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Stepping up protein degradation
Julie A. Maupin-Furlowa,b,1

Cryoelectron microscopy (cryo-EM) has revolutionized
knowledge of protein remodeling and unfolding by
ATPases of the AAA (ATPases associated with various
cellular activities) family, including those associated
with energy-dependent proteolysis. A study in PNAS
by Majumder et al. (1) provides insight into evolution-
ary conserved functions of AAA-ATPases through
cryo-EM single-particle analysis of the archaeal AAA-
ATPase proteasome-activating nucleotidase (PAN)
bound to 20S proteasomes [core particles (CPs)]. Five
conformational states of PAN were identified in the
presence of adenosine 5′-O-(3-thiotriphosphate) (ATPγS)
that now guide understanding of its functional cycle in the
conversion of nucleotide binding, hydrolysis, and release
into thegripping, unfolding, and translocation of substrate
proteins into the proteasomal CP for destruction.
Particularly striking is the sequential cycle of the PAN

ATPase that relies on nucleotide-dependent intersubunit
signaling to trigger residues to grip and move substrate
protein through its central pore. The mechanism can be
described as protomers traversing down a spiral staircase
of substrate engagement; the step from the bottom to the
top provides the protomer its next turn in the sequential
ATPase cycle that is interwoven with substrate engage-
ment and unfolding. This around-the-ring ATP cycle is
observed for related ATPases of the AAA+ superfamily
of eukaryotes and bacteria that unfold proteins, revealing
that the mechanism is ancient and conserved in all do-
mains of life.

Proteasomes are energy-dependent proteases needed
for proteostasis and the regulated turnover of proteins
associated with metabolism, signaling, cell cycle control,
stress responses, and other important cellular processes
(2). Proteasomes are widespread and essential for sur-
vival of eukaryotes (3) and archaea (4) and are needed
for the persistence of mycobacteria (5). This central func-
tion provides impetus for the design and use of protea-
some inhibitors to treat cancers and infectious disease
(6). Proteins targeted to the proteasome are often co-
valently linked to ubiquitin or ubiquitin-like protein mod-
ifiers (7). Unstructured regions of proteins can also trigger
proteasome-mediated proteolysis.

Although peptide-bond hydrolysis is exergonic and
the proteolytic active sites are relatively nonspecific, the
proteasome system has evolved into a selective, energy-
dependent proteolytic machine. This energy depen-
dence, while costly, ensures that the machine is selective
and processive in degrading proteins to peptides. This
feature avoids mistakes and prevents the buildup of
partial proteins that could otherwise perturb cell function
(e.g., protein aggregation).

Proteasomes are energy dependent due to their
self-compartmentalized architecture. The proteolytic
active sites are housed within a 20S CP formed by four
stacked heptameric rings, with the outermost rings of
α-type subunits and the innermost rings of β-type sub-
units (8). The α-rings form the gated, narrow openings
on each end of the cylinder that prevent the access of

Fig. 1. Archaeal PAN-proteasome complex. (A) The 3D density map of the
pseudo–single-capped PAN bound to the 20S CP as determined by Majumder
et al. (1). Modified with permission from ref. 1. (B–D) Highlights of the PAN
hexamer, including the N-terminal coiled-coil domain, oligonucleotide/
oligosaccharide-binding fold (OB) ring, and AAA-ATPase ring. The spiral staircase
of pore loop Tyr215 (needed for protein unfolding and translocation) and the
bipartite determinants (pore-2 loop and HbYX tail) that interact with the CP are
indicated. Protomer 1 is in a nucleotide-free (Apo) state, protomers 2–5 are ATP
bound, and protomer 6 is the active pocket where ATP hydrolysis occurs (ADP; 6*
inC). The split site formed in the spiral staircase between protomer 1 (highest) and
protomer 6 (lowest) is indicated. In the next round of the ATPase cycle, protomer
6 steps up to the 1 position and the nucleotide pocket of protomer 5 (now the
lowest position) becomes active in ATP hydrolysis. Intersubunit signaling (ISS) of
strong (solid gray arrows in C), intermediate (dotted gray arrow in C), and split
contacts is correlated with substrate engagement (e.g., Tyr215 availability) and
protomer elevation in the ring.
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folded proteins into the proteolytic chamber formed by the β-type
subunits. The gates are opened and the substrate protein is un-
folded and translocated into the proteolytic chamber by AAA-
ATPases that bind and hydrolyze ATP to generate the mechanical
movement needed for these processes to occur. In eukaryotes, a
19S regulatory particle (RP) binds and regulates both ends of the
CP to form the 26S proteasome. The RP is an elaborate structure
of at least 19 subunits that recruits polyubiquitinated proteins and
catalyzes their deubiquitination and unfolding during the proteo-
lytic process. Most RP subunits are unique to eukaryotes, with the
exception of the AAA-ATPase Rpt1 to Rpt6 and JAMM/MPN
Rpn11 deubiquitinase subunits, which are related to the PAN
and JAMM2 required for the proteasome-mediated proteolysis
of ubiquitin-like modified proteins in archaea (9).

While archaea have led the way in understanding proteasomal
CP structure and function (8), the AAA-ATPases associated with
this energy-dependent proteolytic system have remained rela-
tively elusive from a structural perspective due to their dynamic
nature. A network of AAA-ATPases (e.g., PAN and Cdc48/VAT)
are found to stimulate the energy-dependent hydrolysis of pro-
teins by CPs in the archaeal system, but are not tightly bound to
the CP (9–13). Furthermore, the archaeal AAA-ATPases are simul-
taneously in multiple conformational states that are altered by
ATP cycling (14–18). This dynamic nature, coupled with low affin-
ity, has complicated the capture of intact CPs in complex with
AAA-ATPases for structural analysis in archaea. Negative-stain
EM imaging of AAA-ATPases bound to CPs (19–21) and X-ray
crystallography of PAN subdomains (22, 23) have provided glimp-
ses into the mechanism but are limited when considering dynamic
structures. Cryo-EM analysis of an archaeal Cdc48 engaged with
internalizing itself as a substrate (18) provides promise that the
dynamic nature of AAA-ATPases can be captured in the act of
proteasome-mediated proteolysis in archaea.

To advance the field, Majumder et al. (1) used cryo-EM to
identify the structural states of archaeal PAN bound to CPs (Fig.
1). The archaeon of choice was Archaeoglobus fulgidus, a sul-
fate reducer from marine hydrothermal environments (24). The
researchers purified the archaeal proteins from recombinant
Escherichia coli and reconstituted the complex using ATPγS.
CPs capped on each end by PAN were found to predominate
the cryo-EM field. To enhance resolution, the team treated these

doubly capped complexes as two pseudo–single-capped PAN-
CPs, and thus were freed from the constraint of C2 symmetry
when constructing the 3D density map. For more detailed analy-
sis, the region encompassing the AAA and the oligonucleotide/
oligosaccharide-binding fold rings of PAN (designated AAAob)
was extracted from the map. From this heroic approach, five dis-
tinct conformational states of the AAAob region were identified.
Contacts between PAN and the CP were also discerned.

Together, these exciting findings by Majumder
et al. reveal that the fundamental mechanism of
AAA+-ATPases is conserved in all domains of life
and suggest an ancient origin for these protein
unfolding machines.

Considering this and previous work, amodel emerges of the PAN
ATPase cycle that is used to grip and move substrate proteins
through its central pore in a manner that resembles a ride down a
spiral staircase (Fig. 1). The PAN protomer at the bottom actively
hydrolyzes ATP and releases substrate into the CP, while the proto-
mer at the top has just stepped up to the plate to obtain its ATP
ticket for the next ride in gripping and dragging the substrate protein
through the AAA tunnel. Thanks to these new structures, the inter-
subunit signaling contacts between the PAN protomers are now
correlated with nucleotide occupancy and substrate engagement.
This around-the-ring ATP cycle that drives protein unfolding and
remodeling can be observed in related AAA+-ATPases of eukary-
otes and bacteria, including those that are substrate-engaged (e.g.,
26S proteasome and ClpB) (25, 26). Together, these exciting find-
ings by Majumder et al. reveal that the fundamental mechanism of
AAA+-ATPases is conserved in all domains of life and suggest an
ancient origin for these protein unfolding machines.
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