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The AAA+ superfamily is a large and functionally diverse superfamily of NTPases that are
characterized by a conserved nucleotide-binding and catalytic module, the AAA+ module.
Members are involved in an astonishing range of different cellular processes, attaining this
functional diversity through additions of structural motifs and modifications to the core AAA+
module.
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The ‘ATPases associated with diverse cellular activities’

(AAA+ proteins) form a large and diverse superfamily found

in all organisms. These proteins typically assemble into

hexameric ring complexes that are involved in the energy-

dependent remodeling of macromolecules [1]. Members of

the AAA+ superfamily contain a highly conserved ATPase

module of 200-250 amino acids, which includes an αβα core

domain where the Walker A and B motifs of the P-loop

NTPases are found [2-4].

AAA+ proteins are involved in a wide variety of different

functions in which the energy extracted from ATP hydrolysis

is used in molecular remodeling events. They are involved in

processes as diverse as protein unfolding and degradation,

peroxisome biogenesis, bacteriochlorophyll biosynthesis, and

DNA recombination, replication and repair. AAA+ proteins

include the molecular motor dynein, helicases involved in

DNA replication, metal chelatases, and proteasome-associa-

ted proteins. As a consequence of their diverse functions,

AAA+ proteins can be found in most subcellular compart-

ments of eukaryotic cells, as well as in archaea, bacteria and

viruses (Table 1). Interestingly, there is little correlation

found between the clade an AAA+ protein belongs to and a

specific remodeling activity. This suggests that the evolution

of AAA+ proteins involved the initial emergence of a small

number of defined AAA+ clades that, subsequently,

expanded and adapted to allow the processing of a wide

variety of targets. Furthermore, the emergence of partner

proteins and cofactors has increased the functional diversity

of AAA+ proteins [1,5].

SSttrruuccttuurree  aanndd  ccllaassssiiffiiccaattiioonn
CCllaassssiiffiiccaattiioonn
Sequence and structure analyses reveal that the AAA+

superfamily underwent considerable divergence both

before and since the appearance of the last common

ancestor of the bacterial, archaeal and eukaryotic divisions

of life [1,3,6]. Phylogenetic studies based on sequence and

structural information divide the AAA+ superfamily into

defined groups, clades and families [3,5,6]. The clades

within each group are differentiated on the basis of the

presence of distinct structural elements within and around

the core AAA+ fold. This classification highlights the fact

that many of these AAA+ lineages have evolved along

different routes to acquire their unique functional

differences.

The different clades fall within five major groups as shown in

Table 1. These are: the extended AAA group; the helicases

and clamp loaders (HEC) group; the protease, chelatase,

transcriptional activators, and transport (PACTT) group, the
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CCllaassssiiffiiccaattiioonn  aanndd  llooccaalliizzaattiioonn  ooff  AAAAAA++  pprrootteeiinnss

Cellular localization and 
Classification evolutionary distribution

Group Clade Family Localization Distribution* General function References

Extended AAA Classical AAA FtsH Chloroplast, mitochondria E/B Protein unfolding and degradation [36]
and bacterial membrane

Katanin Cytosol E Microtubule severing and disassembly [37]

NSF/CDC48 Cytosol E/A Membrane fusion/ubiquitin system [38,39]

Pex1/6 Peroxisome E Peroxisome biogenesis [40]

Bcs1p Mitochondria E Cytochrome bc1 assembly [41]

PAAA Cytosol/nucleus E/A Proteasome-associated protein [42]
unfolding and degradation

Other Rubisco Chloroplast E Activation of Rubisco [43]
activase

Rvb Cytosol and nucleus E/A Diverse (for example, DNA [44]
recombination/repair, transcription, 
snoRNP assembly)

ClpAB-D1 Cytosol, mitochondria E/A/B Protease-associated protein unfolding [18]
and chloroplast and degradation/protein disaggregation

SpoVK Cytosol B Unknown (sporulation associated) [45]

Ycf2 Chloroplast E Unknown [46]

AFG1 Mitochondria E/B Unknown [47]

Viral helicase Virus Viruses DNA recombination and repair [6]

HEC Clamp loader HolB/DnaX Cytosol B DNA replication and repair [48]

RFC Nucleus E/A DNA replication and repair [48]

WHIP Cytosol and nucleus E/B DNA replication and repair [49]

Initiation DnaA/C Cytosol B DNA replication [50]

ORC/Cdc6 Cytosol and nucleus E/A DNA replication [51]

Other RuvB Cytosol B DNA recombination [52]

IstB Cytosol B DNA transposition [53]

HolA Cytosol B DNA replication and repair [48]

PACTT HCL HslU/ClpX Cytosol and mitochondria E/B Protease-associated protein [18]
unfolding and degradation

ClpAB-D2/ Cytosol, mitochondria, E/A/B Protease-associated protein [54]
Torsin ER and chloroplast unfolding and degradation/protein 

disaggregation/ER complex assembly

LonA Cytosol and mitochondria E/B Protein unfolding and degradation [55]

Helix 2 insert MCM Cytosol and nucleus E/A DNA replication (helicase activity) [56]

McrB/Unc-53 Cytosol and nucleus E/A/B DNA restriction/unknown [57]

Midasin Nucleus E Maturation and nuclear export of [58]
ribosomes

MoxR Cytosol A/B Protein complex assembly [59]

Chelatase Cytosol and chloroplast E/A/B Metal insertion [24]

σ54 Activator Cytosol B Transcriptional activation [60]

YifB Cytosol B Unknown [1]

ComM Cytosol B Unknown [61]

Other Dynein heavy Cytosol E Molecular transport and [29]
chain cilia/flagellar movement

LonB Membrane A Protein unfolding and degradation [55]

ExeA Cytosol B Type II secretion [62]

STAND Varied E/A/B Varied [63]

*A, B and E refer to archaea, bacteria and eukaryotes, respectively.



ExeA group, and the signal transduction ATPases with

numerous domains (STAND) group. Members of each of the

major groups within the AAA+ superfamily can be found in

all three of the major domains of life, with the exception of

the ExeA group, which has so far only been detected in

bacteria (Table 1).

CChhaarraacctteerriissttiicc  ssttrruuccttuurraall  ffeeaattuurreess
The AAA+ superfamily falls within the second major

structural group of the P-loop NTPases, referred to as

additional strand catalytic E (ASCE) [7]. As with all P-loop

NTPases, members of this group possess a core αβα nucleo-

tide-binding domain which contains two major nucleotide-

binding and hydrolysis motifs referred to as Walker A (the

P-loop) and Walker B. ASCE members are, however,

distinguished from the other major P-loop structural group

(kinase-GTPase or KG) by a characteristic 51432 order of β-

strands in the β-sheet and the presence of a catalytic

glutamate (E) residue within the Walker B motif [8]

(Figure 1a,b).

AAA+ proteins, like many other members of the ASCE

structural group, typically function as oligomeric rings, with

a hexameric arrangement being most common (Figure 1c)

[1]. In addition to the core features of the ASCE group,

members of the AAA+ superfamily also contain a number of

other sequence and structural characteristics, which serve to

define their lineage within the ASCE group as a whole, as

well as within the AAA+ superfamily itself.

The defining features of the AAA+ proteins can all be

found within a region of 200-250 amino acids, generally

referred to as the ‘AAA+ module’ [3,4]. This module is

comprised of two distinct domains: a core αβα nucleotide-

binding domain and a smaller α-helical domain consisting

of two helical hairpins arranged in a left-handed,

superhelical structure (Figure 1a). The latter domain is

poorly conserved at the sequence level, but is highly

conserved structurally and serves as a defining

characteristic of all AAA+ superfamily members [4,6].

Within the AAA+ module there are numerous distinct

signature sequences (Figure 1b). The Walker A motif

(consensus Gx2GxGK[S/T], where G is glycine, K is lysine, S

is serine, T is threonine, and x is any residue), lies between

the first strand of the core β-sheet and the following helix,

and plays an important role in nucleotide binding and

metal-ion coordination [2,5,9]. The Walker B motif,

(consensus ϕ4DE, where ϕ is a hydrophobic residue, D is

aspartate and E is glutamate), is associated with the third

strand of the core β-sheet, and contains residues involved in

ATP hydrolysis and metal-ion coordination [2,8].

The AAA+ module also contains a number of motifs that are

not characteristic of P-loop NTPases as a whole, including

sensor 1, sensor 2, and ‘box’ sequences (Figure 1b) [1,3].

Sensor 1 is found on the fourth core β-strand and is charac-

terized by a conserved polar residue, generally asparagine,

threonine or histidine. The motif is critically important for

the proteins’ function and is proposed to interact either

directly with the γ-phosphate of ATP, acting as a sensor of

nucleotide binding/hydrolysis, or indirectly, via a water
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Structure of the AAA+ module. ((aa)) Monomeric AAA+ module of Aquifex
aeolicus DnaA, a protein involved in the initiation of DNA replication
(Protein Data Bank (PDB) code 2HCB) [5]. The α-helices and random
coils are in green and the β-strands of the core αβα nucleotide-binding
domain are in blue, with the exception of the two equal-sized helical
inserts, which are colored pink. The small α-helical domain is colored
purple. ((bb)) Major motifs in the AAA+ module of (a) are colored as
indicated in the key, on the basis of the alignment in reference [3]. The
bound adenosine 5’-[β,γ-methylene]triphosphate (β,γ-methylene-ATP, a
nonhydrolyzable ATP analog, orange sticks) and Mg2+ (black sphere) are
also shown. ((cc)) Top and side views of the hexameric structure of
Haemophilus influenzae HslU, a member of the HslU/ClpX family (PDB
1KYI) [64]. α-Helices, including random coils, and β-strands of the core
αβα nucleotide-binding domain are colored green and blue, respectively.
Two additional helices characteristic of HslU-family proteins, called the I
domain, are colored orange, and an additional extended loop between the
second core β-strand and the following helix is colored in pink. The core
small α-helical domain is colored purple, with the two-stranded β-sheet
insertion in yellow. Structures were drawn using PyMOL [65].
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molecule, possibly helping to properly orient the water for

nucleophilic attack on the bound nucleotide substrate

[10,11]. Sensor 2 maps to the third helix of the small α-

helical domain and contains a conserved arginine residue.

This residue interacts with the γ-phosphate of bound ATP

substrate and is associated with a range of different roles,

including nucleotide binding/hydrolysis and both inter- and

intrasubunit communication and movement [3,4,12]. ‘Box’

motifs include Box II, which maps to the first helix before

the core β-sheet and may be involved in adenine recognition;

Box VII, which is located at the amino terminus of the fifth

β-strand and contains an arginine finger that interacts with

nucleotide bound by a neighboring subunit and is believed to

play a role in ATP hydrolysis and intersubunit communica-

tion; and Boxes IV, IV’, VII’ and VII’’ [3,13].

Different clades and families within the AAA+ superfamily

also display unique structural modifications to the core

AAA+ module, many of which possibly play a role in

directing these families towards specific functions.

Members of the clamp loader clade of the HEC group (see

Table 1) best represent the ‘basic’ or ‘core’ AAA+ module,

generally containing little to no modification [1]. The

clamp loaders serve as mobile structures to which DNA

polymerase core enzyme can be mounted during the

process of DNA replication. The RFC1 protein of

Saccharomyces cerevisiae shown in Figure 2 exemplifies

this clade. Figure 2 also shows the AAA+ module structures

of selected members of different clades/families,

highlighting distinct structural modifications.

DDiivveerrssiittyy  ooff  ffuunnccttiioonnaall  mmeecchhaanniissmmss
AAA+ proteins display a remarkable diversity of mecha-

nisms of action. At the core of this diversity is the AAA+

molecular motor. ATP binding, hydrolysis and sensing are

mediated by a number of different motifs and sequence

elements within the AAA+ module, as outlined above (see

Figure 1b). In general, hydrolysis is proposed to involve the

abstraction of a proton from a molecule of water by the

catalytic glutamate residue of the Walker B motif, thereby

activating the water molecule for a subsequent nucleophilic

attack on the γ-phosphate of bound ATP; the conserved

lysine and serine/threonine residues of the Walker A motif

act to bind the β- and γ-phosphates of the bound

nucleotide and the Mg2+ ion, respectively [2,4,8,9]. During

the hydrolysis process, the amino-terminal and carboxy-

terminal domains of the AAA+ module are proposed to

move relative to one another, generating a mechanical

force that can be used to affect remodeling events in

associated molecules [4]. As most AAA+ proteins function

as oligomeric assemblies, and as intersubunit

communication exists between members of these

assemblies, it is generally believed that nucleotide

hydrolysis throughout the ring allows AAA+ assemblies to

function in an efficient manner.

This central molecular motor has, however, been adapted

to carry out an enormous variety of functions. This has

generally been accomplished through direct structural

modifications within the AAA+ module(s) themselves

(Figure 2), and/or through the presence of additional

domains at the amino and carboxyl termini of the AAA+

module(s) in a protein. In some cases, such additional

domains are inserted within the AAA+ module. Hence,

members of the AAA+ superfamily have evolved in such a

way that they can recognize an enormous variety of

different substrates and functional partners, thereby

allowing the energy of nucleotide hydrolysis to be directed

towards different remodeling events. Indeed, the various

mechanisms employed by the AAA+ proteins are quite

likely to be at least as diverse as the number of individual

AAA+ families.

FFttssHH  aanndd  CCllppXX
For example, both the FtsH and ClpX families of AAA+

proteins have similar roles in the cell in that they both

function to unfold proteins and direct them for proteolytic

degradation. Yet, the modifications and mechanisms by

which they carry out these functions, while bearing some

basic similarity, are quite distinct. Bacterial FtsH contains

additional domains at the amino and carboxyl termini of

its AAA+ module. The domain at the amino terminus acts

to anchor the protein to the inner membrane of the

bacterial cell, whereas the carboxy-terminal domain has

protease activity [14,15]. FtsH functions as a homohexamer

and is proposed to consist of a combination of alternately

‘open’ (active) and ‘closed’ (inactive) subunits, which cycle

in a nucleotide-dependent manner, driving the

translocation of substrates to the protease active sites. It

has been proposed that FtsH substrates pass via a tunnel

along a ‘closed’ subunit into the protease active site of an

adjacent ‘open’ subunit. Such a mechanism is consistent

with the location of the proteolytic active sites at the

periphery of the hexameric ring [15].

On the other hand, ClpX proteins form hexameric ‘cap’

structures that associate with a separate and structurally

unrelated tetradecameric protease complex called ClpP

[16,17]. The ClpX hexamer uses the power of ATP

hydrolysis to unfold protein substrates and direct them,

through its central pore, into the proteolytic chamber of

ClpP for degradation [18]. ClpP belongs to the family of

self-compartmentalizing proteases that also includes the

proteasome core particle. Interaction with the protease is

via a conserved loop region within the AAA+ module of

each subunit [19], whereas a zinc-binding domain at the

amino terminus is important in binding protein factors

that direct substrate specificity, substrate interaction and

substrate translocation [20-22]. The zinc-binding domain

of ClpX is proposed to undergo large nucleotide-

dependent conformational changes in the course of its

action [23].
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FFiigguurree  22
Structures of the AAA+ modules of selected superfamily members (see Table 1). The core αβα nucleotide-binding domains are shown in green
(α-helices and random coil) and blue (β-strands). The small, α-helical domain of each AAA+ module is shown in purple. The canonical AAA+ module
structure is exemplified by that of RFC1, which is shown in the center. ((aa))  Representative members of the extended AAA group [6]. The FtsH AAA+
module from Thermus thermophilus (left, PDB 2DHR) contains an additional small helix (pink) downstream of the second β-strand, which is
characteristic of the classical AAA clade [1,15]. The function of FtsH is discussed in the text. The Rvb AAA+ module, represented by human Rvb1
(center, PDB 2C90), contains a β-sheet-rich insert (pink) upstream of the Walker B motif and an additional small helix (yellow) downstream of the
second β-strand of the core domain [1]. The β-sheet-rich insert is proposed to play a role in sequence-independent DNA and RNA binding [66]. The
amino-terminal (D1) AAA+ modules of ClpB-type proteins are represented by a structure from T. thermophilus (right, PDB 1QVR). These proteins
contain a long, leucine-rich coiled-coil propeller domain (pink) inserted into the small α-helical domain [67]. This propeller domain is proposed to play a
role in interdomain communication and protein disaggregation, possibly acting as a molecular crowbar [67]. ((bb))  Representative members of the HEC
group [6]. The RFC1 AAA+ module from S. cerevisiae (center, PDB 1SXJ) represents a ‘classical’ AAA+ module containing no structural modifications
and typifies the clamp loader clade to which it belongs [1,68]. The DnaA AAA+ module from Aquifex aeolicus (left, PDB 2HCB) contains an insert of two
equal-sized helices (pink) after the second β-strand and is representative of the initiation clade [9]. The RuvB AAA+ module from T. thermophilus (right,
PDB 1HQC) contains a β-hairpin insert (pink) between sensor 1 and its preceding helix [35]. This insert is characteristic of the RuvB family and is known
to be important for the interaction of RuvB with RuvA in the resolution of Holliday junctions in DNA recombination [69,70]. The function of RuvB is
discussed in the text. ((cc))  Representatives of the PACTT group. Members of this group all contain a β-hairpin insert (cyan, shown in all three structures)
between the sensor 1 strand and the preceding helix [1]. The BchI AAA+ module from Rhodobacter capsulatus Mg2+ chelatase (left, PDB 1G8P) belongs
to the helix-2 insert clade. Members of this clade contain a small insert of two β-strands flanking a small α-helix (pink) in helix 2 of the αβα core domain
and a long helical insert (yellow) between the fifth β-strand of the core domain and the small α-helical domain [1,24]. BchI proteins also contain a long,
highly conserved β-hairpin insert (orange) upstream of the second β-strand of the core domain [24]. The function of BchI is discussed in the text. The
carboxy-terminal ClpA AAA+ module (D2) from Escherichia coli (center, PDB 1KSF) [71] and the HslU AAA+ module from E. coli (right, PDB 1G4A)
[72] are both representative members of the HCL clade, whose members are involved in protein unfolding and degradation. These structures contain an
extended loop (pink) between the second core β-strand and the following helix [1] and a two or three stranded β-sheet insert (yellow) in the small
α-helical domain of the AAA+ module, both characteristic of this clade. In addition, HslU family members contain an additional 130 amino acid I domain
(orange, only part of the domain is resolved in the crystal structure) inserted into the core αβα domain of the AAA+ module, which is proposed to play
a role in substrate recognition and unfolding [73].

RFC1

FtsH ClpB-D1

DnaA RuvB

BchI

(a) Extended AAA

(b) HEC

(c) PACTT

Rvb1

ClpA-D2 HslU



MMeettaall  cchheellaattaasseess
Other AAA+ families have entirely different roles. The metal

chelatase family, for example, is involved in the remodeling

of small molecules. These enzymes utilize the power of ATP

hydrolysis to insert Mg2+ or Co2+ into porphyrin rings as part

of the synthesis of (bacterio)chlorophyll or cobalamin

(vitamin B12), respectively [24]. They work in conjunction

with proteins containing von Willebrand factor type A

(VWA) domains, which are metal-binding domains often

involved in mediating protein-protein interactions [25].

Functional bacterial Mg2+ chelatase acts as a three-subunit

enzyme consisting of an AAA+ module-containing subunit,

BchI, and two other subunits, BchD (VWA containing) and

BchH [26]. The BchD subunit contains an amino-terminal

region similar to BchI and a carboxy-terminal VWA domain

[24]. The amino-terminal region appears to represent a

AAA+ module, but in many organisms key motifs are absent

or disrupted, and the subunit has been shown to lack any

independent ATPase activity [24,27]. The BchH subunit has

been shown to be responsible for porphyrin binding and to

contain the chelatase active site, while the BchI and BchD

subunits are proposed to power the chelation reaction and

direct any necessary remodeling events [28].

DDyynneeiinn
Yet another function of AAA+ proteins is exemplified by the

dynein heavy chain (DHC) proteins of the PACCT group

(Table 1). DHCs consist of a large amino-terminal stretch,

six AAA+ modules fused together in tandem on a single

polypeptide, an insertion between AAA+4 and AAA+5, and a

carboxy-terminal domain [29]. DHCs are found throughout

eukaryotes and serve as components of multimeric dynein

complexes, where they function as molecular motors, using

the hydrolysis of ATP as a source of energy for directing

molecular motion and conformational changes. Different

forms of DHCs and dynein complexes exist, including those

associated with driving the motion of cilia and flagella, as

well as cytoplasmic variants involved in the trafficking of

various forms of ‘cargo’ molecules, such as vesicles, organ-

elles and chromosomes along cytoskeletal filaments. Cyto-

plasmic dynein plays an important role in a variety of

cellular processes including mitosis, nuclear envelope break-

down, retrograde vesicle transport, and maintenance of the

Golgi apparatus, and has been shown to be essential for

viability [29].

Electron microscopy studies have shown that DHC proteins

fold into a globular ‘head’ structure, formed mainly by the

six AAA+ modules, and two extensions, referred to as the

stalk and the stem [30]. The stem is formed by the amino-

terminal region of the protein and is responsible for protein-

protein interaction/cargo binding [29]. The globular head is

responsible for microtubule binding via a domain located at

the tip of the structure [31]. The stalk and stem structures of

the DHC molecules are highly flexible. Nucleotide binding,

and possibly hydrolysis, bring about conformational changes

in the globular head structure, as well as generating swing-

like motions of the stem relative to the head and stalk.

Although the mechanism of DHC function is not fully

understood, it has been proposed that these swing-like

motions of the stem effectively act as ‘power-strokes’, which

allow translocation of dynein relative to microtubules

associated with the stalk [30].

RRuuvvBB
The RuvB family of the HEC group (see Table 1) provides

an example of AAA+ proteins acting on DNA. RuvB

proteins are found throughout bacteria (see Table 1), and

they play a key role in the later stages of homologous

recombination. Homologous recombination is critically

important in the maintenance of genome stability and

repair of DNA damage, as well as in the generation of

biological diversity. One important intermediate of this

process is the Holliday junction, a DNA structure

consisting of two homologous duplex DNA molecules

associated via a single-stranded crossover. RuvB works

together with the RuvA and RuvC proteins to process

Holliday junctions into mature recombinant DNA

molecules [32]. The RuvA protein forms tetrameric

complexes which bind Holliday junctions with high affinity

[33]. The RuvA protein interacts directly with the RuvB

protein and facilitates its loading onto DNA [34].

RuvB proteins, which contain a single AAA+ module that is

followed by a carboxy-terminal, winged-helix DNA-binding

domain, have been shown by electron microscopy to bind to

the Holliday junction as hexameric rings, contacting the

bound RuvA on two opposite sides [35]. Together, the RuvA

and RuvB proteins function as an ATP-dependent motor,

promoting the branch migration of the Holliday junction,

the process by which the junction moves along the DNA.

RuvB molecules are proposed to act as ATP-driven pumps,

driving helical rotation of double-stranded DNA, pulling it

through the RuvA core and, thereby, promoting the branch

migration process and increasing the formation of

heteroduplex DNA. After branch migration, the junction is

resolved by the action of the RuvC endonuclease, generating

two recombinant DNA duplexes [32].

Other AAA+ families are involved in the remodeling of

nucleic acids, or in the manipulation of entirely different

classes of proteins. Clearly, the mechanisms employed by the

AAA+ proteins are as diverse as the superfamily itself.

Despite the considerable increase in the number of proteins

classified as belonging to the AAA+ superfamily and the

extensive research that has been carried out on some of

these proteins, much is yet to be learned about their

functional mechanisms. The enormous size of the AAA+

superfamily, and the extensive functional diversity of its

members, presents a challenging biological puzzle for those

who wish to understand those molecular machines. As
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research continues, however, and additional insights are

gained, we get closer to attaining a clearer picture of the

remarkable process by which nature has adopted a single,

common piece of molecular architecture for use in a vast

array of cellular processes.
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