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AAA+ ATPases are a diverse protein superfamily which power a
vast number of cellular processes, from protein degradation to
genome replication and ribosome biogenesis. The latest
advances in cryo-EM have resulted in a spectacular increase in
the number and quality of AAA+ ATPase structures. This
abundance of new information enables closer examination of
different types of structural insertions into the conserved core,
revealing discrepancies in the current classification of AAA+
modules into clades. Additionally, combined with biochemical
data, it has allowed rapid progress in our understanding of
structure-functional relationships and provided arguments
both in favour and against the existence of a unifying molecular
mechanism for the ATPase activity and action on substrates,
stimulating further intensive research.
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Introduction: the AAA+ domain architecture

AAA+ ATPases are widely used by cells as motors to
power mechanical work or to act as molecular switches or
scaffolds, often as parts of macromolecular machines
[1-4]. The universal AAA+ ATPase module is composed
of two subdomains [4-6]. The N-terminal ‘large’ afa
subdomain belongs to the ASCE group of P-loop
N'TPases, and is built around a central 5-strand B-sheet
carrying the highly conserved Walker A and Walker B
motifs, as well as sensor 1 (S1) and arginine finger
(R-finger) residues (Figure 1a,b). The Walker A motif
(i.e. the P-loop) stabilises ATP binding while Walker B
coordinates an ATP-bound magnesium ion and provides
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the catalytic glutamate that, together with the polar S1
residue, primes a water molecule for ATP hydrolysis.
Oligomerisation of AAA+ ATPases completes the ATP
binding pocket, with most AAA+ proteins forming ring-
shaped hexamers (Figure 1¢). Oligomerisation allows the
R-finger to act iz trans, contacting the y-phosphate of the
A'TP molecule bound to the anticlockwise neighbouring
subunit during hydrolysis (Figure 1d). In most AAA+
ATPases, the large subdomain is fused to a ‘small’
C-terminal a-helical lid subdomain that closes over the
nucleotide binding site and mediates oligomeric assem-
bly. This subdomain often contributes a second arginine
residue called sensor 2 (S2) to the ATP binding site,
which acts either iz cis or in trans depending on the AAA+
ATPase family (Figure 1d). ATPase activity results in
relative movements between the large and the small
subdomains, which are propagated within the oligomeric
AAA+ assembly and transduced to the functional target.

The name ‘AAA+ (ATPases associated with various cel-
lular activities)” highlights the remarkable diversity of this
protein superfamily, which is due to the fact that the
conserved AAA+ ATPase module can be appended to a
plethora of different accessory domains conferring a vast
number of functions [7°°]. The most common function of
AAA+ proteins is the ATP hydrolysis-driven translocation
of protein or DNA substrates through the central hex-
americ channel. Often assisted by additional domains,
cofactors, and binding partners, protein translocation by
AAA+ ATPases results in target unfolding, disassembly
and remodelling, whereas DNA translocation leads to
unwinding during replication and transcription or pack-
aging of viral genomes.

Classification of AAA+ ATPases into clades

In an effort to infer evolutionary relationships and
common functional and mechanistic principles between
AAA+ ATPases, AAA+ modules were classified into seven
distinct clades based on sequence and structural informa-
tion available in 2004-2006 [3-5,8]. This analysis
revealed that in addition to N-terminal and C-terminal
accessory domains, the functions of AAA+ proteins are
fine-tuned by insertions of specific structural elements in
the conserved AAA+ core. Each clade is defined as an
evolutionary lineage and is further subdivided into pro-
tein families. A summary of the structural features defin-
ing the AAA+ clades is presented in Figure 1a,b.

Clades 1 and 2 are mostly non-hexameric AAA+ proteins
and contain DNA polymerase clamp loaders and
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Figure 1
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Overview of the AAA+ ATPase structure. (a) Overview of secondary structural features and key sequence motifs. The locations of clade-specific
insertions in the AAA+ core are indicated (except for the N-terminal and C-terminal helices of Clade 4). (b) 3D structures of representative
monomers from each of Clade 1-7. Clade 1 = RFC3 (PDB ID: 1SXJ), Clade 2 = Orc5 (PDB ID: 5V8F), Clade 3 = CIpA-NTD (PDB ID: 6UQE), Clade
4 = E1 helicase (PDB ID: 2V9P), Clade 5 = RuvB (PDB ID: 1HQC), Clade 6 = NtrC1 (PDB ID: 4LY6), Clade 7 = RavA (PDB 3NBX). The Clade

6 NtrC1 structure is enlarged to show the location of key motifs in (a). Key motifs and insertions are coloured as in (a), as well as the Clade 3 pore
loop 1 (PL1) coloured dark green. (c) Hexameric structure of LonA (PDB ID: 60N2) with monomers A-F coloured individually and bound substrate
shown as a red surface in the centre of the hexameric ring. Dotted boxes are shown over two adjacent monomers, coloured as in (d). A side view
(below) focussed on centre of the hexameric ring show a spiral staircase arrangement of pore loops around the substrate. (d) Overview of the ATP
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DNA-replicative helicase loaders respectively; the first is
the ‘archetypal’ AAA+ domain, whereas the second has
an a-helical insertion between B2 and a2. Clade 3 also
has an extra a-helix inserted between 32 and a2, but this
helix is shorter and is followed by a substrate-binding
loop (pore loop 1 or PLL1) (Figure 1b). Members of this
‘classic’ protein-remodelling clade possess a second
R-finger and lack an S2 residue. Clade 3 is the most
widely studied and extensively reviewed clade [7°°], and
includes prominent members such as Vps4, katanin, and
the N-terminal AAA+ domains of double-ringed unfol-
dases such as ClpB and Hsp104. Clades 4-7 all share a
B-hairpin insertion between a3 and 34, before the S1
motif, and are therefore grouped into the pre-sensor
1 insert (PS1i) superclade. Clade 4 is composed exclu-
sively of viral helicases, and possesses a unique domain
formed by a-helices N-terminal and C-terminal to the
aPa core instead of the canonical AAA+ lid subdomain.
Clade 5 is termed the HCLR Clade, reflecting the main
families that it is composed of — HslU/ClpX, ClpABC-
CTD, Lon, and RuvB. Members of Clade 5 possess no
additional features to the PS1i, and similarly to Clade 3,
are involved in protein unfolding and remodelling. Clade
6 is characterised by a B-hairpin insertion in a2 termed
the helix-2 insert (H2i), and contains bacterial enhancer
binding proteins (bEBPs) such as NtrC1 and PspF, and
the unusual ‘AAA+ GTPase’ McrB. Clade 7 members
also possess the H2i, but have an additional a-helical
insertion between a5 and a6 called the pre-sensor
2 insert (PS2i). Several functionally divergent families
such as the MCM helicase, MoxR, and dynein families
are attributed to this clade.

Cryo-EM insights into the AAA+ ATPase mechanism

As the classification of AAA+ ATPases was performed
15 years ago, only about a dozen high resolution structures
of different representatives of this superfamily were
available, mostly from X-ray crystallographic studies. At
this time, the prevailing consensus was that AAA+
ATPases formed symmetric closed rings, with a few
isolated exceptions [3,4,9]. Since the cryo-EM revolution
in 2015 a vast number of new structures of AAA+ A'TPases
have been published, and there have been more than
50 publications presenting cryo-EM structures of AAA+
A'TPases since the start of 2019 (Supplementary Table 1).
It is now apparent that most AAA+ ATPases show an
asymmetric spiral arrangement of six monomers around
the central pore (Figure 1c¢). Many of the published
structures were obtained in the presence of a substrate,

which may play a role in the rearrangement of planar
hexameric rings into spirals to facilitate threading of the
substrate through the pore [10-12]. As the binding of
ATP is known to be required for substrate engagement,
most of the structures were obtained with ATP binding-
efficient but hydrolysis-defective Walker B mutants, or in
the presence of non-hydrolysable ATP analogues. Sub-
strate-binding pore loops form a spiral staircase engaging
the substrate, with pore loop positions correlating with
the nucleotide state (ATP, ADP, or an apo ‘seam’). These
structures have allowed the inference of a common
mechanism for ATP hydrolysis [7°°,12] which is based
on the sequential hydrolysis of ATP around the hexame-
ric ring, with corresponding ‘hand-over-hand’ movements
of pore loops driving unidirectional translocation of sub-
strate through the pore. However, the universality of this
mechanism is still under debate [13°°]. In addition, the
majority of structures used to define this mechanism are
of proteins from the Classic Clade [7°°,12]. In contrast, the
PS1i superclade is much less studied despite its huge
functional diversity. In this review, we present an over-
view of recent structures of AAA+ ATPases, with a
particular focus on structural insertions in the AAA+ core
of PS1i superclade members. We discuss the functional
roles of these insertions, and revisit the classification of
AAA+ ATPases in light of recently solved structures.
Finally, we address the controversy surrounding the
mechanism of AAA+ A'TPase activity, underscoring the
need for further investigation to clarify the general appli-
cability of proposed ATP hydrolysis mechanisms to the
entire AAA+ superfamily.

Structure and function of insertions in the AAA
+ core

Clade 3 is by far the best-characterised clade, with
many recent high resolution cryo-EM structures of
Clade 3 members, including those of the proteasome
[14°°,15-17], Vps4 [18], katanin [19], spastin [20,21],
Bes1 [22], Cdc48/p97/VCP [23-25], and ClpABC-NTD
[26-29] yielding valuable insight into the action of pro-
tein-translocating AAA+ A'TPases. As stated above, PLL1,
a short loop before a2, is responsible for binding to
substrates during translocation. These loops usually con-
tain an aromatic residue that non-specifically intercalates
between protein substrate residues, forming a spiral stair-
case in the central pore (Figure 1¢) [7°%,12,30]. A second-
ary loop termed pore loop 2 (PL2), less conserved than
PL1 [7°°], is located between B3 and a3 forms another
spiral staircase below PLL1. The roles of PLL1 and PL.2 in

(Figure 1 Legend Continued) binding site of (left) Clades 1-6 (CIpA-CTD, PDB ID: 6UQE) and (right) Clade 7 (MCM, PDB ID 6XTX). Schematics of
two neighbouring monomers are shown above; large and small subdomains of one AAA+ monomer are labelled L and S, while corresponding
subdomains from a neighbouring monomer are labelled L’ and S’ respectively. As shown in zooms of the ATP binding site (below), the domain-
swapped architecture of Clade 7 members means that the S2 arginine acts in trans and contacts the y-phosphate of the neighbouring monomer,
unlike the canonical S2 of Clades 1-6 which act in cis. Both binding sites are occupied by ATPyS, a commonly used non-hydrolysable ATP
analogue. Key motifs are coloured as in (a), publication references for all PDB IDs are presented in Supplementary Table 2.
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substrate translocation are extensively reviewed in Refs.
[7°°] and [12].

The Classic Clade is functionally similar to the HCLLR
Clade 5, with members of both being involved protein
unfolding, remodelling, and proteolysis, as reviewed in
Ref. [30]. For some, such as the Lon protease, the AAA+
module is fused to a dedicated protease domain. For
others, protease binding partners such as ClpP and HslV
degrade substrates. While Clade 5 lacks the a-helical
insertion typical to Clade 3, several Clade 5 members
also interact with substrate via a short loop between B2
and a2. For other members of Clade 5 as well as both
Clade 6 and 7, other insertions in the AAA+ core, namely
the PS1i and H2i, instead play roles in substrate recogni-
tion and translocation. Despite differences in the location
of these insertions, the spiral staircase conformation seen
for the Clade 3 PL1 is conserved across clades, as dis-
cussed below.

Pre-sensor 1 insert

The PS1i B-hairpin, often positioned in the centre of the
hexameric ring, is crucial to the function of many AAA+
proteins in the PS1i superclade. For some, it fulfils a
similar role to the PLL1 in Clade 3. In the viral helicases of
Clade 4, the PS1i protrudes directly into the central pore
and interacts with double-stranded DNA during origin
recognition and with single-stranded DNA during heli-
case unwinding, forming a spiral staircase around sub-
strate [31,32]. Similarly, in the Clade 7 DNA helicase
MCM, recent structures revealed that the PSI1i is
involved in coordinating the phosphate backbone of
single-stranded DNA during translocation [33,34°,
35-37]. For others, however, the PS1i plays more diverse
roles. Early studies on RuvB, an evolutionarily distinct
member of Clade 5, showed that the PS1i is not involved
in substrate translocation but rather in mediating an
interaction with its binding partner RuvA [38]. Two
recent cryo-EM structures of the Clade 5 unfoldase ClpX
bound to substrate demonstrate that the PS1i is involved
in substrate recognition rather than translocation, with the
majority of substrate-interacting residues coming instead
from PL1 [39,40]. The structure of the Escherichia coli
ClpX reveals that the PS1i reaches into and above the
central pore to engage substrate, which is later unfolded
and translocated through the hexameric pore [40]. In
contrast, high-resolution cryo-EM structures of sub-
strate-engaged ClpA [26], ClpB [27,28] and Hsp104
[41°] have all been published recently showing that the
PS1i in the C-terminal AAA+ domain is displaced away
from the centre of the pore (Figure 2), with inserted loops
in helix a2 instead binding the substrate during translo-
cation. Although these insertions are close to the location
of the Clade 3 PLL1, they appear to be much longer and are
in the middle of a2, bearing a closer resemblance to the
H2i of Clade 6 and 7 members. The relative arrangements
of PS1i loops and these substrate-coordinating pore loops

for the CIpABC-C'TD family are similar to those seen in
recent cryo-EM structures of LonA [42,43], another Clade
5 protein, and several members of Clades 6 and 7
(Figure 2).

The PSli is termed loop 2 (LL2) in the Clade 6 members
McrB and bEBPs such as NtrC1 and PspF. In bEBPs, the
PS1 inserts lack the typical B-hairpin secondary structure
and are more disordered compared to other members of
the PSl1i superclade, and interact with substrates along
with the H2i (see below) [44]. In some cases, such as for
the MoxR family CbbQ, classified into Clade 7, the PS1i
interacts with the H2i which would allow the transmission
of conformational changes from the H2i to the nucleotide
binding site [45].

H2 insert

Similarly to the PS1i, the H2i B-hairpin plays a crucial role
in interactions with substrate or partner proteins. In Clade
6 bEBPs (extensively reviewed in Ref. [44]), a conserved
motif in the H2i (termed loop 1, L1 or PLL1 due to its
similarity to the Clade 3 PL1) facilitates the interaction
between the AAA+ module and o*-bound RNA poly-
merase. bEBPs use the energy from ATP hydrolysis to
remodel RNA polymerase from a closed to an open
conformation, thereby activating transcription. The
cryo-EM structure of PspF showed that the H2 inserts
of PspF sit in the centre of the hexameric ring and
facilitate an interaction with promoter DNA [46]. In
NuC1, another bEBP, the H2 inserts are arranged in a
spiral staircase [47]. However, these proteins do not act as
motors but rather as molecular switches, and as such are
unlikely to translocate substrate through the central
channel [44]. The McrB H2i facilitates protein-protein
interactions with the endonuclease McrC, which sits in
the central hexameric pore, but it is unclear whether the
G'TPase activity of McrB is used for threading DNA
substrate through the pore [48°].

The H2 inserts of Clade 7 members play a variety of
roles. The H2i of MCM acts together with the PS1i to
coordinate substrate DNA, meaning that each MCM
protomer contributes two loops to a continuous spiral
staircase (Figure 2) [33,34°,35-37]. Key residues in the
H2i are necessary for the MoxR protein CbbQ to
function as a RuBisCO activase, and in the CbbQ
hexamer the H2is protrude into the central hexameric
pore [45]. The H2i also plays important functional
roles in the motor protein dynein and the ribosome
biogenesis protein Midasin/Real. The H2i in the
second AAA+ domain of dynein (AAA2) is critical
for dynein’s motor activity, with AAA2 H2i mutants
still able to hydrolyse ATP but not to perform the
power stroke associated with motor function [49].
Cryo-EM structures of Midasin/Real showed that
AAAZ2 H2i is instead extended by an a-helical bundle,
which sits in the centre of the hexameric ring as a plug

Current Opinion in Structural Biology 2021, 66:119-128
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Figure 2

J
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Hexamer structures of selected PSl-insert superclade members showing PS1i, H2i and PS2i locations. Coloured boxes indicate clade
classification: red = Clade 4, magenta = Clade 5, green = Clade 6, blue = Clade 7. Insertions are coloured as for Figure 1 (large AAA+ subdomain
= light brown, small AAA+ subdomain = orange, PS1i = magenta, H2i = green, PS2i = navy blue, Clade 4-specific N-terminal and C-terminal helices
= light blue and coral respectively, grey = inter-protomer linkers). Bound substrates, when present, are coloured red. All PDB IDs are listed in
Figure 3d, except for LonA (60N2), MCM (6XTX) and RavA (6SZB), and publication references for all PDB IDs are presented in Supplementary

Table 2.

and inhibits ATPase action of the hexamer when not
bound to its substrate [50,51]. Additionally, the recent
cryo-EM structure of Real in complex with the Rix1/
pre-60S ribosome particle showed that the H2i of
AAA2 promotes an interaction with Rix1 while the

H2i of AAAS instead contacts the Real MIDAS
domain [52]. However, it is unclear whether these
pore loop-facilitated interactions are involved in
threading substrate, or rather in mediating protein-
protein interactions alone.
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Figure 3

((c) PS-l insert superclade )
representative structures
Protein PDB ID
2C Helicase 5GQ1
AAV Rep40 1S9H
SV40 LTag 18VO
E1 Helicase 2V9P
HslU 5J13
ClpX 6PO1
CIpA-CTD 6UQE
ClpB-CTD 6RN3
CIpC-CTD 3PXI
Hsp104-CTD 6D00
LonA 6U5Z
LonB 3K1J
LonC 4FW9
RuvB 1HQC
Torsin 60IF
NtrC1 4LY6
PspF 5NSS
ZraR 10JL
FIrC 4QHS
FleQ SEXE.
McrB 6HZ5
MCM 4R7Y
RavA 3NBX
Bchl 1G8P
CHU_0153 2R44
CbbQ 6L1Q
Dynein 5VH9
\_ Rea1 6126 )
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Discrepancies in AAA+ ATPase classification. (a) Comparison of monomer structures for Clade 7 members. While MCM, RavA, Bchl and
CHU_0153 (not shown) possess the clade-defining PS2i (coloured navy blue) and display repositioned small AAA+ subdomains, CbbQ, Dynein
(AAA2 monomer shown) and Real (AAA3 monomer shown) instead display a canonical arrangement of AAA+ subdomains. (b) Comparison of
selected Clade 5 and 6 monomers, focussed on the region surrounding a2 (light blue) and a3 (medium blue). Insertions in a2 are coloured light
green and the PS1i is coloured magenta. While the Clade 5 members ClpX, RuvB, Torsin and HslU possess a continuous a2, CIpA-CTD, ClpB-
CTD, LonA and LonB possess an insertion very similar to those seen for Clade 6 members NtrC1, PspF, FIrC, McrB, as well as FleQ and ZraR
(not shown but almost identical to NtrC1). ClpC-CTD and Hsp104-CTD structures (3PXI and 6D00 respectively) lack built-in residues at this
location, however the number of missing residues at the break in a2 are consistent with an inserted loop. (c) Structural similarity dendrogram of

Current Opinion in Structural Biology 2021, 66:119-128 www.sciencedirect.com
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Pre-sensor 2 insert

The PS2i, the defining feature of Clade 7 AAA+ A'TPases,
forms a long a-helix that drastically repositions the small
subdomain relative to the large subdomain [4]. Despite
this repositioning, the overall arrangement of large and
small subdomains in the hexamer and the architecture of
the ATP binding site is preserved (Figure 1d). In other
AAA+ clades, the linker between large and small sub-
domains operates as a hinge, with ATP hydrolysis linked
to conformational changes within a monomer. The recent
cryo-EM structure of the Clade 7 ATPase RavA from the
MoxR family showed that these hinge-like motions are
conserved, but occur instead between the large and small
subdomains of neighbouring monomers [53°]. In addition,
similarities between twofold symmetric closed ring states
of ClpX [54] and RavA [53°], and in particular the pres-
ence of a nucleotide-free ‘double seam’, support the idea
of a conserved ATPase mechanism between Clades 5 and
7, despite the huge differences in domain architecture.
Although there are several recent cryo-EM structures of
Clade 7 ATPases with the PS2i, in particular MCM and
RavA [34°,35-37,53°], the effects of AAA+ subdomain
repositioning are not well-explored. Clade 7 is much less
characterised than other clades, and further investigation
may uncover the role of the PS2i in modulating the
A'TPase activity. Finally, several AAA+ proteins classified
into Clade 7 clearly lack the PS2i, as discussed below,
raising questions about the current classification scheme.

Discrepancies in AAA+ classification

Just as the vast number of recent AAA+ A'TPase struc-
tures has facilitated the increased understanding of their
molecular mechanism, it also offers us a chance to make
extensive structural comparisons and reveals discrepan-
cies in the current classification scheme, particularly in
the PS1i superclade. Because the grouping into clades is
often used to extend hypotheses from one protein to
members of the same clade and to contrast observations
between members of different clades [4,42], working
within the framework of an accurate and up-to-date
classification system seems important, in particular for
the investigation of the general applicability of currently
proposed AAA+ ATPase mechanisms, as discussed
below.

Members of Clade 7 offer the most apparent example
of discrepancies in classification. Indeed, structural
alignment of Clade 7 AAA+ ATPases shows that while
several members possess the characteristic PS2i, dynein,
Midasin/Real and CbbQ lack it and retain the canonical

arrangement of large and small AAA+ subdomains
(Figure 3a) [53°55]. In addition, although dynein is
classified an H2i AAA+ ATPase, the sequence stretch
originally identified [3] as being an H2i in AAA3, the third
tandem AAA+ domain, in fact appears as a loop between
a2 and B3 while the only insertion in the middle of a2
appears to be in AAAZ [55]. This suggests that either the
other five AAA+ domains in dynein have subsequently
lost their H21, or probably more likely, there was a later
independent insertion into a2 of AAAZ2 after branching
from other PS1i proteins [55]. In contrast, all six tandem
AAA+ domains in Midasin/Real possess an H2i [50].

As introduced above, several members of Clade 5, namely
ClpA-CTD, ClpB-CTD, ClpC-CTD, Hsp104-C'TD and
Lon also have insertions in a2 that interact with sub-
strates in a similar way to the H2is of Clade 6 and 7. On
the face of it, this feature would place these proteins in
the H2i-containing Clade 6. Comparison of the monomer
structures of these proteins with those of Clade 6 and
7 shows a high degree of structural conservation
(Figure 3b). However, as is possibly the case for the
H2i in the AAA2 domain of dynein, it is conceivable that
these insertions arose independently multiple times.
Indeed, a structural similarity dendrogram based on struc-
tural alignment of monomers across the PS1i superclade,
generated using the distance matrix-based structural
alignment algorithm on the DALI server [56], does not
maintain a single grouping for proteins containing H2is
but rather splits them into several different groups
(Figure 3c). Therefore, the original classification of
AAA+ ATPases based on structural PS1i, H2i and PS2i
insertions and assuming their emergence only once in the
course of the superfamily evolution may be outdated.
The evolutionary history of the AAA+ superfamily may
be more complex, suggesting that a fresh look at the
classification system based on large-scale analysis is
needed in light of the ever-growing structural informa-
tion, particularly for the comparatively understudied
Clades 6 and 7. In addition, some proteins such as
Pch2/TRIP13 do not fit in the current classification
scheme, but possess features of multiple clades [57].
Finally, it may be worth asking whether is it still useful
to refer to clades at all, or whether it is better to group
AAA+ ATPases according to their functional similarities.

Perspectives — a universal AAA+ ATPase
mechanism?

Although the recent wealth of structural information
has yielded substantial insight into the mechanism of

(Figure 3 Legend Continued) PSl-insert superclade AAA+ ATPases generated from a structural alignment using DALI [56] with outside lines
coloured according to the clade classification. The ‘all-against-all’ option was used — this carries out sequential pairwise comparisons between all
PDB files, generating distance matrices that describe distances between equivalent Ca atoms, and hierarchically clusters these matrices into a
Newick format dendrogram [61]. Where necessary, missing loop residues were modelled using the Phyre2 server [62] before structural alignment.
Dendrogram visualisation was carried out using iTOL [63]. A table of PDB IDs used as input for the creating the dendrogram is shown on the right,
with proteins coloured by clade. Publication references for all PDB IDs used are presented in Supplementary Table 2.
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126 Folding and binding

AAA+ A'TPase action and the orthodox ‘hand-over-hand’
model of sequential ATP hydrolysis has become widely
accepted, several recent publications call it into question
[30,40,53°,58°°]. For example, high-speed atomic force
microscopy of the histone chaperone Abol has provided
direct evidence for ATP hydrolysis at non-adjacent sites
in the hexameric ring [58°°]. In parallel, two recent cryo-
EM papers on the Clade 5 unfoldase ClpXP have reig-
nited debate over whether a sequential or stochastic ATP
hydrolysis mechanism is correct by interpreting very
similar structures in terms of two very different but
plausible mechanisms [13°°,39,40]. Despite the attrac-
tiveness of the idea of a unifying ATPase mechanism
for all AAA+ proteins, the reality may be more nuanced. It
is conceivable that depending on cellular conditions and
interactions with binding partners or cofactors, AAA+
A'TPases may be able to switch between strictly sequen-
tial and stochastic modes of action [7°%,30]. In addition,
while most AAA+ A'TPases act as motors with continual
A'TP turnover, others such as the Clade 1 clamp loaders,
Clade 2 helicase loaders and Clade 6 bEBPs instead act as
‘switches’, with a single ATPase cycle linked to a single
event. Whether these switch-like ATPases all function
with the same mechanism as the more extensively char-
acterised AAA+ A'TPases ‘motors’ is still uncertain [44],
although the recent cryo-EM structure of the Clade
1 RFC suggests that this is unlikely [59]. Besides, other
non-conventional AAA+ proteins exert force on their
protein substrate laterally such as dynein, or act on
membranes via unexplored mechanisms such as the
unusual Clade 5 ATPase Torsin, which forms long helical
polymers [60]. Therefore, in parallel to allowing investi-
gation of mechanistic commonalities, the current flurry of
cryo-EM structures may also inspire the disentangling of
clade or even protein-specific functional differences and
their structural underpinning.

Conflict of interest statement
Nothing declared.

Appendix A. Supplementary data
Supplementary material related to this article can be

found, in the online version, at doi:https://doi.org/10.
1016/j.sb1.2020.10.027.

Acknowledgements

We would like to thank our colleagues from the IBS MICA group for their
constant support and interest in our work on AAA+ ATPases and the
stimulating scientific atmosphere. This work was funded by the European
Union’s Horizon 2020 research and innovation programme under grant
agreement No. 647784 to IG. M] was a CEA-funded PhD student. JF was
supported by a long-term EMBO fellowship (AL'TF441-2017) and a Marie
Sklodowska-Curie actions Individual Fellowship (789385, RespViRALI).

References

1. Neuwald AF, Aravind L, Spouge JL, Koonin EV: AAA+: a class of
chaperone-like ATPases associated with the assembly,

operation, and disassembly of protein complexes. Genome
Res 1999, 9:27-43.

2. Ogura T, Wilkinson AJ: AAA+ superfamily ATPases: common
structure-diverse function. Genes Cells 2001, 6:575-597.

3. lyer LM, Leipe DD, Koonin EV, Aravind L: Evolutionary history
and higher order classification of AAA+ ATPases. J Struct Biol
2004, 146:11-31.

4. Erzberger JP, Berger JM: Evolutionary relationships and
structural mechanisms of AAA+ proteins. Annu Rev Biophys
Biomol Struct 2006, 35:93-114.

5. Miller JM, Enemark EJ: Fundamental characteristics of AAA+
protein family structure and function. Archaea 2016, 2016:1-12.

6. Wendler P, Ciniawsky S, Kock M, Kube S: Structure and function
of the AAA+ nucleotide binding pocket. Biochim Biophys Acta
Mol Cell Res 2012, 1823:2-14.

7. Puchades C, Sandate CR, Lander GC: The molecular principles

ee governing the activity and functional diversity of AAA+
proteins. Nat Rev Mol Cell Biol 2020, 21:43-58.

A comprehensive review of AAA+ ATPases, particularly of Clade 3, which

includes detailed discussion of AAA+ structure, ATPase mechanism, and

substrate interaction.

8. Seraphim TV, Houry WA: AAA+ proteins. Curr Biol 2020, 30:R251-
R257.

9. Lander GC, Estrin E, Matyskiela ME, Bashore C, Nogales E,
Martin A: Complete subunit architecture of the proteasome
regulatory particle. Nature 2012, 482:186-191.

10. O’Shea VL, Berger JM: Loading strategies of ring-shaped
nucleic acid translocases and helicases. Curr Opin Struct Biol
2014, 25:16-24.

11. Nyquist K, Martin A: Marching to the beat of the ring:
polypeptide translocation by AAA+ proteases. Trends Biochem
Sci 2014, 39:53-60.

12. Gates SN, Martin A: Stairway to translocation: AAA+ motor
structures reveal the mechanisms of ATP-dependent
substrate translocation. Protein Sci 2020, 29:407-419 http://dx.
doi.org/10.1002/pro.3743.

13. Tsai FT, Hill CP: Same structure, different mechanisms? eLife
ee 2020, 9:9-11.

The authors present a comment on the CIpXP structures published in
Refs. [39] and [40], addressing the debate surrounding different models of
ATP hydrolysis by AAA+ ATPases and highlighting the difficulties of
inferring mechanisms from protein structures.

14. Dong, Zhang S, Wu Z, Li X, Wang WL, Zhu Y, Stoilova-McPhie S,

ee LuY, Finley D, Mao Y: Cryo-EM structures and dynamics of
substrate-engaged human 26S proteasome. Nature 2019,
565:49-55.

Cryo-EM structures of the substrate-engaged human 26S proteasome in

seven conformational states are solved by the authors, presenting a

model for the complete ATP hydrolysis cycle and identifying three modes

of ATP hydrolysis.

15. de la Pefia AH, Goodall EA, Gates SN, Lander GC, Martin A:
Substrate-engaged 26 S proteasome structures reveal
mechanisms for ATP-hydrolysis-driven translocation. Science
2018, 362.

16. Majumder P, Rudack T, Beck F, Danev R, Pfeifer G, Nagy |,
Baumeister W: Cryo-EM structures of the archaeal PAN-
proteasome reveal an around-the-ring ATPase cycle. Proc Nat/
Acad Sci U S A 2019, 116:534-539.

17. ZhuY, Wang WL, Yu D, Ouyang Q, Lu Y, Mao Y: Structural
mechanism for nucleotide-driven remodeling of the AAA-
ATPase unfoldase in the activated human 26S proteasome.
Nat Commun 2018, 9:1-12.

18. Han H, Fulcher JM, Dandey VP, lwasa JH, Sundquist WI, Kay MS,
Shen PS, Hill CP: Structure of Vps4 with circular peptides and
implications for translocation of two polypeptide chains by
AAA+ ATPases. eLife 2019, 8:1-20.

19. Zehr EA, Szyk A, Szczesna E, Roll-Mecak A: Katanin grips the
B-tubulin tail through an electropositive double spiral to sever
microtubules. Dev Cell 2020, 52:118-131.e6.

Current Opinion in Structural Biology 2021, 66:119-128

www.sciencedirect.com


https://doi.org/10.1016/j.sbi.2020.10.027
https://doi.org/10.1016/j.sbi.2020.10.027
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0005
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0005
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0005
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0005
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0010
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0010
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0015
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0015
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0015
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0030
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0030
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0030
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0040
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0040
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0045
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0045
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0045
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0055
http://dx.doi.org/10.1002/pro.3743
http://dx.doi.org/10.1002/pro.3743
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0065
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0065
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0085
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0085
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0085
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0085
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0095
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0095
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0095

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Structure and function of AAA+ ATPase insertions Jessop, Felix and Gutsche

Sandate CR, Szyk A, Zehr EA, Lander GC, Roll-Mecak A: An
allosteric network in spastin couples multiple activities
required for microtubule severing. Nat Struct Mol Biol 2019,
26:671-678.

Han H, Schubert HL, McCullough J, Monroe N, Purdy MD,
Yeager M, Sundquist WI, Hill CP: Structure of spastin bound to
a glutamate-rich peptide implies a hand-over-hand
mechanism of substrate translocation. J Bio/ Chem 2020,
295:435-443.

Kater L, Wagener N, Berninghausen O, Becker T, Neupert W,
Beckmann R: Structure of the Bcs1 AAA-ATPase suggests an
airlock-like translocation mechanism for folded proteins. Nat
Struct Mol Biol 2020, 27:142-149.

Cooney |, Han H, Stewart MG, Carson RH, Hansen DT, lwasa JH,
Price JC, Hill CP, Shen PS: Structure of the Cdc48 segregase in
the act of unfolding an authentic substrate. Science 2019,
365:502-505.

Twomey EC, Ji Z, Wales TE, Bodnar NO, Ficarro SB, Marto JA,
Engen JR, Rapoport TA: Substrate processing by the Cdc48
ATPase complex is initiated by ubiquitin unfolding. Science
2019, 365:eaax1033.

Blythe EE, Gates SN, Deshaies RJ, Martin A: Multisystem
proteinopathy mutations in VCP/p97 increase NPLOC4.-UFD1L
binding and substrate processing. Structure 2019, 27:1820-
1829.e4.

Lopez KE, Rizo AN, Tse E, Lin JB, Scull NW, Thwin AC, Lucius AL,
Shorter J, Southworth DR: Conformational plasticity of the
CIpAP AAA+ protease couples protein unfolding and
proteolysis. Nat Struct Mol Biol 2020, 27:406-416.

Deville C, Franke K, Mogk A, Bukau B, Saibil HR: Two-step
activation mechanism of the ClpB disaggregase for sequential
substrate threading by the main ATPase motor. Cell Rep 2019,
27:3433-3446.

Rizo AN, Lin JB, Gates SN, Tse E, Bart SM, Castellano LM,
DiMaio F, Shorter J, Southworth DR: Structural basis for
substrate gripping and translocation by the CilpB AAA+
disaggregase. Nat Commun 2019, 10:1-12.

Yu H, Lupoli TJ, Kovach A, Meng X, Zhao G, Nathan CF, Li H: ATP
hydrolysis-coupled peptide translocation mechanism of
Mycobacterium tuberculosis ClpB. Proc Natl Acad Sci U S A
2018, 115:E9560-E9569.

Zhang S, Mao Y: AAA+ ATPases in protein degradation:
structures, functions and mechanisms. Biomolecules 2020, 10.

Chang YP, Xu M, Machado ACD, Yu XJ, Rohs R, Chen XS:
Mechanism of origin DNA recognition and assembly of an
initiator-helicase complex by SV40 large tumor antigen. Cell
Rep 2013, 3:1117-1127.

Enemark EJ, Joshua-Tor L: Mechanism of DNA translocation in
a replicative hexameric helicase. Nature 2006, 442:270-275.

Meagher M, Epling LB, Enemark EJ: DNA translocation
mechanism of the MCM complex and implications for
replication initiation. Nat Commun 2019, 10.

Rzechorzek NJ, Hardwick SW, Jatikusumo VA, Chirgadze DY,
Pellegrini L: CryoEM structures of human CMG-ATPyS-DNA
and CMG-AND-1 complexes. Nucleic Acids Res 2020, 48:6980-
6995 http://dx.doi.org/10.1093/nar/gkaa429.

This publication presents cryo-EM structures of the human CMG (Cdc45-
MCM-GINS) helicase bound to replication fork DNA and to AND-1,
yielding insight into DNA translocation and providing detailed analysis
of interactions between the H2i and PS1i loops of the AAA+ ATPase MCM
and its DNA substrate.

35.

36.

Eickhoff P, Kose HB, Martino F, Petojevic T, Abid Ali F, Locke J,
Tamberg N, Nans A, Berger JM, Botchan MR et al.: Molecular
basis for ATP-hydrolysis-driven DNA translocation by the
CMG helicase of the eukaryotic replisome. Cell Rep 2019,
28:2673-2688.€8.

Yuan Z, Georgescu R, Bai L, Zhang D, Li H, O’Donnell ME: DNA
unwinding mechanism of a eukaryotic replicative CMG
helicase. Nat Commun 2020, 11:688.

37.

38.

39.

40.

41.

127

Bareti¢ D, Jenkyn-Bedford M, Aria V, Cannone G, Skehel M,
Yeeles JTP: Cryo-EM structure of the fork protection complex
bound to CMG at a replication fork. Mo/ Cell 2020, 78:926-940.
el13.

Han Y-W, Iwasaki H, Miyata T, Mayanagi K, Yamada K,
Morikawa K, Shinagawa H: A unique B-hairpin protruding from
AAA + ATPase domain of RuvB motor protein is involved in the
interaction with RuvA DNA recognition protein for branch
migration of holliday junctions. J Biol Chem 2001, 276:35024-
35028.

Ripstein ZA, Vahidi S, Houry WA, Rubinstein JL, Kay LE: A
processive rotary mechanism couples substrate unfolding
and proteolysis in the CIpXP degradation machinery. eLife
2020, 9:1-50.

Fei X, Bell TA, Jenni S, Stinson BM, Baker TA, Harrison SC,
Sauer RT: Structures of the ATP-fueled CIpXP proteolytic
machine bound to protein substrate. eLife 2020, 9:1-22.

Gates SN, Yokom AL, Lin J, Jackrel ME, Rizo AN, Kendsersky NM,
Buell CE, Sweeny EA, Mack KL, Chuang E et al.: Ratchet-like
polypeptide translocation mechanism of the AAA+
disaggregase Hsp104. Science 2017, 357:273-279.

Authors here present cryo-EM structures of Hsp104 bound to the model
substrate casein in different states of translocation, yielding insight into a
sequential mechanism of protein translocation and the conformational
changes associated with ATP hydrolysis and substrate binding.

42.

43.

44.

45.

46.

47.

48.

Shin M, Puchades C, Asmita A, Puri N, Adjei E, Wiseman RL,
Karzai AW, Lander GC: Structural basis for distinct operational
modes and protease activation in AAA+ protease Lon. Sci Adv
2020, 6:eaba8404.

Botos I, Lountos GT, Wu W, Cherry S, Ghirlando R, Kudzhaev AM,
Rotanova TV, de Val N, Tropea JE, Gustchina A et al.: Cryo-EM
structure of substrate-free E. coli Lon protease provides
insights into the dynamics of Lon machinery. Curr Res Struct
Biol 2019, 1:13-20.

Gao F, Danson AE, Ye F, Jovanovic M, Buck M, Zhang X: Bacterial
enhancer binding proteins —AAA+ proteins in transcription
activation. Biomolecules 2020, 10:1-12.

Tsai Y-CC, Ye F, Liew L, Liu D, Bhushan S, Gao Y-G, Mueller-
Cajar O: Insights into the mechanism and regulation of the
CbbQO-type Rubisco activase, a MoxR AAA+ ATPase. Proc
Natl Acad Sci U S A 2020, 117:381-387.

Glyde R, Ye F, Darbari VC, Zhang N, Buck M, Zhang X: Structures
of RNA polymerase closed and intermediate complexes reveal
mechanisms of DNA opening and transcription initiation. Mo/
Cell 2017, 67:106-116.e4.

Sysoeva TA, Chowdhury S, Guo L, Nixon BT: Nucleotide-induced
asymmetry within ATPase activator ring drives 54-RNAP
interaction and ATP hydrolysis. Genes Dev 2013, 27:2500-2511.

Nirwan N, Itoh Y, Singh P, Bandyopadhyay S, Vinothkumar KR,
Amunts A, Saikrishnan K: Structure-based mechanism for
activation of the AAA+ GTPase McrB by the endonuclease
McrC. Nat Commun 2019, 10:1-9.

Cryo-EM structures of McrB bound to the endonuclease McrC are
presented, showing that McrC binds in the central pore and bridges
two McrB hexamers. This publication provides an excellent example of
H2i pore loops facilitating protein—protein interactions rather than trans-
location only.

49.

50.

52.

Kon T, Oyama T, Shimo-Kon R, Imamula K, Shima T, Sutoh K,
Kurisu G: The 2.8 A crystal structure of the dynein motor
domain. Nature 2012, 484:345-350.

Sosnowski P, Urnavicius L, Boland A, Fagiewicz R, Busselez J,
Papai G, Schmidt H: The CryoEM structure of the
Saccharomyces cerevisiae ribosome maturation factor Rea1l.
eLife 2018, 7:€39163.

Chen Z, Suzuki H, Kobayashi Y, Wang AC, DiMaio F,
Kawashima SA, Walz T, Kapoor TM: Structural insights into
Mdn1, an essential AAA protein required for ribosome
biogenesis. Cell 2018, 175:822-834.e18.

Kater L, Mitterer V, Thoms M, Cheng J, Berninghausen O,
Beckmann R, Hurt E: Construction of the central protuberance

www.sciencedirect.com

Current Opinion in Structural Biology 2021, 66:119-128


http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0115
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0115
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0115
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0115
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0135
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0135
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0135
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0135
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0150
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0150
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0160
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0160
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0165
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0165
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0165
http://dx.doi.org/10.1093/nar/gkaa429
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0180
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0180
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0180
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0185
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0185
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0185
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0185
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0220
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0220
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0220
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0235
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0235
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0235
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0245
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0245
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0245
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0250
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0250
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0250
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0250
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0255
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0255
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0255
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0255
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0260
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0260

128 Folding and binding

53.

and L1 stalk during 60S subunit biogenesis. Mo/ Cell 2020,
79:615-628.€5.

Jessop M, Arragain B, Miras R, Fraudeau A, Huard K, Bacia-
Verloop M, Catty P, Felix J, Malet H, Gutsche I: Structural
insights into ATP hydrolysis by the MoxR ATPase RavA
and the Ldcl-RavA cage-like complex. Commun Biol 2020,
3:46.

This study presents cryo-EM structures of the clade 7 AAA+ ATPase RavA
in an asymmetric spiral state and a twofold symmetric closed ring state
with a double seam, and of the unusual Ldcl-RavA cage. These structures
reveal an unexpected similarity to ClpX crystal structures and suggest a
common ATPase mechanism.

54.

55.

56.

57.

Glynn SE, Martin A, Nager AR, Baker TA, Sauer RT: Structures of
asymmetric ClpX hexamers reveal nucleotide-dependent
motions in a AAA+ protein-unfolding machine. Cell 2009,
139:744-756.

Gleave ES, Schmidt H, Carter AP: A structural analysis of the
AAA+ domains in Saccharomyces cerevisiae cytoplasmic
dynein. J Struct Biol 2014, 186:367-375.

Holm L, Laakso LM: Dali server update. Nucleic Acids Res 2016,
44:W351-W355.

Ye Q, Rosenberg SC, Moeller A, Speir JA, Su TY, Corbett KD:
TRIP13 is a protein-remodeling AAA+ ATPase that catalyzes
MAD2 conformation switching. eLife 2015, 2015:1-44.

58.

Cho C, Jang J, Kang Y, Watanabe H, Uchihashi T, Kim SJ, Kato K,
Lee JY, Song JJ: Structural basis of nucleosome assembly by
the Abo1 AAA+ ATPase histone chaperone. Nat Commun 2019,
10:1-13.

AFM is used to visualise transitions between asymmetric spiral and
closed ring states of Abo1, which are also solved by cryo-EM, providing
direct evidence of a stochastic ATPase cycle.

59.

60.

61.

62.

63.

Gaubitz C, Liu X, Magrino J, Stone NP, Landeck J, Hedglin M,
Kelch BA: Structure of the human clamp loader reveals an
autoinhibited conformation of a substrate-bound AAA+
switch. Proc Natl Acad Sci U S A 2020, 117:23571-23580 http://
dx.doi.org/10.1101/2020.02.18.953257.

Demircioglu FE, Zheng W, McQuown AJ, Maier NK, Watson N,
Cheeseman IM, Denic V, Egelman EH, Schwartz TU: The AAA +
ATPase TorsinA polymerizes into hollow helical tubes with
8.5 subunits per turn. Nat Commun 2019, 10:1-12.

Holm L: DALI and the persistence of protein shape. Protein Sci
2020, 29:128-140.

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE: The
Phyre2 web portal for protein modeling, prediction and
analysis. Nat Protoc 2015, 10:845-858.

Letunic I, Bork P: Interactive Tree Of Life (iTOL) v4: recent
updates and new developments. Nucleic Acids Res 2019, 47:
W256-W259.

Current Opinion in Structural Biology 2021, 66:119-128

www.sciencedirect.com


http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0260
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0260
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0265
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0265
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0265
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0265
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0265
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0270
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0270
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0270
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0270
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0275
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0275
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0275
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0280
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0280
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0285
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0285
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0285
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0290
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0290
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0290
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0290
http://dx.doi.org/10.1101/2020.02.18.953257
http://dx.doi.org/10.1101/2020.02.18.953257
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0300
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0300
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0300
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0300
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0305
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0305
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0310
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0310
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0310
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0315
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0315
http://refhub.elsevier.com/S0959-440X(20)30195-0/sbref0315

	AAA+ ATPases: structural insertions under the magnifying glass
	Introduction: the AAA+ domain architecture
	Classification of AAA+ ATPases into clades
	Cryo-EM insights into the AAA+ ATPase mechanism

	Structure and function of insertions in the AAA+ core
	Pre-sensor 1 insert
	H2 insert
	Pre-sensor 2 insert

	Discrepancies in AAA+ classification
	Perspectives — a universal AAA+ ATPase mechanism?
	Conflict of interest statement
	Acknowledgements
	Appendix A Supplementary data


