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THE UBIQUITIN-PROTEIN LIGASE SYSTEM
The ubiquitin-protein ligase system was first described 20
years ago1. The ubiquitin system has 3 components
consisting of only a few different U1 ligases, a few different
homologous U2 ligases, and a larger number of U3 ligases
that comprise at least 3 families and are relatively specific
for certain substrates. Ubiquitin was named after a 76 amino
acid structure that is highly conserved in all eukaryotes.
Ubiquitization does not always lead to proteasome degrada-
tion of proteins. In addition, there are other regulators of
ubiquitin proteasome pathway including SUMO (small
ubiquitin modifier) that inhibits the ubiquitinization of
proteins.

20S AND 26S PROTEASOME COMPOSITION
The proteolytic activity of the proteasome was described
after the ubiquitin ligase system2, and the proteasome was
named in 19883. The 20S core structure is conserved from
archaebacteria to eukaryotes and consists of 14 copies each
of 2 different but related subunits, an α-type and a ß-type
group (Figure 1). The subunits are arranged into four 7-
membered rings, with the α-type subunits forming the 2
outer rings, and the ß-type subunits the 2 inner rings.
Collectively, they form a barrel-shaped complex, 15 nm in
length and 11 nm in diameter, which encloses 3 internal
cavities, approximately 5 nm in diameter, bounded by 4
narrow constrictions. Polypeptides to be degraded must pass
through a system of internal cavities and constrictions until
they reach the active sites in the central cavity. The “26S”
proteasome appears as an elongated structure (~45 nm long)
consisting of a central 20S complex capped at either one or
both ends by the 19S complexes. These 19S caps serve to
recognize ubiquitylated proteins and to convert them into a
form competent for degradation by the 20S core complex
(Figure 1).

INTERFERON-γγ INDUCTION OF PROTEIN
ACTIVATOR 28 TO FORM THE
“IMMUNOPROTEASOME” 
The proteasome has an important role in generating
immunocompetent peptides to be displayed by the MHC
class I complex4. The evolution of the proteasome predates
the evolution of the immune system, and the availability of
peptides between 7 and 9 residues long have been proposed
to influence the evolution of the MHC class I system5. In
turn, the proteasome has responded to the need of the
immune system for specific peptides by developing variants
of some of its ß-type subunits, which upon induction by
interferon-γ (IFN-γ) can replace their constitutive counter-
parts in the 20S complex, thus allowing further modulation
of specificity6,7.

The 11S or protein activator 28 (PA28) regulator of the
20S proteasome activity is strongly induced by the cytokine
IFN-γ8-11 (Figure 2). This regulator has no hydrolytic
activity of its own, but when combined with 20S protea-
somes it accelerates the degradation of antigen-processing
proteins by the proteasome. IFN-γ also induces synthesis of
3 ß-type subunits of the 20S proteasome, latent membrane
protein 2 (LMP2), LMP7, and multicatalytic endopeptidase
complex-1 (MECL-1), which replace their constitutive
counterparts in the “immunoproteasome.” PA28 can also
change the single cleavage mode of 20S proteasomes to a
coordinated double cleavage mechanism, thereby opti-
mizing the generation of dominant T cell epitopes12. PA28 is
composed of 2 types of subunits of approximately 30 kDa,
PAα and PAß, which are about 50% identical in sequence.
20S proteasomes of tissues from LMP7 knockout mice
show reduced MHC class I restricted antigen presentation
due to an impairment in peptide generation13. Interestingly,
the two PA28 subunits have sequence similarity (about 35%
identity) to a third protein, the nuclear Ki antigen found in
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patients with systemic lupus erythematosus (SLE)14. The
function of this highly conserved protein is still unknown.
Its relationship to the subunits of PA28 and the fact that it is
upregulated by IFN-γ point to a possible role in immunity. 

APOPTOSIS IN PROTEASOME PROCESSING OF
PROTEINS 
Apoptotic cell clearance is a complex process that inhibits
the initiation of inflammation and the immune response15,16.
Clearance involves several components on the phagocytic
cell. This is mediated by at least 3 receptors including phos-
phatidyl serine (PS) receptor, CD44, CD36 that are
expressed in the macrophage, resulting in uptake of the cell
expressing PS and undergoing apoptosis17,18 (Figure 3). This
method of elimination of cells leads to intracellular degra-
dation of antigens as well as intramacrosomal degradation
of the cell. Complement deficiencies, the strongest suscepti-
bility genes for the development of SLE, have been shown
to correlate an impairment in the phagocytosis of apoptotic
cells by macrophages in vivo19. Dying cells are thought to be
a major source of the autoantigens of SLE, and impairment
of their removal by complement may explain the link
between hereditary complement deficiency and the develop-
ment of SLE. The MER knockout mice, which lack the c-
mer membrane tyrosine kinase, exhibit a defect in
phagocytosis20. These mice exhibit impaired clearance of
infused apoptotic cells, leading to development of progres-
sive lupus-like autoimmunity, with antibodies to chromatin,
DNA, and IgG21.

In this issue, Egerer, et al22 show that there are increased
levels of circulating, released 20S proteasomes (circulating
proteasomes, cProteasome) associated with a spectrum of
autoimmune disease. The highest levels of cProteosomes
are associated with myositis, autoimmune hepatitis, and
SLE. Autoimmune disease is associated with destruction of
cell types. For example, in myositis, muscle cell necrosis is
quite evident and is associated with increased serum levels
of tissue-specific proteins such as CPK; and hepatitis is
associated with tissue-specific proteins such as AST and
ALT. Increased cProteasome that can induce an autoim-
mune response might be due to the evolutionary conserved
nature of this complex, as observed for the Ku
autoantigen14. Increased IFN-γ in autoimmune disease,
which leads to higher ratios of the “immunoproteasome”
(which contains a 20S core), may also play a role in higher
levels of cProteasome23. Thus the proteasome plays a crit-
ical role in antigen processing, protein degradation, and
signal transduction and as an autoantigen in autoimmune
diseases.
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Figure 1. Structure of the 20S and 26S proteasome. The 20S proteasome is
the main proteolytic machinery of the proteasome. It consists of 14 inner ß
components and 14 outer α components, which are arranged in a barrel-
shaped organelle. Under electron microscopy, the 20S proteasome appears
as a tubular structure with a length of 15 nM and width of 11 nM. There is
a 5 nM core where the peptide to be processed enters. There are 3 cavities
and 4 restriction points within the proteasome, and the major proteolytic
area is in the central cavity of the proteasome. The proteasome can be
modified by addition of the 19S cap, which facilitates entry of ubiquiti-
nated proteins. This 20S proteasome with its 19S caps is referred to as the
26S proteasome. The ß components of the proteasome can be substituted to
enhance production of processed antigens. This is accomplished by IFN-γ
stimulation and upregulation of protein subunits LMP2, LMP7, and
MECL-1, which are incorporated into the ß core of the 20S proteasome.

Figure 2. Different functions of the proteasome. Two main functions of the
proteasome are to regulate signal transduction and to process antigens for
presentation on class I MHC. An example of how signal transduction is
regulated by the ubiquitin-proteasome pathway is shown by the protea-
some degradation of phosphorylated and ubiquitinated IκB. One regulator
of anti-apoptosis signaling by tumor necrosis factor-α (TNF-α) is phos-
phorylation of IκB. Recognization of the phosphorylated IκB by ubiquitin
ligase proteins, resulting in ubiquitinization and degradation of IκB by the
26S proteasome. This also results in nuclear translocation of nuclear factor-
κB and transcription of anti-apoptosis genes. The second function of the
proteasome is antigen processing. To enable generation of peptides of the
correct length to fit into the class I MHC groove, IFN-γ induces expression
of LMP2, LMP7, and MECL-1, which can be substituted for other ß
subunits to facilitate antigen processing for presentation by class I. Other
functions of the immunoproteasome are to facilitate presentation of anti-
gens by class II MHC and T cell receptor. 

Figure 3. Abnormal clearance of apoptotic bodies. Apoptosis is induced by
signaling through apoptosis molecules of the death domain family, or by
factors from cells such as IFN-γ from CD4 T cells, and perforin-granzyme
B from CD8+ T cells. Signaling through TNF-α might affect proteasome
activity or decrease phagocytosis of apoptotic cells. This leads to release of
conserved proteins such as cProteasome that can circulate and lead to
increased anti-cProteasome autoantibodies. Abnormal clearance of apop-
totic bodies is especially seen in the MER-1 knockout mice, which have
abnormal phagocytotic signaling, or in the C1q knockout mice, which
exhibit defective clearance. Phagocytosis is enhanced and made possible
by receptors on macrophages including CD36, CD44, and the phosphatidyl
serine receptor (PSR). Under normal conditions, there is high phagocytosis
of cells at early stages of apoptosis. Under abnormal conditions, defective
clearance of apoptotic bodies may lead to release of protein components
from these cells and development of autoantibodies.
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