation of the viral receptor across the ER membrane
in human cells by a process that might depend on the AAA
ATPase Cdc48/p97. Interestingly, in contrast to previous
results, Vpu-mediated CD4 degradation and ubiquitina-
tion were not found to be entirely dependent on cytosolic
lysine residues, raising the possibility that ubiquitination
at sites other than lysines might also be involved.

Results

Poly-ubiquitination of CD4 is required for Vpu-mediated
CD4 degradation

In order to study processes involved in Vpu-mediated
CD4 degradation, we established a transient expression
system whereby CD4 and Vpu are expressed in trans in
SV40-transformed human embryonic kidney fibroblasts
(HEK 293T) cells. CD4- and Vpu-expressing cells were
treated with BFA in order to retain CD4 in the ER before
and during metabolic labeling. Pulse-chase radio-labeling
analysis followed by immunoprecipitation with anti-CD4
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antibodies was performed to ensure that CD4 was specif-
ically degraded by Vpu in this system. Fig. 1 reveals that
CD4 turnover was significantly accelerated in presence of
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Figure |

Poly-ubiquitination of CD4 is required for Vpu-medi-
ated CD4 degradation. A. HEK 293T cells were mock-
transfected or co-transfected with 1.5 ng of SVCMV CD4 wt
and 8 pg of SVCMYV Vpu* (Vpu*) or the phosphorylation-
defective Vpu mutant SVCMV Vpu §52,56/N (Vpu S52,56/N).
In parallel, CD4/Vpu transfectants were co-transfected with
8 g of plasmids encoding his(6)/c-myc-Ub wt (myc-Ub wt)
or the TDN mutant of ubiquitin his(6)/c-myc-Ub K48/R
(myc-Ub K48/R). Transfected cells were treated with BFA,
pulse-labeled with [35S]methionine and [33S]cysteine and
chased with complete media for the indicated time intervals.
Cells were then lysed and immunoprecipitated sequentially
with anti-CD4 monoclonal and polyclonal antibodies first and
then with anti-Vpu and anti-myc antibodies. B. Using quanti-
tative scanning of CD4 bands from three independent exper-
iments, the percentage of CD4 remaining over time as
compared to time 0 is plotted for each transfection. C. HEK
293T cells were mock-transfected or co-transfected as
described in A. Cell transfectants were treated for two hours
with BFA prior to lysis. Steady state levels of CD4, actin and
tagged ubiquitin were analysed by western-blot. D. Quantita-
tive analysis from three independent experiments showing
the level of CD4 relative to CD4 expressed with Vpu $52,56/
N (arbitrarily set at 100%) for each transfectant.
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Vpu. Furthermore, the effect of Vpu on CD4 was specific
since expression of a phospho-acceptor sites mutant, Vpu
S52,56/N, which is unable to interact with the E3 Ub
ligase complex SCFA-TCP [22] did not mediate CD4 degra-
dation (Fig. 1A, compare lanes 5-8 with lanes 9-12 and
Fig. 1B). Moreover, as previously reported [24,35], addi-
tion of specific proteasome inhibitor, such as MG-132, to
HEK 293T cells expressing CD4 and Vpu inhibited Vpu-
mediated CD4 degradation (data not shown).

We also tested whether poly-ubiquitination of CD4 was
required for Vpu-mediated CD4 degradation in HEK 293T
cells. For this purpose, we co-expressed CD4 and Vpu with
a N-terminal his(6)/c-myc tagged form of wild-type (wt)
Ub or a N-terminal his(6)/c-myc tagged form of a
transdominant negative (TDN) mutant of Ub, Ub K48/R,
that is unable to form poly-Ub chains required for protea-
somal degradation [36]. This Ub mutant acts as a chain
terminator in the process of poly-ubiquitination since the
Ub-acceptor lysine residue at position 48 is mutated for
an arginine. In agreement with previous reported data
[24], results of Fig. 1A (compare lanes 9-12 with lanes
17-20) and B reveal that expression of tagged-Ub K48/R
markedly reduced the rate of Vpu-mediated CD4 degrada-
tion, thus suggesting that poly-ubiquitination of CD4 via
K48 linkage of Ub moieties was required for Vpu-medi-
ated CD4 degradation. Although expression of wt tagged-
Ub had some attenuating effect on Vpu-mediated CD4
degradation (compare lanes 13-16 with lanes 9-12 and
Fig. 1B), it was clearly less pronounced than with the TDN
tagged-Ub K48/R mutant. In that regard, wt tagged Ub has
been previously reported to decrease the rate of degrada-
tion of some substrate by the Ub-proteasome system
given that fusion of the his-myc tag at the N-terminal of
Ub renders poly-Ub-protein conjugates less recognizable
by the proteasome [37]. All of these results were also con-
firmed by analyzing steady-state levels of CD4 by western-
blot in Vpu-expressing HEK 293T cells (Fig. 1C and 1D).
Overall, these results provide evidence that this expression
system in HEK 293T cells supports an efficient degrada-
tion of CD4 that is Vpu-specific, depends on the recruit-
ment of B-TrCP, necessitates an active proteasome and
requires poly-ubiquitination of CD4.

Vpu induces ubiquitination of CD4 molecules

Having established that over-expression of Ub K48/R
inhibited Vpu-mediated CD4 degradation in HEK 293T
cells, we investigated whether we could isolate and
directly detect ubiquitinated forms of CD4 that are
expected to accumulate under these conditions. Towards
this goal, we first analyzed CD4 expression at steady state
in Vpu/CD4 HEK 293T transfectants in presence or
absence of tagged-Ub K48/R (Fig. 2A). In these experi-
ments, transfected cells were treated with BFA during 2 h
prior to lysis to retain newly synthesized CD4 in the ER.
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Effect of Vpu on CD4 ubiquitination. A. Vpu-mediated
ubiquitination of CD4 wt when CD4 is retained in the ER
through treatment with BFA. HEK 293T cells were mock-
transfected or co-transfected with | ng of SVCMV CD4 wt,
8 ug of SVCMV Vpu* or the phosphorylation-defective Vpu
mutant SVCMYV Vpu S52,56/N and 8 g of the TDN mutant
his(6)/c-myc-Ub K48/R. Samples were then treated as
described in the materials and methods section. CD4 mole-
cules were immunoprecipitated with anti-CD4 polyclonal
antibodies prior to western-blot analysis with anti-myc mon-
oclonal antibodies. (triangle) indicates the position of the
heavy chains of anti-CD4 antibodies. B. Quantitative analysis
of ubiquitinated CD4 conjugates. (asterisk) represents the
area of the autoradiogram that was used for quantitation of
CD4-Ub conjugates. The histogram shows the relative levels
of ubiquitinated CD4 conjugates in presence or absence of a
functional Vpu. Relative CD4-Ub conjugate levels were eval-
uated by quantitation of the signal detected in the area delin-
eated on the autoradiogram relative to total CD4 as
determined by quantitation of the band detected with the
anti-CD4 antibodies on whole cell lysate. The relative level of
ubiquitinated CD4 detected in absence of Vpu was arbitrarily
set at |. The data represent results from seven experiments.
C. Vpu-mediated ubiquitination of CD4 wt in condition
where CD4 is retained in the ER through binding with HIV-|
Env. HEK 293T cells were mock-transfected or co-trans-
fected with | pg of pHIV CD4 wt, 10 ng of provirus encoding
Vpu- (HxBH 10-vpu-) or Vpu* (HxBH I0-vpu*) and 20 ng of
his(6)/c-myc-Ub K48/R. Samples were then treated as in A
but in absence of BFA. D. Quantitative analysis showing the
relative levels of ubiquitinated CD4 detected in two inde-
pendent experiments. Relative levels of ubiquitinated CD4
conjugates were determined as described in B.

Page 4 of 15

(page number not for citation purposes)



Retrovirology 2007, 4:75

Fig. 2A reveals that CD4 levels at steady-state were signifi-
cantly reduced in presence of Vpu (compare lanes 2 and
4). As expected, expression of tagged-Ub K48/R sup-
pressed the effect of Vpu on CD4 and re-established the
amounts of CD4 to levels comparable to those detected in
absence of Vpu (compare lanes 5 and 2). To detect CD4-
Ub conjugates, cell lysates were first immunoprecipitated
with anti-CD4 polyclonal antibodies and the resulting
CD4-containing immunocomplexes were subsequently
analyzed for the presence of CD4-Ub conjugates by west-
ern-blot using anti-myc antibodies. Ubiquitinated forms
of CD4 were detected as a typical smear in presence of Vpu
(lane 5). Although background high molecular weight
ubiquitinated forms of CD4 could still be detected in
absence of Vpu (lane 3) or in presence of the non-func-
tional Vpu §52,56/N mutant (lane 7), their levels were not
as elevated as in presence of wt Vpu (lane 5). Indeed,
quantitative analysis revealed that levels of CD4-Ub con-
jugates were approximately 6-fold higher in presence than
in absence of a functional Vpu (Fig. 2B). The detection of
a smear of high molecular weight proteins in presence of
Vpu is suggestive of poly-ubiquitination of CD4. Poly-
ubiquitination is still possible even if Ub K48/R is over-
expressed because cells are expressing endogenous wt Ub
that can initiate poly-Ub chains before a molecule of Ub
K48/R can prematurely terminate the chain.

Finally, we examined whether we could extend this
enhancing effect of Vpu on CD4 ubiquitination to a more
physiological system where CD4 is retained in the ER
through the formation of complexes with Env glycopro-
teins instead of BFA treatment. In this system, initially
described by Willey and co-workers [20], Vpu and Env
glycoproteins are co-expressed from a proviral construct
while CD4, that is under HIV-1 long terminal repeat con-
trol (pHIV CD4) [24], is expressed only in cells expressing
Vpu and Env. Results of Fig. 2C and 2D show that even in
a system where CD4 is naturally retained in the ER
through binding to HIV-1 Env, Vpu expression increases
substantially (approximately 8-fold) the level of CD4
molecules undergoing ubiquitination (compare the levels
of CD4-Ub conjugates in lanes 4 and 2 (upper panel) rel-
ative to their respective CD4 steady state levels (lower
panel) and Fig. 2D).

Overall these results indicate that Vpu promotes poly-
ubiquitination of CD4 molecules that are targeted for deg-
radation by the proteasome through the recruitment of
the SCFF-TrCP E3 Ub ligase.

Vpu-mediated CD4 degradation and ubiquitination are
not strictly dependent on CD4 cytosolic lysines

CD4 contains four potential Ub acceptor lysine residues
in its cytoplasmic domain. To determine whether ubiqui-
tination of the cytosolic tail was required for Vpu-medi-
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ated CD4 degradation, we analyzed a CD4 mutant, CD4
KRcyto, in which all four cytoplasmic lysine residues were
replaced by arginines. The stability of CD4 wt and CD4
KRcyto was first assessed in cells expressing a provirus
encoding either wt Vpu (HxBH10-vpu+) or Vpu S52,56/D
(HxBH10-vpu S52,56/D) as described above in Fig. 2C.
Results of Fig. 3A clearly show that both CD4 wt and CD4
KRcyto were unstable in Vpu expressing cells as observed
by the decreased recovery of CD4 molecules over the
chase period (lanes 9-12 and lanes 13-16). Quantifica-
tion of CD4 turnover over several experiments indicated
an attenuation of the degradation kinetic of CD4 KRcyto
as compared to CD4 wt but the protein was clearly suscep-
tible to Vpu-induced degradation (Fig. 3B). In contrast,
both CD4 wt and CD4 KRcyto remained stable over the
entire 7 h chase period in cells expressing the phosphor-
ylation mutant Vpu $52,56/D (Fig. 3A, lanes 1-4 and
lanes 5-8 and Fig. 3B).

Given that previous studies had shown that Vpu-mediated
CD4 degradation strictly relied on cytosolic lysine resi-
dues in mammalian cells and yeast [24,34], we analyzed
the steady-state levels of CD4 wt or CD4 KRcyto in HEK
293T expressing Vpu+ or Vpu provirus by western-blot.
Similar to what we found in pulse-chase experiments, we
repeatedly observed a difference in sensitivity to Vpu-
mediated degradation between CD4 wt and CD4 KRcyto
(Fig. 3C, compare lanes 14 and 16 with lanes 10 and 12
and Fig. 3D, right panel) but clearly, the absence of
cytosolic Ub acceptor lysine residues was not entirely pre-
venting the effect of Vpu on CD4 degradation. Similar
results were also obtained when steady-state levels of CD4
wt and CD4 KRcyto were analyzed in BFA-treated HEK
293T cells expressing Vpu* or Vpu- provirus lacking Env
(Fig. 3C, compare lanes 2 and 4 with lanes 6 and 8, and
Fig. 3D, left panel).

Given that Vpu was reported to interact with the cytoplas-
mic tail of CD4 in a region (EKKT, residues 416-419 of
CD4) that encompasses some of the lysine residues
mutated in the CD4 KRcyto mutant (K417, K418), we fur-
ther tested whether this difference in susceptibility to Vpu-
mediated CD4 degradation could be explained by a
diminished ability of CD4 KRcyto to associate with Vpu.
Binding experiments were performed as described in
materials and methods using the Vpu S52,56/N mutant,
which binds CD4 as efficiently as Vpu wt but is unable to
mediate CD4 degradation [21]. Results from these experi-
ments reveal that CD4 KRcyto associates with Vpu at least
as efficiently as CD4 wt, thus ruling-out that the decreased
sensitivity of CD4 KRcyto to Vpu-mediated degradation
results from reduced Vpu binding efficiency [Additional
file 1]. These results were also confirmed by immunopre-
cipitation of CD4 followed by western-blot using anti-
Vpu antibodies (data not shown).
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Figure 3

Effect of Vpu on CD4 molecules lacking lysine residues in the cytoplasmic tail. A. Analysis of CD4 wt and CD4
KRcyto turnover in presence or absence of functional Vpu by pulse-chase labeling and immunoprecipitation. HEK 293T cells
were mock-transfected or co-transfected with 2 g of pHIV CD4 wt or pHIV CD4 KRcyto and 20 ug of provirus encoding
Vpu* (HxBH 10-vpu*) or phosphorylation-defective Vpu mutant (HxBH 10-vpu S52,56/D). Cells were pulse-labeled with
[3>S]methionine and [35S]cysteine and chased in complete medium for the indicated time intervals. Cells were then lysed and
immunoprecipitated sequentially with anti-CD4 antibodies first (polyclonal and monoclonal) and then with anti-Vpu antibodies.
B. Using quantitative scanning of CD4 bands from two independent experiments, the percentage of CD4 remaining over time
as compared to time 0 is plotted for each transfection. C. Effect of Vpu on steady-state CD4 wt and CD4 KRcyto levels. HEK
293T cells were mock-transfected or co-transfected with | ng of pHIV CD4 wt or pHIV CD4 KRcyto and 10 pg of proviruses
encoding Vpu- or Vpu® in addition to 25 ug of the his(6)/c-myc-Ub K48/R expressor. In the left panel (Env-), a similar experi-
ment was performed except that HEK 293T cells were co-transfected with 10 pg of envelope-defective provirus (HxBc2-pr-,
vpu-, env- or HxBH10-pr-, vpu*, env’) and treated with BFA for 2 h prior to lysis. Cell lysates were then treated as described in
the materials and methods section. D. Quantitative analysis of steady-state CD4 levels. CD4 levels in presence of absence of
his(6)/c-myc-Ub K48/R were arbitrarily set at 100%. The levels of CD4 in presence of Vpu are shown relative to the corre-
sponding controls. These results are representative of the data obtained in three independent experiments for Env-and five
independent experiments for Env*.
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Given that CD4 KRcyto was still susceptible to Vpu-medi-
ated degradation, we next evaluated whether CD4 KRcyto
could undergo ubiquitination in presence of Vpu. To opti-
mize the recovery of CD4-Ub conjugates, Vpu/CD4 or
Vpu/CD4 KRcyto HEK 293T transfectants were made to
co-express the TDN Ub K48/R mutant. Analysis of CD4-
Ub and CD4 KRcyto-Ub conjugates levels in presence or
absence of Vpu was performed as described above for Fig.
2B. Fig. 4A reveals that even though CD4 KRcyto is less
susceptible to Vpu-mediated degradation as compared to
CD4 wt (compare lanes 1 and 3 with lanes 5 and 7, mid-
dle panel), it still undergoes enhanced ubiquitination in
presence of Vpu (compare lane 6 and lane 8). However, it
is important to note that the relative level of recovered
CD4 KRcyto-Ub conjugates was decreased as compared to
CD4-Ub conjugates. In fact, quantitative analysis of ubig-
uitinated CD4 conjugate levels reveals that Vpu enhanced
ubiquitination of CD4 KR by approximately 3-fold while
it increased ubiquitination of wt CD4 by 8-fold. Alto-
gether, these results suggest that lysine residues in the
cytosolic domain of CD4 are not absolutely essential for
ubiquitination and degradation of the viral receptor in
presence of Vpu. Even-though optimal Vpu-mediated
CD4 ubiquitination most probably involves cytosolic
lysine residues there must be other sites that are also tar-
geted during Vpu-induced ubiquitination.
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Figure 4

Effect of Vpu on CD4 KRcyto poly-ubiquitination. A.
HEK 293T cells were mock-transfected or co-transfected
with | ug of pHIV CD4 wt or pHIV CD4 KRcyto, 10 g of
provirus encoding Vpu- (HxBH10-vpu-) or Vpu* (HxBH10-
vpu*) and 25 ng of the TDN mutant of Ub his(6)/c-myc-Ub
K48/R. Transfected cells were not treated with BFA prior to
lysis. Samples were then treated as described in the materials
and methods. B. Quantitative analysis of the relative levels of
ubiquitinated CD4 conjugates for CD4 wt and CD4 KRcyto
in two independent experiments. (asterisk) represents the
area of the autoradiogram that was used for the quantitation
of CD4-Ub conjugates. Relative levels of ubiquitinated CD4
conjugates were determined as described in Fig. 2B.
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Vpu-mediated CD4 degradation involves the dislocation of
ubiquitinated CD4 conjugates across the ER membrane
To examine whether CD4 undergoes a process of disloca-
tion across the ER membrane during Vpu-mediated degra-
dation, we conducted subcellular fractionation studies. To
optimize recovery and detection of dislocated forms of
CD4 targeted for degradation by the cytosolic proteas-
ome, we performed these cell fractionation experiments
in conditions where CD4 degradation was inhibited by
over-expression of the TDN Ub K48/R mutant. BFA-
treated HEK 293T cells expressing CD4/Ub K48/R and
Vpu or CD4/Ub K48/R alone were fractionated by
mechanical lysis into membrane and cytosolic fractions
and each resulting fraction was directly analyzed for the
presence of CD4, Vpu and membrane or cytosolic mark-
ers, such as calnexin and actin respectively, by western-
blot as described in materials and methods. Furthermore,
the presence of poly-ubiquitinated forms of CD4 in mem-
brane or cytosolic fractions was determined by immuno-
precipitation/western-blot analysis. In contrast to Fig. 2
and 4 and because of technical reasons, ubiquitinated
CD4 molecules were detected in these experiments by per-
forming immunoprecipitation using anti-Myc antibodies
followed by western-blot using anti-CD4 antibodies. As
expected, Vpu and calnexin were detected exclusively in
association with membrane fractions (Fig. 5A, lane 5 for
Vpu and lanes 1, 3, 5 and 7 for calnexin) whereas actin
(lanes 2, 4, 6, 8) or Ub (lanes 4, 6, 8) were recovered in a
very large proportion in the cytosolic fractions, thus dem-
onstrating that the fractionation procedure was almost
free of membrane or cytosolic contaminations. CD4 mol-
ecules were found in the membrane fraction in presence
or absence of Vpu (lanes 3 and 5). We could repeatedly
recover and detect CD4-Ub conjugates, represented as a
smear signal, predominantly in the membrane fraction
but also in the cytosolic fraction in absence and in pres-
ence of Vpu (Fig. 5A); in some instances, depending on
the experiments, we also detected discrete high molecular
bands in addition to the smear signal [lane 5 of Addi-
tional file 2A and lane 6 of Additional file 2B]. Interest-
ingly, the absolute signal associated with membrane and
cytosolic fractions was always more intense in presence
than in absence of Vpu (Fig. 5A, compare lanes 3, 5 and 7
as well as lanes 4, 6 and 8, upper panel). The specific levels
of CD4-Ub conjugates associated with membrane and
cytosolic fractions in absence and in presence of Vpu were
calculated relative to the amount of CD4 detected directly
by western-blot. As shown in Fig. 5B, quantitative analysis
revealed that in presence of Vpu there was approximately
a six-fold increase in membrane-associated CD4-Ub con-
jugate levels relative to the negative control without Vpu
(Vpw); in the cytosolic fractions, the levels of CD4-Ub
conjugates detected in presence of Vpu were approxi-
mately two-fold higher relative to the Vpu- control (Fig.
5B).
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Figure 5

Vpu-mediated CD4 degradation involves dislocation of ubiquitinated CD4 conjugates from the ER membrane
to the cytosol. HEK 293T cells were mock-transfected or co-transfected with | pg of pHIV CD4 wt, |0ug of envelope-defec-
tive provirus (HxBc2-pr-, vpur, env- or HxBH10-pr-, vpu*, env’) and |5 pg of his(6)/c-myc-Ub K48/R expression plasmid where
indicated. Cells were treated with BFA for 2 h before mechanical lysis. CD4-Ub conjugates were immunoprecipitated with
anti-myc monoclonal antibodies prior to western-blot analysis with anti-CD4 polyclonal antibodies while control proteins in
each fraction were revealed by western-blot. Actin and calnexin were used as cytosolic and membrane controls, respectively.
A. Membrane (M) and cytosolic (C) fractions were separated and treated as described in the materials and methods section. B.
Quantitative analysis of the relative amounts of ubiquitinated CD4 molecules present in each fraction relative to the amounts
measured in absence of Vpu (arbitrarily set at I). (asterisk) represents the area of the autoradiogram that was used for the
quantitation of CD4-Ub conjugates. Non-specific background signal detected in lanes 7 and 8 was subtracted. Relative levels of
ubiquitinated CD4 conjugates were determined as described in the legend of Fig. 2B. Error bars reflect standard deviations
from duplicate independent experiments. C. Membrane (M) fractions were treated with Na,CO; (pH | I) as described in mate-
rials and methods. Treated membrane and supernatant (S) were subsequently recovered by centrifugation. Fractions were ana-
lyzed as described above in A. D. Quantitative analysis of the relative amounts of ubiquitinated CD4 molecules (as described in
the legend of Fig. 2B) present in each fraction relative to the amounts measured in absence of Vpu (arbitrarily set at |). (aster-
isk) represents the area that was used for the quantitation of CD4-Ub conjugates. Non-specific background signal detected in
lanes 7 and 8 was subtracted. Error bars reflect standard deviations from duplicate independent experiments.
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To determine whether membrane-associated CD4-Ub
conjugates represent CD4 molecules that are still embed-
ded in the membrane while undergoing dislocation or if
some of these conjugates are fully dislocated but stay teth-
ered to the cytosolic face of the membrane, we treated
membrane fractions with 100 mM sodium carbonate at
basic pH (pH 11) (Fig. 5C) and analyzed the treated mem-
brane and resulting supernatant for the presence of CD4-
Ub conjugates as described in Fig. 5A. Salt-wash at basic
pH (Na,COj;) but not at neutral pH (NaCl) was previ-
ously shown to remove peripheral proteins that are asso-
ciated with membranes [38]. In this experiment, Vpu (Fig.
5C, lane 5) and calnexin (lanes 1, 3, 5 and 7) were exclu-
sively recovered in the membrane fractions after Na,CO,
treatment, thus confirming that the integrity of micro-
somes was maintained during the procedure. Surpris-
ingly, we repeatedly detected small amounts of CD4 in the
salt-wash supernatant (lanes 4 and 6, WB anti-CD4 panel)
that perhaps represent population of CD4 molecules that
are dislocated prior to ubiquitination. Quantitative analy-
sis of the relative CD4-Ub conjugates signal associated
with membrane and supernatant fractions revealed that
approximately 50% of the membrane-associated signal
could be salt washed at basic pH (Fig. 5C, compare lane 3
to lane 4 and lane 5 to lane 6), thus indicating that part of
the membrane-associated CD4-Ub signal represents dislo-
cated ubiquitinated forms of CD4 that are associated with
the cytosolic face of the membrane. Importantly, in pres-
ence of Vpu we detected a 2-3-fold increase in the relative
levels of CD4-Ub conjugates associated with the treated
membrane fraction and salt-washed supernatant (Fig.
5D). As expected, control experiments where membranes
were washed with sodium chloride at neutral pH (pH 7)
did not lead to any recovery of CD4-Ub in the supernatant
[Additional file 2A]. Conversely, treatment of membranes
with RIPA-DOC lysis buffer solubilized CD4-Ub conju-
gates, which were detected almost completely in the
supernatant [Additional file 2B]. As expected, in both con-
ditions the absolute levels of detected CD4-Ub conjugates
was more elevated in presence than in absence of Vpu.
Overall, these results suggest that Vpu targets CD4 for
cytosolic proteasomal degradation by enhancing disloca-
tion of receptor molecules across the ER membrane.

Expression of a transdominant negative mutant of p97
inhibits Vpu-mediated CD4 degradation

To further confirm that Vpu-mediated CD4 degradation
involves a dislocation step, we examined the implication
of the Cdc48/p97 ATPase in this process. Mammalian p97
plays an important role in dislocation of ERAD substrates
presumably by binding poly-ubiquitinated substrates in
conjunction with its cofactors, including Ufd1 and Npl4
[39], and mediating a process of extraction that is energy-
dependent [40]. The p97 protein has two ATPase domains
and mutants affected in their ability to bind or hydrolyze
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ATP are no longer able to perform their function in retro-
translocation [41]. We took advantage of a well-described
p97 TDN ATP binding mutant (p97 AA) [41] and tested
its effect on Vpu-mediated CD4 degradation. HEK 293T
cells were co-transfected with expression plasmids encod-
ing CD4, Vpu and FLAG-tagged p97 wt or FLAG-tagged
p97 TDN mutant and the levels of CD4 were analyzed at
steady-state by western-blot. As shown in Fig. 6, expres-
sion of the p97 TDN mutant strongly inhibited Vpu-medi-
ated CD4 degradation while wt p97 had no significant
inhibitory effect on Vpu ability to degrade CD4 (compare
lanes 3 and 5 with lanes 2 and 4). These results were also
confirmed by pulse-chase labeling experiments where
CD4 turnover was evaluated in presence of Vpu and the
p97 TDN mutant or wt p97 (data not shown). Since p97
is directly involved in the dislocation of several ERAD sub-
strates, these results provide additional evidence suggest-
ing that Vpu targets the CD4 receptor for cytosolic
proteasomal degradation by a process that involves a dis-
location step across the ER membrane.

Vpu- Vpu?t
po7 wt - + - + -
p97 AA - - + - +
ch4 - + + + + Mwt
WB anti-CD4 —» [ R BV | (_kst)
WBanti-Vpu —> [ e |20
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Figure 6

Effect of a TDN mutant of p97 on Vpu-mediated
CD4degradation. HEK 293T cells were mock-transfected
or co-transfected with 1.5 pug of SVCMV CD4 wt, 12 ug of
SVCMV Vpu-or Vpu*and | ug of an expression plasmid
encoding a FLAG-tagged version of p97 wt or the TDN
mutant p97 AA. Cells were treated with BFA for 2 h prior to
lysis. Cell lysates were then analyzed by western-blot as
described in materials and methods. These results are repre-
sentative of the data obtained in two independent experi-
ments.
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Discussion

In the present study, we have conducted a detailed analy-
sis of processes involved in the ER-associated degradation
of CD4 receptor molecules induced by the HIV-1 Vpu
accessory protein in human cells. Using a TDN mutant of
Ub, Ub K48/R, which acts as a poly-Ub chain terminator,
we have confirmed previous findings [24] suggesting that
poly-ubiquitination of CD4 is required for Vpu-mediated
CD4 degradation (Fig. 1). Based on these observations,
we attempted to directly detect ubiquitinated forms of
CD4, which are expected to accumulate under conditions
where Ub K48/R is over-expressed. A similar approach
was successfully used to facilitate the isolation and detec-
tion of substrates of the Ub pathway such as APOBEC3G
in presence of HIV-1 Vif [42]. Under these conditions, we
could demonstrate an increased accumulation of high
molecular weight CD4-Ub conjugates, typical of poly-
ubiquitinated protein targets, in presence of Vpu (Fig. 2).
Direct detection of ubiquitinated forms of CD4 in pres-
ence of Vpu was achieved both in conditions where CD4
retention in the ER was produced through short treatment
of cells with BFA or through formation of Env/CD4 com-
plexes, thus demonstrating that both systems could be
used to analyze Vpu-mediated CD4 degradation. Some
high molecular weight ubiquitinated CD4 conjugates
could be detected in absence or presence of a non func-
tional Vpu mutant unable to recruit the SCFP-TrCP E3 ligase
complex, except that their levels were significantly lower
than those found in presence of Vpu. It is likely that ubiq-
uitinated CD4 conjugates detected at steady-state in
absence of Vpu or in presence of inactive Vpu represent
intermediates resulting from the relatively low but normal
degradation of misfolded CD4 molecules that occurs
through the ERAD pathway in condition of transient
ectopic over-expression. Together, these findings provide
direct evidence that Vpu promotes trans-ubiquitination of
CD4 through recruitment of the SCFFTCP complex in
human cells.

CD4, as a type 1 integral membrane protein, consists of a
38-amino acid cytosolic domain that contains four lysine
residues (amino acid positions: K411, KK417-418, and
K428) that could serve as acceptor sites for ubiquitination.
Ubiquitin conjugation of lysine residues accessible from
the cytosol through recruitment of the specific SCFA-TrCP
E3 ligase complex by Vpu may represent a very early step
in the process of CD4 degradation and precede the trans-
port of the viral receptor through the ER membrane for
proteolytic degradation by the cytosolic proteasome. To
investigate the role of cytosolic lysine residues in Vpu-
mediated CD4 degradation, we used a CD4 mutant in
which all four lysines were replaced by arginine residues.
In contrast to earlier observations made in HelLa cells [24],
replacement of lysine residues in the CD4 cytoplasmic tail
did not strictly prevent CD4 degradation by Vpu in HEK

http://www.retrovirology.com/content/4/1/75

293T cells. In our conditions, even though we detected a
significant difference in the protein turnover (Fig. 3A-B)
as well as in the steady-state levels (Fig. 3C-D) of CD4
KRcyto and CD4 wt in presence of Vpu, our data also
revealed that CD4 KRcyto was still susceptible to Vpu-
mediated CD4 degradation. These results suggest that
ubiquitination of the cytosolic tail at lysine acceptor sites
by the SCFBP-TTCP E3 ligase is not strictly required for Vpu-
mediated CD4 degradation and, therefore, does not
appear to constitute an essential early signal that triggers
CD4 targeting to the cytosolic proteasome. Given that
poly-ubiquitination of CD4 appears to be required for
Vpu-mediated CD4 degradation (Fig. 1), our findings
raise the possibility that ubiquitination may occur at sites
other than cytosolic lysines. Consistent with this possibil-
ity, CD4 molecules lacking cytosolic lysine Ub acceptor
sites (CD4 KRcyto) are still capable of undergoing ubiqui-
tination in presence of Vpu, albeit to levels that are lower
than wt CD4 (Fig. 4). One possible explanation for Vpu-
mediated ubiquitination of cytosolic lysine-less CD4 is
that a partial dislocation of the receptor N-termini to the
cytosolic side may be required, so that lysine residues in
the lumenal domain of CD4 may be accessible for ubiqui-
tination by the cytosolic ubiquitination machinery
recruited by Vpu. In that regard, in the specific case of
HCMV US2-induced ERAD of MHC-1 HC, the replace-
ment of cytosolic tail lysine residues did not affect MHC-
I HC dislocation and degradation while internal lysine
residues were found to be required for these processes.
These results have raised the possibility that US2 could
induce a partial dislocation of part of the heavy chain into
the cytosol, resulting in cytosolic deposition of lumenal
lysine residues [43]. Although, this possibility cannot be
completely excluded at this point for Vpu-mediated CD4
degradation, we believe that this scenario is unlikely since
replacement of cytosolic lysine residues led to an attenua-
tion of CD4 degradation and to a substantial decrease of
CD4 ubiquitination by the SCFFI*CP E3 ligase (Fig. 4);
these observations suggests that Vpu-mediated CD4 deg-
radation involves most probably ubiquitination of the
receptor cytosolic tail.

An alternative explanation for the ubiquitination and deg-
radation of cytosolic tail lysine-less CD4 molecules by
Vpu is that ubiquitination may occur via non-lysine resi-
dues. Interestingly, recent evidence indicate that the
mouse gamma herpesvirus (y-HSV) mK3 E3 Ub ligase,
which targets nascent MHC-I HC for degradation by
ERAD, mediates ubiquitination via serine, threonine or
lysine on the HC tail, each of which was found to be suf-
ficient to induce rapid degradation of HC [44]. The y-HSV
mK3 E3 Ub ligase was found to have the ability to mediate
the formation of ester bonds that covalently linked Ub to
serine or threonine in the tail of the HC substrate. Unlike
MIR 1 (also called kK3), an E3 ligase of Kaposi's sarcoma-
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associated herpesvirus that requires cysteine residues to
ubiquitinate MHC-I [45], a cysteine residue in the HC tail
was not required for HC to be a substrate for mK3-
induced ubiquitination and degradation. Interestingly,
the CD4 cytoplasmic tail contains three serine, three thre-
onine and four cysteine residues in addition to four
lysines that could potentially serve as ubiquitin acceptor
sites. Vpu-mediated ubiquitination of CD4 cytosolic tail
at serine, threonine, cysteine or lysine ubiquitin acceptor
sites would obviate the need for a partial dislocation of
CD4 before ubiquitination and would suggest a vectorial
exit of CD4 from the ER in presence of Vpu. On the basis
of these novel findings, a systematic analysis of the role of
cytosolic serine, threonine, cysteine and lysine residues in
Vpu-mediated CD4 ubiquitination and degradation is
warranted.

Our cell fractionation studies reveal that Vpu promoted
dislocation of CD4 across the ER membrane since levels
of poly-ubiquitinated CD4 molecules found associated
with membrane and cytosolic fractions were found to be
significantly increased in presence of Vpu (Fig. 5A-B).
Furthermore, larger amounts of membrane-associated
CD4-Ub conjugates, which likely represent exported ubig-
uitinated CD4 intermediates still attached to the cytosolic
surface of the membrane, were recovered following salt
wash treatment in presence of Vpu (Fig. 5D). These
cytosolic- and membrane-associated poly-ubiquitinated
CD4 molecules represent very likely substrates for the
cytosolic 26 S proteasome. Importantly, the process
underlying Vpu-mediated CD4 degradation appears to
depend on the AAA ATPase Cdc48/p97 since over-expres-
sion of a TDN mutant of p97 inhibits efficiently the deg-
radation of the receptor (Fig. 6). Although we cannot rule-
out that the effect of the p97 TDN mutant might be indi-
rect, we believe that this result combined with the subcel-
lular fractionation studies provide evidence consistent
with a model whereby Vpu targets CD4 for cytosolic pro-
teasomal degradation by a process involving dislocation
of the receptor across the ER membrane.

Our findings contrast in part with observations made by
Meusser and Sommer in S. cerevisiae where they have
reconstituted the process of Vpu-mediated CD4 degrada-
tion by expressing human CD4 together with Vpu and
human B-TrCP [34]. They found that Vpu-mediated pro-
teolysis of CD4 involved dislocation of ubiquitinated
intermediates in the cytosol as we found in the present
study. However, in their reconstituted biological system
this process relied strictly on prior ubiquitination of CD4
at cytosolic lysine residues. Their findings based on data
obtained in yeast display one basic difference compared
to our results, which indeed suggest that the process of
CD4 degradation mediated by Vpu involves a dislocation
of CD4 across the ER membrane that is not entirely
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dependent on prior ubiquitination of CD4 at cytosolic
lysine Ub acceptor sites. Even though cytosolic lysine-less
CD4 molecules displayed a substantial reduction of Vpu-
mediated ubiquitination, they were still substrate suscep-
tible to Vpu-mediated degradation. This apparent discrep-
ancy may reflect differences between human cells and
yeast where indeed the CD4 receptor is not normally
expressed. Indeed, human CD4, which is a stable protein
when expressed in mammalian cells, was found to be rap-
idly degraded in yeast in the absence of Vpu. On the other
hand, we cannot rule-out that Vpu-mediated degradation
and ubiquitination of cytosolic lysine-less CD4 may
indeed represent a forced pathway used by substrate hav-
ing no available lysine residues in the cytoplasmic tail.
Nevertheless, both studies provide evidence suggesting
that Vpu-mediated ubiquitination of the CD4 cytosolic
tail represents an early signal triggering dislocation of
receptor molecules across the ER membrane for proteoly-
sis by the cytosolic proteasome.

The recruitment of an E3 ubiquitin ligase complex by Vpu
that is distinct from those used in classical ERAD raises the
possibility that Vpu might target CD4 to a distinct ERAD
pathway. Interestingly, three major pathways of ERAD are
now emerging, including ERAD-C, ERAD-L and more
recently ERAD-M [46-48]. These pathways, which were
mostly characterized in S. cerevisiae, are involved in the
degradation of substrates that display misfolded cytosolic,
lumenal or transmembrane domains, respectively. Even
though these pathways have been found to involve ER-
associated dislocation and ubiquitination machineries of
different protein composition, they all appear to rely on
the presence of the Cdc48/p97 ATPase complex [49]. It is
believed that the ERAD-M and ERAD-C pathways involve
dislocation of substrate membrane-anchored portion to
the cytosol before the lumenal domain whereas in the
ERAD-L pathway the lumenal domain of the misfolded
substrate is dislocated first through a channel before the
membrane-anchored portion is released in the cytosol.
The situation is thought to be similar in mammalian cells
but less is known about the different protein complexes
involved in the different ERAD pathways. Interestingly,
the well-characterized degradation of MHC-I HC by the
HCMV proteins US11 and US2 involve different protein
complexes and distinct requirements for cytoplasmic
lysine residues for dislocation, ubiquitination and degra-
dation. Indeed, MHC-I HC degradation by HCMV US11
involves the recruitment of Derlin-1 [26,27] whereas US2
does not need this interaction to mediate degradation of
MHC-I HC [26]. The specific ERAD pathway recruited by
Vpu to target the CD4 receptor for degradation by the pro-
teasome remains to be identified. More studies in this area
will not only shed light on the molecular mechanism
underlying Vpu-mediated CD4 degradation but will also
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enhance our understanding of ER-associated protein qual-
ity control pathway in mammalian cells.

Conclusion

Our data provide evidence supporting a model whereby
HIV-1 Vpu targets CD4 to the ubiquitin-proteasome deg-
radative machinery by a process involving most likely
poly-ubiquitination of the CD4 cytosolic tail by the SCF?-
TrCP E3 ligase prior to dislocation of CD4 through the ER
membrane. Given that lysine residues in the cytosolic
domain of CD4 are not absolutely essential for ubiquiti-
nation and degradation of the viral receptor in presence of
Vpu, there might be sites, other than lysines, that are also
targeted during Vpu-induced CD4 ubiquitination.

Methods

DNA constructions

SVCMV CD4 was constructed by inserting a Xbal-Xbal
c¢DNA fragment encoding CD4 into the corresponding
sites of the expression vector SVCMV expa as described
previously [50]. Plasmid pHIV CD4 KRcyto has already
been described [24] and is a kind gift from Dr. Klaus
Strebel (NIAID, NIH, Bethesda). The four cytoplasmic
lysine residues of CD4 were replaced by arginines in pHIV
CD4 KRcyto. pHIV CD4 was constructed by inserting a
Nhel-BamHI fragment from the CD4 cDNA derived from
the pT4B expression plasmid [51] into the corresponding
sites of pHIV CD4 KRcyto plasmid, thus creating the wild-
type (wt) counterpart of pHIV CD4 KRcyto. The plasmid
SVCMV CD4 KRcyto was constructed by subcloning a
PCR-generated fragment from pHIV CD4 KRcyto into
SVCMV CD4.

The Vpu expression plasmid, SVCMV Vpu has been
described previously [52]. SVCMV Vpu §52,56/N express-
ing the corresponding Vpu substitution mutant was gen-
erated by PCR-based site-directed mutagenesis as
described previously [53].

HxBH10-vpu+ (LTR-gag*, pol+, vift, vpr, tat*, rev*, vpu*,
env+, nef-LTR) and HxBH10-vpu (LTR-gag*, pol*, vift,
vpr, tat, rev*, vpu,, env+, nef-LTR) are two isogenic infec-
tious molecular clones of HIV-1 that differ only in their
ability to express Vpu [16]. The phosphorylation mutant
of Vpu, HxBH10-vpu S$52,56/D, was created from
HxBH10-vpu* using PCR-based mutagenesis. HxBc2-pr,
vpu’, env- was obtained by replacing the Sall-BamHI frag-
ment of HxBc2-pr, vpu- [54] with the corresponding frag-
ment from HxBc2-vpu, envfs [55]. HxBH10-pr, vpu*,
env- was obtained by replacing the Sall-BamHI fragment
of HxBH10-pr, vput* with the corresponding fragment
from HxBH10-vpu+, envfs [55].

The expression plasmids pCW7 and pCW8 encoding wt
Ub and the Ub K48/R transdominant negative (TDN)
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mutant respectively, have been described previously [56]
and were kindly provided by Dr. Ron Kopito (Department
of Biological Sciences, Stanford University, Stanford).
They both encode N-terminal his(6)/c-myc tagged forms
of yeast Ub, which is almost identical to the mammalian
counterpart. The plasmids encoding the FLAG-tagged ver-
sions of p97 wt and the TDN mutant p97AA were kindly
provided by Dr. Martin Latterich (Faculty of Pharmacy,
Université de Montréal, Montreal). The TDN p97AA
mutant was described previously [40]. The nucleotide
sequence of all plasmids was confirmed by automatic
DNA sequencing.

Cell lines and transfections

SV40-transformed human embryonic kidney fibroblasts
(HEK 293T) were obtained from the American Type Cul-
ture Collection (ATCC, Rockville, MD) and cultured in
Dulbecco's modified Eagle medium (Wisent Inc., Saint-
Bruno, QC) supplemented with 5% of fetal bovine serum
(FBS) (Wisent Inc.) (DMEM+5%). For transfections, 100-
mm petri dishes were seeded with 1 or 2 million cells and
cultured overnight in DMEM+5%. Cells were then co-
transfected with a mixture of the indicated DNA plasmids
by the calcium-phosphate method.

Antibodies and chemical compounds

The anti-CD4 (OKT4) and anti-myc (9E10) monoclonal
antibodies were derived from ascitic fluids of Balb/c mice
that were injected with the OKT4 or 9E10 hybridoma
respectively. The OKT4 and 9E10 hybridomas were
obtained from the ATCC. Rabbit polyclonal anti-CD4
(CD4 H-370) antibodies were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Rabbit anti-Vpu
serum was raised by immunization of rabbits with a syn-
thetic peptide corresponding to amino acids 73-81 of the
HIV-1 BH10 Vpu protein [9]. Rabbit polyclonal anti-actin,
anti-calnexin and anti-FLAG (M2) antibodies as well as
BFA were obtained from Sigma Chemical Co (Saint-Louis,
MO). BFA was stored as a stock solution of 10 mM in eth-
anol at -20°C. MG-132 was purchased from Peptide Inter-
national (Louisville, KY) and was stored as a 10 mM stock
solution in DMSO at -20°C.

Metabolic labeling and radio-immunoprecipitation

Pulse-chase analysis of CD4 degradation experiments
were all performed 48 hours post-transfection. Trans-
fected cells were starved in methionine-free DMEM+5% in
the presence of 10 uM BFA for 30 min before labeling.
Cells were then pulse-labeled for 30 min with 800 pCi/ml
of [3>S|methionine and [35S]cysteine ([35S] Protein Labe-
ling mix, Perkin Elmer, Waltham, MA) and chased in
complete DMEM+5% supplemented with 10 uM BFA. At
the indicated time periods, radio-labeled cells were lysed
in radio-immunoprecipitation assay (RIPA-DOC) buffer
(140 mM NaCl, 8 mM Na,HPO,, 2 mM NaH,PO,, 1%
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Nonidet-P40, 0.5% sodium dodecyl sulfate, 1.2 mM
deoxycholate (DOC), pH 7.2) supplemented with a cock-
tail of protease inhibitors (Complete, Roche Diagnostics,
Laval, QC). For CD4 degradation experiments where Vpu
was expressed from HxBH10 provirus, no BFA was added
since CD4 ER retention was achieved through HIV-1 Env
glycoproteins.

CD4-Vpu binding experiments were performed 48 hours
post-transfection. Transfected cells expressing CD4 and a
phosphorylation mutant of Vpu (Vpu S52,56/N) were
first starved in methionine-free DMEM+5% for 30 min.
Cells were then labeled for 2.5 h with 400 pCi/ml of
[35S]methionine and [3>S]cysteine and lysed in CHAPS
buffer (50 mM Tris, 5 mM EDTA, 100 mM NaCl, 0.5%
CHAPS, pH 7.2) supplemented with a cocktail of protease
inhibitors.

Following lysis, labeled protein lysates were sequentially
immunoprecipitated with anti-CD4 OKT4 monoclonal
antibodies only (for binding experiments) or a mixture of
OKT4 and CD4 H-370 antibodies (for CD4 degradation
experiments) and subsequently with a rabbit anti-Vpu
serum as described previously [57]. When indicated, anti-
myc antibodies (9E10) were mixed with anti-Vpu anti-
bodies in order to detect his(6)/c-myc Ub fusion proteins.
Immunoprecipitates were resolved on a 12.5% SDS-poly-
acrylamide tricine gel and analyzed by autoradiography.
Scanning of the autoradiograms was performed on an
AGFA Duoscan T1200 scanner. Densitometric analysis of
autoradiograms was performed with Image Quant 5.0
from Molecular Dynamics (Sunnyvale, CA).

Protein analysis by immunoprecipitation and western-
blots

All experiments were performed 48 h post-transfections.
For experiments using SVCMV expressor plasmids to
express CD4 and Vpu proteins or experiments using pro-
tease and envelope deficient proviruses (HxBH10 pr, env-
), cells were pre-treated with 10 uM BFA for 2 h when indi-
cated prior to lysis with 0.5%-1% Nonidet-P40 (10 mM
Tris, 250 mM glucose, 1 mM EDTA, 0.5-1% Nonidet-P40,
pH 7.6) for 30 min on ice. When HxBH10 was used to
express Vpu, no BFA was added to the cells. Cell lysates
were obtained after centrifugation at 10,000 g in a micro-
centrifuge for 30 min at 4°C. A sample of each lysate was
run directly on 12.5% SDS-poly-acrylamide tricine gel.
For detection of ubiquitinated CD4 conjugates, the
remaining portion was immunoprecipitated with anti-
CD4 polyclonal antibodies (CD4 H-370) and analyzed
on an 8% SDS-poly-acrylamide tricine gel. Proteins were
then electro-blotted over-night in a Bio-Rad Trans Blot
Cell on a 0.45 um pore size nitrocellulose membrane
(Bio-Rad Laboratories, Mississauga, ON) and specific pro-
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teins were revealed by western-blotting using anti-CD4
polyclonal antibodies (1:1,000 dilution), anti-Vpu poly-
clonal antibodies (1:1,000 dilution), anti-actin polyclo-
nal antibodies (1:1,200 dilution), anti-myc monoclonal
antibodies (1:1,500 dilution) or anti-FLAG antibodies
(1:2,000 dilution) diluted in PBS containing 0.02%
sodium azide (NaNj;). Ubiquitinated forms of CD4 were
revealed by western-blotting the membrane containing
the anti-CD4 immunoprecipitates with anti-myc mono-
clonal antibodies. Bound antibodies were then probed
with horse-radish peroxidase-linked anti-rabbit (1:7,000
dilution) or anti-mouse (1:6,000 dilution) antibodies,
washed extensively and revealed using a standard
enhanced chemiluminescence (ECL) detection system.

Cell fractionation and salt wash experiment

Forty-eight hours post-transfection, HEK 293T cells were
treated with 10 uM BFA for 2 h, washed in cold PBS, resus-
pended in 500 pl of hypotonic buffer (10 mM Tris, 250
mM glucose, 1 mM EDTA) and incubated on ice for 30
min. Cells were then lysed mechanically with a type B
Dounce homogeneizer on ice (70 strokes). Cell lysates
were centrifuged twice at 250 g in a microcentrifuge at
4°C for 15 min to eliminate unlysed cells and then centri-
fuged at 10,000 g for 30 min at 4°C to isolate the mem-
brane fraction. The supernatant (cytosolic fraction) was
ultra-centrifuged at 100,000 g at 4°C for 1.5 h to elimi-
nate remaining membrane contaminants and then
adjusted with lysis buffer (10 mM Tris, 250 mM glucose,
1 mM EDTA, 4% Nonidet-P40, pH 7.6) to a final concen-
tration of 1% Nonidet-P40. The pellet (membrane frac-
tion) of the 10,000 g centrifugation was washed with the
hypotonic buffer 4 times prior to lysis in 1% Nonidet-P40
lysis buffer. After lysis, a sample of each fraction was run
directly on 12.5% SDS-poly-acrylamide tricine gel while
the remaining portion was immunoprecipitated first with
anti-myc 9E10 monoclonal antibodies before analysis on
an 8% SDS-poly-acrylamide tricine gel. Analysis of pro-
teins in lysates was performed as described above while
detection of ubiquitinated CD4 conjugates was per-
formed by western-blotting using anti-CD4 polyclonal
antibodies. Polyclonal anti-calnexin antibodies were
diluted 1:7,000.

For the salt wash experiment, the cytosolic fraction was
discarded and the membrane fraction was either treated
with 100 pl of Na,CO; (100 mM, pH 11), NaCl (100
mM) or with RIPA-DOC lysis buffer during 10 min on ice.
After treatment, samples were centrifuged at 10,000 g for
30 min at 4°C to isolate the membrane fraction (M) and
the supernatant (S) was recovered and adjusted to a final
volume of 1 ml with 1% Nonidet-P40 lysis buffer. The
remaining membrane fraction was lysed with 1 ml of 1%
Nonidet-P40 lysis buffer. Each fraction was then analyzed
as described above.
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Additional file 1

Analysis of Vpu binding to CD4 wt or CD4 KRcyto. HEK 293T cells were
mock-transfected, co-transfected with 1.5 ug of SVCMV CD4 wt or
SVCMV CD4 KRcyto and 12 ug of a plasmid encoding a phosphorylation-
defective Vpu mutant (SVCMV Vpu 8§52,56/N) or with 12 ug of SVCMV
Vpu 852.56/N alone. Cells were labeled with [3°S]methionine and
[3°S]cysteine, lysed and sequentially immunoprecipitated with anti-CD4
OKT4 monoclonal antibodies first to observe bound Vpu and then with
anti-Vpu antibodies to recover the unbound Vpu proteins. B. Quantitative
analysis of the bands in A showing the percentage of binding of CD4
KRceyto to Vpu S52,56/N relative to CD4 wt (arbitrary set at 100%).
Error bars reflect standard deviations from duplicate independent experi-
ments.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1742-
4690-4-75-S1.pdf]

Additional file 2

Salt-wash experiment controls. HEK 293T cells were mock-transfected or
co-transfected with 1 ug of pHIV CD4 wt, 10 ug of envelope-defective
provirus (HxBc2-pr, vpur, env-or HxBH10-pr, vpu*, env) and 15 ug of
his(6)/c-myc-Ub K48/R expression plasmid where indicated. Cells were
treated with BFA for 2 h prior to mechanical lysis. Membrane (M) were
treated with either NaCl (pH 7.0) (panel A.) or RIPA-DOC (panel B.)
as described in materials and methods. The treated membranes (M) and
supernatants (S) were subsequently isolated by centrifugation. CD4-Ub
conjugates were immunoprecipitated with anti-myc monoclonal antibod-
ies prior to western-blot using anti-CD4 polyclonal antibodies whereas
control proteins in each fraction were directly revealed by western-blot.
Calnexin was used as a membrane-associated protein control. (asterisk)
represents the area of the autoradiogram that we considered as poly-ubiq-
uitinated CD4 molecules.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1742-
4690-4-75-S2.pdf]
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