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Abstract
ATP-dependent proteases exist in all cells and are crucial regulators of the proteome. These
machines consist of a hexameric, ring-shaped motor responsible for engaging, unfolding, and
translocating protein substrates into an associated peptidase for degradation. Here, we discuss
recent work that has established how the six motor subunits coordinate their ATP-hydrolysis and
translocation activities. The closed topology of the ring and the rigidity of subunit/subunit
interfaces cause conformational changes within a single subunit to drive motions in other subunits
of the hexamer. This structural effect generates allostery between the ATP-binding sites, leading
to a preferred order of binding and hydrolysis events among the motor subunits as well as a unique
biphasic mechanism of translocation.

ATP-dependent proteases maintain the proteome
All cells rely on ATP-powered proteolytic machines to degrade targeted protein substrates
for quality control and regulation [1]. These molecular machines share a common
architecture, consisting of a ring-shaped protein unfoldase and a barrel-shaped
compartmental peptidase. The unfoldase ring is composed of six AAA+ subunits (ATPases
associated with various cellular activities) [2, 3] that serve as a motor, converting the energy
from ATP hydrolysis into the mechanical work required to unfold and translocate protein
substrates through its central pore. The unfoldase docks to one or both axial faces of the
barrel-shaped peptidase, which contains proteolytic active sites sequestered in an internal
chamber. Access to these active sites is restricted by two narrow axial pores with a diameter
too small to allow entry of even the smallest folded proteins. The central pore of the docked
unfoldase aligns with the pore of the peptidase, enabling the ATPase ring to deliver
substrates into the peptidase chamber for degradation.

The protein degradation pathway follows a similar trajectory for all ATP-dependent
proteases (Fig. 1). Substrate specificity is usually determined through placement of
degradation tags, or degrons. Degrons can be intrinsic peptide sequences that are hidden
within a correctly folded protein and become exposed only upon protein damage or
misfolding, for instance during bacterial heat shock [4]. They can also be appended to a
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protein during certain checkpoints, for example, in the ssrA-tagging system for stalled
protein synthesis. In this pathway, the ribosome is rescued by a modified transfer-RNA that
includes a message to co-translationally append the 11-residue ssrA degron to the nascent
chain [5]. However, not all degrons are small peptide sequences. For instance, the eukaryotic
26S proteasome recognizes protein substrates via polyubiquitin chains covalently attached to
surface-exposed lysines [6]. Recognition of degrons can occur in many different ways: the
degron can bind directly to the pore of the unfoldase [7], to an auxiliary site somewhere else
on the protease [8], or to a cofactor that in turn delivers the substrate to the protease [9].
Because recognition logic is not the focus of this review, we refer the reader to some
excellent discussions of this topic [10, 11].

Once bound to the protease, a protein substrate must become engaged with the translocation
machinery in the central pore of the unfoldase to allow mechanical unraveling of folded
structures and threading of the polypeptide into the peptidase. Cycles of ATP hydrolysis
lead to conformational changes within the ATPase subunits of the ring, generating a
vectorial force to propel the substrate through the pore and unravel folded domains that are
too large to pass [12, 13]. Recent studies have provided exciting new insight into the
dynamics of actively-translocating AAA+ rings, and we will discuss the current state of
knowledge surrounding the mechanism of mechanical force generation and polypeptide
translocation. Many of these detailed discussions will include studies of the homohexameric
ClpX from Escherichia coli. ClpX has been established as a model unfoldase system that
currently encompasses the most comprehensive and advanced body of experimental data
regarding AAA+ protease mechanisms.

Subunit conformational changes drive substrate translocation via pore
loop contacts

It has become evident that loops protruding from every ATPase subunit into the central pore
(pore-1 loops) are at least in part responsible for transmitting the ATP-dependent
conformational changes of the unfoldase ring to the protein substrate [14–18]. For all AAA+
protein translocases, the pore-1 loop contains a highly conserved aromatic residue, and
cross-linking experiments with the homohexameric ClpX unfoldase from Escherichia coli
have established that its loop tyrosine directly interacts with polypeptide substrates [16].
Mutation of this tyrosine to alanine or substitution of the neighboring valine residue to
alanine or phenylalanine has been shown to change the rate of ATP hydrolysis and severely
affect the speed as well as efficiency of protein unfolding and translocation [16, 19].
Interestingly, the nucleotide state of the subunit carrying the pore-loop mutation
significantly affected the observed phenotype. When analyzing ClpX mutant hexamers with
combinations of active and inactive subunits, loop mutations exhibited more deleterious
effects when placed in ATP-hydrolyzing versus hydrolysis-deficient subunits [16],
consistent with a model where the subunit’s hydrolysis cycle drives loop motion and thus
substrate translocation.

The interaction between the pore-1 loops and the polypeptide substrates must be surprisingly
promiscuous, given the many different cellular proteins with highly variable amino-acid
compositions that need to be grabbed and translocated. In principle, the loop could sense
regularities of the peptide bond or even nonspecifically engage the side-chains of individual
residues, much like the teeth on the chain ring of a bicycle grip the chain. Remarkably, the
apparent substrate indifference of AAA+ proteases during translocation extends well beyond
the requirements necessary to carry out their natural protein translocation tasks. For
instance, recent studies have shown that polypeptide translocation can not only occur from
either terminus, but also irrespective of D or L chirality and with little regard for side-chain
chemistry or peptide-bond spacing [20, 21]. However, the side-chain composition and thus
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complexity or “slipperiness” of a particular substrate portion has been found to affect the
probability of unraveling subsequent folded domains with high thermodynamic stability
[22]. Certain proteins, such as the transcription factors NFκB, Spt23, Mga2, Gli2, Gli3 and
others, contain internal degradation-stop signals with low-complexity sequences that reduce
the grip of the unfoldase and result in partial degradation and the release of protein
fragments with new functions [23–25]. It remains unclear what particular polypeptide
feature the pore-1 loops grab on to, and future studies will have to establish the molecular
details of this interaction.

Regardless of how the pore-1 loop interacts with polypeptide, it seems clear that its
movement is coupled to the ATP-hydrolysis cycle of the respective subunit. Given the
hexameric architecture of the ring, understanding the coordination among all six hydrolysis
cycles would thus provide critical insights into the mechanism of translocation. Three
general classes of inter-subunit coordination for unfoldases have been previously proposed:
sequential, concerted, and stochastic firing [26]. In the sequential model, the hydrolysis
cycle proceeds successively in a spatial and temporal order around the ring. In the concerted
model, all subunits complete individual steps of the hydrolysis cycle at the same time.
Finally, in the stochastic model, each subunit progresses through its hydrolysis cycle
independently of the others. Using single-chain variants of ClpX in which all subunits were
covalently linked, it has been shown that diverse arrangements of active and inactive
subunits still support protein unfolding and polypeptide translocation, though at reduced
rates [27]. These results immediately rule out strictly sequential or concerted models,
because they violate the tight synchrony required for such mechanisms. Although these
results generally favored a more stochastic model, the ATP-hydrolysis and substrate-
translocation rates did not simply correlate with the number of active subunits, but showed a
dependence on the arrangement of nucleotide states in the ring, indicating a certain degree of
inter-subunit coordination [27]. Recent work suggests that much of the coordination among
unfoldase subunits is due to the closed-ring topology of the hexamer. In the following
sections, we paint a structural picture of the ring and discuss its implications on the
translocation cycle using a convergence of recent structural, biochemical, and biophysical
data.

Structural constraints of unfoldase rings
The architecture of unfoldase rings limits their possible modes of operation. In order to
understand the origins of these constraints, we first focus on the structure of the individual
ATPase subunits. Each subunit contains at least one AAA+ module, which is composed of a
large AAA+ domain and an α-helical small AAA+ domain, connected by a covalent linkage
known as the N-linker [28]. The nucleotide-binding pocket is formed by conserved motifs
located at the interface between the large and small AAA+ domains (Walker A, Walker B,
sensor I, sensor II, and Box VII; see Figure 2a) [29]. Interestingly, nucleotide hydrolysis
requires an arginine residue that is donated by the neighboring subunit’s large AAA+
domain. The presence of this “arginine finger” indicates that the hydrolysis capability of the
nucleotide-binding site requires oligomerization. Although we omit a detailed discussion of
the AAA+ ATP-binding pocket here, we refer the curious reader to more thorough reviews
of its structure and function [2, 30].

ATP hydrolysis requires oligomerization, and the structural organization of the hexameric
ring provides insight into the conformational degrees of freedom that are important for
function. Recent crystal structures of the bacterial unfoldase ClpX from E. coli have
revealed a ring architecture with distinct structural asymmetry, despite being composed of
six identical ATPase subunits [31, 32]. Two major classes of subunits were observed within
the hexamer (Fig. 2B). For one class, termed “loadable” (L), the relative orientation of the
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large and small domains is compatible with an intact nucleotide-binding pocket. In the other
class, termed “unloadable” (U), an ~80° rotation about the N-linker between the domains
destroys the nucleotide binding pocket (Fig. 2C). An asymmetric arrangement of L/U/L/L/
U/L was observed for the majority of crystallized ClpX variants. The stoichiometry of four
L subunits within the hexamer is consistent with binding studies showing that a maximum of
four nucleotides can occupy the ring at saturation [33]. Intriguingly, the interface between
the small domain of a given subunit and the large domain of its clockwise-next neighbor, as
viewed from the top of the ring, is invariant regardless of whether the subunits are
“loadable” or “unloadable”, leading to the formation of six “rigid bodies” (Fig. 2D). The
static subunit interfaces persist during protein unfolding and translocation [34], indicating
that substrate translocation may be driven by nucleotide-dependent movements of the rigid
bodies about their connecting N-linker “hinges”.

Whether or not the structural asymmetry observed for ClpX extends as a general feature of
AAA+ unfoldases remains to be established. Crystal structures of other unfoldases such as
HslU and Lon show a more symmetric ring structure in which all subunits adopt a similar
conformation [35, 36]. These symmetric structures may imply a different mechanism of
function; however, they seem at odds with existing biochemical data reporting that the
hexameric rings of the HslU, PAN, and ClpX unfoldases can only bind four nucleotides at
saturation [33, 37, 38]. It is possible that these structures of HslU and Lon represent non-
functional conformations or apo states in the absence of nucleotide and/or substrate.
Symmetry breaking for these unfoldases could arise after ATP loads on the ring or substrate
enters the pore, as evidence for both of these modes of induced conformational changes is
emerging. Crystal structures of FtsH in the apo- and nucleotide-bound states show that the
unfoldase ring breaks from a six-fold symmetry to a pseudo two-fold symmetric structure
comparable to the ClpX hexamer [39]. In a similar fashion, recent cryo-EM structures of the
eukaryotic 26S proteasome in the absence and presence of protein substrate show two
distinct conformations [40–42]. Comparison of these structures reveals that substrate
engagement triggers the formation of rigid bodies reminiscent of those observed in the ClpX
hexamer, suggesting that substrate translocation by the proteasome also relies on constrained
motions of rigid bodies about their N-linker hinges.

Topology of the ring provides allosteric means of inter-subunit
coordination

Due to the rigid bodies formed between neighboring ATPase subunits and their limited
degrees of freedom imposed by the connecting linkers, motions of a single subunit likely
also cause global conformational flexing of the entire ring (Fig. 3A). Direct observation of
this behavior has been possible using a technique called tmFRET, which relies on the
distance-dependent quenching of a fluorescent dye in nanometer-scale proximity to a
transition-metal ion [43]. By carefully choosing the placement of the probe within a single
ClpX subunit, the tmFRET signal could report on either the binding of nucleotide or the
conformational state of the labeled subunit within an active hexamer [32]. Surprisingly, the
nucleotide occupancy of a particular subunit did not strictly correlate with its conformational
state, implying that the conformation of empty subunits can be influenced by nucleotides
bound somewhere else in the ring (Fig. 3B). This result suggests a certain degree of
coordination among subunits in their ATP-hydrolysis and substrate-translocation cycles. A
recent in silico study arrived at a similar conclusion purely by enforcing the structural
constraints described above [44]. By simulating faux ClpX hexamers composed of same-
type subunits (L or U) with obligatory rigid interfaces, it was discovered that the resulting
structures adopt a helical “open lockwasher” conformation. Only when mixtures of L and U-
type subunits were allowed to coexist, it was possible to recover the closed ring architecture
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known to be present during ClpX operation [34]. Although these same rules were not
observed to apply for the symmetric structures of HslU, the AAA+ motor domain of
cytoplasmic dynein appears to also require mixtures of subunits in different conformations
to form a closed ring [44], and increasing experimental evidence for conformational
switching dynamics in the dynein motor is emerging from structural [45] as well as
mechanistic studies [46]. Indications of a conformational switching requirement to form
closed, functional rings has also been observed in the asymmetric crystal structure of the
related RecA-type T7 gene 4 helicase [47]. These observations illustrate that strong
structural constraints do not only apply to AAA+ protein unfoldases like ClpX but also
extend to other ring-shaped motors with significantly different functions.

A preferred order of hydrolysis events around the ring
Conformational switching of empty subunits raises the possibility that a subunit’s nucleotide
affinity or hydrolysis activity may be modulated by the nucleotide occupancy and the state
of the hydrolysis cycle elsewhere in the ring. Different classes of subunits with
correspondingly different nucleotide affinities have been observed in the hexamers of
various ATP-dependent unfoldases, including ClpX [33], PAN [48], and HslU [37]. Thus, it
is plausible that a preferred order of nucleotide loading, hydrolysis, and product release steps
exists among neighboring subunits as a result of their structurally constrained geometry.
Consistently, the ATP-hydrolysis rate of a particular ClpX subunit has been shown to
significantly depend on the nucleotide state of its neighbors [27]. An active subunit that was
flanked by a permanently empty-state subunit on the counter-clockwise side and a trapped
ATP-bound, pre-hydrolysis-state subunit on the clockwise side had a 3-fold higher
hydrolysis rate than when the order of mutant subunits was reversed. Although diverse
arrangements of active and inactive subunits in the hexamer were observed to support ATP
hydrolysis and even protein unfolding and translocation, these results support a model in
which subunits of wild-type ClpX progress through their ATPase cycles in a clockwise order
during normal operation, with the ability to skip subunits and take alternative paths in a
probabilistic manner when necessary or beneficial [27].

Cryo-EM reconstructions of the 26S proteasome also point to a preferred order of nucleotide
states around its heterohexameric ATPase ring during active substrate translocation [42] or
in the presence of the slowly hydrolysable ATPγS [49]. Rigid bodies between neighboring
subunits were found to be tilted to different extents within the plane of the unfoldase ring,
leading to a continuous spiral-staircase arrangement of the six pore-1 loops. The fixed
position of each distinct subunit within this spiral may originate from the heterohexameric
nature of the ring or the asymmetry imposed by surrounding ubiquitin-interacting modules
and the proteasomal peptidase. Substrate translocation could thus in theory proceed through
only local pore-1 loop motions with subunits otherwise statically positioned in the spiral
arrangement. Alternatively, the spiral staircase observed in the EM reconstructions may
represent a long-lived state of an ATPase ring, whose hydrolysis cycles rely on a biphasic
mechanism with rapid subunit motions. In support of this idea, the highly coordinated
translocation mechanism of the structurally related ϕ29 DNA packaging motor [50, 51] and
emerging single-molecule data on the translocation mechanism of ClpX (discussed in the
following section) [12, 13, 52] point towards a long-lived “dwell” state that is adopted by
the ATPase ring before or after coordinated hydrolysis events lead to a rapid wave of
subunit conformational changes around the ring and a “burst” of substrate translocation. The
burst phase may thus involve large-scale motions of individual subunits that rapidly progress
through the registers of the spiral staircase. As the ring resets, the initial spiral conformation
would return and the ring would be primed for the next burst cycle. The ϕ29 DNA
packaging motor as well as the ClpX unfoldase have been observed to spend more than 90%
of their time in the dwell state and less than 10% with conformational changes in the burst.
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A potentially similar behavior of the proteasome would explain why its ATPase subunits
appear to be arranged in a static spiral staircase when thousands of particles are averaged for
a cryo-EM reconstruction. Notably, the pseudo two-fold symmetric structure of ClpX shows
a different organization of pore-1 loops, in which each half ring contains a separate three-
step staircase [31]. However, the ClpX structure was solved in the absence of substrate, and
it is conceivable that this motor adopts a continuous spiral staircase, similar to the
proteasome unfoldase, as soon as substrate is engaged and being translocated. Of course, it
cannot be ruled out that ClpX and the proteasome use different mechanisms for
translocation, and future studies will be necessary to definitively distinguish between these
possibilities. Besides the cryo-EM reconstruction of the 26S proteasome, the structures of
only three other substrate-bound ring translocases have been solved to date: the AAA+ E1
helicase [53] as well as the structurally related RecA-type Rho and DnaB helicases [54, 55].
Interestingly, similar to the proteasome, each of these structures shows a continuous spiral
arrangement of subunits around the ring (Fig. 4A–D), further suggesting that unfoldases like
ClpX may also adopt such a staircase arrangement upon substrate engagement in the central
pore.

Substrate translocation is biphasic and highly coordinated among multiple
subunits

The emerging structural picture of the unfoldase ring provides a valuable new perspective to
interpret available single-molecule data on ClpX. Remarkably, the use of optical tweezers
has enabled the direct monitoring of ClpX-mediated substrate processing at a sensitivity that
resolves separate phases of the translocation cycle [12, 13]. The dynamics of unfolding and
translocation could thereby be observed as changes in the motor position along the protein
substrate. Unfolding of three-dimensional structures results in a rapid increase in substrate
extension that subsequently gradually decreases as the unfolded polypeptide chain gets
translocated into the protease (Fig. 5A). Detailed analyses revealed that this translocation
exhibits a step-like pattern, consisting of a dwell phase, during which the ClpX position on
the substrate chain remains fixed, and a burst phase, in which ClpX rapidly translocates a
certain length of polypeptide through its central pore (Fig. 5B). Interestingly, burst-size
variability was observed, but it remained unclear whether this was due to the coordinated
firing of a variable number of ClpX subunits or to the heterogeneity of the flexible
polypeptide substrate.

Recent single-molecule experiments have now established that the translocation burst is
driven by the phosphate-release step of the ATPase cycle, that ClpX subunits are highly
coordinated during this burst phase, and that the variability in burst sizes indeed results from
the variable number of hydrolyzing subunits [52]. At saturating ATP concentrations, the
distribution of burst sizes corresponded to the coordinated firing of 2, 3, or 4 subunits,
whereas at limiting ATP the burst-size distribution shifted to lower values equivalent to the
participation of only 2 or 3 subunits (Fig. 5C). Firing bursts involving 4 subunits are again
consistent with the maximal ATP-binding capacity of the ring [33], while the predominance
of 2-subunit bursts and the almost complete absence of single-subunit bursts at low ATP
concentrations implies that at least two subunits must bind ATP to initiate translocation.
These two subunits must have an affinity for ATP much higher than the affinity of the
titratable subunits, a finding that is in agreement with both the known structure of ClpX [31,
32] as well as the different classes of binding sites found within the ClpX ring [33]. The
frequent occurrence of smaller-size bursts and the fact that the burst size can be titrated with
the ATP concentration suggests that normal motor function does not always use the full
capacity of the ring, even when ATP is present at saturating amounts. Based on the
conformational switching models of inter-subunit coordination described in the previous
section, it is feasible that the sub-saturated ring could still drive global conformational
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changes sufficient to produce an effective translocation burst. Because substrate contacts
require bound nucleotide [33, 56], only filled subunits might contribute to the burst size.
Future mutational studies involving combinations of hydrolysis-inactivated subunits with
subunits housing compromised pore-1 loops will be required to test this model.

The ring has a hard-wired ‘rhythm’
Despite the ATP-titratability of the burst size, the distribution of completion times for the
dwell-burst cycle remained constant over the entire accessible ATP-concentration range
(Fig. 5B) [52]. Statistical analysis of the dwell-time distribution revealed that at least two
rate-limiting transitions must happen before the burst of translocation occurs (Fig. 5C).
Because this requirement is independent of the ATP concentration, these dwell-determining
transitions are not coupled to ATP binding the low-affinity subunits. Although the identity
of these transitions remains unknown, the structural framework described above provides
testable candidates for future studies. For example, within the established conformational
switching framework, existing data might suggest that the arrangement of subunit
conformations in the nucleotide-loaded ring must be reset via U-to-L and L-to-U
isomerizations during each individual translocation cycle [32]. It is also possible that the
dwell-determining transitions follow the binding of ATP and involve setting up at least one
of the subunits for catalysis, perhaps by correctly positioning the arginine finger from the
neighboring subunit [57]. The rigid interfaces within the hexamer could then facilitate the
coordinated firing of the remaining nucleotide-bound subunits.

Concluding remarks
Remarkable progress has been made in understanding the translocation mechanism of ATP-
dependent proteases in recent years. The emerging models have required the convergence of
interdisciplinary fields spanning state-of-the-art approaches in structural biology, bulk
biochemistry, and single-molecule force spectroscopy. Fundamental questions still persist,
such as revealing the identity of the transitions that control the dwell time during substrate
translocation and mapping out the detailed spatiotemporal ordering of ATP binding,
hydrolysis, and product release events within ATPase hexamers. Addressing these questions
using ClpX as the most advanced model system will likely provide important new insight
into operating principles applicable to other ATP-dependent proteases and ring-shaped
motors serving different functions in the cell. However, it will critical to determine whether
the evolving ClpX mechanism can indeed be generalized. Recent hints from related motors
of the AAA+ and RecA families, such as the 26S proteasome and DNA helicases, suggest
considerable similarities in basic function, and we are excited about the prospect of a
mechanistic convergence of the ATP-dependent motor field.
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Highlights to manuscript entitled: “Marching to the beat of the ring:
polypeptide translocation by AAA+ proteases”

1. ATP-dependent proteases contain a hexameric unfoldase for protein
translocation.

2. Rigidity within unfoldase ring leads to preferred order of ATP hydrolysis
events.

3. Subunits in the hexamer are coordinated in their conformational changes.
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Figure 1. Protein degradation by ATP-dependent proteases
A protein substrate is specifically recognized by the unfoldase and engaged by residues
located in the central pore. Downstream ATP-dependent steps lead to the unfolding of the
substrate and the subsequent translocation of the unfolded polypeptide through the central
pore of the unfoldase into the degradation chamber of the peptidase for proteolysis.
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Figure 2. Architecture of unfoldase rings
(A) Organization of a single ClpX ATP binding pocket showing the position of
characteristic functional motifs (PDB ID 4I81). The side-chain positioning of the sensor-2
arginine was not resolved in the original crystal structure and has been modeled here for
clarity. The inset shows the location of the binding pocket at the interface between two
subunits, highlighting that both subunits contribute active-site residues. (B) Hexameric
structure of ClpX shows two major conformational classes. Subunits labeled U (for
“unloadable”) are in an open conformation leading to a destroyed ATP binding site (red X).
Subunits labeled L (for “loadable”) are in a closed conformation and form an intact ATP
binding pocket (green check). Different subunits have distinct colors. One “rigid body”
between a small AAA+ domain and the large AAA+ domain of the clockwise-next neighbor
is indicated by a dashed outline. (C) Structural alignment of the large domains of every
subunit reveals a nucleotide-dependent hinge-like motion of the same subunit’s small
domain about its N-linker. (D) Structural alignment of the large domains of every subunit
shows the existence of a rigid binding interface with the previous subunit’s small domain.
Subunit colors for (C) and (D) are as shown in (B).
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Figure 3. Topological constraints necessitate conformational switching
(A) The rigid interfaces between neighboring subunits as well as the closed-ring topology
cause conformational changes of a single subunit to also change the conformation of other
subunits. The conformational coupling of subunits throughout the hexamer is indicated by a
zigzag circle. (B) ATP binding to a subunit results in a hinge-like motion of the small
domain about its N-linker (see Fig. 2C). Other subunits within the ring are forced to switch
their conformation (orange-colored subunit changes green) and, equivalently, change their
nucleotide binding affinity (square binding site changes its shape). The spatial order of
conformational switching and the detailed conformation of switched subunits remain
unclear. This illustration depicts the simplest case involving adjacent subunits, with the
remainder of the ring blurred from view.
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Figure 4. Spiral staircase arrangements of subunits in structures of substrate-bound ring
translocases
(A) Unfoldase (base) subunits of the 26S proteasome show a pronounced spiral staircase
arrangement of pore-1 loops in the substrate-bound cryo-EM structure (EMD-5669).
Colored spheres highlight the position of the pore-1 loop phenylalanine for each subunit.
Inset shows the docking of the PAN crystal structure (3H4M) into the proteasome cryo-EM
electron density. (B) Crystal structure of the RecA-type Rho helicase (3ICE) exhibits a
similar spiral staircase arrangement of RNA binding loops. Colored spheres show the
location of a threonine residue in the so-called “Q-loop”, which is important for making
contacts with the phosphate backbone. The side-chain positioning of the Q-loop threonine in
the left-most subunit was poorly resolved in the crystal structure and has been modeled here.
All other key RNA-binding residues form a similar spiral staircase arrangement, but are
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omitted for clarity. (C) E1 helicase shows a spiral staircase arrangement of DNA-binding
loops in the substrate-bound crystal structure (2GXA). Colored spheres show the location of
a conserved histidine within the principle DNA binding loop important for making crucial
phosphate-backbone hydrogen bonds. Although all other pore/substrate contacts form a
similar spiral staircase, they have been omitted for clarity. (D) The DNA-binding loops of
the DnaB helicase form a spiral staircase arrangement in the substrate-bound crystal
structure (4ESV). Colored spheres show the location of an arginine residue located within
the DNA binding loop that is responsible for making side-chain hydrogen bonds with the
phosphate backbone of the DNA substrate. Other residues within the DNA-binding loop
form a similar spiral staircase arrangement, but have been omitted for clarity.
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Figure 5. Single-molecule studies reveal flexibility in ATP usage, but high coordination during
firing
(A) Optical tweezers allow the direct observation of ClpX-mediated protein unfolding and
polypeptide translocation into its associated peptidase ClpP. The cartoon schematic on the
left illustrates the events occurring during an experiment. The plot on the right shows an
example of a typical single-molecule trace, with the extension between the beads plotted as a
function of time. Different features within the trace are color-coded according to the
corresponding event, as depicted in the cartoon schematic. Protein unfolding is observed as a
rapid increase in extension, and subsequent polypeptide translocation is observed as a
gradual decrease in extension with time, the zoom-in of which exhibits a step-wise pattern.
(B) Top: Polypeptide translocation occurs via discrete steps composed of a long-lived dwell
phase and a rapid burst phase. Bottom left: The burst size exhibits a dependence on the ATP
concentration, with 2, 3, or 4 subunits firing at saturation and only 2 or 3 subunits firing at
ATP concentrations near the Km. Bottom right: The mean dwell duration between bursts
exhibits no dependence on ATP concentration. Data for the bottom left and right graphs
were taken from reference [52]. (C) Proposed model of translocation based on single-
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molecule results. The ClpX ring can bind at most four ATP molecules (the two subunits that
cannot bind ATP are shown in grey). Two of the remaining subunits have a high affinity for
ATP (blue outline) and the other two subunits have a low affinity (green outline). Before the
burst phase initiates, at least the two high affinity subunits have to bind ATP during the
dwell phase. The duration of this dwell phase is determined by at least two slow steps
regardless of the occupancy of the low-affinity sites. At high ATP concentrations the low-
affinity subunits can bind additional ATP molecules, whereas at low concentrations the
translocation burst occurs before all of the low-affinity subunits can fill.
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