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Abstract

ClpXP is an archetypical AAA+ protease, consisting of ClpX and ClpP. ClpXis an
ATP-dependent protein unfoldase and polypeptide translocase, whereas ClpP is a self-
compartmentalized peptidase. CIpXP is currently the only AAA+ protease for which high-
resolution structures exist, the molecular basis of recognition for a protein substrate is understood,
extensive biochemical and genetic analysis have been performed, and single-molecule optical
trapping has allowed direct visualization of the kinetics of substrate unfolding and translocation.
In this review, we discuss our current understanding of ClpXP structure and function, evaluate
competing sequential and probabilistic mechanisms of ATP hydrolysis, and highlight open
questions for future exploration.

Introduction

Molecular machines of the AAA+ superfamily (ATPases Associated with diverse cellular
Activities) power important cellular functions that include protein degradation, remodeling
of protein and nucleic-acid complexes, transport of cargo along microtubule tracks,
recycling of vesicles, packaging of viral DNA, loading of the sliding clamp and/or
replicative helicases onto DNA, cytokinesis, activation of innate-immune responses,
translocation of chromosomes, and activation of transcription (Neuwald et al., 1999; Ogura
and Wilkinson, 2001; Hanson and Whiteheart, 2005; Sauer and Baker, 2011). These AAA+
machines commonly function as hexameric rings with an axial channel or pore.

Active AAA+ proteases consist of a AAA+ hexameric ring that acts to engage protein
substrates, to unfold any native structure present in this substrate, and to translocate

the resulting polypeptide through the axial channel of the ring and into the degradation
chamber of an associated self-compartmentalized peptidase (Figure 1A, Striebel et al., 2009;
Sauer and Baker, 2011; Bard et al., 2018; Puchades et al., 2020; Zhang and Mao, 2020).

Current address: Department of Molecular Biology, Massachusetts General Hospital Research Institute, Massachusetts General
Hospital, Boston, Massachusetts 02114, USA; Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA

Disclosure statement
The authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sauer et al.

Page 2

Energy released by ATP binding, hydrolysis, and/or ADP/P; release powers the substrate
unfolding and translocation reactions needed for degradation. ClpXP is an archetypical and
well-studied AAA+ protease present in most eubacteria and the mitochondria of eukaryotic
cells (Baker and Sauer, 2012; Olivares et al., 2018). It consists of ClpX, a hexameric AAA+
unfoldase/translocase, and CIpP, a barrel-like peptidase assembled from two heptameric
rings. Ring hexamers of ClpX can stack coaxially with one heptameric ring of CIpP to

form singly capped complexes or with both heptamers to generate doubly capped complexes
(Figure 1B). Both types of ClpXP complexes are active in protein degradation, whereas
ClpP, by itself, is only able to cleave very small peptides that diffuse into its degradation
chamber (Thompson and Maurizi, 1994; Lee et al., 2010a). Thus, intrinsically disordered
proteins or nascent polypeptides in the cell are protected from degradation by free ClpP
tetradecamers.

Native proteins or large polypeptides are only degraded by CIpXP if they contain an
unstructured peptide degron, typically at the N- or C-terminus, that is recognized by

ClpX to allow unfolding and/or the initiation of translocation (Fig. 1A). In eubacteria,
ClpXP helps ensure protein quality control by degrading ssrA-tagged protein fragments
generated by premature termination of ribosomal synthesis (Moore and Sauer, 2007; Keiler,
2015). Bacterial ClpXP also affects cell fate by degrading transcription factors, cell-cycle
regulators, and stress inhibitors (Jenal and Fuchs, 1998; Flynn et al., 2003; Baker and
Sauer, 2012; Konovalova et al., 2014). In the absence of CIpP, ClpX alone can unfold
proteins, disassemble macromolecular complexes, and catalyze incorporation of cofactors
into metabolic enzymes (Burton and Baker, 2005; Kardon et al., 2015). Most studies

of ClpXP have focused on the Escherichia coli enzymes and questions of fundamental
mechanism, but ClpX and ClpP are also medically relevant. For example, mutations in
mammalian CIpP or ClpX cause disease and developmental defects (Gispert et al., 2013;
Yien et al., 2017; Bhandari et al., 2018; Luo et al., 2021), and antibiotics that hyperactivate
ClpP and prevent its binding to ClpX kill Mycobacterium tuberculosis and eradicate
Staphylococcus aureus persisters from biofilms (Brotz-Oesterhelt et al., 2005; Conlon et
al., 2013; Carney et al., 2014).

In this review, we focus on current understanding of the structure and function of ClpXP,
discuss how the predictions of competing sequential and probabilistic mechanisms of ATP
hydrolysis concur or fail to accord with experiments, and highlight important unresolved
mechanistic questions. For a discussion of the discovery of ClpX, ClpP, and biological
substrates, we refer readers to previous reviews (Baker and Sauer, 2006; 2012; Mahmoud
and Chien, 2018).

ClpX domains and sequence motifs

Each ClpX subunit comprises an N-terminal domain (~60 residues), a large AAA+ domain
(~260 residues), and a small AAA+ domain (~100 residues) (Fig. 2A). The large and

small AAA+ domains, together called the AAA+ module, have folds found in many AAA+
enzymes, whereas the N-terminal domain, which is a zinc-stabilized dimer in NMR and
crystal structures, is only found in the ClpX family (Singh et al., 2001; Wojtyra et al., 2003;
Donaldson et al., 2003; Park et al., 2007). The N-terminal domain, which is connected via
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a highly flexible linker to the large AAA+ domain, binds the auxiliary tags of some protein
substrates and adaptor proteins but is not required for ClpXP degradation of ssrA-tagged
substrates (Singh et al., 2001; Flynn et al., 2003; Neher et al., 2003; Wojtyra et al., 2003).
Indeed, variants of £. coli ClpX lacking the N-terminal domain (ClpX2N) can be genetically
linked with short tethers to form pseudohexamers that combine with CIpP to degrade
ssrA-tagged proteins with Ky, and Vax Kinetic parameters like those of wild-type ClpXP
(Martin et al., 2005; Glynn et al., 2012). Thus, the AAA+ module executes the ATP-fueled
protein-unfolding and polypeptide-translocation functions of ClpX.

As observed in most AAA+ enzymes (Neuwald et al., 1999), ATP binds in a crevice
between the large and small domains of each ClpX subunit, with important nucleotide
contacts mediated by box-I1, Walker-A, Walker-B, and sensor-11 residues of that subunit and
by the arginine finger of the adjacent subunit (Figure 2B). As expected, mutations in these
sequence motifs eliminate or dramatically slow ATP hydrolysis by ClpX with concomitant
deleterious effects on ClpXP degradation (Hersch et al., 2005; Stinson et al., 2013; Fei et

al., 2020a). The large AAA+ domain also contains pore-1, pore-2, and RKH loops that line
the axial channel of the hexameric ring (Figures 2A, 2C). Mutation of these pore sequences
prevents or weakens substrate binding and can alter substrate specificity (Siddiqui et al.,
2004; Farrell et al., 2007; Martin et al., 2007; 2008a; losefson et al., 2015a). The RKH

loop is unique to the ClpX family, whereas pore-1 and pore-2 elements are common among
AAA+ proteases and protein-remodeling machines. The large AAA+ domain of ClpX also
harbors an IGF loop (Figures 2A, 2C) that mediates docking with ClpP (Kim et al., 2001), as
discussed below. Deletion of this loop prevents ClpP binding without altering ClpX’s ability
to unfold protein substrates (Joshi et al., 2004). In many bacteria, ClpP also partners with the
double-ring ClpA or CIpC AAA+ enzymes, which have IGF-like loops, to allow CIpAP or
ClpCP degradation of a diverse set of target proteins (Sauer and Baker, 2011).

Insights from crystal and cryo-EM structures

Crystal structures of CIpX2N in monomeric and hexameric forms provided information
about the folds of the large and small AAA+ domains and revealed that the large AAA+
domain of one subunit packs against the neighboring small domain in a rigid-body fashion
(Kim and Kim, 2003; Glynn et al., 2009; Stinson et al., 2013). The pore-1, pore-2, RKH,
and IGF loops were typically disordered in these structures, however, and two subunits of
the ClpX hexamer did not bind nucleotide, as a consequence of a large rotation between
the large and small AAA+ domains. Although these structures must represent low-energy
conformations, they appear to be functionally irrelevant. For example, as discussed below,
all six subunits of a ClpX hexamer are capable of binding nucleotide. In addition, crystal
structures of single-chain ClpX hexamers (Glynn et al. 2009; Stinson et al., 2013) appear
incapable of binding ClpP well, as their IGF loops would be inappropriately spaced to bind
multiple docking clefts on the surface of a CIpP heptamer (see below).

Eight cryo-EM structures of £. coli or Neisseria meningitidis ClpX2N bound to substrate and
ClpP have recently been solved at near atomic resolution (Fei et al., 2020a; 2020b; Ripstein
et al., 2020b). A lower-resolution cryo-EM structure of full-length Listeria monocytogenes
ClpX bound to ClpP is also available (Gatsogiannis et al., 2019). In the high-resolution
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structures, the six subunits of the CIpX2N hexamer form a shallow spiral (Figures 3A-3C).
We label these subunits ABCDEF from the top to the bottom of the spiral (Figure 3C). Strict
spiral or helical symmetry would generate an open lock-washer structure, whereas closure of
the ClpX ring is mediated by modest changes in packing interactions between F/A or A/B
subunits depending on the structure.

In high-resolution cryo-EM structures, ClpX subunits B/C/D always bind ATP or ATP-yS,
whereas subunits A/E/F sometimes bind ADP or lack nucleotide (Figure 4A). Some high-
resolution studies used hydrolytically impaired variants of ClpX and ATPyS (a slowly
hydrolyzed ATP analog). The ADP observed in these structures likely originated from direct
binding of ADP, an impurity in solutions of ATPyS, rather than hydrolysis (Fei et al.,
2020a). These observations indicate that the hexamer is most stable with ADP bound at only
certain spiral positions. Although ATP hydrolysis might only occur in subunits A/E/F, it is
also possible that hydrolysis in subunits B/C/D rapidly moves them into an A/E/F position,
where ADP is more stably accommodated.

Mechanical unfolding and translocation of substrate proteins requires major structural
changes in the ClpX ring, which appear to arise as a consequence of reorientation of the
large and small AAA+ domains of individual subunits. The domain-domain orientation
within AAA+ modules is generally similar for subunits B/C/D/E/F but can be quite distinct
for subunit A. For example, Figure 4B shows two of the most divergent orientations of

the large AAA+ domain of subunit A, after aligning its small AAA+ domains. The ClpX
ring, which functions as an integrated unit, is stabilized by interactions between neighboring
large AAA+ domains and by packing of the small AAA+ domain against the adjacent

large domain (Figure 4C, 4D). These subunit-subunit interaction interfaces include parts

of the substrate-binding loops and the nucleotide-binding motifs (Figure 4C), providing a
structural basis for coordinating ATP hydrolysis with substrate unfolding and translocation.
Each small AAA+ domain in the ClpX ring interacts with the neighboring large domain in

a very similar manner, although a small variation occurs in the subunits that connect the

top and bottom of the spiral as a consequence of flexing of a residue 65-114 subdomain.
Thus, the functional ring can be viewed as six rigid-body units, comprising neighboring
large and small AAA+ domains, connected by short hinges that link the two domains of each
AAA+ module (Fig. 4E). Engineered disulfide bonds across the rigid-body interfaces ensure
a topologically closed ClpX ring and do not impair unfolding or degradation (Glynn et al.,
2012). Thus, open-ring or lock-washer conformations are not required for ClpX function.

The topological closure of the ClpX ring ensures that altering the conformation of any single
hinge would change the conformations of hinges in flanking subunits, which in turn could
generate a concerted power stroke involving all six subunits of the hexamer. Moreover, as
residues from both AAA+ domains of each ClpX subunit contact nucleotide, ATP binding,
hydrolysis, or product release could change the local hinge conformation, providing a
mechanism to initiate and then propagate the large structural changes needed for coordinated
machine function. The importance of the hinges is highlighted by studies showing that

small changes in their length or deletion of a single hinge reduces ClpX function to nearly
undetectable levels (Glynn et al., 2012; Bell et al., 2018). As discussed later, differences
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between ClpX rings observed in individual cryo-EM structures also suggest conformational
changes that underlie the molecular mechanisms of protein unfolding and translocation.

ClpP structure and interaction with ClpX

Although often viewed as a passive partner of ClpX, ClpP plays an essential role in energy-
dependent ClpXP degradation and is an attractive antibacterial drug target. The two axially
stacked heptameric rings of ClpP enclose a degradation chamber with Ser-His-Asp catalytic
triads, which can be inactivated by classical serine-protease inhibitors or newly developed
small-molecule drugs (Maurizi et al., 1990; Kessel et al., 1995; Wang et al., 1997; Zeiler et
al., 2012; Bhandari et al., 2018; Moreno-Cinos et al., 2019).

As anticipated from biochemical and mutational experiments, cryo-EM structures show that
docking of flexible IGF loops of ClpX into clefts or pockets between subunits on the ClpP
ring accommodate the geometric mismatches between a spiral ClpX hexamer and a flat
ClpP heptameric ring (Figures 5A-5C; Kim et al., 2001; Singh et al., 2001; Amor et al.,
2019; Gatsogiannis et al., 2019; Fei et al., 2020a; Ripstein et al., 2020b). An lle-Gly-Phe
(IGF) tripeptide at the tip of each loop extends deeply into a CIpP cleft (Figure 5B), and
other residues flanking the IGF tripeptide make additional important hydrophobic and polar
contacts with ClpP. These interactions are very similar for all docked IGF loops, but the
remaining portions of the loops adopt a wide variety of structures in different subunits of
the ClpX ring (Figure 5C). This IGF-loop flexibility allows ClpP to remain tightly bound
as ClpX adopts conformations that can vary by as much as 15 A during its ATP-fueled
mechanical cycle. Although the mutlivalent interactions between IGF-loops and ClpP clefts
mediate high-affinity binding, individual loop-cleft interactions are highly dynamic and can
break and reform on a time scale of seconds or faster (Amor et al., 2016).

In most high-resolution cryo-EM structures, six ClpX IGF loops are docked into six ClpP
clefts, leaving one cleft empty (Fei et al., 2020a; 2020b; Ripstein et al., 2020b). In one
structure, however, there was good density for only five IGF loops, leaving two adjacent
empty clefts. This finding, together with a strictly sequential model of function et al.
(discussed below) led to the proposal that the ClpX ring rotates with respect to the ClpP
ring during proteolysis (Ripstein et al., 2020b). An analogous rotation mechanism has been
proposed for the CIpA and ClpP rings in CIpAP (Lopez et al., 2020). However, when
rotation of ClpX or CIpA with respect to CIpP is prevented by crosslinking, both ClpXP and
ClpAP remain active in degradation, albeit with reduced proteolytic velocities (Bell, 2020;
Kim et al., 2020). Although these crosslinking results do not strictly exclude the possibility
of rotation, direct single-molecule experiments demonstrating rotation will be needed to
substantiate this intriguing model.

In the absence of ClpX, each CIpP ring has a narrow axial pore that restricts entry of

large peptides into the degradation chamber (Wang et al., 1997). Notably, ClpX binding
restructures the N-terminal B hairpins that form the CIpP pore, opening this aperture to a
width of ~30 A (Figure 5D; Fei et al., 2020a; Ripstein et al., 2020b). This pore opening
allows polypeptides translocated though the ClpX channel to enter the degradation chamber.
When ClpX binds only one ring of CIpP, the axial pore of the unbound CIpP ring remains
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closed, demonstrating that the two rings are not allosterically coupled with respect to pore
opening (Fei et al., 2020b). Early EM studies of doubly capped ClpXP complexes showed
that simultaneous translocation from both ClpX rings is rare (Ortega et al., 2002). This
observation was interpreted to mean that substrate unfolding and not translocation is rate
limiting but also raised the possibility of negatively cooperative interactions between the two
ClpP rings. If such negative cooperativity is operative, its structural basis is unknown.

ClpP alone degrades peptides with 10 or more amino acids very slowly, but ClpXP degrades
these peptides ~10-fold faster without requiring ATP hydrolysis (Lee et al., 2010a). The
ability of ClpX to stimulate peptide degradation by ClpP depends on its ability to open the
ClpP pore. It is often assumed that such peptides pass through the ClpX channel and then
through the CIpP pore, but, as we discuss below, the channel is likely to be closed in the
absence of a translocating protein substrate. Moreover, the rate of decapeptide degradation
by ClpXP barely slows when saturating concentrations of an ssrA-tagged protein substrate
are also present, suggesting that these peptides do not traverse the ClpX channel (T. Bell
and R. Sauer, unpublished results). Openings between the upper parts of the IGF loops of
ClpX, especially those spanning the empty CIpP cleft, provide a likely path for such peptides
to directly enter the open pore of ClpP without passing through the ClpX channel (Figure
5E), which is likely to be closed. This route into the degradation chamber would be even
more accessible when only five IGF loops were stably docked. Microscopic reversibility
also makes it feasible that the peptide products of degradation, which are typically 5-20
residues in length (Tremblay et al., 2020; Mawla et al., 2021), exit the CIpP chamber

by the same route. Indeed, the 30-A diameter of the open CIpP pore is wide enough

to accommodate an incoming translocating polypeptide from ClpX at the same time that
outgoing peptide products exit. An alternative model posits that structural fluctuations at the
equatorial ring-ring interface of ClpP create transient windows that allow release of peptide
products (Sprangers et al., 2005).

In a fascinating illustration of biological mimicry, acyldepsipeptides (ADEPSs), which are
synthesized by some bacteria, bind in the same clefts on the ClpP ring that are the docking
sites for the ClpX IGF loops, open the axial pores into the degradation chamber, and
thereby enhance ClpP proteolysis of unstructured polypeptides (Brétz-Oesterhelt et al.,
2005; Kirstein et al., 2009; Lee et al., 2010b; Li et al., 2010). In addition to competitively
blocking binding of ClpX or other partner enzymes, ADEPs cause rapid dissociation of
ClpXP complexes (Amor et al., 2016). The ability of ADEPs to kill many bacteria appears
to depend on hyperactivated rogue degradation of cellular proteins (Brotz-Oesterhelt et al.,
2005; Kirstein et al., 2009), but killing of M. tuberculosis results from inhibition of ClpXP
or CIpCP function (Famulla et al., 2016).

Some structures of ClpP show an axially compressed and inactive conformation, but whether
these structures are populated during ClpXP degradation is unknown (Kimber et al., 2010;
Zhang et al., 2011; Liu et al., 2014; Ripstein et al., 2020a). A compressed CIpP structure

has yet to be observed in complex with ClpX or ADEPs. For human CIpP in the absence of
ClpX, individual heptameric rings are stable (Kang et al., 2005). These heptamers have an
exposed degradation chamber but are inactive as a consequence of conformational changes
in their catalytic triads, thereby preventing uncontrolled degradation of cellular proteins
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prior to assembly of active tetradecamers. Most structures of ClpP tetradecamers from other
species resemble the £. colienzyme. However, some bacteria encode multiple CIpP genes,
allowing for tetradecamers with two distinct heptameric CIpP rings (Kahne and Darwin,
2021). For example, M. tuberculosis ClpP consists of ClpP1 and ClpP2 heptameric rings,
only one of which binds ADEPs (Schmitz et al., 2014; Li et al., 2016). Determining the
biological significance of these mixed-ring CIpP enzymes is an area of active interest.

Degron recognition

To be degraded by CIpXP, a protein must contain an unstructured peptide, called a degron or
degradation tag, that is initially engaged in the axial channel or pore of the ClpX ring. For
example, E. coli ClpXP degrades proteins containing C-terminal tags ending in Ala-Ala, as
well as additional classes of C- and N-terminal degrons (Gottesman et al., 1998; Flynn et
al., 2003). The £. colissrA tag (-Ala-Ala-Asn-Asp-Glu-Asn-Tyr-Ala-Leu-Ala-Ala-COQO"),
which is added to partially synthesized proteins during tmRNA-mediated ribosome rescue
(Keiler et al., 1995; Roche and Sauer, 1999), is the best studied ClpX degron. Appending the
SSrA tag to proteins, like green fluorescent protein (GFP), which are not natural substrates,
renders them susceptible to ClpXP degradation (Gottesman et al., 1998; Kim et al., 2000;
Singh et al., 2000; Burton et al., 2001; Lee et al., 2001; Kenniston et al., 2003; 2004).

Biochemical and genetic experiments show that the terminal -Tyr-Ala-Leu-Ala-Ala-COO~
residues of the ssrA tag are the critical determinants of ClpX recognition (Flynn et al.,
2001). A cryo-EM structure reveals how ClpX initially binds this sequence (Fei et al.,
2020b). In this recognition complex, the C-terminal portion of the ssrA tag is bound in the
upper part of the axial channel of the ClpX ring, with the pore-2 loop of subunit A blocking
access to the lower channel (Figure 6A). Contacts with the -Ala-Ala-COO™ and nearby

tag residues are made by Thrl9 and Val202 from this ClpX pore-2 loop, by Tyrl53 and
Val154 from the pore-1 loops of subunits A and B, and by Arg?28 and His?3° from multiple
RKH loops. These results provide a gratifying structural explanation for the importance

of the pore-1, pore-2, and RKH loops of ClpX in ssrA-tag recognition (Siddiqui et al.,
2004; Farrell et al., 2007; Martin et al., 2007; 2008a; losefson et al., 2015a; Fei et al.,
2020b). For example, human ClpX has leucines at positions corresponding to Thr99 and
His230 in £, coli ClpX and fails to recognize ssrA-tagged substrates, but a human variant
containing pore-2 and RKH loops from the £. coli enzyme acquires this recognition activity
(Martin et al., 2008a). Although it has yet to be shown that the axial channel of ClpX is
also closed prior to degron binding, this model seems likely as it provides a mechanism

to prevent promiscuous binding of many different peptide sequences in an open channel,
thereby accounting for the high degree of specificity that ClpXP exhibits with respect to
substrate choice.

For some substrates, degron recognition is enhanced and Ky for degradation is lowered by
secondary peptide signals that bind the N-domain or other non-pore regions of ClpX directly
or via adaptor proteins (Levchenko et al., 2000; Baker and Sauer, 2012; Mahmoud and
Chien, 2018). These auxiliary peptide interactions tether the substrate to ClpX and increase
the effective concentration of the primary degron with respect to its binding site in the

axial channel (McGinness et al., 2007). Determining structures that illuminate how ClpX
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recognizes different classes of degrons and how adaptors improve substrate recognition is a
future challenge.

Structures of translocation complexes

The ssrA tag binds in a closed ClpX channel in the recognition complex, whereas processive
translocation and subsequent ClpXP degradation requires an open channel. Insight into the
first step in this transition is provided by an ‘intermediate complex’ in which the ssrA tag
moves six residues deeper into an open ClpX channel (Figure 6B; Fei et al., 2020b). In

this structure, the tag interacts with a two amino-acid periodicity with five ClpX pore-1
loops (Figure 6B), as well as with additional pore-2 and RKH loops. Similar ClpX-substrate
interactions are observed in multiple structures (Fei et al., 2020a; Ripstein et al., 2020b),
although the peptide side chains in these structures were not modeled, presumably because
the density represents multiple peptide species or a single sequence bound in multiple
overlapping registers. A two-residue interaction periodicity is also frequently observed in
structures of different AAA+ proteases and protein-remodeling machines with substrates
(Puchades et al., 2020, and references therein). These open-channel complexes appear to
represent snapshots of translocation complexes.

Contacts between ClpX and the ssrA tag in the intermediate complex are largely
independent of the peptide sequence. This structural finding was foreshadowed by
biochemical studies showing that ClpXP translocation has little sequence specificity
(Barkow et al., 2009). For example, ClpXP can translocate peptides with D-amino acids,
peptides with as many as nine additional methylene groups between successive peptide
bonds, and peptides with polymeric Arg, Lys, Glu, GIn, Gly, or Pro sequences. Thus,
degron recognition is highly sequence specific, whereas subsequent translocation is largely
sequence independent. The ability of the RKH, pore-1, and pore-2 loops to adopt many
different conformations (Figure 6C) allows ClpX to accommaodate changes in side-chain size
and polarity in substrate sequences and thus efficiently translocate any unfolded protein into
ClpP for degradation.

Impressively, ClpXP degrades disulfide bonded, branched, and knotted substrates, a feat that
requires simultaneous translocation of two or three polypeptides through the axial channel
(Burton et al., 2001; Bolon et al., 2004; Kenniston et al., 2004; San Martin et al., 2017;
Sivertsson et al., 2019; Sriramoju et al., 2020). How this action is accomplished structurally
is unclear, but a model in which the ClpX ring cracks open to accommodate multiple chains
is unlikely (Glynn et al., 2012). A narrow constriction point in the channel in cryo-EM
structures would need to open to accommodate one or more additional peptide strands (Bell
etal., 2019; Fei et al., 2020a). Channel expansion might happen by local unfolding of
sequences adjacent to one or more of the hinges, as inserting a Gly,, sequence into one
hinge in single-chain ClpX allows substantial degradation of some protein substrates (Bell et
al., 2018).
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Unfolding models and degron length

Degron length dictates whether CIpXP can unfold a protein directly from an initial
recognition complex or requires some number of translocation steps to pull the native
portion of the substrate against the ClpX ring and thereby generate a mechanical unfolding
force. For example, the structure of the recognition complex suggested that degrons as short
as five residues would suffice for ClpXP unfolding and degradation (Fei et al., 2020b).
When GFP substrates with the C-terminal three, five, seven, nine, or eleven amino acids

of the ssrA tag were tested, ClpXP degraded GFP-vaLAA and variants with longer tags

but did not degrade GFP-LaA, whose degron is too short to form the recognition complex
(Figure 7A). GFP is a very stable protein, which exhibits spontaneous denaturation on a
timescale of years (Kim et al., 2000). Thus, these results indicate that ClpX has a powerful
unfolding power stroke, which can initiate from the closed-channel recognition complex of
short-degron substrates.

Unlike GFP-vaLAA, a longer-degron substrate such as GFP-G3YGgSENYALAA (the substrate

in the recognition and intermediate complexes) would require extra translocation steps
following recognition to pull the native GFP p-barrel against the ClpX ring as a prelude

to unfolding from an open-channel structure (Figure 7B). The cryo-EM structures of

the recognition and intermediate complexes of ClpXP with GFP-G3YGgSENYALAA Were
determined from images collected in a single experiment in which the enzyme and substrate
were rapidly mixed and vitrified (Fei et al., 2020b). A low-resolution structure of a fully
engaged complex in which the native portion of GFP is pulled against the top of the ClpX
ring was recently identified within this dataset, supporting progression from the recognition
to the intermediate to the engaged complex as a prelude to unfolding GFP-G3YGgSENYALAA
(X. Fei, E. Zhong, R. Sauer, and J. Davis, in preparation).

Biophysical studies confirm that ClpXP binding and engagement of a substrate with a
longer degron is a multistep reaction. Specifically, the polyphasic kinetics of association
and dissociation between ClpXP and a titin'2” domain bearing a 20-residue ssrA degron
provide strong support for the model of Figure 7B (Saunders et al., 2020). Indeed, the rate
constants determined by global fitting for individual steps in this model generate kinetic
trajectories that match the experimental data extremely well over a wide range of substrate
concentrations. Several findings emerge from these studies. First, all steps are reversible.
Following initial binding, direct progress to the engaged complex is only about 20%

as probable as dissociation. Prior studies using multidomain substrates show that ClpXP
often dissociates after unfolding and degrading only one or two native domains, directly
demonstrating that CIpXP can dissociate following substrate engagement (Lee et al., 2001;
Kenniston et al., 2005). In the kinetic studies, the rates of the binding and dissociation steps
are independent of the rate of ATP hydrolysis, whereas subsequent forward and reverse
kinetic steps slow as the rate of ATP hydrolysis slows (Saunders et al., 2020). The hydrolysis
dependence of the latter steps is expected if these steps are linked to power strokes. An
intriguing possibility raised by these studies is that degradation of proteins with terminal
peptide sequences that bind poorly in the ClpX channel is further minimized by kinetic
proof reading.
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The importance of substrate grip during unfolding

Although polypeptide translocation by CIpXP has little sequence dependence, unfolding
can fail in a fashion that depends on sequence. For example, sequences rich in glycine
immediately adjacent to a native domain prevent or greatly reduce the rate of CIpXP
unfolding and degradation (Kraut, 2013; Too et al., 2013; Vass and Chen, 2013). In

fact, GFP-c13sENYALAA (Figure 8A) with a continuous stretch of thirteen glycines is not
degraded by ClpXP, but introducing single Tyr—Gly substitutions at certain positions
of the poly-glycine region rescues degradation, with a substitution at position 4 (GFP-
G3YGgSENYALAA) having the largest effect (Figure 8B; Bell et al., 2019).

Other postion-4 residues with aromatic or large hydrophobic side chains also support robust
ClpXP degradation, whereas those with small, polar, and charged side chains result in
lower degradation rates (Figure 8C). The deleterious effect of polar side chains is illustrated
dramatically by the isosteric Thr/Val pair, in which substituting the hydroxyl group of
threonine with the methyl group of valine results in a 17-fold increase in the degradation
rate (Figure 8D; Bell et al., 2019). Single tyrosines at tag positions 3 and 5 also support
substantial CIpXP degradation but the effect falls off sharply at neighboring positions
(Figure 8B), indicating that the distance of the tyrosine from the native domain is an
important determinant of grip. Based on structural considerations, degron positions 3-5 in a
fully engaged complex would interact with the pore-1 loops of chains A and B in the ClpX
spiral (Figure 8E). Notably, these same pore-1 loops form the narrowest point in the ClpX
axial channel and also interact with ssrA tag residues in the recognition complex (Fei et al.,
2020a; 2020b). Thus, ClpX contacts with a substrate near the top of the channel are critical
for the unfolding of both short- and long-degron substrates.

During open-channel unfolding in optical-trap experiments, multiple pore-1 loops
synergistically maintain grip on substrates when challenged by opposing forces (losefson
et al., 2015a; 2015b; Rodriguez-Aliaga et al., 2016). Grip is likely to be force dependent
and may also come into play during translocation. For example, ClpXP can unfold and
translocate substrates containing long proline tracts in the absence of opposing force but
stalls at these sequences at forces of 10-20 pN in optical trapping experiments (O. losefson
and R. Sauer, in preparation).

Effects of protein stability on unfolding and degradation

In biochemical studies, decreasing the stability of ssrA-tagged titin'2” variants increases the
rate at which they are degraded by ClpXP and reduces the ATP cost (Kenniston et al., 2003).
The kinetics of ClpXP degradation of single molecules containing multiple titin'27, filamin-
A, GFP, and/or Halo domains have also been studied by optical trapping, which allows direct
observation of unfolding and translocation events (Aubin-Tam et al., 2011; Maillard et al.,
2011; Sen et al., 2013; Cordova et al., 2014; losefson et al., 2015b; Rodriguez-Aliaga et al.,
2016; Olivares et al., 2017). Major conclusions from these studies include: (i) most power
strokes fail to unfold stable substrates, and hundreds of ATPs can be hydrolyzed before
unfolding occurs; (ii) the average time required for CIpXP to unfold a domain decreases

as the mechanical stability of the substrate decreases; (iii) successful unfolding typically
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results from a single power stroke and is complete in less than 1 millisecond; (iv) resistance
to unfolding can change markedly depending on degron location and whether ClpXP pulls
from the N-terminus or C-terminus of a native domain; (v) ClpXP translocates a wide
variety of different peptide sequences at comparable rates, with only occasional pauses or
stalling events; (vi) a single power stroke translocates 5-8 amino acids of the substrate
through the axial channel, often in kinetic bursts involving multiple steps; and (vii) each
power stroke can perform ~5 AT of mechanical work, corresponding to ~50% recovery of
the free energy of ATP hydrolysis.

The effect of the pulling direction on the resistance of a protein to ClpXP unfolding can be
dramatic. For example, unfolding is the slow step in CIpXP degradation of titin'27 with a
C-terminal degron but is ~60-fold faster for titin'2” with an N-terminal degron, resulting in
translocation becoming the rate-determining step in degradation (Olivares et al., 2017). It is
not known if effects of this magnitude would be observed for other protein substrates, but
the titin'2” experiments suggest that evolution selects for degradation tags at the terminus of
a target protein from which ClpXP unfolding is fastest and degradation therefore requires
less energy in the form of ATP consumption.

ClpX can function using probabilistic ATP hydrolysis

The hexameric motors of a large number of AAA+ proteases and protein-remodeling
machines share similar spiral architectures with pore-1 loops in different subunits interacting
with adjacent two-residue segments of substrate peptides in their axial channels (Puchades
etal., 2017; 2020; de la Pefia et al., 2018; Dong et al. 2019, and references therein). These
structural features led to a widely accepted proposal that substrate translocation occurs in
two-residue steps, by a mechanism in which each subunit sequentially cycles through each
position in the spiral as a consequence of ATP hydrolysis in a special subunit at one position
(usually corresponding to subunit E in ClpX). In this model, each ATP-hydrolysis event
advances the five highest subunits and substrate down one position in the spiral, hence
generating a two-residue translocation step, and shifts the bottom subunit to the top. Below,
we review experimental evidence that ClpXP does not operate by this sequential mechanism
and discuss an alternative probabilistic model.

A major prediction of the prevailing model is a translocation step of two residues,

but optical-trapping experiments indicate that ClpXP translocates substrates in minimum
segments of 5 to 7 residues (Aubin-Tam et al., 2011; Maillard et al., 2011; Sen et al., 2013;
Cordova et al., 2014). Importantly, this larger step size is strongly supported by two cryo-
EM structures of ClpXP bound to GFP-G3YGgsENYALAA, in which the degron in the channel
is observed at offset positions differing by 6 amino acids (Figure 6; Fei et al., 2020b). As
these two structures accounted for most images in this dataset, additional structures with
the substrate offset by 2 residues are unlikely to be significantly populated. Proponents of
the two-residue translocation model might argue that the six-residue offset of substrate
observed in ClpXP structures represents an unfolding step rather than a translocation

step, but parsimony supports the idea that the same basic mechanical power stroke drives
unfolding and translocation. Moreover, if unfolding and translocation power strokes did
differ in length, it would be logical to have a lower-gear and shorter step to maximize

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sauer et al.

Summary

Page 12

force application during unfolding and a longer translocation step to minimize the energetic
cost of overall degradation. How might ClpX take a fundamental translocation step of ~6
residues? Differences between the cryo-EM structures of the recognition and translocation
complexes suggest that a step of this approximate size could occur if a power stroke moved
the top subunit and bound substrate to the bottom of the spiral with concomitant movement
of each additional subunit up one position in the spiral (see Video 4 in Fei et al., 2020b;
https://elifesciences.org/articles/61496#video4). Notably, this mechanism simply reverses
the direction of subunit movement in the 2-residue translocation model and thus ensures that
highly populated structural intermediates will share the canonical spiral architecture.

In optical-trapping experiments, some translocation events move ~12, ~18, or ~24 amino
acids through the channel, with these longer steps and the fundamental ~6-residue steps
occurring randomly rather than in any repeating pattern (Aubin-Tam et al., 2011; Maillard
etal., 2011; Sen et al., 2013; Cordova et al., 2014). The longer steps in these experiments
are thought to represent kinetic bursts of two, three, or four power strokes. In principle,

a six-residue translocation step might also represent a kinetic burst of three very rapid
2-residue steps. However, the kinetics of ATP binding and hydrolysis are substantially too
slow for the longest observed ClpXP translocation steps to represent Kinetic bursts of twelve
power strokes (see Fei et al., 2020a for a more detailed discussion).

Another prediction of the mainstream model is that eliminating ATP hydrolysis in one

or more subunits of the ClpX hexamer should prevent machine function when a “‘dead’
subunit moves into the single hydrolytically active position in the spiral. Notably, however,
a single-chain ClpX hexamer with just two ATPase-active subunits supports unfolding,
translocation, and degradation (Martin et a/., 2005; Cordova et al., 2014). Although this
hobbled ClpX motor unfolds, translocates, and degrades a destabilized titin'2” variant at one-
third the rate of the parental enzyme, it performs these tasks with wild-type thermodynamic
efficiency. The ability of the ClpX motor to function with only a subset of hydrolytically
active subunits indicates that a power stroke can initiate from ATP hydrolysis in subunits

at different positions in the spiral, which implies that the chance of hydrolysis in any

given subunit is probabilistic. This probability could in turn be influenced by the detailed
interactions of each subunit with substrate. Two additional observations support this idea.
First, in cryo-EM structures, the ATP-binding sites in many ClpX subunits appear to be
catalytically competent, in the sense that Walker-B, Arg-finger, and sensor-11 side chains
critical for hydrolysis are properly positioned with respect to bound nucleotide. Second, the
closed topology of the ClpX ring would allow hydrolysis in any competent subunit to alter
the conformation of the entire ring and drive a power stroke.

The recent cryo-EM revolution has allowed determination of numerous high-resolution
ClpXP structures (Fei et al., 2020a; 2020b; Ripstein et al., 2020b). These structures reveal
that the ClpX ring shares a common spiral architecture with many other AAA+ unfoldases
and protein-remodeling machines, which are proposed to take two-residue translocation
steps and operate by a sequential ATP-hydrolysis mechanism. However, an extensive body
of single-molecule and bulk biochemical experiments for CIpXP reveals major conflicts
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with this model. Allowing ATP hydrolysis to occur at different ClpX spiral positions, with
probabilities potentially linked to differences in detailed substrate contacts, accounts for the
ability of ClpX to function with only a subset of active subunits. Combining probabilistic
hydrolysis with a model in which each power stroke moves substrate from the top to the
bottom of the spiral also explains the large translocation step sizes observed in optical
trapping experiments. Furthermore, a model of this type accounts for unfolding of GFP
with a short-degron tail in a single power stroke and provides a satisfying mechanistic
rationale for strong substrate grip by the uppermost pore-1 loops in the spiral. Testing

this model for ClpXP and interrogating its generalizability to different AAA+ proteases
and protein-remodeling machines through structural biology, biophysics, and biochemistry
remains an important and exciting future challenge.

Work in our labs was supported by grants from the NIH (RO1-GM101988; RO1-Al016892; R35-GM141517;
5R01-DK115558; 5T32-GM007287) and by the Howard Hughes Medical Institute.
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Figure 1.
(A) AAA+ proteolytic mechanism. The AAA+ ring hexamer binds a peptide degron in a

protein substrate, unfolds any native structure present, and then translocates the denatured
polypeptide into a self-compartmentalized peptidase for degradation. (B). For the ClpXP
protease, ClpX hexamers can bind to either heptameric ring of the CIpP peptidase.
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Figure 2.
(A) Cartoon depiction of the domain structure and important sequence motifs in a ClpX

subunit. (B) ATP (transparent surface) is contacted by box-I1, Walker-A, Walker-B, and
sensor-11 residues from one subunit (light blue) and by the arginine finger of the neighboring
subunit (darker blue). (C) Substrate and ClpP binding loops in a large AAA+ domain of a
ClpX subunit.
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Figure 3.
(A) Side view of ClpX hexamer (pdb code 6WRF) in cartoon representation. Substrate is

colored orange and shown in sphere representation. (B) Top view of 6WRF ClpX hexamer.
(C) Diagram showing the relative vertical positions of subunits in the 6WRF ClpX spiral.
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Figure 4.
(A) Nucleotides bound in different subunits of ClpX hexamers (T = ATP/ATPyS; D = ADP;

apo = nucleotide free). Subunit names in structure 6VVFS were changed to be consistent with
the other structures. (B) Cartoon representation of ClpX subunits A and E from structure
6WRF after aligning their small AAA+ domains. A helix consisting of residues 83-100 is
colored blue in subunit A and aquamarine in subunit E. (C) Contact map prepared using

the https://www.molnac.unisa.it/BioTools/cocomaps/ website for ClpX subunits A & B (pdb
code 6WREF). The positions of sequence motifs involved in nucleotide binding/hydrolysis
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and substrate binding are shown. (D) Top view of ClpX hexamer (pdb code 6WRF) in
surface representation with positions of subunit-subunit contacts indicated by spheres in the
same color as the subunit surface and positions of nucleotide shown as red spheres. (E)
Same view as in panel D, except the surface is colored by rigid-body units (residues 62-314
of one subunit and residues 318-412 of the counter-clockwise subunit) and the hinges
(residues 315-318) between the large and small AAA+ subunits of individual subunits are
shown as dark spheres.
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Figureb.
(A) Composite cryo-EM structure of ClpX bound to ClpP and protein substrate (pdb codes

6PPE and 6PP6). (B) An IGF sequence of ClpX binds deeply in a ClpP cleft. (C) IGF loops
from aligned ClpX subunits (pdb code 6WRF) adopt a wide variety of conformations with
respect to ClpP. This loop flexibility allows ClpX and ClpP to remain stably bound as ClpX
adopts different conformations during its ATP-fueled mechanical cycle. (D) Axial view of
ClpP (pdb code 6PPE) bound to ClpX (not shown) showing an open axial pore, the clefts
that serve as docking sites for the IGF loops of ClpX or ADEPs (colored gray), and the
collar of B hairpins that surround the axial pore (colored lighter yellow). (E) The orange
surface shows a tunnel, calculated using CAVER (Pavelka et al., 2016), which may allow
peptides to enter and leave the ClpP degradation chamber by passing between neighboring
IGF loops of ClpX.
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Figure®6.
(A) The left panel shows a cutaway view of the ssrA tag in the recognition complex (pdb

code 6WRF), emphasizing the blocked axial channel. The right panel shows the ssrA tag
in this complex in stick representation with semi-transparent density, and emphasizes key
contacts with specific pore-1, pore-2, or RKH loops of ClpX. (B) The left panel shows a
cutaway view of the ssrA tag in the intermediate complex (pdb code 6WSG), highlighting
the open ClpX channel and movement of the degron deeper into the axial channel. The
right panel shows that five pore-1 loops of ClpX interact with the tag with a two-residue
periodicity. (C) The pore loops of ClpX can adopt multiple conformations, facilitating
flexible interactions with substrate peptides.
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Figure7.
(A) Maximal rates of ClpXP degradation of GFP variants with degradation tags derived

from the C-terminal 3, 5, 7, 9, or 11 amino acids of the ssrA tag (Fei et al., 2020b).

(B) Multistep model for degradation of substrates with degrons of ~20 residues. The rate
constants shown were determined for a slowly degraded titin'2” substrate (Saunders et al.,
2020). Rate constants colored red become substantially smaller when ATP-yS is substituted
for ATP.
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Figure8.
(A) GFP-c13sENYALAA contains 13 glycines between the native barrel of GFP and a partial

ssrA degron and is not degraded by ClpXP. (B) Effects of tyrosine substitutions at the
N-terminal seven positions of the poly-glycine region of GFP-G13sENYALAA 0N the maximal
rate of ClpXP degradation (Bell et al., 2019). (C) Effects of position-4 side chain properties
on ClpXP degradation (Bell et al., 2019). (D) Degradation of variants with threonine or
valine at position 4 of the polyglycine region (Bell et al., 2019). (E) During unfolding,
degron side chains 3-5 amino acids from the native domain of a substrate are the most
important determinants of grip and are positioned to interact with the pore-1 loops of
subunits A and B, near the top of the ClpX channel.
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