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CIpAP, an ATP-dependent protease consisting of CIpA, a
double-ring hexameric unfoldase of the ATPases associated
with diverse cellular activities superfamily, and the CIpP
peptidase, degrades damaged and unneeded proteins to sup-
port cellular proteostasis. CIpA recognizes many protein sub-
strates directly, but it can also be regulated by an adapter, ClpS,
that modifies ClpA’s substrate profile toward N-degron sub-
strates. Conserved tyrosines in the 12 pore-1 loops lining the
central channel of the stacked D1 and D2 rings of CIpA are
critical for degradation, but the roles of these residues in in-
dividual steps during direct or adapter-mediated degradation
are poorly understood. Using engineered ClpA hexamers with
zero, three, or six pore-1 loop mutations in each ATPases
associated with diverse cellular activities superfamily ring, we
found that active D1 pore loops initiate productive engagement
of substrates, whereas active D2 pore loops are most important
for mediating the robust unfolding of stable native substrates.
In complex with ClpS, active D1 pore loops are required to
form a high affinity ClpAeClpSesubstrate complex, but D2 pore
loops are needed to “tug on” and remodel ClpS to transfer the
N-degron substrate to ClpA. Overall, we find that the pore-1
loop tyrosines in D1 are critical for direct substrate engage-
ment, whereas ClpS-mediated substrate delivery requires
unique contributions from both the D1 and D2 pore loops. In
conclusion, our study illustrates how pore loop engagement,
substrate capture, and powering of the unfolding/translocation
steps are distributed between the two rings of ClpA, illumi-
nating new mechanistic features that may be common to
double-ring protein unfolding machines.

ATPases associated with diverse cellular activities (AAA+)
superfamily enzymes perform energy-dependent macromo-
lecular remodeling required for protein degradation, DNA
replication and repair, organelle biogenesis, and membrane
fusion within the cells of all organisms (1-3). Protein degra-
dation by AAA+ proteases is important for maintaining pro-
tein homeostasis by eliminating damaged or unneeded

* For correspondence: Tania A. Baker, tabaker@mit.edu.
Present address for Kristin L. Zuromski: Kymera Therapeutics, Watertown,
Massachusetts 02472, USA.

SASBMB

proteins, recycling amino acids, and regulating the proteome
in response to environmental stressors (4, 5). The Escherichia
coli CIpAP quality-control protease is an assembly of the
double-ring AAA+ ClpAg unfoldase/translocase and the
ClpP;4 peptidase (6, 7). In collaboration with its adapter pro-
tein ClpS, CIpAP degrades N-end rule (N-degron) pathway
substrates (8—10).

ClpA has two AAA+ rings, termed D1 and D2, that stack
within the hexamer. Although each ring contains six ATP-
hydrolysis modules, the D1 and D2 ATPase sites
contribute differentially to unfolding and degradation. D2 is
the more robust ATPase and can unfold and translocate
many protein substrates when ATP hydrolysis in D1 is
inactivated, whereas ATP hydrolysis in D1 is important for
degradation processivity and for assisting D2 in unfolding
very stable native substrates (11-13). Pore-1 loops (hereafter
called pore loops) line the central channel of the D1 and D2
rings. Each pore loop contains a conserved tyrosine side
chain that contacts peptide segments of substrates within the
pore channel and is implicated in the substrate binding,
unfolding, and translocating steps required for degradation
(14-16) (Fig. 1A). The D1 and D2 pore loops have distinct
sequences and conservation patterns. “GYVG”-family pore
loops are found in the D2 rings of many double-ring unfol-
dases, as well as in single-ring unfoldases, whereas “KYR”-
family pore loops are found in the D1 modules of ClpA and
many other double-ring protein degradation and/or
remodeling machines (15, 17-19) (Fig. 1A). Tyrosine to
alanine mutations in either the D1 ring (Y259A) or D2 ring
of CIpA (Y540A) eliminate or hinder ClpAP degradation of
all substrates tested (15, 20, 21). These severe defects have
made it difficult to determine the unique roles and possible
coordination between pore loops in the D1 and D2 rings;
elucidating these specific roles is critical for understanding
the molecular mechanisms used by ClpA and related double-
ring unfoldases.

ClpA recognizes degrons (degradation tags) of substrates
either directly or indirectly via delivery by the ClpS adapter.
During direct recognition, the ClpA pore physically binds
the unstructured degron peptide. For example, the ssrA
degron (AANDENYALAA-COOH) is cotranslationally
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ClpA’s D1 and D2-pore loops coordinate and divide labor

A KYIORO‘;ZFG D1 loop (D2) loop
D1 .'GYVG pore sequence sequence
~_—— loops ClpA(Ec) K Y R ClpA(Ec) G Y V G

D2 < CpB(Ec) K YR ClpB(Ec) G Y V G
ClpC(Sa) K YR CIpC(Sa) G Y V G

ClpP Hsp104 (Sc) K ¥ K Hsp104(Sc) G Y V G
NSF*(Hs) D Y v NSF'(Hs) K Y V G

Cdc48(Sc) Kk M A ClpX*(Ec) G Y V G

Lon*(Ec) T Y I G

HslU*(Ec) G Y V G

B ssrA-tagged Cdc48(Sc) M w Y G

-

substrate

o R
degron
D2
ATP-ADP
ClpP
(i) Substrate engaged (i) Substrate unfolded

by CIpA and translocated

N-degron
substrate

ClpS

/
D1
D2 P d
ClpP

(i) Low-affinity
complex

(i) High-affinity delivery
complex (HADC)

ATP-ADP ?

(iii) Substrate degraded
by ClpP

N _ ClpA ’\/\
N-domain
—NTE
b ATP-ADP ATP-ADP

P

7,

\NO
(iv) Substrate degraded;
ClpS released

(iii) ClpS remodeled
for substrate transfer

Figure 1. Substrate degradation by CIpAP. A, left, diagram of the two sets of pore-1 loops in ClpA. The D1 ring pore loops contain the “KYR” motif,
whereas the D2 rings contain a “GYVG” motif. Right, alignment of ClpA pore-1 loops with those of other double or single (*) ring AAA+ unfoldases. Single-
ring unfoldases carry the “GYVG” motif in their one AAA+ ring, which aligns best with the D2 rings of many double-ring enzymes. In the double-ring enzyme
NSF (%), the pore-loop motifs are reversed between the rings, with D1 containing the “GYVG” sequence and the D2 containing a sequence more similar to
“KYR". B, degradation of substrates with an ssrA degron (red) by CIpAP. CIpA (blue) uses ATP hydrolysis to (i) bind/engage, (ii) unfold/translocate an ssrA-
tagged substrate (green) into the ClpP peptidase (yellow) for (iii) degradation. C, ClpS-mediated degradation of an N-degron substrate. ClpS (purple) bound
to an N-degron substrate (red) is (i) engaged by ClpA’s N-domain (blue oval; only one of six is shown for clarity), forming a low-affinity complex; (ii) additional
contacts between ClpS’s core domain, N-terminal extension (NTE) (purple line), and N-degron substrate with ClpA’s D1 domain (dark blue, top) form a high-
affinity delivery complex (HADQ); (iii) ATP-dependent remodeling of ClpS brings the substrate closer to the ClpA pore, allowing for (iv) ClpAP-mediated
degradation of the substrate and proposed release of ClpS from ClpA. AAA+, ATPases associated with diverse cellular activities; Ec, Escherichia coli;

Hs, Homo sapiens; Sa, Staphylococcus aureus; Sc, Saccharomyces cerevisiae.

appended to proteins translated from mRNAs lacking a stop
codon, as well as during other types of translational stress,
and targets the tagged protein for degradation by multiple
proteases, including CIpAP (22, 23). The ssrA degron has
been extensively used in biochemical experiments and is
sufficient to target essentially any protein for CIpAP degra-
dation (15, 24, 25). After binding the ssrA tag of a substrate,
ATP hydrolysis by CIpA powers engagement, unfolding, and
translocation of the substrate through ClpA’s axial channel
and into the protease chamber of ClpP for degradation
(5, 26) (Fig. 1B).

The substrate specificity of ClpA is modified by the ClpS
adapter, which binds and delivers substrates with N-degrons
for degradation within the CIpAPS complex (8—10). ClpS also
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inhibits CIpAP recognition and the subsequent degradation of
ssrA-tagged proteins and other directly recognized substrates
by weakening their affinity for ClpA and reducing ClpA’s
ATPase rate; this suppression of ATP-hydrolysis by ClpS slows
protein degradation by ClpAP (8, 27-29). This mechanism
ensures that CIpAPS has a very strong preference for
degrading N-degron substrates and illustrates how an adapter
can modify both an enzyme’s catalytic activity and substrate
specificity. In E. coli, CIpAPS efficiently degrades proteins
bearing N-terminal Phe, Leu, Trp, or Tyr residues (8, 10, 30).
ClpS has an intrinsically disordered N-terminal extension
(NTE; residues 2-25) and a folded core domain (residues
26-106). The ClpS core contains a binding pocket for
N-degrons and a binding surface for the N-domain of CIpA
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(31, 32). ClpS bound to an N-degron substrate initially forms a
low-affinity complex with one of the N-domains of ClpA, but
upon ATP-dependent engagement of the ClpS NTE within the
ClpA channel, a high-affinity delivery complex (HADC) is
formed (33, 34) (Fig. 1C). Key contacts within these delivery
complexes include interactions between: (i) ClpS and the
N-degron substrate; (ii) ClpS and the ClpA N-domain; and (iii)
the ClpS NTE and the ClpA pore. In the HADC, the NTE in
the CIpA channel is proposed to serve as a “degron mimic”. By
a current model, CIpA is thought to engage and “tug” on the
NTE; this mechanical force alters the conformation of ClpS,
bringing the N-degron substrate to the ClpA pore and perhaps
releasing ClpS (33, 34) (Fig. 1C). Although substantial evidence
supports the idea that N-degron delivery from the HADC to
the ClpA channel requires ATP hydrolysis by ClpA, the
mechanistic details of this key step are uncertain and relatively
little is known about how ClpA remodels the ClpSesubstrate
complex to allow transfer of the N-degron from ClIpS to the
ClpAP channel for degradation (27, 33, 34).

Here, we elucidate the roles of the ClpA D1 and D2 pore
loops during substrate unfolding, polypeptide translocation,
and ClpS remodeling. Using targeted mutagenesis coupled
with protein crosslinking to assemble specific configurations of
ClpA with different numbers and arrangements of mutant
pore loops, we identify the contributions of pore loops to
direct engagement, unfolding, and translocation of a set of
ssrA-tagged substrates with different folding characteristics.
Likewise, we use the ClpA pore-loop variants to parse the
mechanical contributions of ClpA among the steps in ClpS-
initiated degradation of N-degron substrates. We find that
the D1 pore loops are important for initially capturing sub-
strates and contribute to translocation, particularly for
unfolded substrates, whereas the D2 pore loops are required
for unfolding and translocating native substrates. We also
show that the ClpS NTE interacts in a distinct manner with the
D1 versus the D2 pore loops. Overall, our results reveal that
ClpA uses a similar mechanism to remodel ClpS as it does to
unfold and translocate ssrA-tagged substrates. Taken together,
these observations contribute to our understanding of the
mechanisms for coordinated work by individual components
of the double-ring unfoldases.

Results
Assembly of CIpA with different numbers of WT pore loops

We previously used a cysteine crosslinking strategy to
covalently link two ClpA subunits and thereby enable specific
mutations to be introduced into three or six ClpA protomers
in an assembled hexamer (12) (Fig. 24). Using an otherwise
cysteine-free background, we introduced either the D645C or
Q709C substitution into ClpA monomers to promote a spe-
cific, covalent crosslink between two neighboring subunits in
the final hexamer. These CIpA crosslinking variants also car-
ried the AC9 deletion, which removes ClpA’s intrinsic degra-
dation signal to prevent auto-degradation of ClpA by CIpAP
(35). A mutation of either the conserved D1 or D2 pore-1-loop
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tyrosine (Y259A or Y540A, respectively) was also introduced
into either one or both crosslinkable ClpA monomers. We
then generated a group of pseudohexamers by mixing equal
amounts of two ClpA-crosslinking variants with the desired
pore-loop mutations, followed by covalent crosslinking and
ATP-dependent assembly of trimers of crosslinked dimers (12)
(Fig. 2B).

ClpA pseudohexamers were constructed with different ar-
rangements of pore loops: (i) all WT pore loops (ClpAXl); (if)
alternating WT and defective D1 pore loops (°**YACIpA™);
(iii) six defective D1 pore loops (P**ACIpA™); (iv) alternating
WT and defective D2 pore loops (D2'3YAClpA"1); and (v) six
defective D2 pore loops (D2'6AClpr') (Fig. 2B). All variants
stimulated the cleavage of a fluorescent decapeptide in an
assay that requires ClpA to dock with ClpP but does not
depend on protein unfolding or translocation (12, 36)
(Fig. 2C), demonstrating that neither the crosslinking nor the
pore-loop mutations interfered with the ability of ClpA to
form active complexes with ClpP.

We used our crosslinked ClpA variants with different
combinations of WT and defective D1 or D2 pore loops to
probe the roles of these loops in specific stages of the ClpAP
degradation cycle. First, we investigated ssrA degron engage-
ment and analyzed how specific pore loops function in me-
chanical unfolding and translocation. Next, we used a similar
approach to dissect how the different pore loops contribute to
the multiple steps of N-degron substrate delivery to CIpAP by
ClpS.

D1 pore loops engage and translocate ssrA substrates

We examined how mutation of the D1 or D2 pore loops
affects CIpAP degradation of an ssrA-tagged titin>’ domain
unfolded by chemical modification of its two partially buried
cysteines (YFtitin-ssrA) (37, 38). Degradation of this substrate
requires specific recognition by ClpA and translocation into
ClpP but does not require enzymatic unfolding. Importantly,
translocation and degradation of this substrate required ATP
hydrolysis by ClpA, as proteolysis did not occur in control
reactions containing ATPyS (which is not detectably hydro-
lyzed by ClpA) (Fig. S1). P'3YACIpA™, PZ3YACIpA™, and P>
®ACIpA™ degraded “Ftitin-ssrA at rates similar to, or faster
than, ClpA™ (Fig. 34, compare variants 2, 4, and 5 to variant 1).
In contrast, P*"®ACIpA™ was severely defective at degrading
this substrate (Fig. 34, variant 3). Thus, the WT D1, but not
the D2 pore loops, is needed for efficient “Ftitin-ssrA degra-
dation. The degradation defect of '**CIpA™ was partially
overcome by increasing concentrations of “Ftitin-ssrA (Fig. 3B,
variant 3); however, these data could not reliably be fit to the
Michaelis—Menten equation to determine Ky and V., values.
To calculate an estimate for the Kj;, we assumed that this
variant’s V., was similar to that of ClpA’d; this assumption
allowed us to estimate that the Ky, for the YFtitin-ssrA sub-
strate would be at least 40-fold weaker for *“**ClpA™ than for
the parental enzyme (Table S1). In contrast, the variant with
three WT D1 pore loops (°**YAClpA™) degraded “*titin-ssrA
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Figure 2. Assembly of ClIpA variants with different arrangements of mutant pore loops. A, schematic of CIpA subunit crosslinking using engi-
neered D645C or Q709C crosslinking sites in the ClpA D2 module. The addition of a homobifunctional crosslinker generates crosslinked dimers
containing the two classes of protomers, which are then assembled into pseudohexamers with ATP. B, cartoons of ClpA D1 (Y259A) or D2 (Y540A)
pore-loop substitutions with the hexameric arrangements used in this study; modules in dark blue with a white “X” carry the defective pore-loop
mutation. The names of each variant and their corresponding colors used in figures are above each cartoon. C, ClpA variants interact with ClpP as
assayed by a pore-opening assay. ClpPq4 (0.25 uM) cleavage of a fluorogenic RseA decapeptide (15 uM) was assayed in the presence of each of the
ClpA variants (0.5 pM ClpAg) and ATPYS (2 mM). Gray symbols show the activity of the CIpP-only “no ClpA” control. The summary data are averages (n =

3) = 15SD.

substantially faster than °**CIpA™ (Fig. 3B, compare variant
2 to variant 3). Dl'3YAC1pA’d degraded YEtitin-ssrA with a V.,
similar to ClpA™, indicating that the two enzymes have com-
parable translocation activity. However, > *¥ACIpA™ degraded
this substrate with a three-fold weaker Ky than ClpA¥,
demonstrating a modest defect in substrate binding/engage-
ment (Table S1). Together, these results support the conclu-
sion that the WT D1 pore loops are required for efficient
recognition and productive engagement of ssrA-tagged sub-
strates. The concentration dependence of degradation also
revealed that variants with zero or three WT D2 pore loops
had Ky values similar to the ClpA™ control but had higher
Vmax values (Fig. 3B, compare variants 4 and 5 to variant 1;
Table S1). Thus, in contrast to the D1 pore loops, WT D2 pore
loops are not needed for efficient engagement of “Ftitin-ssrA

4 Biol. Chem. (2021) 297(6) 101407

and in fact slow degradation, likely by slowing translocation in
some fashion (see Discussion).

D2 and D1 pore loops are needed for substrate unfolding

We next tested ClpAP-mediated degradation of a natively
folded substrate, titin"'*"-ssrA, which is less thermodynami-
cally stable and degraded more rapidly by CIpAP than the
parental titin'*’-ssrA substrate (39). PACIpA¥ failed to
degrade titin"'*"-ssrA, as expected based on the recognition
defect described above, but P2 ®ACIpA™ was also inactive,
supporting a role for WT D2 loops in unfolding titin"**"-ssrA
(Fig. 3C). Interestingly, ClpA™ and P*3YACIpA™ degraded
titinV'*"-ssrA at comparable rates, whereas ' *YACIpA™ was
inactive (Fig. 3C). Thus, a subset of WT D2 pore loops is

SASBMB



ClpA’s D1 and D2-pore loops coordinate and divide labor

Urtitin-ssrA
A Urtitin-ssrA B é 4
7 6 ~
< N 5
5 o9 © 1 )
73 [ J ® o
£ 4 .%' c
g 4- ® € ~
s . H ()
[} ] Py
B 0;® % ® (1
: : 57
S S 2
T D ©
(o] [o))
S 3
0 T T 1 1
0 10 20
[YFtitin-ssrA]
1 2
C ClpA~ IpA’ D16AC|pAX! i Dz-ivAdprl D26AC|pAX
time (min) 0 5 10 30 60 0 5 10 30 60 0 5 10 30 60 0 5 10 30 60 0 5 10 30 60
(0] et | R pe— e [ [ [ ——
20 kDa T
12 kDa -+
titinV3P-ssrA pp | === = T —— — — | —— — — — || — — o aEb aEb b G
Da —+
D P’GFP-sSrA E D1 loops required for substrate engagement;
W noenzyme six required for folded substrates
12—
=
e
(o))
£ m4
5 8- @ ‘C. &* &
5
= 3 folded,
T % P = @ substrate: (”l:t?tfnzl:zeA) destabilized
[7] [ V13P,
o c® (titinV'3P-ssrA)
o 44 (2310 H2 @
S |lgo
8 805
o E
S 00 N1
L T T 1 3
0 200 400 600 D2 loops required for unfolding

time (s)

Figure 3. Degradation of ssrA degron substrates with CIpA pore-loop variants. A, rates of V
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sufficient to unfold titin"**"-ssrA, whereas a full complement

of WT D1 loops appears to be required to form a productive
enzymee®substrate complex with this natively folded ssrA-
tagged protein.

Then, we tested CIpAP degradation of “®’GFP-ssrA, a
natively folded, circularly-permuted variant of GFP (40). This
substrate was degraded poorly by all the pore-loop variants,
with kinetic traces resembling the “no enzyme” control
(Fig. 3D). Although we could ascribe the ®"**ClpA™ defect to
impaired substrate recognition, the meager activity of the
remaining pore-loop variants further suggested that a full
complement of both the WT D1 and D2 pore loops is required
for engagement, unfolding, and degradation of this stable,
natively folded substrate.

Overall, our degradation results with UFtitin-ssrA,
titinV'3"-ssrA, and “°’GFP-ssrA establish that the D1 pore

SASBMB

loops play major roles in recognition and translocation of
ssrA-tagged substrates, whereas the D2 loops are key par-
ticipants in native substrate unfolding but also require
assistance from the D1 pore loops to process increasingly
stable substrates (Fig. 3E). Because unfolding is thought to
occur by the same power-stroke mechanism as translocation,
the D2 pore loops also likely assist in translocation, as we
demonstrate below.

D1 and D2 pore loops are critical in CIpAPS-promoted
degradation

The NTE of ClpS is proposed to be engaged by ClpA and
act as a “degron mimic”, meaning that it is bound and “pulled
on” by functional groups in the enzyme’s central channel
(33, 34). However, the NTE is not a true degron in the context

J. Biol. Chem. (2021) 297(6) 101407 5
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of ClpS because ClpS is not degraded by ClpAP (29, 33). To
understand the roles of the different pore loops during ClpS
delivery of N-degron substrates, we investigated the re-
quirements for D1 and D2 pore loops during ClpAPS-complex
formation and degradation of N-end rule substrates. Using
our pore-loop variants, we initially tested CIpAPS degradation
of YLFVQELA-GFP, a natively folded N-degron substrate
(27, 33, 34, 41). The mutation of three or six D1 or D2 pore
loops dramatically reduced the rates of YLFVQELA-GFP
degradation compared with those observed with the parental
ClpA™ enzyme (Fig. 4A). Although these results highlight
important roles for the D1 and D2 pore loops in ClpAPS-
promoted degradation, the absence of appreciable activity
precluded dissection of their specific functions.

Next, we assayed CIpAPS degradation of UFYLFVQ-titin, an
unfolded N-degron substrate (28, 34, 38, 41). ClpA¥,
PLI-SYACIHp A, and PZ3YACIpAX, all promoted substantial levels
of ClpS-dependent degradation of YFYLFVQ-titin (Fig. 4B,
yellow symbols, compare variants 1,2, and 4). Thus, three WT
D1 pore loops in the context of a fully active D2 ring or three
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Figure 4. D1 and D2 pore loops are required for the degradation of
N-degron substrates. A, degradation rates of YLFVQELA-GFP (1 uM) by
ClpAPS pore-loop variants (0.1 uM ClpAs¢, 0.3 uM ClpPq4, 1T uM ClpS) and ATP
(4 mM). The final points (gray) are for the CIpAXI WT control without ClpS.
The summary data are means =1 SD (n = 4). The inset shows representative
kinetic traces. B, degradation rates of “FYLFVQ-titin (1 uM) by ClpA variants
(0.1 uM ClpAs¢, 0.3 uM ClpP,,4,) with ATP (4 mM) in the absence (blue circles)
or presence (yellow squares) of ClpS (1.0 uM) or with ATPYS (2 mM) in the
absence of ClpS (gray triangles). The summary data are means +1 SD (n > 3).

6 . Biol. Chem. (2021) 297(6) 101407

WT D2 pore loops in the context of a fully active D1 ring are
sufficient for CIpAPS degradation of this N-degron substrate.

Two pore-loop variants displayed behaviors that provided
additional functional insights. First, Dl’6AC1pAXl, with no WT
D1 pore loops, degraded "FYLFVQ-titin in the presence, but
not the absence, of ClpS (Fig. 4B, marked by the blue star,
variant 3: compare blue to the yellow symbol clusters). This
positive degradation activity with ClpS demonstrates that
although WT D1 pore loops can contribute to translocation of
unfolded and folded ssrA-tagged substrates (Fig. 3), they are
not required for translocation of an unfolded N-degron sub-
strate. In the absence of ClpS, the ®*"**ClpA™ variant cannot
degrade the substrate, consistent with the recognition/
engagement defect observed previously during direct recog-
nition of ssrA-tagged substrates (Fig. 3, A and B). Importantly,
the ability of ClpS to activate °***ClpA™-supported degra-
dation of “FYLFVQ-titin indicates that WT D1 pore loops play
different roles in direct recognition of ssrA-tagged substrates
than during ClpS-mediated substrate recognition, at least with
the unfolded protein substrates we tested.

Second, D2'6AClpA’d, with no WT D2 pore loops, degraded
YFYLFVQ-titin in the absence, but not the presence, of ClpS
(Fig. 4B yellow star, variant 5; compare blue to yellow sym-
bols). Without ClpS, ®>**ClpA™ performed degradation at a
rate only slightly slower than the parental enzyme (Fig. 4B,
compare variant 5 to variant 1; blue symbols), consistent with
the substrate being unfolded and therefore not requiring the
unfolding activity of the D2 ring. In marked contrast, however,
D2-6ACIp A failed to degrade "FYLFVQ-titin in the presence of
ClpS (Fig. 4B, variant 5; yellow symbols). These data strongly
suggest that the D2 ring has a very important role during ClpS-
dependent degradation of N-degron substrates, and that this
activity is distinct from substrate unfolding. These results
prompted us to investigate D1 and D2 pore-loop functions
during ClpS-mediated substrate delivery in greater detail.

ClpA D1 pore loops mediate interactions with ClpS and
N-degron substrates

Formation of a HADC containing ClpAP, ClpS, and an
N-degron substrate is required for N-degron substrate degra-
dation (33, 34). To assess the roles of the D1 and D2 pore loops
in HADC formation, we probed reactions containing our set of
D1 and D2 pore-loop variants using assays that monitored
assembly and/or protein-protein interactions, rather than
degradation. To detect ternary-complex assembly between
ClpA, ClpS, and substrate, we titrated an equimolar mixture of
ClpAg and ClpS against a fixed concentration of a fluorescent
N-degron peptide (LLYVQRDSKEC-fl) and monitored as-
sembly by increases in fluorescence anisotropy (Fig. 54). Both
ClpA™ and P**ACIpA™ formed ternary complexes with ClpS
and the N-degron peptide with similar apparent affinities
(Kapp) 0f 0.18 + 0.01 uM and 0.25 + 0.01 uM, respectively. The
omission of ClpA or ClpS resulted in no detectable ternary-
complex formation (Fig. 54, unfilled symbols). Thus, WT D2
pore loops are not required for a high-affinity interaction be-
tween ClpA, ClpS, and the N-degron peptide. In contrast, the
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Figure 5. D1 pore loops mediate interactions with ClpS and substrate. A, increasing concentrations of an equimolar mixture of ClpAgs and ClpS were
titrated against a fixed concentration LLYVQRDSKEC-fl (100 nM) in the presence of ATPyS (2 mM). Solid colored lines are fluorescence anisotropy values of
ClpA pore-loop variants plus ClpS and corresponding dotted lines with unfilled circles are “ClpA only” controls (no ClpS plus 2 mM ATPYS). ClpS only (gray
dotted line, unfilled circles) and peptide only (dashed gray line) data are also shown. As noted previously, CIpA with all of its natural cysteine residues
removed has modestly lower activity than the WT, and cysteine crosslinking also slightly lowers CIpA activity in some assays (12); we attribute the weaker
binding of the ClpS-peptide complexes to the ClpA variants used here than the binding observed with uncrosslinked, WT CIpA to these effects (33).
B, relative rate of ATP hydrolysis of 5 mM ATP by CIpAP variants (0.1 %M ClpAg, 0.3 uM ClpP+4) in the absence (solid bars) or presence (patterned bars) of ClpS
(1 pM), measured with no substrate (light-blue bars, N), unfolded FYLFVQ-titin (1 UM, orange bars, U), folded YLFVQELA-GFP (1 uM, green bars, F), or
LLYVQRDSKEC-amide peptide (20 uM, dark-blue bars, P). For each condition, the rates are relative to the rate without ClpS or substrate, which was set to 1.

The summary data are means +1 SD (n = 3). +ClpS data were comEared with -ClpS data by an unpaired t test (***p < 0.001; **p < 0.01; *p < 0.05). C, left,

representative SDS-PAGE degradation reactions of ClpS™* (ClpSP>**
Right, quantification of ClpS™*

K,pp for binding by PL-6ACIpA™ was weaker at 0.76 + 0.03 uM
(Fig. 5A), showing that ClpA without WT D1 pore loops
formed a less stable ternary complex. These results therefore
support the conclusion that WT D1 pore loops (but not D2
loops) participate in assembly of stable HADCs.

ClpS binding to ClpA inhibits degradation of the ssrA-
tagged substrates in part by suppressing the ATPase activity
of ClpA ~2-fold (27, 28). Thus, we used ATPase suppression
as an assay for assembly of functional ClpAPS complexes using
the panel of pore-loop-defective ClpA variants. ClpS reduced
the ATPase activities of the ClpA™ control, P1*YACIpA¥, P>
YACIpA™, and P2 *AClpA™ by ~25 to 50% (Fig. 5B; variants 1,
2, 4, 5; N (no substrate); light blue bars; solid bars = no ClpS,
patterned bars = +ClpS). In marked contrast, ClpS did not
suppress ATP hydrolysis by °***CIpA* (variant 3; N; light
blue bars). Thus, based on the ATPase suppression, we
conclude that some WT D1 pore loops are important in
forming optimal CIpAPS complexes, in agreement with the
fluorescence anisotropy experiment (Fig. 54). We also tested
ClpS-dependent ATPase suppression in the presence of un-
structured or native N-degron substrates. ClpS reduced ATP
hydrolysis by P>®AClpA™ in the presence of (i) an N-degron
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25A 5 uM) by ClpA pore-loop variants (0.25 uM ClpAs, 0.75 uM ClpP14) and ATP (5 mM).
remaining, with each point representing the means of observed values in independent experiments +1 SD (n = 3).

peptide (LLYVQRDSKEC-amide; P), (ii) unfolded "FYLFVQ-
titin (U), and (iii) folded YLFVQELA-GFP (F) (Fig. 5B; variant
5; dark blue, orange, green bars, respectively), reinforcing the
conclusion that WT D2 pore loops are not essential for as-
sembly of functional ClpAeClIpS complexes. In contrast, ClpS
did not suppress ATP hydrolysis by ®***CIpA™ in the pres-
ence of either the peptide substrate or YLFVQELA-GFP
(Fig. 5B; variant 3; dark blue and green bars). Thus, based on
fluorescence anisotropy assembly experiments and measuring
ClpS-dependent suppression of ClpA’s ATPase rate, we
conclude that the D1 pore loops, but not those in the D2 ring,
are important for the assembly of ClpSeClpA complexes.
However, one surprising observation suggested that the role
of D1 pore loops in assembly of complexes is likely multifac-
eted and can depend on features of the substrate: we observed
that in the presence of the long, chemically unfolded N-degron
substrate, “F'YLFVQ-titin, ClpS-suppressed ATP hydrolysis by
D1-6ACIpA™ to about half the extent observed with the ClpA™
control (Fig. 5B; variant 3, orange bars, compare to variant 1,
light blue bars). These data indicate that some functional
ClpSeClpAPesubstrate complexes form under these condi-
tions. This ATPase suppression result paralleled the partial
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degradation of YFYLFVQ-titin by P"*ACIpA¥PS observed
above (Fig. 4B, variant 3), which also was the only tested
substrate that ?*"*ACIpA™ could degrade at a detectable level.
These results indicate that the important role D1 pore loops
contribute to assembly of functional ClpSeClpAPeN-degron-
substrate  HADC complexes can be partially bypassed
depending on the specific characteristics of the substrate.

D2 pore loops are required for ClpS remodeling

ClpA is thought to catalyze ATP-hydrolysis-dependent
remodeling of the ClpS-core structure during N-degron sub-
strate delivery (27, 33, 34). Although DZ'6AClpA’d, which lacks
WT D2 pore loops, forms high-affinity complexes with ClpS
and N-degron substrates (Fig. 5A4), this mutant supported
CIpAPS degradation of "FYLFVQ-titin very poorly, with a rate
~100-fold slower than that of the parental enzyme (Fig. 4B).
These data suggest that the critical ClpS-remodeling step,

binding/engagement:
D1 pore loops

which occurs after HADC formation but before degradation, is
likely mediated by the pore loops of the D2 ring.

To test this hypothesis further, we used a mutant variant of
ClpS in which the mechanical activity ClpA exerts on the
adapter could be observed directly. Recall that ClpS is
composed of a 25-residue, poorly structured NTE followed by a
tightly folded core domain (residues 26—106) that contains
both the binding sites for the ClpA N-domain and the
N-degron (Fig. S2A). The NTE contains a stretch of ~5 resi-
dues adjacent to the ClpS core called the junction sequence.
The junction sequence is moderately conserved among bac-
terial ClpS orthologs in contrast to the rest of the NTE, which
shows little sequence conservation (33, 42). A hallmark of the
junction sequence is that it contains 1 to 3 prolines; the E. coli
ClpS NTE carries residues Pro®* and Pro* (Fig. S24). WT ClpS
is not degraded by CIpAP (29, 33), whereas changing these two
prolines to alanines (to make ClpS**) renders ClpS susceptible
to degradation (Fig. 5C) (42). Thus, in addition to the stable

unfolding/translocation:
D2 pore loops
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Figure 6. Summary of division of labor among D1 and D2 pore loops to coordinate substrate processing. Binding/engagement of direct degron
substrates (i.e., ssrA) and ClpS assisted degron substrates (i.e., N-degron) requires different numbers of D1 pore loops. Green pore loops designate WT loops,
whereas light-gray loops are defective. In all panels, black loops are not included in the analysis of pore loop function but included in the cartoons to
illustrate complete ClpAesubstrate complexes. Top, left, three or six WT D1 pore loops are required to bind/engage unfolded (orange line) or folded (orange
square) ssrA-tagged substrates, respectively. Bottom, left, although an unfolded substrate (red line) can bypass the requirement for D1 pore loops for
engagement and form an HADC with no WT D1 pore loops, three WT pore loops are generally required to form an HADC between ClpA, ClpS, and a folded
substrate (red oval) or peptide. Top, right, unfolding and/or translocation by D2 pore loops requires different numbers of pore loops depending on the
stability of the ssrA-tagged substrate: zero (unfolded, orange line), three (folded, destabilized, orange oval), or six (folded, stabilized, orange cylinder). Bottom,
right, three WT D2 pore loops are required to “tug” and remodel ClpS before N-degron substrate delivery. The unfolding/translocation of N-degron
substrates depends on the substrate stability properties: no additional pore loops are required to unfold/translocate unfolded or folded but destabilized
substrates (red oval), suggesting that “tugging” on ClpS is the rate-limiting step. However, a folded substrate (red cylinder) requires six WT D2 pore loops. In
this case, ClpS must first be “tugged” and remodeled as a prerequisite to CIpA unfolding/translocating the folded substrate. HADC, high-affinity delivery
complex.
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Figure 7. Model of ClpSeCIpA structure-function relationships. A, the NTE sequence (residues 2-25) and core domain (residues 26-106; PDB 302B) of
ClpS with regions implicated in: (A) ClpSeClpA complex formation in teal; (B) the ability of ClpS to inhibit ssrA-tag binding to ClpA in a noncompetitive
fashion in teal + pink; and (C) the minimum length of the NTE need to promote N-degron delivery and inhibit ClpA’s ATPase activity in teal + pink + purple. B,
structure of a substrate polypeptide (modeled as polyalanine) engaged within the ClpA channel (PDB 6W1Z). Only the D1 pore-1 loops and the D2 pore-1
loops of the ClpA structure are shown for clarity (colored and labeled by subunits S1-S6). The substrate chain is color-coded as in panel A with ClpS residue

numbers shown in black. NTE, N-terminal extension.

ClpS core domain (33), prolines in the NTE also appear to help
ClpS resist CIpAP degradation. The susceptibility of ClpS** to
ClpAP degradation was not because of global destabilization of
ClpS, as determined by the unchanged chemical denaturation
profile of ClpS** compared with ClpS (42). Therefore,
although the mechanism is not yet known, we reason that
changing the Pro®*-Pro*® sequence in ClpS to Ala-Ala alters
the ClpAeClpS interactions at the junction such that ClpS** is
degraded but WT ClpS is not. For example, perhaps the unique
conformational constraints of a Pro-Pro dipeptide somehow
disrupt ClpA’s normal contacts with the polypeptide and
thereby impede its function.

To investigate the difference between a Pro-Pro and an Ala-
Ala sequence on CIpAP activity separately from the context of
ClpS, we generated two model substrates; a Pro-Pro or Ala-Ala
sequence was inserted between the ssrA degron and the stably
folded native domain of GFP (43) (Fig. S2B). The Pro-Pro
sequence inhibited the rate of CIpAP proteolysis of GFP-
ssrA at least 10-fold compared with the Ala-Ala insertion
(Fig. S2B). Because the Pro-Pro sequence alone can be trans-
planted to a model substrate and inhibit CIpAP degradation,
similar to its effect in WT ClpS, we posit that ClpS** degra-
dation provides a useful, orthogonal readout for the action of
ClpA’s central pore loops when they interact with the ClpS
NTE.

Therefore, to test the roles of the D2 pore loops in ClpA-
promoted changes in ClpS structure, we monitored CIpAP
degradation of the ClpS** mutant. CIpA™P degraded ClpS**
to completion in 30 min, whereas degradation by P2 **ClpA*P
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was barely detectable (Fig. 5C), supporting our model that D2
pore loops normally “tug” on the ClpS NTE. With WT CIpS,
this action could remodel the adapter and facilitate N-degron
delivery whereas this “tugging” action successfully unfolds and
translocates the ClpS** variant resulting in its degradation.
Interestingly, P**YACIpA™P supported the degradation of
ClpS** at the same rate as CIpA™P, indicating that three WT
D2 pore loops are as good as six in unfolding and then
degrading ClpS** (Fig. 5C). Moreover, P*3YACIpA™, but not
D2-6ACIpAY, was also active in ClpS-dependent N-degron
substrate delivery (see Fig. 4B, compare variants 4-5), estab-
lishing parallels between the degradation of ClpS** and Clp$S
remodeling, which is required for successful substrate transfer
to CIpAP. Together with the inability of P*®ACIpA™ to
degrade "FYLFVQ-titin in the presence ClpS, but not in its
absence (Fig. 4B), these results strongly suggest that active D2
pore loops of ClpA are required to remodel ClpS as a prelude
to delivery of N-degron substrates to ClpP.

Discussion

Two AAA+ rings allow the division of labor between ClpA’s D1
and D2 AAA+ modules

Sequence homology, mutagenesis studies, and their location
lining the axial substrate-binding channel all indicate that the
pore-1 loops are fundamental components of the inner
workings of AAA+ unfoldases (15, 18, 19, 37, 44—47). Their
precise functions, and how the work of the pore loops is
divided between the two rings of double-ring enzymes, have
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been difficult to dissect. Here, we use crosslinking to assemble
pseudohexamers with WT or mutant pore-1 loops at specific
positions and demonstrate unique functions for the D1 versus
the D2 pore loops during the degradation process of both
ssrA-tagged proteins and N-degron substrates delivered by the
ClpS adapter (summarized in Fig. 6).

The ssrA degron is directly recognized within the ClpA
channel, and a previous study which captured ClpA cross-
linked to the ssrA tag indicated that initial complex formation
likely occurs between the tag and D1 ring (15). Our present
work, which compares the ability of CIpAP pore-loop variants
to degrade a spectrum of ssrA-tagged substrates with different
folding characteristics allows us to assign specific functions to
the D1 and D2 pore loops (Fig. 6, top). When substrate
unfolding is not needed, the D1 pore loops are necessary and
sufficient for ssrA-tagged substrate degradation and can thus
mediate substrate binding/engagement and translocation of
the unfolded substrate into ClpP (Fig. 6, top; Fig. 3A). In the
absence of WT D1 pore loops, the Ky for “Ftitin-ssrA
degradation is >20-fold weaker than for ClpA variants with
WT D1 pore loops (Fig. 3B and Table S1). In contrast, when
unfolding of ssrA-tagged substrates is required, at least three
WT D2 pore loops in addition to six D1 pore loops are
necessary for degradation, indicating that unfolding requires
unique contributions from the pore loops in the D2 ring
(Fig. 6, right, top). Three WT D2 loops promote parental rates
of unfolding of the destabilized titin"'*"-ssrA substrate, but
six WT D2 loops mediate faster degradation of the more
stable “P’GFP-ssrA protein (Fig. 3, C and D). These results
suggest that the unfolding power contributed by these loops is
at least partially additive. Taken together, our results with
ssrA-tagged substrate degradation provide strong evidence
that the D1 pore loops are critical for productive binding and
engagement of the ssrA degron, whereas the D2 pore loops
principally participate in the work of unfolding these sub-
strates (Fig. 6, top).

Both the D1 and D2 pore loops of CIpA can promote sub-
strate translocation. As noted above, a variant with only WT
D1 loops translocates an unfolded ssrA-tagged substrate into
ClpP for degradation (Fig. 3A). As the D2 loops perform
unfolding, it is likely they can also perform the similar me-
chanical process of translocation. In support of this conclu-
sion, a variant with only WT D2 loops supports efficient
CIpAPS degradation of an unfolded N-degron substrate
(Fig. 4B).

ClpA is a slightly slower translocase than the single-ring
AAA+ ClpX enzyme (39). The redundant translocation ac-
tivities of the two ClpA rings may contribute to slower
translocation, as we find that mutating the D2 pore loops in-
creases the rate of CIpAP degradation of the unfolded ssrA-
tagged substrate (Fig. 3, A and B). The larger number of
pore-loop contacts between WT ClpA and a substrate
apparently slows translocation, whereas the additional sub-
strate contacts from the combined D1 and D2 pore loops likely
contribute to ClpA unfolding many substrates at faster rates
than ClpX (39). The redundant ability of D1 and D2 pore loops
to promote translocation also agrees well with the previous
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observation that the D1 motor antagonizes the stalling of ClpA
(13). The fact that the D1 ring has independent translocation
activity explains how it can function as a “back up” or “anti-
stalling motor” for the more powerful D2 ring.

GYVG pore loops perform different jobs in CIpA and ClpX

The single AAA+ ring of ClpX and the D2 ring of ClpA are
members of the same HCLR evolutionary clade of AAA+
modules and both have the conserved “GYVG” sequence motif
in their pore-1 loops. In ClpX, these GYVG-family pore loops
are key participants in the recognition of ssrA degrons, sub-
strate grip, unfolding, and translocation (15, 17, 19, 37, 44—46),
whereas our results reveal that ClpA has “outsourced” some of
these functions to the D1 KYR loops. Biochemical comparison
of the pore-1 loop mutant variants of ClpX and ClpA illustrate
this difference. ClpX with no WT GYVG pore-1 loops is
essentially inactive in degrading an unfolded YFtitin-ssrA
substrate, and ClpX with three WT pore-1 loops in an alter-
nating arrangement only restores partial degradation activity,
as Kj; remains 20-fold weaker and V., is 15-fold slower
compared with WT ClpXP (37). In contrast, we find that °*
SACIpA™, with no WT GYVG D2 pore loops, and P>3YACI-
pAXl, with three alternating mutant and WT D2 pore loops,
both support the degradation of “Ftitin-ssrA with V . and Ky
values very similar to the parental enzyme (Fig. 3B and
Table S1). We also establish that in ClpA, the D1 KYR pore
loops can perform substrate translocation and are critical for
ssrA-engagement (Fig. 3, A and B). Hence, because CIpA has
two rings, the GYVG D2 pore loops are not needed for
recognition of ssrA-tagged substrates and their role in trans-
location can be shared with the KYR loops in the D1 ring.
Having two AAA+ rings allows each ring to evolve more
specialized functions and, importantly, enables ClpA to
recognize/engage distinct substrates and substrate/adapter
complexes.

N-degron delivery by CipS requires both sets of CIpA pore
loops

We find that the WT pore loops of both the D1 and D2
AAA+ rings participate in ClpS-mediated delivery of N-degron
substrates (Fig. 6, bottom). For example, ClpA variants lacking
six WT D1 or six WT D2 pore loops fail to degrade
YLFVQELA-GEFP, whereas three WT pore loops in either ring
in combination with six WT pore loops in the other ring
restore low levels of degradation of this substrate (Fig. 4A4).

WT D1 pore loops function in stabilizing the
ClpAPeClpSeN-degron HADC complex and are required for
ClpS to suppress the rate of ATP hydrolysis by ClpA in the
presence of YLFVQELA-GFP or an N-degron peptide. How-
ever, D1 pore loops are not required for ClpS to suppress
ClpA’s ATPase activity in the presence of an unfolded
N-degron substrate (Figs. 5B and 6, left, bottom). We propose
that the requirement of the ClpA D1 pore loops for CIpAPS
HADC complex stabilization may be partially bypassed in this
case because the unfolded substrate substitutes in part for the
role(s) of the ClpS NTE. For example, a long, unfolded
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substrate (such as “Ftitin-ssrA which contains ~98 residues)
may be able to both simultaneously bind to the ClpS core and
enter the ClpA channel to make important contacts with the
pore loops of the D2 ring, similar to those normally made by
the NTE.

Unlike D1 pore loops, WT D2 pore loops play no detectable
role in assembling ClpAPeClpSeN-degron complexes or in
forming the proper complexes to mediate suppression of ATP
hydrolysis but are essential for CIpAPS degradation of native
and unfolded N-degron substrates (Figs. 4—6). These results,
together with previous studies, suggest that the engagement of
and tugging on the ClpS-NTE by the WT D2 pore loops oc-
curs after initial assembly of the ternary complex. By this
scenario, the ClpA D2-pore loopeNTE interaction is required
to remodel ClpS, triggering release of the N-degron substrate
and its transfer to CIpAP for degradation (Fig. 6, right, bottom).

When comparing the pore-loop functions during degrada-
tion of ssrA-tagged versus N-degron substrates, a major
emerging conclusion is that parallel elements and mechanisms
are used by ClpA in both pathways. For example, during both
types of degradation, the D2 pore loops perform critical
unfolding/remodeling functions. However, there is an impor-
tant distinction in the reaction sequences: although in both
pathways the D2 ring must unfold any native structure within
the substrate to allow its translocation into ClpP during
N-degron degradation, the D2 ring must first forcefully
remodel CIpS to free the substrate. Thus, although ClpS re-
programs CIpAP to enable it to degrade two very distinct
classes of substrates, this adapter-mediated regulatory mech-
anism incurs the additional energetic cost of ClpA remodeling
ClpS.

Structural support for D1 and D2 pore loop functions during
ClpS delivery

Our results reveal unique functional interactions between
ClpS and the D1 and D2 pore-1 loops of ClpA. Previous
biochemical analyses show that six NTE residues abutting the
ClpS core domain (res. 20-25) are involved in ClpSeCIpA
complex formation, nine residues (res. 17-25) mediate inhi-
bition of ssrA-tagged substrate binding, and 14 residues (res.
12-25) are necessary for maximal inhibition of the ClpA
ATPase and delivery of N-degron substrates (27, 28, 33, 34)
(Fig. 7A). Because ClpA appears to use similar mechanisms to
engage and “tug” on the NTE of ClpS as it does when
attempting to unfold ssrA-tagged substrates, we were curious
if the results from our study and previous biochemical data
were consistent with the emerging structural evidence
regarding substrate binding in the CIpA central channel
Importantly, the length, but not the sequence, of the ClpS
NTE is critical for ClpS function (28). We modeled potential
NTE interactions with ClpA pore loops by mapping three
NTE segments (residues 20-25 in teal, 17-19 in pink, and
12-16 in purple) onto a 24-residue substrate peptide modeled
as poly-alanine from a recent ClpAesubstrate structure (14).
In Figure 7B, the pore loops from D1 and D2 are each shown
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in rainbow colors from subunit one (indigo) to subunit six
(red) (PDB 6W1Z) (14).

The modeled structure of the ClpS NTE in the ClpA
channel agrees with numerous biochemical observations. For
example, residues 20 to 25, which are required for strong
ClpSeCIpA complex formation (33), correspond to an area
(teal) on the substrate contacted by three D1 pore loops,
consistent with our data that some, but not all, D1 pore loops
are required to form this ClpSeCIpA complex (Fig. 7B). In
addition, residues 17 to 25 (teal and pink), which represent the
region of ClpS required for inhibition of ssrA-degron binding
(27, 28), are in direct contact with the D1 pore loops. ClpS
initially binds to the N-terminal domains of ClpA, and ssrA-
tagged substrates bind directly in the CIpA channel. Howev-
er, ClpS and ssrA-degrons may compete for CIpA D1 pore
loops during productive engagement, a step following initial
binding (27, 48). In fact, our biochemical data support the
essential roles of D1 pore loops for engaging both ssrA
degrons and ClpS, suggesting that ClpS inhibition of binding
of ssrA-tagged substrates to ClpA could be, at least in part, a
consequence of blocking access to the D1 pore loops. Lastly,
the minimal length of the ClpS NTE required for N-degron
delivery and maximal ATP suppression, 14 residues, (residues
12-25, teal, pink, and purple) spans D1 and is just long enough
to contact the top pore loop in the D2 ring (subunit 5, orange)
when mapped onto the poly-alanine substrate (Fig. 7B). This
arrangement of the NTE within the ClpA channel is very
attractive, as the proposed next step in N-degron substrate
degradation is remodeling of the ClpS structure to transfer the
substrate to the CIpA pore, a step that requires the pore loops
and unfolding power of the D2 ring.

Is division of labor a common feature of double-ring
unfoldases?

Do other double-ring unfoldases divide work between their
two rings, as we see with ClpA? ClpC and ClpB are double-ring
AAA+ unfoldases that share strong D1 and D2 pore-loop
homology with D1 and D2 of ClpA (Fig. 14) (17, 49, 50).
Mutational analysis of the Bacillus subtilis MecA-ClpCP
adapter-protease complex reveals that inactivating the D1
loops by Tyr to Ala substitutions eliminates the degradation of
all substrates tested but mutating the D2 loops only reduces
degradation rates (51). These results are consistent with the
mechanism we propose for CIpAP, suggesting that the D1 pore
loop mutations in ClpC hinder substrate binding and
engagement, whereas D2 pore-loop mutations may slow, but
not completely inactivate the enzyme’s mechanical processes.
Likewise, the D1 pore loops of E. coli ClpB are more important
than its D2 loops for the enzyme’s innate disaggregase activity
in the absence of DnaK/Dna]J, once again consistent with the
model that the pore loops of the D1 ring are critical for proper
substrate engagement (52). In the presence of DnaK/DnaJ,
however, the D2 pore loops become more critical for ClpB
function (52), suggesting that these chaperones somehow
function together with the D2 pore loops. Thus, ClpA, ClpB,
and ClpC may all divide the jobs of their AAA+ rings and pore
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loops in a similar manner, with the D1 loops principally
engaging the substrate and the D2 loops focusing on the
mechanical work of protein unfolding. Cdc48/p97/VCP (with
“KMA” motifs in the pore 1 loops) is more sequence-divergent
than ClpA, ClpB, and ClpC, but also conforms to a “division of
labor” model. For example, the methionine of the D1 pore loop
photo-crosslinks to substrate in the central channel, suggesting
that these D1 pore loops are important for binding/engaging
substrates (53). Furthermore, although the D1 pore loops have
no observed roles in translocation, the D2 (“MWYG”) pore
loops participate in ATP-dependent substrate unfolding and
translocation (53, 54). Thus, despite differences in unfoldase
sequence/clade, biological function (disaggregase versus pro-
tease component), substrate specificity, and adapter usage,
these double-ring unfoldases all display evidence of division of
labor among the D1 and D2 pore loops that is reminiscent of
the model we describe for ClpA. Especially clear is the
emerging theme that the D1 pore loops play a critical role in
substrate recognition and engagement.

Experimental procedures
Proteins and peptides

The QuikChange PCR technique (Agilent) was used to
introduce crosslinking and pore-loop mutations into a
pET23b (Novagen) containing E. coli His,-SUMO-
ClpAACHMIGIT.CA78,C2035C2435 (s, SUMO is a solubility tag;
the AC9 deletion prevents auto-degradation (35); M169T
helps overexpression (55); and the C47S, C203S, and C243S
mutations generate cysteine-free ClpA (12)). Plasmids
encoding each ClpA variant fusion protein were transformed
into E. coli strain BL21(DE3) and purified using cation-
exchange and size-exclusion chromatography following
cleavage of the His,-SUMO fusion tag, as described (12). WT
ClpA and ClpP were purified, as described (56). ClpS, ClpS™#,
YLFVQELA-GFP, and YLFVQ-titin'>" were purified using
established protocols from Hisg-SUMO fusion protein con-
structs (33, 41, 57). Briefly, all proteins were purified by Ni-
NTA and Superdex-75 size-exclusion chromatography (GE
Healthcare) following Ulp1 cleavage of the Hisg-SUMO fusion
tags. “P’GFP-ssrA and titin"'**-ssrA were purified, as
described (38, 40). Pro-Pro and Ala-Ala mutants were intro-
duced into pT7 GFP Gly12 ssrA (43) by round-the-horn PCR
mutagenesis with T4 PNK and Q5 high-fidelity polymerase
(New England Biolabs). GFP-PP-ssrA and GFP-AA-ssrA were
expressed and purified, as described (43). For fluorescence
assays, U'YLFVQ-titin'*” and YFtitin"'*"-ssrA were labeled
with 5-iodoacetamidofluorescein by an established protocol
(37). LLYVQRDSKEC-amide and LLYVQRDSKEC-fl syn-
thetic peptides were purchased from 21st Century Bio-
chemicals. The synthetic RseA peptide was synthesized by
standard FMOC techniques using an Apex 396 solid-phase
instrument.

Crosslinking

DO45CCIpA and Y°CClpA variants were purified from
cysteine-free ClpA backgrounds containing WT or defective
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pore-1 loops (Y259A or Y540A) and were exchanged from
Activity Buffer (50 mM HEPES-KOH pH 7.5, 20 mM MgCl,,
0.3 M NaCl, 10% (v/v) glycerol, and 2 mM tris(2-carboxyethyl)
phosphine (TCEP)) into Crosslinking Buffer (50 mM HEPES-
KOH pH 7, 300 mM NacCl, 20 mM MgCl,, 10% glycerol, and
5 mM EDTA) using Zeba Spin Desalting Columns (Thermo-
Fisher Scientific). Crosslinking was carried out in the cross-
linking buffer, as described (12). Briefly, the reactions
containing ClpA variants and a homobifunctional crosslinker
(1,4-bismaleimidobutane; ThermoFisher Scientific) were
incubated for ~30 min at room temperature before quenching
by the addition of 50 mM DTT. The crosslinked CIpA dimers
were then separated from monomers by chromatography on a
Superdex 200 16/600 size-exclusion column (GE Healthcare)
in the Activity buffer. The absence of ATP or ATPYS in the
Activity buffer prevents the stable ClpA hexamer assembly
during chromatography. The fractions containing crosslinked
dimers were flash frozen and stored at —80 °C.

Pore-opening assay

ClpP cleavage of a fluorogenic RseA decapeptide (Abz-
KASPVSLGYNO?D; 15 uM) was assayed in the Activity Buffer
in the presence of ATPyS (2 mM) and different ClpA variants
(0.50 uM), and ClpP (0.25 uM) (36). Abz is a 2-aminobenzoic
acid fluorophore, and YN°? is a 3-nitrotyrosine quencher. The
rate of peptide degradation was monitored by fluorescence
(excitation 320 nm; emission 420 nm) using a SpectraMax M5
Microplate Reader (Molecular Devices).

ATP-hydrolysis assays

ATPase assays were performed at 30 °C in the Activity
Buffer containing ClpAg variants (0.1 pM), ClpPy4 (0.3 uM),
plus or minus ClpS (0.1 pM when present). The hydrolysis of
5 mM ATP (Sigma-Aldrich) was measured using an NADH-
coupled assay (56) 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 the loss of absorbance at 340 nm using a Spec-
traMax Plus 384 Microplate Reader (Molecular Devices).

Degradation assays

Degradation was assayed in the Activity Buffer at 30 °C. To
monitor CIpAP degradation of YLFVQELA-GFP (1 uM),
YFYLEVQ-titin (1 uM), or “Ftitin-ssrA (0.3125-20 uM), the
reactions contained ClpAg (0.1 uM), ClpPy4 (0.3 uM), plus or
minus ClpS (0.1 uM), ATP (4 mM), and an ATP-regeneration
system (6.25 mM phosphoenolpyruvate and 23.5 U/ml py-
ruvate kinase). The degradation of “°”GFP-ssrA (10 pM) was
assayed using ClpAg (0.3 uM), ClpPy4 (0.8 uM), ATP (4 mM),
and the ATP-regeneration system. The degradation of GFP-
AA-ssrA or GFP-PP-ssrA (8 puM) was assayed using ClpAg
(0.25 uM), ClpPy, (0.75 uM), ATP (5 mM), and the
ATP-regeneration system. The loss of GFP fluorescence
(excitation 467 nm; emission 511 nm) or increase in Ytitin
fluorescence (excitation 495 nm; emission 518 nm) was
monitored using a SpectraMax M5 Microplate Reader. The
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degradation of “Ftitin was quantified by normalizing the
relative fluorescence units to the total “Ftitin degraded upon
the addition of porcine elastase (0.1 mg/ml; Sigma-Aldrich)
for 30 min at the end of the assay.

To assay the degradation of titin"'*-ssrA or ClpS** by
CIpAP variants, ClpAg (0.25 pM), ClpPy, (0.75 uM), ATP
(5 mM), and the ATP-regeneration system were preincubated
at 30 °C for 2 min, and either titin"'*"-ssrA (10 uM) or ClpsA4
(5 uM) was added to initiate degradation. The samples were
taken at different time points, quenched by the addition of
SDS-sample buffer and rapid freezing, and later thawed,
boiled, and electrophoresed on a Mini-PROTEAN TGX 4 to
20% (weight/volume) precast gel (Bio-Rad). The bands were
visualized by staining with SYPRO Red protein stain (Ther-
moFisher) and quantified using a Typhoon FLA 9500 scanner
(GE Healthcare) and with ImageQuant 8.1 software (GE
Healthcare). For both the gels, the fraction of substrate
remaining was calculated by dividing the density of the sub-
strate band at each time point by the density at time zero, after
normalization of the amount of the sample in each lane using

the ClpP density.

Fluorescence anisotropy assays

Binding assays monitored by fluorescence anisotropy of
LLYVQRDSKEC-fl (100 nM) were performed using a Spec-
traMax M5 Microplate Reader at 30 °C in the Activity Buffer.
ATPyS (2 mM), ATP (10 mM), and ClpP (1 uM) were used
where designated. ClpA and ClpS were used in a 1:1 ratio, with
concentrations varying from 0.1 to 1 pM. The data (n >3 + 1
SD) were fitted to the quadratic form of the binding equation
appropriate for tight binding. The K,,, values are reported
with average errors (typically 4-5%).

Data availability

All data are contained in the article or supporting
information.

Supporting article  contains
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