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The SspB adaptor drives structural changes in the AAA+ CIpXP
protease during ssrA-tagged substrate delivery
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Energy-dependent protein degradation by the AAA+ ClpXP protease helps maintain
protein homeostasis in bacteria and eukaryotic organelles of bacterial origin.
In Escherichia coli and many other proteobacteria, the SspB adaptor assists ClpXP
in degrading ssrA-tagged polypeptides produced as a consequence of tmRNA-medi-
ated ribosome rescue. By tethering these incomplete ssrA-tagged proteins to ClpXP,
SspB facilitates their efficient degradation at low substrate concentrations. How this
process occurs structurally is unknown. Here, we present a cryo-EM structure of the
SspB adaptor bound to a GFP-sstA substrate and to ClpXP. This structure provides
evidence for simultaneous contacts of SspB and ClpX with the ssrA tag within the
tethering complex, allowing direct substrate handoff concomitant with the initiation
of substrate translocation. Furthermore, our structure reveals that binding of the sub-
strate-adaptor complex induces unexpected conformational changes within the spiral
structure of the AAA+ ClpX hexamer and its interaction with the ClpP tetradecamer.
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Proteolytic adaptors alter the repertoire of substrates degraded by individual proteases (1).
For example, in Escherichia coli, the SspB adaptor changes the proteolytic fate of ssrA-
tagged proteins, which are produced when protein biosynthesis on a ribosome stalls and
the tmRNA system completes translation by attaching an ssrA tag to the C terminus of
the partial protein (2, 3). Translation can stall at many different codons in any protein-cod-
ing segment of the E. coli genome, and thus, ssrA-tagged proteins are highly diverse in
terms of sequence, size, and structure (4). Importantly, the ssrA tag serves as a degron for
the cytoplasmic AAA+ ClpXP and ClpAP proteases (5). Thus, any ssrA-tagged protein in
the E. coli cytoplasm can potentially be degraded, ridding the cell of truncated, useless,
and potentially dangerous protein fragments and permitting the amino acids in these
aberrant molecules to be recycled.

Each subunit of the SspB homodimer consists of a native domain, which binds to the
first seven residues of the ssrA tag (AANDENYALAA), and a disordered C-terminal
region, ending with a short segment that binds to the N domain of CIpX (6-10). These
SspB-mediated interactions tether ssrA-tagged proteins to ClpXP and stimulate their
degradation by decreasing K, and increasing V... (2, 10). Concurrently, SspB redirects
degradation by blocking recognition and proteolysis of sstA-tagged proteins by the CIpAP
protease (11).

ClpXP consists of one or two hexamers of ClpX and the double-ring ClpP tetradecamer
(12). The ClpX ring is assembled by packing of six AAA+ modules of the hexamer in a
shallow spiral around an ax1al channel that serves as a conduit to the degradation chamber
of ClpP (13-15). Cle -ClpP, which lacks the SspB-binding N-terminal domain of
ClpX, is active in degradation of some protein substrates (16, 17), including ssrA-tagged
proteins, and has been used for most prior cryo-EM studies (13-15). Early biochemical
experiments established that positively charged “RKH” loops that reside at the top of the
ClpXP axial channel aid in initial ssrA tag recruitment (18). Following recruitment, the
C-terminal ALAA residues of the ssrA tag bind in the upper portion of a closed ClpX
channel, as shown in a “recognition-complex” structure (13). Subsequent channel opening
is then needed to allow tag translocation and eventual substrate unfolding. Following this
multistep ssrA-tag recognition, ClpX or ClpX*N uses translocation steps powered by ATP
hydrolysis to unfold any native structure present in the substrate and to spool the unfolded
polypeptide through the axial channel and into ClpP for degradation (12, 19).

The structural manner in which SspB interacts with ClpXP and stimulates substrate
degradation is poorly understood. For example, when ClpX-tethered SspB releases the
ssrA-tagged substrate relative to tag recruitment, tag recognition, and pore opening of the
ClpX channel is unclear. Moreover, the molecular mechanisms by which adaptors stimulate
degradation by AAA+ proteases are understudied, with only the minimal requirements
having been established (20, 21).
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Significance

Intercellular proteases, including
ClpXP, degrade damaged or
unneeded proteins. Peptide tags
allow specific protein substrates
to be recognized by the ClpX
unfoldase/translocase
component of CIpXP and by an
adaptor, SspB, which tethers
itself to ClpX and enhances
degradation of the tagged
protein by CIpXP. Our cryo-EM
structure of ClpXP bound to SspB
and a tagged substrate shows
that SspB and ClpX
simultaneously contact the
degradation tag and reveal
changes in the structure of ClpX
and its interaction with ClpP.
These structural changes appear
to be a prelude to an initial ClpX
translocation step that pulls the
substrate away from SspB and
initiates degradation by allowing
substrate unfolding and further
translocation of the unfolded
substrate into the proteolytic
chamber of ClpP.
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Here, we present a cryo-EM structure of a ClpXP.GFP-
sstA«SspB complex (hereafter protease«substrate-adaptor com-
plex) that demonstrates that SspB directly positions the C-terminal
residues of the ssrA tag in the upper part of a closed axial channel
of ClpX, almost exactly as in an adaptor-free recognition complex
(13). These simultaneous contacts between SspB, ClpX, and the
sstA tag allow direct hand-off of the substrate from the adaptor
to the protease. Surprisingly, we also find that binding of the
substrate-adaptor causes a substantial alteration in the spiral
arrangement of ClpX subunits and how they interact with ClpP.
We discuss the implications of this latter finding for the mecha-
nism by which ClpXP and other AAA+ proteases engage protein
substrates as a prelude to ATP-fueled unfolding and eventual
degradation.

Results and Discussion

Structure of the ProteasesSubstratesAdaptor Complex. We
combined E. coli ClpX, ClpP, SspB, and Aequorea victoria green-
fluorescent protein with an appended E. coli sstA tag (GFP-ssrA)
in the presence of ATPYS and determined a cryo-EM structure
of the complex (SI Appendix, Figs. S1-S3 and Table S1). ATPyS
supports assembly of ClpXP and binding to SspB and GFP-sstA
but is hydrolyzed too slowly to support GFP-ssrA unfolding and
degradation (22, 23).

In our cryo-EM structure, we observed density for the large
and small AAA+ domains of ClpX, for the ssrA tag, for both
heptameric rings of ClpP, and for the two native domains of SspB,
although density for the one proximal to ClpX was better resolved
(Fig. 1). By contrast, the ClpX N domains, the C-terminal resi-
dues of SspB, and the native barrel of GFP were not visible in the
density map, presumably as a consequence of these structures
occupying multiple orientations given that the ClpX N domains
are flexibly joined to the AAA+ modules and a short unstructured
region separates native GFP from the ssrA tag. ATPyS or ADP

https://doi.org/10.1073/pnas.2219044120

Fig. 1. Proteasessubstratesadaptor cryo-EM density
map and atomic model. Overlay of density map
(gray) and model (cartoon representation) of the
proteasessubstrate«adaptor structure in top (A) and
side (B) views. The Inset in panel B depicts the map
and model for the proximal SspB subunit and dimer
interface. (C) Atomic model of the complex. The native
domains of the proximal and distal SspB subunits are
shown in surface representation and colored light and
dark green, respectively. The ssrA tag is shown in surface
representation and colored red. ClpX is shown in cartoon
representation and colored purple. The heptameric ring
of CIpP nearest ClpX is shown in cartoon representation
and colored blue.

was bound at the interfaces between the large and small AAA+
domains of all six ClpX subunits.

Protease and Adaptor Simultaneously Contact Substrate during
Delivery. In our protease.substrate-adaptor structure, the SspB
subunit proximal to ClpX positioned the sstA tag to make bridging
interactions with the top portion of a closed axial channel of ClpX
(Fig. 2). This bridging geometry in the protease.substrate-adaptor
delivery complex would allow subsequent opening of the axial channel

Inset |

pore-2 loop (A)

Fig.2. SspBessrAand ClpXessrA contacts. Substrate delivery complex clipped
in plane to highlight contacts between the proximal subunit of SspB (green
surface representation), the ssrA tag (red stick or ball-and-stick representation),
and ClpX (light purple; surface representation). The pore-2 loop (dark purple
backbone representation) of chain A of ClpX blocks the axial channel and
contacts the C terminus of the ssrA tag. Inset | highlights SspB contacts with the
ssrA tag. The conformation of an ssrA tag from a crystal structure (pdb 10X9)
bound to SspB (cyan stick or ball-and-stick representation) is also shown. Inset
Il depicts contacts between ClpX and the C-terminal residues of the ssrA tag
overlaid with models of the same tag residues and pore-2 loop (orange) from
the recognition complex (pdb 6WRF).
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Fig. 3. SspB-ssrA-ClpX interface. SspB and ClpX contact opposite sides of
the aromatic ring of the tyrosine in the ssrA tag, which is shown in red ball-
and-stick representation with a mesh surface.

and complete transfer of the substrate to the protease. For example, an
ATP-fueled ClpX translocation step could open the channel by pulling
the ssrA tag deeper into the pore. Such a motion could simultaneously
release the substrate from the SspB adaptor, which because of its bulk
could not enter the channel. Subsequent translocation steps would
then result in substrate unfolding and degradation.

The seven N-terminal residues of the ssrA tag in our cryo-EM
structure had essentially the same conformation and contacted
SspB in the same manner observed previously in an ssrA.SspB
crystal structure (6) (Fig. 2). Moreover, the four C-terminal resi-
dues of the tag were positioned similarly in our current structure
and in the recognition-complex structure (13), further supporting
a bridging followed by a handoff mechanism. In both the new
structure and recognition complex, the pore-2 loop of ClpX

A

Il SspB-SspB contact

sequence conservation (AU)
o
|

B SspB-ClpX contact

subunit A closed the axial channel and contacted the C terminus
of the ssrA tag (Fig. 2). Mutation of the pore-2 loop weakens
ClpXP aflinity for a cross-linked sstA-SspB complex more than
60-fold (24), and thus, the contacts between the pore-2 loop and
the ssrA tag in our structure make substantial contributions to the
thermodynamic stability of the protease.substrate-adaptor com-
plex. SspB and ClpX also contacted opposite faces of the aromatic
ring of the single tyrosine in the ssrA tag in the structure (Fig. 3),
emphasizing the very tight packing in this region. This close pack-
ing may result in minor steric or electrostatic clashes and could
explain why inserting several residues in this region of the tag

strengthens ssrA«SspB binding to ClpX (25).

RKH Loops Contact SspB but Provide Little Stabilization. ClpX
has the axial pore-1 and pore-2 loops common to all proteolytic
AAA+ enzymes but also contains family-specific RKH loops,
which surround the entrance to the translocation channel and
play roles in substrate and adaptor binding and specificity
(12, 13, 15, 24). In our structure, multiple ClpX RKH loops
contacted the proximal SspB subunit (Fig. 4), as anticipated by
cross-linking results (24).

Interestingly, however, our covariation analysis using RaptorX
(26) or GREMLIN (27) showed no significant mutual-sequence
information between ClpX and SspB. Moreover, only the dimer
interface and ssrA-binding groove of SspB showed high levels of
sequence conservation, whereas most residues contacted by ClpX
in our structure were poorly conserved (Fig. 4). These findings and
the very low affinity of tail-less SspB dimers for ClpX (28) suggest

S5 T T T T T
4 14 24 34 44 54

T T T T T
64 74 84 94 104

SspB residue number

Fig. 4. SspB contacts with ClpX RKH loops are poorly conserved. (A) The folded domain of SspB proximal to ClpX (green surface representation) is contacted
by six RKH loops (sphere representation colored by subunit identity). (B) Conservation score of SspB residues calculated by Consurf (https://consurf.tau.ac.il/
consurf_index.php) plotted against sequence position. Positive values indicate higher sequence conservation. Residues classified and bars colored based on
SspB residue contacts. Gray bars (other) note residues lacking ClpX or SspB interdimer contacts. For this analysis, SspB residues within 5 A from interacting

molecules were considered as contacts.
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IGF loop —

recognition complex

proteasessubstrate-adapter complex

overlay of recognition and
protease-substrate-adapter complexes

Fig. 5. Structural changes in ClpX caused by the binding of GFP-ssrA«SspB. (A) ClpX subunits F (gray) and E (orange) are shown in the recognition complex (pdb
6WRF) with other subunits in transparent outline. (B) Positions of subunits F and E and SspB (green) in the proteasessubstratesadaptor structure. (C) Overlay
of the recognition complex in darker shades with the protease «substrate sadaptor complex in lighter shades highlights the upward movement of subunit F and

leftward movement of subunit E.

that the interactions between the RKH loops and SspB are roughly
neutral with respect to free energy, with favorable interactions can-
celed by unfavorable interactions or entropic costs. By this model,
SspB binding is stabilized mainly by its tethering to the N domains
of ClpX and by the bridging of the ssrA-tag between SspB and
ClpX. Relatively weak binding of substrate-free SspB to ClpX could
be biologically important in avoiding competition between sub-
strate-free SspB adaptors and the degradation of substrates without
sstA tags that need unrestricted access to the ClpX channel.

Conformational Changes in CIpXP Are Induced by Substrate«SspB
Binding. In our protease.substrate-adaptor complex, the large
AAA+ domains of ClpX subunits A, B, C, D, and E formed a
shallow spiral, as observed in previous ClpXP structures (13-15).
Notably, however, the large AAA+ domain of subunit F moved out
of the spiral and up toward SspB, as a consequence of a rotation
relative to its small AAA+ domain (Fig. 5). This movement of
subunit F was accompanied by smaller movements of subunit E

filled filled
recognition complex

empty empty

ClpXP+GFP-ssrA«SspB complex

Fig. 6. Substrateeadaptor mediated movement of IGF loops. (A) The
empty ClpP cleft is located between the IGF loops of subunits E and F in the
recognition complex (pdb 6WRF). (B) In the proteaseesubstratesadaptor
complex, the empty cleft was located between ClpX subunits E and D.

https://doi.org/10.1073/pnas.2219044120

and a minor shift in subunit A. Movies S1 and S2 show morphs
between the protease-substrate-adaptor complex and recognition
complex viewed from different perspectives.

These movements of ClpX subunits in the protease-sub-
strate-adaptor complex resulted in changes in the contacts
between ClpX and ClpP. The six IGF loops of a ClpX hexamer
fit into six of the seven docking clefts in a heptameric ring of
ClpP, leaving one cleft empty. In prior structures of E. coli ClpXP
(13, 14), this empty cleft was located between the IGF loops of
ClpX subunits E and F. In our protease-substrate.adaptor struc-
ture, by contrast, the empty cleft was located between the IGF
loops of subunits D and E (Fig. 6).

Does the ClpX conformation observed in our protease.sub-
strate-adaptor structure have a specialized function? Biophysical
experiments indicate that ClpXP adopts a kinetic state distinct
from a translocation complex state when it tries to unfold a sub-
strate (29). Thus, the ClpX conformation in our proteasessub-
strate-adaptor complex might correspond to a state capable of
applying an efficient unfolding force. Such a conformation could
help ClpX to resist the equal-and-opposite force imposed by a
distorted substrate during a denaturation attempt and thus
improve the chances of successful unfolding. If this surmise is
correct, then similar conformations of the ClpX hexamer should
be observed in SspB-free but substrate-engaged structures, where
“substrate-engaged” is defined as a state in which one additional
translocation step would result in substrate denaturation.

Summary. Our protease-substrate-adaptor structure provides a
glimpse of a critical step in SspB delivery of ssrA-tagged substrates
for ClpXP degradation and reveals a unique conformation of the
ClpX hexamer. It also provides an explanation for the ability of
SspB to lower Ky for ClpXP degradation of ssrA-tagged substrates,
namely that ClpX.ssrA contacts are augmented by interactions
between ssrA.SspB and SspB-ClpX to increase affinity.

Materials and Methods

Protein Expression Purification. £. coli ClpP, £. coli ClpX (containing a neutral
K408E mutation), and E. coli SspB were expressed and purified as reported (30).
A. victoria GFP-ssrA was expressed and purified as described (31).

Cryo-EM Sample Preparation and Analysis. For cryo-EM sample preparation,
ClpX, (5.4 uM), ClpP, (1.8 uM), GFP-ssrA (10 uM), and SspB, (10 pM) were

pnas.org
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incubated with ATPyS (5 mM) in 20 mM HEPES (pH 7.5), 20 mM KCI, 5 mM
MgCl,, 10% glycerol, and 0.032% Nonidet P40. These protein ratios ensured
that ClpP was bound by a single ClpX hexamer with sufficient SspB and GFP-ssrA
to saturate ClpX.The sample was plunge-frozen on 300-mesh Quantifoil copper
grids, which had been glow-discharged for 60 s in an easiGlow glow discharger
(Pelco) at 15 mA and blotted using a Vitrobot Mk IV instrument (Thermo Fisher
Scientific) for 3 s with a blot force of 10(25 °C; 100% relative humidity). For the
ClpXP+GFP-ssrA-SspB structure, 9,520 movies were collected at a magnification
of 105,000 X and detected in superresolution mode on a Gatan K3 detector
for an effective pixel size of 0.435 A (superresolution mode) with EPU (Thermo
Fisher Scientific) on aTitan Krios G3i (Thermo Fisher Scientific), operating atan
acceleration voltage of 300 kV. Movies were collected as 30 frames with a total
exposure on specimen of 75.98 e /A2. Defocus ranged from —1.0to —2.5 um.

Frames in each movie were binned (twofold), aligned, gain-corrected, and
dose-weighted using MotionCor2 (32) to generate micrographs. The contrast
transfer function (CTF) was estimated using CTFFIND4 (33). RELION 3.1 (34) was
used for 2D/3D classification and refinement (S/Appendix, Figs. S1and S2). After
several rounds of 2D classification, particles were reextracted and combined using
the join star tool in RELION, and the resulting 391,668 particles were selected
for 3D reconstruction.

First, particles were subjected to a 3-class 3D classification with pose esti-
mation using a 40-A low-pass filtered ClpP map (EMDB: EMD-20434) as the
initial model. No masks were used at this stage. The best-resolved class contained
236,728 particles. These particles underwent autorefinement without symmetry
(C1), and postprocessing yielded a CIpXP map at 3.8 A resolution. Three rounds
of CTF-refinement and particle polishing followed by an additional round of 3D
autorefinement improved the overall resolution of this map to 3.2 A.

Next, a mask encompassing SspB, ClpX, and the cis-ring of ClpP was gener-
ated, and particle subtraction was applied to the particle stacks to focus on this
region of the map. RELION reconstruct was applied to this subtracted particle stack
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space correlation between publicly available apo-ferritin density maps and maps
of apo-ferritin determined using this microscope under an identical imaging con-
dition. The final rescaled maps were used to estimate local and global resolution,
as well as directional resolution (35) (S/ Appendix, Fig. S3).

To build atomic models, ClpX, ClpP, and SspB structures (pdb codes 6PP8,
6PPE, and 10X9) were docked into EM maps using ChimeraX-1.3 (36). ClpX
domains were rigid-body-refined using Coot (37), and real-space refinement was
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electron micrographs have been deposited in the Electron Microscopy Public
Image Archive (EMPIAR entry 11349).
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