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1.  ABSTRACT

Survival of cells is critically dependent on their
ability to rapidly adapt to changes in the natural
environment no matter how >extreme= the habitat.  An
interplay between protein folding and hydrolysis is
emerging as a central mechanism for stress survival and
proper cell function.  In eucaryotic cells, most proteins
destined for destruction are covalently modified by the
ubiquitin-system and then degraded in an energy-dependent
mechanism by the 26S proteasome, a multicatalytic
protease.  The 26S proteasome is composed of a 20S
proteolytic core and 19S cap (PA700) regulator which
includes six AAA+ ATPase subunits.  Related AAA+

proteins and 20S proteasomes are found in the archaea and
Gram positive actinomycetes.  In general, 20S proteasomes
form a barrel-shaped nanocompartment with narrow
openings which isolate rather non-specific proteolytic
active-sites to the interior of the cylinder and away from
interaction with cytosolic proteins.  The proteasome-

associated AAA+ proteins are predicted to form ring-like
structures which unfold substrate proteins for entry into the
central proteolytic 20S chamber resulting in an energy-
dependent and processive destruction of the protein.
Detailed biochemical and biophysical analysis as well as
identification of proteasomes in archaea with developed
genetic tools are providing a foundation for understanding
the biological role of the proteasome in these unusual
organisms.

2.  INTRODUCTION

Proteolysis is central to cell function and vital to
the ability of cells to adapt to changes in the natural
environment.  Although most cellular proteins are usually
stable, there are specific subsets which display high rates of
turnover including those regulating metabolic branch
points, transcription, cell division, differentiation, and DNA
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repair (1-7).  When these high turnover rates are coupled
with transcriptional control, cells are able to respond
effectively to changes by rapidly altering the concentration
of enzymes at specific times and even in certain locations
in the cell.  Not only are normal proteins specifically
targeted for hydrolysis, but abnormal proteins which do not
properly fold in the presence of molecular chaperones are
also eliminated (8).  Abnormal proteins include those
which accumulate after exposure to stresses such as heat
shock or oxidative damage as well as those which are
produced by errors in transcription or translation, genetic
mutation, or RNA damage.  Also subunits of multi-protein
complexes are often targets for degradation when subunit
stoichiometry becomes disturbed.  Proteases also play an
important role in an overall increase in the hydrolysis of
most proteins during starvation to replenish the amino acid
pool.  Surprisingly, all of these degradative functions are
primarily mediated by energy-dependent proteases even
though the hydrolysis of peptide bonds theoretically should
not require the input of energy based on thermodynamics
(2,9).  It is likely that these proteases eliminate the majority
of both normal and abnormal proteins in a processive
mechanism (10-12), meaning that a protein is completely
degraded into peptides without release of intermediates.
Thus, cells minimize the accumulation of polypeptide
fragments and insoluble protein aggregates which may be
lethal and/or function inappropriately in the cell.

Energy-dependent proteases have been identified
in all organisms analyzed and, although not universally
distributed, include the Lon, FtsH (HflB), ClpAP, ClpXP,
HslUV (ClpYQ), and proteasome complexes (13,14).
Inhibition or modification of the levels of many of these
energy-dependent proteases disrupts the normal heat shock
response (e.g. 15).  Several of these proteases are stress or
heat shock inducible including ClpXP (16,17), Lon (18-20),
FtsH (20,21), HslUV(22), and subunits of the proteasome
(23).  Although energy-dependent proteases have limited
primary sequence identity, they have converged into
common >self-compartmentalized= structures which
sequester rather non-specific proteolytic active-sites away
from other cellular components and prevent the unregulated
hydrolysis of proteins in the cell (14,24,25).  Numerous
active sites line the interior of these cylindrical or chamber-
like proteases and are apparently accessed only via narrow
portals which are about the width of an alpha-helix,
suggesting that substrate proteins must be unfolded prior to
hydrolysis.

It is the initial steps of protein degradation which
are probably energy-dependent including:  tagging the
substrate for proper identification by the protease and
rendering the substrate accessible to the compartmentalized
proteolytic active sites by enzyme complexes which may
have reverse chaperone or unfoldase activities (26-28).
Thus, the energy-dependent steps of proteolysis are
believed to be advantageous checkpoints in the cell to
ensure that the proper proteins are committed to unfolding
and irreversible destruction.

In this review, we will first describe the
biochemical and biophysical properties of 20S proteasomes

which are the self-compartmentalized catalytic cores of
larger energy-dependent proteolytic complexes.  The
catalytic mechanism of peptide bond hydrolysis, subunit
composition, distribution among organisms, and assembly
of 20S proteasomes will be discussed.  Then advances in
our understanding of the ATPases (reverse chaperones)
required for the energy-dependent degradation of proteins
will be presented.  We will also outline how energy-
dependent proteases such as the proteasome are able to
recognize signals which target proteins for degradation.
Genomics and bioinformatics will then be used to provide
insight into the possible organization of proteasome
operons as well as additional energy-dependent proteases
such as Lon which may be synthesized in the archaeal cell.
Finally, we will discuss the biological role(s) of the
archaeal proteasome including its possible involvement in
stress responses based on genome information, preliminary
physiological studies, and known functions of the
analogous eucaryotic enzyme.

3.  PROTEASOMES AND THE 20S PROTEOLYTIC
CORE

Proteasomes are large multicatalytic proteases
found in eucarya, archaea, and Gram positive
actinomycetes (13,29).  In eucaryotic cells, proteasomes are
found in the cytosol, nucleus, and associated with the
endoplasmic reticulum and cytoskeleton (30-32).  Although
the cellular location of proteasomes in procaryotes has not
been established, biochemical properties of purified
complexes suggest that they may be cytosolic and/or
loosely associated with the cell membrane (33-39).
Proteasomes consist of a 20S catalytic core which degrades
unfolded polypeptides and short peptides in the absence of
ATP.  In vitro, most native or aggregated proteins are
resistant to proteolytic degradation by 20S proteasomes
(40).  Thus, it is not clear whether free forms of 20S
proteasomes function in degrading proteins in the cell.
Eucaryal 20S proteasomes exist as free particles in vivo
(41) but are also part of larger complexes such as the
energy-dependent 26S proteasome involved in ubiquitin-
mediated protein degradation as well as the PA28 immuno-
proteasome which is synthesized in response to IFN-
gamma (24,42).  In addition, nucleotidase or ATPase
complexes such as the recently described PAN (proteasome
activating nucleotidase) (43,44) and ARC (AAA ATPase
forming ring-shaped complex) (45) are predicted to
associate with 20S proteasomes to function in protein
degradation in archaeal and eubacterial cells, respectively.

3.1.  Architecture of the 20S proteasome
20S proteasomes are cylindrical with a length of

15 nm and a diameter of 11 to 12 nm and are organized as
four stacked rings with a central channel as seen in figure 1.
This overall architecture is highly conserved from bacteria
to man (35).  20S proteasomes are composed of 28 subunits
which are related in primary sequence and classify into 14
families which fall into two related superfamilies of alpha-
and beta-type (46,47).  Immuno-electron microscopy,
average projection image analysis, and secondary structure
prediction (48,49) reveal that 20S proteasomes have a
seven-fold symmetry with alpha-type subunits occupying



Proteasomes in the Archaea

839

Figure 1.  Transmission electron micrograph of 20S
proteasomes from the archaeon Haloferax volcanii.
Typical four-stacked rings are visible in the side-on views.
The central channel is visible in the end-on views.  The
particles, negatively stained with uranyl acetate, have a
length of 15 nm and diameter of 12 nm.  Bar, 100 nm.

Figure 2.  Predicted structure of the Methanosarcina
thermophila 20S proteasome.  The image is an atomic
model based on the crystal structure coordinates of the 20S
proteasomes from Thermoplasma acidophilum and yeast.
The active sites involved in peptide bond hydrolysis are
indicated in red.  Computational results were obtained
using software programs from Molecular Simulations Inc.
(http://www/msi.com), and from the Swiss Institute of
Bioinformatics (http://www.expasy.ch).

the two outer rings and beta-type subunits forming the two
inner rings, with each ring composed of seven subunits.
The number of different subunits which form the 20S
proteasome complex varies.  The archaeal and eubacterial
20S proteasomes have a fairly simple composition of two
to four different subunits with the majority of these
organisms having single alpha- and beta-type subunits.
Eucaryal 20S proteasomes are composed of 14 different
subunits which are divided equally into seven-alpha and
seven beta-type.  Each eucaryal subunit is located at a
defined position in the heptameric rings to generate a
complex with overall two-fold symmetry (50-53).

The X-ray crystal structures of the 20S
proteasomes of the archaeon Thermoplasma acidophilum

and eucaryote Saccharomyces cerevisiae were determined
to 3.4 and 2.4 Å resolution, respectively (54,55).  This
detailed structural information confirms the overall
architecture of the 20S proteasome, provides insight into
the mechanism of protein degradation, and enables atomic
models of related 20S proteasomes to be developed (figure
2).  Ironically, the archaeal 20S proteasome is similar in
overall structure to molecular chaperones such as GroEL
which promote protein folding (56,57).  Both complexes
are cylindrical with sevenfold rotational symmetry around a
large central cavity that is only accessible by an entry port
at each end of the particle.  There are fundamental
differences, however, between these two complexes.  The
channel openings at each end of the GroEL cylinder are 4.5
nm in diameter.  This is just wide enough to trap nonnative
polypeptides while protecting the hydrophobic patches
which form these binding sites from self-associating with
other GroEL molecules (58-60).  In contrast, the T.
acidophilum 20S proteasome has much narrower openings
of only 1.3 nm formed by the alpha subunits which appear
to protect most proteins from entering the cylindrical
channel which harbors the proteolytic active sites (54).
Additional enzymes or cofactors are apparently needed to
unfold protein substrates for access to this channel.  This is
supported by studies which demonstrate that polypeptides
unfolded by heat (43,61,62), oxidative damage (63-67), or
disulfide bond reduction (40,68-70) are usually degraded
by purified 20S proteasomes; whereas, most native proteins
are resistant to hydrolysis (40,63,68).  Furthermore,
covalent attachment of Nanogold particles of 2 nm
diameter to unfolded insulin prevents its degradation by
20S proteasomes (40).  Electron micrographs suggest that
this bulky label blocks the substrate protein from entering
the two orifices at each end of the 20S proteasome (40).
These narrow substrate openings may also ensure a
processive mechanism of degradation by restricting the size
of products released from the complex to short
polypeptides (3 to 30 amino-acid chains) which have
limited secondary structure (12,71).

The yeast 20S proteasome is similar in overall
architecture to the T. acidophilum enzyme but forms a
larger number of intersubunit contacts which may be
necessary for subunit assembly (55).  The N-termini of the
alpha subunits are disordered in the archaeal 20S
proteasome structure but, in contrast, appear to form tightly
closed constrictions or >gates= blocking the entry ports at
the ends of the yeast 20S proteasome (55).  Thus, additional
regulatory components are likely required to associate with
the yeast 20S proteasome and promote an open gate
conformation for protein substrates to enter the central
proteolytic channel (24).  Consistent with this mechanism,
19S cap (PA700) and 11S (PA28) regulatory complexes
interact with the ends of a variety of eucaryal 20S
proteasomes and stimulate peptide bond hydrolysis (24).
The biochemical properties of eucaryal 20S proteasomes
also support this model, since when purified in the presence
of glycerol, many are in a latent state and require heat,
chaotropic agents, or hydrostatic pressure for activation
(72-75).  Thus, regulatory complexes may control gates at
each end of the 20S proteasome and regulate substrate
entry.  The side windows of 1.3 nm originally noted in the
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structure (55) may be used for the rapid discharging of
degradation products (24).

The yeast and T. acidophilum 20S proteasomes
contain three inner cavities which include two
antechambers and a central chamber (76).  The
antechambers are each formed by one alpha-ring and one
beta-ring and have a volume of 59 nm3 with 2.2 nm
openings to the central chamber of 84 nm3 formed by the
two beta-rings (54,55).  It is the central chamber which
harbors the 6 to 14 active sites responsible for catalyzing
the hydrolysis of peptide bonds (54,55).  In vitro, 20S
proteasomes are able to hydrolyze unfolded proteins in the
absence of ATP.  However, it is unclear how these
unfolded polypeptides are translocated by an energy-
independent mechanism from the alpha-ring openings to
the active sites of the beta subunits which are 8 to 10 nm
away.  Why 20S proteasomes have antechambers also
remains to be determined.  Clusters of hydrophobic
residues which line the antechamber may preserve the
substrate protein in an unfolded state and direct the
polypeptide chain toward the active site clefts of the central
chamber (24).  The antechambers may also play a role in
restricting access to the central chamber of the 20S
proteasome (77).  Interestingly, other self-
compartmentalized proteases such as ClpP and the related
HslV do not have antechambers and are still functional in
the cell (78,79).

3.2. Catalytic mechanism of peptide bond hydrolysis
Small synthetic peptide substrates are often used

to characterize the peptidase activities of purified 20S
proteasomes.  Eucaryal 20S proteasomes have three major
peptidase activities including hydrolysis of peptide bonds
carboxyl to hydrophobic, basic, and acidic amino-acid
residues (chymotrypsin-like, trypsin-like, and postglutamyl
peptide hydrolyzing (PGPH) or caspase-like activities,
respectively) (80-82).  Mutagenesis (83-85) and co-
crystallization of the yeast 20S proteasome with specific
inhibitors (55) suggest that beta1, beta2, and beta5 subunits
(86) are responsible for the caspase-, trypsin- and
chymotrypsin-like activities, respectively.  20S
proteasomes isolated from higher eucaryotes, including
mammals and lobster, have two additional peptidase
activities including cleavage between small neutral amino
acids and after branched chain residues (SNAAP and
BrAAP activities) (80,87).  Mammalian 20S proteasomes
also undergo a significant change in subunit composition
after IFN-gamma induction which results in replacement of
the constitutive >active= beta subunits with the three beta
subunit homologs, beta1i (LMP2), beta2i (LMP10/MECL-
1), and beta5i (LMP7) which are also catalytically active
(88-92).  This alters the cleavage specificity of the 20S
proteasome during the hydrolysis of peptides and proteins
(93-98) and may facilitate the generation of antigenic
peptides (99-102).  Peptidase activities of 20S proteasomes
are further enhanced and modified by association with the
IFN-gamma-inducible PA28 (11S) regulatory complex
(87,103,104).

Procaryotic 20S proteasomes are relatively
simple in the types of peptides hydrolyzed compared to

those of eucaryotes.  The majority have only chymotrypsin-
like peptidase activity including those of the eubacteria
Rhodococcus erythropolis (37), Streptomyces coelicolor
(38), Frankia strain ACN14a/ts-r (39) as well as the
archaea T. acidophilum (62,105) and Haloferax volcanii
(34).  20S proteasomes of the methanoarchaea
Methanosarcina thermophila (61) and Methanococcus
jannaschii (43) are somewhat unusual with high levels of
both chymotrypsin- and caspase-like peptidase activities.
Only low levels of trypsin-like peptidase activity have been
observed for archaeal proteasomes (12,43,61).  Some of
these enzymes are stimulated by SDS (12,61) but do not
appear to purify in a latent state suggesting that the
openings of the alpha-rings do not significantly restrict
access of peptides and unfolded proteins to the beta subunit
active sites.  Analysis of the peptide products generated
during the degradation of proteins by T. acidophilum and
eucaryotic 20S proteasomes reveal different cleavage
patterns which do not appear to correlate with preferences
of peptide substrates (68,106-109).  Thus, peptidase
activities provide useful insight into how small peptides
bind to the active sites formed by the beta-type subunits but
may not necessarily indicate what types of products are
generated from protein substrates.

Several beta-type subunits of 20S proteasomes
belong to the N-terminal (Ntn) hydrolase family (110)
which includes HslV (79), penicillin acylase (111),
glutamine-phosphoribosyl-pyrophosphate amidotransferase
(112), and lysosomal aspartyl glucosaminidase (113).  The
common feature of this family is the generation of an N-
terminal amino acid which is used as an active-site
nucleophile in hydrolysis and is often mediated by
autocatalytic removal of a propeptide (61,114).  Among the
beta-type proteasomal subunits which undergo such
maturation, an N-terminal Thr is exposed to reveal a
gamma-oxygen which acts as the nucleophile and an alpha-
amino group which is the likely proton acceptor in the
hydrolysis of peptide bonds.  In addition, a salt bridge
formed by conserved Lys33 and Asp/Glu17 residues of
mature beta subunits may also be involved in accepting the
Thr1 side-chain proton through a charge-relay system.

This proposed mechanism of peptide bond
hydrolysis was elucidated by mutagenesis, inhibitor, and
crystallography studies of 20S proteasomes
(54,55,61,115,116).  Initially, all Ser, Cys, and His residues
of the T. acidophilum 20S proteasome were systematically
modified to Ala with no change in protease activity (117).
This revealed that the 20S proteasome was not an unusual
type of serine protease as previously suggested by inhibitor
studies (62,80,118,119).  Further evidence for the
mechanism of proteolysis came from two simultaneous
studies on the T. acidophilum 20S proteasome.  The N-
terminal Thr of the beta-subunit was modified to an Ala
which resulted in abolishment of the chymotrypsin-like
peptidase activity (116); and the 20S proteasome was co-
crystallized with a peptide aldehyde, acetyl-Leu-Leu-
norleucinal, which bound to the active site and inhibited
peptidase activity (54).  The results of these studies were in
agreement with the finding that a hydrolyzed form of the
antibiotic lactacystin, clasto-lactacystin beta-lactone,



Proteasomes in the Archaea

841

covalently bound to the N-terminal Thr residues of a subset
of beta-type subunits to inhibit several peptidase activities
of a mammalian 20S proteasome (115,120).  Amino acid
sequence alignment of beta-type subunits predicts that only
three of the seven constitutive eucaryal beta-type subunits
are >active= and harbor the residues involved in peptide
bond hydrolysis (116).  This is confirmed by co-
crystallization of the yeast 20S proteasome with peptidase
inhibitors demonstating that caspase-, trypsin-, and
chymotrypsin-like activities are likely mediated by the
beta1, beta2, and beta5 subunits, respectively (55).  These
results are also consistent with the previous in vivo
mutagenesis studies which suggest that pairs of active and
>inactive= beta-type subunits cooperate together to
catalyze the three different peptidase activities (84,85,121-
124).  In contrast, the methanoarchaeal 20S proteasomes
have 14 identical beta subunits which catalyze both
chymotrypsin- and caspase-like peptide activities (61).

Whether the amino group of Thr1 or Lys33 is the
primary proton acceptor of 20S proteasomes in the
hydrolysis of peptide bonds remains to be directly
determined.  Lys33 is probably protonated at physiological
pH (54) and is not needed for the trypsin-like peptidase
activity of the Methanosarcina 20S proteasome (61).  In
addition, yeast mutagenesis studies reveal that N-alpha-
acetylation of propeptide deleted beta subunits inhibits
peptidase activity and suggests that the Thr1 alpha-amino
group is involved in the catalytic mechanism of the
proteasome (125).  Water molecules may also play a role in
proteolysis as a proton shuttle between the N-terminal Thr
gamma-oxygen and alpha-amino group based on their
location in the yeast 20S proteasome crystal structure (77).

Proteasomes hydrolyze unfolded polypeptides by
an apparent processive mechanism in the cell, i.e., they
completely degrade a substrate protein to oligopeptides
before attacking another protein molecule (11,12,126).
This mechanism is probably an intrinsic feature of 20S
proteasomes and may be accounted for by a trapping of
substrate inside the cylinder.  When examined in vitro, 20S
proteasomes alone processively hydrolyze relatively small,
unfolded substrate proteins in the absence of ATP or
cofactors.  This has been demonstrated using a fluorescent
derivative of bovine beta-casein, a 209-amino acid globular
protein containing 5 to 6 residues of fluorescein
isothiocyanate (FITC) per molecule, as a substrate protein
(11,12).  The T. acidophilum 20S proteasome as well as
rabbit muscle 26S and 20S proteasomes were incubated
with a molar excess of FITC-labeled-casein and the
fluorescent peptide products of the reaction were analyzed
by reversed-phase HPLC.  These enzymes each generated a
specific pattern of products which was independent of time
and suggested a processive mechanism of degradation.
Although association of the eucaryal 20S proteasome with
the 19S cap in the presence of ATP modified the pattern of
peptides generated, it did not influence processive
hydrolysis of FITC-labeled-casein (11).  The kinetics of
hydrolysis of the 30-amino acid insulin B-chain by 20S
proteasomes isolated from human-red blood cells support
this model (127).  The related Lon and ClpAP proteases of
E. coli also degrade proteins processively but, unlike the

20S proteasome, the mechanism appears to be linked to
ATP hydrolysis (3,10,128,129).  Interestingly, some
proteins are not degraded in a processive mechanism by the
20S proteasome and instead are cleaved into large
fragments.  This occurs in vivo during the cotranslational
processing of NF-kappaB p105 and related NF-kappaB
p100 to the smaller p50 and p52 proteins (130,131).
Furthermore, the degradation of unfolded S-
carboxamidomethylated lysozyme of 129 amino acids by
bovine 20S proteasomes is nonprocessive in vitro with the
release of intermediate fragments of masses greater that
7000 Da (about 60 amino acids) which are later hydrolyzed
to smaller peptides of 6 to 20 amino acids (132).  Thus,
processive hydrolysis of some protein substrates may be
more efficient when 20S proteasomes are associated with
energy-requiring complexes such as the eucaryal 19S cap
or archaeal PAN protein.  It is likely that the majority of
substrate proteins are hydrolyzed processively in the cell to
avoid the accumulation of partially digested proteins and
peptide fragments which would otherwise be harmful.

The exact determinant of size and type of peptide
products generated by 20S proteasomes is unclear.
Originally it was noted that the average length of products
synthesized during hydrolysis of proteins by the T.
acidophilum 20S proteasome was between 7 to 9 amino
acids (106) which was in good agreement with the distance
between the proteolytic active sites of 2.8 nm (54).  Thus,
the spacing between the multiple active sites was proposed
to act as a molecular ruler in determining the length of
peptide product (54,55,106,133,134).  However, when 20S
proteasomes are incubated with molar excess of substrate
protein and the relative amounts of peptide products are
determined at a constant rate of degradation, the individual
products range from 3 to 30 amino acids and their sizes fit a
log-normal distribution (11,71).  Thus, it is possible that
high concentration of active sites in the central proteolytic
chamber and/or size of the alpha-ring pore may play a role
in determining the types of products released from 20S
proteasomes (11).  20S proteasomes may also be
oligocarboxypeptidases which determine product size by
using a mechanism in which long-lived acyl-enzyme
intermediates are anchored at one active site and then
cleaved at an adjacent one (77).  Based on studies which
demonstrate allosteric control of the peptidase sites of
rabbit muscle 20S proteasomes (135), there may also be an
ordered, cyclical >bite-chew= mechanism of protein
degradation which determines the type of products
generated.  In this mechanism, the chymotrypsin-like site
would be involved in the initial cleavage or >bite= of
proteins followed by a stimulation of caspase-like activity
which facilitates the >chewing= of polypeptide fragments
in the central chamber (135).

3.3.  Distribution and subunit composition of 20S
proteasomes

Genuine eubacterial 20S proteasomes have only
been identified in the high-G+C Gram-positive
actinomycetes which may have acquired proteasomal
gene(s) by horizontal transfer (13,29).  The majority of
eubacteria, instead, produce the HslV protease which is a
self-compartmentalized Ntn-threonine hydrolase and a
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divergent member of the beta-type proteasome subfamily
(29,136,137).  HslV is a cylindrical homooligomer of two-
stacked hexameric rings with putative substrate openings of
about 0.7 nm at each end of the cylinder axis (79).
Proteasomal alpha-type proteins have not been identified in
these eubacteria including organisms whose genomes have
been completely sequenced (13).  Instead, the six to seven
membered-ring HslU ATPase interacts directly with HslV
and is required for the hydrolysis of peptide and protein
substrates in an ATP-dependent reaction (136).
Interestingly, the occurrence of HslUV and 20S
proteasomes among all organisms appears to be mutually
exclusive, and some organisms such as the cyanobacterium
Synechocystis sp. PCC6803 as well as the eubacterial
pathogens Mycoplasma genitalium, Mycoplasma
pneumoniae, Chlamydia trachomatis, and Treponema
pallidum do not contain either protease (13).

The number of different subunits which form
genuine 20S proteasomes varies, but all subunits are related
and classify into either alpha- or beta-type superfamilies.
This is based on their relationship to the single alpha and
beta subunits which form the T. acidophilum 20S
proteasome complex, the first to be completely sequenced
(47,138).  This simple two subunit composition appears to
be widespread among 20S proteasomes from other archaea
including Methanosarcina, Methanococcus,
Methanobacterium, and Archaeoglobus species as well as
the actinomycetes Mycobacterium, Frankia, Streptomyces,
and most Rhodococcus species (13).  Rhodococcus
erythropolis strain N186/21 is an exception among the
eubacteria in that it produces two alpha-type and two beta-
type subunits which form a single 20S proteasome
(37,139).  However, several archaea including Haloferax,
Pyrococcus, and Aeropyrum species apparently synthesize
three different 20S proteasome subunits (34,140-142).
Recent analysis of proteasomes isolated from H. volcanii
reveals that a single beta-type and two different alpha-type
subunits are synthesized in this organism (34).  This study
combined with homologous production of epitope (poly-
histidine)-tagged derivatives of the individual subunits
reveals that at least two different 20S proteasome
complexes of 1) alpha1, alpha2, and beta and 2) alpha1 and
beta subunits are synthesized in H. volcanii (S. J.
Kaczowka and J. A. Maupin-Furlow, unpublished).  Based
on genome sequence, Pyrococcus species such as P. abyssi,
P. horikoshii and P. furiosus encode a single alpha-type
and two beta-type proteins (141,142)
(http://www.ncbi.nlm.nih.gov/BLAST/unfinishedgenome.h
tml).  The two beta proteins of Pyrococcus are predicted to
be processed at the N-terminus to generate active subunits
with highly conserved Thr1, Asp/Glu17, and Lys33
residues.  Previously, 20S proteasomes isolated from P.
furiosus were shown to be composed of single alpha and
beta subunits based on SDS-PAGE and protein sequence
analysis (36).  Whether or not the second beta subunit
(beta2) is synthesized and incorporated into a 20S
proteasome with all three subunits and/or a separate alpha-
beta2-20S proteasome in Pyrococcus remains to be
determined.  Based on genome sequence analysis,
Aeropyrum also appears to produce three different 20S
proteasome proteins including a single alpha-type and two

beta-type proteins (140).  Only one of the two beta proteins
from Aeropyrum (beta1) is predicted to be processed and to
generate an >active= beta subunit.  Why some archaea
appear to synthesize multiple 20S proteasomes of different
subunit composition remains to be determined.

The eucaryal 20S proteasomes are highly
complex with seven different alpha-type and seven
different beta-type proteins assembling into an ordered
complex of two-fold symmetry (50-53).  The complete
genome sequence of S. cerevisiae (143) as well as
biochemical studies suggest that lower eucaryotes produce
a single 20S proteasome of 14 different subunits (144,145).
Higher eucaryotes such as mammals and zebrafish,
however, appear to produce multiple 20S proteasomes of
different subunit composition including a general
housekeeping proteasome which is constitutively produced
in most cell lines and an immuno-proteasome which is
produced at high levels in cells involved in the immune
system as well as other cell types after IFN-gamma
induction (146,147).  Differences between these two 20S
proteasomes include replacement of the constitutive
>active= beta1, beta2, and beta5 subunits by the >active=
IFN-gamma inducible beta1i, beta2i, and beta5i to generate
a proteasome with altered peptidase and protease activities
(93,94,148,149).  In addition, two distinct forms of beta1i
have been found in isolated 20S proteasomes with one
corresponding to the >inactive= primary LMP2 translation
product and the other to the N-terminally processed
>active= form (150).

3.4.  Assembly of 20S proteasomes
The pathway of 20S proteasome assembly and

the function(s) of the beta propeptides are not fully
established and appear to differ somewhat among the three
domains (151).  One major difference is the number of
beta-type subunits which are cleaved at the N-terminus
during maturation of the proteolytic complex.  All of the
beta-type subunits of 20S proteasomes which have been
characterized from procaryotes are processed to expose an
active site Thr1 residue.  An exception may be the
crenarchaeon Aeropyrum which appears to encode both
active and inactive beta-type subunits based on the genome
sequence (140).  In contrast, the yeast 20S proteasome
contains two unprocessed subunits, beta3 and beta4, and
five processed subunits, including the >inactive= beta6 and
beta7 as well as the >active= beta1, beta2, and beta5
subunits (152).  An additional difference is the length and
sequence of the beta propeptide.  Some beta-type proteins
do not even have propeptides as seen for many eubacterial
HslV proteases; whereas, others have rather large
propeptides i.e. the 75 residue propeptide of the yeast beta5
protein (figure 3).  Interestingly, higher eucaryotes use
alternative leader exons to influence the length of some
propeptides including those of the beta1i and beta5i
proteins (150,153).

Proteolytic exposure of the N-terminal amino-
group of beta-type subunits is autocatalytic in eubacterial
(154), archaeal (61,114), yeast (155,156), and mammalian
(157) proteasomes and most commonly occurs at a
conserved Gly-Thr bond (figure 3).  Exceptions include the
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processing of beta6 and beta7 proteins of yeast at His-Gln
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Figure 3.  Propeptides of beta-type subunits of 20S proteasomes and HslV proteases.  Highlighted residues include Met residues
removed by methionine aminopeptidases in addition to residues removed after cleavage of beta-propeptides as determined by N-
terminal amino acid protein and/or DNA sequence analysis.  Number of residues removed indicated on right.  Abbreviations for
archaeal beta subunits:  Mth, Methanobacterium thermoautotrophicum Delta H; Af, Archaeoglobus fulgidus; Mst,
Methanosarcina thermophila TM-1; Ta, Thermoplasma acidophilum; Mj, Methanococcus jannaschii; Pab, Pyrococcus abyssi;
Hfv, Haloferax volcanii; Ss, Sulfolobus solfataricus P2; Ape, Aeropyrum pernix K1.  Abbreviations for eubacterial beta subunits:
Fr, Frankia strain ACN14a/+s-R; Stc, Streptomyces coelicolor; Mbl, Mycobacterium leprae; Mbs, Mycobacterium smegmatis;
Mbt, Mycobacterium tuberculosis; Re, Rhodococcus erythropolis NI86/21.  Abbreviations for eubacterial HslV family: Cj,
Campylobacter jejuni; Bs, Bacillus subtilis; Tm, Thermotoga maritima; Aa, Aquifex aeolicus; Rp, Rickettsia prowazekii; Bb,
Borrelia burgdorferi; Hp, Helicobacter pylori; Ph, Pasteurella haemolytica; Ec, Escherichia coli; Hi, Haemophilus influenzae;
Ll, Lactobacillus leichmanni.  Abbreviation for yeast beta-type subunits:  Sc, Saccharomyces cerevisiae.

and Asn-Thr bonds, respectively (152) (figure 3).  The
common fold of the Ntn hydrolase family (110) suggests
that beta-type proteins are processed by an intramolecular
mechanism due to the conformational strain at the cleavage
site created by an unusual beta-sheet structure.  Yeast
mutagenesis studies suggest that maturation of beta
proteins to active subunits occurs by an intrasubunit
autolytic event independent of the presence of other active
beta subunits (158).  Before removal of the beta propeptide,
the active site N-terminal Thr amino group of the mature
protein is not yet exposed in the precursor to accept protons
for peptide bond hydrolysis.  A catalytic water molecule
may instead abstract a proton from the hydroxyl group of
the Thr residue of the precursor (77) consistent with crystal
structures of Ntn hydrolyases (55,111).  This would

promote nucleophilic attack by the Thr gamma-oxygen on
the carbonyl carbon of the preceding Gly-Thr bond of the
beta precursor which is ultimately hydrolyzed to release the
propeptide and expose the active site Thr as the N-terminal
residue of the mature protein.  In contrast, the inactive
beta6 and beta7 subunits which are intermediately
processed are likely cleaved by an intermolecular
mechanism mediated by the active beta subunits (159-161).
An in vitro study of the T. acidophilum 20S proteasome
suggests that archaeal beta proteins may also mature by an
intermolecular event (114).  Mixing wild-type beta proteins
with beta mutants, which alone are not processed, results in
processing of up to 90% of the mutant beta protein in 20S
proteasomes heterologously synthesized in E. coli (114).
Interestingly, the conserved Gly residue amino to the
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cleavage site of the propeptide appears to be more
important for propeptide removal than the Thr residue
carboxyl to this site (114).

The exact role(s) of the propeptide at the N-
terminus of the beta-type precursor proteins of 20S
proteasomes is not fully understood.  Although no direct
evidence is available, the beta propeptide is widely
believed to protect the cell from unregulated hydrolysis of
intracellular proteins which would otherwise occur if 20S
proteasome assembly intermediates were exposed in the
cytosol.  The beta propeptide appears to be needed for
proper folding of the beta precursor by acting as a
molecular chaperone to protect the beta protein against
degradation or premature multimerization similar to the
propeptides of elastase, alpha-toxin, and lipase (162).  The
yeast beta propeptides also protect the active site N-
terminal Thr from modification prior to incorporation into
20S proteasomes as described below.

Many proteasome-like HslV proteases do not
even have a propeptide and instead rely upon a methionine
aminopeptidase to expose an active site Thr1 residue
(figure 3).  However, unlike genuine 20S proteasomes,
HslV displays only weak peptidase activity and binding of
inhibitors in the absence of the ATPase regulatory
component, HslU (136,163,164).  HslU and ATP are
apparently needed to allosterically modify the geometry of
the HslV active site to increase the affinity of binding to
peptides and proteins (165).  Thus, in the absence of the
regulatory HslU ATPase, assembly intermediates of HslV
probably have limited activity in the non-specific,
unregulated hydrolysis of proteins in the cell.

The relatively large eubacterial beta propeptides,
which range from 49 to 65 residues (figure 3), are needed
in cis or trans for productive assembly of 20S proteasomes
in vitro as well as in recombinant E. coli (154).  Likewise,
the yeast beta5 propeptide of 75 amino-acid residues is
essential for incorporation of the beta5 subunit into active
20S proteasomes and can be supplied in trans (155,166).
Thus, many beta propeptides appear to facilitate folding of
the precursor or are necessary for appropriate contacts with
other subunits or proteins for efficient 20S proteasome
assembly.  Removal of the propeptide from the yeast beta1,
beta2, and beta5 residues by mutagenesis prior to 20S
proteasome assembly suggests that another critical function
of the beta propeptide is protection of the N-terminal
catalytic Thr residues against N-alpha-acetylation (125).
Surprisingly, many archaeal beta propeptides are relatively
short ranging from 6 to 11 residues (Fig. 3) and are
dispensable in the assembly of 20S proteasomes in vitro as
well as in recombinant E. coli (43,61,114,167).  Even the
49-residue beta propeptide of H. volcanii is not essential for
in vitro assembly of 20S proteasomes from individual
alpha1 and beta subunits dissociated in low salt (34).  Thus,
the archaeal beta propeptide appears to have minimal if any
role in the actual assembly mechanism of individual
subunits into active 20S proteasomes outside the archaeal
cell.  Instead, the archaeal beta propeptide may be needed
for proper folding, stabilization, and/or protection of the N-
terminus of the beta subunit when synthesized in vivo as

suggested by a recent study in H. volcanii (S. J. Kaczowka
and J. A. Maupin-Furlow, unpublished).

The order and mechanism of incorporation of
individual subunits into active 20S proteasomes is still
unclear.  In the eubacteria, the alpha- and beta-type proteins
alone remain monomeric, but when mixed together form
half (alpha7beta7) and full 20S (alpha7beta7beta7alpha7)
proteasomes (154).  Mature, correctly processed beta
subunits are not detected in these half proteasomes
suggesting that cleavage of the beta propeptide occurs
during the joining of the half proteasomes to form active
20S proteasomes (154).  The alpha and beta proteins of the
eubacteria must interact to initiate half-complex formation,
and the rate-limiting step of assembly appears to be the
subsequent processing of the beta propeptide after
dimerization of the two half proteasomes (154).  Unlike the
archaea and eucarya, the genes encoding the alpha and beta
proteins of the eubacterial 20S proteasome are in tandem
and appear to be co-transcribed from the same operon (29).
This may ensure equimolar synthesis of these subunits for
20S proteasome assembly (29).

Like the eubacteria, the archaeal beta proteins
alone are inactive even in the absence of propeptides and
form only monomers, dimers, trimers, or aggregates
(43,61,167).  However, in contrast, archaeal alpha subunits
spontaneously self-assemble into single and/or double
stacked heptameric rings when produced in recombinant E.
coli (43,61,167).  Mutagenesis of archaeal alpha subunits
reveals that the N-terminal alpha-helix, which is absent in
beta-type proteins, is important for alpha-ring and 20S
proteasome complex formation (167).  The archaeal alpha-
ring appears to provide the scaffolding for assembly of the
beta-ring in the formation of active 20S proteasomes
(61,167).  Whether additional maturation factors are
necessary for either eubacterial or archaeal 20S proteasome
assembly in vivo is unclear.

Assembly of eucaryal 20S proteasomes is more
complicated with 14 different subunits located at specific
positions in either the alpha- or beta-ring.  Some eucaryal
alpha subunits including the human alpha7 (HsC8) and
Trypanosoma brucei alpha5 proteins self-assemble into
single, double, and even four-stacked protein rings when
produced in recombinant E. coli (168,169).  The human
alpha7 protein also induces heteroligomeric ring formation
when synthesized with alpha1 (PROS27) and alpha6
(PROS30) which are adjacent to alpha7 in the final ring of
the 20S proteasome (170).  Similar to archaea, the N-
terminus of eucaryal alpha-type subunits is essential for
incorporation of these subunits into 20S proteasomes (171).
It remains to be determined whether all seven eucaryal
alpha-subunits spontaneously assemble into a distinct ring
or whether the alpha subunits require interaction with beta-
type proteins or additional factors for proper
oligomerization.   Eucaryal assembly intermediates of 13S
to 16S have been identified in vivo which contain at least
six alpha-type and several beta-type proteins (41,172-174).
Thus, alpha-ring formation may precede beta protein
incorporation although further studies are needed (172).
Unprocessed and partially processed forms of beta-type
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Figure 4.  Comparison of energy-dependent 26S
proteasome to ClpAP protease.  The self-
compartmentalized proteolytic chambers (20S proteasome
and ClpP protease) and energy-dependent AAA+-regulatory
complexes (19S cap or PA700 regulator and ClpA ATPase)
are indicated.  The 19S cap Lid and Base domains are also
labeled.  The Base domain is composed of eight subunits
which include six AAA+ proteins which are proposed to
form a hexmeric ring similar to ClpA.  Figure adapted with
permission from S. Wickner, M. R. Maurizi, and S.
Gottesman.

proteins have been observed in 13S to 16S half proteasome
complexes including the beta1i, beta5i, and beta6 proteins
(41,157,172,174).   In addition, putative maturation factors
are associated with half proteasomes including Ump1
(175,176) and Hsc73, an Hsp70 homolog (173,177).  Ump1
appears to influence the conformation of beta propeptides
and ensure proper autocatalytic processing of the beta-type
subunits (175).  Ump1 then becomes trapped inside the
assembled, active 20S proteasome for destruction.

4.  PROTEASOME-ASSOCIATED AAA+ ATPases

Self-compartmentalized proteases alone typically
catalyze only the hydrolysis of unfolded polypeptides and
short peptides and are unable to degrade most native or
aggregated proteins.  Instead, separate ATPase
(nucleotidase) domains or complexes are needed to activate
energy-dependent hydrolysis of folded and aggregated
proteins by these proteases (28).  The ATPase component is
likely to function as a reverse chaperone to unfold and
disaggregate protein substrates and to facilitate their entry
into the chamber which harbors the proteolytic active sites.

4.1.  AAA+ superfamily
The majority of ATPases involved in energy-

dependent proteolysis classify to the AAA family (ATPases
associated with various cellular activities) or AAA+

superfamily (178-183).  The Rpt (regulatory particle triple-
A) subunits of the 26S proteasome, archaeal PAN, ARC of
the actinomycetes, ClpX, ClpA, HslU, Lon, and FtsH
which are all likely involved in proteolysis and are included
in this superfamily (180).  Molecular chaperones such as
the S. cerevisiae Hsp104 protein and other enzymes
mediating protein:protein interaction are also related.  The
AAA proteins are P-loop nucleotidases with a characteristic
250 residue domain which includes a Walker A motif (G-
X2-GXGKT), predicted to be involved in coordination of
Mg2+ and formation of hydrogen bonds with nucleotide
triphosphates including the beta- and gamma-phosphates,

as well as a modified Walker B motif or >DEAD= box also
predicted to be involved in Mg2+ binding and ATP
hydrolysis (184,185).  A second region of homology or
SRH motif [(T/S)-(N/S)-X5-DXA-X2-R-X2-RX-(D/E)]
which distinguishes AAA+ proteins from the broader
family of Walker-type ATPases is also conserved and is
involved in ATP hydrolysis (186).  These proteins also
contain a C-terminal helical extension or substrate selection
and discrimination (SSD) domain which is implicated in
substrate protein binding for the ClpX, ClpB, ClpA, HslU,
and Lon complexes (187,188).  Modification of an N-
terminal coiled-coil domain found in many AAA+ proteins
also influences activities including:  nucleotide hydrolysis
by the Rpt2 subunit of the 26S proteasome and related
archaeal PAN protein (43,189), binding of substrate
proteins to the yeast Yme1-AAA (FtsH-like) protease
(190), subunit interaction of the 26S proteasome (191), and
autodegradation of ClpA by the ClpAP protease (192).

Recent advances are providing detailed insight
into structural features of AAA+ proteins.  X-ray crystal
structures of two members of this family have been
determined including the delta' subunit of DNA pol III
clamp loader (193) and the hexamerization domain D2 of
the NSF vesicle-fusion protein (194,195).  Cryo-electron
micrograph three-dimensional reconstructions of the 26S
proteasome (196), ClpAP (197), and VAT (CDC48) (198)
also provide insight into overall AAA+ protein structure.
This has led to the development of models which explain
how certain AAA+ proteins function in mediating protein
unfolding for eventual degradation by self-
compartmentalized proteases (26,28).  The AAA+ ring,
which is often hexameric, appears to have an internal cavity
and a central pore forming a passage that is continuous with
the central channel of proteases such as the 20S proteasome
and ClpP (figure 4).  Thus, as substrate protein becomes
unfolded it may first pass through the central cavity of the
AAA+ complex and then through a passage formed by a
combination of the pore of the AAA+ ring and the narrow
openings located at either end of the protease cylinder.  The
nucleotide providing the energy for proteolysis is likely to
bind at the interface of neighboring subunits of the AAA+

ring with the beta- and gamma-phosphates of the nucleotide
interacting with an arginine finger motif, similar to the Ras-
RasGAP complex (199).  This may provide a mechanism
for transducing structural alterations through ATP
binding/hydrolysis to mediate intersubunit cooperativity
and communication within the AAA+ ring for protein
unfolding (28,193).

4.2.  Rpt (AAA+) subunits of eucaryal 26S proteasomes
In the eucaryotic cell, several regulatory factors

are known to associate with the 20S proteasome and
include the 19S cap (PA700), PA28 activator, 300-kDa
inhibitor, PI31 inhibitor, and several heat shock proteins
(Hsps) (42,200-203).  This diversity reflects the central role
of the proteasome in a variety of pathways.  Of these, the
19S cap, composed of about 20 different subunits,
associates with the 20S core to form the energy-dependent
26S proteasome which is involved in the degradation of
folded ‘native’ proteins often covalently tagged with
ubiquitin (42,204).  Recently, the 19S cap has been
separated into Lid and Base domains (205).  The Base is the
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energy-dependent component responsible for recognizing,
unfolding, and feeding model ‘native’ protein substrates such
as casein into the proteolytic chamber of the 20S proteasome
(205).  The Lid  is needed for recognition of ubiquitinated
proteins and does not directly interact with the 20S core (205).
The Base directly associates with the outer alpha-rings of the
20S core and is composed of eight subunits including six
which are members of the AAA+ superfamily (Rpt1 to Rpt6
proteins) (86).  Thus, the six AAA+ (Rpt) proteins of the 26S
proteasome Base domain may form a hexameric ring which
interfaces the heptameric alpha-ring of the 20S core with
symmetry mismatch similar to ClpAP protease (197).  Three-
dimensional electron microscopy suggests that there is a
flexible linkage or Awagging-type movement@ between the
19S caps and 20S core which may be a consequence of this
symmetry mismatch (196).

4.3.  Archaeal proteasome-activating nucleotidase
(PAN)

Homologs of the eucaryal Base domain AAA+

(Rpt) proteins are predicted from archaeal genome
sequences and include the PAN protein.  The M.
jannnaschii PAN protein is purified as an ATPase and
CTPase which forms irregular ring-shaped complexes with
diameter similar to the 20S proteasome (43,44).  In vitro,
PAN associates with the ends of 20S proteasomes much
like the 19S cap complexes of eucaryotes (43) and activates
the hydrolysis of substrate proteins such as bovine beta-
casein in the presence of either ATP or CTP (43,44).  The
N-terminal 73 amino acids of PAN influence the specificity
of nucleotides hydrolyzed and are not necessary for
activation of beta-casein degradation (43).  Interestingly, 5'-
adenylyl beta,gamma-imidophosphate (AMP-PNP) is not
hydrolyzed by PAN yet supports PAN-dependent activation
of beta-casein degradation as determined by the generation
of new alpha-amino groups using fluorescamine (43).
However, AMP-PNP does not support the conversion of
beta-[14C]-casein into acid-soluble products (44).  These
results suggest that binding of a non-hydrolyzable
nucleotide analogue to PAN supports a single or limited
number of cleavages by 20S proteasomes of substrate
protein into large, acid-precipitable products much like the
Lon protease of E. coli (129).

4.4.  Eubacterial AAA ATPase-forming ring-shaped
complexes (ARC)

The ARC protein of the actinomycetes is
predicted to activate proteolysis by 20S proteasomes
similar to the archaeal PAN protein.  ARC is a divergent
member of the AAA+ family, which in R. erythropolis is
encoded by a separate operon but linked to genes encoding
the alpha2 and beta2 subunits of the 20S proteasome
(29,45).  The ARC protein purifies as a complex of single
and double-stacked hexameric rings which hydrolyzes
nucleotides including ATP, CTP, and ADP (45).  ARC
does not appear to activate protein degradation or associate
with the 20S proteasome in vitro.  However, the association
constant for the two purified protein complexes may be too
low to detect specific interactions outside the cell (45).

4.5.  Chaperone activity of AAA+ proteins
The same energy-dependent AAA+ complexes

which promote the unfolding of proteins for degradation

may also function as molecular chaperones and promote
protein folding in the cell.  This dual activity would provide
a proofreading step following the initial binding of
substrate proteins which enables the cell to distinguish
between proteins destined for refolding, disaggregation, or
destruction (26).  The number of ATPase complexes
participating in proteolysis and protein folding in the cell is
unclear (28).  Often when putative >unfoldases= are
separated from the protease component, they catalyze the
reverse reaction by promoting protein folding and
preventing protein aggregation similar to molecular
chaperones (190,206-209).  Based on in vivo studies, the E.
coli ClpX ATPase not only acts with the ClpP protease in
the specific degradation of proteins such as lambdaO (210)
but also in the specific disassociation of proteins into active
monomers, such as the phage MuA transposase tetramer
which is disassembled from the DNA after recombination
(211).  ClpA, the ATPase component of the ClpAP
protease, may also act as a chaperone in the transition of
bacteriophage RepA dimers to monomers which are then
able to reinitiate P1 phage DNA replication in E. coli
(206,208,212).

 In the eucaryal 26S proteasome, the 19S cap
(PA700) which contains six Rpt (AAA+) subunits may also
participate in maintaining the quality control of proteins by
functioning as an unfoldase and a molecular chaperone.
The 19S cap (PA700) and eight subunit Base domain of
this complex which contains the six Rpt (AAA+) proteins
inhibits the aggregation of incompletely folded, non-
ubiquitinated proteins and promotes the refolding of
denatured proteins (e.g. citrate synthase) to their native
state (28,207,209) similar to molecular chaperones (213).
A recent study suggests that the chaperone activity of
PA700 may operate in vivo by playing a non-proteolytic
role in nucleotide excision repair to disassemble or
rearrange the repair complex in yeast (214).  The exact
mechanism of the PA700 refolding and disaggregation
activity is unclear.  The stoichiometric ratios of enzyme to
substrate protein needed for activity, ATP-dependance, and
detection of unfolded substrate:enzyme intermediates
differs somewhat among current studies (207,209)

5.  SUBSTRATE TARGETING AND SIGNAL
RECOGNITION

Many questions still remain as to how a fully
functional protein is suddenly targeted for degradation and
how abnormal proteins are specifically recognized for
hydrolysis by energy-dependent proteases.

5.1.  Ubiquitin-dependent
One of the most elegant mechanisms of targeting

proteins for degradation in eucaryotes is the covalent
attachment of multiple chains of a 76-residue ubiquitin
protein to the epsilon-amino group of Lys residues of
substrate proteins in an energy-dependent reaction (6,215).
This is mediated by ubiquitin-activating enzymes (E1)
which form a thioester with ubiquitin in the presence of
ATP.  Then, through a transthiolation reaction, ubiquitin is
transferred to ubiquitin carrier/conjugating enzymes (E2).
The E2s are often associated with ubiquitin protein ligases
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(E3) which are the central players in selecting the substrate
protein for ubiquitination.  E3s may also facilitate
hydrolysis of the target protein through direct interaction of
the E3:substrate complex with the 26S proteasome (216).
There are many signals which are recognized by the
ubiquitin system for degradation by the 26S proteasome
including:  proline-glutamate/aspartate-serine-threonine
(PEST) sequences (217), destabilizing N-terminal residues
(218),  hydrophobic regions (219), phosphorylation states
(220), glycine-rich regions (GRR)(221), the destruction box
of mitotic cyclins (222,223), and glycosylation state of
proteins (224,225).  Deubiquitinating enzymes as well as
ubiquitin-like proteins such as RUB1 are emerging as
further controls which regulate the tagging of proteins for
degradation by the proteasome (226-228).

5.2.  Ubiquitin-independent 
There are examples, although limited, of the

ubiquitin-independent degradation of substrate proteins by
the eucaryal proteasome (229). The prototype is the
turnover of ornithine decarboxylase (ODC) which catalyzes
the rate-limiting step in polyamine biosynthesis, a pathway
directly linked to cell proliferation (230).  The non-covalent
interaction of ODC with the protein factor antizyme
triggers ODC degradation by the proteasome (231-233).
Some proteasome substrates, such as IkappaBalpha and c-
Jun, are subject to bimodal targeting in which the signal-
induced turnover is mediated by ubiquitin and basal
turnover is ubiquitin-independent (234-236).  Also several
non-ubiquitinated proteins bind directly to proteasome
subunits including the viral Tax protein which binds to two
20S core subunits (237), the HBx protein of hepatitis B
virus which interacts with a proteasomal alpha-type subunit
(238), the p55 tumor necrosis factor receptor which binds
to a non-ATPase 19S cap protein (239), and an ankyrin
repeat protein which binds to an Rpt (AAA+) 19S cap
protein (240).  In addition, the binding of scavenger
proteins (e.g., ankyrin-repeat proteins) to substrate proteins
appears to signal proteasome-mediated degradation
independent of the ubiquitin pathway (240).  Some Rpt
subunits of the proteasome also form alternative complexes
which do not contain the ubiquitin recognition proteins of
the 19S cap and appear to recognize and modulate the
folding state of protein substrates in the absence of
ubiquitin (241).  Whether the above examples of ubiquitin-
independent interaction with proteasome proteins are
exceptions to the ubiquitin-paradigm for proteasome-
mediated hydrolysis or commonly used in the cell is
unclear.

To date, ubiquitin targeting systems have not
been identified in procaryotes including those whose
genomes have been sequenced
(http://www.ncbi.nlm.nih.gov/Entrez/Genome/org.html).
Furthermore, nothing is known about how substrate
proteins are recognized for degradation by proteasomes
in the archaea or actinomycetes. Generally in eubacteria,
improperly folded proteins with exposed hydrophobic
residues are recognized by energy-dependent proteases
(242,243).  N-terminal domains including destabilizing
residues of the N-end rule also specifically target
proteins for degradation by the proteases such as ClpP

of E. coli (218,244).  Proteins with destabilizing nonpolar
C-termini are recognized by Clp and FtsH proteins in E.
coli (245-250).  This includes the ssrA-tagging system
which adds nonpolar C-termini to damaged proteins
produced from 3'-truncated mRNA (251), mRNAs which
contain rare codons, and during tRNA scarcity (252).  The
SsrA-tag provides a means for the cell to identify these
undesirable proteins for destruction by ClpXP and ClpAP
proteases (245,246).  Another pathway in eubacteria for
targeting proteins for degradation is via the two-component
response regulator RssB which in its phosphorylated form
binds sigmaS (RpoS) and specifically targets this general
stress response sigma factor for degradation by ClpXP
(253).  Stress apparently controls the RssB affinity for
sigmaS through modification of RssB phosphorylation.

6.  ARCHAEAL GENOMICS

Complete genome sequences are available for
the crenarchaeon Aeropyrum pernix K1 (140) as well as
five euryarchaea including Archaeoglobus fulgidus
(254), Methanobacterium thermoautotrophicum Delta H
(255), Methanococcus jannaschii (256), Pyrococcus
abyssi (141), and Pyrococcus horikoshii OT3 (142).
The nearly complete sequences of the euryarchaeon
Pyrococcus furiosus and crenarchaeon Sulfolobus
solfataricus P2 genomes are also available
(http://www.ncbi.nlm.nih.gov/BLAST/unfinishedgenome.h
tml) (257).  Future genome projects involving the
korarchaea will also be of interest in understanding the
evolutionary history of proteins, since these organisms
have a close lineage to the root of the 16S rRNA
phylogentic tree and probably diverged prior to the
crenarchaeal line (258).

6.1.  20S proteasome and PAN operons
The 20S proteasome and PAN gene sequences

which are available provide insight into their
phylogenetic distribution and operon organization.  In
general, these genes are unlinked and dispersed
throughout the genomes of the archaea.  This is in
contrast to the genes encoding the related 20S
proteasome and ARC proteins of the actinomycetes
which typically form linked operons.  Interestingly, the
crenarchaeon Pyrobaculum aerophilum is an exception
among the archaea with alpha- and beta-type 20S
proteasome genes but no apparent PAN (Rpt-like)
homolog (44).

In order to gain insight into the biological role of
the archaeal proteasome, chromosomal regions of the 20S
proteasome (psmA and psmB) and PAN (pan) genes were
analyzed to identify potential polycistronic operons.  The
organization of genes surrounding pan is not highly
conserved among the archaea (figure 5A). In a few of the
archaea, pan is linked to a putative gene which is
divergently transcribed and encodes a protein with
similarity to eucaryal basal transcription factors
which cluster to COG1813 (figure 5A) (COG,
clusters of orthologous groups of proteins)
(http://www.ncbi.nlm.nih.gov/COG/).
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Figure 5.  Putative operons encoding the proteasome-activating nucleotidase (PAN) protein and 20S proteasome subunits of the
archaea.  A.  Archaeal genes linked to the pan gene encoding a 20S proteasome-activating nucleotidase.  B.  Archaeal genes
linked to psmA encoding the common alpha subunit of 20S proteasomes of the archaea.  C.  Archaeal genes linked to psmB or
psmB1 encoding the common beta or beta1 subunit of 20S proteasomes of the archaea.  D.  Archaeal genes linked to psmB2
encoding a second beta2 subunit of 20S proteasomes of Aeropyrum and Pyrococcus species.  Arrows represent genes predicted
from DNA sequence.  Genbank protein identity numbers are within arrows.  COG, Cluster of orthologous group of proteins
described in text are indicated below putative genes.  Abbreviations on left represent archaeal species, see figure 3.  Scale in bp.

Most archaeal genes encoding the alpha-type
proteasomal subunits (psmA) appear to be transcribed from
a conserved operon which includes several uncharacterized
genes.  A gene immediately downstream of psmA is found
in most archaea and encodes a protein of unknown function
which clusters to COG1500 (figure 5B).  Downstream of
this, most archaea have a gene encoding a putative
RNA-binding protein with an S1 domain of the COG1097
group (figure 5B).  The next gene encodes a putative
protein with similarity to the 3' exoribonucleolytic

trimming enzyme, ribonuclease PH of the COG0689 group,
which catalyzes the final maturation of small RNA
molecules in E. coli (259) (figure 5B).  In most archaea, the
final conserved gene which appears to be cotranscribed
with psmA encodes a putative nuclease which is related to
ribonuclease PH of the COG2123 group (figure 5B).  The
beta-type gene common to the archaea (psmB or psmB1)
appears to be cotranscribed in an operon with a gene
encoding a protein with an N-terminal RNA binding KH
domain (COG 1782) and C-terminal Zn2+-dependent



Proteasomes in the Archaea

851

hydrolase domain of the beta-lactamase superfamily
(COG1236) (figure 5C).  In contrast, the chromosomal
regions linked to the genes of Aeropyrum and Pyrococcus
encoding an additional beta-type subunit (psmB2) are not
organized in a conserved operon (figure 5D).

Thus, it appears that genes encoding the alpha
and beta subunits common to 20S proteasomes of the
archaea are transcribed as separate operons which have
conserved gene organization.  Surprisingly, the majority of
genes predicted to be co-transcribed with psmA or psmB
have high similarity to proteins involved in RNA
processing and binding.  Thus, the archaeal proteasome
may associate with or regulate the turnover of proteins
which bind to and modify RNA.  In eucaryotes, the
proteasome has been implicated in repression of mRNA
translation (260), pre-tRNA 5' processing endonuclease
activity (261), and aminoacyl transferase activity (262).
Small cytoplasmic RNA molecules have also been found
associated with eucaryal proteasomes (263,264).
Interestingly, the CCT-TRiC (Hsp60) chaperone of the
archaeon Sulfolobus solfataricus is also an RNA-binding
protein that participates in ribosomal RNA processing
(265).  Whether specific RNA molecules are an integral
part of the proteasome or reflect any of the physiological
roles of this complex is unclear (266).

6.2.  Additional energy-dependent proteases
Based on genome sequence analysis many

additional self-compartmentalized proteases and AAA+

proteins are predicted to be encoded in the archaea
including the: 1) Rpt/FtsH ATPase, 2) Lon protease, 3) Clp
ATPase, and 4) HtrA (DegP) protease.

6.2.1.  Rpt/FtsH ATPase
A putative ATPase found in a variety of archaea

has similarity to the energy-dependent FtsH protease and
Rpt subunits of the 26S proteasome.  The protein clusters to
COG1223 and has motifs typical of AAA+ proteins
including those for binding Mg2+, RNA/DNA, ATP, and
guanine rings (180).  However, the Zn2+-dependent
proteolytic active-site and N-terminal transmembrane
region of FtsH proteases (267) are not conserved.
Therefore, it is likely that the archaeal Rpt/FtsH-like
ATPase is cytoplasmic and does not directly hydrolyze
peptide-bonds but instead may act as an ATP-dependent
unfoldase in protein degradation and/or as a molecular
chaperone in protein folding.

6.2.2.  Lon Protease
Archaea genomes also encode a putative protein

which clusters to COG1067 and has significant identity to
the energy-dependent Lon protease characterized from the
cytosol of eubacteria and the chloroplast and mitochondria
of eucaryotes.  The mitochondrial Lon has recently been
shown to form a ring shaped complex with seven flexible
subunits (268) which, in combination with biochemical
studies, suggests a self-compartmentalization of the active
sites.  The Ser residue which acts as a nucleophile in
peptide bond hydrolysis as well as residues involved in
ATP binding and hydrolysis (269-272) are conserved in the
archaeal Lon protein suggesting that it may catalyze the

energy-dependent hydrolysis of substrate proteins.
Surprisingly, however, the N-terminus of the archaeal Lon
has two putative transmembrane domains suggesting it is
associated with the membrane.

6.2.3.  Clp ATPase and HtrA (DegP)
ClpP proteases are not present in the archaea;

however, M. thermoautotrophicum appears to be one of the
few archaea encoding a Clp-like ATPase (gene
identification number MTH284) (255).  This putative Clp
ATPase may function as a chaperone and/or associate with
non-ClpP proteases in the moderately thermophilic
methanogen.  M. thermoautotrophicum also appears to
encode an HtrA(DegP) protease (gene identification
number MTH1813).  In eubacteria, HtrA is a periplasmic,
heat shock inducible serine protease (273) which is
indispensable at elevated temperatures (274,275) and
participates in defense against oxidative stress in E. coli
(276). Recently, the E. coli HtrA was identified as forming
a self-compartmentalized structure similar to other energy-
dependent proteases (277).  Although the openings at the
ends of its cylindrical structure were narrower than the
openings of GroEL, they were larger than those of the 20S
proteasome, ClpP, and HslV (277).  Because the
periplasmic space is believed to be depleted of ATP, it is
speculated that HtrA may not associate with energy-
dependent unfoldases and instead hydrolyzes proteins
denatured by stress.  Although the archaeal HtrA protein
has conserved residues required for proteolytic activity, it
does not have conserved signal sequences.  Thus, the
archaeal HtrA may instead form a self-compartmentalized
protease in the cytosol which requires association of
AAA+-type protein(s) for hydrolysis of proteins.

7.  ROLE OF PROTEASOMES IN STRESS
RESPONSES

Survival of cells is critically dependent on their
ability to adapt to constantly occurring changes in their
natural environment e.g. temperature shifts, oxidative
damage, and changes in nutrient availability.  This ability
to rapidly respond to stress and other environmental
changes is vital to cell survival.  Proteolysis is considered
to be a central mechanism in stress responses to eliminate
damaged proteins in addition to targeting proteins in
pathways which are necessary for normal growth but which
may be harmful under stressful conditions (278).

7.1.  Eucaryal 26S proteasomes and stress
The 26S proteasome participates in nearly all

intracellular protein degradation required for eucaryal cell
function including bulk turnover of proteins as well as the
targeted hydrolysis of specific proteins through the
ubiquitin-mediated pathway (42).  The central role of this
protease in eucaryotic cell physiology is highlighted by
mutagenesis studies in yeast which reveal that many of the
subunits of the 26S proteasome are essential for life (1,6).
The ubiquitin-proteasome pathway has specific functions
critical for cell survival such as regulation of the cell cycle,
class I antigen processing, signal transduction, sporulation,
DNA repair, heat shock, heavy metal resistance, and
degradation of abnormal proteins (5,6,215).
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An early indication that there was a relationship
between the ubiquitin system and stress was through
investigation of a mammalian mutant cell line ts85 which
has a temperature-sensitive mutation in an E1 ubiquitin-
activating enzyme (279,280).  These cells exhibited strong
defects in the degradation of short-lived and abnormal
proteins damaged by heat or amino-acid analogs.  These
results are consistent with the observed increase in
ubiquitin synthesis followed by a burst of protein
ubiquitination which ultimately results in a depletion of
free ubiquitin in the cytosol during stress (281,282).
Polyubiquitin genes such as UBI4 of yeast are strongly
induced by a variety of environmental stresses including:
heat and cold shock, nutrient depletion, DNA-damaging
agents, oxidizing agents, and heavy metals (282-286).  The
transcriptional response of UBI4 is regulated by multiple
independent pathways and is likely to be the primary
mechanism for increasing the pool of ubiquitin for
degradation of stress-damaged proteins (287).  Genes
encoding the deubiquitinating enzymes Ubp4/Doa4 and
Ubp14 are also needed for stress-resistance and sporulation
in yeast in order to increase the ubiquitin pool (6,288).  The
transcription of several genes encoding E2 ubiquitin
conjugating enzyme are stress-inducible including:
UBC2/RAD6 by ultraviolet light, DNA damaging agents, or
during sporulation (289); UBC4 by heat shock (290); UBC1
during stationary-phase growth (291); and UBC5 by heat-
shock, cadmium, or stationary-phase growth (290).  These
results are corroborated by mutagenesis studies which
reveal that UBC2/RAD6 is required for DNA repair and
sporulation (292); UBC4 and UBC5 are required for bulk
degradation of short-lived and abnormal proteins (290);
UBC5 is also essential for sporulation and survival during
stress (i.e. heat shock, amino-acid analogs, and cadmium);
and UBC7 is needed for cadmium resistance (5).  Heat
stress, amino-acid analogs, ethanol, and heavy metals are
all damaging to proteins and are likely to expose structural
elements (e.g. hydrophobic patches) which are recognized
by E2/E3s for targeting damaged proteins to the
proteasome for destruction.

Based on mutagenesis studies in yeast, several
subunits of the 26S proteasome including the alpha5, beta1,
beta4, beta5, and beta7 subunits of the 20S proteasome and
the non-ATPase subunit Rpn2 (Sen3) of the 19S cap appear
to be linked to stress responses (6).  In addition, yeast
genomic analysis using DNA chip technology reveals a 5 to
10 fold increase in mRNA transcripts of not only ubiquitin
but also the Rpn1 (non-ATPase) and beta1 subunits of the
26S proteasome after exposure to a DNA-damaging agent
(23).  Furthermore, energy-dependent 26S proteasome
assembly is enhanced in cell lysate prepared from nutrient
depleted, heat-stressed yeast cells versus non-stressed cells
(293).  In some cancer cell lines, the proteasome is
localized to the nucleus after stress (e.g. 294) presumably
by the exposure of nuclear localization sequences of the
20S proteasome (295).

Addition of specific proteasome inhibitors (e.g.
MG132, lactacystin) to cells is often associated with an
increased synthesis of conserved heat-shock proteins even
in the absence of stress.  It is difficult to know whether

these responses are due to loss of specific proteasome
function or to general accumulation of defective protein
aggregates in the cell which triggers the response.
Exposure of kidney cells to proteasome inhibitors prevents
the degradation of short-lived proteins and increases the
levels of cytosolic Hsps (Hsp70 and polyUb) and ER
chaperones (BiP, ERp72, and Grp94) which results in
thermotolerance (15).   In yeast, proteasome inhibitors
stimulate the synthesis of trehalose and Hsps which confer
thermotolerance (296).  Treatment  of certain tumor cell
lines with proteasome inhibitors leads to an increase in
activity of c-Jun N-terminal kinase (JNK1) which is known
to initiate apoptosis in response to certain stresses (297).
The two heat-shock-inducible transcription factors, HSF1
and HSF3, as well as the development-related transcription
factor HSF2 are all activated after the treatment of avian
cells with proteasome inhibitors (298).

Several heat-shock proteins (Hsps) appear to
cooperate with the ubiquitin-proteasome pathway to
maintain the conformation of the 20S proteasome, modify
20S proteasome peptidase activities, and assist in the
recognition of damaged proteins for degradation by the 20S
proteasome.  Hsp90 copurifies with the 20S proteasome
from 1-month but not 2-year-old bovine lenses suggesting
an age-dependent, specific interaction (299).  In addition,
Hsp90 protects 20S proteasomes from oxidative damage
(300) and specifically modifies 20S proteasome peptidase
activity via non-competitive inhibition with chymotrypsin-
like substrates (301).  Hsp70 also appears to directly
interact with the 20S proteasome, based on the finding that
a yeast Hsp70 gene is a multi-copy suppressor of a
temperature-sensitive growth mutation in the alpha2
proteasomal gene (302).  Hsp70 proteins may facilitate
energy-dependent protein degradation by the 20S
proteasome as well as by the mitochondrial mAAA (FtsH)
and PIM1 (Lon)  proteases (303).  Mutagenesis studies also
demonstrate that the C-type cyclin Ume3 which represses
SSA1 (Hsp70 family) transcription is rapidly destroyed by
the ubiquitin-proteasome pathway in cells exposed to
stresses such as ethanol, heat shock, oxidative stress, or
carbon starvation (304).

The cooperation of molecular chaperones with
energy-dependent proteolytic pathways has also been
observed in procaryotes.  The DnaK (Hsp70) chaperone
with cochaperone DnaJ (Hsp40) and GrpE (nucleotide
exchange factor) are required for the hydrolysis of
incorrectly folded proteins by the Lon protease in E. coli
(305).  GroEL, GroES, and trigger factor also play a role in
the selective and rapid degradation of abnormal proteins by
the E. coli ClpP protease (306-308).  It is likely that many
of these chaperones are needed to prevent damaged
proteins from forming harmful, insoluble amyloids or
aggregates which are no longer accessible for hydrolysis by
energy-dependent proteases.

7.2.  Eubacterial HslUV proteases and stress
The proteasome-related HslUV protease, found in

most eubacteria, is encoded by the heat shock inducible
hslUV operon (22).  In vitro, HslUV functions as an ATP-
dependent protease and protein-activated ATPase toward
denatured substrates (309).  In vivo, HslUV is involved in
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the overall proteolysis of misfolded proteins in E. coli (310)
and regulates the heat-shock response by controlling the
hydrolysis of sigma factor 32 (RpoH) in a synergistic
mechanism with other ATP-dependent proteases (311).  A
transient increase in sigma32 then activates transcription of
heat shock genes in E. coli.  The HslUV protease also
suppresses the SOS-mediated inhibition of cell division by
its ability to degrade SulA, an inhibitor of the FtsZ cell
division protein (312).

7.3.  Procaryotic 20S proteasome and AAA+ proteins
and stress

Little is known about the biological significance
of 20S proteasomes or Rpt-like-AAA+ proteins in the
archaea or actinomycetes.  The role of procaryotic 20S
proteasomes in protein degradation has not been
demonstrated in vivo and substrate proteins have not been
identified.  In analogy to the eucaryal proteasome it is
possible that the procaryotic enzyme plays an active role in
mediating stress responses of the cell.  In general, most
proteasomes purified from eucaryotes or procaryotes are
stable at temperatures above the optimum for growth and
are resistant to damage by oxidizing agents suggesting that
the enzyme complex is stable after exposure to stress (e.g.
34,301,313).

In the actinomycetes, the levels of the 20S
proteasome subunits do not increase after cells are exposed
to heat shock (13).  In addition, two-dimensional
electrophoresis reveals that the ARC (AAA+) protein is
expressed in a relatively small amount, and its levels are
independent of the growth temperature of the organism
from 4 to 34 ΕC (45).  Knockout mutations of alpha- and
beta-type 20S proteasomal genes in the eubacterium
Mycobacterium smegmatis result in no discernable
phenotypic changes including:  response to stresses such as
heat shock, nutrient depletion, ethanol shock, heavy metals,
amino-acid analogs, and osmotic shock (314).  It is possible
that other proteases compensate for the loss of proteasome
function in these mutant strains.  This has been observed
for proteasome inhibitor-adapted eucaryotic cells which
exhibit enhanced tripeptidyl peptidase II (TPPII) activity
catalyzed by a large rod-shaped protease which appears to
substitute for some metabolic functions of the proteasome
(315).  The HslUV protease also has a substrate specificity
overlapping that of the Lon protease in E. coli (316).

Many archaea grow optimally in what are
considered to be >extreme= environments such as high/low
temperature, high/low pH, high salinity, high pressure, and
absence of oxygen.  However, even extremophiles exhibit
stress responses and acquire thermotolerance after brief
exposure to heat shock temperatures (317,318).  To
investigate the role of the archaeal proteasome in stress, T.
acidophilum cells were incubated with a tri-peptide vinyl
sulfone inhibitor which inactivated about 80% of the 20S
proteasome beta subunits through covalent modification of
the N-terminal Thr active site nucleophile (319).  This
partial inhibition of 20S proteasome activity significantly
reduced the ability of cells to overcome heat shock (319).
These results suggest that with only about 20% functional
20S proteasomes, T. acidophilum is unable to overcome an

increased level of heat-damaged proteins.  It is likely that
these damaged proteins formed intracellular aggregates or
inclusion bodies which inhibited cell growth.  Analysis of
H. volcanii (S. J. Kaczowka, H. L. Wilson, and J. A.
Maupin-Furlow, unpublished) reveals that during normal
growth the levels of the alpha1 proteasome protein are
constitutive; whereas, the levels of the alpha2 protein
increase during stationary phase.  After heat shock or
addition of canavanine, the levels of 20S proteasome
protein and mRNA transcripts are increased.  Although
further studies are needed, these studies suggest that the
20S proteasome may play a role in the stress responses of
the archaeal cell.

8.  PERSPECTIVE

Obviously, there is little known regarding the
physiological role of the 20S proteasome in the archaea or
actinomycetes.  We are encouraged by the recent analysis
of 20S proteasomes and PAN proteins from the
haloarchaeon H. volcanii (34) as well as the
methanoarchaeon Methanococcus maripaludis (H. L.
Wilson and J. A. Maupin-Furlow, unpublished).  Both of
these organisms have fairly well established genetic
systems for the analysis of proteasome function in vivo.
This includes efficient transformation of spheroplasts,
random mutagenesis and complementation strategies,
shuttle and expression vectors, transcriptional reporter
systems, high-resolution genomic maps, and a set of
overlapping cosmid clones covering the genome (e.g.
320,321).  It will be interesting to integrate the detailed
information on the biochemical and biophysical properties
of 20S proteasome and Rpt-like (AAA+) proteins with
studies focused on understanding how these elaborate
complexes function in the archaeal cell.
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