
ATPases associated with diverse cellular activities (AAA+ 
proteins) are a superfamily of proteins that harness the 
energy stored in the γ- phosphate bond of ATP to drive 
large- scale conformational rearrangements, enabling the 
remodelling of a plethora of cellular substrates, including 
nucleic acids and proteins1,2. AAA+ proteins are defined 
by the presence of a conserved ATPase domain that 
converts ATP hydrolysis into mechanical force3. Across 
the AAA+ superfamily, this ATPase domain serves as a 
versatile engine- like module — hence, AAA+ proteins 
are often referred to as AAA+ ‘motors’ — that is incorpo-
rated into larger assemblies, giving rise to a broad range 
of structurally variegated, ATP- fuelled machines with 
diverse functions. For instance, DNA replication, tran-
scription and recombination require AAA+ helicases that 
unwind nucleic acids via translocation of single strands 
of nucleic acid4. Viral genome packaging also relies  
on AAA+ proteins to pump viral DNA or RNA into pro -
tein capsids4,5. Meanwhile, AAA+ enzymes that target 
protein substrates, as opposed to nucleic acids, serve as 
ubiquitous remodellers that power biological processes 
as divergent as protein quality control, rearrangement of 
the cytoskeleton and membrane fusion6 (Fig. 1).

The AAA+ superfamily is subclassified into seven 
different clades (classical, clamp loader, initiator, 

superfamily III helicases, HCLR, H2 insert and PS- II 
insert) based on insertion of distinct, additional ele-
ments into the otherwise structurally conserved AAA+ 
domain5,7 (see next section). Whereas the mechanisms 
by which AAA+ proteins remodel nucleic acids have 
been discerned by years of crystallographic studies on 
DNA or RNA- bound complexes, crystal structures of 
AAA+ remodellers bound to protein substrates have 
eluded structural biologists. As a result, how ATP powers 
protein remodelling remained obscure. Recent advances 
in cryo- electron microscopy (cryo- EM) have finally ena-
bled the determination of high- resolution structures of 
AAA+ proteins bound to protein substrates, revealing a 
core mechanism of action that is conserved across the 
AAA+ superfamily but uniquely adjusted to the distinct 
functionality of each AAA+ protein. Thus far, nearly 
all cryo- EM structures of AAA+ protein translocases 
bound to a substrate belong to the classical clade (Fig. 1; 

Table 1). In this Review, we focus on the new mechanistic 
insights provided by these cryo- EM structures.

Overview of classical AAA+ proteins
All AAA+ proteins contain a conserved ATPase mod-
ule. Over the course of evolution, this module has fused 
with a wide palette of unrelated domains. As a result, we  
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now find the ATPase domain integrated into macro-
molecular polypeptides containing an array of enzymatic  
and/or regulatory modules, which has greatly increased 
the functional diversity of AAA+ proteins3,5. These addi-
tional domains confer distinct substrate specificities, 
modulate ATPase activity, provide additional enzymatic 
functionalities or mediate interaction with cofactors and 
accessory proteins. Classical AAA+ proteins can be gen-
erally categorized based on the modular organization of 
the ATPase cassette (Fig. 1).

Type I ATPases. Type I ATPases, also known as 
Domain 1 (D1) ring ATPases, contain a single ATPase 
domain fused to an amino- terminal domain (Fig. 1a). In 
AAA+ proteins, non- ATPase N- terminal domains serve 
as the primary substrate recognition sites and are there-
fore important determinants of substrate preference. 
Accordingly, the same, conserved ATPase activity can be 
specifically directed to carry out distinct biological func-
tions through substrate preference and subcellular local-
ization8,9. This is well exemplified by the meiotic clade 
of type I AAA+ ATPases (named as such owing to the 
importance for meiosis of two founding members from 
Caenorhabditis elegans), encompassing katanin, fidgetin, 
spastin and VPS4 proteins (VPS4A and VPS4B). The 
N- termini of katanin, spastin and fidgetin recognize 
tubulin polymers, thereby recruiting these enzymes to 
sever microtubules for cytoskeleton remodelling9–11. 
Meanwhile, the N- termini of VPS4 proteins recog-
nize the carboxy- terminal tails of eSCRT- iii (endosomal 
sorting complex required for transport III) polymers, 
leading to ATPase- mediated disassembly of ESCRT- III 

polymers — a function that is essential for membrane 
remodelling in various contexts12,13.

Type II ATPases. There are numerous AAA+ proteins 
that, in addition to containing one or more N- terminal 
domains, contain two fused ATPase domains in tan-
dem, which are commonly referred to as D1 and D2 
(Fig. 1b,c). These ATPases, known as type II ATPases, 
arose through independent fusion events at least three 
times over the course of evolution. This is demonstrated 
by the fact that some type II AAA+ proteins contain two 
AAA+ domains from the classical clade, whereas oth-
ers combine a classical domain with an AAA+ domain 
from the HCLR clade14. Type II AAA+ proteins include 
N- ethylmaleimide sensitive factor (NSF), p97 (also 
known as VCP; Cdc48 in yeast), PEX1 together with 
PEX6, and heat shock protein 100 (Hsp100)-related 
proteins (Table 1). NSF mediates membrane fusion, such 
as the fusion of synaptic vesicles with the pre synaptic 
membrane during neurotransmission, by dissociating 
SNaRe complexes that tether fusing vesicles to a target 
membrane. This enables the individual SNARE compo-
nents to be recycled for further fusion events15 (Fig. 1b). 
p97/Cdc48 dislocates polyubiquitylated proteins from 
intracellular membranes, including the endoplasmic 
reticulum and mitochondria, where it functions as 
a component of the eR- associated protein degradation 
pathway and mitochondria- associated degradation, 
respectively. p97/Cdc48 mediates retrotranslocation of 
misfolded or damaged membrane and secretory pro-
teins (which are selectively ubiquitylated by ubiquitin- 
conjugating enzymes and ubiquitin ligases) into the 
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Fig. 1 | Modular organization of classical aaa+ proteins. Schematic illustration of representative examples of  
classical ATPases associated with diverse cellular activities (AAA+ proteins). a | Type I AAA+ protein spastin (pdb:6P07).  
b | Type II AAA+ protein N- ethylmaleimide sensitive factor (NSF; pdb:6MDO). c | type II AAA+ heat shock protein Hsp104 
(pdb:5VYA). d | AAA+ protease YME1 (pdb:6AZ0). In each case, a linear diagram shows the domain composition. The AAA+ 
protein with its molecular activity and biological function are depicted below. For each AAA+ protein, domains are 
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ESCRT- III
(endosomal sorting complex 
required for transport iii). 
eSCRT- iii proteins are recruited 
to membrane constriction sites, 
including nearly all subcellular 
membrane compartments, 
where they are activated and 
assemble into filaments, which 
in turn recruit VPS4, a type i 
aaa+ protein. aTP- dependent 
VPS4 activity remodels and 
disassembles eSCRT- iii 
polymers, thereby powering 
eSCRT- dependent membrane 
fission reactions that are 
required for diverse biological 
processes, such as vesicle 
formation in the secretory 
system, budding of enveloped 
viruses from the plasma 
membrane and membrane 
repair.

SNARE complexes
Protein complexes consisting 
of syntaxin, synaptobrevin and 
SNaP25 (synaptosome- 
associated protein), which 
assemble into a four- helix 
bundle that aids in the fusion 
of membranes.
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cytosol, where they can be captured by the proteasome 
for degradation16 (Fig. 2). Beyond extraction of pro-
teins from membranes, p97/Cdc48 is also involved in 
extracting stalled polypeptides from the ribosome17,18 
(Fig. 2) as well as in extracting proteins from chroma-
tin to regulate chromatin- dependent processes such 
as gene expression or DNA repair19. Similarly to p97/
Cdc48, the PEX1–PEX6 complex is a central component 
of extraction machinery — in this case, highly special-
ized — that removes ubiquitylated peroxisomal protein 
PEX5 (involved in peroxisomal protein import from 
the cytosol) from peroxisomal membranes for recy-
cling to the cytosol for new peroxisome biogenesis or 
for proteasomal degradation (which occurs when PEX5 
accumulates on peroxisomal membranes and prevents 
overloading peroxisomes with imported proteins)16,20. 
The Hsp100-related type II ATPases, which function 
as essential chaperones for heat- shock response in yeast 
(Hsp104) as well as bacteria and eukaryotic mitochon-
dria and plastids (ClpB), use the D1–D2 architecture to 
disassemble protein aggregates and amyloids21 (Fig. 1c).

In some cases, both D1 and D2 retain ATPase activity, 
such as in the Hsp100-related AAA+ proteins where both 
ATPase domains actively function to untangle or unfold 
protein aggregates22–24. In other cases, either D1 or D2 of 
the AAA+ protein has lost ATP hydrolysis activity (for 
example, D2 of NSF or D1 of PEX1–PEX6)15 (Fig. 1c). 
However, these catalytically dead domains typically 
retain the ability to bind ATP, and the nucleotide state 
in such inactive domains appears to influence the sta-
bility of the AAA+ protein and/or mediate recognition  
by various adaptor proteins15,25.

Across the AAA+ superfamily, distinct, non- related 
additional domains foster functional diversity by differ-
entially regulating protein stability and protein–protein 

interactions with diverse accessory proteins. For 
instance, the N- terminal domain of NSF specifically 
binds αSNAP, an adaptor protein that mediates inter-
actions with the SNARE complexes. Meanwhile, 
Hsp100-related proteins have integrated an additional 
domain within the D1 ATPase module, termed the 
‘middle domain’ (Fig. 1c), that mediates interactions with 
co- chaperones and other accessory proteins21. The spa-
tial proximity of these accessory proteins to the AAA+ 
unfoldase promotes cooperative refolding of protein 
substrates26.

AAA+ proteases. Numerous AAA+ modules function 
in tight coordination with proteases, merging ATPase 
activity with proteolytic cleavage. In this case, the 
AAA+ module unravels protein substrates and feeds 
the unfolded polypeptide to adjacent proteases that 
subsequently degrade the substrate into short peptides27 
(Fig. 1d). Cooperativity between these two function-
alities establishes a means for processively degrading 
even tightly folded polypeptides, a functionality that is 
central to protein quality control across all kingdoms 
of life28. These AAA+ and protease domains are some-
times brought into close proximity through interlocking  
protein–protein interactions that position the AAA+ 
module atop an independent proteolytic oligomer, as 
in the 26S proteasome27 (and the ClpX family of pro-
teases in the HCLR clade). In other cases, such as in 
FtsH- related AAA+ proteases, gene fusion events have 
resulted in tandem ATPase–protease domains incor-
porated into a single polypeptide29 (Fig. 1d); a similar 
arrangement is observed in Lon family AAA+ proteases 
of the HCLR clade. In fact, members of the FtsH- related 
family of AAA+ proteases (for example, YME1 and 
AFG3L2) are characterized by a distinct topology that 

ER- associated degradation
a cellular pathway that targets 
misfolded proteins for selective 
ubiquitylation by endoplasmic 
reticulum (eR)-resident 
ubiquitin ligases. The type ii 
aaa+ protein p97/Cdc48 
recognizes and dislocates these 
polyubiquitylated substrates 
from the eR membrane and 
into the cytosol. The resulting 
unfolded polypeptides are 
subsequently degraded by  
the 26S proteasome.

Mitochondria- associated 
degradation
The process by which the aaa+ 
protein p97/Cdc48 recognizes 
and retrotranslocates 
polyubiquitylated substrates 
from the outer mitochondrial 
membrane for subsequent 
degradation by the 26S 
proteasome.

Retrotranslocation
Following translation in the 
cytosol, proteins are 
translocated into the respective 
cellular subcompartments. 
When a protein is misfolded, 
aaa+ proteins extract these 
proteins from the membrane, 
dislocating them into the 
cytosol. This process is known 
as retrotranslocation (from the 
subcompartment back into  
the cytosol).

Table 1 | examples of classical aaa+ proteins recently visualized in a substrate- bound state by cryo- electron microscopy

aaa+ protein Type Subfamily Primary molecular activity Main biological process refs

Vps4 I Meiotic clade Disassembly of ESCRT- III polymers Membrane remodelling 60,78,79

Spastin and 
katanin

I Meiotic clade Disassembly of tubulin polymers Cytoskeleton remodelling 80,81

p97 (higher 
eukaryotes), 
Cdc48 (yeast)

II Cdc48 related Extraction of polyubiquitylated proteins  
from membranes and complexes

Endoplasmic reticulum quality 
control, ubiquitin- dependent 
pathways

69,70

VAT II Cdc48 related Dislocation of proteins into the archaeal  
20S peptidase

Archaeal protein quality 
control

58,59

PEX1–PEX6 II Cdc48 related Dislocation of ubiquitylated PEX5 from  
the peroxisomal membrane

Peroxisome biogenesis 76,77

NSF II Cdc48 related Disassembly of SNARE complexes Synaptic vesicle fusion 67,68

Hsp104 (yeast), 
ClpB (bacteria)

II Hsp100 related Disaggregase (part of a chaperone complex) Heat- shock stress response 61,71–73

Hsp101 II Hsp100 related Translocation of malarial proteins into the host Malarial infection 74

YME1 and 
AFG3L2

AAA+ protease FtsH related Degradation of mitochondrial proteins Mitochondrial protein quality 
control

62,63

Rpt subunits Proteasomal AAA+ PAN related Degradation of cytosolic proteins Cytosolic protein quality 
control

64,65

PAN Proteasomal AAA+ PAN related Degradation of archaeal proteins Archaeal protein quality 
control

66

AAA+ protein, ATPase associated with diverse cellular activities; ESCRT- III, endosomal sorting complex required for transport III; Hsp, heat shock protein;  
NSF, N- ethylmaleimide sensitive factor.
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succinctly exemplifies how concatenation of multiple 
modules facilitates distinct, specialized function (Fig. 1d). 
FtsH- related proteins are found in bacterial, mitochon-
drial and chloroplastic membranes, and are required for 
protein quality control within these membranous envi-
ronments30 (Fig. 2). These AAA+ proteases are tethered 
to membranes via an N- terminal transmembrane region 
that is involved in recognizing membrane- associated or 

membrane- embedded protein substrates30. Together,  
N- terminal, ATPase and C- terminal zinc metallo-
proteinase domains combine distinct functionalities to 
enable membrane protein degradation (Fig. 1d).

Multicomponent systems that regulate AAA+ motors. 
Multiple layers of functionally diverse adaptor and  
regulatory partner proteins can concomitantly assemble 
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Fig. 2 | Schematic representation of the diverse aaa+ proteins that 
coordinate eukaryotic protein quality control. The 26S proteasome is the 
primary cellular machinery that unfolds and degrades ubiquitylated 
substrates and constitutes a central component of the protein quality 
control system, the main function of which is the removal of aberrant  
(for example, misfolded, truncated or damaged) proteins to maintain 
protein homeostasis (proteostasis). The 26S proteasome is a complex of 
numerous adaptor and regulatory components that assemble around a 
heterohexameric ATPase associated with diverse cellular activities (AAA+) 
motor, which inserts into a proteolytic barrel. The ubiquitin–proteasome 
system relies on the activity of E2 ubiquitin- conjugating enzymes and E3 
ubiquitin ligases for tightly regulated ubiquitylation of substrates targeted 
for proteasome- mediated degradation. This pathway operates in the 
cytoplasm and in eukaryotes also in the nucleus (not shown). Multiple other 
AAA+ proteins cooperate with the 26S proteasome in protein quality 
control. Type II AAA+ proteins p97 (Cdc48 in yeast) and hetero- oligomeric 
PEX1–PEX6 extract polyubiquitylated substrates from the endoplasmic 
reticulum (ER) and peroxisomal membranes, respectively , for subsequent 

proteasomal degradation in the cytosol. In the mitochondrial outer 
membrane (OMM), the type I AAA+ protein ATAD1 (Msp1 in yeast) powers 
retrotranslocation of mistargeted proteins into the cytosol for degradation. 
Misfolded OMM proteins are retrotranslocated by p97 in a manner 
equivalent to ER- associated degradation. p97 is also involved in degrading 
aberrant polypeptides from stalled ribosomes during ribosome- associated 
protein quality control. In addition to the activity of the proteasome–
ubiquitin system, independent proteolytic systems operate inside 
mitochondria. Here, AAA+ proteases YME1 and AFG3L2 from the classical 
clade, as well as ClpXP and Lon from the HCLR clade, degrade aberrant 
proteins in the inner mitochondrial membrane (IMM) and matrix, 
respectively. In addition to protein degradation, protein quality control 
relies on the capacity to refold misfolded proteins. This is mediated by 
chaperone complexes, including type II AAA+ disaggregases heat shock 
protein 104 (Hsp104; in yeast) and ClpB (in bacteria, mitochondria and 
plastids; not shown) that solubilize misfolded proteins and their aggregates, 
allowing their refolding. mt, mitochondrial; NEF, nucleotide exchange 
factor ; TOM, translocase of the outer membrane.
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around the AAA+ core. The ubiquitin–proteasome sys-
tem, a central pathway in cytosolic protein quality con-
trol, very well exemplifies a vast and highly regulated 
protein interaction network with factors that indirectly 
and directly influence AAA+ motor function. During 
assembly of the ~2.5-MDa 26S proteasome, six distinct 
AAA+ proteins (Rpt1–Rpt6 in yeast) attach to one end of 
a multimeric proteolytic barrel that contains evolution-
arily diverse proteolytic domains31. Activity of the AAA+ 
motor is modu lated by over a dozen regulatory and adap-
tor proteins, which adjust proteasomal activity in response 
to cellular conditions and requirements31. Substrates are 
targeted for degradation through a complex regulatory 
pathway that involves the covalent attachment of specif-
ically linked ubiquitin moieties to protein substrates by 
ubiquitin ligases32. Even after recruitment for degrada-
tion, numerous deubiquitylating enzymes and ubiquitin  
ligases associate with the 26S proteasome to influence 
substrate processing32–34, which enables an additional  
layer of regulation of cytosolic protein quality control.

Importantly, the ubiquitin–proteasome system relies 
on other AAA+ proteins to liberate certain substrates 
from different cellular membranes for targeting to the 
26S proteasome. Most notably, the retrotranslocation 
of polyubiquitylated proteins from the endoplasmic 
reticulum and peroxisomal membranes by type II 
AAA+ proteins p97/Cdc48 and PEX1–PEX6, respec-
tively, is required for their efficient 26S- mediated deg-
radation16 (Fig. 2). Similarly, ATAD1 (Msp1 in yeast), 
a type I ATPase, extracts mistargeted proteins from 
the mitochondrial outer membrane for degradation 
by the 26S proteasome (Fig. 2). Each of these distantly 
related AAA+ proteins has evolved to target distinct sub-
strates in different subcellular environments, enabling 
the ubiquitin–proteasome network to access almost  
every compartment of the eukaryotic cell. In fact, eukary-
otic protein quality control serves as a defining example 
of how the conserved ATPase domain functions as an 
energy- providing module upon which a panoply of com-
ponents can be integrated, giving rise to sophisticated 
and highly regulated biological functions powered by 
AAA+ motors (Fig. 2).

Conserved features of the AAA+ module
Despite their functional diversity, AAA+ proteins share 
a structurally conserved ATPase domain of ~250 amino 
acids, comprising an N- terminal α–β–α fold35 and a 
small C- terminal helical bundle, commonly referred 
to as the large and small subdomains, respectively6 
(Fig. 3a,b). Insertion of specific secondary structure 
elements at distinct locations defines the classification 
of AAA+ proteins into different clades5,7. The classical 
AAA+ enzymes we are focusing on in this Review are 
active as hexamers, where neighbouring subunits assem-
ble into a ring whose central channel (also known as the 
central pore) binds the substrate (Fig. 3c). This central 
channel is lined solely by elements of the large sub-
domain of the ATPase6. The nucleotide- binding pock-
ets are found at the interface between adjacent subunits, 
where a face of the large and small subdomains of one 
subunit interact with a face of the large subdomain of the 
clockwise neighbouring subunit6 (Fig. 3c,d).

Phylogenetically, all AAA+ proteins belong to the 
‘additional strand, catalytic E’ (ASCE) subclass of  
‘P- loop’-type NTPases (nucleotide triphosphate- binding 
proteins)6. P- loop NTPases are characterized by a con-
served α–β Rossman fold that contains the signature 
nucleotide- binding motifs, Walker a and Walker b36–38 
(Fig. 3a,b). The ASCE subgroup is distinguished by a dis-
tinct β5–β1–β4–β3–β2 arrangement of the core β- sheet 
of parallel β- strands and a catalytic glutamate residue 
within the Walker B motif 7,37,39 (Fig. 3a,b). The C- terminal 
ends of β1, β3 and β4 strands all contain conserved resi-
dues that contribute to the nucleotide- binding pocket, 
including the Walker A motif (found between β1 and the 
following α1 helix) and the Walker B motif (located on 
β3)40 (Fig. 3d). ‘Sensor 1’ is a single residue located at the 
C- terminal end of β4, which is thought to act in concert 
with the Walker B motif to properly orient a water mol-
ecule for nucleophilic attack on the γ- phosphate of ATP6. 
The sensor 1 residue is typically an asparagine, but other 
polar residues such as serine, threonine or aspartate are 
also found in this location.

AAA+ proteins are further characterized by the sec-
ond region of homology, which contains arginine resi-
dues that interact with the γ- phosphate of ATP1,41,42. 
These residues are referred to as ‘arginine fingers’, as 
they are located at the inter- subunit interface, where they 
interact with a nucleotide in trans, extending from the 
clockwise neighbouring subunit towards the ATP bind-
ing pocket (Fig. 3d). Arginine fingers have been shown to 
be essential for inter- subunit coordination and coopera-
tion within the hexamer, as they can sense and respond 
to the nucleotide state — the presence of ATP or ADP, 
or the absence thereof — in the neighbouring subunit43. 
Classical clade AAA+ proteins are characterized by the 
presence of two arginines within the second region of 
homology. This clade is further distinguished by a small 
insertion between β2 and helix α2 (Fig. 3a,b) that con-
tains a conserved pore region (pore loop 1) (Fig. 3a–c). 
This pore loop faces the central channel in the hexameric 
organization, and a conserved aromatic residue within 
this loop has been repeatedly shown to be required for 
substrate binding in the central channel44–48 (Fig. 3a–c).

Core mechanism of ATP- driven activity
Numerous biochemical studies of AAA+ proteins indi-
cated that their substrates are threaded through the cen-
tral pore, which successively imposes a constriction on 
the substrate polypeptide that eventually forces folded 
domains to unravel48–54 (Fig. 1). Although the key residues 
required for this activity have long been established, how  
conformational changes coupled to ATP binding, hydroly-
sis and product release might drive peptide substrate 
translocation has been elusive until recently.

Although X- ray crystallography is an established 
technique for solving high- resolution structures, it is 
reliant on crystallization of the protein of interest. The 
non- physiological conditions often used for crystalliza-
tion, combined with the structural constraints induced 
by crystal packing, can sometimes lead to crystallization 
of a protein conformation that may not represent the 
predominant or active conformation of a protein in solu-
tion. A plethora of X- ray structures of numerous AAA+ 

26S proteasome
a large multisubunit complex 
located in the cytosol of 
eukaryotes with numerous 
ubiquitin receptors that 
selectively bind 
polyubiquitylated protein 
substrates for degradation. 
Targeted substrates are 
unfolded by a aaa+ motor 
within the complex, while 
another enzyme called a 
deubiquitinase cleaves the 
covalently linked ubiquitin chain 
from the substrate. The aaa+ 
aTPase directs the unfolded 
substrate into a barrel- shaped 
proteolytic chamber which 
contains six proteolytic active 
sites that degrade the substrate.

NTPases
a generic term that 
encompasses enzymes 
capable of binding nucleotide 
triphosphate (NTP) molecules, 
such as aTP and gTP. aaa+ 
proteins are defined as a 
subclass of P- loop NTPases.

α–β Rossman fold
a super- secondary structure 
composed of alternating  
β- strand–α- helix–β- strand 
segments. The β- strands form  
a β- sheet and the α–helices 
surround both faces of  
the sheet, producing a  
three- layered sandwich.

Walker A
a g- XXXX-gK-[T/S] sequence 
motif, where X can be any 
amino acid. This motif (also 
known as the P- loop) stabilizes 
the binding of the nucleotide 
by interacting with the  
β- phosphate, and is present  
in many nucleotide- binding 
proteins.

Walker B
a consensus sequence (hhhhDe) 
where h represents any bulky, 
hydrophobic amino acid.  
The aspartic acid (D) is important 
for coordination of a magnesium 
ion, which in turn helps neutralize 
the negative charges of the 
phosphate groups present in  
the nucleotide. The adjacent 
glutamate (e) residue serves  
as a catalytic base, activating 
water for nucleophilic attack  
on the γ- phosphate during  
aTP hydrolysis.

Nucleophilic attack
a fundamental reaction class  
in which a partially or fully 
positively- charged group 
(electrophile) is attacked by  
an electron- rich molecule 
(nucleophile) that substitutes  
a leaving group.
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protein translocases were solved, but, despite innumera-
ble attempts over many years, high- resolution structures 
of substrate- engaged protein translocases could not be 
obtained by crystallography. As a result, the mechanisms 
underlying protein translocation remained obscure.

Recently, technological and methodological develop-
ments in cryo- EM have made it possible to determine 
the structures of macromolecular complexes to 3-Å reso-
lution or better without the need for crystallization55–57. 
These advances have profoundly impacted many biolog-
ical fields, and the impact this ‘resolution revolution’ has 
had on our understanding of the AAA+ superfamily — 
especially within the classical clade — is particularly nota-
ble. In just under 3 years, high- resolution structures of 
over a dozen classical AAA+ proteins bound to substrate 

have been determined58–81 (Table 1). Importantly, and in 
stark contrast to previously determined X- ray structures, 
these complexes were trapped in the act of processing 
substrates. The insights provided by these substrate- 
bound structures not only explain the precise role of all 
elements previously shown to be required for activity but 
also provide strong visual evidence to contextualize dec-
ades of analytical studies on AAA+ proteins. Moreover, 
these structures have revealed the conserved mechanism 
by which ATP powers substrate translocation.

An ATPase spiral encircles the translocating substrate 
along the central pore. Strikingly, substrate- bound struc-
tures of AAA+ proteins share a pseudo- helical arrange-
ment of the ATPase domains that resembles a spiral  
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staircase (Fig. 4). A recent study of VAT, an archaeal 
type II AAA+ protein, combined cryo- EM and nuclear 
magnetic resonance (NMR) to confirm that the spi-
ralling organization observed in cryo- EM recon-
structions is also present in solution58. A spiralling 
organization for a protein- translocating AAA+ was 
first observed at subnanometre resolution in the 26S 
proteasome82–84. The higher resolutions attainable with  
current cryo- EM methodologies now reveal the mol-
ecular relevance of this organization: incoming substrate 
is threaded through the central pore of the spiralling 
ATPase ring, with conserved pore loops matching the 
helical arrangement of the ATPases, forming a staircase 
that accompanies the substrate along the central channel 
(Fig. 4). The substrate adopts an extended β- strand con-
formation, running through the central channel as an 
unfolded peptide with its side chains radiating outwards 
towards the spiralling AAA+ pore loops (FigS 4,5). The 
conserved aromatic residue within the AAA+ pore loop 1  
of each subunit intercalates against the backbone of 
the substrate (FigS 4,5,6), whereby one pore loop 1 aro-
matic residue is inserted every two amino acids (with 
a distance of approximately 13 Å between individual 
pore loop 1–substrate interactions). This helical array 

of pore loop–substrate interactions produces a con-
comitant grip on the substrate, consistent with previous 
biochemical studies showing that up to five subunits  
synergistically engage the translocating substrate85 
(Fig. 4a,c). This organization provides a molecular expla-
nation for the essential role of the pore loop 1 aromatic 
residue across classical AAA+ proteins45–48,86.

Substrate–pore loop 1 interactions appear to be dom-
inated by non- residue-specific hydrogen- bonding and 
steric interactions with the substrate backbone, which is 
compatible with a translocation mechanism that is inde-
pendent of the substrate sequence and its orientation. 
These are important requirements for AAA+ activity, 
given that AAA+ enzymes are able to remodel proteins 
of diverse sequences and translocate them in either  
orientation (from the N- terminal or C- terminal end)87,88. 
However, the intercalating nature of the substrate–pore 
loop 1 interactions also provides a mechanistic avenue 
for the substrate to influence these contacts within the 
central pore. For example, bulky, hydrophobic or aro-
matic substrate residues intercalate between the pore 
loop aromatics79, akin to the teeth of two cogs (Fig. 5b), 
strengthening the grip on the substrate89. By contrast, 
enrichment of smaller residues in the substrate, such as 
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cycle sequentially results in hand- over-hand translocation of the substrate. 
b | The corresponding coloured subunit from part a is shown using a ribbon 
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downwards through the translocation cycle, giving rise to a downward 
motion of pore loop 1 (the pore loop 1 aromatic residue is shown using a 
sphere representation) and the substrate. The dotted grey line emphasizes 
the downward progression of each step through the cycle. c | Pore loops 
of the six subunits in an AAA+ hexamer assemble into a spiral staircase that 
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illustrating the hand- over-hand mechanism of substrate translocation 
between the subunits of an ATPase associated with diverse cellular activities 
(AAA+ protein).
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glycine, which is unable to engage in such interactions, 
decrease the enzyme’s ability to process such substrates89.

Substrate binding appears to have an important role 
in the formation of the hydrolysis- competent ATPase 
spiral staircase. Type I AAA+ enzymes form a single, 
hexameric ATPase spiral that wraps around the trans-
locating substrate60,79–81 (Fig. 1a). Type II AAA+ enzymes 
assemble into two stacked hexameric rings, where each 
ring comprises six equivalent ATPase domains59,61 
(Fig. 1b,c). AAA+ proteases similarly form stacked hexa-
meric rings, with one ring consisting of the six pro-
tease domains62,63 (Fig. 1d). To date, all ATPase domains 
with the substrate threaded through the pore have 
been observed in a spiralling organization, whereas 
domains within the same complex that do not engage 
substrate generally form planar symmetric rings. For 
instance, both the D1 and D2 ATPase domains of 
Hsp100-related AAA+ proteins are catalytically com-
petent and engage the threaded substrate. Accordingly, 
in substrate- bound cryo- EM structures of this family 
of proteins, both D1 and D2 assemble into two stacked 
homotypic spiralling rings61,71,73,90 (Fig. 1b). Meanwhile, 
only the D1 of NSF functions as an ATPase and forms a 
substrate- engaged spiral whereas the catalytically dead 
D2 assembles into a planar, symmetric ring below the 
D1 spiral67,68 (Fig. 1b). Similarly, each of the peroxi-
somal D1–D2 AAA+ proteins PEX1–PEX6 consists of 
an ATP hydrolysis- incompetent D1 that does not bind 
the substrate and oligomerizes into a planar symmetric 
ring, whereas their active, substrate- binding D2s form 
a spiral76,77. The AAA+ proteases YME1 and AFG3L2 
present an analogous organization, wherein the ATPase 
domains assemble as a spiral atop a planar, six- fold 
symmetric ring formed by the homotypic protease 
hexamer62,63 (Fig. 1d).

In some AAA+ proteins, substrate binding itself may 
play a role in inducing a spiralling organization. For 
example, cryo- EM structures of D1–D2 AAA+ protein 
p97 and the yeast homologue Cdc48 in the absence of 
substrate showed both D1 and D2 oligomerized into 
planar, symmetric rings70,91, whereas substrate- bound 
Cdc48 complexes adopted a spiralling organization69,70. 
The observed correlation between a spiralling quater-
nary structure of the ATPase domains and the trans-
locase activity strongly suggests a crucial role of this 
organization in substrate translocation. Together, these 
findings explain why the presence of substrate promotes 
hexamerization of the ATPase subunits8,92, stabilizes the 
hexameric complex81 and increases ATPase activity in 
AAA+ proteins83.

Sequential ATP hydrolysis cycle powers hand- over-hand 
substrate translocation. High- resolution substrate- 
bound structures of classical clade ATPases have enabled 
identification of the nucleotide states within the AAA+ 
binding pocket, revealing that the nucleotide state 
directly correlates with the pore loop 1 conformation62. 
The pore loops from subunits that have ATP bound in 
their pockets intercalate into the substrate, whereas the 
pore loops of subunits bound to ADP or that do not con-
tain nucleotide have limited, if any, interaction with the 
substrate62,64,69,70 (Fig. 5a). Consistent with these findings, 

numerous biochemical studies previously showed that 
ATP binding is required for substrate engagement by 
AAA+ proteins. For instance, Walker B mutants, which 
have increased affinity for ATP but are nearly incapa-
ble of hydrolysing it, have increased affinity for sub-
strates6,93. In fact, these Walker B mutations effectively 
trap the substrate6,94,95, and it is important to note that 
most substrate- bound cryo- EM structures of AAA+ 
proteins solved to date are of either Walker B mutants62 
or wild- type enzymes bound to non- hydrolysable ATP 
analogues61.

Importantly, substrate- bound cryo- EM structures 
further show that different nucleotide states can coexist  
within the hexamer, such that ATP- bound subunits form 
the substrate- interacting spiral, whereas the lowermost 
subunit typically presents an ADP- like state62,64,70 (Fig. 5a). 
Nucleotide- free subunits are considerably more flexible 
and have only been found at the ‘seam’ of the spiral 
between the lowest and highest subunits of the stair-
case, transitioning from the lowest to the highest 
position in the staircase (FigS 4,5a). This organization 
strongly suggests that ATP hydrolysis occurs in the low-
ermost subunit of the staircase, whereupon the subunit 
detaches from the hexamer and releases nucleotide as it 
moves towards the uppermost subunit of the staircase 
(Fig. 4). Next, ATP binding within this subunit at the top 
of the staircase establishes stabilizing interactions with 
the neighbouring subunit and its pore loop 1 rearranges 
to interact with the substrate (Fig. 4c). Thus, if we follow 
a single subunit through the ATP hydrolysis cycle, we 
see the pore loop engage and escort the substrate along  
the central channel, maintaining close interaction with the  
substrate as the subunit progresses through the suc-
cessively lower steps of the staircase, and subsequently 
detaching from the substrate at the bottom (Fig. 4b). 
The movements of the subunit arise from rotations 
of the large and small subdomains of the ATPases rela-
tive to one another. The positions of these domains are 
dictated by the nucleotide state in each subunit, and the 
motions are used to influence interactions with substrate.

The tight allosteric relationships between the nucleo-
tide state of a given subunit and the subunit’s position 
within the staircase, as well as its mode of interaction 
with the substrate, establish the mechanistic infrastruc-
ture for a sequential ATP hydrolysis cycle. These findings 
have led several groups to propose that ATP hydrolysis 
is coordinated within the hexamer such that the sub-
units fire one at a time in sequential order around the 
hexameric ring59–62. An immediate consequence of this 
around- the-ring progression of hydrolysis is that, in the 
context of the hexamer, each subunit occupies one of 
the positions within the staircase, and they all progress 
through each position of the cycle in a coordinated  
fashion. At any given time during the translocation pro-
cess, four ATP- bound subunits are engaged with the sub-
strate, escorting the substrate along the central pore, one 
ADP- bound subunit is disengaging from the substrate at 
the bottom of the staircase and the last subunit is return-
ing to the topmost position of the hexamer. The resultant 
cascading cycle of subunits engaging and releasing sub-
strate is analogous to a hand- over-hand sled pull on a 
rope, where six hands work coordinately to alternatively 
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reach, grab and pull on the rope (Fig. 4d). As the hands 
take turns to release the rope at the bottom and grab it at 
the top, the rope remains tightly engaged by four hands 
at all times, and a pulling force is applied in each cycle. 
Together, these motions lead to a constant grip on the 
substrate and stepwise translocation that is powered by a 
sequential ATP hydrolysis cycle that proceeds anticlock-
wise around the hexameric ring. As two amino acids are 
engaged between the pore loop 1 aromatics of adjacent 
subunits, in the absence of any other forces, every ATP 
hydrolysis event would lead to a translocation step of 
exactly two amino acids. Recent structures representing 
coexisting states of the actively hydrolysing 26S protea-
some ATPases, which form a heterohexamer where each 
ATPase subunit is unique and therefore distinguishable 
from the rest, further support this rotary model for ATP 
hydrolysis64,65.

A direct consequence of this around- the-ring model 
for ATP hydrolysis is the capacity for producing a con-
stant hand- over-hand conveyance of substrate through 
the central pore (Fig. 4). This unified model and the struc-
tural framework provided by substrate- bound structures 
of diverse AAA+ proteins are particularly relevant for 
understanding the enzymatic properties of these motors. 
Single- molecule studies of AAA+ proteins from differ-
ent clades showed that tight ATP binding is the first 
irreversible step in the hydrolysis cycle96,97, which can 
be explained by the spiralling architecture. As a subunit 
assumes the uppermost position of the staircase, ATP 
binding within this subunit establishes interactions with 
the neighbouring subunit. The sub unit immediately 
below this uppermost subunit is now trapped within the 
context of the spiral and can only exit the staircase after 
progressing downwards through the spiral, concluded 
by ATP hydrolysis and release from the spiral at the 
bottom of the staircase. Numerous biophysical studies 
also indicated that phosphate release, which is an irre-
versible transition, is the primary force- generating step 
of the cycle. Indeed, the largest domain movements of 
the classical clade ATPases occur during the transition 
from an ATP- bound to an ADP- bound (post- phosphate 
release) state62. However, substrate- bound structures of 
the actively hydrolysing 26S proteasome challenge the 
notion that any single step of the ATP hydrolysis cycle 
can be ascribed as a power stroke64. Instead, the forces 
that drive translocation likely arise from the concomitant 
effect of multiple coordinated steps occurring in concert 
between neighbouring subunits. ATP hydrolysis in the 
lowermost subunit results in loss of the γ- phosphate,  
disrupting the ATP- dependent inter- subunit interac-
tions established by the trans- acting arginine fingers 
(Fig. 3d), as well as additional elements discussed below 
(see subsection ‘AAA+ proteins utilize different mech-
anisms for inter- subunit communication’). As a result, 
this subunit is released from the rest of the hexamer, 
and transitions towards the seam position between the 
lowest and highest subunits of the staircase. The spiral-
ling subunits of the hexamer are then free to undergo 
a register shift via a downward rigid body movement.  
The subunit that previously occupied the seam position 
now completes nucleotide exchange, and rebinds ATP at 
the top of the staircase, restarting the cycle.

This hand- over-hand mechanistic model is rapidly 
emerging as the conserved mechanism by which ATP 
powers protein translocation in classical AAA+ proteins. 
In fact, the recently solved cryo- EM structures of bac-
terial AAA+ proteases Lon and ClpXP, both of which 
belong to the distantly related HCLR clade, demon-
strated conservation of this mechanistic principle across 
protein- remodelling AAA+ proteins98–100. Furthermore, 
crystallographic studies of substrate- bound DNA and 
RNA translocases from other AAA+ clades revealed 
analogous spiralling organizations of the ATPase oli-
gomers, and similar hand- over-hand mechanisms were 
proposed101–104. This translocation mechanism may thus 
be conserved across the entire AAA+ superfamily, driv-
ing translocation of not just proteins but also nucleic 
acid substrates.

Functional divergence
Although a conserved mechanism for ATP- driven sub-
strate translocation through the central pore of AAA+ 
protein assemblies is emerging, a fundamental question 
remains unanswered: what unique structural features 
enable each AAA+ protein to perform a distinct bio-
logical function? As more cryo- EM structures of dis-
tantly related AAA+ proteins with substrate threaded 
through the central pore are solved, differential features 
integrated within the core mechanism are beginning to 
surface.

Distinct residues in pore loop 1 adjust the properties of the 
central channel. By stably intercalating into the incom-
ing polypeptide within the central channel, the pore  
loops in AAA+ proteins transduce the force generated 
by ATP hydrolysis- driven domain motions within the 
motor to the substrate, and are therefore responsible 
for coupling ATP hydrolysis and substrate remodel-
ling46,62,97,105. The pore loops thus have the potential to 
influence both the chemical and mechanical properties 
of the motor97. For example, introducing large, bulky 
amino acids around the conserved pore loop aromatic 
residue increased grip on the substrate, but lead to an 
overall decrease in ATP hydrolysis rates, presumably due 
to slower resetting of the pore loops to rebind the sub-
strate and restart the cycle following ATP hydrolysis97. 
Whereas the conserved pore loop 1 aromatic residue is 
observed intercalating into the substrate in all substrate- 
bound AAA+ protein translocases solved to date (Fig. 5), 
the overall properties of the central pore appear to be 
adapted in each AAA+ protein, likely tuning the trans-
location speed of the motor and its grip on the substrate 
to specifically suit the needs of its particular biological 
function.

The substrate- intercalating residue is always aromatic 
in nature, but phenylalanine, tyrosine and tryptophan 
vary significantly in size and polarity, offering an evolu-
tionary means of diversifying the environment around 
the translocating substrate (Fig. 5b–d). This diversifi-
cation can be furthered through the residues flanking 
the aromatic residue, which have a critical role in the 
mechanical unfolding of protein substrates97. For exam-
ple, single- point substitutions of the residue preceding 
the conserved aromatic residue (referred to as aromatic 
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prior) in different AAA+ proteins severely reduced 
enzymatic efficiency or completely abolished activity63,73.  
In most classical clade AAA+ proteins, the aromatic- 
prior residue is a lysine61,64,79,80 (Supplementary Fig. 1). 
Substrate- bound structures consistently show this lysine 
residue sandwiched between pore loops 1 of neighbour-
ing subunits, engaging in cation–π interactions with the 
conserved aromatic residues both in cis (within the same 
subunit) and in trans (with the neighbouring subunit at 
the next lower position)64,79 (Fig. 5b). Within the context 
of the spiral, this configuration establishes a connected 
network of interactions that spans the entire pore loop 1  
staircase, which likely increases stability of the stair-
case and strengthens inter- subunit communication. 
Meanwhile, AAA+ proteases of the FtsH- related family 
all contain either a valine or methionine residue in the 
aromatic- prior position (Fig. 5c; Supplementary Fig. 1).  
This increases the hydrophobicity around the trans-
locating substrate62,63, but adjacent pore loops within the 
staircase are stabilized only by van der Waals interactions, 
which are significantly weaker than the cation–π interac-
tions enabled by the lysine residue found at this position 
in other AAA+ proteins. When the aromatic prior- 
residue instead corresponds to a glycine (for example, 
in D2 of Hsp100-related proteins; domains that originate 
from the HCRL clade), the spiral staircase is devoid of 
these stabilizing interactions (Fig. 5d), likely resulting in 
a weaker grip on the substrate. Furthermore, the flex-
ibility of the polypeptide backbone introduced by this 
glycine residue results in a switch in the orientation of 

the aromatic side chain with regards to the pore loop 
backbone61,72 (Fig. 5d). Type II AAA+ protein p97/Cdc48 
constitutes another notable example of how residues 
adjacent to the conserved aromatic distinctly adjust 
the central pore and its characteristics. In this case, the 
conserved aromatic tryptophan is followed by another 
aromatic residue, tyrosine (Supplementary Fig. 1), and, 
together, these residues form a pincer- like staircase, 
maximizing grip on the substrate, as demonstrated in 
recent cryo- EM reconstructions of Cdc48 (ReFS69,70).

Thus, the non- conserved residues of pore loop 1 give 
rise to distinct central pore environments and configu-
rations that are likely fine- tuning substrate grip as well 
as the mechano- chemical properties of the motor to the 
specific requirements for activity of different AAA+ 
proteins. Strong correlations between pore loop 1 char-
acteristics, distinct substrate preferences and unfoldase 
power are to be expected, but the precise implications of 
each molecular organization remain to be established.

Unique structural features within AAA+ proteins fine- 
tune substrate processing. The translocating substrate 
adopts an extended β- strand conformation, with suc-
cessive amino acids facing alternate directions within 
the central pore (Fig. 6a). As a result, alternating sub-
strate residues face two distinct sites, or ‘substrate- 
binding pockets’, within the AAA+ channel (Fig. 6a). 
These substrate interaction sites are termed class I and 
class II pockets79. Pore loop 1 forms class I pockets in 
the manner described above (Fig. 5). Class II pockets 
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associated with diverse cellular activities (AAA+ proteins). For example, 
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aromatic residue (aromatic- prior position) corresponds to lysine (Lys) in 
Vps4 (pdb:6BMF, part b). This basic residue engages in cation–π 
interactions with the conserved aromatic both in cis (within the same 
subunit) and in trans (with a neighbouring subunit). This configuration 
likely increases stability of the staircase and strengthens inter- subunit 
communication. Similar to Vps4, YME1 (pdb:6AZ0, part c) engages the 
substrate through the pore loop aromatic, which corresponds to tyrosine 
(Tyr) in this case. However, the aromatic- prior residue corresponds to 
valine (Val) instead of lysine, which increases the hydrophobicity around 
the translocating substrate, but at the same time eliminates the stabilizing 
cation–π interactions within the ATPase staircase. Domain 2 of ClpB 
(pdb:6OAY, part d) — a domain originating from the HCLR clade — 
contains glycine (Gly) as an aromatic- prior residue. In consequence, this 
increases flexibility within the pore loop staircase, which likely weakens 
the organization of the staircase.
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interact with the opposite face of the substrate, and are 
typically formed by a secondary pore loop (pore loop 2;  
Fig. 3b; Supplementary Fig. 1), which are poorly con-
served across AAA+ proteins (Supplementary Fig. 1). 
The non- conserved pore loop 2 is an important deter-
minant of function, and substrate- bound structures are 
now revealing why.

The microtubule- severing AAA+ proteins katanin 
and spastin, for example, specifically bind the nega-
tively charged C- terminal tails of tubulin, and contain a 
pore loop 2 that is rich in positively charged residues45,106 
(Supplementary Fig. 1). Mutation of these positively 
charged residues abolishes activity106, and a recently 
solved structure of spastin bound to a polyglutamate 
substrate peptide explains the molecular role of pore 
loop 2 in these enzymes81. Within the central channel 
of the spastin ATPase, pore loop 2 forms a spiral stair-
case immediately below the pore loop 1 staircase, such 
that two positively charged residues face the class II 
substrate- binding pocket, where they interact with a glu-
tamate residue from the substrate (Fig. 6a). Thus, the dis-
tinct pore loop 2 in these microtubule- severing enzymes 
appears to stabilize and neutralize the negatively charged 
substrate target for spastin activity. Similarly, the recently 
solved structures of FtsH- related AAA+ proteases YME1 
and AFG3L2 show that pore 2 loops assemble as an 
additional spiral staircase around the translocating sub-
strate62,63 (Fig. 6b). In these enzymes, however, the pore 

loop 2 spiral contains an aromatic residue that directly 
contacts the substrate in the class II pocket and increases 
hydrophobicity of the central pore (Fig. 6b). This aro-
matic residue is important for function, and mediates 
additional hydrophobic interactions with the substrate 
within the class II pocket62,63. It is thus likely that this is 
an adaptation for optimal processing of the hydrophobic 
membrane substrates of this specialized family of AAA+ 
proteases. Moreover, pore loop 2 of AFG3L2 contains 
an insertion (Supplementary Fig. 1) that positions the 
pore loop 2 staircase lower within the spiral than in 
YME1, such that pore loop 2 of the lowest subunit of 
AFG3L2 protrudes deep into the proteolytic chamber, 
contacting the centre of the protease ring63 (Fig. 6b). This 
organization appears to mediate more effective transfer 
of the substrate from the central channel to the protease 
domains63. This adaptation might have evolved to ena-
ble inter- domain crosstalk, providing a mechanism to 
coordinate the two enzymatic functions of AFG3L2, as 
indicated by the fact that ATPase activity is affected by 
protease activity, and vice versa63.

Inter- domain coordination between the distinct 
ATPase domains of the type II AAA+ proteins can also 
serve as a means of establishing robust substrate engage-
ment and enzymatic function. For example, type II 
AAA+ proteins of the Hsp100-related family, such as dis-
aggregases Hsp104 and ClpB, contain two tandem ATP 
hydrolysis- competent subunits that both simultaneously 
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(pdb:5VYA) assemble as individual spiral staircases that interact in tandem with the translocating substrate, thereby 
providing a cooperative grip on the substrate.
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interact with the incoming substrate. The two distinct 
ATPase domains each contribute a unique pore loop 1  
that interacts with different sections of the substrate 
in the central pore, thereby doubling the amount of 
engaged substrate at any given time61,72,73 (Fig. 6c). This 
cooperative grip on the substrate of tandem ATPase 
domains likely explains why type II enzymes are more 
efficient protein translocators and are more powerful  
unfoldases90,107.

In addition to the importance of sequence and 
structure variability within the motor domains in 
modulating biological function, functional diversity 
among AAA+ proteins is also achieved through non- 
enzymatic domains. Most AAA+ proteins contain 
N- terminal domains that serve as essential determinants 
of substrate preference and ATPase activity8,108. These 
N- terminal domains are highly variable across AAA+ 
proteins, and our understanding of the structural rela-
tionship between the ATPase spiral and the N- terminal 
domains remains limited. However, recent studies 
have provided important clues regarding how distinct 
N- terminal domains might differentially influence sub-
strate processing in AAA+ proteins. For example, the 
N- termini of the FtsH- related AAA+ protease AFG3L2 
appear to follow the rigid body domain movement of 
the ATPases, adopting a spiralling organization that 
mirrors the organization of the pore 1 loop63 (Fig. 6b). 
Intriguingly, this N- terminal staircase directly contacts 
the substrate and appears to engage and translocate the 
substrate concomitantly with pore loop 1. These addi-
tional contacts with the substrate likely maximize the 
substrate remodelling force extracted by the enzyme 
from each ATP hydrolysis event63.

Given that the N- termini of AAA+ proteins are much 
more diversified than the motor domain, it is unsurpris-
ing that the N- termini are used to recruit and engage 
substrates in different ways. In fact, the N- termini of 
several Cdc48-related AAA+ proteins have been shown 
to undergo major nucleotide- dependent movements 
along the longitudinal axis of the complex (‘up’ and 
‘down’ positions) — owing to an allosteric transmission 
of conformational rearrangements between the motor 
and N- terminal domains — which have been directly 
linked to the ATP- dependent protein remodelling 
activities of these AAA+ proteins25,67,68,91. For instance, 
NSF unwinds oligomeric SNARE complexes by pulling 
the subunits apart, rather than by unfolding each indi-
vidual monomer109. Recent cryo- EM structures show 
that, immediately above the D1–D2 ring of NSF, the 
N- termini form a complex with the adaptor proteins 
SNaPs that bind SNARE complexes68 (Fig. 1b). Although 
the D1 ring threads the SNARE polypeptide through the 
central pore, the D2 domain does not, and NSF does 
not appear to progressively translocate the full SNARE 
polypeptide67,68. Rather, the SNARE polypeptide is likely 
anchored within the staircase so that hydrolysis- induced 
longitudinal movements of the N- terminal domains 
along the central channel effectively pull and unwind 
the SNARE complex67,68,109. Such a mechanism would be 
more advantageous for enzymes that disassemble pro-
tein complexes or polymers without requiring global 
denaturation of the substrate. Given the unique role 

of the N- terminal domains in different AAA+ proteins, 
the relationship between the ATPases, the N- terminal 
domains and the substrate might be distinct in each case.

AAA+ proteins utilize different mechanisms for inter- 
subunit communication. Although substrate- bound 
structures of protein translocases support a sequential 
ATP hydrolysis cycle as the main driver for protein 
translocation, the timing of successive ATP hydrolysis 
events in different AAA+ proteins remains debated. 
As the timing of ATP hydrolysis will directly depend on 
the rate at which conformational changes in one sub-
unit are able to allosterically influence the nucleotide- 
binding pocket of the neighbouring subunit, it is 
entirely possible that different AAA+ motors exhibit 
widely different hydrolysis rates. In fact, previous bulk 
and single- molecule biochemical studies demonstrated 
that enzymatic properties, such as ATP hydrolysis rates, 
processivity and mechano- chemical coupling, vary  
dramatically in different AAA+ proteins96. Substrate- 
bound cryo- EM structures of classical AAA+ proteins 
are now revealing different modes of inter- subunit coor-
dination and allosteric transmission of ATP- dependent 
conformational changes, providing a potential molecular 
explanation for the remarkable operational versatility of 
AAA+ motors (Fig. 7). However, as mentioned above, 
the vast majority of the structures of substrate- bound 
AAA+ proteins have been determined using constructs 
containing hydrolysis- inactivating mutations or in 
the presence of non- hydrolysable ATP analogues. We 
are thus presented with stabilized snapshots of these 
dynamic enzymes trapped in an energetic minimum.  
As a result, the actual motions associated with hydrolysis 
events discussed in this section, as well as how quickly 
rearrangements within one subunit impact the next, can 
only be speculated.

Substrate- bound structures have confirmed that 
the arginine fingers have an essential, conserved role 
in inter- subunit communication by coordinating the 
γ- phosphate in trans43,62,70 (FigS 3d,7). However, addi-
tional, non- conserved inter- subunit coordination ele-
ments have now been shown to be essential in different 
AAA+ proteins (Fig. 7). For instance, protein degrada-
tion AAA+ enzymes of the classical clade share a com-
mon allosteric mechanism that is based on hydrophobic 
interactions, mediated by a conserved inter- subunit 
signalling (ISS) motif62,64–66,110 (Fig. 7b; Supplementary 
Fig. 1). This conserved motif (Asp- Gly-Phe) forms a 
loop that extends across the nucleotide- binding pocket 
of the anticlockwise neighbouring ATP- bound sub-
unit, and engages in inter- subunit hydrophobic pack-
ing and π- stacking interactions that lock the two subunits 
together62,64 (Fig. 7b). Upon ATP hydrolysis and loss of 
the γ- phosphate, the ISS motif disengages from these 
stabilizing interactions with the neighbouring sub-
unit and folds into a helix, thereby disrupting all inter- 
subunit contacts62,64,66 (Fig. 7b). This conformational 
switch provides a mechanism for ‘sensing’ and ‘reacting 
to’ the nucleotide state of the neighbouring subunit as 
a means of propagating ATP hydrolysis sequentially 
around the ring62 (Fig.  7b). The ISS interacts with  
β- strands within the ATPase module of the neighbouring 

SNAPs
(Soluble N- ethylmaleimide-sen-
sitive factor (NSF) attachment 
proteins). adaptor proteins 
that bind both the N- terminal 
domains of type ii aaa+ 
protein NSF and a SNaRe 
complex, giving rise to the so- 
called 20S complex.

π- stacking interactions
electrostatic interactions that 
can occur between two π 
systems. in proteins, aromatic 
residues that are in close 
proximity to each other can 
engage in such interactions.
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subunit, which in turn are directly connected to the 
substrate- interacting pore loops, so that the nucleotide 
state also influences ATPase–substrate interactions62. 
Remarkably, the structures of all processive protein deg-
radation machines solved to date contain at least one 
subunit that appears to be transitioning between ADP 
release and ATP binding. Together, these observations 
support a one- at-time ATP hydrolysis cycle, where ATP 
hydrolysis in the lowermost subunit of the staircase is 
timed to coincide with ATP binding in the uppermost 
subunit. Such a mechanism would be ideally suited to 
ensure a continuous grip on the translocating substrate 
for processive unfolding of polypeptides.

Numerous other AAA+ proteins contain ‘vestig-
ial’ ISS motifs (Asp- Gly-h, where h can be Leu, Met 
or Val; Supplementary Fig. 1). Without an aromatic 
residue at the turn of the ISS loop, the interactions at 
the subunit interface are limited to hydrophobic inter-
actions86. These weaker ISS- mediated inter- subunit 
contacts are expected to decrease the energy barrier 
for the nucleotide- dependent conformational changes, 
potentially resulting in faster transmission of the con-
formational changes to the neighbouring subunit, and 
therefore a faster ATP hydrolysis cycle. Moreover, some 
AAA+ proteins with vestigial ISS motifs have evolved 
additional structural elements that seem to dominate 
the allosteric mechanism. This is exemplified by the 
microtubule- severing protein, spastin. The vestigial 
ISS motif in spastin does not appear to have an impor-
tant role in inter- subunit communication, and instead 
a network of positive and negatively charged residues 
connects the substrate- interacting pore loop 1 of one 

subunit to the nucleotide- binding pocket of its anticlock-
wise neighbour81 (Fig. 7c). These residues were found 
to be required for function, indicative of a salt bridge- 
based mechanism of allosteric transmission and coor-
dination of ATP hydrolysis81. Unlike the ISS motif, this 
salt bridge- based allosteric mechanism does not require 
the reorganization of secondary structure elements, and 
could therefore accommodate a faster propagation of 
conformational changes to the neighbouring subunit. 
A substantially faster sequential ATP hydrolysis cycle 
would lead to near- synchronous ATP hydrolysis within 
the hexamer, resulting in near- concerted rounds of ATP 
hydrolysis. This rapid hydrolysis could concentrate the 
force exerted by the enzyme into a short time frame to  
destabilize the microtubule lattice, and this ATP hydroly-
sis ‘burst’ would then be followed by a dwell period dur-
ing which all subunits rebind both ATP and substrate 
for a new round of activity. Such a mechanism would 
be particularly advantageous for AAA+ proteins that, 
like spastin and katanin, do not processively translocate 
and unfold their substrates, and, instead, disassemble 
protein complexes or polymers, releasing the individual 
subunits11,92,111 (Fig. 1a).

Nucleotide hydrolysis- induced structural transi-
tions appear to be comparatively slower in Hsp100-
related type II AAA+ complexes, where ATP hydrolysis 
and allosteric propagation of structural events must be 
coordinated across two tethered ATPase domains112. 
Substrate- bound cryo- EM structures show that ATP 
hydrolysis induces a switch in the contacts between 
D1 and D2, such that D1–D1 contacts are lost at the 
seam subunit and substituted by D1–D2 contacts61,72. 
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Fig. 7 | The aTP hydrolysis cycle is distinctly regulated in different aaa+ 
proteins. a | Schematic representation of how ATP hydrolysis in one subunit 
is allosterically transmitted to the pore loops of the adjacent subunit in the 
anticlockwise position, leading to an around- the-ring ATP hydrolysis cycle 
that proceeds anticlockwise through the hexamer. Molecular elements 
involved in this cycle are indicated. ATP- bound subunits are shown in grey 
and white, the ADP- bound subunit in yellow and the nucleotide- free subunit 
(apo state) in red. The nucleotide state of the lowermost subunit in spastin 
(part c) is unclear. Arginine fingers have an essential, conserved role in inter- 
subunit communication by coordinating the γ- phosphate in trans. Whereas 
the arginine (Arg) fingers are present in all classical ATPases associated with 
diverse cellular activities (AAA+ proteins), additional inter- subunit 
coordination elements give rise to distinct allosteric mechanisms (parts b 
and c). b | In YME1, inter- subunit coordination is based on the inter- subunit 
signalling (ISS) motif. This conserved motif (Asp- Gly-Phe) engages in 

inter- subunit hydrophobic packing and π- stacking interactions with the 
anticlockwise neighbouring subunit. Upon ATP hydrolysis and loss of the  
γ- phosphate, the ISS motif disengages from these stabilizing interactions 
and folds into a helix, thereby abolishing the inter- subunit contact.  
This conformational switch provides a mechanism for ‘sensing’ and ‘reacting 
to’ the nucleotide state of the neighbouring subunit. By coupling the  
ISS to the pore loops, this mechanism also allows the modulation of  
ATPase–substrate interactions by the nucleotide state. c | In spastin, 
individual subunits are coupled by a network of positively and negatively 
charged residues establishing a salt bridge network that connects pore loop 
1 of one subunit to the nucleotide- binding pocket of its neighbour. This salt 
bridge- based allosteric mechanism does not require the reorganization of 
secondary structure elements. Thus, it could accommodate a fast 
propagation of conformational changes between subunits, potentially 
allowing near- simultaneous ATP hydrolysis events in all subunits.
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This nucleotide- dependent reorganization likely enables 
the sequential ATP hydrolysis cycle to be coordinated 
between both rings. In agreement, these enzymes dis-
play both homotypic (D1–D1) and heterotypic (D1–D2) 
regulation of the ATP hydrolysis cycle113. Notably, these 
enzymes lack an ISS motif. Instead, the allosteric regula-
tion of ATP hydrolysis in the Hsp100 subfamily of com-
plexes appears to be mediated by a four- helix insertion 
in D1, referred to as the ‘middle domain’114. The middle 
domain undergoes major nucleotide- dependent rigid 
body rotations that seem to be critical for coordination 
of ATP hydrolysis within these complexes, although the 
precise mechanism by which these motions influence 
the nucleotide- binding pockets or mediate inter- subunit 
interactions to coordinate the mechanochemical cycle 
remains unclear61,71,73,114. In addition, recent studies 
indicate that ATP hydrolysis is coordinated between 
AAA+ D1 and D2 such that the two ATPase rings work 
synchronously but in alternating cycles with an offset 
of one subunit. Such an ATP hydrolysis cycle would 
maximize the number of D1 and D2 domains bound 
to ATP within the complex, accordingly maximizing 
substrate interaction, at any given time73,112. Thus, the 
observed adaptations of inter- subunit coordination of 
ATP hydrolysis likely provide the molecular basis for the 
robust, processive unfoldase activity of Hsp100-related 
enzymes, which have the capacity to unfold even very 
stable protein aggregates.

The rate and synchrony of ATP hydrolysis is likely 
also directly related to the degree of operational plasticity 
exhibited by a given AAA+, which varies remarkably 
across the classical clade. For instance, incorporation of 
a single defective subunit into a spastin hexamer reduces 
activity by 50%115, reinforcing the notion that a single, 
strong tug generated by concerted ATP hydrolysis within 
all subunits of the hexamer is important for micro tubule 
severing. By contrast, FtsH- related AAA+ proteases 
containing three ATP hydrolysis- incompetent subunits 
retained the ability to process certain substrates, but were 
incapable of extracting substrates from membranes110. 
Interestingly, in ClpX, an AAA+ protease from the dis-
tantly related HCLR clade that does not contain an ISS 
motif, it was shown that only two out of six subunits 
needed to be functional to process less- stable substrates, 
suggesting that ATPase subunits can function inde-
pendently116. However, degradation of stable substrates 
required at least four functional subunits in the ClpX 
hexamer116. In fact, a near- simultaneous ATP hydrolysis 
burst of the four functional subunits was required, pre-
sumably to trap unfolded substrate intermediate states 
and prevent their refolding117,118. Intriguingly, type II 
AAA+ chaperones Hsp104 and ClpB, which also lack 
the ISS motif, transition between two operational modes: 
a sequential, hand- over-hand ATP hydrolysis cycle is 
required for unfolding stable amyloid targets, but the 
subunits can also function independently of one another 
to process disordered, less- stable aggregates21,87,114. Such 
bimodal functionality is supported by recent cryo- EM 
studies of ClpB and Hsp104, which suggest that distinct 
interactions between the D1, D2 and middle domains 
can differentially influence the inter- domain cooper-
ativity to adjust the ATP hydrolysis cycle112,119. It thus 

appears that AAA+ enzymes are capable of switching 
between different operational modes in response to dif-
ferent stimuli and conditions90. Nonetheless, how differ-
ent modes of AAA+ activity are triggered and how these 
modes may differentially affect the ATP hydrolysis cycle 
remain poorly understood.

The divergent mechanisms for allosteric communi-
cation between the nucleotide state and inter- subunit 
coordination observed in recent structural studies are 
beginning to provide a molecular explanation for the 
remarkable operational versatility and diversity observed 
in AAA+ proteins. These mechanisms involve structural 
motifs and additional domains that are generally con-
served within subfamilies that share a similar function, 
but not across AAA+ proteins that carry out different 
functional roles. These structural differences thus appear 
to have evolved to adapt the ATP hydrolysis cycle to 
optimally perform a specific biological activity, but the 
precise structure–function implications of these obser-
vations remain to be established. Importantly, currently 
available substrate- bound structures mostly represent a 
single, low- energy snapshot of the translocating state, and 
the mechanistic characterization of other stages required 
for substrate processing by AAA+ proteins is still fairly 
limited. For example, substrate loading must occur prior 
to translocation of the engaged substrate, but only low- 
resolution structures of substrate- free pre- engagement 
states have been solved to date by cryo- EM58,71. Several 
cycles of binding and release may also be required for 
complete processing of certain substrates, and different 
coordination modes of ATP hydrolysis might be com-
mon at such stages of AAA+ activity, as suggested by a 
recent study of the 26S proteasome65. As structure deter-
mination methodologies continue to advance, a more 
complete description of the conformational landscapes 
associated with substrate engagement, processing and 
release will continue to emerge. Deciphering the mecha-
nisms underlying the operational plasticity of the AAA+ 
proteins that target polypeptide substrates will also 
require further combined biochemical and biophysical 
analyses, particularly single- molecule studies, which are 
currently lacking for classical AAA+ proteins.

Concluding remarks
The increasing availability of high- resolution cryo- EM 
structures of substrate- bound classical AAA+ proteins 
from archaea to humans has revealed a conserved spi-
ralling organization of ATPase hexamers around the 
translocating protein substrate. This configuration is 
reminiscent of the quaternary organization observed 
for DNA and RNA translocases from distantly related 
clades within the AAA+ superfamily bound to nucleic 
acids101,120. Thus, from DNA replication to protein 
unfolding and degradation, the divergent biological 
functions of AAA+ proteins appear to converge on a 
core mechanistic principle: a pseudo- helical oligomeric 
assembly leads to formation of an ATPase spiral with 
a central channel through which different biopolymers 
can be threaded. This organization enables remodelling 
of protein, DNA and RNA substrates via a conserved 
hand- over-hand mechanism for substrate translocation, 
powered by a sequential ATP hydrolysis cycle.
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As more substrate- bound structures of different 
AAA+ proteins have become available, we have begun 
to appreciate how unique features of each member of 
this family have been integrated into a core structural 
motif to enable distinct biological functions. As a result, 
the ATPase field is quickly moving towards a mecha-
nistic understanding of the molecular principles under-
lying substrate specific recognition and processing in 
different AAA+ proteins. Cryo- EM methodologies 

are now advancing towards in situ structural biology.  
In the coming years, structures of these enzymes bound 
to their endogenous substrates in the cell promise to 
revolutionize our understanding of fundamental ATP- 
powered biological processes and their regulation, open-
ing up the possibilities for specific manipulation of these 
molecular motors.
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