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The ubiquitin-proteasome system (UPS) is the pathway for degradation of nuclear and
cytosolic proteins that are aged, damaged, or misfolded. Malfunctions in the UPS have been
implicated in a wide variety of neurodegenerative diseases.  Some proteins, when not
properly degraded through the UPS, tend to form aggregates by binding to one another to
form an insoluble structure that is very difficult to disassemble.  Some have hypothesized
that protein aggregation is toxic to cells, while others argue that the potentially toxic species
are the proteins themselves, and that aggregation protects cells from improperly degraded
proteins. Sequestosome 1/p62 is a protein that contains multiple binding domains, and serves
a variety of cellular functions.  Recent evidence suggests that p62 shuttles some proteins for
degradation through the UPS.  p62 has been found in protein aggregates from many UPS
dysfunction-related diseases, such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease.  Many of the components of neurodegenerative disease aggregates
have been studied for their ability to form independent aggregates in vitro and in vivo.  In this
review, the UPS and protein aggregation are described and the role of p62 in each pathway is
discussed, along with their relation to neurodegenerative disease.

Abbreviations:  Aβ—amyloid-beta/A4; AD—Alzheimer’s disease; aPKC—atypical protein
kinase C; APP—amyloid precursor protein; AR-JP—autosomal-recessive juvenile
Parkinson’s disease; CAG—polyglutamine; CP—core particle; DUB—de-ubiquitinating
enzyme; E1—ubiquitin activating enzyme; E2—ubiquitin-conjugating enzyme;
E3—ubiquitin-protein ligase; E4—ubiquitin chain elongating factor; HD—Huntington’s
disease; MTOC—microtubule organizing center; NF-κB—nuclear factor κB ;
OPCA—OPR/PC/AID domain; PB1—Phox-and-Bem1p domain; PD—Parkinson’s disease;
RP—regulatory particle; TNF—tumor necrosis factor; TRAF6—TNF receptor-associated
factor 6 Ub—ubiquitin; UBA—ubiquitin associating domain; UBL—ubiquitin-like domain;
UBS—UBL binding sequence; UCH-L1—ubiquitin C-terminal hydrolase-L1;
UIM—ubiquitin interacting motif; UPS—ubiquitin-proteasome system
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1. Introduction

Proteins play a multitude of vital roles
in human cells, from muscle contraction to
oxygen transport to cell survival.  All proteins,
at some point, complete their given task and
must be degraded and recycled by the cell.

Generally, extracellular proteins are
taken into the cell and processed by

lysosomes, while proteins in the cytosol and
the nucleus are degraded by proteasomes
(Glickman and Ciechanover, 2002).  The
ubiquitin-proteasome system (UPS) is
responsible for the regulated degradation of
aged, damaged, and misfolded proteins.  A
chain of ubiquitin (Ub) proteins binds to the
substrate that is to be degraded, and the
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proteasome recognizes the ubiquitin chain and
breaks down the protein substrate into small
amino acid chains.

Proper function of the UPS is vital for
cell survival, and the loss-of-function of the
UPS has been found in a wide variety of
neurodegenerative diseases, including
Alzheimer’s disease (AD), Parkinson’s disease
(PD), and Huntington’s disease (HD), and
many others (Miller and Wilson, 2003;
Glickman and Ciechanover, 2002; Johnston
and Madura, 2004; Alves-Rodrigues et al.,
1998).  Coupled with UPS dysfunction is
protein aggregation, in which proteins self-
associate to form one large, tangled complex.
Whether aggregation triggers UPS dysfunction
or vice-versa is widely debated, as well as the
effect of protein aggregates on cell toxicity
(Bucciantini et al., 2002; Miller and Wilson,
2003).

The protein p62 may have an
important role in protein aggregation because
it has been shown to be a shuttling factor for
proteins to be degraded by the proteasome,
and because it is a component of aggregates
from a number of neurodegenerative diseases
(Babu et al., 2005; Nakaso et al., 2004).
Herein, the UPS, protein aggregation, and p62
are described with respect to their contributing
roles in neurodegenerative disease.

2. Proteolysis via the Ubiquitin-Proteasome
System

2.1 The Proteasome:  Structure and Function
The proteasome is a critical organelle

in the cell, and it is highly conserved from
humans to yeasts to archaebacteria (Johnston
and Madura, 2004; Glickman and
Ciechanover, 2002; Heinemeyer et al., 2004).
The fundamental importance of the
proteasome to the survival of cells is
demonstrated by this remarkable conservation.
The proteasome recognizes aged, damaged,
and misfolded proteins and degrades them into
small chains of amino acids that can then be
recycled to create new proteins for the cell.

In order for the proteasome to
recognize the proteins that should be
degraded, the cell tags the proteins with a

small protein called ubiquitin.  Ubiquitin is
able to form chains through its lysine residues,
so that a long label is formed.  The proteasome
binds to these chains, removes the ubiquitin
chain from the target protein, and degrades the
protein substrate (this topic will be discussed
further).

The proteasome is a complex of size
26S composed of a 20S core particle (CP) and
can be capped on one or both sides by a 19S
regulatory particle (RP) (Fig. 1a).  The 19S
regulator is responsible for recognition of the
substrate, partial unfolding of the protein, and
controlling access to the proteolytic core
(Glickman and Ciechanover, 2002; Johnston
and Madura, 2004; Alves-Rodrigues et al.,
1998; Heinemeyer et al., 2004).  The 19S cap
can be split into two parts: a lid and a base
(Fig. 1b).  The base is made up of six ATPase
subunits and three non-ATPase subunits.  The
ATPase subunits are able to form a 6-
membered ring and interact directly with the
outer region of the 20S proteasome.  The
ATPase subunits are hypothesized to unfold
the protein substrates for their degradation by
the 20S core.  The non-ATPase subunit Rpn10
contains an ubiquitin interacting motif (UIM)
that can bind to ubiquitin (Glickman and
Ciechanover, 2002; Hartmann-Petersen et al.,
2003).  Through this binding of the ubiquitin
tag, protein substrates are brought between the
lid and the ATPase ring of the 19S cap (Fig.
1c).

The lid of the 19S cap consists of
eight non-ATPase subunits.  Of these, only the
function of Rpn11 is known.  Rpn11 cleaves
the ubiquitin chain from protein substrates,
allowing the chain to be disassembled and the
ubiquitin reused (Glickman and Ciechanover,
2002).

The 20S CP is like a hollow cylinder
inside which proteins can be inserted for their
degradation (Fig. 1d).  It is composed of four
stacked rings, each containing seven different
subunits.  The two outer rings are called α-
rings, and the inner rings are called β-rings.
As a result, the rings are stacked in an α-β-β-α
conformation to form a cylinder 15nm in
length and 11nm in diameter (Glickman and
Ciechanover, 2002; Johnston and Madura,
2004; Heinemeyer et al., 2004).
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Figure 2.  Ubiquitination pathway.  E1 and E2
enzymes make high energy thioester intermediates with
ubiquitin.  E3 enzymes attach to the substrate protein
and catalyze the addition of ubiquitin to the protein.
Deubiquitinating enzymes can regulate the effects of
ubiquitination (such as degradation of the substrate) by
detaching the ubiquitins from the protein. Figure
adapted from Coux et al., 1996.

Figure 1.  The 26S proteasome. a.) The 26S
proteasome is composed of a 20S core particle that can
be flanked on each end by a 19S regulatory particle. b.)
The 19S RP is made up of two parts, interconnected by
the proteasomal subunit Rpn10/S5a.  c.) Poly-ubiquitin
chains interact with the lid of the proteasome to
localize the protein substrate for degradation by the
proteasome.  d.) A cross-sectional view of an α-subunit
ring of the 20S core particle shows that the proteasome
is a hollow cylinder inside which unfolded proteins are
degraded. Fig. 1a adapted from Adams, 2003; Fig. 1b
adapted from Glickman and Ciechanover, 2002; Fig. 1c
adapted from Kierszenbaum, 2000; and Fig. 1d adapted
from Heinemeyer et al., 2004.

When a protein enters the inner
proteolytic chamber for processing, the α-
subunits must reorganize in order to form a
seal to maintain the continuity of the

proteasome.  The N-terminal region of the α3
subunit is a key factor in seal formation
(Heinemeyer et al., 2004). The β-subunits of
the 20S CP perform catalysis or breakdown of
the protein.  The three subunits β1, β2, and β5
form the catalytic site (Johnston and Madura,
2004; Heinemeyer et al., 2004).  Each of these
subunits contains a threonine residue at their
N-terminus that is critical for proteolytic
activity to occur (Heinemeyer et al., 2004)

Ubiquitin chains are disassembled by
de-ubiquitinating enzymes (DUBs) (Glickman

and Ciechanover, 2002; Miller and Wilson,
2003; Alves-Rodrigues et al., 1998).  DUBs
are cytosolic enzymes often found near
proteasomes.  Once the DUBs degrade the
side-chains of ubiquitin into monomeric
molecules, the ubiquitins can be reused and
attached to a new substrate.

2.2 Ubiquitin
Cells also have a highly conserved

process for targeting proteins for degradation.
Ubiquitin is bound to the target substrate in a
3-step process (Fig. 2).  First, an ubiquitin
activating enzyme (E1) makes a thio-ester
bond with a free ubiquitin molecule, a process
which requires ATP.  Next, an ubiquitin-
conjugating enzyme (E2) replaces the E1 and
makes a high-energy thio-ester intermediate
with ubiquitin.  Meanwhile, a substrate-
specific ubiquitin-protein ligase (E3) binds to
the protein that is to be tagged.  Then, the E2
transfers the ubiquitin to the substrate, and the
E3 catalyzes covalent attachment of ubiquitin
to a Lys residue on the substrate.  For the
linkage of additional ubiquitin molecules to
the substrate to form a chain, some have
discovered a fourth enzyme: an ubiquitin
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Figure 3.  Example of the hierarchal structure of the
ubiquitination pathway.   A single E1 activates all
ubiquitination pathways.  Each E2 binds to various
E3s, with some overlap.  E3s can bind to a small
number of protein substrates.  Substrates may have
multiple binding sites, which may allow them to
interact with more than one E3.  Note that the
symbol E2A stands for a class of E2s with a
characteristic binding motif, and not an individual
E2 enzyme (the same is true for the E3s). Figure
adapted from Glickman and Ciechanover, 2002.

chain elongation factor (E4; Glickman and
Ciechanover, 2002).  However, it appears
more common for a process similar to the
addition of the initial ubiquitin to occur for
chain elongation—an E2 carries the ubiquitin
to the substrate, and the E3 catalyzes the
addition of the ubiquitin to a Lys residue on
the terminal ubiquitin (Glickman and
Ciechanover, 2002).

There is a high level of specificity
with regard to the ubiquitinating enzymes and
the tagging of proteins (Fig. 3). E1s are fairly
universal, and there are only a few different
E1s per cell.  There are a variety of classes of
E2s, especially in mammalian species.  Each
class of E2s binds to only certain E3s.  In
addition, there are a large number of E3s,
which are substrate-specific, and each E3
binds to only a small number of proteins.

To complicate matters more, some
E3s are capable of binding to more than one
type of E2. A simplified view of ubiquitin
conjugation to substrate is that it forms a
pyramid-like hierarchy, but interactions
between enzymes and substrates are a bit more
compilicated (Fig. 3) (Glickman and
Ciechanover, 2002).

Ubiquitination of the target substrate
does not necessarily mean that the protein is
being targeted for degradation.  In fact,
ubiquitination of a substrate can activate the

protein to perform a special function in the
cell.  In order to prevent degradation of these
ubiquitinated proteins that are performing a
certain function, the cell seems to have a
mechanism for separating the proteins that are
to be degraded from those that should be left
alone.

Ubiquitin forms a chain by linking the
C-terminal Gly of one molecule to an ε-NH2

group of a Lys residue in the other molecule
(Seibenhener et al., 2004; Glickman and
Ciechanover, 2002).  Because ubiquitin
contains six Lys residues, it is able to form six
different types of chains.  Multi-Ub chains are
said to be homogeneous—they possess the
same linkage throughout the chain (Hartmann-
Petersen et al., 2003).  Proteins with ubiquitin
chains bound at Lys 48 (K48) are recognized
and degraded by the proteasome (Glickman
and Ciechanover, 2002; Seibenhener et al.,
2004; Johnston and Madura, 2004).  K63
chains play a variety of roles that are not
degradation-related, such as stress response,
DNA repair, ribosomal function, and
activation of the “inhibitor of kappa light
chain gene enhancer in B cells alpha” (IκBα)
signaling complex (Glickman and
Ciechanover, 2002; Hartmann-Petersen et al.,
2003).  However, this does not rule out a
possible connection between K63 chains and
the proteasome (Seibenhener et al., 2004).
Less is known about the other forms of chains.
In at least one case, K29 Ub-chains have been
shown to be involved in recruitment of the E4
chain-elongating enzyme.  The K6 and K11
Ub-chains are able to bind to the proteasomal
subunit Rpn10, but it is not certain that they
have the same function as K48 chains
(Glickman and Ciechanover, 2002).

To distinquish some of the functions
of ubiquitin-binding proteins, each protein can
bind to ubiquitin in one of three ways.  (i) The
protein can form a thio-ester bond with
ubiquitin to serve as an E1 or E2
ubiquitination enzyme.  (ii) An isopeptide
bond can be formed with ubiquitin—most
substrates targeted for proteolysis associate
with ubiquitin in this fashion.  (iii) In the case
of C-terminal hydrolases and other proteins
such as Rpn10, the proteins bind non-
covalently with ubiquitin (Shin, 1998).  One
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Figure 4.  Shuttling factors for poly-ubiquitinated
substrates.  Ubiquitin- and/or proteasome-binding
domains of proteins that may be involved in
shuttling polyubiquitinated substrates to the
proteasome. Figure adapted from Hartmann-Petersen
et al., 2003.

function of non-covalent association with
ubiquitin chains may be to shuttle
ubiquitinated substrates to the proteasome
(Johnston and Madura, 2004; Hartmann-
Petersen et al., 2003; Glickman and
Ciechanover, 2002; Seibenhener et al., 2004).

Interestingly, Rpn10 is the only
proteasomal subunit that is found in
observable amounts outside of the proteasome
(Hartmann-Petersen et al., 2003; Glickman
and Ciechanover, 2002).  It is hypothesized
that free Rpn10 in the cytosol binds to
polyubiquitinated substrates and shuttles them
to the proteasome (Hartmann-Petersen et al.,
2003).  In fact, there are a number of shuttling
factors for polyubiquitinated substrates, which

form a noncovalent bond to ubiquitin through
a special domain on the protein (Fig. 4).

The domain that Rpn10 uses to
associate with ubiquitin is called the ubiquitin
interacting motif (UIM) (Hartmann-Petersen
et al., 2003).  At the N-terminal end of the
shuttling protein is a domain that binds to the
PC domain of Rpn1, which is part of the base
of the 19S RP.  This interaction causes the
transfer of the substrate to the proteasome
(Hartmann-Petersen, et al., 2003).

Another domain which interacts with
ubiquitin is the ubiquitin associating domain
(UBA), which is generally at the C-terminus
of the protein.  UBAs also bind noncovalently
to ubiquitin, and the N-terminus of these
proteins contains a domain that interacts with
the proteasome.  In the case of Rad23, Dsk1,
and other proteins, a ubiquitin-like domain
(UBL) at the N-terminus of the shuttling

protein binds to the UBL binding sequence
(UBS) of Rpn1.  The interactions between
shuttling factors and Rpn1 localize the protein
to the proteasome.  Because localization to the
proteasome is sufficient for degradation of the
substrate, it appears that these shuttling
proteins play a key role in aiding the
degradation of proteins (Janse et al., 2004).
For a summary of the ubiquitin-proteasome
system, see Figure 5.

3. Protein Aggregation

3.1 Failure of the Ubiquitin-Proteasome
System

The ubiquitin-proteasome system
(UPS) is such an important part of the cell’s
activities that inhibition or failure of the UPS
is commonly associated with apoptosis, or cell
death (Miller and Wilson, 2003).  In addition,
impairment of the UPS has been associated
with many neurodegenerative diseases, such
as AD, PD, and HD (Lang-Rollin et al., 2003;
Glickman and Ciechanover, 2002; Johnston
and Madura, 2004; Alves-Rodrigues et al.,
1998). There are a variety of hypotheses for
the cause of loss-of-function of the UPS,

Table 1. Relationship between neurodegenerative
disease and UPS dysfunction
Disease Type Aggregation

Components
Loss,of Function
of UPS

Huntington’s
disease

Huntingtin,
ataxin 3

Proteins
containing tract
of poly-
glutamine
repeats block
proper
proteasomal
function

Alzheimer’s
disease

Neurofilaments,
tau, heat shock
proteins,
proteasomes

Abnormal forms
of ubiquitin
block
proteasome
function

Parkinson’s
disease

α-synuclein,
neurofilaments,
proteasomes, α-
crystallin

1.) Loss-of-
function
mutations in the
E3 parkin
2.) Mutations in
α-synuclein
3.) Mutations in
ubiquitin C-
terminal
hydrolase
(UCH-L1)
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Figure 5.  The ubiquitin-proteasome system. Cytosolic and nuclear proteins are degraded by the UPS. Aged, damaged,
and misfolded proteins (S) are tagged with ubiquitin (Ub) via the E1, E2, and E3 ubiquitination enzymes.  Chain
elongation occurs through this pathway, or in some cases involves an E4 chain elongation factor.  A chain of four or
more ubiquitins is recognized by Rpn10 on the base of the 19S regulatory particle of the proteasome.  Rpn11 on the lid
of the 19S cap cleaves the ubiquitin chain from the protein substrate, while the 6-membered ring of ATPase subunits
unfolds the protein for entry into the 20S core.  The α-rings form a seal covering the proteolytic core, and the β-rings
perform the catalysis of the protein.  DUBs disassemble the cleaved ubiquitin chain, generating free ubiquitin for reuse.
Figure adapted from Ferrell et al., 2000.

which provide many different possibilities for
its failure (Table 1).

Failure of the UPS due to a mutation
in the substrate that is to be degraded may be
the cause of some neurodegenerative disorders
(Miller and Wilson, 2003; Lang-Rollin et al.,
2003).  In the case of HD, mutant huntingtin
contains a chain of polyglutamine (CAG)
repeats, which leads to neuronal dysfunction
and neurodegeneration (Jana and Nukina,
2003).  Genetic mutations of the protein α-
synuclein are linked to a rare, genetically

inherited form of PD (Narhi et al., 1999;
Miller and Wilson, 2003).

Disruption of ubiquitination can also
cause a loss of UPS function.  Mutations in the
gene that encodes for parkin, an E3 ubiquitin
ligase, may be to blame in autosomal-
recessive juvenile PD (AR-JP) (Lang-Rollin et
al. , 2003; Alves-Rodrigues et al.,1998).
Mutations in the DUB ubiquitin C-terminal
hydrolase L1 (UCH-L1), one of the most
abundant enzymes in the brain and which may
be involved in disassembly of ubiquitin chains
into monomers, is associated with at least one
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Figure 7.  Aggresome formation.  Aggregates that
form in the outer regions of the cell are
transported along microtubules to the microtubule
organizing center (MTOC), located near the
nucleus.  Figure adapted from Kopito, 2000.

Figure 6.  Aggregate formation from partially
unfolded proteins.  If proteins do not fold into the
correct conformation, there is the potential for
unfolded proteins to associate with one another,
leading to fibril formation in cells.  Figure adapted
from Ellis and Pinheiro, 2002.

form of familial PD (Ardley et al., 2004;
Miller and Wilson, 2003; Glickman and
Ciechanover, 2002).

Improper function of the UPS in some
cases of AD may be due to a mutation in
ubiquitin.  A frameshift mutation causes the
production of dysfunctional ubiquitin, referred
to as UB1, Ub(+1), or Ubi-B+1 (Miller and
Wilson, 2003; Glickman and Ciechanover,
2002; Alves-Rodrigues et al., 1998).  The C-
terminal end of the ubiquitin molecule is
altered, so it is unable to bind to protein
substrates or ubiquitins through the ubiquitin
conjugation pathway, but it is able to act as a
substrate on which ubiquitin chains can form.
These chains may be more difficult for the
DUBs to disassemble, and as a result, less
ubiquitin would be available for use by the
cell (Miller and Wilson, 2003).

The ubiquitin-proteasome pathway
can also be inhibited artificially by stopping
the pathway.  Adding compounds such as
MG132, ALLN, or PS-341 causes inhibition
of the proteasome, and prevents ubiquitinated
proteins from being degraded (Seibenhener et
al., 2004; Janse et al., 2004).  This allows for
an effective method to experiment with
possible therapies for UPS failure while using
standard cell lines.

3.2 How/Why Proteins Aggregate
Coupled with failure of the UPS is

protein aggregation.  Aggregation is the self-
association of proteins to one another, creating

a large complex in the cell (Fig. 6).
Sometimes, the protein develops an amyloid
secondary structure, and parts of the protein
change from native α-helices to more stable β-
sheets (Ellis and Pinheiro, 2002).   This causes
a special problem because cells do not appear
to be able to deal with proteins when they lose
their native conformation (Johnston and
Madura, 2004; Miller and Wilson, 2003).  No
matter the morphology of the inclusions,
aggregates can become so large that they
become insoluble (Schiefer et al., 2002;
Alves-Rodrigues et al., 1998; Lee and Lee,
2002; Ardley et al., 2004).

For an as yet unknown reason, there
are several different proteins that can
aggregate when not degraded by the cell.  α-
synuclein forms aggregates called Lewy
bodies in PD patients.  Huntingtin, especially
mutant huntingtin, forms aggregates in brain
cells when not degraded.  Accumulation of

amyloid β/A4 (Aβ) proteins, formed in the
degradation of amyloid precursor protein
(APP), can lead to the formation of amyloid
fibrils in neurons in AD.  Polyubiquitinated
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tau protein is found in neurofibrillary tangles
of AD (Kuusisto et al., 2002).  All of these
proteins are also capable of forming
aggregates in vitro when incubated at
sufficient concentrations (Lee et al., 2004;
Heiser et al., 2000). Aggregates have been
shown to be neurotoxic, so their formation has
been used to diagnose neurodegenerative
diseases (Bucciantini et al., 2002; Schiefer et
al., 2002; Hartley et al., 1999).

In response to accumulation of
neurotoxic aggregates, the cell actually
transports the aggregates along the
microtubules to the perinuclear area of the
cytosol to form one large inclusion called an
aggresome (Fig. 7) (Kopito, 2000).
Interestingly, in at least the case of Aβ -
proteins, small oligomers have been shown to
be more neurotoxic and harmful to the cell
than large aggregates, suggesting that the cell
is attempting to protect itself by moving all of
the accumulating proteins to one place—the
microtubule organizing center (Hartley et al.,
1999; Kopito, 2000; Garcia-Mata et al., 2002).

The function of the aggresome has not
been determined.  One theory is that the
aggresome is a center for proteolysis of the
proteins by the proteasome, because
aggresomes also contain UPS machinery such
as molecular chaperones, ubiquitin chains, and
proteasomal particles (Glickman and
Ciechanover, 2002; Kopito, 2000).  Another
theory is that the aggresome is like a dumpster
for the cell, possibly for future autophagy out
of the cell (Garcia-Mata et al., 2002; Kopito,
2000).  A third theory is that the aggresome is
an early precursor for formation of lysosomes.
Little is known about how lysosomes form.
However, studies have shown that some
aggresomes can be engulfed by membrane,
and may then mature into a lysosome (Garcia-
Mata et al., 2002).  In any case, although
aggresome formation appears to be a defense
mechanism of the cell, it does not seem to be a
completely successful path to cell survival.

3.3 Role of Protein Aggregation and UPS
Failure in Neurodegenerative Disorders

It is not yet known which is the
ultimate cause of neurodegenerative
disorders—loss of UPS function or protein

aggregation.  There is the theory that failure of
the UPS to degrade proteins leads to their
accumulation and aggregation (Miller and
Wilson, 2003).  However, if aggregates are
cytotoxic, their formation—and their
sequestration of components of the UPS—may
cause the loss-of-function of the proteasome
(Bucciantini et al., 2002; Miller and Wilson,
2003).

In either case, inhibition of protein
aggregation, or destruction of aggregates that
have already formed, may provide the cell
with another chance to degrade the proteins,
and could possibly be a therapy for these
neurodegenerative diseases.  Extensive
research is currently exploring small
molecules that bind to aggregation-prone
proteins (Lee et al., 2004; Zhu et al., 2004;
Schiefer et al., 2002; Heiser et al., 2000; Ishii
et al., 2002).  There is a chance that a small
molecule may bind to the protein at the same
site that it self-associates, competitively
inhibiting aggregate formation (Heiser et al.,
2000).  Alternatively, the small molecule may
in some way reduce the oxidative stress on the
protein, allowing it to remain in its native
conformation (Ishii et al., 2002).

In normal cells, aggregation is
inhibited because the cell contains
mechanisms that handle misfolded proteins
and help prevent their formation.  Some
mechanisms ensure successful transcription
and translation of nucleotides to polypeptides.
Molecular chaperones such as heat-shock
proteins help to ensure folding of the nascent
protein into its proper native structure (Jana
and Nukina, 2003).  In addition, heat-shock
proteins may enhance the ability of a
misfolded protein to refold properly.  As a last
resort, misfolded proteins are targeted by
ubiquitin to be degraded by the proteasome
(Glickman and Ciechanover, 2002; Hartmann-
Petersen et al., 2003).

However, cells placed under thermal
or oxidative stress and cells containing certain
DNA mutations are more likely to produce
proteins that are partially unfolded or
misfolded (Alves-Rodrigues et al., 1998;
Johnston and Madura, 2004; Nakaso et al.,
2004).  This may lead to an overload of the
cell’s control mechanisms, accumulation of
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PB1

a.)

b.)

c.)

Figure 8. p62.  a.) Domain sequence of p62.  b.) Three-dimensional structure of the N-terminal PB1 domain.  Proteasomal
subunits Rpn10 and Rpt1 have been shown to interact with the N-terminal region of p62.  c.) Three-dimensional structure of
the C-terminal UBA domain of p62.  K63-polyubiquitin chains associate with p62 through the UBA domain. Figure 8a from
Geetha and Wooten, 2002; Figure 8b adapted from Lamark et al., 2003; Figure 8c adapted from Ciani et al., 2003.

these proteins, and ultimately protein
aggregation (Alves-Rodrigues et al., 1998).
Research is also being performed on drugs that
increase the production of the quality control
mechanisms of the cell.  For example,
geldanamycin is a promising drug because it
affects the expression of heat-shock proteins
Hsp40, Hsp70, and Hsp90 (Sittler et al.,
2001).

4. p62

4.1  Structure and Functions
A relatively novel protein called p62

is emerging as a player in degradation of
cytosolic proteins (Seibenhener et al., 2004;
Babu et al., 2005).  p62 is a multimeric
signaling complex, binding to a wide variety

of substrates through its different binding
domains (Fig. 8a).
  At its N-terminus, p62 contains a
Phox-and-Bem1p (PB1) domain (Fig. 8b).
This domain includes a basic cluster
containing a conserved lysine residue and an
acidic OPR/PC/AID (OPCA) motif made up
of a loop and a helix.  It has been shown that
the OPCA motif of one polypeptide can
interact with the basic cluster of another PB1
domain-containing polypeptide.  In this
manner, p62 is able to self-associate, forming
oligomers (Lamark et al., 2003).

Many molecules bind to p62 through
this interaction to carry out a step in a
signaling pathway.  The atypical protein
kinase Cs (aPKCs) λPKC and ζPKC bind to
p62 through its PB1 domain, and they are
important in a variety of pathways (Lamark, et
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al., 2003).  The aPKCs work with p62 and
other proteins to cause stimulation of the
transcription factor nuclear factor κB (NF-κB)
(Geetha and Wooten, 2002).  NF-κB is a
signal that promotes cell survival by
preventing the cell from undergoing apoptosis,
or programmed cell death (Geetha and
Wooten, 2002).
 Towards the sequential center of p62
is a tumor necrosis factor (TNF) receptor-
associated factor 6 (TRAF6) binding domain.
TRAF6 is an E3 ubiquitin-protein ligase that
adds Ub to substrates in a K63 conformation.
Interestingly, TRAF6 is also involved in the
NF-κB signaling pathways.  One pathway that
leads to the production of NF-κB involves the
IκB kinase (IKK) complex.  Interaction
between p62 and TRAF6 leads to the
recruitment of aPKC to p62.  This leads to
phosphorylation of either IKKα or IKKβ, and
ultimately to activation of IKKγ.  This leads to
the activation of NF-κB, and promotion of cell
survival (Geetha and Wooten, 2002).

At the C-terminus of p62 there is an
UBA (Fig. 8c).  The UBA of p62 specifically
binds to K63 ubiquitin-chains non-covalently.
This means that p62 may serve as a shuttling
factor for sending ubiquitinated substrates to
the proteasome (Geetha and Wooten, 2002).
Evidence suggesting that p62 is a shuttling
factor shows that the proteasomal subunits
Rpn10 and Rpt1 can associate with p62
towards its N-terminus (Seibenhener and
Wooten, unpublished data).  This may cause
the localization of the ubiquitinated substrate
to the proteasome, leading to its degradation.
Interestingly, proteins containing the UBA
have a greater affinity for poly-ubiquitin
chains rather than mono-ubiquitin (Johnston
and Madura, 2004; Hartmann-Petersen et al.,
2003; Shin, 1998).  This gives further
evidence that UBA-containing proteins may
be shuttling factors for ubiquitinated
substrates, as they seem to select for substrates
that can be degraded readily by the
proteasome (Hartmann-Petersen et  al., 2003).

4.2 Possible Role in Neurodegenerative
Disorders

Intriguingly, p62 is found in
significant amounts in AD and PD aggregates,
sugges t ing  a  poss ib le  ro le  in
neurodegenerative disease (Nakaso et al.,
2004).  At this point, the role is
speculative—either as part of the spread of the
disease, or perhaps part of the cell’s attempt to
survive.  It has also been shown that p62 can
form aggregates in vivo, dependent upon
proper microtubule function (Seibenhener et
al., 2004).  In addition, in one experiment,
HEK cells overexpressing p62 that formed
p62 aggregates survived more often that cells
that did not form aggregates.  However,
treatment with proteasome inhibitor led to
production of large p62 aggregates,
diminishing the pro-survival effects of p62
(Seibenhener et al., 2004).

Recent study has shown that p62 is
able to form independent aggregates in vitro,
s imilar in conformation to other
neurodegenerative disease-related proteins
such as α-synuclein, huntingtin, Aβ-proteins,
and others (Paine et al., 2005).  This evidence,
along with the apparent protective effect of
p62 aggregation, suggests that p62 may play a
key role in aggregation in neurodegenerative
disease.  By enhancing aggregation and
aggresome formation in UPS-compromised
conditions, p62 may promote cell survival in
the neurodegenerative disease state.  Future
study, including research of p62-deficient
mice, may shed new light on the role of p62 in
neurodegenerative disease.

5. Conclusion

The multiple factors affecting
neurodegenerative disease pathology has made
the cure of such diseases an elusive discovery.
There are a number of similar characteristics
between many neurodegenerative diseases,
including protein aggregation and UPS
dysfunction.  Aggregates tend to contain some
polyubiquitinated component that is specific to
each disease, such as tau proteins in AD or α-
synuclein in PD.  In addition, aggregates
generally contain secondary components such
as molecular chaperones and UPS machinery,
including the UPS shuttling factor p62.
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Elucidating the mechanisms of the UPS
pathway, protein aggregation, and p62
function may provide potential therapies for a
variety of neurodegenerative diseases.  On the
other hand, the most successful therapy may
be specific to each disease and depend on
reducing the cellular concentration of the main
component of an aggregate by transcriptional
control, enhancing proteolysis, etc.
Breakdown of the aggregate may provide a
successful strategy for returning the cell to
normal function, but because aggregation
appears to be protective, disassembling the
aggregate may increase the amount of toxic
species in a cell.  Because there appear to be
more questions than answers, the pathology of
neurodegenerative disease has been an
exciting area of research.  Major
breakthroughs may soon be on the horizon,
providing new treatments for those affected by
neurodegenerative disease.
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