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Abstract

The ClpXP protease plays important roles in protein homeostasis and quality control. ClpX is a
ring-shaped AAA+ homohexamer that unfolds target proteins and translocates them into the ClpP
peptidase for degradation. AAA+ modules in each ClpX subunit — consisting of a large AAA+
domain, a short hinge-linker, and a small AAA+ domain — mediate the mechanical activities of
the ring hexamer. Here, we investigate the roles of these hinge-linkers in ClpX function. Deleting
one hinge-linker in a single-chain ClpX pseudohexamer dramatically decreases unfolding and
degradation activity, in part by compromising formation of closed rings, protein-substrate binding,
and ClpP binding. Covalently reclosing the broken hinge-linker interface rescues activity. Deleting
one hinge-linker from a single-chain dimer or trimer prevents assembly of stable hexamers.
Mutationally disrupting a hinge-linker preserves closed ring assembly but reduces ATP-hydrolysis
cooperativity and degradation activity. These results indicate that hinge-linker length and
flexibility are optimized for efficient substrate unfolding and support a model in which the hinge-
linkers of ClpX facilitate efficient degradation both by maintaining proper ring geometry and
facilitating subunit-subunit communication. This model informs our understanding of ClpX as
well as the larger AAA+ family of motor proteins, which play diverse roles in converting chemical
into mechanical energy in all cells.
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Introduction

All organisms require the ability to convert chemical energy into mechanical work. Members
of the AAA+ protein family (ATPases associated with various cellular activities) use ATP
hydrolysis to power many cellular mechanical processes, including protein unfolding and
disaggregation®. Typical family members assemble into ring- or spiral-shaped structures,
often hexamers, which are stabilized by interactions between the large AAA+ domain of one
subunit and the small AAA+ domain of its neighbor?. A hinge-linker connects the large and
small AAA+ domains of each subunit (Fig. 1A).

ClpX is a hexameric AAA+ protein unfoldase that is present in most bacteria and some
eukaryotic organelles. It unfolds specific proteins, including those that are mistranslated or
damaged, and feeds the unfolded polypeptide into an internal chamber of the associated
ClpP peptidase for proteolysis®. Recognition of appropriate substrates is mediated by
sequence motifs (degrons) that target proteins to ClpX either directly or with the help of
adapter proteins. In Escherichia coli, the 11-residue ssrA degron is appended to the C-
terminus of partially synthesized proteins on stalled ribosomes, and ClpXP or other cellular
proteases degrade the resulting ssrA-tagged polypeptides*~7. The ssrA tag initially binds to
loops within the axial pore of the hexameric ClpX ring8=2. Conformational changes in the
pore — driven by ATP binding, hydrolysis, and product release — then pull on the tag,
eventually resulting in unfolding and stepwise translocation into ClpP for degradation10-13,

In crystal structures, the hexameric ClpX ring is stabilized by relatively invariant rigid-body
interactions between the large and small AAA+ domains of neighboring subunits4-1° (Fig.
1A). Moreover, covalent crosslinks across these rigid-body interfaces do not compromise
ClpXP degradation activity, indicating that these contacts are maintained during the
conformational rearrangements in the hexamer that drive substrate unfolding and
translocation1®. Consequently, the enzyme motions responsible for mechanical work are
proposed to arise from changes in the orientations of neighboring rigid bodies, which are
mediated in turn by structural changes in the four-residue linkers that connect the large and
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small AAA+ domains of each subunit and function as hinges between successive rigid
bodiesl4-16,

Mutant ClpX rings with only a single subunit capable of hydrolyzing ATP support low levels
of ClpP degradation!’, indicating that unfolding and translocation do not require sequential
or concerted ATP hydrolysis. Although ClpX hydrolyzes many molecules of ATP while
attempting to unfold a stable protein substrate, cooperative unfolding ultimately occurs as a
consequence of a power stroke driven by a single hydrolysis event10-13.18-19 Ropuyst
unfolding requires coordination between the axial-pore loops of multiple ClpX
subunits?0-22, Moreover, ATP hydrolysis by ClpX is positively cooperative, implying some
means of subunit-subunit communication?3. Evidence of intersubunit communication is also
observed in the enzyme’s mechanical activity. Although the smallest translocation steps
taken by ClpXP are ~1 nm in length, kinetic bursts of ATP hydrolysis appear to be
responsible for steps of approximately 2, 3, and 4 nm12-13, Such communication could arise
from contacts between neighboring large AAA+ domains and/or through the hinge-linkers
that control the orientation of neighboring rigid bodies.

The hinge-linkers of ClpX form part of the ATP binding site. In £. coli ClpX, a conserved
hinge-linker residue (L317) contacts nucleotide in crystal structures!®. The sequence of the
rest of the four-residue hinge-linker is poorly conserved but its length is important, as
insertion or deletion of one residue in all six hinge-linkers of a hexamer severely impairs
unfolding activity but not ATP hydrolysis6. To better understand the roles of the ClpX
hinge-linkers in intersubunit communication during substrate unfolding, we have used
circular permutation to delete one or more hinge-linkers and engineered linker-disruption
and ATP-hydrolysis mutations to interrogate how the hinge-linkers affect ClpX function.
Our results support a model in which the hinge-linkers facilitate communication between
subunits both by enforcing closed-ring topology and maintaining proper subunit-subunit
geometry within the ring during ATP hydrolysis.

Materials and Methods

Protein expression and purification

CIpXAN (residues 62-424) constructs were expressed and purified as described!’. Linker-
deletion CIpX2N was produced by circularly permuting covalently tethered ClpX2N
constructs using Gibson Assembly (New England Biolabs). The G12-insertion was
introduced into one hinge-linker of a CIpX2N pseudohexamerl? after residue N315 using
PCR mutagenesis. Arc-st11-ssrA, Arc-Gend-st11-ssrA, GFP-ssrA, and CP7GFP-ssrA
substrates were purified as described18:23.24,

Linkerless ClpX assembly assays

The oligomeric state of linker-deletion constructs was determined by analytical size-
exclusion chromatography at 4°C. Protein samples were diluted to 3 uM (hexamer
equivalents) and 200 pL was injected onto a Superdex-200 10/300 column (GE Healthcare)
equilibrated in buffer A (25 mM HEPES-KOH, pH 7.5, 5 mM MgCl,, 200 mM KCI, 10%
glycerol) supplemented with 1 mM ADP.
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ClpX2N hexamers were analyzed using negative-stain electron microscopy performed by
Nicki Watson (W.M. Keck Microscopy Facility, Whitehead Institute, MIT). Freshly-ionized
200-mesh Cu/carbon grids were floated on 10 pL drops of protein sample for ~60 s. The
grids were then blotted dry, washed with 1% aqueous uranyl acetate, and blotted dry again.
Grids were imaged at 100 kV on a Technai Spirit Transmission Electron Microscope (FEI).
Electron micrographs were class averaged using RELION 2.0 software2. For the wild-type,
G12-insertion, and linker-deletion variants imaged, 641, 792, and 1287 particles,
respectively, were manually selected at 100 pixel diameter from micrographs taken at
49,000-fold (wild-type and linker-deletion) or 98,000-fold (G12-insertion) magnification.
The length-to-pixel ratio was increased two-fold for the higher-magnification G12-insertion
micrographs to facilitate consistent downstream analysis. For the wild-type and G12-
insertion constructs, in which the particles appear as compact rings, an 80-pixel opaque
circular mask was applied to each particle, and particles were averaged into four classes. For
the linker-deletion construct, a 100-pixel mask was applied, and particles were averaged into
10 classes to accommodate the less compact and more heterogeneous nature of these
particles.

Biochemical assays

Activity assays were carried out at 30°C in buffer PD (25 mM HEPES-KOH, pH 7.5, 35
mM MgCl,, 200 mM KCI, 10% glycerol). Kinetics were analyzed using Prism 7
(GraphPad). ATP hydrolysis was measured using a coupled-NADH oxidation assay as
described!’. CIpP binding assays were performed using the protocol and RseA fluorogenic
decapeptide substrate described?®, Solution unfolding was assayed using a FRET-based
unfolding assay as described??.

GFP-ssrA and CP’GFP-ssrA degradation assays were performed by measuring loss of GFP
fluorescence (excitation 467 nm; emission 511 nm) using a SpectraMax M5 plate reader
(Molecular Devices). For fluorescence-based Arc-st11-ssrA degradation assays, purified
Arc-st11-ssrA was labeled with a 10-fold molar excess of NHS-Fluorescein (ThermoFisher)
in Buffer B (25 mM HEPES-KOH, pH 7.5, 300 mM KCI, 10% glycerol, 1 mM dithiothreitol
[DTT]) for 45 min at ambient temperature. The reaction was quenched with an excess of
Tris-HCI (pH 7.6), and the labeled protein was separated from free dye and desalted into
Buffer A over a Superdex-75 16/600 column (GE Healthcare). Because Arc-st11-ssrA has
six lysine residues, multiple labeling with fluorescein caused label molecules on the same
substrate to mutually quench fluorescence emission. Substrate degradation by ClpXP was
monitored by increased fluorescence (excitation 480 nm; emission 525 nm) using a
SpectraMax M5 plate reader (Molecular Devices). Endpoint fluorescence was measured
after adding an excess of trypsin to the reaction, and the amount of Arc-st11-ssrA degraded
was calculated from the initial and final fluorescence values. Because each preparation of
substrate was labeled to a different extent, we observed ~30% batch-to-batch variability in
apparent degradation rate by the same prep of ClpXP. To prevent invalid comparison of rates
between batches, we included appropriate controls in each experiment and reported Arc-
st11-ssrA degradation activity relative to a wild-type CIpX2N construct where practical.
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For degradation efficiency experiments, ATP hydrolysis and substrate degradation activity
were measured as a function of substrate concentration, and the resulting responses were fit
to hyperbolic functions to obtain V4« Values for the rates of ATP hydrolysis and substrate
degradation at saturating substrate. In cases where the ATP hydrolysis rate was unresponsive
to increasing concentrations of substrate, a constant linear fit was used. To calculate
mechanical efficiency, Vmnax for ATP hydrolysis was divided by Vax for substrate
degradation.

Crosslinking

A variant of linker-deletion CIpX2N pseudohexamer with cysteine residues on either side of
the deleted hinge-linker interface was mixed with a 100-fold excess of a Cys-free E. coli
ClpP variant (C91V/C113A). The protein mixture was desalted into PD buffer using G25
resin (GE Healthcare) to remove DTT. The desalted protein was separated into two pools,
and 2 mM ATPvyS was added to each pool. Either 1,11-bismaleimido-triethyleneglycol
(Thermo Scientific) or equal maleimide equivalents of N-propyl-maleimide (Sigma) was
then added. The maleimide agents were added in 1:1 stoichiometry with sulfhydryl groups
on ClpX2N and DMSO cosolvent was added to 12% of the reaction volume. The reactions
were allowed to proceed for 1 hour at 30°C, then quenched with 1 mM DTT for 15 min at
30°C. The reactions were again desalted into PD buffer over PD-10 columns (GE
Healthcare), and concentrated with centrifugal concentrators (Millipore-Sigma). Reactions
were normalized by total protein using a Bradford assay prior to measuring degradation
activity (Thermo Scientific). To gauge crosslinking efficiency, equal volumes of each
reaction were separated on a 10% bis-tris SDS-polyacrylamide gel run at 120V in MES
buffer, stained with Coomassie Brilliant Blue, and imaged.

Results

Mutating or deleting a single hinge-linker impairs intersubunit communication

To determine whether a ClpX hexamer requires six hinge-linkers for robust function, we
used circular permutation to create a single-chain pseudohexamer missing one hinge-linker
(Fig. 1B). Prior studies show that single-chain pseudohexamers of ClpX2N, in which the
wild-type N-terminal domain is deleted, have activities similar to wild-type ClpX hexamers
in supporting degradation of ssrA-tagged substrates by CIpP17. As shown in Fig. 1B, moving
the large domain of the N-terminal subunit of a single-chain pseudohexamer to the end of
the C-terminal small domain results in a linker-deletion variant missing one hinge-linker. To
compare the effects of deleting versus mutationally disrupting a hinge-linker, we also
constructed a non-permuted pseudohexamer in which 12 glycine residues were inserted into
a single hinge-linker (G12 insertion, Fig. 1C). During purification, both the linker-deletion
and G12-insertion variants eluted from a size-exclusion column at positions expected for
hexamers (Fig. 1D), establishing that these hinge-linker mutations do not cause multimeric
aggregation.

ATP hydrolysis by ClpX is positively cooperative?’. We measured the ATP dependence of
hydrolysis for the parental pseudohexamer and the linker-deletion and G12-insertion variants
and fit the resulting data to the Hill form of the Michaelis-Menten equation (Fig. 2A, Table
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1). Compared to the parental pseudohexamer, both linker-disruption mutants had ~3-fold
higher Vnax values and ~5-7-fold higher apparent Ky, values. The Hill constant was ~2.0 for
the parent, ~1.6 for the linker-deletion variant, and ~1.1 for the G12-insertion enzyme (Fig.
2A, Table 1). Hence, the hinge-linker disruptions affect many aspects of steady-state ATP
hydrolysis, including communication between subunits that results in positive cooperativity.
Addition of CIpP repressed ATP hydrolysis by all three variants, although this effect was
only observed in the linker-deletion variant at high concentrations of ClpP (Fig. 2B, Supp.
Fig. 1). Addition of an Arc-st11-ssrA protein substrate and ClpP stimulated ATP hydrolysis
by the parental and G12-insertion enzymes but had little effect on the linker-deletion variant,
even at high ClpP and substrate concentrations (Fig. 2B, Supp. Fig. 1).

We assayed the ability of the parental pseudohexamer, the linker-deletion variant, and the
G12-insertion variant to support ClpP degradation of 15 uM Arc-st11-ssrA (Fig. 2C). The
G12-insertion variant supported ClpP degradation at ~25% of the parental rate, whereas the
linker-deletion variant supported degradation at less than 1% of the parental rate. We also
measured proteolysis activity against °P”GFP-ssrA and GFP-ssrA, which are incrementally
more difficult to unfold and degrade?3. The G12-insertion variant supported ClpP
degradation of these substrates at lower rates than the wild-type pseudohexamer, but the
linker-deletion variant did not appreciably degrade either of these more-stable substrates
(Fig. 2D) Thus, deletion of a single hinge-linker dramatically reduces degradation activity,
whereas mutational insertion diminishes activity far less severely across a range of substrate
stabilities.

In principle, poor binding to the ssrA-tagged substrate or to CIpP could be responsible for
the reduced degradation activities of the hinge-linker variants. To test substrate binding, we
assayed degradation rates as a function of the concentration of Arc-st11-ssrA (Fig. 2E, Table
1). The parental enzyme and the G12-insertion variant had Km values for the protein
substrate within ~2-fold, whereas Km for the linker-deletion variant increased significantly.
To assay ClpP binding, we took advantage of the fact that ClpX activates CIpP degradation
of a small peptide substrate by opening the axial pore28. The parental and G12-insertion
enzymes bound ClpP with low nanomolar affinities in this assay, whereas the linker-deletion
variant bound with an affinity of ~750 nM (Fig. 2F, Table 1). Thus, the presence of all six
hinge-linkers appears to be required for robust interaction between ClpX and ClpP.

Because the linker-deletion pseudohexamer appeared to have low affinity for ClpP, we were
concerned that our measurements could underestimate degradation rates because they were
performed at concentrations of ClpP below the Kp measured by pore opening. To test this
model directly, we compared rates of degradation of 15 uM Arc-st11-ssrA by the linker-
deletion pseudohexamer in the presence of different concentrations of ClpP (Supp. Fig. 2A).
The apparent affinity was substantially higher in this assay, and the linker-deletion
pseudohexamer was largely saturated in degradation assays performed in the presence of
300 nM ClpP14 (Supp. Fig. 2B). Although we do not know why the pore-opening and
degradation assays give different affinities, one possibility is that the presence of a protein
substrate strengthens the interaction between ClpX and ClpP.
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We also assayed rates of ATP hydrolysis in the presence of ClpP and increasing
concentrations of Arc-stl11-ssrA (Fig. 2G, Table 1), which stimulated ATP hydrolysis by the
parental enzyme and G12-insertion variant but had no significant effect on the linker-
deletion variant. The maximal rate of ATP hydrolysis at saturating Arc-st11-ssrA divided by
Vmax for substrate degradation provides an estimate of the ATP cost of degradation (Fig.
2H). Degradation of one Arc-st11-ssrA protein required hydrolysis of ~110 ATPs by the
parental enzyme and ~290 ATPs by the G12-insertion variant. Although weak interaction
with substrate precluded precise determination of the V,ax for substrate degradation by the
linker-deletion variant, extrapolating the fitted curve suggests a bulk energy cost of ~2000
ATPs, substantially higher than either the parental or G12-insertion variants. These results
support a model in which hinge-linker deletion or disruption reduce the mechanical
efficiency of ClpX to different extents, either because many power strokes fail or because
ATP hydrolysis and power strokes are uncoupled.

Hinge-linkers facilitate formation of closed rings

ClpX functions as a topologically closed ring8. In negative-stain electron microscopy, the
parental pseudohexamer and G12-insertion variant exclusively showed ring structures in 2D
class averages (Figs. 3A, 3B). By contrast, the linker-deletion variant (Fig. 3C) displayed a
mixture of C-shaped open structures (~55%), twisted shapes that did not classify discreetly
(~5%), and rings (~40%). The last value should be viewed as an upper bound, as some
particles that appear as rings in projection could be open in three dimensions. This mixture
of open- and closed-ring structures suggests that a stable closed-ring conformation is
unlikely to be the dominant conformation of the linker-deletion variant.

Multiple hinge-linker deletions prevent stable hexamer assembly

To test whether deletion of multiple hinge-linkers increases the severity of the mechanical
defects observed for the linker-deletion variant, we constructed a circularly permuted
ClpX2N monomer (no hinge-linker), a circularly permuted single-chain dimer (one hinge-
linker; similar to a variant characterized in ref. 15), and a circularly permuted single-chain
trimer (two hinge-linkers) as shown in Fig. 4A. In size-exclusion chromatography
experiments in the presence of ADP, which stabilizes assembly of CIpX2N hexamers, these
purified linker-deletion variants eluted at positions expected for monomers, dimers, and
trimers (Fig. 4B). Because non-permuted single-chain CIpX2N dimers and trimers assemble
into pseudohexamers!’, the hinge-linker deletions clearly compromise stable hexamer
formation. Rates of basal ATP hydrolysis increased in rough proportion to the humber of
hinge-linkers in each variant (Fig. 4C). None of the variants tested exhibited significant
increases in hydrolysis rate in response to Arc-st11-ssrA substrate, and only linker-deletion
single-chain hexamer exhibited hydrolysis repression in the presence of CIpP. The severe
hydrolysis defect of the monomeric linker-deletion variant is not surprising, as side chains
from neighboring subunits are required to form the wild-type active site for ATP
hydrolysis!?.

We used a FRET-based Arc-Gend-ssrA unfolding assay?# to measure substrate denaturation
by different linker-deletion variants in the absence of CIpP (Fig. 4D). The linker-deletion
dimer and turner displayed no detectable unfolding, whereas the linker-deletion hexamer
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displayed less than 1% of the activity of wild-type CIpX2N. In the presence of ClpP, low
levels of degradation activity were observed for the linker-deletion dimer and trimer (Fig.
4E), suggesting that CIpP can promote unfolding by serving as a scaffold for hexamer
assembly. Interestingly, the ClpP degradation activities of the linker-deletion dimer (three
missing hinge-linkers per hexamer) and trimer (two missing hinge-linkers per hexamer)
were roughly 30% and 50%, respectively, of that of the circularly permuted hexamer (one
missing hinge-linker per hexamer). Hence, although deletion of a single hinge-linker causes
a ~100-fold decrease in degradation activity, additional deletions cause degradation defects
roughly proportional to the number of missing hinge-linkers (Fig. 4F). To exclude the
possibility that the low degradation activities of the linker-deletion variants might result
from ATP-independent degradation, we tested degradation in the presence of ATPyS, an
ATP analog hydrolyzed very slowly by ClpX2°. Under these conditions, the linker-deletion
variants did not support detectable levels of ClpP-mediated degradation, confirming that
degradation results from ClpX mechanical activity (Fig. 4E).

Re-closing a broken hinge-linker interface improves mechanical activity

Because the linker-deletion pseudohexamer degrades substrates slowly and inefficiently and
often adopts open-ring conformations, we asked whether covalently re-closing the ring
would restore mechanical activity. To permit crosslinking, we engineered a variant with Cys-
Leu and Leu-Cys residues at the N- and C-terminal ends of the pseudohexamer, respectively
(dual-Cys CIpX2N, Fig. 5A), and saturated the reaction with CIpP with the aim of bringing
the terminal Cys residues into proximity for crosslinking. We mixed dual-Cys CIpX2N with
1,11-bismaleimido-triethyleneglycol (BM-PEGs3, a bifunctional maleimide crosslinker with
an 18 A flexible spacer) in the presence of a 100-fold excess of a Cys-free ClpPy4 variant
and ATP-yS (Fig. 5A). To control for nonspecific effects of sulfhydryl modification, a
parallel reaction was treated with N-propyl-maleimide (NPM), a monofunctional maleimide
crosslinker (Fig. 5A). After crosslinking, a supershifted ClpX band was observed only in the
BM-PEG; reaction, consistent with covalent circularization of the ClpX pseudohexamer!®
(Fig. 5B). Compared to the NPM-modified enzyme, dual-Cys CIpX2N treated with BM-
PEG3; supported substantially faster ClpP degradation of Arc-st11-ssrA (Fig. 5C) and
CPTGFP-ssrA (Fig. 5D). The hinge-linkers therefore contribute to robust degradation by
enforcing a closed-ring topology.

Functional asymmetry relative to the position of a hinge-linker mutation

To better understand how the hinge-linkers transmit information between ClpX subunits, we
constructed single-chain hexamers with Walker-B ATP-hydrolysis mutations in three
subunits counter-clockwise (FABgq) or clockwise (DEFgg) from a G12 hinge-linker
insertion (when viewed from the substrate binding face; Fig. 6A). Vmax for CIpP degradation
of Arc-st11-ssrA was reduced for both variants compared to the G12-insertion parent, but
the DEFgq variant was about twice as active as the FABgq variant (Fig. 6B, Table 1).
However, the maximal rate of ATP hydrolysis was higher for FABgq than for DEFgq in the
presence of ClpP and Arc-st11-ssrA (Fig. 6C, Table 1). Indeed, the G12 parent hydrolyzed
an average of 210 ATPs per Arc-st11-ssrA degraded, whereas the cost was 450 ATPs for
DEFgq and 2400 ATPs for FABgq (Fig. 6D). Thus, the hinge-linker insertion is less
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deleterious when it is clockwise from two wild-type subunits than when it is counter-
clockwise.

Discussion

The mechanical functions of the ClpX ring depend upon conformational rearrangements
driven by ATP binding and hydrolysis. Hinge-linkers that connect the large and small AAA+
domains of each subunit in the hexamer appear to be the primary sites of flexibility that
allow conformational motion within the ring416, However, it was unclear previously how
the hinge-linkers contribute to ATP hydrolysis and substrate unfolding by ClpX. The present
work identifies two distinct roles for these elements in facilitating intersubunit
communication and robust unfolding activity.

Several experiments reveal a major role of the hinge-linkers in maintaining closed hexameric
rings. As assayed by electron microscopy, deleting one hinge-linker in a hexamer allows a
majority of molecules to adopt open-ring conformations. The ability to form and maintain a
topologically closed ring also correlates with robust ClpX function. Deletion of one hinge-
linker prevents ClpXP degradation of stable protein substrates and dramatically slows
proteolysis of less stable substrates, and deletion of multiple hinge-linkers abrogates
hexamer assembly and mechanical function. Insertion of a flexible 12-glycine sequence into
a single hinge-linker of a hexamer resulted in less severe functional defects than those
associated with deleting a hinge-linker. Similarly, the proteolysis defects of the single hinge-
linker deletion were partially rescued by a chemical crosslink that restored covalent
connectivity.

The hinge-linkers play a second important role facilitating communication and regulating
activity within the closed ClpX ring. We find that insertion of 12 glycines into a single
hinge-linker increases the maximal velocity of ATP hydrolysis, reduces the positive
cooperativity of hydrolysis with respect to ATP concentration, and substantially increases
the average number of ATP hydrolysis events required for degradation of one substrate.
Interestingly, inserting 12 glycines into a hinge-linker within the context of the closed ring
decreases ATP hydrolysis cooperativity to a greater extent than the open-ring hinge-linker
deletion, suggesting that hinge-linker length may be optimized for intersubunit
communication within a closed-ring topology. We conclude that the wild-type hinge-linkers
contribute to regulation of basal ATP hydrolysis rate and efficiently couple ATP hydrolysis
with the mechanical processes needed for protein unfolding and translocation. Previous
studies reinforce this conclusion, as single-residue insertions or deletions in all six ClpX
hinge-linkers also reduce the rate of degradation and increase the ATP cost6, Because
disrupting a single hinge-linker is phenotypically similar to disrupting all six, the hinge-
linkers may mediate long-range communication between subunits within the ring. A
mechanism in which conformational changes in one subunit are sensed by all other subunits
via tension transmitted through the hinge-linkers is consistent with this model of intersubunit
communication.

Compared to the parent or G12 insertion, the single hinge-linker deletion weakened ClpX
affinity for CIpP and protein substrates, suggesting that a stable closed ring is needed for
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optimal binding. Structures of CIpP reveal that its ClpX-interacting surface is planar30. In an
open-ring structure, some of the ClpX loops that normally interact with clefts on the ClpP
surface are unlikely to make productive contacts31-33, In support of this model, a previous
study demonstrates that deleting one of the six loops that interact with ClpP from a single-
chain ClpX pseudohexamer weakens ClpP interaction ~50-fold32, whereas our hinge-linker
deletion variant has a ~35-fold binding defect as measured by ClpP pore opening.
Furthermore, CIpP may function as a scaffold for proper ClpX geometry, enforcing a ring-
hexamer conformation. Linker-deletion single-chain dimers and trimers, which do not
detectably unfold substrates on their own, support low levels of ClpP-mediated substrate
degradation. Additionally, both linker-deletion and G12-insertion single-chain hexamer
variants exhibit high levels of ATP hydrolysis on their own, but this activity is repressed to
near-parental levels when sufficient CIpP is added. It seems likely that ClpX must adopt a
ring-hexamer topology to productively interact with ClpP, and that the weakened affinity of
the linker-deletion variant for ClpP reflects the entropic penalty of constraining it to a
closed-ring conformation.

Loss of coordinated contacts from multiple subunits could also explain the substrate-binding
defect of the single hinge-linker deletion variant. Residues in the axial-pore-1 loops of ClpX
are important for binding of ssrA-tagged substrates, and mutating increasing numbers of
these pore loops increases Ky, for substrate degradation8-2:20-22 Similar to the observed
ClpP binding defect, substrate binding may be impaired in the linker-deletion
pseudohexamer because the open-ring conformation prevents pore-1 loops on either side of
the broken interface from coordinating grip and unfolding activity during substrate
processing.

We find that placing Walker-B ATP hydrolysis mutations on one side or the other of a
disrupted hinge-linker results in an approximate 5-fold difference in the average number of
ATPs required to degrade a single substrate. This result suggests that communication
between subunits in the ClpX hexamer occurs with some directional bias. Single-molecule
studies indicate that kinetic bursts of power strokes from multiple ClpX subunits contribute
to mechanical activityl0-13.19 Thus, asymmetry relative to a disrupted hinge-linker could
arise if conformational changes are communicated more efficiently through a wild-type
hinge-linker on its clockwise side, allowing coordinated action of more subunits during each
unfolding power stroke. However, axial pore contacts from multiple subunits also contribute
to substrate grip and thus to unfolding efficiency?%-22, and the observed asymmetry could
also arise from directional effects on grip.

Many recent structures of ATP-dependent protein translocation motors show the six subunits
of each hexamer in a spiral staircase topology34-37. The asymmetric nature of these
structures has led to proposed mechanisms in which subunits hydrolyze ATP sequentially,
facilitating hand-over-hand substrate translocation3®=37. A recent study using cryo EM
single-particle analysis identified classes in which ATP was bound to different sets of
protomers within the Rpt;.¢ motor, which could represent intermediates in a rotary
hydrolysis and translocation mechanism38. However, ClpX has been shown to hydrolyze
ATP and translocate substrates via a probabilistic rather than sequential mechanism3:17 and
several other AAA+ unfoldases are also unlikely to be constrained to a sequential mode of
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action3%40, Our observation of functional asymmetry relative to a hinge-linker disruption is
consistent with a hybrid model in which ClpX operates most efficiently when bursts of ATP
hydrolysis initiate stochastically, but subsequent hydrolysis events are biased toward a
sequential, unidirectional mode of action.

The principles identified for hinge-linkers in ClpX may be broadly applicable to other
protein unfolding motors. The AAA+ protein unfoldases HslU, FtsH, Ymel, PAN, ClpA,
ClpB, Hsp104, Cdc48/p97, and the Rpty_g ring of the proteasome all share conserved large
and small domains connected by a hinge-linker. The sequence of the ClpX hinge-linker
region is poorly conserved in proteobacteria but its length is invariant. In annotated crystal
structures of AAA+ unfoldases from multiple clades, the hinge-linkers are also 4-5 amino
acids in length. This possible evolutionary constraint on hinge-linker length suggests that
defined length is an important determinant of function for most, if not all, AAA+ protein
remodeling machines.

Conclusions

In conclusion, we have characterized the structural and functional impacts of deleting or
disrupting a single hinge-linker element in the ClpX protein unfolding motor. Deleting one
hinge-linker prevents ring-hexamer assembly and causes defects in substrate unfolding, ATP
hydrolysis cooperativity, and ClpP binding. Mutational insertion of 12 glycines into a hinge-
linker preserves closed-ring structure, but impairs substrate unfolding and ATP hydrolysis
cooperativity. We further validated the significance of the closed ring structure by
demonstrating that covalently reclosing a broken hinge-linker interface partially restores
substrate unfolding activity. Finally, we report an asymmetry in ClpX degradation efficiency
when a hinge-linker mutation is placed on either side of hydrolysis-defective subunits,
suggesting biased directional effects on grip or intersubunit communication through the
hinge-linkers.
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Figure 1 —. Hinge-linker deletion and mutation in a single-chain CIpXAN hexamer
(a) Cartoon representation of a single subunit of CIpX2N (left) and an assembled single-

chain hexamer (right). (b) Cartoon representation of the linker-deletion pseudohexamer,
which was constructed through circular permutation by moving the N-terminal large AAA+
domain of wild-type pseudohexamer to the C-terminus. (c) Cartoon representation of the
G12-insertion pseudohexamer, which was constructed by adding 12 glycine residues into
one hinge-linker of wild-type pseudohexamer. (d) Size exclusion chromatograms of single-
chain pseudohexamer variants.
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Figure 2 — Hinge-linker deletion and mutation impair intersubunit communication
Unless noted, experimental values are averages of three independent replicates + SD.

Concentrations are given as follows: ClpX, pseudohexamer units; ClpP, 14-mer units;
substrates, monomer units, (a) Left — Hill fits of the concentration dependence of ATP-
hydrolysis rates. Right — Hill values with the significance of differences from wild type
evaluated by a Student’s two-tailed t-test for the hinge-linker deletion (¢= 4.6, dof =4, p=
0.0098) or G12 insertion (#= 9.5, dof = 4, p=0.0007). (b) Rates of ATP hydrolysis by
pseudohexamer variants alone (0.03 uM), in the presence of ClpP, or in the presence of ClpP
and Arc-st11-ssrA. Linker-deletion pseudohexamer was tested at higher concentrations of
ClpP and Arc-st11-ssrA because of its reduced affinity for both molecules (see panels e and
f). Wild-type and G12-insertion pseudohexamers: 0.09 pM CIpP, 15 uM Arc-st11-ssrA.
Linker-deletion pseudohexamer: 6.7 UM CIpP, 160 uM Arc-st11-ssrA. (c) Kinetics of
degradation of fluorescent Arc-st11-ssrA (15 uM) by single-chain pseudohexamers (0.1 uM)
and ClpP (0.3 uM). Data are representative of three replicates. (d) Degradation of Arc-st11-
ssrA, CPTGFP-ssrA, or GFP-ssrA (20 uM) by pseudohexamer variants (0.1 uM ClpX, 0.3
UM ClpP). Rates are plotted as a fraction of the wild-type rate, (e) Left — Michaelis-Menten
plots of rates of Arc-st11-ssrA degradation by pseudohexamer variants (0.1 uM ClpX, 0.3
UM ClIpP). Right — Same plot as left, rescaled to show fit of linker-deletion curve, (f) Left -
pseudohexamer stimulation of CIpP (50 nM) cleavage of a fluorogenic peptide (15 uM).
Right — pvalues determined by Student’s two-tailed t-test of K differences between the
wild type pseudohexamer and the hinge-linker deletion (¢= 9.6, dof = 4, p=0.0006) or G12
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insertion (&= 11, dof = 4, p=0.0004). (g) Changes in ATP hydrolysis in response to
increasing concentrations of Arc-st11-ssrA substrate. Wild-type and G12-insertion
pseudohexamers: 0.1 UM ClpX, 0.3 uM CIpP, fit to an initial value and a hyperbolic increase
to a saturated value. Linker-deletion pseudohexamer: 0.1 pM ClpX, 10 uM ClpP, fit to a
constant linear value, (h) Energetic cost of ClpXP degradation of Arc-st11-ssrA supported
by different pseudohexamers. Due to uncertainty inherent in the Vi, determined for linker-
deletion pseudohexamer, the calculated energetic cost for this variant is approximate.
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Figure 3 —. Hinge-linker deletion disrupts ClpX ring structure
2D class averages of negative-stain EM images of (a) wild-type CIpX2N hexamers; (b) G12-

insertion pseudohexamers; and (c) linker-deletion pseudohexamers. The percent of particles
assigned to each class are indicated.
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Figure 4 — Smaller hinge-linker variants fail to form hexamers
Unless noted experimental values are averages of three independent replicates + SD.

Concentrations are given as follows: ClpX, pseudohexamer units; ClpP, 14-mer units;
substrates, monomer units, (a) Construction of circularly permuted variants that delete
hinge-linkers from ClpX2N monomers, pseudodimers, and pseudotrimers. (b) Superdex 200
size-exclusion chromatography of linker-deletion variants, performed in the presence of 1
mM ADP, which stabilizes native CIpX2N hexamers. (c) Rates of ATP hydrolysis by hinge-
linker variants alone (0.1 uM), in the presence of ClpP (6.7 uM), or in the presence of ClpP
(6.7 uM) and Arc-st11-ssrA (160 uM). (d) Rates of unfolding of Arc-Gcen4-ssrA (20 uM) by
linker-deletion variants (0.3 pM) in the absence of CIpP plotted on a logscale. (e) Rates of
degradation of Arc-st11-ssrA (15 puM) by linker-deletion variants (0.3 uM) in the presence of
ClpP (0.9 uM) and ATP or ATP-yS (10 mM) plotted on a logscale. (f) Arc-st11-ssrA
degradation activity of linker-deletion variants (taken from panel e) plotted as a function of
the number of hinge-linkers per hexamer equivalent.
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Figure 5 —. Crosslinking a pseudohexamer with a hinge-linker deletion improves degradation
(a) Cartoon of crosslinking and control reactions, (b) 10% SDS-PAGE analysis after the

modification reactions depicted in panel A. The supershifted species corresponds to a
circularized hexamer. Rates of Arc-st11-ssrA (20 uM monomer) (c) and P7GFP-ssrA (20
UM monomer) (d) degradation by the NPM- and BM-PEG3-modified linker-deletion

variants. Values are averages + SEM of two independent sets of three replicates.

Significance of differences determined by Student’s two-tailed t-test are shown in panel C

(&= 8.1, dof = 2) and panel D (& 10, dof = 2).
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Figure 6 —. Hinge-linker mutation reveals functional asymmetry
Concentrations are given as follows: ClpX, pseudohexamer units; ClpP, 14-mer units;

substrates, monomer units, (a) Cartoons of pseudohexamer variants with the substrate-
binding face up. The G12 insertion is red; subunits with wild-type active-site residues for
ATP hydrolysis are light gray; and subunits carrying the Walker-B E185Q ATP-hydrolysis
mutation are dark gray, (b) Michaelis-Menten analysis of Arc-st11-ssrA degradation (0.1
UM pseudohexamer variants, 0.3 pM CIpP). Values are averages of three independent
replicates = SD. (c) Changes in ATP hydrolysis as a function of Arc-st11-ssrA concentration
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were fit as described in the legend of panel 2G (0.1 uM pseudohexamer variants, 0.3 uM
ClpP). Values are averages of three independent replicates + SD. (d) Energetic cost of Arc-
st11-ssrA degradation. Values are averages + SEM of two independent sets of three
replicates.
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Table 1 —
Fitted parameters from biochemical analysis of single-chain CIpX2N hexamers

Values are reported as average = SD. The reported error was calculated by fitting independent replicates to
curves, and then measuring the mean and variance of the resultant fitted parameters. Values labeled * are
approximate because degradation rates for substrate concentrations above Kj,could not be tested.

ATP hydrolysis (Fig. 2A)
Vimax ! Etor (min™! hex™?) Km (UM) n
Wild-Type 240+ 10 331 2.0+0.2
Linker-Deletion 670 £ 20 160 + 10 16+0.1
G12-Insertion 790 + 30 220+10 1.1+0.1
Arc-st11-ssrA degradation (Fig. 2E)
Vimax ! Etor (Min™! hex™?) Km (UM)
Wild-Type 4.1+0.2 2502
Linker-Deletion ~0.2* ~20*
G12-Insertion 15+01 41+0.1
ClpP binding (Fig. 2F)
Vimax ! Etor (Min™1 ClpPy,7Y) Kp (nM)
Wild-Type 1.8+0.1 21+1
Linker-Deletion 16+0.1 750 + 130
G12-Insertion 1.6+0.1 301
ATP hydrolysis dependence on protein substrate concentration (Fig.2G)
Vinit/ Evor (Min~! hex™1) Vmax | Etor (Min " hex™) | Kggp (M)
Wild-Type 180 + 10 440 £ 10 3.8+0.8
Linker-Deletion - 300+ 10 -
G12-Insertion 190 + 100 440 £ 90 22+4
Arc-st11-ssrA degradation (Fig. 6B)
Vmax ! Etor (Min~t hex™1) K (UM)
G12-Insertion 14+01 6.9+0.5
G12-Ins, FABgq 0.085 + 0.006 3.0+0.7
G12-Ins, DEFgq 0.19 +0.02 45+2
ATP Hydrolysis dependence on protein substrate concentration (Fig. 6C)
Vinit/ Etor (Min™ hex™1) Viax ! Etor (Min~t hex™) | Kgpp (M)
G12-Insertion 160 + 10 300+ 10 46+04
G12-Ins, FABgqg 160 + 10 200+ 10 28+4
G12-Ins, DEFgq - 86+1 -
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