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Abstract
Translocases of the AAA+ (ATPases Associated with various cellular Activities)

family are powerful molecular machines that use the mechano-chemical coupling

of ATP hydrolysis and conformational changes to thread DNA or protein substrates

through their central channel for many important biological processes. These

motors comprise hexameric rings of ATPase subunits, in which highly conserved

nucleotide-binding domains form active-site pockets near the subunit interfaces

and aromatic pore-loop residues extend into the central channel for substrate bind-

ing and mechanical pulling. Over the past 2 years, 41 cryo-EM structures have

been solved for substrate-bound AAA+ translocases that revealed spiral-staircase

arrangements of pore-loop residues surrounding substrate polypeptides and indicat-

ing a conserved hand-over-hand mechanism for translocation. The subunits' verti-

cal positions within the spiral arrangements appear to be correlated with their

nucleotide states, progressing from ATP-bound at the top to ADP or apo states at

the bottom. Studies describing multiple conformations for a particular motor illus-

trate the potential coupling between ATP-hydrolysis steps and subunit movements

to propel the substrate. Experiments with double-ring, Type II AAA+ motors rev-

ealed an offset of hydrolysis steps between the two ATPase domains of individual

subunits, and the upper ATPase domains lacking aromatic pore loops frequently

form planar rings. This review summarizes the critical advances provided by recent

studies to our structural and functional understanding of hexameric AAA+ trans-

locases, as well as the important outstanding questions regarding the underlying

mechanisms for coordinated ATP-hydrolysis and mechano-chemical coupling.
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1 | INTRODUCTION

Many cellular processes, including DNA replication,1 pro-
tein disaggregation,2 the disassembly of macromolecular
complexes,3 and proteolysis,4 require molecular machines of
the AAA+ (ATPases Associated with various cellular Activ-
ities) ATPase family for the mechanical unfolding of pro-
teins. These ATPases are characterized by conserved

Nucleotide Binding Domains (NBDs) that form pentameric
or hexameric ring structures and utilize ATP binding and
hydrolysis to drive conformational changes for the mechani-
cal “translocation” of substrates through a central channel.
In addition, a number of regulatory modules are appended to
or inserted into the NBDs of AAA+ ATPases for tailoring
the molecular translocation function to specific cellular pro-
cesses. The mechanical pulling on substrates is important for
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ATP-dependent proteolysis, protein retro-translocation from
the endoplasmic reticulum, protein extraction from mem-
branes, and the disassembly of macromolecular complexes,
processes that play critical roles in regulating the cell cycle,
transcription, stress responses, and general protein quality
control.5

1.1 | Conserved AAA+-domain residues

AAA+ proteins have a conserved overall architecture and
molecular mechanism of ATP hydrolysis, but can be sepa-
rated into seven major clades, defined by their shared struc-
tural and functional characteristics.6 This review will
primarily focus on the Classic Clade (Clade 3) and HCLR
Clade (Clade 5) of AAA+ motors, which are involved in
protein unfolding and remodeling. For more information on
the structural differences observed in other clades, please see
these great reviews.5–8

Conserved across all clades are canonical residues
involved in ATP binding and hydrolysis, including Walker-A,
Walker-B, and Sensor-1 motifs, as well as Arginine fingers
(Figure 1a).5,8,9 The nucleotide-binding site of an AAA+
ATPase is localized between the N-terminal large AAA+ sub-
domain with α/β structure and the C-terminal α-helical small
AAA+ subdomain,10 near the interface to the clockwise-next
neighboring subunit in the pentameric or hexameric rings
(Figure 1b). While the Walker and Sensor residues are present
in the “cis” subunit, the Arginine fingers are contributed by
the adjacent “trans” subunit (Figure 1). The Walker-A motif,
GXXXXGK[T/S] (X can be any amino acid), functions in

structuring the nucleotide-binding pocket, and disrupting
these residues by mutagenesis impairs ATP binding. The
Walker-B residues, hhhhD[D/E] (h is a hydrophobic residue),
are required for ATP hydrolysis by acting as a catalytic base
and activating a water molecule for nucleophilic attack of the
γ-phosphate (Figure 1a). Mutation of Walker-B residues elim-
inates or strongly inhibits ATP hydrolysis, and has been used
extensively to study AAA+ motor function, investigate the
mechanisms of subunit communication and ATP-hydrolysis-
coupled conformational changes, and to trap AAA+ motors
in defined states for structure determination.5,11–17

The Sensor-1 and Arginine finger motifs18 are critical for
ATP hydrolysis (Figure 1a), with the latter spanning the sub-
unit interface and acting in “trans” by supporting the nucleo-
tide pocket of the neighboring subunit. These arginines
directly interact with the γ-phosphate of ATP and stabilize an
accumulated negative charge during hydrolysis (Figure 1a).
Some of the Classic and HCLR-clade AAA+ motors also
contain an Inter-Subunit Signaling (ISS) motif, characterized
by an α-helix immediately preceding the sensor-1 motif and
containing a [D/E] residue at its C-terminus that interacts with
the Arg-finger to sense the nucleotide state of the adjacent
subunit.19 Due to the inter-subunit communication and depen-
dence for catalysis, AAA+ ATPases rely on oligomeric ring
structures for proper nucleotide binding and hydrolysis.

A unique structural feature of Classic and HCLR AAA+
motors is a Helix-2 insertion that extends from every subunit
into the central channel of the hexameric ring to contact and
propel the substrate polypeptides. Mutational analysis of
these “pore-loops” showed that primarily aromatic residues,

FIGURE 1 Conserved residues and motifs in AAA+ ATPase motors. (a) Nucleotide-binding pocket at the interface between the ATPase
subunits Rpt1 (green) and Rpt2 (yellow) of the 26S proteasome (PDB:5L4G).74 Highlighted are the intra-subunit Walker-A [K/T] (magenta),
Walker-B [E] (purple), and Sensor-1 [N] (lime green) motifs, as well as the Arginine Finger [R/R] (pink) provided by the clockwise-next subunit.
ATP is shown in cyan and orange, and Mg2+ as a lime-green sphere. (b) A cryo-EM density representative “Top” view of the proteasomal AAA+
motor domains (EMDB:4002). The large and small AAA+ subdomains are shown in dark and light green, respectively, for Rpt1, and in dark and
light yellow for the neighboring Rpt2. ATP in the binding pocket near the subdomain and subunit interfaces is colored red. Pore-1 loops are colored
orange and the central channel is circled. The remaining Rpt protomers in the hexamer are shown in shades of gray
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such as Tyr or Phe, are required for substrate interactions
that appear to be largely of steric nature.11,20–30 Besides
these translocating pore-1 loops, a second pore loop was
found to have substrate-binding capabilities.11,19,23,24,31 In
this review we will refer to these substrate-interacting loops
as pore-1 loop and pore-2 loop.24

Additional domains N- or C-terminal to the AAA+ motor
domains provide diversity within the Classic clade, which
can thus be further divided into 7 subfamilies: the FtsH-,
katanin-, TIP49-, AFG1-, Proteasomal-, NSF/Cdc48/Pex-,
and ClpABC-NBD1 families.6,8 Similarly, HCLR motors
include 4 subfamilies: HsIU/ClpX, ClpABC NBD2, Lon,
and RuvB. The type II AAA+ proteins within these clades
contain two ATPase domains per subunit that form two sta-
cked rings. These domains, frequently termed NBD1 and
NBD2, will in this review be referred to as D1 and D2.

1.2 | Previous structural analyses

Most of the early structures for AAA+ proteins of the Classic
and HCLR clades were solved by X-ray crystallography in the
presence of various nucleotides. These structures gave impor-
tant insights into the overall architecture of AAA+ motors, but
often revealed hexameric open lock-washer or spiral-shaped
assemblies that were largely thought to represent inaccurate or
functionally irrelevant conformations.6,32,33 Moreover, these
structures lacked any bound substrate, which complicated an
assessment regarding their relevance for active translocation.
Due to the lack of high-resolution information on the ATPase
hexamers and their substrate-bound states, major functional
questions remained: how are subunits in AAA+ rings occupied
by nucleotide, how do they interact with substrate, and how
does ATP hydrolysis drive mechanical translocation?

The first substrate-bound structures were revealed for
motors in other clades, including crystal structures of DNA
helicases and clamp loaders.34–38 In the structure of the DNA-
bound E1 helicase, a representative of the superfamily III heli-
case clade, the AAA+ domains form a right-handed spiral
staircase with a vertical rise of 1 nucleotide/subunit and a 60�

turn between neighboring subunits in the ring. The nucleotide
states observed for individual subunits progress around the ring
and along the spiral arrangement, from ATP-bound at the top
to ADP-bound or apo state at the bottom, suggesting that ATP
binding and hydrolysis occur sequentially in the hexamer and
lead to uniform step sizes for DNA threading. The combination
of this spiral architecture and potentially sequential hydrolysis
led to the first hypothesis of a “hand-over-hand” mechanism
for substrate translocation, in which subunits upon ATP hydro-
lysis and nucleotide exchange transition from the bottom to the
top position in the spiral staircase.34

Due to their high conservation, it was postulated that all
AAA+ motors may operate by similar mechanisms.39

However, it was harder to imagine how the protein-processing
AAA+ motors interact with their substrates, considering that
polypeptide chains do not show the same helical regularity as
their nucleic acid counterparts in helicases. Furthermore, bio-
chemical data for ClpX, one of the most well-characterized
HCLR clade AAA+ motors, contradicted a strictly sequential
ATP-hydrolysis model. Numerous studies suggested that
ClpX hydrolyzes ATP in a more stochastic manner, and that
subunits unable to hydrolyze can be skipped with no major
effect on neighboring subunits.40–43 Furthermore, single-
molecule measurements of substrate processing suggested that
ClpX operates in “dwell” and “burst” phases,44–46 and thereby
translocates its substrates with variable step sizes of 1–4 nm,
depending on how many subunits hydrolyze during a given
dwell-burst cycle.40,44,45,47 These findings thus contradict a
more regular stepping with uniform step sizes expected for
strictly sequential ATP hydrolysis.48 Solving high-resolution
substrate-bound structures of AAA+ motors was conse-
quently important to reconcile previous structural knowledge,
elucidate the motor interactions with substrate polypeptides,
and reveal the principles underlying ATP-hydrolysis-coupled
protein translocation.

Recent technological advancements in the cryo-EM field,
including the development of direct electron detectors, made
high-resolution structure determination feasible, especially for
larger macromolecular complexes such as AAA+ hexamers.
As we now know, AAA+ ATPases undergo large conforma-
tional changes and transition through highly asymmetric
hexameric ring states during substrate translocation, which
explains the previous challenges in crystallographic studies. In
the past 2 years, 41 substrate-bound structures of AAA+
motors have been solved by cryo-EM, with resolutions ranging
from 2.9–4.8 Å, and including several datasets with multiple
conformations and nucleotide states for a particular motor
(Table 1). Here we highlight the structures of these substrate-
engaged motors, which greatly expand our knowledge of
how AAA+ motors couple ATP hydrolysis to mechanical
translocation.

1.3 | Spiral-staircase arrangement of pore-1
loops

The first substrate-bound Classic AAA+ motor structure was
solved for the 26S proteasome from S. cerevisiae,49 albeit with
low resolution and substrate density not visible. The details of
substrate interactions thus remained elusive, but this structure
revealed a defined spiral-staircase arrangement of the distinct
proteasomal ATPase subunits, Rpt1–Rpt6, in the hexameric
ring. Since that early discovery, many structures of AAA+
motors have been solved at higher resolution and with visible
substrate bound in the central channel, including: Yme1,50

AFG3L2,51 Vps4,52–54 spastin,55 proteasome,56,57 VAT,58
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Cdc48,59,60 Rix7,61 NSF,62 Hsp104,63 ClpB,64–66 Hsp101,67

and Trip13.68 The majority of studies took advantage of
hydrolysis-inhibiting Walker-B mutations or non-hydrolyzable
ATP analogs to stabilize substrate-bound complexes (Table 1).
Despite the large variability in sample preparations, utilized
substrates, and regulatory domains present in these motor com-
plexes, all structures revealed highly similar spiral-staircase
arrangements of ATPase subunits and pore loops that directly
interact with protein substrates in the central channel
(Figure 2).

Most of these substrate-bound structures show five sub-
units in contact with the substrate polypeptide (with excep-
tions having 4 or 6), and one disengaged “seam” subunit
that lies between the “top”-most and “bottom”-most subunits
in the spiral staircase. This subunit arrangement and sub-
strate binding can be clearly seen in the example staircase of
Rpts1-6 of the proteasome (Figure 2a). The “spiral staircase”
described in these studies is largely defined by the arrange-
ment of the substrate-engaged pore-1 loops (Figure 2a),
which usually contain an aromatic residue (Tyr/Phe/Trp) that
comes into close proximity (�4 Å) of the polypeptide back-
bone and intercalates the side chains. These direct interac-
tions with the backbone are non-specific, which explains
why these AAA+ motors can accommodate and efficiently
translocate a large variety of substrate proteins.

The substrate contacts of translocating pore-1 loops are ver-
tically separated by a rise of �6 Å, or two amino acids, and a
�60� rotation between neighboring subunits, corresponding to
the hexameric arrangement of NBDs. This spiral distribution is
highly conserved among the different structures and can be
overlaid extremely well, with an RMSD of <1.6 Å when
aligning the pore-1 loop residues (Figure 2b). Importantly, this
spiral-staircase arrangement of pore loops and ATPase sub-
units in general is also strikingly similar to the previously
described structures of DNA helicases and clamp loaders,
hinting to a common mechanism of ATP-hydrolysis-driven
substrate translocation.

1.4 | Additional substrate contacts - a complex
interaction network

Many structures of AAA+ motors, including Vps4,52–54

Rix7,61 Rpt1-6 of the proteasome,56,57 ClpB,65 and NSF62

indicate a secondary spiral of pore-2 loops that form a simi-
lar staircase below the pore-1 loops, but do not directly
interact with substrate or lack bulky side chains. In other
structures, however, the pore-2 loop residues make direct
contact with substrate through aromatic residues. Both,
YME150 and AFG3L251 contain pore-2 loop residues, Y396
and F421, respectively, that form a second spiral staircase of

FIGURE 2 Spiral-staircase arrangement of pore-1-loop residues in contact with substrate. (a) Atomic model (PDB:6EF2) and EM density
(EMDB 9440) for the spiral staircase of pore-1-loop residues in the 5T state of the 26S proteasome. Shown are the substrate in magenta as well as
the conserved Tyr and flanking Lys residues for each protomer numbered by the position in the “spiral staircase,” with Rpt1 in green, Rpt2 in
yellow, Rpt6 in blue, Rpt3 in orange, Rpt4 in red, and Rpt5 in cyan. (b) The pore-1-loop Tyr's and the substrate polypeptide from the 5T model of
the 26S proteasome (56) are displayed in gray and overlaid with 1-Å centroids indicating the Cα positions for the aromatic “paddle” residues in the
pore-1 loops of substrate-bound YME1 (6AZ0), AFG3L2 (6NYY), VPS4 (5UIE, 6BMF, 6AP1), the 26S proteasome (1D*-state (6EF0), 5D-state
(6EF1), 5T-state (6EF2), 4D-state (6EF3), ED1-state (6MSJ), ED2-state (6MSK)), D2 domains of VAT/p97 (5VCA), D2 domains of NSF (6MDO,
6MDP), D2 domains of Rix7 (6MAT), D2 domains of Hsp104 in the closed (5VJH) and extended states (5VYA), D2 domains of ClpB D2 (ATPγS-
bound double-WB mutant (5OFO), KC-1 state (6qs6), KC-2A state (6qs7), KC-2B state (6qs8), KC-3 state (6qs4), WT-1 (6rn2), WT-2A (6rn3),
WT-2B (6rn4), conformer1 (6DJU), conformer2 (6DJV), Pre (6OAX), Post (6OAY)), TRIP13 (6F0X), D2 domains of Hsp101 (6E10), and Spastin
(6P07). The Cα's for the aromatic pore-1-loop residue of protomers 1–5 in each motor were aligned to the proteasomal 5T state as a reference model
(6EF2), using Matchmaker in Chimera.75 RMSD values for this alignment ranged from 0.403–1.526 Å. Centroids for the substrate-disengaged
subunit were omitted, as they have the largest variance in position. The two green centroids that do not overlay are from AFG3L2 (6NYY) and 1D*
(6EF0), which both have two substrate-disengaged subunits
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substrate contacts. Mutation of these residues to alanine
impairs substrate translocation and degradation by the prote-
ase domains that reside C-terminal of the AAA+ domain in
those motors.50,51 In AFG3L2, the pore-2 loops of the fourth
and fifth subunits appear to reach into the interior of the pro-
teolytic cavity to handoff substrate from the ATPase ring to
the protease for degradation.51

Spastin,55 TRIP13,68 and ClpB66 also have pore-2 loop
residues that form direct interactions with the substrate. In
spastin, residues H596 and R601 form a second spiral stair-
case of electrostatic interactions with every other sidechain
in a polyglutamate peptide substrate.55 Similarly, in ClpB,
the pore-2-loop residues E639, K640 and H641 project into
the central channel and appear to interact directly with the
substrate.66 In the TRIP13 structure, seven N-terminal resi-
dues of the MAD2 substrate extend into the pore, where one
of them, R7, directly interacts with E269 and D272 in the
pore-2 loop of the “top” subunit. Mutating these pore-2-loop
residues to Ala or Arg made TRIP13 completely defective in
substrate remodeling.

In addition, these studies identified many other inter-
protomer contacts that form a complex substrate-interaction
network beyond the classic pore-loop spiral staircases. As
obvious from a sequence alignment of pore-1 loops from all
structures discussed here, the position preceding the conserved
aromatic amino acid is often charged (Lys/Arg) and can form
electrostatic interactions with residues of neighboring pore
loops, including Glu or Asp frequently found three amino
acids downstream of the aromatic residue (Figure 3). ClpB has
two charged amino acids, K250 and R252, flanking the aro-
matic pore-1-loop residue Y251. In two ClpB studies,66,69

K250 and R252 were observed to form a salt bridge or hydro-
gen bond with E254 and E256 of the clockwise- and counter-
clockwise neighboring pore-1 loops, respectively, and thus
create a clamp around the substrate polypeptide. Furthermore,
the ClpB study by Yu et al.64 showed R252 oriented toward
Y251 of the neighboring subunit and hydrogen-bonding with
S249. Mutational analyses in each study revealed that eliminat-
ing the charged residues flanking the conserved aromatic “pad-
dle” in the pore-1 loop leads to defects in substrate processing,
while charge-reversal mutations are active.

Similarly, in the pore-1 loop of spastin, the flanking
Lysine, K555, forms a salt bridge with E462 in the alpha-1
helix of a neighboring subunit, which is a unique structural
feature to severing enzymes.70,71 Spastin contains a series of
other Arg and Glu residues that appear to form a network of
salt bridges and hydrogen bonds between subunits, including
interactions between the pore-2 and a newly identified pore-3
loop. Mutations of any of these Arg or Glu residues impair
microtubule severing. The AFG3L251 pore-1-loop residue
F381 is flanked by a hydrophobic residue, M380 that contacts
F381 of the counterclockwise neighboring subunit and

thereby surrounds the polypeptide with tight interactions.
Mutating M380 to a Val, as present in YME1, or Lys, as pre-
sent in many other motors (Figure 3), decreased or eliminated
substrate degradation, respectively, showing how specific
inter-pore-loop interactions are tuned for each system.

These studies thus revealed many new interactions
between ATPase protomers that are highly conserved and
specific to each individual system and include both salt brid-
ges and hydrogen-bonding networks to facilitate effective
substrate binding and translocation.

FIGURE 3 Sequence alignment for the pore-1-loop residues
(boxed) and flanking amino acids in the AAA+ motor domains of
protein translocases, including both the D1 and D2 domains for the
double-ring Type II AAA + 's. Abbreviations are as follows: Homo
sapiens (HS), Saccharomyces cerevisiae (SC), Drosophila
melanogaster (DM), Thermoplasma acidophilum (TA), Cricetulus
griseus (CG), Mycobacterium tuberculosis (TB), Escherichia coli (EC),
and Plasmodium malariae (PM). Alignments were done in MUSCLE76

and illustrated with AlignmentViewer 77
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1.5 | Role of non-aromatic pore-loops

Although most of the spiral staircases for substrate-bound
AAA+ motors can be overlaid, there are two major outliers,
Rix7 and Cdc48,60,61 which are both Type II AAA+ motors
containing a Met as a non-aromatic residue in the pore-1
loop of the D1 ATPase domain (Figure 3). The Rix7 struc-
ture was determined using Walker-B mutations in both the
D1 and D2 domains, and revealed a planar D1 ring that
makes no pore-1-loop contacts with substrate and is
vertically much more compact (�15 Å) than the D2 spiral
staircase contacting the substrate (�28 Å). The D1 ring was
found to contain ATP in all six nucleotide-binding pockets,
suggesting that the D1 domain may hydrolyze ATP in a dif-
ferent manner than the sequential mechanism assumed for
D2 or other AAA+ motors. Mutational analyses in Rix7 rev-
ealed that replacing the D1 pore-1 loop (Gly/Met/Ser) with
the D2 pore-1 loop (Lys/Tyr/Val) causes a growth defect.
While the Met to Tyr mutation alone was viable, the replace-
ment of Ser by Tyr was lethal, owing to the importance of
this subtle change in pore loop spacing.61

One of the substrate-bound structures of Cdc48 solved by
Twomey et al60 is similar to Rix7 with respect to a spiral
staircase in the D2 ring and a near-planar D1 ring that con-
tains ATP in all NBD pockets and contacts substrate through
only two pore-1 loop Met's. This structure was determined
with a D2 Walker-B mutant in the presence of ATP, whereas
wild-type Cdc48 with bound ADP/BeFx resulted in two
alternative structures that exhibit the D1 ring with four sub-
strate contacts in a similar spiral as D2. These ADP/BeFx
structures thus resemble the state observed in the Cdc48
study by Cooney et al.,59 in which ADP/BeFx was used as
well and five subunits were found in contact with substrate
for both the D1 and D2 ATPase rings. According to
Twomey et al.,60 the angle between the D1 and D2 domains
in the ATP-bound structure increases for individual Cdc48
protomers with their increasingly lower position in the D2
spiral staircase, whereas this trend is not observed in the
ADP/BeFx-bound states. It therefore appears that ADP/BeFx
fixes the angle of the hinge segment between the D1 and D2
domains, favoring a spiral-staircase arrangement in the D1
ring that mirrors the spiral in D2. Interestingly, similar to
Rix7, introducing aromatic residues in the pore-1 loop of
Cdc48's D1 domain leads to a lethal phenotype, likely
through aberrant engagement and processing of substrates.72

Multiple studies thus demonstrated that non-aromatic
pore-1 loops in the D1 rings of Type II AAA+ motors can
form spiral staircases as well as more planar and compact
arrangements. It is unclear whether both D1-ring states are rel-
evant for substrate translocation, as they may have been
induced by the ATP analogs used for structure determination,
yet mutational studies clearly indicated that the pore-1 loop
residues in the D1 domains are highly conserved for proper

motor function in the cell. While the bottom D2 ring in Type
II AAA+ motors appears responsible for the majority of sub-
strate translocation, the top D1 ring with its non-aromatic
pore-1 loops may play a role for initial substrate engagement
and/or in a ratchet-like manner to prevent the backsliding of
substrates between power strokes of the D2 ring. The latter
model is supported by recent single-molecule studies of ClpA,
in which a mutant with ATPase-deficient D1 ring showed sig-
nificant defects in substrate unfolding and translocation, as
well as back slips through the enzyme.73

1.6 | ATP hydrolysis drives translocation

As the spiral staircase arrangements are very similar among
the substrate-bound AAA+ motor structures, so are the
nucleotide states observed for particular positions in these
staircases. A few of the structural studies did not assign
nucleotide states and are therefore not discussed in this sec-
tion: VAT,58 ClpB,65 and Hsp101.67

Assigning nucleotide states was often highly challenging
due to intermediate resolution, especially for the nucleotide
pockets, and the averaging of different nucleotides in any
given pocket during the single-particle averaging inherent to
cryo-EM data analysis. For high-enough resolution structures,
the authors determined the nucleotide state (ATP/ADP/apo)
based on the observed densities. Otherwise they performed a
variety of measurements to assess the openness of ATPase
pockets or the distances between hydrolysis-relevant motifs
that report on nucleotide identity, including the trans-acting
Arg-fingers and the intersubunit signaling (ISS) motif. In an
active ATP-bound pocket, the Arg-finger and ISS are in close
proximity to the γ-phosphate (�3-4 Å). Following hydrolysis
and as the γ-phosphate is released, the Arg-finger and ISS
retract from the nucleotide (�15–20 Å), and these pockets are
assigned either ADP-bound or apo states. Furthermore, the
inter-protomer contact area greatly decreases in a post-
hydrolysis pocket, providing an additional important parame-
ter for the assignment of nucleotide states.

Comparing the nucleotide occupancies for numerous
structures of substrate-bound single-ring AAA+ motors
reveals a highly consistent continuum of ATP-hydrolysis
states around the spiral staircase (Figure 4a). Subunits 1–3 at
the top of the spiral are always ATP-bound, while the
“seam” subunit bridging the lowest and highest positions is
generally in a post-hydrolysis state (ADP/apo). This is not
surprising, given that its large distance to the clockwise-next
neighbor does not support a closed nucleotide pocket
(Figure 4a). There is some discrepancy between structures
regarding the nucleotide state of subunits 4 and 5, varying
between ATP-bound, ADP-bound, or apo (Figure 4a). For
most structures of single-ring motors, subunit 4 is assigned
to be ATP-bound, except for Vps452 and the 5T state of the
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26S proteasome,56 in which it appears to contain ADP. Con-
versely, subunit 5 is mostly ADP-bound or apo, except for
TRIP1368 and spastin.55 In agreement with these assign-
ments, the nucleotide pockets also display a pattern of
opening up as subunits progress down the spiral and from
ATP-bound to ADP-bound states.50,53,54,57,60,62 For exam-
ple, the angle between the large and small AAA subdomains
(Figure 1b) in NSF is larger for ADP-bound or apo pockets
(�10�) than for ATP-bound pockets (�1–2�).62 Based on
these structural snapshots, we can start to understand how
ATP binding and hydrolysis may occur sequentially around
the ring, leading to the observed continuum of nucleotide
states that depend on the vertical position within the spiral
staircase (Figure 4a).

During the ATPase cycle, the substrate-engaged subunits
at the top of the spiral remain ATP-bound, and ATP hydro-
lysis likely initiates in subunit 4 or 5. Phosphate release and
opening of the ATPase pocket destabilize interactions
between AAA+ subdomains within the hydrolyzing subunit
and towards the clockwise-next neighbor, triggering disen-
gagement of the bottom subunit from the substrate, and its
transition towards the top of the spiral. At the same time, the
structural compaction between subunits required to rebind
ATP to the disengaged subunit favors its movement to the
top of the spiral and provides directionality for translocation.
Hence, disengaged subunits move upwards, while substrate-
engaged subunits progress down in the spiral, leading to a
vertical downward translocation of substrate through the
central pore. Important information about the coordination
between these movements and the ATPase cycle was pro-
vided by structural studies that revealed multiple states for
the same AAA+ motor, as described below.

1.7 | Multiple motor states of the 26S
proteasome temporally detail translocation

Most of the studies discussed here determined a single
substrate-bound structure with subunits in different nucleotide
states, which were then used to interpolate how the ATP-
hydrolysis events and conformational changes may propagate
around the ring for processive translocation.50–55,58,59,61,65,67,68

Fortunately, several studies revealed multiple substrate-engaged
states and corresponding differences in nucleotide occupancies
for the 26S proteasome,56,57 ClpB,64,66,69 and Hsp104,56 pro-
viding insight into the coordination between ATP-hydrolysis
events and conformational changes.

Of particular importance was thereby the 26S proteasome
with its heterohexameric motor that is a component of the
19S regulatory particle sitting atop the 20S core peptidase.
Visualizing multiple states of this motor provided insight
into the progression of individual subunits through the vari-
ous stages of the ATPase cycle and indicated a potential
temporal order of events and conformations. The study by
Dong et al.57 revealed seven conformations, with two of
them, ED1 and ED2, likely representing actively translocating
motor states. ED1 and ED2 show five substrate-bound sub-
units consistent with the spiral staircase described above
(Figure 2), and the identities of the top, bottom, and seam
subunits are rotated by one position in the heterohexamer,
suggesting that these two structures represent consecutive
motor states during sequential ATP hydrolysis.

Of the four motor states described by de la Peña et al. for
the wild-type proteasome in the presence of ATP,56 three
appear to be consecutive based on the movement of subunits
within the spiral-staircases arrangement and the changes in

FIGURE 4 The nucleotide state of a AAA+ subunit depends on its position within the spiral staircase. (a) Cartoon representation of the spiral
staircase arrangement with five substrate-engaged and one dis-engaged subunit, depicting their nucleotide states. ATP-bound protomers are colored
green, with a lighter green in position 4 indicating some accounts of ADP and potential hydrolysis in this subunit. The substrate-disengaged “seam”
subunit is colored red to represent an ADP-bound or apo state, while the “Bottom” subunit is shown in orange to indicate a mostly ADP-bound
state, with some accounts of ATP in this position. (b) EM density for the “KC-2” state of ClpB (EMDB:4625, complete hexamer shown in the inset
with D1 domains in light blue and D2 domains in dark blue) reveals the slanted conformation observed in double ring AAA+ motors. The D1 and
D2 domains are shown in light and dark blue for protomer 3, and in light and dark orange for protomer 4, highlighting how the D1 domain of a
subunit overlaps with the D2 domain of the counterclockwise-next neighbor
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their nucleotide-binding pockets. During the transition from
the 5D to the 5T state, subunit 4 hydrolyzes ATP, while the
substrate-disengaged “seam” subunit 6 exchanges ADP for
ATP. Importantly, the spiral staircase remains unchanged
during this transition, and there is no translocation of sub-
strate. These hydrolysis and nucleotide-exchange events
appear to be prerequisites for the subsequent large conforma-
tional arrangement and translocation step occurring during
the transition from the 5T to the 4D state. Subunit 5 at the
bottom of the spiral disengages from substrate and separates
from the neighboring subunit 4, likely as a consequence of
phosphate release from the ATPase pocket at this interface,
while the “seam” subunit 6 takes on the top position, 6 Å
above subunit 1, and engages the substrate. Consequently,
the substrate-bound subunits 1–4 move downward as a rigid
body, pulling the substrate polypeptide along. These proto-
mer movements can be directly observed relative to the 20S
core particle and confirm that the ATP-hydrolysis driven
conformational changes are linked to substrate translocation.
Taken together, these structures demonstrate a compelling
argument for sequential ATP hydrolysis and coupled confor-
mational changes that progress around the hexameric ring
and lead to substrate translocation by a hand-over-hand
mechanism.

1.8 | Double ring motors show an offset
in hydrolysis events

Structures for double-ring, Type II AAA+ motors with
assigned nucleotide states are available for Rix7, Cdc48,
ClpB, and Hsp104. As previously discussed, the D1 ring of
Rix7 and Cdc48 contains non-aromatic pore-1 loops, is in a
planar conformation, and appears to be occupied by ATP in
all subunits. Their D2 rings, however, adopt spiral-staircase
arrangements with patterns of nucleotide states that resemble
those for the single-ring AAA+ translocases, with ATP
bound to subunits at the top and ADP-bound or apo-state sub-
units near the bottom and in the seam (Figure 4a). ClpB and
Hsp104 form spiral staircases in both their D1 and D2 rings,
with the same consequent patterns of nucleotide states. Multi-
ple motor states from these studies reveal likely successive
hydrolysis events that present a more complex model, involv-
ing offset cycling of hydrolysis between D1 and D2.

There are three ClpB studies64,66,69 that detail multiple
states with differences in nucleotide occupancies for the D1
and D2 domains of individual ClpB protomers. While Yu
et al.64 used a ClpB variant from Mycobacterium tuberculo-
sis, the studies by Deville et al.69 and Rizo et al.66 focus on
bacterial ClpB with a de-repressing K476C mutation that
causes faster ATP hydrolysis and substrate processing. All
structures were determined in the presence of casein as a
substrate and ATPyS as an ATP analog. In addition, Deville

et al.69 introduced Walker-B mutations into both the D1 and
D2 domains. Described states include KC1, KC2, KC3,69

“Pre” and “Post” states,66 and “conf1” and “conf2”,64 which
are thought to be consecutive states in the ATP-hydrolysis
and substrate-translocation cycles.

The overall consensus of these studies is that the
nucleotide-hydrolysis and -exchange events for a particular
protomer in D2 ring often precede the same events in the D1
ring, suggesting an offset coordination between the two
ATPase domains. Due to their slanted arrangement, the D1
domain of one subunit is positioned partially on top of the D2
domain for the counter-clockwise next subunit (Figure 4b).
Although direct interactions between these domains have not
been implicated, the ATP hydrolysis cycles appear to be
correlated between these stacked domains, potentially due to
steric reasons when a particular staircase arrangement in the
bottom D2 ring has to be accommodated by a corresponding
arrangement in the D1 ring above.69 For example, in the tran-
sition between the KC-2 and KC-3 states,69 and “Pre” and
“Post” states,66 the D1 domain of subunit 5 and D2 domain of
subunit 4 hydrolyze ATP in a coordinated manner, potentially
driving the conformational changes occurring between those
states (Figure 4b). A similar offset is observed in the study by
Yu et al.,64 where the D2 domain of the “seam” subunit is
already occupied with ATP in the “conf1” state, whereas the
D1 domain exchanges ADP for ATP during the transition to
“conf2,” and both the D1 and D2 domains then bind the
substrate.

Although the results for mutant ClpB are consistent with
each other, this offset cycling was not observed in the struc-
tures of wild-type ClpB (WT-1, WT-2A, and WT-2B)
described in Deville et al69 or in the structures of the yeast
homolog, Hsp104, presented by Gates et al.63 This Hsp104
study describes both “closed” and “extended” states of the
hexamer, with either five or six substrate-bound subunits.
During the presumed transition between these states, the
sixth subunit moves from an “off” position to the top of the
spiral staircase and engages the substrate about 6 Å above
the next subunit, similar to the arrangement observed for the
substrate-bound proteasome. Furthermore, the “seam” sub-
unit exchanges ADP for ATP in both its D1 and D2
domains, reinforcing that ATP binding is a pre-requisite for
substrate interactions at the top of the spiral staircase.

In each of these studies, the use of non-hydrolyzable
ATP analogs or hydrolysis-eliminating mutations, together
with the homohexameric architecture of the ATPase rings,
limits our ability to determine whether the offset cycling of
the D1 and D2 ATPase domains is a true occurrence or a
consequence of the experimental design. Larger datasets
may reveal additional states, helping to convolute this mech-
anism even more, and biochemical experiments provide
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important functional information to verify these structure-
based models.69

In summary, the multiple, likely consecutive states
observed for some of the AAA+ motors support the concept
that translocation originates from ATP-hydrolysis-induced
conformational changes occurring sequentially around the
ring. These detailed structural insights thus significantly fur-
thered our understanding of the hand-over-hand mechanism
for ATP-hydrolysis-driven polypeptide translocation.

1.9 | Substrate engagement and translocation
through mechano-chemical coupling

The multitude of substrate-bound structures solved over the
past couple of years provided a major advance to our under-
standing of AAA+ motor function, yet there still remain
numerous open questions, for instance about initial substrate
engagement, and whether spiral staircase arrangements of
ATPase subunits are induced by the substrate or represent an
intrinsic feature of to the actively translocating hexamer. A
few of the studies describe substrate-free motor states that
may give us insight into the mechanisms of substrate engage-
ment. Strikingly, these substrate-free motors show very differ-
ent conformations, which could be in part due to variations in
extra domains and insertions. Both VAT and Cdc4858,59

adopt symmetric substrate-free states that may be important
for cofactor binding atop the hexameric ring. Hsp104 and
ClpB56,64 have left-handed spirals with a large open cleft,
potentially representing a primed state for lateral substrate
entry into the ring during handoff from Hsp70/DnaK chaper-
ones. The substrate-free states for other motors, including
Hsp101,67 TRIP13,68 and another ClpB,65 are more similar to
substrate-engaged conformations. These structures indicate
that substrate engagement generally affects the overall ring
conformation and might trigger the switch to the canonical
staircase-arrangement, yet the complex networks of interac-
tions with the substrate as well as between neighboring sub-
units point to the AAA+ motor dictating the spiral
conformation during translocation. Since the substrate-free
states appear to vary dramatically for different AAA+ motors,
more detailed studies will be necessary to determine how sub-
strates are initially engaged in each individual case.

Following an engagement step, AAA+ motors form sub-
strate contacts in a spiral staircase arrangement of pore-1 and
pore-2 loops, with other nearby elements contributing addi-
tional steric interactions. For example, charged residues
flanking the aromatic “paddle” in the pore-1 loop form salt
bridges or hydrogen-bonds with residues in the neighboring
subunit to stabilize a network of substrate contacts. The vari-
ability in these residues provides substrate-gripping abilities
that are appropriate for each individual motor and cellular
function. Similarly, non-aromatic pore-1-loop residues, as

found in the D1 rings of Type II AAA+ motors, seem corre-
lated with a planar pore-loop arrangement rather than a spiral
staircase, and apparently do not bind substrate as well as the
aromatic pore loops. Mutational analyses revealed that alter-
ing pore loops and salt bridges often reduces substrate
degradation or compromises cell viability, indicating that
these substrate interactions are finely tuned for each cellular
process.

Analyzing the nucleotide state for individual subunits in
the hexamer suggests that ATP hydrolysis causes an overall
downward movement of substrate-engaged subunits within
the vertical spiral-staircase arrangement to thread the substrate
through the central channel. Hydrolysis likely occurs in the
fourth position of the spiral, destabilizing the contacts with
the clockwise-next neighbor and forcing that “bottom” sub-
unit to dissociate from substrate. The previously disengaged
“off” subunit exchanges ADP for ATP, before becoming the
next “top” subunit in contact with the substrate 6 Å above the
previous “top” pore loop. Substrate interactions are likely con-
trolled by hinge movements between the AAA+ subdomains
of each subunit, which in turn depend on a subunit's nucleo-
tide state and position within the spiral staircase. Four sub-
units are consistently found to be substrate-bound and thus, in
addition to efficiently propelling the substrate forward, may
prevent backsliding or substrate escape. Overall, rebinding of
ATP after hydrolysis favors a conformation that swings up
the respective subunit to bind substrate at the top of the spiral,
and this process seems to occur sequentially around the ring.

This structure-based translocation model thus encom-
passes a very regular stepping or inch-worming along the
substrate. Substrate interactions are moved from the bottom
to the top of the spiral staircase when a post-hydrolysis sub-
unit exchanges ADP for ATP, while four ATP-bound,
substrate-engaged subunits move downward as a rigid body,
leading to the translocation of two amino acids per hydro-
lyzed ATP, or 1/6 of the vertical spiral extension. This
mechanism is in contrast to the “power-stroke” model, in
which a single subunit hydrolyzes ATP, moves downwards,
and pulls the substrate along. The power stroke model was
proposed primarily based on extensive biochemical and
single-molecule studies of ClpX from E. coli, which indi-
cated non-strictly-sequential ATP hydrolysis and larger
translocation step sizes that originate from coordinated “fir-
ing” of several subunits during a burst phase. Interestingly,
recent cryo-EM studies of ClpX revealed a spiral staircase
arrangement and substrate interactions of subunits that
strongly resemble the scenario for other AAA+ motors
described above.48 The model for translocation being driven
by sequential ATP hydrolysis around the ring and substrate-
disengaged subunits moving upwards in the spiral staircase
appears quite compelling, as 41 substrate-bound structures
of AAA+ protein translocases spanning many different

416 GATES AND MARTIN



families, functions, and experimental design have yielded
similar results regarding substrate contacts and nucleotide
states. However, these structures represent snapshots, with
numerous questions remaining about their order and tempo-
ral transitions. Resolving the apparent discrepancy between
translocation models based on structural information versus
functional data is an important goal for the AAA+ field and
will require biochemical and biophysical measurements on
several Classic and HCLR AAA+ motors to better clarify
the hand-over-hand mechanisms.
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