Check for
updates

Modular and coordinated activity of AAA+ active sites
in the double-ring ClpA unfoldase of the

ClpAP protease

Kristin L. Zuromski®®, Robert T. Sauer®®, and Tania A. Baker®"

2Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139; and °Department of Biology, Massachusetts Institute of

Technology, Cambridge, MA 02139

Contributed by Tania A. Baker, September 2, 2020 (sent for review July 13, 2020; reviewed by Francis T. F. Tsai and Sue Wickner)

ClpA is a hexameric double-ring AAA+ unfoldase/translocase that
functions with the ClpP peptidase to degrade proteins that are
damaged or unneeded. How the 12 ATPase active sites of ClpA,
6 in the D1 ring and 6 in the D2 ring, work together to fuel ATP-
dependent degradation is not understood. We use site-specific
cross-linking to engineer CIpA hexamers with alternating
ATPase-active and ATPase-inactive modules in the D1 ring, the
D2 ring, or both rings to determine if these active sites function
together. Our results demonstrate that D2 modules coordinate
with D1 modules and ClpP during mechanical work. However,
there is no requirement for adjacent modules in either ring to be
active for efficient enzyme function. Notably, CIpAP variants with
just three alternating active D2 modules are robust protein trans-
locases and function with double the energetic efficiency of CIpAP
variants with completely active D2 rings. Although D2 is the more
powerful motor, three or six active D1 modules are important for
high enzyme processivity, which depends on D1 and D2 acting
coordinately. These results challenge sequential models of ATP
hydrolysis and coupled mechanical work by CIpAP and provide
an engineering strategy that will be useful in testing other aspects
of CIpAP mechanism.

AAA+ protease | CIpAP | double-ring ATPase | molecular machine |
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Enzymes of the AAA+ (ATPases associated with various
cellular activities) superfamily harness the chemical energy
from ATP hydrolysis to remodel macromolecules in all kingdoms
of life (1, 2). Simple AAA+ proteases consist of a hexameric
AAA+ unfoldase and a self-compartmentalized peptidase,
encoded either in a single polypeptide chain (e.g., Lon or FtsH)
or as distinct proteins (e.g., CIpAP, ClpXP, or HslUV). These
proteases recognize protein substrates via specific peptide deg-
radation tags (degrons) and then, in energy-dependent reactions,
unfold and processively translocate substrates through the cen-
tral channel of the unfoldase into the degradation chamber of
the peptidase (Fig. 14) (3, 4). ATP-dependent unfoldases and
related protein-remodeling machines differ in having either one
or two AAA+ modules per subunit. Hexamers with one module
per subunit form a single ring with 6 ATPase active sites, whereas
those with two modules form a double-ring enzyme with 12
active sites.

Escherichia coli CIpAP, a double-ring AAA+ protease, con-
sists of the ClpAs unfoldase and the ClpP,4 peptidase (5-7).
Each CIpA monomer has an N-domain and two AAA+ mod-
ules, termed D1 and D2, which belong to evolutionarily distinct
clades (1, 8, 9). Contributions of the D1 and D2 rings toward
overall ClpA function have been investigated by eliminating ATP
hydrolysis in one ring or the other via mutation of the catalytic
residues in each AAA+ module. These studies suggest that the
D1 and D2 rings hydrolyze ATP independently, with D2 cata-
lyzing 80-90% of the total ATP hydrolysis (10-12). In addition to
being the major ATPase component of ClpA, the D2 ring is also
the principal unfoldase and translocase: a variant with an
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ATPase-inactive D2 ring (but an ATPase-active D1 ring) fails to
unfold and translocate many protein substrates (12, 13). In
contrast, the D1 ring functions as a regulatory/auxiliary motor
that assists ATP hydrolysis-coupled mechanical work performed
by D2 (14). Despite these insights, we do not know how ATP
hydrolysis-coupled work in individual AAA+ modules is coor-
dinated to promote ClpA unfolding and translocation.

Here, we use site-specific cysteine cross-linking and muta-
genesis to engineer ClpA hexamers with alternating ATPase-
active and ATPase-inactive subunits in the D1 ring, the D2
ring, or both rings to investigate coordination of activities be-
tween individual subunits and the two rings. We find that AAA+
modules in both rings operate as units where the number of
active subunits, but not their positions or relative orientations,
affects ring activity. Moreover, degradation and ATPase exper-
iments provide evidence for cooperative action within and be-
tween the D1 and D2 rings during the processing of protein
substrates. These results challenge sequential models of ATP
hydrolysis and coupled mechanical work by ClpA and demon-
strate how cross-linking and mutagenesis can be used to inter-
rogate AAA+ enzyme mechanism.

Results

Design and Formation of Cross-Linked CIpA Dimers. Covalent linkage
of AAA+ subunits, either through genetic fusion or cysteine
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Fig. 1. Engineered cross-linked ClpA hexamers allow sequence changes in individual subunits. (A) CIpAP recognizes a degron in a protein substrate and then

uses cycles of ATP hydrolysis to unfold the substrate and translocate it into the inner chamber of ClpP for degradation. (B) Homology model of the ClpA D2
hexameric ring (cartoon representation) with potential sites for subunit cross-linking across the dimer interface shown in CPK. Pink D2 modules contain D645C
and teal D2 modules contain Q709C mutations for cross-linking. (C) Diagram of the cross-linked CIpA pseudohexamer with D2 cross-linking modules (teal and
pink) and cross-link (black) between engineered cysteines. (D) Bismaleimide cross-linking time course assayed by SDS/PAGE in the presence or absence of ATP.
(E) Separation of cross-linked dimers from uncross-linked species by size-exclusion chromatography. After cross-linking of P54*“ClpA and @7%°CIpA (red trace),
ClpA* dimers eluted in a peak centered near ~63 mL, whereas uncross-linked monomers eluted in a peak near ~73 mL. Uncross-linked P54*ClpA or ?7%°“CIpA

(black trace) elutes as a mixture of multimers with a peak near ~71 mL.

cross-linking, has been used to probe the contributions of indi-
vidual subunits toward AAA+ enzyme function in the E. coli
ClpXP and HslIUV proteases, the PspF transcriptional regulator,
and the Thermus thermophilus ClpB disaggregase (15-18). Ge-
netic fusion is most successful when the C terminus of one
subunit is close in space to the N terminus of a neighboring
subunit, which is not the case for ClpA (15). Hence, we devel-
oped a cysteine-cross-linking strategy to investigate the potential
coordination among the 12 ATPase active sites of ClpA.

When this work was initiated, there were no reported high-
resolution structures of ClpA hexamers. Thus, we used homology
modeling to identify potential sites to cross-link neighboring
CIpA subunits. We generated several homology models using
SWISS-MODEL based on structural alignment of the ClpA D1
or D2 modules from a monomeric ClpA structure (Protein Data
Bank [PDB] ID code 1R6B) to structures of hexameric AAA+
unfoldases (19, 20). The ClpA D2 modules could be aligned
reasonably well with a hexameric HslU structure (PDB ID code
1G41). Using this model and the Disulfide-by-Design algorithm,
we identified Asp®* and GIn™® as potential sites for cysteine
substitutions predicted to allow cross-linking between D2 dimer
interfaces within a ClpA hexamer (21). Fig. 1B shows a model of
a CIpA hexamer in which three subunits harbor the D645C
mutation (pink) and three subunits contain the Q709C mutation
(teal). Because D1 and D2 are in the same polypeptide chain,
successful cysteine cross-linking at these two positions would
generate a pseudohexamer consisting of a trimer of cross-linked
dimers (Fig. 1C). In two recent cryo-electron microscopy (EM)
structures of substrate-engaged CIpAP (6W1Z and 6W21) (22),
the distance between the CB atoms of residues 645 and 709 in
adjacent subunits of ClpA was too long (6-8.6 A) to form a
disulfide bond (~5.5 A) but close enough for cross-linking using
a 10.9-A bismaleimide cross-linker.
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ClpA purified in the absence of ATP exists in an equilibrium
of different multimeric states (23, 24). To ensure a single cross-
link forms between neighboring subunits, the three native cys-
teines in WT ClpA (ClpA™) were changed to serines (C47S, C203S,
(243S) to generate a cysteine-free variant (CIpAf) before intro-
ducing the D645C or Q709C mutations to (g)roduce DOCCIpA or
QM9CCIpA, respectively. P**“CIpA and ?7"“CIpA were com-
bined, incubated to allow subunit mixing, and then treated
with 1,4-bismaleimidobutane. Analysis by reducing SDS/PAGE
indicated that cross-linking of the P**“ClpA/?""CCIpA mixture
was highly specific and ~80% efficient (with or without ATP),
whereas only 5-8% cross-linking was observed with either
DO43CCIpA or "CClpA alone (Fig. 1D). Thus, most cross-linking
occurred between the two cysteines in neighboring subunits
in a hexamer, as predicted from the design. The cross-linked
D64SCCIpA-Q7CCIpA dimer was purified from uncross-linked
species by size-exclusion chromatography under nucleotide-
free conditions that do not support hexamer formation (Fig.
1E). The pseudohexamer (ClpA*) was then assembed from
cross-linked dimers by ATP addition for all subsequent activity
assays.

Construction of ClpA Complexes to Probe ATPase-Module Function.
Mutation of the catalytic Walker-B glutamate in the active sites
of the D1 (E286Q) or the D2 (E565Q) modules allows ATP to
bind but dramatically slows hydrolysis (12-16, 25). As shown in
Fig. 2, we constructed pseudohexamers with multiple configu-
rations of ATPase modules that were either active or inactive.
These variants included enzymes with completely inactive D1
rings (P*CIpA), D2 rings (PClpA), or both rings (P7P2CIpA),
and cross-linked variants with alternating active/inactive subunits
in D1 (*"P'CIpAY), alternating active/inactive subunits in D2
(*"P2CIpA~), and two variants with alternating active/inactive
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Fig. 2. CIpA variants used in this study. Names, relevant mutations, and
cartoons are shown for each ClpA variant. In the diagrams of hexamers, light
blue modules have WT ATPase active sites, whereas darker blue modules
with red X’'s contain Walker-B ATPase mutations (E286Q or E565Q). Black
bars represent the presence of subunit-subunit cross-links between the
engineered cysteines (D645C and Q709C).

modules in both rings (altDl/altDZ/Cisclpr and ath/altD2/tranSClpr).
This set of enzymes was then used to interrogate the contributions
of the number and/or configuration of AAA+ modules to the
ATPase and protease functions of CIpAP.

Cross-Linked ClpA Variants Are Functional Enzymes. By cross-linking
ClpA subunits to construct our experimental pseudohexamers,
we considered that ClpA may be rendered more rigid, thus po-
tentially perturbing motions that occur with the ATPase cycle, or
harming docking between ClpA and ClpP. Therefore, to assess if
cross-linking is detrimental to CIpA activity, we carried out a set
of assays to compare the ATPase rates, degradation activities,
and CIpP interactions of uncross-linked to cross-linked ClpA
variants. Assays with CIpA* revealed that it hydrolyzed ATP with
or without ClpP at similar rates to the uncross-linked "***“ClpA
and “"CCIpA enzymes (Fig. 34). Although P®““ClpA,
Q709CCIpA, and ClpA* all had modestly reduced ClpP-stimulated
ATPase activities compared to ClpA™ (~57-70%), their activi-
ties were comparable to ClpA®, suggesting that removing the
three native cysteines (but not cross-linking) was responsible for
most of the reduction in ClpP-stimulated ATPase activity
(Fig. 34). Further, cross-linked ClpA*/ClpP degraded two pro-
tein substrates—molten globule-like FITC-casein (26) and a
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circularly permuted variant of green fluorescent protein, “"°GFP-
sstA (27)—at nearly identical rates to the variant we chose as our
uncross-linked control, P***“ClpA/CIpP (Fig. 3B). These results
demonstrate that cross-linking does not impede ClpAP move-
ments associated with unfolding (°®GFP-ssrA) and translocation
(FITC-casein, “P°GFP-ssrA) of protein substrates; further, they
suggest that a functional ClpA-ClpP interface was maintained in
CIpA¥/ClpP, thereby allowing ClpA*/ClpP to display normal
degradation activity compared to P***“CIpA/ClpP. Degradation
and ATPase activities of our full panel of CIpA variants will be
discussed in the sections below, but these initial assays compar-
ing CIpA* to P*“CIpA gave us confidence that constructing
ClpA pseudohexamers from covalently cross-linked dimers did
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Fig. 3. Cross-linking does not inhibit CIpA interactions with ClpP and/or
substrates. (A) Hydrolysis of ATP (5 mM) by ClpA variants (0.25 pM) without
inactivating ATPase mutations in the absence or presence of ClpP (0.75 pM).
Values are averages (n > 3) + 1 SD. (B) Rates of degradation of “°°GFP-ssrA
(20 pM, green) or FITC-casein (50 uM, blue) by uncross-linked P54°CIpA or
cross-linked ClpA* (0.25 uM each) with ClpP (0.75 uM). Values are averages
(n > 6) = 1 SD. (C) ClIpA variants interact with ClpP as assayed by a pore-
opening assay. ClpP cleavage of a fluorogenic decapeptide of RseA (15 pM)
was assayed in the presence of ATPyS (2 mM), different CIpA variants (0.50
uM), and ClpP (0.25 uM). Values are averages (n > 3) + 1 SD.
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not inhibit interaction of ClpA with ATP, protein substrates,
or ClpP.

Although our ClpA variants with different combinations of
ATPase mutations are expected to change ATPase and degra-
dation rates (10-12), differences in these variants’ abilities to
bind and activate ClpP could affect the interpretation of exper-
imental results. To assess the integrity and function of the ClpA-
ClpP interface, we used a “pore opening assay.” This assay
specifically measures ClpA’s ability to bind and open the ClpP
pore, allowing degradation of long peptides (for example, the
10-residue peptide used here) that ClpP cannot efficiently de-
grade on its own (28). Importantly, ATP hydrolysis-dependent
unfolding and/or translocation of the peptide substrate by ClpA
are not required for the observed ClpP cleavage, as the ATP
analogs ATPyS and AMP-PNP (both not hydrolyzed at a de-
tectable level) work as effectively as ATP in stimulating ClpP
cleavage of long peptides (25, 28). In our assay, all CIpAP vari-
ants degraded a fluorescent decapeptide with similar rates
(Fig. 3C). Therefore, regardless of the number or orientation of
inactive ATPase modules, all of our ClpA variants form active
complexes with ClpP, which requires proper ClpA to ClpP
docking and opening of the ClpP pore. Thus, we conclude that
the major differences observed in our degradation and ATPase
assays with the mutated ClpA variants in the following sections
are principally due to the inactivating ATPase mutations and not
caused by deformation of the ClpA hexamer or poor interactions
between ClpA and ClpP.

Only Three Active Modules in the D2 Ring Are Needed for
Degradation. Four protein substrates were used for degradation
assays: FITC-casein, “P°°GFP-ssrA, ssrA-(¥'**titin),-Halo, and
Halo-(¥"*"titin),-ssrA. ssrA-(V'Ftitin),-Halo and Halo-(¥**titin),-
ssrA are multidomain substrates, each with a N- or C-terminal
sstA degron (thus initiating degradation from opposite ter-
mini), four repeated native titin">’ domains containing the
destabilizing V15P mutation (V'*Ftitin) (29), and a C-terminal
or N-terminal HaloTag domain (Halo) covalently linked to a
fluorescent Halo-TMR ligand (30). These multidomain sub-
strates both require unfolding and translocation for degrada-
tion by CIpAP, although translocation is rate limiting for the
N-to-C direction substrate (ssrA-(¥"*"titin),-Halo), whereas unfolding
is rate limiting for the C-to-N direction substrate (Halo-(*"*titin),-
sstA) (14, 30). The rates of FITC-casein and “"°GFP-sstA deg-
radation were monitored by changes in fluorescence, whereas
degradation of the multidomain substrates was monitored by
SDS/PAGE and fluorimetry of the TMR group present on the
intact substrate and/or degradation products at different time
points.

DOSCCIpA/CIpP (all active modules) degraded FITC-casein
and “P°GFP-ssrA with comparable rates to CIpA*/CIpP (all ac-
tive modules) (Fig. 3B and datasets 1 and 2 in Fig. 44). These
enzymes also degraded the YPtitin domains of ssrA-(¥'*Ftitin),-
Halo at nearly identical rates, but, as anticipated from studies
using WT CIpAP (14, 30), did not efficientlé degrade Halo
(datasets 1 and 2 in Fig. 4 C and D). Although ClpA/%lg)P (six
active D1 modules and no active D2 modules) and P¥P=ClpA/
ClpP (no active modules) were highly defective in ATP hydro-
lysis, we observed higher than background (no enzyme) degra-
dation of FITC-casein for both variants (datasets 5 and 7 in
Fig. 44). However, when we measured the FITC-casein degra-
dation rates in the presence of ATPyS, P2CIpA/ClpP, P¥P2ClpA/
ClpP, and P**>“CIpA/CIpP all gave the same result: no degra-
dation above background was observed (Fig. 4B). Thus, for this
molten globule-like substrate, the small degradation activity
observed (10-15% of P**>“CIpA/ClpP’s activity; Fig. 44) ap-
pears largely due to slow, residual ATP hydrolysis by ““CIpA and

"B2CIpA (SI Appendix, Fig. S1).
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Fig. 4. CIpA variants have different protein degradation profiles. (A) Rel-
ative rates of degradation of “°®GFP-ssrA (20 uM, green) or FITC-casein (50
1M, blue) by CIpAP variants. All rates were normalized to the 100% activity
of each variant's “parental” enzyme, either P®*>“CIpA/ClpP or ClpA*/CIpP. In
each case, the background rate (observed with no enzyme) was subtracted
from the data before normalization. Values are averages (n > 5) + 1 SD. (B)
FITC-casein degradation in the presence of 4 mM ATP or ATPyS. The con-
centrations of P®4°“ClpA, ®2CIpA, and ®*®2CIpA were 0.25 pM, and the
concentration of ClpP was 0.75 M. Data were normalized to the P®4*“ClpA +
ATP rate. Values are averages (n > 3) + 1 SD. (C) Degradation of ssrA-
(V15Ptitin)s-Halo (0.5 pM) by CIpAP variants (0.5 uM CIpA, 1 M ClpP) moni-
tored by SDS/PAGE and imaged for TMR fluorescence. (D) Quantification of
disappearance of the intact substrate over time (from experiments like that
in C); degradation curves for each variant (n = 2 independent experiments)
were independently fit to a single exponential. The correspondence be-
tween the line color and the identity of each variant is shown over the gel in
Q). (E) Energetic cost of degradation of FITC-casein or “°°GFP-ssrA by CIpAP
variants. Energetic costs were calculated by dividing the ATPase rate of each
variant in the presence of substrate (S/ Appendix, Fig. S1) by the degradation
rate, with the ratios for P®**“CIpA and CIpA* normalized to 100. Data points
represent averages (n > 5) + propagated error.

The **P2ClpA¥/ClpP variant, with six active D1 modules and
three active D2 modules, degraded FITC-casein, P°GFP-ssrA,
and ssrA-(Y'Ptitin),-Halo faster than P2CIpA/CIpP, with six
active D1 modules and no active D2 modules, but slower than
the parental enzymes with fully active D2 rings (datasets 1, 2, 5,
and 6 in Fig. 4 A and C; Fig. 4D). Further, the PValtD2/eisClp A%/
ClpP and PValtDransCin AX/ClpP variants, which have three
active D1 modules in addition to three active D2 modules,
functioned at similar rates to *™®*CIpA¥/ClpP (datasets 8 and 9
in Fig. 4 A and C; Fig. 4D). The fact that we observed substan-
tially increased degradation rates for three substrates with
altDzClpAX/ClpP, altDUaltDz/CiSClpr/ClpP, and altDl/altDz/transClpAX/
ClpP compared to P2CIpA/ClpP and PYP2ClpA/ClpP (no active
modules) reveals that D2 rings with only three ATPase-active
modules are functional protein unfoldases and translocases, al-
beit working at lower rates than D2 rings with six active modules.
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These results indicate that a reduced complement of active D2
modules slows translocation, the rate-limiting step for degradation
of FITC-casein and ssrA-(¥'°Ftitin),-Halo. Fewer active D2
modules also slows unfolding, the slowest step in degradation of
PGFP-sstA (27, 31), with unfolding being more sensitive than
translocation to fewer active D2 modules.

ClpA Is "Overpowered” for Degradation of Some Substrates. CIpAP
variants with three D2 modules degraded substrates more slowly
than variants with six active D2 modules (Fig. 4 A, C, and D) and
had lower ATPase activity during substrate processing (SI Ap-
pendix, Fig. S1). To determine if the reduced degradation rates
were a direct consequence of slower ATP hydrolysis, we calcu-
lated the energetic cost of degrading “°GFP-sstA or FITC-
casein by dividing the working ATPase rates, measured with
saturating substrate and ClpP, by the corresponding degradation
rates. Interestingly, compared to ClpA variants with six active D2
modules, those with three active D2 modules used ~60% less
ATP to degrade each molecule of FITC-casein (Fig. 4E). In
contrast, the energetic costs of P’ GFP-ssrA degradation were
about the same for enzymes with three versus six D2 ATPase
modules. Thus, the ~2.5-fold lower energetic cost of FITC-casein
degradation by *'P2CIpA*/CIpP and the !PValtD/ciscpAY/
CIpP and *tPVAD2ransCn AX/ClpP variants shows that ATP hy-
drolysis by three alternating active D2 modules is used more ef-
ficiently to promote degradation of this substrate. This observation,
in turn, suggests that variants with six active D2 modules are
“overpowered” for degradation of FITC-casein, with many ATP
hydrolysis events apparently uncoupled from mechanical work.
Because major energetic differences were not as clear for P°GFP-
ssrA degradation by three versus six active D2 modules, the in-
creased efficiency of CIpAP with alternating active D2 modules
may chiefly occur with substrates that only need to be translocated
for degradation, as opposed to ones that must be unfolded and
translocated.

D1 Modules Boost Unfolding/Translocation Powered by the Complete
D2 Ring. The D2 ring is the more powerful unfolding and trans-
location motor in ClpA (10, 12). However, the D1 and D2 rings
appear to bind and translocate a single polypeptide simulta-
neously (22), so we looked for evidence of coupled ring activity.
Notably, we found that the ability of active D1 modules to en-
hance unfolding and translocation rates of CIpAP was dependent
on the number of active D2 modules. For example, the degra-
dation rate of all substrates tested by P***“ClpA/CIpP (six active
D1 and six active D2 modules) was ~30% higher than that of
PTCIpA/CIpP (no active D1 and six active D2 modules) (datasets
1 and 3 in Fig. 4 A and C; Fig. 4D). However, when the D2 ring
was completelgginactive, the degradation rates for all three
substrates by ~-ClpA/ClpP (six active D1 and no active D2
modules) were comparable to P"P2CIpA/CIpP (no active D1 or
D2 modules) (datasets 5 and 7 in Fig. 4 A and C; Fig. 4D).
Together, these data show that D1 modules only work to help
promote degradation when active D2 modules are also engaged
in unfolding and translocation, demonstrating coordination be-
tween the mechanical activities of the two rings for ClpA func-
tion. This coordination appears especially critical for the
unfolding and degradation of more stable substrates (12).

D1 and D2 Communicate to Enhance Processivity During Substrate
Processing. We next investigated how D1 modules might coor-
dinate with alternating active/inactive D2 rings. Degradation
rates of FITC-casein, P°GFP-ssrA, and sstA-(" °"titin),-Halo
bly the “"P2CIpA* (six active D1 and three active D2 modules),
a tDl/altD2/(:1sClpAX/ClpP, and altDl/altDZ/transClpAX/ClpP (each with
three active D1 and D2 modules) variants were similar, espe-
cially for “*GFP-ssrA and ssrA-(¥ *’titin),-Halo (datasets 6, 8,
and 9 in Fig. 4 4 and C; Fig. 4D). These results initially suggested
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that active D1 modules only function well in coordination with
fully active D2 rings.

The D1 motor antagonizes stalling and is important for
processive substrate degradation following committed substrate
engagement (14); processivity of degradation can be best moni-
tored using the multidomain substrates and observing degrada-
tion products by SDS/PAGE. During Halo-(¥'*"titin),-sstA
degradation by CIpAP, for example, some of the enzymes dis-
sociate after reaching different domain-domain junctions in
the multidomain substrate, leading to an accumulation of in-
completely degraded products with different numbers of titin
domains and/or the Halo domain remaining intact (32, 33).
The results in Fig. 5 A-C suggest that degradation of Halo-
(V'*"titin)4-ssrA by “*P2CIpA¥/CIpP (six active D1 modules and
three active D2 modules) is more processive than that performed
by ultDl/altDZ/asClp Ax/ClpP or altD1 altDZ/transclp AX /ClpP ( each with
three active D1 and D2 modules). For example, although deg-
radation by all three variants resulted in loss of the full-length
substrate at similar rates (Fig. 5B), there were clear differences
in the accumulation of incompletely degraded products between
the ClpA variants. Most notably, a fragment of the approximate
size of the released Halo domain appeared during the time
courses with specific variants. We observed Halo accumulate to
11 + 1 and 13 + 1% of the starting substrate over 30 min by
altD1/altD2/cisClpAX/ClpP and altD1/alt 2/transC1pAX/C1pP, respec-
tively, whereas only ~1% of the substrate accumulated in the
Halo band during degradation by **™®2ClpA¥/CIpP (datasets 6, 8,
and 9 in Fig. 54; Fig. 5C). This greater ability of *"®*CIpA*/CIpP
to degrade the multidomain substrate to completion demon-
strates that six active D1 modules paired with three active D2
modules enhances the processivity of degradation and also re-
veals that D1 modules can assist even partially active D2 rings.
The Halo domain also accumulated during degradation by
PICIpA/CIpP (no active D1 modules and six active D2 modules)
but not by “*P!'CIpA¥/CIpP (three active D1 modules and six
active D2 modules) (datasets 3 and 4 in Fig. 54; Fig. 5C). In this
case, the change in enzyme processivity indicates that three active
D1 modules are sufficient to boost the processivity of fully
active D2 rings. Thus, this analysis reveals that several different
architectural arrangements of active D1 and D2 molecules are
sufficient to empower CIpAP to processively degrade a long,
multidomain substrate, including the well-folded terminal Halo
domain.

Functional Communication Between the D1 and D2 ATPase Sites.
Previous work demonstrated that ClpP only stimulates ATP
hydrolysis by the D2 ring of ClpA (12). As shown in Fig. 64,
ClpP stimulated ATP hydrolysis by CIpA variants with six active
D2 modules ~threefold, but did not stimulate variants with zero
or three active D2 modules. In principle, lack of stimulation
might result from poor ClpP binding. However, our cross-linked
and uncross-linked ClpA variants were all equally active in
stimulating ClpP cleavage of a fluorogenic peptide by the pore
opening assay presented above (Fig. 3C), which requires
ClpA-CIpP complex formation, but not mechanical activity by
ClpA. Thus, ClpP stimulation of ClpA is markedly reduced when
only three D2 modules are active ATPases.

Weber-Ban and coworkers posited that the D1 and D2 rings
contribute unequally and independently to overall ATP hydro-
lysis (12). In agreement with this model, we found that the sum
of the high ATP hydrolysis rate of P*CIpA (no active D1 mod-
ules, six active D2 modules) and the low rate of P2CIpA (six
active D1 modules, no active D2 modules) was roughly equal to
the rate of the parental enzyme (P***“ClpA) (SI Appendix, Fig.
S2). Based on experiments performed in the presence of ClpP
and protein substrates, however, the two rings appear to con-
tribute to ATP hydrolysis in a more complex fashion. For example,
with ClpP or ClpP/substrate present, adding the ATP-hydrolysis
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Fig. 5. Degradation of a multidomain substrate reveals contributions of D1 and D2 to enzyme processivity. (4) Kinetics of degradation of Halo-(titinV'*F),-
ssrA assayed by SDS/PAGE and TMR imaging. The uppermost band is full-length substrate. Lower bands correspond to fragments containing fewer domains.
The number of titin¥'>” domains in each species is denoted by the number of asterisks. (B) Quantification of the Halo-(titin¥'>"),-ssrA remaining, with the zero
time point set to 100%. The time course for each variant (n > 2 independent experiments) was fit to a single exponential. The correspondence between the
line color and the identity of each variant is shown over the gel in A). (C) Kinetic quantification of the Halo fragment during degradation by selected CIpAP
variants. Each point represents the Halo-fragment-TMR intensity divided by the total TMR intensity in the time 0 lane. Values for ®*ClpA, 2tPValtd2ciscin %/
ClpP, and a'tP1/altb2/transc) 5 AX/C|pP are averages (n = 3) + 1 SD.

rates of P*CIpA and P2CIpA resulted in a net activity that was  Fig. S2). Thus, there is modest synergy in ATP hydrolysis between the
45-60% of the rate of the parental enzyme (SI Appendix, Fig. S2). D1 and D2 rings when ClpA is functioning with ClpP.

Nevertheless, in each case, the D2 ring contributed the majority We generated a metric to determine if the ATP hydrolysis
(~80% on average) of the observed activity (Fig. 6B and SI Appendix,  is independent between ATPase modules in the two rings. We
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Fig. 6. ATP hydrolysis by CIpA variants differs without and with CIpP. (A) Rates of hydrolysis of ATP (5 mM) by CIpA variants (0.25 pM) in the absence
(light gray bars) or presence of ClpP (0.75 uM; dark gray bars). Values are averages (n > 5) + 1 SD. Fold stimulation is the rate in the presence of ClpP
divided by the rate in the absence of ClpP. (B) Relative contributions of the D2 and D1 rings to ATP hydrolysis under different conditions. Contributions
were calculated by dividing the ATPase rate of ®*CIpA or ®2CIpA by the sum of these rates (A and S/ Appendix, Fig. S1). Calculated fractional contri-
butions are listed above each bar that represent averages (n > 3) + propagated error. On average, the D2 ring contributed ~83% and the D1 ring
contributed ~17% toward the overall ATPase rate. (C—F) Normalized observed ATPase rates under different conditions plotted against the value
predicted for each variant’s ATPase rate if each module contributed independently (Z) (see text and S/ Appendix, Table S1) for cross-linked (filled circles)
and uncross-linked (open diamonds) variants. Each value is an average (n > 3) + 1 SD. Linear regressions are shown for all values of £ in C, or for £ = 0-3
and X = >3-6 in D-F.
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defined a variable, Z, as the calculated ATPase rate expected for
any variant assuming that each module contributes indepen-
dently of any other module. We calculated X for each ClpA
variant in the absence of ClpP, the presence of ClpP, or the
presence of ClpP and substrate, by multiplying the number of
active D1 sites by their fractional ATPase contributions (range
0.10-0.23; Fig. 6B) and adding this value to the number of active
D2 sites multiplied by their fractional contributions (range
0.77-0.90; Fig. 6B) (SI Appendix, Table S1). A strong positive
linear correlation between X and the observed ATPase rates for
our CIpA variants (R*> > 0.8) would support an independent
model of ATP hydrolysis.

In Fig. 6 C-F, we plotted the ATPase rates of our ClpA var-
iants (normalized to their parent enzymes, see Fig. 64) against
(Z). In the absence of ClpP, the linearity of Fig. 6C (R° = 0.99)
provides strong evidence that the active sites in the D1 and D2
rings contribute independently to ATPase activity; importantly,
there is no requirement for two active modules to be adjacent
either within the D1 or the D2 rings, or within the individual
subunits that form these stacked rings, to observe each module’s
individual contribution to enzyme activity.

In the presence of ClpP or ClpP/substrate, by contrast, these
observed vs. calculated ATPase plots were biphasic, with a
shallow linear phase at lower X values and a steeper linear phase
at higher X values (Fig. 6 D-F); these biphasic plots clearly did
not support an independent model of ATP hydrolysis by each of
the modules. Rather, the steeper slope of the high X region of
the graph is consistent with ClpP and active D1 modules stim-
ulating ATP hydrolysis by complete D2 rings, as observed in
Fig. 64. The linear nature (R* > 0.8) between CIpA variants in
each of the two phases, however, indicates that ATP hydrolysis
increases proportionally to the number of active modules under
two conditions: 1) when an incomplete D2 ring is not stimulated
by ClIpP or D1 modules (low X), and 2) when a complete D2 ring
is activated by ClpP and is also increasingly activated by the
presence of more D1 modules (e.g., zero vs. three vs. six) (high
¥). Overall, we conclude that interaction of ClpA with ClpP is
the key feature that “breaks” the independent activities of the
D1 and D2 ATPases and, thereby, promotes the more coordi-
nated ATP hydrolysis and mechanical activity needed by the fully
assembled protease.

Discussion

Cross-Linked, Mutated Variants Reveal CIpA D1 and D2 Ring
Functions. Our experiments provide insights into the functional
contributions of the 12 ATPase modules in the D1 and D2 rings
of CIpA. We developed a cross-linking/mutagenesis strategy to
introduce active-site mutations that severely diminished ATP
hydrolysis in every other module of the D1 ring, the D2 ring, or
both rings. These variants retained the ability to hydrolyze ATP
and power CIpAP degradation of protein substrates with dif-
ferent rates and efficiencies depending on the number of active
modules in each variant. Previous work established that the D2
ring provides the major motor activity required for mechanical
work, whereas the D1 ring antagonizes enzyme stalling and
promotes processive translocation and unfolding by the D2 ring
(10-14). However, these studies were unable to elucidate how
individual ATPase modules in the D1 and D2 rings contribute to
CIpAP function.

We find that ClpA variants with alternating active and inactive
modules in the D2 ring combine with ClpP to promote ATP-
dependent unfolding, translocation, and degradation of folded
and unfolded protein substrates. Thus, the D2 motor need not be
fully active or even have two adjacent active subunits to carry out
mechanical work. Surprisingly, variants with three active D2
modules degrade FITC-casein using half the number of ATPs as
variants with six active D2 modules, suggesting that fully active
CIpAP is energetically inefficient at degrading this unfolded
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substrate. Consistent with previous findings (12), we observe that
more D2 modules are needed for robust unfolding and translo-
cation of increasingly stably folded substrates such as “P°GFP-
ssrA; however, our results show that variants with three active
D2 modules degrade “P°GFP-ssrA with similar energetic costs as
variants with six active D2 modules, reinforcing the notion that
incomplete D2 motors are slower than complete D2 motors, but
effective.

Our results also reinforce the idea that D1 functions as an
important “booster motor” to increase CIpAP’s efficiency and
processivity during unfolding and translocation. When the D2
ring is fully active, we find that three alternating active D1
modules are sufficient to perform these functions. Although the
number of active D1 and D2 modules affects rates of CIpAP
unfolding, translocation, stalling, and degradation, our combined
results demonstrate that there is no requirement for hydrolyti-
cally active modules to be adjacent either within the D1 or the
D2 rings, or within the same subunit, for function.

Implication of Mixed ATPase Motors for Models of Work. The D1 and
D2 rings of CIpA are members of different subfamilies of AAA+
unfoldases. The D1 ring is part of the classic clade, which in-
cludes the single-ring Rpt;_¢, PAN, and FtsH enzymes, double-
ring NSF, p97, and Vps4 enzymes, and the D1 rings of ClpB,
ClpC, and Hsp104. The D2 ring is a member of the HCLR clade,
which includes the single-ring ClpX, HslU, and Lon enzymes and
the D2 rings of ClpB, ClpC, and Hspl104 (8, 9). Cryo-EM
structures of classic and HCLR clade enzymes have been used
to support a mechanism in which each module in the AAA+ ring
cycles sequentially through six distinct ring positions and, thus,
each subunit takes a turn hydrolyzing ATP to drive the next
power stroke required for mechanical work (34—41). However, if
the D1 or D2 rings of CIlpA were to operate by this strictly se-
quential mechanism, then rings with alternating hydrolytically
active and inactive subunits should have been mechanically inert
rather than merely slower.

A competing model posits that probabilistic ATP hydrolysis at
many positions within a AAA+ ring can drive a power stroke,
thereby eliminating the requirement for adjacent subunits to fire
in a strictly sequential pattern (15, 16). This model is also con-
sistent with observed states in recent cryo-EM structures
(42-44), mixed-ring experiments showing that ClpX and HslU
can function with only a subset of ATPase active AAA+ mod-
ules (15, 16), and single-molecule experiments that demonstrate
ClpXP translocation occurs with different step sizes in a sto-
chastic pattern (45, 46). Our ClpA experiments lend strong
support that ClpA and CIpAP function via a nonstrictly se-
quential model for both ATP hydrolysis and work by the D1 and
D2 rings.

Ring-Ring Coordination. In the absence of ClpP and substrate, the
ATP-hydrolysis activities of the D1 and D2 rings of CIpA appear
to be independent, as originally shown by Kress et al. (12) and
confirmed here (Fig. 6 B and C and SI Appendix, Fig. S2). When
ClpP or ClpP/substrate are present, however, our results indicate
that the D1 and D2 rings communicate both in terms of me-
chanical function and with respect to ATP hydrolysis. Although
ClpP binds all of our ClpA variants well enough to promote
degradation of model substrates, we find that ClpP does not
stimulate ATP hydrolysis by an incomplete D2 ring. When the
D2 ring is completely active, three or six D1 modules and ClpP
stimulate ATP hydrolysis by D2, leading to enhanced unfolding,
translocation, and processivity of ClpAP. This coordination
makes sense for efficient machine function, as two unsynchro-
nized motor rings would often be expected to oppose each other.
For example, one ring in a substrate-gripping mode might an-
tagonize the other ring in a pulling mode. Recent cryo-EM
structures of ClpAP-substrate complexes show that conserved
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D1 and D2 pore loops in the axial channel of the ring contact
the substrate polypeptide (22). Thus, it is unlikely that one
rin% disengages while the other rin })ulls. Our observations that
altD /allDZ/CISClpAX/ClpP and altD1/alt eransClpAX/ClpP dlSplay Sim-
ilar ATPase and degradation rates provide evidence that there
is no strict requirement for active modules to be oriented in the
same subunit for coordinated function; instead, our data sup-
port that it is the number of active D1 and D2 modules (zero,
three, or six) that has the major effect on the activity of CIpAP
variants rather than the arrangement of active modules. We
were, however, limited in the types of arrangements we could
probe, due to the strategy of building our enzymes out of cross-
linked dimers.

The D1 and D2 rings of the ClpB and Hspl04 protein-
remodeling machines share strong sequence and structural ho-
mology with those of ClpA (8, 22, 47). However, based on the
findings in this study, coordination of ATPase modules within
and between the D1 and D2 rings appears to be different in
ClpA (18, 48-51). For example, doping just one or two ATPase-
inactive subunits into a ClpB hexamer abrogates ATPase activity
(52). Further, allosteric networks in Hsp104/ClpB, including the
interaction of these enzymes’ “middle domains” (absent in ClpA
family enzymes) and folding chaperones with both rings, may
make ATP hydrolysis in one module much more highly depen-
dent on the nucleotide states of other modules in either ring
(18, 51, 53). However, for CIpA, our alternating active-inactive
D2 variants performed ATP-dependent work at similar or
greater energetic efficiencies than ful¥y active CIpA variants, and
altDl/altDZ/mSClpAX/ClpP and altD1/altD2, transClpAX/ClpP (each Wlth
three active D1 and three active D2 modules) had similar
ATPase and degradation activities, demonstrating that ClpA’s
two ATPase modules within one subunit do not exhibit high al-
losteric interdependence. These differences in ring-ring coordi-
nation may also reflect the fact that Hsp104/ClpB act primarily
as protein disaggregases in collaboration with several cofactors
(54-57), whereas ClpA functions in concert with ClpP as a
proteolytic machine (22, 38, 47).

Going forward, important questions about ClpA function in-
clude how coordination between the D1 and D2 rings is ac-
complished structurally and whether D1 or D2 rings with fewer
than three hydrolytically active modules are also functional.
The methods developed here will also enable selective mutation
of other important ClpA residues in the pore-1, pore-2, and
IGL-motifs, and at the D1-D2 ring interfaces for functional
analysis.

Materials and Methods

Protein Purification. Standard PCR techniques were used to introduce
mutations into a pET23b-plasmid-borne gene encoding E. coli CIpA~*<®
with an N-terminal SUMO solubility tag (the AC9 deletion prevents auto-
degradation) (58). All variants described here contain the AC9 dele-
tion. Plasmids encoding each CIpA variant were transformed into E. coli
strain BL21(DE3). For purification, a 4-L culture was grown at 25 °C to
an ODggp of ~0.5, ClpA expression was induced with 0.5 mM isopropyl
1-thio-p-galactopyranoside, and the culture was grown for 3-4 h at 22 °C
before harvesting. Cell paste was resuspended in 3 mL of lysis buffer (50 mM
Tris-Cl, pH 7.5, 2 mM ethylenediaminetetraacetic acid [EDTA], 10% [vol/vol]
glycerol, 2 mM dithiothreitol [DTT]) per gram of paste and stored at -80 °C.
ClpA was purified as described (59) with several modifications. After lysis by
French press, ~2,000 units of benzonase and 10 pL of Calbiochem Protease
Inhibitor Ill mixture (EMD Millipore) were added, and the lysate was incu-
bated at 4 °C for 30 min, before clearing the lysate by centrifugation. The
supernatant was dialyzed overnight against S-Sepharose Buffer (25 mM
Hepes-KOH, pH 7.5, 0.1 mM EDTA, 10% (vol/vol) glycerol, 2 mM DTT) with
the addition of 200 mM KCl and 0.2 uM Ulp1 protease, which removes the

1. J. Snider, G. Thibault, W. A. Houry, The AAA+ superfamily of functionally diverse
proteins. Genome Biol. 9, 216.1-216.8 (2008).

2. T. A. Baker, R. T. Sauer, CIpXP, an ATP-powered unfolding and protein-degradation
machine. Biochim. Biophys. Acta 1823, 15-28 (2012).
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N-terminal SUMO domain, before cation exchange chromatography on an
S-Sepharose column (GE Healthcare). Peak fractions were then chromato-
graphed on a HiLoad 16/10 Phenyl Sepharose HP column, and final fractions
containing CIpA were dialyzed in HO activity buffer (50 mM Hepes-KOH,
20 mM MgCl,, 0.3 M Nacl, 10% [vol/vol] glycerol, 2 mM tris(2-carboxyethyl)
phosphine) for protein storage. ClpP, “°°GFP-ssrA, Halo-(Y'®Ptitin),-ssrA sub-
strate, and the cys-(V'*"titin);-Halo protein were purified as described (27,
30, 46). An ssrA peptide containing an N-terminal maleimide was attached
to cys-(V1°Ptitin);-Halo to generate ssrA-(Y'>Ptitin),-Halo for biochemical ex-
periments (30). FITC-casein was bovine milk type Ill labeled with fluorescein
isothiocyanate (Sigma-Aldrich) dissolved in HO buffer for biochemical
experiments.

Cross-Linking. Purified P**“CIpA and ?7%°“CIpA variants containing Walker-B
mutations (E286Q and/or E565Q) or no Walker-B mutations were exchanged
into cross-linking buffer (50 mM Hepes-KOH, pH 7, 300 mM Nacl, 20 mM
MgCl,, 10% glycerol, 5 mM EDTA) using Zeba Spin Desalting Columns
(ThermofFisher Scientific). Cross-linking reactions containing ClpA variants
(30-50 pM total monomer equivalents at a 1:1 ratio of °®**“CIpA and
Q705¢C|pA) and 100 pM 1,4-bismaleimidobutane in cross-linking buffer
were incubated for 20-60 min at room temperature and then quenched
by the addition of 50 mM DTT. Cross-linked dimers were separated
from monomers using a Superdex 200 16/600 size-exclusion column (GE
Healthcare) equilibrated in HO buffer, which does not support hexamer
assembly (no ATP). Fractions containing cross-linked dimers were stored
at -80 °C.

Biochemical Assays. ATPase assays were performed at 30 °C in HO buffer.
Hydrolysis of 5 mM ATP was measured using an NADH-coupled assay (60)
with an ATP-regeneration system (20 U/mL pyruvate kinase, 20 U/mL lactate
dehydrogenase, 7.5 mM phosphoenolpyruvate, and 0.2 mM NADH) by
monitoring loss of absorbance at 340 nm using a SpectraMax Plus 384
Microplate Reader (Molecular Devices).

All activity assays were performed in HO buffer at 30 °C. To monitor pore
opening of ClpP by ClpA, reactions contained 0.50 pM ClpAg, 0.25 pM ClpP1y,
2 mM ATPyS, and 15 pM RseA (Abz-KASPVSLGYNO2D) decapeptide (where
Abz is the fluorophore 2-aminobenzoic acid and YN°? is the quencher 3-
nitrotyrosine). Fluorescence (excitation 320 nm; emission 420 nm) was
monitored using a SpectraMax M5 Microplate Reader (Molecular Devices).
To monitor ClpAP degradation of “°°GFP-ssrA or FITC-casein, reactions con-
tained 0.25 pM ClpAg, 0.75 pM ClpPq4, 4 mM ATP, an ATP regeneration
system (50 pg/mL creatine kinase [Millipore-Sigma], 5 mM creatine phos-
phate [Millipore-Sigmal), and either 20 pM °GFP-ssrA or 50 uM FITC-casein
(determined as the concentration of casein due to variability of FITC labeling
among casein molecules [¢ = 11,460 M~"cm™"]). Loss of P°GFP-ssrA fluo-
rescence (excitation 467 nm; emission 511 nm) or increase in FITC-casein
fluorescence (excitation 340 nm; emission 460 nm) was monitored using a
SpectraMax M5 Microplate Reader.

To assay degradation of ssrA-(Y'°Ptitin)s-Halo or Halo-(¥'>titin),-ssrA by
ClpAP variants, the substrate was initially incubated with an equimolar
concentration of HaloTag TMR Ligand (Promega) in HO buffer at 30 °C for
30 min. ClpAg (0.5 uM), ClpP14 (1 pM), ATP (5 mM), and the ATP regeneration
system described above were preincubated at 30 °C for 2 min, and either
ssrA-(V15Ptitin);-TMR-Halo or TMR-Halo-(Y'*"titin)4-ssrA (0.5 pM) was added
to initiate degradation. Samples were taken at different time points,
quenched by addition of SDS-sample buffer and rapid freezing, and later
thawed and electrophoresed on a Mini-PROTEAN TGX 4-15% (wt/vol) pre-
cast gel (Bio-Rad). TMR fluorescence in the gel was imaged using a Typhoon
FLA 9500 scanner (GE Healthcare) and quantified with ImageQuant 8.1 (GE
Healthcare).

Data Availability. All study data are included in the article and S/ Appendix.
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