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Protein homeostasis is critically important for cell viability. Key to
this process is the refolding of misfolded or aggregated proteins
by molecular chaperones or, alternatively, their degradation by
proteases. In most prokaryotes and in chloroplasts and mitochon-
dria, protein degradation is performed by the caseinolytic protease
ClpP, a tetradecamer barrel-like proteolytic complex. Dysregulating
ClpP function has shown promise in fighting antibiotic resistance
and as a potential therapy for acute myeloid leukemia. Here we
use methyl-transverse relaxation-optimized spectroscopy (TROSY)-
based NMR, cryo-EM, biochemical assays, and molecular dynamics
simulations to characterize the structural dynamics of ClpP from
Staphylococcus aureus (SaClpP) in wild-type and mutant forms in
an effort to discover conformational hotspots that regulate its func-
tion. Wild-type SaClpP was found exclusively in the active extended
form, with the N-terminal domains of its component protomers in
predominantly p-hairpin conformations that are less well-defined
than other regions of the protein. A hydrophobic site was identified
that, upon mutation, leads to unfolding of the N-terminal domains,
loss of SaClpP activity, and formation of a previously unobserved
split-ring conformation with a pair of 20-A-wide pores in the side of
the complex. The extended form of the structure and partial activity
can be restored via binding of ADEP small-molecule activators. The
observed structural plasticity of the N-terminal gates is shown to be
a conserved feature through studies of Escherichia coli and Neisse-
ria meningitidis ClpP, suggesting a potential avenue for the devel-
opment of molecules to allosterically modulate the function of ClpP.
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Timely and targeted removal of damaged and misfolded pro-
teins as well as proteins that must be cleared upon comple-
tion of a prescribed function is essential for cellular viability (1).
In many prokaryotes and in mitochondria, protein degradation is
performed by caseinolytic protease (ClpP) (2-6). In bacteria,
ClpP is associated with the regulation of the cellular stress re-
sponse, homeostasis, pathogenesis, intracellular parasitism, and
virulence (7-9). Given its extensive role in bacterial cells, ClpP
represents an important but mostly untapped drug target (10,
11). Therefore, there is significant interest in the development of
methods for modulating its activity via either inhibition or acti-
vation (12, 13). An emerging class of antibiotics, cyclic acyldep-
sipeptides (ADEPs) (14) and activators of cylindrical proteases
(ACPs) (15), bind to and induce unregulated proteolytic activity
in bacterial ClpPs, thereby resulting in the degradation of pro-
teins critical for bacterial survival (16). This novel mode of action
was shown to kill Mycobacterium tuberculosis (17) and antibiotic-
resistant subpopulations of Staphylococcus aureus that are im-
plicated in chronic and relapsing infections (18). Similarly, an
increasing number of compounds including p-lactones and phe-
nyl esters have been shown to inhibit ClpP function in bacteria
(19), and some of these have been proposed for the treatment of
malaria by targeting ClpP from the malaria parasite (20). Much
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less is known about the function of ClpP in mitochondria. Mi-
tochondrial ClpP is overexpressed in human cancer cells, en-
abling metastasis (21), and its inhibition has shown promise in
treating acute myeloid leukemia (22). Further, mutations in
mitochondrial ClpP are found in patients with Perrault syndrome
(23), an autosomal recessive condition associated with hearing
loss and ovarian dysgenesis (24). Understanding the structure,
function, and regulation of this protease will facilitate further
development of effective therapeutics to combat a wide range of
disorders affecting human health (17).

Detailed X-ray crystallographic studies of most bacterial ClpPs
show they consist of a pair of stacked homoheptameric rings in a
barrel-like structure, sequestering 14 Ser-His-Asp catalytic sites
(Fig. 14) (25-27). Each ClpP subunit is comprised of three do-
mains: (i) an N-terminal region surrounding gated narrow axial
pores (Fig. 1 B and C) that regulate access to the degradation
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Fig. 1. Architecture of the tetradecameric ClpP structure [Protein Data Bank
(PDB) ID code 3V5E (54)]. (A and B) Surface representation of the extended
form of SaClpP as seen from side (A) and top (B). The N-terminal domains are
shown in red, and the head and handle domains appear in green and blue,
respectively. (C) Cartoon representation of the structure of an individual
SaClpP protomer highlighting the N-terminal, head, and handle regions. The
positions of lle-4, the catalytic triad, and the site chosen for attachment of
the spin label (GIn-130) within each protomer are indicated.

chamber (28); (if) a globular head domain that forms the main
body of the barrel; and (iii) a handle domain that forms the ring—
ring interface of the ClpP tetradecamer. Analogous to the pro-
teasome, ClpP collaborates with AAA+ (ATPases associated with
a variety of cellular activities) unfoldases, including ClpA, ClpC,
and ClpX, to unfold substrates and translocate them into the
catalytic chamber of ClpP in an ATP-dependent manner (29, 30).
There is significant evidence from a variety of different bio-
physical techniques that ClpP is a highly dynamic molecular
complex. For example, ClpP can be crystallized in three distinct
conformations (4), including extended (25, 26, 31), compact (32,
33), and compressed (31, 34, 35) forms that differ in the height of
the barrel and in the conformation of the handle region. Further
insight comes from NMR studies focusing on a pair of Ile residue
probes showing the presence of at least two handle-region con-
formations in solution (36). Molecular dynamics (MD) simulations
(37) and normal-mode analysis (32) also suggest a dynamic system,
with interconversion between extended and compact forms of the
enzyme. A comparison of available crystal structures further re-
veals a high degree of heterogeneity in the N-terminal region (5)
and disorder in many cases (25, 26, 38). When the N-terminal
residues are observed crystallographically, they assume an anti-
parallel B-hairpin conformation that protrudes from the apical
surface of the barrel, although there is some question as to whether
this structure is an artifact arising from crystal contacts (4, 5).
Despite the wealth of available structural information, a rigor-
ous understanding of the connection between the inherent plas-
ticity of ClpP and its function is lacking. The processive nature of
proteolysis by ClpP (39) and the coordinated mode of action be-
tween protease and unfoldase (40) suggest a role for allostery. For
example, the N-terminal region of ClpP interacts with the pore-
2 loops of the unfoldase (41, 42), while binding of AAA+ unfol-
dases or activators and the introduction of gain-of-function mu-
tations have been shown to enhance substrate hydrolysis rates of
ClpP (43-45). The interaction between ClpP and unfoldase thus
leads to changes in catalytic rates at distal sites in both molecules.
While the N-terminal gating regions of ClpP must play a central
role in this allosteric process, their structural dynamics remain to
be characterized in detail, and the mechanism of communication
between the N terminus and the rest of the protein, including
potential hotspots of interaction, have yet to be established.
Here we build on our original NMR study, which focused on a
pair of Ile probes in the handle region of ClpP (36), to study the
structural dynamics of the N-terminal residues and the commu-
nication between them and other regions of the molecule. For
this work we use ClpP from Staphylococcus aureus (SaClpP). The
development of robust methyl labeling protocols (46, 47) in
concert with NMR methods that exploit a methyl-transverse re-
laxation optimized spectroscopy (TROSY) effect (48) provide an
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avenue for studies of large molecular machines (49, 50), including
the 300-kDa ClpP protease. We present nearly complete NMR
assignments for Ile, Leu, Val, and Met methyl groups in SaClpP to
generate probes of structure and dynamics throughout the enzyme.
Extensive conformational heterogeneity is observed for the N-
terminal gates, extending to the active-site and handle regions,
with approximately 10 distinct cross-peaks assigned for Ile-4 and
for Ile-8 in "H-'C heteronuclear multiple-quantum coherence
(HMQC) spectra. Conformational heterogeneity was further
characterized via paramagnetic relaxation enhancement (PRE)
experiments and through the determination of a 3.6-A resolution
cryo-EM structure of the WT protein that showed an extended
conformation with gates in the predominantly p-hairpin form, long
thought to be a crystal contact artifact. Modeling based on MD
simulations using restraints from the cryo-EM density (51, 52)
generated an ensemble of structures showing increased dynamics
in the N-terminal domain. Truncation of as few as three N-terminal
residues or a V7A substitution led to the complete unfolding of the
gating residues and the identification of an important structural
hotspot that involves a well-conserved hydrophobic cluster com-
prising residues near the N-terminal domain. The cryo-EM struc-
ture of the V7A mutant reveals the formation of a heretofore
unobserved split-ring conformation that is catalytically inactive,
although activity could be restored through binding of activators.
Remarkably, a single V7A mutation in one of the 14 protomers is
sufficient to unfold all N-domains in the tetradecamer and eliminate
catalytic activity, emphasizing both the importance of the integrity of
this region for proper function and the strong communication be-
tween protomers. Finally, the observed structural plasticity at
the level of the N-terminal gates observed for SaClpP is shown
to be a conserved feature through studies of Escherichia coli and
Neisseria meningitidis ClpP, suggesting a potential avenue for fur-
ther rational development of molecules to modulate the function
of this important enzyme.

Results

Conformational Heterogeneity Is Predominant in the N-Terminal
Region of WT SaClpP. To study the structural plasticity of the
300-kDa SaClpP tetradecamer, we used a well-described strategy
that focuses on methyl probes in which highly deuterated protein
is prepared and labeled as [U-°H; 1le51-*CHj; Leu/Val-'*CHj/
2CD5; Met-13CH3), hereafter referred to as “ILVM labeling’
(46). The labeling approach was exploited by recording 'H-"C
HMAQC spectra that take advantage of a methyl-TROSY effect
(48) and allow studies of high molecular weight complexes.
Nearly complete resonance assignments of Ile, Leu, Val, and
Met methyl probes (51 of 53) in a spectrum of ILVM-SaClpP
were obtained through a combined approach involving single-
point mutagenesis and analysis of NOE datasets (53), aided by
the availability of high-resolution X-ray structures of SaClpP (31,
54). Fig. 24 shows the Ile region of a 2D "H-">C HMQC spec-
trum of SaClpP recorded at 40 °C and 18.8 T. Corresponding
regions and assignments for Leu, Val, and Met methyl groups
are shown in SI Appendix, Fig. S1 A and B along with stereo-
specific assignments for the isopropyl methyl groups of Leu and
Val obtained using the labeling approach of Gans et al. (55).
Notably, more peaks were observed in the HMQC spectrum
than would be expected on the basis of the number of ILVM-
methyl groups in the protein (Fig. 24 and SI Appendix, Fig. S1 A
and B). This discrepancy is particularly pronounced for methyl-
containing residues localized to the N-terminal domain where,
for example, approximately 10 correlations each were assigned to
Ile-4 (Fig. 24, pink) and to Ile-8 (Fig. 24, green), spanning ca.
0.7 ppm and 2.5 ppm in the 'H and *°C dimensions, respectively.
Because of the surprisingly large number of cross-peaks in these
cases, the assignments were verified by recording spectra of
samples in which each of the 22 Ile residues was individually
mutated to Val. All the peaks assigned to Ile-4 remained in each
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Fig. 2. NMR studies reveal multiple conformers, especially for the N-domain.
(A) The lle region of a 'H-"3C HMQC correlation map of WT SaClpP, 40 °C, 18.8
T, with assignments. Peaks derived from the same residue are colored identi-
cally. (B) Representative decay curves for the slowly relaxing component of
methyl "H transverse magnetization (circles) along with fits (solid and dashed
curves) for a pair of lle-4 peaks for spin-label oxidized (empty circles) and re-
duced states (filled circles). Relaxation rates and their uncertainties are dis-
played for each measurement. (C) Effective distances, r, between the C* carbon
of position 130 (the site of attachment of a TEMPO maleimide spin label)
and lle-4/lle-8 51 methyl groups from different conformers, as indicated.
(D) Populations of lle y, trans rotameric states based on lle '*C®' chemical
shifts of each of the conformers (56). (E and F) Representative profiles of
ratios of peak intensities in triple-quantum—filtered (/,) and single-quantum-
based (/) 'H relaxation experiments, I/l,, as a function of relaxation delay
(E) along with fits of data to extract the methyl axis order parameter 52,
plotted for the lle-4 and Ile-8 81 methyl groups as a function of conformer (F).

"0 5 10 15
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spectrum except when Ile-4 was substituted (I4V), as did the
peaks assigned to Ile-8. However, peak multiplicity is not limited
to residues from the N-terminal region and includes probes
distributed throughout the entire structure, such as Ile-44 from
the head domain (Fig. 24, orange), Met-99 proximal to the
active-site Ser (SI Appendix, Fig. S1B, blue), and Ile-138 from the
handle domain (Fig. 24, blue) that are ~8, 20, and 36 A from
the closest Ile-4 C®', respectively.

In an effort to discover the structural basis for the multiplicity
of the observed correlations, in particular those from Ile-4 and
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Ile-8, we first carried out PRE experiments in which a nitroxide
spin label was covalently attached to a Cys residue of the protein.
Fig. 2B shows transverse relaxation decay profiles for selected
peaks from Ile-4, focusing on the slowly relaxing component of
methyl '"H magnetization obtained with either an oxidized or
reduced spin label placed at position 130 by mutating GIn-130 to
Cys (Fig. 1C). The PRE, defined as the difference in relaxation
rates measured in oxidized and reduced samples, can be used to
calculate effective distances between the spin label and the
methyl probe in question (SI Appendix), as tabulated for the
various Ile-4 and Ile-8 peaks in Fig. 2C. Notably, distances vary
by as much as 10 A between the different conformers. It is worth
noting that for methyl groups in well-ordered regions of ClpP
good agreement between PRE-based distances and those cal-
culated from the X-ray structure was obtained (SI Appendix, Fig.
S1C), providing confidence in the measurements for Ile-4 and
Ile-8. As a second probe of conformational heterogeneity, we
exploited the sensitivity of the Tle ">C®' chemical shift to the
sidechain y, dihedral angle to quantify trans x, rotamer pop-
ulations (56) for each of the Ile conformers and obtained a wide
distribution of populations. Taken together, chemical shift and
PRE data establish that both Ile-4 and Ile-8 exist in multiple
conformations that are associated with significant differences in
sidechain conformations and in the positions of Ile 81 methyl
groups relative to the core of the enzyme.

In an attempt to quantify the interconversion between con-
formers, we recorded magnetization exchange experiments that
we have used successfully in the past for studies of the in-
terconversion of N-terminal gates in the 20S proteasome (57).
Notably, we were unable to detect exchange cross-peaks, even at
temperatures as high as 50 °C. Calculations based on a simplified
two-state exchange model establish an upper bound for the ex-
change rate of ~0.1-s~'. Similarly, exchange dynamics were not
detected via chemical exchange saturation transfer-based ex-
periments (58). NMR spin relaxation measurements that are
sensitive to picosecond-to-nanosecond timescale dynamics were
also performed to probe amplitudes of motion of methyl-containing
sidechains. In a previous study we showed that the proteasome
gating termini were highly dynamic on a fast timescale (57), and
we were interested in establishing whether the N termini of ClpP
behave in a similar manner. 'H triple-quantum-based experiments
(59) were recorded from which an order parameter squared (S2,;)
is obtained for each methyl group that reports on the amplitude of
motion of the methyl symmetry axis. Values of the §2,;, range, in
the general case, from 1 (rigid) to 0 (isotropic motion); these values
can be obtained from fits of ratios of signal intensities obtained in
triple-quantum-selected (7,) and single-quantum-based (I,) ex-
periments (Fig. 2E) (59) and are shown for Ile-4 and Ile-8 correla-
tions in Fig. 2F. Notably, values range from 0.3 to 0.6, in the middle
of the $?, distribution observed for Ile in a series of folded pro-
teins gfrom 0.1 to 0.8) (60) and are not significantly different from
the $%, value calculated by averaging across all probes in ClpP
(~0.45). This observation suggests that the Ile-4/Ile-8 methyl groups
are, on average, as ordered as those in the rest of the structure and
that the N-terminal region is not as mobile on the picosecond—
nanosecond timescale as the gating residues of the proteasome.

Cryo EM of WT ClpP. The NMR results establish that the N-
terminal domain of ClpP is structurally heterogeneous. In an
effort to characterize the ClpP structure further, we used single-
particle cryo-EM to obtain structural models of WT SaClpP. Ab
initio structure determination and 3D classification with four
classes was performed without imposing symmetry, resulting in a
single class with the familiar ClpP barrel shape. Refinement of
this 3D map while enforcing D7 symmetry resulted in a map at
3.6-A resolution (Fig. 34 and SI Appendix, Fig. S2; see SI Appendix
for details). Notably, the N-terminal region has a p-hairpin confor-
mation with residues in the two-stranded f-sheet being well-ordered,
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while those of the apical loop (Glu-9 — Arg-16) connecting the two
p-strands are blurred in the density map. Further attempts to de-
termine the distribution of conformations for the Glu9-Argl6 loop,
including focused 3D classification by masking the N-terminal loop
of a single protomer, did not result in interpretable classes. The
failure of this attempt was likely due to the small amount of signal
available from a seven-residue sequence of protein. When assessed
for local resolution (61, 62), the N-terminal apical loop residues
are estimated to have a resolution that is ~2 A worse than the
global resolution of the structure, reflecting the dynamic nature of
this region of ClpP.

Because the single unsymmetrized map derived from the cryo-
EM data represents an ensemble average over conformations
that reflect the N-terminal loop dynamics, we further analyzed
the data with a metainference-based MD method (63) in which
24 replicas of ClpP were simulated in parallel, guided by the MD
physiochemical force field used in standard MD simulations
along with a second, much weaker force field that acts on each
replica to correct the small differences between the predicted
map, averaged over all replicas, and the experimental EM dataset

A Cryo-EM Map of WT SaClpP Restrained MD Ensemble B
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Fig. 3. The N-terminal domain is flexible. (A) Cryo-EM map of WT SaClpP at
3.6-A resolution refined using D7 symmetry, with the distribution of local
resolution color-coded as indicated. (B) The cryo-EM density was used to
restrain metainference MD simulations of 24 replicas (52) and to generate a
metainference ensemble consistent with the data; 100 structures for the N-
domain, chosen randomly from the ensemble, are highlighted in separate
colors for each protomer. Only a single ring is shown for simplicity. (C and D)
RMSFs calculated for all heavy atoms of each residue from the ensemble of
structures generated from restrained MD simulations. Mean values displayed
(open circles) are averages over all 14 protomers; error bars represent one SD
across the protomers. (E) Distribution of calculated distances from lle-4 and
lle-30 to the center of mass (COM) of ClpP from the metainference ensemble.
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(SI Appendix, Fig. S3) (52). This approach is fundamentally dif-
ferent from the popular MD flexible fitting (64) algorithm, which
attempts to find the single atomic model that best fits the density
map. In contrast, the approach we used attempts to find an en-
semble of atomic models that best explain the variable resolution
of the experimental map. Fig. 3B highlights a superposition of
100 structures from the ensemble of models that is consistent with
the cryo-EM map of WT SaClpP, focusing on the N-terminal
domain. Root mean squared fluctuations (RMSFs) of each resi-
due, averaged over all backbone and sidechain atoms (excluding
hydrogens) and over all members of the ensemble (circles), are
shown in Fig. 3C. With the exception of the N-terminal domain
(the first 20 residues) (Fig. 3D) and a few residues at the C terminus,
WT SaClpP is relatively rigid with an average RMSF value of
0.66 A, consistent with the input EM map. Notably, the ensemble
is able to reproduce a number of important experimental obser-
vations. For example, as discussed above, distance fluctuations up
to ~10 A are calculated between the Ile-4 and Ile-8 methyl groups
and a spin-label attached at position 130 of the structure that is
localized to the handle region of the ClpP barrel. A similar distance
distribution is observed between Ile-4 and the center of mass of the
enzyme in the ensemble (Fig. 3E), but for Ile-30 81 (head domain,
Fig. 1C) a much more compact distribution is noted, consistent with
the observation of only a single cross-peak in HMQC spectra for
this methyl group. We have also used the program SHIFTX2 (65)
to predict methyl '"H-"*C spectra for a number of methyl groups on
the basis of the ensemble of structures that were generated. The
predicted chemical shifts for Ile-4, as well as for Ile-8, show at least
three distinct clusters that differ in "H and "*C chemical shifts (ST
Appendix, Fig. S3B), analogous to the observations in experimental
spectra, while only a single peak is predicted for Ile-30 81 (Fig. 3C),
consistent with the experiment.

Discovery of a Conformational Switch. During resonance assign-
ment we identified a hydrophobic cluster at the interface of
adjacent protomers near the apical surface of WT SaClpP whose
perturbation due to mutation led to dramatic changes in NMR
spectra. This cluster comprises Pro-5, Val-7, and Ile-20 from one
protomer and Leu-25 and Phe-50 from an adjacent protomer
(Fig. 44), residues that are conserved across a large number of
ClpPs (4). We used methyl-TROSY-based NMR to study struc-
tural perturbations caused by mutations within this cluster as il-
lustrated in Fig. 4B, where an overlay of the Ile region of 'H-*C
HMAQC spectra recorded on samples of WT SaClpP (blue, single
contour) and V7A SaClpP (pink, multicontour) is shown. All
peaks belonging to N-terminal residues disappear for the V7A
variant (Fig. 4B, Inset 1), with a dramatic increase in the intensity
of peaks in the random coil region of the spectrum (Fig. 4B, Inset
2) suggestive of unfolding. Chemical shift perturbations extend
throughout the entire ClpP tetradecameric structure; for example,
Ile-44 (head domain), Ile-121 (proximal to the active site), and Ile-
138 (handle domain) all show significant changes, and most resi-
dues in the V7A mutant appear as single peaks. We examined the
spectra of other mutants within this cluster, including P5G, 120V,
and constructs with three (A3; Asn-2-Ile-4) and 18 (A18; Asn-2-
Asp-19) residues truncated from the N terminus. These spectra are
similar to the spectrum of V7A SaClpP (SI Appendix, Fig. S4).
To assess the consequences of perturbing the N-terminal
cluster, degradation assays were performed for different mutants
by monitoring changes in fluorescence resulting from hydrolysis
of a large excess of the fluorogenic substrate peptide N-Succinyl-
Leu-Tyr-7-amino-4-methylcoumarin (LY-AMC) (Fig. 4C). The
inactive S98A mutant, in which the catalytic Ser is replaced by
Ala, was included as a control. Given the small size of the sub-
strate, these assays report on the catalytic step and are not lim-
ited by substrate diffusion. We also carried out further functional
assays using the 23-kDa disordered a-casein as substrate, which
report on both the degree to which the substrate can access the
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Fig. 4. A conformational hot spot can be manipulated to control ClpP function. (A) Cluster of hydrophobic residues at the interface of two adjacent pro-
tomers near the apical surface of WT SaClpP [PDB ID code 3V5E (54)] that defines a conformational switch. (B) Overlay of the lle region of 'H-'*C HMQC
correlation maps of WT SaClpP (blue, single contour) and V7A SaClpP (pink, multiple contours). Note the absence of Ile-4 and lle-8 peaks (A-E and A-G,
respectively) in the V7A spectrum, further highlighted in Inset 7 showing a projection along the "H dimension, focusing on peaks from lle-8. The disap-
pearance of lle-4 and lle-8 peaks is coupled with an increase in the intensity of correlations in the random coil region (/nset 2). (C and D) Functional assays
probing the activity of various SaClpP constructs using LY-AMC (C) and a-casein-FITC (D) substrates in the absence (dark bars) or presence (gray bars) of ADEP.
Activities are reported relative to WT SaClpP and ADEP-bound WT SaClpP for assays using LY-AMC and a-casein-FITC, respectively. Results are reported as
averages and one SD (error bars) from five independent measurements. (E) Comparison of 3.6-A resolution cryo-EM maps of WT and V7A SaClpP; a pair of
protomers is colored purple and orange to emphasize the differences in the ring-ring interfaces for the two constructs. (F) Close-up view focusing on the
interface between purple and orange protomers of V7A SaClpP from E, highlighting the sharp bend in the handle helix and its unique interaction with the

B-sheet in the head domain of an adjacent protomer.

ClpP degradation chamber and the efficacy of catalysis (Fig. 4D).
In the absence of the activator ADEP, the P5SG, V7A, and 120V
mutants, along with constructs with truncated (A3) and deleted
(A18) axial loops, have negligible catalytic activity with the small
peptide or casein substrate. The addition of ADEP leads to ef-
ficient casein degradation for WT SaClpP, consistent with pre-
vious reports (44), and restores at least partial catalysis to all the
mutants except the catalytically dead S98A variant, presumably
by realigning active-site residues. Taken together, these func-
tional assays demonstrate that the importance of the N-terminal
domains goes beyond pore formation, as they are essential for
the function and the structural integrity of the tetradecameric
ClpP enzyme.

To understand the effect of unfolding the N-terminal p-hair-
pins from a structural perspective, we determined the cryo-
EM structure of V7A SaClpP. Starting from a dataset of
878,240 particle images, a dominant structural class containing
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324,522 particle images was obtained in a split-ring conformation
that has not been observed before (Fig. 4E and SI Appendix, Fig.
S5). This class of particle images was subsequently used with
C2 symmetry to refine a 3D map to 3.7-A resolution. There are a
number of striking differences between the V7A mutant and the
WT structures. While six of the seven subunits of a given ring in
the V7A structure have a fold similar to that found in the ex-
tended form of WT ClpP, one subunit adopts a conformation
similar to that of the compact form, in which the handle a-helix
has a sharp bend and forms a unique interface with the p-sheet
in the head domain of an adjacent protomer (Fig. 4F). In this
conformation the remaining extended-like protomers are not
arranged within the ring in the same manner as for WT SaClpP
but rather rise progressively along the circumference of the V7A
SaClpP ring (Fig. 4E). To accommodate this ~25-A rise, these
protomers have deviations from the extended form, with a slight
unfolding of the N-terminal side of the handle a-helix and a
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disruption of the inter-ring p-sheet (SI Appendix, Fig. S6). In
agreement with the NMR spectrum of the V7A mutant showing
that the N-terminal p-hairpins are no longer formed, density is
not seen for the B-hairpins in the cryo-EM maps (Fig. 4E), in-
dicating that this region is disordered in the mutant. One re-
markable feature of the spht ring structure is the formation of a
pair of 20-A-wide pores in the side of the ClpP barrel (Fig. 4F).
Residues following the catalytic histidine undergo a f-strand
(WT) to unfolded (V7A) conformational change, and it is tempting
to speculate that this leads to a suboptimal orientation for this
important histidine residue that affects catalysis (Fig. 4 C and D). It
is likely that the V7A structure is shared among all the N-terminal
mutants discussed above, as 2D class averages from cryo-EM
analysis of the A3 construct are also consistent with a split-ring
conformation (SI Appendix, Fig. S6), and the HMQC spectra of
all N-terminal mutants are essentially superimposable (SI Ap-
pendix, Fig. S4), indicating that the N domain is unfolded in
each case.

Having established the structural basis for why the V7A
SaClpP structure is not catalytically active, we were interested in
understanding how binding of ADEP restores activity to this
mutant. To this end we obtained a 6.4-A resolution cryo-EM
map of V7A SaClpP bound to ADEP (SI Appendix, Figs. S2
and S7). ADEP restores the D7 symmetry of the structure, and
the ADEP-bound V7A SaClpP structure resembles the active, ex-
tended form of WT SaClpP, with the exception of the N-terminal
residues, for which no density is detected (SI Appendix, Fig. S7).

The SaClpP Conformational Switch Is Highly Cooperative. Our com-
bined NMR and cryo-EM study establishes that SaClpP is
structurally heterogeneous at the level of the N-terminal domain.
However, the structural plasticity extends beyond this region
with multiple NMR peaks observed for methyl probes through-
out the enzyme. Therefore we were interested in examining
whether there is crosstalk between protomers that can contribute
to this plasticity, and we first used the V7A mutation to address
this question. We prepared complexes of SaClpP with different
combinations of WT and V7A protomers by unfolding the two
proteins separately in guanidine hydrochloride (GdnCl), mixing
the two chain types, and with subsequent refolding to generate
complexes whose composition and population can be predicted
using combinatorial statistics (SI Appendix) as described pre-
viously (66). ClpP molecules were obtained by mixing subunits in
WT:V7A ratios of 50:50%, 85:15%, 90:10%, 95:5%, 98:2%, and
100:0%. For comparison, another set of samples was prepared
simply by mixing WT and V7A tetradecamers without any ex-
posure to GdnCl (referred to hereafter as “native mix samples”).
The catalytic activities of molecules from both sets of samples
were measured relative to a pure WT SaClpP reference using a
degradation assay with the LY-AMC substrate (Fig. 54), as de-
scribed above. The relative activity of the native mix samples
(empty circles) was found to be described by a linear function of
the fraction of WT ClpP molecules present, as expected for a
system consisting of two classes of molecules, one active and the
other inactive. By contrast, SaClpP complexes prepared with
mixing of unfolded chains lost activity much more rapidly as the
V7A protomer content increased (Fig. 54, filled purple circles).
The activity profile in this case follows the expected fraction of
pure WT complex, WT ClpPy,, at each mixing ratio (y = x'%,
where x = the percent of WT protomers mixed). These assays
provide strong evidence that the presence of a single V7A pro-
tomer within an otherwise WT SaClpP tetradecamer is sufficient
to generate a catalytically inactive enzyme. In a remarkable ex-
ample of cooperativity, it appears that breaking a single protomer—
protomer interface out of the 14 in a tetradecameric SaClpP ring is
adequate to populate the split-ring form.

We next recorded NMR spectra of complexes prepared as
10:90% and 90:10% WT:V7A by mixing unfolded ILVM-labeled
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Fig. 5. A V7A mutation in a single protomer is sufficient to trigger N-
domain unfolding and eliminate SaClpP catalytic activity. (A) Functional as-
says (LY-AMC hydrolysis) of ClpP complexes prepared with variable numbers
of WT and V7A protomers (closed circles, GdnCl exposed) or mixtures of pure
WT and V7A 14-mers (open circles, native mix). The solid and dashed lines
are the curves y = x and y = x'%, where x is the percent WT protomer content.
(B) As in A but with V7A protomers replaced by S98A subunits. (C) Super-
position of selected regions of 'H-'*C HMQC spectra of pure WT SaClpP
(black, single contour) and pure S98A (green, multicontour) SaClpP. (D)
Spectral regions as in C but focusing on pure S98A ClpP (green, single con-
tour) and a sample with a subunit composition of 10:90% WT:S98A, that was
prepared by mixing unfolded protomers and refolding (black, multicontour;
only the WT subunits are NMR active). The schematics in C and D illustrate
each species (C) or the distribution and populations of the major species (D)
in solution.

WT protomers with unfolded [U->H] V7A protomers. Assuming
that incorporation of protomers into the tetradecameric com-
plexes is random, the expected populations of pure WT SaClpP
are calculated to be ~0% and 23% for the 10% and 90% WT
mixtures, respectively (SI Appendix). As described above, we
observed a multiplicity of peaks in the pure WT SaClpP sample,
in particular for Ile-4 and Ile-8, and we used these peaks as a
read-out of the structural properties of the N-terminal gates in
the mixture samples that were prepared. This analysis was car-
ried out by recording HMQC spectra for each complex, including
for a pure WT sample, and obtaining volume ratios for each Ile-
4 and Ile-8 peak (Vpcak, complex/ Vpeak,wt; peaks A-E and A-G
for Ile-4 and Ile-8, respectively) (Fig. 24), normalized to account
for concentration differences in the samples (using intensities of
peaks that are not affected by the V7A protomers). The average
ratios for the 10:90% and 90:10% WT:V7A samples, 0% and
27 + 3%, respectively, are in excellent agreement with the esti-
mated fractional populations of pure WT SaClpP, 0% and 23%),
respectively. Thus, peaks A-E and A-G for Ile-4 and Ile-8 are
direct reporters of ClpP complexes where all protomers are WT
only. This conclusion is supported by the fact that the calculated
fractional population of molecules with either 13 or 14 WT
protomers in a 90:10% WT:V7A sample is 59%, well above the
27% value measured. The absence of N-domain peaks A-E and
A-G for all non-WT complexes therefore implies that all N-
terminal domains in these ClpP molecules are unfolded, as in
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the pure V7A tetradecamer, so that a single V7A protomer is
sufficient to unfold the termini, generate the split-ring confor-
mation, and abrogate activity.

As a next step we wondered whether the high degree of
cooperativity between neighboring protomers at the level of the
conformational switch identified in this study would extend to
perturbations of protomer active sites as well. Functional assays
similar to those described above for the V7A mutation were
performed with native mix and GdnCl unfolded/refolded sam-
ples prepared with 10:90%, 50:50%, 90:10%, and 100:0% WT:
S98A ratios, where the pure S98A SaClpP enzyme is catalytically
dead, Fig. 4 C and D. Notably, for both types of sample a similar
linear correlation between activity and WT protomer content
was found, indicating that each WT protomer functions inde-
pendently in this case (Fig. 5B). Nevertheless, NMR experiments
indicate that there are subtle changes to the structures of neigh-
boring WT subunits from inactive protomers in the same complex.
This observation can be appreciated by first considering the control
data of Fig. 5C showing superpositions of selective regions of
HMOQC spectra of pure ILVM-labeled WT (black, single contours)
and pure ILVM-S98A (green, multiple contours) SaClpP, high-
lighting Val-7 and Ile-8 of the N-domain, where there are noticeable
changes in the multiple peaks that derive from these residues. We
next prepared a sample of SaClpP by mixing 10% unfolded ILVM-
WT and 90% unfolded ?H-labeled S98A protomers followed by
refolding (only WT protomers are NMR active). The NMR
spectrum (Fig. 5D) was much more similar to that of pure S98A
ClpP than that of the pure WT state, consistent with small changes
in the N-domain structure of the WT protein (more S98A-like)
that derive from the S98A mutations in the active sites of adjacent
protomers. These changes are not the result of the unfolding/
refolding protocol used to prepare the sample, as identical spectra
(and functional activities) were obtained from WT ClpP samples
that were prepared with or without the initial unfolding/refolding
step. Thus, while the S98A mutation evokes subtle changes to the
conformations of the N-terminal domains of neighboring subunits,
providing a further illustration of the plasticity of the ClpP struc-
ture, these appear not to be of functional consequence.

Conformational Heterogeneity Is a General Feature of ClpPs. We next
sought to establish whether the observed heterogeneity in the N-
terminal region of SaClpP is also present in ClpPs from other
organisms using a simple NMR approach. Rather than use the
ILVM-labeling strategy described above in the context of SaClpP
for which chemical shift assignments would then be required, we
used a faster method, albeit one that provides information about
only a single site. To this end, a single Cys mutation was in-
troduced into ClpP from E. coli (EcClpP) and N. meningitidis
(NmClpP) at positions analogous to Thr-6 in SaClpP (M5C and
T10C in EcClpP and NmClpP, respectively). Highly deuterated
protein was produced and subsequently reacted with '*C-methyl-
methanethiosulfonate (MMTS) that led to the attachment of a
3CH;3-S group to the introduced Cys sidechain, forming an S-
methylthio-cysteine (MTC) residue (67). In this way a single methyl
probe localized to the N-terminal domain becomes available to
assess the conformational heterogeneity of this region. Fig. 6
shows 'H-"*C HMQC spectra of EcClpP MTCS5 (Fig. 64) and
NmCIpP MTC10 (Fig. 6B), establishing that the N-terminal re-
gions of both proteins are structurally heterogeneous based on the
large number of observed correlations derived from a single methyl
group (blue contours). Similar to SaClpP, the structural hetero-
geneity is significantly reduced in V6A (EcClpP) and V11A (NmClpP)
mutated proteins (red contours), where positions 6 (EcClpP) and 11
(NmClpP) are equivalent to position 7 in SaClpP.

Having shown that heterogeneity can be manipulated in the
EcClpP and NmCIpP systems as in SaClpP, we next asked
whether the catalytic activity would be similarly reduced in the
Val-to-Ala mutants of EcClpP and NmClpP described above.

Vahidi et al.

Degradation assays were performed using both LY-AMC and
a-casein substrates. As shown in Fig. 6 C and D, V11A NmClpP
is catalytically inactive but becomes activated upon ADEP ad-
dition although still less than for WT bound with ADEP. Similar
results were obtained for EcClpP (Fig. 6 E and F), although,
unlike NmClpP, the mutation does not fully eliminate the
EcCIpP activity against LY-AMC, and the addition of ADEP
renders the mutant as active as WT for peptide degradation.

Discussion

ClpP proteases have emerged as important targets for the de-
velopment of new classes of antibiotics against bacterial infec-
tions (13-15, 17, 18, 68) and for the design of antimalarial agents
(20). In humans, ClpP plays a role in the mitochondrial unfolded
protein response (69), and its inhibition provides a potential
avenue for treating acute myeloid leukemia (22). The implica-
tions of regulating ClpP function are further underscored by a
recent set of experiments whereby ClpP-knockout mice were
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Fig. 6. N-domain conformational heterogeneity is a general feature of
ClpPs. (A and B) Superposition of 'H-'*C HMQC spectra of E. coli (A) and N.
meningitidis (B) ClpP that have been reacted with MMTS to generate single
'3CH; probes at homologous positions 5 and 10, respectively. Many corre-
lations are observed in each case (blue). The spectra are simplified (with a
single predominant peak, red) for V6A (E. coli, A) and V11A (N. meningitides,
B) substitutions that correspond to the V7A mutation for SaClpP. The peak
with an asterisk in B derives from a cleaved label. (C-F) Activity assays for WT
and mutated NmClpP (C and D) and EcClpP (E and F), without (black bars)
and with (gray bars) ADEP.
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protected against obesity when administered a fat-rich diet (70).
The biomedical importance of this enzyme and the potential for
manipulating its function through the design of new small-
molecule modulators have led to efforts to understand the relation-
ship among ClpP structure, dynamics, and function (13). Biophysical
studies have established that ClpP is a highly plastic structure (32,
36, 44, 71), suggesting that it may be possible to manipulate its
function by exploiting its conformational flexibility. Indeed, such an
approach was used recently in the development of the ADEP and
ACP regulators, where binding of these compounds leads to an
open state of the axial pores and consequently to up-regulation of
activity (14, 15). By contrast, p-lactones and phenyl esters operate
via direct chemical modification of the catalytic Ser (72, 73).
However, inhibiting the function of ClpP by taking advantage of its
plasticity remains mostly unexplored.

In an effort to better understand the relationship between
plasticity and function in the ClpP enzyme system, we have used
a combined NMR, biochemical, and cryo-EM approach, focusing
primarily on the protein from S. aureus that gives superior-
quality NMR spectra relative to other ClpPs that we examined.
We have found that the N-terminal domain is structurally het-
erogeneous. This conclusion is made clear by the multiplicity of
cross-peaks in NMR spectra, especially for residues localized to
the N terminus, where close to 10 separate resonances each are
found for Ile-4 and Ile-8, suggesting at least that number of
separate conformers. These conformers are structurally diverse,
with a distribution of distances ranging from ~23-34 A between
Ile-4 and Ile-8 probes and Gln-130 (the point of attachment of a
spin label in PRE experiments) and different Ile 82 y, rotameric
states as calculated from '*C°' chemical shifts (Fig. 2). The
heterogeneity at the level of the N terminus is further established
from the cryo-EM structure of the WT form of SaClpP, showing
a resolution of ~6 A for this region relative to the other parts of
the protein. To evaluate the flexibility of the N-domain further,
we performed a restrained MD simulation that generates an
ensemble of structures that explain the cryo-EM density better
than a single conformation (S Appendix, Fig. S8). The N-terminal
domains of the resulting structures show considerable variability in
the sidechain positions of the residues for which peak multiplicity
was observed in NMR spectra. For example, variations in the
distance between the C31 atoms of lle-4 and Ile-8 and the particle
center of mass range over 9 A in the ensemble. Importantly,
however, all the structures place the sidechain of Val-7 inside a
hydrophobic cluster, interacting with Pro-5 and Ile-20 from the
same protomer and Leu-25 and Phe-50 from an adjacent subunit,
that is more rigidly positioned in the ensemble than Ile-4 and Ile-
8. This hydrophobic cluster has been shown to be important in
stabilizing the active conformation of the enzyme.

Our NMR and cryo-EM results therefore paint a picture in
which the N-terminal domains of SaClpP are structurally het-
erogeneous but are critical for function. Mutations such as P5G,
V7A, and 120V or deletions of as few as the first three residues
after Met-1 are sufficient to unfold the N-domain and abrogate
catalytic activity (Fig. 4), while the addition of ADEP at least
partially restores catalysis. The cryo-EM structure of V7A SaClpP
shows that the dominant structured class is strikingly different from
that of WT SaClpP, with a split-ring structure formed that is
reminiscent of conformers recently determined for a number of
AAA+ proteins (74-77). Notably, the interfaces between two pairs
of protomers are remodeled in the V7A complex with a shortened
and kinked handle helix from one subunit contacting the head
domain of an adjacent protomer, generating a pair of 20-A-wide
side-pores (Fig. 4). In an effort to understand how product efflux
from the ClpP lumen might occur, Sieber and coworkers (54)
speculated about the presence of ClpP tetradecamers where two
protomers of SaClpP in the active, extended conformation are
replaced by monomers in the compressed state, forming extended
side-pores similar to those observed in our experimentally defined
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structure. However, it remains to be established whether such pores
are formed during the catalytic cycle so as to potentially expedite
removal of product. Although the resolution of the V7A SaClpP
cryo-EM map is not sufficient to accurately place the catalytic
residues in the structure, the observed secondary structure transi-
tion from B-sheet to coil in the immediate vicinity of the active-site
histidine residue provides a likely explanation for the elimination of
activity, with ADEP binding restoring the overall WT structure and
much of catalysis. Remarkably, a single V7A substitution in only
one of the 14 protomers of SaClpP is sufficient to unfold the termini
of all subunits and abrogate catalysis, establishing a strong coupling
between the N-terminal domains of the different protomers. A
structural hotspot is thus identified involving a hydrophobic
patch that includes Val-7. The importance of this residue is further
underscored by the preservation of interactions involving Val-7 in
all WT SaClpP structures obtained from a cryo-EM-restrained
MD ensemble, even though considerable distance fluctuations
were noted in surrounding sidechains, as discussed above.

Protein hydrolysis is critical for proper cellular function (1,
78), and the key protease components of each protein degra-
dation system must be highly regulated to ensure that only
proper substrates are degraded. This is achieved at a global level
by sequestration of the active sites within a gated barrel and by
the binding of large regulatory particles, such as unfoldases, that
unfold properly tagged substrates to facilitate their entry into the
lumen of the protease (79, 80). Further levels of control can be
achieved via a number of allosteric hotspots that exploit the
conformational plasticity of the protease to modulate its activity
(81), as in ClpP. Here, coordination between ClpP and its
partner AAA+ unfoldases is mediated by hydrophobic binding
pockets at the interfaces between pairs of ClpP protomers that
form the docking sites for the unfoldase and that communicate
unfoldase binding to the catalytic sites in the enzyme (44). The
ADEP and ACP classes of antibiotic candidates, as well as certain
mutations, take advantage of this binding pocket to cause unreg-
ulated ClpP activity by pore opening and allosteric conformational
changes that propagate to the active site (15, 43, 45). Another
important hotspot is the oligomerization sensor that comprises
Asp-170 and Arg-171. The Asp-170-Arg-171 pair from one pro-
tomer is connected via salt bridges to the corresponding pair in the
opposite ring, stabilizing the active extended conformation and
thereby coupling oligomerization with catalysis. Sieber and co-
workers (44) have shown that mutations to this region trap SaClpP
in the inactive compressed form, with ADEP binding restoring
activity by selecting for the extended form of the enzyme, dem-
onstrating the communication between the hydrophobic binding
pocket and the oligomerization sensor hotspots. The N-terminal
switch discovered in the present work adds to the list of sites that
exert conformational and functional control over ClpP.

That a single V7A mutation in only one protomer is sufficient
to generate large structural and functional changes in SaClpP
supports the notion that the free energy landscape of this com-
plex is rugged, with different conformers becoming accessible
through the binding of regulators, drug molecules, or mutations.
The resulting inherent plasticity may play a role in regulating
ClpP activity through the hotspots discussed above and via al-
losteric pathways that connect unfoldase binding with increased
protease activity, e.g., fine-tuning enzyme function. The hotspot
identified in this work serves as an intriguing target for allosteric
inhibition of ClpP. Notably, our studies of the S98A:WT mixed
SaClpP complex establish that the active sites of each protomer
function independently so that complete inhibition by com-
pounds binding to active sites can be achieved only by targeting
all 14 subunits. In contrast, because destabilization of only one of
the 14 hydrophobic clusters identified presently is sufficient to
eliminate proteolysis for SaClpP, targeting these sites may prove
to be easier than or an important complementary strategy to the
use of active-site inhibitors.
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Materials and Methods

ClpP proteins were prepared as described in SI Appendix. All NMR mea-
surements were performed at 18.8 T and 40 °C unless indicated otherwise,
using Varian Inova or Bruker AVANCE Il HD spectrometers equipped with
room-temperature (Varian) or cryogenically cooled (Bruker) pulsed-field
gradient triple-resonance probes. 'H-'3C correlation spectra were recorded
as HMQC datasets, exploiting a methyl-TROSY effect that is particularly
beneficial for applications to high molecular weight proteins (48). Spectra
were processed using the NMRPipe suite of programs (82), analyzed using
scripts written in-house, and visualized using Ccpnmr (83) and Nmrglue
packages (84).
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