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AAA family proteins are involved in a variety of
cellular processes including protein degradation,
membrane  biogenesis/fusion,  dynamics  of
cytoskeleton, and maintenance/reconstitution of
organelles. They form ring-shaped oligomers. Upon
ATP hydrolysis, they unfold and translocate
substrate proteins or disassemble protein complexes.
Thus, they can be thought of as novel types of
molecular chaperones. Recent studies have also
implicated AAA proteins in a number of human
genetic  diseases including neurodegenerative
disorders. We are investigating the cellular functions,
molecular mechanisms, and nanodynamics of
various AAA proteins.

Various cellular functions of AAA proteins

Membrane fusion,
protein translocation

NSF/Sec18p

Reconstitution of ER, Golgi,
and nuclear envelope

p97/NCP/Cdc48p, NSF

| ER-associated degradation
p97/NCP/Cdc48p

| Proteolysis I—

proteasomal ATPases,
FtsH, ClpA, ClpX, HslU, Lon

Aggregation/disaggregation
and refolding of proteins

p97/NCP, Hsp104/ClpB, torsinA

Mitochondria

Yta10p/Yta12p/paraplegin,
Ymelp, Msp1ip, Bes1p, Lon, ClpX

Chloroplasts

FtsHs, ClpC

red: AAA proteins
green: other AAA* proteins

Endosomes

Vps4p/SKD1

Peroxisome biogenesis |
Pex1p, Pex6p

Mitosis, meiosis, apoptosis,

and microtubule dynamics
Cdc48p/VCP, smallminded/
MAC-1, CED-4/Apaf-1, katanin/
MEI-1, spastin

dyneins

DNA replication

Ore, Cdc6p, Mcm, clamp-loaders
DnaA

DNA recombination, repair, and
transcriptional regulation
RuvB, pontin, reptin, WRNIP1/
Mags1p, proteasomal ATPases,
fidgetin, NtrC, PspF

Maturation of ribosomes
Rix7p/NVL2, Reaip, Drgip
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Diseases caused by mutations of AAA/AAA+ proteins

Human diseases

AAA proteins
Pex1p, Pex6p Peroxi disorders (Z ger sy
ystrophy, infantile Ref:

Paraplegin Hereditary spastic paraplegia (AR-HSP)

Spastin Hereditary spastic paraplegia (AD-HSP)

p9TNCP Familial inclusion body myopathy with Paget di
of bone and frontotemporal dementia (IBMPFD),
Amy hic lateral sclerosis (ALS)

BCS1L Mitochondrial pex Il deficiency
GRACILE syndrome, Bjérnstad syndrome

AFG3L2 Spinocerebellar ataxia type 28 (SCA28),
Spastic ataxia pathy synd|

AAA* proteins
Torsin A Early onset torsin dystonia

Axonemal dynein Primary ciliary dyski

ia (PCD), Kartag
Cytoplasmic dynein Lissencephaly (Miller-Dieker lissencephaly)
Mysterin/RNF213  Moyamoya disease

ORC1,0RC4,CDC6  Meier-Gorlin syndrome
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AAA family proteins are a subfamily of the
Walker-type ATPases. Their functional architecture
is a hexameric ring with a central pore. Recent

studies have indicated that they represent a novel
class of molecular chaperones, which unfold
proteins and disassemble protein complexes. They
are highly conserved from prokaryotes to humans.
Interestingly, the number of AAA members and their
functional distribution are similar in eukaryotes as
diverse as yeast, worms, flies, and humans. We are
interested in elucidating whether there is a common
molecular mechanism underlying the diverse
functions of the family members. Some AAA
proteins are involved in human genetic diseases, e.g.,
Pexlp and Pex6p in peroxisome diseases,
paraplegin and spastin in hereditary spastic
paraplegia (HSP), AFGL3 in spinocerebellar ataxia
type 28, p97/VCP in amyotrophic lateral sclerosis
(ALS) and inclusion body myopathy associated with
Paget disease of bone and frontotemporal dementia
(IBMPFD), torsinA in early-onset dystonia, BCS1L
in respiratory complex III deficiency, GRACILE
(growth retardation, aminoaciduria, cholestasis, iron
overload, lactacidosis, and early death) syndrome
and Bjornstad syndrome, dyneins in primary ciliary
dyskinesia and Kartagener syndrome, mysterin in
moyamoya disease, and ORC and CDC6 in
Meier-Gorlin  syndrome. We have studied the
molecular mechanisms and cellular functions of
several AAA family proteins, especially those
related to human genetic diseases.

1. Common molecular basis of the AAA family

ATPases
We solved the crystal structure of the ATPase
domain of Escherichia coli FtsH, and proposed an
inter-subunit  catalysis mechanism for ATP
hydrolysis by the AAA ATPase based on the crystal
structure and in vitro studies using mutants of FtsH
and the Caenorhabditis elegans fidgetin homologue
FIGL-1. We have investigated degradation of native
and engineered substrate proteins by FtsH. Using a
model  substrate, apo-flavodoxin, we have
demonstrated that there is inverse correlation
between physical stability and proteolytic efficiency
of flavodoxin (Ayuso-Tejedor et al., 2010).

Katanin and spastin are AAA proteins, which
possess microtubule-severing activity. It should be
interesting to ask whether or not the pore of these
AAA proteins is also functionally important. We
have found that conserved aromatic and basic amino
acid residues in the pore region of the C. elegans
spastin homologue, SPAS-1, and sea urchin katanin
are important for microtubule-severing (Ogura et al.,
2008; Matsushita-Ishiodori et al., 2009).

p97 (also known as VCP in human, CDC-48 in C.
elegans, and Cdc48p in yeasts) consists of the



N-terminal domain and two homologous AAA
ATPase domains, D1 and D2. The N domain binds
to substrates and adaptor proteins. D1 exhibits weak
ATPase activity, which is not essential for viability
(Esaki & Ogura, 2010). D1 1is essential for
hexamerization of p97. On the other hand, D2
exhibits major ATPase activity, which is positively
cooperative. The cooperativity of D2 ATPase
activity is affected by the nucleotide state of D1 and
is required for essential functions of p97 (Nishikori
etal., 2011).

2. Nanodynamics imaging of AAA proteins in
action by high-speed atomic force microscopy
Dynamic movements of AAA proteins and their
complexes with substrates are also being analyzed
by high-speed atomic force microscopy as part of
collaboration with T. Ando (Kanazawa Univ.). To
understand the molecular mechanism of p97, we
visualize conformational changes of C. elegans p97
homologue CDC-48.1 hexamers, using high-speed
atomic force microscopy. In the presence of ATP, the
N-D1 ring repeatedly rotates ~25° clockwise
relative to the D2 ring. Mutational analysis reveals
that this rotation is induced by ATP-binding to the
D2 domain. It has been suggested that p97 promotes
segregation of substrate proteins and disassembly of
protein complexes. Repeated back and forward
rotational movements of p97 may account for, at
least in part, mechanical force in such processes.

3. Cellular functions of AAA proteins

p97 homologues in C. elegans (CDC-48.1 and
CDC-48.2): p97 is a multifunctional AAA protein,
which is involved in the reconstitution of
endoplasmic reticulum (ER), Golgi apparatus, and
nuclear envelope, the ubiquitin-proteasome pathway,
and ER-associated degradation (ERAD). It is also
implicated in apoptosis and polyglutamine diseases.
Mutations in human p97 homologue VCP cause
ALS and IBMPFD. RNAI assays of C. elegans p97
homologues, CDC-48.1 and CDC-48.2, have
revealed that simultaneous disruption of both genes
is lethal at the embryo stage. We have revealed the
roles of C. elegans p97 homologues in ERAD, sex
determination, spermatogenesis (Sasagawa et al.,
2010), chromosome condensation, and aggregation
of polyglutamine repeats (Nishikori et al., 2008). In
the sex determination mechanism, p97 binds to the
CUL-2 complex, accelerates polyubiquitination of
TRA-1, the key determinant of sex, disassemble the
complex in an ATP-dependent manner to pass the
polyubiquitinated TRA-1 to the 26S proteasome for
degradation.

The fidgetin homologue (FIGL-1) in C. elegans:
Fidgetin has been identified as a causative factor of
the ‘fidget” phenotype in mice, which is
characterized by reduced or absent semicircular
canals and small eyes. We have found that FIGL-1
specifically  interacts with  SUMO  (small
ubiquitin-related ~ modifier), = which is a
posttranslational modification factor (Onitake et al.,
in press). Mutations in fidgetin and SUMO cause
cleft lip and/or palate and anophthalmia in mice.
Transcription factors involved in development of lip,
palate, eye, and inner ear are known to be
SUMOylated. An attractive hypothesis is that
fidgetin  regulates activity of SUMOylated
transcription  factors, which are involved in
development of these organs.

BCSI1L and p97 homologues (Bes1p and Cdc48p)
in yeast: BCSIL is involved in the assembly of
complex III of the respiratory chain in mitochondria,
presumably inserting Rieske Fe/S protein into
precursors to assemble complex III. Genetic
analysis has revealed that the N-terminal
intermembrane segment of Bceslp as well as the
AAA ATPase domain is important for its function. It
is interesting that BCS1L lacks a conserved pore
motif, raising the question how it operates the
assembly of complex III as a chaperone.

Cdc48p is important for morphology and
maintenance of mitochondria (Esaki & Ogura, in
press). Its role in the degradation pathway of
ubiquitinated outer ~membrane proteins  in
mitochondria is being studied.

4. AAA proteins and amyloid filaments

Muscular and neuronal cells of ALS and IBMPFD
patients contain abnormal aggregates of TAR-DNA
binding protein 43 (TDP-43), an RNA-binding
nuclear protein. We have investigated the possibility
that VCP interacts with TDP-43 to modulate
aggregate formation. It has been indicated that VCP
binds to TDP-43 aggregates in the absence of ATP,
and that this interaction is not observed in the
presence of ATP. Effects of VCP on amyloid fibrils
are being investigated. We are also studying binding
of VCP to various amyloid fibrils related to human
neurodegenerative diseases.

We have also studied Hsp104 and ClpB, both of
which  have been demonstrated to have
disaggregation ability, in comparison with VCP. In
addition, we have screened bacterial polynucleotide
phosphorylase, PNPase, as an amyloidogenic
cytoplasmic protein. PNPase has been shown to
form amyloid fibrils in an ADP-dependent manner.
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