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Abstract

Protein degradation by 20S proteasomes in vivo requires ATP hydrolysis by associated hexameric AAA ATPase complexes such as
PAN in archaea and the homologous ATPases in the eukaryotic 26S proteasome. This review discusses recent insights into their multistep
mechanisms and the roles of ATP. We have focused on the PAN complex, which offers many advantages for mechanistic and structural
studies over the more complex 26S proteasome. By single-particle EM, PAN resembles a “top-hat” capping the ends of the 20S protea-
some and resembles densities in the base of the 19S regulatory complex. The binding of ATP promotes formation of the PAN-20S com-
plex, which induces opening of a gate for substrate entry into the 20S. PAN’s C-termini, containing a conserved motif, docks into pockets
in the 20S’s o ring and causes gate opening. Surprisingly, once substrates are unfolded, their translocation into the 20S requires ATP-
binding but not hydrolysis and can occur by facilitated diffusion through the ATPase in its ATP-bound form. ATP therefore serves
multiple functions in proteolysis and the only step that absolutely requires ATP hydrolysis is the unfolding of globular proteins. The 26S
proteasome appears to function by similar mechanisms.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A fundamental feature of protein breakdown in eukary-
otic and prokaryotic cells is its requirement for ATP (Gold-
berg and St. John, 1976). Much of our current knowledge
about intracellular proteolysis came from studies seeking to
understand the biochemical basis of this surprising require-
ment (Ciechanover, 2005; Goldberg, 2005). The key early
developments were the discovery of a soluble (nonlysoso-
mal) ATP-dependent proteolytic system in reticulocytes
(Etlinger and Goldberg, 1977) followed by the establish-
ment of similar energy-dependent proteolytic systems in
extracts of Escherichia coli (Murakami et al., 1979). Analy-
sis of these bacterial systems led to the discovery of large
ATP-dependent proteolytic complexes that degrade pro-
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teins and ATP in linked processes (Chung and Goldberg,
1981; Gottesman, 1996).

In eukaryotes, ATP is required both for ubiquitin conju-
gation to substrates and for the function of the 26S protea-
some, the ATP-dependent complex that catalyzes the
breakdown of ubiquitinated and certain non-ubiquitinated
polypeptides (Ciechanover, 2005; Goldberg, 2005; Voges
et al., 1999). The discovery of the first ATP-dependent pro-
tease in bacteria (lon/La) (Chung and Goldberg, 1981) was
made about the same time as the classic discovery of the
role of ubiquitin in protein breakdown in the reticulocyte
system by Hershko, Ciechanover, and Rose (Ciechanover,
2005; Glickman and Ciechanover, 2002). The energy-
requirement for ubiquitin conjugation in eukaryotes was
thought to explain the ATP requirements for intracellular
proteolysis in eukaryotes. Thus, initially it was believed that
there are two very different explanations for the ATP
requirements for proteolysis in prokaryotes and eukary-
otes. However, after further study, it became clear that after
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ubiquitination, ATP was still required for breakdown of
the protein (Tanaka et al., 1983), and by the late 1980s, the
26S proteasome was identified as the ATP-dependent pro-
teolytic complex that degrades ubiquitinated proteins
(Hough et al., 1987; Waxman et al., 1987).

As interest in the eukaryotic 20S proteasome developed,
archaea were found to contain a simpler, but structurally
markedly similar proteolytic complex in Thermoplasma aci-
dophilum (Baumeister et al., 1998; Dahlmann et al., 1989;
Voges et al., 1999). Further work also uncovered the exis-
tence of an ATPase complex, PAN, which functions
together with the archaeal 20S proteasome (Benaroudj and
Goldberg, 2000; Smith et al, 2005; Zwickl et al., 1999).
Thus, protein breakdown in archaea, bacteria and eukary-
otes is catalyzed by large proteolytic complexes that hydro-
lyze ATP and protein in linked reactions. Interestingly,
PAN is not found in all archaea (e.g., T. acidophilum). How-
ever, it appears likely that all archaea contain ATPase ring
complexes of the AAA family that may also function in
protein degradation by the proteasome. For example, VAT,
which is found in T acidophilum, seems likely to function in
substrate recognition, unfolding, and translocation of sub-
strates into the 20S proteasome (Gerega et al., 2005).

1.1. The 268 proteasome

The ATP-dependent 26S proteasome is composed of one
or two 19S regulatory complexes and the central 20S particle
(Voges et al., 1999; Zwickl et al., 1999), which is a hollow cyl-
inder, within which proteolysis occurs. The two outer o rings
and two inner P rings of the 20S particles are each composed
of seven distinct but homologous subunits. In eukaryotes,
three of the B subunits contain proteolytic sites, which are
sequestered in the hollow interior of the 20S particle (Groll
et al., 1997). Substrates enter the 20S through a narrow chan-
nel formed by the o subunits, whose N-termini, depending on
their conformation, can either obstruct or allow substrate
entry and thus function as a gate (Groll et al., 2000; Groll
and Huber, 2003). This entry channel is narrow and only per-
mits passage of unfolded, linearized polypeptides (Groll
et al., 1997). The 19S regulatory complex is composed of two
subcomplexes, the lid, which seems to bind and disassemble
the ubiquitin-conjugated substrate, and the base, which con-
tains six homologous ATPase subunits (termed Rptl-6 in
yeast) plus two non-ATPases, Rpn 1 and 2 (Voges et al,
1999). These ATPases are members of the AAA family of
ATPases (Patel and Latterich, 1998). For a globular protein
to be degraded, it must associate with the 19S ATPases and
undergo ATP-dependent unfolding followed by transloca-
tion into the 20S particle, which requires opening of the gate
in the o ring (Kohler et al., 2001). Each of these steps is regu-
lated in some way by the ATPase complex.

1.2. AAA ATPases and proteolysis

The ATPase complexes that regulate protein degrada-
tion in eukaryotes, bacteria and archaea are all members of

the AAA* (ATPases Associated with various cellular
Activities) ATPase superfamily (for review see Ogura and
Tanaka, 2003). The AAA™ family of ATPases are found in
all living organisms and in all cell compartments, where
they participate in a variety of essential cellular processes
such as mitosis, protein folding and translocation, DNA
replication and repair, membrane fusion and proteolysis.
They are characterized by the presence of one or two con-
served ATP-binding domains (200-250 residues), called the
AAA motif, consisting of a Walker A and a Walker B motif
(Confalonieri and Duguet, 1995). The eukaryotic and
archaeal (PAN) proteasomal ATPases belong to a subfam-
ily of AAA™ ATPases (AAA family) that contains an addi-
tional motif called the second region of homology (SRH)
(Lupas and Martin, 2002). Despite the large variety of cel-
lular processes in which AAA™ ATPases participate, they
have some common features. A recurrent structural feature
of most AAA™ ATPases is their assembly into oligomeric
(generally hexameric) ring-shaped structures with a central
pore. In addition, most appear to be involved in protein
folding or unfolding, and assembly or disassembly of pro-
tein complexes through nucleotide-dependent conforma-
tional changes. Thus, recent insights into the functioning of
the archaeal PAN complex and the 19S proteasomal regu-
latory ATPase may illuminate the functioning of these
other AAA Family members (and vise versa).

Though bacteria do not contain 20S proteasomes, like
those in eukaryotes, they do contain several large compart-
mentalized protease complexes that associate with AAA
ATPase complexes such as HslUV and CIpAP. HslV is a
two-ring peptidase complex which shares homology with
the beta subunits of the 20S proteasome (Bochtler et al.,
2000), and forms a six-membered ring (Rohrwild et al.,
1997) rather than the seven-membered ring, which is char-
acteristic of the 20S proteasome. HslU, the ATPase com-
plex, associates with HslV to stimulate protein degradation,
and is homologous to PAN. X-ray diffraction studies estab-
lished that HslU induces conformational changes in the
peptidase active site of HslV upon association and
increases the pore size of HslV. Thus, HslU increases the
peptidase activity of HslV by allosteric activation and
probably also by promoting substrate unfolding for peptide
entry (Huang and Goldberg, 1997; Sousa et al., 2000; Wang
et al,, 2001; Yoo et al., 1997). Facilitating peptide entry thus
appears to be a common property shared by HslU, PAN,
and the 19S ATPases, although HslV does not contain an
outer o ring or gating termini like those in the 20S protea-
some.

2. The function of the 26S ATPases

Studying the ATP-dependent processes and the mecha-
nisms of protein breakdown within the 26S proteasome has
proven difficult because of its structural complexity, multi-
ple enzymatic activities and ubiquitin requirement. Never-
theless, several important discoveries about these ATPases
have been made using genetic tools in yeast. Through



74 D.M. Smith et al. | Journal of Structural Biology 156 (2006) 72-83

systematic mutagenesis of the ATP binding sites in each of
the six different ATPases, Finley and co-workers showed
that these 19S ATPases (Rptl1-6) perform distinct functions
in protein degradation (Rubin et al.,, 1998). For example,
mutations in the ATP-binding site of Rpt2 severely impair
global protein degradation and cause a G2 cell cycle arrest,
while the corresponding mutation in Rptl does not influ-
ence global protein breakdown but caused a G1 cell cycle
arrest (Braun et al.,, 1999). This same type of mutation in
the other ATPase subunits caused varying degrees of
growth defects in yeast when challenged with heat shock or
canavinine, which promote the accumulation of large
amounts of misfolded proteins. These findings argue that
different ATPases aid in the recognition and degradation of
different subsets of proteins. Interestingly, the Rpt2 mutant
was found to be the most influential for cell growth. Subse-
quent work showed that an intact ATP binding domain in
Rpt2 was necessary to induce gate opening in the 20S
(Kohler et al., 2001) and that the a3AN 20S truncation
mutant, which cannot form a closed gate, could rescue
yeast cells containing the Rpt2 mutant from their growth
defect. It is not clear however whether or not Rpt2 is the
only ATPase that can induce gate opening. Although,
genetic analysis has been informative, further biochemical
studies of the yeast 26S proteasome are necessary to better
understand its molecular mechanisms and such studies
have proven quite challenging. For example, though Braun
et. al. and DeMartino et al. have demonstrated that the
base of 19S contains some chaperone-like properties
(Braun et al., 1999; Liu et al., 2003) no one has yet been able
to directly demonstrate unfolding of globular proteins by
purified 26S proteasomes, even though such an activity is
necessary for globular protein to enter the 20S particle (see
below). However, many of the 26S proteasomes properties
are very similar to those found for the homologous ATPase
proteasome complex found in archaea, which has proven to
be an excellent model system to elucidate the roles of ATP
in proteasome function.

3. The PAN ATPase complex from archaea

The first complete genome sequence in the domain of
archaea was from Methanococcus jannaschii. This sequenc-
ing revealed a gene (S4) which was highly homologous to
the genes encoding the 19S ATPases (Bult et al., 1996). To
test if this gene product might regulate the 20S proteasome,
the S4 gene was expressed in E. coli, and the 50kDa prod-
uct, named PAN (proteasome-activating nucleotidase), was
purified and characterized by Zwickl et al. (1999). PAN’s
sequence contains several hallmarks of the AAA ATPases
family: a single AAA domain, one P-loop motif (which
includes the Walker A and B motifs), and a second region
of homology (SRH motif) at its C-terminus. When mixed
with the archaeal 20S particle in the presence of ATP, PAN
stimulated the degradation of unfolded proteins as well as
globular ones (Benaroudj et al., 2001; Zwickl et al., 1999).
PAN is the closest known homolog of the eukaryotic 26S

ATPases and shares 41-45% similarity with all six of them.
In fact, PAN shows greater sequence similarity to several of
the 26S ATPases than these ATPases show with one
another! Based on its homology to other AAA complexes,
PAN is presumably a hexameric ring complex which pos-
sesses a predicted coiled-coil motif at its N-termini, as do
the 26S ATPases (Zwickl et al., 1999). In contrast to prote-
olysis in eukaryotes, degradation of proteins in archaea
occurs without ubiquitin conjugation or any similar ATP-
dependent modification of substrate (Zwickl et al., 1999).
Nevertheless, protein degradation by PAN and archaeal
20S proteasomes still seems to involve substrate recogni-
tion, ATP-dependent unfolding, translocation, and opening
of the gated channel in the proteasome (Benaroudj et al.,
2003; Ogura and Tanaka, 2003; Smith et al., 2005).

4. Structure and association of PAN with the 20S particle

Although the association of an ATPase chaperone-like
complex with a proteolytic particle appears to be a com-
mon feature of several ATP-dependent systems for intracel-
lular protein degradation (the 26S proteasome and the
bacterial ClpAP, ClpXP and HsIUV complexes), an associ-
ation between PAN and the 20S particle was difficult to
observe by typical biochemical approaches, even when
PAN and the 20S came from the same species. However,
when PAN is mixed with archaeal 20S proteasomes and
ATP, it could stimulate the degradation of proteins that
lack tight tertiary structures as well as stable globular
proteins (Benaroudj and Goldberg, 2000; Navon and
Goldberg, 2001; Smith et al., 2005).

Our recent studies using surface plasmon resonance
(SPR) and electron microscopy have directly demon-
strated that PAN does indeed associate with the 20S. This
association requires binding but not hydrolysis of ATP, as
determined by use of the non-hydrolyzable analogs of
ATP: ATPyS, and AMPPNP. Moreover, ADP cannot
support PAN-20S association and even competes for
binding of ATPYyS as was found in the bacterial ATP-
dependent protease complexes CIpAP (Maurizi et al.,
1998) and HslUV (Huang and Goldberg, 1997; Yoo et al.,
1997). While this association of PAN with the 20S was
readily observed in the presence of ATPYS, it is difficult to
demonstrate with ATP, presumably because ATP hydro-
lysis to ADP (which must be occurring continuously in
the PAN complex) weakens this association, since ADP
inhibits complex formation. Yoo et al. (1997) reached the
same conclusion regarding the HslUV complex. Accord-
ingly, we found by SPR that the PAN-20S complex (once
formed in the presence of ATPyS) dissociates five times
faster with ATP present than with ATPyS (Smith et al.,
2005). Although the PAN-20S complex is short-lived in
the presence of ATP, it clearly is sufficiently stable to
allow substrate translocation. It is also possible that sub-
strate binding to PAN increases its affinity for the 20S
complex, just as it enhances its ATPase activity (Ben-
aroudj et al., 2003; Smith et al., 2005).
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The EM images of the PAN-20S complex provided the
first structural information on the proteasomal ATPase
PAN and also helped clarify the prior EM structures of the
26S proteasome (Fig. 1). In addition to the expected large
inner ring, PAN contains what looks like a smaller “outer
ring”, and thus resembles a “top hat” that caps either or
both ends of the 20S particles. A very similar “top hat”
structure is also evident in EM images of 26S proteasomes
from several species. Thus, the PAN-20S complex closely
resembled the 26S complex less its lid (Fig. 1). This appar-
ent secondary “outer ring” in the base of the 19S cap had
not been thought to be part of the ATPases and had been
proposed to correspond to Rpnl and 2 (Kajava, 2002).
Based on its close similarity to PAN, we proposed that this
“outer-ring” density is part of the ring of ATPases Rptl-6.
As mentioned, the N-terminal regions of these six ATPases,
like that of PAN, are predicted to adopt a coiled-coil fold
(Gorbea et al., 1999; Zwickl et al., 1999), which may medi-
ate the binding of protein substrates (Wang et al., 1996). A
similar coiled-coil region also exists in the homologous
ATPase HslU, which forms a structure similar to PAN
when complexed with HslV (Rohrwild et al., 1997). The
coiled-coil region is found in the outer ring of HslU, and is
essential for ATP-dependent substrate degradation (Song
et al., 2000). Most likely, these outer rings in PAN and the
19S also correspond to the coiled-coil domain and are
important for substrate recognition, especially since they
form the entrance of the axial translocation channel that
leads to the 208 active sites.

In addition, the images of the 26S also display a weaker
density bound to this “top hat” structure on the opposite
side to where the 19S lid joins the base (Fig. 1, see *). It had
been speculated that this density corresponds to a substrate
(Walz et al., 1998), but this seems unlikely because this den-
sity is seen consistently in proteasomes purified by different
approaches from several species. The two non-ATPase base
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PAN-20S
Complex

26S \
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Fig. 1. An electron micrograph of the PAN-20S complex compared to a
representative EM image of a 26S proteasome from Xenopus laevis
oocytes (borrowed from Walz et al.,, 1998). PAN and the putative protea-
somal ATPases in the 26S are colored orange. An asterisk (*) marks the
density likely to be Rpn2.

subunits, Rpnl and 2, both associate with the ATPases,
apparently at opposite flanks of the ATPase ring, and Rpnl
is known to contact Rpnl0 at the joint where the base and
lid intersect (Ferrell et al., 2000). By exclusion, we therefore
proposed that this weaker density probably corresponds to
Rpn2.

These studies uncovered another interesting feature of
the PAN-20S complex; we observed significant class aver-
age variations caused by a deviation in PAN’s inclination
with respect to the 20S. Thus, the PAN ATPase ring seems
to “wag” in relation to the 20S particle, and a similar class
average variation has been found for the 26S proteasomes
by Baumeister and colleagues (Walz et al, 1998). This
“wagging” suggests that PAN’s contact with the 20S is not
static and may occur at local regions at the interface of the
two complexes. Since this apparent “wagging” is conserved
between archaeal and eukaryotic proteasomes, this motion
may be functionally significant. It is likely that the ATPase
subunits tightly associated with the 20S are those with ATP
bound, while the others have ADP or no nucleotide bound
since ATP binding, but not ADP, promotes association
with the 20S. Such a mechanism could generate a “wag-
ging” motion if ATP hydrolysis (and then ATP-ADP
exchange) occurs randomly or sequentially around the
ATPase ring rather than in a concerted manner.

5. PAN regulates gate opening

Because of the tight interaction between the 20S protea-
somes o and P subunits, substrates can enter only through
the 20S pore at either end of the particle (Baumeister et al.,
1998). The elegant X-ray analysis of M. Groll et al. showed
that this channel is gated by the N-termini of the o subunits
(Groll et al., 1997). These N-termini in eukaryotic protea-
somes can assume either of two ordered structures, an open
conformation and a closed one, both of which require the
YDR motif for stabilization (Forster et al., 2003; Groll
et al, 1997, 2000; Groll and Huber, 2003). As discussed
above, at least one ATPase subunit, Rpt2, is able to switch
the gate from the closed to open state (Kohler et al., 2001;
Rubin et al., 1998). In addition, gate opening also occurs in
an ATP-independent manner when the 118 regulator, PA28
(or its homolog PA26) associates with the 20S particle
(Forster et al., 2005, 2003; Whitby et al., 2000). The con-
served YDR motif is essential for gating in eukaryotic pro-
teasomes, but it is also present in the N-termini of the o
subunits of many archaeal strains (Groll and Huber, 2003),
even though initial reports have concluded that archaeal
proteasomes lack such a functional gate. Under certain
crystallization conditions the archaeal N-terminal residues
also form an ordered open gate structure that is dependent
on the YDR motif (Groll et al., 2003) and is congruent with
the eukaryotic open structure (Forster et al., 2003). How-
ever, a closed gate structure, like that in eukaryotic protea-
somes, has not been observed in archaeal proteasomes, and
Forster et al. (2003) concluded that the archaeal 20S N-ter-
mini are not able to form such a closed gate because they
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lack the sequence asymmetry that is necessary for the
closed gate conformation found in eukaryotic proteasomes.
In fact, the absence of a regulated gating mechanism for
archaeal 20S proteasomes had been assumed to represent a
major difference between archaeal and eukaryotic protea-
somes (Groll et al., 2003; Groll and Huber, 2003). Never-
theless, archaeal proteasomes could have a symmetric
closed gate structure that is unique to archaeal 20S particles
and that is easily disrupted by crystallization or conditions
required for crystallization.

Several other observations have also suggested that
archaeal 20S proteasomes lack a functional gate in the o
ring that prevents substrate entry (Voges et al., 1999). For
example, archaeal 20S proteasomes (unlike eukaryotic par-
ticles) alone rapidly cleave tri- or tetra-peptide substrates,
and PAN and ATP do not stimulate their hydrolysis
(Zwickl et al., 1999). Also, deletion of residues 2—-12 in the o
subunits, which are homologous to the residues forming the
gate in eukaryotic proteasomes, does not enhance the deg-
radation of these short peptides (Benaroud;j et al., 2003).
However, after deletion of these gating residues, a central
pore in the o rings becomes evident by EM, and the protea-
some shows a dramatic increase in its capacity to degrade
unfolded proteins (e.g., B-casein) (Benaroud; et al., 2003).
Using fluorescently quenched peptides of different lengths
we found that the gating residues in the archaeal o ring can
act as a barrier to entry of peptides as small as seven resi-
dues (Smith et al., 2005). When these N-termini are deleted,
these heptapeptides enter readily and are degraded (as
occurs in the yeast 20S with tetrapeptide substrates when
the a3-N-terminus is deleted) (Groll et al, 2000; Smith
et al, 2005). However, the configuration of the closed
archaeal gate clearly differs from that in eukaryotes since it
contains an opening large enough for four-residue peptides
to traverse readily. Whether the closed form of the archaeal
gate conforms to a strict conformation or whether the ran-
dom occupation of the o N-termini in the translocation
channel is sufficient to block peptide entry is unknown,
either way the archaeal proteasome certainly does contain a
functional gate, with both open and closed states.

Since gate opening could now be directly monitored by
use of these new fluorescent peptides, we tested if PAN was
able to induce gate opening. PAN with ATP or ATPyS
present was found to stimulate hydrolysis of a nine-residue
peptide (LFP) by the 20S particle (Fig.2) (Smith et al.,
2005). The 20S therefore contains a functional gate that
exists in both open and closed states, and PAN in the ATP
bound state stimulates opening of this gate. Thus, ATP
binding to PAN supports both formation of PAN-20S
complex and stimulates peptide entry through gate open-
ing. Several of our observations strongly suggest that gate
opening occurs upon the association of PAN with the 20S
particle. For example, gate opening occurred under the
exact conditions where PAN was found complexed with the
proteasome (i.e., with ATP, AMPPNP and ATPyS present,
but not with ADP), and gate opening and complex forma-
tion show the same nucleotide concentration dependencies

700%

600%

500%

400%
300%
200%
100% -:-
n

Control ATP  ATP,S AMPPNP  ADP

LFP Hydrolysis (% control)

Fig. 2. ATP binding to PAN stimulates LFP hydrolysis by 20S protea-
somes. Both ATP and non-hydrolyzable analogs of ATP (I mM) stimu-
late LFP degradation by the PAN-20S complex. All data points contain
PAN and the 20S and are normalized to control (no nucleotide).

(D.M. Smith, G. Kafri, and A. Goldberg unpublished
observations). The mechanism of this activation of 20S
function by PAN and ATP, like the 26S proteasome, is
quite different from the activation of the bacterial ATP-
dependent proteases, such as HsIUV and ClpA(X)P, where
ATP binding induces an allosteric activation of their pepti-
dase sites (Kim et al., 2001; Smith et al., 2005). By contrast,
activation of the 20S particle by PAN occurs by induction
of gate opening without any alteration in the activity of the
peptidase sites, because PAN with ATP could not stimulate
the degradation of tri or tetra peptide substrates which
freely enter the archaeal 20S particle. Furthermore, PAN is
not able to stimulate gateless proteasomes to degrade the
nine-residue peptide LFP. Thus, upon binding of ATP,
PAN associates with the 20S and induces gate-opening a
key step in the activation of proteasome function.

6. The mechanism of the PAN-20S association and gate
opening

These studies have established that ATP-binding to
PAN is essential for its association with the 20S particle
and for triggering gate opening in the 20S (Smith et al.,
2005). A very different (non-homologous) type of proteaso-
mal regulator, the 11S, PA28 (REG) complex and its inver-
tebrate homolog, PA26, also bind to the o-ring
(independent of ATP) and induce gate opening. However,
these complexes stimulate peptide but not protein entry.
Their association with the 20S requires their extreme C-ter-
mini (Ma et al., 1993), and using X-ray crystallography, Hill
and co-workers demonstrated that these C-termini dock
into pores between the adjacent o subunits (Forster et al.,
2005; Whitby et al., 2000). Opening of the gate in the o ring
also required a distinct activation loop in the PA26 sub-
units that interacts with the base of the N-terminal gating
residues of the 20S particle to stabilize the open-gate con-
formation (Whitby et al., 2000). Though PA28 shows no
sequence homology with the proteasomal ATPases and has
quite different biochemical actions, this mechanism of gate
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opening initially suggested an attractive model for how
proteasomal ATPases may induce gate opening.

While investigating this hypothesis we noted that four of
the eukaryotic ATPases, as well as PAN, contain a three-
residue conserved C-terminal motif composed of a hydro-
phobic-tyrosine-X sequence (HbYX). We therefore tested
whether this C-termini motif might be important for associ-
ation with the 20S. Altering the HbYX residues in PAN by
mutagenesis or removing the C-terminal residue prevented
its association with the 20S complex and simultaneously
blocked opening of the gated substrate-entry channel
(unpublished data). In addition, we found that these C-ter-
minal residues bind to pockets between the o subunits of
the 20S, much like the C-termini of PA28/PA26. Surpris-
ingly, small peptides that correspond to PAN’s C-terminus
contain this HbYX motif and can by themselves bind to
these intersubunit pockets in the 20S and trigger gate-open-
ing. In fact, they can even induce gate opening in eukaryotic
20S particles whose seven o subunits are distinct but
homologous to each other (unpublished data). We thus
were able to show that: (1) Upon ATP-binding to these
ATPases, their conserved C-terminal residues dock into
pockets in the o ring and act as “fasteners” to link the ATP-
ase and 20S complex and (2) they function like a “key-in-a-
lock” to open the gate that limits substrate entry into the

A
PAN
HbYX 2
Motif
205
B

ATP

L N

Association &
Gate opening

Peptides from PAN’s
C-terminus

A

20S particle (Fig. 3A). Because the seven-residue peptide
from PAN’s C-terminus can bind and by itself trigger gate
opening in both archaeal and mammalian proteasomes, the
gate-opening reactions do not require other parts of the
ATPase molecule (Fig. 3B). Specifically, it does not require
an activation domain like that required for gate opening by
PA28/PA26. In other words, their mechanisms of gate
opening differ in important ways. Therefore, this ATPase-
20S interaction appears to be a universal physiological
mechanism that regulates protein degradation by the
proteasome.

Although the 19S and 20S dissociate slowly in the
absence of a nucleotide and reassociate when ATP is added
(Coux et al., 1996; Voges et al., 1999), the 26S proteasome is
quite stable in the presence of ATP, unlike the PAN-20S
complex. With the isolated eukaryotic 26S proteasome,
ADP prevented gate opening, and non-hydrolyzable ATP
analogs stimulated this process even better than ATP, just
as with the PAN-20S complex (Smith et al., 2005). Thus,
gate opening in the eukaryotic 26S complex shows similar
nucleotide dependence as does the PAN-20S complex.
Since the removal of the N-terminus of only the a-3 subunit
in yeast 20S causes destabilization of the closed gate (Groll
et al, 2000; Smith et al., 2005), it seems likely that ATP
binding to the ATPase subunit adjacent to the a-3 subunit

Fig. 3. Model’s depicting the association of PAN with the o ring of the 20S proteasome and how PAN’s C-termini induce gate opening. (A) The C-termini
(yellow) of PAN (orange) dock into the intersubunit pores in the top of the 20S. The HbY X motif in PAN’s C-termini is colored red. When PAN associ-
ates with the 20S proteasome (upon binding ATP) the translocation channel gate in the 20S is opened. (B) Seven-residue peptides that correspond to
PAN'’s C-termini dock to the intersubunit pockets in the o ring and induce gate opening by themselves.
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can induce gate opening in all the N-termini. Possibly, bind-
ing of ATP to any of the 19S ATPases or PAN subunits
may induce the open-gate conformation in the adjacent o
subunit. This mechanism would suggest that each of the o
subunit’s N-terminus in the 20S could be cycling through
open and closed states, as different ATPase subunits bind
ATP and hydrolyze it to ADP. However, thus far only Rpt2
has been shown to induce gate opening in the 26S complex
(Kohler etal, 2001) and it contains the gate-opening
HbYX motif on its C-terminus.

7. The energy requirements for protein unfolding and
translocation

It has been clear since the early seventies that protein
degradation in prokaryotes and eukaryotes requires ATP
(Ciechanover, 2005; Goldberg, 2005; Goldberg and St.
John, 1976). However, it is still unclear which of the multi-
ple steps in the process of protein degradation requires
ATP and how nucleotide binding or hydrolysis enhance
these steps. In particular, determining the mechanisms
whereby the 19S regulatory particle unfolds substrates and
facilitates their entry into the 20S proteolytic core particle
remain important mysteries. Investigating these processes
in the 26S proteasome is very difficult due to the require-
ment for ubiquitination of substrates and the instability
and complexity of the 19S particle, which contains at least
17 different subunits. To investigate these questions in
recent years, we have focused on the much simpler PAN-
20S complex.

Like the several AAA ATPases that promote protein
degradation in E. coli, PAN’s ATPase activity is stimulated
2-5 fold by protein substrates such as the globular
GFPssrA, the loosely folded casein, and even by the 11 resi-
dues ssrA recognition peptide (Benaroud;j et al., 2003). In
bacteria, this 11 residue ssrA sequence is incorporated into
nascent polypeptide chains when the ribosome stalls due to
the lack of aminoacyl transfer RNA. In E. coli, this sstA
“tag” then targets the protein to degradation by several
ATP-dependent proteases (Gottesman et al.,, 1998). Inter-
estingly, although no such modification of proteins has
been found in archaea, PAN also recognizes this peptide
and its fusion to GFP targets it to PAN which can unfold
GFP and translocate it into the 20S particle for degrada-
tion in the presence of ATP. Since the 11 residue peptide of
ssrA itself can stimulate PAN’s ATPase activity, ATP
hydrolysis is thus activated merely by substrate binding
(Benaroudj et al., 2003).

Prior studies of PAN (Benaroudj and Goldberg, 2000;
Benaroud;j et al., 2003), and of the E. coli ATP-dependent
proteases CIpAP (Weber-Ban etal, 1999) and ClpXP
(Kenniston et al., 2003) demonstrated that unfolding of
globular substrates (e.g., GFPssrA) requires ATP hydroly-
sis. As expected, PAN-catalyzed unfolding of GFPssrA is
essential for its degradation by 20S proteasomes since this
globular protein is too large to pass through the narrow
opening in the o ring, which only admits unfolded polypep-

tides (Benaroudj and Goldberg, 2000). These findings pro-
vided the first evidence that proteasomal ATPases have an
unfoldase activity (Benaroudj et al., 2001). Surprisingly, to
date no similar unfoldase activity has been demonstrated
for purified 26S particles. Nevertheless, such an activity is
certain to exist in the 26S proteasome (Murakami et al.,
2000), since many GFP fusion proteins, when expressed in
eukaryotic cells, are rapidly degraded by the proteasome,
and clearly such an activity is required for their transloca-
tion into the 20S particle. As noted above, the base of the
19S particles, presumably though its ATPases, does have
certain chaperone-like activities; e.g., it can reduce protein
aggregation, promote refolding of denatured proteins
(Braun et al., 1999; Strickland et al., 2000), remodel certain
misfolded substrates and expose buried hydrophobic
sequences in the polyubiquitinated DHFR (although, this
remodeling activity does not seem to require ATP binding
or hydrolysis) (Liu et al., 2003). Therefore, as yet no direct
linkage of these chaperone-like activities to protein break-
down, by the 26S proteasome, has been established, such a
role is very likely in both proteolysis and in the functioning
of the 198 particle in regulating gene transcription. By con-
trast for the archaeal ATPase complex, the role of ATP
binding and hydrolysis in substrate binding, unfolding and
translocation into the 20S proteasome, are now understood
in considerable detail.

7.1. The nucleotide requirement for substrate translocation

Protein translocation through a small pore is a critical
step in many cellular processes. “Active” mechanisms, for
protein degradation, that utilize ATP hydrolysis to pull or
push a protein in one direction through the pore in the
ATPase complexes, have been proposed for the 26S protea-
some (Matouschek, 2003) and bacterial ATP-dependent
Clp proteases (Sauer et al., 2004). Because the 26S protea-
some seems to unfold globular substrates by sequential
unraveling, it has been suggested that protein unfolding
and translocation are linked processes in which the ATP-
ases pull an unstructured region through the pore in the
ATPase into the 20S particle, thus causing unfolding of
upstream regions (Lee et al., 2001; Matouschek, 2003; Prak-
ash et al.,, 2004). Such a mechanism requires concomitant
ATP hydrolysis and implies that unfolding cannot occur
without translocation. Although widely accepted, several
key assumptions of this attractive model do not seem valid
for the proteasome.

Although ATP hydrolysis is necessary for degradation
of globular proteins, we found that if a globular protein is
first denatured, then ATP is no longer necessary for trans-
location and degradation by the PAN-20S complex. For
example, when GFPssrA is given to the PAN-20S complex
in the presence of ATPYS, no degradation occurs, but if
GFPssrA (or ovalbumin) is first chemically denatured then
it is rapidly degraded by the PAN-20S complex (Fig. 4)
(Smith et al., 2005). Thus, translocation by PAN can occur
by purely “passive diffusion” once the substrate has been
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Fig. 4. ATP hydrolysis is not required for translocation of unfolded proteins. (A) Both ATP and ATPyS are able to support degradation of denatured
ovalbumin but not native ovalbumin (2.5 uM). (B) Degradation of native GFPssrA requires ATP hydrolysis, but degradation of acid-denatured GFPssrA
only requires ATP binding (ATPyS). One uM native or acid-denatured (AD) GFPssrA was incubated with 1 pg of 20S, 4 ug PAN with the nucleotides
(1mM) in a 0.1 ml reaction volume for 15 min. Degradation in both experiments was assayed with fluorescamine.

unfolded. When translocation proceeds by this “passive”
mechanism, unfolding must occur through another mecha-
nism requiring ATP hydrolysis. Also in earlier experiments,
we demonstrated that unfolding of GFP occurs even when
translocation of GFPssrA through the ATPase ring was
blocked by derivatization with a large globular domain
(Navon and Goldberg, 2001; Smith et al, 2005). These
experiments imply that unfolding can occur in the absence
of translocation, by a mechanism other than ATP hydroly-
sis-driven translocation. Thus, two very different types of
experiments demonstrate that unfolding and translocation
can be dissociated from one another: (1) the process of
unfolding requires ATP hydrolysis but does not require
substrate translocation, (2) translocation requires unfold-
ing, but does not require ATP hydrolysis.

7.2. Brownian ratchet mechanism for translocation

Since protein translocation into the 20S particle does not
require ATP hydrolysis it appears to be a “passive” process
in which PAN (or the 19S ATPases) in the ATP-bound
state facilitates the diffusion of the bound unfolded protein
into the 20S particle. Such a process can be unidirectional if
there is a mechanism that prevents retrograde movement of
the substrate out of the proteasome, such as a Brownian
ratchet (Glick, 1995; Pfanner and Meijer, 1995). A growing
body of evidence has implicated “Brownian ratchets” in
many unidirectional translocation processes initially
thought to be “active” (i.e., linked to ATP hydrolysis)
including Transcription Elongation (Bar-Nahum et al,,
2005), movement of collagenase (Saffarian etal.,, 2004),
kinesin translocation (Nishiyama et al., 2002), and trans-
port across the ER and mitochondrial membranes (Mat-
lack et al., 1999), for example where the Hsp70 homolog
BIP in the ER binds the protein being translocated, block-
ing its retrograde movement, and then dissociates in an
ATP-hydrolysis driven cycle.

Rapid and complete degradation of unfolded protein in
the presence of ATPyS also implies that biased translocation
and processive degradation of proteins can occur without
metabolic energy. In fact, several unfolded proteins are
quickly degraded to small peptides by open-gated or gateless
20S proteasomes, even without ATPases present (Akopian
etal, 1997, Bajorek etal, 2003; Benaroudj etal., 2003;
Cascio et al,, 2002; Forster et al., 2003). The sizes of peptides
generated resemble those produced by the 26S complex in
the presence of ATP (Cascio etal, 2002; Kisselev et al.,
1998). Thus, 20S particles, even without the ATPase, have an
inherent capacity to ensure inward translocation.

We have proposed that the architecture of the 20S (its
large internal chambers and small exit pores) and its prote-
olytic mechanism may act as a ratchet that retards diffusion
of proteins backwards out of the particle without hindering
inward diffusion, thus biasing diffusion into the central
chamber were the protein is cleaved processively to small
peptides. Several possible mechanisms may favor such uni-
directional diffusion: (1) initially the substrates hydropho-
bic residues, exposed upon unfolding, may interact with the
hydrophobic ring at the mouth of the central antechamber
(Lowe et al.,, 1995) or with the walls of the anti-chambers;
(2) eventually segments of the polypeptide bind to the many
active sites on the B-rings; (3) during peptide bond hydroly-
sis, a transition state covalent bond forms between the
polypeptide and the hydroxyl group on the N-terminal
threonine that should prevent outward diffusion of the
polypeptide, while still allowing further inward movement
of upstream regions. In fact, the N-terminal portion of a
substrate remains covalently attached to the B subunits
active sites for a significant time before the acyl-enzyme
intermediate is hydrolyzed (Vigneron et al., 2004). This
unusual property is probably related to the presence of a
threonine in the proteasome’s active site, which is more
efficient than serine in degradation of proteins, but not
short peptides (Kisselev et al., 2000). Because of these
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Fig. 5. Model depicting one possible “Brownian ratchet” mechanism for passive substrate translocation, whereby diffusion is biased inward (unidirec-
tional) due to the architecture of the 20S proteasome and the simultaneous binding of different sections of a linear polypeptide to multiple sites.

structural and catalytic properties, a linear polypeptide
could be bound to multiple active sites at any one moment,
and while certain segments are being cleaved, upstream
regions could bind covalently or non-covalently to other
sites in the 20S preventing backward diffusion of the pro-
tein (Fig. 5). This model would also allow for those special
cases where partial degradation of one terminus occurs
(e.g., NFxB) while sparing upstream structured regions
(Rape and Jentsch, 2002), since such untranslocatable
structured regions upstream would overcome the inward
bias after distal regions had been degraded, thus permitting
diffusion outward.

These findings also indicate that after a polypeptide
binds to PAN or the 19S ATPases and is unfolded, its diffu-
sion potential provides sufficient driving force for translo-
cation into the 20S. Protein substrates bind preferentially to
PAN in its ATP-bound form (Benaroudj and Goldberg,
2000), the same form that facilitates passive diffusion into
the 20S. The translocation process thus resembles a type of
“carrier-mediated” diffusion, in which the ATPase in its
ATP-bound form binds the linearized polypeptide so as to
increase the local concentration of the substrate at the
mouth of the translocation channel, and thus to facilitate
its diffusion through the ATPase ring and the opened gate
in the 208S. This translocation process involves the dynamic
interaction of the substrate, ATPase and open-gated 20S

PAN

2

-Complex formation
-20S gate opening

a8

ATP \
Bmdmg Protein
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particle, and it appears to be the rate-limiting step in the
degradation of many (perhaps most) proteins by the PAN—
20S complex (Benaroudj et al., 2003).

7.3. Direction of substrate translocation

To reach the active sites within the 20S particle, sub-
strates have to traverse the narrow axial pore formed by the
o ring, in a linear form, presumably after passing through
the pore in the ATPase ring of PAN or the base of the 19S
complex. This model raises the question of whether poly-
peptide chains have a preferred or exclusive orientation to
translocate into the 20S proteasome. To determine whether
a polypeptide chain enters the 20S particle by its N- or C-
terminus or by an internal loop, we attached bulky moieties
to the terminus of protein substrates that can prevent the
translocation of modified terminus through the pore of
PAN and the 20S (Navon and Goldberg, 2001). Surpris-
ingly, GFPssrA was found to be translocated exclusively in
a C-to-N orientation (with C-terminus entering first). How-
ever, different substrates were found to exhibit different
translocation directionalities. While some proteins (Malt-
ose Binding Protein and GFPssrA) are transported into the
proteasome by their C-terminus, others (Casein) are exclu-
sively translocated from their N-terminus, and some
(Calmodulin) could be translocated starting with either ter-

-Unfolding -Translocation

ATP

Bmdmg
(ATPys)

-ATPase Activation

Fig. 6. The multiple ATP-dependent steps in protein degradation and the requirement for nucleotide binding and hydrolysis (see text for details).
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minus (or by an internal loop). By contrast, the isolated 20S
showed no such directional preference. Thus, the orienta-
tion of entry seems to be a property of the substrate’s ter-
mini and its interaction with the ATPase. In related
experiments with eukaryotic 26S proteasomes, it has been
observed that different substrates appear to enter by differ-
ent extremities (Prakash et al., 2004; Zhang and Coffino,
2004; Navon et al., 2006, in preparation), and some even by
an internal loop (Liu et al., 2003). However, these observa-
tions were made with crude cell lysates, or with pure 26S
proteasomes and substrates that do not require ubiquitin
conjugation such as casein (Navon et al., 2006, in prepara-
tion), p21°P ! and a-synuclein (Liu et al., 2003). The influ-
ence of ubiquitination on the recognition of substrate by
the ATPases as well as on the unfolding process are likely
to strongly influence the directionality of substrate translo-
cation.

8. Conclusion

A more complete understanding of the molecular
mechanisms involved in protein degradation by the pro-
teasome will be aided by detailed structural information
about the ATP and ADP-bound forms of ATPase com-
plex, as well as the delineation of its ATP hydrolysis cycle.
Presumably X-ray crystallography will first be achieved
for PAN, whose many benefits for study have been sum-
marized here. Already however, study of the PAN:20S
complex has allowed us to learn much concerning the
multiple steps in this process and about the multiple roles
of ATP in protein degradation. Our present understand-
ing of this process is illustrated by the reaction scheme in
Fig. 6. (1) Nucleotide binding to PAN promotes the asso-
ciation between the ATPase ring and the 20S complex, (ii)
complex formation triggers gate-opening in the o ring, (iii)
the binding of the protein substrate induces a conforma-
tional change in PAN that activates ATP hydrolysis, (iv)
repeated cycles of ATP hydrolysis catalyze unfolding of
globular proteins, (v) the unfolded polypeptide can diffuse
through the ATPase ring (in its ATP-bound form) and the
open gates in the o ring, (vi) the polypeptide in the central
chamber of the 20S particle is processively degraded to
small peptides.

These findings raise several important unanswered
questions regarding the mechanism of proteasomal pro-
tein degradation that is regulated by ATPase complexes.
(1) How does ATP binding promote a conformational
change in the ATPase ring that allows association with
the 20S proteasome, (2) how does PAN open the gate in
the 20S proteasome, (3) are there factors that increase the
affinity of PAN for the 20S, (4) how do these ATPases
mechanistically cause unfolding of globular proteins and
how is ssrA involved, (5) does ubiquitin perform the same
role in the eukaryotic 26S particle as ssrA does for the
PAN-20S complex, (6) how are these steps in eukaryotes
integrated with the binding and disassembly of the poly-
ubiquitin chain?
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